
Article
Single-cell RNA sequencin
g depicts the local cell
landscape in thyroid-associated ophthalmopathy
Graphical abstract
Highlights
d A local transcriptional landscape of orbital connective tissue

in TAO is developed

d RASD1-expressing lipofibroblasts are highly involved in

adipogenesis and inflammation

d ACKR1+ endothelial cells contribute to inflammatory cell

infiltration in TAO

d Adipose tissue macrophages engage in lipid metabolism and

inflammatory response in TAO
Li et al., 2022, Cell Reports Medicine 3, 100699
August 16, 2022 ª 2022 The Author(s).
https://doi.org/10.1016/j.xcrm.2022.100699
Authors

Zhaohuai Li, Mei Wang, Jia Tan, ...,

Rong Wang, Xianggui Wang, Wenru Su

Correspondence
wangxg@csu.edu.cn (X.W.),
suwr3@mail.sysu.edu.cn (W.S.)

In brief

Thyroid-associated ophthalmopathy,

characterized by orbital tissue expansion,

remodeling, and fibrosis, commonly

occurs in individuals with Graves’

diseases and will threaten eyesight in its

most severe form. Li et al. perform single-

cell RNA sequencing in orbital tissues of

individuals with TAO to identify

transcriptional changes, which may serve

therapeutic optimization.
ll

mailto:wangxg@csu.edu.cn
mailto:suwr3@mail.sysu.edu.cn
https://doi.org/10.1016/j.xcrm.2022.100699
http://crossmark.crossref.org/dialog/?doi=10.1016/j.xcrm.2022.100699&domain=pdf


OPEN ACCESS

ll
Article

Single-cell RNA sequencing depicts the local cell
landscape in thyroid-associated ophthalmopathy
Zhaohuai Li,1,6 Mei Wang,2,6 Jia Tan,3,4,6 Lei Zhu,1,6 Peng Zeng,2,6 Xiaozhen Chen,5,6 Lihui Xie,1 Runping Duan,1

Binyao Chen,1 Tianyu Tao,1 Rong Wang,1 Xianggui Wang,3,4,* and Wenru Su1,7,*
1State Key Laboratory of Ophthalmology, Zhongshan Ophthalmic Center, Sun Yat-sen University, Guangzhou 510060, China
2Department of Ophthalmology, Sun Yat-sen Memorial Hospital, Sun Yat-sen University, Guangzhou 510120, China
3Eye Center of Xiangya Hospital, Hunan Key Laboratory of Ophthalmology, Xiangya Hospital, Central South University, Changsha 410078,
China
4National Clinical Research Center for Geriatric Disorders, Xiangya Hospital, Central South University, Changsha 410078, China
5Hunan Key Laboratory of Skin Cancer and Psoriasis, Xiangya Hospital, Central South University, Changsha 410008, China
6These authors contributed equally
7Lead contact

*Correspondence: wangxg@csu.edu.cn (X.W.), suwr3@mail.sysu.edu.cn (W.S.)

https://doi.org/10.1016/j.xcrm.2022.100699
SUMMARY
There is a specific reactivity and characteristic remodeling of the periocular tissue in thyroid-associated oph-
thalmopathy (TAO). However, local cell changes responsible for these pathological processes have not been
sufficiently identified. Here, single-cell RNA sequencing is performed to characterize the transcriptional
changes of cellular components in the orbital connective tissue in individuals with TAO. Our study shows
that lipofibroblasts with RASD1 expression are highly involved in inflammation and adipogenesis during
TAO. ACKR1+ endothelial cells and adipose tissue macrophages may engage in TAO pathogenesis. We
find CD8+CD57+ cytotoxic T lymphocytes with the terminal differentiation phenotype to be another source
of interferon-g, a molecule actively engaging in TAO pathogenesis. Cell-cell communication analysis reveals
increased activity of CXCL8/ACKR1 and TNFSF4/TNFRSF4 interactions in TAO. This study provides a
comprehensive local cell landscape of TAO and may be valuable for future therapy investigation.
INTRODUCTION

Thyroid-associated ophthalmopathy (TAO) is an autoimmune

condition affecting the orbit and ocular adnexa that may lead

to orbital disfigurement, double vision, and even vision loss.1

TAO is observed in about 2 in 10,000 individuals per year and

has a prevalence of 25%–40% among individuals with Graves’

disease. It induces negative health and economic conse-

quences.2 Treatment of TAO remains challenging because of a

poor understanding of its pathogenesis.3 Glucocorticoids are

themainstay treatment for reducing inflammation,4 but they usu-

ally have a limited success rate and many side effects. Relapse

occurs frequently after drug discontinuation.5 Rehabilitative sur-

gery is often required to solve the immediate risk to vision or

restore normal orbital anatomy.5 Understanding the pathogen-

esis of TAO will help improve the available treatment methods.

The main processes involved in TAO are inflammation, glycos-

aminoglycan accumulation, adipogenesis, and myofibrogenesis

in the periocular tissue.6 These changes lead to the pathologic

changes characteristic of TAO: orbital tissue expansion, remodel-

ing, and fibrosis.1,7 Several cells have been reported to be respon-

sible for these changes. Immune cells, especially T cells, infiltrate

the orbital tissue; secrete cytokines such as interferon-g (IFN-g),

interleukin-1b (IL-1b), and tumor necrosis factor alpha (TNF-a);
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and activate orbital fibroblasts.8–10 Orbital fibroblasts (OFs) have

long been regarded as target cells in TAO because of their ability

to secrete abundant hyaluronan and differentiate into adipocytes

and myofibroblasts (MYFs).7,11 Activation of OFs through thy-

roid-stimulating hormone (TSH) receptor antibody (TRAb) sug-

gests a link between TAO and Graves’ disease.12

Current studies mainly focus on the role of CD4+ T cells and

OFs in TAO.13,14 Whether other cell types are involved in TAO

and the molecular regulation is largely unknown. Our study

created comprehensive transcriptional atlases of the cellular

components in the orbital connective tissue (OCT) from healthy

controls (HCs) and individuals with TAO by single-cell RNA

sequencing (scRNA-seq), a powerful tool to dissect the cellular

heterogeneity and reveal complex cellular events. Our study re-

vealed the pro-inflammation and pro-adipogenesis role of lipofi-

broblasts (LPFs) with ras-related dexamethasone-induced 1

(RASD1) expression. Atypical chemokine receptor 1 (ACKR1+)

endothelial cells (ECs) and adipose tissue macrophages

(ATMs) with an M2 phenotype were also identified as playing a

role in TAO. CD8+CD57+ cytotoxic T lymphocytes (CTLs)

showed the terminal differentiation phenotype and high IFN-g

gene expression. This study may complement our current TAO

knowledge and prompt development of novel therapeutic

strategies.
orts Medicine 3, 100699, August 16, 2022 ª 2022 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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RESULTS

Single-cell analysis and cell type identification
The transcriptome of OCT from HCs and individuals with

TAO were determined through scRNA-seq. The clinical charac-

teristics of these individuals are shown in Table S1. Single-cell

suspensions were converted to barcoded scRNA-seq libraries

using the 10X Genomics platform, and 31,353 cells were

reserved for further analysis (Figure 1A). These cells were clus-

tered into six cell types based on their canonical lineagemarkers:

OFs (CD34+ PDGFRA+ COL1A1+), natural killer (NK) and T cells

(NK&TCs; CD3E+), myeloid cells (MCs; LYZ+), B cells (BCs;

CD79A+), ECs (PECAM1+), and pericytes (PCs; MCAM+

RGS5+) (Figures 1B–1D). Adipocytes, with a marker of ADI-

POQ,15 were not detected in our data, possibly because of their

easier rupture characteristic and larger size (Figures 1B–1D and

S1A). OFs accounted for more than 80% of all cells in the OCT of

HCs, with a small proportion of other cell types (Figure 1E).

Increased NK&TCs and MCs were found in TAO. This suggests

their possible pathogenic role (Figure 1E).

scRNA-seq revealed OF subsets with pathogenic
properties in TAO
OFs have been identified as the core of TAO pathogenesis.16,17

Previous studies commonly classified them into a THY1+

(CD90+) population with the potential to differentiate into MYFs

and a THY1� population with the potential to differentiate into

adipocytes.18 In our study, OFs were classified into three sub-

sets based on their expression of THY1, RASD1, and other func-

tional genes (Figures 2A–2C). Differentially expressed genes

(DEGs) of each subject are shown in Data S1. THY1+MYFs highly

expressed matrix remodeling-related genes (COL1A1, DCN,

MMP2, COL12A1, CTHRC1, and POSTN),19,20 an inflammatory

gene (CXCL14), and muscle contraction-related genes (TAGLN

and ACTA2). RASD1+ LPFs highly expressed inflammatory

genes (IL6, CCL2, and ICAM1) and adipogenesis- or lipid accu-

mulation-related genes (RASD1, CEBPB, PPARG, PLIN2,

PTGDS, and APOD).21,22 Conversely, THY1-RASD1-conven-

tional OFs (COFs) expressed low levels of these genes

(Figures 2B and 2C). Subsequent Gene Ontology (GO) analysis

also showed enriched pathways related to adipogenesis and

inflammation in LPFs, whereas MYFs highly expressed path-

ways related to matrix remodeling, muscle contraction, and

inflammation (Figure 2D). The different gene signatures of these

OF subtypes indicate their diverse functions.

During the TAO process, LPFs showed increased proportions

(Figure 2E). We also conducted a pseudotime analysis to explore

the relationships and possible transitions among the fibroblast

subpopulations during TAO. This analysis showed a trajectory

with two major branches (Figure 2F). COFs, MYFs, and LPFs

equally constituted the state 1 branch, representing the initial

states of fibroblasts. LPFs constituted most of the state 2 branch,

representing the cellular states of the LPF phenotype (Figure 2F).

MYFs and COFs constituted most of the state 3 branch, suggest-

ing relatively similar phenotypes (Figure 2F). The trajectory domi-

nated by TAO displayed a significant shift toward the LPF pheno-

type (Figure 2F). These results suggest that LPF differentiation and

lipid expansion may be the major processes in OCT during TAO.
2 Cell Reports Medicine 3, 100699, August 16, 2022
Next we explored the transcriptional changes of LPFs in TAO.

WeconductedaDEGanalysisofLPFsbetweenTAOandHCs (Fig-

ure 3A). In TAO, LPFs exhibited upregulated adipogenesis-related

genes (APOE, CCAAT/enhancer-binding protein (C/EBP), b

(CEBPB), CEBPD, FABP4, FABP5, APOC1, RASD1, and PLIN2),

inflammation-related genes (IL6, CXCL2, CCL2, and PTGDS),

and genes related to cell proliferation and activation (JUNB,

JUND, MYC, and PIM1). IGF1, a growth factor, was also upregu-

lated in LPFs in TAO (Figure 3A; Data S1). Corresponding upregu-

lated pathways of LPFs were shown by GO analysis (Figure 3B).

These upregulated genes of LPFs in TAOwere similar to the genes

highlyexpressedbyLPFscomparedwith theother twoOFsubsets

(Figures 3C and 3D). A Venn diagram identified 142 genes highly

expressed by LPFs and upregulated in TAO as LPF-specific upre-

gulated genes (Figures 3C and 3D). These genes were related to

adipogenesis, cell activation, growth factors, and cytokines. (Fig-

ure 3D). RASD1, a gene reported to mediate adipogenesis and

diet-induced obesity,22 was mainly expressed by LPFs. It is also

upregulated during TAO (Figure 3E). Expression of this gene was

also positively correlated with the expression of three critical adi-

pogenic transcription factors: CEBPB, CEBPD, and peroxisome

proliferator-activated receptor g (PPARG) (Figure S1B).22,23 We

also observed an upward trend of expression of adipogenesis-

associated genes (FABP4, FABP5, CEBPB, CEBPD, PLIN2,

PPARG, andRASD1) along theLPFdifferentiationpath (Figure3F).

These results indicate that expression of RASD1 might be a

characteristic of fibroblasts with the tendency for adipocyte differ-

entiation. Intriguingly, expression of PIM1, which is involved in a

wide range of cancers,24 showed a similar trend as the adipogen-

esis-associated genes, supporting their role in promoting the LPF

phenotype of OFs in OCT (Figure 3F). Immunofluorescence

confirmed enhanced PIM1 expression in TAO (Figure 3G).

OCT underwent lipid expansion and inflammation in TAO,

driven by LPFs. Our study indicates a potential role of Pim1 in

activation and differentiation of OFs in TAO.

scRNA-seq revealed the involvement of ACKR1+ ECs in
TAO pathogenesis
Stromal cells are a heterogeneous group of cells with essential

functions in health and disease.25 The OFs, ECs, and PCs iden-

tified in our OCT samples pertain to stromal cells.26 According to

the top 10 DEGs of each cell type, ECs highly expressed genes

encoding chemokine or inflammatory molecules (such as

CCL14) and genes related to antigen presentation (including

HLA-DRB1, HLA-DRA, and CD74)27 (Figure S1C). GO analysis

showed that ECs were related to regulation of cell adhesion in

addition to their role in angiogenesis. This suggests their poten-

tial pro-inflammatory function (Figure S1D). The top 10 DEGs

(such as DCN and FBLN1) and enrichment pathways in OFs

were related to extracellular structure organization. PCs highly

expressed genes (such as TAGLN and ACTA2) and pathways

related to muscle system regulation (Figures S1C and S1D).

Their gene signatures indicated their distinct functions in

vascular development, extracellular structure organization, and

muscle system regulation. ECs exhibit pro-inflammatory poten-

tial and may engage in TAO pathogenesis.

We also identified two subclusters of ECs, and they could be

distinguished by whether ACKR1 was expressed (Figure 4A).
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Figure 1. Study design and unbiased classification of cells

(A) Schematic of the experimental design for single-cell RNA sequencing (scRNA-seq). The orbital connective tissue (OCT) was isolated from healthy controls

(HCs) and individuals with thyroid-associated ophthalmopathy (TAO) and subsequently processed through scRNA-seq using the 10X Genomics platform.

(B) t-SNE plot showing clusters of major cell types.

(C) t-SNE plots of canonical markers for major cell types in the OCT.

(D) Heatmap showing scaled expression of discriminative gene sets for major cell types in the OCT. The color scheme is based on Z score distribution from �2

(blue) to 2 (red).

(E) Bar chart showing the relative proportion of major cell types in OCT from HCs and individuals with TAO derived from scRNA-seq data.
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(A) Uniform manifold approximation and projection (UMAP) plot showing clusters of orbital fibroblast (OF) subsets.

(B) The expression levels of selected functional genes in OF subsets.

(C) Heatmap showing scaled expression of discriminative gene sets in eachOF subset. The color scheme is based on Z score distribution from�2 (blue) to 2 (red).

(D) Representative GO terms and KEGG pathway enriched by upregulated DEGs of each OF subset.
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ACKR1 can bind to numerous C-X-C motif (CXC) and C-C motif

(CC) chemokines with high affinity. It has been identified recently

as a venular capillary marker.28–30 As shown in Figure 4B,

ACKR1+ ECs highly expressed genes encoding cytokines, che-

mokines, and antigen-presenting molecules such as IL6, CSF3,

CCL14, selectin E (SELE), and HLA-DRA, whereas ACKR1�

ECs expressed high levels of genes involved in blood vessel or

extracellular matrix structure, including CLDN4, DST, and FN1

(Figure 4B; Data S1). Except for the blood vessel development

pathway, ACKR1+ ECs were highly involved in pathways related

to angiogenesis, cytokine response, cell adhesion, inflammation,

and antigen processing and presentation compared with

ACKR1� ECs (Figure 4C). Therefore, expression of ACKR1

may represent an EC phenotype actively engaging and respond-

ing to inflammatory cell infiltration into OCT.

We then explored their role in TAO pathogenesis. ACKR1�

ECs outnumber ACKR1+ ones during healthy states, and their

proportion is reversed in TAO (Figure 4D). During TAO,

ACKR1+ ECs expressed higher levels of chemokines (CXCL2,

CXCL3, CXCL8, CXCL10, and CXCL14), adhesion molecules

(SELE, SELP, integrin subunit a V [ITGAV], and VCAM1), and in-

flammatory molecules (CSF3, IL6, and IL1R1). HIF1A, themaster

regulator of cellular adaptation to hypoxia, was also highly ex-

pressed by ACKR1+ ECs in TAO.31 ACKR1� ECs also expressed

higher levels of chemokines and IL6 (Figures 4E, 4G, and 4H;

Data S1). Some of extracellular matrix structure genes

(COL3A1, COL1A1, FN1, VCAN, and LUM) were upregulated in

ACKR1� ECs (Figures 4F, 4G, and 4H; Data S1). Pathways asso-

ciated with inflammation, cytokine signaling, cell adhesion, and

vascular endothelial growth factor (VEGF) were upregulated

more evidently in ACKR1+ ECs during TAO, whereas ACKR1�

ECs showed more evident upregulation in extracellular structure

and matrix organization (Figure 4I).

These results suggest that ACKR1+ ECs may be the EC sub-

sets that more actively participate in TAO pathogenesis bymedi-

ating leukocyte movement and promoting inflammation.

Terminally differentiated CD8+ TCs with the capacity to
secrete IFN-g are identified in TAO
TCs are one of the primary infiltrating immunecell types in theOCT

of individuals with TAO (Figure 1E). We reclustered NK&TCs into

five clusters: CD4+ T memory (Tm) cells (CD4+GZMK+), CD8+ Tm

cells (CD8A+ GZMK+), CD8+ CTLs (CD8A+ GZMB+), CD56

(NCAM1+) CD16 (FCGR3A+) NK2 cells (NCR1+FCGR3A+), and

CD56+CD16� NK1 cells (NCR1+NCAM1+FCGR3A�) (Figures 5A,

5B, and S1E; Data S1). IFN-g plays an important role in TAO with

its ability to induce production of multiple chemoattractants and
Figure 3. Characterization of LPF subsets in OCT in TAO

(A) Volcano plot showing DEGs of LPF subsets in TAO/HC comparison.

(B) Venn diagram showing comparative analysis of upregulated DEGs of LPF subs

HC comparison. The count shows the number of DEGs.

(C) Heatmap of the relative expression of selected LPF-specific upregulated DEG

(D) Bar chart showing representative GO terms and KEGG pathways enriched in

(E) UMAP plot showing the expression of ACKR1 and CXCR2 of OCT cells from

(F) Pseudotime-ordered single-cell expression trajectories for FABP4, FABP5, C

(G) Representative images of immunostaining of cross-sections of OCTs from

phenylindole [DAPI]; blue).

Each group contains six samples. Data are represented as mean ± SEM. Signific
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glycosaminoglycan by OFs.6 It is conventionally identified as a T

helper (Th) type 1 cell cytokine in TAO.32,33 We evaluated the

expression of IFNG in TC subsets and observed that it wasmainly

expressed by CD4+ Tm and CD8+ CTL cells. CD4+ Tm cells highly

expressed CCR7 and the TC exhaustion marker PDCD1 (Fig-

ure 5C).34 CD8+ CTL cells highly expressed a chemokine receptor

(CX3CR1), terminal differentiation markers (including B3GAT1

[coding CD57] and KLRG1),35,36 and cytotoxicity-related genes

(includingPRF1 andGNLY) (Figure 5C). Therefore, as two sources

of IFNG, CD4+ Tm cells may tend to be exhausted, whereas

CD8+ CTLs showed the terminal differentiation phenotype

(B3GAT1+KLRG1+) in OCT. A previous study had reported that

CD57 staining was detected in OCT in TAO.37 Although

CD57+CD8+ TCexpress only low levels ofmost chemokine recep-

tors (CCR7 and CXCR4), they display up-regulation of CX3CR1,

which induces migration of CD8 TCs to peripheral tissues.38

We next explored the functional changes of TC subsets in TAO

by conducting DEG and GO analysis. During TAO, CD4+ Tm cells

expressed higher levels of chemokines and chemokine receptors

(CXCL8, CCL8, CCR6, and CCR7) as well as cytokine receptors

(IL7R, IL4R, and CCL20). Cell activation-related genes (FOSB,

JUNB, JUN, and FOS) and co-stimulatory molecules (CD27,

CD28, and CD40LG) were downregulated in CD4+ Tm cells,

indicating an activation deficiency of these cells (Figure 5D; Data

S1). In CD8+ CTL cells, chemokine and chemokine receptors,

cytotoxicity-related genes (GZMK and GZMM), and IFN

signaling-related genes (such as ISG20, IFITM1, and IFITM2)

were upregulated (Figure 5E; Data S1). CD8+ Tm, NK1, and NK2

cells also showed various degrees of upregulation of expression

of chemokines and IFN signaling-related genes (Figure S1F;

Data,S2). Subsequent GO analysis of the upregulated DEGs of

TC subsets during TAO also exhibited upregulation in pathways

related to IFN signaling, immune or inflammatory response, cyto-

kine signaling, andcell killing,mostprominently inCD8+CTLs (Fig-

ure 5F). These findings suggest that CD8+ CTLs with the terminal

differentiation phenotype may also actively engage in IFNG

expression, immune cell recruitment, cell killing, and inflammatory

response in TAO except from CD4+ Th cells.

ATMs are a pathogenic cell type involved in TAO
Four mononuclear phagocytic cell subtypes were identified in

our data: CD16+ monocytes (Mos; FCGR3A+), CD14+ Mos

(CD14+S100A8+S100A9+), dendritic cells (DCs; CD1C+), and

macrophage (Macs;MARCO+) (Figures6A,6B, andS2A;Data,S2).

Pseudotimeanalysis showed thatMosevolved intoDCsandMacs

in OCT tissue (Figure S2B). We also identified neutrophils in OCT

from individuals with TAO based on expression of CSF3R,
ets in three fibroblast subtypes and upregulated DEGs of LPF subsets in TAO/

s in HC and TAO groups in different fibroblast subtypes.

upregulated DEGs of LPF subtypes in TAO/HC comparison.

HCs and individuals with TAO.

EBPB, CEBPD, PLIN2, PPARG, RASD1, and PIM1.

HCs and individuals with TAO for PIM1 (green) and nuclei (40,6-diamidino-2-

ance was determined using unpaired Student’s t test. *p < 0.05.
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FCGR3B, and upregulated genes compared with other cell types

inOCT (FiguresS2CandS2D),whichwerenot found inHCs.These

neutrophils highly expressed genes involved in neutrophil degran-

ulation and activation, and neutrophil-mediated immunity

compared with other cell types in OCT (Figure S2E).

In TAO, Mo infiltration into the OCT was mostly attributed to

classic CD14+ Mos with critical pro-inflammatory function (Fig-

ure S2F).39 We also explored the functional changes of the four

cell types in TAO by conducting DEG and GO analyses. CD16+

Mos exhibited upregulated pathways related to cytokine signaling

harboring DE-Gs, including IFNGR1, IL1R2, TNFSF13, and IL2RG

(Figures 6C and S2H;Data,S2). In CD14+Mos, some inflammatory

genes were upregulated, including S100A9, S100A8, S100A12,

CSF3R, and NLRP3, consistent with their previously identified

pro-inflammatory role39 (Figure 6D; Data,S2). Cytokine signaling

(including IL- and IFN-g-related) was also highly upregulated in

CD14+Mos (FigureS2H). DCsalso showedupregulatedpathways

related to inflammatory responseandcytokine signaling harboring

DEGs, such as S100A9, NLRP3, IFNGR2, and CXCR4 Figures 6E

and S2H; Data,S2). In Macs, in addition to chemokines and cyto-

kines, genes related to lipid metabolism (such as CEBPB, APOE,

and FABP5) were also upregulated. In contrast, genes related to

antigen presentation (such as HLA-DMA and CD74), the immune

negative regulator CD200R,40 and genes inhibiting complement

activation (CD55 and CD52) were downregulated in Macs in TAO

(Figure 6F; Data,S2). It has been reported that ATMs participate

in lipidmetabolism in thesteadystatebut contribute toadipose tis-

sue inflammatory response under pathologic conditions.41 How-

ever, their status and function have not been described in TAO.

Our data showed that, in the OCT, which consists mainly of adi-

pose tissue, Macs highly expressed CD36, a scavenger receptor

facilitating fatty acid transport,42 and CD163 and MRC1, two

markers of M2-like Macs43 from both study groups (Figure 6G). It

is interesting that ATMs in our data exhibited an M2 phenotype,

an anti-inflammatory phenotype, but expressed high levels of in-

flammatory genesduringTAO.SubsequentGOanalysis also iden-

tified upregulatedpathways related to lipidmetabolism (annotated

as long-chain fatty acid transport, the PPAR signaling pathway,

and cellular response to lipid), cytokine signaling (including IFN-g

and IL-18 signaling), and inflammatory response (Figure 6H).

Therefore, in OCT of individuals with TAO, ATMs exhibit an M2

phenotype but retain inflammation-promoting capacity and may

engage in lipid metabolism in the microenvironment of OCT.

Constructing an OF-based regulatory network for TAO
Next we explored the cell-cell communication network using

CellphoneDB2. MYFs and LPFs showed enhanced interactions
Figure 4. Characterization of EC subsets in OCT in TAO

(A) UMAP plot showing clusters of endothelial cell (EC) subsets.

(B) Heatmap showing scaled expression of discriminative gene sets for ACKR1+ an

�2 (blue) to 2 (red).

(C) Bar chart showing the relative proportion of ACKR1+ and ACKR1� ECs in OC

(D) Representative GO terms and KEGG pathway enriched by upregulated DEGs

(E and F) Volcano plots showing DEGs of ACKR1+ EC (E) and ACKR1� EC (F) su

(G) Violin plot showing the expression of CXCL2, CXCL8, CXCL14, and IL-6 in A

(H) Violinplot showing theexpressionofCXCL2,CSF3, IL-1R1, ITGAV,SELE,SELP, a

(I) Representative GO terms and KEGG pathway enriched by upregulated DEGs
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with ACKR1+ ECs in TAO compared with healthy states

(Figures 7A and 7B). Considering the central role of OFs in TAO,

we developed a pathogenic OF-based interaction network

(Figures S3 and S4). Immune cells were found to express elevated

cytokines, including IL6, TNFA, TGFB, and IFNG, acting on path-

ogenic OFs, that secreted chemoattractants to promote lympho-

cyte infiltration intoOCT. This findingwas consistentwith previous

reports44,45 (Figures S3 and S4). The interactions of IL-6/IL-6 re-

ceptor, transforming growth factor b (TGF-b)/TGF-b receptor,

and chemokines/chemokine receptors were enhanced during

TAO, suggesting that these pairs may enhance the interaction of

immune cells and pathogenic OFs. Considering the potent inter-

action between ACKR1+ ECs and OFs in TAO (Figure 7A), we

next explored the ligand-receptor pairs associated with ACKR1+

ECs and OFs. Our study found that OFs produced VEGF, which

acted on ECs, and, conversely, that ECs produced platelet-

derived growth factor (PDGF) to promote OF proliferation in

TAO (Figure 7B). The interactions of chemokines (including

CXCL8, CXCL1, and CCL2) and ACKR1 between OFs and

ACKR1+ ECs were enhanced in TAO (Figure 7B). The elevated

interaction of CXCL8 and ACKR1 between Macs and ECs has

been identified in skin diseases, and this interaction is co-opted

to recruit immune cells to inflammatory sites.46 We also detected

increased CXCL8 expression in nearly all cell types in OCT from

individuals with TAO, and this molecule actively interacted with

ACKR1onACKR1+ ECs in TAO (Figures 7C and 7D). These results

again indicated that ACKR1+ ECs highly engaged in leukocyte

recruitment into OCT in TAO and that the CXCL8/ACKR1 interac-

tionmay contribute to this recruitment process.We observed that

the interaction of TNFSF4 (OX40L) and TNFRSF4 (OX40),47 a pair

of TC co-stimulatorymolecules, betweenMYFs and immune cells

was overactive in TAO (Figure 7E). TNFSF4 and TNFRSF4 work

cooperatively to regulate TC biology, and their interactions

prompt TC to exhibit the effector memory phenotype but reduce

their regulatory function.47,48 TNFSF4 has been reported to be ex-

pressed by MYFs in fibrotic skin, promoting fibrosis by recruiting

CD4+ TC, which actively secrete pro-inflammatory mediators and

activate fibroblasts.49 The cell-cell communication network anal-

ysis identified MYFs as the major source of TNFSF4 and acting

on CD4+ Tm cells (Figures 7E and 7F). Thus, the OX40L/OX40

interaction betweenMYFs and TCsmight participate in the higher

OCT inflammation and fibrosis in TAO.

DISCUSSION

scRNA-seq is an unbiased global technology for analyzing

cells from tissue and peripheral blood.50,51 We developed a
d ACKR1� ECs in OCT. The color scheme is based on Z score distribution from

T from HCs and individuals with TAO.

of each EC subtype.

bsets in TAO/HC comparison.

CKR1+ ECs and ACKR1� ECs from HCs and individuals with TAO.

ndVCAM1 inACKR1+ECsandACKR1�ECs fromHCsand individualswithTAO.

of ACKR1+ ECs and ACKR1� ECs in TAO/HC comparison.
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comprehensive transcriptional atlas of OCT in both study groups

and revealed cellular components in the OCT in TAO pathogen-

esis. We identified six major cell types and 17 cell subsets that

showed distinct properties in TAO. ECs were also involved in

TAO pathogenesis, among which ACKR1+ ECs might be an EC

subset actively mediating leukocyte trafficking. We also high-

lighted that terminally differentiated CD8+ CTL cells might be a

sustained INF-g resource and contribute to persistent inflamma-

tion. We identified ATM participation in inflammation and lipid

metabolism in TAO. The cellular components in OCT constitute

an OF-based regulatory network that engages in TAO

pathogenesis.

OFs have been identified as central cells in TAOwith the ability

to proliferate, secrete hyaluronan, and differentiate into MYFs or

adipocytes.16 These induce characteristic eye muscle enlarge-

ment and orbital fat expansion in TAO.16,17 Koumas et al.52

divided OFs into two subsets based on THY1 (CD90) glycopro-

tein expression. THY1� OFs have a strong ability to differentiate

into adipocytes, whereas THY1+ OFs may differentiate into

MYFs. In our study, three OF subsets were identified based on

expression of THY1 and other functional genes. THY1+ MYFs

showed gene signatures similar to the previously reported

THY1+ OFs. These cells highly expressed genes involved in

extracellular matrix organization and muscle contraction. The

LPFs and COFs identified in our study showed low or undetect-

able THY1 expression, and only RASD1+ LPFs exhibited potent

adipogenesis and pro-inflammation capacity, as indicated by

DEG and GO analysis. RASD1 is essential for adipogenesis

and diet-induced obesity.22 Without RASD1, mitotic clonal

expansion and adipocyte differentiation is abolished.22,23 Three

critical adipogenic transcription factors (CEBPB, CEBPD, and

PPARG)22,23 have been reported to be positively regulated by

RASD1. In our study, RASD1 was mainly expressed by LPFs,

and its expression was positively correlated with CEBPB,

CEBPD, and PPARG. Therefore, high expression of RASD1

might characterize adipocyte differentiation in OFs. In TAO,

expression of RASD1 and a series of adipogenesis-associated

genes was increased in LPFs, indicating active adipogenesis in

OCT. PIM1, an oncogene widely known for its proliferative ef-

fects,53 was upregulated along LPF differentiation path. A previ-

ous study has identified PIM1 as a differentiation marker in adi-

pocytic neoplasm.54 Our study suggested that PIM1 may

promote differentiation of into pathogenic LPFs, serving as a

target for TAO.

The regulatory role of ECs in inflammation has been reviewed

elsewhere55 but has not been identified in TAO. We observed

that ECs also contributed to inflammation promotion according

to their gene signatures. The vascular system consists of seg-

ments with different functions, and, in most cases, leukocyte

adhesion and emigration are mediated by postcapillary venules
Figure 5. Characterization of NK&TC subsets in OCT in TAO

(A) UMAP plot showing clusters of NK&TC subsets.

(B) Heatmap showing scaled expression of discriminative gene sets for NK&TC su

to 2 (red).

(C) UMAP plot showing the expression of selected genes in NK&TC subsets.

(D and E) Volcano plots showing DEGs of CD4+ Tm cell (D) and CD8+ CTL (E) su

(F) Representative GO terms and KEGG pathway enriched by upregulated DEGs
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and collecting venules.56 Resting ECs do not interact with leuko-

cytes.57 However, during inflammation, activated ECs express

adhesion molecules or chemokines to induce leukocyte recruit-

ment.55 ACKR1 has been identified recently as a vascular capil-

lary marker.30 In our study, ACKR1+ ECs exhibited upregulated

genes and pathways related to cell adhesion and migration

compared with ACKR1� ECs. In TAO, pathways related to cyto-

kine stimulation, inflammatory response, and regulation of cell

adhesion were upregulated in ACKR1+ ECs. These results sug-

gest that the ACKR1+ ECs in our study might be postcapillary

or collecting venous cells with the ability to recruit leukocytes

into the OCT in TAO.

Previous studies have paid much attention to the role of TCs,

especially CD4+ TCs, in TAO.58 It is commonly accepted that Th1

cells secreting IL-1b, IL-2, TNF-a, and IFN-g are activated in the

initial phase of TAO, whereas Th2 cells activate and secrete IL-4,

IL-5, IL-10, and IL-13 in the late phase.59,60 Compared with CD4+

TCs, the role of CD8+ TCs in the disease process has not been

sufficiently identified. In adipose tissue from mice fed a high-

fat diet, CD8+ effector TCs have been reported to outnumber

CD4 TCs and have a role in recruiting Macs, promoting local

inflammation.61 In OCT containing adipose tissue, our study

also identified the important role and special phenotype of

CD8 TCs. CD8+ CTL cells in the OCT exhibited a terminal differ-

entiation phenotype, potent cytotoxicity, and IFN-g secretion ca-

pacity. Accumulation of these CD57+ TCs has been observed in

natural human aging and various diseases associated with

chronic immune activation.35,62 Our study identifies involvement

of these terminally differentiated CD8+CTL cells in the pathogen-

esis of TAO. IFN-g induces production of multiple chemoattrac-

tants and glycosaminoglycan by OFs.6 These cells may be

another source of INF-g during the disease process, apart

from Th1 cells. Another study identified a group of CD4+ cyto-

toxic TCs with chemotactic and inflammatory features that are

specific to TAO.63 However, the CD4+ TCs identified in our study

did not show cytotoxicity markers but exhaustion markers.

Terminally differentiated TCs have been reported to exhibit

reduced proliferation capacity,62 high cytotoxicity, and reserved

IFN-g secretion capacity.38,64 In contrast, exhausted T cells may

experience functional loss and reduced IFN-g production.65,66

Our study indicates that CD4+ TCs tend to be exhausted and

that their IFN-g production may be reduced, whereas CD8+

TCs tend to be terminally differentiated and continuously secrete

IFN-g as the disease course is prolonged.

Among Macs, various phenotypes and functions of ATMs

have been widely discussed in the context of obesity.67 In

expanded adipose tissue, infiltration of Macs is an important

physiological phenomenon, and these Macs cooperate with ad-

ipocytes to regulate the inflammatory response.68 Hypoxia and

chemokines are two factors that promote Mac recruitment in
bsets in OCT. The color scheme is based on Z score distribution from�2 (blue)

bsets in TAO/HC comparison.

of each NK&TC subtype in OCT in TAO/HC comparison.
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Figure 6. Characterization of MC subsets in OCT in TAO

(A) UMAP plot showing clusters of mononuclear phagocyte subsets.

(B) Heatmap showing scaled expression of discriminative gene sets for mononuclear phagocyte subsets in OCT. The color scheme is based on Z score dis-

tribution from �2 (blue) to 2 (red).

(C–F) Volcano plots showing DEGs of CD16+ Mos (C), CD14+ Mos (D), DCs (E), and Macs (F) in TAO/HC comparison.

(G) The expression of CD36, CD163, andMRC1 bymononuclear phagocyte subsets fromHCs and individuals with TAO patients byUMAP plot (left) and violin plot

(right).

(H) Representative GO terms and KEGG pathway enriched by upregulated DEGs of Macs in OCT in TAO/HC comparison.
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adipose tissue.68 However, the role of ATMs in TAO has not yet

been identified. In OCT, ACKR1+ ECs expressed a high level of

HIF1A, a critical molecule involved in hypoxia-induced angio-

genesis.69 Its downstream VEGF signaling is also upregulated

in TAO, indicating that hypoxiamay exist in the local environment

of OCT. Our data showed that many cell types in OCT have a

potent function in chemokine secretion. Thus, hypoxia and che-

mokines may also be two important factors for recruiting Mos/

Macs in OCT in TAO. The ATMs identified in our study expressed

M2 Mac markers but still retained pro-inflammatory signatures

similar to the properties of ATMs from obese individuals.70 These

cells may actively engage in inflammation and lipid metabolism

in the microenvironment of the OCT during TAO, as indicated

by our transcriptional data.

Periocular tissueof individualswith TAOexhibited specific reac-

tivity and characteristic remodeling.6Weperformed a high-dimen-

sional single-cell analysis to obtain a comprehensive local cell

landscape of TAO. This cell landscape depicted the compositional

and functional alterations of cellular components of OCT in TAO

and enriched our understanding of the pathogenic mechanisms

underlying the TAO-characteristic changes in the orbital tissue.

These informative transcriptional data can also act as a database

for future exploration of TAO pathogenesis. Novel and specific

treatments that directly target the pathogenic molecules or cells

of TAO have long been sought. The results of this study indicate

potential pathogenic cells and molecules, including LPFs with

RASD expression, CD8+CD57+ CTLs, ATMs, ACKR1+ ECs, and

Pim1, which may account for the pathogenic changes of TAO,

and, thus, may identify novel therapeutic targets for this disease.

We established a comprehensive transcriptional atlas of the

local environment of OCT and revealed its changes during TAO

at single-cell resolution. This study may expand our current

knowledge of TAO and prompt the development of novel target-

ing therapies.

Limitations of the study
Although this study provides a good representation of the local

circumstance of ocular connective tissues during TAO, some po-

tential limitations should be noted. For example, limited by the

availability of samples, our study only incorporated individuals

with TAO who must undergo emergency decompression

because of dysthyroid optic neuropathy. Individuals with mild

illness or in the active disease phase without surgery indications

or conditions were not involved in our study. Future studies

should incorporate individuals with more diverse disease condi-

tions, which allows comparisons of the length of the disease

course, interventions (systemic steroid or radiotherapy), and

even anatomical characteristics (dominated by extraocular fat

expansion or muscle swelling). In addition, further experiments
Figure 7. Development of an OF-based regulatory network for TAO

(A) Heatmap showing the interaction intensity among major cell subsets in OCT

(B) Heatmap showing the interaction intensity among major cell subsets in OCT

(C) The interaction of ACKR1+ ECs with COFs, LPFs, and MYFs in individuals wi

(D) The interaction of ACKR1+ ECs with other major cell subsets in OCT from ind

(E) UMAP plots showing the expression of CXCL8 and ACKR1 by OCT cells from

(F) The interaction of OF subsets with other major cell subsets in OCT from indiv

(G) UMAP plots showing the expression of TNFRSF4 and TNFSF4 by OCT cells
may enrich our study by evaluating these transcriptional

changes with protein analysis in larger cohorts.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

PIM1 Antibody (ST0513) NOVUS Cat# NBP2-67528

Biological samples

Obital connective tissue from TAO patient Sun Yat-sen Memorial Hospital and

Xiangya Hospital

See Table S1 for details

Obital connective tissue from healthy

donors

Zhongshan Ophthalmic Center See Table S1 for details

Chemicals, peptides, and recombinant proteins

DMEM/F-12 (1:1) basic (1X) GIBCO LOT# 8119025

Fetal Bovine Serum (FBS), qualified,

Australia

GIBCO Cat# 10099141C

Collagenase II GIBCO Cat#17101-015

DNase I Sigma-Aldrich Cat#DN25

Phosphate Buffer Saline (PBS, 1X) CORNING LOT# 21020007

Tissue-Tek O.C.T Compound Sakura Finetek USA, Inc LOT# 0565-00

Critical commercial assays

Chromium Single Cell 30 Library & Gel Bead

Kit v2

10X Genomics Cat#PN-120237

Deposited data

Raw data files files for scRNA-seq This study GSA: HRA000870

Software and algorithms

Cell Ranger (version: 5.0.0) 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

downloads/latest

Loupe Browser (version: 5.0.0) 10x Genomics https://support.10xgenomics.com/

single-cell-gene-expression/software/

downloads/latest

R (version: 4.3.0) R Core https://www.r-project.org/

Seurat (version: 4.0.1) Butler et al., 2018 https://satijalab.org/seurat/

Harmony (version 2.0.4) Korsunsky et al., 2019 https://github.com/pardeike/Harmony

Metascape (version: 3.5) Zhou et al., 2019 http://metascape.org/

Monocle (version: 2.99.3) Qiu et al., 2017 http://cole-trapnell-lab.github.io/

monocle-release/docs/

CellPhoneDB 2 Github https://github.com/ventolab/CellphoneDB

pheatmap (version: 1.0.12) N/A https://cran.r-project.org/web/packages/

pheatmap/index.html

ggplot2 (version: 3.2.1) Wickham, 2016 https://ggplot2.tidyverse.org/

ImageJ (version: 1.8.0) NIH https://imagej.nih.gov/ij/

GraphPad Prism 8 GraphPad Software Inc. https://www.graphpad.com/

scientific-software/prism/
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Wenru Su

(suwr3@mail.sysu.edu.cn).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
The single-cell data supporting the findings of this study including raw.fcs files from primary samples and cell lines have been

deposited at Genome Sequence Archive (GSA) and are publicly available as of the date of publication (GSA: HRA000870).

The data analysis pipeline in our study was described on the Seurat websites: https://satijalab.org/seurat/. The Monocle package

and related code can be found at: http://cole-trapnell-lab.github.io/monocle-release/docs/. The CellPhoneDB package and

related code is available at Github: https://github.com/ventolab/CellphoneDB.

Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Human orbital connective tissue
Twenty retroorbital connective tissue samples were included in the study. Ten samples were from patients with TAO who underwent

orbital decompression surgery and with a clinical activity score of >3. The other ten samples were from healthy participants who un-

derwent blepharoplasty. Steroid or immunosuppressive treatment was discontinued for at least 3 months before surgery, and all pa-

tients were clinically euthyroid at the time of surgery. The clinical characteristic of these patients is shown in Table S1. Samples were

obtained from the Zhongshan Ophthalmic Center, Sun Yat-Sen University, Guangzhou, China; Sun Yat-sen Memorial Hospital, Sun

Yat-sen University, Guangzhou, China and Xiangya Hospital, Central South University, Changsha, China. Informed consent was ob-

tained from all the participants. All experimental procedures were approved by the Ethical Committee of ZhongshanOphthalmic Cen-

ter, Sun Yat-Sen University, Guangzhou, China (2020KYPJ104), and Sun Yat-sen Memorial Hospital, Sun Yat-sen University,

Guangzhou, China (2020-KY-122).

METHOD DETAILS

Single-cell suspension preparation
Orbital connective tissues were processed immediately after being obtained. Every sample was cut into small pieces (<1mm in diam-

eter) and then was incubated with DMEM (Thermo Fisher Scientific) containing 2% FBS (Thermo Fisher Scientific), 1 mg/mL of Colla-

genase II (Sigma-Aldrich), and 100 mL of DNase I (Sigma-Aldrich) for 1 h on a 37�C shaker. Subsequently, 4 mL DMEMwas added to

dilute the suspension, and then a 70-mm cell mesh was used to filter the suspension. After centrifugation at 300g and 4�C for 10 min,

the supernatant was discarded, and then the cells were washed with PBS twice. Then, the cell pellet was resuspended in 10 mL of

ice-cold red blood cell lysis buffer andwas incubated at 4�C for 15min. Next, 10mL of ice-cold PBSwas added to the tube, and it was

then centrifuged at 250 g for 10 min. After the supernatant was decanted, the pellet was resuspended in 5 mL of calcium- and mag-

nesium-free PBS containing 0.04%weight/volume BSA. The single-cell suspension was generated at 700–1200/uL (viabilityR85%)

as determined using the Countess II Automated Cell Counter. Each HC group (HC1, HC2) included five healthy participants’ samples.

TAO2 and TAO3 included three TAO patients’ samples, while TAO1 and TAO4 included two TAO patients’ samples.

scRNA sequencing
According to the manufacturer’s protocol, Chromium Single Cell 30 Reagent v2 kits (10X Genomics) were used to prepare barcoded

single-cell RNA sequencing (scRNA-seq) libraries. Single-cell suspensions were loaded onto a chromium single-cell controller instru-

ment (10X Genomics) to generate single-cell gel beads in emulsions. Approximately 12,000 cells were added to each channel to cap-

ture 8,000 cells per library. First, reverse transcription reactions were performed to generate barcoded full-length cDNA, followed by

disruption of emulsions using the recovery agent and then cDNA clean-up using DynaBeads Myone Silane Beads (Thermo Fisher

Scientific). Next, cDNA was amplified through polymerase chain reaction for the appropriate number of cycles depending on the

number of recovered cells. Subsequently, the amplified cDNA was fragmented, nd-repaired, A-tailed, and ligated to an index

adaptor, after which the library was amplified. Each library was sequenced on a NovaSeq platform (Illumina), and 150 bp paired-

end reads were generated.

Raw data processing and quality control
The single-cell suspension was generated at 700–1200/ul (viability R85%) as determined using the Countess� II Automated Cell

Counter. Raw data (Raw Reads) of FASTQ files were transformed from the Raw BCL files using Illumina’s bcl2fastq converter and

for Raw data, firstly processed through primary quality control. Reads were removed out of the downstream analysis when they

meet one of the following three conditions: (1) contain N base more than 3; (2) with more than 20% bases with Phred <5; (3) have

adapter sequences. All the downstream analyses were based on clean data with high quality.
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Analysis of scRNA-seq data
CellRanger version 5.0.0 (10X Genomics) function ‘‘cellranger count’’ was used to process the raw data, demultiplex cellular barc-

odes, and map reads to the human reference genome GRCh38-2020 (10X Genomics). Then ‘‘cellranger aggr’’ function was used to

generate normalized aggregate data across samples. ‘‘cellranger aggr’’ function aggregates outputs frommultiple runs of cellranger

count, normalizing those runs to the same sequencing depth and then recomputing the feature-barcodematrices and analysis on the

combined data. The aggr pipeline can be used to combine data frommultiple samples into an experiment-wide feature-barcode ma-

trix and analysis. These processes produced a raw unique molecular identifier count matrix that was converted into a Seurat object

using the R package Seurat71 (version 4.0.1, https://github.com/satijalab/seurat). Quality control was done to ensure that the per-

centage of mitochondrial transcripts was smaller than 15% and the identified gene number in each cell ranged from 200 to 6000

for elimination of potential cell debris or doublets. Finally, 31,353 cells remained and were used in downstream analyses. After quality

control filtering, Seurat packages were used to performed log normalization on the UMI count matrix. In addition, the samples were

scaled. Samples were processed and sequenced in batches. The Harmony (version 2.0.4, https://github.com/pardeike/Harmony)

algorithm72 was used for batch effect correction. We performed dimension reduction clustering and differential expression analysis

following the Seurat-guided tutorial. We performed principal component analysis (PCA) and uniformmanifold approximation and pro-

jection (UMAP) dimension reduction with 20 principal components. The main cell clusters were identified using the ‘‘FindClusters()’’

function, with the resolution set as default (res = 0.5). They were then visualized using t-distributed stochastic neighbor embedding

(tSNE) or uniform manifold approximation and projection (UMAP) plots. Conventional markers described in a previous study were

used to categorize every cell into a known biological cell type. The ‘‘FindAllMarker()’’ function was used to identify preferentially ex-

pressed genes in clusters or differentially expressed genes between cells from patients with TAO and HCs.

Trajectory analysis
Pseudotime analysis was performedwithMonocle273 to determine the translational relationships amongmonocyte-derived cells and

clusters. Further detection using the Monocle2 ‘‘plot_pseudotime_heatmap’’ function revealed the key role of a series of genes in the

differentiation process. Genes with significant changes were identified through the ‘‘differentialGeneTest’’ function in Monocle2 with

a q-value < 0.01.

Cell–cell communication analysis with CellPhoneDB 2
CellPhoneDB 274 is a Python-based computational analysis tool developed by Roser Vento-Tormo et al. for the molecular analysis of

cell–cell communication. It was used in this study to determine interaction networks. Awebsite version is available for the analysis of a

relatively small dataset (http://www.cellphonedb.org/). There were 31,353 single cells (10517 HC and 20836 TAO) clustered into 18

cell types. Interaction pairs whose ligands belonged to the VEGF, FGF, PDGF, PGF, IGF, CCL, or CXCL and so on. families and had

p-values < 0.05 were selected for the evaluation of relationships between cell types.

Pathway analysis
DE-Gs of the cell subtypes were identified using the ‘‘FindMarker()’’ function of Seurat. The cut-off criteria were |FC| > 0.25 and ad-

j.p.val <0.05. Enrichment analysis was performed on these DE-Gs using the Matascape75 webtool (https://metascape.org/gp/index.

html). GO terms and the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were used in this study. The FDR was calcu-

lated using the Benjamini–Hochberg procedure and used as the metric for GO terms in order to account for multiple testing. Among

the top 100 enriched GO terms across different cell types, five to ten GO terms or pathways that were associated with EAU were

graphed with the heatmap (version 1.0.12) and ggplot2 package.76

Immunofluorescence staining
Orbital connective tissues were removed and fixed with 4% paraformaldehyde overnight at 4 �C, dehydrated using sucrose with

different concentration gradients (10%, overnight; 20%, 6–8 h; 30%, overnight) and embedded in Tissue-Tek O.C.T Compound (Sa-

kura Finetek USA, Inc). Sagittal sections (4-mm thick) were cut and blocked with 3% BSA in PBS for 1 h at 23�C ± 2�C. The sections

were incubated with PIM1 Antibody (ST0513, NOVUS, Cat# NBP2-67528) overnight at 4�C and further incubated with the corre-

sponding fluorochrome-conjugated secondary antibody (1:1,000, Cell Signaling Technology, Danvers, MA, USA) for 50 min. After

counterstaining with DAPI (catalog ab104139, Abcam), the sections were examined with a fluorescence microscope (Nikon, Tokyo,

Japan). The proportion of immunoreactive cells was analyzed via ImageJ software.

QUANTIFICATION AND STATISTICAL ANALYSIS

The Seurat function ‘‘FindMarkers()’’ was used to compare expression values. Cell type markers were obtained using the ‘‘Fin-

dAllMarkers()’’ function with a negative binomial test. All statistical analyses and graphs were done using R (version 4.3.0) and

GraphPad Prism (version 8.0.2). Adjusted p-values above 0.05 were considered as not significant. Benjamini–Hochberg false

discovery rate (FDR) correction was performed at a p-value of 0.05 for multiple comparison correction (proportions for subtypes

of scRNA data).
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