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ARTICLE INFO ABSTRACT

Keywords: Graves’ ophthalmopathy (GO) is an extrathyroidal manifestation of Graves’ disease, Orbital fi-
Graf’es’ ‘?PhthalmoPathY broblasts (OFs) are recognized as key players in GO pathogenesis, involved in orbital inflam-
Orbital fibroblasts mation, tissue remodeling, and fibrosis. This study offers a primary exploration of cell behavior
;rg;ﬂl{R and characteristics on OFs from GO (GO-OFs), and compared to OFs from healthy control (HC-

OFs). Results reveal that GO-OFs exhibit delayed migration from tissue fragments, while no
significant difference in cell proliferation is observed between GO-OFs and HC-OFs. Aberrant
expression pattern of surface proteins Thy-1, TSHR, and IGF-1R suggests shared autoantigens and
pathways between GO and GD, contributing to inflammation and fibrosis. Investigations into
cytokine responses unveil elevated secretion of hyaluronic acid (HA) and prostaglandin E2
(PGE2) in GO-OFs, emphasizing their role in tissue remodeling. These findings deepen our un-
derstanding of OFs in GO pathogenesis, offering potential therapeutic avenues.

Hyaluronic acid
Prostaglandin E2

1. Introduction

Graves’ ophthalmopathy (GO) is extrathyroidal manifestation of Graves’ disease (GD), which is characterized by a complex
interplay of orbital inflammation, tissue expansion, remodeling, and fibrosis [1,2]. As the most common autoimmune orbital disorder,
GO exhibits an active phase marked by inflammation and tissue remodeling, followed by an inactive phase characterized by stabili-
zation and remission. The pathophysiology of GO involves the infiltration of orbital tissues by various immune cells, including CD4*
and CD8™" T cells, mast cells, and B cells, leading to dysregulated immune responses and disordered accumulation of hyaluronan and
glycosaminoglycan [3,4]. However, the mechanisms underlying GO remain incompletely known, factors underpinning the process of
GO are still less well understood [5].

Central to the intricate cascade of events in GO is the role of orbital fibroblasts (OFs), which have recently gained prominence due
to their pivotal functions in inflammation, tissue remodeling, and pathogenesis [3]. These resident OFs within the orbit are now
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recognized as key orchestrators of the disease process [6,7]. Through their surface receptors, activated OFs generate a cascade of
inflammatory cytokines and chemokines that not only recruit and activate immune cells but also interact with them [8-12].
Furthermore, activated OFs contribute to orbital tissue expansion by intensifying the secretion of HA, promoting proliferation, and
fostering adipogenesis [8,9,13]. Although OFs have been acknowledged as critical players in GO, their exact mechanisms and potential
as therapeutic targets remain incompletely understood.

Understanding OFs’ role in the pathogenesis of GO could potentially unveil novel therapeutic avenues for this debilitating disorder.
To delve deeper into the intricate dynamics of GO, we conducted the present study to comparing OFs from GO (GO-OFs) and from
healthy control (HC-OFs) from several aspects. By unraveling the unique attributes and behaviors of GO-OFs, we aim to shed light on
the cellular mechanisms underpinning the pathophysiology of GO and pave the way for targeted therapeutic interventions.

2. Materials and methods
2.1. Patients and primary culture of orbital fibroblasts (OFs)

Orbital tissues were collected from six patients undergoing orbital decompression surgery due to severe GO (based on the European
Group on Graves’ Orbitopathy , EUGOGO). For comparison, age-and sex-matched HC orbital tissues (n = 6) were obtained from
patient undergoing eyeball enucleation due to traumatic eyeball rupture, with no history of inflammatory diseases such as inflam-
matory pseudotumor, Sjogren’s syndrome (SS), or rheumatoid arthritis (RA). All GO patients maintained stable euthyroidism for at
least 6 months before surgery, with no history of receiving radiotherapy. Daily doses of methimazole (Tapazole)to maintain
euthyroidism was 14.2 + 7.4 mg per day. All GO patients were in active stage of GO, as determined by the clinical activity score (CAS),
which was assessed based on the clinically validated scoring system proposed by Mourits et al. [14,15]. Preceding surgery, the GO
patients had received systemic glucocorticoids treatment (Methylprednisone pulse therapy) at least three months earlier. In contrast,
the control group subjects had received minimal glucocorticoids (Methylprednisone, 40 mg/day for 3 days) due to ocular trauma.
Demographic information and clinical characteristics of the patients are presented in Tables 1 and 2.

Immediately after removal, the orbital tissue samples were stored in Dulbecco’s modified Eagle’s medium (DMEM, Gibco, CA, USA)
supplemented with 1% fetal bovine serum (FBS, Gibco, CA, USA), penicillin (100 U/mL), and gentamicin (20 pg/mL) (Gibco, CA,
USA). Informed consent was obtained from all subjects, and the study was conducted in accordance with the principles of the
Declaration of Helsinki. Ethical approval was granted by the ethical committee of the People’s Hospital of Guangxi Region. OFs were
cultured as previously described.®¥ The primary human OFs were isolated and cultured following established explant techniques with
minor modifications. The orbital tissues were aseptically collected and cut into 1 mm pieces. The tissue fragments were placed in
culture flasks which had been precoated with FBS, which were initially incubated upside down with 5 mL complete DMEM with 10%
FBS to prevent drying. After 12 h, the flasks were gently reversed, and the tissue fragments were immersed in complete DMEM medium
(Fig. 1A). The OFs migrated out of the tissue fragments and attached to the plate (Fig. 1B). Upon reaching 90% confluence, the OFs
were harvested and passaged (Fig. 1C and D).

2.2. Cell proliferation assay and transwell migration assay

Passages 3-5 of OFs were used for the experiment. After 8 h of serum starvation in DMEM with 2% FBS, HC-OFs and GO-OFs were
seeded in triplicate at a density of 5 x 103 cells per well in a 96-well plate and cultured in complete DMEM (10% FBS) for 48 h. Cell
proliferation was assessed using the BrdU cell proliferation assay (Cell Signaling Technology, #6813) according to the manufacturer’s
instructions. Briefly, 10 pM BrdU was added to the plate, and the cells were incubated for 4 h. After fixation and incubation with BrdU
antibody followed by horseradish peroxidase (HRP)-linked antibody, the absorbance at 450 nm was measured using the Synergy HTX
Multi-Mode Microplate Reader (BioTek). The absorbance value (BrdU incorporation) served as an indicator of cell proliferation.

For the migration assay, OFs were suspended in DMEM with 2 % FBS, were seeded (5 x 10"3 cells) in the upper of chambers of
transwell inserts in 24-well plates (8 pm pore, Falcon, BD Biosciences), the lower chambers contained 1 mL. DMEM with 10% FBS. After
incubation for 24 h, transwell inserts were removed, and fixed in 4% paraformaldehyde. Cells from the upper surface of the filters were
removed by wiping with cotton swabs, followed by washing with PBS. Filter membranes were stained with DAPI and analyzed by
fluorescence microscopy. The migrated cells on the lower surface were counted in 6 randomly-selected viewing fields per insert.

Glucocorticoid Therapy
Radiation Therapy

6(Methylprednisolone)
0

Table 1

Demographic information and clinical characteristics of patients.
Group Control GO
Group size 6 6
Age (years) 49.8 + 8.2 52.3 +£5.8
Gender (Male) 4(67.7%) 3(50%)
Smoke history 1(16.7%) 2(33.3%)
CAS NA 4.8+ 0.8
Duration of GO (Months) NA 12.2 £ 6.5

6(Methylprednisolone)
0

NA = not applicable; CAS = clinical activity score.
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Table 2

Clinical characteristics of patients.
#Patient CAS Glucocorticoid Therapy
#1 (Control) NA 120 mg
#2 (Control) NA 120 mg
#3(Control) NA 120 mg
#4(Control) NA 120 mg
#5 (Control) NA 120 mg
#6 (Control) NA 120 mg
#1 (GO) 4 45¢g
#2 (GO) 5 30g
#3 (GO) 4 45¢g
#4 (GO) 5 45¢g
#5 (GO) 5 30g
#6 (GO) 6 45¢g

NA = not applicable; CAS = clinical activity score.
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Fig. 1. The process of primary culture and passaging of Orbital Fibroblasts. (A) Schematic representation of primary culture using fragments of
orbital tissue. (B) Representative image showed that some OFs start migrating from around the tissue fragments. (C) Representative image showed
the proliferation of OFs, reaching 90-100% confluence. (D) Passaged OFs were cultured in another flask.

2.3. Immunofluorescence detection of fibronectin and a-SMA expression in OFs

OFs were seeded onto coverslips at a density of 1 x 104 cells/200 pL in complete medium. After 2 days in culture, the slides were
fixed with 4% paraformaldehyde (PFA) and permeabilized with 0.2% Triton X-100. Following blocking, the cells were incubated with
fibronectin antibody (1 pg/mL) and a-SMA antibody (5 pg/mL). Subsequently, the slides were stained with secondary antibodies
(Alexa Fluor 488 at 1:300, Cell Signaling Technology, USA). Randomly selected images were captured using a Leica microscope with
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an FITC filter.

2.4. Real-time quantitative RT-PCR for fibronectin and a-SMA expression

Total RNA was extracted from cultured OFs using TRIzol (Thermo Fisher, #15596026, USA) according to the manufacturer’s
protocol. cDNA was synthesized using the PrimeScript™ RT reagent Kit with gDNA Eraser (TAKARA, RR047A), followed by real-time
PCR using SYBR Premix Ex Taq (TAKARA RR420A) on the Step One Plus Real-Time PCR System (Life Technologies). The PCR con-
ditions involved an initial step at 95 °C for 30 s, followed by 40 cycles of denaturation at 95 °C for 5 s and annealing/extension at 60 °C
for 30 s. The relative mRNA expression was normalized to GAPDH, and data were presented as relative expression units. PCR reactions
were performed in triplicate, and the results were analyzed using the 2—AACt method with Ct < 35. Primer sequences for FN, a-SMA,
and the housekeeping gene GAPDH were as follows: FN forward (5'- ACAACACCGAGGTGACTGAGAC -3') and reverse (5'- GGACA-
CAACGATGCTTCCTGAG -3); o-SMA forward (5- CTATGCCTCTGGACGCACAACT -3) and reverse (5- CAGATCCA-
GACGCATGATGGCA -3); GAPDH forward (5-GGTGAAGGTCGGAGTCAACGGA-3') and reverse (5-GAGGGATCTCGCTCCTGGAAGA-
3M.

2.5. Quantification of surface protein expression using flow cytometry

OFs were trypsinized and suspended. For Thy-1 staining, 1 x 106 cells were incubated with the fluorescein-conjugated antibody
(anti-human Thy-1-PE, #328109, Biolegend) in the dark for 1 h at room temperature. TSHR and IGF-1R were stained using primary
and secondary antibodies. The cell suspension was incubated with anti-human TSHR (RD System, MAB65342) and anti-human IGF-1R
(RD System, MAB391) for 1 h. Cells incubated with IgG were defined as isotype control. Then, cells were washed and incubated with
fluorescein-conjugated antibodies in the dark for 20 min. The cells were immediately analyzed using standard flow cytometric
techniques on a FACSC flow cytometer (BD Biosciences). The flow cytometry data were analyzed using FlowJo software.

2.6. Measurement of HA and PGE2 using ELISA

OFs from passages 3-6 were seeded into 6-well plates at a density of 1 x 1076 cells per well in complete medium and allowed to
reach 90% confluence. Various cytokines were added into the cell medium individually and incubated for 24 h. The final concen-
trations were as follow: IL-10 (100 ng/mL, R&D, Minneapolis, USA), TNF-a (10 ng/mL, R&D, Minneapolis, USA), IFN-y (10 ng/mL,
R&D, Minneapolis, USA), IL-1p (10 ng/mL R&D, Minneapolis, USA). The cell supernatants were collected and stored at —80 °C. The
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Fig. 2. Comparison of Primary Culture and Cell Proliferation between GO-OFs and HC-OFs. (A) The time for spindle-shaped OFs to exit tissues was
assessed. GO-OFs exhibited a delayed migration compared to HC-OFs. (B) Cell proliferation rates of isolated HC-OFs and GO-OFs were compared.
(C) Representative images of migrated cells on the lower surface of filter membranes, stained with DAPI, Bar = 50 pm. (D) The number of migrated
cells were compared between HC-OFs and GO-OFs. n = 6 (HC-OFs), n = 6(GO-OFs). Data was present as means =+ standard error of the mean (SEM).
t-test, *p < 0.05 was considered as significant.
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concentration of hyaluronic acid (HA) and PGE2 in the supernatants was measured using a human Hyaluronan ELISA kit (R&D,
#DHYALO, USA) and human PGE2 ELISA kit (R&D, #KGE004B, USA) according to the manufacturer’s instructions. Samples were
diluted 1:10 before analysis, and the mean value of triplicate samples was reported. The optical density (OD) was measured at 450 nm
wavelength using a microplate reader (Molecular Devices, Sunnyvale, CA, USA). The HA and PGE2 concentration in each sample was
determined by reference to a standard curve generated with known amounts of HA and PGE2.

2.7. Statistical analysis

All statistical analyses were conducted using SPSS Statistics version 20, and p-values less than 0.05 were considered statistically
significant. The results were presented as means + standard error of the mean (SEM). Differences among the groups were analyzed by a
Mann-Whitney U test or t-test when comparing two groups. Mann-Whitney U test was used for analyze the data which did not follow
normal distribution. The difference was considered significant if p value was less than 0.05.

3. Results
3.1. Primary culture of orbital fibroblasts and cell proliferation/migration

The spindle-shaped OFs began to emerge from tissue fragments within 3-9 days. The average duration for OFs to exit tissues was
(4.00 £ 0.89) days in HC and (6.33 + 1.97) days in GO patients. This difference was statistically significant (Fig. 2A), indicating that
GO-OFs exhibited a slower migration from tissues compared to HC-OFs. Additionally, we compared the cell proliferation and
migration between isolated HC-OFs and GO-OFs. However, as shown in Fig. 2B-D, there was no significant difference between the two
groups.
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Fig. 3. Comparison of FN and a-SMA Expression on freshly isolated HC-OFs and GO-OFs. (A) FN was positive expressed in HC-OFs. (B) a-SMA was
positive expressed in HC-OFs. (C) FN was positive expressed in GO-OFs. (D) a-SMA was positive expressed in GO-OFs. (E) qPCR showed no dif-
ference in FN mRNA levels between HC-OFs and GO-OFs. (F) qPCR showed no difference in a-SMA mRNA levels between HC-OFs and GO-OFs. n = 6
(HC-OFs), n = 6(GO-OFs). Data was present as means =+ standard error of the mean (SEM). Mann-Whitney U test, NS p > 0.05 was considered as
non-significant.

v



Y. Wu et al Heliyon 10 (2024) e28397

3.2. Differential expression of cell surface markers

3.2.1. Expression of fibroblast surface markers on HC-OFs and GO-OFs

We initially examined the surface markers on freshly isolated orbital fibroblasts. Fibronectin (FN), a glycoprotein that binds to
extracellular matrix (ECM) proteins and plays a crucial role in OFs migration and growth, was widely expressed in both HC-OFs
(Fig. 3A) and GO-OFs (Fig. 3C). Quantitative PCR (qPCR) analysis also showed no difference in FN mRNA levels between the two
groups (Fig. 3E). Additionally, we investigated the expression of a-smooth muscle actin (a-SMA), a definitive marker for mature fi-

broblasts’ contractility. Similar to FN, there was no significant difference in a-SMA expression between HC-OFs and GO-OFs
(Fig. 3B-D, and F).

3.2.2. Abnormal expression of Thy-1, TSHR, and IGF-1R in GO-OFs
Orbital fibroblasts exhibit phenotypic heterogeneity based on surface receptor expression. Thy-1 (also known as CD90) is a surface
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Fig. 4. (A) Representative image showed the expression of Thy-1 on the surface of OFs. (B) The percentage of Thy-1-positive cells in GO-OFs was
significantly higher than that in HC-OFs. (C) Representative image showed the display of TSHR expression on the surface of OFs. The red histograms
represent staining with isotype control Abs, and the green histogram represent fluorescein staining with anti-TSHR Abs.(D) Representative image
showed the display of IGF-1R expression on the surface of OFs. The red histograms represent staining with isotype control Abs, and the green
histogram represent fluorescein staining with anti-IGF-1R Abs. (E) The expression level of TSHR on the cell surface of GO-OFs were significantly
higher than that in HC-OFs. (F) The expression level of IGF-1R on the cell surface of GO-OFs were significantly higher than that in HC-OFs. n = 6

(HC-OFs), n = 6(GO-OFs). t-test, *p < 0.05 was considered as significant. (For interpretation of the references to colour in this figure legend, the
reader is referred to the Web version of this article.)
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protein that defines functionally distinct subpopulations of fibroblasts. Thy-1-positive fibroblasts are capable of myofibroblast dif-
ferentiation, while Thy-1-negative fibroblasts can undergo adipogenesis. Flow cytometry analysis showed that GO-OFs had a signif-
icantly higher percentage of Thy-1-positive cells (average + SD 76.17 + 6.84%; range 65.5-85.6%) compared to HC-OFs (average +
SD 65.02 £ 2.95%; range 61.0-69.2%; p < 0.001, t-test, Fig. 4A and B). This suggests that GO-OFs have a higher potential to
differentiate into mature myofibroblasts.

Furthermore, since Grave’s disease (GD) and GO share a pathogenic autoantigen, we investigated the expression of two main
pathogenic targets, thyroid-stimulating hormone receptor (TSHR), and insulin-like growth factor-1 receptor (IGF-1R). Flow cytometry
analysis revealed that GO-OFs displayed an increased percentage of TSHR-positive (Fig. 4C-E) and IGF-1R-positive cells (Fig. 4D-F),
while all HC-OFs showed negative expression for these receptors. In summary, GO-OFs displayed an abnormal pattern of Thy-1, TSHR,
and IGF-1R expression compared to HC-OFs.

3.3. Secretion of HA and prostaglandin E2 in response to inflammatory cytokines

Disordered accumulation of hyaluronic acid (HA) and prostaglandin E2 (PGE2) produced by OFs contributes to the orbital tissue
remodeling in GO. We investigated the HA and PGE2 expression induced by inflammatory cytokines between HC-OFs and GO-OFs.

At baseline, GO-OFs expressed significantly higher levels of HA and PGE2 compared to HC-OFs (Fig. 5A and B). In response to
various cytokines, both HC-OFs and GO-OFs showed increased HA production. Interleukin-10 (IL-10) induced a slight stimulation of
HA in both groups, but the increase was not significant (p > 0.05, paired t-test). Tumor necrosis factor-alpha (TNF-a) induced a
significant increase in HA production in both HC-OFs and GO-OFs (p < 0.05, paired t-test). Interferon-gamma (IFN-y) and interleukin-
1beta (IL-1p) also significantly increased HA production in both groups (p < 0.05, paired t-test). The fold change of HA secretion in
response to cytokines seemed slightly higher in HC-OFs, but the difference was not statistically significant (Fig. 5C, P > 0.05, Mann-
Whitney U test).

Similarly, the trend for PGE2 secretion in response to cytokines was similar to HA. Both HC-OFs and GO-OFs showed increased
PGE2 production when treated with IL-10, TNF-a, IFN-y, and IL-1f (Fig. 5B and D, p < 0.05, paired t-test). The fold change of PGE2
secretion in response to cytokines between GO-OFs and HC-OFs was not statistically significant (P > 0.05, Mann-Whitney U test).
Overall, these findings suggest that both GO-OFs and HC-OFs could be induced to overexpress HA and PGE2 when exposed to
proinflammatory cytokines, particularly to IFN-y and IL-1p. And the similar fold change of increased HA and PGE2 in GO-OFs and HC-
OFs showed that they respond equally.

A
*
80001 3 HC-OFs A& 30007 [ HC-OFs L S
] GO-OFs [ GO-OFs i
__ 6000 5
4 E 2000
£ >
2 4000 . NE= .
< m w =
T O 1000
2000 * *
'il — ,1| —
C ns D
ns 157 [ HC--OFs . ns
157 [ HC--OFs
I GO-OFs o [J GO-OFs
£ 2
S 10 w5 10
[} Q
g ns g ns
S 5 ns I S 5 ns !
E el £ ]
[T [T
Nisi=a0 N Nimlm
Q & A \J
Q o A N & N
S &8 R SR

Fig. 5. Expression of soluble HA and PGE2 in the supernatants from cultured HC-OFs and GO-OFs following stimulation. (A) Comparison of the
soluble HA concentration between the HC-OFs and GO-OFs following stimulation via cytokines. (B) Comparison of soluble PGE2 between the HC-
OFs and GO-OFs after stimulation via cytokines. (C) Fold change of induced HA after stimulation (compared to untreated) was calculated and
compared between HC-OFs and GO-OFs. (D) Fold change of induced PEG2 after stimulation (compared to untreated) was calculated and compared
between HC-OFs and GO-OFs. n = 6 (HC-OFs), n = 6(GO-OFs). t-test was used for comparison of the concentration of HA and PGE2, Mann-Whitney
U test was used for comparison of the fold change of induced HA and PGE2, *p < 0.05 was considered as significant.
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4. Discussion

The findings of this study provide a primary exploration of orbital fibroblast behavior and characteristics in GO. In the realm of cell
behavior and proliferation, our results reveal that GO-OFs exhibit a delayed migration from tissue fragments. And no significant
difference was observed in cell proliferation between GO-OFs and HC-OFs. The abnormal expression pattern of surface proteins Thy-1,
TSHR, and IGF-1R were observed in GO-OFs, implies these shared autoantigens and pathways between GO and GD contributing to
fibrosis and inflammation in GO. Additionally, our investigations into cytokine responses demonstrate elevated secretion of HA and
PGE2 in GO-OFs under cytokine stimulation, reflecting their pivotal role in tissue remodeling. These findings collectively contribute to
our understanding of the OFs in GO pathogenesis.

Intriguingly, our study revealed a discrepancy in the proliferative activity of GO-OFs compared to previous research, challenging
established findings. A study by Armin E has previously indicated that OFs exhibit heightened proliferative activity in GO [12,16].
While studies by Roberta Botta [17] and S. Lisi [18] did not directly compare the proliferative capacity of OFs from GO and normal
controls, the basal proliferative capacity of GO-OFs appeared to be slightly higher than that of HC-OFs based on the figures they
presented, however, the authors did not compare the significance of the difference. Contrary to a prior investigation, our current
observations found comparable rates of cell proliferation and migration between GO-OFs and HC-OFs. This divergence might stem
from variations in the severity or disease states of the GO subjects in these studies. Specifically, our study enrolled individuals with
severe active GO in the active phase, differing from subjects in the earlier study, which lacked clinical characterization details in
studies by Armin E and Roberta Botta. Subjects were in inactive stage of GO in study by S. Lisi. Additionally, the history of gluco-
corticoid treatment might potentially influence OFs’ proliferation and migration, but the impact remains unclear. Although gluco-
corticoids were also administered to patients in the HC group, the dosage was substantially lower than that in the GO group, who were
administered Methylprednisone pulse therapy at least three months before orbital compression surgery. However, whether this prior
steroid treatment continues to influence the proliferation of OFs in orbital tissues after three months remains an intriguing question
warranting further investigation.

Specifically, we have discovered that patients with GO-OFs demonstrate a postponed migration from tissue fragments compared to
HC-OFs. This delay in migration may potentially be attributed to elevated fibrosis and inflammatory edema within orbital tissues of
severe active GO, which could impede the movement of OFs. Additionally, it’s noteworthy that the administration of glucocorticoids
might contribute to this finding.

Considering fibroblast marker expression, our study results compared the expression of FN and a-SMA in the two OFs. FN, a
glycoprotein present in the extracellular matrix, is essential for cell adhesion, migration, and tissue repair. On the other hand, a-SMA, a
definitive marker of mature fibroblasts, is implicated in fibroblast contractility and tissue contraction. In our findings, these markers
displayed consistent expression across both GO-OFs and HC-OFs, emphasizing that they share fundamental fibroblast behavior. It is
worth noting that the existing literature on this subject presents varying findings. For instance, a study conducted by Xin Qi et al. [19]
reported elevated levels of FN and a-SMA in GO-OFs compared to healthy controls, which was inconsistent with our findings.
Importantly, this discrepancy may be attributed to variations in the stage and grade of GO among the subjects. Conversely, another
study [20] supported our observation, indicating no significant difference in FN and a-SMA expression in orbital fibroblasts between
control and severe GO subjects, which was align with our study.

The observations presented in our study regarding the abnormal expression patterns of Thy-1, TSHR, and IGF-1R in GO-OFs offer a
significant contribution to the expanding body of knowledge on GO. The heightened Thy-1 expression in GO-OFs in comparison to HC-
OFs suggests that the inclination of GO-OFs to differentiate into mature myofibroblasts [21,22]. This finding correlates well with a
previous study, which proposed enhanced Thy-1 expression in fibroblast populations from GO [21]. Furthermore, previous studies
have reported that inflammatory cytokines, such as IL-1p and TNF-a, can upregulate Thy-1 expression in cultured microvascular
endothelial cells [23].However, we did not observe the significant upregulate Thy-1 expression in both GO-OFs and HC-OFs induced by
cytokines.

The activation of TSHR and IGF-1R by their respective autoantibodies (TSH and IGF-1) in OFs of GO initiates a cascade of events,
including OF proliferation, inflammatory cytokine production, and HA secretion. These processes contribute significantly to the
development of orbital tissue edema and inflammation [24,25]. Our identification of elevated TSHR and IGF-1R expression in GO-OFs
aligns with prior research, emphasizing the central roles of these receptors in the pathogenesis of GO [24,26]. Notably, a study [27]
reported a subpopulation of cells exhibiting the CD34-+Col1+ phenotype within the orbit of GO during flow cytometric analysis, which
suggests that the TSHR + subpopulation of GO-OFs might represent CD34 " fibrocytes originating from peripheral blood mononuclear
cells (PBMCs). Cumulatively,CD34+ fibrocytes with high expression of TSHR among the GO-OFs might be the core participants in the
pathogenesis of GO [28].

HA and PGE2 are key molecules involved in the tissue remodeling process within GO [29,30]. Previous studies have shown that
IL-1p can trigger the synthesis of both HA and PGE2 in orbital fibroblasts from GO. In our study, we comprehensively compared the
induction capabilities of multiple cytokines on the secretion of HA and PGE2 in both GO-OFs and HC-OFs. Notably, we found that IFN-y
and IL-1f exhibited equally induction capabilities, and were much higher than TNF-a and IL10. Additionally, we assessed the sensi-
tivity of GO-OFs and HC-OFs to inflammatory stimuli by calculating the fold change of increase in HA and PGE2 after stimulation.
Contrary to our initial hypothesis, the fold change in GO-OFs was slightly lower than that in HC-OFs, while statistical analysis did not
reveal a significant difference. This result may be attributed to the substantially higher baseline levels of GO-OFs compared to HC-OFs.
In summary, these results indicate that GO-OFs and HC-OFs might exhibit similar sensitivity to inflammatory stimuli, highlighting
comparable responsiveness to inflammation despite variations in baseline levels.
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4.1. Limitations

While this study deepens our understanding of GO, its limitations must be acknowledged. The sample size, though carefully
selected, remains modest. Larger sample sizes would offer more robust statistical power and a comprehensive representation of the
population. Furthermore, the behavior of isolated OFs from orbital tissue may not fully encapsulate the intricacies of true cellular
behavior, and the utilization of exposed cytokines might fall short of replicating the complete inflammatory microenvironment
characteristic of GO.

5. Conclusion

To conclude, our findings contribute significantly to the understanding of GO’s pathophysiology by highlighting the significance of
fibroblast behavior, surface protein expression, and cytokine responses. These findings hold promise for the development of precise
therapeutic interventions targeting on orbital fibroblasts within the context of GO.
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