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Introduction: Thyroid-associated ophthalmopathy (TAO) is considered to be an
organ-specific autoimmune disease. Polymorphonuclear neutrophils (PMN)
have been implicated in the pathogenesis of TAO. However, little is known
about the role of PMN in the development of TAO, much less the relationship
between PMN with B cells and CD4+T cells in TAO.

Objective: This study aims to investigate the phenotypic characteristics of PMN
and the relationship between PMN with CD4+T cell and B cell subsets in the
pathogenesis of TAO.

Methods: Blood routine information was collected from 135 TAO patients, 95
Grave's disease without TAO (GD) patients, and 116 normal controls (NC), while
surface marker expression of PMN and the level of CD4+T cell and B cell subsets
in peripheral blood from 40 TAO patients, 17 GD patients, and 45 NC was
assessed by flow cytometry.

Result: The level of PMN, CD62L+PMN, CD54+PMN, CD4+T cells, and Th17 cells
displayed an increase in TAO patients than NC, while Treg cells were lower in the
TAO group compared to NC. There was no statistical difference in Thl and
plasma cells among the groups. PMN were positively correlated with Thl7 cells,
but not the Thl, Treg, and plasma cells.

Conclusion: In the present study, we found that the percentage of PMN and PMN
subset cells was significantly higher in TAO than in NC, and PMN were positively
correlated with Thl7 cells. It suggests that PMN may be involved in the
immunopathogenesis of TAO and modulate the Thl7 cell response during
this process.
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1 Introduction

Thyroid-associated ophthalmopathy (TAO), also referred to as
thyroid eye disease, is an organ-specific autoimmune disease that
affects the orbit and ocular adnexa, leading to visual disturbances
resulting from extraocular muscle involvement, proptosis, conjunctival
inflammation, and edema (1). TAO is also the most frequent
extrathyroidal expression of Graves’ disease and the prevalence among
Graves’ patients is around 30% (2). However, owing to limited
understanding of its pathogenesis, glucocorticoids remain the primary
treatment for patients with active TAO, despite their modest success rate
and potential serious adverse reactions (3, 4). Therefore, acquiring a
comprehensive understanding of the mechanisms underlying TAO is
urgently necessary to help identify appropriate treatment methods.

The main processes involved in TAO are CD4+T cell-mediated
and B cell-dependent interaction. When autoimmune tolerance in
TAO is disrupted, B cells process thyroid-stimulating hormone
receptor peptides to activate CD4+T cells. Meanwhile, the binding
of the CD40 ligand on the surface of CD4+T cell to CD40 on the
B cell surface activates B cells. Activated CD4+T cells differentiate
into different subsets and produce cytokines, together with
autoantibodies from activated B cells, to stimulate orbital
fibroblasts (OFs). These processes initiate inflammatory responses
in the orbit and lead to glycosaminoglycan deposition, orbital
fibrosis, and adipose hyperplasia (1, 5, 6). Although previous
reports have identified important roles for CD4+ T cells, B cells,
and OFs in TAO, it remains largely unknown whether other cell
types are involved in TAO, and further exploration is warranted.

Polymorphonuclear neutrophils (PMN), the most abundant
circulating leukocytes in humans, not only secrete factors that
influence B cell maturation and plasma cell production, but also
express MHCII and co-stimulatory molecules under inflammatory
conditions to promote the differentiation of naive CD4+ T cells into
Thl, Th17, and regulatory T cells (Treg) in the diseases (7-12).
Additionally, although no significant difference in PMN levels was
found between patients with Graves' disease without thyroid-
associated ophthalmopathy (GD) and normal controls (NC),
PMN levels were shown to be significantly higher in patients with
TAO than in both GD and NC groups and positively correlated
with the clinical activity score (CAS) of TAO (13-15). Therefore,
PMN may play a role in the immunopathogenesis of TAO by
modulating the functions of CD4+ T cells and B cells. However, the
role of PMN in TAO is not clear, and the relationship of B cells and
CD4+T cells with PMN in TAO is even less well understood.

In this study, we addressed three primary lines of enquiry. First, we
examined the level of PMN in patients with TAO via routine blood tests
and flow cytometry. Second, we detected the expression of CD62L,
CD54, CXCR2 and CXCR4 of PMN to assess neutrophil functional
responses including adhesion, aggregation, phagocytosis, reactive oxygen
species production, migration and senescence in TAO (16-24). Finally,
we investigated the correlation of PMN with CD4+ T cell and B cell
subsets. The aims of this study were to elucidate the role of neutrophils in
TAO, enhance comprehension of the immunopathogenic mechanisms
underlying TAO, and ultimately establish a theoretical basis for precise
and early intervention strategies in future clinical practice.
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2 Materials and methods

2.1 Subjects

Research subjects comprised 135 patients with TAO and 116
NC who were recruited from Shanxi Eye Hospital, and 95 patients
with GD who were recruited from Shanxi Provincial People's
Hospital. Data on routine blood parameters were collected from
all participants. Peripheral blood samples were obtained from 40
TAO patients, 17 GD patients, and 45 NC for flow cytometry. All
participants signed informed consent forms and the study protocols
were approved by the Local Bioethical Committee of the Shanxi Eye
Hospital and Shanxi Provincial People's Hospital.

2.2 The diagnosis of TAO and GD

The diagnosis of TAO was based on the European Group on
Graves’ Orbitopathy (EUGOGO) consensus (25). GD was defined
according to the symptoms of hyperthyroidism, and the laboratory
results involve positive serum thyroid-stimulating hormone receptor
antibody (TRADb, positive titer >1.75 TU/L), elevated levels of free
triiodothyronine (fT3), free thyroxine (fT'4), and decreased levels of
thyroid-stimulating hormone (TSH). The exclusion criteria of TAO,
GD, and NC groups were as follows: age <18 years, acute or chronic
infection, other autoimmune diseases, or trauma history in the
previous 12 months, the use of immunosuppressive therapy or
radiotherapy within the previous year, participants who are
pregnant, malignancy history and hematological disorders, orbital
surgery, or other severe side effects to immune cells.

2.3 CAS

The range of activity of TAO was graded according to CAS,
including seven signs, such as spontaneous retrobulbar pain, ocular
pain on attempted upward or downward gaze, redness of the
eyelids, redness of the conjunctiva, swelling of the eyelids,
chemosis of the conjunctiva, and inflammation of caruncule and/
or plica. The existence of each parameter is given a score, and the
active GO is defined as CAS >3/7 (15, 25-27).

2.4 Thyroid function classification

We assessed the concentrations of TSH, fT3, and T4 to classify
individuals into three groups: patients with euthyroidism were
individuals with values of TSH, T3, and fT'4 within normal ranges;
hyperthyroidism involved primary (elevated fT3 and fT4
concentrations and decreased TSH level) or subclinical
hyperthyroidism (decreased TSH level and fT3 and fT4
concentrations within normal ranges); and hypothyroidism included
primary (elevated TSH level and decreased fT'3 and fT'4 concentrations)
or subclinical hypothyroidism (elevated TSH level and fI'3 and T4
concentrations within normal ranges).
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2.5 Blood routine examination

Peripheral blood samples were collected from the participants
and detected using XN-9000 Sysmex (Sysmex Co., Kobe, Japan)
according to the manufacturer’s instructions. The indicators
obtained were as follows: white blood cell count (WBC),
neutrophil count (NEUT), lymphocyte count (LYMPH), monocyte
count (MONO), eosinophil count (EO), and basophil count (BASO).

2.6 Flow cytometry and antibodies

Peripheral blood was collected in heparin-containing tubes, and
immune cells were subsequently isolated from the peripheral blood.
Flow cytometric analysis was then conducted using monoclonal
antibodies recognizing the antigens. Two flow cytometry panels
were designed: one for granulocytes and another for lymphocytes.
In the granulocyte panel, PMN (CD45+CDI11b+CD66b+) was
identified based on the expression of CD45, CD11b, and CD66b
markers, followed by detection of PMN subsets using CD62L,
CD54, CXCR2, and CXCR4 antibodies (28). In the lymphocyte
panel, B cells (CD45+CD19+), plasma cells (CD45+CD19+CD138
+), CD4+T cells (CD45+CD19-CD3+CD4+CD8-), Th1 cells (CD45
+CD19-CD3+CD4+CD8-CXCR3+CCR6-), Th17 cells
(CD45+CD19-CD3+CD4+CD8-CXCR3-CCR6+), and Treg
cells (CD45+CD19-CD3+CD4+CD8-CD25+CD127low) were
identified based on the expression of their markers (29-32). All
antibodies were purchased from BD Biosciences (America) and the
flow cytometric analyses were performed on FACS Aria IIT (BD
Biosciences, America).

2.7 Statistical analysis

Statistical analyses were performed using SPSS version 25. The
Student’s T-test was utilized to compare difference between two groups,
while the one-way analysis of variance (ANOVA) was conducted on
more than two groups, followed by Tukey’s post hoc test or least
significant difference test to determine in which group the difference
occurred. Chi-squared test was performed to determine sex distribution
between groups. Pearson’s correlation analysis or Spearman’s
correlation analysis (when the data were not normally distributed) was
performed to assess the correlation between linearly related variables in
cases. Continuous variables were presented as mean * standard
deviation (SD) or mean * standard error (SEM). All p-values were
two-tailed, and p-values <0.05 were considered statistically significant.

3 Result

3.1 Baseline characteristics of TAO, GD,
and NC groups

The mean ages of the TAO, GD, and NC groups were 42.07 +

14.60 years, 34.26 + 12.04 years, and 38.97 + 17.94 years,
respectively. The mean age distribution was similar in TAO and
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NC groups, while the mean age of subjects in the GD group was
lower than that of subjects in the TAO and NC groups. The
majority of participants in the TAO, GD, and NC groups were
females, and the gender distribution was similar among the three
groups. The mean duration since diagnosis of Graves’ disease in the
TAO and GD groups was 21.65 + 40.58 months and 15.58 + 30.97
months, respectively, and the mean duration since diagnosis of
TAO in the TAO group was 13.67 + 29.02 months. Table 1 presents
the general characteristics of all study participants. Among the
participants in the study, 40 TAO patients, 17 GD patients and 45
NC provided peripheral blood for flow cytometry detection. Table 2
displays general characteristics of these participants.

TABLE 1 Demographic and clinical information of all participants in the

%)
-
=4
o

<

Clinical parameter TAO GD [\ [@

Number of subjects 135 95 116
Age (year) (mean + SD) 42.07 34.26 38.97
+ 14.60 +12.04 +17.94
Sex (F/M) 83/52 71/24 71/45
Months since the diagnosis of Graves’ 21.65 15.58 -
disease (mean + SD) +40.58 +30.97
Months since the diagnosis of TAO 13.67 - -
(mean + SD) +29.02

Current thyroid state

Euthyroid 49 9 116
Hyperthyroid 64 85 0
Hypothyroid 22 1 0

Smoking history 53 21 30
CAS >3 23 - _

TABLE 2 Demographic and clinical information of the participants who
provided peripheral blood for flow cytometry detection.

Clinical parameter TAO (€]p) \[@

Number of subjects 40 17 45
Age (year) (mean * SD) 4433 35.18 50.84

+12.73 +13.77 + 18.36

Sex (F/M) 13/27 15/2 25/20
Months since the diagnosis of Graves’ 18.12 16.65 -

disease (mean + SD) +22.64 +27.88
Months since the diagnosis of TAO 12.61 - -
(mean + SD) +20.50

Current thyroid state

Euthyroid 14 2 45
Hyperthyroid 16 15 0
Hypothyroid 10 0 0
Smoking history 22 2 13
CAS 23 6 - -
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3.2 Differences in PMN according to blood
routine results

Regarding hematological parameters, the count of PMN was
significantly higher in the TAO group compared to the GD group
and NC group (Table 3 and Figure 1A). Patients with active TAO
had higher PMN counts than inactive TAO patients, and a higher
PMN count was observed in TAO patients with smoking history
than in TAO patients without smoking history (Figures 1G, H).
Besides this, we also found that the count of WBC was significantly
higher in the TAO and GD groups (Figure 1D and Table 3) than
that in NC, while there were notable elevations or reductions in
monocyte, lymphocyte, and basophil levels within the GD group
compared with the NC group (Figures 1B, C, F; Table 3). However,
no significant difference was found in eosinophil levels among the
TAO, GD, and NC groups (Figure 1E).

3.3 Differences in PMN and their subsets
among TAO, GD, and NC groups according
to flow cytometry

Multi-parameter flow cytometry was used to examine the
proportion of PMN and their surface markers (CD62L, CD54,
CXCR2, and CXCR4) in the TAO, GD, and NC groups. PMN were
identified by the expression of CD11b and CD66b (Figure 2A).
CD62L+PMN and CD54+PMN were plotted and analyzed by using
Fluorescence Minus One controls (Figures 2B, C). Consistent with
the change trend in blood routine examination, the proportion of
PMN in the TAO group was significantly higher than that in the NC
and GD groups (Figures 2D), and the proportion of PMN in the
TAO group with smoking history was higher than that in the TAO
group without smoking history (Figure 2I), but PMN did not differ
between the active TAO group and the inactive TAO group, which
may be due to the fact that the active TAO patients in our study
were too few (Figure 2L). In addition, the percentage of PMN cells
expressing CD62L and CD54 varied among groups. The fraction of
PMN cells from patients with TAO expressing CD62L was

10.3389/fimmu.2024.1413849

significantly greater than that of NC and GD PMN cells
(Figure 2E), while the fraction of PMN cells from patients with
TAO and GD expressing CD54 increased significantly compared
with NC (Figure 2F). However, there was no significant difference in
the level of CD54 and CD62L between active TAO and inactive
TAO (Figures 2M, N), as well as between TAO with and without
smoking history (Figures 2], K). In additon, we also observed that
there was no significant difference in the level of CXCR2 and
CXCR4 among the groups (Figures 2G, H).

3.4 Differences in B cell and CD4+T cell
subsets among the TAO, GD, and NC
groups according to flow cytometry

To evaluate the levels of B cell and CD4+T cell subsets in TAO
patients, the proportion of CD4+T cells, Thl, Th17, Treg, B cells,
and plasma cells, respectively, was detected by flow cytometry in the
TAO, GD, and NC groups, and the flow gate strategy is shown in
Figure 3A. The proportion of CD4+T cells and Th17 cells in the
TAO group was significantly higher than that in the NC group
(Figures 3D, F), while the proportion of Treg cells in the TAO and
GD groups decreased significantly compared to the NC (Figure 3G).
In addition, we also found that the proportion of B cells was
significantly increased in the GD group compared with the TAO
and NC groups (Figure 3B). However, there was no significant
difference in the proportion of Th1 cells and plasma cells among the
TAO, GD, and NC groups (Figures 3C, E).

3.5 The correlation of PMN with B cell and
T cell subsets among the TAO, GD, and
NC groups

In order to examine the potential link between PMN with
immune activation, we assessed the association between PMN with
B cell and CD4+T cell subsets. The result showed that PMN were
positively correlated with Th17 cells (r = 0.240, p < 0.05) (Figure 4A)
but not with Thl, Treg, and plasma cells (Figures 4B-D).

TABLE 3 Baseline characteristics of blood routine data among the three groups.

Variables  Group 1 TAO Group2 GD Group 3 NC p (groupsland?2) p (groupsland3) p (groups 2 and 3)
WBC (10°/L) 6.18 + 1.53 6.10 + 1.58 573 + 114 NS <0.01 <0.05
NEUT (10°/L) 350 + 118 319+ 1.10 31140385 <0.05 <0.01 NS
LYMPH (10°/L) 2.13 £ 0.67 225+ 0.76 205 +0.52 NS NS <0.05
EO (10°/1) 0.12 +0.11 0.11 +0.15 0.12 +0.10 NS NS NS
BASO (10°/L) 0.03 + 0.02 0.02 + 0.01 0.03 +0.01 <0.001 NS <0.001
MONO (109/L) 0.41 £0.13 0.54 + 0.16 0.41 £0.11 <0.001 NS <0.001

TAO, n =135 GD, n = 95; NC, n = 116. Data are presented as mean + SD. The one-way analysis of variance (ANOVA) was conducted on more than two groups, followed by Tukey’s post hoc test
or least significant difference test to determine in which group the difference occurred. P-value <0.05 was considered to be significant.
WBC, white blood cell count; NEUT, neutrophil count; LYMPH, lymphocyte count; EO, eosinophil count; BASO, basophil count; MONO, monocyte count; NS, no significance.
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FIGURE 1

Analysis of PMN, monocyte, lymphocyte, WBC, eosinophil, and basophil counts in TAO, GD, and NC groups by blood routine information. Statistical
analysis of PMN, monocyte, lymphocyte, WBC, eosinophil, and basophil counts in the three groups is shown (A—F). Statistical analysis of PMN cell
count in active TAO and inactive TAO was shown (G). Statistical analysis of PMN cell count in TAO with and without smoking history is shown (H).
Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns, No significance.

4 Discussion

The stability and balance of PMN cells are the important factors
for the body’s immune function (33). In the present study, we
assessed PMN and the B cell and CD4+T cell subsets in TAO
patients. We found that the level of PMN and the surface expression
of CD62L and CD54 were significantly higher in TAO patients than
that in NC. We also found that PMN were positively correlated with
Th17 cells. It suggests that PMN may be involved in the
pathogenesis of TAO and modulate the response of Th17 cells in
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the process of TAO. This is the first study to explore the relationship
of PMN with CD4+T cell and B cell subsets in TAO.

PMN account for 50-70% of all leukocytes in peripheral blood
and play an important role in the activation and regulation of innate
and adaptive immunity (7, 34, 35). In 2017, T Celik found that in
patients with TAO, the neutrophil count was elevated compared
with that in NC (14). Subsequently, Joanna Szydelko el also found
that neutrophils were elevated in TAO patients and positively
correlated with the CAS of these patients (15). Our findings are
in agreement with these reports. Besides, higher levels of CD62L
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Flow cytometry analysis of PMN, CD62L+PMN, CD54+PMN, CXCR2+PMN, and CXCR4+PMN cells in participants with TAO, GD, and NC. Gating of
PMN, CD62L+PMN, CD54+PMN, CXCR2+PMN, and CXCR4+PMN cells was represented using flow cytometry for each group (A). Gating of
CD62L+PMN and CD54+PMN by using Fluorescence Minus One controls (B, C). Statistical analysis of PMN, CD62L+PMN, CD54+PMN, CXCR2
+PMN, and CXCR4+PMN percentages in the three groups is shown (D—H). Statistical analysis of PMN, CD62L+PMN, and CD54+PMN cell
percentages in TAO with and without smoking history is shown (I-K). Statistical analysis of PMN, CD62L+PMN, and CD54+PMN cell percentages in
active TAO and inactive TAO is shown (L—N). Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns, No significance.

and CD54 were found to be expressed by PMN from patients with
TAO compared with PMN from NC. This is the first study to
explore the expression of CD62L and CD54 in PMN from patients
with TAO. L-selectin (CD62L) is a constitutively expressed
adhesion molecule on the surface of neutrophils that mediates
low-affinity binding and rolling along the endothelium. L-selectin
shedding occurs as neutrophils transmigrate into tissues (16, 17).
Given this finding, our study showed that patients with TAO had
higher L-selectin expression on PMN, which suggested that they
had a higher capacity for margination. Intercellular adhesion
molecule-1 (ICAM-1) (CD54) is a cell-surface glycoprotein
implicated in leukocyte trafficking, immune cell effector functions,
clearance of pathogens and dead cells, and T-cell activation (18).
ICAM-1 expression increased on PMN from patients with TAO,
which suggested that PMN from these patients not only exhibited
enhanced reactive oxygen species generation, improved
phagocytosis, and elevated levels of endotoxin, but also bound to

Frontiers in Immunology

the lymphocyte function associated antigen-1 of T cells to affect T-
cell activation (18-21). Therefore, we speculate that PMN plays an
important role in the pathogenesis of TAO.

CD4+T cell and B cell subsets are the main effector cells in
TAO. In our study, consistent with a previous report, TAO patients
exhibited a significant increase in CD4+ T cells and Th17 cells
compared with the NC group, while the percentage of Treg cells was
lower in the TAO and GD groups than NC (36-38). No significant
difference was found in Thl cells among the TAO, GD, and NC
groups, which was consistent with the fact that Thl was
predominantly involved in active TAO, but most of the TAO
patients in our study were inactive TAO (5, 39, 40). In addition,
B cells and plasma cells did not differ between the TAO and NC
groups. Based on this finding, we speculate that although orbital
infiltrating B cells seem to play a pathogenetic role in TAO,
peripheral B cells may have a marginal role with the presence and
the clinical features of TAO.
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FIGURE 3

Flow cytometry analysis of Thl, Thl7, Treg, CD4+T cell, B cell, and plasma cell percentages in patients with TAO, GD, and NC. Gating of Th1, Th17,
Treg, CD4+T cells, B cells, and plasma cells by flow cytometry is presented (A). Statistical analysis of Thl, Th17, Treg, CD4+T cell, B cell, and plasma
cell percentages in the three groups is shown (B—G). Data are represented as mean + SEM. *P < 0.05, **P < 0.01, ***P < 0.001, ns, No significance.
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Previous reports had found that neutrophils could activate and
regulate Th17 cell-driven adaptive immune responses by expressing
a wide range of cytokines and immunosuppressive and
immunostimulatory molecules (8, 41). Our study also found that
PMN were positively correlated with Th17 cells. Therefore, we
speculate that PMN may modulate Th17 cells in the pathogenesis of
TAQO, whereas the mechanism of PMN on Thl7 cells in TAO
remains largely unknown, which needs further investigation. PMN
were not correlated with Th1 cells, and this might be due to the level
of Th1 cells, which was not elevated in the TAO group compared to
the GD and NC groups.

There are still some limitations in our study. First, the sample in
the study is small, so we need a large and more patient population,
especially active TAO patients, to replicate our results. Second, our
research is only a clinical study, and does not explore the functions
of PMN in TAO or the underlying mechanisms. Future animal or
human experiments are required to explore the potential
mechanism underlying the role of PMN in TAO. Third, because
many male patients with TAO donated blood draws and
participated in flow cytometry testing, there were more males in
the TAO flow cytometry group than in the other groups. In future,
more female TAO patients should be included in flow cytometry
testing. Fourth, the mean age of patients in the enrolled GD group
was lower than in the TAO and NC groups, which may influence
the findings of the study. A larger number of GD patients,
particularly those belonging to older age groups, is necessary to
enhance the reproducibility of the findings. Finally, our study does
not involve Th2 cells, and future experiments are needed to
investigate the relationship between PMN and Th2 cells in TAO.
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