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Objective. Autoimmune thyroid diseases (AITD), mainly Graves” disease (GD) and Hashimoto’s thyroiditis (HT), are common
organ-specific autoimmune diseases characterized by circulating antibodies and lymphocyte infiltration. Follicular helper T
(Tth) cell dysregulation is involved in the development of autoimmune pathologies. We aimed to explore the role of
intrathyroidal and circulating Tfh cells in patients with GD and HT. Methods. Ultrasound-guided thyroid fine-needle
aspiration (FNA) was conducted in 35 patients with GD, 40 patients with HT, and 22 patients with nonautoimmune thyroid
disease (nAITD). Peripheral blood samples were also obtained from 40 patients with GD, 40 patients with HT, and 40 healthy
controls. The frequencies of intrathyroidal and circulating Tth cells from FNA and peripheral blood samples were assessed by
flow cytometry. Additionally, the correlations between the frequencies of the Tth cells and the levels of autoantibodies and
hormones or disease duration were analyzed. Results. The frequency of intrathyroidal CD4*CXCR5*ICOS™" Tth cells was
higher in HT patients than in GD patients. Significant correlations were identified between the percentages of circulating and
intrathyroidal Tth cells and the serum concentrations of thyroid autoantibodies, especially thyroglobulin antibodies (TgAb), in
AITD. Intrathyroidal CD4"CXCR5'ICOS™e" Tth cells were positively correlated with free triiodothyronine (FT3) in HT
patients but negatively correlated with FI3 in GD patients. In addition, HT patients with a longer disease duration had an
increased frequency of intrathyroidal CD4*CXCR5ICOS"®" and CD4"CXCR5'PD-1" Tfh cells. In contrast, in the GD
patients, a longer disease duration did not affect the frequency of intrathyroidal CD4"CXCR5 ICOS™¢" but was associated with
a lower frequency of CD4"CXCR5"PD-1" Tth cells. Conclusions. Our data suggest that intrathyroidal Tth cells might play a
role in the pathogenesis of AITD and they are potential immunobiomarkers for AITD.

the immune mechanisms involved in the cellular- and
humoral-mediated pathogenesis of AITD are not completely
understood.

Graves’ disease (GD) and Hashimoto’s thyroiditis (HT) are
autoimmune thyroid diseases (AITD) that are characterized
by the accumulation of B and T lymphocytes in the thyroid
gland and the production of autoantibodies targeting the thy-
roid [1-3]. Both GD and HT share the immunologic manifes-
tation of the presence of circulating autoantibodies such as
thyrotropin receptor autoantibodies (TRAb), thyroid peroxi-
dase autoantibodies (TPOAb), and thyroglobulin autoanti-
bodies (TGAD) [4]. The clinical hallmarks of GD and HT are
thyrotoxicosis and hypothyroidism, respectively. However,

Follicular helper T (Tth) cells are a specialized CD4" T cell
subset associated with helping B cells produce antibodies while
confronting antigenic challenges [5]. Tth cells are character-
ized by the surface expression of CXC chemokine receptor 5
(CXCR5), inducible costimulator (ICOS), and programmed
death-1 (PD-1); the expression of the transcription factor B
cell lymphoma-6 (Bcl-6); and high-level IL-21 secretion
[6-9]. Tth cells have been well investigated in many autoim-
mune diseases, such as systemic lupus erythematosus (SLE),
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TaBLE 1: Baseline characteristics of subjects with peripheral blood samples.

Healthy controls GD HT P value
Number 40 40 40 —
Age (year) 31 (27, 37) 35 (26, 48) 42 (29, 51) 0.1207
Female (%) 26 (65.0) 32 (80.0) 34 (85.0) 0.0887
Duration (months) — 4 (0, 57) 0 (0, 11) 0.0102
Medication (%) — 17 (42.5) 20 (50.0) 0.6541
Dosage
Methimazole (mg) — 13 (8, 15) — —
Levothyroxine (ug) — — 50 (25, 50) —
FT3 (pmol/L) 4.87 (4.18, 5.27) 14.21 (6.31, 23.99)* 4.57 (4.18, 5.01)° <0.0001
FT4 (pmol/L) 17.65 (15.73, 19.18) 42.35 (22.63, 69.34)* 15.93 (13.68, 18.25)° <0.0001
TSH (mIU/L) 2210 (1.220, 3.173) 0.005 (0.005, 0.005) 2.810 (1.785, 5.853)° <0.0001
TPOAb (IU/mL) 11.55 (8.38, 15.10) 244.15 (30.53, 502.45) 138.00 (26.48, 454.80)° <0.0001
TgAb (IU/mL) 16.30 (13.78, 19.05) 94.35 (11.38, 408.35)° 300.90 (96.10, 854.30)¢ <0.0001
TRAb (IU/L) 0.80 (0.80, 0.80) 9.02 (5.53, 17.75)* 0.58 (0.30, 1.19)° <0.0001

Data are presented as the number (%) or median (P25, P75). GD: Graves’ disease; HT: Hashimoto’s thyroiditis; FT3: free T3; FT4: free T4; TSH: thyroid-

stimulating hormone; TGADb: thyro,

healthy control subjects P < 0.0001.

%lobulin antibody; TPOAD: thyroid peroxidase antibodies; TRAb: thyrotropin receptor antibody. “Compared with

Compared with healthy control subjects P < 0.01. “Compared with Graves’ disease subjects P < 0.0001. “Compared

with Graves’ disease subjects P < 0.01.

TaBLE 2: Baseline characteristics of subjects with thyroid fine-needle aspiration samples.

nAITD GD HT P value
Number 22 35 40 —
Age (year) 41 (30, 50) 34 (26, 46) 36 (27, 46) 0.3518
Female (%) 15 (68.2) 26 (74.3) 34 (85.0) 0.2757
Duration (months) 1(0, 8) 1(0, 12) 1(0,5) 0.4226
Medication (%) — 18 (51.4) 10 (25.0) 0.0305
Dosage —
Methimazole (mg) — 20 (15, 30) — —
Levothyroxine (ug) — — 25 (25, 50) —
FT3 (pmol/L) 4.85 (4.60, 5.14) 17.45 (10.70, 30.75)* 4.85 (4.17, 5.89)° <0.0001
FT4 (pmol/L) 16.02 (15.01, 17.28) 46.88 (35.83, 77.51)* 15.42 (12.02, 20.69)° <0.0001
TSH (mIU/L) 1.940 (1.268, 2.315) 0.005 (0.005, 0.006) 2.845 (0.416, 8.310)° <0.0001
TPOAD (IU/mL) 12.90 (10.30, 18.00) 280.90 (107.95, 571.20)* 154.40 (31.60, 434.43)* <0.0001
TgAb (IU/mL) 12.25 (10.00, 18.35) 265.80 (40.08, 449.53)* 380.90 (252.85, 580.85)* <0.0001
TRAD (IU/L) 0.31 (0.30, 0.80) 6.14 (2.89, 17.31)* 0.55 (0.25, 1.31)° <0.0001

Data are presented as the number (%) or median (P25, P75). nAITD: nonautoimmune thyroid disease; GD: Graves’ disease; HT: Hashimoto’s thyroiditis; FT3:
free T3; FT4: free T4; TSH: thyroid-stimulating hormone; TGAb: thyroglobulin antibody; TPOAb: thyroid peroxidase antibodies; TRAb: thyrotropin receptor
antibody. “Compared with nAITD control subjects P < 0.0001. "Compared with Graves’ disease subjects P < 0.0001. “Compared with Graves® disease subjects

P <0.001.

rheumatoid arthritis (RA), and Sjogren’s syndrome (SS) [7,
10-12]. Aberrant expansion of Tth cells can contribute to
the production of pathogenic autoantibodies, which play an
important role in the promotion of autoimmune diseases
[13-15]. Recently, cancer immunotherapy utilizing immune
checkpoint inhibitors (ICIs) against PD-1 or its ligand PD-
L1 has been frequently accompanied by immune-related
adverse events (irAEs), among which thyroid autoimmunity
represents the most common endocrine side effect [16, 17].
The association between immunotherapy with anti-PD-1/

PD-L1 antibodies and the development of thyroid disorders
suggests that abnormal Tth cells might be involved in the
pathogenesis of AITD [17].

Although several studies have shown that circulating Tth
cells could be involved in the pathogenesis of GD or HT, the
differences between the Tth populations from peripheral blood
and thyroid tissue and their role in AITD remain unclear
[18-20]. Therefore, we investigated the frequencies of Tth cells
obtained from both peripheral blood and thyroid fine-needle
aspiration (FNA) in GD and HT patients and aimed to explore
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Figure 1: Continued.
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FIGURE 1: The frequencies of CD4"CXCR5", CD4"CXCR5*PD-1", and CD4"CXCR5ICOS™" Tth cells in the peripheral blood of GD and
HT patients. (a) Representative dot plot showing the gating strategy for Tth cells gated on CD4" T cells. (b-d) The frequencies of

CD4*CXCR5*, CD4*CXCR5"PD-1*, and CD4*CXCR5"ICOS"s
controls (n = 40).

the role of intrathyroidal and circulating Tth cells in patients
with AITD.

2. Materials and Methods
2.1. Subjects and Samples

2.1.1. Peripheral Blood Samples from AITD Patients and
Healthy Controls. Eighty patients with AITD, including 40
with GD and 40 with HT, were recruited. Autoimmune thy-
roid diseases were diagnosed clinically by endocrinologists
and confirmed by clinical symptoms, abnormal levels of thy-
roid hormones, and autoantibodies to TRAb, TPOAb, and/
or TgAb together with ultrasound examination. Seventeen
patients (42.5%) with GD were treated with methimazole
according to the titration method, and 20 patients (50.0%)
with HT were treated with replacement therapy with
levothyroxine. Forty age- and sex-matched healthy volun-
teers who did not have a medical history of thyroid or other
autoimmune diseases were included as healthy controls.
Peripheral blood samples were collected from all patients
and healthy controls. The main clinical characteristics of
these subjects are shown in Table 1.

2.1.2. Thyroid FNA Samples from Patients with AITD and
Nonautoimmune Thyroid Diseases (nAITD). Seventy-five
patients with AITD, namely, 35 with GD and 40 with HT,
were included in this study. Eighteen patients (51.4%) with
GD were treated with antithyroid drugs (15 patients with
methimazole and 3 patients with propylthiouracil) according
to the titration method, and 10 patients (25.0%) with HT were
treated with replacement therapy with levothyroxine. Twenty-
two subjects with thyroid diseases of nonautoimmune origin
(nAITD), namely, thyroid nodules, were also recruited in the
thyroid FNA control group from our outpatient endocrinol-
ogy department. Patients with nAITD were euthyroid, tested

Tth cells in patients with GD (n=40), HT (n=40), and healthy

negative for all three thyroid antibodies, and did not have a
history of other autoimmune diseases. The baseline character-
istics of the FNA subjects are shown in Table 2.

All subjects underwent ultrasonography (US) evaluation,
and the examinations were performed by the same radiologist
(L.W.) using linear-array sonographic scanners (6-18 MHz,
Esaote MYLAB 60 system, Italy). The FNA was performed by
a radiologist (L.W.) and another endocrinologist (Y.C., ZW.,
or X.L.) under direct US guidance. We performed free-hand
FNA using one pass of a 25-gauge needle (0.5 mm x 38 mm,
Becton Dickinson) attached to a 5mL syringe (Becton Dickin-
son) [21]. The transducer was placed over the hypoechogenic
area of AITD subjects or a paranodule normal echogenic area
of control subjects, and thyroid vascularity was avoided by
color-flow Doppler examination. The needle was introduced
perpendicular to the transducer, and then, the aspiration was
performed. The needle was then rinsed in a tube containing
500 uL of phosphate-buffered saline (PBS). During the proce-
dure, all needle movements were continuously visualized by
US in real time.

Additionally, peripheral blood samples and FNA sam-
ples were both obtained from 7 patients with GD (4 females
and 3 males; aged 26 (34, 53) years) and 7 patients with HT
(6 females and 1 male; aged 45 (41, 47) years).

Ethical approval for the research (including the consent
procedure) was granted by the Human Ethics Committee of
the First Affiliated Hospital of Nanjing Medical University
(2019-SR-059), and informed consent was obtained from each
participant.

2.2. Thyroid Function and Antithyroid Antibodies. Free triio-
dothyronine (FT3), free tetraiodothyronine (FT4), thyroid-
stimulating hormone (TSH), TgAb, and TPOAb were all
measured by chemiluminescence assays (Roche Diagnostics
GmbH), while TRADb was tested by RIA (Cisbio Bioassays,
France). Reference ranges for adults are TSH, 0.270-
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FiGure 2: The frequencies of CD4"CXCR5", CD4"CXCR5"PD-1", and CD4"CXCR5*1COS™#" Tth cells in the thyroid of GD and HT
patients. (a) Representative dot plot showing the gating strategy for Tfh cells gated on CD4" T cells. (b-d) The frequencies of
CD4"CXCR5", CD4"CXCR5'PD-1*, and CD4"CXCR5'ICOS™#" Tth cells in patients with GD (n = 35), HT (1= 40), and nAITD (n =22).

420 mIU/L; FT3, 3.10-6.80 pmol/L; FT4, 12.0-22.0 pmol/L;
TgAb, <1151U/mL; TPOAD, <34.0IU/mL; and TRAb, 0-
1.50TU/L [22].

2.3. Flow Cytometric Analysis. Human peripheral blood mono-
nuclear cells (PBMCs) were collected in heparin-coated tubes
and isolated in Lymphoprep™ (Nycomed, Pharma AS, Oslo,
Norway) gradients according to the manufacturer’s protocol.
Red blood cells in the thyroid FNA samples were lysed with
RBC lysis/fixation solution (BioLegend, San Diego, CA). Then,
the samples were washed with PBS and immunostained with
the indicated antibodies. The following antibodies were used:
FITC-mouse-anti-human CD4, PerCP-Cy5.5-anti-human
CD185 (CXCR5), APC-anti-human CD278 (ICOS), and PE-
anti-human CD279 (PD-1) (BioLegend, San Diego, CA). The
stained cells were washed with PBS and analyzed by multipa-
rameter flow cytometry (BD FACSCalibur™).

2.4. Statistical Analysis. Statistical analysis was performed using
GraphPad Prism 9 software (GraphPad, San Diego, CA). As the
baseline characteristics of the subjects were not normally dis-
tributed, the data were described using medians with quartiles
(P25 and P75), and the statistical analyses were performed using
nonparametric tests. Mann-Whitney tests were used to com-
pare two sets of data. Kruskal-Wallis tests were used to compare
three sets of data. The differences between classified variables
were tested using chi-squared tests or Fisher’s exact test. Corre-
lation analyses were performed using the Spearman correlation
method. P < 0.05 was considered to be statistically significant.

3. Results

3.1. Identification of Circulating and Intrathyroidal Tfh Cell
Subsets in AITD Patients. Tth cells express high levels of

CXCR5, PD-1, and ICOS. First, we gated CD4" T cells in
PBMCs and identified CXCR5" T cells to distinguish Tth cells
from activated T cells in the peripheral blood. Then, we charac-
terized the frequencies of CD4"CXCR5'ICOS™" and CD4"
CXCR5"PD-1" Tth cells in these subjects by flow cytometric
analysis (Figure 1(a)). The frequency of CD4"CXCR5" T cells
was significantly increased in HT patients compared with
healthy controls (P =0.0092) (Figure 1(b)), whereas the fre-
quencies of CD4"CXCR5"PD-1" and CD4"CXCR5ICOS"e"
Tth cells were comparable among these groups (Figures 1(c)
and 1(d)).

As the frequency of Tth cells was not significantly altered
in the peripheral circulation, we then investigated intrathyr-
oidal Tth cell subsets (Figure 2(a)). The frequency of
intrathyroidal CD4"CXCR5" Tth cells was higher in HT
patients than in GD patients (P =0.0290) (Figure 2(b)),
while CD4*CXCR5"PD-1" Tth cells were not significantly
different between the two groups (Figure 2(c)). Patients with
HT had a higher frequency of CD4"CXCR5*ICOS™¢" Tth
cells than those with GD or the nAITD controls
(P=0.0031, P <0.0001) (Figure 2(d)).

32. The Frequency of Circulating and Intrathyroidal
CD4*CXCR5" T Cells Is Associated with the Levels of TgAb in
GD Patients. The presence of the stimulating TSHR antibody
is a hallmark of GD. TPOAD is also a critical antibody, with
approximately 80% of GD patients testing positive for this
parameter [23]. Here, we showed that the frequencies of CD4*
CXCR5" T cells in both circulating and thyroid tissue were only
positively correlated with the serum TgAD level in GD patients
(Supplementary Figures 1A and 2A). However, no significant
difference between the peripheral or intrathyroidal frequencies
of CD4"CXCR5" T cells and thyroid hormones in GD
patients was observed (Supplementary Figures 1B and 2B).
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F1Gure 3: Correlations between Tth cells and autoantibodies or thyroid function in GD patients. (a) Correlation between the frequency of
circulating CD4*CXCR5ICOS™®" Tth cells and the levels of autoantibodies in GD patients. (b) Correlation between the frequency of
intrathyroidal CD4"CXCR5'ICOS™®" Tth cells and the levels of FT3, FT4, and TSH in GD patients. (c) Correlation between the
frequency of intrathyroidal CD4"CXCR5"PD-1" Tth cells and the levels of autoantibodies in GD patients.

The presence of circulating TPOAD usually accompanies
positive TgAb in HT patients. The detection of either autoan-
tibody in serum essentially indicates the presence of thyroid
lymphocytic infiltration, and these two autoantibodies have
also been used for the diagnosis of HT [4, 24]. We found that
the frequency of CD4"CXCR5" T cells in the peripheral circu-
lation was positively correlated with TPOAb but negatively
correlated with FT3 (Supplementary Figures 1C and 1D).
Within the thyroid, the frequency of CD4"CXCR5" T cells
was only positively correlated with TgAb (Supplementary
Figure 2C). We did not observe a significant correlation
between intrathyroidal CD4"CXCR5" Tth cells and thyroid
hormones in HT patients (Supplementary Figure 2D).

3.3. The Frequency of Tfh Cells Is Associated with the Levels of
TgAb and FT3 in GD Patients. In GD patients, we investigated
the relationships between Tth cells and thyroid autoantibodies
or hormones. The frequency of circulating CD4"CXCR5"
ICOS" 8" Tth cells was positively correlated with the level of
TgAD (Figure 3(a)) but not correlated with the levels of thyroid
hormones (Supplementary Figure 3A). However, the
frequency of circulating CD4"CXCR5"PD-1" Tth cells was
not correlated with any thyroid autoantibodies or hormones
(Supplementary Figures 3B and 3C).

Compared to circulating Tth cells, there was no significant
correlation between the frequency of intrathyroidal CD4™
CXCR5'ICOS™" Tth cells or the levels of autoantibodies in



ICOS"e"CXCR5+CD4+T cell (%)

ICOS"e"CXCR5+CD4+T cell (%)

(0

ournal oI Immunolo esearc
8 Journal of I logy Research
PBMC HT PBMCHT PBMC HT
800 r=0.3430 8 -
7 P=0.0303 500 ~
:E\ 600 ” o oo oo % 400 oo o 6 ¢
S . S 300 4 =)
< 400 g . S 44
= L 2 200 - ~ = S .
o [~
& 2007 ST B A & 21 I
$o % ® ° N * ® o"'g? s °
0 L I”- g} . T 1 0 '4"““1_‘_.1.—| 0 .l*ﬁ T e T 1
0 5 10 15 20 0 5 10 15 20 0 5 10 15 20
PD-1+CXCR5+CD4+T cell (% PD-1+CXCR5+CD4+T cell (% PD-1+ 5+CD4+T cell (%
CXC CD4+T cell (%) CXCR5+CD4+T cell (%) CXCR5+CD4+T cell (%)
(a)
FNA HT FNA HT FNA HT
800 r=0.3470 8 -
7 30009 p_ 0.0354
—~ L]
—é 600 e ece oo €4000' o o - 6 -
2 ¢ R 5 3000 - 2 .
; 400 - ° ° = :g _ .
= . '2 2000 - L] . < .
2 2004° * e p o0 £ 2 *
& Te® . . & 1000 = PR
°
0_......? 0y 0% o o° 0 0 s ° #% € * . o © X
0 20 40 60 0 0 20 40 60
ICOSMCXCR5+CD4+T cell (%) ICOSMfCXCR5+CD4+T cell (%) ICOSM\CXCR5+CD4+T cell (%)
(b)
FNA HT FNA HR FNA HR
4o 704478 100 - 50 -
P =0.0038 o
5 3 . 2 ] =01 )
— 7 = ~
= . 3 60- . 5 304 ..
£ 20- . ) ¢ =
= = 40 4 20 4
& ’ £ “ e 2 .
10 =3 | ° 10 4
R T R Y wd 0T, e
0 . . 0 ® ° 4 0 1% 'o’o"Y o L ,
T T 1
0 2'0 4'0 6I0 0 20 40 60 0 20 40 60

ICOS"¢"CXCR5+CD4+T cell (%)

FiGURE 4: Correlations between Tth cells and autoantibodies or thyroid function in HT patients. (a) Correlation between the frequency of
circulating CD4"CXCR5"PD-1" Tth cells and the levels of autoantibodies in HT patients. (b) Correlation between the frequency of
intrathyroidal CD4*CXCR5'ICOSM8" Tth cells and the levels of autoantibodies in HT patients. (c) Correlation between the frequency of
intrathyroidal CD4"CXCR5*ICOS ™" Tth cells and the levels of FT3, FT4, and TSH in HT patients.

GD patients (Supplementary Figure 3D). The frequency of
intrathyroidal CD4*CXCR5*ICOS™8" Tfh cells was negatively
correlated with the concentration of FT3 in GD patients
(Figure 3(b)). Additionally, the frequency of infiltrating
CD4"CXCR5"PD-1" Tth cells was positively correlated with
TgAD levels (Figure 3(c)). Similarly, we found no significant
correlation between infiltrating CD4"CXCR5"PD-1" Tth cells
and thyroid hormones in GD patients (Supplementary
Figure 3E).

3.4. The Frequency of Tfh Cells Is Associated with the Levels
of TPOAb, TgAb, and FT3 in HT Patients. In HT patients,
the frequency of circulating CD4"CXCR5'PD-1" Tth cells
was only significantly associated with TPOAb levels
(Figure 4(a)). However, we found no association between
circulating Tth cells and autoantibodies or hormones (Sup-

plementary Figures 4A-4C). In HT FNA samples, there
was a significant positive correlation between the frequency
of intrathyroidal CD4*CXCR5'ICOS™®" Tfh cells and
serum TgAb or FT3 levels (Figures 4(b) and 4(c)). In
contrast, no significant correlation was identified between
the frequency of intrathyroidal CD4"CXCR5"PD-1" Tth
cells and the levels of autoantibodies or thyroid hormones
in HT patients (Supplementary Figures 4D and 4E).

3.5. The Frequency of Intrathyroidal Tfh Cells Varied in AITD
Patients with Different Disease Durations. According to the
disease duration, we divided the AITD patients into two
groups: patients diagnosed within 1 year (<1 year) and those
diagnosed more than 1 year (>1 year). No significant differ-
ence in the frequency of circulating Tth cells was observed
between the two groups in either GD or HT patients
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(Figures 5(a) and 5(b)). Moreover, there was a significant
decrease in the frequencies of intrathyroidal CD4"CXCR5"
T cells and CD4"CXCR5"PD-1" Tth cells in GD patients with
a longer disease duration (>1 year) compared with those diag-
nosed within 1 year (P=0.0157, P =0.0345) (Figure 5(c)).
However, in HT patients, the frequencies of intrathyroidal
CD4"CXCR5'ICOS™#" and CD4"CXCR5"PD-1" T cells were
significantly elevated in patients with a longer disease duration
(>1 year) compared with those newly diagnosed (<1 year)
(P=0.0081, P=0.0277) (Figure 5(d)).

In AITD patients, some GD patients were treated with
antithyroid drugs (methimazole or propylthiouracil), and
some HT patients were supplemented with levothyroxine.
We further investigated the effect of drug administration on
Tth cells, but neither antithyroid drugs nor thyroid hormone
supplementation had a significant effect on the percentage of
Tth cells in AITD patients (Supplementary Figure 5).

3.6. Circulating and Thyroid-Infiltrating Tfh Cells in AITD. We
measured the levels of both circulating and infiltrating Tth
cells in seven GD and seven HT patients. There was a signifi-
cant increase in CD4"CXCR5'ICOS™" and CD4"CXCR5"
PD-1" Tth cells in FNA samples from GD patients
(P=0.0160, P = 0.0104) (Figure 6(a)). Similarly, Tth cell levels
were higher in the thyroid tissue than in the peripheral circu-

lation in HT patients (P = 0.0057, P = 0.0078, and P = 0.0173)
(Figure 6(b)). However, possibly due to the limited number of
cases, we did not find a significant correlation between circu-
lation and intrathyroidal Tth (Supplementary Figures 6A
and 6B).

4. Discussion

Although GD and HT have distinct clinical manifestations,
they are both characterized by thyroid autoantibodies and
autoreactive lymphocytes in thyroid tissues. Dysregulation
of Tth activities can contribute to pathogenic autoantibody
production. Tth cells can play an important role in the pro-
motion of autoimmune diseases [25, 26] as well as in the
pathogenesis of AITD. In this study, we provided for the first
time a comprehensive view of Tth cells and demonstrated
the differences in Tth cells between GD and HT patients in
both peripheral blood and intrathyroidal samples.
Previously, studies have shown that the frequency of acti-
vated circulating Tth cells is increased in SLE patients [25, 27].
In addition, Tth cells are correlated with the diversity and
titers of autoantibodies and with the severity of end-organ
involvement. However, the correlations between Tth cells
and disease activity status or treatment are not concordant
[28, 29]. Zhu et al. [20] previously showed that the frequency
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of Tth cells was increased in the peripheral blood of AITD
patients and described a close correlation between the percent-
ages of circulating CD4*CXCR5ICOS"8" T cells and FT3 or
FT4 in GD patients. Our study targeted AITD and investi-
gated Tth cells in peripheral blood and thyroid tissues.

Conversely, we demonstrated that the frequency of Tth
cells was higher in thyroid tissue and that intrathyroidal Tth
cells were more relevant to thyroid function. Based on a previ-
ous study, the clinical features of the subject, especially the
difference in baseline thyroid function, may explain the differ-
ent correlations between thyroid function and Tth cells. The
typical clinical manifestations of GD and HT are reversed.
Since our study is cross-sectional, we did not follow up
patients to observe the changes in Tth of AITD patients as
the disease progressed.

According to the disease duration, we divided the AITD
patients into two groups (patients diagnosed within 1 year
and more than 1 year) and compared the frequency of Tth
cells. Interestingly, we found that the levels of infiltrating
Tth cells in the thyroid showed different correlations with
the progression of AITD. Intrathyroidal Tth cells decreased
with the progression of GD but were significantly increased
in HT patients with longer disease durations, which sug-
gested that the dysregulation of Tth cells may play a different
role in the pathogenesis of GD and HT. Although the forma-
tion of Tth cells requires both BCL6 and ICOS, circulating
Tth cells do not express BCL6 [27, 30, 31]. Therefore, we
did not examine BCL6 in our study.

Consistent with our data, it was previously reported that
circulating Tth cells do not express high amounts of CXCR5
or PD-1 [32]. The difference between HT and GD is the
extent of the dysregulated reaction of the immune system
[23]. Interestin&ly, we found that intrathyroidal CD4*
CXCR5*ICOS™" Tth cells were more positively associated
with HT patients than GD patients. Inducible T cell costi-
mulator (ICOS) is an activating costimulatory immune
checkpoint expressed in activated T cells. Its ligand, ICOSL,
is expressed in antigen-presenting cells and somatic cells.
The expression of ICOS and ICOSL is linked to the release
of cytokines induced by activation of the immune response.
ICOS is a conserved mediator of immune responses across
multiple immunotherapy strategies [33]. Recent studies
highlighted the importance of ICOS signaling in promoting
CXCR5 expression and possibly the generation of Tth cells
[34]. Thus, modulation of ICOS signaling has the potential
to mitigate disease severity in some human autoimmune dis-
orders [35, 36]. The secretion of cytokines could cause apo-
ptosis of infiltrating lymphocytes and the proliferation of
thyrocytes, further resulting in GD. In HT, increased levels
of cytokines could cause apoptosis of thyrocytes but not
infiltration of lymphocytes [23]. Therefore, apoptotic death
of thyrocytes may induce more CD4*CXCR5"ICOS™e" Tth
cells to converge to the thyroid tissue in HT.

In this paper, we examined Tth cells in both peripheral
blood and thyroid tissues. We demonstrated that the fre-
quencies of Tth cells were higher in the thyroid. Tth cells
appeared to control antigen-specific antibody responses,
especially targeting Tg self-antigens. Furthermore, intrathyr-
oidal Tth cells were closely associated with the progression
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of AITD. In summary, intrathyroidal Tth cells might play a
role in the pathogenesis of AITD and are potential immuno-
biomarkers for AITD.
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Supplementary Materials

Supplementary Figure 1: correlations between circulating
CD4"CXCR5" T cells and autoantibodies or thyroid func-
tion in GD and HT patients. Correlation between the fre-
quency of circulating CD4"CXCR5" cells and the levels of
autoantibodies (A) or thyroid function (B) in GD patients.
Correlation between the frequency of circulating CD4™
CXCR5" cells and the levels of autoantibodies (C) or thyroid
function (D) in HT patients. Supplementary Figure 2: corre-
lations between intrathyroidal CD4"CXCR5" T cells and
autoantibodies or thyroid function in GD and HT patients.
Correlation between the frequency of intrathyroidal CD4"
CXCR5" cells and the levels of autoantibodies (A) or thyroid
function (B) in GD patients. Correlation between the fre-
quency of intrathyroidal CD4"CXCR5" cells and the levels
of autoantibodies (C) or thyroid function (D) in HT
patients. Supplementary Figure 3: correlations between Tth
cells and autoantibodies or thyroid function in GD patients.
(A) Correlation between the frequency of circulating CD4"
CXCR5'ICOSM8" Tth cells and the levels of FT3, FT4, and
TSH in GD patients. (B) Correlation between the frequency
of circulating CD4"CXCR5"PD-1" Tth cells and the levels of
autoantibodies in GD patients. (C) Correlation between the
frequency of circulating CD4"CXCR5'PD-1" Tth cells and
the levels of FT3, FT4, and TSH in GD patients. (D) Corre-
lation between the frequency of intrathyroidal CD4"
CXCR5'ICOS™¢" Tfh cells and the levels of autoantibodies
in GD patients. (E) Correlation between the frequency of
intrathyroidal CD4"CXCR5"PD-1" Tth cells and the levels
of FT3, FT4, and TSH in GD patients. Supplementary Figure
4: correlations between Tth cells and autoantibodies or thy-
roid function in HT patients. (A) Correlation between the
frequency of circulating CD4*CXCR5'ICOS™" Tth cells
and the levels of autoantibodies in HT patients. (B)
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Correlation between the frequency of circulating CD4"
CXCR5'ICOS"8" Tth cells and the levels of FT3, FT4, and
TSH in HT patients. (C) Correlation between the frequency
of circulating CD4"CXCR5"PD-1" Tth cells and the levels of
FT3, FT4, and TSH in HT patients. (D) Correlation between
the frequency of intrathyroidal CD4*CXCR5'PD-1" Ttfh
cells and the levels of autoantibodies in HT patients. (E)
Correlation between the frequency of intrathyroidal CD4"
CXCR5"PD-1" Tth cells and the levels of FT3, FT4, and
TSH in HT patients. Supplementary Figure 5: the frequency
changes of Tth cells in GD and HT patients with the therapy.
The frequencies of circulating CD4'CXCR5", CD4"
CXCR5'ICOS"®", and CD4"CXCR5'PD-1" Tth cells were
analyzed in GD (A) and HT (B) patients who undertook
antithyroid drug therapy or thyroid hormone supplementa-
tion. The frequencies of intrathyroidal CD4"CXCR5",
CD4*CXCR5'ICOS™#", and CD4"CXCR5"PD-1" Tth cells
were analyzed in GD (C) and HT (D) patients who under-
took antithyroid drug therapy or thyroid hormone supple-
mentation. Supplementary Figure 6: correlations between
circulating and intrathyroidal Tfh cells in GD and HT
patients. (A) Correlation between the circulating and
intrathyroidal Tth cells in GD patients. (B) Correlation
between the circulating and intrathyroidal Tth cells in HT
patients. (Supplementary Materials)

References

[1] M.]J. Smith, M. Rihanek, B. M. Coleman, P. A. Gottlieb, V. D.
Sarapura, and J. C. Cambier, “Activation of thyroid antigen-
reactive B cells in recent onset autoimmune thyroid disease
patients,” Journal of Autoimmunity, vol. 89, pp. 82-89, 2018.

[2] R. M. Ruggeri, G. Giuffrida, and A. Campenni, “Autoimmune
endocrine diseases,” Minerva Endocrinologica, vol. 43, no. 3,
pp. 305-322, 2018.

[3] S. H. Hong and H. Braley-Mullen, “Follicular B cells in thy-
roids of mice with spontaneous autoimmune thyroiditis con-
tribute to disease pathogenesis and are targets of anti-CD20
antibody therapy,” Journal of Immunology, vol. 192, no. 3,
pp. 897-905, 2014.

[4] P. Caturegli, A. De Remigis, and N. R. Rose, “Hashimoto thy-
roiditis: clinical and diagnostic criteria,” Autoimmunity
Reviews, vol. 13, no. 4-5, pp. 391-397, 2014.

[5] W. Song and J. Craft, “T follicular helper cell heterogeneity:
time, space, and function,” Immunological Reviews, vol. 288,
no. 1, pp. 85-96, 2019.

[6] R. I Nurieva, Y. Chung, G. J. Martinez et al., “Bcl6 mediates
the development of T follicular helper cells,” Science,
vol. 325, no. 5943, pp. 1001-1005, 2009.

[7] S. Crotty, “T follicular helper cell biology: a decade of discovery
and diseases,” Immunity, vol. 50, no. 5, pp. 1132-1148, 2019.

[8] H.Qi, “T follicular helper cells in space-time,” Nature Reviews
Immunology, vol. 16, no. 10, pp. 612-625, 2016.

[9] J. Shi, S. Hou, Q. Fang, X. Liu, X. Liu, and H. Qi, “PD-1 con-
trols follicular T helper cell positioning and function,” Immu-
nity, vol. 49, no. 2, pp. 264-274.e4, 2018.

[10] P. Blanco, H. Ueno, and N. Schmitt, “T follicular helper (Tth)
cells in lupus: activation and involvement in SLE pathogene-
sis,” European Journal of Immunology, vol. 46, no. 2,
pp. 281-290, 2016.

Journal of Immunology Research

[11] K. Psianou, I. Panagoulias, A. D. Papanastasiou et al., “Clinical
and immunological parameters of Sjogren's syndrome,” Auto-
immunity Reviews, vol. 17, no. 10, pp. 1053-1064, 2018.

[12] G. Cao, P. Wang, Z. Cui et al., “An imbalance between blood
CD4"CXCR5"Foxp3"™ Tfr cells and CD4"CXCR5'Tth cells
may contribute to the immunopathogenesis of rheumatoid
arthritis,” Molecular Immunology, vol. 125, pp. 1-8, 2020.

[13] F. Wiede, F. Sacirbegovic, Y. A. Leong, and T. T. Di Yu,
“PTPN2-deficiency exacerbates T follicular helper cell and B
cell responses and promotes the development of autoimmu-
nity,” Journal of Autoimmunity, vol. 76, pp. 85-100, 2017.

[14] H. Zhang, Q. Hu, M. Zhang et al., “Bach2 deficiency leads to
spontaneous expansion of IL-4-producing T follicular helper
cells and autoimmunity,” Frontiers in Immunology, vol. 10,
p. 2050, 2019.

[15] M. Vaeth, M. Eckstein, P. J. Shaw et al., “Store-operated Ca**
entry in follicular T cells controls humoral immune responses
and autoimmunity,” Immunity, vol. 44, no. 6, pp. 1350-1364,
2016.

[16] D.Baumjohann and P. Brossart, “T follicular helper cells: link-
ing cancer immunotherapy and immune-related adverse
events,” Journal for ImmunoTherapy of Cancer, vol. 9, no. 6,
p. €002588, 2021.

[17] R. M. Ruggeri, A. Campenni, G. Giuffrida et al., “Endocrine and
metabolic adverse effects of immune checkpoint inhibitors: an
overview (what endocrinologists should know),” Journal of
Endocrinological Investigation, vol. 42, no. 7, pp. 745-756, 2019.

[18] Y. Liu, X. Yuan, X. Li, D. Cui, and J. Xie, “Constitutive changes
in circulating follicular helper T cells and their subsets in
patients with Graves’ disease,” Journal of Immunology
Research, vol. 2018, Article ID 8972572, 10 pages, 2018.

[19] J. Zhao, Y. Chen, Q. Zhao et al., “Increased circulating Tth17
and PD-1(+)Tth cells are associated with autoantibodies in
Hashimoto's thyroiditis,” Autoimmunity, vol. 51, no. 7,
pp. 352-359, 2018.

[20] C.Zhu, ]. Ma, Y. Liu et al., “Increased frequency of follicular
helper T cells in patients with autoimmune thyroid disease,”
The Journal of Clinical Endocrinology and Metabolism,
vol. 97, no. 3, pp- 943-950, 2012.

[21] X.Liu, M. Medici, N. Kwong et al., “Bethesda categorization of
thyroid nodule cytology and prediction of thyroid cancer type
and prognosis,” Thyroid, vol. 26, no. 2, pp. 256-261, 2016.

[22] Y. Cai, X. Xu, Z. Zhang et al., “Identification of novel HLA-
A0201-restricted T-cell epitopes against thyroid antigens in
autoimmune thyroid diseases,” Endocrine, vol. 69, no. 3,
pp. 562-570, 2020.

[23] E.Frohlich and R. Wahl, “Thyroid autoimmunity: role of anti-
thyroid antibodies in thyroid and extra-thyroidal diseases,”
Frontiers in Immunology, vol. 8, 2017.

[24] M. Ralli, D. Angeletti, M. Fiore et al., “Hashimoto's thyroiditis:
an update on pathogenic mechanisms, diagnostic protocols,
therapeutic strategies, and potential malignant transformation,”
Autoimmunity Reviews, vol. 19, no. 10, article 102649, 2020.

[25] N. Gensous, M. Charrier, D. Duluc et al., “T follicular helper
cells in autoimmune disorders,” Frontiers in Immunology,
vol. 9, p. 1637, 2018.

[26] H. Ueno, “T follicular helper cells in human autoimmunity,”
Current Opinion in Immunology, vol. 43, pp. 24-31, 2016.

[27] J. He, L. M. Tsai, Y. A. Leong et al., “Circulating precursor
CCR7°PD-1" CXCR5" CD4" T cells indicate Tth cell activity


https://downloads.hindawi.com/journals/jir/2022/4075522.f1.pdf

Journal of Immunology Research

(28]

(29]

(30]

(31]

(32]

(33]

(34]

(35]

(36]

and promote antibody responses upon antigen reexposure,”
Immunity, vol. 39, no. 4, pp. 770-781, 2013.

J.-Y. Choi, J. H.-e. Ho, S. G. Pasoto et al., “Circulating follicular
helper-like T cells in systemic lupus erythematosus: associa-
tion with disease activity,” Arthritis ¢ Rhematology, vol. 67,
no. 4, pp. 988-999, 2015.

N. Simpson, P. A. Gatenby, A. Wilson et al., “Expansion of cir-
culating T cells resembling follicular helper T cells is a fixed
phenotype that identifies a subset of severe systemic lupus ery-
thematosus,” Arthritis and Rheumatism, vol. 62, no. 1,
Pp. 234-244, 2010.

L. Bossaller, J. Burger, R. Draeger et al., “ICOS deficiency is
associated with a severe reduction of CXCR5+CD4 germinal
center Th cells,” Journal of Immunology, vol. 177, no. 7,
pp. 4927-4932, 2006.

M. Locci, C. Havenar-Daughton, E. Landais et al., “Human cir-
culating PD-1"CXCR3™CXCR5" memory Tth cells are highly
functional and correlate with broadly neutralizing HIV anti-
body responses,” Immunity, vol. 39, no. 4, pp. 758-769, 2013.

C. G. Vinuesa, M. A. Linterman, and D. Yu, “Follicular helper
T cells,” Annual Review of Immunology, vol. 34, no. 1, pp. 335-
368, 2016.

Z.Xiao, A. T. Mayer, T. W. Nobashi, and S. S. Gambhir, “ICOS
is an indicator of T-cell-mediated response to cancer immuno-
therapy,” Cancer Research, vol. 80, no. 14, pp. 3023-3032,
2020.

D. J. Wikenheiser and J. S. Stumhofer, “ICOS co-stimulation:
friend or foe?,” Frontiers in Immunology, vol. 7, 2016.

Y. L. Hu, D. P. Metz, and J. Chung, “B7RP-1 blockade amelio-
rates autoimmunity through regulation of follicular helper T
cells,” Journal of Immunology, vol. 182, no. 3, pp. 1421-1428,
2009.

L. E. Cheng, Z. Amoura, B. Cheah et al., “Brief report: a ran-
domized, double-blind, parallel-group, placebo-controlled,
multiple-dose study to evaluate AMG 557 in patients with sys-
temic lupus erythematosus and active lupus arthritis,” Arthritis
& Rhematology, vol. 70, no. 7, pp. 1071-1076, 2018.

13



	The Frequency of Intrathyroidal Follicular Helper T Cells Varies with the Progression of Graves’ Disease and Hashimoto’s Thyroiditis
	1. Introduction
	2. Materials and Methods
	2.1. Subjects and Samples
	2.1.1. Peripheral Blood Samples from AITD Patients and Healthy Controls
	2.1.2. Thyroid FNA Samples from Patients with AITD and Nonautoimmune Thyroid Diseases (nAITD)

	2.2. Thyroid Function and Antithyroid Antibodies
	2.3. Flow Cytometric Analysis
	2.4. Statistical Analysis

	3. Results
	3.1. Identification of Circulating and Intrathyroidal Tfh Cell Subsets in AITD Patients
	3.2. The Frequency of Circulating and Intrathyroidal CD4+CXCR5+ T Cells Is Associated with the Levels of TgAb in GD Patients
	3.3. The Frequency of Tfh Cells Is Associated with the Levels of TgAb and FT3 in GD Patients
	3.4. The Frequency of Tfh Cells Is Associated with the Levels of TPOAb, TgAb, and FT3 in HT Patients
	3.5. The Frequency of Intrathyroidal Tfh Cells Varied in AITD Patients with Different Disease Durations
	3.6. Circulating and Thyroid-Infiltrating Tfh Cells in AITD

	4. Discussion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

