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Background: Manifestations of thyroid-associated ophthalmopathy (TAO) vary greatly. Few tools and indicators are available to
assess TAOQ, restricting personalized diagnosis and treatment.

Aim: To identify an aptamer targeting thyroid-stimulating hormone receptor (TSHR) and utilize this aptamer to evaluate clinical
activity in patients with TAO.

Methods: An aptamer targeting TSHR was developed by exponential enrichment and systematic evaluation of TSHR ligands. After
truncation and optimization, the affinity, equilibrium dissociation constant, and serum stability of this aptamer were evaluated. The
affinity of the TSHR-targeting aptamer to isolated fibrocytes was assessed, as was aptamer internalization by fibrocytes. The
mechanism of binding was determined by molecular docking. The correlation between disease manifestations and the percentage of
TSHR-positive cells was assessed by correlation analysis.

Results: The aptamer TSHR-21-42 was developed to bind to TSHR, with the equilibrium dissociation constant being 71.46 Kd.
Isolated fibrocytes were shown to bind TSHR-21-42 through TSHR, with its affinity maintained at various temperatures and ion
concentrations. TSHR-21-42 could compete with anti-TSHR antibody, both for binding site to TSHR and uptake by cells after binding.
In addition, TSHR-21-42 could bind to leukocytes in peripheral blood, with this binding differing in patients with TAO and healthy
control subjects. The percentage of TSHR-positive monocytes, as determined by binding of TSHR-21-42, correlated positively with
clinical activity score in patients with TAO, indicating that TSHR-21-42 binding could assess the severity of TAO.

Conclusion: This aptamer targeting TSHR may be used to objectively assess disease activity in patients with TAO, by evaluating the
percentages of TSHR positive cells in peripheral blood.

Keywords: thyroid-associated ophthalmopathy, thyroid-stimulating hormone receptor, aptamer, clinical activity score, precision
medicine

Introduction
Thyroid-associated ophthalmopathy (TAO) is a type of autoimmune disease affecting various organs.' The pathogenesis
of TAO has been found to involve adipose tissue in the muscles and orbit, resulting in exophthalmos and diplopia,
respectively. Immune system dysfunction, as revealed in both the orbit and circulation, has been associated with the
pathogenesis of TAO. For example, programmed cell death 1 ligand 1 (PD1-L1) has been found to inhibit the function of
T cells in TAO, and application of the anti-CD20 B cell-depleting monoclonal antibody rituximab has been used to treat
TAO.*? Immune system dysfunction was shown to upregulate oxidative stress levels, which damage tissues and cells in
the orbit.*> During the process of tissue damage repair, CD34+ fibroblasts derived from fibrocytes in bone marrow could
be differentiated into myofibroblasts and adipocytes by treatment with TGF-f and PPAR-y, respectively, with higher
levels of fibrosis and adipogenesis in the orbit being associated with higher degrees of disease manifestations.’®
Thyroid-stimulating hormone receptor (TSHR) is a type of G-protein coupled receptor, with higher levels of anti-
TSHR antibody being associated with autoimmune processes. Because TSHR is present in both the thyroid and orbit,
patients with TAO may have thyroid dysfunction. TSHR also interacts with insulin-like growth factor 1 (IGF-1), with the
binding of IGF-1 to TSHR being a key step during the onset of TAO. This led to the development of the anti-IGF-1
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monoclonal antibody teprotumumab, which binds to IGF-1 receptors, for treatment of TAO.”* TSHR on the surface of
fibroblasts has been associated with pathological changes, including edema, fibrosis, and adipogenesis, suggesting that
drugs targeting TSHR may be important in treating TAO.” Increased levels of anti-TSHR antibody have been associated
with increased severity of TAO, suggesting that anti-TSHR antibody may serve as a link between the thyroid and
orbit.'®'* TSHR on fibrocytes and fibroblasts has been found to regulate biological processes and cell function,
suggesting that TSHR levels may better reflect disease status and that TSHR may be a key to the pathogenesis of
TAO. It is unclear, however, disease can be evaluated by measuring levels of TSHR or whether TSHR-specific white
blood cells (WBC) could serve as biomarkers of the severity of TAO.

The clinical stages of TAO have been characterized as active and inactive based on their clinical activity scores
(CAS), with treatment methods depending on the different stages of TAO. Glucocorticoid compounds are usually the
first-line therapy during the active stage of TAO, whereas surgery is usually the treatment of choice during inactive stages
of TAO."® Thus, correctly identifying the clinical stage is essential for optimal therapy in individual patients. Many
manifestations of TAO, however, are relatively non-specific, such as redness of the conjunctiva. Similar CAS scores may
mask clinical differences, especially in patients at the junction of active and inactive periods. Thus more objective
indicators are needed to evaluate the manifestations and severity of TAO.

Clinical stages of TAO can be evaluated by measuring levels of TSHR. For example, TSHR levels in fibrocytes were
found to be higher in patients with than without TAO, with alterations in TSHR levels associated with alterations in the
immune system.'* The percentage of TSHR-positive peripheral blood mononuclear cells (PBMCs) was found to correlate
positively with CAS, suggesting that TSHR may be used to evaluate TAO.'®> These studies, however, evaluated TSHR
levels using anti-TSHR antibody, which is expensive and uneditable, limiting the clinical use of this reagent. It is
therefore necessary to identify optimized substitutes.

An aptamer is a type of single chain DNA or RNA, with advantages that include high affinity to the targeted
molecule, low cost, and the ability to be edited.'® The binding abilities of aptamers are similar to those of antibodies, but
aptamers are easier to synthesize and have a smaller batch effect than antibodies, suggesting that aptamers have potential
clinical application.'” In addition, aptamer-related drugs such as neo5 and E10030 have been used clinically or under-
going clinic trials.'"® Additional aptamers have been obtained through processes such as the systematic evolution of
ligands by exponential enrichment (SELEX), with aptamers recently utilized in the development of biosensors, drugs,
and reagents.'” For example, the AS1411 functionalized triangle DNA origami was used to develop imaging-guided
chemo-phototherapy.”® The ability to edit aptamers has resulted in a wider range of applications, such as measuring the
levels of expression level of fluorophore-labeled proteins.?' To date, however, aptamers with high affinity towards TSHR
have not been developed or utilized. The present study describes the use of SELEX to develop and optimize an aptamer
targeting TSHR and to evaluate the ability of this anti-TSHR aptamer to determine the stage of TAO and to develop
objective criteria that could be used to determine a precise therapeutic strategy for patients with this condition.

Methods

Selex

The TSHR targeting aptamer was obtained using the SELEX process.”> TSHR protein (Sangon Biotech, China) was the
positive target and human serum albumin (HSA) was the negative target. Proteins were linked to magnetic beads through
amide bonds. During each round, the aptamer was denatured at 95°C for 10 min and renatured on ice for 10min. The
aptamer was incubated with the negative target (HSA) at room temperature, and the supernatant was collected and
incubated with the positive target. Aptamer binding to the positive target was collected following denaturation and
renaturation, as above. The resulting aptamer was amplified by PCR, and the resulting product was used during the next
round of screening. As the number of screenings increased, the time of incubation was decreased, from 50 min to 30 min.
To reduce any nonspecific binding between the aptamer and the target, serum was added during the final rounds of
screening. Affinity was determined through surface plasmon resonance (SPR). The library with the highest affinity to
TSHR was defined as the screening endpoint library, which was used to sequence and select the aptamer.
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Fibrocyte Isolation and Cultivation

Fibrocytes was mainly isolated from PBMC preparations. Briefly, a 3 mL aliquot of human PBMC separation medium
(Solarbio, China) was added to each centrifuge tube, followed by the slow addition of an equal volume of peripheral
blood and centrifugation at 750 g for 30 min. PBMCs were decanted, washed with PBS and cultivated at 37°C in
complete medium (DMEM containing 5% fetal bovine serum and 1% penicillin-streptomycin) in an atmosphere
containing 5% CO,. After 7 days, the medium was replaced by fresh complete medium; after 12—14 days, the attached
cells were treated with Accutase (Yeasen, China) and collected by mechanical scraping.

Blood Samples

Patients with TAO were included if they were diagnosed with this condition according to Chinese guidelines® and were
willing to participate in the study. Patients were excluded if they had experienced major trauma or surgery within 3
months of enrollment; had other systematic immune diseases or cancer; or had received high-dose systemic glucocorti-
coid therapy during the previous 3 months. Healthy controls were included if they had normal thyroid function; but were
excluded if they had thyroid-related disease, a dysfunction of the thyroid, a systematic immune disease or cancer; or had
experienced major trauma or surgery within 3 months. A 5 mL aliquot of peripheral blood was collected from TAO
patients and healthy controls into an anticoagulant tube (EDTAK?2) at Third Xiangya Hospital. The blood samples were
stored at 4°C and processed within 24h.

Clinical Information

All patients and healthy controls who participated in the study signed informed consent forms. Clinical information
collected from each subject included demographic characteristics (age, sex, race) and disease characteristics (including
the duration, CAS, and severity of TAO, duration and dose of glucocorticoid treatment, operation history, and trauma
history). CAS was evaluated by one chief physician, with 1 indicating spontaneous retrobulbar pain, 2 indicating pain on
attempted upward or downward gaze, 3 indicating redness of eyelids, 4 indicating redness of the conjunctiva, 5 indicating
swelling of the caruncle or plica, 6 indicating swelling of the eyelids, and 7 indicating swelling of the conjunctiva
(chemosis).>** Patients with CAS <3 points were regarded as being in the inactive phase of TAO, whereas patients with
CAS >3 points were regarded as being in the active phase of disease. TAO severity was determined using EUGOGO
criteria.

Optimization of Sequence

The secondary structure of the aptamer sequence was visualized using RNAfold.?* The end sequence was removed and
the core sequence preserved, resulting in retention of the functional structure, such as the loop structure. The affinity of
the optimized aptamer to the target was determined after optimization.

Serum Stability

Aptamer was added to serum at a concentration of 3 uM aptamer, and the serum samples were incubated at 37°C for 0, 2,
4,6, 8,10, 12, 24, 48, and 72 h. Aptamer was collected from each sample by agarose gel electrophoresis. The gray value
of aptamer calculated using Image J software was regarded as the relative quantity, which was used to evaluate the
stability of aptamer in serum.

Determination of Equilibrium Dissociation Constant
Fibrocytes were incubated with 0, 15.6, 31.3, 62.5, 125, or 250 nM aptamer for 30 min at 25°C. After washing with

DPBS, the fluorescence intensity of the fibrocytes was measured. The affinity between the aptamer and fibrocytes was

— Vn]aXX
Kq+X°

fluorescence intensity determined by flow cytometry, X was the concentration of aptamer, V,,,x was the maximum

determined by calculating the equilibrium dissociation constant using the formula, Y where Y was the

value of Y, and K4 was the equilibrium dissociation constant.
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Immunofluorescence Staining

Adherent fibrocytes were washed twice with PBS, fixed with paraformaldehyde for 30 min, washed and incubated with
0.5% Triton-100 for 10 min. Non-specific binding was blocked by incubation with bovine serum albumin (BSA) for 1
h. The fibrocytes were washed thrice with PBS and incubated with antibodies to CD45, collagen I, TSHR, and CD34
(each from Proteintech, Wuhan, China) for 24 h at 4°C. The fibrocytes were again washed thrice with PBS and incubated
with anti-rabbit secondary antibody (Multi Sciences, China) for 1 h at room temperature. Nuclei were subsequently
stained with DAPI (Solarbio) for 5 min.

For staining with aptamer, aptamer was denatured at 95°C for 10 min and renatured on ice for 10 min. Fibrocytes
were washed with PBS three times and incubated with 250 nM aptamer for 30 min at room temperature. The cells were
washed with PBS, and the nuclei were stained with DAPI (Solarbio) for 5 min. Fluorescence was evaluated using
a fluorescence microscope.

Flow Cytometry
Peripheral blood was mixed 1:3 with red blood cell lysis buffer (Solar, China) and incubated at room temperature for 10
min. Each mixture was centrifuged for 10 min at 450 g. The precipitate was collected and washed with red blood cell
lysis buffer and PBS. The resulting leukocyte preparations were incubated with antibodies to CD45 and CD34 (both from
Biolegend, US). Alternatively, the leukocyte preparations were incubated in fixation/permeabilization solution for 20
min, washed with Perm/Wash buffer (BD Biosciences, US), and incubated with anti-collagen I antibody (Millipore, US)
for 30 min. The cells were washed twice and incubated with anti-TSHR antibody (Novus Biologicals, US), aptamer, or
the aptamer library. After washing with Perm/Wash buffer, the cells were evaluated by flow cytometry.

To test fibrocytes, the aptamer was denatured at 95°C for 10 min, renatured on ice for 10 min, and incubated with
suspensions of fibrocytes for 30 min at room temperature. After washing twice with DPBS, the fibrocytes were evaluated
by flow cytometry.

|dentification of Protein Targeted by the Aptamer

Adherent fibrocytes were washed with DPBS and membrane proteins were obtained by incubation in low permeability
buffer (5% 1.5 M Tris-HCIl (Solarbio), 1xPMSF (Solarbio) and 1xcocktail (Abcam, England) of DPBS) and lysis buffer
(1% Triton-100 (ThermoFisher, US) in low permeability buffer). Biotin-aptamer was coupled to Streptavidin-Sepharose
Beads (GE Healthcare, US), followed by denaturation and renaturation. The beads were incubated with membrane
proteins for 30 min at 4°C, washed three times with DPBS, denatured at 95°C for 10 min and renatured on ice for 10 min.
The beads were centrifuged at 4000 rpm for 3 min, and the supernatants were collected and evaluated by SDS-PAGE.
The gels were stained with Coomassie brilliant blue and washed with water for 24 h, and the aptamer-binding proteins
were determined.

Molecular Docking

The 3D structure of the aptamer was simulated using Avogadro.?® The 3D structure of THSR was downloaded from PDB
(https://www.rcsb.org/). Molecular docking was performed by extracting the F-chain of TSHR (PDB ID: 7XW6) through
chimera 1.16. with the procedure performed using HDOCK (http://hdock.phys.hust.edu.cn/).>’

Statistical Analyses
Data were reported as mean =+ standard deviation or percentage. Differences between groups were determined using

t-tests. Sample sizes were determined using an online tool (http://powerandsamplesize.com/). Correlations between CAS
4,282

and positive monocytes were determined by simple linear regression. Sample sizes were determined as describe
with the number of samples being >10 for simple linear regression. Pearson correlation analysis was performed to
determine whether the aptamer had the same capacity as the anti-TSHR antibody. All statistical analyses were performed
using GraphPad Prism 9.0 software, with P<0.05 defined as statistically significant.
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Results
Development of an Anti-TSHR Aptamer with SELEX

TSHR or BSA was linked to agarose beads through amide bonds, with these beads defined as the positive and negative
targets, respectively. Six screening rounds of the SELEX process were performed (Figure 1A), increasing the affinity
between the DNA library and the positive target, with the maximum value attained at the fifth round through SPR. The
dissociation speed was slower during the sixth than during the fifth round of screening, with the library obtained during
the sixth round being further evaluated (Figure 1B). Of the total of 319,808 sequences evaluated, high throughput
screening identified 2985 types of sequences. A total of 130 types of sequences were synthesized and their affinity to
TSHR measured. The first set of 80 aptamers had a low affinity (<30 RU) to THSR (Supplementary Figure 1). Evaluation
of the second set of 50 aptamers identified two aptamers, TSHR-18 and TSHR-21, with high affinity (>50 RU) to TSHR
(Figure 1C).

Optimization of Aptamers and Identification of Their Characteristics

To optimize aptamers, the sequences of aptamers were truncated based on their secondary structures, as determined using
RNAFold (Figure 2A), with the original and truncated sequences presented (Supplementary Table 1). Evaluation of the
affinity of the optimized aptamers to TSHR showed that TSHR-21-42 had the highest affinity (Figure 2B), with an
equilibrium dissociation constant of TSHR-21-42 with TSHR of 76.48 nM (Figure 2C). Evaluation of its stability in
serum showed that the aptamer was gradually degraded. After 2 h in serum, over 10% of the TSHR-21-42 was degraded;
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Figure | Development of an aptamer through SELEX. (A) Single stranded DNA (ssDNA) libraries were incubated with the negative (human serum albumin) and positive
(TSHR) targets. Aptamers that bound to the negative target were abandoned and those that bound to the positive target retained. (B) Performance of six screening rounds
of SELEX, with the affinity of the product to TSHR measured. (C) SPR determination of the affinity of 50 aptamers to TSHR.
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Figure 2 Optimization of the aptamer and determination of its stability in serum. (A) RNAFold determination of the secondary structure of the aptamers. (B) Truncation of
the aptamers. (C) SPR determination of the equilibrium dissociation constant of the aptamer to TSHR. (D) Stability of the aptamer in serum.

the speed of degradation, however, subsequently decreased, with over 80% of TSHR-21-42 degraded after 48
h (Figure 2D).

TSHR-21-42 Binds to Fibrocytes
Although TSHR-21-42 was found to bind to TSHR, it was not clear whether this aptamer could bind to TSHR on cells.

Fibrocytes were selected as model cells because of their pathogenic effect in TAO and their surface expression of TSHR.
PBMCs from TAO patients were cultured, yielding adherent spindle cells (Figure 3A). Immunofluorescence staining
showed that these cells expressed CD45, collagen I, and CD34, indicating that they were fibrocytes (Supplementary
Figure 2). TSHR-21-42 was found to have a high affinity to these fibrocytes (Figure 3B and 3C), with an equilibrium
dissociation constant of 61.96 nM (Supplementary Figure 3). Binding of TSHR-21-42 to fibrocytes was affected by an
increase in temperature and a change in binding buffer. Incubation in serum at 37°C may facilitate the binding of TSHR-
21-42 to fibrocytes (Figure 3D).

TSHR-21-42 Competes with Anti-TSHR Antibody for Binding and Internalization

To determine whether TSHR-21-42 competes with anti-TSHR antibody for binding sites on fibrocytes, molecular
docking was simulated with HDOCK. The docking site of TSHR-21-42 on TSHR was similar to that of the anti-
TSHR antibody M22 on TSHR, indicating a competitive relationship between TSHR-21-42 and M22 (Figure 4A).
Coomassie brilliant blue staining of TSHR-21-42 binding proteins on fibrocytes showed that and the molecular weight of
the bound protein was lower than 72 kd, consistent with its being TSHR (Supplementary Figure 4). Flow cytometry
showed that the addition of anti-TSHR antibody to fibrocytes reduced the binding of TSHR-21-42, suggesting that
TSHR-21-42 and anti-TSHR antibody have similar binding sites (Figure 4B). In addition, bound TSHR-21-42 was found
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Figure 3 Affinity of the aptamer THSR-21-42 to fibrocytes. (A) Isolation of fibrocytes isolated from PBMCs. (B and C) Determination of the affinity of TSHR-21-42 to

fibrocytes. (D) Assessment of aptamer affinity under different binding conditions.

to be internalized by fibrocytes, with only partial fluorescence lost after treating these cells with digestive enzymes
(Figure 4C).

TSHR-21-42 in the Evaluation TAO

The clinical applications of TSHR-21-42 were evaluated by assessing this aptamer in 23 blood samples, four from
healthy controls and 19 from patients with TAO; their basic clinical information is presented in Supplementary Table 2.

TSHR-21-42 in TAO was initially evaluated by comparisons in healthy subjects and patients with TAO. Simple size
analysis showed that more than two samples per group was sufficient to assess differences between groups. Flow
cytometry analysis of samples from four healthy controls and five patients with TAO (Supplementary Figure 5) showed

that the percentage of TSHR-positive fibrocytes, as determined by binding of TSHR-21-42, was significantly higher in
TAO patients than in healthy controls, but that there was no difference between these two groups as determined by
binding of the aptamer library (Figure SA and 5B).

TSHR-positive fibrocytes in TAO patients, as determined using TSHR-21-42 and anti-TSHR antibody, were also
compared. The ratio of fibrocytes to WBC correlated significantly using both measures (Supplementary Figure 6), as did
the ratio of TSHR-positive fibrocytes to total fibrocytes (Figure 5C). To increase the practicality of TSHR-21-42 and
provide an objective indicator for the stage of TAO, TSHR-21-42 was cultured with WBCs to detect TSHR-positive
cells. The ratio of TSHR-positive cells to WBCs was higher for monocytes, granulocytes, and lymphocytes than other

cells, with monocytes having the highest ratio (Supplementary Figure 7). Statistical analysis showed that the proportion

of TSHR-positive monocytes differed significantly in patients with active and inactive TAO (Supplementary Figure 8),

but was not associated with the severity of TAO, likely because of insufficient data (Supplementary Figure 9). Moreover,
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Figure 4 Mechanism underlying the binding of TSHR-21-42 to fibrocytes. (A) 3D molecular docking, showing that the binding sites of TSHR-21-42 and anti-TSHR antibody
to fibrocytes were similar. (B) Competition of TSHR-21-42 with anti-TSHR antibody for binding to fibrocytes. (C) Internalization of TSHR-21-42 after binding to fibrocytes.

a positive linear relationship was observed between the proportion of TSHR-positive monocytes and CAS in patients
with TAO (P<0.0001) (Figure 5D). Using a CAS cutoff of 3, linear regression analysis showed that TAO patients with
>35.83% TSHR positive monocytes in PBMCs would have active stage disease.

Discussion

The present study describes an aptamer targeting TSHR, which was obtained through SELEX and optimized through
truncation. This aptamer, TSHR-21-42, was found to bind to TSHR on fibrocytes with high affinity. Moreover, this
aptamer may be clinically useful in distinguishing between TAO patients and healthy controls, as well as being an
objective indicator of the clinical stage of TAO. Thus, TSHR-21-42 may be useful in the development of individualized
treatment strategies for patients with TAO.

SELEX, the method used to obtain aptamers in the present study, was developed more than 30 years ago.’° Many
kinds of SELEX have been developed, based on both the target and process, including cell-SELEX, tissue-SELEX, and
HT-SELEX.*' All of these methods, however, maintain the basic logic of SELEX, including the continuous extraction
of high-affinity aptamers and the discarding of low-affinity aptamers.** Altering the conditions of SELEX, such as
temperature or binding buffer, would yield different types of aptamer.”® In the present study, TSHR protein was the
positive target, and SPR was used to evaluate binding capacity. The affinity of the aptamer was evaluated in isolated
cells, as well as clinically. Evaluation of the affinity of the aptamer under different conditions showed satisfactory
performance. These findings provided the basis for the clinical application of TSHR-21-42, to some extent.

TSHR is a 7-transmembrane domain G protein-coupled receptor expressed mainly in thyrocytes that is activated mainly
upon binding TSH.*® During the pathogenesis of TAO, TSHR not only promotes thyroid dysfunction but also participates in
immune system dysfunction in the orbits through fibrocytes derived from bone marrow. IGF-1R may act as an important
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Figure 5 Clinical application of TSHR-21-42 in patients with TAO. (A and B) Binding of TSHR-21-42 and aptamer libraries to fibrocytes from patients with TAO and normal
controls (**: P<0.01, ns: not significant). (C) Ratios of TSHR-positive fibrocytes to total fibrocytes, as determine with the aptamer TSHR-21-42 and anti-TSHR antibody. (D)
Relationship between the percentage of TSHR positive monocytes and CAS in patients with TAO.

receptor during the pathogenesis of TAO, with teprotumumab, a monoclonal antibody directed against IGF1, being
effective in the treatment of TAO.>” However, the interactions between TSHR and IGF-1R are complex, with immunoglo-
bulins binding directly to TSHR.’*® Based on its important role in TAO, this study selected TSHR as the positive target
during SELEX. Aptamer detection of TSHR expression showed that this receptor correlated positively with disease activity
of disease, with results consistent with those obtained using anti-TSHR antibody, but at much lower cost.'>*

Fibrocytes are a type of monocyte derived from bone marrow that function in immune reactions and repair of injury.
These cells have been identified as circulating cells positive for CD45 and collagen 1.*>*! Moreover, fibrocytes have been
shown to display an essential role in the pathogenesis of TAO, as well as express CD40 and participate in B cell
immunity.*? Fibrocytes were also found to differ from myofibroblasts and adipocytes.*? Circulating fibrocytes also act as
an accurate biomarker in uncomplicated appendicitis and pulmonary hypertension.***> These results indicate that
fibrocytes could be used to evaluate the stage of diseases, including TAO. In this study, fibrocytes were detected using
TSHR targeting aptamers, with significant differences between TAO patients and healthy controls. Monocytes were also
detected in the present study, with the percentages of monocytes correlating positively with CAS. This may facilitate the
use of this aptamer as an indicator, as there was no need to distinguish fibrocytes from monocytes.

CAS is an important clinical indicator of the stage of TAO that has been used for disease classification and for
designing individualized treatment. Because subjective staging by different physicians differed in individual patients.*®

efforts have been made to objectively evaluate disease activity. For example, fibulin-1 concentration has been used to
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evaluate the activity of TAO, with concentrations over 625.33pg/mL indicating an active stage of disease.*’” MRI has also
been used to evaluate activity, as MRI results differ during various stages of TAO.** TAO has also been accurately
classified using machine learning methods.** All of these emerging technologies, however, are expensive, especially in
their use of antibodies, and their findings do not correlate directly with treatment. In addition, current therapy, such as
treatment with glucocorticoids, may affect the assessment of CAS, as glucocorticoids suppress inflammation and reduce
the severity of disease.'” The aptamer targeting TSHR is not only less expensive than antibody but may guide the
treatment of TAO.

Coupling the aptamer targeting TSHR with fluorescein isothiocyanate isomer I (FITC) can enable aptamer bound to
cells to be detected by flow cytometry. The possibility of non-specific binding suggests the need for caution in
interpreting the results of quantitative analysis using the aptamer, especially when compared with the antibody targeting
the same protein. Because of its high affinity, low cost and editability, this aptamer could be used to construct various
types of biochemical or electrochemical sensors.>

TSHR has been associated with immune system dysfunction and in the pathogenesis of Graves’ disease (GD) and
TAO, suggesting that inhibiting TSHR activity may have a therapeutic effect in these conditions. Blocking TSHR using
the antibody Ki-70 has been shown effective in the treatment of TAO and GD, suggesting that TSHR-21-42 may have
similar activity in these diseases.’'>> Aptamers targeting TSHR can be used in the development of drugs and testing
methods. The high binding affinity of TSHR-21-42 to TSHR, as well as the ability to edit the aptamer, suggests that this
aptamer could be used in the development of TSHR related drugs to treat diseases cure such as GD and TAO.

Although the present study found that the aptamer could bind TSHR with high affinity and compete with anti-TSHR
antibody, the ability of the aptamer to bind TSHR in a more complex environment has not been determined. Although
TSHR-21-42 could distinguish between TAO patients and healthy controls, showing a positive correlation between CAS
and the percentage of monocytes, large-scale studies are needed to confirm these findings.

In conclusion, the present study described the development of an aptamer targeting TSHR. This aptamer, TSHR-21-
42, bound to TSHR with high affinity, suggesting it could be used to evaluate the clinical stage of TAO.
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