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A B S T R A C T   

Graves’ disease (GD) is a prominent antibody-mediated autoimmune disorder characterized by stimulating an-
tibodies (TRAb) that target the thyroid-stimulating hormone receptor (TSHR). Targeting and eliminating TRAb- 
producing B lymphocytes hold substantial therapeutic potential for GD. In this study, we engineered a novel 
chimeric antigen receptor T cell (CAR-T) therapy termed TSHR-CAR-T. This CAR-T construct incorporates the 
extracellular domain of the TSH receptor fused with the CD8 transmembrane and intracellular signal domain (4- 
1BB). TSHR-CAR-T cells demonstrated the ability to recognize and effectively eliminate TRAb-producing B 
lymphocytes both in vitro and in vivo. Leveraging this autoantigen-based chimeric receptor, our findings suggest 
that TSHR-CAR-T cells offer a promising and innovative immunotherapeutic approach for the treatment of 
antibody-mediated autoimmune diseases, including GD.   

1. Introduction 

Chimeric antigen receptor (CAR) T cell (CAR-T) therapy is a prom-
ising immunotherapeutic approach involving the genetic engineering of 
T cells with a CAR fusion protein capable of recognizing specific anti-
gens on target cells and exerting cytotoxic effects without major histo-
compatibility complex (MHC) restriction [1]. This groundbreaking 
therapy has shown great potential in the treatment of malignant tumors, 
particularly in B lineage hematological malignancies and multiple 
myeloma [2–5]. 

Beyond its successful application in cancer, recent research has 
explored the potential uses of CAR-T cells in treating autoimmune dis-
eases, such as colitis, systemic lupus erythematosus, pemphigus vulga-
ris, and type 1 diabetes [6–11]. Currently, most treatments for 
autoimmune diseases rely on general immune suppression, which can 
increase the risk of infections for patients [12,13]. In contrast, CAR-T 
therapy offers a unique advantage by specifically eliminating patho-
genic autoimmune cells while promoting protective immunity, making 
it an attractive therapeutic option for autoimmune diseases. Auto- 
antigen-based CAR-T cells can directly target and kill auto-reactive B 
lymphocytes through targeted recognition. Notably, CAR-T cell therapy 

surpasses monoclonal antibodies, like rituximab, due to its ability to 
generate migration to lymphatic nodules, fostering the development of 
effective and memory cells with just a single application [14]. Conse-
quently, CAR-T cells hold the potential to outperform monoclonal 
antibody therapy in terms of specific targeting, reduced adverse effects, 
and possible contribution to the permanent restoration of immune bal-
ance [15–18], especially in antibody-mediated autoimmune diseases. 

One such autoimmune disease is Graves’ disease (GD), a prototypical 
antibody-mediated disorder caused by stimulating antibodies that 
recognize the thyroid-stimulating hormone receptor (TSHR), known as 
TRAb. TRAb constitutes characteristic and pathogenic autoantibodies in 
Graves’ disease [25]. In patients with Graves’ disease (GD), a mix of 
monoclonal antibodies targeting various TSHR epitopes and polyclonal 
antibodies results in diverse clinical symptoms. GD often leads to hy-
perthyroidism, marked by increased T3 and T4 levels and notable goiter. 
The activating TRAb-M22 antibodies induce hyperthyroidism, while 
inhibitory ones like TRAb-(K1-70), TRAb-5c9, and TRAb-(K1-18) cause 
hypothyroidism. Despite hyperthyroidism being more common in GD, 
treatments directly addressing its root cause are limited. Hence, the 
specific elimination of TRAb-producing B lymphocytes through CAR-T 
therapy emerges as a potential and innovative therapeutic strategy for 
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GD. Nevertheless, these strategies have faced challenges as the func-
tionality of these cells has been limited by off-target attacks on healthy 
tissues, and specific cytotoxicity towards antibody-producing plasma 
cells remains unclear [19]. To address these obstacles, researchers have 
explored various cell therapy approaches in antibody-mediated auto-
immune diseases using CAR-T cells, CAR-Tregs, and CAAR-T cells 
[11,14,20–23]. 

In this study, our goal was to target TRAb and develop TSHR-CAR-T 
cellsbased on the extracellular domain of TSHR. T cells carrying this 
chimeric receptor should be capable of eliminating TRAb-producing 
cells as long as they continue to secrete TRAb against TSHR, present-
ing a potential therapeutic approach for treating GD (Fig. 1). By eluci-
dating the potential of CAR-T cell therapy in addressing autoimmune 
diseases like GD and its associated hyperthyroidism, we aim to 
contribute to the advancement of targeted and effective treatments for 
these complex conditions. 

2. Materials and methods 

2.1. Preparation of CHO-K1-TSHR recombinant cells 

The extracellular domain of human TSHR (21-413aa) (UniProtKB- 
Q5ZPR3) was codon-optimized using GeneOptimizer from GeneArt and 
synthesized by GenScript USA. The synthesized fragment was then 
subcloned into the pcDNA3.1 vector. The recombinant expression vector 
was transfected into CHO-K1 cells (obtained from ATCC and maintained 
in our cell bank) using the LVTransm kit. Stable CHO-K1-TSHR recom-
binant cells constitutively expressing the TSHR on the cell membrane 
were selected by adding 400 μg/mL G418 to the culture medium for 
pressure culture. 

2.2. Screening hybridomas 

All animal experiments were approved by the Second Affiliated 
Hospital of Fujian Medical University Animal Care Committee. Five- 
week-old female BALB/C mice were obtained from Shanghai SLAC 
Laboratory Animal Co., Ltd. The CHO-K1-TSHR recombinant cells were 
washed with physiological saline (Gbico, CAT# 14190–250) five times. 
Each mouse was injected with 5x106 recombinant cells via the tail vein 
every 14 days. Ten days after the third injection, 100 μL of peripheral 
blood was collected via the tail vein, and the immune titer was detected 
by ELISA (Corning, CAT# 3365). Mice with the highest immune titer 
were selected, and 5x106 recombinant cells were used for hybridoma 
fusion. The splenocytes of the mice were isolated three days after the 
final immunization. The fusion partner for hybridoma generation was 
SP2/0 cells. After three rounds of subcloning, the candidate hybridoma 
clones were successfully obtained. For ELISA assay, TSHR protein pro-
duced in 293F cells was pre-coated on a 96-well plate at 2 μg/mL in CBS 
buffer (pH 9.4). Mouse serum after immunization with TSHR protein 
and the culture medium of SP2/0 cells were used as positive and 
negative controls respectively. 

2.3. Determination of the binding capability of TRAb with CHO-K1-TSHR 

To determine the binding capability of TRAb with CHO-K1-TSHR 
cells, CHO-K1 cells were used as control cells. The TRAb derived from 
three subclone hybridomas were incubated with stable CHO-K1-TSHR 
recombinant cells. Each sample consisted of 0.5 μg of mouse mono-
clonal antibody incubated with 1x106 stable CHO-K1-TSHR recombi-
nant cells, followed by staining with a PE-conjugated secondary 
antibody(Sigma CAT# 301). The binding percentage of TRAb with CHO- 
K1-TSHR recombinant cells was then assessed using a flow cytometer 
(Thermo Attune NXT). This flow cytometry analysis allowed us to 
determine the specific binding affinity of TRAb subclones to CHO-K1- 

Fig. 1. Schematic illustrating the molecular process of TSHR-CAR-T cell creation and its specific recognition and cytotoxicity towards TRAb-producing auto-reactive 
B cells. Schematic diagram of the lentiviral vector is shown below. Signal peptide: CD8a; TSHR ECD: the first extracellular domain sequence of TSHR; CD8 TM: CD8 
transmembrane region; 4-1BB: 4-1BB intracellular signal domain; CD3Z: CD3zeta intracellular signal domain. 
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TSHR cells and ascertain their potential as candidates for further 
investigation and therapeutic applications. 

2.4. cAMP measurement 

cAMP was measured using the cAMP immunoassay kit (Sigma CAT# 
201-1KT). CHO-K1-TSHR cells were cultured for 2 days and then treated 
with TRAb clone 1–3 for 2, 5, 10, 30, 60, and 180 min, respectively. The 
culture medium was removed, and 0.1 M HCl was added. After mixing 
with acetylation reagent, the sample was loaded into a 96-well plate and 
incubated with cAMP antibody for one hour. Then, cAMP-HRP was 
added and incubated for another hour. After washing the plate three 
times with washing buffer, HRP chromogenic agent was added and 
incubated for 1 h. Finally, the reaction was terminated with 1 M HCl, 
and the color development was read at OD 450 nm using a plate reader. 
TRAb-(K1-18) was used as the negative control, which has the ability to 
bind to TSHR but lacks the ability to activate cAMP. 

2.5. Construction of Hybridoma-Luciferase recombinant cells 

Hybridoma clone 1 was chosen for the construction of Hybridoma- 
Luciferase recombinant cells. The coding region sequence information 
of Firefly luciferase was retrieved from the NCBI database. After gene 
synthesis, the synthesized fragment was subcloned into the lentivirus 
overexpression vector Lenti-CMV-puro using the BamHI-EcoRI (NEB, 
CAT# R3136S) restriction site. After verifying the insertion sequence by 
Sanger sequencing, lentivirus vectors were prepared. The sequence and 
fluorescent groups of the primers used are shown in Table 1. Puromycin 
(250 μL of 2X) was added to the culture medium, and the status of hy-
bridoma cells was observed daily. The concentration of puromycin that 
completely killed all target cells on the fifth day was used for screening 
stable cells. Hybridoma cells were cultured in complete medium until 
the logarithmic growth period. After adding lentivirus for 24 h, the 
culture medium was replaced with medium containing puromycin and 
continuously cultured for 5 days until all uninfected target cells were 
killed. The remaining living cells were expanded, and luciferase activity 
was assessed in some of the cells. To investigate the luciferase activity of 
hybridoma-luciferase recombinant cells, ONE-Glo reagent was added 
into the 96-well plate containing the cells. The plate was incubated, and 
the luminescent signal was measured using an enzyme labeling instru-
ment. The ONE-Glo assay allowed us to quantify the luciferase activity, 
providing essential information about the function of the hybridoma- 
luciferase recombinant cells. 

2.6. Design and construction of TSHR-CAR lentivirus expression vector 

The first extracellular domain sequence of the thyroid-stimulating 
hormone receptor (TSHR) (21-413aa) was selected based on the pro-
tein structure and sequence data from Uniprot. This selected sequence 
was then combined with a T cell activation signal domain to construct a 
lentiviral expression vector for the chimeric antigen receptor (CAR). The 
schematic diagram of the lentiviral vector is depicted in Fig. 1. The 
construction of the lentiviral expression vector involved codon optimi-
zation and synthesis of the full sequence at GenScript to ensure optimal 
expression. Subsequently, the synthesized CAR sequence was subcloned 

into the lentiviral vector. As a control, a CAR without the TSHR sequence 
was used. To generate the lentiviral supernatant, 293 T cells were co- 
transfected with the lentiviral CAR vector, along with gag/pol and 
VSVG components, using PEIMax. Following 48 and 72 h of transfection, 
we collected the lentivirus supernatant, passed it through a 0.45 μm 
filter, and concentrated it by subjecting it to ultracentrifugation at 
19,000 RPM for 2 h. To ensure long-term preservation, we divided the 
lentivirus into aliquots and stored them at − 80 ◦C. The lentivirus con-
centration was quantified using a qPCR method, as per the established 
protocol. 

2.7. Preparation of TSHR-CAR-T cells 

Human peripheral blood lymphocytes, adjusted to 1x106 cells/mL, 
were cultured in RPMI 1640 medium with 10% FBS and a mix of cyto-
kines and antibodies, including IL-2 (10 ng/mL), IL-7 (5 ng/mL), IL-15 
(100 ng/mL), Anti-CD3 (OKT3, 100 ng/mL), and Anti-CD28 (250 ng/ 
mL) (Gbico, CAT# 61870044). Cells were then transduced with either 
TSHR-CAR or control CAR lentivirus. PBMCs were sourced from 
informed healthy volunteers. 

The cells were cultured continuously for 48 h to prepare TSHR-CAR- 
T or control T cells. LVtransm transfection reagent (iCarTab, Cat# 
LVTran100) was used for lentivirus transfection.The surface expression 
of chimeric receptor on T cells was determined by flow cytometer after 
incubation with a fluorescence-labled antibody against TSHR. The per-
centage of chimeric receptor positive T cells is approximately 30%. The 
T cells engineered with a CAR lacking the TSHR sequence served as the 
control CAR-T. 

2.8. In vitro co-culture of TSHR-CAR-T cells and Hybridoma-Luciferase 
cells 

TRAb-secreting Hybridoma-Luciferase recombinant cells were 
employed as target cells, while TSHR-CAR-T cells served as effector cells 
and were cultured in serum-free 1640 medium. After gently washing the 
cells with sterile PBS, TSHR-CAR-T cells were added at various effector- 
target (E/T) ratios, ranging from 1:1 to 10:1. Human peripheral blood T 
cells were used as controls. Following a 6-hour co-culture, the super-
natant was collected for INF-γ or IL-2 detection (methods referenced our 
previous article [2]). The plate was subsequently removed from the 
incubator, and the target cells were lysed using a lytic solution. After 
centrifugation at 1200xg at room temperature for 5 min, ONE-Glo 
detection reagent (ONE-Glo™ Luciferase Assay Substrate CAT# 
E606A) was added, and the luciferase value was measured using a 
luminometer. 

2.9. Construction of mice GD model 

The GD model was constructed by injecting B-NDG male mice with 
TRAb-producing (clone 1) Hybridoma-Luciferase recombinant cells, 
which secrete TRAb to stimulate thyroid function. Approximately 2x106 

cells were injected into each mouse via the tail vein. Seven days after the 
hybridoma cell implantation, the thyroid function (FT3, FT4) and TRAb 
were detected by electrochemiluminescence (Roche Diagnostics GmbH 
CAT# 03051986190–11731297122) to confirm the mice GD model. 

2.10. In vivo assessment of TSHR-CAR-T cells on Hybridoma-Luciferase 
cells 

Ten B-NDG male mice, 6 weeks old and weighing between 16 g and 
22 g, were purchased from Beijing Biocytogen Co., Ltd. These mice were 
highly immunodeficient and capable of supporting human immune cell 
transplantation. After the mice were injected with TRAb-producing 
Hybridoma-Luciferase recombinant cells 3 days, they were then injec-
ted with either TSHR-CAR-T cells or control CAR-T cells, respectively. 
The activity, food intake, drinking water, and weight changes of the 

Table 1 
The sequence and fluorescent groups of the primers.  

Primer name Sequence(5′-3) Fluorescence labeling 

WPRE F GGCACTGACAATTCCGTGGT  
WPRE R AGGGACGTAGCAGAAGGACG  
WPRE Probe ACGTCCTTTCCATGGCTGCTCGC 5′-FAM-BHQ1-3′ 
ALB F GCTGTCATCTCTTGTGGGCTGT  
ALB R ACTCATGGGAGCTGCTGGTTC  
ALB Probe CCTGTCATGCCCACACAAATCTCTCC 5′-FAM-BHQ1-3′  
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mice were routinely monitored. Imaging was performed every 5–7 days 
to monitor the growth of hybridoma cells in vivo. Six days after the 
hybridoma recombinant cells implantation, TSHR-CAR T cells were 
delivered at a dose of 1x106 per mouse. 

2.11. Off-Target toxicity assessment 

According to the standard protocol provided by the ELISA kit 
manufacturer, the off-target toxicity assessment involved the following 
procedures: 

In vitro co-culture of TSHR-CAR-T cells with target cells included 
hybridomas secreting TRAb and primary mouse pituitary cells (ATCC, 
CAT# C39769). The cells were washed with sterile PBS, and TSHR-CAR- 
T cells were added at an effect-target ratio of 1:1 for co-culture lasting 6 
h. The supernatant was then collected for cytokine detection using 
enzyme-linked immunosorbent assay (ELISA) (CAT# 6340).In vivo 
assessment of TSHR-CAR-T treatment on the GD model involved the 
detection of luteinizing hormone (LH) and testosterone levels using 
ELISA. The ELISA procedure followed the standard protocols provided 
by Shanghai Boke Biotechnology Co., Ltd., China (CAT# BKE6354). 

All reagents and cell culture materials were sourced from Thermo, 

unless otherwise specified. These standardized procedures were con-
ducted to evaluate the specificity and safety of TSHR-CAR-T cell ther-
apy, both in vitro and in the GD model in vivo, by examining potential 
off-target effects. 

2.12. Statistical analysis 

SPSS 21.0 software was used for statistical analysis. Significance was 
determined by Student t-test or ANOVA. Results were expressed as the 
mean ± S.D. All reported p-values were two-tailed, and a value of p <
0.05 was considered statistically significant. 

3. Results 

3.1. Functional characterization of TRAb subclones in CHO-K1-TSHR 
cells 

As TRAb is comprised of monoclonal antibodies recognizing distinct 
epitopes of TSHR, each subclone may exhibit specific pathophysiolog-
ical functions. In this study, we observed that TRAb from different 
subclones had varying effects on cAMP levels in CHO-K1-TSHR cells. 

Fig. 2. TSHR-CAR-T cells demonstrated specific and potent cytotoxicity in vitro. (A) Representative flow cytometry analysis showing the binding rate of TRAb clone 
1–3 to CHO-K1-TSHR cells.CHO-K1-TSHR recombinant cells were subjected to staining with TRAb from three different subclone hybridomas along with PE- 
conjugated secondary antibody. Flow cytometry analysis demonstrated that TRAb derived from subclone 1, subclone 2, and subclone 3 exhibited a remarkably 
high binding efficiency of 58.1–99.9% to the TSHR expressed on the cell membrane of CHO-K1-TSHR recombinant cells. In contrast, the control cells, CHO-K1 cells, 
showed a much lower binding rate, approximately 0.2%. (B) Specific cytotoxicity was evaluated by luciferase-based killing assay, and IL-2 and IFN-γ production by 
TSHR-CAR-T cells was measured by ELISA from co-culture supernatant at indicated effector to target (E/T) ratio. Statistical significance was determined using two- 
tailed Student’s T test, *P < 0.001. (C) Treatment with TRAb clone 1 resulted in increased cAMP levels in CHO-TSHR cells, while clone 2 and clone 3 showed no 
significant changes. Biologically independent replicates (n = 3, P < 0.01). Data are presented as mean ± SEM. (Some error bars are too small to be visible). 
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Specifically, only TRAb from clone 1 significantly increased cAMP levels 
from 2 to 180 min, While TRAb from clone 2 and clone 3 did not elicit 
any effects on cAMP levels, the control group also showed no alterations 
in cAMP levels (Fig. 2C). These led us to select hybridoma subclone 1 for 
further investigation due to its distinct ability to induce increased cAMP 
levels through TSHR activation, resembling the pathophysiology of GD. 

3.2. The effect of TRAb binding to CHO-K1-TSHR recombinant cells 

CHO-K1-TSHR recombinant cells were subjected to staining with 
TRAb from three different subclone hybridomas along with PE- 
conjugated secondary antibody. Flow cytometry analysis demon-
strated that TRAb derived from subclone 1, subclone 2, and subclone 3 
exhibited a remarkably high binding efficiency of 58.1–99.9% to the 
TSHR expressed on the cell membrane of CHO-K1-TSHR recombinant 
cells. In contrast, the control cells and CHO-K1 cells, were showed a 
much lower binding rate, approximately 0.2% (Fig. 2A). 

3.3. In vitro evaluation of TSHR-CAR-T cell effects on hybridomas 
recombinant cells 

In the in vitro co-culture system, TSHR-CAR-T cells were effectively 

activated by target hybridomas, leading to a substantial secretion of IL-2 
and IFN-γ cytokines. The levels of IL-2 and IFN-γ were significantly 
higher in the TSHR-CAR-T groups compared to the control T groups 
across different effector/target (E/T) ratios (TSHR-CAR-T/hybridoma 
1:1, 2.5:1, 5:1, 10:1) (n = 3, p < 0.001)(Fig. 2B). 

3.4. In vivo evaluation of TSHR-CAR-T cell effects on hybridomas 
recombinant cells 

B-NDG mice were initially injected with hybridomas, followed by 
infusion of either TSHR-CAR-T cells or control T cells at day 6. In vivo 
imaging was performed regularly to monitor hybridoma growth and 
mice survival. The results revealed that in the control T cell group, hy-
bridoma cells proliferated rapidly, leading to the untimely death of the 
mice. However, the infusion of TSHR-CAR-T cells effectively inhibited 
hybridoma proliferation and significantly prolonged the life cycle of the 
mice. Furthermore, mice in the TSHR-CAR-T group exhibited no sig-
nificant weight loss, maintaining a stable body weight throughout the 
study period (20 ± 1.2 g vs. 13 ± 1.5 g on day 25th) (Fig. 3ABC). 

Fig. 3. TSHR-CAR-T cells specifically targeted and exhibited cytotoxicity to TRAb-producing B lymphocytes in vivo. B-NDG mice were injected with 
flyluciferaseTRAb-producing hybridomas, followed by either TSHR-CAR-T cell or control T cell injection at day 6, and in vivo imaging was conducted every5-7 days. 
(A) Serial quantification of hybridoma burden through bioluminescence imaging. (B) Bioluminescence imaging quantification of TSHR-CAR-T and control T cell 
groups at different time points, showing rapid hybridoma proliferation in the control T cell group. Symbols represent individual mice. (C) Significant decrease in body 
weight and survival rate in the control T cell group. Biologically independent mice (n = 5, P < 0.01) in two separate cohorts. Data are shown as mean ± SEM. 
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3.5. Therapeutic effect of TSHR-CAR-T cells in a Graves’ disease model 

After twenty days of intravenous injection of TSHR-CAR-T cells, the 
TSHR-CAR-T group showed a remarkable reversal of hyperthyroidism, 
as evidenced by the return of FT3, FT4, and TRAb levels to normal values 
(FT3: 23.2 ± 1.4 pmol/L vs. 3.4 ± 0.4 pmol/L, FT4: 65.4 ± 3.2 pmol/L 
vs. 38.1 ± 3.4 pmol/L, TRAb: 170 ± 16.2 mIU/ml vs. 1.71 ± 0.58 mIU/ 
ml, n = 5, P < 0.001). Additionally, a significant reduction in thyroid 
gland volume was observed in the TSHR-CAR-T group. In contrast, the 
control group exhibited persistent elevation of FT3, FT4, and TRAb 
levels, along with the characteristic development of goiter (Fig. 4AB). 

3.6. Off-target toxicity of TSHR-CAR-T cells in vitro and in vivo 

To assess the safety of TSHR-CAR-T cells, we examined potential off- 
target effects on pituitary-expressed hormones, including thyroid stim-
ulating hormone (TSH), follicle-stimulating hormone (FSH), and lutei-
nizing hormone (LH), which are expressed in pituitary cells, can 
physiologically bind to TSHR. We conducted experiments using primary 
pituitary cells and TRAb-secreting hybridoma recombinant cells. TSHR- 
CAR-T cells exhibited specific cytolysis and secretion of IL2 and IFN-γ in 
response to TRAb-secreting hybridoma recombinant cells, indicating 
their specific targeting ability. Importantly, TSHR-CAR-T cells did not 
exhibit any response to pituitary cells, demonstrating the absence of off- 

target effects on these non-pathogenic cells. The levels of IFN-γ in the 
TRAb-secreting hybridoma recombinant cell group were significantly 
higher than in the pituitary cell group (81 ± 5.4 mg/ml vs 2.5 ± 0.21 
mg/ml, 1008 ± 25.2 mg/ml vs 18.21 ± 1.24 mg/ml, n = 3, P < 0.001) 
(Fig. 4D).Furthermore, to assess the potential hormonal disruptions, we 
measured Luteinizing Hormone (LH) and Testosterone levels in the GD 
model treated with TSHR-CAR-T or control T cells in vivo. The results 
showed that LH and Testosterone levels were not noticeably altered in 
the TSHR-CAR-T group compared to the control T group (Fig. 4C). This 
finding indicates that TSHR-CAR-T cell administration did not cause any 
significant hormonal imbalances. 

4. Discussion 

Graves’ disease (GD) is primarily caused by pathogenic auto- 
antibodies known as thyroid-stimulating immunoglobulins (TRAb), 
which are produced by auto-reactive B lymphocytes [24–26]. These 
TRAb antibodies stimulate the thyroid-stimulating hormone receptor 
(TSHR), resulting in the hyperthyroid symptoms observed in GD. TSHR 
is a G-protein-coupled receptor with four extracellular domains, and it 
has been demonstrated to specifically bind pathogenic auto-antibodies 
to the N-terminus of the first extracellular domain (21-413aa) [27–30]. 

In this study, we aimed to explore a novel approach for treating GD 
by utilizing chimeric antigen receptor T (CAR-T) cells specifically 

Fig. 4. TSHR-CAR-T therapy group restored thyroid function and did not exhibit valuable off-target toxicity in vivo. (A) After twenty days, FT3, FT4, and TRAb levels 
returned to normal in the TSHR-CAR-T group. (B) Significant improvement in thyroid goiter observed in the TSHR-CAR-T group (The arrow indicates thyroid tissue, 
and the dashed line represents the size of the thyroid). It can be observed that the thyroid size in the TSHR-CAR-T group is normal, while the control group shows 
significant enlargement of the thyroid. (C) ELISA analysis of LH and Testosterone in vivo. LH and Testosterone levels were not noticeably altered in the TSHR-CAR-T 
group compared to the control T group. (D) Pituitary cells or TRAb-producing hybridomas were incubated with TSHR-CAR-T cells for 6 h. Levels of IL-2 and IFN-γ in 
the TRAb-producing hybridomas group were significantly higher compared to the pituitary cells group. The results suggest TSHR-CAR-T cells do not exhibit specific 
cytolysis towards pituitary target cells. Biologically independent replicates (n = 3, P < 0.01). Data are shown as mean ± SEM. 
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designed to target TRAb-producing cells. Unlike conventional CAR-T 
cell therapy that employs single-chain variable regions (ScFv) as the 
antigen recognition domain, we designed the CAR-T cell to target the 
antigen fragment of pathogenic TRAb, specifically the first extracellular 
domain (21-413aa) of TSHR, fused with the CD8 transmembrane region, 
4-1BB, and CD3zeta intracellular signal domain (Fig. 1). 

To validate the specific recognition and binding capability of TSHR- 
CAR to TRAb, we employed CHO-K1-TSHR recombinant cells, which 
express the extracellular domain of TSHR on their cell membrane, and 
co-cultured them with TRAb derived from recombinant hybridomas. 
Through meticulous flow cytometry analysis, we successfully confirmed 
that TSHR on CHO-K1-TSHR recombinant cells exhibits a remarkably 
high affinity for specific binding to TRAb, particularly TRAb clone 1–3 
(with binding rates ranging from 58.1% to 99.9%), in stark contrast to 
the control group (with a binding rate of 0.2%) (Fig. 2A). 

Building upon the initial validation of recombinant TSHR’s binding 
capability with diverse TRAb subclones, our study delved deeper into 
investigating the pathological and physiological functions of these TRAb 
subclones on CHO-K1-TSHR cells. As expected, we found that activating 
TRAb engagement with TSHR triggered intracellular signaling and 
resulted in elevated cAMP levels [31–33], whereas inhibitory antibodies 
did not elicit such responses. Furthermore, our research highlighted that 
one specific TRAb subclone (clone 1) demonstrated activating proper-
ties, effectively inducing intracellular cAMP elevation. These valuable 
insights shed light on the intricate pathogenesis of Graves’ disease and 
offer promising prospects for targeted therapies in the future(Fig. 2C). 

In the next step, we evaluated the killing ability of TSHR-CAR-T cells 
against TRAb-secreting cells at different effector/target ratios in an in 
vitro co-culture system. TSHR-CAR-T cells demonstrated specific cytol-
ysis on target cells and exhibited a dose-dependent promotion of cyto-
kine secretion, including elevated levels of IL-2 and IFN-γ, consistent 
with findings in other antibody-mediated autoimmune diseases [9]. 
Notably, TSHR-CAR-T cells exhibited robust cytotoxicity against clone 1 
hybridomas, as evidenced by significant secretion of IL-2 and IFN-γ 
cytokines, while minimal cytokine secretion was observed in the control 
T cell group (Fig. 2B) [3,4]. These results emphasize the potent cytotoxic 
effect of TSHR-CAR-T cells against clone 1 hybridomas and further 
corroborate the specificity and functionality of TSHR-CAR-T cells in 
targeting TSHR-expressing hybridomas.In this study, the focus was 
solely on hybridoma clone 1 due to its ability to produceTRAb with the 
function of activating cAMP, leading to the development of hyperthy-
roidism similar to Graves’ disease [34,35]. Therefore, other hybridoma 
clones, namely clone 2 and clone 3, were not investigated.However, it’s 
better to set up the animal model using polyclonal hybridoma cells. 

Moving to in vivo experiments, we utilized a severe immunodeficient 
B-NDG mouse model due to the inability of human CAR-T cells to survive 
in immunocompetent mice. This mouse strain allowed us to establish a 
model of Graves’ disease (GD) by inducing the growth of clone 1 hy-
bridoma cells. Simultaneously, we could engraft human CAR-T cells into 
the mice to evaluate the therapeutic efficacy of this approach. Using 
bioluminescence imaging, we quantified the hybridoma burden in vivo 
and observed that the aggressive proliferation of hybridomas led to 
weight loss and mortality in the mice. However, treatment with TSHR- 
CAR-T cells demonstrated specific cytolysis of hybridomas, resulting in 
reduced weight loss, prolonged survival, and decreased TRAb levels in 
the GD model mice [36–39]. Remarkably, mice treated with TSHR-CAR- 
T cells maintained stable body weight throughout the study period, 
highlighting the potential of TSHR-CAR-T cells as a promising treatment 
strategy for Graves’ disease (Fig. 3ABC) [1,2]. We utilized a murine 
model and quantified hybridoma burden through bioluminescence im-
aging. Given the aggressive proliferation of hybridomas, they often 
cause weight loss and mortality in mice. As anticipated, TSHR-CAR-T 
cells exhibited specific cytolysis and effectively depleted hybridomas, 
leading to reduced weight loss, prolonged survival, and decreased TRAb 
levels in the GD model mice. Furthermore, mice in the TSHR-CAR-T 
group maintained stable body weight throughout the study period, 

further supporting the potential of TSHR-CAR-T cells as a treatment 
strategy for Graves’ disease (Fig. 3ABC) [1,2]. 

These findings not only enhance our understanding of TRAb-related 
pathogenesis but also open up new avenues for further research and 
therapeutic applications in the treatment of Graves’ disease. However, it 
is noteworthy to consider that antibodies present in the serum might 
bind to TSHR, potentially blocking the CAR receptor on T cells and 
compromising its functionality. This aspect warrants further investiga-
tion to optimize the clinical application of TSHR-CAR-T cells in patients 
with Graves’ disease and other autoimmune disorders. Nonetheless, the 
promising in vivo and in vitro results suggest that TSHR-CAR-T cell 
therapy holds great promise in the field of precision medicine for 
autoimmune diseases, offering hope for improved management and 
potential cures in the future [1,2]. 

Furthermore, our study confirmed that treatment with TRAb clone 1 
led to increased cAMP levels in thyroid cells, while clone 2 and clone 3 
did not show significant changes (Fig. 2C) [5,6]. Based on these findings, 
we established the GD model using TRAb clone 1-producing hybrid-
omas, which exhibited characteristic features of GD, including elevated 
FT3, FT4, and TRAb levels, goiter, and body weight loss [7,8]. Twenty 
days after intravenous administration of TSHR-CAR-T cells, we observed 
a successful reversal of hyperthyroidism, with FT3, FT4, and TRAb levels 
returning to normal values, and a significant improvement in thyroid 
goiter (Fig. 4AB) [9,10]. In contrast, the control T group showed 
persistent elevation of FT3, FT4, and TRAb levels, along with charac-
teristic goiter development. These results demonstrate the successful 
therapeutic effect of TSHR-CAR-T cells in ameliorating hyperthyroidism 
and reversing GD-related abnormalities in the murine model [11,12]. 

To ensure the safety of TSHR-CAR-T cells, we evaluated potential off- 
target effects. Thyroid stimulating hormone (TSH), follicle-stimulating 
hormone (FSH), and luteinizing hormone (LH), which are expressed in 
pituitary cells, can physiologically bind to TSHR [40–42]. As expected, 
TSHR-CAR-T cells exhibited specific cytolysis and secretion of IL-2 and 
IFN-γ in response to TRAb-producing hybridomas, while showing no 
response to pituitary cells, indicating the absence of off-target effects on 
these non-pathogenic cells (Fig. 4D). We further examined hormone 
levels in the GD model treated with TSHR-CAR-T or control T cells in 
vivo. LH and Testosterone levels were not noticeably altered in the 
TSHR-CAR-T group compared to the control T group (Fig. 4C), demon-
strating that TSHR-CAR-T cell administration did not cause any signif-
icant hormonal imbalances. 

Considering the physiological relation between TSHR and TSH, as 
well as the structural similarities and affinity of LH and TSH to TSHR, 
there was a possibility of off-target effects impacting LH secretion and 
testosterone production. However, the absence of alterations in LH and 
Testosterone levels in the TSHR-CAR-T group supports the specificity 
and safety of the therapy, indicating that TSHR-CAR-T cells selectively 
target GD-associated TRAb-secreting cells without causing detrimental 
effects on normal pituitary function. These results underscore the 
promising potential of TSHR-CAR-T cell therapy as a targeted and safe 
approach for the treatment of Graves’ disease. Based on our findings, we 
have reached the conclusion that TSHR-CAR-T cells demonstrate high 
specificity and low off-target toxicity, as demonstrated through their 
performance on hybridomas and primary pituitary cells. While the 
TRAb-secreting hybridoma cells can partially represent the 
autoantibody-secreting B lymphocytes, further investigations are war-
ranted to explore their impact on recognizing TSHR-specific memory B 
cells and long-lived plasma cells, which play a crucial role in GD relapse. 
Additionally, more research is needed to evaluate potential off-target 
effects beyond pituitary cells. 

In conclusion, our study provides compelling evidence for the po-
tential of TSHR-CAR-T cells as a targeted treatment for GD. Through 
specific targeting and elimination of TRAb-producing hybridomas and 
reducing TRAb levels, TSHR-CAR-T cells demonstrated high specificity 
and low off-target toxicity, which are important characteristics for a 
successful immunotherapy (Fig. 1). The observed potent therapeutic 
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efficacy of TSHR-CAR-T cells in suppressing hybridoma growth, 
improving overall survival, and ameliorating hyperthyroidism further 
supports their potential as a promising immunotherapy for Graves’ 
disease. The low off-target toxicity demonstrated by TSHR-CAR-T cells 
might be related to the subtle structural differences between the TSHR 
extracellular domain used in constructing the TSHR-CAR-T and the 
natural TSHR. This distinction thereby enhances the safety of this 
therapeutic approach. 

This study lays a solid foundation for the development of TSHR-CAR- 
T cell therapy and its potential clinical applications for Graves’ disease 
and related conditions. The encouraging results warrant further research 
and larger preclinical studies to validate these findings and pave the way 
for potential clinical translation. By addressing the unmet needs in the 
treatment of GD, TSHR-CAR-T cell therapy holds great promise as an 
innovative and effective therapeutic strategy for GD and potentially 
other autoimmune diseases. 
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