
Frontiers in Immunology

OPEN ACCESS

EDITED BY

Patrizia Leone,
University of Bari Aldo Moro, Italy

REVIEWED BY

Cheuk Wun Li,
Albert Einstein College of Medicine,
United States
Silvia Ippolito,
Ospedale di Circolo e Fondazione Macchi
Varese, Italy

*CORRESPONDENCE

Xiao-Tong Yu

tong50901@126.com

†These authors have contributed equally to
this work

RECEIVED 10 March 2025
ACCEPTED 08 August 2025

PUBLISHED 20 August 2025

CITATION

Liu K, Zhang P, Jin Z-S, Meng X-K, Luo J-L,
Han L and Yu X-T (2025) Constructing the
optimal experimental autoimmune thyroiditis
mouse model using porcine thyroglobulin.
Front. Immunol. 16:1591196.
doi: 10.3389/fimmu.2025.1591196

COPYRIGHT

© 2025 Liu, Zhang, Jin, Meng, Luo, Han and
Yu. This is an open-access article distributed
under the terms of the Creative Commons
Attribution License (CC BY). The use,
distribution or reproduction in other forums
is permitted, provided the original author(s)
and the copyright owner(s) are credited and
that the original publication in this journal is
cited, in accordance with accepted academic
practice. No use, distribution or reproduction
is permitted which does not comply with
these terms.

TYPE Original Research

PUBLISHED 20 August 2025

DOI 10.3389/fimmu.2025.1591196
Constructing the optimal
experimental autoimmune
thyroiditis mouse model
using porcine thyroglobulin
Ke Liu1†, Pei Zhang2†, Zi-Shan Jin3†, Xiang-Kun Meng4,
Jin-Li Luo3,5,6, Lin Han1 and Xiao-Tong Yu1*

1Guang’anmen Hospital, China Academy of Chinese Medical Sciences, Beijing, China, 2South District
of Guang’anmen Hospital, China Academy of Chinese Medical Sciences, Beijing, China, 3Beijing
University of Chinese Medicine, Beijing, China, 4Changchun University of Traditional Chinese
Medicine, Changchun, Jilin, China, 5China Traditional Chinese Medicine Holdings Co Limited, Foshan,
Guangdong, China, 6Guangdong e-fong Pharmaceutical CO., LTD., Foshan, Guangdong, China
Introduction: Autoimmune thyroiditis (AIT) is a chronic autoimmune disease

characterized by lymphocytic infiltration of the thyroid gland and elevated

specific antibodies. Its incidence rises annually, yet no standardized animal

model fully mimics human AIT. Given unclear pathogenesis and lack of

targeted immunotherapies, researchers invest significant time in developing

suitable models. This study systematically compares pathological and

immunological effects of different immunization conditions (antigen dose,

frequency, administration methods) in NOD/LtJ mice to establish an optimal

model for elucidating AIT pathogenesis and therapies.

Methods: Eighty female NOD/LtJ mice were divided into subcutaneous (SC) and

tail vein intravenous (IV) injection groups. SC groups received porcine

thyroglobulin (pTg) emulsified in CFA (primary) and IFA (booster), with doses of

50/100/200 mg and frequencies of 2 or 3 immunizations. IV groups received pTg

in PBS followed by LPS (3 immunizations: weeks 1, 3, 4). All model groups drank

0.05% NaI water. Thyroid histopathology (HE staining, infiltration scoring), serum

TPO-Ab/TG-Ab (ELISA), cytokines (multiplex assay), Th17/Treg cells (multiplex

immunofluo re scence ) , a nd th y ro i d I L - 1 7A /NLRP3 /Ca spa se - 1

(immunohistochemistry) were analyzed 2 weeks post-last immunization.

Results: High-dose antigen (200 mg pTg) with high-frequency immunization

(three times) via SC or IV routes induced severe thyroid lymphocyte infiltration

(scores: SC 3.4±0.55, IV 3.2±0.45; p<0.01 vs. controls), follicular destruction, and

elevated serum antibodies (TPO-Ab: IV 438.8±13.15 > SC 406.2±7.46; TG-Ab: IV

158.4±5.32 > SC 141.9±2.36). This protocol activated Th1/Th17 cytokines (IL-17A,

IL-6, TNF-a), increased Treg cells (p<0.001), and specifically enhanced NLRP3

(p<0.001) and Caspase-1 in thyroid tissue, with IV injection showing superior

antibody production and inflammasome activation.

Discussion: The combination of high-dose pTg (200 mg) and three

immunizations maximally induced AIT pathology and immune responses in

NOD/LtJ mice. Tail vein injection excelled in stimulating antibody production

and NLRP3 activation, while subcutaneous injection promoted stronger

histological inflammation. After balancing operational feasibility, pathological
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reproducibility, and immunological specificity, three subcutaneous and

intravenous tail injection of 200 mg pTg are recommended as the optimal

modeling protocol. This approach accelerates model selection, improves

experimental efficiency, and reduces animal use, providing a robust foundation

for AIT research.
KEYWORDS

autoimmune thyroiditis, experimental autoimmune thyroiditis, NOD/LtJ mice, animal
model construction, molecular mechanism
1 Introduction

Autoimmune thyroiditis (AIT), primarily encompassing

Hashimoto’s thyroiditis (HT), is an organ-specific autoimmune

thyroid disease characterized by thyroidal lymphocyte infiltration

and elevated thyroid peroxidase antibody (TPO-Ab) or

thyroglobulin antibody (TG-Ab) levels (1). Its pathogenesis

involves complex interactions between genetic susceptibility,

environmental and epigenetic factors that dysregulate

immunoinflammatory responses (2–4). Epidemiological

investigations indicate a global annual increase in AIT incidence,

with females exhibiting fourfold higher disease susceptibility than

males (5). A Chinese cross-sectional study revealed an AIT

prevalence rate of 14.19%, significantly surpassing that of Graves’

disease and establishing AIT as the most prevalent autoimmune

thyroid disease (6). Clinically, AIT progression leads to thyroid

follicular cell destruction, hypothyroidism, and frequent

comorbidity with other autoimmune conditions, necessitating

deeper mechanistic exploration (7, 8). Current therapeutic

strategies predominantly rely on levothyroxine replacement

therapy, while the lack of etiological treatments targeting

immunoinflammatory pathways underscores the urgency for

preclinical pharmacological validation of candidate drugs (9).

This context establishes the development of reliable AIT animal

models as a pressing research priority (10).

The animal models of AIT currently primarily include

experimental autoimmune thyroiditis (EAT) (11) and

spontaneous autoimmune thyroiditis (SAT) (12). EAT is typically

established by immunizing susceptible mice with thyroglobulin

(Tg) combined with lipopolysaccharide (LPS) or complete

Freund’s adjuvant (CFA), while SAT is commonly observed in

NOD.H-2h4 mice (13). This mouse strain is derived from a cross

between non-obese diabetic (NOD) mice and B10.A(4R) mice,

expressing the H-2Kk and I-Ak genes on an NOD genetic

background. These mice do not develop diabetes but

spontaneously develop autoimmune thyroiditis (14). NOD.H-2h4

mice are sourced exclusively from the Jackson Laboratory in the

United States, and due to the uniqueness of this strain, they are

expensive and have a long shipping time. In contrast, NOD/LtJ

mice, which share a similar genetic background and are more
02
readily accessible, serve as an ideal alternative to NOD.H-2h4

mice and have been utilized in multiple laboratories for research

on autoimmune-related diseases (15–17). NOD/LtJ mice were

initially bred for studies on autoimmune type 1 diabetes (18, 19)

and exhibit high susceptibility to multi-organ autoimmune

responses due to their unique genetic background, including the

major histocompatibility complex (MHC) haplotype H2-Ag7 (20).

This susceptibility manifests as autoimmune damage in organs such

as the thyroid, salivary glands, and ovaries (21–23). The thyroiditis

phenotype in these mice can be induced by immunization with

thyroid antigens, characterized by lymphocyte infiltration in the

thyroid, destruction of follicular structures, and elevated serum

levels of thyroid-related antibodies. The disease progression is

chronic and closely resembles human Hashimoto’s thyroiditis.

Further details about the phenotypic differences between NOD/

LtJ and NOD.H-2h4 mice are summarized in Table 1.

However, there are still several challenges in constructing

animal models of AIT. For instance, there is variability in the

dosage of thyroid antigens and immunization schedules across

different laboratories (24, 25), and a standardized protocol has yet

to be established. This lack of uniformity may lead to heterogeneity
TABLE 1 Differences between NOD/LtJ and NOD.H-2h4 mice.

Characteristic
NOD/

LtJ mice
NOD.H-2h4 mice

Genetic background
Classical NOD
strain (H-2g7)

NOD background + H-
2h4 haplotype

Onset
characteristics

experimental
autoimmune

thyroiditis (EAT)

spontaneous autoimmune
thyroiditis (SAT)

Induction methods
Pig/human/
mouse Tg+

Immune adjuvant
Feeding with high iodine water

Modeling time 6–8 weeks 8 weeks

Pathological
manifestations

Thyroid follicular
destruction and
lymphocyte
infiltration

Thyroid follicular destruction,
extensive lymphocyte infiltration,
germinal center formation, and

interstitial fibrosis

Accessibility Widely available Jackson Laboratory
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in disease models, making cross-study comparisons and result

replication difficult. Researchers still need to invest significant

time in exploring suitable modeling conditions. Secondly, the

assessment of pathological processes, particularly in iodine-

induced models, remains insufficient. There is a lack of long-term

tracking studies on thyroid pathological changes following iodine

induction, which hinders accurate prediction of disease progression.

This is particularly important for studying long-term outcomes and

evaluating therapeutic efficacy. Thirdly, the specificity of immune

responses is another issue. In some models, the immune response

may lack specificity, resulting in either insufficient or excessive

reactions to thyroid antigens. This may not fully replicate the

immunopathological features observed in humans.

To address these challenges, in this study, we designed

experiments with varying injection methods, doses of thyroid

antigens, adjuvants, and immunization schedules. Our aim is to

comprehensively explore the impact of different immunization

protocols on the construction of EAT mouse models. We will

map the thyroid pathological landscape and changes in immune-

inflammatory factors following multiple immunizations, revealing

the dynamic regulatory mechanisms of disease progression under

different immunization protocols. This will help researchers select

the optimal modeling protocol in a shorter time, significantly

improving experimental efficiency and reducing research costs.

Furthermore, this study will lay the foundation for developing

targeted immunotherapies, holding significant scientific and

clinical value.
2 Materials and methods

2.1 Experimental animal

80 specific pathogen-free (SPF) female NOD/LtJ mice (6–8

weeks old; 20–25 g) were obtained from Beijing HFK Bioscience

Co., Ltd. (Beijing, China) (License number: SCXK (Beijing) 2020-

0004). The mice were housed in the Experimental Animal Center of

Guang’anmen Hospital, China Academy of Chinese Medical
Frontiers in Immunology 03
Sciences, under standard conditions. They were provided with

free access to food and water and maintained on a 12-hour light/

dark cycle, with room temperature controlled at 20–22°C and

relative humidity at 50%–60%. All procedures were conducted in

accordance with the NIH Guide for the Care and Use of Laboratory

Animals (2011) and the China Animal Management Regulations

(Chinese Ministry of Health Document No. 55, 2001). The

experimental protocol was approved by the Institutional Animal

Care and Use Committee (IACUC) of Guang’anmen Hospital,

China Academy of Chinese Medical Sciences (Ethical number:

IACUC-GAMH-2022-031-01).
2.2 Animal grouping and immunization
protocols

A total of 80 female mice were randomly divided into two

experimental modeling protocols: subcutaneous injection (n=48)

and tail vein injection (n=32). Among these, the subcutaneous

injection groups were randomly assigned to either control (C-2, C-

3) or model groups (M-2X50, M-2X100, M-2X200, M-3X50, M-

3X100, M-3X200), with 6 mice in each group. After 7 days of

acclimatization, the model group was given sterile drinking water

containing 0.05% NaI until the end of the experiment. The initial

immunization was performed by administering multiple

subcutaneous injections of porcine thyroglobulin (pTg, T1126,

Sigma-Aldrich, USA) emulsified in CFA (F5881, Sigma-Aldrich,

USA) into the dorsal cervical region of each mouse. Two weeks

later, a booster immunization was administered using pTg

emulsified in incomplete Freund’s adjuvant (IFA, F5506, Sigma-

Aldrich, USA). Subsequently, a subset of mice received a third

immunization at two-week intervals. The tail vein injection groups

were randomly allocated to the control group (C-IV) and model

groups (M-IV-50, M-IV-100, M-IV-200). After 7 days of

acclimatization, the model groups were provided with sterile

drinking water containing 0.05% NaI until the end of the

experiment. Concurrently, each mouse in the model groups

received an intravenous injection of pTg dissolved in phosphate-
FIGURE 1

Comprehensive study flowchart.
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buffered saline (PBS, P1020, Solarbio, China), followed by an

intravenous injection of LPS (L2630, Sigma-Aldrich, USA)

dissolved in PBS 3 hours later. Using the same protocol, booster

immunizations were administered at 2 weeks and 3 weeks after the

initial immunization. Tissue samples were collected 2 weeks after

the final injection. The experimental flowchart is shown in Figure 1,

and the detailed experimental grouping and immunization

protocols are shown in Supplementary Table S1.
2.3 Histopathological examination and
evaluation of AIT mouse model

Hematoxylin-Eosin (HE) staining was performed to assess

pathological changes in the thyroid tissues of mice. Fresh thyroid

tissues were fixed in 4% paraformaldehyde for over 24 hours,

followed by dehydration, paraffin embedding, and sectioning at 5

mm thickness. The degree of inflammatory infiltration in the thyroid

tissues was observed under an optical microscope (Nikon, Japan).

The mouse model was considered successfully established when the

ratio of the area of lymphocyte infiltration to the total thyroid area

exceeded 2%. The degree of lymphocytic infiltration in the thyroid

was assessed and scored based on previously published studies (26):

0, no infiltration; 1, less than 10% lymphocytic infiltration of the

thyroid; 2, 10-30% lymphocytic infiltration; 3, 30-50% lymphocytic

infiltration; 4, greater than 50% lymphocytic infiltration. The final

score was determined based on at least three non-consecutive

thyroid sections.
2.4 Measurement of serum TPO-Ab and
TG-Ab levels

The levels of TPO-Ab and TG-Ab in mouse serum were

measured using enzyme-linked immunosorbent assay (ELISA). In

line with previously published studies of similar design (27, 28),

serum samples from six mice per group were detected. The serum

was diluted fivefold, and the experimental procedures were

conducted in accordance with the instructions provided by the

ELISA kit (MEIMIAN, China).
2.5 Measurement of immune-inflammatory
factors in mice

Serum levels of 12 mouse cytokines (IL-5, IL-22, IL-9, IL-10, IL-

23p19, IL-13, IL-17A, IL-2, IL-6, IFN-g, IL-4, TNF-a) were

quantified using the RayPlex Mouse T Helper Cell Cytokine

Array 1 Kit (FAM-TH-1, RayBiotech, USA) following the

manufacturer’s protocol. Briefly, serum samples were diluted 4-

fold with PBS and incubated with fluorescence-encoded beads

coated with target-specific capture antibodies. After washing,

biotinylated detection antibodies and PE-conjugated streptavidin

were added to form a detection complex. Unbound reagents were
Frontiers in Immunology 04
removed via vacuum filtration using a 96-well filter plate. Beads

were analyzed on a flow cytometer (equipped with blue and red

lasers for APC and PE channels) to identify cytokine-specific bead

populations and quantify PE median fluorescence intensity (MFI).

Standard curves were generated using serial dilutions of lyophilized

protein standards, and final cytokine concentrations were calculated

via five-parameter logistic curve fitting. The raw absolute

concentrations of cytokines were log-transformed and

subsequently subjected to Z-score normalization in a row-wise

manner. The processed data were then visualized using a

clustered heatmap to elucidate the relationships within the

dataset. The bioinformatics analysis was performed using the

OECloud tools available at [https://cloud.oebiotech.com]

(https://cloud.oebiotech.com).
2.6 Multiplex immunofluorescence staining
of thyroid tissues

Thyroid paraffin sections were dewaxed, rehydrated through

graded ethanol series, and antigen-retrieved, followed by sequential

Tyramide Signal Amplification (TSA) staining using primary

antibodies against FOXP3 (1:5,000, Servicebio, GB115746), CD4

(1:5,000, Abcam, Ab183685), and RORgt (1:1,000, Abmart,

TD3196S) incubated overnight at 4°C, corresponding HRP-

conjugated secondary antibodies (Servicebio, GB23303) applied

for 50 min at room temperature (RT), and TSA fluorophores

incubated for 10 min at RT in the dark, with nuclei

counterstained by DAPI (Servicebio, G1012); stained sections

were imaged on a Nikon Eclipse C1 fluorescence microscope,

where Th17 cells were quantified as CD4+/RORgt+ dual-positive

cells (RORgt being the Th17-specific transcription factor) and Treg

cells as CD4+/FOXP3+ dual-positive cells (FOXP3 being the Treg-

specific transcription factor).
2.7 Immunohistochemistry of thyroid tissue

Formalin-fixed paraffin-embedded thyroid tissue sections (4 mm)

were dewaxed in an eco-friendly dewaxing solution, rehydrated

through graded ethanol, and subjected to antigen retrieval in citrate

buffer. Endogenous peroxidase was blocked with 3% H2O2 (25 min,

RT), followed by nonspecific site blocking with 3% BSA (30 min, RT).

Sections were incubated overnight at 4°C with primary antibodies

against IL-17A (1:300, Abcam ab79056), NLRP3 (1:300, Servicebio

GB114320), and Caspase-1 (1:3,000, Servicebio GB15383), then probed

with HRP-conjugated goat anti-rabbit IgG secondary antibody

(Servicebio GB23303) for 50 min at RT. DAB chromogenic substrate

(Servicebio G1212) was applied for signal development under

microscopic monitoring, with nuclei counterstained by hematoxylin

(Servicebio G1004). Sections were dehydrated in ethanol/n-butanol/

xylene series and mounted with resin (Servicebio G1404). All images

were acquired using a Nikon E100 bright-field microscope and

quantitative analysis was performed using ImageJ software.
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FIGURE 2

Histopathological changes in thyroid tissues of NOD/LtJ mice under different immune conditions. (A) HE staining shows thyroid inflammatory
infiltration in mice after two subcutaneous injections. The normal control group (C-2) exhibits intact thyroid follicular structures with no significant
lymphocyte infiltration. In the model groups (M-2X50, M-2X100, M-2X200), thyroid follicles are deformed or atrophied, with extensive lymphocyte
infiltration around the follicles. Scale bar: 100 mm. (B) HE staining shows thyroid inflammatory infiltration in mice after three subcutaneous injections.
The normal control group (C-3) displays intact and uniformly sized thyroid follicles with no significant lymphocyte infiltration. In the model groups
(M-3X50, M-3X100, M-3X200), thyroid follicles are deformed or necrotic, surrounded by extensive lymphocyte infiltration. Scale bar: 100 mm. (C) HE
staining shows thyroid inflammatory infiltration in mice after tail vein injection. The normal group (C-IV) exhibits intact and well-arranged thyroid
follicles with no lymphocyte infiltration. In the model groups (M-IV-50, M-IV-100, M-IV-200), follicular structures are disrupted or atrophied, with
necrotic thyroid epithelial cells and significant lymphocyte infiltration. Scale bar: 100 mm. (D) Statistical analysis of lymphocyte infiltration area scores
for each group (n=5). Data are expressed as mean ± SD. ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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2.8 Statistical analysis

All data are presented as mean ± standard deviation (SD).

Statistical analyses were performed using SPSS 25.0 (IBM, Armonk,

NY, USA). Differences between groups were compared using one-

way analysis of variance (ANOVA) followed by Tukey’s post hoc

test at a 95% confidence level (P < 0.05). Graphical representations

of the statistical results were generated using GraphPad Prism 9.
3 Results

3.1 Pathological inflammation and
infiltration of mouse thyroid gland

Histopathological changes in the thyroid tissues of each group

were evaluated using HE staining (Figure 2). In the control groups

(C-2, C-3, C-IV), the thyroid follicles exhibited intact structures

with uniform sizes, and no lymphocyte infiltration was observed

(scores 0–1). In contrast, the model groups (M-2X50, M-2X100, M-

2X200, M-3X50, M-3X100, M-3X200, M-IV-50, M-IV-100, M-IV-

200) showed disrupted thyroid follicular structures and necrosis of

thyroid epithelial cells. In severe cases, thyroid follicles were

atrophied or completely absent (e.g., M-2X200, M-3X100, M-

3X200). Except for the M-IV-50 group, lymphocyte infiltration

was observed around the follicles in all other model groups, with

infiltration areas ranging from 10% to over 50%, indicating that

these model groups met the criteria for AIT disease models. The

infiltration area scores increased with higher antigen doses, with the

M-3X200 and M-IV-200 groups exhibiting the most severe

lymphocyte infiltration (scores 3.4 ± 0.55 and 3.2 ± 0.45,

respectively). These scores were significantly higher than those of

the control groups (p < 0.01), suggesting that different antigen doses

can influence the severity of inflammation, with a dose-

dependent trend.

Furthermore, the degree of lymphocyte infiltration in the groups

receiving two subcutaneous injections (M-2X50, M-2X100, M-

2X200) was significantly lower than that in the groups receiving

three subcutaneous injections at the same doses (M-3X50, M-3X100,

M-3X200). This indicates that the frequency of immunization

significantly affects the severity of inflammation. Under the same

antigen dose, higher-frequency subcutaneous injections may lead to

more pronounced thyroid inflammation. Additionally, at the same

antigen dose (200 µg) and injection frequency, the inflammation

score in the tail vein injection group (scores 3.2 ± 0.45) was slightly

lower than that in the three subcutaneous injection group (scores 3.4

± 0.55), suggesting that the injection method also influences thyroid

inflammatory responses.
3.2 The levels of TPO-Ab and TG-Ab in
mouse serum

ELISA results (Figure 3A) showed that the serum TPO-Ab level in

the M-2X200 group was significantly higher than that in the C-2 group
Frontiers in Immunology 06
(p < 0.001). The serum TPO-Ab levels in the M-3X50, M-3X100, and

M-3X200 groups were also significantly elevated compared to the C-3

group (p < 0.001), indicating that three immunizations had a more

pronounced effect on serum TPO-Ab levels than two immunizations,

and this effect was proportional to the antigen dose. In the tail vein

injection groups, the TPO-Ab levels in both the M-IV-100 and M-IV-

200 groups were significantly higher than those in the C-IV group

(p < 0.001). The TPO-Ab level in the M-IV-200 group (438.8 ± 13.15)

was notably higher than that in the M-3X200 group (406.2 ± 7.46)

(p < 0.001), suggesting that the tail vein injection method induced a

more sensitive serum thyroid antibody response compared to

subcutaneous injection. Regarding serum TG-Ab levels (Figure 3B),

Almost all subcutaneous injection model groups except for M-2X50

group showed significantly higher levels than their corresponding

control groups (p < 0.001), with an increase in TG-Ab levels as

the antigen dose increased. The TG-Ab level in the M-2X200 group

(144.7 ± 1.77) was slightly higher than that in the M-3X200 group

(141.9 ± 2.36) (p > 0.05), which may indicate that immunization

frequency had no impact on TG-Ab changes. In the tail vein injection

groups, only the M-IV-200 group exhibited a statistically significant

difference in TG-Ab levels (158.4 ± 5.32) compared to the C-IV group

(149.3 ± 5.47) (p < 0.01). Additionally, compared with the M-3X100

and M-3X200 groups, the M-IV-100 and M-IV-200 groups

demonstrated significantly higher TG-Ab levels (all p < 0.001),

further supporting the enhanced antibody production induced by tail

vein injection.
3.3 Levels of immune inflammation related
factors in mouse serum

Using flow-based multiplex cytokine assay technology, the

relative expression levels of 12 cytokines in mouse serum were

detected (Figure 4). It was found that Th1/Th17-related cytokines

(IL-17A, IL-6, TNF-a) were upregulated in the M-2X200, M-

3X200, and M-IV-200 groups. In contrast, Th2-related cytokines

(IL-10, IL-4) were downregulated in these groups. Additionally, the

levels of IL-5, IL-22, IL-13, and IFN-g in the subcutaneous injection

groups were higher than those in the tail vein injection groups,

while the TNF-a level was lower in the subcutaneous injection

groups compared to the tail vein injection groups. These results

suggest that different immunization routes may specifically activate

distinct inflammatory pathways, leading to changes in related

inflammatory factors.
3.4 Immune cell infiltration in thyroid
tissue

Based on pathological phenotypes and thyroid antibody

expression profiles, the M-2X200, M-3X200, and M-IV-200

groups were selected to assess the impact of distinct immune

conditions on local immune cell infiltration in thyroid tissues

using multiplex immunofluorescence (Figure 5A). Cells co-

expressing CD4 and RORgt were defined as Th17 cells (29), while
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those co-expressing CD4 and FOXP3 were defined as Treg cells

(30). Th17 cell infiltration in thyroid tissues was minimal or absent

across all immune conditions, with only trace infiltration observed

exclusively in the M-2X200 group (Figure 5B). In contrast, Treg

cells were significantly elevated in the M-2X200, M-3X200, and M-

IV-200 groups compared to their respective controls (p < 0.001).

However, increased immunization frequency reduced Treg cell

density in the M-3X200 group relative to M-2X200 (p < 0.001).

Furthermore, intravenous administration (M-IV-200) decreased

Treg cells compared to the same-frequency/dose M-3X200 group

(p < 0.001) (Figure 5C).
Frontiers in Immunology 07
3.5 Cytokine activity in thyroid tissue

Immunohistochemistry was employed to assess cytokine and

inflammasome activity in murine thyroid tissues, elucidating the

impact of distinct immune conditions on thyroid-specific immune

signatures (Figure 6A). Results demonstrated significantly elevated

IL-17A levels in the M-3X200 group compared to C-3 controls (p <

0.05), and markedly higher levels in M-IV-200 versus C-IV (p <

0.001). Moreover, M-IV-200 exhibited increased IL-17A expression

relative to M-3X200 (p < 0.05) (Figure 6B). NLRP3 expression

showed statistically significant upregulation exclusively in the M-
FIGURE 3

Serum TPO-Ab and TG-Ab levels in NOD/LtJ mice under different immunization conditions. (A) Compared to the normal groups (C-2, C-3, C-IV),
the serum TPO-Ab levels in the model groups (M-2X50, M-2X100, M-2X200, M-3X50, M-3X100, M-3X200, M-IV-50, M-IV-100, M-IV-200) were
significantly increased and showed a dose-dependent increase with higher antigen doses (n=6). (B) Compared to the normal groups (C-2, C-3, C-
IV), the serum TG-Ab levels in the model groups (M-2X50, M-2X100, M-2X200, M-3X50, M-3X100, M-3X200, M-IV-50, M-IV-100, M-IV-200) were
significantly elevated, with statistically significant differences, and were positively correlated with the injected antigen doses (n=6). Data are
expressed as mean ± SD. ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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IV-200 group (p < 0.001) (Figure 6C). Caspase-1 levels were

significantly elevated in both M-3X200 and M-IV-200 groups

compared to controls (p < 0.01) (Figure 6D).
4 Discussion

A successful animal model should closely resemble or simulate

human disease pathology to facilitate research on disease

mechanisms or pharmacology. In this study, the criteria for

establishing an AIT model were based on internationally

recognized standards, specifically a thyroid lymphocyte

infiltration area-to-total gland area ratio of >2 (31). According to

this criterion, all model groups except for the M-IV-50 group
Frontiers in Immunology 08
successfully established the AIT model. Additionally, based on

clinical indicators observed in AIT patients, we measured the

levels of serum thyroid antibodies in each group of mice and

combined this with data on immune-related cytokines. After

validation through multiplex immunofluorescence experiments

and immunohistochemistry, we comprehensively assessed the

pathological and immune changes in AIT animal models under

different immune conditions (antigen dose, immunization

frequency, and injection method). This approach aims to help

researchers identify the optimal disease model from multiple

perspectives. Our results demonstrated that high-dose antigen

(200 mg pTg) combined with high-frequency (three

immunizations) subcutaneous and intravenous injections

significantly induced thyroid lymphocyte infiltration and elevated
FIGURE 4

Heatmap of serum immune-inflammatory cytokine in NOD/LtJ mice under different immunization conditions. Data were preprocessed by log-
transformation to stabilize variance, followed by row-wise Z-score normalization to enable cross-cytokine comparison. Color scale represents
standard deviations from the mean expression of each cytokine. Absolute concentrations (pg/mL) are provided in Supplementary Table S2.
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serum TPO Ab and TG Ab levels, showing the most pronounced

changes compared to other groups. This method also promoted the

activation of thyroid immune cytokines and inflammasomes.

Furthermore, the tail vein injection method was more sensitive in

promoting antibody production and activating specific

inflammatory pathways (e.g.,NLRP3). By integrating existing

literature with the findings of this study, we aim to provide an in-

depth discussion on immune-inflammatory mechanisms, model

optimization, and future research directions, offering valuable

insights for researchers in this field.
4.1 Immunization frequency and modeling
time

This study found that, under the same antigen dose, the thyroid

inflammation infiltration scores and antibody levels in the three-
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immunization group were significantly higher than those in the

two-immunization group. This may be related to the fact that

multiple antigen injections can induce stronger immune memory,

thereby enhancing antibody production and effector cell function

(32). Additionally, repeated antigen stimulation can continuously

activate antigen-presenting cells (APCs), leading to excessive

immune system activation, promoting T/B cell activation,

breaking immune tolerance, and ultimately resulting in increased

autoantibody production and pro-inflammatory cytokine secretion

(33, 34). However, high-frequency immunization may also induce

systemic inflammatory responses, masking thyroid-specific

pathological features (35). Therefore, under the premise of

ensuring model stability, the three-subcutaneous-immunization

protocol used in this study is more recommended. This approach

not only effectively simulates the chronic thyroiditis disease process

but also avoids excessive immune damage, achieving a balance

between antigen stimulation and immune activation. Consistent
FIGURE 5

Multiplex immunofluorescence analysis of Th17 and Treg cell infiltration in thyroid tissues. (A) Immune cell infiltration in thyroid tissue under different
immune conditions. Scale bar: 20 mm. (B, C) Multiplex immunofluorescence quantitative analysis (n=3). Data are expressed as mean ± SD. ns: P > 0.05,
*P < 0.05, **P < 0.01, ***P < 0.001.
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with established protocols (24), thyroid tissues collected at 4 weeks

post-immunization were subjected to pathological and

immunological assessments. Prior evidence indicates that NOD-

background mice lack self-remission capability and develop chronic

lesions with aging, a phenomenon potentially linked to persistent

Th1 responses and immune dysregulation (36). Nevertheless,

multiple studies (37–39) have confirmed that significant

lymphocyte infiltration and elevated serum antibodies meeting

model establishment criteria are observable at this 4-week time

point, aligning with our findings. Future investigations should

incorporate longitudinal tracking of pathological changes beyond

this acute phase, utilizing dynamic in vivo imaging or molecular

markers at 8 or 12 weeks post-immunization to comprehensively

evaluate disease progression and identify the optimal modeling

time window.
4.2 Selection of injection methods

Subcutaneous injection and tail vein injection may differ in their

immune response patterns. In this study, compared with the

subcutaneous injection group, the intravenous tail injection group

exhibited significantly higher levels of thyroid antibodies and more

pronounced expression of IL-17A and NLRP3. This may be related

to the direct activation of circulating immune cells (e.g., monocytes
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and dendritic cells) by intravenous LPS (40). Although the overall

thyroiditis score in the intravenous tail injection group was slightly

lower than that in the subcutaneous injection group, the local

cellular immunity in the thyroid gland was similar to that

observed with subcutaneous injection, both capable of stimulating

the activation of T cell-related immune factors and causing an

imbalance in Th17/Treg cell-mediated immunity. This indicates

that when the antigen dosage reaches 200 mg, both local

subcutaneous injection of thyroid antigens and intravenous

injection can induce thyroid-targeted inflammation. It should be

specifically noted that, due to limitations in experimental

conditions, we were unable to investigate whether intravenous

injection could achieve a similar level of targeted immune

inflammation as subcutaneous injection when the thyroid antigen

dosage is less than 200 mg, which represents a limitation of

this study.
4.3 Antigen dose

In this study, as the antigen dose increased in both the

subcutaneous and tail vein injection groups, the degree of

inflammation and antibody levels gradually increased. Although

there were no statistically significant differences in antibody levels

between groups, the thyroid pathological manifestations in the
FIGURE 6

Immunohistochemical staining and quantitative analysis of IL-17A, NLRP3, and Caspase-1 in thyroid tissue. (A) Representative images of
immunohistochemical staining for IL-17A, NLRP3, and Caspase-1 in mouse thyroid tissue. Scale bar: 20 mm. (B–D) Quantitative analysis of IL-17A,
NLRP3, and Caspase-1 expression in thyroid tissue, bar graphs show the average optical density (AOD) of positive staining for each marker (n=3).
Data are expressed as mean ± SD. ns: P > 0.05, *P < 0.05, **P < 0.01, ***P < 0.001.
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100mg and 200mg antigen groups showed obvious destruction or

atrophy of thyroid follicular structures. This may be due to high-

dose antigens promoting Th1/Th17 cell differentiation and the

release of inflammatory factors such as IL-17A and NLRP3,

leading to apoptosis of thyroid follicular epithelial cells and

inflammatory infiltration, which directly causes follicular

structure destruction (41). Additionally, studies have shown that

CD8+ T cells can be activated under high-dose antigen stimulation,

directly killing thyroid follicular cells through the perforin-

granzyme pathway or the Fas/FasL pathway (42). Based on the

degree of pathological inflammation, researchers can select an

appropriate antigen dose according to their study objectives.

Future research is still needed to further explore the pathological

mechanisms of antigen-induced thyroid structural damage.
4.4 Immune mechanism

Our study found that the pathogenesis of thyroiditis induced by

exogenous thyroglobulin injection in mice may be associated with

T-cell imbalance and the activation of pro-inflammatory immune

factors, which aligns with established research models. For instance,

Ellis et al. (43) demonstrated that Treg dysfunction exacerbates

thyroiditis, particularly highlighting that CD28 deficiency leads to

reduced Treg numbers (characterized by low CD27/TNFR2/GITR

expression), thereby impairing their ability to suppress autoreactive

T cells and aggravating disease. Furthermore, Ippolito et al. (44)

systematically compared the clinical, histological, and cytokine

profile differences in thyroiditis induced by PD-1 versus CTLA-4

blockade. They observed that PD-1 inhibition triggered more severe

thyroiditis with significantly elevated IL-6, whereas CTLA-4

blockade was associated with increased GM-CSF/MIP-1b and

diffuse thyroid enlargement. This model not only validates the

reproducibility of immune checkpoint inhibitor-associated

thyroiditis but also provides a comparable paradigm of exogenous

immune activation for our study. Additionally, Braley-Mullen et al.

(45) demonstrated that B cells may act as antigen-presenting cells

(APCs) to activate autoreactive T cells during early disease

pathogenesis. In the absence of B cells at this critical stage, T cells

remain inactivated or tolerant, even passive transfer of anti-MTg

antibodies fails to induce thyroiditis in B-cell-deficient mice. This

underscores the pivotal role of B cells in autoimmune thyroiditis.

Future studies should incorporate B-cell surface marker analysis to

elucidate the synergistic interplay between T and B cells in

disease progression.

This study has several limitations: 1) Longitudinal tracking of

immunization-induced pathological changes was not performed.

Future investigations should incorporate dynamic imaging or

molecular markers to comprehensively evaluate disease

progression; 2) Gender-specific effects on the model remain

uncharacterized. Subsequent experiments should include male

cohorts to determine whether pathogenesis in NOD/LtJ mice

exhibits sex-dependent characteristics; 3) Novel modeling

approaches warrant exploration, including CRISPR-Cas9-

engineered models with defined genetic backgrounds or stem cell-
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derived in vitro systems that better recapitulate human AIT

pathology, thereby minimizing animal use while advancing

humane research.
5 Conclusions

This study systematically compared the effects of different

immunization conditions on the construction of the AIT model.

By integrating pathological findings and thyroid antibody

expression levels, all model groups, except for the M-IV-50

group, met the established criteria for model construction.

Notably, subcutaneous and intravenous tail injection of 200 mg
pTg administered three times induced more pronounced thyroid

inflammatory infiltration and higher antibody levels in NOD/LtJ

mice, while also demonstrating thyroid-specific immune activation.

In summary, we recommend the immunization conditions of

subcutaneous and intravenous tail injection of 200 mg pTg three

times to better simulate the pathological process of AIT.
Data availability statement

The raw data supporting the conclusions of this article will be

made available by the authors, without undue reservation.
Ethics statement

The animal study was approved by Institutional Animal Care

and Use Committee (IACUC) of Guang’anmen Hospital, China

Academy of Chinese Medical Sciences. The study was conducted in

accordance with the local legislation and institutional requirements.
Author contributions

KL: Conceptualization, Investigation, Methodology, Writing –

original draft. PZ: Conceptualization, Investigation, Methodology,

Writing – original draft. Z-SJ: Investigation, Methodology, Writing –

original draft. X-KM: Methodology, Writing – original draft. J-LL:

Investigation, Software, Supervision, Visualization, Writing – original

draft. LH: Data curation, Formal analysis, Supervision, Writing –

review & editing. X-TY: Funding acquisition, Project administration,

Resources, Supervision, Writing – review & editing.
Funding

The author(s) declare financial support was received for the

research and/or publication of this article. This work was supported

by Special Program for Training Excellent Young Scientific and

Technological Talents of Chinese Academy of Traditional Chinese

Medicine (ZZ18-YQ-024), Scientific and technological innovation

project of China Academy of Chinese Medical Sciences
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1591196
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2025.1591196
(CI2021A01611) and Escort Project of Guang’ anmen Hospital,

China Academy of Chinese Medical Science-Backbone Talent

Cultivation Project (GAMHH9324023).

Conflict of interest

Author J-LL was employed by China Traditional Chinese

Medicine Holdings Co Limited and Guangdong e-fong

Pharmaceutical CO., LTD.

The remaining authors declare that the research was conducted

in the absence of any commercial or financial relationships that

could be construed as a potential conflict of interest.
Generative AI statement

The author(s) declare that no Generative AI was used in the

creation of this manuscript.

Any alternative text (alt text) provided alongside figures in this

article has been generated by Frontiers with the support of artificial
Frontiers in Immunology 12
intelligence and reasonable efforts have been made to ensure

accuracy, including review by the authors wherever possible. If

you identify any issues, please contact us.
Publisher’s note

All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated

organizations, or those of the publisher, the editors and the

reviewers. Any product that may be evaluated in this article, or

claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.
Supplementary material

The Supplementary Material for this article can be found online

at: https://www.frontiersin.org/articles/10.3389/fimmu.2025.

1591196/full#supplementary-material
References
1. Ragusa F, Fallahi P, Elia G, Gonnella D, Paparo SR, Giusti C, et al. Hashimotos’
Thyroiditis: epidemiology, pathogenesis, clinic and therapy. Best Pract Res Clin
Endocrinol Metab. (2019) 33:101367. doi: 10.1016/j.beem.2019.101367

2. Cyna W, Wojciechowska A, Szybiak-Skora W, Lacka K. The impact of
environmental factors on the development of autoimmune thyroiditis-review.
Biomedicines. (2024) 12:1788. doi: 10.3390/biomedicines12081788

3. Vargas-Uricoechea H. Molecular mechanisms in autoimmune thyroid disease.
Cells. (2023) 12:918. doi: 10.3390/cells12060918

4. Lee HJ, Stefan-Lifshitz M, Li CW, Tomer Y. Genetics and epigenetics of
autoimmune thyroid diseases: translational implications. Best Pract Res Clin
Endocrinol Metab. (2023) 37:101661. doi: 10.1016/j.beem.2022.101661

5. Hu X, Chen Y, Shen Y, Tian R, Sheng Y, Que H. Global prevalence and
epidemiological trends of hashimoto’s thyroiditis in adults: A systematic review and
meta-analysis. Front Public Health . (2022) 10:1020709. doi : 10.3389/
fpubh.2022.1020709

6. Li Y, Teng D, Ba J, Chen B, Du J, He L, et al. Efficacy and safety of long-term
universal salt iodization on thyroid disorders: epidemiological evidence from 31
provinces of mainland China. Thyroid. (2020) 30:568–79. doi: 10.1089/thy.2019.0067

7. Caturegli P, De Remigis A, Rose NR. Hashimoto thyroiditis: clinical and
diagnostic criteria. Autoimmun Rev. (2014) 13:391–7. doi: 10.1016/j.autrev.2014.01.007

8. Karavanaki K, Karayianni C, Vassiliou I, Tzanela M, Sdogou T, Kakleas K, et al.
Multiple autoimmunity, type 1 diabetes (T1dm), autoimmune thyroiditis and thyroid
cancer: is there an association? A case report and literature review. J Pediatr Endocrinol
Metab. (2014) 27:1011–6. doi: 10.1515/jpem-2013-0370

9. Klubo-Gwiezdzinska J, Wartofsky L. Hashimoto thyroiditis: an evidence-based
guide to etiology, diagnosis and treatment. Pol Arch Intern Med. (2022) 132:16222.
doi: 10.20452/pamw.16222

10. Liu K, Zhang P, Zhou L, Han L, Zhao L, Yu X. Research progress in the
construction of animal models of autoimmune thyroiditis. Autoimmunity. (2024)
57:2317190. doi: 10.1080/08916934.2024.2317190

11. Wang W, Jiang QL, Xu Q, Zeng Y, Jiang R, Jiang J. Selenium regulates T cell
di fferentiat ion in experimental autoimmune thyroiditis in mice. Int
Immunopharmacol. (2023) 124:110993. doi: 10.1016/j.intimp.2023.110993

12. Braley-Mullen H, Sharp GC, Medling B, Tang H. Spontaneous autoimmune
thyroiditis in nod.H-2h4 mice. J Autoimmun. (1999) 12:157–65. doi: 10.1006/
jaut.1999.0272

13. Qin J, Zhao N, Wang S, Liu S, Liu Y, Cui X, et al. Roles of endogenous il-10 and
il-10-competent and cd5+ B cells in autoimmune thyroiditis in nod.H-2h4 mice.
Endocrinology. (2020) 161. doi: 10.1210/endocr/bqaa033

14. Weatherall D, Sarvetnick N, Shizuru JA. Genetic control of diabetes mellitus.
Diabetologia. (1992) 35 Suppl 2:S1–7. doi: 10.1007/bf00586273
15. Beduleva L, Sidorov A, Terentiev A, Varaksin V, Fomina K, Menshikov I.
Reduction in experimental autoimmune thyroiditis by igg fc fragments bearing regrf
epitopes. Immunologic Res. (2023) 71:83–91. doi: 10.1007/s12026-022-09337-1

16. Hu S, Chen B, Zhou J, Liu F, Mao T, Pathak JL, et al. Dental pulp stem cell-
derived exosomes revitalize salivary gland epithelial cell function in nod mice via the
gper-mediated camp/pka/creb signaling pathway. J Trans Med. (2023) 21:361.
doi: 10.1186/s12967-023-04198-0

17. Mao T, Wei W, Chen B, Chen Y, Liang S, Chen G, et al. Salivary gland protective
and antiinflammatory effects of genistein in sjögren’s syndrome by inhibiting xist/
acsl4-mediated ferroptosis following binding to estrogen receptor-alpha. Cell Mol Biol
Lett. (2024) 29:147. doi: 10.1186/s11658-024-00667-6

18. De Groot AS, Skowron G, White JR, Boyle C, Richard G, Serreze D, et al.
Therapeutic administration of tregitope-human albumin fusion with insulin peptides
to promote antigen-specific adaptive tolerance induction. Sci Rep. (2019) 9:16103.
doi: 10.1038/s41598-019-52331-1

19. Simecek P, Churchill GA, Yang H, Rowe LB, Herberg L, Serreze DV, et al.
Genetic analysis of substrain divergence in non-obese diabetic (Nod) mice. G3
(Bethesda Md). (2015) 5:771–5. doi: 10.1534/g3.115.017046

20. Aubin AM, Lombard-Vadnais F, Collin R, Aliesky HA, McLachlan SM, Lesage S.
The nod mouse beyond autoimmune diabetes. Front Immunol. (2022) 13:874769.
doi: 10.3389/fimmu.2022.874769

21. Doyle ME, Boggs L, Attia R, Cooper LR, Saban DR, Nguyen CQ, et al. Autoimmune
dacryoadenitis of nod/ltj mice and its subsequent effects on tear protein composition. Am J
Pathol. (2007) 171:1224–36. doi: 10.2353/ajpath.2007.070388

22. Xu J, Chen C, Yin J, Fu J, Yang X, Wang B, et al. Lactate-induced mtdna
accumulation activates cgas-sting signaling and the inflammatory response in sjögren’s
syndrome. Int J Med Sci. (2023) 20:1256–71. doi: 10.7150/ijms.83801

23. Zhang S, Liu Q, Yang C, Li X, Chen Y, Wu J, et al. Poorly controlled type 1
diabetes mellitus seriously impairs female reproduction via immune and metabolic
disorders. Reprod biomedicine Online. (2024) 48:103727. doi: 10.1016/
j.rbmo.2023.103727

24. Cai YJ, Wang F, Chen ZX, Li L, Fan H, Wu ZB, et al. Hashimoto’s thyroiditis
induces neuroinflammation and emotional alterations in euthyroid mice. J
Neuroinflamm. (2018) 15:299. doi: 10.1186/s12974-018-1341-z

25. Wang W, Zhang BT, Jiang QL, Zhao HQ, Xu Q, Zeng Y, et al. Leptin receptor
antagonist attenuates experimental autoimmune thyroiditis in mice by regulating treg/
th17 cell differentiation. Front Endocrinol (Lausanne). (2022) 13:1042511. doi: 10.3389/
fendo.2022.1042511

26. Nagayama Y, Horie I, Saitoh O, Nakahara M, Abiru N. Cd4+Cd25+ Naturally
occurring regulatory T cells and not lymphopenia play a role in the pathogenesis of
iodide-induced autoimmune thyroiditis in nod-H2h4 mice. J Autoimmun. (2007)
29:195–202. doi: 10.1016/j.jaut.2007.07.008
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fimmu.2025.1591196/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2025.1591196/full#supplementary-material
https://doi.org/10.1016/j.beem.2019.101367
https://doi.org/10.3390/biomedicines12081788
https://doi.org/10.3390/cells12060918
https://doi.org/10.1016/j.beem.2022.101661
https://doi.org/10.3389/fpubh.2022.1020709
https://doi.org/10.3389/fpubh.2022.1020709
https://doi.org/10.1089/thy.2019.0067
https://doi.org/10.1016/j.autrev.2014.01.007
https://doi.org/10.1515/jpem-2013-0370
https://doi.org/10.20452/pamw.16222
https://doi.org/10.1080/08916934.2024.2317190
https://doi.org/10.1016/j.intimp.2023.110993
https://doi.org/10.1006/jaut.1999.0272
https://doi.org/10.1006/jaut.1999.0272
https://doi.org/10.1210/endocr/bqaa033
https://doi.org/10.1007/bf00586273
https://doi.org/10.1007/s12026-022-09337-1
https://doi.org/10.1186/s12967-023-04198-0
https://doi.org/10.1186/s11658-024-00667-6
https://doi.org/10.1038/s41598-019-52331-1
https://doi.org/10.1534/g3.115.017046
https://doi.org/10.3389/fimmu.2022.874769
https://doi.org/10.2353/ajpath.2007.070388
https://doi.org/10.7150/ijms.83801
https://doi.org/10.1016/j.rbmo.2023.103727
https://doi.org/10.1016/j.rbmo.2023.103727
https://doi.org/10.1186/s12974-018-1341-z
https://doi.org/10.3389/fendo.2022.1042511
https://doi.org/10.3389/fendo.2022.1042511
https://doi.org/10.1016/j.jaut.2007.07.008
https://doi.org/10.3389/fimmu.2025.1591196
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Liu et al. 10.3389/fimmu.2025.1591196
27. Yu S, Medling B, Yagita H, Braley-Mullen H. Characteristics of inflammatory
cells in spontaneous autoimmune thyroiditis of nod. H-2h4 Mice. J Autoimmun. (2001)
16:37–46. doi: 10.1006/jaut.2000.0458

28. Yang X, Chen L, Zhao L, Yang Y, Wang J, Yan L, et al. Cordyceps sinensis-
derived fungus isaria felina ameliorates experimental autoimmune thyroiditis in mice.
BioMed Pharmacother. (2021) 140:111733. doi: 10.1016/j.biopha.2021.111733

29. Yuan M, Qian X, Huang Y, Ma X, Duan F, Yang Y, et al. Th17 activation and
th17/treg imbalance in prolonged anterior intraocular inflammation after ocular alkali
burn. Int J Mol Sci. (2022) 23:7075. doi: 10.3390/ijms23137075

30. Huang C, Mei Q, Lou L, Huang Z, Fu Y, Fan J, et al. Ulcerative colitis in response
to fecal microbiota transplantation via modulation of gut microbiota and th17/treg cell
balance. Cells. (2022) 11:1851. doi: 10.3390/cells11111851

31. Bagchi N, Brown TR, Sundick RS. Thyroid cell injury is an initial event in the
induction of autoimmune thyroiditis by iodine in obese strain chickens. Endocrinology.
(1995) 136:5054–60. doi: 10.1210/endo.136.11.7588241

32. Netea MG, Joosten LA, Latz E, Mills KH, Natoli G, Stunnenberg HG, et al.
Trained immunity: A program of innate immune memory in health and disease. Sci
(New York NY). (2016) 352:aaf1098. doi: 10.1126/science.aaf1098

33. Kala M, Rhodes SN, PiaoWH, Shi FD, Campagnolo DI, Vollmer TL. B cells from
glatiramer acetate-treated mice suppress experimental autoimmune encephalomyelitis.
Exp Neurol. (2010) 221:136–45. doi: 10.1016/j.expneurol.2009.10.015

34. Zajonc DM. Unconventional peptide presentation by classical mhc class I and
implications for T and nk cell activation. Int J Mol Sci. (2020) 21:7561. doi: 10.3390/
ijms21207561

35. Sanghera C, Wong LM, Panahi M, Sintou A, Hasham M, Sattler S. Cardiac
phenotype in mouse models of systemic autoimmunity. Dis Models Mech. (2019) 12.
doi: 10.1242/dmm.036947

36. Damotte D, Colomb E, Cailleau C, Brousse N, Charreire J, Carnaud C. Analysis
of susceptibility of nod mice to spontaneous and experimentally induced thyroiditis.
Eur J Immunol. (1997) 27(11):2854-62. doi: 10.1002/eji.1830271117
Frontiers in Immunology 13
37. Qian Y, He L, Su A, Hu Y, Zhu J. Generation of a mouse spontaneous
autoimmune thyroiditis model. J visualized experiments. (2023). doi: 10.3791/
64609

38. Zhu S, Cui Y, Hu H, Zhang C, Chen K, Shan Z, et al. Dihydroartemisinin inhibits
the development of autoimmune thyroiditis by modulating oxidative stress and
immune imbalance. Free Radical Biol Med. (2025) 231:57–67. doi: 10.1016/
j.freeradbiomed.2025.02.028

39. Tao Q, Chen Y, Liang Q, Shi J, Wang Z, Min H, et al. Puerarin alleviates
experimental autoimmune thyroiditis by regulating macrophages. J Immunol. (2024)
212:1670–9. doi: 10.4049/jimmunol.2300779

40. Gallay P, Barras C, Tobias PS, Calandra T, Glauser MP, Heumann D.
Lipopolysaccharide (Lps)-binding protein in human serum determines the tumor
necrosis factor response of monocytes to lps. J Infect Dis. (1994) 170:1319–22.
doi: 10.1093/infdis/170.5.1319

41. Rasooly L, Burek CL, Rose NR. Iodine-Induced autoimmune thyroiditis in nod-
H-2h4 mice. Clin Immunol Immunopathol. (1996) 81(3):287–92. doi: 10.1006/
clin.1996.0191

42. Stassi G, De Maria R. Autoimmune thyroid disease: new models of cell
death in autoimmunity. Nat Rev Immunol. (2002) 22(3):195–204. doi: 10.1038/
nri750

43. Ellis JS, Hong SH, Zaghouani H, Braley-Mullen H. Reduced effectiveness of
cd4+Foxp3+ Regulatory T cells in cd28-deficient nod.H-2h4 mice leads to increased
severity of spontaneous autoimmune thyroiditis. J Immunol. (2013) 191:4940–9.
doi: 10.4049/jimmunol.1301253

44. Ippolito S, Di Dalmazi G, Pani F, Sabini E, Caturegli P. Distinct cytokine
signatures in thyroiditis induced by pd-1 or ctla-4 blockade: insights from a new mouse
model. Thyroid. (2021) 31:1839–49. doi: 10.1089/thy.2021.0165

45. Braley-Mullen H, Yu S. Early requirement for B cells for development of
spontaneous autoimmune thyroiditis in nod. H-2h4 Mice. J Immunol. (2000)
165:7262–9. doi: 10.4049/jimmunol.165.12.7262
frontiersin.org

https://doi.org/10.1006/jaut.2000.0458
https://doi.org/10.1016/j.biopha.2021.111733
https://doi.org/10.3390/ijms23137075
https://doi.org/10.3390/cells11111851
https://doi.org/10.1210/endo.136.11.7588241
https://doi.org/10.1126/science.aaf1098
https://doi.org/10.1016/j.expneurol.2009.10.015
https://doi.org/10.3390/ijms21207561
https://doi.org/10.3390/ijms21207561
https://doi.org/10.1242/dmm.036947
https://doi.org/10.1002/eji.1830271117
https://doi.org/10.3791/64609
https://doi.org/10.3791/64609
https://doi.org/10.1016/j.freeradbiomed.2025.02.028
https://doi.org/10.1016/j.freeradbiomed.2025.02.028
https://doi.org/10.4049/jimmunol.2300779
https://doi.org/10.1093/infdis/170.5.1319
https://doi.org/10.1006/clin.1996.0191
https://doi.org/10.1006/clin.1996.0191
https://doi.org/10.1038/nri750
https://doi.org/10.1038/nri750
https://doi.org/10.4049/jimmunol.1301253
https://doi.org/10.1089/thy.2021.0165
https://doi.org/10.4049/jimmunol.165.12.7262
https://doi.org/10.3389/fimmu.2025.1591196
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Constructing the optimal experimental autoimmune thyroiditis mouse model using porcine thyroglobulin
	1 Introduction
	2 Materials and methods
	2.1 Experimental animal
	2.2 Animal grouping and immunization protocols
	2.3 Histopathological examination and evaluation of AIT mouse model
	2.4 Measurement of serum TPO-Ab and TG-Ab levels
	2.5 Measurement of immune-inflammatory factors in mice
	2.6 Multiplex immunofluorescence staining of thyroid tissues
	2.7 Immunohistochemistry of thyroid tissue
	2.8 Statistical analysis

	3 Results
	3.1 Pathological inflammation and infiltration of mouse thyroid gland
	3.2 The levels of TPO-Ab and TG-Ab in mouse serum
	3.3 Levels of immune inflammation related factors in mouse serum
	3.4 Immune cell infiltration in thyroid tissue
	3.5 Cytokine activity in thyroid tissue

	4 Discussion
	4.1 Immunization frequency and modeling time
	4.2 Selection of injection methods
	4.3 Antigen dose
	4.4 Immune mechanism

	5 Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher’s note
	Supplementary material
	References




