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AbstractThyroid peroxidase (TPO) is a key enzyme involved in thyroid hormone biosynthesis and one of themajor autoantigens in autoimmunethyroid disease. However, studies investigating immunoreactive serum-derived TPO-related protein fractions remain limited. Thisstudy aimed to isolate an approximately 50 kDa immunoreactive protein fraction from the serumof hypothyroid patients, characterizeits biochemical properties, and evaluate its immunogenicity for rabbit polyclonal antibody production. Serum samples were initiallycharacterized based on anti-TPO antibody levels and total protein concentration. Rabbits were immunized with the isolatedprotein, and the resulting immune response was evaluated by indirect ELISA, SDS-PAGE, Western blotting, histopathology, andimmunohistochemistry. SDS-PAGE consistently revealed a distinct protein band at approximately 50 kDa. ATR-FTIR analysisdemonstrated characteristic protein-associated functional groups, while LC-MS/MS confirmed the proteinaceous nature of theisolated fraction through amino acid composition analysis. Immunization induced a progressive increase in anti-TPO IgG levels, andthe purified rabbit IgG exhibited the expected electrophoretic profile under reducing and non-reducing conditions. Western blotanalysis demonstrated that the generated polyclonal antibodies recognized the isolated approximately 50 kDa protein fraction,whereas no signal was detected in the secondary antibody-only control. Histopathological and immunohistochemical analyses furthersupported activation of the immune response following immunization. These findings demonstrate that the isolated approximately50 kDa immunoreactive protein fraction possesses biochemical and immunogenic properties and has potential as an experimentalimmunogen for polyclonal antibody production.
KeywordsHypothyroidism, TPO, Autoimmune, CD4+ T Expression, Immunohistochemistry

Received: 12 May 2026, Accepted: 6 August 2026
https://doi.org/10.26554/sti.2026.11.4.1476-1496

1. INTRODUCTION

Hypothyroidism is one of the most prevalent endocrine dis-
orders worldwide and remains a major public health concern
due to its high incidence, chronic progression, and significant
impact on metabolic, cardiovascular, reproductive, and neu-
rocognitive. The condition is characterized by insufficient pro-
duction of thyroid hormones, particularly thyroxine (T4) and
triiodothyronine (T3), resulting in systemic metabolic dysreg-
ulation functions. Current epidemiological data indicate that
hypothyroidism affects millions of individuals globally, with
a substantially higher prevalence in women and older popula-

tions. In developing countries, including many regions of Asia
and Africa, iodine deficiency remains the principal cause of
hypothyroidism, particularly in areas where nutritional iodine
intake is inadequate (Calsolaro et al., 2019; Pushpagiri et al.,
2015; Trifanescu and Poiana, 2019; Yadav et al., 2021) . How-
ever, in iodine-sufficient regions, autoimmune thyroid disease
(AITD), especially Hashimoto’s thyroiditis, has emerged as the
dominant cause of primary hypothyroidism. The increasing
global incidence of autoimmune hypothyroidism has drawn sig-
nificant clinical attention because the disease often progresses
silently from subclinical thyroid dysfunction to irreversible
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glandular damage before clinical diagnosis is established (Pata-
gar and Rudrappa, 2022) .

Hashimoto’s thyroiditis represents the most common au-
toimmune cause of hypothyroidism and is characterized by
chronic lymphocytic infiltration of the thyroid gland, progres-
sive follicular destruction, and sustained production of thyroid
autoantibodies. Among these, anti-thyroid peroxidase anti-
bodies (anti-TPO) are the most clinically relevant biomarkers
and are detected in approximately 90–95% of patients with
Hashimoto’s thyroiditis (Hu et al., 2022; Klubo-Gwiezdzinska
and Wartofsky, 2022; Ragusa et al., 2019) . Elevated anti-TPO
levels are strongly associated with subclinical hypothyroidism,
progression to overt hypothyroidism, and increased risk of
concurrent autoimmune disorders such as type 1 diabetes mel-
litus, rheumatoid arthritis, systemic lupus erythematosus, and
celiac disease (Antonelli et al., 2015; Siriwardhane et al., 2019) .
Several recent clinical reports have shown that a large propor-
tion of patients with elevated thyroid-stimulating hormone
(TSH) but normal circulating T3 and T4 levels already exhibit
significantly increased anti-TPO titers, indicating that autoim-
mune destruction begins long before hormonal failure becomes
clinically apparent. This creates a major diagnostic challenge,
particularly in early disease screening, because conventional
thyroid function tests alone are often insufficient to detect early
injury (Ferrari et al., 2021; Siriwardhane et al., 2019) .

Thyroid peroxidase (TPO) is the key enzyme responsi-
ble for thyroid hormone biosynthesis and serves as the prin-
cipal autoantigen in autoimmune thyroid disease. TPO is a
glycosylated, membrane-bound heme-containing peroxidase
localized on the apical membrane of thyroid follicular cells. It
catalyzes iodide oxidation, iodination of tyrosyl residues on
thyroglobulin, and coupling reactions necessary for the for-
mation of T3 and T4 (Benvenga and Vita, 2018; Godlewska
et al., 2017, 2019) . Structurally, TPO consists of a large extra-
cellular domain, a single transmembrane region, and a short
intracellular tail. The extracellular domain contains several
highly conserved functional regions, including a peroxidase-
like catalytic domain, complement control protein (CCP)-like
domain, and epidermal growth factor (EGF)-like domain. Re-
cent structural biology studies have demonstrated that these
domains form a highly stable three-dimensional conformation
maintained by extensive disulfide bonding, which is essential
for enzymatic activity and immune recognition. Importantly,
anti-TPO antibodies predominantly recognize conformational
epitopes rather than linear peptide sequences, with the major
immunodominant regions (IDR-A and IDR-B) located mainly
within the peroxidase-like domain. These antibody-binding
sites are spatially distinct from the catalytic center, suggesting
that anti-TPO positivity reflects immune recognition of struc-
tural epitopes rather than direct catalytic inhibition (Le et al.,
2015; Ma et al., 2015; Williams et al., 2020) .

Current state-of-the-art studies in autoimmune hypothy-
roidism have largely focused on serological detection of anti-
TPO using ELISA, chemiluminescent immunoassays, and elec-
trochemiluminescence platforms. While these methods are

highly sensitive for clinical diagnosis, they provide limited in-
formation regarding the structural characteristics, molecular
heterogeneity, and immunogenic properties of native TPO
derived from hypothyroid patients (Ali et al., 2025; Jin et al.,
2025; Shawkat Kawther et al., 2022) . Recombinant TPO
fragments have been widely used for epitope mapping and
immunological studies; however, these systems often fail to
preserve native glycosylation patterns and conformational epi-
topes required for authentic antibody recognition. Further-
more, most available studies emphasize antibody quantifica-
tion rather than direct biochemical characterization of patient-
derived TPO protein. This creates a significant gap in under-
standing how structural variation of native TPO influences
immune recognition and downstream autoimmune responses
(Aulanni’am et al., 2018; Le et al., 2015; Williams et al., 2020) .

Previous methodological approaches for TPO character-
ization have included SDS-PAGE for molecular weight esti-
mation, Western blotting for immunoreactivity confirmation,
and limited LC-MS-based peptide identification. Some studies
have employed FTIR to evaluate protein secondary structure
and glycosylation-associated spectral signatures, while others
used mass spectrometry to identify peptide fragments and con-
firm protein identity. However, these approaches are often
performed separately, resulting in fragmented molecular in-
formation rather than an integrated characterization platform
(Neto et al., 2022; Ramadani et al., 2024; Tater et al., 2021) .
In addition, previous immunogenicity studies commonly relied
on commercially available purified antigens or recombinant
proteins for animal immunization, which may not accurately re-
flect the immunological behavior of naturally occurring patient-
derived TPO. This limitation is particularly important because
autoimmune recognition in Hashimoto’s thyroiditis depends
strongly on conformational antigenic determinants preserved
only in native protein structures (Aulanni’am et al., 2018, 2024;
Ramadani et al., 2024) .

The present study offers a significant methodological ad-
vantage by integrating comprehensive biochemical characteri-
zation of native TPO isolated directly from sera of hypothy-
roid patients with in vivo immunogenicity evaluation using a
polyclonal antibody production model (Aulanni’am, 2023; Ra-
madani et al., 2024) . TPO was isolated and characterized using
sequential SDS-PAGE with silver staining, Fourier transform
infrared spectroscopy (FTIR), and liquid chromatography-
mass spectrometry (LC-MS), allowing simultaneous evalua-
tion of molecular weight distribution, structural functional
groups, protein integrity, and peptide-level identity confirma-
tion. Silver staining provides superior sensitivity for detecting
low-abundance serum proteins, while FTIR enables structural
fingerprinting of protein functional groups and glycosylation-
associated signals. LC-MS provides high-resolution peptide
validation and molecular confirmation of isolated TPO. This
integrated analytical strategy offers a more accurate representa-
tion of native TPO architecture compared with recombinant
antigen systems (Huang et al., 2018; Liu et al., 2016; Villela
et al., 2018) .
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Moreover, this study extends beyond molecular characteri-
zation by evaluating the biological immunogenicity of isolated
TPO through polyclonal antibody induction in New Zealand
White rabbits. Unlike conventional studies restricted to in
vitro serological assays, this approach enables direct assessment
of adaptive immune activation in vivo. Since autoimmune
hypothyroidism is fundamentally mediated by dysregulated
CD4+ T-cell–dependent humoral immunity, the investigation
of splenic CD4 cell expression provides critical insight into
antigen-driven immune activation. The spleen serves as a
major secondary lymphoid organ where antigen presentation,
T-cell activation, and B-cell differentiation occur, making it a
highly relevant target for immunological assessment (Teijaro
et al., 2011; Zhu et al., 2010) . In parallel, thymic TPO expres-
sion analysis offers important information regarding central im-
mune tolerance and the potential breakdown of self-tolerance
mechanisms contributing to autoimmune disease. Immuno-
histochemistry supported by histopathological analysis of both
spleen and thymus therefore provides a mechanistic bridge
between molecular antigen characterization and systemic im-
mune response (Marx et al., 2021; Takaba and Takayanagi,
2017) .

Based on these considerations, the present study aimed
to isolate an immunoreactive approximately 50 kDa protein
fraction from the serum of hypothyroid patients and to char-
acterize its biochemical and immunological properties using
complementary analytical approaches, including SDS-PAGE,
ATR-FTIR, amino acid composition analysis, and Western
blotting. Furthermore, the isolated protein fraction was evalu-
ated as an immunogen for the production of rabbit polyclonal
antibodies, and the resulting immune response was assessed by
ELISA and immunoblotting. This study provides a preliminary
evaluation of the isolated protein fraction as an experimental
immunogen.

2. EXPERIMENTAL SECTION

2.1 Materials and Reagent
Human serum samples were obtained from clinically diagnosed
hypothyroid patients with elevated anti-thyroid peroxidase an-
tibody (anti-TPO) levels through collaboration with the En-
docrinology Division, Saiful Anwar General Hospital, Malang,
Indonesia. New Zealand White rabbits (Oryctolagus cunicu-
lus), male, aged 3 - 4 months and weighing 2.0 – 2.5 kg, were
used for polyclonal antibody production and immunogenicity
evaluation.

The chemicals used for thyroid peroxidase (TPO) isolation
included phosphate-buffered saline with Tween-20 (PBST),
phenylmethylsulfonyl fluoride (PMSF), absolute ethanol, cold
ethanol (Merck, Darmstadt, Germany), and Tris-HCl buffer
(Sigma-Aldrich, St. Louis, MO, USA). Protein concentration
measurements were performed using NanoDropTM spectro
photometry compatible reagents and biuret reagents. For pro-
tein separation and characterization, sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) reagents in-
cluded 30% acrylamide/ bis-acrylamide solution, sodium do-

decyl sulfate (SDS), ammonium persulfate (APS), N,N,N′ ,N′-
tetramethylethylene diamine (TEMED), Tris-HCl, glycerol,
bromophenol blue, 𝛽 -mercaptoethanol, and SpectraTM Multi
Color High Range Protein Ladder (ThermoFisher). Nitrocel-
lulose membranes for Western blot analysis were purchased
from Bio-Rad Laboratories (USA).

Silver staining reagents consisted of ethanol (Merck, Ger-
many), glacial acetic acid (Merck, Germany), sodium thio-
sulfate pentahydrate (Na2S2O3·5H2O; Sigma-Aldrich, USA),
silver nitrate (AgNO3; Merck, Germany), sodium carbonate
(Na2CO3; Merck, Germany), paraformaldehyde, and acetic
acid (Merck, Germany).Fourier transform infrared spectroscopy
(FTIR) analysis used analytical-grade liquid samples with-
out additional derivatization and was performed using ATR-
compatible preparations. Amino acid analysis by LC-MS/MS
employed 6 N hydrochloric acid (HCl; Merck, Germany), 4
N sodium hydroxide (NaOH; Merck, Germany), 0.1 N HCl,
formic acid (LC-MS grade; Merck, Germany), acetonitrile (LC-
MS grade; Merck, Germany), ammonium formate (Sigma-
Aldrich, USA), and amino acid standard solutions (Shimadzu,
Kyoto, Japan).

For rabbit immunization, Complete Freund’s Adjuvant
(CFA) and Incomplete Freund’s Adjuvant (IFA) were obtained
from Sigma-Aldrich (St. Louis, MO, USA). Blood collec-
tion was performed using sterile syringes and 24G needles
(OneMed, Indonesia) and Vaculab® vacutainer tubes. Im-
munoglobulin G (IgG) isolation used 50% saturated ammo-
nium sulfate (SAS; Merck, CAS No. 7783-20-2), phosphate
buffer (0.1–0.2 M), dialysis solution, and Tris-HCl buffer(Sigma
- Aldrich, USA). CBB staining reagents consisted of Coomassie
Brilliant Blue R-250 (Biorad), Methanol (Merck), Glacial acetic
acid (Merck), and distilled water. The following reagents and
materials were used for Western blotting, and ELISA analyses:
polyvinylidene difluoride (PVDF) membrane, transfer buffer,
blocking buffer (5% skim milk in PBS), phosphate-buffered
saline (PBS), PBS containing 0.05% Tween-20 (PBST), pri-
mary antibody, alkaline phosphatase (AP)-conjugated secondary
antibody, pNPP substrate, BCIP-NBT substrate, 3 N Sodium
Hydroxide, stop solution, and 96-well ELISA microplates
(NEST Scientific).

Histopathological preparation employed 10% neutral in
buffered formalin (NBF), graded ethanol series (Supelco, CAS
No. 64-17-5), xylene (Merck, CAS No. 1330-20-7), paraf-
fin embedding medium, hematoxylin, eosin, glass slides, and
coverslips. Immunohistochemical analysis used mouse mono-
clonal anti-CD4 primary antibody (Santa Cruz Biotechnology,
Dallas, TX, USA; Cat. No. SC-19641), Goat anti-Rabbit
IgG–Biotin Conjugate secondary antibody (Sigma-Aldrich,
USA; Cat. No. 21537), streptavidin–horseradish peroxidase
(SA-HRP), 3,3

′
-diaminobenzidine (DAB) substrate kit (ScyTek

Laboratories, Logan, UT, USA; Cat. No. AKC080), and
Mayer’s hematoxylin counterstain (Sigma-Aldrich, USA; Cat.
No. MHS16-500L).
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2.2 Serum Collection
Human serum samples were obtained from nine clinically diag-
nosed hypothyroid patients through collaboration with Saiful
Anwar General Hospital, Malang, Indonesia. Anti-thyroid
peroxidase (anti TPO) antibody levels were first quantified in-
dividually using the AccuBind Anti-TPO ELISA kit according
to the manufacturers instructions. Subsequently, proteins were
isolated individually from each serum sample, without pooling,
using phosphate-buffered saline containing Tween20 (PBST)
supplemented with phenylmethylsulfonyl fluoride (PMSF) as
a protease inhibitor. The concentration of the isolated protein
fractions was initially estimated using NanoDrop spectropho-
tometry and subsequently confirmed using the Biuret assay.
Based on the combined evaluation of total protein concentra-
tion determined by the Biuret assay and anti-TPO antibody
levels, serum samples exhibiting relatively high values for both
parameters were selected for further characterization. The
isolated protein fractions were analyzed by SDS-PAGE fol-
lowed by silver staining. The protein band at approximately 50
kDa was subsequently recovered by electroelution and used for
Western blot analysis, Fourier-transform infrared (FTIR) spec-
troscopy, LC-MS/MS analysis, and rabbit immunization for
antibody production. Individual TSH, T3, and T4 values were
not available because the serum samples were obtained through
clinical collaboration after routine clinical diagnosis. Therefore,
anti-TPO antibody levels were included as an additional sero-
logical characterization of the serum samples. Serum samples
were stored at -20C for more than one year prior to analy-
sis. To minimize protein degradation, samples were thawed
only once during the protein isolation procedure, and repeated
freeze-thaw cycles were avoided before subsequent analyses.

2.3 TPO Isolation
Thyroid peroxidase (TPO) was isolated from the sera of hy-
pothyroid patients using a modified protein precipitation and
electroelution method based on previous protocols. Briefly,
serum samples were mixed with phosphate-buffered saline con-
taining Tween 20 and phenylmethylsulfonyl fluoride (PBST-
PMSF) to maintain protein stability and inhibit proteolytic
degradation during the isolation process. The mixture was
homogenized and subjected to sonication, followed by cen-
trifugation to separate the soluble protein fraction from in-
soluble components. The resulting supernatant was collected
and treated with cold ethanol to precipitate serum proteins.
The mixture was incubated under cold conditions and sub-
sequently centrifuged to obtain the protein pellet. The pel-
let was air-dried to remove residual ethanol and then resus-
pended in Tris-HCl buffer (pH 6.8). Protein concentration
was measured using a NanoDrop spectrophotometer (Thermo
Scientific, USA) prior to electrophoretic analysis (Aulanni’am,
2023; Aulanni’am et al., 2018) . Total protein was determined
using the conventional Biuret method. The Biuret reagent
was prepared by dissolving 0.325 g CuSO4·5H2O, 0.902 g
potassium sodium tartrate, and 2.4 g NaOH in distilled wa-
ter and adjusting the final volume to 100 mL. Serum (5 𝜇L)

was mixed with 95 𝜇L of Biuret reagent, incubated at room
temperature for 30 min, and the absorbance was measured
at 540 nm using a UV - Visible spectrophotometer against a
reagent blank. Total protein concentration was calculated using
a bovine serum albumin (BSA) standard curve and expressed
as mg/mL (Aulanni’am, 2023; Rose et al., 2016) . Protein
separation was performed using sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE) under reducing
conditions, employing a 12% resolving gel and a 5% stacking
gel. Prior to electrophoresis, protein samples were mixed with
loading buffer containing sodium dodecyl sulfate (SDS) and 𝛽 -
mercaptoethanol, followed by heat denaturation at 94°C for 5
min. Electrophoresis was conducted at a constant voltage (150
V) until optimal protein separation was achieved. A prestained
protein ladder was included to estimate molecular weight. Fol-
lowing separation, protein bands were visualized using silver
staining due to its high sensitivity for detecting low-abundance
serum proteins, particularly relevant for targets such as thyroid
peroxidase (TPO) (Azzahra et al., 2025; Fiqriyana et al., 2013;
Loi Julia and Gam, 2020) .

The silver staining procedure consisted of fixation of the
gel in a solution containing 40% ethanol, 10% glacial acetic
acid, and distilled water for 45 min, followed by washing with
distilled water for 30 min. Protein sensitization was performed
using 0.02% sodium thiosulfate (Na2S2O3·5H2O) for 15 min,
followed by a brief wash with distilled water for 1 min. The gel
was then equilibrated in 0.1% silver nitrate (AgNO3) solution
for 15 min and washed again with distilled water for 1 min.
Protein bands were developed using a solution containing 3%
sodium carbonate (Na2CO3) and 0.05% paraformaldehyde for
less than 1 min until clear band visualization was achieved. The
staining reaction was terminated and the gel was preserved in
1% acetic acid (Hempelmann and Krafts, 2017; Huang et al.,
2018) . To confirm the identity of TPO, proteins were trans-
ferred from the SDS-PAGE gel onto a nitrocellulose mem-
brane using a wet transfer system for Western blot analysis.
The membrane was incubated with monoclonal anti-TPO pri-
mary antibody followed by AP-conjugated secondary antibody
to detect immunoreactive protein bands. A distinct band at ap-
proximately 50 kDa was identified as the target TPO fraction.
The confirmed 50 kDa protein band was excised from the gel
and purified using an electroelution system (Bio-Rad, USA).
The electroelution process was performed using the sample
with the highest protein concentration to maximize protein
recovery and ensure sufficient yield for downstream analyses.
The electroeluted fraction was further precipitated using cold
ethanol, frozen, centrifuged, and the resulting pellet was re-
suspended in Tris-HCl buffer (pH 6.8) (Aulanni’am, 2023) .
The protein concentration of the final isolated protein fraction
was determined after completion of the isolation workflow, in-
cluding SDS-PAGE, electroelution, ethanol precipitation, and
protein resuspension, using the Biuret method. Protein quan-
tification was performed to confirm the availability of sufficient
protein for downstream characterization and immunization.
Protein concentration was not measured after each interme-
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diate purification step; therefore, purification efficiency and
protein recovery at individual stages, including electroelution,
were not determined.

2.4 TPO Characterizations
2.4.1 Functional Group Analysis Using ATR-FTIR
Functional group analysis of the isolated 50 kDa thyroid perox-
idase (TPO) fraction was performed using Fourier Transform
Infrared (FTIR) spectroscopy with an ATR module (Shimadzu
IRSpirit-T, Japan). The liquid sample was directly applied onto
the ATR crystal using a micropipette until the crystal surface
was completely covered, followed by gentle pressure to en-
sure optimal contact. Spectra were recorded in the range of
4000–400 cm

-1
with a resolution of 4 cm

-1
and 10 scans per

measurement using Happ-Genzel apodization. Background
spectra were collected prior to each measurement under iden-
tical conditions. After analysis, the ATR crystal was cleaned
with ethanol and dried before the next sample measurement.
Peak identification and baseline correction were performed
using the instrument software, and characteristic absorption
bands were interpreted based on standard infrared reference
data (Panjaitan et al., 2025) .

2.4.2 Amino Acid Composition Analysis Trought LCM-
S/MS

The amino acid composition of the isolated 50 kDa thyroid per-
oxidase (TPO) fraction was analyzed using liquid chromatog-
raphy–tandem mass spectrometry (LC-MS/MS). Briefly, 0.5
g of the isolated protein sample was hydrolyzed with 10 mL
of 6 N HCl and 10 mL of 4 N NaOH, followed by microwave
digestion at 195C for 30 min. The hydrolysate was cooled to
room temperature, filtered, neutralized to approximately pH
7, diluted with 0.1 N HCl, and passed through a 0.22 𝜇m sy-
ringe filter prior to injection. Chromatographic separation was
performed using an Intrada Amino Acid column (50 mm × 3
mm) with a mobile phase consisting of solvent A (0.3% formic
acid in acetonitrile) and solvent B (acetonitrile/100 mM am-
monium formate, 20:80, v/v). A 1 𝜇L sample was injected
at a flow rate of 0.6 mL/min with the column temperature
maintained at 40°C. Gradient elution was initiated at an A:B
ratio of 86:14, increased to 0:100, and then returned to initial
conditions for re-equilibration. Mass spectrometric detection
was carried out under electrospray ionization conditions with
the interface temperature set at 40°C, desolvation temperature
at 650°C, DL temperature at 250°C, and heat block tempera-
ture at 400°C. Nebulizing gas and drying gas flow rates were
maintained at 3 L/min, while heating gas was set at 15 L/min.
Amino acid standards were analyzed under identical conditions
for calibration and quantitative determination.

2.5 Experimental Design
Male New Zealand White rabbits (Oryctolagus cuniculus), aged
3-4 months and weighing 2.0-2.5 kg, were used in this study.
The animals were housed under controlled laboratory condi-
tions with a 12-hour light/dark cycle, temperature of 22-25°C,

and relative humidity of 50 - 60%. All rabbits were provided
with a standard pellet diet and water ad libitum. Prior to the
experiment, the animals underwent a one-week acclimatiza-
tion period. A total of three rabbits were used (n=3). The
treatment group was administered intramuscular injections of
TPO emulsified with Freund’s adjuvant, consisting of a pri-
mary immunization followed by periodic booster injections to
induce and sustain an adaptive immune response. Blood sam-
ples were collected at regular intervals throughout the study
to monitor antibody production. The total duration of the
experimental study was 4 months. At the end of the experi-
mental period, all animals were euthanized, and spleen and
thymus tissues were collected for histopathological and im-
munohistochemical analyses to evaluate immune activation
and antigen expression. Human serum samples used for TPO
isolation were obtained from hypothyroid patients following
ethical approval from the Institutional Ethics Committee (Ap-
proval No. 187/EC/KEPK/04/2022). All animal procedures
were conducted in accordance with institutional and interna-
tional guidelines for the care and use of laboratory animals and
were approved by the Animal Ethics Committee of Brawijaya
University (Approval No. 215-KEP-UB-2023).

2.6 TPO Antibody Production
Polyclonal antibody production against the isolated 50 kDa
thyroid peroxidase (TPO) fraction was carried out using male
New Zealand White rabbits (Oryctolagus cuniculus) aged 3-4
months with body weights of 2.0–2.5 kg. Prior to immuniza-
tion, 200 𝜇g/mL of purified TPO protein (100 𝜇g per injec-
tion) was emulsified with Complete Freunds Adjuvant (CFA)
for the first immunization and with Incomplete Freund’s Ad-
juvant (IFA) for booster injections at a 1:1 ratio until a sta-
ble emulsion was formed (Delahaut, 2017; Greenfield, 2022) .
Each rabbit received 500 𝜇L of the antigen-adjuvant emulsion
by intramuscular injection into the quadriceps femoris muscle
of the hind limb, with injection sites alternated between the
left and right legs. The immunization protocol consisted of
one primary immunization (week 1) followed by two booster
immunizations at weeks 5 and 10, resulting in a cumulative
antigen dose of 300 𝜇g per rabbit. This immunization regi-
men was selected based on established Freund’s adjuvant pro-
tocols for inducing robust polyclonal antibody responses while
minimizing excessive local tissue reactions (Delahaut, 2017;
Greenfield, 2022) . A pre-immune blood sample was collected
before the initial immunization, followed by weekly periph-
eral venous blood collection from weeks 6 to 14, yielding 10
post-immunization serum samples for monitoring antibody
production and subsequent immunoglobulin isolation. For IgG
isolation, rabbit serum was mixed with 50% saturated ammo-
nium sulfate (SAS) solution at a 1:1 ratio, vortexed, and cen-
trifuged at 3,000 rpm for 15 min at 4°C. The supernatant was
collected and the precipitation step was repeated. The resulting
pellet was resuspended and dialyzed overnight in phosphate
buffer at 4°C. Ethanol was then added at a 1:1 ratio and the
mixture was stored at 4°C for 24 h. After centrifugation, the
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supernatant was discarded and the pellet was air-dried to re-
move residual ethanol before being resuspended in Tris-HCl
buffer (pH 6.8). The isolated IgG fraction was used for further
immunological analysis (Aulanni’am, 2023) .

2.7 Characterization of Anti-rabbit Anti Human TPO
The humoral immune response against the purified 50 kDa
TPO protein fragment was evaluated by indirect ELISA. Briefly,
the purified antigen was diluted 1:10 in coating buffer, and 50
𝜇L was added to each well of a 96-well microplate followed
by overnight incubation at 4°C. After washing with PBST,
the wells were blocked with 10% (w/v) bovine serum albumin
(BSA) in PBS for 2 h at room temperature. Rabbit sera col-
lected before immunization (PI) and after each immunization
(B1-B10) were diluted 1:100 in PBS, added to the wells (50
𝜇L/well), and incubated for 2 h at room temperature. Follow-
ing washing, alkaline phosphatase-conjugated goat anti-rabbit
IgG (1:2500 in PBS) was added and incubated for 2 h. After
a final washing step, p-nitrophenyl phosphate (pNPP) sub-
strate was added, and the reaction was developed for 30 min in
the dark before being stopped with 3 M NaOH. Absorbance
was measured at 405 nm using a microplate reader. All sam-
ples were analyzed in triplicate, and the results were expressed
as mean ± standard deviation (SD). Protein separation was
performed using SDS-PAGE under both reducing and non-
reducing conditions using a 12% resolving gel and a 5% stacking
gel. Purified IgG samples were mixed with SDS loading buffer
either containing 𝛽 -mercaptoethanol (reducing condition) or
lacking 𝛽 -mercaptoethanol (non-reducing condition). Sam-
ples under reducing conditions were heated at 94°C for 5 min
prior to electrophoresis, whereas samples under non-reducing
conditions were prepared without 𝛽 -mercaptoethanol. Elec-
trophoresis was carried out at a constant voltage of 150 V until
optimal protein separation was achieved. A prestained protein
molecular weight marker was included for molecular weight es-
timation. Following electrophoresis, the gels were stained with
Coomassie Brilliant Blue (CBB) R-250 and destained with a
methanol-acetic acid solution until distinct protein bands were
clearly visible (Azzahra et al., 2025; Fiqriyana et al., 2013;
Loi Julia and Gam, 2020) .

2.8 Preparation of Spleen and Thymus Histopathological
Spleen and thymus tissues were collected from experimental
rabbits and immediately fixed in 10% neutral buffered formalin
(NBF) for at least 24h to preserve tissue architecture. Fixed
tissues were subsequently processed through a graded ethanol
series for dehydration, followed by clearing in xylene and infil-
tration with molten paraffin. The tissues were then embedded
in paraffin blocks and sectioned at a thickness of 4 to 5 𝜇m
using a microtome. The sections were floated on a warm water
bath, mounted onto glass slides, and dried prior to staining.
Histological staining was performed using hematoxylin and
eosin (H&E) to evaluate general tissue morphology. Stained
sections were dehydrated, cleared, and mounted with coverslips
for microscopic observation. Histopathological features of the

spleen and thymus were examined using a light microscope
(Olympus CX31, Japan) and documented for further analysis
(Salman et al., 2020; Tuska et al., 2025) .

2.9 Immunohistochemistry Method
Immunohistochemical (IHC) analysis was performed to eval-
uate CD4 expression in spleen tissue and TPO expression in
thymus tissue. Paraffin-embedded tissue sections (4–5 𝜇m)
were deparaffinized in xylene and rehydrated through a graded
ethanol series, followed by rinsing in distilled water. Endoge-
nous peroxidase activity was blocked, and non-specific bind-
ing was minimized using a blocking solution for 1 h at room
temperature. The sections were incubated with primary anti-
bodies, including mouse monoclonal anti-CD4 (Santa Cruz
Biotechnology, Cat. No. SC-19641) at a dilution of 1:1000
for spleen tissue and anti-TPO antibody for thymus tissue,
followed by incubation with Goat anti-Rabbit IgG–Biotin Con-
jugate secondary antibody (Sigma-Aldrich, Cat. No. 21537)
at a dilution of 1:2500. Antigen–antibody complexes were vi-
sualized using streptavidin–horseradish peroxidase (SA-HRP)
and 3,3

′
-diaminobenzidine (DAB), followed by counterstain-

ing with Mayers hematoxylin. After dehydration, clearing, and
mounting, stained sections were examined under a light micro-
scope (Olympus CX31, Japan) for qualitative and quantitative
evaluation of antigen expression (Jankovic et al., 2021; Shehata
et al., 2019) .

Quantitative image analysis was performed using Image
Raster software. Tissue sections were examined under a light
microscope at × 400 magnification, and for each rabbit, 20
randomly selected, non-overlapping microscopic fields were an-
alyzed. Positively stained cells were identified by the presence
of brown 3,3

′
-diaminobenzidine (DAB) staining and manu-

ally counted using the built-in counter tool in Image Raster.
The mean number of positively stained cells from the 20 mi-
croscopic fields was calculated for each rabbit and expressed
descriptively as mean ± standard deviation (SD). Image analysis
was performed by a single investigator using identical count-
ing criteria for all tissue sections. Because positive cells were
quantified by manual counting rather than automated image
thresholding, thresholding parameters were not applicable in
the present study.

2.10 Statistical Analysis
All quantitative data are presented as mean ± standard devi-
ation (SD). For serum analyses, each serum sample obtained
from a clinically diagnosed hypothyroid patient was considered
one biological replicate (n = 9). Total protein concentrations
determined by NanoDrop spectrophotometry and the Biuret
assay, as well as anti-thyroid peroxidase (anti-TPO) ELISA
measurements, were performed in triplicate (technical repli-
cates) for each serum sample, and the average value was used
for subsequent analysis.For the animal experiments, each rabbit
was considered one biological replicate. Quantitative immuno-
histochemical and histological measurements were obtained
from multiple microscopic fields for each rabbit, and the mean
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value for each animal was used as the representative value for
analysis. Descriptive statistics were calculated using Microsoft
Excel, and graphs were generated using OriginPro (OriginLab
Corporation, Northampton, MA, USA). Image-based quanti-
tative analyses were performed using Image Raster software.
Because the in vivo study included a limited number of bio-
logical replicates, quantitative data were analyzed descriptively
and are presented as mean ± SD. No inferential statistical anal-
yses, normality tests, or hypothesis testing were performed.
SDS-PAGE, Western blotting, ATR-FTIR spectroscopy, and
LC-MS/MS were used for qualitative biochemical characteri-
zation and were therefore not subjected to statistical analysis.

2.11 Structural Modeling and Epitope Mapping of Thyroid
Peroxidase

The amino acid sequence of human thyroid peroxidase (TPO)
was retrieved from the UniProt database (UniProt ID: P07202).
Three-dimensional structural modeling was performed using
the AlphaFold Protein Structure Database, which predicts pro-
tein structures based on deep learning algorithms. The pre-
dicted TPO structure was subsequently visualized and ana-
lyzed using BIOVIA Discovery Studio 2025 (Dassault Sys-
tèmes, France) to examine domain organization and over-
all structural features. Domain identification was conducted
based on sequence annotation and structural alignment, includ-
ing the myeloperoxidase (MPO)-like domain, complement
control protein (CCP)-like domain, epidermal growth factor
(EGF)-like domain, transmembrane region, and cytoplasmic
tail. Previously reported immunodominant epitopes of TPO,
particularly the core epitope region spanning residues 604–609
(ETPDL) and its flanking regions, were mapped onto the pre-
dicted three-dimensional structure to evaluate their spatial lo-
calization and surface exposure. Structural analysis focused on
identifying epitope accessibility, conformational orientation,
and potential antigenic regions relevant to antibody binding.
Visualization outputs were used to generate structural represen-
tations of TPO and its immunodominant epitopes for further
interpretation (Aulanni’am et al., 2024; Khairana et al., 2025) .

3. RESULT AND DISCUSSTION

3.1 Characterization of Hypothyroid Patient Serum by Anti-
TPO Antibody and Protein Concentration Analysis

To initially characterize the autoimmune status of the hypothy-
roid patient sera, anti-thyroid peroxidase (anti-TPO) antibody
concentrations were determined using the AccuBind Anti-TPO
ELISA kit (Figure 1). The ELISA results demonstrated substan-
tial variation among the analyzed serum samples, with antibody
concentrations ranging from approximately 20 IU/mL to more
than 600 IU/mL. According to the manufacturer’s reference
criteria, anti-TPO concentrations exceeding 40 IU/mL are
considered positive. Accordingly, most serum samples ana-
lyzed in the present study were classified as positive, indicating
the presence of circulating autoantibodies directed against thy-
roid peroxidase. The variability in antibody concentrations
is consistent with the heterogeneous nature of autoimmune

thyroid disease (AITD), in which the magnitude of the humoral
immune response differs among individuals. Variations in an-
tibody titers may be influenced by disease stage, duration of
autoimmune activity, immune regulation, and differences in B-
cell activation and clonal expansion among patients (Caturegli
et al., 2014; Ferrari et al., 2017) .

Figure 1. Anti-Tpo Concentration of Hypothyroid Patients
Serum

Following serological characterization, the concentration
of proteins isolated from the sera of hypothyroid patients was
determined using NanoDrop spectrophotometry (Figure 2a)
and subsequently confirmed by the Biuret assay (Figure 2b),
a colorimetric method that is more specific for total protein
quantification. Both analytical methods demonstrated compa-
rable protein concentration profiles across all analyzed samples,
with sample 4 consistently exhibiting the highest protein con-
centration, whereas sample 9 showed the lowest. Although the
protein concentrations determined by NanoDrop were slightly
lower than those obtained by the Biuret assay, both methods
displayed similar trends across the serum samples, indicating
good agreement in the relative distribution of protein concen-
trations.

The differences observed between the two methods are
expected because the Biuret assay quantifies proteins based
on the formation of copper-peptide complexes under alkaline
conditions, whereas NanoDrop spectrophotometry estimates
protein concentration by measuring ultraviolet absorbance at
280 nm, which primarily depends on the abundance of aro-
matic amino acid residues, particularly tryptophan and tyro-
sine, and may also be influenced by nucleic acids and other
ultraviolet-absorbing compounds. Therefore, the Biuret assay
was selected as the reference method for quantitative analysis
because it is relatively less susceptible to interference from non-
protein components. Protein concentrations determined by
the Biuret assay ranged from 38.61 ± 0.60 mg/mL to 65.13
± 0.40 mg/mL, indicating inter-individual variation in the
amount of isolated serum protein fractions.

The observed variation in protein concentration may re-
flect differences in the total amount of proteins recovered from
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Figure 2. Concentration of Proteins Isolated From the Sera of Hypothyroid Patients Using Nanodrop Spectrophotometry (A)
and Subsequently Confirmed by the Biuret Assay (B).

individual serum samples. Human serum is a highly complex
biological matrix containing abundant plasma proteins together
with lower-abundance tissue-derived proteins released into the
circulation under both physiological and pathological condi-
tions (Anderson and Anderson, 2002; Geyer et al., 2017). In
autoimmune thyroid disease, damage to thyroid follicular cells
has been reported to facilitate the release of thyroid-associated
proteins, including thyroid peroxidase (TPO), into the circula-
tion. Nevertheless, because the protein fraction in the present
study was isolated directly from serum, it most likely repre-
sents a heterogeneous mixture of circulating proteins rather
than purified TPO alone. Therefore, the measured protein
concentrations should be interpreted as representing the total
amount of isolated serum protein rather than the concentration
of thyroid peroxidase specifically (Ferrari et al., 2021; Ragusa
et al., 2019) .

Because the Biuret assay measures total protein concentra-
tion whereas ELISA specifically detects circulating anti-TPO
antibodies, these two analytical methods provide complemen-
tary rather than equivalent information. Total protein concen-
tration reflects the overall quantity of proteins isolated from
serum, whereas anti-TPO ELISA reflects the magnitude of
the humoral autoimmune response directed against thyroid
peroxidase. Therefore, serum samples selected for subsequent
analyses were chosen based on the combined evaluation of both
parameters. Samples exhibiting relatively high total protein
concentrations together with elevated anti-TPO antibody levels
were selected for further protein isolation and characterization
because they were expected to provide sufficient protein yield
while representing sera with high immunoreactivity. This se-
lection strategy was intended to maximize the likelihood of
recovering immunoreactive protein fractions suitable for sub-
sequent immunization and immunological characterization
(McLeod and Cooper, 2012; Ragusa et al., 2019) .

Although elevated anti-TPO antibody concentrations in-
dicate the presence of thyroid-directed autoimmunity, they

do not provide evidence regarding the molecular identity or
abundance of the isolated protein fraction. Likewise, the Biuret
assay provides information only on total protein concentration
and cannot distinguish thyroid peroxidase from other serum
proteins. Therefore, further characterization was performed
using SDS-PAGE, electroelution, Western blotting, Fourier-
transform infrared (FTIR) spectroscopy, and LC-MS/MS to
evaluate the biochemical characteristics and immunological
properties of the isolated protein fraction. The combination
of these complementary analytical techniques provides a more
comprehensive characterization of the isolated protein than
could be achieved by protein quantification or serological anal-
ysis alone.

3.2 TPOMolecular Weight Analysis
Molecular weight analysis using SDS-PAGE followed by silver
staining revealed a distinct and reproducible protein band at
approximately 50 kDa across hypothyroid serum samples (Fig-
ure 3). The use of silver staining enabled sensitive detection of
low-abundance proteins, which is particularly advantageous for
serum-derived proteins. The relatively discrete band pattern
with minimal background smearing suggests that the isolation
procedure reduced interference from non-specific serum pro-
teins, although it does not demonstrate complete purification.

The observed molecular weight of approximately 50 kDa
is lower than that of the full-length native thyroid peroxidase
(TPO), which has a reported molecular mass of approximately
100–110 kDa (McLeod and Cooper, 2012) . This finding in-
dicates that the isolated protein fraction differs in molecular
weight from the native TPO protein. The reduced molecular
weight may reflect a processed or truncated protein species;
however, it may also result from protein degradation or other
events occurring during sample preparation. Previous studies
have reported the presence of immunoreactive TPO fragments
under certain experimental and pathological conditions (Weet-
man, 2021; Antonelli et al., 2015) . However, because peptide-
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Figure 3. Serum Protein Sample Profile Using 12% Acrylamide
Gel Electrophoresis With Silver Staining. M = Marker; 1-9 =
Hypothyroid Samples.

level protein identification was not performed in the present
study, the molecular origin of the isolated protein fraction can-
not be determined from molecular weight analysis alone.

The approximately 50 kDa protein band was selected for
further characterization because it consistently appeared as a
distinct band in the SDS-PAGE profiles of the selected hy-
pothyroid serum samples. Furthermore, previous Western
blot analysis performed by our group demonstrated that this
band exhibited immunoreactivity toward an anti-TPO anti-
body (Ramadani et al., 2024) . Accordingly, subsequent bio-
chemical characterization focused on this reproducibly detected
immunoreactive protein fraction rather than the native full-
length TPO (100-110 kDa). This experimental approach was
intended to characterize the isolated immunoreactive protein
fraction observed in patient serum rather than to investigate
the intact TPO molecule. Nevertheless, because peptide-level
protein identification was not performed, the precise molecu-
lar origin and physiological relevance of the isolated protein
fraction remain to be established.

Because human serum contains abundant proteins, partic-
ularly albumin and immunoglobulins, that may migrate within
overlapping molecular-weight ranges during SDS-PAGE, molec-
ular weight alone was not considered sufficient to assign the
identity of the isolated protein fraction. Therefore, interpre-
tation of the approximately 50 kDa band was supported by
complementary analyses, including previously reported West-
ern blot analysis using an anti-TPO antibody (Ramadani et al.,
2024) . ATR-FTIR characterization, LC-MS/MS amino acid
profiling, and evaluation of immunogenicity following rabbit
immunization. Collectively, these complementary findings
increase confidence that the isolated fraction contains an anti-
TPO-reactive protein component. However, because definitive
peptide sequencing was not performed, the possibility that co-
migrating serum proteins contributed to the isolated fraction
cannot be completely excluded and should be considered when
interpreting the results.

Western blot analysis using a monoclonal anti-TPO anti-
body, reported previously by our group (Fiqriyana et al., 2013;
Ramadani et al., 2024) . demonstrated the presence of an im-

munoreactive band at approximately 50 kDa. Since these data
have been published previously, the present study focuses on
further biochemical characterization and evaluation of the bio-
logical properties of the isolated protein fraction rather than
repeating the same experiment. The observed immunoreactiv-
ity supports the interpretation that the isolated protein fraction
contains an anti-TPO-reactive component under the experi-
mental conditions employed. However, the present study did
not determine whether the isolated protein corresponds to
a specific structural domain or immunodominant epitope of
TPO.

A methodological limitation of the present study is that
protein concentration was quantified only before protein iso-
lation and after completion of the entire isolation workflow,
including SDS-PAGE, electroelution, ethanol precipitation,
and protein resuspension. Consequently, protein recovery and
purification efficiency at individual purification steps could not
be determined.

3.3 Functional Group Analysis using ATR-FTIR
The functional group characterization of the isolated 50 kDa
thyroid peroxidase (TPO) fraction was performed using ATR-
FTIR spectroscopy (Figure 4 and Table 1) to evaluate its chem-
ical composition and structural integrity. The obtained spec-
trum exhibited several characteristic absorption bands corre-
sponding to proteinaceous and glycoprotein features, confirm-
ing the biochemical nature of the isolated fraction.

A broad absorption band observed at approximately 3327
cm-1 was attributed to overlapping O–H and N–H stretching
vibrations, which are commonly associated with hydrogen-
bonded hydroxyl groups and peptide backbone amide groups.
This absorption band is consistent with the presence of protein-
associated functional groups and hydrogen bonding commonly
observed in proteins (Rothschild, 2016; Tatulian, 2019) . The
broadness of this band may also reflect the presence of polar
amino acid residues. Although thyroid peroxidase (TPO) is a
glycoprotein, ATR-FTIR alone cannot confirm the presence
or extent of protein glycosylation.

Figure 4. Functional Group Analysis Using Atr-Ftir of Tpo.
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Table 1. Sructural Interpretation of TPO Based on Figure 4

Wavenumber (cm
-1

) Tentative assignment Structural interpretation References

3327 O–H and N–H stretching Hydrogen-bonded hydroxyl groups (Rothschild, 2016; Tatulian, 2019)
and peptide backbone amide groups

commonly observed in proteins
1640 Amide I (C=O stretching) Characteristic protein peptide (Tintor et al., 2024)

backbone; commonly associated
with general secondary structural elements

1079 C–O stretching Carbohydrate-related or alcohol (Tatulian, 2019)
functional groups commonly

detected in proteins/glycoproteins
1045 C–O stretching Protein-associated carbohydrate (Tatulian, 2019)

functional groups
990 C–H bending / Minor functional group contribution (Rothschild, 2016)

phosphate-related vibration within the isolated protein fraction

The strong absorption band detected at 1640 cm-1 corre-
sponds to the amide I region, which primarily arises from C=O
stretching vibrations of the peptide backbone. This band is
widely recognized as a characteristic feature of proteins and
is commonly associated with general secondary structural el-
ements, including contributions from 𝛼-helical and 𝛽 -sheet
conformations (Tintor et al., 2024) . The presence of a dis-
tinct amide I band supports the proteinaceous nature of the
isolated fraction and indicates that characteristic peptide back-
bone structures remained detectable following the isolation
procedure. However, ATR-FTIR alone cannot determine the
preservation of native protein conformation, conformational
epitopes, or antigenicity.

Additional absorption bands observed in the fingerprint
region, particularly at approximately 1079 and 1045 cm-1, cor-
respond to C–O stretching vibrations (Tatulian, 2019) . These
bands may be associated with carbohydrate-related functional
groups that are commonly detected in glycoproteins. However,
these spectral features should not be interpreted as direct evi-
dence of glycosylation because ATR-FTIR does not provide
sufficient structural specificity for this purpose.

A weaker absorption band detected around 990 cm-1 may
be attributed to out-of-plane C–H bending vibrations or phos-
phate -related functional groups. Although less pronounced,
this band may reflect minor chemical components present
within the isolated protein fraction. Overall, the ATR-FTIR
spectrum is consistent with the presence of characteristic protein-
associated functional groups and provides complementary bio-
chemical information regarding the isolated protein fraction
(Rothschild, 2016; Tatulian, 2019) . These findings, the ATR-
FTIR spectrum is consistent with the presence of characteristic
protein-associated functional groups and provides complemen-
tary biochemical information regarding the isolated protein
fraction. Together with SDS-PAGE, and LC-MS/MS analyses,
the ATR-FTIR findings contribute to the overall characteriza-
tion of the isolated protein used in this study.

3.4 Amino Acid Composition Analysis (LC-MS/MS)
The isolated protein fraction was analyzed by LC–MS/MS
following complete acid hydrolysis to determine its amino
acid composition as part of its biochemical characterization
(Crotty, 2019). The analysis detected several amino acids, in-
cluding L-arginine, L-cystine, L-glutamic acid, L-histidine,
L-isoleucine, L-leucine, L-lysine, L-phenylalanine, L-proline,
and L-threonine, with concentrations ranging from 1.233 to
2.013 nmol/mL (Table 2). These amino acids were detected
with well-resolved retention times, indicating satisfactory chro-
matographic separation and reliable analytical performance
under the applied analytical conditions.

The detected amino acid profile confirms that the isolated
fraction is proteinaceous and provides complementary bio-
chemical information regarding its composition. Among the
identified amino acids, cystine is particularly relevant because
it participates in disulfide bond formation, which contributes
to the structural stability of many proteins. Likewise, aromatic
amino acids such as phenylalanine and histidine, together with
charged residues including arginine, lysine, and glutamic acid,
are common constituents of proteins involved in protein fold-
ing, intermolecular interactions, and structural organization
(Zhu, 2018; Akbar et al., 2022) . In addition, hydrophobic
amino acids such as leucine, isoleucine, and proline contribute
to hydrophobic core formation and conformational stability,
while proline plays an important role in stabilizing structural
turns within protein molecules (Finkelstein, 2018; Benlaribi
et al., 2022) . Several amino acids commonly found in proteins,
including methionine, valine, tyrosine, tryptophan, and aspar-
tic acid, were not detected or were present below the limit of
quantification. This incomplete amino acid recovery may re-
sult from degradation of acid-labile residues during hydrolysis,
incomplete hydrolysis, or analytical detection limitations. For
example, tryptophan and methionine are known to undergo
degradation under strong acidic hydrolysis conditions, whereas
the responses of several amino acids may be influenced by dif-
ferences in ionization efficiency during LC–MS/MS analysis
(Liu et al., 2019; Rehlund et al., 2025) .

It should be emphasized that the LC–MS/MS analysis per-
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Table 2. Amino Acid Composition in Tpo Protein Analysis Using Lc-Ms/ms

Amino Acid Retention Time Conc. (nmol/mL)

L-Arginine 10.948 1.692
L-Cystine 7.770 1.542

L-Glutamic Acid 6.595 1.812
L-Histidine (Event 7) 9.829 1.233

L-Isoleucine 4.212 1.881
L-Leucine 3.985 1.790

L-Lysine HCl 10.491 1.439
L-Phenylalanine 3.869 1.907

L-Proline 4.493 1.988
L-Threonine 6.593 2.013

L-Histidine (Event 19) 9.857 1.496

formed in the present study was designed to determine amino
acid composition after complete hydrolysis rather than to iden-
tify peptide sequences. Consequently, the obtained data cannot
be used to assign protein identity or determine peptide se-
quence coverage because the original protein structure had
been converted into free amino acids prior to analysis. There-
fore, the LC–MS/MS results should be interpreted as biochem-
ical characterization of the isolated protein fraction rather than
definitive molecular identification of thyroid peroxidase (TPO)
(Kaspar et al., 2009; Noor et al., 2021) .

The amino acid composition nevertheless complements
the biochemical characterization obtained from SDS-PAGE,
Western blot immunoreactivity, and ATR–FTIR analyses by
demonstrating that the isolated approximately 50 kDa fraction
contains protein-derived constituents. Collectively, these ana-
lytical approaches provide evidence that the isolated material
is a proteinaceous fraction exhibiting anti-TPO immunoreac-
tivity under the experimental conditions employed. However,
definitive confirmation of its molecular identity would require
bottom-up proteomic analysis using enzymatic digestion fol-
lowed by LC–MS/MS peptide mapping against the human
TPO sequence, allowing identification of unique peptides and
determination of sequence coverage (Gessulat et al., 2019;
Noor et al., 2021) . Amino acid composition analysis demon-
strates that the isolated 50 kDa fraction possesses the biochem-
ical characteristics of a protein and provides complementary
information regarding its molecular composition. Because
peptide sequencing was not performed, the present findings
should not be interpreted as definitive identification of TPO
but rather as biochemical characterization of an isolated anti-
TPO-reactive protein fraction suitable for subsequent immuno-
genicity evaluation.

3.5 Production and Characterization of Anti Rabbit Anti
Human TPO

The results of the indirect ELISA showed that the isolated 50
kDa TPO protein was capable of inducing a specific humoral
immune response in rabbits. Pre-immunization (PI) serum

had a low absorbance value (OD405 = 0.152), indicating the ab-
sence of detectable TPO antibody prior to immunization. After
immunization, anti-TPO IgG levels increased significantly, es-
pecially after the booster immunization, and continued to rise
until reaching the highest absorbance value at the 8th blood
draw (B8) with an OD405 of 0.555. Although there was a slight
decrease in anti-TPO IgG levels at blood draws B9 and B10,
the values remained higher than those in the pre-immunization
serum until the end of the observation period, as shown in Fig-
ure 5.

Figure 5. Anti-Tpo Igg Response in Rabbits Immunized With
the Isolated 50 Kda Tpo Protein, Determined by Indirect
Elisa. Anti-Tpo Igg Levels Are Expressed as Od405 (N = 3). Pi
= Pre-Immune; B1–b10 = Post-Immunization Blood
Collections.

The increase in antibody levels after primary immuniza-
tion reflects the initiation of the adaptive immune response.
During this phase, B cell recognize the administered antigen
through their B-cell receptors (BCRs), undergo activation with
the assistance of CD4+ T helper cells, and subsequently dif-
ferentiate into antibody-secreting plasma cells and memory B
cells (Suan et al., 2017; Weisel and Shlomchik, 2017) . Because
primary immune responses require antigen processing, antigen
presentation, and lymphocyte activation, antibody production
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generally develops gradually before reaching detectable levels.
Similar increases in antigen-specific antibody responses fol-
lowing immunization have also been reported in experimental
animal models, including oral immunization with recombinant
Lactococcus lactis, which induced enhanced humoral immune
responses accompanied by increased IgG production (Nugroho
et al., 2026) .

Administration of booster immunizations using Incom-
plete Freund’s Adjuvant (IFA) further enhanced the antibody
response, resulting in higher anti-TPO IgG levels than those
observed after the primary immunization. This enhanced re-
sponse is characteristic of secondary humoral immunity, in
which previously generated memory B cells are rapidly reacti-
vated upon re-exposure to the antigen. Consequently, memory
B cells proliferate and differentiate into plasma cells more effi-
ciently, leading to increased antibody production. In addition
to increasing antibody quantity, secondary immune responses
are generally associated with affinity maturation, producing
antibodies with improved antigen-binding affinity (Carter et al.,
2017) . The highest anti-TPO IgG level was observed at blood
collection point B8, followed by a slight decline at B9 and
B10. This decrease is consistent with the contraction phase
of the adaptive immune response that normally occurs after
peak antibody production has been achieved. As antigenic
stimulation diminishes, a proportion of short-lived plasma
cells undergo apoptosis, resulting in a gradual reduction in cir-
culating antibody levels. Nevertheless, anti-TPO IgG levels
remained substantially higher than those measured prior to
immunization throughout the observation period, indicating
the persistence of the humoral immune response induced by
the isolated protein fraction (Zhang et al., 2007) .

The relatively stable antibody levels observed after repeated
booster immunizations also suggest sustained stimulation of
the adaptive immune system throughout the immunization
period. Although minor fluctuations in antibody concentra-
tion were observed between sampling time points, the overall
response remained consistently elevated compared with pre-
immunization serum. Such variations are commonly observed
in polyclonal antibody production and may reflect individ-
ual differences in immune regulation, antigen processing, and
the dynamic balance between antibody production and natu-
ral immunoglobulin turnover (Uhlén et al., 2016; Weisel and
Shlomchik, 2017) .

It should be noted that the indirect ELISA results demon-
strate the ability of the isolated protein fraction to induce
antigen-reactive antibody production under the experimental
conditions used in this study. However, ELISA alone does not
establish the molecular identity of the immunizing antigen or
confirm that the generated antibodies specifically recognize thy-
roid peroxidase (TPO). Therefore, further biochemical char-
acterization by SDS-PAGE and immunoreactivity assessment
by Western blot analysis were performed to further character-
ize the isolated protein fraction and the antibodies generated
following immunization. The purified rabbit IgG fraction was
characterized by SDS-PAGE under both non-reducing and

reducing conditions to evaluate its structural integrity prior
to immunoblotting analysis (Figure 6). Under non-reducing
conditions, a predominant protein band was observed at ap-
proximately 150 kDa, corresponding to intact IgG. Because
the interchain disulfide bonds remained intact under these con-
ditions, the antibody migrated as a complete immunoglobulin
molecule composed of two heavy chains and two light chains
linked through disulfide bridges. The predominance of a single
protein band at the expected molecular weight indicates that
the purification procedure successfully preserved the native
structural organization of rabbit IgG (Khairana et al., 2025) .

Figure 6. Sds-Page Analysis of the Purified Rabbit Igg Fraction
Under Non-Reducing (Left) and Reducing (Right)
Conditions. M : Protein Molecular Weight Marker.

Following reduction with 𝛽 -mercaptoethanol, the purified
IgG fraction separated into two characteristic protein bands
with molecular weights of approximately 50 kDa and 25 kDa,
corresponding to the heavy and light chains of IgG, respectively.
The appearance of these expected electrophoretic bands con-
firms that the reducing conditions efficiently disrupted the inter-
chain disulfide bonds while preserving the individual polypep-
tide chains. This electrophoretic pattern is consistent with the
well-established structural organization of mammalian IgG and
has been widely reported as an indicator of antibody integrity
following purification (Makaraviciute et al., 2016) .

Comparison of the reducing and non-reducing electrophoretic
profiles provides additional evidence supporting the successful
purification of the rabbit IgG fraction. Under non-reducing
conditions, the antibody remained predominantly in its intact
form, whereas reduction produced the characteristic heavy
and light chain bands expected for purified IgG. Moreover,
only minimal additional protein bands were observed in either
electrophoretic condition, suggesting that the purification pro-
cedure generated a relatively enriched IgG fraction with limited
detectable contamination from other serum proteins. Although
SDS-PAGE alone cannot determine antibody purity quanti-
tatively, the observed electrophoretic profile indicates that the
isolated antibody preparation was suitable for subsequent im-
munological analysis (Kirley and Norman, 2018; Mariam et al.,
2026) .

Characterization of the purified antibody prior to immunoblot-
ting is important because residual serum proteins, particularly
albumin and other abundant plasma proteins, may interfere
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with downstream antibody-based assays if not adequately re-
moved. Therefore, confirmation of the expected IgG elec-
trophoretic profile increases confidence that the immunoreac-
tive signals observed in the subsequent Western blot analysis
originated predominantly from antigen-specific IgG generated
following immunization rather than from nonspecific serum
components (Mariam et al., 2026) .

However, SDS-PAGE provides information primarily on
molecular weight and structural integrity and does not directly
evaluate antibody affinity or antigen specificity. Consequently,
the functional performance of the purified antibody was sub-
sequently assessed by Western blot analysis using the isolated
protein fraction as the target antigen. The combined elec-
trophoretic characterization and immunoblotting results there-
fore provide complementary evidence supporting the suitabil-
ity of the purified rabbit IgG for downstream immunological
applications (Ghosh et al., 2014; Mariam et al., 2026) .

To further evaluate the immunoreactivity of the generated
polyclonal antibodies, Western blot analysis was performed
using immune rabbit serum as the primary antibody. As shown
in Figure 7, a distinct immunoreactive band was detected at
approximately 50 kDa, whereas no corresponding signal was
observed in the secondary antibody-only control. This finding
indicates that the detected signal depended on the presence
of antibodies generated following immunization rather than
nonspecific binding of the secondary antibody. The absence of
detectable immunoreactivity in the negative control therefore
supports the specificity of the antigen-antibody interaction
under the experimental conditions employed.

Figure 7. Western Blot Analysis of the Isolated 50 Kda Tpo
Protein. Left: Secondary Antibody-Only Control; Right:
Rabbit Anti-Human Tpo (Primary Antibody). M: Protein
Molecular Weight Marker, S: Sample.

The molecular weight of the detected immunoreactive band
corresponded to the protein fraction previously isolated by

SDS-PAGE and electroelution. The consistent detection of
an approximately 50 kDa protein throughout the isolation,
purification, and immunoblotting procedures indicates that this
protein fraction retained antibody-reactive properties following
purification. Rather than relying solely on molecular weight,
the Western blot results provide immunological evidence that
the isolated protein fraction contains antigenic determinants
recognized by antibodies generated after rabbit immunization
(Ghosh et al., 2014) .

These findings are consistent with the overall experimental
workflow of the present study. The approximately 50 kDa
protein band was first identified as a reproducible band in the
SDS-PAGE profiles of selected hypothyroid serum samples
and was subsequently isolated for biochemical characterization
and immunization. The ability of immune rabbit serum to
recognize the same protein fraction on Western blot support
the conclusion that the isolated protein was capable of eliciting
an antibody response under the experimental conditions used
in this study. This observation complements the biochemi-
cal characterization obtained by ATR-FTIR and amino acid
composition analysis, supporting the conclusion that the iso-
lated fraction represents an immunoreactive protein suitable
for antibody production (Weisel and Shlomchik, 2017) .

Nevertheless, the present Western blot experiment should
be interpreted within the limitations of the study. Although the
immune serum recognized the isolated approximately 50 kDa
protein fraction, the experiment was designed to evaluate im-
munoreactivity rather than definitive protein identity. Because
peptide-level protein identification was not performed, the
precise molecular identity and structural origin of the isolated
protein fraction could not be established solely by Western
blot analysis. Furthermore, additional validation using purified
recombinant TPO, thyroid tissue extracts, or peptide sequenc-
ing would further strengthen the characterization of antibody
specificity. Therefore, the Western blot findings should be con-
sidered complementary evidence supporting the immunore-
activity of the isolated protein fraction rather than definitive
proof of its molecular identity (Ghosh et al., 2014) .

3.6 Spleen and Thymus Histopathology by Inducing TPO
in Rabbit

Histopathological evaluation of the spleen and thymus was per-
formed to assess the systemic immune response induced by
the isolated 50 kDa thyroid peroxidase (TPO) antigen (Figure
8). Clear morphological differences were observed between
control and TPO-treated groups, indicating that administra-
tion of the antigen elicited significant immunological activation
affecting both secondary and primary lymphoid organs.

In the spleen, hematoxylin and eosin (H&E) staining re-
vealed an apparent expansion of the white pulp region in TPO-
induced rabbits compared with controls. Quantitative morpho-
metric analysis showed a greater mean white pulp diameter
in the TPO-induced group (47.81 ± 1.11 µm) than in the
control group (36.37 ± 1.45 𝜇m), representing an increase
of approximately 31.45%. The white pulp is composed pri-
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Figure 8. Whistopathology of Rabbit Spleen at 100×
Magnification. Control Group (A) and Induced by Tpo Group
(B).

marily of periarteriolar lymphoid sheaths (PALS), which are
enriched in T lymphocytes, and lymphoid follicles containing
B lymphocytes (Lewis et al., 2019; Vancauwenberghe et al.,
2015) . Enlargement of this region is generally associated with
increased lymphoid activity and may reflect enhanced lym-
phocyte accumulation or proliferation in response to antigenic
stimulation. However, the present H&E findings do not allow
direct identification of specific lymphocyte subsets or germinal
center activity (Stebegg et al., 2018) .

The splenic enlargement observed in this study may be
related to activation of adaptive immune processes following
exposure to the TPO antigen. In secondary lymphoid organs,
antigens can be captured and processed by antigen-presenting
cells, leading to activation of T and B lymphocytes (Hato et al.,
2024; Crotty, 2019) . Such immune activation is commonly
accompanied by structural changes in lymphoid tissues, includ-
ing expansion of the white pulp (Lewis et al., 2019; Stebegg
et al., 2018) . Nevertheless, the current study did not directly
evaluate antigen presentation, T-cell activation, B-cell differ-
entiation, or clonal expansion; therefore, these mechanisms
should be considered as plausible interpretations rather than
demonstrated events.

In the context of autoimmune thyroid disease, sustained
exposure to thyroid antigens has been associated with activation
of lymphoid tissues and expansion of autoreactive lymphocyte
populations The splenic histopathological changes observed
in the present study show that administration of the isolated
TPO fragment was associated with significant remodeling of
the white pulp. These findings support the interpretation that
the isolated TPO fragment is capable of eliciting an immune
response in vivo. However, further studies incorporating im-
munophenotyping, cytokine analysis, and antigen-specific an-
tibody measurements are required to determine the specificity
and functional characteristics of the induced immune response
(Lewis et al., 2019; Stebegg et al., 2018; Weetman, 2021) . In
parallel, histopathological examination of the thymus revealed
distinct structural alterations in TPO-treated rabbits compared
to controls (Figure 9). The thymus, as a primary lymphoid
organ, plays a central role in T-cell development, selection, and
establishment of immune tolerance (Gulla et al., 2023; Miller,
2020) . In the TPO-induced group, thymic sections exhibited
cortical thinning, reduced lymphocyte density in the cortex,

and a less distinct corticomedullary boundary. These changes
suggest increased thymocyte turnover and redistribution, likely
reflecting heightened immune activation and antigen-driven
modulation of T-cell maturation processes (Wang et al., 2015;
Weetman, 2021) .

Figure 9. Histopathological Features of Rabbit Thymus Tissue
at 100× Magnification. (A) Control Rabbit Thymus Showing
Normal Histological Architecture; (B) Thymus Tissue From
Rabbit Immunized With 50 Kda Tpo Antigen. Notes: (A)
Adipose Tissue, (S) Septa, (P) Parenchyma, and (C) Cystic
Structure.

From a mechanistic perspective, the observed thymic re-
modeling may be associated with changes in immune activity
occurring during repeated antigen exposure. Previous studies
have suggested that sustained antigenic stimulation can influ-
ence thymic architecture by altering the distribution and matu-
ration of thymocytes (Crotty, 2019; Gulla et al., 2023; Miller,
2020) . However, because the present study did not assess thy-
mocyte subsets, cellular proliferation, apoptosis, or positive
and negative selection processes, no conclusions can be drawn
regarding the involvement of central tolerance mechanisms.
Further investigations incorporating cellular and molecular
analyses will be required to clarify the biological significance
of the observed thymic changes. The combined histopatho-
logical findings in the spleen and thymus indicate that immu-
nization with the isolated protein fraction was associated with
structural changes in both secondary and primary lymphoid
organs. Enlargement of splenic white pulp together with al-
terations in thymic architecture is consistent with activation of
immune-associated processes following antigen administration.
Although the spleen and thymus serve distinct immunological
functions, the concurrent observations in both organs suggest
that the isolated protein fraction was capable of eliciting mea-
surable biological responses under the experimental conditions
used in this study (Abramson and Anderson, 2017; Lewis et al.,
2019) .

Taken together with the serological, immunohistochemical,
and biochemical findings, the histopathological observations
support the immunogenic potential of the isolated protein frac-
tion. Rather than demonstrating the physiological function of
a native TPO fragment, these results indicate that the experi-
mentally isolated protein fraction possesses antigenic properties
sufficient to induce measurable immune responses in rabbits
following immunization. Because peptide-level protein identi-
fication was not performed, the precise molecular identity and
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structural origin of the isolated protein remain to be established
(Ghosh et al., 2014; Zhang et al., 2007) .

Overall, the histopathological alterations observed in the
spleen and thymus are consistent with immune-associated tis-
sue responses following immunization with the isolated approx-
imately 50 kDa immunoreactive protein fraction. Together
with the biochemical and immunological findings, these ob-
servations support the immunogenic potential of the isolated
protein fraction. However, because peptide-level protein iden-
tification was not performed, its precise molecular identity
remains to be established.

3.7 CD4+ T Cell Expression in the Rabbit Spleen and TPO
50 kDa Expression in the Rabbit Thymus by Immuno-
histochemical Technique

Immunohistochemical (IHC) analysis was performed to evalu-
ate the adaptive immune response induced by the isolated 50
kDa thyroid peroxidase (TPO) antigen, focusing on CD4+ T
cell expression in the spleen and TPO immunoreactivity in the
thymus (Figure 10). The results demonstrated a significant en-
hancement of immune activation in TPO-treated rabbits com-
pared to controls, providing direct evidence of antigen-driven
immunogenicity at both peripheral and central immune sites
(Raphael et al., 2020) . In the spleen, CD4 immunoreactivity
was predominantly localized within the white pulp, particularly
in the periarteriolar lymphoid sheath (PALS) and marginal
zone, regions that are enriched in T lymphocytes and play
important roles in adaptive immune responses. Quantitative
image analysis showed a higher mean number of CD4-positive
cells in the immunized group (41.25 ± 2.81) than in the con-
trol group (31.00 ± 3.59), corresponding to an approximately
33% increase. Although this trend is consistent with enhanced
immune-associated cellular responses following immunization,
the limited number of biological replicates in the present study
precludes formal statistical inference.

Figure 10. Cd4+ T Expression in Rabbit Spleen Tissue
Analyzed by Immunohistochemistry (Ihc) of Control Group
(A) and Tpo-Induced Group (B) at 400× Magnification. Red
Arrows Indicate Cd4-Positive Expression.

CD4+ T lymphocytes play important roles in coordinat-
ing adaptive immune responses by interacting with antigen-
presenting cells and supporting B-cell activation through cy-
tokine production and cell-cell interactions (Hirahara and Nakayama,
2016; Ruterbusch et al., 2020) . Although the present study

did not evaluate CD4+ T-cell subsets or cytokine expression,
the increased number of CD4-positive cells observed in the
immunized animals is consistent with immune responses fol-
lowing antigen exposure. However, the functional phenotype
of these CD4-positive cells, including differentiation into Th1,
Th2, Th17, or T follicular helper cells, was not investigated in
this study.

Previous studies have demonstrated that CD4+ T cells con-
tribute to humoral immune responses by providing signals re-
quired for B-cell activation and antibody production (Raphael
et al., 2015; Wang et al., 2015) . In the present study, the in-
creased CD4 immunoreactivity was observed together with
elevated anti-TPO IgG levels following immunization. Al-
though these findings are consistent with activation of adap-
tive immune responses, the present study was not designed to
establish a direct causal relationship between increased CD4
expression and antibody production.

The localization of CD4-positive cells within the splenic
white pulp is also consistent with the histopathological observa-
tion of white pulp enlargement following immunization. Be-
cause the white pulp is the principal site of antigen presentation
and lymphocyte activation in the spleen, the concurrent in-
crease in CD4-positive cells and white pulp expansion suggests
that immunization with the isolated protein fraction was associ-
ated with structural and cellular changes within this lymphoid
compartment (Lewis et al., 2019; Stebegg et al., 2018) .

In this study, CD4 immunohistochemistry was used as an
early indicator of T helper cell activation following immuniza-
tion with a 50 kDa isolated TPO protein. CD4 T cells play
a crucial role in coordinating the adaptive immune response
through B cell activation and antibody production (Crotty,
2019) . However, the adaptive immune response involves in-
teractions among various immune cell populations. Previous
studies have shown that CD8 T cells contribute to both cel-
lular and humoral immune responses; CD20 reflects B-cell
activation; CD68 indicates macrophage involvement in anti-
gen processing and the inflammatory response; and CD86 is
an important costimulatory molecule required for optimal T-
cell activation (Hammarlund et al., 2017; Klein et al., 2019;
Valentine et al., 2018) . Therefore, evaluation of these markers
will provide a more comprehensive characterization of the im-
mune response induced by the isolated 50 kDa TPO protein.
Since this study evaluated only CD4 expression, analysis of
these markers should be considered in future research. Al-
though increased CD4+ T-cell expression was observed follow-
ing immunization, functional characterization of helper T-cell
responses through cytokine profiling was beyond the scope
of the present study. Cytokines such as interferon-𝛾 (IFN-
𝛾), interleukin-2 (IL-2), interleukin-4 (IL-4), interleukin-17
(IL-17), and tumor necrosis factor-𝛼 (TNF-𝛼) are important
indicators of T-cell activation and polarization. IFN-𝛾 and
IL-2 are commonly associated with Th1-mediated cellular im-
mune responses, whereas IL-4 reflects Th2-mediated humoral
immunity by promoting B-cell activation and antibody pro-
duction. IL-17 is a hallmark cytokine of Th17 cells and has
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been implicated in chronic inflammation and autoimmune dis-
eases, including autoimmune thyroid disorders, while TNF-𝛼
contributes to inflammatory responses and immune cell recruit-
ment (Bossowski et al., 2013; Raphael et al., 2020; Zhu, 2018) .
Evaluation of these cytokines would provide additional func-
tional evidence regarding the nature of the immune response
elicited by the isolated protein fraction.

Figure 11. Tpo Expression in Rabbit Thymus of Control Group
(A), and Tpo-Induced Group (B) at 400× Magnification. Note:
Negative Cells (N).

In parallel, immunohistochemical analysis of thymic tissue
demonstrated TPO immunoreactivity exclusively in rabbits
immunized with the isolated 50 kDa TPO antigen, whereas no
comparable staining was observed in the control group (Figure
11). The immunoreactive signals were predominantly local-
ized within the medullary region of the thymus, particularly in
areas exhibiting histological alterations. These findings suggest
that the administered TPO antigen or antigen-associated im-
munoreactive material was detectable within the thymic tissue
following immunization (Benlaribi et al., 2022; Yamano et al.,
2015) .

The thymic medulla is an important microenvironment
for antigen presentation during T-cell maturation and central
tolerance, where medullary thymic epithelial cells (mTECs)
and professional antigen-presenting cells expose developing
thymocytes to self-antigens (Yamano et al., 2015) . Therefore,
the localization of TPO immunoreactivity within this region is
consistent with the presence of antigen-associated signals in a
compartment involved in thymic antigen presentation. How-
ever, the present study did not directly evaluate antigen uptake,
processing, or presentation by specific thymic cell populations.
Consequently, these findings should be interpreted as support-
ive evidence of thymic antigen localization rather than direct
evidence of antigen processing or central tolerance mechanisms
(Abramson and Anderson, 2017; Klein et al., 2019) .

Furthermore, although thymic TPO immunoreactivity was
detected following immunization, the absence of isotype and
negative staining controls limits definitive assessment of stain-
ing specificity. Accordingly, the immunohistochemical findings
are interpreted conservatively as evidence of TPO-associated
immunoreactivity within the thymus. Future studies incorpo-
rating appropriate immunohistochemical controls and addi-
tional immune cell markers will be required to further charac-
terize the cellular localization and functional significance of the
observed staining (Uhlén et al., 2016) .

Together with the increased CD4+ T-cell expression ob-

served in the spleen, these findings support the conclusion that
immunization with the isolated 50 kDa TPO fragment elicited
measurable immune-associated changes in both primary and
secondary lymphoid organs. However, the precise cellular
mechanisms underlying thymic TPO immunoreactivity re-
quire further investigation (Crotty, 2019) . From a translational
perspective, these findingssupport the potential of the isolated
TPO fragment as an immunogen for antibody production. The
increased CD4+ T cell expression observed in immunized rab-
bits is consistent with the estabilished role of helper T cells in
supporting adaptive responses (Crotty, 2019) . Moreover, the
detection of TPO immunoreactivity in the spleen and thymus
indicates that the isolated protein remained immunoreactive
following the isolation and purification procedures.

Overall, the immunohistochemical findings indicate that
immunization with the isolated 50 kDa TPO fragment was
associated with increased CD4+ T-cell expression in the spleen
and detectable TPO immunoreactivity in the thymus. These
observations support the immunogenic potential of the patient-
derived TPO fragment and provide a basis for its further eval-
uation as an immunogen for immunological studies and poly-
clonal antibody production.

3.8 TPO Structure and Epitope
To facilitate interpretation of the experimental findings, the
structural model of TPO and the reported distribution of im-
munodominant epitopes are presented in Figures 8 and 9. Be-
cause peptide-level sequence identification was not performed,
the exact structural origin of the isolated ∼50 kDa protein frac-
tion could not be determined experimentally. Therefore, Fig-
ures 8 and 9 are presented solely to provide structural context
based on previously published TPO architecture and epitope
mapping, rather than direct evidence for localization of the
isolated protein fraction.

The structural organization and epitope distribution of
TPO (Figures 12 and 13) are summarized from previous stud-
ies to provide a molecular framework for interpreting its im-
munogenicity and antibody recognition. In silico modeling
based on the full-length human TPO sequence revealed a mul-
tidomain architecture typical of heme peroxidases, consisting
of a large extracellular region, a single transmembrane helix,
and a short cytoplasmic tail (McLachlan and Rapoport, 2017;
Williams et al., 2020) . The extracellular domain is composed
of three major structural modules: a myeloperoxidase (MPO)-
like catalytic domain, followed by complement control protein
(CCP)-like and epidermal growth factor (EGF)-like domains.
These domains are stabilized by multiple disulfide bonds, con-
tributing to a rigid and highly ordered three-dimensional con-
formation (Liu et al., 2016) .

The MPO-like domain represents the catalytic core of TPO
and contains the heme-binding site essential for iodination and
coupling reactions in thyroid hormone synthesis. Structurally,
this domain is characterized by a predominantly 𝛼-helical fold
interspersed with 𝛽 -sheet regions, forming a compact and
enzymatically active structure. Importantly, this domain also
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Figure 12. Structure of Thyroid Peroxidase (Tpo).

Figure 13. Structural Localization of the Immunodominant
Epitope on Tpo.

harbors the majority of immunodominant epitopes recognized
by anti-TPO antibodies. Epitope mapping analysis (Figure
13) identified two major immunodominant regions, IDR-A
and IDR-B, which are spatially clustered on the surface of the
MPO-like domain (McLeod and Cooper, 2012) .

These epitopes are predominantly conformational, formed
by discontinuous amino acid residues brought into proximity
through protein folding. One of the key linear motifs identified
within this region is the ETPDL sequence (residues 604–609),
which is frequently reported as part of the core epitope. Struc-
tural visualization indicates that this region is surface-exposed
and located in close proximity to other antigenic residues, form-
ing a contiguous antigenic patch accessible to antibody binding.
The surface accessibility of these epitopes is critical, as it enables
efficient recognition by circulating anti-TPO antibodies in au-
toimmune thyroid disease (Aulanni’am et al., 2024; Benvenga
and Vita, 2018; Espenbetova et al., 2022) A key structural in-
sight from this analysis is that the immunodominant epitopes
are spatially distinct from the catalytic center of the enzyme.
This separation suggests that antibody binding does not di-
rectly inhibit enzymatic activity through active-site blockage
but may instead interfere with protein conformation, stability,
or membrane localization. This observation aligns with clinical
findings indicating that anti-TPO antibodies are more strongly
associated with immune-mediated tissue damage rather than
direct enzymatic inhibition (Rapoport and McLachlan, 2018;
Weetman, 2021) .

The CCP-like and EGF-like domains, although not directly
involved in catalysis, contribute to the overall structural stability
and may play supportive roles in protein–protein interactions

and antigen presentation. These domains also participate in
maintaining the conformational integrity required for proper
epitope formation. Disruption of these regions, either through
proteolytic cleavage or denaturation, may alter epitope pre-
sentation and consequently affect antibody recognition. From
an immunological perspective, the dominance of conforma-
tional epitopes in TPO highlights the importance of preserving
three-dimensional structure for accurate antigenicity. Unlike
linear epitopes, which are defined by continuous amino acid
sequences, conformational epitopes depend on the spatial ar-
rangement of residues within the folded protein (Pedersen and
Laurberg, 2009) . This explains why recombinant or denatured
TPO fragments often exhibit reduced immunoreactivity unless
structural integrity is maintained. The discussion of conforma-
tional epitopes presented here is based on previously published
studies describing TPO antigenicity and is provided to facilitate
interpretation of the experimental findings. The present study
did not directly evaluate conformational epitope preservation.

Furthermore, the structural localization of epitopes pro-
vides insight into the pathogenesis of autoimmune thyroid
disease. The exposure of immunodominant regions on the
protein surface makes TPO highly susceptible to immune
surveillance. Under conditions of thyroid inflammation or
cellular damage, these epitopes become more accessible to
antigen-presenting cells, facilitating activation of CD4+ T cells
and subsequent B cell-mediated antibody production. This
process establishes a self-perpetuating cycle of antigen release
and immune activation, contributing to chronic autoimmune
progression (Weetman, 2021) .

Overall, the structural and epitope information summa-
rized from previous studies provides a useful framework for
interpreting the experimental findings presented in this study.
Although the precise structural origin of the isolated protein
fraction remains unknown, the published structural informa-
tion facilitates discussion of its observed immunoreactivity.
Further peptide sequencing or high-resolution structural char-
acterization will be required to determine the exact structural
origin of the isolated protein fraction.

4. CONCLUSIONS

An approximately 50 kDa immunoreactive protein fraction was
successfully isolated from the serum of hypothyroid patients
with total protein concentrations ranging from 38.61 ± 0.60 to
65.13 ± 0.40 mg/mL and anti-TPO antibody levels ranging
from approximately 20 to >600 IU/mL. The isolated fraction
consistently appeared as a distinct ∼50 kDa band by SDS-
PAGE and exhibited characteristic protein functional groups
by ATR-FTIR together with amino acid constituents identified
by LC-MS/MS amino acid composition analysis, confirming
its proteinaceous nature. Rabbit immunization induced a pro-
gressive humoral immune response, with anti-TPO IgG levels
increasing from an OD405 of 0.152 before immunization to
0.555 at the eighth blood collection, while Western blot anal-
ysis demonstrated a specific immunoreactive ∼50 kDa band
only in the presence of immune rabbit serum. These findings
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indicate that the isolated approximately ∼50 kDa protein frac-
tion possesses biochemical and immunogenic characteristics
suitable for experimental polyclonal antibody production; how-
ever, further peptide-level protein identification and validation
against native thyroid peroxidase are required to confirm its
molecular identity and antibody specificity.
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