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Graves' disease is the leading cause of autoimmune hyperthyroidism. Thyroid
hormones are an essential element of the endocrine system, playing a pivotal
role in the body’s development, especially important in children with intensified
growth. Disturbance within thyroid tissue certainly affected the whole body.
Nowadays, humerous research studies indicate different factors contributing to
the onset of the disease; however, the exact pathomechanism of Graves' disease
is still not fully understood, especially in the context of immune-related
processes. Thl, Thl7, and Th22 effector lymphocytes were found to be crucial
participants in the disease outcome, as well as in autoimmune diseases. Here, our
study aimed at assessing selected effector T lymphocytes, Thl, Thl7, and Th22, in
newly diagnosed pediatric Graves' disease patients, together with their
association with thyroid-related parameters and the potential outcome of
disease management. We indicated significant increases in the frequencies and
absolute numbers of selected effector lymphocytes in Graves' disease patients. In
addition, their mutual ratios, as well as Th1/Th17, Th/Th22, and Th17/Th22, seem
to be significant in those diseases. Notably, low Th17/Th22 ratio values were
distinguished as potential prognostic factors for normalizing TSH levels in
response to methimazole treatment. To sum up, our research determines the
crucial contribution of Thl, Th17, and Th22 cells in the pathogenesis of Graves’
disease. Moreover, the mentioned subset of T cells is highly likely to play a
substantial role in the potential prediction of therapy outcomes.
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Introduction

Graves’ disease (GD), an autoimmune thyroid disease (AITD), is
the leading cause of hyperthyroidism in the adult population (1).
Pediatric GD constitutes approximately 5% of all GD cases, with
prevalence gradually increasing with age (2). Disturbance within
thyroid tissue is associated with autoimmune processes; however,
its clinical manifestations can affect the whole body. Dominant
symptoms of GD are associated with the systemic excess of thyroid
hormones, including inter alia: tachycardia, goiter, neck swelling, and
exophthalmos (3). First-line therapy is based on the administration of
methimazole/thiamazole to counteract the increased release of
thyroid hormones, with doses strictly dependent on the disease’s
advancement and severity (2, 4, 5). The pathogenesis of the disease
results from autoimmune reactions, with genetic, epigenetic, and
environmental factors affecting GD outcome and development.
Mutation of TSH receptor gene (TSHR), leading to incorrectly built
protein receptors and concomitant autoantibody production, was one
of the first gene-related autoimmune backgrounds of GD (6). Recent
studies indicated the crucial role of five alleles that are more frequent
in patients with GD, class I human leukocyte antigen (HLA I B8 and
Cw7) and class II (HLA II DQ2, DR3, and DR4), affecting inter alia
elevated fT3 concentrations (7, 8). Despite the discovery of numerous
factors contributing to the onset of autoimmune response, the
knowledge on the sophisticated net of immune-mediated processes
is still scarce.

Lymphocytes expressing CD4 (helper T cells) are significant
orchestrators of immune reactions, modulating other cells’ activity
through a wide range of released cytokines. In reference to
autoimmunity, Thl lymphocytes, differentiated via stimulation with
IFN-gamma and IL-12, can activate macrophages and cytotoxic
lymphocytes damaging the thyroid tissue. Moreover, the secretion
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of Thl-related cytokines like IFN-gamma and TNF-alpha can inhibit
the growth of thyrocytes and reduce the binding of iodine to
thyroglobulin (9, 10). Previous research demonstrated elevated
values of Thl cytokines in the serum of thyroid-associated active
orbitopathy patients (11). In addition, the lack of helper T cells’
balance, especially Th1/Th2, has been reported as another factor
contributing to the pathogenesis of GD. Unfortunately, currently
available data do not describe the exact mechanism of these subsets’
relation to the GD course and outcome in pediatric patients (12, 13).

Secretion of IL-17 cytokine (mainly an IL-17A) is a crucial
feature of the effector Th17 lymphocytes, demonstrating supportive
action in the immunity via mobilization of innate and acquired
response cells (14). Thus, IL-17-producing cells exert effects that
contrast with the regulatory T cells (Tregs) responsible for self-
tolerance development and immunosuppression. The disturbed
balance of the Th17/Treg interactions has been reported in
various autoimmune disorders, including GD, type 1 diabetes,
and rheumatoid arthritis (15-19). To date, a few studies have
indicated increased levels of Th17 cells in the peripheral blood of
GD patients and their participation in orbitopathy (20-22). More
recent studies revealed that methimazole-related euthyreosis was
accompanied by decreased values of Th17 frequencies in adolescent
patients (23).

Although relatively less studied, a subpopulation of effector T cells
producing IL-22 (Th22 lymphocytes) has already been shown as a
participant in the outcome of autoimmune diseases, also including GD
(20, 24-26). To date, conducted studies indicated complicated aspects
associated with unambiguous determination of the IL-22 role, as either
pro- or anti-inflammatory factor. Nevertheless, IL-22 is predominantly
described as one of the main components of the innate immune
responses regulating epithelial barrier function. In psoriasis patients, it
can stimulate the hyperplasia of epithelium. Moreover, together with

frontiersin.org


https://doi.org/10.3389/fimmu.2024.1431686
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Starosz et al.

IL-17, it can induce proinflammatory processes within bronchial
epithelial cells (27). Differentiation and activation of Th22 cells occur
within inflamed tissues, with a substantial contribution of IL-6
and TNF-alpha. Besides inflammation-related features, IL-22-
producing lymphocytes have demonstrated potential in regenerating
and protecting epithelial cells (28). Proper activity of Th22 lymphocytes
is essential as their excessive expansion was found to be associated with
rheumatoid arthritis, ankylosing spondylitis, and other autoimmune
diseases (29, 30).

Thyroid hormones are an essential element of the endocrine
system, playing a pivotal role in the body’s development, especially
important in children with intensified growth processes. Despite
increasing interest in AITDs, there are substantial knowledge gaps
regarding the precise influence of the immune cells on inflammatory
events. Notably, the previously known cell subpopulations of
lymphocytes are constantly being modified. Still, new
subpopulations that can significantly impact the pathomechanisms
of immune-related diseases were discovered. Our study aimed to
evaluate selected effector T lymphocytes, Thl, Th17, and Th22, in
newly diagnosed pediatric patients with GD. We additionally
determined how therapy with methimazole affects those
subpopulations. Most importantly, we established an association
between tested lymphocytes and thyroid-related parameters,
together with their contribution to the outcome of GD management.

Materials and methods
Patient group characteristics

The study was performed in a group of 22 newly diagnosed GD
pediatric patients hospitalized in the Clinical Department of Pediatric,
Endocrinology, Diabetology with Cardiology Division University
Children’s Teaching Hospital in Bialystok and 31 age- and sex-
matched healthy control groups without any autoimmune,
inflammatory diseases. Patients were treated with methimazole using
an adaptive titration regimen, at an initial dose of 0.3-0.6 mg/kg/day in
combination with propranolol at 0.5-1.0 mg/kg/day. Peripheral blood
(2.7 mL of EDTA-K2 venous blood) was collected at three time points
in therapy: before treatment (Time 0), after 3 months (Time 1), and
after 12 months (Time 2). Levothyroxine was included in the case of
hypothyroidism. Patients were compliant based on the clinical
manifestation of GD and results of biochemical parameters such as
level of thyrotropin (TSH), free thyroxin (fT4), and free
triiodothyronine (fI'3). Additionally, the autoantibodies’ anti-receptor
for TSH (TRADb) was measured to determine the autoimmune based on
hyperthyroidism. The clinical description of analyzed patients is
presented in Supplementary Figure 1. The local bioethical committee
approved the research protocol for the investigation at the Medical
University of Bialystok (APK.002.78.2021).

Peripheral blood mononuclear cells (PBMCs) were obtained
using density gradient centrifugation with Pancoll (1.077 g/L, Pan
Biotech, GmbH, Aidenbach, Germany). PBMC fraction was
subsequently washed with PBS without sodium and magnesium
(phosphate-buffered saline without Ca2+ and Mg2+; Corning). In
the final part, cells were suspended in the cryoprotectant 10% DMSO
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(Sigma-Aldrich, St. Louis, MO, USA) in FBS (fetal bovine serum,
PAN Biotech GmbH, Aidenbach, Germany) and stored in liquid
nitrogen until the whole study group’s samples were collected.

Flow cytometry

After rapid thawing, cells were resuspended in the RPMI 1640
culture medium with 10% FBS and centrifuged per 10 min at 400g.
Further assessment was followed by counting the cells and
confirming their viability. PBMCs were counted on the Biirker
chamber using the 0.4% trypan blue solution to determine the
amount and viability of cells simultaneously. Only samples
containing 95%-100% of viable cells were included in the further
assessment. Flow cytometric evaluation of Thl, Th17, and Th22
lymphocytes was performed on 500,000 cells, which were subjected
to a 5-hour stimulation with Leukocyte Activation Cocktail
containing brefeldin A (BD Pharmingen) at 37°C to enhance the
efficiency of intracellular cytokine detection. After incubation, cells
were washed with PBS and prepared for fluorometric staining.
Firstly, we added a monoclonal antibody to determine CD4
lymphocyte surface markers anti-CD4 FITC (clone RPA-T4).
After incubation, unbound antibodies were washed with the PBS
solution. Furthermore, to determine intracellular cytokine
secretion, we performed permeabilization (Permeabilization
Buffer 2, BD Bioscience). The rest of the perm buffer was washed
again to allow the staining procedure: anti-IFN-gamma PE-Cy7
(clone B27), anti-IL-17A PE (clone SCPL1362) (BD Bioscience),
and anti-IL-22 APC (clone 2G12A41) (BioLegend). The final
incubation of cells was followed by twice washing with PBS and
fixation of cells using the CellFix Buffer (BD Pharmingen) and
stored shortly at +4°C until acquisition. Data were collected using
the FACS Calibur flow cytometer (BD Bioscience, Franklin Lakes,
NJ, USA) and subsequently analyzed by FlowJo® software (Tree
Star Inc., Ashland, OR, USA).

Lymphocytes were determined based on the morphology: size
[forward scatter (FSC)] and granularity [side scatter (SSC)], and
further CD4+ surface marker presence. Subsequent determination of
the mentioned subsets of lymphocytes was based on the positive
expression of intracellular markers: IFN-gamma+ for Thl
lymphocytes, IL-17A+ for Th17, and IL-22+ for Th22. Data were
presented as a frequency of CD4+ lymphocytes and an absolute
number of cells (based on the positive events and normalized in the
context of 500,000 cells per test, constant suspension buffer, and
acquisition speed, volume, and time). Representative gating strategies
with implemented controls are included in Supplementary Figure 1.

Statistical analysis

Statistical assessment of obtained data was performed with
GraphPad Prism 9.0 statistical software (GraphPad Prism Inc., San
Diego, CA, USA). Firstly, we evaluate the presence of Gaussian
distribution of the data. Owing to the lack of it, a nonparametric
Mann-Whitney U test was applied to compare differences between
groups. Moreover, the Wilcoxon test was used for the determination of
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statistically significant changes in the course of methimazole treatment
of pediatric patients with GD. The graphs presented results as median
values with interquartile range (IQR). Assessment of the correlation
between analyzed parameters was performed with a nonparametric
Spearman correlation test. Data were presented as coefficient values
(R-value), and asterisks indicated significance. The following grouping
in the context of data strength evaluation was applied: weak (r = 0.20-
0.39), moderate (r = 0.40-0.59), strong (r = 0.60-0.79), and very strong
(r = 0.80-1.00). Significance level was determined at a p-value of 0.05
(p = 0.05), and differences were indicated with asterisks or exact
p-values: *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001.

Results

Initial Thl, Thl7, and Th22 lymphocyte
levels in Graves’ disease pediatric patients

Firstly, we indicated statistically significant differences between
frequencies of Thl, Th17, and Th22 lymphocytes in newly
diagnosed GD pediatric patients compared to a healthy control
group (HC). In all mentioned subsets of effector T cells, we
emphatically determine enhancement values of cells in GD
patients. The dominant population was Thl lymphocytes
producing IFN-gamma, constituting our patients’ most significant
percentage of CD4+ lymphocytes. Furthermore, we determine the
elevated frequencies of lymphocytes simultaneously secreting IFN-
gamma and IL-17A (IFN-gamma+IL-17A+), IFN-gamma and IL-
22 (IFN-gamma+IL-22+), and IL-17A and IL-22 (IL-17A+IL-22+).
Similar to the conventional subsets, we also observed increased
frequencies in GD patients (Figure 1A). Additionally, changes in the
frequency of CD4+ lymphocyte levels were confirmed by assessing
the absolute numbers of cells in all the mentioned populations.
Here, we also determine that the most significant subpopulations
are Thl lymphocytes. Interestingly, the absolute number of cells
secreted by IL-22 was definitely increased in the case of GD patients.
In the HC group, negligible levels can indicate the crucial role of
Th22 in the onset of GD in pediatric patients (Figure 1B). In further
assessment, we evaluate the changes in the mutual ratios of the
mentioned subsets of effector T cells. Interestingly, we did not
observe any statistical changes in the Th1/Th17 ratio. Its level seems
identical in both rated groups (GD and HC). Furthermore,
considering changes in the Th1/Th22 ratio, we observed that in
the HC group, that ratio estimates significant increases compared to
GD. Moreover, we also analyzed the Th17/Th22 ratio, which
followed a similar tendency but with a substantial enhancement
of the importance of observed changes (Figure 1C).

Changes in Thl, Thl7, and Th22
lymphocyte subsets during methimazole-
based management of Graves' disease
pediatric patients

To precisely describe the effect of methimazole on Th1, Th17, and
Th22 lymphocyte subpopulations, we assessed their changes
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throughout therapy, before the implementation of methimazole
(Time 0), after 3 months of use (Time 1), and after 12 months of
treatment (Time 2). The most responsive population to the applied
drug was the secreting IFN-gamma Thl cells. Since treatment
induction, we have observed gradual decreases in the frequency of
IFN-gamma+ cells. Moreover, we observed a slight rising trend in
Th17 lymphocytes until the 3rd month of treatment, which is
normalized at the 12th month of therapy. Importantly, we
determined an increasing percentage of IL-22+ lymphocytes (Th22)
while simultaneously gradually decreasing its values in long-term
treatment (12 months). Further observation was followed by a
systematic reduction in frequencies of subsets simultaneously
secreting IFN-gamma and IL-22 (IFN-gamma+IL-22+). However,
lymphocytes with co-secretion of IL-17A and IL-22 (IL-17A+IL-22+)
do not seem to change their frequencies during the methimazole
treatment (Figure 2A). Considering the changes in frequency levels,
we also evaluated the change in the absolute number of cells during
the methimazole treatment. Similar to the previous values, we noticed
the same trend of changes with its intensification in the case of Th22
cells. We observed a statistically significant decrease in the absolute
values of IL-22+ cells during the course of the therapy. Furthermore,
the amount of Th17 did not seem to change significantly during
treatment, and values of IFN-gamma+ cells presented a similar
decreasing tendency, similar to the percentage values. Comparable
changes were observed when analyzing absolute numbers of
lymphocyte subsets secreting selected cytokines (Figure 2B).

Influences of methimazole treatment for
mutual association with Thl, Thl7, and
Th22 parameters with thyroid

function parameters

Assessing the correlations of thyroid parameters with lymphocyte
subpopulations Th1, Th17, and Th22 allowed us to observe a positive
association between immune parameters and fT3 at admission time.
Moreover, we determined a statistically significant positive correlation
between the frequency of IL-17A+ and IL-22+ lymphocytes with fI3
values in moderate strength. Simultaneously, TSH and the TRAb
autoantibodies’ values present mainly negative correlations with
immune-related parameters. It is worth noting that during the
determination of the association of the ratio of lymphocyte
populations, we observe a total reversal of the observed tendency.
The Th1/Th22 ratio positively correlates with TSH in moderate
strength. The most significant negative correlations we observed were
in the case of fI3, while both Th1/Th17 and Th1/Th22 ratios
determined a strong negative association with fT3 values.
Furthermore, TSH-R autoantibody (TRAb) values correlate
negatively with all immune-related parameters, which is estimated to
have the highest strength with the frequency of IFN-gamma-+ cells.

The therapy approach intensified the previously established
negative correlation between fT4 and IFN-gamma+ cells.
Moreover, the frequency of IFN-gamma+ cells also correlated
positively with the fT3/fT4 ratio and TRAb values with slight
tendency of statistical significance. Interestingly, various negative
correlations between immune-related parameters and fT3 values
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FIGURE 1

Analysis of differences in Thl, Th17, and Th22 levels between Graves' disease (GD) patients and the healthy control (HC) group. Data (median values
with min to max range) are presented as the frequency of studied populations within CD4+ lymphocytes (A), absolute cell numbers (B), and mutual
ratio of cells (C). The significance levels are indicated with asterisks or exact p-values: *p < 0.05; ***p < 0.001; ****p < 0.0001.

determined before the applied treatment were diminished during
therapy. However, moderate-strength negative correlations were
noted with immune parameters and the fT3/fT4 ratio. Purely
absolute numbers of IFN-gamma+ cells correlate with the fT3/fT4
ratio positively and also with moderate strength. Notably, we
indicated an influential association with statistical significance
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between the absolute numbers of IFN-gamma+ cells and TRAb
values. Single positive correlations between the immune-related
parameters and the TRAb were determined during treatment.
Notably, Th1/Th17 and Th1/Th22 cell ratios presented a negative
association with fT4 and correlated positively with the fT3/fT4 ratio
and TRAD values (Figure 3).
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Monitoring the thyroid-related parameters
associated with initial Thl, Thl7, and Th22
levels during Graves' disease therapy

Considering the probable impact of the initial values of immune
cells on the course of treatment, we determined how the initial Th1,
Th17, and Th22 frequencies affect the achievement of therapeutic
effect when using methimazole. Stratification was based on the
median value of Thl, Th17, and Th22 cell frequency within patient
groups: low values are below the median, and high values are above
the median. Firstly, we obtained normalization of TSH values in
patients with an initially lower Thl lymphocyte frequency, in
contrast to subjects with increased Thl cells, where TSH levels
remained unchanged. On the other hand, initially, high percentages
of Th17 and Th22 lymphocytes were determined with a statistically
significant increase in TSH secretion during therapy. However,
observed low frequencies of the mentioned effector T cells resulted
in a lack of normalization of the TSH level during treatment.
Interestingly, we observed statistically significant differences
between low/high frequencies of Th22 based on the TSH values
obtained after treatment (Figure 4A). Further assessment of the
influence of the number of cell subsets depending on the initial low/
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high level of Th1 lymphocytes shows that the precursory percentage
of cells did not significantly affect fT4 and fT3 values. Moreover,
during therapy, both subgroups were characterized by a regular
decrease in fT4 and fT3, achieving statistically significant decreases
and normalization to the reference range level. Nevertheless,
statistically significant changes in fT'4 and fT3 levels were
observed depending on the pre-treatment frequency of Th17 or
Th22 lymphocytes in patients. Moreover, both analyzed subsets
showed significantly increased fT4 levels, but we observed a
substantial reduction in fT4 and fT3 values (back to the reference
range) during the therapy approach. In addition, in patients with
initially lower lymphocyte values, we observed decreases in fT'4 and
fT3 during methimazole treatment (Figures 4B, C). Finally, we also
assessed changes in TRAD levels in the context of initial frequencies
of effector T cells. Surprisingly, we observed significant differences
in the level of TRAb depending on the increased or decreased
percentage of Thl lymphocytes. Patients with initially lower levels
of Thl lymphocytes were characterized by higher levels of TRAD,
which further systematically decreased during therapy, reaching
levels corresponding to lymphocytes with higher percentages.
Increased frequencies of Th17 and Th22 lymphocyte values at
admission time corresponded with higher TRAD levels, which
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were subsequently accompanied by an effective decrease after
methimazole treatment (Figure 4D).

Predictive value of selected lymphocyte

subsets in evaluating the effectiveness of
therapy in the course of the management
of pediatric subjects with Graves’ disease

Finally, we determined the potential predictive values of selected
immune-related parameters in establishing the outcome of GD
therapy. For this point, we considered two of the most important
clinical parameters in clinical outcomes for the effectiveness of therapy:
TSH and fT4. As a normalization range, we established the reference
values of selected parameters TSH (0.32-5.0 mIU/L) and T4 (0.71-
1.55 ng/dL). We observed that patients with increased frequencies of
Th1 lymphocytes at the initial stage have a higher risk of maintaining
the TSH reference value after applied therapy. On the other hand,
patients with increased values of Th17 frequencies were determined to
have a low risk of failure to obtain an average TSH value (Figure 5A).
We also assessed if increased/decreased values of effector T cell ratio
impact therapy success. We evaluated patients with initially elevated
ratios of Th1, Th17,and Th22, followed by a higher risk of maintaining
the normal range of TSH after therapy, compared to those with initial
lower frequencies (Figure 5B).
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Discussion

GD is an organ-specific disease characterized by the failure of
self-tolerance mechanisms leading to autoaggressive immune
reactions (31). To date, a considerable amount of attention was
paid to the B-cell response due to the reported increased production
of autoantibodies influencing thyroid tissue. Induced thyroid
hormones can stimulate the overexpression of BAFF-activating
factors in macrophages, leading to their polarization and
activation of B cells. This leads to the lymphocyte differentiation
into plasma cells and the development and progression of GD. In
accordance, there is a mutual dependence between hormonal and
immunological factors contributing to the pathogenesis of
autoimmune diseases, including GD (32-34). Noteworthy
phenomena in this condition are not limited to the B cells, with T
lymphocytes reported as potentially immunomodulating B
lymphocytes and, consequently, increasing antibody production
(35, 36). Relatively newly discovered subpopulations of effector T
lymphocytes, namely, Th17 and Th22, have recently been in the
spotlight of the scientific community (27, 37). The manifestation of
the disease is undoubtedly associated with infiltration of the thyroid
tissue with immunocompetent cells, both B and T cells
predominantly (38). Here, we focused on revealing the
contribution of Th17 and Th22 subpopulations of T lymphocytes
to the disturbance of thyroid function accompanying GD.
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At the initial stage of our investigation, we found that GD
patients are characterized by a significant increase in values of Thl,
Th17, and Th22 effector T cells, compared to HC, both in absolute
numbers of cells and their frequency within CD4+ Th lymphocytes.
Similarly, Torimoto et al. demonstrated a substantially elevated
frequency of Thl and Th17 lymphocytes in newly diagnosed GD

adult patients. Furthermore, a clinical association between the
GREAT (Graves Recurrent Events After Therapy) classification
and Thl and Th17 lymphocyte activity levels was presented. It
has been shown that a higher frequency of Th17 lymphocytes
correlates significantly with the advancement of the pathological
process according to the GREAT classification (21). Another group
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also showed higher Th17 and Th22 cell values in adult subjects with
GD, but with no changes in the Th1 subset. The reported changes
were additionally supported by concomitant increases in related
plasma cytokines, IL-17 and IL-22, respectively, indicating a strong
positive correlation between the number of Th17 and Th22,
suggesting mutual contribution to the thyroid inflammation (20).
This is in agreement with our data showing the most significant
changes in the Th17-to-Th22 ratio in pediatric subjects. In addition,
we demonstrated dominance of the changes in Th22 over Th17
cells, leading to a decline in Th17/Th22 ratio compared to the HC
group. It is worth noting that apart from the blood compartment,
increased infiltration of Th17 and Th22 lymphocytes was previously
found in thyroid tissue samples from patients with AITDs—GD and
Hashimoto thyroiditis (26). The observed phenomenon seems to be
age-dependent, as in the study of Song et al., significant elevation of
T lymphocyte subsets was exclusively shown only in case of Th22
cells, but the investigation involved only adult GD patients. No
changes were found in reference to the IFN-gamma+ (Th1) and IL-
17A+ (Th17) T-cell subpopulations. An important addition to our
study is the fact that participation of the Th22 cells in thyroid
dysfunction was attributed predominantly to the hyperthyroidism
related to GD and not hypothyroidism associated with other
autoimmune conditions such as Hashimoto (39).

The pharmacological management of hyperthyroidism,
involving the use of methimazole (MMI), has been shown as a
more convenient and efficient alternative to propylthiouracil, which
is used only in several conditions in adult patients due to its
hepatotoxicity (40, 41). Despite the confirmed efficacy of MMI in
obtaining a euthyroid state, there are ongoing studies on that drug’s
actual influence on the immunological phenomenon associated
with the autoimmune thyroid dysfunctions. To date, methimazole
was found inter alia to increase absolute counts of regulatory T cells
(Treg) with concomitant reduction of Th17 cells in GD patients

Frontiers in Immunology

(23). Interestingly, methimazole therapy seems to have a minimal
effect on levels of Thl, Th1l7, and Th22 lymphocyte subsets as
presented here. Nevertheless, applied therapy reduced the
frequency of IFN-gamma+ T lymphocytes in the first 3 months
of MMI implementation. Similar effects were shown previously in
adults, with a significant decrease in activated Th1 lymphocytes at
approximately 6 months of methimazole therapy. Notably, we
showed that those effects regarding IFN-gamma-secreting
lymphocytes occur during the first 3 months of MMI use, with
their normalization at later stages of the therapy. Regarding Th17
cells, this subset of lymphocytes showed no response to the
methimazole, as presented in our data (21). Furthermore, IL-22+
T cells showed a tendency for lower absolute numbers after 1 year
when compared to the third month of therapy. There are no other
data available on Th22 response to MMI in the management of
hyperthyroidism. We presume that long-term monitoring of
patients might be required to reveal potentially more substantial
variations in the tested T-cell populations. This assumption results
from the fact that the efficiency of the methimazole therapy (based
on the remission rates) gradually increased with years of GD
management, from approximately 24% after 1.5-2.5 years to even
75% remission rates after 9 years of the therapy (5). In addition,
confirmed participation of Th22 and Th17 cells in the GD outcome
might require evaluating its contribution to the other effects
associated with MMI application. This includes, among others,
the protective influence of methimazole on Treg, which is affected
by radioactive iodine (RAI) therapy and causes worsening of the
autoimmune reactions (42).

A subset of Th17 cells was demonstrated to exert substantial
influence on the severity and duration of the autoimmune thyroid
disorders in adult subjects. The involvement of Th17 cells proved to
be equally important in the context of orbitopathy occurrence. Th22
lymphocytes seemed to correlate with the level of TRAD antibodies
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but did not affect the duration of the disease, onset of orbitopathy, or
the response to treatment with anti-thyroid drugs (26). Here, the
correlation of data obtained at the admission time revealed some
crucial associations between tested subsets of lymphocytes and
thyroid-related parameters. We showed a close-to-strong positive
association between Th17 or Th22 lymphocytes and fT'3 level. This is
partially in agreement with assessments performed on adult patients.
GD subjects showed a weak/moderate positive association of Th17
cells with fT3, as well as fT4, TRAD, and thyroid lobe size (21).
Notably, Thl with Th17 or Th22 ratios correlated negatively with the
active form of the thyroid hormone. At the same time, the Th1/Th22
ratio showed a moderate positive correlation with TSH values.
Interestingly, no significant associations were demonstrated
between tested lymphocyte subsets and TRAb, with moderate
negative correlation within subsets expressing IFN-gamma. In
contrast, a recent study revealed significant correlations between
the percentage of Th17 and Th22 lymphocytes and the level of
TRAb, with data corresponding to adult patients in the Chinese
population (20). Nevertheless, we showed a negative association of
that parameter with the percentage of Th1 lymphocytes, with similar
tendency in IFN-gamma+IL-17A+ T cells. The observed trends were
reversed in response to treatment implementation. Most importantly,
IFN-gamma+ T lymphocytes showed a strong positive association
with the blood level of TRAD at the last point of the therapy
monitoring. These results complement the above-described
reduction in Thl cells, which seems to be responsible for the
concomitant decline in autoantibody values.

We found that initial frequencies of Th1, Th17, and Th22 might
play a substantial role in GD patients’” response to the treatment
with methimazole. Despite comparable pre-therapy levels of TSH,
subjects with higher Th17 or Th22 frequency showed better
response with a significant increase of the thyroid parameter. At
the same time, high initial levels of those lymphocyte subsets were
associated with clearly elevated fT3 and fT4. However, the more
intense response of that group to methimazole was later followed by
the effective reduction of those hormones. No significant differences
in response were found between patients with low and high levels of
Th1 cells, with comparably effective reduction of thyroid function-
related hormones. Nevertheless, we might presume that higher
initial Thl is instead associated with poor response to therapy,
with a complete lack of changes in TSH after the 12th month. In
reference to autoantibodies, we found that patients with lower Th1l
showed elevated TRADb levels, with significant reduction after
therapy to the values comparable to the opposite group. Different
Th22 frequencies before methimazole treatment did not influence
the efficient reduction of TRAbD. Interestingly, GD individuals with
high initial Th17 seemed to demonstrate a better response to the
therapy with more pronounced decline in those autoantibodies.

In subsequent stages of our investigation, risk assessment
analysis showed that patients with higher Thl frequencies at the
beginning of therapy are associated with a higher risk of therapy
failure in the context of achieving normal TSH levels on the 12th
month of observation. In contrast, higher Th17 or Th22 frequencies
were confirmed to contribute beneficially to better outcome
prediction based on the normalization of fT4 and TSH. Moreover,
our results indicate that patients with initially increased frequency
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of Th1 lymphocytes are noted with a higher risk of failure of MMI
therapy in the context of achieving euthyroidism. However, IFN-
gamma+ lymphocytes were the only subsets of effector T cells that
showed a statistically significant decline during MMI therapy.
Klatka et al. demonstrated an increased value of Thl17
lymphocytes resulting from a disturbed balance between Tregs
and Th17, which might indicate a short period of disease
remission and increased possibilities of occurrences of relapses.
Simultaneously, they stated the necessity of prolonging the
treatment period to normalize the level of Th17 lymphocytes. In
contrast, our study showed that pediatric patients with initially
higher Th17 and Th22 values are characterized by a reduced risk of
therapy failure, described as normalizing TSH and fT4 levels and,
thus, indicating their favorable role as prognostic factors (23).

To the best of our knowledge, we have shown the assessment of
Th1/Th17, Th1/Th22, and Th17/Th22 ratios in the onset and
management of GD for the first time. Studies from years back
showed the crucial role of mutual lymphocyte interactions in the
severity of AITD but involved only the Th1/Th2 ratio and its influence
on Hashimoto’s disease (38). Differential changes in selected
lymphocyte subsets substantially affected the mutual ratio of those
cells, namely, Th1/Th17, Th1/Th22, and Th17/Th22 ratios. We
observed a reduced ratio of Thl or Th17 versus Th22 lymphocytes
in the group of GD individuals. Significant differences observed
exclusively in those parameters, including the Th22 subset, indicate a
crucial role of Th22 cells in the inflammatory network involved in the
pathogenesis of GD. As mentioned before, noted changes are in favor
of higher contribution of Th22 lymphocytes over Th17 in the
pathogenesis of GD. Assessment changes in the subsets’ ratio
allowed us to evaluate their influence on the clinical aspects of GD.
First, we observed that Thl with Th17 or Th22 ratios correlated
negatively with the active form of the thyroid hormone—T3. At the
same time, the Th1/Th22 ratio showed moderate positive correlation
with TSH values. GD management with methimazole resulted in
diminished association reported before therapy implementation.
However, we found a tendency for correlation between Th1/Th17 or
Th1/Th22 ratio and T4 levels, presumably related to the frequency of
IFN-gamma+ T cells. The previously reported correlation of Th1/Th17
and Th1/Th22 ratios with fT3, after 12 months of therapy, shifted
toward their positive association with fT3/fT4 ratio. This aspect
seemed to be closely linked to the Thl values as well considering
correlations involving the lymphocyte subset. Additionally, tested
lymphocyte ratios were found to be more useful in predicting the
normalization of TSH values than fT4. In accordance, lower ratios of
Th1/Th17, Th1/Th22, or Th17/Th22 were associated with higher
chances of achieving levels of TSH within the normal range after
methimazole therapy. Previously described studies have only indicated
a positive association between the frequency of Th17 and Th22
lymphocytes and the severity of the disease described using the
GREAT or CAS score (21). Our results are the first to note an
enhanced chance of achieving a positive therapeutic effect measured
via normalization of the thyroid-stimulating hormone according to
initially lower values of the Th17/Th22 ratio. The described effect
might presumably result from the potentially protective role of Th22
cells. Nevertheless, we are aware of some limitations of our study
associated inter alia with the lack of related analysis including anti-
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TSHR autoantibodies. Unfortunately, in subjects with clear signs of
remission, based on the clinical features and laboratory basic data (TSH
and fT4), assessment of that serological parameter is not commonly
implemented at such an early stage of the therapy (12th month).

Conclusion

GDisan AITD and the most common form of hyperthyroidism in
adult and pediatric patients. Despite numerous studies considering the
influence of various factors on its pathogenesis, there is still a
substantial knowledge gap on the immunological background of this
condition. Th1, Th17, and Th22 eftector lymphocytes were found to be
crucial participants in the disease outcome. Our study indicated
significant increases in the frequencies and absolute numbers of
selected effector lymphocytes in GD patients. Additionally, we
proposed the substantial role of the mutual ratios of Th1/Th17, Th/
Th22, and Th17/Th22 cells in this condition. Interestingly, the most
susceptible subpopulation of cells that responded to the MMI
treatment in the first place was the Thl subset. However, the
obtained results indicate a need for extended observations to
possibly report changes also in the context of Th17 or Th22
lymphocytes. Furthermore, low Th17/Th22 ratio values were found
to be potential prognostic factors for normalizing TSH levels in
response to the methimazole treatment. In addition, long-term
monitoring of an immunological remission marker—anti-TSHR—
would be essential in future studies. Cumulatively, our data indicate the
crucial contribution of Th1, Th17, and Th22 cells in the pathogenesis of
GD, together with their great potential in predicting therapy outcomes.
Further investigation of larger study groups is of great importance in
validating the value of the described immunological parameters in
clinical practice. Moreover, follow-up of GD after years of therapy
implementation might reveal that Th17 and Th22 lymphocytes
influence its outcome through monitoring remission rates.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the corresponding authors, without
undue reservation.

Ethics statement

The studies involving humans were approved by Ethical
Committee of Medical University of Bialystok: APK.002.78.2021.
The studies were conducted in accordance with the local legislation
and institutional requirements. Written informed consent for

Frontiers in Immunology

11

10.3389/fimmu.2024.1431686

participation in this study was provided by the participants’ legal
guardians/next of kin.

Author contributions

AS: Writing - original draft, Writing - review & editing, Formal
analysis, Investigation, Methodology. KS: Formal analysis,
Investigation, Methodology, Writing - review & editing. AO:
Formal analysis, Investigation, Writing — review & editing. FB:
Writing - review & editing. MM: Resources, Supervision, Writing —
review & editing. KG: Conceptualization, Formal analysis,
Investigation, Methodology, Resources, Supervision, Writing -
original draft, Writing — review & editing. AB: Conceptualization,
Supervision, Writing — review & editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article.
This research was founded by a subsidy from the Medical
University in Bialystok (No. SUB/1/DN/22/004/1199).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had no
impact on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1431686/
full#supplementary-material.

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fimmu.2024.1431686/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2024.1431686/full#supplementary-material
https://doi.org/10.3389/fimmu.2024.1431686
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Starosz et al.

References

1. Wiersinga WM, Poppe KG, Effraimidis G. Hyperthyroidism: aetiology,
pathogenesis, diagnosis, management, complications, and prognosis. Lancet Diabetes
Endocrinol. (2023) 11:282-98. doi: 10.1016/S2213-8587(23)00005-0

2. Mooij CF, Cheetham TD, Verburg FA, Eckstein A, Pearce SH, Léger J, et al. 2022
European Thyroid Association Guideline for the management of pediatric Graves’
disease. Eur Thyroid J. (2022) 11(1):e210073. doi: 10.1530/ETJ-21-0073

3. Xie H, Chen D, Zhang J, Yang R, Gu W, Wang X. Characteristics of Graves’
disease in children and adolescents in Nanjing: A retrospective investigation study.
Front Public Health. (2022) 10:993733. doi: 10.3389/fpubh.2022.993733

4. Li P, Wang W, Yan M, Zhang X, Pan J, Gong L. Different doses of methimazole
treatment of children and adolescents with graves’ disease: a clinical study based on 161
cases of outpatients. BMC Endocr Disord. (2023) 23:233. doi: 10.1186/s12902-023-
01484-2

5. van Lieshout JM, Mooij CF, van Trotsenburg ASP, Zwaveling-Soonawala N.
Methimazole-induced remission rates in pediatric Graves’ disease: a systematic review.
Eur J Endocrinol. (2021) 185:219-29. doi: 10.1530/EJE-21-0077

6. Dechairo BM, Zabaneh D, Collins J, Brand O, Dawson GJ, Green AP, et al.
Association of the TSHR gene with Graves’ disease: the first disease specific locus. Eur J
Hum Genet. (2005) 13:1223-30. doi: 10.1038/sj.ejhg.5201485

7. Vita R, Lapa D, Trimarchi F, Vita G, Fallahi P, Antonelli A, et al. Certain HLA
alleles are associated with stress-triggered Graves’ disease and influence its course.
Endocrine. (2017) 55:93-100. doi: 10.1007/s12020-016-0909-6

8. Zhou F, Wang X, Wang L, Sun X, Tan G, Wei W, et al. Genetics, epigenetics,
cellular immunology, and gut microbiota: emerging links with graves’ Disease. Front
Cell Dev Biol. (2021) 9:794912. doi: 10.3389/fcell.2021.794912

9. Ramos-Levi AM, Marazuela M. Pathogenesis of thyroid autoimmune disease: the
role of cellular mechanisms. Endocrinol Nutr. (2016) 63:421-9. doi: 10.1016/
j.endonu.2016.04.003

10. Ganesh BB, Bhattacharya P, Gopisetty A, Prabhakar BS. Role of cytokines in the
pathogenesis and suppression of thyroid autoimmunity. J Interferon Cytokine Res.
(2011) 31:721-31. doi: 10.1089/jir.2011.0049

11. Shen J, Li Z, Li W, Ge Y, Xie M, Lv M, et al. Thl, th2, and th17 cytokine
involvement in thyroid associated ophthalmopathy. Dis Markers. (2015) 2015:609593.
doi: 10.1155/2015/609593

12. Molnar I. The balance shift in Th1/Th2 related IL-12/IL-5 cytokines in Graves’
disease during methimazole therapy. Autoimmunity. (2007) 40:31-7. doi: 10.1080/
08916930601165388

13. Kogjan T, Wraber B, Kocijancic A, Hojker S. Methimazole upregulates T-cell-
derived cytokines without improving the existing Th1/Th2 imbalance in Graves’
disease. ] Endocrinol Invest. (2004) 27:302-7. doi: 10.1007/BF03351052

14. Ouyang W, Kolls JK, Zheng Y. The biological functions of T helper 17 cell
effector cytokines in inflammation. Immunity. (2008) 28:454-67. doi: 10.1016/
j-immuni.2008.03.004

15. Niu Q, Cai B, Huang ZC, Shi YY, Wang LL. Disturbed Th17/Treg balance in patients
with rheumatoid arthritis. Rheumatol Int. (2012) 32:2731-6. doi: 10.1007/s00296-011-1984-x

16. Yuan Q, Zhao Y, Zhu X, Liu X. Low regulatory T cell and high IL-17 mRNA
expression in a mouse Graves™ disease model. J Endocrinol Invest. (2017) 40:397-407.
doi: 10.1007/s40618-016-0575-9

17. TanY, Chen W, Liu C, Zheng X, Guo A, Long J. Effect of IL-21 on the balance of
th17 cells/treg cells in the pathogenesis of graves’ Disease. Endocr Res. (2019) 44:138—
47. doi: 10.1080/07435800.2019.1600535

18. Starosz A, Jamiotkowska-Sztabkowska M, Glowinska-Olszewska B, Moniuszko
M, Bossowski A, Grubczak K. Immunological balance between Treg and Th17
lymphocytes as a key element of type 1 diabetes progression in children. Front
Immunol. (2022) 13:958430. doi: 10.3389/fimmu.2022.958430

19. Bossowski A, Moniuszko M, Idzkowska E, Grubczak K, Singh P, Bossowska A, et al.
Decreased proportions of CD4 +IL17+/CD4 + CD25 + CD127- and CD4 +IL17
+/CD4 + CD25 + CD127 - FoxP3+ T cells in children with autoimmune thyroid diseases
(.). Autoimmunity. (2016) 49:320-8. doi: 10.1080/08916934.2016.1183654

20. Peng D, Xu B, Wang Y, Guo H, Jiang Y. A high frequency of circulating th22 and
th17 cells in patients with new onset graves’ disease. PloS One. (2013) 8:¢68446.
doi: 10.1371/journal.pone.0068446

21. Torimoto K, Okada Y, Nakayamada S, Kubo S, Kurozumi A, Narisawa M, et al.
Comprehensive immunophenotypic analysis reveals the pathological involvement of Th17
cells in Graves’ disease. Sci Rep. (2022) 12:16880. doi: 10.1038/s41598-022-19556-z

Frontiers in Immunology

10.3389/fimmu.2024.1431686

22. QinJ, ZhouJ, Fan C, Zhao N, Liu Y, Wang S, et al. Increased circulating th17 but
decreased CD4. BioMed Res Int. (2017) 2017:8431838. doi: 10.1155/2017/8431838

23. Klatka M, Grywalska E, Partyka M, Charytanowicz M, Kiszczak-Bochynska E,
Rolinski J. Th17 and Treg cells in adolescents with Graves’ disease. Impact of treatment
with methimazole on these cell subsets. Autoimmunity. (2014) 47:201-11. doi: 10.3109/
08916934.2013.879862

24. Lo YH, Torii K, Saito C, Furuhashi T, Maeda A, Morita A. Serum IL-22
correlates with psoriatic severity and serum IL-6 correlates with susceptibility to
phototherapy. ] Dermatol Sci. (2010) 58:225-7. doi: 10.1016/j.jdermsci.2010.03.018

25. Brand S, Beigel F, Olszak T, Zitzmann K, Eichhorst ST, Otte JM, et al. IL-22 is
increased in active Crohn’s disease and promotes proinflammatory gene expression
and intestinal epithelial cell migration. Am ] Physiol Gastrointest Liver Physiol. (2006)
290:G827-38. doi: 10.1152/ajpgi.00513.2005

26. Vitales-Noyola M, Ramos-Levi AM, Martinez-Hernandez R, Serrano-Somavilla
A, Sampedro-Nuiiez M, Gonzalez-Amaro R, et al. Pathogenic Th17 and Th22 cells are
increased in patients with autoimmune thyroid disorders. Endocrine. (2017) 57:409-17.
doi: 10.1007/s12020-017-1361-y

27. Eyerich S, Eyerich K, Pennino D, Carbone T, Nasorri F, Pallotta S, et al. Th22
cells represent a distinct human T cell subset involved in epidermal immunity and
remodeling. J Clin Invest. (2009) 119:3573-85. doi: 10.1172/JCI40202

28. Luty J, Ruckemann-Dziurdzinska K, Witkowski JM, Bryl E. Immunological
aspects of autoimmune thyroid disease - Complex interplay between cells and
cytokines. Cytokine. (2019) 116:128-33. doi: 10.1016/j.cyt0.2019.01.003

29. Zhang L, Li YG, Li YH, Qi L, Liu XG, Yuan CZ, et al. Increased frequencies of Th22
cells as well as Th17 cells in the peripheral blood of patients with ankylosing spondylitis and
rheumatoid arthritis. PloS One. (2012) 7:¢31000. doi: 10.1371/journal.pone.0031000

30. Guo H, Peng D, Yang XG, Wang Y, Xu BC, Ni JS, et al. A higher frequency of
circulating IL-22(+)CD4(+) T cells in Chinese patients with newly diagnosed
Hashimoto’s thyroiditis. PloS One. (2014) 9:e84545. doi: 10.1371/journal.pone.0084545

31. Smith TJ, Hegediis L. Graves’ Disease. N Engl ] Med. (2016) 375:1552-65.
doi: 10.1056/NEJMral510030

32. Grubczak K, Starosz A, Stozek K, Bossowski F, Moniuszko M, Bossowski A.
Regulatory B cells involvement in autoimmune phenomena occurring in pediatric
graves’ Disease patients. Int ] Mol Sci. (2021) 22(20):10926. doi: 10.3390/ijms222010926

33. Liu S, Li GQ, Gu QW, Wang J, Sun Q, Gu WS, et al. Induced overexpression of B
cell-activating factor by triiodothyronine results in abnormal B cell differentiation in
mice. Cell Transplant. (2023) 32:9636897231204075. doi: 10.1177/09636897231204075

34. Lane LC, Cheetham TD, Razvi S, Allinson K, Pearce SHS. Expansion of the
immature B lymphocyte compartment in Graves’ disease. Eur ] Endocrinol. (2023)
189:208-16. doi: 10.1093/ejendo/lvad107

35. Fang S, Huang Y, Wang N, Zhang S, Zhong S, Li Y, et al. Insights into local
orbital immunity: evidence for the involvement of the th17 cell pathway in thyroid-
associated ophthalmopathy. J Clin Endocrinol Metab. (2019) 104:1697-711.
doi: 10.1210/jc.2018-01626

36. Stozek K, Grubczak K, Marolda V, Eljaszewicz A, Moniuszko M, Bossowski A,
et al. Lower proportion of CD19. Autoimmunity. (2020) 53:46-55. doi: 10.1080/
08916934.2019.1697690

37. Burgler S, Ouaked N, Bassin C, Basinski TM, Mantel PY, Siegmund K, et al.
Differentiation and functional analysis of human T(H)17 cells. ] Allergy Clin Immunol.
(2009) 123:588-95, 595.e1-7. doi: 10.1016/j.jaci.2008.12.017

38. Nanba T, Watanabe M, Inoue N, Iwatani Y. Increases of the Th1/Th2 cell ratio in
severe Hashimoto’s disease and in the proportion of Th17 cells in intractable Graves’
disease. Thyroid. (2009) 19:495-501. doi: 10.1089/thy.2008.0423

39. Song RH, Yu ZY, Qin Q, Wang X, Mubhali FS, Shi LF, et al. Different levels of
circulating Th22 cell and its related molecules in Graves’ disease and Hashimoto’s
thyroiditis. Int J Clin Exp Pathol. (2014) 7:4024-31.

40. Azizi F. The safety and efficacy of antithyroid drugs. Expert Opin Drug Saf.
(2006) 5:107-16. doi: 10.1517/14740338.5.1.107

41. Nakamura H, Noh JY, Itoh K, Fukata S, Miyauchi A, Hamada N. Comparison of
methimazole and propylthiouracil in patients with hyperthyroidism caused by Graves’
disease. J Clin Endocrinol Metab. (2007) 92:2157-62. doi: 10.1210/jc.2006-2135

42. Cote-Bigras S, Tran V, Turcotte S, Rola-Pleszczynski M, Verreault J,
Rottembourg D. Impaired immune regulation after radioiodine therapy for Graves’
disease and the protective effect of Methimazole. Endocrine. (2016) 52:587-96.
doi: 10.1007/s12020-015-0832-2

frontiersin.org


https://doi.org/10.1016/S2213-8587(23)00005-0
https://doi.org/10.1530/ETJ-21-0073
https://doi.org/10.3389/fpubh.2022.993733
https://doi.org/10.1186/s12902-023-01484-2
https://doi.org/10.1186/s12902-023-01484-2
https://doi.org/10.1530/EJE-21-0077
https://doi.org/10.1038/sj.ejhg.5201485
https://doi.org/10.1007/s12020-016-0909-6
https://doi.org/10.3389/fcell.2021.794912
https://doi.org/10.1016/j.endonu.2016.04.003
https://doi.org/10.1016/j.endonu.2016.04.003
https://doi.org/10.1089/jir.2011.0049
https://doi.org/10.1155/2015/609593
https://doi.org/10.1080/08916930601165388
https://doi.org/10.1080/08916930601165388
https://doi.org/10.1007/BF03351052
https://doi.org/10.1016/j.immuni.2008.03.004
https://doi.org/10.1016/j.immuni.2008.03.004
https://doi.org/10.1007/s00296-011-1984-x
https://doi.org/10.1007/s40618-016-0575-9
https://doi.org/10.1080/07435800.2019.1600535
https://doi.org/10.3389/fimmu.2022.958430
https://doi.org/10.1080/08916934.2016.1183654
https://doi.org/10.1371/journal.pone.0068446
https://doi.org/10.1038/s41598-022-19556-z
https://doi.org/10.1155/2017/8431838
https://doi.org/10.3109/08916934.2013.879862
https://doi.org/10.3109/08916934.2013.879862
https://doi.org/10.1016/j.jdermsci.2010.03.018
https://doi.org/10.1152/ajpgi.00513.2005
https://doi.org/10.1007/s12020-017-1361-y
https://doi.org/10.1172/JCI40202
https://doi.org/10.1016/j.cyto.2019.01.003
https://doi.org/10.1371/journal.pone.0031000
https://doi.org/10.1371/journal.pone.0084545
https://doi.org/10.1056/NEJMra1510030
https://doi.org/10.3390/ijms222010926
https://doi.org/10.1177/09636897231204075
https://doi.org/10.1093/ejendo/lvad107
https://doi.org/10.1210/jc.2018-01626
https://doi.org/10.1080/08916934.2019.1697690
https://doi.org/10.1080/08916934.2019.1697690
https://doi.org/10.1016/j.jaci.2008.12.017
https://doi.org/10.1089/thy.2008.0423
https://doi.org/10.1517/14740338.5.1.107
https://doi.org/10.1210/jc.2006-2135
https://doi.org/10.1007/s12020-015-0832-2
https://doi.org/10.3389/fimmu.2024.1431686
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Effect of methimazole treatment on Th1, Th17, and Th22 lymphocytes in pediatric Graves’ disease patients
	Introduction
	Materials and methods
	Patient group characteristics
	Flow cytometry
	Statistical analysis

	Results
	Initial Th1, Th17, and Th22 lymphocyte levels in Graves’ disease pediatric patients
	Changes in Th1, Th17, and Th22 lymphocyte subsets during methimazole-based management of Graves’ disease pediatric patients
	Influences of methimazole treatment for mutual association with Th1, Th17, and Th22 parameters with thyroid function parameters
	Monitoring the thyroid-related parameters associated with initial Th1, Th17, and Th22 levels during Graves’ disease therapy
	Predictive value of selected lymphocyte subsets in evaluating the effectiveness of therapy in the course of the management of pediatric subjects with Graves’ disease

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


