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A B S T R A C T

In our study, we investigated the impact of tacrolimus (TAC) on CD4+ T cell subsets in 41 AChR-MG patients 
over 12 weeks. Twenty-seven patients were classified as the response group (RG) (improved myasthenia gravis 
composite scores ≥3), while 14 were non-response. We found that TAC treatment significantly reduced Th17 and 
pathogenic Th17 cells, along with IL-17 levels in RG, while Th1 and Tfh cells slightly decreased without affecting 
Th2 or Treg subsets. This indicates that TAC's clinical benefits may be due to its inhibitory effect on the Th17 
response, enhancing our insight into its immunomodulatory mechanisms in MG management.

1. Introduction

Myasthenia gravis (MG) is a chronic autoimmune neuromuscular 
junction disorder characterized by fluctuating muscle weakness result
ing from autoantibodies against postsynaptic proteins, including 
acetylcholine receptor (AChR-Ab), muscle-specific tyrosine kinase 
(MuSK-Ab), and LRP4 (low density lipid receptor protein 4) (Lazaridis 
and Tzartos, 2020).

Conventional therapeutic treatment for MG includes symptomatic 
treatment (e.g., acetylcholinesterase inhibitors) and the use of immu
nosuppressants (ISs). Among ISs, corticosteroids are the most common 
agents for MG patients. However, numerous severe adverse events (AEs) 
limit long-term corticosteroid usage (Yasir and Sonthalia, 2022). In 
recent decades, non-steroidal ISs have been used to treat MG patients in 
place of corticosteroids. The non-steroid ISs are also known as steroid 
sparing agents, these include azathioprine (AZA), mycophenolate 
mofetil (MMF), and methotrexate (MTX). However, the clinical use of 
AZA, MMF and MTX for treating MG patients is also limited due to their 

relatively slow onset of action and side effects (Heckmann et al., 2011; 
Meriggioli et al., 2003; Witte et al., 1984).

Tacrolimus (TAC) is an effective therapy for MG patients. TAC is a 
macrolide calcineurin inhibitor that binds to the intracellular protein 
FKBP-12, preventing activity of Nuclear Factor of Activated T-cells 
(NFAT) and subsequent T cell activation (Monaghan et al., 2017). Many 
clinical studies have indicated that low-dose TAC treatment improves 
clinical symptoms in MG patients (Kawaguchi et al., 2004; Minami et al., 
2011; Nagaishi et al., 2008; Nagane et al., 2005; Ponseti et al., 2005; 
Ponseti et al., 2008; Zhao et al., 2011; Zhou et al., 2017). Despite 
promising results in clinical trials, therapeutic response to TAC in MG 
patients is variable (Meng et al., 2020, Wang et al., 2019, Zhou et al., 
2017) and unpredictable and no efficacy surrogates (biomarkers) 
currently exist to predict therapeutic response.

Accumulating experimental and clinical evidence suggest that helper 
T cells (CD4 T cell subsets) such as Th1 (produce interleukin-2 and 
interferon-γ) and Th17 (secrete cytokine interleukin-17) play a domi
nant role in MG pathogenesis (Aguilo-Seara et al., 2017; Ma et al., 2020; 
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Roche et al., 2011; Schaffert et al., 2014; Tabarkiewicz et al., 2015; Xie 
et al., 2016; Yi et al., 2014; Yi et al., 2020). We previously demonstrated 
that TAC inhibits Th1 and Th17 responses in vitro (Li et al., 2019). 
Several studies have found that TAC suppresses T cell proliferation and 
decreases the production of IL-2 and IFN-γ (Bao et al., 2019; Utsugisawa 
et al., 2003). We postulate that the wide variation in the therapeutic 
response to TAC is partly due to differences in the immunological states 
of MG patients. Thus, we aimed to compare the immunological changes 
observed in MG patients who were responsive vs non-responsive 
following TAC exposure.

2. Methods and materials

2.1. Participants

Forty-six MG patients were recruited from the MG Clinics in the 
Neurology Department, First Affiliated Hospital of Sun Yat-sen Univer
sity, between October 2016 and January 2018; 1 patient withdrew due 
to symptom exacerbation, 1 patient withdrew due to increased blood 
sugar level, and 3 patients were dropouts due to poor compliance, 
leaving 41 patients. All had detectable anti-AChR antibodies obtained 
via commercially available testing (RSR Limited, Cardiff, UK) as well as 
clinical and electrodiagnostic symptoms consistent with MG. We applied 
the following inclusion criteria (clinical diagnosis of generalized MG, 
MG-Composite Score ≥ 3 points, and stable dose of steroids for at least 2 
months) and exclusion criteria (contraindication to TAC according to the 
treating physician, an infection treated with antibiotics within the pre
vious 2 weeks, treatment with IVIG or PE within the previous 3 months, 
other autoimmune diseases, HIV infection or unwillingness to comply 
with the study design). Clinical information including patient de
mographics, onset age, disease duration, Myasthenia Gravis Foundation 
of America (MGFA) severity class, MG-composite (MGC), Manual mus
cle testing (MG-MMT), Quantitative MG score (QMG) and Post- 
Intervention Status (PIS) were collected. This study was conducted 
following the guidelines of the World Medical Association's Declaration 
of Helsinki. This study was approved by First Affiliated Hospital of Sun 
Yat-sen University Review Boards and informed consent was obtained 
from each patient. Age and gender matched health controls were also 
recruited.

2.2. Study design and clinical evaluation

TAC capsules (Prograf; Astellas Pharma Inc., US) were administered 
orally at a dosage of 2 mg/day for at least 12 weeks. Patients were 
strongly encouraged to take TAC at least 4 h after dinner to minimize the 
impact on the drug's bioavailability. At baseline, 2, 4, 8 and 12 weeks, 
we conducted clinical evaluations, including MGC, QMG, MG-MMT and 
PIS status, and collected blood samples for TAC blood trough concen
tration testing and T cell analyses. Serum AChR-Ab titers collected at 
baseline and week 12 were tested by a commercial institution (Daan 
Gene, Guangzhou, China).

2.3. Isolation, storage and further processing of peripheral blood 
monocyte cells (PBMCs)

We collected 15 mL peripheral blood samples in ethylenediamine 
tetra acetic acid tubes and 5 mL peripheral blood in serum separator 
tube. The serum tube was kept on ice after 30 min coagulation and 
ethylenediamine tetra acetic acid tubes were stored at room temperature 
for further processing in 8 h. Blood samples were processed in accor
dance with previously published procedures (Li et al., 2020, Li et al., 
2019).

2.4. Cytokine test in cell culture supernatant

After thawing PBMCs (Li et al., 2020) and washing twice with RPMI 

medium containing 10 % FBS (R10) (Gemini), cell number and viability 
were calculated by typan blue staining in microscopy (Strober, 2015). 
Cells optimal concentration based on titrations, a total of 2 × 105 PBMCs 
were plated in 96-well flat-bottom plates in R10. To stimulate the cells, 
1 μg/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich) and 
0.25 μg/mL ionomycin (IONO, Sigma-Aldrich) were added to the cells in 
R10. After incubation for 48 h, we performed IFN-γ, IL-2, IL-4, IL-17 and 
IL-21 ELISA tests on the extracted supernatants according to the man
ufacturer's (Invitrogen, ThermoFisher) instructions.

2.5. Antibodies

The following antibodies from BioLegend (San Diego, CA) were used 
for flow cytometry (please refer panels in Supplemental Tables 2 and 3): 
APC-Cy7-conjugated anti-CD3, APC-conjugated anti-IL-2, APC- 
conjugated anti-CXCR5, AlexaFluor700-conjugated anti-CD8, PerCP- 
PC5.5-conjugated anti-CD4, FITC-conjugated anti-CD25, FITC- 
conjugated anti-IFN-γ, PerCP-conjugated anti-CD45RA, PerCP-PC5.5- 
conjugated anti-CD45RA, BV650-conjugated anti-PD-1, BV605- 
conjugated anti-ICOS, BV605-conjugated anti-IL-17 A, PE-Cy7- 
conjugated anti-CD4, PE-conjugated anti–FOXP3, PE-conjugated anti- 
IL-21, Live/Dead violet dye and PE-Cy7-conjugated anti-IL-4.

2.6. Cellular analysis and flow cytometry

After thawing PBMCs and washing twice with RPMI medium con
taining 10 % FBS (R10) (Gemini), cell number and viability were 
calculated (Strober, 2015). A total of 2 × 106 PBMCs were plated in 96- 
well round-bottom plates in R10. PBMCs were stimulated with 1 μg/mL 
PMA and 0.25 μg/mL IONO in the presence of 1 μg/mL Brefeldin A (BD 
Biosciences) for 5 h at 37 ◦C in 5 % CO2 in a humidified incubator. After 
300 g for 5 min centrifugation and removal of media, the cells were 
surface stained with LIVE/DEAD violet dye (Life Technologies, Grand 
Island, NY) for 15 min at room temperature, washed with 200 μL PBS, 
then stained with a surface stain cocktail mix for 30 min at 4 ◦C. 
Following cell surface staining, cells were treated with either FOXP3/ 
Transcription Factor and Fixation/Permeabilization buffer for intra
nuclear staining following the manufacturer's recommendations (eBio
science, San Diego, CA) or, for intracellular staining, with Cytofix/ 
Cytoperm buffer (BD Biosciences, San Jose, CA). Intranuclear or intra
cellular cytokine staining was then performed in accordance with 
manufacture instructions. Finally, cells were fixed with 1 % para
formaldehyde (Sigma-Alrich) and acquired on a Cytoflex flow cytometer 
(Beckman Coulter). The CD4 T cell subsets were defined according to the 
literature (Crotty, 2014; Sakaguchi et al., 2020; Zhu and Zhu, 2020) and 
listed as following: follicular helper T cell (Tfh) (CD4 + CD45RA- 
CXCR5+); follicular regulatory T cell (Tfr) (CD4 + CD45RA-CXCR5 +
FOXP3+); regulatory T cell (Treg)(CD3 + CD4 + CD25 + FOXP3+); Th1 
(CD4 + IFN-γ + or CD4 + IL-2+); Th2 (CD4 + IL-4+); Th17 (CD4 + IL- 
17 A+) and pathogenic Th17 (CD4 + IL-17 A + IFN-γ+) (Supplementary 
Fig. 1).

2.7. Statistical analysis

Flow data analysis was performed using FlowJo software (Tree Star, 
Ashland, OR). We used a chi-square test or Fisher's exact test for cate
gorical variables, Student's t-tests to analyze normally distributed data 
for two group comparisons (one-way ANOVA for three or more groups), 
and the Wilcoxon rank-sum test for non-normally distributed data. A 
Pearson's correlation was computed to assess a linear association be
tween two variables. Summary data are presented as mean values and 
the standard error of the mean. The p-values were calculated using Prism 
software (Graph Pad, LaJolla, CA).
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3. Results

3.1. Demographic characteristics

Forty-one patients were included in our analysis (Supplement 
Table 1). Of these, 21 patients underwent thymectomy at least 2 years 
previously. Of the 41 patients, 27 whose MGC score decreased at least 3 
points were classified as the Response Group MG (RG) and the remaining 
14 patients were considered Non-Response Group (NRG) (Burns et al., 
2010). The distribution of gender, age of onset, duration, thymectomy 
status and MGFA classification were not significantly different between 
the RG and NRG (Table 1), suggesting that these demographic factors 
did not affect the varied individual responses to TAC treatment.

3.2. Differences in blood trough TAC concentration and AChR-Ab titer in 
RG and NRG

We analyzed the blood trough concentration of TAC throughout the 
treatment period to determine whether variations in its level produced 
different clinical responses. The concentration of TAC remained nearly 
stable at 3.0 ± 3.0 μg/L from weeks 2–12 (Fig. 1B). TAC concentration 
in the response patients were not significantly different from those in 
non-response patients (Fig. 1D). The AChR-Ab titer also slightly 
decreased at the end of the TAC treatment compared to baseline (22.4 ±
23.6 nmol/L vs 20.23 ± 3.3 nmol/L, p > 0.05) (Fig. 1A). However, the 
antibody titers were not significantly different between the response and 
non-response patients (Fig. 1C). These results suggested that TAC con
centration and antibody titer do not correlate with clinical response to 
TAC treatment.

3.3. IL-17 cytokine is inhibited in PBMC culture supernatants

As serum cytokine production was neither stable nor detectable in 
our preliminary research (data not shown), we tested IFN-γ and IL-2, IL- 
4, IL-17 and IL-21 (the major cytokines of T-cell subsets Th1, Th2, Th17 
and Tfh, respectively) in PBMC culture supernatants (Barzago et al., 
2016; Mosmann and Coffman, 1989; Romagnani, 1999; Saito et al., 
2005; Seder and Paul, 1994). Only IL-17 (1198.3 ± 192.4 pg/mL vs 
909.1 ± 133.3 pg/mL, p = 0.014) (Fig. 2A) and IL-2 (5389.9 ± 694.5 
pg/mL vs 4256.2 ± 653.4 pg/mL, p = 0.02) levels (Supplementary 
Fig. 2C) were higher at baseline in MG patients compared with healthy 
controls (HC), but the RG showed a steeper decrease in IL-17 at 8-week 
(960.1 ± 120.2 pg/mL vs 1198.2 ± 130.1 pg/mL, p > 0.05) and 12- 
week (880.5 ± 136.5 pg/mL vs 1213.21 ± 160.1 pg/mL, p < 0.05). 
Additionally, IL-17 levels in the RG were significantly lower than in the 
NRG at the 12-week of post-treatment (880.5 ± 136.5 pg/mL vs 1213.2 
± 160.1 pg/mL, p < 0.05) (Fig. 2B). These findings indicated that IL-17 
cytokines are robustly inhibited when patients respond well to TAC.

3.4. Th17 cells are inhibited in patients who respond well to TAC 
treatment

We used flow cytometry to determine CD4 T cell subset changes in 
our MG patients using the known classical cytokines or surface markers 
to these subsets (Golubovskaya and Wu, 2016), including Th1, Th2, 
Th17, Tfh and Treg cells. Of these, only Th17 cell levels were signifi
cantly higher in MG patients (pre-TAC-treatment) compared with HC 
(1.4 ± 0.8 % vs 0.9 ± 0.4 %, p = 0.03); after 12 weeks of TAC treatment, 
the frequencies of Th17 cells in MG patients decreased significantly to 
levels similar to those of HC (0.97 ± 0.59 % vs 0.87 ± 0.38 %, p = 0.88) 
(Fig. 3A, B) and were significantly lower in the RG than in the NRG (0.80 
± 0.06 % vs 1.09 ± 0.21 %, p < 0.05) (Fig. 3C). The frequencies of Th2 
cells, Tfh cells, Tfr and Treg cells, which were defined as IL-4 positive 
CD4 T cells, CD45RA-CXCR5 + CD4 T cells, CD45RA-CXCR5 + FOXP3 +

CD4 T cells and CD25 + FOXP3 + CD4 T cells respectively, were neither 
significantly different in MG patients and HCs (Supplementary Fig. 3G- 
H, Supplementary Fig. 4 A-B, D-E, G-H), nor significantly different in RG 
and NRG (Supplementary Fig. 3I, Supplementary Fig. 4C, F, I). As the 
surface marker of CXCR5 downregulated after PMA/ION stimulation 
(data not shown), we gated on CD4 + CD45RA-IL-21+ to represent 
functional Tfh cells (Supplementary Fig. 1 B). This gating strategy is 
consistent with previous study (Schultz Bruce et al., 2016). We found 
that IL-2 positive Th1 cells (27.3 ± 11.9 % vs 37.7 ± 18.3 %, p < 0.05) 
not IFN- γ positive Th1 cells (20.6 ± 12.1 % vs 23.4 ± 12.0 %, p = 0.56), 
and functional Tfh cells (2.62 ± 2.19 % vs 4.03 ± 2.58 %, p < 0.05) 
decreased significantly in MG patients at the end of treatment compared 
to baseline levels (Supplementary Fig. 3 A-F, Fig. 3D-F). Unexpectedly, 
the levels of functional Tfh cells in the RG vs. NRG were not significantly 
different during the the first 8 weeks but were significantly different the 
end of 12 weeks of treatment (Fig. 3F). Thus, TAC was observed to 
strongly inhibit Th17 cells and slightly suppress Th1 and functional Tfh 
cells, but had no effect on Th2 and Treg cells.

3.5. Effects of TAC on the pathogenic Th17 subset

In our previous study, TAC was shown to inhibit pathogenic Th17 
cells in vitro (Li et al., 2019). Based on the preliminary results, we 
further analyzed the changes in pathogenic Th17 cells, which were 
characterized by co-production of IFN-γ and IL-17 (Ito et al., 2019; 
Komuczki et al., 2019; Villegas et al., 2019), in clinical MG patients. The 
frequencies of pathogenic Th17 cell were significantly higher at baseline 
for MG patients than the HC group (0.33 ± 0.23 % vs 0.14 ± 0.05 %, p <
0.05)(Fig. 4A, B); at 12- week, pathogenic Th17 cells in MG patients 
were significantly reduced (0.33 ± 0.23 % vs 0.22 ± 0.17 %, p < 0.05), 
but there were no significant differences compared to HC group (0.22 ±
0.17 % vs 0.14 ± 0.05 %, p > 0.05) (Fig. 4B). Frequencies of pathogenic 
Th17 cell in the RG were significantly lower than those in the NRG at 
most of the follow-up timepoints (Fig. 4C). We found that changes in 
pathogenic Th17 cell levels were positively correlated with changes in 
MGC scores (R2 = 0.387, p < 0.05) (Fig. 4D). Overall, TAC inhibits 
pathogenic Th17 cells more efficiently in the RG than in the NRG.

4. Discussion

In the present study, we showed that two thirds of the MG patients 
evaluated responded well to treatment with TAC. The varied responses 
to TAC among MG patients were not attributable to differences in TAC 
trough concentrations or AChR-Ab levels. Cytokines of IL-2 and IL-17 
were increased at baseline in MG patients compared to HC, but only 
IL-17 was noticed significantly decreased at week 12 and in RG. We 
further found that Th17, IL-2 + Th1 and functional Tfh (defined as IL-21 
positive CD4 T cell) (Schultz Bruce et al., 2016) subsets were signifi
cantly decreased in MG patients at the end of 12 weeks of TAC treat
ment. In addition, the Th17 cells, especially pathogenic Th17 cells were 
robustly inhibited in RG at 12 weeks. But Th2 and Treg subsets were not 

Table 1 
Comparison of MG patients characteristics at timepoint of inclusion.

Tacrolimus response 
(N = 27)

Tacrolimus non-response 
(N = 14)

p 
value

Gender female(16, 59.3 %) female(11, 78.6 %) 0.22
Age of onset(Y) 32.8 ± 3.6 36 ± 5.1 0.61
Duration 
(month) 71.3 ± 15.4 77.43 ± 29 0.84

Thymectomy 15 (55.6 %) 6 (42.9 %) 0.52
MGFA 
classification
I 0(0 %) 1(7.1 %) 0.34
IIA 16(59.3 %) 9(64.4 %) 0.99
IIB 9(33.3 %) 3(21.4 %) 0.49
III 2(7.4 %) 1(7.1 %) 0.99

Footnote: MGFA classification, myasthenia gravis foundation of American 
clinical classification.
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significantly affected.
We found that AChR-Ab titers were not significantly different be

tween our RG and our NRG, which is in accordance with previous work 
(Vincent and Newsom-Davis, 1985), which demonstrated that AChR-Ab 
titers do not predict clinical responses. In our current study, blood TAC 
concentrations in RG and NRG patients were comparable, suggesting 
that TAC concentration does not determine response variation in MG 
patients; this is corroborated by previous findings (Meng et al., 2020, 
Nagane et al., 2010). However, our results are not in complete agree
ment with other studies due to differences in study population; for 

example, 31 % of the MG patients analyzed by Kanai et al. were MGFA 
class I and had decreases in MGC scores of less than 3 points (Kanai et al., 
2017). These patients would not be counted as part of our RG, thus the 
differences in results could have resulted from our stricter inclusion 
standards.

We thoroughly examined the immunological changes to better un
derstand the factors causing varied responses to TAC treatment in MG 
patients. First, we found that frequencies of Th1 cells and related cyto
kines IL-2 and IFN-γ were not significantly different between the RG and 
the NRG, which indicated that Th1 cells are not the major driving factor 

Fig. 1. Comparison of AChR-Ab and TAC blood concentration at different timepoints between RG and NRG. A. Comparison of AChR-Ab at baseline and at 12 weeks. 
B. Comparison of TAC blood concentrations at each follow-up (week 2, 4, 8, 12) time point. C. Comparison of AChR-Ab for RG and NRG at baseline and 12 weeks. D. 
Comparison of TAC blood concentrations for RG and NRG at 2, 4, 8, and 12 weeks. NS, not significant.

Fig. 2. Comparison of IL-17 in supernatant at different timepoints. A. Comparison of IL-17 in supernatant among HC and MG patients, the latter at both baseline and 
12 weeks. B. Comparison of IL-17 between RG and NRG at 2, 4, 8, and 12 weeks. * p < 0.05; NS, not significant.
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for the discrepancies in TAC responses. This observation aligns with our 
CD8 T cell data (Supplementary Fig. 5). In pathway analysis, Th1- 
determining factors, Signal Transducer and Activator Of Transcription 
1(STAT1) could combine with NFAT, Activator protein 1(AP-1) and 
Neurogenic locus notch homolog protein 3/Recombination Signal 
Binding Protein For Immunoglobulin Kappa J Region/Mastermind-like 
1 (Notch3/RBPJ/MAML1) signaling pathway to bind to T-box tran
scription factor 21(tbx21) promoter and induces the master transcrip
tion factor of Th1 cell (Hermann-Kleiter and Baier, 2010). In theory, 
TAC could suppress Th1 cells by inhibiting NFAT and downstream 
products (Tocci et al., 1989). However, our finding does not support this 
hypothesis and is not in line with our previous results demonstrating 
that TAC can inhibit Th1 cells in vitro (Li et al., 2019). This inconsis
tency further suggests that the inhibition of IL-2 production by TAC 
(Tocci et al., 1989) may be remedied by a rescue pathway. Second, we 
found that levels of Th2 cells and related cytokines were not signifi
cantly different between HC and MG patients (neither RG nor NRG), 
suggesting that Th2 cells, overactivated in allergy-related diseases or as 
a defense against parasites, are unlikely to be involved in the patho
genesis of myasthenia gravis. A previous pathway study demonstrated 
that NFAT inhibits Th2 differentiation (Hermann-Kleiter and Baier, 
2010). This finding is consistent with our previous work, in which we 

found that Th2 cells could not be significantly suppressed by TAC in 
vitro (Li et al., 2019). Third, we demonstrate here that Treg cells were 
not significantly reduced in MG patients when exposed to TAC. This 
result is in contrast with our in vitro assay, which demonstrated that 
Treg cells were suppressed by TAC (Li et al., 2019). Thus, in vivo, Treg 
cells maintained their homeostatic status even when exposed to TAC. 
Fourth, studies indicate that Tfh cells promote antibodies production by 
facilitating B cells maturation in MG patients (Luo et al., 2013; Zhang 
et al., 2016). We found that TAC did not alter Tfh cell frequency, but 
TAC suppressed IL-21 production in Tfh. NFAT, together with STAT3 
(Signal Transducer and Activator of Transcription 3) and c-MAF (mus
culoaponeurotic fibrosarcoma oncogene homolog), activates the tran
scription of Il21 (Hermann-Kleiter and Baier, 2010). In our studies, IL-21 
positive Tfh gradually decreased in both RG and NRG groups during the 
first 8 weeks of TAC treatment, after 12 weeks of treatment, IL-21 pos
itive Tfh was significantly decreased only in RG and NRG. This finding 
still suggests that TAC may have an impact on Tfh, not by altering the 
number of cells but by impairing their ability to produce pathogenic 
cytokines.

Finally, Th17 cells are known to play an important role in the 
pathogenesis of autoimmune diseases including multiple sclerosis, 
rheumatoid arthritis, and thyroiditis (Kuwabara et al., 2017, 

Fig. 3. Comparison of Th17 cells and IL-21+ CD4 T cells among HC and, at baseline and 12 weeks, RG and NRG. A. Flow cytometry pseudo-color plots of the 
comparison of Th17 cells among HC, RG, and NRG at baseline and 12 weeks. B. Plots of the comparison of Th17 cells among HC, RG and NRG at baseline and 12 
weeks. C. Comparison of Th17 between RG and NRG at 2, 4, 8, and 12 weeks. D. Flow cytometry pseudo-color plots of the comparison of IL-21+ CD4 T cells among 
HC, RG and NRG at baseline and 12 weeks. E. Plots of the comparison of IL-21+ CD4 T cells among HC, RG and NRG at baseline and 12 weeks. F. Comparison of IL- 
21+ CD4 T cells between RG and NRG at 2, 4, 8, and 12 weeks. * p < 0.05; NS, not significant.
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Tabarkiewicz et al., 2015). Studies indicate that IL-17 levels are elevated 
in AChR-MG patients (Roche et al., 2011, Xie et al., 2016) and that IL-17 
knockout mice in experimental autoimmune MG models do not develop 
clinical MG pathology (Aguilo-Seara et al., 2017). In our assay, we found 
that Th17 cells and IL-17 increased in AChR-MG when compared to HC 
and that Th17 cells were significantly reduced when they exposed to 
TAC treatment. Th17 cells can be classified as pathogenic or non- 
pathogenic according to their cytokine profiles (Lee et al., 2012; 
Stockinger and Omenetti, 2017). Experimental models have implicated 
pathogenic Th17 cells in autoimmunity in multiple sclerosis (Hu et al., 
2017). This cell subset is induced by IL-23 and simultaneously co- 
produces IL-17 and IFN-γ (Gaublomme et al., 2015; Hirota et al., 
2011). Pathogenic Th17 cells are known to promote B cell responses and 
could be a therapeutic target in autoimmune disease (Kuwabara et al., 
2017; Lee et al., 2014; Yamagata et al., 2015). In our study, there was a 
statistically significant reduction in the overall number of Th17 cells as 
well as the IL-17+IFN-γ+ pathogenic Th17 subset for RG vs NRG pa
tients. From a signaling pathway perspective, NFAT, together with 
STAT3 and AP-1, binds to the promoter of Retineic-acid-receptor-related 
orphan nuclear receptor gamma (RORγt), which is the master tran
scription factor of Th17 cells. Subsequently, RORγt, in combination with 
NFAT, AP-1, STAT3, AhR (Aryl hydrocarbon Receptor), IRF4 (Interferon 
Regulatory Factor 4), and Runx1(Runt-related transcription factor 1), 
binds to the Il17 promoter region to induce transcription (Hermann- 
Kleiter and Baier, 2010). Besides, NFAT combines with IRF4 and 
Smad2/3 [SMA(“small” worm phenotype) and mothers against decap
entaplegic 2/3] to drive the transcription of Il23 (Hermann-Kleiter and 
Baier, 2010), the protein of which is an essential cytokine for Th17 
differentiation (Toussirot, 2012), this is consistent with our previous 
study (Ma et al., 2020). NFAT plays a multi-role in Th17 differentiation, 
which may explain why TAC inhibits Th17 subsets in MG patients. In 
addition, NFAT also is one of the key components in Th1 differentiation, 
which may further explain why the pathogenic Th17 subset was 
significantly inhibited by TAC. When considering the role of pathogenic 

Th17 cells in MG pathogenesis and the role of NFAT in the Th17 dif
ferentiation, our finding that decreased pathogenic Th17 cells are 
correlated with symptom changes is critical because it may represent a 
potential biomarker for TAC treatment in MG patients.

Our study had several limitations. A limited number of MG patients 
were included in the study. This study did not include MG patients with 
severe symptoms (MGFA classification IV or V) and other less common 
subtypes of MG (muscle-specific tyrosine kinase myasthenia gravis, 
etc.). Furthermore, the evaluation of MG patients was limited to a 
clinical trial approach, and no investigation was conducted into the 
potential molecular or signaling pathway mechanisms of TAC. Future 
research expanding on these dimensions could provide a more 
comprehensive understanding of TAC's role in MG management. Finally, 
intracellular cytokines in CD4 T cell subsets were assessed following 
PMA/ION stimulation. The use of PMA/ION stimulants may accentuate 
or reveal differences when compared to unstimulated conditions in real- 
world patients. Future research employing more sensitive and high- 
resolution techniques, such as single-cell RNA sequencing, which can 
detect cytokine mRNA changes without the use of stimulants, could 
significantly advance the field of immune monitoring studies.

Overall, our findings indicate that TAC is effective in inhibiting Th17 
and pathogenic Th17 responses in AChR-MG patients who respond well 
to TAC treatment. Additionally, TAC slightly suppresses functional Tfh 
cell and IL-2 positive Th1 cells. In conclusion, while there is still much to 
uncover the signaling pathways and immune cells interactions in the 
presence of TAC, our findings suggest that pathogenic Th17 cells can be 
a viable therapeutic target and a valuable biomarker for assessing the 
response to TAC in MG patients.

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.jneuroim.2024.578464.
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