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A B S T R A C T

Muscle specific tyrosine kinase antibody positive myasthenia gravis (MuSK- MG) is characterized by auto-
antibodies against the MuSK protein of the neuromuscular junction resulting in weakness of bulbar and proximal
muscles. We previously demonstrated that patients with MuSK-MG have increased pro-inflammatory Th1 and
Th17 responses. Tacrolimus, an immunosuppressant used in AChR-MG and transplantation patients, inhibits T
cell responses through interference with IL-2 transcription. The therapeutic efficacy and immunological effect of
tacrolimus in MuSK-MG is unclear. In the current study we examined the proliferation, phenotype and cytokine
production of CD4+ and CD8+ T cells in peripheral blood mononuclear cells of MuSK-MG following a 3-day in
vitro culture with or without tacrolimus. We determined that tacrolimus profoundly suppressed CD4 and CD8 T
cell proliferation and significantly suppressed Th1 and Th17 responses, as demonstrated by a reduced frequency
of IFN-γ, IL-2, and IL-17 producing CD4 T cells and reduced frequencies of IFN-γ and IL-2 producing CD8 T cells.
Tacrolimus also inhibits pathogenic Th17 cells coproducing IL-17 and IFN-γ. In addition, tacrolimus suppressed
follicular T helper cell (Tfh) and regulatory T helper cell (Treg) subsets. These findings provide preliminary
support for tacrolimus as a potential alternative immunosuppressive therapy for MuSK-MG.

1. Introduction

Myasthenia gravis (MG) is a chronic autoimmune disease char-
acterized by autoantibodies to postsynaptic proteins including acet-
ylcholine receptor (AChR), muscle-specific tyrosine kinase (MuSK), li-
poprotein receptor-related protein 4 (LRP4), and other components. By
binding to their respective synaptic proteins, these autoantibodies in-
hibit neuromuscular transmission in the postsynaptic membrane re-
sulting in skeletal muscle weakness. Approximately 5–8% of MG pa-
tients have autoantibodies against MuSK. These patients classically
present with predominant bulbar, neck and proximal muscle weakness,
and may have atrophy of involved muscles. MuSK MG patients tend to
require more aggressive treatment, often with multiple

immunosuppressives, and additional treatment options would be wel-
come to improve patient outcomes (Guptill et al., 2011b).

The presence of autoantibodies in MG supports a B cell mediated
immunopathology and it has been shown that B cell maturation is de-
pendent on CD4 T cells (Conti-Fine et al., 2008; Milani et al., 2003;
Stathopoulos et al., 2018). CD4 T cells play a diverse role in adaptive
immunity through their ability to differentiate into T helper subsets
with defined roles to induce immune tolerance, promote inflammation,
or support B cell function. In MuSK-MG, CD4 T cells exhibit enhanced
inflammatory Th1 and Th17 responses (Yi et al., 2014; Yilmaz et al.,
2015). Thus, targeted T cell therapies may be an effective and well
tolerated treatment approach.

Tacrolimus is an immunosuppressant that inhibits T cell activation
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and proliferation. Several clinical trials have studied the efficacy and
safety of tacrolimus in transplantation and AChR-MG (Evoli et al., 2002;
Nagane et al., 2005; Ponseti et al., 2005; Ponseti et al., 2008). In
transplant studies, tacrolimus inhibited Th1 and Th17 responses
(Gallon et al., 2015). While tacrolimus is widely used in transplantation
and in Asia for the treatment of AChR MG, no studies have reported the
effect of tacrolimus in patients with MuSK MG or documented its im-
munological effects.

Given the reported activity of tacrolimus on Th1 and Th17 re-
sponses and strong evidence for involvement of these pathways in
MuSK MG, the objective of this study was to characterize the inhibitory
effects of tacrolimus on CD4 and CD8 T cell responses in MuSK-MG
patients in order to provide preliminary support for the use of tacro-
limus as a treatment option for MuSK-MG. Through a set of in vitro
studies, we observed diminished T cell proliferation along with in-
hibition of Th1 and Th17 responses. Furthermore, tacrolimus inhibits
the production of IL-17+ IFN-γ+CD4 T cells, which has been char-
acterized as the pathogenic subset of Th17 cells (Gaublomme et al.,
2015; Hirota et al., 2011). Collectively, this study demonstrates the
ability of tacrolimus to inhibit proinflammatory Th1 and Th17 re-
sponses and provides rationale for pilot studies using tacrolimus to treat
MuSK-MG.

2. Material and methods

2.1. Study population and controls

Blood samples were obtained from 31 MuSK MG patients. MuSK MG
patients were recruited during visits to the MG Clinics at Duke
University and the University of North Carolina at Chapel Hill. All
patients had detectable anti-MuSK antibodies according to commer-
cially available testing (Athena Diagnostics, Worcester, MA), in addi-
tion to clinical and electrodiagnostic features consistent with MG. Key
clinical information including demographics, disease duration, phar-
macologic treatments, thymectomy status, Myasthenia Gravis
Foundation of America (MGFA) severity class, and MG manual muscle
testing (MG-MMT) (Table 1) were collected. Control subjects were
matched for age and gender as closely as possible, weighed>110
pounds, were not receiving therapy for any chronic disease, and had no
prior history of autoimmune disease. This study was approved by the
Duke University Institutional Review Board and informed consent was
obtained from each patient and normal donor.

2.2. Isolation and storage of peripheral blood mononuclear cells (PBMCs)

Peripheral blood was obtained by venipuncture and collected in
acid-citrate-dextrose tubes (BD Vacutainer, Franklin Lake, NJ). PBMCs
were separated by Ficoll (GE Healthcare, Uppsala, Sweden) density
gradient centrifugation, washed and counted prior to storage. Cells
were re-suspended in a 90% FBS (Gemini, West Sacramento, CA) and
10% DMSO (Sigma-Aldrich, St. Louis, MO) solution, and progressively
cooled to −80 °C in a CoolCell cell freezing container (BioCision,
Larkspur, CA). The next day, the cells were stored in vapor phase liquid
nitrogen for future use.

2.3. VPD450 labelling

PBMCs were thawed and washed with RPMI medium contained
10% FBS (R10) twice, and the number of cells and viability calculated.
PBMCs were washed with phosphate buffered saline (PBS) twice to
remove residual proteins from previous buffer and then re-suspended in
PBS in a polypropylene test tube. Violet proliferation dye 450 (VPD450,
BD Biosciences, San Jose, CA) (1 μL per 1mL cells suspension) was
added and cells were incubated for 15min in a 37 °C water bath. After
incubation, PBMCs were washed once in PBS and once in R10. The
sample was then re-suspended in R10 and used for culturing in different

conditions for 72 h before acquisition on LSRII flow cytometer (BD
Biosciences, San Jose, CA). Proliferation index (the total number of
divisions, divided by the number of cells that went into division) and
division index (the average number of cell divisions) were determined
using Flowjo software (Tree Star, Ashland, OR).

2.4. PBMC culture with tacrolimus

PBMCs were equally split into four parts and plated in 96-well U
bottom plates in RPMI with 10% FBS (R10). Cells were cultured with
1 μg/mL anti-CD3 and 1 μg/mL anti-CD28, in the absence or presence of
0, 10, or 100 ng/mL tacrolimus (Sigma-Aldrich, St. Louis, MO).
Concentrations were chosen based on published information showing
that 5–10 ng/mL is regarded as the therapeutic trough concentration for
usual dosing in MG patients, while 100 ng/mL is approximately the
peak concentration (Kanai et al., 2017). Cells were cultured for 3 or
7 days at 37 °C in 5% CO2 in a humidified incubator, and 5 h prior to
harvesting the cells, PBMCs were re-stimulated with 1 μg/mL phorbol
12-myristate 13-acetate (PMA, Sigma-Aldrich) and 0.25 μg/mL iono-
mycin (IONO, Sigma-Aldrich) in the presence of brefeldin A (BD Bios-
ciences). Then, the phenotypic, molecular, and functional character-
ization of the PBMCs was performed as described below.

2.5. Surface and intracellular cytokine staining

Cultured cells were stained with 50uL of LIVE/DEAD violet dye (Life
Technologies, Grand Island, NY) in PBS for 15min at room tempera-
ture, to exclude dead cells from the analysis. Next, cell surface antigens
were stained with a cocktail mix consisting of titrated volumes of anti-
CD3 APC-Cy7, anti-CD4 BV785, anti-CD8 AlexaFluor 700, and anti-
CXCR5 PE-Cy7 for 30min at 4 °C. Following cell surface staining, cells
were treated with cytofix/cytoperm (BD Biosciences) according to the
manufacturer's recommendations. Intracellular staining was then per-
formed for 30min at 4 °C using the following conjugates: anti-IFN-γ
FITC, anti-IL-17A PerCP-Cy5.5, anti-IL-2 APC, and anti-IL-4 PE-Dazzle
594. Anti-IL-2 APC antibody was purchased from BD Biosciences, while
other cytokine fluorescent antibodies were purchased from Biolegend.
Cells were fixed with 1% paraformaldehyde (PFA) and acquired on a BD
LSRII flow cytometer (BD Biosciences).

2.6. FOXP3 staining

PBMCs were plated in a 96-well round bottom plate and stained
with LIVE/DEAD violet dye (described above), then cells were stained
with anti-CD8 AlexaFluor 7000, anti-CD3 APC-Cy7, anti-CD4 BV785,
anti-CD25 BV421 for 30min in 4 °C. Anti-CD3, anti-CD4, anti-CD8 and
anti-CD25 were obtained from Biolegend. Following cell surface
staining, cells were treated for 1 h at 4 °C with the FOXP3/Transcription
Factor Fixation/Permeabilization buffer according to the manufac-
turer's recommendations (eBioscience, San Diego, CA). Intra-nuclear
staining was then performed for 30min at 4 °C with anti-FOXP3 PE
(Biolegend). Cells were fixed with 1% PFA and acquired on a LSRII flow
cytometer (BD Biosciences).

2.7. Data analysis and statistics

Flow cytometry analysis was performed using Flowjo software (Tree
Star). Paired or unpaired student t-tests were used to determine statis-
tical significance between two matched or unmatched groups, respec-
tively. Analysis of variance (ANOVA) were used to compare the dif-
ferences among three groups. Tukey HSD test were used for post-hoc
analysis. The p values were calculated using Prism software (Graph Pad,
La Jolla, CA).
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3. Results

3.1. Study population

We included 31 MuSK-MG patients. The mean age of the MuSK-MG
patients was 44.0 (range: 23–67 years) and the gender distribution was
similar to prior reports (Table 1) (Guptill et al., 2011a; Guptill and
Sanders, 2010). The duration from onset of symptoms to blood sample
collection was> 1 year in all patients. Thymectomy was previously
performed in 9 patients: one had thymic hyperplasia, and none had a
thymoma. Patients were treated with prednisone, azathioprine, myco-
phenolate mofetil or combination immunosuppressant treatment. No
patients had received rituximab.

3.2. Tacrolimus inhibits CD4 and CD8 T cell proliferation

To investigate the inhibitory effects of tacrolimus on the prolifera-
tion of CD4 and CD8 T cells, we cultured anti-CD3 and anti-CD28 sti-
mulated PBMCs from MuSK-MG patients, for 3 and 7 days, in the ab-
sence or presence of 10 ng/mL or 100 ng/mL of tacrolimus. On days 3
and 7, proliferation of CD4 and CD8 T cells was assessed by the loss of
VPD450 fluorescence. Both concentrations of tacrolimus suppressed
CD4 T cell proliferation at day 3, but on day 7 only 100 ng/mL of ta-
crolimus maintained significant suppression of CD4 T cell proliferation
(Fig. 1A). Quantitatively, there was a significant decrease at day 3 in
the proliferation (1.24 ± 0.14 vs 0.94 ± 0.12; p= 0.0037) and divi-
sion index (0.38 ± 0.10 vs 0.21 ± 0.06; p=0.001) following the
addition of 100 ng/mL of tacrolimus (Fig. 1B). For CD8 T cells, both
concentrations of tacrolimus inhibited CD8 T cell proliferation at day 3,
but the inhibition was not maintained at day 7 (Fig. 1A). The pro-
liferation and division index at day 3 were significantly lower with
tacrolimus 1.43 ± 0.08 vs 1.18 ± 0.09; p= 0.019 and 0.60 ± 0.12

vs 0.31 ± 0.08; p=0.005, respectively (Fig. 1C). The decrease in T
cell proliferation was supported by a reduction of blasting cells in the
tacrolimus conditions (data not shown).

3.3. Tacrolimus suppresses Treg, Tfh-like, and Tfr cells

To explore the effect of tacrolimus on other Th subsets, we com-
pared changes in the frequency of regulatory T cells (Treg; defined as
CD4+CD25+FOXP3+), peripheral blood T follicular helper cells
(Tfh-like cells; CD4+CXCR5+), and follicular regulatory T cells (Tfr;
CD4+CXCR5+FOXP3+) after a 3 day incubation with 10 ng/mL
tacrolimus (Sage et al., 2014; 2013; Sakaguchi et al., 2006). Treg fre-
quencies decreased dramatically with 10 ng/mL tacrolimus
(3.87 ± 0.45% vs 10.85 ± 1.85%, p= 0.003) (Fig. 2A, B) as did Tfh-
like cell frequencies in MuSK-MG patients (9.74 ± 1.07% vs
13.75 ± 1.64%, P=0.0086) (Fig. 2C, D). We also explored circulating
Tfr changes in the same culture system and observed lower frequencies
of Tfr cells in the presence of tacrolimus (0.84 ± 0.15% vs
2.42 ± 0.55%, p=0.006) (Fig. 2E, F). Although the frequency of Tfh
and Tfr cells decreased with 10 ng/mL tacrolimus, the ratio of Tfh/Tfr
increased from 7.205 ± 1.686 to 14.1 ± 2.777, p= 0.005 (data not
shown). Overall, tacrolimus has a suppressive effect on both regulatory
and disease mediating CD4 T cell subsets.

3.4. Tacrolimus suppresses Th1 and Th17, but not Th2 cell responses

To determine whether inhibition of T cell proliferation with tacro-
limus is associated specific T cell subsets, we examined tacrolimus' ef-
fect on the production of IFN-γ, IL-2, IL-4, and IL-17 in conjunction with
proliferation. Two concentrations of tacrolimus (10 ng/mL and 100 ng/
mL) were tested on PBMCs from MuSK-MG patients in a 3-day in vitro
assay. Intracellular cytokine staining revealed that both concentrations

Table 1
Clinical characteristics of MuSK MG patients at the time of blood draw (N=31).

Age (yr) F/M Onset-age (yr) Disease duration (mo) Race ThymX MGFA MMT Treatment (daily dose)

23 Female 22 13 B No 2B 3 Pred 20mg
48 Female 36 150 W No I 1 MMF 2000mg
60 Female 45 186 B No 2B 3 Pred 10mg+MMF2000mg
23 Female 10 154 B No 2A 5 MMF 1500mg
46 Female 45 14 B No I 3 Pred 20mg
29 Female 20 109 B No 0 0 None
67 Female 49 218 W No 2A 3 MMF 2000mg
56 Female 42 161 W Yes 2B 2 None
65 Female 53 139 W Yes 1 3 Pred 1.25mg+MMF 2000mg
63 Female 51 146 W No 3B 23 Pred 5mg+AZA 150mg
64 Female 30 402 W Yes 2B 9 MMF 500mg
31 Female 26 58 B Yes 3B 20 Plasma exchange
47 Female 34 157 B No 2B 3 Pred 7.5 mg+MMF 2000mg
23 Female 21 20 B No 2A 2 Pred 30mg+MMF 2000mg
51 Male 43 94 B No 1 1 AZA 75mg
26 Female 17 112 Mixed Yes 2B 2 Pred 20mg+MMF 2500mg
58 Female 43 187 B Yes 2B 5 MMF 2000mg
40 Female 34 78 B No 2B 5 MMF 2000mg
31 Female 20 138 W No 0 0 None
44 Female 29 185 B No 2B 6 Pred 10mg
48 Female 32 184 B No 2B 7 Pred 15mg
66 Female 48 215 W No 2B 4 Pred 1mg
35 Female 33 28 B No 3B 26 Mestinon 18mg+pred 30mg
45 Male 37 104 W No 2B 9 None
28 Female 4 288 W No 2A 7 Pred 7.5 mg+MMF 3000mg
48 Female 9 476 W No 3B 31 Plasma exchange
56 Female 36 235 B No 2A 21 none
58 Female 44 173 B No 3B 27 Pred 20mg
53 Male 41 146 B Yes 1 3 Pred 5mg
28 Female 27 16 W No 2B 17 MMF 2000mg
25 Female 5 239 B Yes 3A 4 Pred 3.8 mg

Abbreviations: AZA= azathioprine; B=black; d=day; F= female; mg=milligrams; M=male; MGFA=Myasthenia Gravis Foundation of America;
MM=minimal manifestations; MMF=mycophenolate mofetil; MMT=myasthenia gravis manual muscle testing score at time of blood draw; Mo=months;
Pred=predinison; ThymX= thymectomy; W=white; Yr= years.
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of tacrolimus caused a significant decrease in the frequency of CD4 T
cells producing IFN-γ, IL-2, and IL-17, and is associated with suppres-
sion of T cell proliferation (Fig. 3A, B). Tacrolimus had no effect on IL-4
producing CD4 T cells. The ratio of Th1/Treg and Th17/Treg decreased
with 10 ng/mL Tacrolimus with a decrease from 0.714 ± 0.697 to
0.147 ± 0.158, p=0.0014, and 0.068 ± 0.095 to 0.017 ± 0.013
p=0.0233, respectively (data not shown). Tacrolimus had a similar
effect on CD8 T cells by suppressing IFN-γ and IL-2 production
(Fig. 3C). Overall, tacrolimus inhibits Th1 (IFN-γ or IL-2 producing
CD4+ T cells) and Th17 (IL-17 producing CD4+ T cells) associated
cytokines, whereas IL-4, a Th2 associated cytokine, was not affected by
tacrolimus.

3.5. Tacrolimus suppresses IL-17+ IFN-γ+CD4+ T cell and IFN-γ+IL-
2+ CD4+ T cell subsets

Next, we analyzed whether tacrolimus could inhibit a subset of
CD4+ T cells known as pathogenic Th17 cells in MuSK-MG patients.
This subset was recently defined as Th17 cells that simultaneously
produce IL-17 and IFN-γ (Gaublomme et al., 2015; Hirota et al., 2011).
In the presence of tacrolimus, the frequency of IL-17+ IFN-γ+CD4+
T cells were significantly suppressed with both the 10 ng/mL and
100 ng/mL concentrations of tacrolimus (Fig. 4A, B) (P≤ 0.001,
P≤ 0.001). Th1 cells that can produce IFN-γ and IL-2 have robust pro-
inflammatory effects (Pantaleo and Harari, 2006). We found that IFN-
γ+ IL-2+CD4+ T cell frequencies were significantly decreased in the
presence of tacrolimus (10 ng/mL or 100 ng/mL) (Fig. 4C, D)
(P≤ 0.001, P≤ 0.001).

4. Discussion

MuSK-MG tends to be more resistant than AChR-MG to existing
therapies with the exception of rituximab. Studies have consistently
shown that many, but not all, MuSK-MG patients have excellent re-
sponses to rituximab (Diaz-Manera et al., 2012; Hehir et al., 2017;
Nowak et al., 2011). Rituximab is not available for the treatment of MG

worldwide and payor denials may also limit its use. Additional treat-
ment options are needed, particularly for situations where rituximab is
not available. Other treatment options may be limited by off target side
effects (e.g., corticosteroids) or long latency to clinical effect (e.g.,
azathioprine). Tacrolimus is commonly used in Asia and Europe for the
treatment of MG, but uncommonly prescribed in the United States,
where other non-steroidal immunosuppressives such as mycophenolate
mofetil and azathioprine are preferred. In this study, we explored the
immunological impact of tacrolimus on CD4 and CD8 T cell responses
in MuSK-MG. When cultured with PBMCs from MuSK-MG patients,
tacrolimus demonstrated a broad effect on CD4 T cells notable for re-
ducing the frequency of Th subsets including Th1, Th17, Tfh-like, and
Treg cells, as well as a subset of Th17 cells described to have a pa-
thogenic phenotype.

Tacrolimus is a T cell targeting immunosuppressant that binds to the
intracellular protein FKBP-12 to form a complex that inhibits calci-
neurin and nuclear translocation of NFATc. This results in the inhibition
of IL-2 gene synthesis, T cell activation, and proliferation (Schreiber
and Crabtree, 1992; Tocci et al., 1989). In renal transplantation, ta-
crolimus was associated with a reduced risk for acute rejection and
better graft function compared with cyclosporine (Rath, 2013). The
efficacy of tacrolimus has been evaluated in AChR-MG patients with
doses ranging from 2mg/d to 5mg/d and a favorable clinical response
observed within weeks (Nagane et al., 2005; Ponseti et al., 2005; Tao
et al., 2017; Zhou et al., 2017). To this point, the immunological
changes induced by tacrolimus therapy in patients with MG have been
unclear and the clinical effects in patients with MuSK-MG have not been
reported.

We initiated this study based on the known mechanism of tacro-
limus combined with 1) recent descriptions of higher frequencies of Th1
and Th17 responses in MuSK-MG patients (Yi et al., 2014); 2) ob-
servations of IL-17 elevations in AChR MG patients (Roche et al., 2011;
Xie et al., 2016); 3) experimental autoimmune MG models demon-
strating IL-17 knock out mice did not develop clinical MG pathology
(Aguilo-Seara et al., 2017); 4) apparent efficacy of tacrolimus in AChR-
MG and 5) the impact of Th17 cells on the pathogenesis of other

Fig. 1. Tacrolimus decreases the proliferation of CD4+ and CD8+ T cells. PBMCs were isolated from 16 MuSK-MG patients, labeled with VPD450, and incubated
with 1μg/mL anti-CD3 and 1μg/mL CD28 Abs in the absence or presence of 10 ng/mL, 100 ng/mL tacrolimus. (A) Comparison of CD4+ and CD8+ T cell pro-
liferation in the presence of tacrolimus. The upper line shows CD4+ T cells proliferation after 3 days (left) and 7 days (right) of culture in the absence of tacrolimus
(red), 10 ng/mL tacrolimus (blue),100 ng/mL tacrolimus (green), and the baseline was set on day 0 (grey, dashed line). The bottom histograms show CD8+ T cells
proliferation after 3 days (left) and 7 days (right) of culture in the absence of tacrolimus (red), 10 ng/mL tacrolimus (blue),100 ng/mL tacrolimus (green), and the
baseline was set on day 0 (grey, dashed line). (B) The division index (left) and proliferation index (right) in CD4+ T cells after 3 days of culture. (C) The division
index (left) and proliferation index (right) in CD8+ T cells after 3 days of culture. *, p≤ 0.05; **, p≤ 0.01. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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autoimmune diseases including multiple sclerosis, rheumatoid arthritis,
and thyroiditis (Kuwabara et al., 2017; Tabarkiewicz et al., 2015). It is
clear that Th1 and Th17 cells are involved in promoting MG im-
munopathology and T cell targeted therapies such as tacrolimus may
enhance treatment efficacy. Given tacrolimus' mechanism of action
against T cell responses, we hypothesized that tacrolimus would sup-
press the Th1 and Th17 responses that are enhanced in MuSK-MG.

Prior studies in AChR-MG patients suggest that trough concentra-
tions of> 4.8 ng/mL or 7-8 ng/mL have been associated with favorable
clinical outcomes (Kanai et al., 2017; Ponseti et al., 2005). Our study
supports that similar concentrations (10 ng/mL) have profound

inhibitory effects on proinflammatory Th1 and Th17 responses, while
Th2 cells are not significantly affected. This suggests that future studies
in MuSK-MG patients could use a similar drug concentration target to
guide therapy.

Th17 cells can be subdivided into pathogenic and non-pathogenic
Th17 cells based on their cytokine profile (Lee et al., 2012; Stockinger
and Omenetti, 2017). Pathogenic Th17 cells are implicated in experi-
mental models of autoimmunity and more recently in human disease
(Hu et al., 2017). This cell subset is induced by IL-23 and simulta-
neously co-produces IL-17 and IFN-γ (Gaublomme et al., 2015; Hirota
et al., 2011). Pathogenic Th17 cells are known to promote B cell

Fig. 2. Tacrolimus reduces the frequency of Tfh and Tregs subsets in MuSK-MG. (A) Intranuclear staining for FOXP3+ Tregs after culturing without tacrolimus (left)
and 10 ng/mL tacrolimus (right) for 3 days. (B) Composite data from individual MuSK-MG patients showing the frequency of Tregs in the absence of tacrolimus (left
column, black) and 10 ng/mL tacrolimus (right column, grey). (C) Surface staining for CXCR5+ Tfh cells after culturing without tacrolimus (left) and 10 ng/mL
tacrolimus (right) for 3 days. (D) Composite data from individual MuSK-MG patients showing the frequency of Tfh cells in the absence of tacrolimus (left column,
black) and 10 ng/mL tacrolimus (right column, grey). (E) Intranuclear staining for FOXP3+CXCR5 Tfr cells after culturing without tacrolimus (left) and 10 ng/mL
tacrolimus (right) for 3 days. (F) Composite data from individual MuSK-MG patients showing the frequency of Tfr cells in the absence of tacrolimus (left column,
black) and 10 ng/mL tacrolimus (right column, grey). Statistical significance is represented as follows: ** p≤ 0.01; *** p≤ 0.001. Results are shown from four
independent experiments, analyzing a total of 15 patients.
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responses and could be a therapeutic target in autoimmune disease
(Kuwabara et al., 2017; Lee et al., 2014; Yamagata et al., 2015). In this
study, tacrolimus exposure demonstrated remarkable inhibition of
overall Th17 cells, but also the IL-17+ IFN-γ+pathogenic Th17
subset.

Tacrolimus also diminished the frequency of Tfh-like cells. Tfh cells
are characterized by their ability to support somatic hypermutation B
cells and antibody high-affinity maturation in germinal centers (Ueno,
2016). In the periphery, Tfh-like cells are recognized as memory subset
of Tfh that have circulated out of the germinal center and with intact
capacity to support antibody producing B cells (Sage et al., 2014;
Schmitt et al., 2014). While we and others have shown an increase in
the frequency of peripheral blood Tfh-like cells in AChR-MG, the role of
Tfh-like cells in MuSK-MG remains undefined (Luo et al., 2013; Zhang
et al., 2016). For future studies, it will be of interest to quantitatively
and qualitatively examine the Tfh phenotypes between AChR and
MuSK-Ab MG. If Tfh-like cell phenotype in MuSK-MG mirrors AChR-
MG, the reduction in Tfh-like cell frequencies we observed with ta-
crolimus would be expected to have a favorable effect of disrupting Tfh-
like interactions with B cells, ultimately reducing autoantibody pro-
duction (Li et al., 2018).

An apparent consequence of adding tacrolimus is the suppression of
regulatory cells, Tregs and Tfr cells. We demonstrated a decrease in
Treg frequencies with tacrolimus, a finding that is consistent with
transplantation studies (Gallon et al., 2015). The role of Tregs in the
breakdown of self-tolerance in MG is uncertain. In AChR-MG, reports

showing an alteration in Treg frequencies are not consistent (Fattorossi
et al., 2005; Li et al., 2008; Masuda et al., 2010; Xu et al., 2012), and no
changes were observed in Treg frequencies of MuSK-MG patients (Yi
et al., 2014). Prior to this study, Tfr cell subsets have not been well
reported in MG and the effect of tacrolimus on Tfr cells has not been
reported in either MG or transplantation studies. The decrease in Tregs
cells may be attributable to tacrolimus induced suppression of IL-2, a
critical cytokine involved in the generation of Tregs (Wu et al., 2006).
As a result, a decrease in Treg cells has consequential effects on Tfr
cells, which originate from Treg precursors (Sage and Sharpe, 2016).
Given the global suppression of the Th response, it may be more ben-
eficial to evaluate the balance of the Th17 vs Treg response (Noack and
Miossec, 2014). The dramatic inhibition of inflammatory Th1 and Th17
cells may outweigh any potential negative consequences of reduced
Treg frequencies.

This study has several limitations. MuSK-MG patients received a
variety of immunomodulatory treatments, including some with thy-
mectomy, which could confound the results. Given the rarity and usual
severity of the disease, this limitation is likely unavoidable as most
patients are already receiving treatment when they are first evaluated
at our centers. In addition, we expect that tacrolimus would be used as
an adjunctive therapy in most cases, mimicking the experimental con-
ditions in our study. Thymectomy is not commonly performed in MuSK-
MG patients currently. For the patients in our study, thymectomy was
performed prior to recognition of MuSK-MG as a separate clinical en-
tity. All thymectomies were performed many years prior to collection of

Fig. 3. Tacrolimus suppresses CD4 and CD8 T cell function. (A) Gating on CD4+ T cells, intracellular cytokine analysis for IFN-γ, IL-2, IL-17A production (Y axis) and
violet proliferation dye VPD 450 (X axis), in absence of tacrolimus (left) and 10 ng/mL tacrolimus (right). (B) Comparison of CD4+ IFN-γ+, CD4+ IL-2+,
CD4+ IL-4+ and CD4+ IL-17+ frequencies in CD4+ T cells among without tacrolimus (left black column), 10 ng/mL tacrolimus (middle light grey column), and
100 ng/mL tacrolimus (right dark grey column). (C) Comparison of CD8+ IFN-γ+and CD8+ IL-2+ frequencies in CD8+ T cells among without tacrolimus (left,
black column), 10 ng/mL tacrolimus (middle, light grey column), and 100 ng/mL tacrolimus (right, dark grey column). Statistical significance is represented as
follows: * p≤ 0.05; ** p≤ 0.01; *** p≤ 0.001. Results are shown from six independent experiments, analyzing a total of 17–19 patients. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Y. Li et al. Experimental Neurology 312 (2019) 43–50

48



blood samples for our study, limiting the potential confounding effect
on our results. Experimentally, this study used cytokine production as a
determinant of T cell function, and an alternative measurement of
function is the quantity of anti-MuSK autoantibodies following culture
with tacrolimus.

Overall, the current study demonstrates tacrolimus' ability to sup-
press proinflammatory Th1 and Th17 responses in MuSK-MG at con-
centrations that have been used to treat AChR-MG. Furthermore, Tfh-
like cells known to support B cell proliferation, as well as the subset of
pathogenic Th17 cells, appear very sensitive to tacrolimus. These data
provide preliminary support for tacrolimus as a potential therapy for
the treatment of MuSK-MG. Though these in vitro studies were con-
ducted using samples from patients, further rigorous clinical assessment
of tacrolimus in MuSK-MG patients are required to show an appropriate
risk-benefit profile in this patient population. If successful, tacrolimus
could become a welcome additional option to manage these often
challenging patients.
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