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Muscle speciﬁc tyrosine kinase myasthenia gravis (MuSK MG) is a form of autoimmune MG that predominantly affects women and has unique clinical features, including prominent bulbar weakness,
muscle atrophy, and excellent response to therapeutic plasma exchange. Patients with MuSK MG have
predominantly IgG4 autoantibodies directed against MuSK on the postsynaptic muscle membrane.
Lymphocyte functionality has not been reported in this condition. The goal of this study was to characterize T cell responses in patients with MuSK MG. Intracellular production of IFN-gamma, TNF-alpha,
IL-2, IL-17, and IL-21 by CD4þ and CD8þ T cells was measured by polychromatic ﬂow cytometry in
peripheral blood samples from 11 Musk MG patients and 10 healthy controls. Only one MuSK MG patient
was not receiving immunosuppressive therapy. Regulatory T cells (Treg) were also included in our
analysis to determine if changes in T cell function were due to altered Treg frequencies. CD8þ T cells from
MuSK MG patients had higher frequencies of polyfunctional responses than controls, and CD4þ T cells
had higher IL-2, TNF-alpha, and IL-17. MuSK MG patients had a higher percentage of CD4þ T cells
producing combinations of IFN-gamma/IL-2/TNF-gamma, TNF-alpha/IL-2, and IFN-gamma/TNF-alpha.
Interestingly, Treg numbers and CD39 expression were not different from control values. MuSK MG
patients had increased frequencies of Th1 and Th17 cytokines and were primed for polyfunctional
proinﬂammatory responses that cannot be explained by a defect in CD39 expression or Treg number.
Ó 2013 Elsevier Ltd. All rights reserved.
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1. Introduction
The most common form of autoimmune myasthenia gravis (MG)
is characterized by the presence of circulating acetylcholine receptor (AChR) autoantibodies. Most MG patients with AChR antibodies have prominent weakness of extraocular muscles resulting
in drooping of the eyelids (ptosis) and double vision. The weakness
usually extends beyond the eyes to the extremities, respiratory
muscles, and muscles involved in chewing and swallowing (bulbar
muscles). Occasionally the weakness progresses to respiratory
failure (MG crisis), which is fatal without treatment. Common
treatment strategies include symptomatic therapy with acetylcholinesterase inhibitors, immunosuppression with prednisone or
steroid-sparing agents such as azathioprine or mycophenolate
mofetil, and mechanical ventilation along with intravenous
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immunoglobulin or therapeutic plasma exchange when weakness
progresses to MG crisis [1].
A less common subset of MG patients who do not have AChR
antibodies is characterized by: predominant bulbar, neck and
proximal extremity weakness, frequently with muscle atrophy;
severe weakness early in the disease often progressing to crisis;
poor response or worsening with acetylcholinesterase inhibitors;
fewer thymic changes on pathologic examination; and rapid
improvement with therapeutic plasma exchange [2e6]. These patients often have autoantibodies directed against muscle speciﬁc
tyrosine kinase (MuSK) on the postsynaptic membrane of skeletal
muscle [7,8].
MuSK plays important roles in the assembly and stabilization of
the AChR and anchoring acetylcholinesterase to the basal lamina at
the synapse [9,10]. The autoantibodies in MuSK MG are typically
IgG4, and it has recently been shown that in some patients these
autoantibodies bind to the collagen tail subunit (ColQ) of acetylcholinesterase and block the binding of ColQ to MuSK on the
postsynaptic muscle membrane [11,12]. Most immunologic studies
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2.2. Isolation and storage of mononuclear peripheral blood cells

in MuSK MG have focused on establishing a pathogenic role for the
autoantibodies [13e15]. Other reports have described the beneﬁcial
response of MuSK MG to the anti-CD20 monoclonal antibody rituximab [16,17].
Given that the medical literature is currently devoid of any
description of lymphocyte phenotype and functionality in MuSK
MG we undertook to determine if T cell abnormalities are present in
this condition. We demonstrated that MuSK MG patients have
higher frequencies of Th1 and Th17 activity than normal controls,
along with an increase in T cell polyfunctionality, and that the increase in T cell functionality cannot be attributed to a breakdown in
Treg numbers or CD39 expression.

Peripheral blood was obtained by venipuncture and collected in
acid-citrate-dextrose tubes (BD Vacutainer, Franklin Lake, NJ).
Mononuclear cells were separated by Ficoll density gradient
centrifugation, washed and counted prior to storage. Cells were
resuspended in a 90% FBS (Gemini, West Sacramento, CA) and 10%
DMSO (Sigma, 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 transferred to liquid nitrogen for
long-term storage.
2.3. Intracellular cytokine staining

2. Material and methods

106 peripheral blood mononuclear cells (PBMCs) were plated in
96-well round bottom plates in RPMI þ 10% FBS. Cells were left
untreated, stimulated with either aCD3 (1 mg/mL) and aCD28 (5 mg/
mL) or phorbol 12-myristate 13-acetate (PMA, 1 mg/mL) and ionomycin (IONO, 0.25 mg/mL) in the presence of brefeldin A (BD
Biosciences, San Jose, CA). Cells were incubated for 6 h at 37  C in 6%
CO2 in a humidiﬁed incubator. After this period, 12  106 cells
were stained with 50 mL of a cocktail mix consisting of titrated
volumes of LIVE/DEAD violet dye (Life Technologies, Grand Island,
NY), CD14 Paciﬁc Blue, CD3 AmCyan, CD4 Brilliant Violet 605, and
CD8 APC-Cy7 conjugates for 30 min at 4  C. A combination of LIVE/
DEAD dye and CD14 were used as a “dump” channel to eliminate
dead cells and monocytes, respectively. CD14, CD3, CD4, and CD8
ﬂuorescent antibodies were obtained from BD Biosciences, San
Jose, CA. Following cell surface staining, cells were treated with
cytoﬁx/cytoperm (BD Biosciences, San Jose, CA) in accordance with
the manufacturer’s recommendations. Intracellular staining was
then performed for 30 min at 4  C using IFN-g PE-Cy7, TNF-a Alexa
Fluor 700, IL-2 APC, IL-17 PcP Cy5.5, and IL-21 PE conjugates. All
cytokine ﬂuorescent antibodies were purchased from BD Biosciences, San Jose, CA. Cells were ﬁxed with 1% paraformaldehyde
(PFA) and acquired on a LSRII ﬂow cytometer (BD Biosciences, San
Jose, CA).

2.1. Study population and controls
Blood samples were obtained from 11 female MuSK MG patients
(mean age: 44.5; range: 19e66 years old) (Table 1) and 10 healthy
controls (6 female; mean age: 40.3; range: 25e56 years). MuSK MG
patients were recruited during visits to the Duke MG Clinic. All had
detectable anti-MuSK antibodies according to commercially available testing (Athena Diagnostics, Worcester, MA) and clinical and
electrodiagnostic features consistent with the disease. Clinical data
collected from consenting patients included demographics, duration of disease, pharmacologic treatments, antibody results, thymectomy status, and Myasthenia Gravis Foundation of America
(MGFA) severity class, MGFA Post-intervention Status (PIS), and MG
manual muscle testing (MG-MMT) (Table 1) [18,19]. The time from
onset of symptoms to blood draw was more than 1 year in all MuSK
MG patients. Thymectomy had been performed in 6: none had a
thymoma or thymic hyperplasia. The maximum MGFA severity
class at any point since disease onset was 3 or 4 (moderate to severe
generalized weakness) or 5 (crisis) in nearly all patients, while the
MGFA PIS at the time of the blood draw was “Minimal Manifestations” or better in 6 and “Improved” in 4. One patient had minimal
weakness on MG-MMT and was not on immunosuppressive therapy. The others were on monotherapy with prednisone or mycophenolate mofetil or combination immunosuppressive therapy.
Three patients had previously received rituximab.
Healthy controls weighing more than 110 pounds and not
receiving therapy for any chronic disease were recruited and
matched as closely as possible for age and gender. This study was
approved by the Duke University Institutional Review Board.

2.4. FOXP3 staining
PBMCs were plated in a 96-well round bottom plate and cells
were stained with LIVE/DEAD violet dye (Life Technologies, Grand
Island, NY), CD14 Paciﬁc Blue, CD3 AmCyan, CD4 Brilliant Violet
605, CD25 Alexa Fluor 700, and CD39 PE-Cy7 conjugates

Table 1
Clinical characteristics of MuSK MG patients at the time of blood draw (N ¼ 11; all were female).
Age (Yr)

Race

Disease
duration (Mo)

Maximum MGFA
severity class

MG-MMT

MGFA-PIS

Thymectomy

Immunosuppressives

22
47
59
22
45
66
55
28
64
19

B
W
B
B
B
W
W
B
W
B

13
144
180
144
14
216
165
105
139
21.5

V
IIIB
IIIB
V
I
IIIB
IIIB
IIIB
V
IVB

16
1
2
7
3
3
2
0
3
28

I
MM
MM
I
U
MM
MM
CSR
MM
I

Yes
Yes
No
Yes
No
No
Yes
Yes
Yes
No

62

W

135

V

23

I

No

Prednisone 10 mg/d; AZA 100 mg/d; monthly TPE
MMF 750 mg/d; RTX 22 months prior to blood draw
Prednisone 20 mg QOD; MMF 2 g/d
MMF 1.5 g/d
Prednisone 17.5 mg/d
MMF 2 g/d
RTX 13 months prior to blood draw
None
Prednisone 2.5 mg QOD; MMF 4 g/d
MMF 1 g/d d/c 11 days prior to blood draw; TPE 11 days prior to
blood draw; prednisone 20 mg/d
AZA 150 mg/d; prednisone 5 mg/d; RTX 3 years prior to blood draw

Abbreviations: AZA ¼ azathioprine; B ¼ black; BID ¼ twice daily; CSR ¼ complete stable remission; d ¼ day; d/c ¼ discontinued; F ¼ female; g ¼ grams; I ¼ improved;
MGFA ¼ Myasthenia Gravis Foundation of America; MM ¼ minimal manifestations; MMF ¼ mycophenolate mofetil; MG-MMT ¼ myasthenia gravis manual muscle testing
score at time of blood draw; Mo ¼ months; PIS ¼ post intervention status at time of blood draw; QOD ¼ every other day; RTX ¼ rituximab; TPE ¼ therapeutic plasma exchange;
U ¼ unchanged; W ¼ white; Yr ¼ years.

132

J.S. Yi et al. / Journal of Autoimmunity 52 (2014) 130e138

(eBioscience, San Diego, CA) for 30 min in 4  C. CD14, CD3, CD4, and
CD25 were obtained from BD Biosciences, San Jose, CA. Following
cell surface staining, cells were treated for 1 h at 4  C with the
FOXP3/Transcription Factor Fixation/Permeabilization buffer in
accordance with the manufacturer’s recommendations (eBioscience, San Diego, CA). Intra-nuclear staining was then performed
for 30 min at 4  C using FOXP3 Alexa Fluor 647 conjugate. Cells
were ﬁxed with 1% PFA and acquired on a LSRII ﬂow cytometer (BD
Biosciences, San Jose, CA).
2.5. Data analysis and statistics
Data analysis was performed using Flowjo software (Tree Star,
Ashland, OR). After the gates for each individual function were
created, we used the Boolean gate platform incorporated into the
Flowjo software to create an array of possible cytokine combinations. We then created bar graphs and pie charts of the various
combinations of intracellular cytokines produced by T cells using
“Simpliﬁed Presentation of Incredibly Complex Evaluations”
(SPICE) software [20]. Student T-tests were used to determine

statistical signiﬁcance between two groups. The p values were
calculated using Prism software (Graph Pad, LaJolla, CA).
3. Results
3.1. Cytokine analysis of CD8 T cells in MuSK MG
To generate a comprehensive analysis of cytokine production in
MuSK MG patients we developed a nine-color polychromatic ﬂow
cytometry panel to test on PBMCs from MuSK MG and healthy
controls. Fig. 1A depicts our hierarchal gating strategy to identify
CD4 and CD8 T cells. Subsequently, cytokine positivity in CD4 and
CD8 T cells was determined following stimulation and in unstimulated samples as a control (Fig. 1B and C). T cell production of
cytokines IFN-g, TNF-a, and IL-2 was determined following stimulation with aCD3/aCD28 (Fig. 2A) and PMA/IONO (Fig. 2B).
Although the mean frequency of cytokine producing cells was
higher in the MuSK MG patients than in the controls, none was
statistically signiﬁcant. To further examine the function of CD8 T
cells, Boolean gating was performed using Flowjo software to

Fig. 1. Representative hierarchal gating for T cell analysis. The following gating strategy was used to isolate T cell populations. (A) Initial gating used forward scatter width (FSC-Width)
versus height (FSC-Height) plot to remove doublets. Next, events were gated through a forward scatter area (FSC-Area) versus CD14 and LIVE/DEAD dye to remove monocytes and
dead cells, respectively. Subsequently, lymphocytes were gated by a FCS-Area versus SSC plot, followed by a gate on CD3þ cells. CD4 and CD8 T cell gates were drawn off of CD3þ cells.
(B) Representative detection of cytokines produced by CD4 T cells (IFN-g, TNF-a, IL-2, IL-17, IL-21) in a MuSK MG patient following no stimulation (upper panel) or PMA/IONO
stimulation (lower panel). (C) Detection of cytokines (IFN-g, TNF-a, IL-2) produced by CD8 T cells following no stimulation (lower panel) or PMA/IONO stimulation (upper panel).
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Fig. 2. Comparison of CD8 T cell function in normal and MuSK patients. (A) Intracellular cytokine analysis for IFN-g, TNF-a, and IL-2 production following aCD3 and aCD28
stimulation of PBMCs in normal (black circle) and MuSK patients (square). Unshaded squares are patients who received Rituximab treatment. Columns represent the mean percentages. Percentages were derived from gated CD8 T cells. (B) Intracellular cytokine analysis for IFN-g, TNF-a, and IL-2 production following PMA/IONO stimulation of PBMCs. (C)
The black (normal) and gray (MuSK) bars represents the mean frequency of the CD8 T cell response expressing different combinations of cytokine production in response to PMA/
IONO stimulation of PBMCs. “þ” sign denotes IFN-g, TNF-a, or IL-2 positivity. The number on the color-coded pie slice bars represents the number of cytokine positivity. (D) Each pie
chart represents the mean response across ten normal individuals and eleven MuSK patients. Responses are grouped by the number of functions and matched to the “pie slice” color
bars in panel C. Statistical signiﬁcance is represented as follows: *p < 0.05. Results are shown from ten normal individuals and eleven MuSK patients.

identify CD8 T cells that produced different combinations of cytokines following PMA/IONO stimulation (Fig. 2C). This analysis determines which CD8 T cells are producing one, two, or all three
cytokines; cells producing two or more cytokines are deemed
polyfunctional. The results are also depicted in pie charts generated
using SPICE software that show the color-coded distribution of
cytokine producers (Fig. 2D) [20]. The blue slices (in web version)
denote the three-cytokine producers while the red slices (in web
version) represent the cells that produce no cytokines; the color
spectrum from red to blue (in web version) shows the two- and
one-cytokine producers. Interestingly, visual analysis of the pie
charts shows distinct differences in functionality between MuSK
MG and normal donors. CD8 T cells in MuSK MG patients, in
comparison with healthy controls, more frequently co-produced
IFN-g and TNF-a (31% vs. 21%). In contrast, the majority of CD8 T
cells in healthy donors produce no cytokines (49% vs. 29%). Thus,
the increase in cytokine production by CD8 T cells in MuSK MG
patients likely represents a pathologic response rather than, for
example, the effect of immunotherapy.

3.2. Cytokine analysis of CD4 T cells in MuSK MG
For the composite analysis of CD4 T cell function, IL-17 and IL-21
were added to the ﬂow cytometric analysis panel because published evidence suggests a critical role for Th17 cells in autoimmunity [22,23]. In blood from MuSK MG patients, we observed an
increase in the frequency of cells producing IL-17 following stimulation with aCD3/aCD28 (0.53% vs. 0.24%) (Fig. 3A) and TNF-a (54%
vs. 39%), IL-2 (55% vs. 42%), and IL-17 (1.8% vs. 0.43%) with PMA/
IONO stimulation (Fig. 3B). This suggests that the increased frequency of Th1 and Th17 subsets of CD4 T cells may contribute to
MuSK MG pathology. To evaluate whether CD4 T cells produce
multiple cytokines, we used Boolean gating and SPICE software to
generate 32 possible cytokine combinations that could be produced
by the CD4 T cells (Fig. 3C and D). As with the CD8 T cells, most CD4
T cells from normal donors produced no cytokine, while a higher
frequency of these cells from MuSK MG patients were polyfunctional. However, neither CD8 nor CD4 T cells were capable of producing all three or ﬁve cytokines, respectively. On visual inspection,
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Fig. 3. Comparison of CD4 T cell function in normal and MuSK patients. (A) Intracellular cytokine analysis for IFN-g, TNF-a, IL-2, IL-17, and IL-21 production following aCD3 and
aCD28 stimulation of PBMCs in normal (black circle) and MuSK patients (square). Unshaded squares are patients who received Rituximab treatment. Columns represent the mean
percentages. Percentages were derived from gated CD4 T cells. (B) Intracellular cytokine analysis for IFN-g, TNF-a, IL-2, IL-17, and IL-21 production following PMA/IONO stimulation
of PBMCs. (C) The black (normal) and gray (MuSK) bars represents the mean frequency of the CD4 T cells expressing different cytokine combinations in response to PMA/IONO
stimulation of PBMCs. “þ” sign denotes IFN-g, TNF-a, IL-2, IL-17, and/or IL-21 positivity. The number on the color-coded pie slice bars represents the number of cytokine positivity.
(D) Each pie chart represents the mean response across ten normal individuals and eleven MuSK patients. Responses are grouped by the number of functions and matched to the
“pie slice” color bars in panel C. Statistical signiﬁcance is represented as follows: *p < 0.05; **p < 0.01; ***p < 0.001. Results are shown from ten normal individuals and eleven MuSK
patients.

higher percentages of polyfunctional cytokine production in MuSK
patients was seen for IFN-g/IL-2/TNF-a, TNF-a/IL-2, and IFN-g/TNFa. Interestingly, MuSK MG patients who had received rituximab had
the lowest frequencies of IFN-g, TNF-a, and IL-2 producing cells
following PMA/IONO stimulation (Fig. 3B). Rituximab treatment
had no effect on the frequencies of CD4 and CD8 T cells, as these
were within the range of normal and rituximab-free MuSK patients
(data not shown).

3.3. Increase in T cell function is not due to changes in the Treg
population
To determine whether the increase in CD4 T cell function was
due to an imbalance of Tregs we examined the frequency and
response of Tregs. Tregs are critical regulators of immune tolerance,
and autoimmune diseases have been attributed to expansion of
autoreactive lymphocytes due to a breakdown of self- tolerance.
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Tregs were identiﬁed by the expression of CD25 and FOXP3 on CD4
T cells (Fig. 4A). Analysis of Treg frequencies revealed no signiﬁcant
changes in MuSK MG patients compared with controls.
To further investigate the role of Tregs in MuSK MG, we examined the expression of CD39, an ectonuclease enzyme responsible
for Treg suppressive activity in animal models [24]. CD39þFOXP3þ
Tregs have been demonstrated to be critical in suppressing IL-17
production and, these cells are impaired in multiple sclerosis
[25]. Since we observed an increase in IL-17 production in MuSK
MG patients compared with controls, we examined whether this
increase was due to a down-regulation of CD39 expression. In
MuSK MG, we observed no differences in the frequency of CD39
expression on FOXP3þ Tregs (Fig. 4B). Interestingly, two out of the
three patients who had received rituximab had the lowest frequencies of CD39. Overall, the enhancement of T cell function in
MuSK MG patients cannot be attributed to a defect in Treg numbers
nor reduced CD39 expression.
4. Discussion
In this study, we evaluated T cell responses in a well characterized cohort of MuSK MG patients. We demonstrated that CD8þ T
cells in MuSK MG patients had generally higher frequencies of
multiple cytokine producing cells than controls, as well as strong
CD4þ T cell activation to stimulation that was characterized by
increased TNF-a, IL-2, and IL-17 responses. These CD4þ T cells were
primed for polyfunctional proinﬂammatory responses, with a
higher percentage of MuSK patients producing combinations of
IFN-g/IL-2/TNF-a, TNF-a/IL-2, and IFN-g/TNF-a than controls.
Notably, the increased CD4þ T cell responses could not be
explained by changes in Treg numbers or function as measured by
CD39 expression. Polyfunctionality is often associated with T cell
differentiation and the capacity for self-renewal [26,27]. During T
cell maturation, differentiation to memory cells or effector cells
occurs at the expense of self-renewal, proliferative capacity and
cytokine production. Memory cells have increased self-renewal
properties allowing them to persist longer in the host and they
immediately respond to antigen upon activation. In contrast, activation of effector cells is slower than memory cells and they are
more likely to undergo apoptosis due to their inability to undergo
self-renewal and their terminally differentiated state. As such,
memory cells tend to exhibit polyfunctional T cell responses
compared with effector cells, which are more likely to be monofunctional. These ﬁndings suggest that a memory T cell phenotype,
which is often associated with polyfunctional responses, may be

Fig. 4. Increase in T cell function is not due to changes in Treg numbers or altered CD39
expression. (A) Tregs were identiﬁed as CD25þ and FOXP3þ in the PBMCs of normal
(black circle) and MuSK patients (square). The three unshaded squares represent patients who have received rituximab treatment. Frequency of Tregs was derived from
total CD4 T cells. (B) CD39 expression in normal and MuSK patients was similar. The
frequencies of CD39 were derived from CD25þFOXP3þ Tregs. Results are shown from
ten normal individuals and eleven MuSK patients.

135

increased in MuSK MG patients and that their T cells are predisposed to more potent responses.
To date, immunologic studies in patients with MuSK MG have
primarily been limited to 1) demonstrating the pathogenic nature
of MuSK serum and puriﬁed anti-MuSK immunoglobulins in animal transfer studies and in vitro models [8,13,28]; 2) establishing
that MuSK MG autoantibodies are primarily IgG4 [11,29e31]; 3)
examination of muscle and the thymus gland following thymectomy [4,5,32]; and 4) measuring autoantibodies after treatment
with rituximab [16,17].
MG immunology has been most studied in the AChRþ form of
the disease (Table 2). In AChRþ MG, the pathogenic role of CD4 T
cells has been demonstrated by treatments that diminish CD4 T cell
levels, including thymectomy or treatment with anti-CD4 antibodies that deplete CD4 T cells [33,34]. It has also been observed
that the loss of CD4 T cells in AIDS patients correlated with
improvement in MG symptoms [35]. Conversely, depletion of CD8 T
cells had no effect on the development of myasthenic weakness and
anti-AChR antibody synthesis [36]. Based on murine studies, which
appear to be supported by studies of MG patients, the dominant
subset of CD4 T cells present are Th1 cells. Pro-inﬂammatory cytokines such as IL-2, IL-12, and IFN-g are thought to drive the
production of complement-ﬁxing immunoglobulins through activation of Th1 cells [37,38]. More recently, it has been reported that
IL-17, which is involved in B cell activation and proliferation, is
elevated in MG patient serum [39].
The neuroimmunology of the recently described forms of MG
associated with LRP4 and MuSK autoantibodies is less well understood (Table 2). There are signiﬁcant knowledge gaps in the
cellular immunology of these conditions, including regulatory cells
and the role of cytokines. The relative rarity of both of these forms
of MG makes studying them challenging.
In MuSK MG, the presence of predominantly IgG4 autoantibodies that don’t activate complement has led to the assumption
that the disease is mediated by Th2 pathways [16]. Interestingly, we
found elevated frequencies of T cells producing cytokines associated with Th1 and Th17 cells. Thus, our future studies will evaluate
the role of Th2-associated cytokines to deﬁne the predominant
pathway of T cell activity in the pathogenesis of MuSK MG.
The potential role of Tregs in the breakdown of self-tolerance in
MG has been a focus of recent studies [63e65,69e71]. The results of
these studies have been somewhat mixed, likely due to heterogeneity of the patient populations studied and how Treg populations
were deﬁned. Nevertheless, the preponderance of evidence supports a defect in Treg function rather than a decrease in absolute
numbers of Tregs. No studies of Tregs in MuSK MG patients have
previously been reported, but we have found no changes in Treg
numbers in MuSK MG compared with controls. Furthermore, the
percentage of these Tregs expressing CD39 was similar to controls.
CD39 is an ectonucleotidease that cleaves ATP to form AMP, which
can then be cleaved by CD73 to form adenosine [97]. In mice CD39
is expressed on all FOXP3þ T cells and knockdown of CD39
expression reduces the suppressive capacity of Tregs, suggesting
that the hydrolysis of ATP by CD39 is a critical mechanism in Treg
suppression [24]. In autoimmune diseases such as multiple sclerosis and systemic lupus erythematosus, research suggests a defect
in Tregs due to decreased CD39 expression [25,98]. However, we
found no evidence to suggest such a defect in Treg function, by
CD39 expression, or numbers, in the pathophysiology of MuSK MG.
There have been many reports of dramatic and often sustained
improvement in MuSK MG patients after treatment with the antiCD20 monoclonal antibody rituximab [17,42,99e101]. Several
studies reported that this clinical improvement was associated
with a signiﬁcant decline in MuSK autoantibody blood levels
[16,17]. However, the effects of rituximab treatment on
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Table 2
Summary of some known clinical and immunological features of MG.
AChR MG

MuSK MG

LRP4 MG

Clinical features

 Incidence has 2 peaks: 3rd decade in women; 7th
decade in men
 Prominent ocular muscle involvement
 Improved by ACheI
 Improved by IVIg, TPE
 Most patients respond to immunosuppression [40,41]
 Somewhat variable response to RTX [42]















HLA association






85% female
Symptom onset peaks in 4th decade
Bulbar and proximal weakness common
Prominent muscle atrophy
Crisis frequent early in clinical course
Poor response to ACheI
Excellent TPE response
Often requires more aggressive
immunosuppresion
 Frequently dramatic response to RTX [2,3]
 HLA-DR14, DQ5 [50,51]
 Primarily IgG4 [29]
 Polyfunctional T cell responses
 Possible Th1, Th17 proinﬂammatory
pathway

 IgG1 [44]
 Unknown

 Unknown

 Unknown

 Normal Treg numbers
 Normal CD39 expression

 Unknown

 Unknown
 Unknown

 Unknown
 Unknown

 Rare complement deposition on the
postsynaptic membrane [32,87]

 Unknown, but IgG1 autoantibodies
have potential to cause
complement-mediated damage
 Unknown

Autoantibodies
T cells



B cells





Tregs

Bregs
Cytokines













Complement

Thymic changes






HLA-DR3, B8, DR9 (Asian): early onset [45e48]
HLA-DR2, B7: late onset [49]
IgG1, IgG3
CD4 T cells likely play a prominent role in disease
propagation [37,52e54]
Th1 proinﬂammatory pathway predominates [55,56]
CD8 T cells less important to disease pathophysiology
[36,57,58]
Increased immunoglobulin secreting thymic B cells [59]
Peripheral B cells are primed for AChR autoantibody
production [60]
Normal overall B cell numbers; fewer naïve B cells;
increased memory B cells after immunosuppression;
increased plasmablasts [61]
Increased AChR-speciﬁc B cells [62]
Normal or decreased peripheral Treg numbers [63e68]
Reduced FOXP3 mRNA expression in PBMCs [69]
Impaired Treg function [65,70]
Normal thymic Treg numbers [63]
Impaired thymic CD4þCD25þ function, normal
numbers [71]
Reduced Tregs in thymoma [72,73]
Unknown
Increased Th1 associated cytokines IFN-g, IL-10, and
IL-2/sIL-2R [74e79]
Increased peripheral Th2 associated cytokines IL-4,
IL-6 [74,80,81]
Increased peripheral TGF-b; TGF-b higher following
thymectomy [74,82]
Elevated peripheral IL-17 [39]
Elevated peripheral BAFF [83,84]
C3 and C9 deposition on postsynaptic membrane [57,85]
Increased CD21 complement receptor on B cells [86]

 Frequent germinal centers, anti-AChR lymphocytes,
and myoid cells expressing AChR [88e91]
 Thymoma in 10e15% of patients [92]
 Increased production of IL-6, IL-2, IL-1, IL-1b in
hyperplastic thymus [93e96]
 Low AIRE expression in thymomas [72]

 Rare lymphofollicular hyperplasia,
germinal centers [4,5]
 Very rare microscopic thymoma [2,3]

Female predominance
Peak incidence in 4the5th decade
Most improved by ACheI
Response to immunosuppression
similar to AChR MG [43,44]

 Unknown

Abbreviations: AChR ¼ acetylcholine receptor; ACheI ¼ acetylcholine esterase inhibitor; AIRE ¼ autoimmune regulator gene; BAFF¼B-cell activating factor; HLA ¼ human
leukocyte antigen; IVIg ¼ intravenous immunoglobulins; LRP ¼ lipoprotein-related protein 4; MG ¼ myasthenia gravis; MuSK ¼ muscle speciﬁc kinase; RTX ¼ rituximab; sIL2R ¼ soluble IL-2 receptor; TPE ¼ therapeutic plasma exchange.

lymphocytes have not been reported in detail. In our 3 patients who
had previously received rituximab, Treg populations were similar
to healthy controls and to rituximab-naïve MuSK MG patients
(Fig. 3). Intracellular cytokine production by CD4þ and CD8þ T cells
in these patients was in the lower range of the total MuSK cohort
with the exception of somewhat higher production of IFN-g and
TNF-a in CD8þ T cells (Figs. 1 and 2). The signiﬁcance of this ﬁnding
is uncertain and the number of patients who received rituximab is
too small to make statistical comparisons. Future studies evaluating
the effects of rituximab on B cells in MuSK MG patients should be
particularly informative.
A limitation of our study is the use of immunosuppressive
medications in nearly all patients and, perhaps, the wide range of
disease duration - some of our observations may be affected by
these immunosuppressive medications rather than the disease
itself [66]. However, the consistency of the responses despite

heterogeneous treatment regimens suggests that the altered T cell
functionality is not strongly related to immunosuppression and
may be a unique feature of MuSK MG.
The one MuSK MG patient not on immunosuppressive therapy
also had AChR modulating, but not binding or striated muscle,
antibodies. She underwent thymectomy 8 years prior to this study
and had achieved pharmacologic remission 3 months after surgery.
MuSK autoantibodies were undetectable approximately 3 years
after thymectomy and she was in Complete Stable Remission at the
time of this study, having taken no immunosuppressives for over
3.5 years. She never received rituximab. Other than an increased
percentage of CD4þ T cells, her T cell proﬁle was similar to the other
MuSK patients, none of whom had received rituximab. As with the
other MuSK MG patients, she had higher percentages of IL-2 and
TNF-a producing CD4þ T cells. This patient is somewhat unusual
given her remission after thymectomy, but her persistent altered
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T cell functionality suggests that our overall ﬁndings are not due to
the use of immunosuppression. Future studies on greater numbers
of MuSK MG patients will provide better assessment of factors that
may affect immune proﬁles, such as thymectomy and different
immunosuppressive regimens. Due to the rarity of MuSK MG this
will likely require a concerted collaborative effort among centers.
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