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Background: We investigated the correlation between glucose metabolism patterns of different immune 
cells and the metabolic regulatory signaling pathways in myasthenia gravis (MG) and aimed to identify 
therapeutic targets for MG.
Methods: We isolated peripheral blood mononuclear cells (PBMCs) and sorted CD19+B cells, dendritic 
cells (DCs), CD4+ T cells, CD8+ T cells, CD4+CD25+ regulatory T cells (Tregs), CD4+CD25−T cells, and T 
helper (Th) cells such as Th1, Th2, and Th17 cells. Then, we detected the expression levels of PI3K/AKT/
mTOR-HIF-1α, GLUT1, hexokinase (HK), phosphofructokinase (PFK), and pyruvate kinase (PK) by RT-
PCR, measured the oxygen consumption rate and extracellular acidification rate of ex vivo freshly sorted 
cells using the Seahorse XFe96 Analyzer. In addition, we compared the glycolysis levels using these cells 
from the same MG patients. By performing in vitro experiments, we measured, the mRNA expression levels 
of mTOR, HIF-1α, B cell activating factor receptor (BAFF-R), GLUT1, HK, PFK, and PK, in addition to 
ECAR profiles, frequency of CD80 and CD86, and IgG levels from the culture supernatant of B cells (isolated 
from MG patients) treated with rapamycin and PX-478 (selective mTOR and HIF-1α inhibitor, respectively) 
from.
Results: Except PBMCs, Th2 and CD8+ T cells, the expression levels of the key enzymes involved in 
glycolysis and HIF-1α were significantly higher in B cells, DCs, Tregs, CD4+CD25−T cells, and Th1 and 
Th17 cells in MG patients, and the measurement of ECAR and OCR confirmed the metabolic status. In MG 
patients, B cells and DCs showed significantly higher levels of glycolysis and glycolytic capacity than CD8+ T 
cells, CD4+ T cells and its subsets. In vitro, except IgG levels, the increased glycolysis levels, expression of key 
glycolytic enzymes, BAFF-R and frequency of CD80 and CD86 of B cells, could be inhibited by rapamycin 
and PX-478. 
Conclusions: Different subtypes of immune cells in MG exhibit different glucose metabolism patterns. 
The mTOR-HIF-1α signaling pathway might be the immunometabolism reprogramming checkpoint of 
glycolysis-dependent activated B cells in MG.
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Introduction 

Myasthenia gravis (MG) is an autoimmune disease of 
the neuromuscular junction, caused by antibodies that 
attack components of the postsynaptic membrane. The 
pathogenesis of this disease is not clear yet (1). Previous 
studies have shown that specific types of immune cells are 
involved in the pathogenesis of MG and in experimental 
autoimmune myasthenia gravis (EAMG). Autoreactive 
CD4+ T cells exert a core regulatory effect on the 
production of acetylcholine receptor (AChR) antibodies. 
The balance of Th1, Th2, Th17, and Tregs, subsets 
of CD4+ helper T cells, are redistributed during the 
development of MG/EAMG (2,3). Dendritic cells (DCs) 
connect the innate and adaptive immunity and play an 
important role in the activation of autoreactive T cells (4). 
B cells produce multiple autoantibodies in MG with the 
assistance of activated antigen-specific T cells, which result 
in the development of myasthenia symptoms (5). CD8+ 

T cells in muscle-specific tyrosine kinase (MuSK)-MG 
patients generally exhibit higher frequencies of multiple 
cytokine-producing cells (6).

Cellular metabolism has attracted a great deal of 
attention recently. A solid body of work has emphasized 
how cellular glucose metabolism shapes immune cell 
differentiation and function of conventional T, CD4+CD25+ 
regulatory T cells (Tregs), DCs and B cells, and how the 
utilization of metabolic substrates functionally regulates 
these cells (7,8). 

Glucose is the major energy and nutrient source for 
immune cells. The glucose metabolism patterns are 
different, either in different immune cell subtypes or 
in different states such as, resting or activation (9). For 
example, immature DCs (imDCs) primarily rely on 
mitochondrial oxidative respiration (OXPHOS). When 
activated to mature DCs (mDCs), imDCs undergo 
drastic metabolic reprogramming with the upregulation 
of glucose utilization and activation of mitochondria 
independent glycolysis, which acts as a source of ATP and 
a major source of building blocks that are necessary for 
coping with massive proliferation and synthesis of effector 
molecules that support immune cell functions (10). These 
highly proliferative cells convert glucose into lactate in the 
presence of oxygen, which is termed as Warburg effect or 
aerobic glycolysis. Similar to DCs, the cellular metabolism 
of activated Th1 and Th17 cells also switch to aerobic 
glycolysis (11,12). In contrast, regulatory forkhead box P3 
(FoxP3+) T cells and memory T cells primarily depend on 

FA oxidation (FAO) as a source of energy (12). When the 
resting naïve B cells are activated by helper T cells, the 
glycolysis levels and OXPHOS in activated B cells and 
plasma cells are significantly enhanced (13). 

The process of metabolic changes of immune cells shares 
a common pathway with cell activation events, which are 
triggered by Toll-like receptors (TLRs) (DCs) or T cell 
receptors (TCRs) and costimulatory molecules (T cells) 
(10,14). Antigen-mediated T cell and imDCs signal via the 
PI3K/AKT pathway, subsequently activating mTOR 
which enhances HIF-1α transcription and translation (15). 
On one hand, HIF-1α activates the expression of GLUT-1  
and increases glucose intake. On the other hand, HIF-1α  
activates the expression of numerous key glycolytic 
genes and increases glycolysis to supply energy and 
nutrients for rapid activation (16). Activated B cells also 
rely on glucose, and PI3K-AKT pathway promotes the 
process of glycolysis (17). The PI3K signaling pathway 
not only participates in B cell activation, but also plays 
a crucial role in B cell differentiation and survival (18). 
Activation of mTOR can influence a series of B cell 
related functions, including the proliferation of marginal z 
one B-cell, switching of IgG class, and differentiation of 
plasmablasts (19).

In summary, the PI3K/AKT-mTORC1 may be the 
common mechanistic regulatory pathway of immune cells 
(especially DCs, T helper cells, and B cells) involved in 
activation, differentiation, effector functions, and metabolic 
shift. HIF-1α is the junction point of the glycolytic and 
PI3K/AKT-mTOR regulatory pathways. 

Over the years, few studies have characterized the 
metabolism of immune cells in the context of autoimmune 
diseases, such as systemic lupus erythematosus (20) and 
rheumatoid arthritis (21), but all of these studies are 
limited to a certain immune cell. Here, we explore glucose 
metabolism and metabolic regulatory pathways in different 
immune cells, and obtain real-time measurements of the 
OCR and ECAR for the ex vivo freshly sorted cells. By 
unveiling the underlying mechanism, we expect to “seek 
common ground while reserving”, intervene the whole 
immune response processes, and eventually reduce antibody 
production and relieve symptoms of myasthenia.

Methods 

Participants and samples

All the MG patients and, age- and sex-matched healthy 
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controls (HC) were recruited at the Neurology Department 
of Xiangya Hospital from February 2017 to May 2019. 
MG was diagnosed based on the combination of fluctuating 
muscle weakness, positive fatigue test, positive neostigmine 
test and positive abnormal repetitive nerve stimulation test. 
Age, gender, routine blood test, liver and kidney function, 
immunological function, thyroid function, thymus CT 
scan, MGFA classification, quantitative myasthenia gravis 
scores (QMGs), and autoantibody results, including anti-
AChR antibody (ab) and MuSK ab, were recorded. AChR 
and MuSK antibody results were obtained from the 
DAAN Clinical Laboratory Central (Guangzhou, China). 
AChR expression levels greater than 0.45 nmol/L and 
MuSK ab levels greater than 0.5 nmol/L were considered 
as positive results. All MG patients had no prior history 
of treatment with glucocorticoids, immunosuppressive 
agents or thymectomy within three months. Patients were 
excluded if they had a history of additional autoimmune 
diseases. Approximately 200 mL of lymphoplasmapheresis 
(LPE)-exchanged blood samples or 60 mL of peripheral 
blood samples were collected from the patients. For HC, 
60 mL of blood samples were collected. The study was 
approved by the local ethics committee (Ethics Committee 
of Xiangya Hospital, No. 201503282). All patients provided 
their written informed consent prior to inclusion into the 
study. The study was performed in accordance with the 
Declaration of Helsinki.

Human PBMC and immune cell isolation

Heparinized venous blood samples were obtained from each 
subject, and peripheral blood mononuclear cells (PBMCs) 
were isolated within 10 min of collection using lymphocyte 
isolation agent (TBD, Tianjin, China) by density gradient 
centrifugation. The PBMC pellet was resuspended 
in running buffer (Becton Dickinson, CA, USA) for 
downstream assay and cell density was determined using 
the Counter star automated cell counter (Alit, Shanghai, 
China).

CD4+ T cells, CD8+ T cells, CD19+B cells, DCs, 
CD4 +CD25 + Tregs ,  and CD4 +CD25 −T cel l s  were 
obtained from PBMCs of patients by magnetic separation 
(Miltenyi Biotec, Gladbach, Germany, the catalogue 
number of the kits used: 130-096-533; 130-096-495; 
130-050-301; 130-091-379; 130-091-301, respectively), 
following the manufacturer’s instructions. Th1 cells 
(CD4+CXCR3+CCR6-), Th2 cells (CD4+CXCR3−CCR6−) 
and Th17 cells (CD4+CXCR3−CCR6+) were sorted based 

on immunophenotype marker expression as previously 
described (22,23). Briefly, freshly isolated PBMCs were 
stained with PerCP-Cy5.5-conjugated CD3 (Becton 
Dickinson, CA, USA, clone UCHT1), APC-Cy7-
conjugated CD8 (Becton Dickinson, CA, USA, clone 
RPA-T8), FITC-conjugated CD4 (Becton Dickinson, 
CA, USA, clone RPA-T4), PE-conjugated CCR6 (Becton 
Dickinson, CA, USA, clone 11A9), and APC-conjugated 
CXCR3 (Becton Dickinson, CA, USA, clone 1C6/CXCR3). 
Cell sorting was performed on FACSCalibur (Becton 
Dickinson, CA, USA). 

Purity of CD8+ T cells and CD19+B cells was monitored 
using flow cytometry and was typically >90% (Figure S1). 
Purity of CD4+CD25+ Tregs was approximately 85.8% 
(Figure S2), and purity of DCs was evaluated (Figure S3). 

Real-time quantitative PCR

Total RNA was isolated from CD19+B cells,  DCs, 
CD4+CD25+ Tregs, CD4+CD25−T cells, CD8+ T cells, Th1, 
Th2, and Th17 using TRIzol reagent (Invitrogen, Carlsbad, 
USA) following the manufacturer’s instructions. The 
concentration of total RNA was determined on Epoch (Bio 
Tek, USA), and all samples exhibited an absorbance ratio 
between 1.8 and 2.0 at 260/280 nm. Purified RNA (500 ng) 
was reverse transcribed using 5X All-In-One RT MasterMix 
(with AccuRT Genomic DNA Removal Kit) (abm, Canada). 
PCR amplification was performed on a real-time PCR 
system (Step One plus, ABI, USA) using EvaGreen 2X 
qPCR MasterMix-ROX (abm, Canada). All samples were 
run in triplicate, and Actin was used as an endogenous 
control gene to normalize gene expression levels. Relative 
gene expression levels were analyzed using the 2-ΔΔCt 

method. Tregs mainly depend on FAO as a source of energy. 
Therefore, we detected the expression of carnitine palmitoyl 
transferase 1A (CPT1A) which is the key enzyme of FAO, 
in Tregs. The following qPCR primers were used in this 
experiment: Beta-Actin-F: CGTCTTCCCCTCCATCGT, 
Beta-Actin-R:  GAAGGTGTGGTGCCAGATTT; 
H K 2 - F :  G G A T C C C T C A A C C C T G G A A A , 
H K 2 - R :  C G A T G G C T G A C A C A T C A C T G ; 
P F K P - F :  T G T G T T C AT G T T G G A G A C C A , 
P F K P - R :  G T C AT G G C A C T T C T C G T T C C ; 
P K - F :  G C A C A C C G TAT T C A G C T C T G ,  P K -
R:  TCCAGGAATGTGTCAGCCAT;  CPT1A-F: 
A G C A C G G C A A G AT G A G T C G ,  C P T 1 A - F : 
CCTCACCGACTGTAGATACCTGTT; GLUT1-F: 
TAT C T G A G C AT C G T G G C C AT,  G L U T 1 - R : 
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A A G A C G TA G G G A C C A C A C A G ;  P I K 3 C A - F : 
C C TAT T G T C G T G C AT G T G G G ,  P I K 3 C A - R : 
T C C AT G A A AT C T G G T C G C C T ;  A K T 1 - F : 
C G A C G T G G C TAT T G T G A A G G ,  A K T 1 - R : 
GATGATGAAGGTGTTGGGCC;  mTORC1-F : 
A G TA G C AT G A A C C C T G C C T T,  m T O R C 1 - F : 
C T G G G T T T G G AT C A G G G T C T;  H I F - 1α - F : 
T C C A A G A A G C C C TA A C G T G T,  H I F - 1 α - R : 
TGATCGTCTGGCTGCTGTAA. 

Metabolic analysis

Metabolic analysis was performed using the Extracellular 
Flux Analyzer XFe96 (Seahorse Bioscience, USA). To 
investigate the closest state in vivo, the ex vivo sorted 
immune cells were obtained, different number of cells were 
seeded into a 0.05 mg/mL Poly-L-lysine hydrobromide 
-coated microplate (Sigma, USA) for adhesion of immune 
cells. The OCR (pmoles/min/µg protein) and ECAR 
(mpH/min/µg protein) were measured by using the XF 
mitochondrial stress test kit and XF glycolysis stress test kit 
(Agilent Technologies, USA), respectively. For evaluating 
mitochondrial stress, cells were resuspended in seahorse 
basic medium supplemented with 14.0 mM glucose,  
1.0 mM pyruvate, and 2.0 mM L-glutamine according to the 
manufacturer’s instructions, and injections of oligomycin, 
carbonyl cyanide-4-(trifluoromethoxy) phenylhydrazone 
(FCCP; 1 µM), rotenone and antimycin (both 0.5 µM). For 
examining glycolysis, cells were resuspended in seahorse 
basic medium supplemented with 1.0 mM L-glutamine 
and with use of injections glucose (10.0 mM), oligomycin 
and 2-deoxy-D-glucose (50 mM). After completion of the 
bioenergetic assays, the plate was centrifuged at 1,200 g 
for 5 min and the medium was removed completely. Lysis 
buffer (30 µL) was added to each well. After resting on ice 
for 30 min, the plate was centrifuged at 1,200 g for 15 min, 
and subsequently, BCA assay (Dingguo, Beijing, China) was 
performed to measure the protein concentration.

The detailed information regarding number of cells 
seeded and oligomycin concentration has been mentioned 
in the results section. Calculations for metabolic parameters 
have been done according to the manufacturer’s instructions 
(Seahorse Bioscience). 

B cells from MG patients cultured in vitro with mTOR 
and HIF-1α

The B cells sorted from MG patients were seeded in a 96-
well plate at 3×105 cells per well. Cells were cultured in 
RPMI-1640 medium supplemented with 10% fetal bovine 
serum (Gibco, USA), 50 ng/mL lipopolysaccharides (LPS) 
(Sigma, USA), 10,000 U/mL penicillin and 100 mg/mL 
streptomycin at 37 ℃ in a humidified atmosphere with 5% 
CO2. To investigate the effect of rapamycin or PX-478 
(selective inhibitors of mTOR and HIF-1α respectively, 
Sigma), either 200 nM of rapamycin (24) or 20 µM of PX-
478 (25) were added to the cells and incubated for 24 h. 
Then, the culture supernatants were collected to detect the 
IgG levels by ELISA (Cusabio, China). B cells were used to 
measure the ECAR, expression of key glycolytic enzymes, 
mTOR and HIF-1α and, frequency of BV421-conjugated 
CD80 (Becton Dickinson) and PE-Cy™7-conjugated 
CD86 (Becton Dickinson, USA).

Statistical analysis

Data are expressed as the mean ± standard error of mean 
(SEM). Two-tailed Student’s t-test (paired or unpaired) was 
performed for comparisons between two groups. Results 
were considered as statistically significant when P<0.05, 
P<0.01, P<0.001. Statistical analyses were performed using 
GraphPad Prism 5 software.

Results

Clinical characteristics of MG patients 

The general characteristics of MG patients are mentioned 
in Table 1. No significant differences in age or gender ratios 
were observed between MG patients and HC for each 
sorted immune cell (Tables 2,3).

FACS sorting of Th1, Th2, and Th17, subsets of CD4+ T 
cells 

The CD4+ T cell subsets such as Th1, Th2, and Th17 
cells were sorted using FACS in HC and MG patients 
(Figure 1A,B). We analyzed the ratios of CD4+ T cell 
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Table 1 Clinical characteristics of MG patients

Sample ID 
(Group 1)

Age (y) Male /female (M/F)
Thymic  

pathology*
MGFA  

classification
QMGs

AChR-Ab  
(nmol/L)

MuSK-Ab

MH20 46 F 2 IIIb 19 31.97 Negative

MH22 68 M 0 IIIa 16 Negative Negative

MH23 31 F 0 IIIb 17 None None

MH25 42 M 2 IIIb 24 None None

MH26 49 F 2 V 21 32.95 Positive

MH27 71 F 0 IIIb 23 3.81 Negative

MH28 70 M 0 IIIb 22 15.27 Negative

MH29 57 F 0 IIIb 23 Negative Negative

MH30 36 F 1 IIIb 23 Positive Negative

MH32 52 F 2 IIIb 16 None None

MH33 38 M 2 IVb 27 31.93 Negative

MH34 34 M 2 IIIb 21 35.21 Negative

MH35 64 M 2 IIIb 17 29.09 Negative

MH38 52 M 2 IIIb 18 41.6 Negative

MH40 47 M 0 IIIb 19 Negative Positive

MH41 52 F 0 IIIb 19 None None

MH42 45 F 0 IVa 28 36.59 Negative

MH45 58 F 0 IIIb 20 None None

MH47 45 F 2 IIIb 17 29.23 Negative

MH48 34 F 2 IIIb 19 None None

MH50 25 M 0 IIb 16 45.27 Negative

MH51 22 F 0 IVb 28 9.13 Negative

MH52 61 M 2 IIIb 21 None None

MH56 29 M 2 IVb 28 49.42 Negative

MH58 17 M 1 IIIb 28 3.46 Negative

MH59 46 M 0 IVb 23 48.08 Negative

MH61 54 M 2 IIIb 24 36.26 Negative

MH62 47 F 0 IIIa 24 1.04 Negative

*, thymus: 0, normal; 1, thymic hyperplasia; 2, thymoma. MG, myasthenia gravis.

subsets, including Th1/Th2/Th17. Compared to HC, the 
ratio of Th2 was significantly decreased in MG patients 
(55.66±0.56 vs. 36.73±0.74), while that of Th1 and Th17 
was significantly increased (13.37±0.15 vs. 15.84±0.19, 
12.53±0.18 vs. 17.55±0.25 respectively) (Figure 1C).

Expression of key enzymes of glycolysis and key regulators 
of the PI3K/AKT/mTOR/ HIF-1α pathway

The expressions of PI3KCA, AKT-1, mTORC1, HIF-1α,  
and PFK were significantly increased in B cells of MG 
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Table 2 Population characteristic data of MG and healthy controls for sorting B cells, DCs and CD4+CD25+ Tregs

B cells DC Tregs

HC (n=10) MG (n=19) P value HC (n=11) MG (n=14) P value HC (n=11) MG (n=14) P value

Mean age (years, 
mean ± SD) 

37.7.0±11.5 41.4±14.7 0.456 37.7±12.0 43.9±16.4 0.321 35.8±11.2 40.2±14.1 0.357

Gender (male/
female)

7/3 9/10 0.244 7/4 9/5 0.973 7/4 8/6 0.742

DC, dendritic cell; MG, myasthenia gravis.

Table 3 Population characteristic data of MG and healthy controls for sorting Th1, Th2, Th17 and CD8+T cells

HC (n=9) MG (n=10) P value

Mean age (years, mean ± SD) 36.1±10.8 38.1±15.2 0.749

Gender (male/female) 5/4 5/5 0.808

HC, healthy controls; MG, myasthenia gravis. 

Figure 1 FACS sorting Th1, Th2 and Th17 of CD4+ T cells subsets. (A) Th1, Th2 and Th17 of CD4+ T cells subsets in HC; (B) Th1, Th2 
and Th17 of CD4+ T cells subsets in MG patients; (C) statistical analysis of the ratios of the CD4+ T cell subsets, including the Th1/Th2/
Th17 subsets. Compared to the HC, the ratios of Th2 were significantly decreased and Th1, Th17 were significantly increased in MG 
patients. n=21 in HC, n=16 in MG. *, P<0.05; **, P<0.01; ***, P<0.001. HC, healthy controls; MG, myasthenia gravis.
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Figure 2 Expression of the key enzymes of glycolysis and key regulators of the PI3K/AKT/mTOR/HIF-1α in B cells, DCs, Th1 and Th17. 
(A,B) Expression of PI3KCA, AKT-1, mTORC1, HIF-1α and PFK were significantly increased in B cells. n=10 in HC, n=19 in MG; (C,D) 
expression of HIF-1α, GLUT-1 and PK were significantly increased in DCs. n=11 in HC, n=14 in MG; (E,F) expression of PI3KCA, 
AKT-1, mTORC1, HIF-1α, GLUT1, HK, PFK and PK were significantly increased in Th1 cells; (G,H) expression of PI3KCA, AKT-1, 
mTORC1, HIF-1α, GLUT1, HK, FPK, and PK were significantly increased in Th17 cells. n=9 in HC, n=10 in MG. HC, healthy controls; 
MG, myasthenia gravis. *, P<0.05 vs. HC; **, P<0.01.

patients compared to HC (Figure 2A,B). The expressions 
of PI3KCA, HIF-1α, GLUT-1, and PFK were significantly 
upregulated in DCs of MG patients compared to HC 
(Figure 2C,D). The expression levels of PI3KCA, AKT-
1, mTORC1, HIF-1α, GLUT1, HK, PFK, and PK 
were considerably increased in Th1 cells of MG patients 
compared to HC (Figure 2E,F). The expressions of 
PI3KCA, AKT-1, mTORC1, HIF-1α, GLUT1, HK, PFK, 
and PK were significantly increased in Th17 cells of MG 
patients compared to HC (Figure 2G,H). The expressions 
of AKT-1, HIF-1α, GLUT1, PK, and CPT1A were 
significantly increased in CD4+CD25+ Tregs of MG patients 
compared to HC (Figure 3A,B). The expression levels of 
AKT-1, mTORC1, HIF-1α, PFK and PK were remarkably 
increased in CD4+CD25−T cells of MG patients compared 
to HC (Figure 3C,D). There were no significant differences 
in the expression levels in CD8+ T cells, Th2 cells, and 
PBMCs between MG patients and HC (Figure S4).

Measurement of the OCR and ECAR of the sorted immune 
cells

Bioenergetic profiles of the different immune cell 
subtypes from HC versus MG patients
To confirm the bioenergetic profiles of the immune cells 
mentioned above, the OCR and ECAR (linked to oxidative 
phosphorylation and glycolysis, respectively) were measured 
in each type of freshly sorted immune cells. 

B cells (5.0×105 cells/well) were seeded, and OCR and 
ECAR were measured between HC and MG patients and 
typical profiles were obtained (Figure 4A,B). Evaluation 
of oxidative phosphorylation (OXPHOS) parameters 
indicated that there were no significant differences in basal 
respiration, maximum respiration, spare respiratory capacity, 
and ATP production (Figure S5). Regarding glycolytic 
parameters, B cells exhibited significantly higher levels of 
glycolysis in MG patients compared to HC, while there 
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were no significant differences in the glycolytic capacity and 
glycolytic reserve (Figure 4C). 

DCs, 3.0×105 and 4.0×105 cells/well were seeded to 
measure OCR and ECAR respectively, both of which 
showed typical profiles (Figure 5A,B). In addition, there 
were significantly lower levels of basal and maximum 
respiration in MG patients (Figure 5C). On the contrary, 
DCs had significantly higher levels of glycolysis and 
increased tendency of glycolytic capacity and glycolytic 
reserve in MG patients (Figure 5D). 

In the case of CD4+ T cell subsets, all the cells showed 
typical profiles for OCR in HC and MG patients. For 
ECAR, typical profiles were observed in Th1 and Th17, 
rather than Tregs, CD4+CD25−T cells and Th2, and the 
latter showed increased ECAR upon addition of glucose 
but failed to show a further increase after addition of 
oligomycin.

For Th1, 3.0×105 and 4.0×105 cells/well were seeded for 
OCR and ECAR measurements, respectively (Figure S6).  
There were no significant differences in OXPHOS and 
glycolytic parameters in MG patients. However, Th1 
showed increased tendency of glycolysis in MG patients 
(Figure S6). 

For Th17, 4.0×105 cells/well were seeded for OCR 
and ECAR measurements (Figure 6A,B), and the levels 
of maximum respiration and spare respiratory capacity 
in MG patients were significantly lower, in addition to 
reduction tendency in basal respiration and ATP production  
(Figure 6C). In contrast, Th17 had significantly higher levels 
of glycolysis, glycolytic capacity and glycolytic reserve in 
MG patients (Figure 6D). 

For Tregs, 4.0×105 cells/well were seeded, and OCR 
and ECAR were measured (Figure 7A,B). Compared to 
HC, there were no significant differences of OXPHOS 
parameters in MG patients. For CD4+CD25−T cells, 5.0×105 

cells/well were seeded, and OCR and ECAR were measured 
(Figure 7C,D). However, Tregs showed significantly higher 
levels of glycolysis (Figure 7E). CD4+CD25−T cells also 
had significantly higher levels of glycolysis (Figure 7F) and 
showed no significant difference in OXPHOS parameters.

For Th2 and CD8+ T cells, 5.0×105 cells/well were 
seeded, and OCR and ECAR were measured (Figure S7), 
and there were no significant differences in OXPHOS and 
glycolytic parameters. 

For PBMCs, 4.0×105 cells/well were seeded to measure 
OCR and ECAR, and both showed typical profiles, and 

Figure 3 Expression of the key enzymes of glycolysis and FAO and key regulators of the PI3K/AKT/mTOR/HIF-1α in CD4+CD25+ Tregs 
and CD4+CD25− T cells. (A,B) Expression of AKT-1, HIF-1α, GLUT1, PK and CPT1A were significantly increased in CD4+CD25+ Treg 
cells. n=11 in HC, n=14 in MG; (C,D) expression of AKT-1, mTORC1, HIF-1α, PFK and PK were significantly increased in CD4+CD25− 
T cells. n=11 in HC, n=14 in MG. HC, healthy controls; MG, myasthenia gravis. *, P<0.05 vs. HC.
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Figure 4 The bioenergetics profile of B cells from HC and MG patients. B cells from HCs and MG patients were compared for (A) 
mitochondrial stress profiles with injections oligomycin (1 µM), FCCP (1 µM) and antimycin A/rotenone (both 0.5 µM); (B) glycolysis stress 
profiles with injections glucose (10 mM), oligomycin (3 µM) and 2-DG (50 mM); (C) comparative glycolytic parameters of B cells from HC 
and MG patients. All data are normalized to µg protein and shown as mean ± standard error (n=6). Statistical differences are reported in the 
text. *, P<0.05. HC, healthy controls; MG, myasthenia gravis.
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there were no significant differences in OXPHOS and 
glycolytic parameters. 

Glycolytic profile of different subtypes of immune cells 
in MG patients
From the above results, we found that the glycolysis levels 
of B cells, DCs, Tregs, Th1, Th17, and CD4+CD25−T cells, 
were significantly higher in MG patients than HC, except 
for Th2, CD8+ T cells and PBMCs.

In order to further confirm the comparative glycolysis 
levels of different immune cell subtypes in MG, we sorted 
the PBMCs, CD4+ T cells, CD8+ T cells, B cells, DCs, 
Tregs, CD4+CD25−T cells, Th1, Th2, and Th17 cells from 
the same patient. Cells (4.0×105 cells/well) were seeded to 
measure the ECAR (Figure 8A). In MG patients, compared 
to CD8+ T cells, CD4+ T cells and its subsets, the B cells 
and DCs, showed significantly higher glycolysis, glycolytic 
capacity and glycolytic reserve (Figure 8B,C,D, P<0.05).
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Figure 5 The bioenergetics profile of DCs from HC and MG patients. DCs from HCs and MG patients were compared for (A) 
mitochondrial stress profiles with injections oligomycin (2 µM), FCCP (1 µM) and antimycin A/rotenone (both 0.5 µM); (B) glycolysis stress 
profiles with injections glucose (10 mM), oligomycin (3 µM) and 2-DG (50 mM); (C) comparative OXPHOS parameters and (D) glycolytic 
parameters of DCs from HC and MG patients (n=6). Statistical differences are reported in the text. *, P<0.05; **, P<0.01. HC, healthy 
controls; MG, myasthenia gravis.
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Figure 6 The bioenergetics profile of Th17 cells from HC and MG patients. Th17 from HCs and MG patients were compared for (A) 
mitochondrial stress profiles with injections oligomycin (2 µM), FCCP (1 µM) and antimycin A/rotenone (both 0.5 µM); (B) glycolysis stress 
profiles with injections glucose (10 mM), oligomycin (3 µM) and 2-DG (50 mM); (C) comparative OXPHOS parameters and (D) glycolytic 
parameters of Th17 from HC and MG patients (n=6). Statistical differences are reported in the text. *, P<0.05; **, P<0.01. HC, healthy 
controls; MG, myasthenia gravis.

0 20 40 60 80
Time (minutes)

Basal Respiration

Spare Respiratory Capacity
*

ATP Production

Glycolysis
*

Glycolytic Capacity
**

Glycolytic Reserve
**

Maximal Respiration
*6

4

2

0

25
20
15
10
5
0

6

4

2

0

2.0

1.5

1.0

0.5

0.0

2.5
2.0
1.5
1.0
0.5
0.0

0.8

0.6

0.4

0.2

0.0

30

20

10

0O
C

R
 (p

m
ol

/m
in

/u
g 

pr
ot

ei
n)

O
C

R
 (p

m
ol

/m
in

/u
g 

pr
ot

ei
n)

O
C

R
 (p

m
ol

/m
in

/u
g 

pr
ot

ei
n)

O
C

R
 (p

m
ol

/m
in

/u
g 

pr
ot

ei
n)

E
C

A
R

 (m
pH

/m
in

/u
g 

pr
ot

ei
n)

E
C

A
R

 (m
pH

/m
in

/u
g 

pr
ot

ei
n)

E
C

A
R

 (m
pH

/m
in

/u
g 

pr
ot

ei
n)

0 20 40 60 80
Time (minutes)

O
C

R
 (p

m
ol

/m
in

/u
g 

pr
ot

ei
n)

E
C

A
R

 (m
pH

/m
in

/u
g 

pr
ot

ei
n)

Antimycin A
Rotenone

2-DG

OCR ECAR

40

30

20

10

0

4

3

2

1

0

FCCP

GlucoseOligomycin

OligomycinHC-Th17

MG-Th17

HC-Th17
MG-Th17

BA

C

D

HC-Th17 MG-Th17

HC-Th17 MG-Th17

HC-Th17 MG-Th17

HC-Th17 MG-Th17

HC-Th17 MG-Th17

HC-Th17 MG-Th17 HC-Th17 MG-Th17



Li et al. Glucose metabolism of immune cells in MG

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(9):577 | http://dx.doi.org/10.21037/atm-20-918

Page 12 of 19

Figure 7 The bioenergetics profile of Tregs and CD4+CD25− T cells from HC and MG patients. Tregs and CD4+CD25− T cells from HCs 
and MG patients were compared for (A,C) mitochondrial stress profiles with injections oligomycin (2 µM), FCCP (1 µM) and antimycin A/
rotenone (both 0.5 µM). (B,D) Glycolysis stress profiles with injections glucose (10 mM), oligomycin (3 µM) and 2-DG (50 mM). Glycolytic 
parameters of Tregs (E) and CD4+CD25− T cells (F) from HC and MG patients (n=6). Statistical differences are reported in the text. *, 
P<0.05; **, P<0.01. HC, healthy controls; MG, myasthenia gravis.
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Inhibiting mTOR and HIF-1α attenuated the higher 
glycolysis levels and activation of B cells in vitro

Considering that there was higher expression of glycolytic 
enzymes, mTORC1, HIF-1α, and higher levels of glycolysis 
in B cells in MG patients, the selective inhibitors of mTOR 
(rapamycin) and HIF-1α (PX-478) were used to explore 
the interventional effect on B cells in MG patients. In B 
cells, both rapamycin- and PX-478-treated groups could 
significantly decrease the glycolysis levels (Figure 9A,B) and 
the expression of key glycolytic enzymes, as well as that of 

mTORC1, HIF-1α, BAFF-R and GLUT1 (Figure 9C,D)  
and also the frequency of CD80 and CD86 in B cells  
(Figure 9E). However, there were no significant changes in 
IgG levels in the culture supernatant (Figure S8). 

Discussion 

MG is an autoimmune disease involving multiple immune 
cells like DCs, T cells and B cells. Our study is the first to 
investigate the glucose metabolism patterns in multiple 
subtypes of immune cells in MG patients. We suggest 



Annals of Translational Medicine, Vol 8, No 9 May 2020 Page 13 of 19

© Annals of Translational Medicine. All rights reserved.   Ann Transl Med 2020;8(9):577 | http://dx.doi.org/10.21037/atm-20-918

PBMC
DCs
B
CD4+T
CD8+T
Tregs
CD4+CD25– T
Th1
Th2
Th17

P
B

M
C

D
C

s B

C
D

4+
T

C
D

8+
T

Tr
eg

s

C
D

4+
C

D
25

-T

Th
1

Th
2

Th
17

P
B

M
C

D
C

s B

C
D

4+
T

C
D

8+
T

Tr
eg

s

C
D

4+
C

D
25

-T

Th
1

Th
2

Th
17

P
B

M
C

D
C

s B

C
D

4+
T

C
D

8+
T

Tr
eg

s

C
D

4+
C

D
25

-T

Th
1

Th
2

Th
17

ECAR

0 20 40 60 80
Time (minutes)

Glycolysis

Glycolytic ReserveGlycolytic Capacity

E
C

A
R

 (p
m

ol
/m

in
/u

g 
pr

ot
ei

n)

E
C

A
R

 (p
m

ol
/m

in
/u

g 
pr

ot
ei

n)
E

C
A

R
 (p

m
ol

/m
in

/u
g 

pr
ot

ei
n)

E
C

A
R

 (p
m

ol
/m

in
/u

g 
pr

ot
ei

n)

2-DG15

10

5

0

5

4

3

2

1

0

6

4

2

0

10

8

6

4

2

0

Oligomycin

Glucose

B

D

A

C

Figure 8 The glycolytic profile of different subtypes’ immune cells from MG patients. CD4+ T cells, CD8+ T cells, B cells, DCs, Tregs, 
CD4+CD25− T cells, Th1, Th2 and Th17 cells from the same MG patient were compared for (A) glycolysis stress profiles with injections 
glucose (10 mM), oligomycin (3 µM) and 2-DG (50 mM). (B,C,D) Glycolytic parameters of all kinds of cells from MG patients (n=3). 
Statistical differences are reported in the text. 

that the mTOR-HIF-1α signaling may be the potential 
immunometabolism reprogramming checkpoint in MG.

This discussion is based on the immune response 
processes in the pathogenesis of MG. When antigen-
presenting cells (DCs) recognize pathogenic antigens, 
autoreactive T cells are activated which in turn trigger the 
activation and imbalance of autoreactive CD4+ T cells (Th1, 
Th2, and Th17). This leads to the activation of autoreactive 
B cells, which produce autoantibodies and result in the 
symptoms of myasthenia. These processes are accompanied 
by orchestrated immunometabolic shift and metabolic 
regulation. Our study found that the expression levels of 
the key enzymes of glycolysis and HIF-1α were significantly 
higher in DCs, Th1, Th17, and B cells. These results were 
further confirmed by the measurement of ECAR, which 
indicated that DCs, Th1, Th17, and B cells exhibited 
significantly higher levels of glycolysis in MG patients. 

The imDCs mediate and maintain peripheral T cell 

tolerance via the induction of the differentiation of naïve 
T cells to Tregs, and inhibit pathological autoimmune 
responses (26). Upon activation by TLR ligands, quiescent 
imDCs undergo differentiation into mDCs, which 
significantly enhance the stimulation and activation of naïve 
CD4+ T and CD8+ T cells (27). The dominant cellular 
metabolism of DCs shifts from OXPHOS to glycolysis, 
which is a metabolic reprogramming process coregulated 
by HIF-1α and the PI3K-AKT-mTOR pathway (7,10,14). 
In accordance with these reports, our study also presented 
significantly increased expression of PI3KCA, HIF-1α, 
GLUT-1, and PK in DCs from MG patients. Besides, 
the bioenergetic profiles of DCs showed that increased 
glycolysis was accompanied by decreased OXPHOS 
parameters. 

In B cells, we found that the expression levels of PI3KCA, 
AKT-1, mTORC1, HIF-1α, and PFK were significantly 
increased in MG patients, and ECAR exhibited significantly 
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Figure 9 Inhibiting mTOR and HIF-1α attenuated the glycolysis levels and the activation of B cells in vitro. In vitro measurement of 
glycolytic profile of B cells from MG patients by inhibiting mTOR and HIF-1α (A) glycolysis stress profiles with injections glucose  
(10 mM), oligomycin (3 µM) and 2-DG (50 mM). (B) Glycolysis levels of B cells from MG patients under different treats, statistical 
differences are reported in the text. The expression of glycolytic key enzymes, mTORC1, HIF-1α, BAFF-R and GLUT1. (C,D) Compared 
to control group, the expression of glycolytic key enzymes, mTORC1, HIF-1α, BAFF-R and GLUT1 were significantly decreased in the 
PX-478 and Rap (rapamycin) group, respectively (n=5 with three replicates). (E) When B cells stimulated with LSP, the frequency of CD80 
were significantly decreased under the Rap and PX-478 treatment, and the frequency of CD86 were significantly decreased under Rap 
treatment (n=6 with three replicates). *, P<0.05; **, P<0.01. 
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higher levels of glycolysis. These results suggest that the 
PI3K/AKT/mTOR-HIF-1α signaling might be related 
to B cell metabolism. This is consistent with previous 
studies. B cell receptor (BCR) engagement also increased 
GLUT1 surface expression and upregulated glycolysis 
in a PI3K-AKT-dependent manner (28). After BCR or 
LPS stimulation, both glycolysis and OXPHOS provide 
energy for activated B cells, and the PI3K-AKT pathway 
plays an important role in the upregulation of glycolysis 
(17,29,30). Chronic stimulation of B cell-activating factor 
(BAFF) increases glycolysis, suggesting that the antibody 
production in vivo depends on glycolysis, which is HIF-
1α-dependent and facilitates B cell expansion (31).  
In addition, since MG is an autoimmune disease, the 
activation of B cells plays a key role in the pathogenesis of 
MG. We found that B cells showed comparatively higher 
levels of glycolysis and glycolytic capacity than CD8+ 

T cells, CD4+ T cells and its subsets in the same MG 
patient. Notably, mTOR, a member of the PI3K-related 
kinase family, is the central metabolic sensor, regulates 
the conversion of glucose metabolism to glycolysis, and 
enhances glycolytic-dependent HIF-1α expression at the 
transcriptional and translational levels (15). In our study, we 
used rapamycin and PX-478 to explore the interventional 
effect on glycolysis levels in LPS-stimulated B cells 
from MG patients. We found that both the rapamycin- 
and PX-478-treated groups could significantly decrease 
the higher glycolysis levels and the expression of key 
glycolytic enzymes and BAFF-R in B cells. Moreover, the 
activation markers of B cells (CD80 and CD86) were also 
downregulated by rapamycin and PX-478. 

A previous study showed that BAFF-induced B cell 
growth could be inhibited by rapamycin treatment, which is 
a therapeutic strategy that simultaneously inhibits mTOR-
targeted pathogenic B cells (30). Meng et al. demonstrated 
that HIF-1α-dependent glycolysis supported the growth of 
CD1dhiCD5+ B cells and regulated IL-10 expression (31). 
And the attenuated mTORC1-glycolysis pathways activation 
could inhibit the differentiation of human unswitched 
memory B cells into plasmablast (32). Our results suggested 
that mTOR-HIF-1α signaling might be associated with the 
shift in glucose metabolism and the activation of B cells, 
yet, we did not find that the intervention had an impact 
on the regulation of antibody IgG production. Under 
different stimulations to activate B cells, it is complicated 
processes involved in proliferation, cytokines production, 
plasmablast differentiation, antibody production and IgG 
class-switching, besides, these processes also related to 

other cellular metabolic patterns and regulatory pathways, 
which needs further research. In summary, mTOR-HIF-
1α signaling could be the potential immunometabolism 
reprogramming checkpoint and therapeutic target of 
interventional glycolysis-dependent activation of B cells in 
MG, but the role in antigen-specific B cell and antibody 
production needs to be further investigated.

In CD4+ T cell subsets, the metabolic pathway influences 
the differentiation of naïve CD4+ T cells into Th1, Th2, 
Th17, or Tregs (33). The metabolic requirements of naïve 
CD4+ T cells are met by the oxidation of glucose and fatty 
acids via the mitochondrial β-oxidation and OXPHOS 
pathways (34). Activated CD4+ T cells rely on glycolysis 
to execute inflammatory effector functions (2,35). In our 
study, compared to HC, both Tregs and CD4+CD25− T 
cells showed increased levels of glycolysis. Although we 
used human T cells from healthy subjects as control, these 
T cells might be partially activated and differentiated, and 
hence, already presented a certain basal glycolytic state (35). 
However, when the HC were strictly selected, the observed 
effects could be disease specific (36). This may explain why 
the ECAR profiles were not typical in Tregs, CD4+CD25− 
T cells, and Th2, which responded to glucose injection with 
increased ECAR, but failed to show a further increase after 
injection of the oligomycin. The possible reasons could be 
as follows: (I) the basal activated state of human peripheral 
blood T cells is already altered by the environment; (II) 
the T cells might have entered into differentiated stage, 
where the metabolic flexibility is weakened, especially in 
the disease state; (III) the T cells themselves are mainly 
driven by glycolysis. After the injection with oligomycin, 
ATP synthesis is blocked, while the conversion of cellular 
metabolism from glycolysis to additional metabolic pattern 
is delayed or impaired. In the case of Tregs, the expression 
of CPT1A increased robustly, in addition to an increased 
tendency of OXPHOS parameters. These findings indicated 
that both glycolysis and OXPHOS were involved in the 
metabolism of Tregs. These observations are consistent with 
a previous study which reported that Tregs predominantly 
used mitochondrial FAO and aerobic glycolysis to fuel their 
differentiation and execute their suppressor functions (37). 
A recent study demonstrated that aerobic glycolysis played 
an important role in cell fate decisions and fitness of Tregs. 
Furthermore, this study showed that Tregs used glycolysis 
to achieve complete suppressor function (38). The PI3K/
Akt-mTOR signaling axis largely controlled these metabolic 
programs (39), which tended to suppress FoxP3 expression 
and lineage stability of Tregs. Activation of HIF-1α directly 
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targeted FoxP3 for degradation (40). We speculate that the 
decreased frequency, shift in metabolic pattern, and repair 
of suppressor function of Tregs exist in MG, and regulation 
of glycolysis levels might help to sustain the lineage stability 
of Tregs and recover the suppressive function. However, 
the link between metabolism and the function of Tregs is 
unknown yet, and further studies are needed to discover 
additional metabolic patterns and regulatory pathways.

Consistent with a previous research (2), there was 
an imbalance in CD4+ T subsets in our study, which 
showed that the ratio of Th2 decreased significantly 
while that of Th1 and Th17 increased significantly in 
MG patients. Regarding Th1, glycolysis is the dominant 
cellular metabolic pathway, and inhibition via 2-DG 
suppresses Th1 proliferation and survival (41). The AKT-
mTOR axis controls metabolic rewiring to support Th1 
differentiation; mTORC1 plays an important role in this 
process (42). HIF-1α exhibits enhanced transcription in 
Th1 cells under hypoxia (43). These reports support our 
findings which show significantly increased expression 
of mTORC1, HIF-1α, PFK, and PK, and increased 
tendency of glycolysis in MG patients. Similar to Th1, 
glycolysis is functionally important for Th17 differentiation  
in vitro and in vivo since it supports Th17 cell proliferation, 
survival, and the upregulation of RORγt expression (41,44). 
mTORC1 regulates the differentiation of Th17 from 
naïve T cells (42,44,45). The differentiation of Th17 cells 
is also dependent on another regulator of glycolysis, the 
transcription factor HIF-1α (44). HIF-1α is involved in 
maintaining the human Th17 cell population (46). We 
also found that the increased ratio of Th17 in CD4+ T cell 
subsets was accompanied by higher HIF-1α expression and 
significantly higher levels of glycolysis in MG. Blockade of 
glycolysis with 2-DG reduces the severity of EAE with an 
associated decrease in the percentage of Th17 (44). HIF-1α 
also supports Th17 differentiation via the promotion of the 
proteasomal degradation of FoxP3, which is a transcription 
factor that promotes the differentiation of Tregs (40,47). 
Previous studies have demonstrated a decreased frequency 
of Tregs in the PBMCs of MG patients (3,48). Treatment 
with 2-DG partially suppresses the proliferation of antigen-
specific T cells and increases the relative frequency of Tregs 
in the transplant setting (49). Notably, the expression of 
key glycolytic enzymes and HIF-1α were increased in Tregs 
and Th17, and this increase may provide an approach to 
restore the balance between Tregs and Th17 via intervening 
glycolysis and HIF-1α. However, there were no significant 
differences in the expression of key glycolytic enzymes, 

glycolytic and OXPHOS parameters in Th2 cells of MG 
patients. In our opinion, this could be due to certain reasons 
as follows: (I) Th2 cells are sorted from humans, which may 
already be activated and metabolically stable regardless of 
HC or MG patients; (II) we sort the Th2 cells from the 
CD4+ T cells by FACS, marked CD4+CXCR3−CCR6−, which 
also includes the subsets of Th2, such as Th9 and Th22, 
whose metabolic state is unknown yet and might influence 
the results; (III) research demonstrates that amino acid 
uptake and metabolism also participate in Th2 metabolism. 
mTORC1 signaling supports the differentiation to Th1 
and Th17 lineages, and mTORC2 specifically meets the 
requirement for Th2 lineage maturation (42). Dang et al. 
found that Th2 differentiation did not require HIF-1α (40). 
We might have to further investigate additional cellular 
metabolic patterns and metabolic regulatory molecules, 
such as glutamine uptake, mTORC2, c-MYC and SREBP. 
In summary, we propose that the imbalance of Th1, Tregs, 
and Th17, including activation, differentiation and effector 
functions may be associated with activated AKT-mTOR 
pathway and high expression of HIF-1α and influenced by 
glucose metabolism. 

In the case of CD8+ T cells, naïve CD8+ T cells rely 
on the oxidation of fatty acids as a primary source of 
energy. Naïve CD8+ T cells exit quiescence and rapidly 
proliferate after encountering antigen and co-stimulatory 
signals and subsequently become effector T cells (TE) and 
distinct memory T cell (TM) subsets. Recent research has 
demonstrated that TE favored glycolysis and glutaminolysis 
over FAO, and TM favored FAO and OXPHOS (50). 
Different metabolic regulatory pathways are involved 
in TE and TM differentiation and function (51). In our 
study, we found that there was no significant difference 
in the expression levels of glycolytic enzymes, metabolic 
regulators, OXPHOS, and glycolytic parameters. Previous 
studies have indicated that the CD8+ T cell differentiation 
and function were mediated by multiple regulatory 
pathways, including the mTORC1-cMYC axis, mTORC1-
HIF-1α, the MAPKs-AP4 axis, and the AMPK pathway. 
Given that the CD8+ T cells in peripheral blood in MG, 
as we studied, consists of various differentiated stages and 
subsets of cells, the mechanistic regulations of cellular 
metabolism in MG were distinct. In addition, a previous 
study has demonstrated that depletion of CD8+ T cells 
exerted a minor effect on the development of myasthenic 
weakness or anti-AChR antibody synthesis (52). Therefore, 
the role that metabolism plays in CD8+ T cells and its 
subsets should be further investigated in MG. 

l 
https://www.ncbi.nlm.nih.gov/pubmed/?term=Dang EV%5BAuthor%5D&cauthor=true&cauthor_uid=21871655
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There are certain limitations to this study. First, the 
major cellular metabolic pathways of immune cells include 
glycolysis, glutaminolysis, fatty acid synthesis, FAO, and 
OXPHOS fueled by the tricarboxylic acid cycle, and 
multiple kinases and transcription factors that cooperatively 
regulate immune cell metabolism including ERK1/2, AKT, 
mTORC1, mTORC2, LKB1, AMPK, and PI3K. We only 
evaluated the mRNA levels of the key rate-limiting enzymes 
involved in glycolysis and key regulators of the PI3K/AKT/
mTORC1-HIF-1α, but not the protein levels, by studying 
localization plus phosphorylation. Second, we used human 
T cells from healthy subjects as a control, which might be 
partially activated and differentiated. Third, we chose to 
sort some immune cells according to cell immunophenotype 
marker s ,  such  a s  CD4 + T  subse t s .  Whether  the 
CD4+CD25+ T cells represent the real metabolic pattern of 
CD4+CD25+FoxP3+ Tregs is not known, and the purity of 
cell sorting of CD4+CD25+ Tregs is approximately 85. Eight 
percent, this might also influence the results. In addition, 
the metabolic state of subsets of Th2 cells, such as Th9 and 
Th22, remains unknown yet. 

Conclusions 

In conclusion, this study is the first to investigate the 
cellular glucose metabolism in different subtypes of immune 
cells simultaneously, and demonstrate differences in glucose 
metabolic patterns in MG patients. The mTOR-HIF-
1α signaling might be the potential immune metabolism 
reprogramming checkpoint of MG. This disease exhibits 
complex pathophysiological processes, and we speculate 
that intervening glycolysis and its regulatory pathway might 
control the tolerogenic vs. immunogenic effector functions 
of DCs, maintain the balance of CD4+ T cell subsets, 
regulate the differentiation and suppressive function of 
Tregs, inhibit B cell activation, and subsequently acquire 
immune tolerance. Apart from glycolysis, the metabolism 
of FAO and amino acids in other types of immune cells also 
needs further investigation.
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Figure S2 Purity of Tregs after isolation by magnetic separation. Purity of Tregs was identified by CD4+CD25+FOXP3+ after isolation by 
magnetic separation.

Figure S1 Purity of B cells and CD8+ T cells after isolation by magnetic separation.

BA

Supplementary



Figure S4 Expression of the key enzymes of glycolysis and key regulators of the PI3K/AKT/mTOR/HIF-1α in PBMCs, CD8+T cells and 
Th2. (A,B) No significant expression difference were found in CD8+T cells. n=10 in HC, n=11 in MG. (C,D) No significant expression 
difference were found in Th2. n=9 in HC, n=10 in MG. (E,F) No significant expression difference were found in PBMCs. n=10 in HC, n=10 
in MG. HC, healthy controls; MG, myasthenia gravis.

Figure S3 Purity of DCs was identified after isolation by magnetic separation. Purity of DCs was identified by CD11c−HLA-DR+ after 
isolation by magnetic separation. DC, dendritic cell.
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Figure S5 Oxidative phosphorylation (OXPHOS) parameters of B cells.



Figure S6 The bioenergetics profile of Th1 cells from HC and MG patients. Th1 cells from HCs and MG patients were compared for (A) 
mitochondrial stress profiles with injections oligomycin (2 µM), FCCP (1 µM) and antimycin A/rotenone (both 0.5 µM); (B) glycolysis stress 
profiles with injections glucose (10 mM), oligomycin (3 µM) and 2-DG (50 mM); (C) glycolytic parameters of Th1 cells from HC and MG 
patients (n=6). Statistical differences are reported in the text. 
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Figure S7 The bioenergetics profile of Th2 and CD8+ T cells from HC and MG patients. Th2 and CD8+ T cells from HCs and MG 
patients were compared for (A,C) mitochondrial stress profiles with injections oligomycin (2 µM), FCCP (1 µM) and antimycin A/rotenone 
(both 0.5 µM). (B,D) Glycolysis stress profiles with injections glucose (10 mM), oligomycin (3 µM) and 2-DG (50 mM). All data are 
normalized to µg protein and shown as mean ± standard error (n=6). 

Figure S8 IgG levels in the culture supernatant of B cells in vitro. 
Compared with Control-B (untreated group), there were no 
significant changes of IgG levels in the culture supernatant under 
the Rap and PX-478 treatment (n=8).
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