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Purpose: Numerous nanomaterials have been reported in the treatment of multiple sclerosis or 

experimental autoimmune encephalomyelitis (EAE). But most of these nanoscale therapeutics 

deliver myelin antigens together with toxins or cytokines and underlay the cellular uptake 

and induction of tolerogenic antigen-presenting cells by which they indirectly induce T cell 

tolerance. This study focuses on the on-target and direct modulation of myelin-autoreactive 

T cells and combined use of multiple regulatory molecules by generating a tolerogenic 

nanoparticle.

Materials and methods: Poly(lactic-co-glycolic acid) nanoparticles (PLGA-NPs) were fab-

ricated by co-coupling MOG
40–54

/H-2Db-Ig dimer, MOG
35–55

/I-Ab multimer, anti-Fas, PD-L1-Fc 

and CD47-Fc and encapsulating transforming growth factor-β1. The resulting 217 nm tolerogenic 

nanoparticles (tNPs) were administered intravenously into MOG
35–55

 peptide-induced EAE mice, 

which was followed by the investigation of therapeutic outcomes and the in vivo mechanism.

Results: Four infusions of the tNPs durably ameliorated EAE with a marked reduction of clinical 

score, neuroinflammation and demyelination. They were distributed in secondary lymphoid 

tissues, various organs and brain after intravenous injection, with retention over 36 h, and 

made contacts with CD4+ and CD8+ T cells. Two injections of the tNPs markedly decreased the 

MOG
35–55

-reactive Th1 and Th17 cells and MOG
40–55

-reactive Tc1 and Tc17 cells, increased 

regulatory T cells, inhibited T cell proliferation and elevated T cell apoptosis in spleen. Trans-

forming growth factor-β1 and interleukin-10 were upregulated in the homogenates of central 

nervous system and supernatant of spleen cells.

Conclusion: Our data suggest a novel therapeutic nanoparticle to directly modulate autoreactive 

T cells by surface presentation of multiple ligands and paracrine release of cytokine in the 

antigen-specific combination immunotherapy for T cell-mediated autoimmune diseases.

Keywords: multiple sclerosis, experimental autoimmune encephalomyelitis, autoreactive 

T cells, immunotherapy, myelin oligodendrocyte glycoprotein, biomimetic nanoparticle

Introduction
In multiple sclerosis (MS), myelin antigen-autoreactive CD4+ T cells and CD8+ 

T cells target and destroy myelin sheath on the nerve cells, thereby leading to sub-

stantial neuroinflammation, demyelination, axonal damage and progressive neurologic 

dysfunction,1 and slowly causing permanent physical disability.2,3 Experimental 
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autoimmune encephalomyelitis (EAE) induced by central 

nervous system (CNS) homogenate or myelin proteins is 

quite similar to MS in clinical symptoms, histopathology, 

myelin antigens and the breakdown of blood–brain barrier; 

therefore, murine EAE usually serves as the ideal model 

to investigate the pathogenesis of MS and develop new 

therapies.4

Immunosuppressive agents are currently and commonly 

used to control autoimmune diseases, but the long-term 

administration often results in nonspecific suppression of 

overall immune function, which increases the risks of infec-

tions and cancers.5,6 Therefore, antigen-specific therapy is 

highly desirable from an efficacy and safety perspective. 

Tolerogenic dendritic cell (DC) is one of the fundamental 

strategies and has recently been applied in models of type 1 

diabetes and graft survival.7,8 Similarly, DCs, spleen cells or 

peripheral blood cells carrying myelin protein or peptides 

along with other modulators have been reported to work 

as tolerogenic antigen-presenting cells (APCs) and induce 

immune tolerance in MS or EAE,9–13 but are limited by the 

high cost, inadequate cell numbers and safety issues due to 

their cell nature.14,15

Since the rapid development of nanocarriers and the sur-

face modification techniques make drug-targeted treatment 

much easier,16 increasing nanoparticles (NPs) have been used 

to deliver drugs and/or inhibitory molecules for the treatment 

of autoimmune disorders, such as rheumatoid arthritis and 

autoimmune diabetes.17,18 For the antigen-specific immuno-

therapy of MS or EAE, numerous biomimetic NPs loading 

myelin peptides or proteins together with toxin or regula-

tory molecules have also been investigated as an alternative 

strategy of tolerogenic DCs.19–23 For example, the gold NPs 

carrying aryl hydrocarbon receptor ligand and myelin oli-

godendrocyte glycoprotein (MOG)
35–55

 peptide have been 

demonstrated to induce tolerogenic DCs that promote the 

differentiation of regulatory T cells (Tregs) in vitro and in 

mice EAE model and, thus, suppress the development of 

EAE.20 These therapeutic NPs are mostly internalized by 

phagocytes or DCs in vivo to induce tolerogenic APCs that 

polarize naïve T cells into Tregs rather than effector Th1 

and Th17 cells by bias production of cytokines. Therefore, 

these NPs act as an indirect modulator of autoreactive T cells 

and often suffer from the uncertainty-inducing tolerogenic 

DCs in vivo due to the diverse types, tissue specificities and 

surface receptors of DCs. Inaccurate targeting can enhance 

the immune response and aggravate the disease. In future, 

direct and on-target depletion and modulation of autoreactive 

T cells are worthy to investigate.24

This study aims to develop a novel tolerogenic NP which 

functions as a direct modulator of T cells to directly and selec-

tively deplete and/or modulate myelin-autoreactive T cells 

in the EAE murine model, without the requirement of induc-

ing tolerogenic DCs. Poly(lactic-co-glycolic acid) (PLGA), 

a biocompatible and biodegradable polymer approved by the 

Food and Drug Administration and the European Medicines 

Agency, is widely used in human drug and vaccine delivery 

systems.25–27 Here, PLGA-NPs were fabricated to co-couple 

target antigens (MOG
40–54

/H-2Db-Ig dimer and MOG
35–55

/I-Ab 

multimer), regulatory molecules (anti-Fas and PD-L1-Fc) 

and “self-marker” CD47-Fc and encapsulated inhibitory 

cytokine transforming growth factor (TGF)-β1 inside. The 

resulting 217 nm tolerogenic NPs (tNPs) were administered 

intravenously (i.v.) into the MOG
35–55

 peptide-induced EAE 

mice, followed by the investigation of therapeutic outcomes 

and in vivo mechanism. Our data suggest a novel antigen-

specific combination immunotherapy for the T cell-mediated 

autoimmune diseases.

Materials and methods
Mice and peptides
Eight to ten week old female C57BL/6J mice were pur-

chased from the Comparative Medicine Center of Yangzhou 

University (Yangzhou, China) and maintained in the spe-

cific pathogen-free laboratory, Animal Center of Southeast 

University (Nanjing, Jiangsu, China). Animal welfare and 

experimental procedures were performed in accordance 

with the National Institutes of Health Guide for the Care 

and Use of Laboratory Animals (NIH publications no. 8023, 

revised 1978) and the Guide for the Care and Use of Labo-

ratory Animals (Ministry of Science and Technology of 

China, 2006). The protocols were approved by the Animal 

Ethics Committee of Southeast University. MOG
35–55

 

(MEVGWYRSPFSRVVHLYRNGK) and MOG
40–54

 

(YRSPFSRVVHLYRNG) were synthesized by China Pep-

tides (Suzhou, China) with a purity of .95%.

Generation and characterization 
of polyethyleneimine-coated and 
TGF-β1-encapsulated PLGA-NPs
Blank-NPs and TGF-β1-encapsulated NPs were prepared 

using the double-emulsion solvent evaporation method 

and coated with polyethyleneimine (PEI) as described.28 

Briefly, 20 mg of PLGA (Daigang Company, Jinan, China) 

with or without 5.0 μg of TGF-β1 (PeproTech Inc., Rocky 

Hill, NJ, USA) was dissolved in 5 mL of dichloromethane 
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(Sigma-Aldrich, St Louis, MO, USA) and emulsified with 

a microtip probe sonicator (Microson XL 2000; Misonix 

Inc., Farmingdale, NY, USA) for 30 s at 40% amplitude to 

create the primary emulsion. Then, 50 mL of 1% polyvinyl 

alcohol (PVA; Sigma-Aldrich) was added and sonicated 

again for 90 s to form the secondary emulsion. The resulting 

emulsification was mixed in 100 mL of 0.5% PVA solution. 

Dichloromethane was allowed to evaporate from the solution 

by magnetic stir bar agitation for 4 h at room temperature 

(RT). After that, the solution was centrifuged at 6,000 rpm 

for 5 min. The supernatant was harvested and ultracentri-

fuged twice at 12,000 rpm for 10 min per time to remove 

PVA. The resulting NPs in deionized water were further 

mixed with 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride and N-hydroxysuccinimide soultion (Sigma-

Aldrich) for 1 h of surface activation. Then the solution was 

added dropwise in PEI (Sigma-Aldrich) with a magnetic 

stirrer for 4 h at RT. Finally, after washing with deionized 

water, PEI-conjugated NPs were collected and stored at 4°C 

for further use.

The prepared TGF-β1-encapsulated NPs and blank-NPs 

were characterized after surface modification for each batch. 

The size distribution was measured using dynamic light scat-

tering (BI-90 Particle Sizer; Brookhaven Instruments Cor-

poration, Holtsville, NY, USA). Zeta potential was detected 

using a PALS Zeta instrument (Brookhaven Instruments Cor-

poration). The shape and surface morphology was observed 

under scanning electron microscope (ZEISS EVO 18; Carl 

Zeiss Meditec AG, Oberkochen, Germany) and images were 

obtained at an acceleration voltage of 2 kV. To determine the 

amount of TGF-β1 encapsulated into NPs, 1 mg of NPs was 

resuspended in 1 mL of 0.1 M NaOH/0.5% sodium dodecyl 

sulfate solution and incubated for 24 h at 37°C on a shaker. 

After centrifugation for 5 min at 12,000 rpm, the superna-

tant was collected and subjected to quantitative detection of 

TGF-β1 with enzyme-linked immunosorbent assay (ELISA) 

kits (Dakewe Biotech, Shenzhen, China).

Generation and phenotypic analyses 
of multivalent tNPs
First, MOG

40–54
/H-2Db-Ig dimers were prepared by co-

incubating H-2Db-Ig Dimer X (BD Biosciences, San Jose, CA, 

USA) with MOG
40–54

 peptide for 48 h at 4°C according to the 

manufacturer’s instructions. The PEI-conjugated and TGF-

β1-encapsulated PLGA-NPs (5 mg) were co-incubated with 

MOG
40–54

/H-2Db-Ig dimer (5 μg), anti-Fas monoclonal anti-

body (mAb) at 2.5 μg (BD Biosciences), PD-L1-Fc (1.25 μg; 

Sino Biological Inc., Beijing, China), CD47-Fc (0.3 μg; R&D 

Systems, Minneapolis, MN, USA) and streptavidin (3.5 μg; 

ProZyme, Hayward, CA, USA) in sterile PBS overnight 

at 4°C on a rotator. Then, the NPs were blocked with 30% 

bovine serum albumin (BSA) for 24 h at 4°C on a rotator 

and further incubated with MOG
35–55

/I-Ab-biotin monomer 

(MBL, Nagoya, Japan) for another 4 h at 4°C. Finally, the 

resulting NPs, termed tNPs, were washed and resuspended 

in sterile PBS for further use. In parallel, the MOG peptide/

major histocompatibility complex (MHC) multimers-absent 

tNPs (MOG− tNPs) were also prepared by co-coupling only 

anti-Fas, PD-L1-Fc and CD47-Fc and encapsulating TGF-β1. 

Blank-NPs were just blocked with 30% BSA.

In order to analyze the phenotypes, the tNPs were stained 

with phycoerythrin (PE)-anti-mouse I-Ab (eBiosciences, San 

Diego, CA, USA), fluorescein isothiocyanate (FITC)-anti-

hamster IgG (eBiosciences) and allophycocyanin (APC)-

anti-mouse IgG1 (BD Biosciences) or APC-anti-human IgG1 

(Miltenyi Biotech, Bergisch Gladbach, Germany) for 30 min 

at 4°C. After washing, the tNPs were analyzed by confocal 

laser scanning microscopy (Olympus, Center Valley, PA, 

USA) and also acquired on a FACS Calibur flow cytometer 

(BD Biosciences). To determine the dynamic release of 

TGF-β1, 1 mg of tNPs was resuspended in sterile PBS and 

incubated on a rotator at 37°C. At several time points, the 

suspensions were centrifuged (12,000 rpm, 5 min) to col-

lect the supernatants and equal volume of fresh PBS was 

supplemented. The collected supernatants were then detected 

by TGF-β1 ELISA kits (Dakewe Biotech) to quantify the 

TGF-β1 release from tNPs, followed by the calculation of 

release profile.

EAE induction and treatment with tNPs
On day 0, female C57BL/6 mice aged 8–10 weeks were sub-

cutaneously injected at four sites on the flank of each mouse 

with MOG
35–55

 peptide emulsified in complete Freund’s 

adjuvant (Sigma-Aldrich) at a dosage of 300 μg per mouse. 

The complete Freund’s adjuvant was prepared by mixing 

heat-killed Bacillus Calmette-Guerin (Ruichun Biotech, 

Shanghai, China) into incomplete Freund’s adjuvant (Sigma-

Aldrich) to achieve a concentration of 10 mg/mL of Bacillus 

Calmette-Guerin. Intraperitoneal injections of Pertussis 

Toxin (Sigma-Aldrich) were given on days 0 and 2 at a dos-

age of 250 ng/mouse/time point.

For treatment with tNPs, the EAE mice were randomized 

into four groups and administered via tail vein with PBS, 

blank-NPs, MOG− tNPs or tNPs on days 8, 18, 28 and 38 after 

MOG immunization (1 mg NPs/mouse/time point). All mice 

were monitored daily, and the severity of disease was scored 
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by two investigators in a blind fashion according to the follow-

ing criteria: Grade 0, normal; Grade 1, flaccid tail; Grade 2, 

mild hind limb weakness (quick righting reflex); Grade 3, 

severe hind limb weakness (slow righting reflex); Grade 4, 

hind limb paralysis; Grade 5, hind limb paralysis and partial 

forelimb weakness or death (0.5 gradations represent inter-

mediate scores).29

Evaluation of inflammatory infiltration 
and demyelination in the CNS
On day 100 post-MOG immunization, EAE mice in each 

treatment group were perfused via heart with ice-cold PBS 

and paraformaldehyde under deep anesthesia. The brain 

and spinal cord tissues were then isolated and processed to 

paraffin-embedded sections with a thickness of 5–7 μm, 

following which routine H&E staining and Luxol Fast 

Blue (LFB; Boster Biotech, Wuhan, China) staining were 

performed, respectively. Inflammatory infiltration and demy-

elization in the tissues were evaluated under microscope 

(Eclipse 80i; Nikon, Tokyo, Japan) in a blind manner by 

two examiners. The level of inflammatory infiltration was 

determined in H&E staining as reported by Fissolo, according 

to the following criteria: 0, no lesion; 1, cellular infiltration 

only in the meninges; 2, very discrete and superficial infil-

trates in the parenchyma; 3, moderate infiltrates (,25%) in 

the white matter; 4, severe infiltrates (,50%) in the white 

matter; 5, more severe infiltrates (.50%) in the white 

matter.30 Spinal cord demyelination was scored in LFB stain-

ing as described: score 0, no demyelination; score 1, mild 

demyelination; score 2, moderate demyelination and score 3, 

severe demyelination.31 The average score from five spinal 

cord sections of each animal was calculated.

In parallel, brain and spinal cord were isolated from 

the treated EAE mice on day 20 after MOG immunization. 

The mononuclear cells were further collected as described 

previously.32 Briefly, ice-cold PBS was used to perfuse CNS. 

Brain and spinal cord were ground using a glass homogenizer 

and suspended in 30% isotonic Percoll (Sigma-Aldrich). Then, 

the homogenate of CNS was layered on the top of 70% iso-

tonic Percoll and centrifuged for 30 min at 1,500 rpm. Finally, 

the 70%/30% interphase containing CNS mononuclear cells 

was harvested, washed with PBS and stained with PE-anti-

mouse CD3e (145-2C11), FITC-anti-mouse CD8a (53-6.7) 

and APC-anti-mouse CD4 (GK1.5) (eBiosciences) for 30 min 

at 4°C, following which flow cytometry was performed.

In vivo and ex vivo near-infrared imaging
Indocyanine green (ICG), a hydrophobic near-infrared dye, 

was used to generate the ICG-encapsulated tNPs in a 

similar way. Briefly, ICG (Sigma-Aldrich), TGF-β1 and 

PLGA polymer were dissolved in dichloromethane and the 

double-emulsion solvent evaporation method was followed 

to generate the ICG- and TGF-β1-encapsulated PLGA-NPs. 

After surface modification with PEI, these NPs were further 

co-coupled with surface ligands as described. Similarly, the 

ICG-encapsulated CD47− tNPs and blank-NPs were gener-

ated in parallel. On day 18 after MOG immunization, the 

EAE mice were randomized into three groups and injected 

with different ICG-NPs, respectively, via the tail vein (1 mg 

NPs/mouse). The mice were anesthetized by isoflurane inha-

lation and imaged using the Maestro in vivo imaging system 

(CRi, Woburn, MA, USA) at various time points. Near-

infrared images were captured at an excitation wavelength 

of 710–745 nm and an emission wavelength of 780–840 nm. 

At 12 h after injection, the brain, heart, liver, spleen, lymph 

nodes, lungs and kidneys were surgically dissected from the 

EAE mice for ex vivo imaging.

CNS distribution of tNPs and co-
localizations with immune cells in spleen
Blank-NPs, CD47− tNPs and tNPs labeled with PE were 

prepared by co-incubating the NPs with PE-streptavidin (BD 

Biosciences) in sterile PBS overnight. Then, these PE-labeled 

NPs were injected via tail vein into the EAE mice (1 mg NPs/

mouse), respectively, on day 18 after MOG immunization. 

Spleen and brain were collected from each group at 4 h after 

injection, and frozen sections with a thickness of 9–10 μm 

were prepared. The spleen sections were fixed with acetone 

and isopropanol and blocked with 10% BSA for 2 h at RT, 

then stained by FITC-anti-mouse CD4 (GK1.5), FITC-anti-

mouse CD8a (53-6.7), FITC-anti-mouse CD11c (N418) or 

FITC-anti-mouse F4/80 (BM8) (eBiosciences) overnight at 

4°C. 4′,6-Diamidino-2-phenylindole (Sigma-Aldrich) stain-

ing was performed on the next day. In parallel, the frozen 

brain sections were stained by 4′,6-diamidino-2-phenylindole 

and FITC-anti-mouse CD3e (145-2C11; eBiosciences). 

Finally, the sections were visualized under confocal laser 

scanning microscopy (Olympus).

Detection of MOG peptide-reactive Th1, 
Th17, Tc1 and Tc17 cells by intracellular 
cytokine staining
EAE mice were sacrificed on day 20, and mononuclear 

cells from spleens were separated by using density gradi-

ent centrifugation. The cells were co-cultured in 24-well 

plate (1×106 cells/well) with MOG
35–55

 or MOG
40–54

 peptides 

(25 μg/mL) for 16 h at 37°C under 5% CO
2
 and humidified 

conditions, followed by the addition of protein transport 
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inhibitor Brefeldin A (Multi Sciences, Shanghai, China) for 

another 5 h. Cells were harvested and blocked with anti-mouse 

CD16/32 (2.4G2; eBiosciences) for 20 min and then stained 

with FITC-anti-mouse CD4 and APC-anti-mouse CD8a 

(eBiosciences) for 30 min at 4°C. After that, the cells were 

incubated with PE-anti-mouse interferon (IFN)-γ (XMG1.2) 

or PE-anti-mouse IL-17A (eBio17B7) (eBiosciences) for 

30 min at 4°C after fixation/permeabilization and analyzed 

by flow cytometry. The gating strategy for each figure of flow 

cytometry was described in Supplementary materials.

Detection of T cell apoptosis and Tregs 
Blood and spleens were collected from the treated EAE mice 

in each group and processed into single cell suspensions. The 

cells were stained by APC-anti-mouse CD4 (GK 1.5) or CD8a 

(53-6.7) (eBiosciences) for 30 min at 4°C and then stained 

with Annexin V and propidium iodide according to the 

manufacturer’s protocol (eBiosciences) and analyzed by flow 

cytometry. For the detection of Tregs, the mouse Treg staining 

kit (eBiosciences) was used according to the manufacturer’s 

protocol. The flesh spleen cells were blocked with anti-mouse 

CD16/CD32 and then stained with APC-anti-mouse CD25 

(PC61.5) and FITC-anti-mouse CD4 (RM4-5). After fixation, 

intracellular staining with PE-anti-mouse Foxp3 (FJK-16s) 

was conducted and finally analyzed by flow cytometry.

T cell proliferation assay
To evaluate the proliferation of CD4+ and CD8+ T cells in 

response to MOG peptide, spleens were isolated from the 

EAE mice in each treatment group on day 20. Mononuclear 

cells were prepared and incubated with 5 μM carboxyfluo-

rescein succinimidyl ester (CFSE; Sigma-Aldrich) for 10 min 

at 37°C, and immediately washed three times with ice-cold 

RPMI 1640 medium (Thermo Fisher Scientific, Waltham, 

MA, USA). Then, the CFSE-labeled splenocytes (SPCs) were 

seeded into round-bottom 96-well plates (1×105 cells/well) 

and co-incubated with MOG
35–55

 or MOG
40–54

 peptides 

(20 μg/mL) for 7 days in complete RPMI 1640 medium 

at 37°C, 5% CO
2
 and humidified conditions. Cells were 

harvested, stained with PE-anti-mouse CD3e and APC-anti-

mouse CD4 or CD8a (eBiosciences) for 30 min at 4°C and 

analyzed by flow cytometry. Cell divisions were demarcated 

according to CFSE staining brightness.

Quantification of cytokines by ELISA
Spleen, brain and spinal cord tissues were isolated from the 

treated EAE mice on day 20. SPCs were prepared and co-

incubated in round-bottom 96-well plates (1×106 cells/well) 

with MOG
35–55

 or MOG
40–54

 peptides (25 μg/mL) in complete 

Roswell Park Memorial Institute (RPMI) 1640 medium at 

37°C, 5% CO
2
 and humidified conditions. After 2 days, the 

culture supernatants were harvested and stored at −80°C for 

use. The homogenate of CNS tissues (brain and spinal cords) 

was prepared. Then, the concentrations of interleukin (IL)-

17A, IFN-γ, IL-10 and TGF-β1 in these samples were detected 

by using the mouse cytokine ELISA kit (Dakewe Biotech).

Statistical analyses
Statistical analyses were performed using GraphPad Prism 6.0 

(GraphPad Software, Inc., La Jolla, CA, USA). Wilcoxon 

signed rank test was used to analyze the clinical score 

curves of EAE. For other experiments, a two-tailed unpaired 

Student’s t-test was used to determine differences across 

groups. All data were presented as the mean ± SD. p,0.05 

was considered significant.

Results
Generation and characterization 
of PLGA-NPs
PEI-conjugated PLGA-NPs with or without TGF-β1 were 

successfully prepared in-house by double-emulsion sol-

vent evaporation method. Both blank-NPs and TGF-β1-

encapsulated NPs showed a spherical shape with a smooth 

surface as characterized by scanning electron microscopy 

(Figure 1A). Size analyses revealed that 83% of blank-

NPs ranged from 180 to 240 nm, with a mean diameter of 

205±3.2 nm. Meanwhile, 91% of TGF-β1-encapsulated 

NPs ranged from 180 to 260 nm and presented a mean 

size of 217±4.5 nm (Figure 1B). The mean ζ-potential was 

25.6±3.6 mV for blank-NPs and 35.8±8.8 mV for TGF-

β1-encapsulated NPs (Figure 1C), suggesting the abundant 

cationic NH
2
 groups on the surface of NPs and a high capacity 

to covalently couple proteins.

Preparation and characterization 
of multivalent tNPs
The multivalent and tolerogenic PLGA-NPs were fabricated 

by co-coupling the target antigens (MOG
40–54

/H-2Db-Ig 

dimer, MOG
35–55

/I-Ab multimer), regulatory molecules 

(anti-Fas, PD-L1-Fc) and “self-marker” CD47-Fc onto the 

PEI-conjugated and TGF-β1-encapsulated PLGA-NPs. As 

determined by ELISA, ~180 ng of TGF-β1 was encapsulated 

into 1 mg of tNPs with an encapsulation efficiency of 72% 

and nearly 100.8 ng of TGF-β1 was released from tNPs over 

30 days in a sustained manner with a cumulative release effi-

ciency of 56%, but a burst in vitro release was found during 

the first 2 days (Figure 2A). To verify the immobilization 

of multiple molecules on the surface of tNPs, three control 
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NPs (PD-L1− tNPs, CD47− tNPs and blank-NPs) were also 

generated in parallel, which was followed by three-color 

staining. The histograms (Figure 2B) showed that each kind 

of surface molecules was effectively coupled onto tNPs with 

an obvious shift of fluorescence signal. Confocal images 

also confirmed the co-presence of the five kinds of surface 

molecules onto tNPs (Figure 2C). The dot plots (Figure 2D) 

indicated that 62.8%–76.6% of tNPs co-displayed the five 

kinds of surface molecules, as determined by double-positive 

tNPs in each two-color dot plots. Each batch of tNPs was 

routinely evaluated in this manner prior to use.

Infusions of tNPs durably ameliorate EAE 
and reduce local autoimmune responses
EAE was actively induced in female C57BL/6 mice by 

MOG
35–55

 peptide immunization, with a “classic” clinical 

course containing acute onset (near day 10), peak stage (near 

day 18) and later on stable chronic remission. To investigate 

the therapeutic potential, the mice were randomized into four 

groups and administered i.v. with PBS, blank-NPs, MOG− 

tNPs (a non-target control) and tNPs, respectively, on 

days 8, 18, 28 and 38 after MOG immunization. The clinical 

β

Figure 1 Characterization of PLGA-NPs.
Note: (A) Representative SEM image, (B) size distribution and (C) zeta potential distribution of blank-NPs and TGF-β1-encapsulated NPs (TGF-β1+ NPs).
Abbreviations: NP, nanoparticle; PLGA-NPs, poly(lactic-co-glycolic acid) nanoparticles; SEM, scanning electron microscope; TGF, transforming growth factor.
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β

Figure 2 Characterization of multivalent tNPs.
Notes: (A) Release curve of TGF-β1 from tNPs over 30 days as measured by ELISA. (B) Phenotypic analyses by flow cytometry. Blank-NPs, tNPs, CD47− tNPs and PD-L1− 
tNPs were generated in parallel, and this was followed by three-color staining with PE-anti-mouse I-Ab, FITC-anti-hamster IgG (binding to anti-Fas) and APC-anti-mouse IgG1 
(binding to H-2Db) or APC-anti-human IgG1 (binding to both CD47-Fc and PD-L1-Fc). The solid color line indicates the signals immobilized onto the surface of tNPs, while 
the solid gray histogram represents blank-NPs. (C) Phenotypic analyses using confocal laser scanning microscope (1,000×). (D) Flow cytometric dot plots are presented in a 
two-color manner with the percentage of double-positive tNPs in the top right quadrant.
Abbreviations: APC, allophycocyanin; ELISA, enzyme-linked immunosorbent assay; FITC, fluorescein isothiocyanate; NPs, nanoparticles; PE, phycoerythrin; tNPs, tolerogenic 
nanoparticles.
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manifestation was scored daily for 100 days. The results from 

three independent experiments showed that four infusions of 

tNPs obviously and durably attenuated the clinical severity 

and inhibited the progression of EAE, while the mice in PBS, 

blank-NPs and MOG− tNPs treatment groups developed 

severe paralytic EAE (Figure 3A). The peak disease scores 

from days 18 to 21 (Figure 3B) and the average cumulative 

disease scores (Figure 3C) also showed the much lower 

Figure 3 Infusions of tNPs durably ameliorated EAE and reduced local autoimmune responses.
Notes: The active EAE mice induced by MOG35–55 peptide were randomized into four groups and administered via tail vein with PBS, blank-NPs, MOG− tNPs and tNPs, 
respectively, on days 8, 18, 28 and 38. (A) Mean clinical scores, (B) peak clinical scores from days 18 to 21 and (C) average cumulative clinical scores on day 100 of each 
treatment group are presented. Brain and spinal cord tissues were isolated from each group on day 100. (D) Representative H&E staining images of brain sections from 
blank-NPs and tNPs groups. The numbers of inflammatory cells are displayed in histograms. (E) Representative LFB staining images of spinal cord sections from blank-NPs 
and tNPs groups. The demyelination scores in each group are displayed. (F) Frequencies of CD4+ and CD8+ T cells in the cell suspensions of CNS tissues were determined 
by flow cytometry for blank-NPs, MOG− tNPs and tNPs groups. n=5 mice per group. *p,0.05, **p,0.01, ***p,0.001.
Abbreviations: APC, allophycocyanin; CNS, central nervous system; EAE, experimental autoimmune encephalomyelitis; FITC, fluorescein isothiocyanate; LFB, Luxol Fast 
Blue; NPs, nanoparticles; SSC, side scatter; tNPs, tolerogenic nanoparticles.
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clinical scores of the EAE mice treated by tNPs than the 

control groups.

Furthermore, the local inflammations in brain and the 

myelin loss in spinal cord were investigated with H&E and 

LFB staining at a long time point (on day 100 after MOG 

immunization). Histologic analyses from five mice in each 

group showed that both the inflammatory infiltration cells 

(Figure 3D) and demyelination (Figure 3E) in CNS tissues 

were significantly reduced by the administration of tNPs 

relative to the control groups. Moreover, the local infiltra-

tion of T cells in CNS was measured. Brain and spinal 

cord tissues were collected at peak stage (day 20, 2 days 

after second treatment of tNPs) and processed to single 

cell suspensions, followed by fluorescence staining with 

anti-mouse CD3, anti-mouse CD4 and anti-mouse CD8a. 

As shown in the flow cytometric dot plots (Figure 3F), two 

infusions of tNPs diminished .60% of CD4+ T cells and 65% 

of CD8+ T cells in CNS, as compared with the blank-NPs 

group. Both therapeutic outcomes and pathologic analyses 

demonstrated the potential of tNPs to prevent the progress 

of EAE, with a sustained inhibitory effect over the clinical 

course of 100 days and reduced local autoimmune response 

in CNS. Of note is that the MOG− tNPs (non-target control 

tNPs) did not significantly attenuate the EAE severity and 

CNS inflammatory infiltration as compared with blank-NPs, 

suggesting the important antigen-targeting effects of MOG 

peptide-loaded MHC multimers onto the tNPs.

In vivo tracking and tissue distribution 
of tNPs in EAE mice
To define the distribution and systemic retention of tNPs in 

EAE mice and the effector function of “self-marker” CD47 

molecules onto tNPs, ICG-encapsulated tNPs, CD47− tNPs 

and blank-NPs were prepared and injected via tail vein into 

the EAE mice at peak stage (day 18). The live and whole-

body fluorescence imaging revealed that the ICG intensity in 

mice was the strongest from 2 to 24 h after ICG-tNPs injec-

tion, with a systemic persistence over 36 h. As controls, ICG-

CD47− tNPs and ICG-blank-NPs showed the in vivo tracking 

similar to ICG-tNPs, but a much less accumulation from 6 to 

24 h time points and a much shorter retention time (24 h), as 

shown in Figure 4A. The visible ICG signal was observed 

in the head of EAE mice from 2 to 24 h time points in each 

group, but was much stronger in tNPs group than blank-NPs 

and CD47− tNPs groups (Figure 4C and D). At 12 h after 

injection, the ex vivo imaging of dissected organs displayed 

the retention of tNPs or control NPs in the liver, kidney, 

spleen, lungs, heart and brain with visible fluorescence, but 

the accumulation of tNPs in brain, spleen, kidney and lymph 

nodes was much more than that of blank-NPs (Figure 4B). 

As compared with CD47− tNPs, the intensity of CD47+ 

tNPs retained in brain, spleen, kidney and lymph nodes 

increased by 175%, 22%, 19% and 400%, respectively, but 

decreased by 34% in heart and 28% in lung at this time point 

(Figure 4E). In order to further confirm the infiltration of 

tNPs in CNS, PE-labeled tNPs were prepared and injected 

i.v. into the EAE mice on day 18 after MOG immunization. 

The brain tissue was isolated after 4 h and frozen sections 

were prepared. As shown in Figure 4F, many PE-labeled tNPs 

were retained in the cerebral cortex and were co-localized 

with T cells. These data demonstrated that 217 nm tNPs could 

cross the blood–brain barrier into the CNS tissue and contact 

with T cells which infiltrated into the CNS.

Co-localizations of tNPs with CD4+ 
T cells and CD8+ T cells in EAE mice
Directly and selectively depleting or modulating autoreactive 

T cells depends on the contacts of tNPs with target T cells. 

Thus, whether the tNPs can co-localize with T cells in spleen 

sections was investigated. PE-labeled tNPs, CD47− tNPs 

and blank-NPs were prepared and injected i.v. into the EAE 

mice, respectively, on day 18 after MOG immunization. Four 

hours later, spleen was collected and frozen sections were 

prepared for immunofluorescence staining. As found in the 

confocal images (Figure 5), PE-labeled tNPs were mainly 

distributed in the marginal zone and red pulp, and presented 

lots of co-localizations with CD4+ T cells and CD8+ T cells 

and few co-localizations with macrophages and DCs. In the 

control groups, most of the blank-NPs did not contact with 

T cells, but displayed many contacts with macrophages and 

DCs. CD47− tNPs also displayed contacts with T cells, but 

were much fewer than CD47+ tNPs, and a visible portion of 

them co-localized with macrophages and DCs. These results 

indicate the direct contacts of tNPs with T cells in vivo and 

nanomolar CD47-Fc could greatly minimize the engulfment 

of tNPs by phagocytes.

Infusions of tNPs reduce the MOG 
peptide-reactive Th1, Th17, Tc1 and 
Tc17 cells and induce Tregs in EAE mice
To evaluate whether tNPs skew the differentiation of T cells, 

SPCs were separated from the EAE mice in each treat-

ment group on day 20 (2 days after the second injection of 

tNPs). The flesh SPCs were co-incubated with MOG
35–55

 or 

MOG
40–54

 peptides for 16 h, followed by the detection of 

IFN-γ- or IL-17A–producing CD4+ T cells and CD8+ T cells. 

After MOG
35–55

 peptide stimulation, the frequencies of 

IFN-γ+/CD4+ T cells and IL-17A+/CD4+ T cells (presumably 
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Figure 4 In vivo tracking and tissue distribution of tNPs in EAE mice.
Notes: EAE mice were injected via tail vein with ICG-encapsulated blank-NPs, CD47− tNPs or CD47+ tNPs. Fluorescence images were then acquired using the Maestro 
in vivo imaging system. (A) Whole-body near-infrared imaging for in vivo tracking of tNPs at indicated time points after i.v. injection. (B) Ex vivo near-infrared imaging for 
organs dissected surgically from EAE mice at 12 h time point after i.v. injection. (C) In vivo tracking images of dorsal side at indicated time points after i.v. injection. (D) The 
intensity of signals in the heads at five time points in each group. (E) The intensity of signals in the organs dissected from EAE mice at 12 h time point. Furthermore, PE-
labeled tNPs were prepared and injected i.v. into the EAE mice on day 18 after MOG immunization. The brain tissue was isolated after 4 h and frozen sections were prepared 
followed by staining with FITC-anti-mouse CD3 and DAPI. (F) The distribution of tNPs and co-localizations with T cells in the brain section as displayed by confocal laser 
scanning microscopy. n=6 mice per group. *p,0.05; **p,0.01.
Abbreviations: DAPI, 4′,6-diamidino-2-phenylindole; EAE, experimental autoimmune encephalomyelitis; FITC, fluorescein isothiocyanate; ICG, indocyanine green; i.v., 
intravenous; MOG, myelin oligodendrocyte glycoprotein; PE, phycoerythrin; tNPs, tolerogenic nanoparticles.
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MOG
35–55

-reactive Th1 and Th17 cells) in CD4+ T cell 

populations decreased by 82.6% and 74.2%, respectively, in 

tNPs-treated mice, when compared to the blank-NPs group. 

Meanwhile, MOG− tNPs also caused significant reduction of 

Th1 relative to blank-NPs group (Figure 6A). After MOG
40–54

 

peptide stimulation, the percentages of IFN-γ+/CD8+ T 

cells and IL-17A+/CD8+ T cells (presumably MOG
40–54

-

reactive Tc1 and Tc17 cells) in CD8+ T cell populations 

also decreased by 82.4% and 56.2%, respectively, in 

tNPs-treated mice as compared with the blank-NPs group 

(Figure 6B). Of note, the frequencies of Tc1 and Tc17 in the 

MOG− tNPs group were much lower than in blank-NPs group, 

but much higher than in tNPs group. Furthermore, the Tregs 

in the flesh SPCs were detected by intracellular staining. The 

frequencies of CD25+/Foxp3+ T cells in CD4+ T cell popula-

tions were increased by 77.4% and 38.2%, respectively, in 

×

Figure 5 Co-localizations of tNPs with CD4+ T cells and CD8+ T cells in the spleen of EAE mice.
Notes: PE-labeled blank-NPs, CD47− tNPs or CD47+ tNPs were injected i.v. into the EAE mice on day 18. Spleens were collected 4 h later for the preparation of frozen 
sections. CD8+ T cells, CD4+ T cells, macrophages and DCs were then stained by FITC-labeled mAbs, respectively, followed by confocal imaging at 400× magnification. White 
arrows indicate the co-localizations of NPs with stained cells.
Abbreviations: DCs, dendritic cells; EAE, experimental autoimmune encephalomyelitis; FITC, fluorescein isothiocyanate; i.v., intravenously; mAb, monoclonal antibody; 
NPs, nanoparticles; PE, phycoerythrin; tNPs, tolerogenic nanoparticles.
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the tNPs- and MOG− tNPs-treated mice as compared with 

the blank-NPs group (Figure 6C).

Moreover, proinflammatory cytokines (IFN-γ, IL-17A) 

and inhibitory cytokines (IL-10, TGF-β1) were quantified 

in the culture supernatants of SPCs after 7-day incubation 

with MOG
35–55

 peptide and in the CNS tissue homogenates 

collected on day 20. As shown in Figure 6D, the concentra-

tions of IL-10 and TGF-β1 increased to 100.5% and 37.5%, 

respectively, in the culture supernatants of SPCs from tNPs-

treated mice as compared with the blank-NPs group. In the 

CNS tissue homogenates, the levels of IL-10 and TGF-β1 

in tNPs-treated mice were also significantly higher than 

those in Blank-NPs group (Figure 6E). Notably, MOG− tNPs 

treatment did not change these cytokine profiles in SPCs and 

CNS tissues. In addition, the inflammatory cytokines (IFN-γ 

and IL-17A) did not significantly decrease in the supernatant 

of SPCs and CNS tissue homogenates (data not shown). The 

gating strategy and isotype controls for IL-17A and IFN-γ 

staining in Figure 6A and 6B were presented in Figure S1.

Infusions of tNPs induce apoptosis of 
T cells and inhibit proliferation of MOG 
peptide-reactive T cells in EAE mice
To define the mechanisms by which tNPs reduce the MOG 

peptide-reactive T cells, the apoptosis of flesh CD4+ T cells 

and CD8+ T cells in peripheral blood and spleen was analyzed 

Figure 6 (Continued)

γ
γ
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on day 20 firstly. Two injections of tNPs resulted in increase 

in the mean percentage of total apoptotic CD4+ T cells by 

62.0% in peripheral blood mononuclear cells and 48.0% in 

SPCs as compared with the blank-NPs group (Figure 7A), 

while the mean percentage of total apoptotic CD8+ T cells 

increased by 63.9% in peripheral blood mononuclear cells 

and 100% in SPCs (Figure 7B). As a non-target control, the 

MOG− tNPs also caused significantly higher apoptosis level 

of CD4+ and CD8+ T cells than blank-NPs group, suggesting 

the nonspecific modulation of the MOG− tNPs which carry 

anti-Fas, PD-L1-Fc, TGF-β and CD47-Fc.

Furthermore, the flesh SPCs were co-incubated with 

MOG
35–55

 or MOG
40–54

 peptide for 7 days. The proliferation 

of CD4+ and CD8+ T cells was determined by CFSE staining 

and flow cytometry analyses. After the MOG peptide stimula-

tion, the proliferation of both CD4+ T cells and CD8+ T cells 

was reduced by 66.1% and 55.6%, respectively, in the tNPs 

group as compared with the blank-NPs group (Figure 7C). 

Meanwhile, MOG− tNPs also significantly inhibited the 

proliferation of T cells, with the levels being lower than 

that of blank-NPs group and much higher than that of tNPs 

group. These data suggested that the tNPs reduced MOG 

peptide-reactive T cells by inducing apoptosis and inhibiting 

proliferation, in an antigen-specific manner and regulatory 

molecule-dependent fashion.

Discussion
Numerous therapeutics have been developed for the treat-

ment of MS or EAE by using biomimetic NPs. But most of 

these NPs aim to induce tolerogenic APCs by which they 

induce T cell tolerance.19–22 In this nanoscale platform, four 

points are different from the previous researches. First, the 

previous nanoparticles carry myelin proteins or peptides as 

target antigens instead of the myelin peptide-loaded MHCs 

(pMHCs) in the antigen-specific treatments of EAE or 

MS.19,21,33 Here, the myelin peptide-loaded pMHC multimers 

are co-coupled on the surface of tNPs and function as target 

antigens to directly bind to the T cell receptors (TCRs) onto 

myelin-autoreactive T cells, without the requirement of 

cellular uptake, processing and presentation by APCs, thus 

enacting the direct and on-target depletion and modulation 

of autoreactive T cells. Second, to minimize the intake of 

NPs by phagocytes and prolong their circulation time in vivo, 

“self-marker” CD47 molecules were co-displayed onto the 

Figure 6 Infusions of tNPs reduce the MOG peptide-reactive Th1, Th17, Tc1 and Tc17 cells and induce Tregs in EAE mice.
Notes: SPCs, brain and spinal cords were isolated from the EAE mice in each treatment group on day 20 (2 days after the second injection of tNPs). (A) Frequencies of 
IFN-γ+/CD4+ T cells and IL-17A+/CD4+ T cells (Th1 and Th17 cells) in CD4+ T cell populations from spleens after 16 h incubation with MOG35–55 peptide. (B) Frequencies 
of IFN-γ+/CD8+ T cells and IL-17A+/CD8+ T cells (Tc1 and Tc17 cells) in CD8+ T cell populations from spleens after 16 h incubation with MOG40–54 peptide. (C) Frequencies 
of CD25+/FoxP3+ T cells (Tregs) in CD4+ T cell populations from flesh SPCs. (D) Concentrations of IL-10 and TGF-β1 in the supernatants of SPCs after 7-day incubation with 
MOG35–55 peptide. (E) Concentrations of IL-10 and TGF-β1 in the CNS tissue homogenates. Data are displayed as the mean ± SD. n=5 mice per group. *p,0.05, **p,0.01, 
***p,0.001.
Abbreviations: APC, allophycocyanin; CNS, central nervous system; EAE, experimental autoimmune encephalomyelitis; FITC, fluorescein isothiocyanate; IFN, interferon; 
IL, interleukin; PE, phycoerythrin; tNPs, tolerogenic nanoparticles; SPCs, splenocytes; TGF, transforming growth factor; Tregs, regulatory T cells.
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Figure 7 Infusions of tNPs induce apoptosis of T cells and inhibit the proliferation of MOG peptide-reactive T cells in EAE mice.
Notes: PBMCs and SPCs were collected from each EAE mice on day 20 (2 days after the second injection of tNPs). Apoptotic T cells were detected in the flesh SPCs and 
PBMCs. (A) Frequencies of apoptotic CD4+ T cells in SPCs and PBMCs. (B) Frequencies of apoptotic CD8+ T cells in SPCs and PBMCs. Furthermore, SPCs were labeled 
with CFSE and co-cultured with MOG35–55 or MOG40–54 peptide for 7 days, followed by flow cytometry analyses to determine proliferation of T cells. (C) The proliferation 
percentages of CD4+ T cells and CD8+ T cells. Data are displayed as the mean ± SD. n=5 mice per group. *p,0.05, **p,0.01, ***p,0.001.
Abbreviations: CFSE, carboxyfluorescein succinimidyl ester; EAE, experimental autoimmune encephalomyelitis; PBMCs, peripheral blood mononuclear cells; PE, 
phycoerythrin; PI, propidium iodide; SPCs, splenocytes; tNPs, tolerogenic nanoparticles.
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tNPs to prevent phagocytosis or endocytosis since they can 

interact with SIRPα expressed on phagocytes. Recombinant 

CD47 protein has been used to construct the “stealth par-

ticles” in NP-mediated drug delivery systems in humans.34,35 

Third, most of researches focus on CD4+ T cells modulation, 

since myelin-autoreactive CD4+ T cells, such as Th1, Th17 

and Treg cells, act as crucial drivers or regulators in auto-

immune demyelinating diseases.36–38 But increasing studies 

have also demonstrated the important contributions of myelin 

antigen-specific CD8+ T cells such as Tc1 and Tc17 cells 

in MS and EAE progression.39,40 Tc1 and Tc17 cells which 

newly defined as CD8+ T cells producing IFN-γ or IL-17 are 

thought to be primary proinflammatory cells and mediate 

many effects similar to Th1 and Th17 cells in several auto-

immune diseases including MS and EAE.41 So, in this study, 

both pMHC class I and class II multimers were co-displayed 

onto the tNPs to tailor the combination therapy targeting 

pathogenic MOG
35–55

-specific CD4+ T cells and MOG
40–54

-

specific CD8+ T cells. Actually, two infusions of the tNPs 

greatly decreased the frequencies of myelin peptide-reactive 

Th1, Th17, Tc1 and Tc17 in spleen. Finally, the tNPs can 

present multiple regulatory molecules (anti-Fas, PD-L1-Fc 

and TGF-β1) to the target T cells by surface ligand presenta-

tion and cytokine paracrine relsease, in the same spatial and 

temporal manner, and thus can directly modulate the T cells 

through several signal pathways. But most of NPs reported 

previously usually only carry one kind of toxin or regulatory 

molecule. Another advantage of the tNPs is that the 217 nm 

tNPs not only can circulate into secondary lymphoid tissues 

to modulate circulation myelin-reactive T cells, but also 

penetrate through the brain–blood barrier and modulate the 

pathogenic T cells that infiltrated into CNS, thus minimiz-

ing the local autoimmune responses. Taken together, these 

different works from previous researches suggest a novel 

combination immunotherapy which focuses on the on-target 

and direct modulation of myelin-autoreactive T cells and the 

combined use of multiple regulatory molecules by generating 

a tNP for the T cell-mediated autoimmune diseases.

The in vivo mechanisms by which the multipotent tNPs 

decreased 56.2%–82.6% of myelin-reactive CD4+ and CD8+ 

T cells were further defined. Here, the tNPs circulated 

throughout vasculature into various organs, secondary lym-

phoid tissues and CNS, and contacted with myelin-reactive 

CD4+ and CD8+ T cells to facilitate their vigorous apoptosis, 

inhibit their proliferation and the production of inflamma-

tory cytokines (IFN-γ/IL-17A), and induce Tregs and the 

secretion of inhibitory cytokines (IL-10/TGF-β). These 

modulations on T cells should depend on the combined or 

synergistic effects of anti-Fas, PD-L1 and TGF-β presented 

or paracrined by the tNPs. Functional anti-Fas mAb is a 

traditional and powerful modulator that induces cell apopto-

sis. Binding of PD-L1 with PD-1 expressed on T cells leads 

to diminished proliferation process, cytokine secretion and 

survival of effector T cells, and mitigate the EAE severity.42–44 

For TGF-β1, the signal was found to be required for the 

maintenance of peripheral CD4+ Tregs subset and to prevent 

sensitized T cells from infiltrating into the CNS tissue.45–47 

Notably, the native Tregs display the CD4+/CD25+/FoxP3+ 

phenotype and contribute to the suppression of autoreactive 

T cells. The adaptive Tregs include IL-10–secreting type 1 

Tregs (Tr1), TGF-β–secreting Th3-type Tregs and so on. 

The TGF-β and IL-10 play pivotal role in mediating the 

immunosuppressive effects and are considered to be typical 

markers of adaptive Tregs.48–50 In this study, two infusions of 

the tNPs increased Tregs (CD4+CD25+FoxP3+) by 77.4% and 

elevated the production of TGF-β1 and IL-10 by about 37.5% 

and 100.5% in SPCs, indicating the skewed differentiation 

of Th cells from inflammatory Th1 and Th17 phenotypes to 

the regulatory phenotypes.

Several technical notes are worthy of mentioning. EAE 

can be induced by immunization with different myelin 

proteins. MOG, a transmembrane protein expressed on the 

outermost layer of myelin membrane and oligodendrocytes, 

constitutes only 0.05%–0.1% of the total myelin protein in 

the body, but it was reported to induce more potent T cell 

responses than other myelin antigens in patients with MS. 

MOG
35–55

 peptide is the major immunodominant epitope of 

MOG and has been identified as an agonist of encephalito-

genic T cells in the C57BL/6 mouse model.48,51 More than 

98% of CD4+ T cells express a specific TCR of the I-Ab–

restricted MOG
35–55

 epitope, and many CD8+ T cells express 

a specific TCR of the H-2Db–restricted MOG
40–54

 epitope in 

EAE model of C57BL/6 mice.36 Based on these findings, in 

this study, the tNPs targeting the MOG
35–55

-specific CD4+ 

T cells and MOG
40–54

-specific CD8+ T cells were generated 

for the treatment of MOG
35–55

 peptide-induced active EAE.

Since NPs with a diameter of ,100 nm are much easier 

to be internalized by phagocytes and tissue cells than 200 nm 

NPs, even if they are fabricated with CD47 molecules, so 

in this study the tNPs were generated in a diameter range 

from 180 to 260 nm with a mean size of 217 nm. On the 

other hand, 200 nm NPs can penetrate through the mucus 

layer,52 while only the NPs of ,100 nm can sneak through 

the endothelial lining to escape systemic circulation53 and 

the sub-100 nm and modified NPs can diffuse through the 

blood–brain barrier into the brain.54,55 But the ability of NPs 

to cross barriers can be enhanced by disease.56 Inflammation 

can increase vessel permeability at specific injury sites, thus 
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affecting NPs distribution.57 The blood–brain barrier in EAE 

mice is damaged in the course of disease progression; thus, 

the 217 nm NPs can penetrate through the leaky vasculature 

and choroid plexus into the brain. Here, the tNPs were found 

in the brain tissue and co-localized with T cells. Conse-

quently, the pathogenic CD4+ and CD8+ T cells were mark-

edly reduced in the CNS tissue with the elevated production 

of TGF-β1 and IL-10. Our data suggest a 200 nm targeted 

delivery system for CNS inflammatory diseases. In addi-

tion, CD47+ tNPs retained in brain were much more than 

the CD47− tNPs from 2 to 24 h after injection and increased 

by 175% than CD47− tNPs at 12 h time point. The results 

are also in agreement with the finding from Bruns et al that 

CD47 increased the penetration and retention of PLGA-NPs 

in the damaged brain, thus enhancing the in vivo functionality 

of artificial APCs.58

Here, the 217 nm tNPs were decorated with CD47-Fc, 

which led to a longer retention time in vivo and much 

fewer co-localizations with macrophages and DCs than 

the CD47− tNPs, implying that CD47 molecules onto tNPs 

may minimize the engulfment of tNPs by phagocytes as 

expected. But we cannot eliminate the possibility of endo-

cytosis and phagocytosis occurring in vivo. Therefore, 

it is reasonable to conclude that the tNPs modulate the 

autoreactive T cells in vivo mainly in a direct contact way, 

but an indirect pathway mediated by Tregs and tolerogenic 

APCs may also be involved in this treatment. Although our 

results showed intriguing prospects of the multipotent tNPs 

in immunotherapy, many aspects still need to be further 

investigated for the approaches from bench to bedside. 

More T cell epitopes derived from myelin antigens should 

be used to target more myelin-autoreactive T cell clones 

in translational studies; the density and ratio of target anti-

gens (pMHC multimers) and multiple regulatory molecules 

loaded by tNPs should be further titrated to achieve maxi-

mal antigen-specific modulation on T cells with minimal 

bystander killing.

Conclusion
Our preclinical data demonstrate that the 217 nm PLGA-

NPs carrying pMHC target antigens, multiple regulatory 

molecules and “self-marker” are capable of durably amelio-

rating EAE by directly and selectively modulating autoreac-

tive T cells in a surface-presenting and paracrine-releasing 

manner. The in vivo mechanism of autoinhibition and the 

tissue distribution were also initially defined. This strategy 

may pave a new avenue for the treatment of T cell-mediated 

autoimmune disorders.
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Supplementary materials
The gating strategy and isotype controls for interleukin (IL)-

17A and interferon (IFN)-γ staining in Figure 6A and B have 

been provided in Figure S1. The gating strategy for each 

figure of flow cytometry has also been described below.

Figure 2B and D: tNPs were stained with three-color 

fluorescence antibodies. There were no cells in the samples. 

Blank-NPs pre-blocked with bovine serum albumin were 

stained with these antibodies in parallel as the blank control. 

Figure 2B shows the single-positive histograms, and 

Figure 2D shows the double-positive dot plots.

Figure 3F: Central nervous system tissues were processed 

into single cell suspensions and then stained with allophyco-

cyanin (APC)-anti-mouse CD4, fluorescein isothiocyanate 

(FITC)-anti-mouse CD8a and PE-anti-mouse CD3e. First, all 

cells in the suspensions were gated; then, the CD4+ or CD8+ T 

cells were shown, respectively, in dot plots and the frequen-

cies of CD4+ or CD8+ T cells in the single cell populations of 

central nervous system tissue were calculated.

Figure 6A and B: After co-culturing with MOG
35–55

 

or MOG
40–54

 peptides for 16 h, the spleen cells from each 

group were stained with FITC-anti-mouse CD4 and APC-

anti-mouse CD8a for 30 min at 4°C. After that, intracellular 

staining with PE-anti-mouse IFN-γ or PE-anti-mouse IL-17A 

was conducted. As shown in Figure S1, the lymphocytes in 

the spleen cells were firstly gated according to their posi-

tion in the side scatter/forward scatter (SSC/FSC) dot plots, 

then FITC-CD4 T cells or APC-CD8 T cells were secondly 

gated, and finally, the percentages of PE-IL-17+/FITC-CD4+ 

T cells and PE-IFN-γ+/FITC-CD4+ T cells in CD4+ T cell 

populations, or the percentages of PE-IL-17+/APC-CD8+ 

T cells and PE-IFN-γ+/APC-CD8+ T cells in the CD8+ T 

cells populations were displayed in dot plots. The isotype 

controls (PE-rat IgG2a and PE-rat IgG1) of PE-anti-mouse 

IL-17A and PE-anti-mouse IFN-γ were also stained with the 

cell samples in parallel, and are displayed in Figure S1. The 

isotype controls for CD3, CD4 and CD8 staining were also 

carried out routinely, but data are not shown here.

Figure 6C: Regulatory T cell detection. Flesh spleen 

cells were stained with APC-anti-mouse CD25 and FITC-

anti-mouse CD4, followed by intracellular staining of PE-

anti-mouse Foxp3. First, lymphocytes in the spleen cells 

were gated according to their position in the SSC/FSC dot 

plots, then FITC-CD4+ T cells were secondly gated, and 

finally, the percentages of PE-Foxp3+/APC-CD25+ T cells 

in the CD4+ T cell populations were displayed in dot plots. 

Isotype controls from the mouse Treg Detection Kit were 

run in parallel.

Figure 7A and B: The frequencies of apoptotic cells in 

the CD4+ T cell populations or CD8+ T cell populations. 

Peripheral blood mononuclear cells or spleen cells were 

stained by APC-anti-mouse CD4 or APC-anti-mouse CD8a 

for 30 min at 4°C and then stained with Annexin V and 

propidium iodide. As described, the lymphocytes in the cell 

suspensions were gated according to their position in the 

SSC/FSC dot plots, then APC-CD4+ T cells or APC-CD8+ 

T cells were secondly gated, and finally, the frequencies of 

Annexin V+/PI+ T cells in the CD4+ T cell populations or 

CD8+ T cell populations were displayed in dot plots.

Figure 7C: T cell proliferation assay. Spleen cells 

prelabeled with carboxyfluorescein succinimidyl ester were 

co-cultured with MOG peptides for 7 days. Then, the cells 

were further stained with PE-anti-mouse CD3e and APC-

anti-mouse CD4 or CD8a. First, the PE-CD3+ T cells were 

gated from the cell suspensions, then the APC-CD4+ T cells 

or APC-CD8+ T cells were secondly gated, and finally, 

the CFSE signals in the CD3+/CD4+ T cell populations or 

CD3+/CD8+ T cell populations were displayed in histograms. 

Cell divisions were demarcated according to CFSE staining 

brightness.
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