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T  cells reacting to self-components can promote tissue damage when escaping 
tolerogenic control mechanisms which may result in autoimmune disease. The cur-
rent treatments for these disorders are not antigen (Ag) specific and can compromise 
host immunity through chronic suppression. We have previously demonstrated that  
co-administration of encapsulated or free Ag with tolerogenic nanoparticles (tNPs) com-
prised of biodegradable polymers that encapsulate rapamycin are capable of inhibiting 
Ag-specific transgenic T cell proliferation and inducing Ag-specific regulatory T cells 
(Tregs). Here, we further show that tNPs can trigger the expansion of endogenous Tregs 
specific to a target Ag. The proportion of Ag-specific Treg to total Ag-specific T cells 
remains constant even after subsequent Ag challenge in combination with a potent 
TLR7/8 agonist or complete Freund’s adjuvant. tNP-treated mice do not develop exper-
imental autoimmune encephalomyelitis (EAE) after adoptive transfer of encephalitogenic 
T cells; furthermore, tNP treatment provided therapeutic protection in relapsing EAE that 
was transferred to naïve animals. These findings describe a potent therapy to expand 
Ag-specific Tregs in vivo and suppress T cell-mediated autoimmunity.

Keywords: nanoparticles, immunological tolerance, rapamycin, regulatory T  cells, experimental autoimmune 
encephalomyelitis

inTrODUcTiOn

Maintenance of peripheral immunological tolerance is a dynamic and continuous process. Most 
self-reactive T  lymphocytes are deleted in the thymus or differentiate into natural T  regulatory 
cells (Tregs), but some can also enter the pool of naive circulating cells. Self-reactive naive T cells 
that escape the thymus and encounter their cognate antigen (Ag) in the periphery can differenti-
ate into induced Tregs (1, 2). Tregs maintain immune homeostasis in vivo, and their dysfunction, 
caused by the loss of expression of the master transcription factor Foxp3, leads to the development 
of immunodysregulation polyendocrinopathy enteropathy X-linked syndrome (IPEX) in humans 
characterized by systemic T cell activation and multiorgan autoimmunity (3). In most autoimmune 
diseases, genetic and environmental factors result in the dysregulated expansion of autoreactive 
lymphocytes that mediate damage to self-tissue (4, 5). For example, in multiple sclerosis, a chronic 
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neuroinflammatory disease, myelin proteins are actively targeted 
by immune cells resulting in myelin degradation, loss of neuronal 
function, and progressive paralysis (6). There has been substantial 
progress in the identification of small molecule and biological 
therapies that ameliorate disease, but there is no cure (7, 8).

Antigen-specific immune tolerance has been a long-standing 
goal in the treatment of autoimmune diseases. Dendritic cells 
(DCs) and other Ag-presenting cells are at the crossroads of 
immunity and tolerance. The context in which DCs encounter 
Ag can determine the nature of the T cell response (9). Danger 
signals, such as pathogen-associated molecular patterns (PAMPs) 
or damage-associated molecular patterns (DAMPs), induce 
DC maturation resulting in the expression of co-stimulatory 
molecules and cytokines that drive effector T  cell activation 
and differentiation (10). Vaccines often employ an adjuvant to 
provide this “danger” context to induce an adaptive, Ag-specific 
effector response (11). Recently, there has been interest in the 
identification of “tolerogenic adjuvants” that would enable the 
induction of Ag-specific Tregs rather than effector T cells (12). 
Rapamycin, an inhibitor of the mTOR signaling pathway, has 
been shown to induce tolerogenic DCs (itDCs) in vitro, which 
are capable of inducing regulatory T cells and suppressing disease 
when adoptively transferred in vivo (13–15). Our group and oth-
ers have demonstrated that tolerogenic nanoparticles (tNPs; also 
known as synthetic vaccine particles or SVPs) and microparticles 
encapsulating rapamycin induced tolerogenic DCs in vivo caus-
ing the differentiation of Ag-specific regulatory T cells (16–20).

In this study, we further characterize the induction of 
Ag-specific endogenous Tregs by acute treatment with tNPs com-
posed of polylactic acid (PLA) and poly(lactic-co-glycolic acid) 
(PLGA) polymers encapsulating peptide Ag and rapamycin. We 
demonstrate therapeutic efficacy of tNPs in a model of relapsing 
experimental autoimmune encephalomyelitis (rEAE) and show 
that tolerance can be adoptively transferred from a tNP-treated 
animal to a naive animal. Furthermore, mice treated with tNPs 
were protected against EAE following transfer of encephalito-
genic T cells.

MaTerials anD MeThODs

Mouse Models
The following animals were used: female C57BL/6nTac 
(RRID:IMSR_TAC:b6), B6.Cg-Tg(TcraTcrb)425Cbn/J (RRID: 
IMSR_JAX:004194), B6.129S6-Rag2tm1Fwa N12 (RRID:IMSR_
TAC:1329), B6.SJL-Ptprca/BoyAiTac (RRID:IMSR_TAC:4007), 
and SJL/J (RRID:IMSR_JAX:000686). Experiments involving 
animals were performed in compliance with state and federal 
regulations and approved by the Institutional Animal Care and 
Use Committee of Selecta Biosciences or Hooke Laboratories.

nanoparticles (nPs)
Manufacture of NPs has been previously described (18). PLGA, 
pegylated PLA (PLA-PEG), and rapamycin were dissolved in 
dichloromethane to form the oil phase. An aqueous solution 
of Ag (OVA323–339 peptide, 2W1S peptide, or PLP139–151 peptide) 
was then added to the oil phase and emulsified by sonication 

(Branson Digital Sonifier 250A). Following emulsification of the 
Ag solution into the oil phase, a double emulsion was created 
by adding an aqueous solution of polyvinylalcohol and sonicat-
ing a second time. The double emulsion was added to a beaker 
containing phosphate buffer solution and stirred at room tem-
perature for 2 h to allow the dichloromethane to evaporate. When 
creating NPs containing rapamycin but no Ag, or NPs without 
any encapsulated agents, a similar oil-in-water single-emulsion 
process was used. The resulting NPs were washed twice by cen-
trifuging at 75,600 × g and 4°C followed by resuspension of the 
pellet in phosphate-buffered saline (PBS). MHC class II (MHCII) 
peptides used were 2W1S (2W, EAWGALANWAVDSA, CSBio), 
OVA323-339 (OVA323, ISQAVHAAHAEINEAGR, Bachem B06481), 
or PLP139-151 (PLP139, HCLGKWLGHPDKF, Genemed Synthesis). 
NPs containing peptide alone are denoted as follows: NP[2W], 
NP[OVA323], and NP[PLP139]. NPs containing peptide and rapa-
mycin are denoted as follows: NP[2W-Rapa], NP[OVA323-Rapa], 
and NP[PLP139-Rapa]. NPs containing peptide and rapamycin are 
referred herein as tNPs. Empty NPs (NP[Empty]) were used as 
controls.

eae Models
Relapsing EAE was induced by injection of SJL mice subcuta-
neously (s.c.) at four sites in the back with PLP139 emulsified in 
complete Freund’s adjuvant (CFA) followed by intraperitoneal 
(i.p.) injection of 154ng of pertussis toxin (PTx) 2 h later (Hooke 
Laboratories EK-2120). Pathogenic cells used for adoptive trans-
fer models of EAE were propagated by immunizing SJL mice 
with PLP139/CFA (Hooke Laboratories EK-0120). Seven days 
later, spleens were excised from immunized mice and single-
cell splenocyte suspensions were isolated through mechanical 
dissociation. Red blood cells were lysed (Sigma R7757) and 
splenocytes were restimulated in vitro in RPMI 1640 containing 
HEPES (Life Technologies 15630080), l-glutamine–penicillin–
streptomycin (Sigma G6784), MEM Non-Essential Amino Acids 
Solution (Life Technologies 11140-050), MEM Sodium Pyruvate 
Solution (Life Technologies 11360-070), and 2-Mercaptoethanol  
(1000X, Life Technologies 21985-023) with Hooke PLP139 in 
TC Media, 100× (Hooke Labs DS-0121) for 3  days before 
being injected i.p. into recipient mice. Regulatory cell adoptive 
transfer studies were carried out in a similar manner. After s.c. 
treatment of donor mice with NPs, their spleens were excised, 
and single-cell splenocyte suspensions were isolated through 
mechanical dissociation. In vitro culture was carried out as done 
with pathogenic cells with the modification that splenocytes 
were restimulated with PLP139 in the presence of 100 U/ml IL-2. 
Sickness scoring assessments were carried out as previously 
described (18). EAE was scored on a 0–5 scale as follows: 0, no 
obvious changes in motor functions of the mouse in comparison 
with non-immunized mice; 1, limp tail; 2, limp tail and weak-
ness of hind legs; 3, limp tail and complete paralysis of hind legs 
(most common) or limp tail with paralysis of one front and one 
hind leg; 4, complete hind leg and partial front leg paralysis; 5, 
death or euthanized because of severe paralysis. Demyelination 
was scored by H&E staining of central nervous system (CNS) 
sections with the NP[Empty] group used as the baseline for tissue 
disruption.
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immunizations and Treatments
100µg of 2W peptide admixed with 20µg R848 (Selecta 
Biosciences) or emulsified 1:1 with CFA (Sigma F5881) was 
injected i.p. or s.c. as an immunization. NPs containing peptide 
alone were injected at a 4–5µg dose of peptide i.v. or s.c. NPs 
containing rapamycin alone (NP[Rapa]) were injected at a 50µg 
dose of rapamycin i.v. or s.c. tNPs were injected at a 4 to 5µg dose 
of peptide and a 50µg dose of rapamycin i.v. or s.c.

endogenous 2W1s:iab + T cell enrichment
2W1S-specific CD4 T  cells were enriched and enumerated as 
previously described (21). Briefly, mice were sacrificed, and 
splenocytes were isolated by mechanical dissociation. 2W1S:IAb 
tetramers conjugated to allophycocyanin (APC) or phycoerythrin 
(PE) (NIH Tetramer Core Facility, mouse 2W1S) were incubated 
at room temperature with splenocytes for 45  min. Cells were 
washed then incubated with anti-APC or anti-PE microbeads 
(Miltenyi Biotec, 130-090-855, 130-048-801) for 20 min at 4oC. 
Cells were washed, resuspended, and eluted over a magnet-
ized bead-packed LS column (Miltenyi Biotec, 130-042-401). 
Positively selected 2W1S:IAb cells were expelled from columns 
and phenotyped by flow cytometry.

Flow cytometry
Samples were analyzed on a Becton Dickinson FACSCanto  
II with the following conjugated antibodies: TCRβ (BD Biosciences 
553171, RRID:AB_394683), CD45R (BD Biosciences 561226, 
RRID:AB_10563910), CD45.2 (BioLegend 109830, RRID:AB_ 
1186098), CD4 (BioLegend 100433, RRID:AB_893330), CD44  
(BioLegend 103029, RRID:AB_830786), CD11b (BioLegend 
101245, RRID:AB_2561390), CD11c (BioLegend, 117338, RRID: 
AB_2562016), Foxp3 (Thermo Fisher 12-5773-82, RRID:AB_ 
465936), TCRVa2 (Thermo Fisher 17-5812-82, RRID:AB_ 
1659733), and Live/Dead Fixable Viability Stain Aqua (Thermo 
L34957).

iFnγ elispot
Sterile, white 96-well filter plates with 0.45-  µm pore size 
Hydrophobic PVDF membrane (EMD Millipore, Billerica, MA, 
USA, Cat#MSIPS4W10) were coated with 5µg/ml of purified 
anti-mouse IFNγ capture antibody (BD Pharmingen 551881) in 
dilution buffer (DB) (PBS 1× Corning cellgro 21-040CV) with 
2% fetal bovine serum (FBS; heat inactivated, Medsupply part-
ners MSP-1003-3/Hi) overnight at 4°C. Unbound antibodies 
were discarded by emptying the wells followed by blocking with 
complete medium (CM) [RPMI 1640 (1× with Corning gluta-
gro, Mediatech 10-104-CV) supplemented with FBS (FBS, heat 
inactivated, Medsupply partners MSP-1003-3/Hi), Pen/Strep 
and l-glutamine (100×), Gibco by Life technologies 10378-016, 
2-Mercaptoethanol (55 mM), Gibco by Life technologies 21985] 
for 90  min at 37°C. 1  ×  105 lymph node cells per well were 
incubated in the IFNγ capture antibody-coated plates in CM as 
a test condition overnight at 37°C. The plates were washed three 
times with wash buffer (WB) [PBS containing 0.05% Tween20 
(Sigma P1379)] after which the plates were incubated for 90 min 
at room temperature with 2µg/ml biotinylated anti-mouse IFNγ 
detection antibody (BD Pharmingen 551881) diluted in DB. The 

plates were washed three times with WB followed by Stretavidin-
HRP (BD Pharmingen 557630) addition diluted 1:100 in DB 
and incubated for 1  h at room temperature. The plates were 
washed three times with WB and three times with PBS followed 
by addition of AEC substrate (BD Pharmingen, 551951) for spot 
development. The plates were read on a Zeiss KS Elispot reader 
system, using KS Elispot software version 4.9.16.

resUlTs

tnPs inhibit the Proliferation of ag-
specific effector cD4+ T cells
We evaluated the activation of OTII transgenic T  cells that 
recognize the 323–339 peptide of chicken ovalbumin (OVA323) 
after adoptive transfer into mice that were previously treated 
with NPs containing the OVA323 peptide alone (NP[OVA323]) or 
tNPs containing both OVA323 and rapamycin. Rag2−/−-recipient 
mice were used to ensure that no endogenous lymphocytes 
would compete with the OTII T  cells for binding to OVA323 
peptide presented by Ag-presenting cells. NP[OVA323] or tNPs 
were administered to the recipient animals 1, 3, or 5 days before 
OTII CD4+ T cell transfer (Figure 1A). Recipient animals were 
sacrificed 3  days after cell transfer, and splenic OTII T  cells 
were assayed for cell proliferation and Foxp3 expression. No 
differences in total numbers of OTII cells were observed when 
NPs were administered 3 and 5  days prior to cell transfer 
(Figure 1D); however, reduced proliferation capacity, a reduc-
tion in the total numbers of OTII cells and an increase in the 
proportion of Foxp3+ OTII T  cells were observed after tNP 
treatment administered 1  day prior to cell transfer compared 
to treatment with NP[OVA323] (Figures  1B–E). These results 
corroborate our previous findings showing a greater proportion 
of Foxp3+ Tregs after tNP treatment compared to NP[OVA323] 
treatment. A smaller proportion of OTII T cells enter division 
after tNP treatment compared to NP[OVA323], and the extent of 
cell proliferation was diminished.

tnPs increase the Total number and 
Proportion of endogenous T cells 
expressing Foxp3 in an ag-specific 
Fashion
Next we utilized MHCII tetramers loaded with the 2W1S 
(2W) peptide to evaluate the effects of tNPs on endogenous 
wild-type Ag-specific CD4+ T cells. This tetramer system has 
been validated to study T helper cell responses (22), T follicular 
helper cell differentiation (23), and Treg-mediated tolerance 
(24). We queried 2W:MHCII+ endogenous cells from naive 
mice and found 18.2% were Foxp3 positive (Figure 2A). This 
served as our baseline proportion of 2W-specific Foxp3+ cells 
in naive animals. We then compared this percentage to that 
from mice treated i.v. with three weekly injections of PBS, 
NPs containing 2W peptide alone (NP[2W]), NP[Rapa], or 
tNPs containing 2W peptide and rapamycin (Figure 2B). Two 
weeks following treatment, all mice were challenged i.v. with 
50µg free 2W peptide, and their splenocytes were assayed for 
2W-specific CD4 T cells 2 h after challenge. MACS-enriched 
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FigUre 1 | Tolerogenic nanoparticles (tNPs) inhibit the proliferation of 
antigen (Ag)-specific effector CD4+ T cells. (a–e) Rag2−/− mice were treated 
i.v. with PBS, NP[OVA323] at a 5µg dose of OVA323 peptide, or tNP 
(NP[OVA323-Rapa]) at a 5µg dose of OVA323 peptide and a 50µg dose of 
rapamycin on days −5, −3, or −1. OTII cells were transferred to treated 
Rag−/− mice on day 0 and their spleens assayed for OTII cells on day 3.  
(a) Cell Trace Violet flow cytometry histograms of TCRVα2+ CD4+ gated OTII 
splenocytes, (B) OTII proliferation index, (c) % divided cells, (D) total cell 
number (#), and (e) % Foxp3 expression. The results represent an N = 3 
from one experiment.
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2W-specific T cells were gated via the following gating scheme: 
Live/Dead Fixable Aqua−, B220−, CD11c− CD11b− CD4+, 
CD44+, 2W:MHCII+, and then probed for Foxp3 expres-
sion (Figure  2B). When comparing across all groups, only 
those mice treated with tNP or NP[2W] showed a significant 
proliferation of 2W-specific CD4+ T  cells (Figure  2B). The 
total number of 2W-specific cells was significantly higher 
with tNP treatment compared to NP[2W] alone (Figure 2C). 
This result indicates that neither NP[2W] nor tNP treatment 
caused depletion of Ag-specific CD4 T cells. Importantly, the 

proportion and total number of 2W-specific Foxp3+CD4+ cells 
was significantly higher in the tNP-treated group compared to 
NP[2W] treatment alone (Figures 2D–F). This level of increase 
in Foxp3+ cells was specific to 2W:MHCII+CD4+ T cells, as it 
was not observed within the 2W:MHCII-negative population 
of CD4+ T  cells (Figures  2G,H). These results indicate that 
tNP treatment selectively increased Ag-specific endogenous 
Tregs. In contrast, there was no difference in the proportion 
of 2W-specific Foxp3+ T cells between the naive and NP[2W]-
treated animals. Another cohort of tNP-treated mice also had 
fewer IFNγ spot-forming units (SFUs) from draining lymph 
node cells than NP[2W]-treated animals 5 days after s.c. chal-
lenge with 2W and R848, a TLR7/8 agonist (Figure 2I). Neither 
NP[2W] nor tNP treatment induced Tbet, Gata3, IFNγ, or IL-4 
in 2W-specific CD4+ T cells after peptide restimulation in vivo 
(Figure S1 in Supplementary Material).

tnP Treatment increases ag-specific 
endogenous Foxp3+ Tregs That Withstand 
ag challenge in the Presence of a Tlr 
agonist or cFa
To assess the stability of Foxp3 expression on endogenous 
2W-specific CD4 T cells, mice were injected i.p. with 100μg 
of 2W peptide admixed with 20μg of R848, a potent TLR7/8 
agonist (Figure 3A). A single tNP treatment administered before 
challenge induced an increase in the total number of 2W-specific 
CD4+ T cells compared to PBS and single-component NP con-
trols (NP[2W] and NP[Rapa], Figure 3B). The average propor-
tion of 2W-specific Foxp3+CD4+ T cells within the 2W:MHCII+ 
population was higher in the tNP-treated (24%) and NP[2W]-
treated (14%) groups compared to PBS and NP[Rapa]-treated 
controls (6.6 and 3.3%, respectively) (Figure 3C). However, the 
total number of 2W-specific Foxp3+CD4+ T cells found after tNP 
treatment (3.2 × 103 cells) was at least ninefold higher compared 
to all other groups (0.34 × 103, 0.96 × 103, and 0.09 × 103 cells 
in PBS, NP[2W], and NP[Rapa] treated animals, respectively) 
(Figure 3D). These results suggest that the expression of Foxp3 
in Ag-specific endogenous CD4 T  cells after tNP treatment 
was increased compared to all single-component NP controls, 
even after Ag challenge in the presence of a potent TLR ago-
nist. Similar results were observed in a three treatment model 
followed by challenge with Ag in CFA (Figure  3E). The total 
number of 2W-specific CD4+ T  cells (3.23  ×  104) along with 
the proportion (21.5%) and total number of Foxp3+2W+CD4+ 
T cells (6.8 × 103) was higher in mice treated with tNP compared 
to all other single-component NP controls (Figures 3F–H). The 
increased proportion and total number of 2W-specific Foxp3+ 
T cells, compared to PBS controls, was only observed in mice 
that received tNP alone (Figures 2E,F) or tNP followed by Ag 
challenge (Figures  3G,H). Treatment with NP[2W] did not 
show an increase in the proportion or number of 2W-specific 
Foxp3+CD4+ T cells compared to PBS controls after challenge 
(Figures 3G,H). Neither one nor three NP[Rapa]-alone treat-
ments increased Ag-specific Treg numbers above PBS controls 
(Figures  3C,D,G,H). These results further underscore the 
Ag-specific and pro-tolerogenic nature of tNP treatment.
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FigUre 2 | Tolerogenic nanoparticles (tNPs) increase the total number and proportion of endogenous T cells expressing Foxp3+ in an antigen-specific fashion.  
(a) Splenocytes from five naive mice were pooled and assayed with 2W:Iab tetramers after MACS enrichment to identify 2W-specific CD4 T cells (2W+CD4+). Their 
expression of Foxp3 was quantified. (B) WT mice were treated with PBS, NP[2W] at a 4µg dose of 2W peptide, nanoparticles containing rapamycin alone 
(NP[Rapa]) at a 50µg dose of rapamycin, or tNP (NP[2W-Rapa]) at a 4µg dose of 2W peptide and 50µg dose of rapamycin on days 0, 7, and 14, and their spleens 
were assayed with 2W:Iab tetramers to identify 2W+CD4+ cells. (B) Dot plots of 2W:Iab-PE MACS-enriched splenocytes stained as live/dead−, CD11b−, CD11c−, 
B220−, CD4+. (c) # of 2W:Iab tetramer-positive cells from NP[2W] and tNP-treated groups. (D) Expression of Foxp3+ on 2W+CD4+ T cells. (e) % and  
(F) # of 2W+CD4+ cells that are Foxp3+. (g) Expression of Foxp3+ on 2W-CD4+ T cells. (h) % of 2W-CD4+ cells that are Foxp3+. (i) # of IFNγ spot-forming units 
(SFUs) from draining lymph nodes of mice treated and challenged 2W/R848 subcutaneously in (B). Error bars indicate SD. The results from (c–F) represent an 
N = 3 from one experiment of two representative experiments. The results from (a,B,g–i) represent an N = 3 from one experiment. Statistics are derived from a 
one-way ANOVA with Tukey Multiple Comparison test for (c,e,F). Significance: *p < 0.05; **p < 0.005; ***p < 0.0005.
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tnP Treatment confers Therapeutic 
efficacy in a relapsing remitting Model  
of experimental autoimmune 
encephalomyelitis (reae)
We next assessed the ability of tNPs to therapeutically treat disease 
in a model of rEAE. In this system, we generated tNPs containing 
myelin proteolipid protein peptide fragment 139–151 (PLP139) 

with rapamycin or NPs containing PLP139 alone (NP[PLP139]) 
for i.v. administration. Across all groups, 5 or 50µg of rapamycin 
and 0.5µg PLP139 were dosed alone or together as NP[PLP139], 
NP[Rapa], or tNP. SJL mice were immunized s.c. with PLP139 
emulsified in CFA followed by PTx i.p. to induce rEAE. In this 
model, animals start developing ascending paralysis from day 10 
after immunization. In the initial study, mice were administered 
two doses of NPs on the third day and tenth day after the onset 
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FigUre 4 | Tolerogenic nanoparticle (tNP) treatment confers therapeutic 
efficacy in a model of relapsing experimental autoimmune encephalomyelitis 
(rEAE). A therapeutic treatment model of rEAE in SJL mice. Mice were 
immunized on day 0 with PLP139/complete Freund’s adjuvant (CFA) and 
pertussis toxin, and their EAE score was monitored from day 7 to the end of 
the study. Mice were treated once, i.v., on day 14 with empty nanoparticles 
NP[Empty], nanoparticles containing rapamycin alone (NP[Rapa]) at 5 or 
50µg of rapamycin, NP[PLP139] at 0.5µg PLP139, or tNP at 0.5µg PLP139 and 
5 or 50µg of rapamycin. (a) PLP139 and rapamycin contained in tNPs 
synergize to suppress disease to a greater degree than nanoparticles 
containing PLP139 alone. (B) Table of statistical significance from (a). 
(c) tNPs reduce demyelination in the central nervous system compared to 
NP[Empty] and NP[Rapa]. N = 12 for (a). N = 6 for (c). Error bars indicate 
SEM. Statistics are derived from a one-way ANOVA with Tukey Multiple 
Comparison test. Significance: *p < 0.05; **p < 0.005; ***p < 0.0005; and 
****p < 0.0001.

FigUre 3 | Tolerogenic nanoparticle (tNP) treatment increases antigen-
specific endogenous Foxp3+ Tregs that withstand antigen challenge in the 
presence of a TLR agonist or complete Freund’s adjuvant (CFA). (a) WT mice 
were treated once i.v on day 0 with PBS, NP[2W] at a 5µg dose of 2W 
peptide, nanoparticles containing rapamycin alone (NP[Rapa]) at a 50µg dose 
of rapamycin and tNP at a 5µg dose of 2W peptide and 50µg dose of 
rapamycin. Mice were then challenged i.p. with 100µg 2W peptide and 20µg 
R848 on day 7, and spleens were assessed for 2W+CD4+ T cells on day 12. 
MACS-enriched 2W+ cells were Live/Dead Fixable Aqua−, B220−, CD11c−, 
CD11b−, CD4+, CD44+, 2W:Iab+ and then probed for Foxp3 expression. (B) 
Total numbers (#) of 2W+CD4+ T cells from the spleen. (c) % and (D) total # 
of 2W+CD4+ T cells that are Foxp3+. (e) WT mice were treated three times 
weekly, i.v. on days 0, 7, and 14 with PBS, NP[2W] at a 5µg dose of 2W 
peptide, NP[Rapa] at a 50µg dose of rapamycin, and tNP at a 5µg dose of 
2W peptide and 50µg dose of rapamycin. Mice were then challenged i.p. 
with 100µg 2W peptide admixed 1:1 with CFA on day 28, and spleens were 
assessed for 2W+CD4+ T cells on day 33. (F) total # of 2W+CD4+ cells from 
the spleen. (g) % and (h) total # of 2W+CD4+ cells that are Foxp3+. The 
results from (B–D) represent an N = 3 from one experiment. The results from 
(F–h) represent an N = 4 from one experiment.
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of clinical symptoms. Therapeutic treatment with tNP completely 
inhibited disease relapse (Figure S3 in Supplementary Material). 
Next, we evaluated whether a single dose of tNP, administered 
at the peak of disease, could reverse disease relapse. All animals 
showed a typical complete remission after the first flare of 
paralysis with most animals becoming symptomless by day 19. 
Untreated control animals relapsed 7–8 days after initial disease 
peak reaching an average EAE disease score of 2 and maintained 
sickness until the end of the experiment. Relapse was controlled 
by tNP treatment, as shown by significantly diminished EAE 
scores compared to all other groups (Figures 4A,B; p < 0.0001). 
The disease was suppressed by tNP for the entirety of the relaps-
ing period, while NP[PLP139] reduced the length of relapse and 
attenuated disease after day 35 (Figures  4A,B). NP[Rapa] did 
not affect disease relapse at rapamycin doses that matched those 
administered in the tNP groups. tNP treatment also significantly 
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FigUre 5 | Tolerogenic nanoparticles (tNP) induce prophylactic protection and transferrable tolerance in T cell transfer and direct immunization models of 
EAE. (a) Encephalitogenic cell transfer experimental design. Encephalitogenic cell donors were immunized on day −10, their splenocytes harvested on day −3 
and incubated with PLP139 for 72 h before transfer into recipients treated on days −21 and −14 with empty nanoparticle (NP[Empty]), nanoparticles containing 
rapamycin alone (NP[Rapa]) at a 50µg dose of rapamycin, or tNP at a 0.5µg dose of PLP139 peptide and 50µg dose of rapamycin. (B) EAE scores from  
(a). (c) Regulatory cell transfer experimental design. Donors were treated on days −25 and −18 with NP[Empty], NP[Rapa] at a 50µg dose of rapamycin, or 
tNP at a 0.5µg dose of PLP139 peptide and 50µg dose of rapamycin. Their splenocytes were harvested on day −4 and incubated with PLP139 and 100 U/ml of 
IL-2 for 72 h before transfer into naive recipients. (D) EAE scores from (c). The results from (B,D) represent an N = 12 from one experiment. Error bars 
indicate SEM. Statistics are derived from a one-way ANOVA with Tukey Multiple Comparison test. Significance: *p < 0.05; **p < 0.005; ***p < 0.0005; 
****p < 0.0001.
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reduced demyelination in the CNS compared to NP[Empty] and 
NP[Rapa] (Figure 4C; Figure S2 in Supplementary Material).

efficacy of tnP Treatment in an 
encephalitogenic T cell Transfer  
Model of eae
Encephalitogenic T  cells were transferred into recipient mice 
that had been previously treated with NPs to test whether disease 
pathogenesis could be contained by an endogenous regulatory 
response induced by tNPs in the recipient mice. Donor animals 
were immunized with PLP139/CFA on day −10, their spleens were 
harvested on day −3, and the splenocytes were restimulated ex 
vivo with PLP139 and transferred into recipient mice on day 0. The 
recipients were treated s.c. twice with NP[Empty], NP[Rapa], 
or tNP on days −14 and −21 prior to cell transfer (Figure 5A). 
Disease was completely abrogated by tNP prophylaxis, while 
the NP[Rapa] control had little effect (Figure 5B). These results 
indicate that treatment with tNPs containing both rapamycin and 
PLP139 induced a durable regulatory response capable of inhibiting 
pathogenesis mediated by the transferred encephalitogenic T cells.

tnP Treatment induces Transferrable 
Tolerance in a Model of eae
We next evaluated whether cells from tNP-treated animals could 
prevent disease in naive recipients immunized with PLP139/CFA. 

Donor mice were treated s.c. with NPs on days −25 and −18. 
On day −4, their splenocytes were harvested and incubated 
with PLP139 and IL-2 for 72 h, a protocol that has been shown 
to expand Tregs in vitro and used in clinical protocols for Treg 
immunotherapy of organ transplant and type 1 diabetes (25–28). 
On day 0, the cells were transferred into naive animals that were 
then immunized with PLP139/CFA (Figure  5C). Transferred 
splenocytes from tNP-treated mice significantly attenuated and 
delayed disease compared to splenocytes from both NP[Empty]- 
and NP[Rapa]-treated donors (Figure  5D). Disease was not 
suppressed by splenocytes transferred from NP[Rapa]-treated 
mice. These results indicate that tNP treatment induced a popula-
tion of regulatory cells capable of conferring protection to naive 
recipients.

DiscUssiOn

We previously demonstrated that administration of tNP after 
adoptive transfer of OTII T cells into wild-type mice was capable of 
inducing OTII Treg and inhibiting their expansion (16, 18). Here, 
we extend these findings by showing that a single injection of 
tNP in Rag−/− mice administered 1 day, but not 3 or 5 days, prior 
to OTII cell transfer into Rag−/− inhibits total Ag-specific T cell 
proliferation while expanding Ag-specific Tregs (Figures 1A–E). 
We further demonstrate that tNP treatment increases the propor-
tion and total number of endogenous 2W-specific Foxp3+CD4+ 
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T cells using 2W:MHCII tetramers in a multiple treatment model 
(Figures 2D–F), illustrating that tNPs provide a greater tolero-
genic stimulus for Foxp3 expression than NP[2W] alone, in vivo. 
This difference was not caused by rapamycin administration 
alone, as T cells not specific for 2W peptide (2W:MHCII-CD4+) 
did not increase their Foxp3 expression to the same degree as 
2W:MHCII+CD4+ T  cells (Figures  2G,H). Upon s.c. challenge 
with 2W peptide and R848, tNP-treated mice showed fewer IFNγ 
SFUs from draining LN cells than mice treated with NP[2W] 
alone or NP[Rapa] alone (Figure 2I). Single (Figures 3A–D) and 
triple (Figures 3E–H) treatment models show that tNP increased 
2W-specific Foxp3+CD4+ T cells after systemic challenge with 2W 
peptide co-administered with a potent TLR7/8 agonist or CFA 
compared to single-component NP controls. In additon, tNPs 
containing PLP139 and rapamycin prevent the pathological impact 
of encephalitogenic T cell transfer in a model of EAE (Figure 5B). 
tNPs show greater therapeutic benefit than NP[PLP139] in a rEAE 
model (Figure  4A), while NP[Rapa] alone did not suppress 
EAE or demyelination at rapamycin doses equal to those in the 
tNP-treated groups (Figures 4A–C). Finally, EAE was suppressed 
by adoptive transfer of splenocytes from tNP-treated, but not 
NP[Rapa]-treated donors (Figure  5D). Together, these results 
indicate that tNP encapsulating rapamycin with Ag promotes 
Ag-specific Tregs that persist after Ag challenge in the presence 
of TLR agonists or CFA. Regulatory cells within the splenic milieu 
are induced by tNP and capable of transferring tolerance to naive 
recipients.

The macrolide compound rapamycin is a known inhibitor of 
mTOR. Previous work has shown the necessity of mTOR signal-
ing to promote T cell expansion (29), differentiation (30), and 
resistance to anergy (31). The mTOR pathway drives anabolism 
when activated (32) and autophagy when blocked (33) while 
continually sensing nutrient levels and stress to confer specific 
control of those metabolic processes. Pharmacological inhibi-
tion of mTOR by chronic dosing with free rapamycin is used 
to prevent kidney transplant rejection (34). We previously 
demonstrated that only NP-encapsulated rapamycin, not free 
rapamycin, is capable of inducing immune tolerance when 
co-administered with Ag (16). Indeed, while a single dose of 
tNP containing rapamycin  +  OVA323 peptide inhibited OTII 
cell expansion, and enhanced the percentage of induced Foxp3+ 
T  cells, free rapamycin co-administered with OVA323 peptide 
had the opposite effect, namely enhancing expansion of OTII 
T  cells and reducing the proportion of Foxp3+ cells (18). We 
attribute these findings to tNPs being selectively taken up by 
APCs in the spleen following i.v. injection, whereas free rapamy-
cin will biodistribute broadly and affect all cell types, including 
T cells (18).

Antigen-specific therapies for autoimmune diseases would 
reduce or eliminate the need for chronic immunosuppressant 
therapy (35). Ex vivo expansion of Tregs has been a significant 
clinical focus to treat autoimmune diseases (36–38); however, 
current techniques broadly expand polyclonal Tregs, not just 
Ag-specific cells, require personalized therapies that involve 
costly and complex manufacturing processes and carry the 
risk of expanding “unstable” Tregs that lose their regulatory 
function and can exacerbate disease. “Off the shelf ” approaches 

include strategies to induce tolerogenic DC subsets in  vivo, 
which can induce and expand Ag-specific Tregs (13, 39–42). 
Free peptide Ags may directly bind cell surface MHCII without 
processing and promote T cell anergy by presenting Ag in the 
absence of a co-stimulatory signal. Ag can also be targeted 
directly to APCs through antibody fusion proteins, such as 
anti-DEC205-PLP139 (43), or indirectly by targeting apoptotic 
red blood cells (44).

Synthetic NPs are an attractive strategy to target DCs and 
other APCs as these cells are very efficacious at capturing 
nanoparticulates. NPs have been shown to selectively traffic and 
accumulate in lymphoid tissues, such as lymph nodes following 
s.c. injection and the spleen and liver following i.v. injection, 
where they are selectively endocytosed by Ag-presenting cells 
(18, 45, 46).

Nanoparticles carrying peptides in the absence of an 
immunomodulator have been shown to be protective in EAE 
(47, 48) by targeting MARCO+ macrophages or liver sinu-
soidal cells. A potential concern is that endocytosis of NPs 
containing Ag alone by activated APCs in an inflammatory 
microenvironment could present the Ag in a stimulatory 
context and inadvertently exacerbate disease. Moreover, this 
approach is limited to peptide Ags, as protein Ags encapsu-
lated in particles are likely to be immunogenic. In our hands, 
NPs encapsulating peptide alone showed efficacy in EAE, but 
the protection was incomplete compared to tNP containing 
both rapamycin and peptide Ag (Figure 4A). Differences in 
NP size and surface properties may target different popula-
tions of cells (49).

Nanoparticles can be engineered to carry an immunomodu-
lator payload that forces DCs to present Ag in a tolerogenic 
manner, even in a pro-inflammatory environment. Importantly, 
tNP containing Ag and rapamycin induced Treg populations that 
were maintained even after Ag challenge administered with a 
potent TLR agonist (Figures 3C,D). Moreover, tNPs were equally 
effective with both peptide and protein Ag to prevent antibody 
responses and have shown therapeutic efficacy in EAE following 
s.c. or i.v. administration [Figure  4 (18)]. Therapeutic efficacy 
has also been shown in EAE with polyclonal expansion of Tregs 
from spleen and CNS after intranodal injection of microparticles 
encapsulating peptide and rapamycin (20). In addition to rapa-
mycin, NPs delivering Ag with other immunomodulators, such as 
aryl hydrocarbon receptor ligands (50) and NFκB inhibitors (51), 
have also been shown to be effective in treating animal models of 
autoimmune disease.

While many promising preclinical approaches for Ag-specific 
immune tolerance have been described, few have reached clinical 
trials, and even fewer have shown evidence of efficacy in humans. 
There are several fundamental challenges in translating data from 
mice to humans; (1) selection of the appropriate Ag, (2) human 
genetic variation, and (3) achieving therapeutic efficacy in a well-
established disease. Ag selection is simple in contrived animal 
models such as EAE where disease is induced by immunization 
with a specific Ag. In some diseases, candidate Ags have been 
identified; however, the specific pathogenic Ags may vary from 
patient to patient and evolve through epitope spreading. Peptide-
specific approaches are relatively straightforward using inbred 
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strains of mice. However, MHC heterogeneity in humans poses a 
challenge to create a manageable set of peptides providing cover-
age for all major Ags for all patients. Finally, it is difficult to assess 
efficacy of therapeutic candidates in well-established disease in 
mice due to their short lifespan and the limitations of available 
models. Clinical trials with a cocktail of free peptide Ags (52) or 
peptides conjugated to autologous leukocytes (53) have reported 
initial biomarker evidence for Ag-specific immune modulation. 
Further studies are required to determine the level of efficacy and 
durability of therapy.

To mitigate some of the difficulties in establishing and evalu-
ating immune tolerance induction in humans, we have chosen 
to focus initially on mitigation of antidrug antibodies (ADAs)  
to biologic therapies. The advantages from a drug development 
stand point are the elimination of Ag risk, as the Ag is the bio-
logic drug, the ability to first assess tolerance in a prophylactic 
treatment setting and clear biomarker readout (i.e., ADAs). We 
have demonstrated the ability of NPs encapsulating rapamycin 
to inhibit the formation of ADAs against a variety of biologic 
drugs in preclinical studies, including coagulation factor VIII 
in hemophilia A mice (19), myozyme (or acid alpha glucosi-
dase) in a murine model of Pompe disease (17), humira in a 
spontaneous model of inflammatory arthritis, and pegylated 
uricase enzyme in both Urox-deficient mice and non-human 
primates (16). The safety and efficacy of SEL-212, a combination 
of NP-encapsulated rapamycin co-administered with pegylated 
uricase, is currently being evaluated in an ongoing multidose 
Phase 2 clinical study in symptomatic gout patients with hyper-
uricemia (NCT02959918). Initial data from the single ascending 
dose Phase I clinical trial of SEL-212 (NCT02648269) showed 
dose-dependent inhibition of anti-uricase antibodies with a 
corresponding sustained reduction of serum uric acid (54).  
The ongoing Phase 2 study will assess the ability of tNPs to 
induce immune tolerance in patients.

eThics sTaTeMenT

Experiments involving animals were performed in compliance 
with state and federal regulations and approved by the Institutional 
Animal Care and Use Committee (IACUC) of Selecta Biosciences 
or Hooke Laboratories.

aUThOr cOnTriBUTiOns

RL, RM, JF, and TK designed and executed the experiments. RM 
and TK reviewed and edited the manuscript. TV and TG formu-
lated the nanoparticles. VC, PD, AS, and SA analyzed the small 
molecule and peptide content of the nanoparticles. RL performed 
OTII and 2W cell analysis assays. PK and JW performed IFNγ 
ELISpots. Hooke Laboratories performed the rEAE experiments. 
RL wrote the manuscript.

acKnOWleDgMenTs

We thank the NIH Tetramer Core Facility (NTCF) for provid-
ing 2W1S:Iab-PE and APC tagged tetramers and Noah Tubo for 
his guidance with their implementation. Raymond Smith and 
Thomas Leland contributed to this work by performing peptide 
and small molecule analysis of tNPs. Selecta Biosciences is a 
publically traded company (NASDAQ: SELB) and is supported 
by the US National Institutes of Health and US National Institute 
on Drug Abuse Small Business Innovation Research Program 
(11794282, RC3DA029484).

sUPPleMenTarY MaTerial

The Supplementary Material for this article can be found online at 
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00281/
full#supplementary-material.

reFerences

1. Malhotra D, Linehan JL, Dileepan T, Lee YJ, Purtha WE, Lu JV, et al. Tolerance 
is established in polyclonal CD4+ T cells by distinct mechanisms, according 
to self-peptide expression patterns. Nat Immunol (2016) 17(2):187–95. 
doi:10.1038/ni.3327 

2. Mueller DL. Mechanisms maintaining peripheral tolerance. Nat Immunol 
(2010) 11(1):21–7. doi:10.1038/ni.1817 

3. Van Der Vliet HJJ, Nieuwenhuis EE. IPEX as a result of mutations in FOXP3. 
Clin Dev Immunol (2007) 2007:3–7. doi:10.1155/2007/89017 

4. Rioux JD, Abbas AK. Paths to understanding the genetic basis of autoimmune 
disease. Nature (2005) 435(7042):584–9. doi:10.1038/nature03723 

5. Rosenblum MD, Remedios KA, Abbas AK. Mechanisms of human autoimmu-
nity. J Clin Invest (2015) 125(6):2228–33. doi:10.1172/JCI78088 

6. Dendrou CA, Fugger L, Friese MA. Immunopathology of multiple sclerosis. 
Nat Rev Immunol (2015) 15:545–58. doi:10.1038/nri3871 

7. Comi G, Radaelli M, Soelberg SP. Evolving concepts in the treatment of 
relapsing multiple sclerosis. Lancet (2017) 389(10076):1347–56. doi:10.1016/
S0140-6736(16)32388-1 

8. Torkildsen O, Myhr KM, Bø L. Disease-modifying treatments for multiple 
sclerosis – a review of approved medications. Eur J Neurol (2016) 23:18–27. 
doi:10.1111/ene.12883 

9. Lewis KL, Reizis B. Dendritic cells: arbiters of immunity and immunological 
tolerance. Cold Spring Harb Perspect Biol (2012) 4(8):a007401. doi:10.1101/
cshperspect.a007401 

10. Joffre O, Nolte MA, Spörri R, Sousa CRE. Inflammatory signals in dendritic 
cell activation and the induction of adaptive immunity. Immunol Rev (2009) 
227(1):234–47. doi:10.1111/j.1600-065X.2008.00718.x 

11. Pasquale A, Preiss S, Silva F, Garçon N. Vaccine adjuvants: from 1920 to 2015 
and beyond. Vaccines (Basel) (2015) 3(2):320–43. doi:10.3390/vaccines3020320 

12. Keijzer C, Van der Zee R, Van Eden W, Broere F. Treg inducing adjuvants 
for therapeutic vaccination against chronic inflammatory diseases. Front 
Immunol (2013) 20(4):245. doi:10.3389/fimmu.2013.00245 

13. Maldonado RA, von Andrian UH. How tolerogenic dendritic cells induce 
regulatory T  cells. Adv Immunol (2010) 108:111–65. doi:10.1016/B978-0- 
12-380995-7.00004-5 

14. Stallone G, Infante B, Di Lorenzo A, Rascio F, Zaza G, Grandaliano G. mTOR 
inhibitors effects on regulatory T  cells and on dendritic cells. J Transl Med 
(2016) 14(1):152. doi:10.1186/s12967-016-0916-7 

15. Turnquist HR, Raimondi G, Zahorchak AF, Fischer RT, Wang Z,  
Thomson AW. Rapamycin-conditioned dendritic cells are poor stimulators 
of allogeneic CD4+ T cells, but enrich for antigen-specific Foxp3+ T regu-
latory cells and promote organ transplant tolerance. J Immunol (2007) 
178(11):7018–31. doi:10.4049/jimmunol.178.11.7018 

16. Kishimoto TK, Ferrari JD, LaMothe RA, Kolte PN, Griset AP, O’Neil C, 
et  al. Improving the efficacy and safety of biologic drugs with tolerogenic 
nanoparticles. Nat Nanotechnol (2016) 11(10):890–9. doi:10.1038/nnano. 
2016.135 

17. Lim HH, Yi H, Kishimoto TK, Gao F, Sun B, Kishnani PS. A pilot study on 
using rapamycin-carrying synthetic vaccine particles (SVP) in conjunction 

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00281/full#supplementary-material
http://www.frontiersin.org/articles/10.3389/fimmu.2018.00281/full#supplementary-material
https://doi.org/10.1038/ni.3327
https://doi.org/10.1038/ni.1817
https://doi.org/10.1155/2007/89017
https://doi.org/10.1038/nature03723
https://doi.org/10.1172/JCI78088
https://doi.org/10.1038/nri3871
https://doi.org/10.1016/S0140-6736(16)32388-1
https://doi.org/10.1016/S0140-6736(16)32388-1
https://doi.org/10.1111/ene.12883
https://doi.org/10.1101/cshperspect.a007401
https://doi.org/10.1101/cshperspect.a007401
https://doi.org/10.1111/j.1600-065X.2008.00718.x
https://doi.org/10.3390/vaccines3020320
https://doi.org/10.3389/fimmu.2013.00245
https://doi.org/10.1016/B978-0-12-380995-7.00004-5
https://doi.org/10.1016/B978-0-12-380995-7.00004-5
https://doi.org/10.1186/s12967-016-0916-7
https://doi.org/10.4049/jimmunol.178.11.7018
https://doi.org/10.1038/nnano.
2016.135
https://doi.org/10.1038/nnano.
2016.135


10

LaMothe et al. Tolerogenic Nanoparticles Induce Transferable Tolerance

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 281

with enzyme replacement therapy to induce immune tolerance in Pompe 
disease. Mol Genet Metab Rep (2017) 13:18–22. doi:10.1016/j.ymgmr. 
2017.03.005 

18. Maldonado RA, LaMothe RA, Ferrari JD, Zhang A-H, Rossi RJ, Kolte PN, 
et al. Polymeric synthetic nanoparticles for the induction of antigen-specific 
immunological tolerance. Proc Natl Acad Sci U S A (2015) 112(2):E156–65. 
doi:10.1073/pnas.1408686111 

19. Zhang A-H, Rossi RJ, Yoon J, Wang H, Scott DW. Tolerogenic nanoparticles 
to induce immunologic tolerance: prevention and reversal of FVIII inhibitor 
formation. Cell Immunol (2016) 301:74–81. doi:10.1016/j.cellimm.2015. 
11.004 

20. Tostanoski LH, Chiu YC, Gammon JM, Simon T, Andorko JI, Bromberg JS, 
et  al. Reprogramming the local lymph node microenvironment promotes 
tolerance that is systemic and antigen specific. Cell Rep (2016) 16(11):2940–52. 
doi:10.1016/j.celrep.2016.08.033 

21. Moon JJ, Chu HH, Hataye J, Pagan AJ, Pepper M, McLachlan JB, et  al. 
Tracking epitope-specific T cells. Nat Protoc (2009) 4(4):565–81. doi:10.1038/
nprot.2009.9 

22. Nelson RW, Beisang D, Tubo NJ, Dileepan T, Wiesner DL, Nielsen K, et al. 
T  cell receptor cross-reactivity between similar foreign and self peptides 
influences naive cell population size and autoimmunity. Immunity (2015) 
42(1):95–107. doi:10.1016/j.immuni.2014.12.022 

23. Pepper M, Pagán AJ, Igyártó BZ, Taylor JJ, Jenkins MK. Opposing signals 
from the Bcl6 transcription factor and the interleukin-2 receptor generate T 
helper 1 central and effector memory cells. Immunity (2011) 35(4):583–95. 
doi:10.1016/j.immuni.2011.09.009 

24. Rowe JH, Ertelt JM, Xin L, Way SS. Pregnancy imprints regulatory memory 
that sustains anergy to fetal antigen. Nature (2012) 490(7418):102–6. 
doi:10.1038/nature11462 

25. Boyman O, Sprent J. The role of interleukin-2 during homeostasis and 
activation of the immune system. Nat Rev Immunol (2012) 12(3):180–90. 
doi:10.1038/nri3156 

26. Dawson NAJ, Vent-Schmidt J, Levings MK. Engineered tolerance: tailoring 
development, function, and antigen-specificity of regulatory T  cells. Front 
Immunol (2017) 8:1460. doi:10.3389/fimmu.2017.01460 

27. Golshayan D, Jiang S, Tsang J, Garin MI, Mottet C, Lechler RI. In vitro- 
expanded donor alloantigen-specific CD4+CD25+ regulatory T  cells pro-
mote experimental transplantation tolerance. Blood (2007) 109(2):827–35. 
doi:10.1182/blood-2006-05-025460 

28. Nishimura E, Sakihama T, Setoguchi R, Tanaka K, Sakaguchi S. Induction 
of antigen-specific immunologic tolerance by in  vivo and in  vitro antigen- 
specific expansion of naturally arising Foxp3+ CD25+ CD4+ regulatory 
T cells. Int Immunol (2004) 16(8):1189–201. doi:10.1093/intimm/dxh122 

29. Powell JD, Lerner CG, Schwartz RH. Inhibition of cell cycle progression by 
rapamycin induces T cell clonal anergy even in the presence of costimulation. 
J Immunol (1999) 162(5):2775–84. 

30. Ray JP, Staron MM, Shyer JA, Ho PC, Marshall HD, Gray SM, et  al. The 
interleukin-2-mTORc1 kinase axis defines the signaling, differentiation, and 
metabolism of T helper 1 and follicular B helper T  cells. Immunity (2015) 
43(4):690–702. doi:10.1016/j.immuni.2015.08.017 

31. Zheng Y, Collins SL, Lutz MA, Allen AN, Kole TP, Zarek PE, et al. A role for 
mammalian target of rapamycin in regulating T cell activation versus anergy. 
J Immunol (2007) 178:2163–70. doi:10.4049/jimmunol.178.4.2163 

32. Noda T, Ohsumi Y. Tor, a phosphatidylinositol kinase homologue, controls 
autophagy in yeast. J Biol Chem (1998) 273(7):3963–6. doi:10.1074/jbc. 
273.7.3963 

33. Dunlop EA, Tee AR. mTOR and autophagy: a dynamic relationship governed 
by nutrients and energy. Semin Cell Dev Biol (2014) 36:121–9. doi:10.1016/j.
semcdb.2014.08.006 

34. Morath C, Arns W, Schwenger V, Mehrabi A, Fonouni H, Schmidt J, 
et  al. Sirolimus in renal transplantation. Nephrol Dial Transplant (2007) 
22(Suppl8):61–5. doi:10.1093/ndt/gfm652 

35. Stucker F, Ackermann D. Immunsuppressiva – wirkungen, nebenwirkungen 
und interaktionen. Therapeutische Umschau (2011) 68(12):679–86. doi:10.1024/ 
0040-5930/a000230 

36. Bluestone JA, Tang Q, Sedwick CE. T  regulatory cells in autoimmune dia-
betes: past challenges, future prospects. J Clin Immunol (2008) 28(6):677. 
doi:10.1007/s10875-008-9242-z 

37. Okubo Y, Mera T, Wang L, Faustman DL. Homogeneous expansion of human 
T-regulatory cells via tumor necrosis factor receptor. Sci Rep (2013) 2(3):3153. 
doi:10.1038/srep03153 

38. Trzonkowski P, Szaryńska M, Myśliwska J, Myśliwski A. Ex vivo expansion of 
CD4+CD25+ T regulatory cells for immunosuppressive therapy. Cytometry 
A (2009) 75A(3):175–88. doi:10.1002/cyto.a.20659 

39. Macedo C, Turquist H, Metes D, Thomson AW. Immunoregulatory proper-
ties of rapamycin-conditioned monocyte-derived dendritic cells and their 
role in transplantation. Transplant Res (2012) 1(1):16. doi:10.1186/2047- 
1440-1-16 

40. Manicassamy S, Pulendran B. Dendritic cell control of tolerogenic responses. 
Immunol Rev (2011) 241(1):206–27. doi:10.1111/j.1600-065X.2011.01015.x 

41. Steinman RM, Hawiger D, Nussenzweig MC. Tolerogenic dendritic cells. 
Annu Rev Immunol (2003) 21(1):685–711. doi:10.1146/annurev.immunol. 
21.120601.141040 

42. Thomson AW. Tolerogenic dendritic cells: all present and correct? Am 
J Transplant (2010) 10(2):214–9. doi:10.1111/j.1600-6143.2009.02955.x 

43. Stern JNH, Keskin DB, Kato Z, Waldner H, Schallenberg S, Anderson A, et al. 
Promoting tolerance to proteolipid protein-induced experimental autoim-
mune encephalomyelitis through targeting dendritic cells. Proc Natl Acad Sci 
U S A (2010) 107(40):17280–5. doi:10.1073/pnas.1010263107 

44. Kontos S, Kourtis IC, Dane KY, Hubbell JA. Engineering antigens for in situ 
erythrocyte binding induces T-cell deletion. Proc Natl Acad Sci U S A (2013) 
110(1):E60–8. doi:10.1073/pnas.1216353110 

45. Bachmann MF, Jennings GT. Vaccine delivery: a matter of size, geometry, 
kinetics and molecular patterns. Nat Rev Immunol (2010) 10(11):787–96. 
doi:10.1038/nri2868 

46. Irvine DJ, Swartz MA, Szeto GL. Engineering synthetic vaccines using cues 
from natural immunity. Nat Mater (2013) 12(11):978–90. doi:10.1038/
nmat3775 

47. Carambia A, Freund B, Schwinge D, Bruns OT, Salmen SC, Ittrich H, et al. 
Nanoparticle-based autoantigen delivery to Treg-inducing liver sinusoidal 
endothelial cells enables control of autoimmunity in mice. J Hepatol (2015) 
62(6):1349–56. doi:10.1016/j.jhep.2015.01.006 

48. Getts DR, Terry RL, Getts MT, Deffrasnes C, Müller M, van Vreden C, 
et  al. Therapeutic inflammatory monocyte modulation using immune- 
modifying microparticles. Sci Transl Med (2014) 6(219):219ra7. doi:10.1126/
scitranslmed.3007563 

49. Yap WT, Getts MT, Pleiss M, Luo X. Microparticles bearing encephalitogenic 
peptides induce T-cell tolerance and ameliorate experimental autoimmune 
encephalomyelitis. Nat Biotechnol (2013) 30(12):1217–24. doi:10.1038/
nbt.2434 

50. Yeste A, Nadeau M, Burns EJ, Weiner HL, Quintana FJ. Nanoparticle-mediated 
codelivery of myelin antigen and a tolerogenic small molecule suppresses 
experimental autoimmune encephalomyelitis. Proc Natl Acad Sci U S A (2012) 
109(28):11270–5. doi:10.1073/pnas.1120611109 

51. Steptoe T, Sullivan BO, Davies N, Mutalik RS, Mcnally A, Street S, et  al. 
Inflammatory arthritis using liposomes antigen-specific suppression of 
antigen-specific suppression of inflammatory arthritis using liposomes 1. 
J Immunol (2009) 182:3556–65. doi:10.4049/jimmunol.0802972 

52. Streeter HB, Rigden R, Martin KF, Scolding NJ, Wraith DC. Preclinical 
development and first-in-human study of ATX-MS-1467 for immunotherapy 
of MS. Neurol Neuroimmunol Neuroinflamm (2015) 2(3):e93. doi:10.1212/
NXI.0000000000000093 

53. Lutterotti A, Yousef S, Sputtek A, Stürner KH, Stellmann J-P, Breiden P, et al. 
Antigen-specific tolerance by autologous myelin peptide-coupled cells: a 
phase 1 trial in multiple sclerosis. Sci Transl Med (2013) 5(188):ra75–188. 
doi:10.1126/scitranslmed.3006168 

54. Sands E, Kivitz A, Johnston L, Kishimoto TK. THU0422 SEL-212: enhanced 
serum uric acid control in hyperuricemic patients through selective  
mitigation of anti-drug antibodies against pegsiticase. Ann Rheum Dis (2017) 76 
(Suppl 2):367. doi:10.1136/annrheumdis-2017-eular.3548 

Conflict of Interest Statement: All authors are current or former employees and/
or shareholders of Selecta Biosciences.

The reviewer AM and handling editor declared their shared affiliation.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
https://doi.org/10.1016/j.ymgmr.
2017.03.005
https://doi.org/10.1016/j.ymgmr.
2017.03.005
https://doi.org/10.1073/pnas.1408686111
https://doi.org/10.1016/j.cellimm.2015.
11.004
https://doi.org/10.1016/j.cellimm.2015.
11.004
https://doi.org/10.1016/j.celrep.2016.08.033
https://doi.org/10.1038/nprot.2009.9
https://doi.org/10.1038/nprot.2009.9
https://doi.org/10.1016/j.immuni.2014.12.022
https://doi.org/10.1016/j.immuni.2011.09.009
https://doi.org/10.1038/nature11462
https://doi.org/10.1038/nri3156
https://doi.org/10.3389/fimmu.2017.01460
https://doi.org/10.1182/blood-2006-05-025460
https://doi.org/10.1093/intimm/dxh122
https://doi.org/10.1016/j.immuni.2015.08.017
https://doi.org/10.4049/jimmunol.178.4.2163
https://doi.org/10.1074/jbc.273.7.3963
https://doi.org/10.1074/jbc.273.7.3963
https://doi.org/10.1016/j.semcdb.2014.08.006
https://doi.org/10.1016/j.semcdb.2014.08.006
https://doi.org/10.1093/ndt/gfm652
https://doi.org/10.1024/0040-5930/a000230
https://doi.org/10.1024/0040-5930/a000230
https://doi.org/10.1007/s10875-008-9242-z
https://doi.org/10.1038/srep03153
https://doi.org/10.1002/cyto.a.20659
https://doi.org/10.1186/2047-
1440-1-16
https://doi.org/10.1186/2047-
1440-1-16
https://doi.org/10.1111/j.1600-065X.2011.01015.x
https://doi.org/10.1146/annurev.immunol.21.120601.141040
https://doi.org/10.1146/annurev.immunol.21.120601.141040
https://doi.org/10.1111/j.1600-6143.2009.02955.x
https://doi.org/10.1073/pnas.1010263107
https://doi.org/10.1073/pnas.1216353110
https://doi.org/10.1038/nri2868
https://doi.org/10.1038/nmat3775
https://doi.org/10.1038/nmat3775
https://doi.org/10.1016/j.jhep.2015.01.006
https://doi.org/10.1126/scitranslmed.3007563
https://doi.org/10.1126/scitranslmed.3007563
https://doi.org/10.1038/nbt.2434
https://doi.org/10.1038/nbt.2434
https://doi.org/10.1073/pnas.1120611109
https://doi.org/10.4049/jimmunol.0802972
https://doi.org/10.1212/NXI.0000000000000093
https://doi.org/10.1212/NXI.0000000000000093
https://doi.org/10.1126/scitranslmed.3006168
https://doi.org/10.1136/annrheumdis-2017-eular.3548


11

LaMothe et al. Tolerogenic Nanoparticles Induce Transferable Tolerance

Frontiers in Immunology | www.frontiersin.org March 2018 | Volume 9 | Article 281

Copyright © 2018 LaMothe, Kolte, Vo, Ferrari, Gelsinger, Wong, Chan, Ahmed, 
Srinivasan, Deitemeyer, Maldonado and Kishimoto. This is an open-access 
article distributed under the terms of the Creative Commons Attribution License 
(CC BY). The use, distribution or reproduction in other forums is permitted, 

provided the original author(s) and the copyright owner are credited and that 
the original publication in this journal is cited, in accordance with accepted 
academic practice. No use, distribution or reproduction is permitted which does 
not comply with these terms.

http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Tolerogenic Nanoparticles Induce Antigen-Specific Regulatory T Cells and Provide Therapeutic Efficacy and Transferrable Tolerance against Experimental Autoimmune Encephalomyelitis
	Introduction
	Materials and Methods
	Mouse Models
	Nanoparticles (NPs)
	EAE Models
	Immunizations and Treatments
	Endogenous 2W1S:IAb + T Cell Enrichment
	Flow Cytometry
	IFNγ ELISpot

	Results
	tNPs Inhibit the Proliferation of Ag-Specific Effector CD4+ T Cells
	tNPs Increase the Total Number and Proportion of Endogenous T Cells Expressing Foxp3 in an Ag-Specific Fashion
	tNP Treatment Increases Ag-Specific Endogenous Foxp3+ Tregs That Withstand Ag Challenge in the Presence of a TLR Agonist or CFA
	tNP Treatment Confers Therapeutic Efficacy in a Relapsing Remitting Model 
of Experimental Autoimmune Encephalomyelitis (rEAE)
	Efficacy of tNP Treatment in an Encephalitogenic T Cell Transfer 
Model of EAE
	tNP Treatment Induces Transferrable Tolerance in a Model of EAE

	Discussion
	Ethics Statement
	Author Contributions
	Acknowledgments
	Supplementary Material
	References


