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Autoimmune diseases, such as multiple sclerosis, psoriasis, rheuma-
toid arthritis and type 1 diabetes, are the third ranked cause of human 
morbidity and mortality in the United States1. In these disorders,  
a failure in immune regulation results in T cell–mediated destruction 
of self tissues. The pathologic role of T cells in driving autoimmune 
diseases has resulted in numerous therapies aimed at inactivating  
T cells. The induction of long-term, durable antigen-specific T-cell 
tolerance is the ideal therapy, but published ‘tolerance-inducing’ 
strategies such as T cell epitope–specific peptides, T cell–specific  
antibodies or co-stimulation blockade2–4 have not faired well clini-
cally5–8. Each failure was caused by issues associated specifically with 
the particular target and agent; however, many also involved concerns 
about safety and marginal efficacy. For example, cytokine release  
syndrome has been a common issue with the use of monoclonal  
antibody–based treatments, whereas soluble peptide infusion has 
induced anaphylactic responses in mouse models9.

We previously reported that intravenous administration of soluble 
peptides crosslinked to syngeneic splenic leukocytes using ethylene 
carbodiimide (ECDI) safely and efficiently induces antigen-specific 
immune tolerance, is effective in the prevention and treatment of  
T helper type 1 (TH1) cell– and/or TH17 cell–mediated autoimmune 
diseases and overcomes many of the drawbacks of the failed trials 
involving monoclonal antibodies and soluble peptides10–12. This strat-
egy has recently been proven safe in a phase 1 clinical trial in patients 

with multiple sclerosis (S.D.M., unpublished data). However, the chal-
lenge of isolating isologous leukocytes and peptide coupling under 
good manufacturing practices (GMP) may inhibit clinical application 
of this therapy. The mechanism underpinning the beneficial effect 
of this strategy involves the delivery of an antigen in the context of 
apoptotic carrier cells11,12. Therefore, we sought to achieve similar 
results using inert microparticles (500-nm diameter) instead of apop-
totic cells. Microparticles do not have the stability, manufacturing,  
storage and other issues that complicate clinical translation of apoptotic 
cell–based therapies. A number of microparticle-based approaches 
designed to delay the release of small-molecule therapeutics have 
recently been approved by the US Food and Drug Administration13. 
Microparticles have also been used as adjuvants14.

Here we show that microparticles coupled to encephalitogenic 
myelin epitopes prevent and treat the clinical symptoms of experi-
mental autoimmune encephalomyelitis (EAE), a mouse model 
of multiple sclerosis. This treatment reduces inflammatory cell 
infiltration into and damage of the central nervous system (CNS). 
The beneficial effect of the microparticles requires the scavenger 
receptor MARCO, as mice deficient in MARCO are resistant to tol-
erance induced by antigen-linked microparticles but not by soluble 
peptide or antigen-coupled apoptotic cells. Furthermore, tolerance  
induced by peptide-coupled microparticles depends on both the 
induction of T-cell anergy and the activity of regulatory T (Treg) cells.  
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Collectively, this work demonstrates that antigen-linked micro
particles might represent an alternative way to treat T cell–based 
autoimmune disorders by inducing T-cell tolerance.

RESULTS
Antigen-linked polystyrene beads prevent and treat EAE
The removal of apoptotic debris normally occurs without immune acti-
vation15. We have previously shown that intravenously (i.v.) adminis-
tered apoptotic cells localize to the splenic marginal zone, where they 
mediate changes in scavenger receptor expression and upregulate 
interleukin-10 (IL-10) production12. Antigen-coupled apoptotic cell 
tolerance requires upregulation IL-10 production by macrophages, 
induction of Treg cells and co-inhibition of T cells through the CTLA-
4 and PD-1 pathways12,16–18. It is therefore crucial to identify a particle 
carrier that localizes to similar areas of the spleen and does not trig-
ger immune activation pathways. We postulated that peptide-coupled 
syngeneic splenic leukocytes (antigen-splenocyte, Ag-SP) could be 
replaced by inert microparticles covalently linked with antigen.

We thus tested the ability of carboxylated 500-nm polystyrene 
beads (PSB) coupled with the immunodominant myelin proteolipid 
protein PLP139–151 epitope (PLP139–151-PSB) to induce tolerance for 
the prevention and treatment of relapsing-remitting EAE (R-EAE).  
In this mouse model of relapsing-remitting multiple sclerosis, SJL/J 
mice are injected with PLP139–151 in adjuvant initiating an autoreac-
tive PLP-specific CD4+ T-cell response leading to the primary disease 
phase characterized by hindlimb paralysis. Mice then spontaneously 
remit from acute disease, although the tissue damage resulting from 
the primary response promotes the activation of T cells targeting a 
second PLP epitope, PLP178–191. This phenomenon is termed ‘epitope 
spreading’ and subsequently causes a second round (relapse) of hind-
limb paralysis. In the same way, if mice are initially injected with 
PLP178–191 (the subdominant epitope), PLP139–151 will function as 
the spread epitope. Injection of PLP139–151-SP or PLP139–151-PSB, but 
not PSB coupled with an irrelevant ovalbumin peptide (OVA323–339),  
7 d before the initiation of disease protected the mice from disease 
(Fig. 1a). Treatment with PLP139–151-PSB at the first sign of symptoms 
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Figure 1  Antigen-coupled polystyrene microparticles are effective for inducing  
tolerance for the prevention and treatment of EAE. (a) Mean clinical score of  
SJL/J mice injected i.v. with 500-nm carboxylated PSB coupled to PLP139–151  
(PLP139-PSB) or OVA323–339 (OVA323-PSB) 7 d before initiation of EAE by s.c.  
immunization with PLP139–151 plus CFA. A separate group was tolerized with  
PLP139–151-SP (PLP139-SP). No Rx, no treatment. (b,c) Mean clinical score  
of mice that received PLP139–151-PSB, OVA323-339-PSB or unconjugated PSB  
at the onset of hindlimb paralysis (11 d after priming); disease symptoms were  
scored for a total of 35 and 66 d, respectively. (d) Mean clinical score of mice  
injected i.v. with 500-nm carboxylated PSB coupled to PLP139–151, OVA323–339  
or nothing 7 d before induction of EAE with PLP178–191. (e,f) Ear swelling, as a measure of DTH, 24 h after ear challenge with the priming PLP139–151 epitope 
(e) or the PLP178–191 spread epitope (f) at 36 d after priming in selected representative mice from the PLP139–151 plus CFA (PLP139+CFA)-primed groups 
in a (OVA323–339-PSB, PLP139–151-PSB and no particles). Additional mice included in this analysis received doses of PSB i.v. but were not primed for EAE. 
Responses to a control OVA323–339 peptide were subtracted from each measure of ear swelling. (g,h) The number of CD45hi cells (g) and CD3+CD4+ T cells 
(h) determined by flow cytometry at the onset of disease (day 12), peak of disease (day 14) and remission (day 20) in the brains and spinal cords of SJL/J 
mice injected i.v. with 500-nm carboxylated PSB coupled with PLP139–151, OVA323–339 or nothing 7 d before EAE priming with PLP139–151 plus CFA. (i) Mean 
clinical score in SJL/J mice treated with i.v. injection of 500-nm carboxylated PSB incubated with PLP139–151 in the presence or absence of ECDI or treated 
with 500-nm OVA323–339-PSB 7 d before priming with PLP139–151 plus CFA. (j) Mean clinical score in SJL/J mice treated i.v. with PSB of varying diameters 
(100 nm, 500 nm, 1.75 µm or 4.5 µm) coupled to PLP139–151 or treated with 500-nm OVA323–339-PSB 7 d before priming with PLP139–151 plus CFA.  
(k) Mean clinical score in SJL/J mice treated with 500-nM PLP139–151-PSB or OVA323–339-PSB in the lateral tail vein (i.v.) or on the flank (s.c.) 7 d before 
priming with PLP139–151 plus CFA. (l) In vitro proliferative responses to stimulation with the PLP139–151 priming epitope or a control peptide (OVA323–339) 
determined by [3H]-thymidine uptake in spleens and lymph nodes collected from a subset of the mice in k. CPM, counts per minute. All experiments consisted  
of 5–10 mice per group and are representative of 2–4 repeats. *P ≤ 0.05 (ANOVA) for the differences in mean clinical scores, DTH responses, numbers of 
CNS-infiltrating cells or proliferative responses compared to the responses in groups tolerized to the appropriate irrelevant control peptide. Error bars, s.e.m.
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(11 d after induction of disease) also prevented disease initiation in 
the vast majority of mice (Fig. 1b), and this effect lasted for at least  
66 d (Fig. 1c). Although injection of PLP139–151-PSB 7 d before injec-
tion of PLP178–191 mixed with complete Freund’s adjuvant (CFA) 
did not prevent acute disease, indicating the antigen specificity of  
the tolerance, it did prevent relapse (Fig. 1d), indicating that this 
treatment could prevent epitope spreading.

Treatment with PLP peptide–coupled PSB affected T-cell func-
tion. For example, we showed inactivation of myelin-specific CD4+ 
T cells by a lack of delayed-type hypersensitivity (DTH) responses, 
an in vivo measure of CD4+ T-cell function, to both the immunizing 
(PLP139–151) and spread epitope (PLP178–191) (Fig. 1e,f)10. Treatment 
with PLP139–151-PSB also reduced leukocyte (CD45+) and CD4+ T-cell 
infiltration of the CNS (Fig. 1g,h). In addition, similarly to Ag-SP,  
Ag-PSB did not result in anaphylactic responses in mice with estab-
lished disease unlike administration of soluble peptides9.

We next addressed the importance of covalent peptide linkage, 
microparticle size and route of administration. Covalent linkage 
with ECDI was essential, as PSB incubated with PLP139–151 in the 
absence of ECDI had no impact on disease (Fig. 1i). Normalizing 
for peptide mass (with each dose containing 20 µg of peptide),  
we coupled PLP139–151 to particles with varying diameters (Fig. 1j). 
Although 4.5-µm and 1.75-µm diameter particles provided some 
disease modification, optimal disease protection was conferred by 

treatment with the standard 500-nm PLP139–151-PSB, whereas 100-nm 
PLP139–151-PSB prevented relapse but did not confer any protection 
during acute disease. In addition, similarly to Ag-SP12, intravenous 
but not subcutaneous administration of PLP139–151-PSB protected 
against PLP139–151-initiated disease (Fig. 1k) and prevented in vitro 
antigen-specific T cell–recall responses (Fig. 1l).

MARCO mediates tolerance induction
The influence of microparticle size and administration route suggests 
that interactions with phagocytic cells in the splenic marginal zone 
may be crucial for microparticle-induced tolerance. We previously 
showed that the infusion of apoptotic debris upregulates the expres-
sion of select scavenger receptors, such as MARCO, in the spleen12. 
Scavenger receptors comprise a set of structurally diverse proteins, 
expressed predominately by phagocytes, that are important in the 
clearance of modified lipid particles and polyanionic ligands of both 
host and pathogen origin19. MARCO contributes to the uptake and 
clearance of particulate debris20,21. We found that fluorescein iso
thiocyanate (FITC)-labeled PLP139–151-PSB administered i.v. local-
ized with MARCO+ cells in the splenic marginal zone, presumably 
the highly phagocytic marginal zone macrophages (MZMs) (Fig. 2)22.  
The cells containing FITC-labeled PLP139–151-PSB also expressed 
SIGN-R1, the murine homolog of DC-SIGN (Fig. 2b,e) that is 
expressed by MZMs with professional antigen-presenting capabili-
ties23,24, but they did not express SIGLEC-1, a marker that defines 
metallophilic macrophages (Fig. 2c,f). Overall, the data indicate that 
PLP139–151-PSB administered i.v. localizes to MARCO+ MZMs.

We confirmed the importance of MARCO in peptide-coupled 
particle tolerance using MARCO-deficient (Marco−/−) BALB/c mice. 
Specifically, OVA323–339-PSB administered i.v. resulted in a decreased 
DTH response to subcutaneously (s.c.) injected OVA323–339 and CFA 
in wild-type (WT) but not Marco−/− BALB/c mice (Fig. 2g) A role 
for MARCO in T-cell tolerance has not previously been defined. 
Thus, we further examined whether Marco−/− mice were resistant to 
other forms of tolerance induction. Similarly to WT mice, Marco−/− 
mice could be tolerized by infusion of soluble OVA323–339 (Fig. 2h)  
or OVA323–339-SP (Fig. 2i). Cumulatively, the data show the impor-
tance of MARCO in T-cell tolerance induced by Ag-PSB. However, 
these findings indicate that soluble peptides and apoptotic Ag-SP 
induce tolerance through different mechanisms that probably involve 
different antigen uptake receptors.

T-cell extravasation
We next determined the temporal and kinetic effects of Ag-PSB infu-
sion on circulating T cells using DO11.10 OVA323–339-specific T-cell 
receptor (TCR) transgenic mice and beads coupled to OVA323–339.  
We selected DO11.10 mice for this study to eliminate potential vari-
ables related to diverse TCR repertoires and/or the potential for 
self reactivity. OVA323–339-PSB administered i.v. triggered a rapid 
and sustained decrease in the number of OVA323–339-specific CD4+  
T cells in the peripheral blood commensurate with a slight increase 
in the number of T cells in the spleen and lymph nodes (Fig. 3a and 
Supplementary Fig. 1). This reduction was antigen specific, as it was 
not induced by intravenous administration of myelin basic protein 
(MBP)84–99-PSB (Fig. 3a). In addition, T cells in the blood and sec-
ondary lymphoid organs of these mice showed functional differences.  
T cells isolated from the lymph nodes, but not from the blood, of 
DO11.10 mice that had been i.v. injected with OVA323–339-PSB were 
hypoproliferative in response to OVA323–339 stimulation (Fig. 3b,c). 
These data imply that T-cell tolerance may require T-cell interaction 
with some cell populations located in the secondary lymphoid organs.
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2–4 separate experiments. *P ≤ 0.05 (ANOVA) for differences in mean 
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tolerized to the appropriate irrelevant control peptide. Error bars, s.e.m.
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Role of Treg cells and IL-10
We have previously shown that the T-cell tolerance induced by 
intravenous administration of peptides crosslinked to splenic leuko-
cytes was partially dependent on IL-10 and the activity of antigen-
specific CD4+CD25+Foxp3+ Treg cells12. Neutralization of IL-10 at 
the time of PLP139–151-PSB infusion had only a marginal effect on 
tolerance induction (Fig. 3d). However, functional inactivation of  
Treg cells by treatment with the CD25-specific antibody PC61 (ref. 25) 
before PLP139–151-PSB infusion resulted in a modest but significant  
(P < 0.05, analysis of variance (ANOVA)) and reproducible reversal of 
the amount of protection during acute disease (Fig. 3e). These results 
suggest that regulatory T cells have an important, but redundant, role 
in PSB-induced tolerance, as treatment with CD25-specific antibodies 
only partially blocked tolerance induction. IL-10 seems to make only 
modest contributions to PSB-induced tolerance.

T-cell abortive activation and anergy
To further explore the effects of these microparticles on T-cell prolife
ration and differentiation, we adoptively transferred carboxyfluores-
cein diacetate succinimidyl diester (CFSE)-labeled PLP139–151-specific 
transgenic (5B6) T cells into naive SJL/J mice. Forty-eight hours later, 
we i.v. injected 9 × 109 PLP139–151-PSB or OVA323–339-PSB or s.c. 
injected PLP139–151 along with CFA. PLP139–151-specific T cells iso-
lated from the spleen and lymph nodes of PLP139–151-PSB–treated 

mice showed markedly reduced proliferation (CFSE dilution) in terms 
of both the percentage of total cells divided and the number of divi-
sions per cell compared to cells from mice injected with PLP139–151 
plus CFA (Fig. 4ai–iv). Notably, this effect was antigen specific,  
as T cells from mice injected with OVA323–339-PSB did not show any 
CFSE dilution (Fig. 4av–vi). We injected a subset of mice first i.v. 
with PLP139–151-PSB or OVA323–339-PSB and then s.c. with PLP139–151  
plus CFA. T cells from mice injected with PLP139–151-PSB before 
PLP139–151 plus CFA proliferated less than those from mice injected 
with PLP139–151 plus CFA alone (Fig. 4a,b).

The muted proliferation induced by peptide-coupled particle infu-
sion suggests that tolerance may be induced by abortive T-cell activa-
tion. After adoptive transfer into naive SJL/J mice, PLP139–151-specific  
T cells isolated from mice injected i.v. with PLP139–151-PSB showed clas-
sical T-cell activation phenotypes: upregulated expression of CD69 and 
CD44 and downregulated expression of CD62L (Fig. 5a,b). Notably, a 
larger fraction of splenic PLP139–151-specific T cells expressed CD69 in 
mice injected i.v. with PLP139–151-PSB than in mice injected s.c. with 
PLP139–151 plus CFA (Fig. 5a). However, the opposite was true with 
regard to CD44 expression (Fig. 5b). In addition, T cells in mice i.v. 
administered PLP139–151-PSB produced neither interferon-γ (IFN-γ) 
nor IL-17, whereas cells in mice injected s.c. with PLP139–151 and CFA 
produced both of these cytokines (Fig. 5c,d). Furthermore, T cells 
from mice injected i.v. with PLP139–151-PSB produced minimal IL-17 
and IFN-γ, even when the recipient mice were challenged s.c. with 
PLP139–151 plus CFA 5 d later (Fig. 5c,d); as shown by OVA323–339 
injection, this effect was antigen specific. Together these findings  
suggest that PLP139–151-PSB induce abortive T-cell activation.
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treatments (P.I.), spleens and lymph nodes (LNs) were collected,  
and the percentage of diving CD90.1+ T cells was assessed by measuring 
CFSE dilution using flow cytometry. (b) Flow cytometric analyses of  
CFSE dilution at 5 d after priming in mice additionally treated with 
PLP139–151-PSB (i,ii) or OVA323–339-PSB (iii,iv) 5 d after the initial 
treatments in a and then primed with PLP139–151 plus CFA. Three  
separate mice were analyzed in each group with representative plots 
shown. Data shown are representative of three separate experiments. 
Percentages in graphs reflect the percent of T cells that have divided.

Figure 3  Response of antigen-specific T cells to tolerance induction 
with Ag-PSB. (a) T cell content 48, 39 and 168 h after treatment in 
female DO11.10 OVA323–339-specific TCR transgenic mice treated 
i.v. with 500-nm carboxylated PSB coupled to the cognate peptide 
(OVA323–339, OVA323-PSB) or an irrelevant peptide (MBP85–99, 
MBP85-PSB). (b,c) Proliferation, measured by [3H]-thymidine uptake, 
in 3 × 105 T cells magnetically purified from peripheral blood (b) and 
peripheral lymph nodes (c) of DO11.10 mice treated i.v. with  
500-nm carboxylated PSB coupled to the cognate peptide (OVA323–339) 
or an irrelevant peptide (MOG35–55, MOG35-PSB) and re-stimulated  
48 h later with 1 mg ml−1 cognate OVA323–339 peptide or PLP139–151  
in vitro. (d,e) Mean clinical score in naive SJL/J mice treated with 
control immunoglobulin (Cont. Ig) or anti–IL-10 (JES5-16E3;  
200 µg intraperitoneally (i.p.)) (d) or control immunoglobulin or  
anti-CD25 (PC61; 500 µg i.p.) (e) 1 d before and 1 d after treatment 
with either OVA323–339-PSB or PLP139–151-PSB (PLP139-PSB); 7 d 
after tolerization, mice were primed for EAE with PLP139–151 plus CFA. 
Data are representative of three separate experiments. Error bars, s.e.m. *P ≤ 0.05 (Student’s t test) for the differences in T cell numbers,  
CPM and mean clinical scores compared to the responses in groups tolerized to the appropriate irrelevant control peptide.
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Anergy has been implicated in the induction of T-cell tolerance12,16. 
We thus examined a potential role for clonal anergy in PLP139–151- 
PSB tolerance. We i.v. injected SJL/J mice with OVA323–339- 
PSB or PLP139–151-PSB and s.c. injected them with PLP139–151 and 
CFA 7 d later. We measured then the in vitro T-cell responses to 

various peptides and cytokines 8 d later. Compared to T cells from 
OVA323–339-PSB–injected mice, those from PLP139–151-PSB–injected 
mice showed less proliferation and IFN-γ and IL-17 production after 
in vitro re-stimulation with PLP139–151. However, these responses 
were significantly (P < 0.01, ANOVA), but not completely, restored 
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Figure 5  Antigen-specific T cells are abortively activated after Ag-PSB 
encounter but do not synthesize IL-17A and IFN-γ after direct in vivo 
exposure to Ag-PSB or after subsequent immunogenic stimulation. (a,b) Flow 
cytometric analyses of T-cell activation markers CD62L, CD69 and CD44 
5 d after treatment in spleens and lymph nodes (LNs) from naive CD90.2+ 
SJL/J recipients after being transferred with CFSE-labeled naive CD90.1+ 
5B6 TCR transgenic T cells and then treated i.v. with PLP139–151-PSB 
(PLP139-PSB) or primed s.c. with PLP139–151 plus CFA. Transgenic T cells 
were identified by CD90.1 and CFSE signals. (c,d) Naive CD90.1+ 5B6 TCR transgenic T cells were CFSE labeled and transferred to naive CD90.2+ SJL/J 
recipients that were then treated i.v. with PLP139–151-PSB or primed s.c. with PLP139–151 plus CFA. Five days after treatment, levels of intracellular  
IL-17A (c) and IFN-gamma (d) were determined. Where indicated, SJL/J recipients of naive CFSE-labeled 5B6 TCR transgenic T cells were treated i.v. with 
OVA323–339-PSB or PLP139–151-PSB and primed with PLP139–151 plus CFA 5 d later.  
Data shown are representative of three independent experiments.
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Figure 6  Short-term tolerance induced by i.v. treatment with Ag-PSB is caused primarily by anergy induction. (a–c) SJL/J mice were treated i.v. with OVA323–339-
PSB (OVA323-PSB) or PLP139–151-PSB (PLP139-PSB) 7 d before s.c. priming with PLP139–151 plus CFA. Eight days after priming, the proliferation of spleen 
and lymph nodes in response to stimulation with the priming antigen (PLP139–151) or a control antigen (OVA323–339) in the presence of absence of 200 U ml−1 
of exogenous IL-2 was measured (a). Supernatants were collected for measurements of secreted IFN-γ (b) and IL-17A (c). Results are representative of 3–4 
separate experiments. (d,e) SJL/J mice were treated with 500-nm FITC-PSB (d) or 500-nm biodegradable FITC-PLG microparticles (e) coupled with PLP139–151. 
Twelve hours later, frozen spleen sections were prepared from a subset of mice, and these sections were counterstained with DAPI (blue). (f–i) On day –7 (f–h) 
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monitored for development of clinical disease by assessing mean clinical score (f,i) and cumulative mean clinical score (g) over time. (h) At the conclusion of  
the experiment, the mice from f were ear challenged with PLP139–151, and DTH responses were determined. (j,k) SJL/J mice were tolerized with 500-nm 
PLP178–191-PLG (PLP178-PLG) or OVA323–339-PLG (OVA323-PLG) microparticles on day +25 after PLP139–151 plus CFA priming (j) or with 500-nm  
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*P ≤ 0.01 (ANOVA) for the differences in proliferation, mean clinical scores and DTH responses compared to groups tolerized to sham PLG particles. Data shown 
are representative of 2–3 separate experiments of 5–7 mice per group.
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by the addition of exogenous IL-2 to the cultures. (Fig. 6a–c). Thus, 
antigenic peptides coupled to microparticles are capable of inducing 
T-cell anergy, which can be overcome in vitro through the addition 
of exogenous IL-2 (ref. 26).

Biodegradable microparticles induce T-cell tolerance
Our data highlight the ability of polystyrene microparticles to serve 
as antigen carriers to induce T-cell tolerance. To determine whether 
T-cell tolerance can also be induced with biocompatible, biodegrad-
able microparticles, we tested particles made of the US Food and Drug 
Administration–approved material poly(lactide-co-glycolide) (PLG). 
PLG is stable and considered to be immunologically inert13. Similarly 
to PLP139–151-PSB, PLP139–151-PLG administered i.v. localized to the 
splenic marginal zone (Fig. 6d,e). When administered prophylacti-
cally, PLP139–151-PLG administered i.v. reduced EAE clinical scores 
and PLP-specific DTH responses (Fig. 6f–h). We were also able to 
treat ongoing EAE disease with i.v. administration of PLP139–151- 
PLG. (Fig. 6i).

We then tested whether microparticles coupled with the appro
priate relapse-associated myelin epitopes could inhibit disease relapse 
when administered during disease remission. Intravenous adminis-
tration of PLP178–191-PLG 25 d after s.c. injection of PLP139–151 and 
CFA reduced the severity of relapse symptoms (Fig. 6j), as did infu-
sion of PLP139–151-PLG 18 d after s.c. injection of PLP178–191 and  
CFA (Fig. 6k).

DISCUSSION
We found previously that antigenic peptides coupled to splenic leuko-
cytes can be used as treatments in preclinical models of autoimmune 
disease, allergy and transplantation12,18,27,28. This technique is cur-
rently being evaluated in the clinic for treatment of multiple sclero-
sis (S.D.M., unpublished data). However, the complexity and cost of 
producing antigen-coupled cells under GMP conditions may impede 
clinical translation. We undertook the current study to determine 
whether inert microparticles could be used as surrogates for apoptotic 
leukocytes as antigen ‘carriers’. Inert microparticles coupled to peptides, 
unlike Ag-SP, can be produced in large amounts under GMP conditions.  
We demonstrate that both polystyrene and biodegradable PLG micro-
particles are highly efficient substitutes for apoptotic cells, as they are 
taken up in a MARCO scavenger receptor–dependent fashion and 
are capable of inducing long-term antigen-specific T-cell abortive 
activation and anergy.

To avoid complications of immunosuppression, the ability to tolerize 
T cells specific for autoantigens and alloantigens remains the desired 
treatment for a myriad of immune-mediated diseases. However, the 
translatability of the tolerance approaches demonstrated to be effica-
cious in animal studies has been lacking. Intravenous administration 
of anti-CD3 to induce tolerance in type 1 diabetes has resulted in 
questionable efficacy and safety concerns29. Attempts to potentially 
overcome some of these barriers through oral administration are 
under way, and some positive data have been obtained in small study 
involving 15 patients30. Initial studies using anti-CD3 to treat type 1  
diabetes also showed similar positive outcomes29; therefore, larger 
patient studies will be needed to clearly define any clinical benefit of 
oral over intravenous anti-CD3 treatment.

A number of antigen-specific approaches to generate tolerance 
have previously been tested in autoimmune diseases. Intradermal 
administration of CGP77116, an altered peptide ligand of MBP83–99,  
worsened symptoms in three patients with multiple sclerosis 
because in at least two of the patients there were6 increased immune 
responses to MBP83–99. Attempts to induce ‘high-zone tolerance’31 by  

i.v. (MBP8298) infusion of a large bolus of peptide recently failed a 
phase 3 clinical trial in patients with multiple sclerosis32. Similarly, 
in type 1 diabetes, s.c. injection of the 65-kDa isoform of glutamic 
acid decarboxylase in alum had no effect on disease progression33. 
Mucosal antigen delivery has also shown promise in animal models 
of multiple sclerosis and type 1 diabetes34, but larger clinical trials 
testing oral and nasal administration of insulin have been ineffective 
in the prevention or reversal of new-onset type 1 diabetes35,36.

Two DNA vaccines are also in development for treating patients 
with multiple sclerosis. BHT3009 encodes full-length MBP. In a  
phase 2 study, BHT3009 was administered at weeks 0, 2 and 4 and 
then monthly by s.c. injection. Although this treatment did not alter 
the relative risk for relapse or first time to relapse, there was a reduc-
tion in new CNS lesions37. The reduction in lesion formation was 
most prominent in patients that had high concentrations of antibodies 
targeting MBP, whereas patients with low anti-MBP titers had a sim-
ilar rate of lesion formation as placebo-treated controls. Although  
further studies are needed to confirm the potential utility of BHT3009, 
the existence of a patient population that may not be responsive to 
BHT3009 supports the need for other therapeutic modalities.

A second DNA vaccine, ATX-MS-1467, expresses peptides that 
are thought to mimic processed myelin antigens and therefore act 
similarly to glatiramer acetate (GLAT), a random-length polymer of 
four amino acids (glutamic acid, lysine, alanine and tyrosine) found 
in MBP, which has been shown to compete with myelin peptides 
for access to the peptide binding cleft in the MHC complex38, pro-
mote TH2 cell responses and induce IL-10–producing Treg cells39. 
These effects are not antigen specific, and as such, it may be pre-
dicted that the efficacy of ATX-MS-1467 may be similar to that of 
GLAT, resulting in a 50% reduction in multiple sclerosis relapses in  
responsive patients38.

Our data showing the requirement for peptides to be covalently 
linked to 500-nm particles and confirming the importance of i.v. 
administration for efficient tolerance induction12 reinforce the 
importance of delivering the antigen-linked particles to the splenic 
marginal zone. As a possible explanation of the particle size require-
ment, it has been reported that compared to 20-nm diameter particles, 
200-nm and 1,000-nm diameter particles have a higher propensity  
to bind to MARCO in vitro40. We show that MARCO-expressing 
MZM, but not SIGLEC-1–expressing metallophilic macrophages, 
take up peptide-linked particles. To our knowledge, MARCO has 
not previously been ascribed a role in T-cell tolerance, although this 
receptor was previously implicated in the pathogenesis of systemic 
lupus erythematosus; in systemic lupus erythematosus, it is postulated 
that failure of MARCO to remove apoptotic debris has a potential 
role in autoantibody formation41,42. MARCO is also important for 
the uptake of bacteria43, silica particles44 and polymer-based micro-
particles40. We speculate that MARCO functions through its ability 
to take up antigen-linked particles and assist in macrophage antigen 
presentation and/or antigen transfer to local dendritic cells. MARCO 
may also inhibit inflammatory responses by preventing dendritic cell 
migration45 or by other unknown anti-inflammatory mechanisms46. 
However, although macrophage production of IL-10 is thought to be 
crucial for tolerance to apoptotic cells12, IL-10 neutralization failed to 
completely inhibit the tolerance induced by antigenic peptides cou-
pled to microparticles. In addition, it seems that the MARCO path-
way of tolerance induction is limited to microparticle-bound peptide, 
as Marco−/− mice were effectively tolerized to soluble peptide and  
peptides coupled to apoptotic splenic leukocytes.

PLP139–151-PSB infusion triggered antigen-specific T-cell extravasa-
tion into the lymphoid compartment. This extravasation was notable, 
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as T cells isolated from the peripheral blood but not the lymph nodes 
within 48 h after treatment remained highly reactive to self antigen. 
This is probably the result of the inability of T cells to interact with 
tolerogenic antigen-presenting cells and/or Treg cells while in the lam-
inar flow of the blood. In addition, PLP139–151-PSB infusion resulted 
in suboptimal PLP139–151-specific T-cell proliferation, cytokine pro-
duction and activation in general. T-cell anergy was also induced,  
as nonresponsiveness could be largely reversed through the addi-
tion of exogenous IL-2 (refs. 26,47). Functional inactivation of  
Treg cells partially prevented the tolerance induced by antigenic  
peptide-coupled microparticles, which is in line with our previous 
studies using splenic leukocytes12. Upregulation of PD-L1 expression 
on splenic macrophages was implicated in our previous work, but we 
found only slight upregulation of PD-L1 expression on macrophages 
in mice treated with antigenic peptides coupled to microparticles (data 
not shown). Future experiments are required to further delineate the 
role of PD-L1 and CTLA-4 in antigen-coupled particle tolerance17.

Clinical translation of tolerance-based therapies for the treatment 
of autoimmune disease requires the ability to suppress pre-existing 
autoreactive effector T cells and/or establish tolerance of naive 
autoreactive T cells that may be activated after exposure to endog-
enous autoantigens released from damaged target organs (epitope 
spreading)10. Here we show that i.v. administration of PLP139–151-PSB 
can prophylactically prevent R-EAE, inhibit established R-EAE and 
suppress relapse caused by epitope spreading.

This study supports the use of antigen-coupled microparticles as 
a tool for tolerance induction. This option will probably have broad 
therapeutic utility, with preliminary studies in airway allergy27 and 
allotolerance18,28 yielding promising results. From a clinical devel-
opment perspective, identification of specific autoantigens and  
T-cell epitopes to be targeted in various autoimmune diseases, and a 
determination of the roles of scavenger receptors in various diseases, 
remain challenges for further investigations.

Methods
Methods and any associated references are available in the online 
version of the paper.

Note: Supplementary information is available in the online version of the paper.
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ONLINE METHODS
Mice. Female SJL/J mice were purchased from Harlan Laboratories 
(Indianapolis, IN). Female BALB/c mice were purchased from the Jackson 
Laboratory (Bar Harbor, ME). TCR transgenic mice expressing a TCR specific 
for PLP139–151 (5B6) on the SJL/J background were the kind gift of V. Kuchroo 
(Harvard) and were bred in-house at Northwestern University. Marco−/− mice 
on the BALB/c background were kindly provided by L. Kobzik (Harvard).  
All mice were housed under specific pathogen–free conditions in the 
Northwestern University Center for Comparative Medicine and maintained 
according to protocols approved by the Northwestern University Institutional 
Animal Care and Use Committee.

Peptides. PLP139–151 (HSLGKWLGHPDKF), MOG35–55 (MEVGWYRSPF 
SRVVHLYRNGK) and OVA323–339 (ISQAVHAAHAEINEAGR) were pur-
chased from Genemed Synthesis. PLP178–191 (NTWTTCQSIAFPSK) was 
purchased from Peptides International.

Induction and clinical evaluation of peptide-induced EAE. Peptide-
induced and adoptive-transfer EAE was induced in SJL/J mice as previously 
reported48,49. Individual mice were observed daily, and clinical scores were 
assessed in a blinded fashion on a 0–5 scale as follows: 0, no abnormality;  
1, limp tail or hindlimb weakness; 2, limp tail and hindlimb weakness; 3, hind-
limb paralysis; 4, hindlimb paralysis and forelimb weakness; and 5, moribund. 
The data are reported as the mean daily clinical score. Paralyzed mice were 
given easier access to food and water.

Tolerance induction with antigen-coupled cells and microparticles. 
Tolerance was induced by i.v. injection of chemically treated Ag-SP, as described 
previously11,18. Briefly, spleens were removed from naive female mice, and 
the red blood cells were lysed. The splenocytes were incubated with ECDI  
(150 mg per 3.2 × 108 cells; Calbiochem) and peptide (1 mg/ml) on ice, shak-
ing for 1 h. The coupled cells were washed three times and filtered through 
a 70-µM cell strainer to remove cell clumps. The Ag-SP were resuspended at 
250 × 106 cells/ml in PBS. Each mouse received 50 × 106 Ag-SP in 200 µl of 
PBS given by i.v. injection at the indicated times before disease induction. 
This dosage represents delivery of a total of 15–20 µg of cell-bound pep-
tide per mouse. Carboxylated PSB of various diameters were purchased from 
Polysciences (Warrington, PA). Peptide antigens were attached to particles 
using ECDI according to manufacturer’s instructions (12.5 mg of polystyrene 
microparticles and 500 µg of peptide in the presence of 10 mg/ml ECDI). Five-
hundred–nanometer carboxylated PLG microparticles were purchased from 
Phosphorex, Inc. (Fall River, MA), and peptide antigens were attached using 
ECDI as for the PSB. Mice received intravenous injections of approximately  
9 × 109 microparticles comprising 15–20 µg of peptide, depending on the 
sequence used in the coupling reaction.

Antibodies and flow cytometry. Cells were isolated from the spleen or 
CNS as previously described49. Briefly, FcR blocking with CD16/32 (clone 
2.4G2) was performed, followed by staining with various combinations of 
antibodies to the following: CD69 (clone H1.2F3)-allophycocyanin (APC), 
CD69-FITC, CD62L (clone MEL14)-APC/AlexaFluor750, CD44 (clone IM7)-
phycoerythrin (PE)/Cy7, Foxp3 (clone FJK-16s)-APC, Foxp3-PE/Cy7, CD152 
(clone UC10-4B9)-PE, PD-L1 (clone MIH5)–PE, IFN-g (clone XMG1.2)–PE/
Cy7, IL-17 (clone eBio17B7)–APC, CD90.1 (clone HIS51)-Pacific Blue and 
CD45 (clone 30-F11)-PE, all of which were purchased from eBioscience. 
CD25 (clone PC61)-FITC and CD25-APC, CD3 (clone 145.2C11)-APC-
Alexa750 and CD4 (clone GK1.5)-PerCP were purchased from Becton-
Dickinson. Cytometric data were collected on a FACS Canto flow cytometer  
(Becton-Dickinson). DiVa software was used for data acquisition and analysis 
(Becton-Dickinson).

DTH and in vitro proliferation assays. DTH was performed by a 24 h ear 
swelling assay as previously reported11. Prechallenge ear thickness was deter-
mined using a Mitutoyo model 7326 engineer’s micrometer (Schlesinger’s 
Tools, Brooklyn, New York). Immediately after, DTH responses were elicited 
by injecting 10 µg of peptide in 10 µl of PBS into the dorsal surface of the ear 

using a 100-µl Hamilton syringe fitted with a 30 gauge needle. The increase in 
ear thickness over the prechallenge measurements was determined 24 h after 
ear challenge. Results are expressed in units of 10−4 inches ± s.e.m. For prolif-
eration assays, draining lymph nodes (axillary, brachial and inguinal) and/or 
spleens were harvested from naive mice or primed mice at the indicated times 
after disease induction, counted and cultured in 96-well microtiter plates at 
a density of 5 × 105 cells per well in a total volume of 200 µl of HL-1 medium 
(BioWhittaker; 1% penicillin and streptavidin and 1% glutamine). Cells were 
cultured at 37 °C with medium alone or with different concentrations of  
peptide antigen for 72h. During the last 24 h, cultures were pulsed with 1 µCi 
per well [3H]TdR, and uptake was detected using a Topcount microplate scin-
tillation counter. Results are expressed as the mean of triplicate cultures. IFN-γ 
and IL-17 concentrations were determined by Liqui-Chip analysis.

Treg cell inactivation. Treg cell inactivation was performed by injection of  
500 µg per mouse anti-CD25 (clone PC61) as described previously25.

T cell transfer assays. Naive T cells were isolated from the lymph nodes of 
healthy 5B6 mice by magnetic separation. Single-cell preparations of nodes 
were prepared, FcR blocked with 2.4G2 and labeled with CD4+ T cell isolation 
reagents (Miltenyi Biotec). T cells were isolated using an AutoMACS magnetic 
separator (Miltenyi Biotec). Ninety-four to ninety-eight percent purity was 
routinely achieved. After isolation, 20 × 106 T cells per ml were fluorescently 
labeled in a 4 µM solution of carboxyfluorescein diacetate in PBS for 8 min at 
room temperature. The reaction was quenched by addition of a half volume of 
heat-inactivated FBS and an additional 5 min incubation at room temperature. 
Cells were washed twice in PBS before injection into the lateral tail vein of 
recipient mice (5 × 106 T cells per recipient). Forty-eight hours after transfer, 
recipient mice were treated with a variety of antigen-coupled microparticles 
or with antigen in CFA. At various times after treatment, spleens and lymph 
nodes were isolated, and transgenic T cells (identifiable by CD90.1 and trans-
gene expression) in these organs were analyzed for cell division and a variety 
of surface and intracellular markers as described above.

Immunohistochemistry. Mice were infused with PBS or FITC-labeled 
MOG35–55-PSB. Eighteen hours after infusion, spleens were dissected, fixed 
in paraformaldehyde for 30 min to 3 h at 4 °C in the dark and snap frozen in 
optimal cutting temperature compound. The blocks were stored at −80 °C 
in plastic bags to prevent dehydration. Six-micrometer–thick cross-sections 
were cut on a Reichert-Jung Cryocut CM1850 cryotome (Leica), mounted on 
Superfrost Plus electrostatically charged slides (Fisher), air dried and stored 
at −80 °C. Slides were stained using the Tyramide Signal Amplification Direct 
kit (NEN) according to the manufacturer’s instructions. Nonspecific staining  
was blocked using either Ab that recognizes both CD16 and CD32 (FcIII/
IIR, 2.4G2; BD Pharmingen) or 10% horse serum, as well as an avidin and 
biotin blocking kit (Vector Laboratories) in addition to the blocking reagent 
provided by the Tyramide Signal Amplification kit (NEN). Sections were 
then stained with primary [MARCO (BAF2956), SIGN-R1 (BAF1836) or 
SIGLEC-1 (BAF5610)] and secondary antibodies, as well as DAPI as pre-
viously described12. Sections were coverslipped with Vectashield mounting 
medium with DAPI (Vector Laboratories), and images were acquired using 
a Lica DM5000B fluorescent microscope and Advanced SPOT software. At 
least eight serial sections from each sample per group were analyzed at × 20, 
× 40 and × 100 magnification.

Statistical analyses. Comparisons of DTH responses, mean clinical disease 
scores, proliferation, cytokine responses or mean fluorescence intensities 
between any two groups of mice were analyzed by a standard two-tailed t test 
or one-way ANOVA, depending on the precise comparisons made. P < 0.05 
was considered significant.
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