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A
utoimmune diseases such as MS,
rheumatoid arthritis, and type I dia-
betes (T1D) affect up to 23.5 million

Americans and are one of the top 10 leading
causes of death in females of all age groups
up to 64. The estimated annual cost of treat-
ing autoimmune diseases is $100 billion dol-
lars, yet the standard therapies are not very
effective and frequently invoke numerous
undesirable side effects.1 The current stan-
dard of therapy for autoimmune diseases
seeks to broadly suppress the immune sys-
tem, necessitating either the physical deletion

or inactivation of entire subsets of T cells.
Attempts have been made to regulate auto-
immune disease by inhibiting pathways in-
volved in T cell activation and function such as
the T cell receptor-CD3 signaling complex,2�6

antigen presentation,7,8 pro-inflammatory
cytokine or chemokine production,9,10 and
T cell trafficking.11,12 The nonspecific nature
of these treatments may result in enhanced
patient susceptibility to opportunistic in-
fections, as illustrated by the rare, but
often fatal, complications arising from
the development of progressive multifocal
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ABSTRACT Targeted immune tolerance is a coveted therapy for the

treatment of a variety of autoimmune diseases, as current treatment options

often involve nonspecific immunosuppression. Intravenous (iv) infusion of

apoptotic syngeneic splenocytes linked with peptide or protein autoantigens

using ethylene carbodiimide (ECDI) has been demonstrated to be an effective

method for inducing peripheral, antigen-specific tolerance for treatment of

autoimmune disease. Here, we show the ability of biodegradable poly(lactic-co-

glycolic acid) (PLG) nanoparticles to function as a safe, cost-effective, and highly

efficient alternative to cellular carriers for the induction of antigen-specific T cell

tolerance. We describe the formulation of tolerogenic PLG particles and

demonstrate that administration of myelin antigen-coupled particles both

prevented and treated relapsing-remitting experimental autoimmune encephalomyelitis (R-EAE), a CD4 T cell-mediated mouse model of multiple

sclerosis (MS). PLG particles made on-site with surfactant modifications surpass the efficacy of commercially available particles in their ability to couple

peptide and to prevent disease induction. Most importantly, myelin antigen-coupled PLG nanoparticles are able to significantly ameliorate ongoing disease

and subsequent relapses when administered at onset or at peak of acute disease, and minimize epitope spreading when administered during disease

remission. Therapeutic treatment results in significantly reduced CNS infiltration of encephalitogenic Th1 (IFN-γ) and Th17 (IL-17a) cells as well as

inflammatory monocytes/macrophages. Together, these data describe a platform for antigen display that is safe, low-cost, and highly effective at inducing

antigen-specific T cell tolerance. The development of such a platform carries broad implications for the treatment of a variety of immune-mediated

diseases.

KEYWORDS: tolerance . anergy . regulatory T cells . autoimmune disease . PLG nanoparticles .
experimental autoimmune encephalomyelitis . multiple sclerosis
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leukoencephalopathy following Tysabri (anti-VLA-4) or
Rituximab (anti-CD20) therapy in a variety of clinical
trials.13�16

Clearly, new strategies focused on the induction of
long-term antigen-specific tolerance, rather than broad-
based immunosuppression, need to be pursued for the
treatmentofhuman immune-mediateddiseases.Numer-
ous approaches using tolerance-based therapies to reg-
ulate human autoimmune diseases, including MS and
T1D, have not yielded positive clinical outcomes.17,18

As one example, a clinical trial in MS patients attempting
to use an altered peptide ligand (APL) of a myelin basic
protein (MBP) epitope to induce tolerance actually
resulted in enhanced disease,19 despite preclinical data
showing that APLs were useful in treating the experi-
mental EAE animal model of MS.20,21 We have exten-
sively investigated the use of apoptotic cells for the
re-establishment of peripheral immune tolerance for
therapy in rodentmodels of immune dysregulation and
autoimmunity.17 When administered in vivo, treatment
with apoptotic cells is thought to recapitulate many of
the basic mechanisms that maintain immune tolerance
and homeostasis, such as the activation of Tregs, the
production of immunosuppressive cytokines, and the
induction of T cell anergy. These naturally occurring
mechanisms can be exploited by chemically fixing
autoantigen-pulsed splenocytes (Ag-SP) with ECDI,
which facilitates rapid apoptosis and subsequent uptake
and representation of autoantigen-decorated apoptotic
debris by tolerogenic antigen presenting cells (APCs),
thereby effectively inducing antigen-specific T cell toler-
ance in hosts with ongoing autoimmunity.22�24 This
strategy has been shown to be sufficient for both the
prevention and treatment of relapsing EAE (R-EAE), a
murine Th1/17-mediated model of MS,25 and was the
basis for a recently completed Phase I clinical trial in MS
patients.26 However, despite these successes, the reality
of using cellular carriers for tolerance induction in the
clinical arena is associated with the considerable cost
and complexity of ex vivo laboratory manipulation and
the high number of donor cells required. We recently
showed that Ag-coupled to carboxylated 500 nm poly-
styrene nanoparticles served as a surrogate for apopto-
tic cellular carriers and induced tolerance for the
prevention and treatment of R-EAE.27 While these par-
ticles addressed the aforementioned concerns regard-
ing cost and autologous donor cell requirements, they
were not biocompatible or biodegradable and therefore
did not provide a translatable, off-the-shelf alternative to
ECDI-fixed donor cells.
The established success of PLG in the clinical setting

led us to further investigate its potential as an antigen
carrier for tolerance induction. Advancing the previous
success we have reported using commercially avail-
able PLG particles for tolerance induction,27 here we
report the development of biodegradable PLG nano-
particles as antigen carriers capable of inducing robust

tolerance in the R-EAE mouse model. PLG particles
were fabricated on-site by an emulsion process with
modifications using poly(ethylene-co-maleic acid) as a
surfactant (PLG-PEMA). The physical properties of the
particles and their ability to couple peptides were
characterized. Importantly, particles were investigated
for their safety and ability to provide long-term protec-
tion from and treatment of R-EAE as characterized by
clinical score, histology, and flow cytometric assess-
ment of central nervous system (CNS) inflammatory
cell infiltration. Treatmentwithmyelin antigen coupled
to PLG-based particles resulted in complete long-term
protection from disease, as opposed to the partial
protection provided by antigen coupled to polystyrene
and commercially available PLG particles. This protec-
tion was characterized by minimal inflammatory cell
infiltration, inflammatory cytokine production, and
demyelination in the CNS of treated animals. Together,
these studies highlight the therapeutic potential of a
cost-effective, GMP-quality, biodegradable nanoparti-
cle platform capable of peptide display for the induc-
tion of antigen-specific T cell tolerance.

RESULTS AND DISCUSSION

PLG Nanoparticle Synthesis and Characterization. By ex-
ploiting naturally occurring debris clearance mechanisms,
apoptotic antigen-coupled splenocytes are uptaken by
APCs without immune activation and the antigens are
cross-presented to T cells to induce antigen-specific
immune tolerance.28,29 We have also recently shown
that a carboxylated polystyrene nanoparticle platform
can be used as a surrogate for apoptotic cells to carry
antigen for efficient tolerance induction.27 It was crucial,
however, to move toward a more clinically translatable
therapy. PLG particles have been used previously as
adjuvants for immunization and as carriers of encapsu-
lated antigen, highlighting their biodegradability.30,31

We had also recently shown that commercially available
carboxylated PLG nanoparticles coupled with peptides
could induce immune tolerance,27 but the tolerogenic
efficiency was highly variable based on batch (data not
shown). We thus manufactured PLG nanoparticles simi-
lar in size and surface charge to the polystyrene proto-
type, and testedwhether the resultant particles could be
used to display coupled peptide antigens for use as a
reliable therapeutic tolerogenic agent.

Biodegradable PLG-PEMA nanoparticles were char-
acterized by transmission electron microscopy and
dynamic light scattering, both of which indicated a
mean diameter between 400 and 500 nm (Figure 1A,B).
Population analyses by dynamic light scattering estab-
lished that the z-average diameter of the PLG-PEMA
particles was 429.9 nm, slightly smaller than the z-
average diameter of commercially available PLG parti-
cles (624.3 nm) available from Phosphorex (Figure 1C).
Polystyrene beads (PS) with a z-average diameter of
503.6 nm were also used as controls. Covalent linkage

A
RTIC

LE



HUNTER ET AL. VOL. 8 ’ NO. 3 ’ 2148–2160 ’ 2014

www.acsnano.org

2150

of proteins/peptides to the surface of the PLG and PS
particles using ECDI is critically dependent upon the
surface density of carboxylate groups. Therefore, we
investigated the surface density of carboxylate groups
on the various particles using ζ-potential as a relative

measure of the surface density of carboxylate groups.
The ζ-potential of the PLG-PEMA nanoparticles was
found to be �67.4 ( 10.9 mV, significantly lower than
the ζ-potential of the commercial PLG particles mea-
sured at �32.7 ( 4.71 mV (Figure 1C).

Figure 1. Peptide-coupled PLG-PEMA nanoparticles are efficient carriers for induction of antigen-specific tolerance for
prevention of EAE. (A) Micrograph of PLG-PEMA particles. (B and C) Size distribution, average size (nm), ζ-potential (mV),
peptide coupling efficiency (%), and amount of OVA323�339 and PLP139�151 peptides coupled per milligram of PLG-PEMA
particles prepared in the laboratory in comparison to PLG particles purchased from Phosphorex (PLGPHOSPHOREX) and
polystyrene (PS) particles purchased from Polysciences. (D and E) Groups of 6�8 week old SJL/J mice were injected
intravenously (iv) with 1.25 mg of the various carboxylated nanoparticles coupled to OVA323�339 or PLP139�151 7d prior to
induction of EAE by subcutaneous (sc) immunization with PLP139�151/CFA. Disease symptoms were scored by daily
assessment of mean clinical score (D) as well as the mean cumulative clinical score (E) for the next 35 days. All experimental
groups consisted of 5�7 mice and are representative of three separate experiments. Mean clinical scores and mean
cumulative clinical scores for themice tolerizedwith PLP139�151 coupled to either PLG-PEMAor PSwere significantly less than
scores for mice treated with the appropriate OVA323�339 coupled control particles (*p e 0.05, ANOVA). (F) At day þ14, 24 h
DTH responses to ear challenge with 10 μg of PLP139�151 were determined in 4�5 selected mice from the PLG-PEMA treated
groups, and proliferative and IL-17 responses of draining lymph node T cells were determined following 72 h in vitro
stimulation with peptide. At the end of the clinical observation period, the numbers of CNS-infiltrating T cells were
enumerated in 3�4 selected mice from each group. Responses in PLP139�151-PLG treated mice were significantly less than
those in OVA323�339-PLG treated controls (*p e 0.05, **p e 0.01, ***p e 0.001, ANOVA).
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Myelin Peptide-Coupled PLG-PEMA Nanoparticles Prevent EAE
in an Antigen-Specific Manner. Due to the PLG-PEMAnano-
particles being similar in size to commercially avail-
able PLG and PS prototypes, andmore heavily carboxy-
lated than the commercially available PLG, we anti-
cipated that we could achieve successful coupling
of peptide antigens to the particle surface and that
the antigen-coupled PLG particles could induce im-
mune tolerance in the R-EAE disease model of MS.
R-EAE is induced in SJL/J mice by subcutaneous im-
munization with the immunodominant proteolipid
protein peptide sequence 139�151 (PLP139�151) emul-
sified in Complete Freund's Adjuvant (CFA). PLP139�151

reactive T cells primed in the lymph nodes draining the
site of immunization differentiate into Th1/Th17 effector
cells and traffic to the CNS where they are reactivated by
CNS-resident APCs to induce local inflammation and the
recruitment of macrophages, monocytes, and neutro-
phils that nonspecifically mediate destruction of the
myelin sheaths. The damage that ensues propagates
the autoimmune response through the release, acquisi-
tion, and presentation of previously unrecognized anti-
gens to T cells via a process known as epitope
spreading.32 We sought to compare the efficacy of
1.25 mg of PS, commercial PLG (PLGPHOSPHOREX) and
PLG-PEMA particles ECDI-coupled with either PLP139�151

or OVA323�339 administered iv to SJL/J mice on day �7
relative to active R-EAE induction with PLP139�151/CFA.
PLP139�151-coupled PLG-PEMA particles proved to be

significantly more effective in preventing onset of
R-EAE as measured by both mean clinical score
(Figure 1D) and mean cumulative disease scores
(Figure 1E). Interestingly, the PLP139�151-PLG-PEMA
particles outperformed the PLP139�151-PS treatment,
despite having a slightly higher ζ-potential and
significantly lower PLP139�151 coupling efficiency
(Figure 1C). The PLGPHOSPHOREX particles were consis-
tently less effective than PLG-PEMA particles in attenu-
ating clinical symptoms of R-EAE, likely related to their
higher ζ-potential and decreased ability to be coupled
with peptide. Prophylactic tolerance (day �7 relative
to immunization) induced with PLP139�151-PLG-PEMA
particles significantly inhibited development of
PLP139�151-specific delayed-type hypersensitivity (DTH),
an in vivomeasure of Th1 activity, as well as proliferative
responses and IL-17productionof draining lymphnodeT
cells, and infiltration of T cells into the CNS (Figure 1F).

From this point forward, we chose to exclusively use
PLG-PEMA particles (hereafter referred to more briefly
as PLG), as they represent a biodegradable, PLG-based
particle capable of preventing clinical symptoms of
R-EAE as well as or better than the polystyrene proto-
type. We next investigated the optimal route of admin-
istration to prevent development of R-EAE. Using the
standard dose of 1.25 mg of PLP139�151-coupled par-
ticles, we show that iv administration (Figure 2A) is
significantly more effective at preventing clinical
R-EAE symptoms than the intraperitoneal (ip) route

Figure 2. Efficient induction of tolerance with peptide-coupled PLG-PEMA nanoparticles is dependent on route of
administration. The 6�8 week old female SJL/J mice were treated with 1.25 mg of PLG-PEMA nanoparticles coupled with
OVA323�339 or PLP139�151 via intravenous (iv) (A), intraperitoneal (ip) (B), subcutaneous (sc) (C), or oral (D) routes of
administration 7d prior to induction of EAE by sc immunizationwith PLP139�151/CFA. Disease symptoms were scored by daily
assessment of mean clinical scores for the next 32 days. Data represent one of two representative experiments. Mean clinical
scoreswere significantly less formice treatedwith PLP139�151-PLG than formice treatedwith the OVA323�339-coupled control
PLG particles (*p e 0.05, **p e 0.01 ANOVA).
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(Figure 2B), and that noprotectionwas provided byAg-
coupled particles administered via the subcutaneous
or oral routes (Figure 2C,D). In fact, sc administration of
PLP139�151-PLG particles routinely led to a disease
onset 1�2 days earlier than in animals treated with
control OVA323�339-PLG. This result is consistent with
previous observations showing a requirement for tar-
geting of carboxylated coupled PS nanoparticles to
MARCOþ tolerogenic APCs in the spleen and liver.24,27

Following a dose titration experiment to confirm
that our previously established dose of 1.25 mg of

PLP139�151-PLG particles was indeed optimal for dis-
ease prevention (Figure 3A), we next asked how long
preventative tolerance could be maintained in vivo

prior to disease induction. Six to eight week old female
SJL/J mice were treated with either PLP139�151- or
OVA323�339-PLG on day �7, day �25, or day �50
relative to active EAE induction. Treatment with
PLP139�151-PLG on day �7 (Figure 3B) and day �25
(Figure 3C) prior to EAE induction resulted in near
complete protection from disease. Interestingly, mice
tolerized 50 days prior to disease induction showed no

Figure 3. Preventative treatment with myelin antigen-coupled PLG-PEMA nanoparticles induces long-term, antigen-specific
tolerance. (A) Optimal dosing of Ag-PLG-PEMA for preventative tolerance was determined by iv administration of increasing
amounts of PLP139�151-PLG to SJL/Jmice 7 daysprior to disease inductionby sc immunizationwith PLP139�151/CFA.Micewere
monitored for development of clinical disease for 35 days after priming. (B�D) Duration of tolerance inmice was determined
by iv administration of 1.25mgof PLP139�151- orOVA323�339-PLGnanoparticles to 6�8weekold nave female SJL/Jmicewhich
were primed sc with PLP139�151/CFA 7 days (B), 25 days (C), or 50 days (D) later. Mice were scored for development of clinical
disease for the indicated time periods. (E) On day 8 relative to PLP139�151/CFA priming, DTH responses, as measured by 24 h
swelling responses inducedby sc ear challengewith PLP139�151 orOVA323�339 control peptide, in representative animals from
panel Bwere determined. (F) The 6�8weekold SJL/Jmicewere treated ivwith 1.25mgofOVA323�339-PLG, PLP178�191-PLG, or
PLP139�151-PLG 7d prior to sensitization with PLP178�191/CFA, and disease was monitored for 35 days thereafter. All
experimental groups consisted of 5�7 mice and are representative of 2�3 repeats. Differences in mean clinical scores and
DTH responses were significantly less than the responses in groups tolerized with the irrelevant OVA323�339-PLG
nanoparticles (*p e 0.05, ANOVA).
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protection from the acute phase of disease, but ex-
perienced reduced severity of disease during remis-
sion and relapse (Figure 3D). To determine the duration
of protection afforded by PLP139�151-PLG administered
at day �7 relative to EAE induction, a cohort of mice
were scored up to 100 days postpriming. Figure 3B
shows that protection from R-EAE was maintained for
the entire experimental course as opposed to
OVA323�339-PLG tolerized controls, which presented
with a typical relapsing disease course for the duration
of the experiment.

To determine if antigen-specific T cell tolerancewas
induced by Ag-PLG administered on day�7 relative to
induction of EAE with PLP139�151, DTH responses were
examined on day þ8. PLP139�151-PLG treated mice
showed reduced DTH reactivity when challenged sub-
cutaneously with soluble PLP139�151, with net changes
in ear swelling comparable to those following chal-
lenge with OVA323�339 peptide (Figure 3E). As a proof
of principle that tolerance induction using this method
is not limited to a single peptide epitope and to test if
bystander suppressionwas induced,wealsodemonstrated
that prophylactic administrationof PLP178�191‑PLG, but not
PLP139�151-PLG or OVA323�339-PLG, protects from ac-
tive R-EAE symptoms induced with PLP178�191/CFA
(Figure 3F). This indicates that tolerance is exquisitely
peptide-specific in that tolerance to the dominant
PLP139�151 epitope did not induce cross-protection to
disease induced by the PLP178�191 epitope. Utilizing
fluorescently labeled PLG-PEMA particles, we observed
the particles mainly localized to the spleen, liver, and
lung at 3, 6, and 18 h postinjection, but were largely
undetectable in these organs by 24 h (manuscript in
preparation).

Myelin Peptide-Coupled PLG-PEMA Nanoparticles Can Safely
Be Used To Treat Established R-EAE. To determine the
potential translational relevance of the Ag-PLG toler-
ance procedure for treating established autoimmune
disease, we next sought to determine if therapeutic
administration of Ag-PLGwould be effective in treating
mice with existing symptoms of EAE. For these experi-
ments,we induced EAE via adoptive transfer of PLP139�151

activated CD4þ T cell blasts into nave SJL mice as
previously described.24,27 Mice were tolerized shortly
after adoptive disease transfer (dayþ2, Figure 4A) or at
the peakof acute disease (dayþ14, Figure 4B). Similar to
the prophylactic tolerance studies, mice treated with
PLP139�151-PLG particles vs OVA323�339-PLG two days
post adoptive transfer were totally protected from EAE
as determined by clinical scores, and remained disease-
free throughout the 40 day observation period, impor-
tantly indicating that tolerance could effectively down-
regulate activated encephalitogenic T cells. At day
42 following adoptive transfer, brain and spinal cord
tissue was collected and processed for histological
analysis to determine the extent of cellular infiltration
and demyelination in the CNS in tolerized animals.

CD45þ inflammatory cell infiltration was particularly
pronounced in the spinal cord of mice tolerized with
control OVA323�339-PLG, while mice tolerized with
PLP139�151-PLG had significantly less CD45 infiltration
in the brain and spinal cord (Figure 4C). These trends
were also true of CD3þCD4þ T cell infiltration into the
CNS (data not shown).

Mice treated therapeutically at peak disease (day
þ14) with PLP139�151-PLG particles (Figure 4B) reached
complete remission (score 0) within one week of
treatment, and did not experience any relapses as
opposed to recipients of control OVA323�339-PLG par-
ticles. Spinal cord tissue was collected from these mice
on day 44 and processed for histological analysis
(Figure 4D, Figure S1). Luxol Fast Blue was used to
visualize the extent of demyelination in treated ani-
mals. In accordance with reduced clinical disease
symptomology, mice tolerized with PLP139�151-PLG
showed less demyelination (red arrows) and cellular
infiltration (green arrows) than OVA323�339-PLG toler-
ized controls. This result is particularly interesting as all
mice were of similar disease severity at time of toler-
ance induction, indicating that there continues to be
considerable damage accrued during relapse and/or
that PLP139�151-PLG tolerance therapy may stimulate
myelin repair.

During the peak of acute PLP178�191-induced R-EAE,
T cells reactive to PLP139�151 are primed directly in the
CNS as a result of intramolecular epitope spreading,
leading to further inflammation and a primary relapse
in clinical symptoms within days of disease remission.33

To investigate whether tolerance could be induced
therapeutically during disease remission to limit epi-
tope spreading and thus prevent disease relapses,
active R-EAE was induced by priming SJL/J mice with
PLP178�191/CFA. Micewere then treated during disease
remission (day þ18) with PLG particles coupled to
either OVA323�339 or the spread epitope, PLP139�151.
Mice tolerized with PLP139�151-PLG during disease
remission experienced a significant reduction in sever-
ity of disease relapse indicating specific inhibition of
epitope spreading (Figure 4E).

We have previously reported thatmicewith actively
induced R-EAE treated by the iv administration of
soluble antigen at or shortly after the peak of acute
disease were susceptible to severe IgE-associated ana-
phylactic shock-associatedmortalities.34 To investigate
whether this was also a possible consequence of late
administration of myelin antigen-coupled PLG particles,
we induced active PLP139�151 R-EAE in female SJL/J
mice on day 0, and tolerized the animals shortly after
remission from acute disease (day 21) with either soluble
PLP139�151 or OVA323�339, or PLG-coupled PLP139�151 or
OVA323�339. Anaphylaxis is an acute, life-threatening
phenomenon characterized by respiratory distress, er-
ythema,decreasedbody temperature, unresponsiveness,
and often death. As decreased body temperature is one
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Figure 4. Myelin Ag-coupled PLG-PEMA nanoparticles safely and effectively treat established EAE and prevent disease
relapses. EAEwas induced in 6�8week old female SJL/Jmice by adoptive transfer of 2.5� 106 PLP139�151-specific blasts.Mice
were injected iv with either 1.25mg of OVA323�339- or PLP139�151-PLG-PEMA nanoparticles 2 days (A) or 14 days (B) following
cell transfer and mice were followed for clinical disease for the indicated number of days. (C) Brain and spinal cords were
collected from themice in panel A tolerizedwithOVA323�339- or PLP139�151-PLG on dayþ2 for histological analysis on day 42,
and sectionswere stained for PLPprotein (green) andCD45 (red). (D) Spinal cord sections frommice frompanel Bwere stained
with Luxol Fast Blue. Areas of demyelination are indicated by red arrows; areas of cellular infiltration are indicated by green
arrows. Highermagnification images are shown in Figure S1. (E) To test the efficacy of Ag-PLG nanoparticles to treat EAEmice
during disease remission for prevention of disease relapses, SJL/J mice with EAE induced by sc priming with PLP178�191/CFA
were tolerizedby iv infusion ofOVA323�339- or PLP139�151-PLGondayþ18, and clinical diseasewas scored for an additional 21
days. (F) To determine the potential of Ag-PLG tolerance to trigger anaphylaxis in primedmice, EAEwas induced in 6�8week
old female SJL/J mice by subcutaneous injection of PLP139�151/CFA and the mice were treated by iv infusion of 200 μg of
soluble OVA323�339 or PLP139�151, or the same peptides coupled to PLG-PEMA nanoparticles on dayþ21. Temperature of the
injected animals was monitored and recorded every 10 min for 1 h following injection as a measure of induction of
anaphylaxis. All experimental groups consisted of 5�7 mice and are representative of 2�3 separate experiments. Mean
clinical scores were significantly less formice treatedwith PLP139�151-PLG than formice treatedwith the OVA323�339-coupled
control PLG particles (*p e 0.05, **p e 0.01 ANOVA).
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measurable trait of anaphylactic reaction, all mice were
implantedwith subcutaneous temperature transponders
three days prior to tolerance induction so that body
temperatures could bemeasured using a programmable
temperature transponder pocket scanner (BioMedicData
Systems, Maywood, NJ). Temperatures were obtained at
5 and 10 min following injection, and then at 10 min
intervals for a total of 60 min. Mice administered soluble
PLP139�151 experienced drastic decreases in core tem-
perature immediately following injection (Figure 4F).
Three out of five mice in the soluble PLP139�151 group
diedbefore the60min timepoint. The core temperatures
of the remaining twomicebegan to increaseafter 50min,
and subsequently restabilized. In stark contrast, mice
given PLP139�151-PLG maintained stable body tempera-
tures throughout the observation time course. We con-
tinued to score both the soluble PLP139�151 and the
PLP139�151-PLG groups after tolerance induction. Inter-
estingly, while both groups experienced similar disease
severity during thepeak acutephaseof disease, aswell as
complete remission, only mice tolerized with PLP139�151-
coupled PLG particles were able to remain in remission,
while mice treated with the soluble peptide relapsed
within four days (data not shown). These results thus
indicate the efficacy and safety of Ag-PLG tolerance for
treatment of established R-EAE. A similar safety profile
has been observed in OVA/alum primed mice with pre-
existing OVA-specific IgE upon iv treatment with OVA-
PLG (in preparation).

Treatment with Peptide-Coupled PLG-PEMA Nanoparticles
Reduces Immune Cell Infiltration and Cytokine Production in
the CNS. To further characterize the immune cell popu-
lations accessing the CNS following treatment with
antigen-coupled PLG nanoparticles, we analyzed CNS
cellular infiltrates by flow cytometric analysis (Figure 5A)
of mice with adoptive transfer R-EAE tolerized with
either OVA323�339- or PLP139�151-PLG on day þ2 fol-
lowing transfer of PLP139�151-specific T cell blasts
(Figure 4A). Lymphocytes, APC subsets, and microglia
were all significantly reduced at peak disease in the
CNS of PLP139�151-PLG treated mice (Figure 5B�D).
Within the APC subsets, monocytes/macrophages
(CD45hiCD11bhiCD11clo), plasmacytoid dendritic cells
(pDC) (CD45hiCD11blowCD11chi), and CD11bþ dendri-
tic cells (CD45hiCD11bhiCD11chi) were all reduced in
PLP139�151-PLG tolerized mice as compared to the
OVA323�339-PLG tolerized controls (Figure 5E�G). Con-
sistent with the profound protection from clinical
symptoms of disease (Figure 4A), intracellular cytokine
staining revealed a significant reduction in the num-
bers of both encephalitogenic Th1 (IFN-γþ) and Th17
(IL-17Aþ) CNS-infiltrating T cells in PLP139�151-PLG
tolerized mice compared to OVA323�339-PLG tolerized
controls (Figure 5H, Figure S2).

We have recently demonstrated the effective use of
carboxylated 500 nm polystyrene nanoparticles linked
to autoantigenic peptide epitopes as a platform for the

induction of immunological tolerance for the preven-
tion and treatment of the EAE model of MS.27

This material served as an excellent substitute for
Ag-coupled apoptotic splenocytes (Ag-SP), since (1)
the negative charge on these nanoparticles was ideal
for allowing the covalent attachment of peptides via
ECDI chemistry; (2) the size of the particles mimicked
apoptotic fragments; and (3) antigen-coupled polystyr-
ene nanospheres were successful surrogates for Ag-SP
as they stimulated uptake by APCs in the splenic
marginal zone through the scavenger receptor MAR-
CO, promoted Treg activation, and inhibited the differ-
entiation of Th1/Th17 effector cells through the
induction of T cell anergy. Although tolerance induc-
tion with antigen-coupled polystyrene nanospheres
efficiently inhibited the induction of EAE when admi-
nistered prophylactically and abrogated ongoing dis-
ease when administered therapeutically, the trans-
lational potential of this platform is questionable due
to the nonbiodegradable nature of the material and its
potential toxicity.35 Although numerous biodegrad-
able polymers and copolymers abound, the copolymer
PLG has been extensively studied in models of drug
delivery and vaccine therapy due to its natural biologic
compatibility. We therefore investigated the use of
carboxylated PLG nanoparticles as a viable alternative
to the polystyrene platform since PLG is biodegrad-
able, FDA-approved, and could be manufactured with
physical properties comparable to polystyrene nano-
particles in terms of diameter and surface charge.
Similar to polystyrene particles, commercially available
PLG nanoparticles conjugated to encephalitogenic
epitopes ameliorated disease both prophylactically
and therapeutically when administered to EAE mice,27

and similar to tolerance induced by antigen-coupled
polystyrene nanoparticles, their regulatory effects ap-
pear to require uptake via the MARCO scavenger
receptor.36 However, inconsistencies in the level of
protection afforded by the administration of antigen
coupled to commercially available PLG nanoparticles
indicated a need for particle modifications.

In the present study, we report that PLG nanopar-
ticles modified with the surfactant PEMA and cova-
lently decorated with peptide antigen are a superior
and more reliable platform for the induction of im-
munological tolerance when compared to polystyrene
and commercially available PLG nanoparticles. Toler-
ance induction using this platformwasmost effectively
induced via iv administration and was antigen-specific
and safe (mice exhibited no symptoms of anaphylaxis
when therapy was administered after peak of acute
disease). In addition, tolerance induction by antigen-
conjugated PLG-PEMA nanoparticles limited T cell recall
responses in an antigen-specificmanner, and drastically
reduced the recruitment of innate and adaptive effector
cells into the CNS following EAE induction. Furthermore,
tolerance induced by antigen-conjugated PLG-PEMA
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Figure 5. Induction of therapeutic tolerance with myelin Ag-coupled PLG-PEMA nanoparticles reduces CNS immune
infiltration and cytokine secretion. (A) SJL/J mice were injected iv with PLG-PEMA nanoparticles coupled with OVA323�339

or PLP139�151 2d following EAE induction by adoptive transfer of activated PLP139�151-specfic T cell blasts. At the peak of
disease in the OVA323�339-PLG treated controls (dþ14), brains and spinal cords were removed and processed into single cell
suspensions, and the numbers of infiltrating immune cells were analyzed by flow cytometry using the indicated gating
scheme. The numbers of lymphocytes (B), APCs (C), microglia (D), macrophages (E), myeloid dendritic cells (mDCs) (F), and
conventional peripheral dendritic cells (pDCs) (G) were enumeratedby flowcytometry. (H) CNS cell preparations from the two
treatedgroups aswell as fromnave controlswere stimulatedwith PMAand ionomycin for 5 h prior to intracellular staining for
IFN-γ and IL-17A. Representative dot plots are shown in Figure S2. Data is representative of 2�3 separate experiments.
Numbers of the various cell subsets infiltrating the CNS were significantly less for mice treated with PLP139�151-PLG than for
mice treated with the OVA323�339-coupled control PLG particles (*p e 0.05, **p e 0.01 ANOVA).
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nanoparticles was long-lasting and durable, limiting the
severity of EAE when administered over 50 days prior to
disease induction, and maintaining protection from
disease for up to 100 days post immunization. Finally,
treatment with antigen-conjugated PLG-PEMA particles
was also potent at inducing tolerance in disease
mediated by the transfer of a large number of highly
activated encephalitogenic T cells, demonstrating its
potent therapeutic efficacy.

The mechanisms by which modification of PLG
nanospheres with PEMA surfactant enhances their
tolerogenic potential is worthy of discussion. Multiple
factors are involved in influencing the uptake and
immune recognitionmediated by nanoparticles. These
include particle size, shape, charge, polymer composi-
tion and route of administration, each of which dictate
how the immune system responds to their recognition
and the quality of the eventual response that is formed.
In one set of studies, administration of PLG particles
with diameters less than 500 nm was found to skew a
Th2-type response normally induced by hepatitis B
virus antigen toward a Th1 response, thereby exerting
adjuvant-like effects.30,37 Additionally, antigen encap-
sulated in <500 nm PLG particles were found to elicit
potent cytotoxic T lymphocyte responses when admi-
nistered via ip injection, whereas the same antigen
encapsulated in PLG particles with diameters greater
than 2.0 μm did not.38 Such differences in outcome
may be attributed to the ability of APCs to recognize
and internalize smaller particles by phagocytosis, while
larger particles may only initiate APC recognition and
adherence. This observation is likely of significant
consequence to the platforms used in our tolerance
induction model, since uptake of the particles and
cross-presentation of the covalently linked antigen
onto MHC class II molecules of recipient APCs is
necessary to promote T cell anergy via the two-signal
hypothesis.28,39 Moreover, we have previously demon-
strated that 500 nm polystyrene particles maximally
induced tolerance when compared to particles of
larger and smaller diameter.27 However, size alone is
unlikely to account for the superior effects of antigen-
conjugated PLG-PEMA when compared to other plat-
forms examined in this study. Little difference exists
between the size of our custom particles and those
commercially available, and similar phenomena have
been reported in a prior study.40 Of obvious conse-
quence to the efficacy of our custom PLGnanoparticles
is the addition of carboxyl groups through surface
modification with the surfactant PEMA, as evidenced
by the 2-fold increase in magnitude of ζ-potential.
Since ECDI chemistry forms covalent bonds between
carboxyl groups and primary amines, this directly
affects the amount of antigen that can be conjugated
to the surface of the particles, resulting in a 3-fold
increase in antigen dose administered by PLG-PEMA
nanoparticles when compared to the commercially

available alternative. Yet, despite the similar magnitude
in ζ-potential between PLG-PEMA andpolystyrene nano-
particles, PLG-PEMA consistently demonstrated a super-
ior capacity to prevent and treat EAE across multiple
experiments (data not shown), even though a higher
antigen dose was administered upon treatment with
polystyrene nanospheres. Thus, antigen dose appears
to not be the sole determinant of increased efficacy in
our tolerance induction platform.

Another important determinant in the immune
recognition and uptake of nanoparticlesmay be shape.
Inone study, itwas reported that shapeof thebiomaterial
mediated the initiation of phagocytosis by professional
APCs, while size of the nanoparticle determined the
ability of the APC to complete phagocytosis.41 Although
surface modification with PEMA is unlikely to change the
overall shape of the PLG nanoparticle, its increased
negative charge may influence the conformation of
PLG-antigen-PLG conjugates and dictate the size of the
aggregates.40 Thus, it is of interest to determine whether
monodispersedantigen-conjugatedPLG-PEMAcan func-
tion as efficiently during immune recognition for the
induction of immunological tolerance, or if the repeated
motifs present in the PLG-antigen-PLG are necessary to
direct the particles into a tolerogenic pathway via

MARCO scavenger receptors.42 This possibility is cur-
rently under investigation. Finally, the enhanced charge
may not only affect recognition by APCs,43,44 but it may
also influence the adsorption of serum proteins and
opsonins that have been demonstrated to have a
profound effect on nanoparticle clearance and uptake
by macrophages.45,46

With the surge in popularity of nanomaterials for
use in drug delivery and vaccine therapy, there has
been a recent interest in the use of nanoparticles for
immunosuppression and peripheral tolerance induc-
tion. Zhao et al. demonstrated T cell tolerance for the
treatment of EAE could be induced by subcutaneously
injecting SJL/J mice with PLG particles encapsulating
a bifunctional peptide inhibitor of T cell activation
(PLP139�151 conjugated to a CD11a peptide)47,48 How-
ever, administration of the tolerogen induced anaphy-
laxis at day 45 with only 10% of the treated animals
surviving, limiting the efficacy of this therapy. Signifi-
cantly, our current results show that peptide-coupled
PLG particles do not initiate anaphylaxis in primed
mice (Figure 4F). Huang et al. reported that DNA/
polyethyleneimine nanoparticles could prevent anti-
gen-specific T cell responses by upregulating IDO
production from dendritic cells and TREGS. This led to
decreased CD4 and CD8 T cell responses and signifi-
cantly limited joint inflammation in an experimental
model of rheumatoid arthritis.49 Yet whether treat-
ment with DNA/polyethyleneimine nanoparticles truly
induces antigen-specific tolerance is questionable since
the response to unrelated antigens was not measured
following treatment. Lastly, a study utilizing 60 nm
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particles encapsulating a gold core conjugated to an
encephalitogenic peptide and 2-(10H-indole-30-carbonyl)-
thiazole-4-carboxylic acid methyl ester, an aryl hydro-
carbon receptor (AhR) ligand, was able to induce TREG-
mediated protection from EAE.50

CONCLUSION

In summary, we describe a simple, yet highly effica-
cious, method for inducing potent T cell tolerance for
the prevention and treatment of EAE employing iv
infusion of antigen-coupled PLG-PEMA nanoparticles.
Preliminary evidence indicates that similar to what we
have published regarding antigen-coupled PSB,27 tol-
erance induced by antigen-coupled PLG particles is

due to the combined effects of T cell anergy and the
activation of Tregs. The safety, low-cost, and function-
ality of this protocol broadens its applicability in the
clinical setting. By simply switching out the antigenic
epitopes conjugated to the PLG-PEMA particles, the
platform can easily be modulated to treat a wide
variety of autoimmune and allergic diseases. This
tolerance platform may also be useful for promoting
the use of recombinant protein and gene therapy
approaches in diseases characterized by protein lack
or insufficiency by eliminating the induction of neu-
tralizing immune responses in individuals receiving
proteins to which they have never developed self-
tolerance during development of the immune system.

MATERIALS AND METHODS
Mice. Female SJL/J mice were purchased from Harlan La-

boratories (Indianapolis, IN). All mice were housed under spe-
cific pathogen-free conditions in the Northwestern University
Center for Comparative Medicine and maintained according to
protocols approved by the Northwestern University Institu-
tional Animal Care and Use Committee.

Phosphorex PLG Nanoparticle Preparation. The 500 nm poly-
(D,L-lactic-co-glycolic acid) (PLG) nanoparticles with surface
carboxylate groups were purchased from Phosphorex, Inc.
(Fall River, MA) and were resuspended to a final concentration
of 25 mg/mL in sterile phosphate-buffered saline (PBS), pH 7.4.
The resulting nanoparticle suspension was then filtered
through a 40 μm cell strainer, aliquoted into 500 μL fractions,
and stored at �20 �C until further use.

PLG-PEMA Nanoparticle Synthesis. PLG-PEMA nanoparticles
were prepared using a single emulsion-solvent evaporation
method. PLG with carboxylate end groups, a 50:50 D,L-lactide/
glycolide ratio and inherent viscosity of 0.18 dL/g in hexafluoro-
2-propanol was purchased from Lactel Absorbable Polymers
(Birmingham, AL); PEMA (poly[ethylene-alt-maleic anhydride]
was purchased from Polysciences, Inc., Warrington, PA. Two
milliliters of 20% (w/v) PLG in dichloromethane (DCM) (Sigma,
St. Louis, MO) was added dropwise to 4mL of 1% (w/v) aqueous
PEMA, and the mixture was sonicated for 30 s at 100% ampli-
tude using a Cole-Parmer CPX130 Ultrasonic Processor
equipped with a Cole-Parmer CV 18 ultrasonic probe adapter
and a Cole-Parmer 3 mm probe with stepped tip. Immediately
after sonication, the emulsion was poured into 200 mL of
0.5% (w/v) aqueous PEMA under stirring on a Bellstir Multistir
9 magnetic stirrer. The resultant nanoparticles were stirred for
12 h to allow for the DCM to completely evaporate and were
then washed three times in 0.1 M sodium carbonate-sodium
bicarbonate buffer, pH 9.6. The particles were then resuspended
in a 20mL solution of 3% (w/v) aqueous D-mannitol and 4% (w/v)
aqueous sucrose, gradually frozen to �80 �C, and lyophilized to
dryness.

Nanoparticle Size and ζ-Potential Characterization. Ten microliters
of 25 mg/mL nanoparticle suspension was uniformly diluted
with 990 μL of 18.2MΩ 3 cmwater, and size and ζ-potential were
measured using dynamic light scattering (DLS) on the Zetasizer
Nano ZS from Malvern Instruments, Inc. (Westborough, MA).
Particle size as determined by DLS was confirmed by transmis-
sion electronmicroscopy. Particles were dried overnight on 400
mesh holey carbon copper grids and imaged directly on a FEI
Tecnai Spirit G2 120 kV transmission electron microscope from
FEI (Hillsboro, OR). Efficiency of peptide coupling was deter-
mined using radiolabeled peptides before and after incubation
with 16.67 mg/mL of ECDI for 1 h at room temperature (21 �C).

Microscopy. For particle tracking experiments, female SJL/J
mice aged 6�10 weeks were injected iv with 6.25 mg of

fluorescently labeled PLG-PEMA (2% w/w coumarin-6) in PBS
vehicle. At indicated time points (2�3 mice per time point),
mice were sacrificed, and organs were harvested and flash
frozen in OCT compound. Organ slices were prepared on a
cryostat and counter stained with DAPI.

Peptides. PLP139�151 (HSLGKWLGHPDKF) and OVA323�339

(ISQAVHAAHAEINEAGR) were purchased from Genemed Syn-
thesis. 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 described.24,27,51 Individual animals were observed
daily and clinical scores were assessed on a 0�5 scale as follows:
0 = no abnormality; 1 = limp tail or hind limbweakness; 2 = limp
tail and hind limb weakness; 3 = hind limb paralysis; 4 = hind
limb paralysis and forelimb weakness; and 5 = moribund. The
data are reported as the mean daily clinical score. Paralyzed
animals were afforded easier access to food and water.

Tolerance Induction with Antigen-Coupled PLG and Polystyrene Nano-
particles. Peptide antigens were attached to the surface of
500 nm carboxylated PLG particles using ECDI (1-ethyl-3-
(30-dimethylaminopropyl)carbodiimide; EMD Chemicals, Inc.,
Gibbstown, NJ), with 0.08 mg of peptide in the presence of
0.32 mg ECDI/mg of PLG nanoparticles. Animals received
intravenous injections of approximately 9 � 109 nanoparticles
comprising 10�15 μg of peptide, depending on the sequence
used in the coupling reaction. Carboxylated 500 nmpolystyrene
beads (PSBs) were purchased from Polysciences (Warrington,
PA). Peptide antigens were attached to particles using ECDI
according to manufacturer's instructions, in the same process
and concentration as with the PLG nanoparticles.

Delayed-Type Hypersensitivity (DTH) and in Vitro Proliferation Assays.
DTH was performed via a 24 h ear swelling assay as previously
reported.52 Prechallenge ear thickness was determined using a
Mitutoyo model 7326 engineer's micrometer (Schlesinger's
Tools, Brooklyn, New York). Immediately thereafter, DTH re-
sponses 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 prechallenge measurements was determined
24 h after ear challenge. Results are expressed in units of 10�4 in.
( SEM. For cell activation and proliferation assays, draining
inguinal lymph nodes (LNs) and/or spleenswere harvested from
nave mice or primed mice at the indicated times following
disease induction, counted, and cultured in 96-well microtiter
plates at a density of 5 � 105 cells/well in a total volume of
200 μL of HL-1 medium (BioWhittaker) containing 100 U/mL
penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine).
Cells were cultured at 37 �Cwithmediumalone orwith 10 μg/mL
of peptide Ag for 72h. During the last 24 h, cultures were pulsed
with 1 μCi/well [3H]TdR, and uptake was detected using a
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Topcount microplate scintillation counter and results are ex-
pressed as mean of triplicate cultures.

Antibodies and Flow Cytometry. Cells were isolated from the
CNS and stained as previously described.53 FcR blocking with
CD16/32 was performed followed by staining with various
combinations of the following antibodies: RCD3-APC/Cy7,
RCD11c-PE, RCD45-FITC, RIFN-γ-PE/Cy7, RIL-17-APC, (eBioscience),
RCD4-Pacific Blue, and RCD11b-PerCP/Cy5.5 (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).
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