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B Abstract

The development of therapies that specifically target autore-
active immune cells for the prevention and treatment of type
1 diabetes (T1D) without inducing generalized immunosup-
pression that often compromises the host’s ability to clear
non-self antigen is highly desired. This review discusses the
mechanisms and potential therapeutic applications of anti-
gen-specific T cell tolerance techniques using syngeneic
apoptotic cellular carriers and synthetic nanoparticles that
are covalently cross-linked to diabetogenic peptides or pro-
teins through ethylene carbodiimide (ECDI) to prevent and
treat T1D. Experimental models have demonstrated that in-
travenous injection of autoantigen decorated splenocytes
and biodegradable nanoparticles through ECDI fixation ef-
fectively induce and maintain antigen-specific T cell abortive
activation and anergy by T cell intrinsic and extrinsic

mechanisms. The putative mechanisms include, but are not
limited to, the uptake and processing of antigen-coupled
nanoparticles or apoptotic cellular carriers for tolerogenic
presentation by host splenic antigen-presenting cells, the
induction of regulatory T cells, and the secretion of immune-
suppressive cytokines, such as IL-10 and TGF-B. The safety
profile and efficacy of this approach in preclinical animal
models of T1D, including non-obese diabetic (NOD),
BDC2.5 transgenic, and humanized mice, have been exten-
sively investigated, and will be the focus of this review.
Translation of this approach to clinical trials of T1D and
other T cell-mediated autoimmune diseases will also be re-
viewed in this chapter.

Keywords: type 1 diabetes - immune tolerance - apoptosis -
scavenger receptors poly(lactide-co-glycolide) - PLG
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1. Introduction

& he ability to tolerize T cells specific for auto-
# antigens, allergens, and alloantigens remains
2 the most desired treatment for a myriad of
immune-mediated diseases, including autoimmune
diseases such as type 1 diabetes (T1D). However,
successful translation of tolerance-based immune
therapies for treatment of autoimmune diseases to
the clinic has yet to be realized. Thus far, thera-
pies employing soluble Ag have had limited suc-
cess in modulating T1D (reviewed in [1]). Subcu-
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taneous injection of the 65-kDa isoform of glutamic
acid decarboxylase in alum had no effect on dis-
ease progression [2]. Although mucosal antigen de-
livery has shown promise in animal models of mul-
tiple sclerosis and T1D [3], larger clinical trials
testing oral and nasal administration of insulin
have been ineffective in the prevention or reversal
of new-onset T1D (reviewed in [4, 5]). Intravenous
administration of humanized non-mitogenic anti-
CD3 to induce tolerance in T1D has had some ini-
tial success [6-8], but there are still concerns about
efficacy, cytokine release syndrome, and viral reac-

DOI 10.1900/7RDS.2012.9.319



320  Special Edition

The Review of DIABETIC STUDIES

Prasad et al.

Vol. 9 [No. 4 (2012

tivation. Attempts to improve safety via oral ad-
ministration of anti-CD3 resulted in some positive
immunoregulatory effects in a small study involv-
ing 15 healthy controls [9]. Larger patient studies
will be needed to clearly define any clinical benefit
of oral vs. intravenous anti-CD3 treatment.

Induction of tolerance using autoantigenic pep-
tides chemically cross-linked to splenic leukocytes
(Ag-ECDI-SP) or other cellular carriers using eth-
ylene carbodiimide (ECDI) has been shown to be a
safer tolerance therapy [10] and is significantly
more effective for the prevention and treatment of
autoimmunity in various animal models than
therapies using soluble antigen or broad spectrum
immunosuppressive drugs (reviewed in [11]). In-
duction of tolerance using Ag-ECDI-SP was first
shown to be an effective treatment in the experi-
mental autoimmune encephalomyelitis (EAE)
model of multiple sclerosis (MS) [11-13]. The ther-
apy has recently proven safe and has shown some
efficacy in a magnetic resonance imaging-
controlled phase | clinical trial in relapsing-
remitting MS patients at the Center for Multiple
Sclerosis, University of Hamburg, Germany [14].
In addition to EAE and MS, the efficacy of Ag-
ECDI-SP has been demonstrated in other immune-
mediated inflammatory conditions, including T1D
[15, 16], allergy [17], and islet transplant rejection
[18]. This review focuses on the use and mecha-
nisms of tolerance induction using Ag-ECDI-SP
and Ag-coupled biodegradable poly(lactide-co-
glycolide) (Ag-PLG) nanoparticles in experimental
mouse models of T1D.

2. Mechanism of Ag-ECDI-SP toler-
ance

The two signal hypothesis for CD4" T cell acti-
vation requires both stimulation of the T cell re-
ceptor (TCR) (signal 1) and costimulatory mole-
cules, e.g. CD28/CD80/CD86 (signal 2). Engage-
ment of Ag/MHC by the TCR in the absence of
costimulation results in T cell anergy or activa-
tion-induced death, and is a crucial mechanism for
both central and peripheral tolerance [19, 20]. In
vitro studies show Ag-EDCI-SP can directly en-
gage TCR signaling in the absence of costimula-
tion, resulting in long lasting T cell anergy [21,
22]. These unresponsive cells remain viable and in
a non-proliferative state that can be reversed by
the addition of interleukin 2 (IL-2) [21].

While there is clear evidence for the role of T
cell anergy in Ag-ECDI-SP tolerance, subsequent
studies have shown that splenocytes treated with
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Abbreviations:

Ag - antigen

Ag-ECDI-SP — autoantigenic peptides chemically cross-
linked to splenic leukocytes

APC - antigen-presenting cell

C57BL/6 — inbred strain C57 black 6

ChgA - chromogranin A

CTLA4 — cytotoxic T lymphocyte antigen 4

DC — dendritic cell

DTH - delayed-type hypersensitivity

EAE — experimental autoimmune encephalomyelitis
ECDI - ethylene carbodiimide

G6Pase — glucose 6-phosphatase

GADG65 — glutamate decarboxylase 65

GMP - good manufacturing practice

HLA — human leukocyte antigen

HSP60 — heat shock protein 60

1A-2 - islet cell antigen 512

IEN-y — interferon gamma

IGRP - islet-specific G6Pase catalytic subunit-related pro-
tein

IL — interleukin

INS — insulin

ITN — Immune Tolerance Network

iTreg — induced regulatory T cell

i.v. — intravenous

MARCO - macrophage receptor with collagenous structure
MHC — major histocompatibility complex

MS — multiple sclerosis

MZM — marginal zone macrophage

NIT-1 — NOD-derived insulinoma cell line

NOD - non-obese diabetic

NOD.g2mnullHHD - HLA-A*0201 transgenic, H-
2D(b)/mouse beta2-microglobulin double knockout mice
NRP - nonribosomal peptide

p31 - 1040-p31 peptide

PBL - peripheral blood leucocyte

PBMC — peripheral blood mononuclear cell

PD-1 — programmed cell death 1

PD-L1 - ligand of PD-1

PLG - poly(lactide-co-glycolide)

PLGA — poly(lactic-co-glycolic) acid

PSB — polystyrene beads

RBC — red blood cell

T1D - type 1 diabetes

TCR —T cell receptor

Tg — transgenic

TGF-B — transforming growth factor beta

Th —T helper

Trl — type 1 regulatory T cell

Treg — regulatory T cell

UVB - ultraviolet B light

antigen-processing inhibitors, MHC knock-out
splenocytes, or donor red blood cells (RBCs) lack-
ing MHC class Il expression can still induce toler-
ance [16, 23, 24]. This suggests that T cell anergy
through direct TCR engagement of the Ag-ECDI-
SP is not required, rather tolerance induction is
primarily achieved through indirect mechanisms
involving host antigen-presenting cells (APCs)
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[23]. The exact mechanisms for indirect tolerance
are unclear. However, it is hypothesized that Ag-
ECDI-SP utilize processes that are inherently in
place to maintain peripheral tolerance during
normal tissue turnover. During natural cell turn-
over, clearance of apoptotic cells occurs in a pro-
tolerogenic fashion. Apoptotic cells release immu-
nosuppressive cytokines and alter the expression
of their surface proteins [25, 26]. These changes
are recognized by apoptotic cell-sensing receptors,
resulting in engulfment by macrophages and other
phagocytic cells. After engulfment, tolerance can
be established via several distinct mechanisms, in-
cluding suppression of inflammatory cytokine pro-
duction, release of anti-inflammatory cytokines,
and modulation of antigen presentation and
costimulatory molecules by APCs [27].

Fixation of Ag on the surface of splenocytes
by ECDI readily induces apoptotic cell death [23].
Similar to apoptotic cells produced during normal
cell death, Ag-EDCI-SP can be phagocytized by
macrophages and dendritic cells (DCs) [23, 24].
Trafficking studies show that apoptotic Ag-ECDI-
SP traffic to the host spleen, accumulate in the
splenic marginal zone, and are then internalized.
Processed antigens are represented by resident
APCs, including marginal zone macrophages
(MZMs) and CD8" DCs [27]. Splenectomy abro-
gates tolerance induction, suggesting that uptake
and processing of Ag-ECDI-SP in a non-
immunogenic fashion requires MZMs and/or
splenic DCs [27]. Similar pathways have been
cited for related tolerogenic approaches. Tolerance
induced by infusion of UVB-treated NIT-1 cells, or
the administration of DCs pulsed with apoptotic
bodies from beta-cells, are thought to occur by util-
izing the same underlying mechanisms [28, 29].
The exact mechanisms by which Ag-EDCI-SP
promote tolerance induction still remain unclear.
However, it is likely that several distinct mecha-
nisms are working synergistically to increase
therapeutic efficacy.

3. Ag-ECDI-SP tolerance in T1D

3.1 Insulin-ECDI-SP in NOD mice

The non-obese diabetic (NOD) mouse is the
most widely used animal model for T1D and has
been extensively characterized [30]. In contrast to
other mouse models of autoimmune diseases, NOD
mice develop spontaneous T1D similar to the hu-
man diabetes, in both the genetic and environ-
mental factors that influence disease susceptibil-
ity, and in the nature of immune responses that
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mediate pathology [30-32]. Extensive studies using
congenic mice have identified multiple insulin-
dependent loci that confer susceptibility to T1D;
many of these genes have homologous counter-
parts in human disease [33-35]. The majority of
these genes play important roles in immune regu-
lation, including the induction and maintenance of
central and peripheral tolerance [36]. It should be
noted that there are many differences between
human T1D and the NOD disease, which may
limit the translation of findings in this mouse
model to the treatment of the human disease [30,
32, 37]. However, humans and NOD mice share
many of the same antigenic targets and specific
CD4" and CD8" epitopes found on insulin (INS),
islet-specific G6Pase catalytic subunit-related pro-
tein (IGRP), heat shock protein 60 (HSP60), and
islet cell antigen 512 (1A-2) [38].

Many lines of evidence show that insulin, spe-
cifically insulin B,,, is the primary initiating epi-
tope in T1D [39-41]. NOD mice with knockouts of
both native insulin genes that express a mutated
proinsulin transgene (tyrosine to alanine substitu-
tion at position B16 in preproinsulin) do not de-
velop insulitis, lack islet autoantibodies, and are
completely protected from diabetes. This demon-
strates that immune recognition of the InsB,,, epi-
tope is required for initiating pathogenesis, de-
pending on the tyrosine residue at position 16 [40].
In a study, tolerance induction by genetic overex-
pression of preproinsulin on APCs inhibited
autoreactivity to insulin, but not IGRP, and pre-
vented the onset of disease [41]. Taken together,
these data show insulin to be a critical autoantigen
in the early initiation and progressive pathology of
T1D. Treatment with insulin-ECDI-SP induced
long-term remission in up to 50% of new onset dia-
betic NOD mice [15]. These findings highlighted
that one of the few therapies (both antigen-specific
and non-specific) can reverse diabetes in NOD
mice after clinical onset of disease.

Treatment of young NOD mice with insulin B,
,,~ECDI-SP or insulin-ECDI-SP before onset pro-
tected up to 100% of mice from disease onset [16].
Administration of Insulin-ECDI-SP reduced the
infiltration of immune cells in the pancreatic islets
and blocked the induction of DTH responses in an
antigen-specific manner. Insulin coupled to donor
RBCs also effectively protected NOD mice from
onset of T1D, demonstrating that tolerance induc-
tion primarily occured through indirect mecha-
nisms [16]. Depletion of T regulatory cells (Tregs)
at the time of treatment abolished the protective
effects of Ag-ECDI-SP treatment, suggesting Tregs
were crucial for efficient induction of tolerance.
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Strikingly, treatment with insulinB,,-ECDI-SP ~ demonstrates that the PD-1/PD-L1 inhibitory

was effective only when mice were treated in the
early stages of disease (4-6 weeks); it was less ef-
fective when administered at later stages of the
disease (19-21 weeks) [16]. This suggests that B9-
23 is a dominant initiating epitope, but autoim-
mune responses to insulin epitopes distinct from
InsB9-23 emerge during disease progression via
epitope spreading. No protection was seen using
other T cell epitopes that have been implicated in
the pathogenesis of T1D, including GADG5, ,,,
GAD65217-2361 GAD65509-528’ GAD65524-543' IGRone-zw
and NRP-V7 [15, 16]. This suggests, while T cell
reactivity to many islet antigens develops during
the course of T1D, only a few antigens may be
critical for inducing pathogenesis, and less domi-
nant antigens may not be suitable targets for anti-
gen-specific therapies.

3.2 p31l-ECDI-SP in adoptive transfer of
BDC2.5 TCR transgenic cells

Ag-ECDI-SP prevent autoimmunity in the
BDC2.5 TCR transgenic (Tg) mouse model of T1D.
BDC2.5 TCR Tg mice express a TCR that recog-
nizes an epitope on a pancreatic B-cell antigen,
chromogranin A (ChgA) [42]. Recent work has
shown that this TCR Tg specifically targets an epi-
tope found on the chromogranin A-derived peptide
vasostatin-1 (ChgA,,,) [43]. The BDC2.5 TCR Tg
mouse was originally derived from a highly patho-
genic CD4" T cell clone isolated from the pancreas
of a diabetic NOD mouse, and has been used ex-
tensively to study the autoimmune response in
T1D [44].

Adoptive transfer of BDC2.5 Tg T cells acti-
vated in vitro with 1040-p31 peptide (p31), a mi-
metope of ChgA,,,, induces a highly aggressive
autoimmune response in which 100% of recipient
mice develop T1D within 5-7 days. Treatment with
p31-ECDI-SP reduced the levels of the mononu-
clear infiltrate in pancreatic islets, and protected
mice from T1D [15]. Tolerized BDC2.5 T cells had
reduced proliferative responses and reduced inter-
feron y (IFN-y) and IL-2 production. CD4" T cells
from p31-ECDI-SP-treated mice upregulate cyto-
toxic T lymphocyte antigen 4 (CTLA4) and pro-
grammed cell death 1 (PD-1), an inhibitory mem-
ber of the CD28 family of costimulatory receptors.
Blockade of CTLA-4 or the PD-1/PD-L1 pathway
abrogates tolerance induction in the BDC2.5 AT
model for T1D. However, in tolerized mice, treat-
ment with anti-PDL-1, but not anti-CTLA-4, re-
verses T cell anergy resulting in diabetes. This
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pathway is required for both induction and long-
term maintenance of tolerance. No differences in
Treg populations were reported in p31-ECDI-SP-
tolerized mice, and protection was maintained in
recipients of Treg-depleted BDC2.5 CD4 T cells
[15]. In contrast to insulin-ECDI-SP, in spontane-
ous T1D and other models of autoimmunity, these
data indicate that p31-ECDI-SP in the BDC2.5 AT
model occur in a Treg-independent manner, and
tolerance is established via T cell-intrinsic mecha-
nisms.

3.3 Ag-ECDI-SP in
NOD.g2mnull.HHD model of T1D

“humanized”

Efficacy of Ag-ECDI-SP has also been demon-
strated in a humanized NOD mouse model.
NOD.g2mnullLHHD mice lack murine-derived
MHC | and instead transgenically express human
HLA-A2.1 molecules [24]. Genetic studies have
linked HLA-A.2.1 to T1D susceptibility in humans,
and Tg expression of the HLA haplotype in NOD
mice accelerates the onset of disease [45].
NOD.g2mnull.HHD have been shown to present
IGRP (IGRP,,,.., IGRP,.,. and IGRP,, ) and
insulin (INS1 L,,,, INS1 B, _,, and INS1/2 A, ) to
activate CD8" T cells [45-47]. Homologous human
peptides for Ins A,,, Ins B., IGRP,,,. and
IGRP,,,,, can also activate NOD.2mnull. HHD
CD8" T cells [46, 47]. This striking overlap in the
HLA-A2.1-restricted CD8" responses in NOD and
human T1D provides a powerful model system to
examine the viability of Ag-ECDI-SP-induced tol-
erance in a more clinically relevant animal model
system.

NOD.g2mnull.HHD mice treated with Ag-
ECDI-SP coupled with a combination of IGRP,,, .
and IGRP,, .. peptides blocked IFN-y production
in NOD.2mnull.HHD CD8" T cells, and protected
mice from the onset of T1D [24]. Protective effects
required tolerance induction to both IGRP peptides
as no differences were seen in mice treated with
IGRP,,, .., or IGRP,, .. alone. Tolerance was effec-
tively established using MHC class I-deficient do-
nor cells, and ECDI-fixed cells were rapidly taken
up by host splenic DCs, similar to previous studies
using CD4" T cell-restricted autoantigens pre-
sented by APCs [27]. This indicates that CD8" T
cell tolerance induction occurs primarily through
indirect mechanisms via uptake and processing of
Ag-ECDI-SP by host APCs. This work demon-
strates potent tolerance induction to diabetogenic
CDS8’ T epitopes. The efficacy of Ag-ECDI-SP to in-
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duce tolerance to CD4" T cell epitopes, using a
combination of multiple peptides, has previously
been demonstrated in EAE [48]. Most importantly,
effective tolerance in the humanized
NOD.g2mnull.HHD mouse model supports the po-
tential of Ag-ECDI-SP-induced tolerance in human
disease, and provides a model system to test other
potential antigenic targets that are important for
human pathogenesis to facilitate efforts in clinical
translation of this therapy.

3.4 Ag-ECDI-SP in islet transplantation

Preclinical studies demonstrate that Ag-ECDI-
SP represent a potent therapy for T1D, especially
when administered before the onset of hypergly-
cemia. As it is possible to select pre-T1D patients
with some certainty based on family history of
T1D, HLA typing, and the development of autoan-
tibodies to B-cell antigens, one could envision the
effective use of patient peripheral blood mononu-
clear cells (PBMCs), fixed with diabetogenic anti-
gens using ECDI, as a preventative therapy for
T1D. At diagnosis, the patients have usually lost
80-95% of their g-cell mass, which continues to de-
cline after initiation of insulin replacement ther-
apy.
Islet cell transplantation can restore endoge-
nous insulin production and reduce or eliminate
the need for insulin replacement therapy. Recent
improvements in sourcing, harvesting, and trans-
plantation of islet cells, as well as advancements
in post-transplant immunosuppressive therapy,
have dramatically improved the outcomes in ongo-
ing clinical trials [49, 50]. While islet transplanta-
tion can replenish B-cells and restore insulin pro-
duction, it does not address the underlying auto-
immunity to islet antigens. There is still a sub-
stantial risk for eventual rejection of the trans-
planted islets and the development of opportunis-
tic infections due to long-term maintenance im-
munosuppression. The hope is to utilize autologous
patient Ag-ECDI-PBMCs to re-establish tolerance
to B-cell antigens in combination with induction of
tolerance to alloantigens present on the islet cell
donor. Indefinite tolerance to subsequent alloge-
neic islet cell transplantation was established in
diabetic mice by i.v. infusion of donor splenic leu-
kocytes rendered apoptotic by fixation using ECDI,
with no requirement for maintenance immunosup-
pression [18]. Treated mice exhibited reduced DTH
responses to donor antigens, were devoid of donor-
specific antibodies (Abs), and showed reduced do-
nor-specific proliferation and IFN-y production in
mixed lymphocyte cultures.
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Similar to what was observed in Ag-ECDI-SP-
induced tolerance in autoimmune diabetes, PD-
1/PD-L1 signaling and Tregs are crucial for the ef-
ficient induction of tolerance to alloantigens. In
mice treated with ECDI-fixed donor leukocytes,
accumulation of Tregs is seen in peri-islet-
infiltrating cells in islet grafts [51, 52]. Depletion
of Tregs or treatment with anti-TGF-8, which has
been shown to be effective in the induction of
Tregs in vivo prior to or at the time treatment,
abolished the protective effects of ECDI-fixed do-
nor leukocytes [18]. However, if depletion of Tregs
was induced after tolerance no graft rejection oc-
curred, suggesting that Tregs are required for in-
duction of tolerance, but that maintenance of tol-
erance was probably mediated through T cell-
intrinsic tolerogenic mechanisms.

3.5 Ag-ECDI-PLGA nanoparticles induce tol-
erance

The studies discussed above demonstrate the
efficacy of protein or peptide antigens coupled to
splenic or peripheral blood leukocytes to induce
antigen-specific tolerance and thus to prevent or
reverse T1D. However, the technical complexity
and costs associated with sourcing and peptide
coupling of donor cells under good manufacturing
practice (GMP) procedures may likely limit wide-
spread clinical translation of this technique.

To overcome these potential challenges, inert
polystyrene beads (PSB) or biodegradable
poly(lactic-co-glycolic acid) (PLGA) nanoparticles
are being explored as surrogates for apoptotic de-
bris to serve as substitutes for cellular vehicles.
PLGA has been approved for therapeutic use by
the US Food and Drug Administration and over-
comes stability, storage, and manufacturing issues
associated with using the apoptotic cell-based
strategy [53]. PLGA particles are highly custom-
izable; for example, PLGA particles can be car-
boxylated, making them suitable for covalent
cross-linking of target peptides via ECDI. Recent
work has shown the efficacy of encephalitogenic
myelin epitopes coupled to PSB and PLGA
nanoparticles to both prevent and treat autoim-
munity in the EAE mouse model of MS [54].

Similar to the use of Ag-ECDI-SP, efficient in-
duction of tolerance using PSB induces both T cell
anergy and the activation of antigen-specific Treg
cells. The therapeutic effects of Ag-ECDI-PSB re-
quire the expression of the scavenger macrophage
receptor with collagenous structure (MARCO).
MARCO is predominantly expressed by phago-
cytes, and is implicated in the entry and clearance
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Figure 1. Proposed mechanisms of tolerance induced by antigen-coupled apoptotic cells and Ag-coupled PLG nanoparti-
cles. Intravenous infusion of Ag-coupled ECDI-fixed apoptotic cells or Ag-coupled biodegradable PLG nanoparticles enter
‘tolerogenic’ APCs in the spleen and liver via scavenger receptors, e.g. MARCO [27, 54]. Uptake leads to presentation of the
coupled Ag by MHC molecules on the host splenic and liver APCs. Concomitantly, signals resulting from the scavenger recep-
tor uptake cause upregulation of regulatory costimulatory molecules, e.g. PD-L1/2 without upregulation of positive costimula-
tory molecules, e.g. CD80 and CD86, as well as the production of IL-10 and TGF-g [27]. A. Host tolerogenic APCs induce
anergy/apoptosis in activated antigen-specific T cells via engagement of PD-1 which is upregulated on activated T cells [27,
60-62]. B. Host tolerogenic APCs induce anergy in naive antigen-specific T cells by presenting cognate Ag/MHC in the ab-
sence of positive costimulatory interactions (i.e. signal one in the absence of signal 2) [21]. C. PD-L1 expressing, IL-10-
producing host tolerogenic APCs induce the induction/expansion of antigen-specific induced regulatory T cells (Tregs)/Trl
cells, which synergistically act to regulate the differentiation of naive T cells to become pathogenic effector T cells, and which

regulate the effector function/trafficking of activated pathogenic T cells [27, 60, 63, 64].

of particulate debris [55, 56]. This suggests that
inert nanoparticles travel to tolerogenic APCs
where they enter the cells via the MARCO scaven-
ger receptor similar to apoptotic carrier cells, and
trigger similar mechanisms to induce antigen-
specific tolerance (Figure 1). Thus, PSB and
PLGA nanoparticles provide a potent platform to
couple autoantigens and possibly donor MHC anti-
gens for induction of tolerance, which need to be
evaluated for safety and efficacy in appropriate
clinical trials. Preliminary experiments show that
tolerance can be achieved by this method. Infusion
of Ag-ECDI-PLGA nanoparticles in the BDC2.5
adoptive transfer model of T1D prevents the onset
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of hyperglycemia mediated by transfer of activated
transgenic T cells to NOD.SCID recipients (manu-
script in preparation). Significantly reduced num-
bers of BDC2.5 T cells travel to the pancreas of
mice treated with p31-ECDI-PLGA nanoparticles.
Those T cells show a significantly reduced activity
regarding the production of the pro-inflammatory
cytokines, IFN-y and TNF-«. Ongoing studies aim
to determine the exact mechanism for Ag-ECDI-
PLGA tolerance induction in the BDC2.5 AT trans-
fer model of T1D, and to compare and contrast
these mechanisms with those that have been de-
scribed in tolerance induction using apoptotic cell-
based therapy.
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PLGA nanoparticles can be manufactured to
allow autoantigens to be coupled to the particle
surface, or to allow encapsulation of antigen or
other tolerance-promoting substances in nano-
spheres, enabling controlled sustained release and
more efficient induction of tolerance [57]. Indeed,
our recent results show that PLP139-151 encapsu-
lated within carboxylated PLGA nanospheres can
induce specific tolerance, resulting in inhibition of
relapsing EAE. Current studies aim to explore
whether the expression of various ligands on the
surface of Ag-ECDI-PLGA nanoparticles can result
in a more targeted uptake by tolerogenic APCs,
and whether the encapsulation of regula-
tory/inhibitory cytokines, such as IL-10 and/or
TGF-8, will more effectively induce antigen-specific
tolerance.

4. Perspectives

Ag-ECDI-SP can be used to prevent and/or
treat autoimmunity in multiple mouse models of
T1D. Ag-ECDI peripheral blood leucocyte (PBL)
therapy shows promising results in early clinical
trials on MS. A clinical trial for the prevention of
T1D is currently being considered by the Immune
Tolerance Network (ITN).

NOD mice have served as a powerful model for
the identification of pathogenic autoantigens in
T1D pathogenesis. However, the relative contribu-
tion of these autoantigens in human disease is not
clear. For example, mice have reduced levels of
GADSG5 in the pancreatic islets compared to rat or
human islets, suggesting that GAD maybe be a
more critical antigen in human disease [58, 59].
Successful clinical translation of tolerance thera-
pies will require the identification of autoanti-
gen(s) relevant for the pathogenesis of human
T1D. Tolerance induction using cell-based thera-
pies employing Ag-ECDI-SP may be hampered by
cost and complexity issues. The use of biodegrad-
able PLGA nanoparticles provides a more stable
donor vehicle which can be readily customized and
easily manufactured under GMP conditions.

Autoantigen-specific tolerance would avoid
side effects associated with current immunomodu-

latory agents, and would ideally be applied to pa-
tients at high risk of T1D prior to the onset of
overt disease. Tolerogenic intervention at this
early stage of disease would likely require the tar-
geting of fewer potential diabetogenic antigens as
epitope spreading would not be advanced at this
point, and would be more likely to result in per-
manent regeneration/restoration of g-cell function.
Reversal of long-standing diabetes in patients who
have lost the vast majority of their g-cells would
require a combined approach, including tolerance
to autoantigens for the regulation of autoimmu-
nity, which initially destroyed the p-cells, and tol-
erance to alloantigens on donor islets used to re-
place insulin production. Autoantigen-specific tol-
erance could be induced by Ag-coupled autologous
PBMCs (Ag-ECDI-PBMCs) [16] or Ag-coupled
PLGA nanoparticles [54] (manuscript in prepara-
tion). Tolerance to donor alloantigens can be read-
ily induced by i.v. infusion of ECDI-fixed donor
leukocytes administered seven days prior to and
one day after allogeneic islet transplantation [18].
Since tolerance induction with Ag-ECDI-SP can be
achieved using apoptotic allogeneic leukocytes as
autoantigen carriers [23], it may be possible to use
allogeneic Ag-ECDI leukocytes to simultaneously
induce tolerance to autoantigens and alloantigens.
Our recent experiments have shown that i.v.
infusion of apoptotic ECDI-fixed xenogeneic rat or
pig leukocytes into diabetic C57BIl/6 mice can in-
duce indefinite xenoantigen-specific tolerance
when combined with B cell depletion, using anti-
CD20 along with a short course of rapamycin
(manuscript in revision). Translation of xenogeneic
tolerance to T1D patients would be an important
advance as the ability to use porcine islets to re-
verse T1D would provide a more consistent and
readily available source of insulin-producing B-
cells than the current use of islets purified from
non-MHC-matched cadaver donors.
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