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Abstract

MAS-1, a nanoparticular, emulsion-based adjuvant, was evaluated for its ability to promote Th2
and regulatory immune responses and prevent type 1 diabetes progression when given alone or as
antigen-specific immunotherapy (ASI) using insulin B chain (IBC; MER3101) and its analog B:
9-23(19Ala) (MER3102). MAS-1 formulations were administered to NOD mice at age 9 and 13
weeks and followed through 52 weeks. MER3101 and MER3102 provided long-term protection
with 60% and 73% of mice remaining diabetes-free at week 35, and 60% and 47% at week 52.
MAS-1 adjuvant emulsion by itself also provided protection with 60% and 40% of mice diabetes-
free at 35 and 52 weeks, respectively. Higher levels of interleukin (IL)-10 and IL-2 positive T
cells were detected among splenocytes by week 15 in MER3101 and MER3102 immunized mice,
whereas MAS-1 alone induced higher levels of 1L-10-positive T cells. Diabetes-free 52-week-old
mice expressed significant levels of antigen-specific IL-10-positive type 1 regulatory T cells and
FoxP3-positive T cells when stimulated ex vivo with IBC. Antibodies targeting IBC and B:
9-23(19Ala) induced by MER3101 and MER3102 were overwhelmingly Th2 type 1gG1 and
1gG2b isotypes. Splenocyte cultures from 52 week diabetes-free, MER3101-treated mice secreted
significantly increased levels of IL-4 and IL-5 Th2 cytokines. Based on these pre-clinical results
and its clinical safety profile, MAS-1 has the requisite qualities to be considered for use in
prophylactic or early stage disease settings to augment ASI to prevent disease progression in type
1 diabetes.
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Introduction

Antigen-specific immunotherapy (ASI) has the potential to restore immune balance in
autoimmune diabetes (T1D) while at the same time providing an excellent safety profile [1].
However, the results of ASI clinical trials so far, including those reported recently with
alum-adjuvanted glutamic acid decarboxylase 65 (GAD65), have been disappointing [2—4].
Various islet cell autoantigens, including insulin, GADG65, insulinoma antigen 2 and
glucose-6-phophatase catalytic subunit are recognized in T1D [5-8] and all are potential
candidates for ASI. Insulin, in particular, is recognized as a dominant autoantigen in both
murine and human autoimmune diabetes [9-16], with a high proportion of islet-infiltrating
CD8 T cells in recent and long-term T1D patients being insulin-reactive [17]. Proinsulin-/
insulin-based approaches have been evaluated as candidates for ASI.

With the exception of alum-adjuvanted GADG5, surprisingly little attention has been given
to exploiting adjuvants to suitably augment ASI. Alum is a safe Th2 adjuvant approved in
vaccines by regulatory authorities, but it is a weak Th2 adjuvant when combined with self-
antigens. By contrast, incomplete Freund’s adjuvant (IFA) is a potent adjuvant that has
shown potential to augment ASI in both preclinical studies with insulin B:9-23/IFA [18-20],
and in a limited clinical safety study with IFA-adjuvanted insulin B chain (IBC/IFA) [21].
This approach has been associated with induction of several different protective T-cell
phenotypes including FoxP3 Treg, IL-10 producing type 1 regulatory T cells (Trl) and Th2
cells. Despite having been evaluated for more than 70 years, IFA has never been approved
for human vaccines. MAS-1 adjuvant was originally developed to augment the
immunogenicity of otherwise poorly immunogenic self-antigens to elicit neutralizing
antibodies toward specific target antigens involved in gastrointestinal adenocarcinoma and
prostate cancer [22]. MAS-1 was shown to exhibit an approximately 50-fold more potent
immune response than alum when used with these self-antigens. Moreover, these MAS-1-
adjuvanted self-antigen vaccines were administered in multiple dose regimens to almost
1500 patients without a single incident of systemic toxicity [22—24]. In this study, the
potential of MAS-1 adjuvant to augment ASI in T1D was evaluated in a NOD mouse model
using IBC (MER3101), and B:9-23 peptide with 19 alanine substitution (B19A) (MER3102)
peptide antigens, for its potential to promote protective immune responses and prevent
disease progression in T1D. The mutation of B:19 cystine (Cys) to alanine avoids potential
problems with an unpaired Cys and it does not change the recognition by T cells [25].

Research design and methods

Materials and preparation

MAS-1 adjuvant vehicle was provided by Mercia Pharma, Inc. (New York, NY). IFA was
purchased from SEPPIC (Paris, France) as ISA51. Mouse IBC and peptides were
synthesized by Genemed Systhesis, Inc. (San Antonio, TX), at >95% purity. IFA-adjuvanted
formulations were prepared by combining peptide in phosphate-buffered saline (PBS) with
IFA in a 50:50 ratio (vol:vol) and vortexing at maximal speed with a table top vortex
machine for 30 min at room temperature. The MAS-1 emulsion formulations were made by
combining peptide in aqueous phase with MAS-1 in a 30:70 aqueous:oil ratio by weight and
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mixed by repetitively passing the mixture between two syringes for 90-120 s to produce
stable, free-flowing, nanoparticular emulsions. The final peptide concentration was 1.0
mg/ml in all of the vaccine formulations.

Animal immunizations

ELISA

NOD/LtJ female mice were purchased from The Jackson Laboratories (Bar Harbor, ME)
and maintained in University of Colorado animal facilities under specific pathogen-free
conditions. At nine weeks of age, the NOD mice were randomly assigned to six treatment
groups: IBC/MAS-1 (n = 19), IBC/IFA positive control (n = 19), BL9A/MAS-1 (n = 19),
PBS/MAS-1 adjuvant emulsion (n = 19), B19A/PBS non-adjuvanted ASI control (n=19)
and PBS normal control (n = 19). Mice were injected subcutaneously with 100 g of peptide
antigen in either 100 pl PBS or in 100 pl MAS-1 adjuvant emulsion or with 100 pl MAS-1
adjuvant emulsion alone. The first injection was given at 9 weeks and repeated at 13 weeks.
Two mice from each peptide or adjuvant treatment group were sacrificed at 11 and 15 weeks
for ELISPOT assay. Serum insulin autoantibodies (IAA) were monitored by
radioimmunoassay before treatment and every two weeks after immunization [26]. Fifteen
mice for each group were monitored to ensure that the test detects a difference of 5 with
80% power. Blood glucose levels were monitored weekly starting from 10 weeks of age.
Mice were diagnosed as diabetic after two consecutive blood glucose values of 2250 mg/dl.
Mice that were hyperglycemic for more than three consecutive measurements were killed;
mice not meeting this criterion were followed to 52 weeks of age.

Peptide-specific antibodies were measured by a europium-antibody-ELISA against target
peptides [27]. Briefly, peptides IBC, B:9-23 and B19A were coated onto plates at 10 pg/ml
in PBS overnight at 4°C. Sera (1-600 dilution) were added in and biotinylated rabbit anti-
mouse IgG, IgM and IgA were used as secondary antibody, followed by streptavidin-
europium conjugate. 1gG isotype subclasses were detected using biotinylated rabbit anti-
mouse 1gG1, 1gG2a, 1gG2b and 1gG3.

Insulin autoantibody assay

Serum IAA were monitored by radioimmunoassay [26].

ELISPOT assay

Splenocytes producing IL-10, IL-2 and interferon (IFN)-g in response to antigenic
stimulation ex vivo were enumerated at 11 and 15 weeks in mice from all groups, and at 52
weeks of age in diabetes-free survivors, by ELISPOT kits (BD Biosciences, San Jose, CA).
Single cell suspensions of splenocytes (5 x 10 cells/0.2 ml/well) were incubated at 37°C for
72 h with or without stimulating antigens at 100 ug/ml. The stimulating antigens included
IBC, B:9-23, B19A, negative control tetanus toxin (TT830-843) peptide and positive control
anti-CD3 antibody at 0.1 pg/ml. Baseline values were obtained from cultures in the presence
of PBS. Spots were enumerated using an ImmunoSpot reader and software version 3.1
(Cellular Technology Limited, Cleveland, OH). Group mean stimulation values are
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presented as the number of specific cytokine-positive cells per 5 x 10° splenocytes (adjusted
for PBS background).

Cytokine measurements

Splenocytes from mice surviving for 52 weeks were analyzed for Th1/Th2 cytokine profiles
by analyzing supernatants of ELISPOT cultures using the mouse Th1/Th2 9-Plex Multispot
96-well plate assay (MESO Scale Discovery, Rockville, MD). The cytokines evaluated
included murine IFN-y, IL-1b, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12 and tumor necrosis factor
(TNF)-a. In addition, mouse IL-17 and active transforming growth factor beta 1 (TGF-p1)
were measured by ELISA (eBioscience, San Diego, CA).

FACS analysis

Histology

Statistics

Results

FoxP3 staining was done using an anti-mouse/rat FoxP3 staining kit according to the
manufacturer’s instructions (eBioscience 77-5775-40) and analyzed by flow cytometry
(FACScalibur; BD Biosciences).

Mouse pancreata and salivary glands were harvested and fixed following sacrifice at 52
weeks of age and evaluated by insulin and hematoxylin and eosin (H&E) staining.
Nonspecific inflammation was determined by assessment of sialitis. At 52 weeks, a
minimum of four long-term diabetes-free mice from each group treated with IBC/IFA, IBC/
MAS-1 and PBS/MAS were sacrificed and organs (kidneys, liver, lung, pancreas spleen,
adrenal, aorta, stomach, duodenum, jejunum, ileum, cecum, colon, esophagus and trachea)
were evaluated for histopathology following H&E staining.

The age of IAA appearance, cytokine levels and mean ELISPOT numbers between groups
were analyzed using the Mann—-Whitney test. Survival curves for diabetes prevention were
analyzed with the Chi square log-rank test using PRISM software (Graphpad, La Jolla, CA).
p Values <0.05 were considered statistically significant.

MAS-1 alone and when given with self-antigen can prevent progression to diabetes in NOD

mice

The progression of diabetes development in this study is illustrated by the survival curves
shown in Figure 1 and the data analyzed are listed in Table 1. This was also evident in blood
glucose levels (Supplemental Figure 1), which were monitored weekly in each animal
starting at 10 weeks of age. The results demonstrate that treatment beginning at 9 weeks of
age with IBC/MAS-1 or IBC/IFA resulted in significant long-term protection from disease
progression (IBC/MAS-1: 60% at both 35 and 52 weeks; IBC/IFA: 80% at 35 weeks and
73% at 52 weeks). Interestingly, treatment with PBS/MAS-1 alone provided 60% protection
at 35 weeks and 40% protection by 52 weeks. Fousteri et al. [20] also observed a protective
effect for PBS/IFA placebo, albeit to a lesser degree than was seen with PBS/MAS-1

Autoimmunity. Author manuscript; available in PMC 2015 July 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 5

adjuvant emulsion in this study. MAS-1-adjuvanted peptide B19A also provided protection,
with 73% of mice diabetes-free at 35 weeks and 47% at 52 weeks of age. Treatment
beginning at 9 weeks with B19A/PBS was minimally protective with only one animal
remaining diabetes-free at 35 weeks. No PBS control animals remained diabetes-free by 35
weeks. Compared with PBS control and B19A/PBS control, the long-term 52 week
protection by IBC/MAS-1, B19A/MAS-1 and IBC/IFA was highly statistically significant
(p<0.001). Protection afforded by MAS-1 adjuvant emulsion alone at 52 weeks was
statistically superior to PBS and B19A non-adjuvanted ASI controls (p = 0.002 and p =
0.009, respectively). The development of insulitis in diabetes-free mice at 52 weeks was
evaluated histologically; no major difference in the degree of insulitis was noted among any
of the groups of long-term surviving diabetes-free mice (Supplementary Figure 2).

MAS-1-adjuvanted ASI induces IL-10- and IL-2-positive and IFN-y-positive T cells

Protection of NOD mice from diabetes by IFA-adjuvanted insulin B:9-23 antigen was
shown by Fousteri et al [20] to be associated in the immediate post-immunization period
with increased expression of 1L-10, IFN-yand IL-4 cytokine-positive T cells [20]. In this
study, the short-term cellular responses to IBC/MAS-1 and B19A/MAS-1 were
characterized by evaluating 1L-10, IFN-yand IL-2 expression by ELISPOT at 11 and 15
weeks in antigen-stimulated spleen cells isolated from treated NOD mice.

At 11 weeks, splenocytes from mice treated with IBC/MAS-1, IBC/IFA and B19A/MAS-1
had more IL-10 secreting cells responding to B:9-23 compared to those treated with
B19A/PBS non-adjuvanted ASI and MAS-1 adjuvant emulsion (Figure 2A). Of note, the
IL-10-positive T cells induced by MAS-1-adjuvanted formulations were two- to threefold
higher than those produced by IBC/IFA at 11 weeks. After the second immunization, the
numbers of 1L-10 secreting cells from the IBC/IFA group increased twofold but no increase
was observed in IBC/MAS-1 and B19A/MAS-1 groups. IBC stimulation failed to elicit
IL-10 production in mouse splenocytes at 11 weeks (Figure 2B); however, increased
numbers of IBC-responsive IL-10-positive T cells were observed in all treated groups two
weeks after the second dose of vaccine at 15 weeks. MAS-1-adjuvanted ASI-treated mice
produced slightly more IL-10-positive T cells than B19A/PBS or PBS/MAS-1-treated mice.

ELISPOT analyses showed that BI9A/MAS-1, IBC/IFA and IBC/MAS-1 immunized mice
had significantly higher numbers of B:9-23- (Figure 2C) and IBC- (Figure 2D) specific IFN-
y-producing cells compared with PBS/MAS-1- or B19A/PBS-treated mice at 11 weeks. The
strongest IFN-y responses were seen from mice immunized with BI9A/MAS-1 and IBC/
MAS-1 (250-450 spots/5 x 10° cells), while IBC/IFA-treated mice yielded a somewhat
weaker IFN-y response. However, IFN-y T cell responses from NOD mice treated with
MAS-1-adjuvanted ASI were transient. By 15 weeks, the number of IBC or B:9-23
responsive IFN-y~positive T cells in IBC/MAS-1, IBC/IFA and B19A/MAS-1 groups had
decreased significantly to <50 per 5 x 10° splenocytes (Figure 2C and D). By 15 weeks,
only B19A/MAS-1-treated mice retained 50% of their week 11 IFN-y response to
stimulation with B:9-23 peptide, whereas, IBC-specific IFN-y responses were hardly
observed in any group despite strong IFN-y responses to CD3 antibody controls (data not
shown). No significant increase of B:9-23 or IBC-specific IFN-y positive T cells were seen
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from either non-adjuvanted B19A or MAS-1 adjuvant emulsion treated animals at either
time point (Figure 2C and D).

At 11 weeks, IL-2 positive T cell responses to B9-23 (Figure 2E) were weak and responses
to IBC were not detectable (Figure 2F). However, 2 weeks after the second dose, IL-2-
positive T cells were increased among splenocytes from mice immunized with all of the
adjuvanted peptides, with the highest responses from IBC/MAS-1 immunized mice. By
contrast, very little evidence for IL-2-positive T cells was found among splenocytes
harvested from mice treated with MAS-1 adjuvant emulsion alone at either 11 or 15 weeks.
The IL-2 response patterns to B9-23 and IBC were similar to those seen for IL-10,
indicating an increased IL-2 response following the second immunization with antigen. The
ELISPOT numbers after stimulation with TT830-843 peptide control were low and
comparable to PBS stimulation in all the cytokine assays.

NOD mice protected long-term from diabetes have significantly elevated antigen-specific
IL-10-positive and FoxP3-positive regulatory T cells

At 52 weeks, all of the surviving non-diabetic mice (non-DM) were sacrificed, and their
spleen cells were assayed by ELISPOT for IL-10- and IFN-9~positive T cells in response to
peptides IBC, B:9-23 and B19A. As shown in Figure 3(A), IBC elicited substantial 1L-10
responses from all MAS-1 treated groups compared to non-treated diabetic mice (DM).
However, only the IBC/MAS-1 group had significantly higher IL-10 response to peptides B:
9-23 and B19A (p = 0.006 and p = 0.01, respectively) compared to both non-treated diabetic
and non-treated non-diabetic NOD mice. Interestingly, IL-10-positive T cells responsive to
IBC were also seen in non-treated diabetes-free NOD mice of 25-30 weeks age. The
prevalence of IL-10-positive T cells in IBC/MAS-1 treated mice at 200-300 per 5 x 10°
splenocytes was double that seen at 11 or 15 weeks of age (Figure 2B: 80-140 per per 5 x
10° splenocytes). By contrast, the IL-10 responses to B:9-23 and B19A at 52 weeks were
considerably lower than the response to IBC, and moreover, were significantly lower than
the IL-10 responses to B:9-23 at 11 and 15 weeks. That significant levels of 1L-10 cells were
seen in all of the 52-week diabetes-free survivors, including those treated with just MAS-1,
implies that the IL-10-positive T cell response is related to the disease-free status of these
long-term diabetes-free mice. At age 52 weeks, the numbers of IFN-~positive splenocytes
responding to B:9-23 and IBC (Figure 3B; 10-40/5 x 10° splenocytes) were approximately
10-fold lower than the peak numbers of IFN-y producing cells seen at 11 weeks of age
(Figure 2D; 100-400/5 x 10° splenocytes). Nevertheless, IBC, B:9-23, or B19A-specific
IFN-y~positive cells were slightly elevated in MAS-1-adjuvanted IBC and MAS-1-
adjuvanted B19A-treated mice compared with TT stimulation (Figure 3B). The numbers of
B19A-specific IFN-y positive cells of the IBC/MAS-1 group (p = 0.005) and the B19A/
MAS-1 group (p = 0.009) were significantly higher than those of the PBS/MAS-1 group.
The relative proportion of IL-10-positive to IFN-y-positive T cells (approximately 10:1)
among splenocytes harvested from these long-term diabetes-free animals is consistent with
their exhibiting a protective immunological phenotype.

The levels of FoxP3* splenocytes at week 52 were determined by flow cytometry (Figure
3C). Because of the lack of 52-week-old untreated diabetes-free NOD mice, 25-30-week-
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old non-DM and new onset DM were analyzed at this time for comparative purposes.
Diabetic NOD mice had the lowest mean frequency of FoxP3* regulatory T cells among
total splenocytes (13.5%), while FoxP3* Treg cells among non-diabetic untreated NOD
mice were 18.8% of total splenocytes. Compared with the frequency in new onset DM
(13.5%), the elevated frequencies of FoxP3*-positive regulatory T cells among splenocytes
in both the IBC/MAS-1 (24%, p = 0.004) and IBC/IFA (22%, p = 0.010) groups were
statistically significant.

NOD mice protected long-term from diabetes express potentially protective Th2 cytokines

In addition to being associated with a regulatory T cell phenotype, protection from diabetes
has also been associated with a shift from pathogenic Thl to protective Th2 cytokine
production as a beneficial outcome of immunization [20,28,29]. Th1/Th2 cytokine profiles
of splenocytes from mice protected from diabetes at 52 weeks were analyzed by testing
supernatants of ELISPOT cultures. Splenocytes from IBC/MAS-1-treated mice secreted
increased levels of 1L-4 and IL-5 in response to B:9-23 and IBC peptides compared with
mice treated with PBS/MAS-1 and untreated diabetes-free control NOD mice aged 25-30
weeks (Figure 4A and B). Whereas IL-2 expression was increased at 11 and 15 weeks of age
in response to MAS-1-adjuvanted ASI (Figure 2E and F), IL-2 expression was unchanged in
the long-term protected diabetes-free animals at 52 weeks. Similarly, there were no
statistically significant differences in expression of IL-12, IL-18, TNF-a, IL-6 and IL-17 in
long-term diabetes-free NOD mice (data not shown). No differences were found between
any of the groups of long-term protected animals with respect to active TGF-B1 expression.

MAS-1-adjuvanted ASI induce Th2 type antigen-specific antibody responses

IBC/MAS-1- and B19A/MAS-1-induced robust antigen-specific antibodies that increased
significantly after the second dose, peaked by 15 weeks of age, and persisted throughout
follow up to 52 weeks of age (Figure 5A and B, respectively). Antibody responses induced
by IBC were similar for the MAS-1 and IFA adjuvants (Figure 5A). Anti-IBC antibodies
induced by IBC/MAS-1 and IBC/IFA vaccines did not cross-react with the B19A peptide
(Figure 5B), and the anti-B19A IgG did not cross-react with IBC (Figure 5A). The 1gG
subclasses in the three responding groups were measured in individual sera collected at ages
8 (pre-immunization — none detected), 15, 25 and 50 weeks by ELISA. In each case, the
post-immunization IgG isotypes were overwhelmingly Th2-type IgG1 and 1gG2b, with little
to no Thl-type 1gG2a or IgG3 isotypes (Figure 5C—E). No significant antigen-specific IgM
or IgA responses were detected following immunization with any of the vaccines.

The development of IAA

Low levels of IAA were observed in sera from groups immunized with B19A/PBS and PBS/
MAS-1 at levels not significantly different from IAA levels in PBS control animals
(Supplemental Figure 3); whereas, IBC/MAS-1-, IBC/IFA- and B19A/MAS-1-treated mice
exhibited significantly higher IAA levels compared to PBS control mice.

The specificity of the IAA response from groups immunized with PBS/MAS-1 adjuvant
emulsion, B19A/MAS-1 and IBC/MAS-1 were assessed by peptide inhibition in the IAA
radioimmunoassay (Supplemental Figure 3B-D). IAA from PBS-treated NOD mouse

Autoimmunity. Author manuscript; available in PMC 2015 July 27.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Safety

Page 8

controls and B19A, formulated with or without MAS-1, were inhibited only by the native
insulin molecule, but not by B:9-23 or IBC insulin-derived peptides, suggesting that these
antibodies were targeting the autoimmune-associated insulin conformational epitope [30].
However, most IAA in sera from IBC/MAS-1- and IBC/IFA-treated mice (Supplemental
Figure 3D) were absorbed by IBC peptides. These results demonstrate the increased I1AA
measured by RIA in the sera of IBC/MAS-1- and IBC/IFA-treated NOD mice are cross-
reactive antibodies induced by IBC peptide immunization and recognize the B chain on the
intact insulin molecule.

No adverse side effects were observed for any of the treatments. The body weights of the
treated mice were not significantly different among any of the treatment groups. At 52
weeks of age, the long-term diabetes-free mice from each group were sacrificed and organs
were evaluated by a veterinary pathologist. No organ lesions were observed in any of the
treated mice (data not shown).

Discussion

Adjuvants that shift the cytokine milieu in favor of tolerogenic and regulatory mechanisms
would be advantageous in the design of clinical treatments for autoimmune diseases.
Approaches using vector containing cytokines such as IL-4, IL-5 and IL-10 have yielded
varying degrees of success, but add complexity to the treatment regimen. MAS-1 appears to
enhance existing regulatory pathways in NOD mice to down-regulate the autoimmune
response, with further amplification by the addition of insulin peptides resulting in higher
levels of antigen-specific regulatory responses including significantly elevated numbers of
IL-10 and FoxP3* T cells even through 52 weeks of age.

This is the first time that evaluation of the potential for MAS-1-adjuvanted ASI for
autoimmune diabetes has been reported. In this study, MAS-1 adjuvant when formulated
with IBC (MER3101), and B19A (MER3102), was evaluated for its ability to induce
protective regulatory Trl [31] and Foxp3* [32] cellular and cytokine [33] responses capable
of providing long-term (52 weeks of age) protection from diabetes in late stage pre-diabetic
NOD mice. Dosing beginning at 9 weeks of age was selected to examine the ability of
MAS-1 to prevent disease progression in the NOD mouse, since starting at 4 weeks non-
adjuvanted B9-23 [34] delays progression by 50% compared with 6% of non-adjuvanted
B19Ala in this study. In this model, all untreated NOD mice developed diabetes by 35
weeks of age, NOD mice treated at 9 and 13 weeks of age with MAS-1-adjuvanted ASI
were significantly protected long-term from disease progression through 52 weeks of age. In
IBC/MAS-1-treated mice, FoxP3* regulatory T cells were significantly increased among
splenocytes (24% of total CD4 T cells) of long-term (52 week) diabetes-free NOD mice
compared with untreated new onset diabetic NOD mice (13.5% of total). Moreover,
significantly increased numbers of IL-10-positive T cells were seen among splenocytes from
IBC/MAS-1-treated NOD mice. The increase in IL-10-positive T cells was evident by 11
and 15 weeks and further increased by 52 weeks in diabetes-free animals. In IBC/MAS-1-
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treated mice, increased expression of IFN-y appears to be transient; after peaking at age 11
weeks, it fell back by 15 weeks, and remained low through 52 weeks of age.

Antigen-specific secretion of Th2 cytokines IL-4 and IL-5 seen at 52 weeks is consistent
with the overwhelmingly Th2 biased antigen-specific 1gG responses to MAS-1-adjuvanted
ASI. Curiously, we saw persistence of this Th2 cytokine response for IBC/MAS-1-treated
mice, but not in BI9A/MAS-1-treated mice. This may suggest that different antigenic
epitopes may lead to different mechanisms of tolerance. The absence of significant
differences in expression of 1L-12, IL-1b, TNF-q, IL-6 and IL-17 in long-term diabetes-free
NOD mice is also consistent with the observations reported by Fousteri et al. [20].

Although most prevention ASI studies in NOD mouse were conducted in the early stages of
the disease [35,36], Fousteri et al. [20] reported that adjuvanted ASI with B:9-23/IFA
protected NOD mice from diabetes through 35 weeks of age when administered to late-stage
pre-diabetic animals (blood glucose <10 mmol/L; 180 mg/dL), to a lesser degree when
administered to animals with higher blood glucose levels (10-13.9 mmol/L; 180-250 mg/
dL), but not at all in animals who were already hyperglycemic. Protection was associated
with post-immunization development of FoxP3* regulatory T cells and expression of IL-10,
IFN-yand IL-4. Although it was evident that IL-10 and IFN-y actively contributed to
protection from disease progression, the role for IL-4 is less clear [11,20,37].

Our findings confirm previous observations with IFA [20] and demonstrate for the first time
the ability of MAS-1 to push the immune system in the direction of a tolerogenic phenotype.
The effect appears to be multifactorial since different types of Tregs may be responsible for
the protective effect observed. The similarity of the immunological profile from non-
diabetic NOD mice at age of 25-30 weeks with that from treated 52-week-old mice suggests
that NOD mice are trying to regulate the disease process by similar mechanisms particularly
with respect to IL-10 and FoxP3 expression, and that ASI with MAS-1 adjuvant, and even
MAS-1 adjuvant alone, can augment this natural capacity to restore immunological
tolerance to insulin perhaps by both de novo induction and amplification of pre-existing
autoantigen-responsive regulatory T cells.

In humans, the appearance of high affinity insulin-specific autoantibodies in pre-diabetic
individuals indicates islet autoimmune reactivity, while significant quantities of beta cells
remain [38]. This is precisely the prophylactic setting when immunotherapy should ideally
begin for maximum clinical benefit. Although alum is characterized by a favorable safety
record, this Th2 type adjuvant lacks sufficient robustness for use with self-antigens in
humans [2-4]. IFA-adjuvanted ASI with B:9-23 produces a robust regulatory immune
response that protects NOD mice from progression to diabetes, but IFA lacks the requisite
safety profile to be used for prevention of T1D in a prophylactic setting. Despite IFA having
been evaluated for more than 70 years, it has never been licensed for any indication in any
human vaccines. IFA consists largely of non-metabolizable mineral oil that remains at
injection sites. It produces water-in-oil (W/Q) emulsions with aqueous globules typically 3—
10 um diameter; emulsions that are highly viscous with poor syringeability and limited
stability. By contrast, MAS-1 adjuvant is a blend of four metabolizable components. It
forms stable, free-flowing, nanoparticular W/O emulsions previously demonstrated safe and

Autoimmunity. Author manuscript; available in PMC 2015 July 27.
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immunologically robust when combined with self antigens in nearly 1500 patients [22—24].
In addition, a MAS-1-adjuvanted self-antigen vaccine targeting amyloid beta (A-beta),
MER5101, for use in a prophylactic setting to prevent disease progression in Alzheimer’s
disease has been evaluated in wild type and transgenic mouse disease models [39]. The anti-
A-beta response to MER5101 was overwhelmingly by Th2 1gG isotypes, accompanied by
increased levels of antigen-specific FoxP3* regulatory T cells and increased expression of
IFN-y, IL-10, IL-2 and IL-4 cytokines, was associated with decreased amyloid-associated
microglial cell activation, and resulted in improved cognitive performance [39]. These
immunological observations are largely recapitulated here with MAS-1-adjuvanted IBC and
B19A in the late-stage pre-diabetic NOD mouse model. In addition, MAS-1-adjuvanted self-
antigen vaccines aimed at inducing neutralizing antibodies targeting GnRH and gastrin-17 in
prostate and gastric adenocarcinoma patients, respectively, have been safely administered to
almost 1500 subjects in over 20 clinical trials while inducing robust immune responses [22—
24].

In conclusion, MAS-1-adjuvanted ASI provided long-term protection from diabetes when
administered to late-stage pre-diabetic NOD mice. The MAS-1-adjuvanted insulin-derived
peptide-based vaccines induced protective regulatory cellular and Th2 biased immune
responses. Induction of autoantigen-specific Tregs, either de novo and/or by amplification of
preexisting pools, has the potential to restore targeted immunological balance and self-
tolerance [40,41] as immunological self-tolerance is maintained at least in part by Tregs that
suppress self-reactive T cells in the periphery [42—-45]. MAS-1-adjuvanted self-antigen
vaccines have a safety profile that supports their potential use in prophylactic settings, and
for repeat booster dosing should this be needed, in the absence of a cure, for life-long
management of the disease. We believe that MAS-1-adjuvanted ASI has the potential to be
used to restore immunological balance and self-tolerance in early-stage disease and in pre-
diabetic individuals to arrest and prevent further disease progression of type 1 diabetes
autoimmunity.
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Figure 1.

Cumulative percentages of diabetes-free mice over time for each study group. Black triangle
(broken line) = IBC/IFA; red triangle = IBC/MAS-1 group; green circle = BI9A/MAS-1
group; blue square = PBS/MAS-1 adjuvant emulsion; purple triangle = B19A/PBS non-
adjuvanted ASI control group; black square = PBS normal control group. n = 15 for each
group. Statistical analysis comparing the protection afforded by different treatment groups is

included.
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Figure2.
ELISPOT assay measuring antigen-specific IL-10, IFN-yand IL-2 producing splenocytes of

treated animals at 11 weeks (open bar) and 15 weeks (closed bar) upon re-stimulation with
IBC and B9-23 ex vivo. (A and B) IL-10 producing cells stimulated with B:9-23 or IBC
peptides. (C and D) IFN-y-producing cells stimulated with B:9-23 or IBC peptides. (E and
F) IL-2-producing cells stimulated with B:9-23 or IBC peptides. Two or three mice per
group were analyzed at each time point. Parameters were tested in triplicate, with 5 x 10°
splenocytes/well. Error bars indicate the range of the duplicate or triplicate measurements.
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Figure 3.
Antigen-specific IL-10- (A) and IFN-»- (B) producing splenocytes of 52-week old diabetes-

free NOD mice immunized with PBS/MAS-1, IBC/MAS-1, IBC/IFA or BI19A/MAS-1 and
re-stimulated ex vivo with PBS (open bar) insulin peptides IBC (black bar), B:9-23 (gray
bar) and B19A (dot bar) measured by ELISPOT assay. Non-diabetic NOD mice at 25-30
weeks and new onset DM (within one week post diagnosis) were also analyzed for
comparison. (C) The percentage of FoxP3* population of CD4* splenocytes from diabetes
protected mice at 52 weeks. Each dot in (C) represents each surviving mouse. Statistical
significance of <0.001 is denoted by **, * and #. *p<0.005 and **p<0.001 compared with
new onset DM; #p<0.05 and ##p<0.001 compared with non-diabetic NOD mice.
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Figure4.
Antigen-specific cytokines of splenocytes harvested from diabetes-free NOD mice at 52

weeks of age. IL-4 (A) and IL-5 (B) secretion by splenocytes in responding to re-stimulation
with TT control (white bar), peptides IBC (black bar) and B:9-23 (blue bar) ex-vivo,
measured in cell culture supernatants by cytokine specific ELISAs. Data are presented as
mean + SEM of 4-5 mice per group. #p = 0.05, *p<0.001 vs. TT control.
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Figureb5.
The development of antigen-specific 1gG antibodies and their isotypes induced by

immunization with MAS-1 and IFA-adjuvanted insulin-derived peptides. The development
of anti-IBC 1gG antibodies (A) and anti-B19A IgG antibodies (B) in NOD mice treated with
IBC/IFA (black diamond), IBC/MAS-1 (red bar), PBS (yellow triangle), PBS/MAS-1 (blue
cross), B19A/PBS (purple diamond) and B19A/MAS-1 (orange circle). PBS, PBS/MAS-1,
B19A/PBS and B19A/MAS-1 did not induce any IBC-specific antibodies (lines overlap with
x-axis (A)). Only B19A/MAS-1 induced B19A-antibodies (B). The peptide-specific 1gG in
serum from mice immunized with IBC/MAS-1 (C), IBC/IFA (D) and B19A/MAS-1 (E),
were isotyped by mouse 1Gg1 (white bar), IgG2a (red bar), 1gG2b (black bar) and 1gG3
(blue bar) ELISA. Sera were diluted 1-600, and experiments were done in triplicate wells.
Data are presented as the mean+SEM of all the mice of each group.
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