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Abstract
Antigen presenting cells, specifically dendritic cells (DCs) are a focal point in the delicate balance
between T cell tolerance and immune responses contributing to the onset of type I diabetes (T1D).
Weak adjuvant proteins like the cholera toxin B subunit when linked to autoantigens may
sufficiently alter the balance of this initial immune response to suppress the development of
autoimmunity. To assess adjuvant enhancement of autoantigen mediated immune suppression of
Type 1 diabetes, we examined the cholera toxin B subunit (CTB)-proinsulin fusion protein (CTB-
INS) activation of immature dendritic cells (iDC) at the earliest detectable stage of the human
immune response. In this study, Incubation of human umbilical cord blood monocyte-derived
immature DCs with CTB-INS autoantigen fusion protein increased the surface membrane
expression of DC toll-like receptor (TLR-2) while no significant upregulation in TLR-4
expression was detected. Inoculation of iDCs with CTB stimulated the biosynthesis of both CD86
and CD83 co-stimulatory factors demonstrating an immunostimulatory role for CTB in both DC
activation and maturation. In contrast, incubation of iDCs with proinsulin partially suppressed
CD86 co-stimulatory factor mediated DC activation, while incubation of iDCs with CTB-INS
fusion protein completely suppressed iDC biosynthesis of both CD86 and CD83 costimulatory
factors. The incubation of iDCs with increasing amounts of insulin did not increase the level of
immune suppression but rather activated DC maturation by stimulating increased biosynthesis of
both CD86 and CD83 costimulatory factors. Inoculation of iDCs with CTB-INS fusion protein
dramatically increased secretion of the immunosuppressive cytokine IL-10 and suppressed
synthesis of the pro-inflammatory cytokine IL12/23 p40 subunit protein suggesting that linkage of
CTB to insulin (INS) may play an important role in mediating DC guidance of cognate naïve Th0
cell development into immunosuppressive T lymphocytes. Taken together, the experimental data
suggests Toll like receptor 2 (TLR-2) plays a dominant role in CTB mediated INS inhibition of
DC induced type 1 diabetes onset in human Type 1 diabetes autoimmunity. Further, fusion of CTB
to the autoantigen was found to be essential for enhancement of immune suppression as co-
delivery of CTB and insulin did not significantly inhibit DC costimulatory factor biosynthesis.
The experimental data presented supports the hypotheses that adjuvant enhancement of
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autoantigen mediated suppression of islet beta cell inflammation is dependent on CTB stimulation
of dendritic cell TLR2 receptor activation and co-processing of both CTB and the autoantigen in
the same dendritic cell.
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Introduction
Insulin dependent diabetes mellitus, or Type 1 diabetes (T1D), is the most destructive
metabolic disease of children. T1D is caused by autoreactive lymphocyte destruction of
insulin-producing islet beta cells of the pancreas (Eisenbarth, 1986, Tisch and McDevitt,
1996). The progressive loss of islet β-cell function results in an increasing deficiency of
insulin production resulting in elevated blood sugar levels (hyperglycemia). The inability to
transfer glucose from the blood into the cells of the body results in increased levels of
cellular oxidative stress which leads to chronic inflammation throughout the body resulting
in an increased and premature risk for secondary neural and circulatory health problems,
including amputation of extremities, blindness, heart attack and stroke (Libby, et al., 2005).
Young T1D patients must inject insulin several times a day for the rest of their lives or risk
diabetic shock and death (Lodinova-Zadnikova, et al., 2004).

The first step in diabetes mediated breakdown of immunological homeostasis leading to islet
β-cell mortality is initiated by autoantigen stimulated maturation of antigen-presenting cells
(APCs), largely dendritic cells (DC). Maturation of DCs induces the development of
autoreactive CD8+, and CD4+ T helper (Th1) cells as well as B cell production of auto-
antigen specific antibodies (Atkinson and Maclaren, 1994, Han, et al., 2005, Tang, et al.,
2006, Tisch and McDevitt, 1996). Following autoreactive CD4+ Th1 cell infiltration of
pancreatic islets in NOD mice, autoreactive Th1 lymphocytes were shown to secrete the
inflammatory cytokines IFN-gamma and IL-2. These diabetes autoantibodies are known to
stimulate macrophage and CTL secretion of oxidative compounds NO, O2, H202) in addition
to inflammatory cytokines (IL-1 beta, TNF-alpha, TNF-beta, IFN-gamma) [5–7]. The
persistence of these immune responses induces chronic pancreatic inflammation (insulitis),
which results in the induction of apoptosis of approximately 90% of the islet insulin-
producing β-cells leading to insufficient levels of insulin production (Piccinni, et al., 1998).
A variety of immune cell types including B cells, dendritic cells, macrophages and natural
killer (NK) cells were shown to be involved in the onset of diabetes pathogenesis (Cardell,
2006, Kent, et al., 2005, Silveira and Grey, 2006, Tian, et al., 2009, Tian, et al., 2006, Wang,
et al., 2005, Yoon and Jun, 2005). Specifically, dendritic cells (DCs) were shown to play a
primary role in antigen priming of naïve T helper cells (Th0) and in the modulation of their
development into autoreactive Th1 lymphocytes or immunosuppressive Th2 cells critical for
maintenance of immunological homeostasis (Itano, et al., 2003, Pulendran, et al., 2001,
Pulendran, et al., 1999). Immuno-cytochemical analyses showed that oral inoculation results
in auto-antigen uptake through M cells of the intestinal epithelium into peripheral DCs via
several routes that may aid in the establishment of immune suppression (Yoon and Jun,
2005). Autoantigens (AutoAg) are taken up and processed by immature DC subsets(Figdor,
et al., 2004). Following DC activation by autoantigens, the DCs migrate to adjacent lymph
nodes, where they present antigen peptides on MHCII receptors, synthesize co-stimulatory
molecules and secrete IL-12 which guides the development of naïve cognate Th0 cells into
Ag-specific inflammatory Th1 lymphocytes. In contrast, oral inoculation with small
amounts of autoantigen was shown to induce DC production of the anti-inflammatory
cytokine IL-10 which stimulates the development of naïve Th0 lymphocytes into anti-
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inflammatory Th2 lymphocytes, or alternatively into IL-10 or TGF-beta producing
CD4+CD25+ Tr1 or Th3 regulatory T cells (D’Ambrosio, et al., 2008, Kapsenberg, 2003).
Thus, interactions between autoantigens, DCs and T cells in the gut associated lymphoid
tissues, may dictate the onset of inflammatory or tolerogenic outcomes following initial
autoAg presentation. In addition, DCs residing in lymphoid follicles and the Peyer’s patches
shown to synthesize IL-10 were found to down-regulate Th1 cell mediated autoimmunity
(Steinbrink, et al., 1997). Further, immature or peripheral DCs (iDCs), that displayed low
levels of co-stimulatory molecule expression and that secreted cytokine IL-10, were shown
to remain in the periphery and were found to induce Th2 lymphocyte mediated
immunological tolerance (Holmgren, et al., 2005, Li, et al., 2006, Liu, et al., 2001, Rissoan,
et al., 1999). In an alternative set of experiments, the addition of IL-12 to immature dendritic
cells (iDCs), induced autoreactive Th1 cell morphogenesis and accelerated type 1 diabetes in
NOD mice (Trembleau, et al., 1995). In composite, the available experimental data suggests
that initial stages of type 1 diabetes progression may be largely under DC control and may
set the stage for anti-inflammatory or inflammatory disease outcomes (Shinomiya, et al.,
1999).

Oral administration of auto-antigens has shown promise for prevention of spontaneous
autoimmune diabetes (Trentham, et al., 1993, Zhang, et al., 1991). However, the need for
repeated autoantigen administration over an extended period of time poses a limitation to
such therapy. Further, a low efficiency of immune suppression was reported in previously
sensitized hosts (Arakawa, et al., 1998). These limitations were largely overcome through
application of the non toxic B subunit of the cholera enterotoxin (CTB) from Vibrio cholera.
The CTB molecule was shown to be a strong immunomodulator for induction of oral
tolerance when used as a carrier molecule for conjugated autoantigens (Sun, et al., 1994,
Sun, et al., 2000, Sun, et al., 1996, Sun, et al., 2000). The bacterial AB enterotoxin from
Vibrio cholerae, cholera toxin (CTX) contains a toxic ADP-ribosyltransferase subunit A1
(CTA1), linked through a small helical (A2) peptide to a pentamer of non-toxic B carrier
subunits (CTB). The CTB subunits were shown to be required for binding the toxin to
monosialoganglioside receptor molecules embedded in gut epithelial cell membranes
facilitating entry of the holotoxin into the cell (Eriksson and Holmgren, 2002). The CTB
subunit was shown to bind specifically to GM1-ganglioside, a receptor molecule found in
common on the membrane of most types of epidermal cells. Thus, CTB can provide an
efficient trans-mucosal carrier molecule for autoantigen induction of peripheral tolerance
(Shreedhar, et al., 2003, Sun, et al., 1994).

In previous studies, oral delivery of CTB conjugated to specific autoantigens was shown to
enhance autoantigen mediated protection of mice against several organ-specific autoimmune
diseases including autoimmune encephalomyelitis (Sun, et al., 2000) autoimmune chondritis
(Kim, et al., 2001) and uveitis (Phipps, et al., 2003). In addition, CTB-INS conjugates were
shown to substantially suppress diabetes in NOD mice (Arakawa, et al., 1998, Bergerot, et
al., 1997). The observed suppression of diabetes onset was associated with a reduction in
Th1 cell IFN-γ production and the migration of Tr1 regulatory T cells into pancreatic islets
(Aspord and Thivolet, 2002, Roncarolo, et al., 2001). Further, the fusion of CTB to insulin
was shown to provide up to a 10,000 fold reduction in autoantigen amounts required for
immuno-tolerization (Arakawa, et al., 1998, George-Chandy, et al., 2001). Mechanisms
underlying CTB modulated immune suppression of T1D may include the inhibition of DC
maturation, inhibition of autoreactive T cell development and/or induction of Th2 and
regulatory T cell (iTreg) proliferation and activation (Lavelle, et al., 2004, Lavelle, et al.,
2003, Marinaro, et al., 1995).

Recent immunotherapy and vaccination strategies strongly target receptors that mediate
immune cell activation. Pathogen recognition receptors, especially APC Toll-like receptors
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(TLRs) have received increasing attention because activation of innate immunity through
pathogen protein, nucleic acid and lipopolysaccharide pattern recognition has been
increasingly identified as an essential first line of immunological defense (Hemmi, et al.,
2000, Schnare, et al., 2001, Takeda, et al., 2003). In general, TLRs interact with a variety of
microbial structures widely expressed by fungi, bacteria, protozoa and viruses conferring a
high degree of specificity to the immune response (Takeda, et al., 2003). Recent
developments support the concept that activation of immunity by microbial molecules may
involve cooperative interaction with multiple host receptors within the membrane lipid raft
(Beutler, et al., 2006, Hoebe, et al., 2006, Triantafilou, et al., 2002). That is, TLRs are
usually present as preformed homodimers with the exception of TLR2 which preferentially
forms heterodimers with either TLR1 or TLR6 (Akira and Takeda, 2004). Toll like receptors
TLR2/TLR1 and TLR2/TLR6 were shown to be activated in response to agonists such as
lipoteichoic acid and lipoproteins, while other APC surface and internal TLRs respond to a
variety of bacterial and virus DNA and lipopolysaccharide immunostimulatory molecules
(Akira and Hemmi, 2003, Kanzler, et al., 2007, Roger, et al., 2005, Takeda, et al., 2003).
Recently, the type II heat-labile enterotoxin from E. coli which has an AB5 subunit structure
similar to cholera toxin was found to stimulate cytokine release in mouse and human cells
through interactions with TLR2. However, up to the present, the mechanism of CTB
mediated TLR activation is only poorly understood. An increased understanding of the
initial interactions among CTB and its fusion proteins with TLRs is predicted to improve our
understanding of mechanisms by which these molecules exert their immunomodulatory
activities.

The objectives of this study are to clarify mechanisms underlying early events in CTB-INS
vaccine induction of immunological tolerance leading to the suppression of Type 1 diabetes
through analysis of CTB-proinsulin autoantigen induced inhibition of human immature DC
activation and maturation leading to induction of Th0 lymphocyte development into
inflammatory Th cells resulting in chronic pancreatic islet inflammation and the death of
insulin producing islet beta cells. Examination of CTB and CTB-INS fusion protein
interactions with DC membrane Toll-like receptors (TLR) will provide information on
whether they or other membrane receptors may play a role in the initiation of adjuvant-
autoantigen mediated DC activation and maturation. Through analysis of CTB-autoantigen
fusion protein interactions with immature DCs we may be able to gain a clearer
understanding of how CTB-INS fusion proteins interact with DCs to suppress the onset of
Type 1 diabetes.

Materials and Methods
Construction of Bacterial Plasmids Containing CTB-INS

A gene encoding approximately 258bp of human proinsulin (INS) was physically linked by
gene splicing to the carboxyl-terminus (309bp) of CTB to generate the fusion gene CTB-
INS. The cholera toxin B subunit–autoantigen fusion gene CTB-INS was cloned into the (A)
configuration of the E. coli expression vector pRSET (Invitrogen™, Carlsbad, CA), under
control of the bacteriophage T7 promoter in order to achieve high levels of transgene
expression. The pRSET vector also contained an oligonucleotide encoding 6 histidines
immediately upstream of the CTB permitting isolation of the transgene product. The CTB-
INS fusion gene (567bp) was cloned between the BamH1/Bgl1 and EcoR1 sites flanked by a
termination sequence and a poly (A) adenylation sequence in the 3′ region of the transgene.
Selective clones were assessed by DNA sequence analysis to confirm the in-frame linkage
of CTB and Insulin DNA fragments. The expression vector PRSET-CTB-INS containing the
gene encoding the CTB-INS fusion protein was introduced into E. coli producer strain BL21
(DE3)pLysS (Invitrogen, Carlsbad, CA), for nickel affinity column isolation of the
recombinant protein (Carter, et al., 2006).

Odumosu et al. Page 4

Immunobiology. Author manuscript; available in PMC 2012 April 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Synthesis and Isolation of CTB-INS Fusion Proteins
The CTB-INS transformed E. coli strain BL-21, was grown in 250 ml Luria Broth (LB)
medium containing ampicillin (100mg/ml). While still in log phase of growth, CTB-INS
protein synthesis was stimulated by addition of 90 mg isopropyl β-D-1thiogalacto-
pyranoside (IPTG), (Sigma Chemical Co. St. Louis, MO), to the bacterial culture. After 6 hr
continued growth at 37°C, the bacterial culture was transferred into 50 ml polystyrene
Oakridge tubes and the cells harvested by centrifugation in a SA-600 rotor for 10 min, at
5,000 rpm and 4°C, in a Sorvall RC5B centrifuge. The cell pellet was resuspended in 1.0
ml / tube of 10 mM HEPES buffer (pH 7.5), containing 100 mM imidazole. The cells were
disrupted by sonication at 3 × 10 sec bursts at 10 W, with a Sonic 60 Dismembrator, (Fisher
Sci. Sunnyvale, CA). The CTB-INS protein was isolated and purified from the bacterial
homogenate using a Maxwell Model 16 robotic protein purification system (Promega
Inc.™), according to the protein isolation protocol provided by the manufacturer (Promega
Inc., Madison, WI). In order to obtain a pure protein product, the robot employs
electromagnetically charged Magne-His Nickel-Iron alloy particles with an affinity for the
6-HIS tag linked to the N terminus of the recombinant CTB-INS fusion protein. Imidazole
was removed from the protein mixture by dialysis of the preparation against 2 × 1.0 Liter, 10
mM HEPES buffer (pH 7.5), for 4 hr at 4°C. The purity of the isolated CTB-INS protein
(23.4kDa) was determined by electrophoretic mobility analysis in a 12% polyacrylamide gel
in comparison with protein molecular weight standards (Figure 1b). The purified CTB-INS
protein was stored at −20°C until further use.

Isolation and Culture of Monocyte- derived DC from Human Cord Blood
Monocyte-derived dendritic cells (MDDC) were prepared from freshly collected human
umbilical cord blood. The leukocyte fraction of approximately 50 ml of cord blood obtained
from normal healthy placenta donors (by LLU IRB approved protocols), was separated from
red blood cell and platelet fractions by Ficoll-paque density gradient centrifugation for 30
minutes at 2,000 RPM @ 4°C, in a Beckman Coulter Allegra X-15R centrifuge, equipped
with a SX4750 rotor. The CD14+ monocytes were obtained from the total lymphocyte
fraction by incubation with anti-CD14 PE (Phycoerythrin) for 10 minutes @ 4°C followed
by incubation with anti-PE magnetic microbeads for 15 minutes at 4°C. The cells were
separated magnetically by passing them through the MACS column as described by the
manufacturer (Miltenyi Biotech, Auburn, CA) (Devaraj, et al., 2008, Devaraj, et al., 2006).
The purity of the monocyte fraction was determined flow cytometry in a BD FACSCalibur
flow cytometer (BD Biosciences, San Jose, CA, USA).

The isolated monocytes were cultured in 6 cm non-pyrogenic polystyrene culture plates in
RPMI 1640 culture medium (Mediatech Inc. Manassas, VA, USA) in a humidified
atmosphere of 5% CO2 at 37 °C (Preprotech, Rocky Hill, NJ). The medium was
supplemented with 10% FBS, 1 mM glutamine, 100 U/ml penicillin, 100 μg/ml
streptomycin, 50 ng/ml human recombinant GMCSF, and 10 ng/ml human recombinant IL-4
(ProSpec-Tany TechnoGene, Rehovot Science Park, Israel). The monocyte cell culture was
fed every 2 days by gentle replacement of 50% of the medium with fresh medium. The cell
cultures were kept in their original plates until harvested to avoid induction of DC
maturation caused by mechanical stress associated with replating the cells. The percentage
of monocyte-derived immature dendritic cells (M-iDC) was determined directly by flow
cytometry based on expression of DC specific cell surface markers (CD14−HLA-
DR+CD11c+) after 6 days further incubation.

DC Maturation Assay and Phenotyping
The immature dendritic cells (iDCs) were stimulated by the addition of CTB (10ug/ml),
insulin (10ug/ml), CTB-INS fusion protein (20ug/ml) and Phorbol myristate acetate (PMA)
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and Ionomycin at 10ng/ml (PMA+ionomycin) for 48hrs at 37 degrees, 5% CO2. After
incubation, the expression of DC surface markers indicating their state of activation and
maturation (CD14, CD11c, HLA-DR), was determined by flow cytometry. Briefly, the gated
CD14− HLA-DR+ CD11c+ cell population was analyzed for the expression of CD86, and
CD83 activation markers (BD Pharmingen, San Jose, CA USA).

Flow Cytometry Analysis
For flow cytometry examination of DC surface markers, the DCs were surface stained with
antibodies conjugated to Phycoerythrin (PE), Fluorescein isothiocyanate (FITC),
Allophycocyanin (APC), and Peridinin Chlorophyll Protein Complex (PerCP) (Parrish, et
al., 2009) and resuspended in 1.0% of freshly prepared formaldehyde for analysis using the
FACSCalibur flow cytometer. The following antibodies were used to identify the different
lymphocyte types: anti- CD86-FITC, anti- CD83-PE, anti- HLA-DR PerCP anti- CD14-
APC anti- Mouse IgG1 FITC, anti- Mouse IgG1 PE, anti- Mouse IgG1 HLA-DR, anti-
Mouse IgG1 APC (BD Pharmingen); 7-Amino-actinomycin D (7-AAD) was used to assess
viability of the collected cells. Briefly, a pooled sample of harvested cells was incubated
with 7-Amino-actinomycin D (7-AAD) and prepared for flow cytometry according to the
manufacturer’s instructions (eBioscience, San Diego, CA, USA). Fluorescence intensity on
all flow histograms is shown on a log scale. Forward scatter (FSC) and Side Scatter (SSC)
and percentage of cell population on histograms are shown in a linear scale.

Secreted Cytokine Analysis by Cytometric Bead Assay
Immature DCs were stimulated with PMA and Ionomycin and proteins for 48 hours as
described above. The supernatant was collected and stored at −20°C until analyzed for
concentrations of IL-10 and IL-12 using the cytometric Bead Array (CBA) kit (Becton
Dickinson Biosciences, San Jose, CA, USA). Briefly, 50 μl of premixed beads coated with
capture antibodies was incubated with 50μl of cytokine standards or test samples in the dark
at room temperature for 1 hour. Following the incubation, 50μl of a mixture of
Phycoerythrin-conjugated antibodies prepared against the specific cytokines was added to
each preparation, and the samples incubated for 2 hours in the dark at room temperature.
The beads were washed once with the wash buffer supplied with the CBA kit and analyzed
immediately in a BD FACSCalibur flow cytometer (Becton, Dickinson Inc.). Data analysis
was performed using the FCAP Array software packages supplied by BD Biosciences. Three
thousand counting events were acquired from each sample. Cytokine calibration curves were
generated using cytokine standards supplied by BD Biosciences (LaFrance, et al., 2008,
Potapova, et al., 2007).

Results
CTB-INS mediated suppression of DC maturation involves upregulation of TLR2

To determine whether Toll-like receptor 2 (TLR2) or TLR4 was involved in CTB-INS
mediated DC activation, flow cytometric analysis of TLR2 and TLR4 markers was carried
out on vaccine inoculated activated DCs. The results of flow cytometry analysis indicated
that CTB and CTB-INS inoculated DCs significantly upregulated the presence of TLR2
proteins on the surface of the vaccine inoculated DC membrane in comparison with
unstimulated DCs, insulin treated DCs and PMA Ionomycin treated DCs (Figure 2). No
significant up-regulation of TLR4 receptor protein was detected on the surface of CTB,
CTB-INS and insulin treated DCs. However, TLR4 was significantly up-regulated in PMA
and Ionomycin treated cells a result consistent with those obtained earlier by Thierry et al.
(2005) (Roger, et al., 2005). The finding that TLR2 is upregulated by CTB-INS treated cells
and not on insulin treated cells suggests that CTB-INS mediated suppression of DC
maturation, similar to that found for the E. coli heat sensitive enterotoxin B subunit is
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attributable to CTB activation of immature DCs through induction of TLR2 rather than
TLR4.

CTB-INS Treatment Suppresses Maturation of Dendritic Cells
The influence of CTB, Insulin, CTB-INS and PMA + Ionomycin on immature DC activation
and maturation was examined by measuring the expression of DC synthesized co-
stimulatory molecules CD86 and CD83. Immature dendritic cells (iDC) were differentiated
from monocytes as described in methods and materials section and assessed for the
expression of CD14-HLA-DR+CD11C+ surface markers indicating DC differentiation from
monocytes (Figure 3A). The Immature dendritic cells (CD14-HLA-DR+CD11C+) were
inoculated with CTB, INS and CTB-INS fusion proteins and assessed for stimulation of DC
membrane surface markers indicating activation and maturation CD86 and CD83
respectively (Figure 3B). Flow cytometric data obtained for CTB-INS treated cells revealed
that immature DC exposure to CTB-INS resulted in a significant level of suppression of
CD86 and CD83 costimulatory factors as compared with CTB, INS, and PMA and
Ionomycin. These results suggest that the physical linkage of CTB to the Insulin autoantigen
is responsible for suppression of dendritic cell activation and maturation by CTB-INS.

Linkage of CTB to Autoantigen is Necessary for Suppression of DC Activation
Based on the results obtained from the insulin stimulation studies described above, it was
important to examine the role of CTB in the observed suppression of DC activation.
Therefore immature DCs were stimulated with 10ug insulin alone, co-delivered with 10ug
CTB and finally stimulated with equivalent amounts of CTB-INS fusion protein. Co-
delivery of insulin + CTB resulted in significant dendritic cell CD83 and CD86 co-
stimulatory factor upregulation. However, cells treated with CTB-INS fusion proteins
showed almost no CD83 and CD86 upregulation as measured by mean fluorescent intensity
analysis for each treatment group (Figure 4A). Samples treated with CTB, CTB-INS and
PMA+Ionomycin showed a significant increase in cell populations expressing CD86 and
CD83 in comparison with the control (unstimulated) DC sample. Interestingly, the
population of cells expressing CD83 was significantly reduced in comparison with the
population of cells expressing the CD86 costimulatory factor. However the ratios of
costimulatory expression for each treatment group remained unchanged (data not shown).
Taken together, the data indicate that the physical linkage of CTB to the autoantigen is
essential for achieving high levels of immunological suppression of DC activation.

Increased Amounts of Insulin Induce Dendritic Cell Activation
The effect of increasing concentrations of Insulin protein on DC activation was investigated
by stimulating immature DCs with increasing amounts of insulin from 10ug/ml up to 250ug/
ml of insulin. There was no significant difference in the upregulation of CD86 co-
stimulatory molecules on the DC cell surface for concentration 10ug/ml up to 50ug insulin/
ml. However, mean fluorescence intensity measurements suggest a progressive increase in
the expression of CD86, when the concentration of insulin was increased to 100ug/ml and
250ug/ml respectively (Figure 5A). We also observed an increase in the percentage of the
DC cell population activated by increasing the amount of insulin P<0.05 (Figure 5B). Based
on the increasing levels of CD86 fluorescence intensity detected, increases in the percentage
of activated DCs were shown to correlate with increasing amounts of insulin. Our
experimental data did not reveal a significantly different level of CD83 protein synthesized
in cells incubated with 100ug/ml and 250ug/ml insulin. Predictably, PMA+ Ionomycin
induced significantly increased levels of DC synthesis of CD86 and CD83 costimulatory
factors.
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CTB-INS Stimulates Increased Synthesis of IL-10
To determine whether CTB-INS suppression of DC maturation (suppression of co-
stimulatory factor synthesis), resulted in increased secretion of immunosuppressive cytokine
IL-10 and decreased synthesis of IL-12, the supernatant medium was collected from DCs
exposed to 48hrs incubation with CTB-INS fusion protein and analyzed by cytometric bead
assay (CBA) based flow cytometry for the presence of secreted cytokines. The results of this
experiment showed that there was a significant increase in IL-10 production by DCs
incubated with CTB-INS (P<0.05) with a concurrent decrease in proinflammatory cytokine
IL-12/23p40 oligomer. Incubation of immature DCs with CTB-INS resulted in a 2.5 fold pg/
ml increase in synthesis of IL-10 in comparison with DC incubation with CTB, insulin or
PMA + Ionomycin treated cells. Although CTB alone appeared to stimulate DC IL-10
synthesis, the cytokine levels were significantly lower than CTB-INS induced DC IL-10
production (Figure 6). In summary, CTB-INS induced suppression of DC activation and
maturation appears to be followed by an increased secretion of the anti-inflammatory
cytokine IL-10 and a decrease in secreted IL-12/23p40 suggesting the possibility of immune
suppression of inflammatory cytokine synthesis.

Discussion
Our laboratory and others previously demonstrated the phenomenon of suppression of
insulitis and autoimmune diabetes in NOD mice inoculated with CTB-INS (Arakawa, et al.,
1998, Bergerot, et al., 1997, Sobel, et al., 1998). However, the cellular and molecular
mechanisms underlying CTB-proinsulin – immune cell interactions involved in the
suppression of disease pathology are incompletely understood. Because dendritic cells are
the dominant population of antigen presenting cells involved in the induction of
inflammatory and autoreactive T cell morphogenesis, we investigated early effects of CTB-
INS on human immature dendritic cell activation and maturation in vitro and attempted to
correlate these results with findings from NOD mice diabetes onset studies.

Our experiments suggest that CTB when conjugated to insulin (CTB-INS) results in the
suppression of dendritic cell activation and maturation as determined by a failure of CTB-
INS and to a limited extent proinsulin alone to stimulate the upregulation of immature
dendritic cell CD86 and CD83 costimulatory factors. This observation was further
confirmed when CTB-INS stimulated DCs resulted in an increase in DC secretion of the
anti-inflammatory cytokine IL-10. Further, our experimental data appears to confirm
previous studies with the heat sensitive enterotoxin from E. coli (LTB), that CTB, a
molecule similar in structure to LTB like LTB selectively stimulates TLR2 activation in
response to DC incubation with CTB or CTB-INS proteins. Previous observations show that
CTB can greatly enhance the immunogenicity of linked antigens (D’Ambrosio, et al., 2008,
George-Chandy, et al., 2001) by inducing DC upregulation of CD86 and CD83 (George-
Chandy, et al., 2001, Isomura, et al., 2005). Morphological changes which included
enlargement of immature dendritic cells, elongation of DC dendrites and increased
migration of DCs into draining lymph nodes observed in those studies was not monitored in
the present study. D’Ambrosio et al. suggested that CTB could partially prevent LPS-
induced maturation of monocyte derived DCs while Morita et, al., reported that CTB
induced DC maturation. Careful consideration of these findings appears to suggest that CTB
may play a dual role as both an immunostimulatory and immunosuppressive modulator
molecule. We report that CTB activation of DCs appears to be less than PMA-Ionomycin
induced activation of DC maturation. However when compared to insulin and CTB-INS,
CTB shows a significantly increased level of DC activation. In essence, the question of the
duality of CTB activity either as a pro-inflammatory or anti-inflammatory immune response
modulator may be resolved by understanding the activity of CTB in relation to another
molecule (antigen or autoantigen).
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Earlier NOD mouse insulin inoculation experiments conducted by Bergerot et. al.,
demonstrated sustained prevention of diabetes onset, even when oral insulin treatment was
initiated as late as 15 weeks after birth of the mice. In addition, the protective effect against
continued insulitis development was transferable to untreated NOD mice through transfer of
CD4+ T cells from CTB-INS inoculated animals (Bergerot, et al., 1997). Our recent finding
that CTB-INS is active in the suppression of DC maturation provides a possible explanation
for CTB enhanced insulin mediated diabetes suppression observed in NOD mice studies
employing CTB-INS fusion protein produced in viruses, plants, and silkworm larvae
(Denes, et al., 2005, Gong, et al., 2007, Gong, et al., 2009).

Previous studies demonstrated that insulin can function as a prime target for autoantigen
directed type 1 diabetes therapies (Jaeckel, et al., 2003, Jaeckel, et al., 2004, Kent, et al.,
2005, Palmer, et al., 1983). These studies showed that administration of insulin analogs such
as altered B: 9-23 insulin induced T cell mechanisms involved in the prevention of diabetes
development in NOD mice (Atkinson and Leiter, 1999, Elliott, et al., 1994, Kobayashi, et
al., 2007, Weiner, 2001, Weiner, et al., 1991, Zhang, et al., 1991). However, a major
concern is that increasing amounts of insulin can act as a double edged sword with the
potential to protect against the development of autoimmunity at low insulin concentrations
while stimulating pathogenic immunity at higher insulin concentrations (Kobayashi, et al.,
2007, Romagnani, 1998). Qui-Liang Lui et al (2009) recently demonstrated that increased
insulin concentration (2.5–25mg/L) significantly increased DC synthesis of co-stimulatory
factors, increasing DC ability to activate autologous lymphocytes.(Liu, et al., 2009) Our
experimental data showed that exposure of immature DCs to increasing amounts of insulin
resulted in an increase rather than a further suppression of DC activation. This result
provides a plausible answer to the earlier counter intuitive observation that increased insulin
levels might be expected to stimulate rather than suppresses diabetes onset in NOD mice.

The observed increase in suppression of DC maturation by CTB-INS fusion protein in
comparison with insulin alone raises the question of whether CTB-INS suppression of DC
maturation is mediated through the activation of Toll like receptor signaling processes. The
type II heat-labile enterotoxin (LT-IIB) of Escherichia coli, which has an AB5 type structure
similar to CTB was shown to induce DC activation through TLR2 resulting in downstream
activation of NF-κB (Connell, et al., 1995, Hajishengallis, et al., 2005, Lencer, et al., 1995,
Merritt, et al., 1995). Examination of CTB mediated suppression of DC activation and
maturation similarly suggests that TLR2 may be selectively upregulated as well in CTB
stimulated DCs. The cholera toxin B subunit may be selective for TLR2 since TLR2
depends specifically on hydrophobic interactions for ligand binding (Okusawa, et al., 2004,
Seong and Matzinger, 2004) as observed for LTBIIb. While the specific mechanism by
which CTB may interact with TLR2 is largely inferred from LTB studies, further insights
may be provided from the binding properties of CTB and other pentameric enterotoxin B
subunits that have the capacity to participate in both hydrophobic and hydrophilic
interactions (Tinker, et al., 2003, van den Akker, et al., 1996).

DC activation correlates with expression of the major immunosuppressive cytokine-IL-10
identified in APCs including dendritic cell subsets (de Waal Malefyt, et al., 1991, Sica, et
al., 2000). Autocrine production of IL-10 by immature DCs (iDCs) was shown to inhibit
synthesis and release of pro-inflammatory cytokines and other molecules (IL-12, TNF-α,
IL-6, LTB4, NO, PGE2). Further, IL-10 secretion by DCs was shown to suppress Th1
lymphocyte activity by enhancing down-regulation of costimulatory molecule expression on
the DC surface (Grutz, 2005, Harizi and Gualde, 2006). In the case of experimental
encephalitis, oral administration of CTB linked to myelin basic protein (MBP) increased
suppression of encephalitis induced by TGF-β CD4 T cells in the animal spinal cord (Sun, et
al., 2000). In the same way, immunological analyses of patients with Behcet’s disease
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treated with CTB conjugated to HSP60 p336–351 in a pilot clinic trial showed the presence
of increased synthesis of IL-10 by CD4+ cells as well as a reduction in T cell synthesis of
pro-inflammatory cytokines IL-2 and IFN-γ (Stanford, et al., 2004). Through inhibition of
the above endogenous pro-inflammatory mediators, IL-10 was shown to be central to
maintenance of DCs in an immature state and in the down-regulation of DC mediated
inflammatory responses (Harizi and Gualde, 2006). In paracrine fashion, IL-10 synthesized
by DCs can regulate immunity by altering the function of different adjacent cell types. In
several studies, IL-10 secreted by iDCs stimulated the development of cognate naïve Th0
cells into either Th2 lymphocytes, or suppressor regulatory T cells (Romagnani, 1998,
Romagnani, et al., 1998, Stassen, et al., 2004, Stassen, et al., 2004). Studies in knockout
mice showed that IL-10 can down-regulate autoimmunity in the intestine and can be active
in the suppression of Crohn’s disease (Grimbaldeston, et al., 2007, Minderhoud, et al.,
2007).

In our experiments, CTB-INS stimulated iDCs produced significantly higher levels of IL-10
than in CTB or proinsulin stimulated iDCs. However of interest, the biosynthesis of
IL-12/23p40 subunit was significantly inhibited. This result is critical because induction of
cognate naïve T helper cell (Th0) morphogenesis into Th1 effector cells that secrete IFN-γ
and IL-2 responsible for islet inflammation and beta cell death is dependent on DC synthesis
of IL-12 in addition to expression of surface costimulatory molecules (Itano, et al., 2003,
Kang and Kim, 2006, Pulendran, et al., 1999, Zorena, et al., 2008). Secretion of IL-10 was
shown to be essential for the inhibition of DC maturation through its effect of blocking
IL-12 synthesis. As a result of increased DC biosynthesis of IL-10, inflammatory
autoreactive effector Th1 cell proliferation and secretion of downstream inflammatory
cytokines IFN-γ and IL-2 is inhibited. This finding in combination with our experiments
demonstrating CTB-INS inhibition of DC co-stimulatory factor upregulation and
IL-12/23p40 synthesis may be critical to determine the probable cellular mechanisms
underlying CTB-INS mediated immune suppression of T1D. Future experiments incubating
CTB linked autoantigens with naïve DCs will reveal the capacity of CTB-INS to arrest the
progression of type 1 diabetes once hyperglycemia has become established. Establishment
of CTB-INS mediated immunological suppression of type 1 diabetes progression will help
to determine whether this form of interventional therapy in combination with anti-
inflammatory cytokines can prevent both the onset and the progression of diabetes once
hyperglycemia has developed. Once durable immunological suppression of diabetes
progression has been achieved, interventional therapy with insulin producing mesenchymal
stem cells may provide an effective, safe and durable cure for the present ravages of type 1
diabetes.
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Figure 1. Construction of the CTB-INS Fusion Gene and Isolation of the Gene Product
(Panel A) is a plasmid map of the E. coli expression vector pRSET A (Invitrogen™,
Carlsbad, CA), carrying the CTB-INS fusion gene. The cholera toxin B subunit– proinsulin
autoantigen gene fusion CTB-INS (567bp) was cloned into pRSET (A) between the BamH1/
Bgl 1 and EcoR1 sites. The expression vector PRSET-CTB-INS with the CTB-INS coding
sequence under control of the bacteriophage T7 promoter also contains an oligonucleotide
region encoding 6 histidine amino acid residues immediately 5′ upstream of the CTB DNA
sequence. The recombinant plasmid was introduced into the E. coli recipient strain BL21
(DE3) pLysS, for CTB-INS fusion protein expression and for nickel binding isolation of the
recombinant protein using a Maxwell 16 ™ protein isolation robot (Promega Inc, Madison,
WI, USA). (Panel B) is an SDS polyacrylamide gel stained with Commassie blue, Lane 1:
Molecular Weight Marker Proteins (BIO-RAD, Hercules, CA); Lane 2: pRSET-CTB protein
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(16.1kDa); Lane 3: the CTB-INS fusion protein isolated and purified from BL21 E. coli
cells containing pRSET-CTB-INS (23.4kDa).
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Figure 2. TLR2 upregulation by CTB-INS
The bar graph represents the percentages of dendritic cells expressing Toll like Receptors 2
(TLR2) and Toll like Receptor 4 (TLR4). Umbilical cord blood monocyte derived Immature
DC were stimulated for 48 hours with CTB, CTB-INS, Insulin and PMA Ionomycin and the
induction of TLR2(CD282) and TLR4(CD284) determined by flow cytometric TLR specific
antibody surface staining methods. The mean and standard error of the mean (SE) were
calculated for three separate experiments (p<0.05).
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Figure 3. Dendritic Cell Activation and Maturation is Suppressed by CTB-INS Fusion Protein
(Panel A) Flow cytometry dot plot showing dendritic cells differentiated from monocytes
isolated by ficoll gradient centrifugation from human umbilical cord blood. The CD14+
monocytes were supplemented with granulocyte macrophage colony stimulating factor
(GMCSF) and IL-4 and were cultured for 6 days to obtain CD14-HLA-DR+CD11c+
immature human DCs. To determine the viability of DCs isolated from the entire population
of collected cells (Upper left panel), 7-AAD negative cells were gated (Upper right panel)
and analyzed for expression of the surface marker CD14 (Lower left panel). The CD14-
cells were gated and analyzed for co-expression of HLA-DR and CD11C differentiation
markers by flow cytometry. (Panel B) The histograms depict the expression of dendritic cell
CD83 and CD86 after stimulation of DCs for 48 hours with CTB, CTB-INS, Insulin and
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PMA Ionomycin. Maturation state of the DCs was determined by flow cytometric analysis.
The data are representative of three independent experiments with comparable results.
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Figure 4. Effects of CTB on Insulin Mediated DC Activation
Immature monocyte derived DCs were stimulated for 48 hours with 10ug insulin + 10ug
CTB, 20ug CTB-INS and PMA + Ionomycin as a positive control for DC activation. The
activation and maturation of DCs measured by expression of CD86 and CD83 cell surface
markers was determined by flow cytometric methods. The mean fluorescence intensity
(MFI) and percentage population data is representative of four repeated independent
experiments with comparable results. (Panel A) The overlapping histograms depict the
expression of CD83 and CD86 costimulatory factors in immature dendritic cells after
stimulation with PMA + Ionomycin, Insulin + CTB and CTB-INS. The statistical
significance was calculated based on P<0.005.
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Figure 5. Increasing Insulin Dosage Results in DC Activation
Immature monocyte derived DCs were stimulated for 48 hours with different amounts of
insulin and PMA Ionomycin. Activation of DCs was determined by flow cytometric
methods. The data presented are representative of more than three independent experiments
with comparable results. (Panel A) Graph indicating increasing mean fluorescence intensity
of CD86 expression on DC cell surfaces with increasing amounts of Insulin. (Panel B) is a
histogram showing the percentages of cells activated by different concentrations of insulin
as measured by CD86 costimulatory factor expression on the DC cell surface.
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Figure 6. CTB-INS Fusion Protein Stimulates IL-10 Synthesis
(Panel A) The histograms show the mean fluorescence intensity of IL-10. Premixed plastic
beads coated with capture antibodies (BD Biosciences, San Jose, CA, USA).) and a mixture
of Phycoerythrin-conjugated antibodies against IL-10 were incubated for 2 hours with the
supernatant removed from different treatment conditions of proteins with DCs as described
in the Materials and methods section. The beads were washed and analyzed by flow
cytometry for determination of the fluorescence intensity of bound IL-10. (Panel B) shows
Cytometric Bead Array-defined concentrations of IL-10 and IL-12/23p40 subunit measured
from cell supernatants taken from DCs receiving different treatment conditions. For each
treatment the concentration of IL-10 and IL-12/23p40 subunit was normalized to standard
IL-10 and IL-12/23p40 cytokine curve and given in pg/ml. The data are the Mean and SE
(*P<0.001) of repeated independent experiments as compared to the control sample.
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