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A B S T R A C T

Autoantigen-specific immunotherapy promises effective treatment for devastating tissue specific autoimmune
diseases like multiple sclerosis (MS) and type 1 diabetes (T1D). Because activated dendritic cells (DCs) stimulate
the differentiation of autoreactive T cells involved in the initiation of autoimmunity, blocking the activation of
DCs may be an effective strategy for inhibiting tissue specific autoimmunity. Following this approach, immature
DCs were shown to remain inactive after treatment with chimeric fusion proteins composed of the cholera toxin
B subunit adjuvant linked to autoantigens like proinsulin (CTB-INS). Mass spectrometer analysis of human DCs
treated with CTB-INS suggest that upregulation of the tryptophan catabolic enzyme indoleamine 2, 3-dioxy-
genase (IDO1) is responsible for inhibiting DC activation thereby resulting in a state of immunological tolerance
within the DC. Here we show that the fusion protein CTB-INS inhibits human monocyte derived DC (moDC)
activation through stimulation of IDO1 biosynthesis and that the resultant state of DC tolerance can be further
enhanced by the presence of residual E. coli lipopolysaccharide (LPS) present in partially purified CTB-INS
preparations. Additional experiments showed that LPS enhancement of DC tolerance was dependent upon sti-
mulation of IDO1 biosynthesis. LPS stimulation of increased levels of IDO1 in the DC resulted in increased
secretion of kynurenines, tryptophan degradation products known to suppress DC mediated pro-inflammatory T
cell differentiation and to stimulate the proliferation of regulatory T cells (Tregs). Further, the presence of LPS in
CTB-INS treated DCs stimulated the biosynthesis of costimulatory factors CD80 and CD86 but failed to upre-
gulate maturation factor CD83, suggesting CTB-INS treated DCs may be maintained in a state of semi-activation.
While treatment of moDCs with increasing amounts of LPS free CTB-INS was shown to increase DC secretion of
the anti-inflammatory cytokine IL-10, the presence of residual LPS in partially purified CTB-INS preparations
dramatically increased IL-10 secretion, suggesting that CTB-INS may enhance DC mediated immunological
tolerance by stimulating the proliferation of anti-inflammatory T cells. While the extraction of LPS from bacterial
generated CTB-INS may remove additional unknown factors that may contribute to the regulation of IDO1 levels,
together, our experimental data suggest that LPS stimulates the ability of CTB-INS to induce IDO1 and IL-10
important factors required for establishment of a state of functional immunological tolerance in human DCs.
Regulation of the ratio of LPS to CTB-INS may prove to be an effective method for optimization of readily
available “off the shelf” CTB-INS mediated immune-therapy for tissue specific autoimmune diseases including
type 1 diabetes.

1. Introduction

Tissue specific autoimmune diseases of dysregulated metabolism
such as Type 1 diabetes (T1D) predispose to serious medical conditions
leading to an overall reduction in life span [1,2]. A treatment that could
prevent or reverse the course of autoimmunity would exert a major
impact over the life span of a rapidly increasing number of patients [3].

A critical immune cell component considered to be the key to the pa-
thogenesis of autoimmunity is the dendritic cell (DC). Activation of DCs
and their presentation of autoantigens such as insulin or glutamate
decarboxylase (GAD) to naïve autoreactive T cells results in their dif-
ferentiation into effector T cells capable of initiating T1D auto-
immunity. Insulin specific effector T cells were shown to destroy the
pancreatic insulin-producing β-cells, resulting in early mortality [4–8].
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Current immunotherapeutic strategies can reduce autoimmune disease
induced inflammation by functionally tolerizing the DCs, thereby in-
hibiting DC induction of pro-inflammatory autoreactive effector T cell
differentiation. However, current immunosuppressive strategies have
significant disadvantages [9,10]. A major drawback is their establish-
ment of a state of broad immune tolerization that extends beyond
specific autoimmune responses and can compromise normal immunity
to infection [11–17]. Thus, no effective intervention is available to slow
or arrest the processes responsible for development of tissue specific
autoimmune diseases like T1D. An immune suppression strategy shown
to prevent and partially reverse autoimmunity in animal models of
tissue specific autoimmunity, involves conjugation of tissue specific
autoantigens to an immune stimulating adjuvant [18–23]. Fusions of
the pancreatic islet antigen, proinsulin, with the cholera toxin B subunit
adjuvant (CTB-INS) were shown to prevent insulitis and hyperglycemia
in pre-diabetic mice [24–29], while cell culture experiments showed
DCs stimulate autoimmunity in the mice [30,31]. In contrast, the in-
duction of tolerance in murine DCs was shown to prevent T1D auto-
immunity. Together, these experiments suggest CTB-INS prevention of
T1D is correlated with treatments that generate DC tolerance. Further
studies suggest CTB-autoantigen fusion proteins induce tolerance by
expanding Foxp3 (+) T regulatory cell populations [32–36], while
other studies suggest Foxp3 (-) T cells induce tolerance by upregulating
anti-inflammatory cytokines TGF-β and IL-10. [32–36]. Stimulating
human DCs with CTB-INS was shown to upregulate the biosynthesis of
IDO1, a key regulatory enzyme in the tryptophan degradation pathway
known to induce a state of functional tolerance in DCs [37]. Further,
upregulation of IDO1 in the DCs occurs via activation of the non-ca-
nonical NF-kB signaling pathway, although receptors involved in CTB-
INS signaling remain unknown [37]. When stimulated with CTB-INS,
DCs isolated from the blood of healthy subjects were shown to upre-
gulate anti-inflammatory cytokines TGF-β and IL-10, previously known
to antagonize pro-inflammatory T cells and stimulate immune tolerance
[37–40]. The outcome of DC -T cell co-culture experiments showed that
CTB-INS treated DCs inhibit the proliferation of pro-inflammatory T
cells [41]. Further, the upregulation of IDO1 and its tryptophan de-
gradation products (kynurenines) were shown to stimulate DC toler-
ance and may also recruit Tregs that further inhibit DC activation re-
sulting in a state of functional DC tolerance [37,42–44]. In this study,
we show that residual LPS present in CTB-INS fusion protein used for
treatment of healthy human DCs enhances CTB-INS mediated upregu-
lation of IDO1.

2. Materials and methods

2.1. Amplification of recombinant CTB-INS fusion protein in E. coli BL21
cells

The recombinant gram negative E. coli expression vector pRSETA
containing the CTB proinsulin fusion gene (pRSET-CTB-INS), was
transformed into competent cells of the E. coli host strain BL-21 (DE3).
The synthesis of CTB-INS fusion protein in the recombinant E. coli strain
was confirmed by immunoblotting of the crude homogenate. The pur-
ification of CTB-INS from the recombinant E. coli was accomplished as
previously described [37].

2.2. Partial purification and removal of LPS endotoxin from CTB-INS made
in E. coli

E. coli BL-21 cells producing recombinant CTB-INS were lysed in
20ml of Buffer Z (8.0M urea, 100mM NaCl, 20mM HEPES, pH 8.0) by
sonication on ice with a Sonic 60 Dismembrator (Fisher Sci. Sunnyvale,
CA) using 5 Χ 10 s bursts at a sonicator setting of 12W. Cell debris was
removed from the homogenate by centrifugation in a 50ml poly-
propylene conical tube for 20min at 13,000 rpm and 4 °C in a Sorvall
SA-600 rotor (Sorvall, Porton Down, UK), imidazole was added to the

bacterial lysate supernatant to a final concentration of 10mM. A sus-
pension of 1ml Ni-NTA agarose (QIAGEN, Germany) was poured into 2
glass chromatography columns and pre-equilibrated with 1ΧPBS buffer.
The cleared lysate was loaded onto the columns and unbound and
weakly bound proteins were eluted from the columns with 4 column
volumes of (1Χ) PBS wash buffer containing 20mM Imidazole to re-
move weakly bound proteins. One histidine-affinity column was wa-
shed with PBS wash buffer containing 0.1% TritonX-114 (Sigma, St.
Louis, MO) to remove LPS contamination. Both columns were washed
with PBS until the Triton X-114 content of the aqueous phase were
equivalent as determined by measuring the absorbance at 280 nm with
a Nano Drop spectrophotometer (Thermo Fisher Scientific Inc,
Waltham, MA). The His-tagged recombinant proteins were eluted from
the columns with 1ΧPBS buffer containing 500mM imidazole. To re-
move imidazole from the samples, the eluted protein fractions were
dialyzed overnight at 4 °C against 1.0 li of HyClone PBS buffer (GE
Healthcare Life Sciences, Logan, Utah). Residual endotoxins were re-
moved from the two fractions with EndoTrap HD resin (Hyglos GmbH,
Bernried, Germany) according to the manufacturer’s instructions.

2.3. Determination of LPS endotoxin levels in purified CTB-INS protein

To determine the level of recombinant CTB-INS freedom from LPS
contamination following partial and complete purification methods,
LPS endotoxin was identified in CTB-INS isolated from recombinant E.
coli via the Limulus amebocyte Lysate (LAL) assay procedure. Detection
of LPS levels were performed using the Toxin Sensor Chromogenic LAL
Endotoxin Assay Kit (GenScript, Piscataway, NJ), according to the
manufacturer’s instructions. Triplicate samples of each CTB-INS ex-
traction were analyzed in a 96-well format and read in a Bio-Rad mi-
croplate reader (Bio-Rad, Hercules, CA, USA). One EU of LPS/ml is
equal to 0.1–0.2 ng endotoxin/ml. The CTB-INS protein concentration
in each preparation was determined using the Bradford protein assay
reagent (Sigma) with bovine serum albumin used as the protein stan-
dard.

2.4. Ethics

Ex vivo experiments with monocyte-derived dendritic cells (DCs),
were performed using aphaeresis isolated leukocytes from the periph-
eral blood of healthy human subjects provided by the Life Stream Blood
Bank (384 West Orange Show Road, San Bernardino CA, 92408). The
experiments presented in this manuscript were approved by the Loma
Linda University Adventist Health Science Center, Institutional Review
Board (IRB), and with written consent of the blood donors. Blood donor
information was anonymized and de-identified prior to initiation of the
study.

2.5. Isolation and culture of human peripheral blood monocyte - derived
dendritic cells

Before the method of CTB-INS induction of DC tolerance can be used
for protection against autoimmune disease development in patients, the
mechanism underlying CTB-INS induction of DC tolerance in healthy
subjects must be elucidated. To accomplish this goal, monocyte-derived
dendritic cells (moDCs) were differentiated from freshly collected
human peripheral blood monocytes. Peripheral blood monocytes were
isolated from 12 anonymized 18–40 yr old blood donors from the San
Bernardino Blood Bank. Equal numbers (n= 6) of randomly selected
healthy male and female blood donors were chosen for this study. After
collection of peripheral blood from the subjects, erythrocytes were re-
moved from the blood samples by lysis with NH4Cl and monocytes were
isolated from the lymphocyte fraction by CD14+ selection on antibody
coated magnetic beads (Miltenyi Biotec, Auburn CA). The monocytes
were counted and cultured for 6 days in complete RPMI culture medium
(ThermoFisher), containing 10% bovine serum, GMCSF and IL-4 to
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differentiate monocytes into immature DCs as previously described Kim
et al., [42].

2.6. Determination of IDO1 protein synthesis in LPS and CTB-INS treated
dendritic cells

Approximately 1–2 Χ 106 monocyte-derived DCs from each subject
were inoculated with: 1) LPS at the following concentrations (0, 0.001,
0.1, 1, 10, 100 and 1,000 ng/ml), 2) 10 μg/ml of CTB-INS isolated from
E. coli BL-21 cells (containing 66,700 EU LPS/ml) and 3) 10 μg/ml of
CTB-INS treated with both Triton X-114 and Endotrap to remove re-
sidual LPS (final concentration 0.01 EU LPS/ml). After treatment, the
DCs were incubated at 37 °C for an additional 0, 2, 4, 8, 16 or 24 h
followed by cell lysis in Buffer C (20mM HEPES, 0.42M KCl, 26%
Glycerol, 0.1 mM EDTA, 5mM MgCl2, 0.2% NP40, 37 °C), containing a
tablet of Complete Protease Inhibitor (Roche, Basel, Switzerland). A
minimum of 50 µg of protein isolated from the DC lysate was separated
by electrophoresis on 12% polyacrylamide separating gels (SDS-PAGE).
After transfer of the electrophoretically separated proteins to poly-
vinylidene difluoride (PVDF) membranes (Millipore, Temecula, CA),
the presence of IDO1 protein (NP- 002155.1) was identified by in-
cubation of the blot for 12 h at 4 °C with rabbit anti-IDO1 monoclonal
primary antibody (Cat. 04-1056, clone EPR1230Y), (Millipore,
Temecula, CA). For detection of the IDO1 signal, the blot was washed 3
times with PBST (1X PBS, 0.02% tween 20, pH 7.4) and incubated for
2 h at room temperature in the presence of a monoclonal anti-rabbit IgG
γ-chain specific secondary antibody conjugated to alkaline phosphatase
(Cat. A-2556, clone RG-96) (Sigma-Aldrich). The immunoblots were
washed 3 times in PBST and incubated in 200 µl of Novex® AP chemi-
luminescent substrate (Invitrogen, Carlsbad, CA) for 5min prior to
exposure to X -ray film (Fuji Photo Film Co. HR-G30, Tokyo, Japan) for
3min. The IDO1 signal intensity was quantified via Image J software v.
1.48 h. (Image J, NIH).

2.7. Measurement of IDO1 activity in LPS +/- CTB-INS treated DCs

IDO1 activity was quantified by measuring the DC culture super-
natant for the production of kynurenines in CTB-INS treated DCs by
colorimetry as previously described Mbongue et al., 2015 - [37].
Briefly, in a 1.5 ml polypropylene Eppendorf tube, 100 µl of 30% tri-
chloroacetic acid (TCA) was added to 200 μl of culture supernatant and
the contents mixed. Next, in a flat bottom microtiter plate, 125 μl of the
TCA soluble phase was added to 125 μl of Ehrlich's reagent (100mg of
p-dimethyl benzaldehyde dissolved in 5ml glacial acetic acid), (Sigma).
The optical density (OD) was measured at 492 nm and the kynurenine
concentration calculated by referral to the kynurenine (Sigma) standard
curve. One unit of IDO1 enzyme activity was defined as the amount of
IDO1 enzyme that produced 1 nmol of kynurenine/h.

2.8. Detection of IDO1 RNA in CTB-INS treated DCs by (RT-qPCR)

Total RNA from 1 X 106 DCs was prepared using Trizol reagent
(Invitrogen) as previously described (Kim et al., 2016), [42]. Com-
plementary DNA was synthesized from 2 μg total RNA with oligo (dT)
primer in a 20 μl reaction volume according to the manufacturer’s re-
commendations (Thermo Fisher Scientific Inc). Dendritic cell IDO1
(NM_002164.5) mRNA was quantified by RT-qPCR relative to β-actin
using the following primers: IDO1 forward, 5′-TCT GGC CAG CTT CGA
GAA AG-3′; IDO1 reverse, 5′-AGA ACT AGA CGT GCA AGG CG-3′; β-
actin forward, 5′-GCA TTG CTT TCG TGT AAA TTA TGT-3′; β-actin
reverse, 5′-ACC AAA AGC CTT CAT ACA TCT CA-3′. The quantitative
reverse transcriptase-polymerase chain reaction (RT-qPCR) was in-
itiated by SYBR Green JumpStart Taq Ready Mix (BioRad), according to
the manufacturer’s instructions and run in triplicate on 96-wells plates
with the CFX 96TM Real-Time PCR Detection System (Bio-Rad). The
reactions were prepared in a total volume of 25 μl containing: 5 μl of

template DNA (Chip or input), 2 μl of each amplification primer (final
concentration 50 nM), 12.5 μl of 2X iQ SYBR Green Supermix (Bio-Rad).
The cycling conditions were set as follows: initial denaturation step of
95 °C for 10min to activate the iTaq DNA polymerase, followed by 40
cycles of denaturation at 95 °C for 15 s, annealing at 60 °C for 1min.
The amplification process was followed by a melting curve analysis,
ranging from 65 °C to 95 °C, with temperature increasing steps of 2 °C
every 1min. Baseline and threshold cycles (Ct) were automatically
determined using the Bio-Rad CFX Manager 2.1. All the PCR mea-
surements were performed in triplicate and validated when the differ-
ence in threshold cycle (Ct) between the 3 measurements was < 0.3.
The ratio of gene of interest/housekeeping gene was calculated ac-
cording to the formula: ratio= 2-dCt (dCt=mean Ct gene – mean Ct
housekeeping gene). Dendritic cell synthesized β-actin was used to nor-
malize for the presence of IDO1 mRNA. To establish statistical sig-
nificance, the experiment was performed five times per subject DC
collection. The samples were electrophoresed on a 1.5% (w/v) agarose
gel, and observed under UV light. Three biological replicates for each
sample were used for real-time PCR analysis and three technical re-
plicates were analyzed for each biological replicate.

2.9. Detection of CTB-INS-induced IDO1 expression in DCs with small
interfering RNA (siRNA)

To define CTB-INS-induced IDO1 expression in DCs, human IDO1-
small interfering RNA

(IDO1 siRNA, sc-45939) and non-targeting siRNA (Control siRNA
Fluorescein conjugate, sc36869) were purchased from Santa Cruz
Biotechnology (Santa Cruz, Delaware, CA). Human monocytes were
cultured in six-well plates for 4 days with 50 ng/ml of hGM-CSF and
10 ng/ml of IL-4 to differentiate the monocytes into immature DCs. The
siRNAs were transfected into DCs using Lipofectamine® RNAiMAX re-
agent (Invitrogen) according to the manufacturer’s protocol. Three
microliters of 10 μM siRNA was mixed with 150 μl of Opti-MEN (Gibco-
Life Technologies,

Paisley, UK), while 9 μl of Lipofectamine® RNAiMAX reagent was
incubated in 150 μl of Opti-MEN at room temperature for 5min. The
diluted siRNA and Lipofectamine® RNAiMAX reagent were incubated
for an additional 20min at room temperature for complex formation.

Fig. 1. LPS stimulation of IDO1 mRNA biosynthesis in human monocyte-de-
rived DCs (moDCs). Monocytes (CD14+ ) were isolated by magnetic affinity
columns extraction from peripheral blood PBMCs of healthy volunteers.
Immature DCs were differentiated from the monocytes by 6 days incubation in
RPMI culture medium supplemented with GMCSF and IL-4. The immature DCs
were treated with LPS (1 μg/mL) synthesized in recombinant E. coli (Sigma
Chem Co.) for 0, 2, 4, 8, 16, and 24 h. The LPS treated DCs were harvested and
total RNA extracted. The expression of IDO1 mRNA was quantified by reverse
transcriptase real-time PCR (rtPCR) as described in the section on Materials and
Methods. In three separate experiments, the DC samples were assayed in tri-
plicate and the experimental results averaged and presented graphically as the
mean ± the standard deviation (SD) of three independent time course ex-
periments. *p < 0.05, compared with the negative control group (NC), (0hr).
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The complexes were added to the wells. The final siRNA concentration
was 25 pmol. Incubation of the DCs was continued at 37 °C in 5% hu-
midified CO2 for 48 h which was sufficient time to significantly knock
down the target protein levels. To evaluate transfection efficiency, FITC
labeled control RNA was used instead of siRNA. After 24 h incubation,
the transfected DCs were analyzed by fluorescence microscopy to assess
intracellular FITC content. The DCs were treated for 6hrs after trans-
fection and lysed in buffer C containing phosphatase inhibitors (50mM
Sodium-beta-glycerophosphate, 1 mM Sodium fluoride, and 1.0mM
Sodium-ortho-vanadate). Western blot analysis with anti-IDO1 rabbit
monoclonal primary antibody (Millipore) and monoclonal anti-rabbit
IgG γ-chain specific alkaline phosphatase conjugated secondary anti-
body (Sigma-Aldrich) was performed to detect the level of IDO1 ex-
pression.

2.10. Flow cytometric identification of co-stimulatory factor synthesis in
CTB-INS treated DCs

Peripheral blood monocyte samples were plated in 6 well plates
(5x105 cells/well), in RPMI 1640 culture medium containing 10% FBS
and human GM-CSF (50 ng/ml) and human IL-4 (10 ng/ml). After
6 days culture at 37 °C, the CTB-INS treated DCs were stained with
Annexin V to assess viability and for identification of DC co-stimulatory
factors with fluorescent antibodies against CD86, (antiCD80 -FITC,
Biolegend, San Diego, CA), CD80, (anti-CD86-PE, Biolegend), and ma-
turation factor CD83 (anti CD83-APC, Biolegend), and anti-CD11c - PE-
Cy7, Biolegend). One aliquot of cells was labelled with isotype-specific
control antibodies in excess concentration as a control for nonspecific
Ab binding. UltraComp eBeads (Affymetrix, Santa Clara, CA) were used

Fig. 2. LPS stimulation of IDO1 protein synthesis in human dendritic cells. Human moDCs were differentiated from peripheral blood monocytes and treated with
increasing amounts of LPS (0.001 – 1,000 ng/mL) for 24 h at 37 °C. Panel (A) is a western blot indicating the amount of IDO1 protein produced in monocyte derived
DCs treated with increasing amounts of LPS. Panel (B), is a graphic representation of the fold change in IDO1 produced in the DCs after incubation with increasing
amounts of LPS for 24 hr at 37 °C. The IDO levels presented are representative of three normal donors and are expressed as the standard error of the mean. Each
experiment was performed in triplicate. Panel (C) is a graph of IDO1 activity as a function of tryptophan degradation product (kynurenine) levels detected in the DC
culture medium. *p < 0.05, in comparison with the NC group, (0hr).

Table 1
Removal of Residual LPS Endotoxin from CTB-INS Protein Isolated from E. coli. Partially purified recombinant CTB-INS fusion protein was isolated from sonicated E.
coli BL-21 cells by nickel – agarose (Ni-NTA) affinity column chromatography under denaturing conditions of 8.0 M urea (D). Residual LPS was removed from the
partially purified CTB-INS protein by treatment with 0.1% Triton X-114 or by passage of the protein over an Endotrap resin column. For maximum endotoxin
removal, CTB-INS protein was purified by treatment with Triton X-114 followed by treatment with Endotrap resin.

Vaccine Samples Triton X-114 Endotrap Resin Purification conditions CTB-INS protein recovery (%) Endotoxin levels (EU/mL)

CTB-INS – – D 100 66,700
CTB-INS – + D 77.9 1.3
CTB-INS + – D 86.1 1.1
CTB-INS + + D 55.6 0.01
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for compensation. For flow cytometric analysis of CD80, CD83 and
CD86 surface expression, the median fluorescence intensity (MFI) of the
DCs were recorded for each sample. The MFI fold-changes were cal-
culated in comparison with the control cells (PBS/BSA-induced cells)
for each cell type, to allow a direct comparison of the different cell
types measured with different voltages and/or compensation settings.
For analysis of CD11c surface expression, cells were gated according to
the individual isotype controls and the percentages of CD11c positive
cells were used as readout. The differentiating cells were identified by
flow cytometry (MacsQuant, Miltenyi Biotec, Auburn, CA). The level of
DC activation was determined by flow cytometry and the data gener-
ated was analyzed with FlowJo software, Version 10 (Treestar),
(FLOWJo, LLC).

2.11. Quantification of DC secreted cytokines by ELISA

The determination of DC secreted cytokines was carried out by
ELISA assessment of DC culture media previously aliquoted and stored
at−80C. Repeated freeze-thaw cycles were avoided. Pro-and anti-in-
flammatory cytokines secreted by DCs into the culture medium were

quantified by ELISA according to the manufacturer’s instructions, using
the human IL-10/IL-12 ELISA ReadySet-Go kit (eBioscience, San Diego,
CA).

2.12. Statistical analysis

The data generated by LPS, CTB-INS and IDO1 effects on human DC
activation were expressed as the mean +/-SD and statistical analysis of
the data were generated using Graph Pad Prism software v.6.01 (La
Jolla, CA). Each experiment was repeated twice with at least 3 re-
plicates of each sample to determine the level of reproducibility. Both
LPS(+) and LPS(-) treatment groups were evaluated separately and to-
gether. A paired Student’s t-test was used to compare treatment effects
with and without CTB-INS. Treatment effects of CTB-INS on DCs and
accounting for (LPS) effects on the DCs were evaluated by ANOVA,
(P < 0.05).

Fig. 3. IDO1 protein synthesis and kynurenine activity in DCs treated with CTB-INS protein partially or completely purified from LPS. Panel (A), Human moDCs
suspended in 2.0ml of RPMI culture medium were treated with: 1) PBS as a negative control (NC), 2) LPS (1 μg/mL), 3) partially purified CTB-INS (10 μg/mL)
isolated by nickel affinity column from E. coli BL-21 cells, containing residual levels of LPS, and 4) completely purified CTB-INS (10 μg/mL) treated with both Triton
X-114 and Endotrap resin (T/E) to remove residual LPS. The levels of LPS were determined by Limulus amebocyte assay of all DC samples. Panel B, the DCs were
cultured at 37 °C for 24 h and the amount of IDO1 protein synthesized in the DCs was identified by western blotting. Panel C, The activity of IDO1 synthesized in
response to the different treatments was determined in all DC samples by kynurenine assay of the cell culture medium. The experimental data presented was from an
individual donor representative of a total of three DC donors. The data for each measurement is expressed as the standard error of the mean of triplicate DC samples
obtained from each donor. *p < 0.05, in comparison with the NC group.
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3. Results

3.1. LPS stimulates IDO1 mRNA synthesis in CTB-INS treated DCs

Monocytes isolated from healthy donor peripheral blood were dif-
ferentiated into immature DCs (iDCs) and the DCs treated with LPS as
shown in (Fig. 1). IDO1 mRNA levels quantified by rtPCR in DC cell
samples harvested at increasing time intervals showed that IDO1 mRNA
was visible as early as 2 h following LPS addition and IDO mRNA in-
creased in a linear fashion up to at least 24 hr after LPS addition to the
sample.

3.2. LPS upregulates IDO1 protein synthesis in CTB-INS treated DCs

As little as 10 ng of LPS was shown to stimulate detectable amounts
of IDO1 protein biosynthesis in western blots of LPS treated human DCs
(Fig. 2. A). A 10 fold increase in LPS concentration (1–10 ng/ml LPS),
generated a threefold increase in IDO1 levels in CTB-INS treated DCs
(Fig. 2, B). A 10 fold increase in LPS concentration (0.1 to 1.0 ng/ml)
tripled kynurenine levels produced in the DCs. However, a 100 fold
increase in LPS concentration (1.0–10 ng/ml LPS) only increased

kynurenine levels in the DCs by 30%, indicating a plateau in LPS sti-
mulation of IDO1 activity was achieved. (Fig. 2, C).

3.3. LPS enhances the production of IDO1 in CTB-INS treated DCs

Human DCs incubated with CTB-INS in which trace levels of LPS
were removed by Triton X-114 and (or) Endotrap resin treatment
(Table 1), produced significant levels of IDO1 in comparison with un-
treated DCs, as detected by western blotting (Fig. 3, A, B). The activity
of IDO1 (amount of kynurenines) detected in LPS-free CTB-INS treated
DCs was approximately 5 fold greater than kynurenine levels detected
in untreated DCs (Fig. 3, C). In contrast, CTB-INS purified from E. coli
but retaining detectable levels of LPS (77.5 EU/ml), generated almost 4
times the amount of IDO1 detected in LPS-free CTB-INS treated DCs
(Fig. 3, A, B). DCs treated with CTB-INS isolated from E. coli and
containing LPS generated almost 10 fold more kynurenine activity than
DCs not treated with CTB-INS and produced almost 2 fold more ky-
nurenines in comparison with LPS-free CTB-INS treated DCs.

Fig. 4. Activation of human moDCs treated with CTB-INS in the presence or absence of residual LPS endotoxin. Panel (A), are histograms generated by flow
cytometric identification of DC costimulatory factors CD80, CD86 and maturation factor CD83 induced by CTB-INS fusion protein in the presence of residual LPS or
absence of LPS endotoxin. The DCs were stained for surface expression of CD80, CD86 and CD83 and the costimulatory factor markers were determined by flow
cytometric measurement (x-axis =MFI; y-axis= cell #). DC activation is expressed as mean fluorescence intensity (MFI). Panel (B), is a bar graph representing the
data in panel A. Immature moDC activation is expressed as mean fluorescence intensity (MFI) after 24 h incubation of the DCs in RPMI culture medium containing
1 μg/mL of LPS (red bar); 10 μg/mL of CTB-INS with residual LPS (green bar), 10 μg/mL of pure CTB-INS treated with both triton X-114 and Endotrap resin to remove
residual LPS (blue bar) or PBS as a no treatment negative control (NC), (sky blue bar). The amount of LPS in each sample was determined. The experimental
treatments are represented by the same colors used in panel (A). The data presented was taken from a representative donor from a total of three donors and is
expressed as mean standard error for triplicate samples from the donor. *p < 0.05, in comparison with the NC group. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article.)
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3.4. LPS stimulates CTB-INS activation of human dendritic cells

The production of costimulatory factors CD86, CD80 and matura-
tion factor CD83 are considered to be signals required for antigen
mediated DC activation (maturation). Flow cytometry of iDCs in-
cubated with CTB-INS containing LPS produced CD86, CD80 and CD83
costimulatory factors at levels determined to be intermediate between
the high levels of costimulatory factors generated by LPS alone and the
lowest levels detected in LPS-free CTB-INS treated DCs (Fig. 4, A). In the
absence of LPS, CTB-INS stimulated lower levels of costimulatory fac-
tors than did DCs treated with CTB-INS containing LPS. (Fig. 4, B), as
represented by the primary flow cytometry data in Fig. 3, A.

3.5. LPS enhances anti-inflammatory cytokine production in CTB-INS
treated DCs

Enzyme linked immunosorbent assay (ELISA) determination of pro-
inflammatory cytokine IL-12p70 and the anti-inflammatory cytokine IL-
10 levels in the culture medium of CTB-INS treated DCs is shown in
Fig. 5. Dendritic cells treated with LPS-free CTB-INS increased IL-10
levels to 10,000 pg/ml in comparison with untreated DCs which did not
synthesize detectable levels of IL-10. In addition, LPS-free CTB-INS
treated DCs did not synthesize detectable IL-12 levels. In contrast, DCs
treated with CTB-INS containing LPS (77.5 EU/ml), increased IL-10
levels 4 fold to about 40,000 pg/ml (Fig. 5), while the levels of IL-12
p70 in LPS containing CTB-INS treated DCs increased from zero to only
about 6,000 pg/ml, far less than the increase in IL-10 levels generated
by DCs treated with CTB-INS containing LPS.

3.6. Knock down of IDO1 in LPS free CTB-INS treated human DCs inhibits
pro-inflammatory cytokine secretion

The addition of IDO1 siRNA (siIDO1) to LPS-free CTB-INS treated
DCs reduced IDO1 mRNA and protein levels with no significant re-
duction in DC viability, (Fig. 6. A, B, C). However, the secretion of IL-12
was significantly reduced but IL-10 secretion remained relatively un-
affected (Fig. 6, E, F). Treatment of DCs with LPS-free CTB-INS resulted
in a significant reduction of costimulatory factor CD80 while CD86 and
CD83 levels were unaltered (Fig. 5, D).

3.7. The effect of CTB-INS levels on DC activation

Increasing the amount of LPS-free CTB-INS treatment of normal
monocyte derived DCs above 20 µg CTB-INS/ml did not significantly
increase the upregulation of IDO1, costimulatory or maturation factor
levels, or the level of secretion of IL-10 or IL-12 cytokines (Fig. 7, A, B).

4. Discussion

While the precise mechanism of CTB-INS induced IDO1 mediated
suppression of DC activation in vivo remains unclear, interferons, cy-
tokines and specifically IFN-γ, is required for the induction of IDO1
[45]. Through selective blocking of the canonical and the non-canonical
NF-κB pathway pathways with small interfering RNAs, IDO1 expression
in human DCs was shown to require non-canonical NF-κB signaling for
downregulation of pro-inflammatory cytokine production [46]. Fur-
ther, activation of the non-canonical NF-κB pathway resulted in the
differentiation of DCs that suppressed T cell activation and promoted
the development of regulatory T cells [46]. Reinforcing these ob-
servations, activation of IDO by LPS was demonstrated experimentally
in pigs both in vivo and ex vivo [47]. Here we show that LPS stimulation
of IDO1 biosynthesis in human immature monocyte derived DCs occurs
as early as 2 hr after addition of endotoxin to the DCs and continues to
stimulate tolerance in the DCs for at least 24 hr (Fig. 1), suggesting that
the addition of LPS rapidly induces DC tolerance. While the ultimate
length of LPS induced DC tolerance in the presence of CTB-INS remains
unknown, longer exposure to LPS may be required to generate a dur-
able state of functional DC tolerance. The addition of LPS to immature
DCs substantially increased IDO1 biosynthesis resulting in increased
levels of IDO1 enzyme activity that was reflected as an increase in
kynurenine production (Fig. 2,C). Increased IDO1 enzyme activity may
stimulate functional tolerance in CTB-INS treated DCs by exhausting the
essential amino acid tryptophan required for DC metabolism in addition
to the secretion of immune-inhibitory kynurenines. While LPS upre-
gulation of IDO1 in moDCs was shown to stimulate DC maturation,
IDO1 was also shown to expand CD4+CD25 high regulatory T cell
populations that could play an additional role in LPS mediated inhibi-
tion of DC maturation [48]. Kynurenine release from LPS and CTB-INS
treated DCs is predicted to inhibit pro-inflammatory Th1, Th17 and Th2
effector cell populations, while stimulating Treg activation adding to
the suppression of DC mediated pro-inflammatory T cell development.
In comparison with phosphate buffered saline, preparations of CTB-INS
free of LPS upregulated IDO1 expression (Fig. 3 B).

The presence of residual LPS in CTB-INS treated DCs activated both
CD80 and CD86 costimulatory factors, but did not stimulate upregu-
lation of maturation factor CD83, suggesting CTB-INS treated DCs may
remain in a semi-active state (Fig. 4, A, B). The increase in IL-10 se-
cretion detected following DC treatment with LPS-free CTB-INS and
ELISA (Fig. 5), supports our hypothesis that CTB-INS without en-
hancement may inhibit DC activation by inducing a state of functional
tolerance in the immature DCs. The increased levels of IL-10 detected in
DCs treated with CTB-INS containing LPS suggest that small increases in
LPS may enhance CTB-INS induced DC tolerance. The presence of in-
creased IL12 levels in LPS containing CTB-INS treated DCs suggests LPS
maintains its ability to stimulate DC activation in the presence of CTB-

Fig. 5. Detection of cytokines secreted by dendritic cells treated with CTB-INS.
Panel A, Graphic representation of ELISA assay of DC secretion of the pro-in-
flammatory cytokine IL-12p70 detected in RPMI culture medium after 24 h
treatment of moDCs with PBS (NC), 1 μg/mL of LPS, 10 μg/mL of CTB-INS
containing residual LPS, 10 μg/mL of CTB-INS treated with Triton X-114 and
Endotrap resin to remove residual LPS. Panel B is a graphic representation of
DC secretion of the anti-inflammatory cytokine IL-10. The error bars represent
the standard deviation from the mean of three independent ELISA experiments.
*p < 0.05, in comparison with the NC.
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INS which could down regulate immuno-suppressive functions of the
fusion protein. The duration of IL-12 upregulation in CTB-INS treated
DCs remains unknown. The knock down of IDO1 levels in LPS-free CTB-
INS treated DCs mediated by siRNA (Fig. 6, A, B), is accompanied with
a significant reduction in IL-12 levels while IL-10 levels remain un-
affected. This result suggests that IL-10 may have a significant effect on
the maintenance of DC mediated tolerance. The lack of DC maturation
factor CD83 upregulation in comparison with costimulatory factors

CD86 and CD80 following DC treatment with LPS-free CTB-INS re-
inforces the hypothesis that DC immaturity is maintained during IDO1
regulation of DC mediated tolerogenesis (Fig. 6, D). Because IDO1
siRNA knock down does not significantly reduce CD86 or CD80 levels in
CTB-INS treated DCs this result further suggests that the DCs may exist
in a state of partial or semi-maturation during CDB-INS mediated tol-
erogenesis. Interestingly, the addition of LPS free CTB-INS to immature
DCs increased IL-10 biosynthesis without significantly upregulating

Fig. 6. Effects of the inhibition of IDO1 on CTB-INS treated DCs. Panel (A) is a graphic representation of quantitative real time-PCR (RT-qPCR) analysis of human
IDO1 mRNA levels synthesized in untreated (NT) or LPS free CTB-INS (LPS=0.005EU /mL) treated moDCs transfected with human IDO1-specific small interfering
RNA (siIDO1), or a negative control siRNA (siC). IDO1 gene expression was normalized in comparison with β-actin gene expression. Panel (B) Western blot analysis of
IDO1 protein synthesis in moDCs treated with CTB-INS and transfected with IDO1-specific siRNA (siIDO) or negative control (siC) using human anti-IDO1 as the
primary antibody. Panel (C) Viability of CTB-INS treated human moDCs after transfection with IDO1-specific siRNA (siIDO). DC viability was measured as the
percentage of CTB-INS treated DCs negative for uptake of viability dye FVD450. Panel (D) Graphic representation of siRNA inhibition of IDO1 effects on LPS free CTB-
INS activation of DC costimulatory factor biosynthesis measured by flow cytometry (MFI). Panels (E and F) graphic representation of ELISA quantification of secreted
IL-12p70 and IL-10 cytokines from LPS free CTB-INS treated moDCs. The graph bars represent the mean of three independent experiments. NT- = siIDO1 RNA
transfected DCs in the absence of LPS free CTB-INS fusion protein treatment. NT+ = siIDO1 RNA transfected DCs treated with CTB-INS (LPS=0.005 EU/mL). The
DC samples were assayed in triplicate and the data represent the mean ± SD of three independent experiments. *p < 0.05, compared with the NT and **p < 0.05
in comparison with siC.
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costimulatory factor synthesis, (Fig. 7, B, D). it was shown by Salazar
et al., that in comparison with the unprimed controls, TLR4 ligation in
LPS-primed DCs induced higher levels of IDO isoforms as well as the
aryl-hydrocarbon receptor (AhR) transcription factor. Further, LPS was
shown to induce an anti-inflammatory phenotype in the DCs - with an
increase in IL-10 and higher expression of programmed death ligands
PD-L1 and PD-L2 partially contingent on IDO1. In addition, the authors
demonstrated that an aryl hydrocarbon (AhR-IDO) pathway could be
responsible for preferential activation of the non-canonical NF-κB
pathway in LPS-conditioned DCs [49]. The possibility exists that Triton
detergent or EndoTrap removal of LPS from CTB-INS could also remove
additional factors responsible for or contributing to DC stimulation of
IDO1 or IL-10 synthesis. Experiments in which highly purified CTB-INS
is reconstituted with LPS will help to confirm or dismiss this possibility.

Taken together, our experimental data suggest that LPS stimulates
CTB-INS induced DC synthesis of the immune-inhibitory enzyme IDO1,
which upregulates the release of kynurenines, tryptophan degradation
products that initiate a state of functional tolerance in human moDCs.
Application of this experimental strategy could lead to the arrest of DC
mediated pro-inflammatory T cell responses important in the develop-
ment of T1D autoimmunity. Further, our data suggest the presence of
residual LPS in the CTB-INS fusion protein could greatly enhance DC
mediated tolerance by: 1) inhibiting iDC activation (maturation), 2) by
increasing the levels of enzymatically active IDO1, 3) by increasing the
production of functional kynurenines and 4) by increasing DC secretion
of the anti-inflammatory cytokine IL-10.

These DC functions may act in a coordinated fashion to induce a

state of functional DC tolerance capable of inhibiting T1D auto-
immunity. Thus, LPS augmentation of DC inhibited T1D autoimmunity
could alter the existing paradigm for T1D therapy in an unexpected
way. Because the presence of bacterial LPS in therapeutics is thought to
be pro-inflammatory it is considered to be detrimental for human
health. Shifting the paradigm of LPS applications for therapeutic
downregulation of immune responses provides a novel application to
use LPS for down regulation of chronic inflammation thought by many
to be responsible for the development of tissue specific autoimmunity.
Our experimental data provides an initial step in understanding how
bacterial toxins may serve to enhance immunosuppressive therapy for
protection against tissue specific autoimmune diseases. Translating
these findings in vivo in humanized mice and ultimately in T1D patients
will establish a strong foundation for addition of LPS as an effective
contributor to immuno-therapeutic strategies for “off the shelf” treat-
ment for tissue specific autoimmune diseases including T1D.
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Fig. 7. Increased amounts of CTB-INS stimulate DC activation and cytokine secretion. Panel (A) Immunoblot detection of IDO1 levels in human moDCs treated with
increasing amounts of LPS free CTB-INS. PBS treated DCs are a negative control (NC) for addition of CTB-INS. The amount of LPS in each CTB-INS treated DC sample
was determined by the Limulus amebocyte lysate assay. Actin protein bands provide a loading control for DC protein in each well. Panel (B) graphic representation of
costimulatory factors CD80, CD86 and CD83 synthesized on LPS free CTB-INS treated DCs determined by flow cytometric detection of fluorescent Ab binding to DC
co-stimulatory factors (MFI). Panels (C and D) graphic representation of ELISA determination of pro-inflammatory (IL-12p70) and anti-inflammatory (IL-10) cy-
tokines secreted by DCs into the culture medium following treatment of the DCs with increasing amounts of LPS free CTB-INS. Individual bars represent the mean and
standard deviation (SD) of three independent ELISA cytokine determinations. *p < 0.05, in comparison with NC.
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