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Abstract

Indoleamine 2,3-dioxygenase (IDO), an intracellular enzyme responsible for catalyzing the rate
limiting step of tryptophan catabolism, plays a critical role in immune cell suppression and
tolerance. Indoleamine 2,3-dioxygenase-mediated depletion of the essential amino acid tryptophan
increases susceptibility of T cells to apoptosis, while kynurenine and its downstream metabolites,
such as 3-hydroxyanthranilic acid and quinolinic acid, have a direct cytotoxic effect on
conventional effector T cells. Additionally, IDO-expressing antigen presenting cells (APCs)
induce proliferation of regulatory T cells. When expressed by an APC, the immunosuppressive
effects of IDO may act directly on the APC as well as indirectly upon local T cells. One approach
to elicit immune tolerance or reduce inflammation therefore is to promote expression of 1DO.
However, this approach is constrained by several factors including the potential for deleterious
biologic effects of conventional IDO-inducing agents such as interferon gamma (IFNv), and the
potential limitations of constitutive gene transfection. Alternatively, direct action of recombinant
IDO enzyme supplied exogenously as a potential therapeutic in the extracellular space has not
been investigated previously, and is the focus of this work. Results indicate exogenous
recombinant human IDO supplementation influences murine dendritic cell (DC) maturation and
ability to suppress antigen specific T cell proliferation. Following treatment, DCs were refractory
to maturation by LPS as defined by co-stimulatory molecule expression (CD80 and CD86) and
major histocompatibility complex Il (MHC-II) expression. Dendritic cells exhibited skewing
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toward an anti-inflammatory cytokine release profile, with reduced secretion of IL-12p70 and
maintained basal level of secreted IL-10. Notably, IDO-treated DCs suppressed proliferation of
ovalbumin (OVA) antigen-specific CD4* and CD8* T cells in the presence of cognate antigen
presentation in a manner dependent on active enzyme, as introduction of IDO inhibitor 1-methyl-
tryptophan, restored T cell proliferation. Defined media experiments indicate a cumulative role for
both tryptophan depletion and kynurenine presence, in the suppressive programming of DCs. In
sum, we report that exogenously supplied IDO maintains immunoregulatory function on DCs,
suggesting that IDO may have potential as a therapeutic protein for suppressive programming with
application toward inflammation and tolerance.

Summary sentence:

Indoleamine 2,3-dioxygenase functions as an extracellular immunomodulator

Keywords

Immunometabolism; Tryptophan; Kynurenine; Suppression; Indoleamine 2,3-Dioxygenase;
Dendritic cells

INTRODUCTION

Dendritic cells (DCs) are professional antigen presenting cells (APCs) and key regulators of
the immune system. They continually encounter, process, and present antigen to naive T
cells in a variety of contexts, shaping T and B cell responses through surface bound and
soluble factors [1]. While DCs play a crucial role in the initiation of inflammatory

responses, they are also able to induce tolerogenic or anti-inflammatory outcomes. DCs
induce tolerance through various mechanisms, including the increased secretion of anti-
inflammatory cytokines, decreased secretion of pro-inflammatory cytokines, downregulation
of stimulatory and co-stimulatory molecules and the upregulation of the intracellular enzyme
indoleamine 2,3-dioxygenase (IDO) [2]. Therefore, agents which modulate DC phenotype
may redirect the immune system toward suppressive response, an approach particularly
advantageous for inflammation and autoimmune diseases. A key feature of one type of
tolerogenic DC is increased expression of IDO [3, 4], the enzyme catalyzing the rate limiting
step of catabolic tryptophan conversion to kynurenines.

Indoleamine 2,3-dioxygenase was first discovered, and is expressed in the placenta, where it
contributes to tolerance of the fetus by the maternal immune system [3]. /7 vivo inhibition of
IDO with 1-methyl-tryptophan (MT), a competitive inhibitor for catabolism of L-tryptophan,
has been shown to induce fetal rejection in a murine model [5]. IDO is found at low levels,
particularly in lymphoid organs, the spleen, thymus, lungs and digestive tract in healthy
individuals, and increases during resolution of infection, and inflammation [6]. Expression
of IDO can be induced by lipopolysaccharides (LPS), interferon-y (IFN-y) and other agents
[3, 7] as well as through gene transfection [8]. Indoleamine 2,3-dioxygenase participates in
modulation of T cell responses toward a suppressive lineage [9-14] by initiation of
apoptosis, induction of anergy and limitations on the activity of effector T cells, and by the
induction of regulatory T cells (Tregs) [12—-17]. Two proposed mechanisms for IDO-

J Immunol Regen Med. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bracho-Sanchez et al.

Page 3

mediated suppressive effects have emerged: (i) depletion of tryptophan suppresses T cell
proliferation by activating the general control nonderepressible 2 (GCN2) stress-response
kinase which controls transcriptional and translational processes coupling cell growth to
amino acid availability, known as the integrated stress response [18-20]; and (ii)
downstream metabolites (collectively referred to as kynurenines) directly interact with
immune cells through the aryl hydrocarbon receptor (AhR) [21, 22] [14] and/or the
inhibition of IL-2 signaling, crucial to T cell survival [23].

The effects of IDO-expressing cells have been well characterized and documented [5, 9, 13,
24, 25], however, exogenously supplied IDO in the extracellular space has not been
explored. In this study, we demonstrate that murine DCs treated with exogenous human
recombinant IDO maintain an immature phenotype and provide robust suppression of
antigen-specific T cell proliferation /in vitro. Results are consistent with a mechanism of
suppression involving both the aspects of tryptophan depletion as well as kynurenine
accumulation. This work establishes that IDO maintains immunomodulatory capacity in the
extracellular environment and that such exogenous supply of IDO programs DCs toward a
suppressive phenotype.

MATERIALS AND METHODS

IDO characteristics and activity assay.

Recombinant human IDO expressed in Escherichia coli was purchased from R&D Systems
(Minneapolis, MN) with a predicted molecular mass of 46 kDa, purity >95% by SDS-PAGE.
Endotoxin levels were determined using the ChromoLAL method according to
manufacturer’s instructions (Associates of Cape Cod) at < 0.1 EU/ug of protein. Briefly,
samples were incubated with Limulus Amebocyte Lysate (LAL) at 37°C and absorbance
measurements collected over 100 minutes using a Synergy HT plate reader (BioTek) in
kinetic acquisition mode. The time taken for a sample to reach a specified absorbance is
calculated and compared against a standard curve. The specific activity of IDO was
established at >500 pmoles/min/pug as measured by its ability to oxidize L-tryptophan to N-
formyl-kynurenine. The specific activity was measured before experiments to ensure
maximal effect at the beginning of the assay following an adapted procedure from Valladares
et al. [26]. The reaction substrate contained 200 uM tryptophan, 20 mM ascorbic acid, 10
UM methylene blue, 225 U catalase and 50 mM MES buffer (pH 6.5). Recombinant human
IDO at 16 ng/mL was loaded onto a flat bottom 96-well plate and the reaction started by
mixture in 1:1 ratio with reaction substrate. Absorbance was measured in kinetic mode for 5
minutes at 321 nm.

Dendritic cell culture and extracellular enzyme treatment.

Dendritic cells were generated by isolating the bone marrow from femurs and tibias of 8-12-
week-old C57BL6/j female mice euthanized by CO, asphyxiation followed by cervical
dislocation in accordance with approved protocols by the University of Florida Institutional
Animal Care and Use Committee. The marrow cells were obtained by flushing the shaft of
the bones with a 25G5/8 needle using RPMI 1640 (Corning, Corning, NY) containing 10%
fetal bovine serum (Lonza, Walkersville, MD) and 1% penicillin-streptomycin (Hyclone,
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Logan, UT) and mixed homogenously. The cell suspension was strained using a 70 um cell
strainer (Becton, Dickinson, NJ, USA) and collected after centrifugation at 1600 rpm for 5
minutes at 4°C. The red blood cells were then removed by lysing with ACK Lysing buffer
(Lonza, Walkersville, MD) followed by centrifugation at 1600 rpm for 5 minutes at 4°C to
recover leukocyte progenitors. Remaining cells were re-suspended in DC media: DMEM/
F-12 with L-glutamine (Cellgro, Herndon, VVA) containing 10% fetal bovine serum, 1%
sodium pyruvate (Lonza, Walkersville, MD), 1% non-essential amino acids (Lonza,
Walkersville, MD), 1% penicillin-streptomycin, 20 ng/ml of GM-CSF (R&D Systems, MN,
USA) and were plated on tissue culture flasks for 2 d in order to remove adherent cells.
After 2 d, floating cells were transferred to low attachment tissue culture plates with fresh
DC media for the expansion of DC precursors. Half media change was performed on day 4
of isolation. On day 6 floating cells were carefully removed and plated on tissue culture
plates at an appropriate cell density for the adhesion and proliferation of DCs. On day 8
media was removed, cells washed with PBS and fresh media provided. On day 10 dendritic
cells were either treated with 15 pg/mL of recombinant human IDO (rhIDO - R&D Systems,
Minneapolis, MN) cultured in DC media containing tryptophan, or cultured in tryptophan
free media supplemented with 500 uM L-kynurenine without rhIDO (Sigma-Aldrich, St.
Louis, MO) for 24 h at 37°C to mimic conditions induced by the enzyme.

Dendritic cell viability and maturation resistance.

T cell isolati

DC viability was inspected through fluorescence microscopy imaging via Zeiss AxioVision
200M using LIVE/DEAD imaging stain kit (ThermoFisher Scientific, Waltham, VA), and
quantified via flow cytometry using LIVE/DEAD Fixable Near-IR Dead Cell Stain Kit
(ThermoFisher Scientific, Waltham, VVA), according to manufacturer’s instructions. DC
maturation was evaluated by the surface expression of stimulatory and co-stimulatory
markers (MHC 11, CD80 and CD86) as well as cytokine release (IL-10 and IL-12p70) by
flow cytometry and enzyme-linked immunosorbent assay (ELISA), respectively. Following
IDO incubation, DCs were challenged with 1 pg/mL of lipopolysaccharide (LPS) (Sigma-
Aldrich, St. Louis, MO) and supernatant was collected and stored at —20°C for subsequent
analysis using BD OptEIA ELISA kits (BD Biosciences, Franklin Lakes, NJ) following
manufacturer’s instructions. Adherent cells were incubated with 5 MM Na,EDTA in PBS
solution at 37°C for 30 minutes and lifted using a cell scraper. Cells were then washed with
1% fetal bovine serum in PBS and incubated with viability dyes mentioned above, followed
by washing and incubation with antibodies (BD Bioscience, San Jose, CA) against CD16/32
(Fcy HI/11 receptor) (clone 2.4G2) for 30 mins on ice to block Fcy receptors on DCs. Cells
were washed and stained with antibodies against CD11c (clone HL3) CD80 (clone
16-10A1), CD86 (clone GL1) and MHC Il (clone M5/114.15.2).

on and proliferation assay.

T cells were isolated from splenocytes of OT-I and OT-1I female mice (Jackson Laboratories,
Bar Harbor, ME) 8-12 weeks of age. The OT-1 mouse model carries a transgene insert for
rearranged TCR a and B genes on CD8* T cells, that assemble to allow specific recognition
of ovalbumin peptide residue 257-264 in the context of H2kP. The OT-1I mouse model
carries a transgene insert for rearranged TCR a and B genes on CD4* T cells that is specific
for ovalbumin 323-339 in the context of I-AP. Animals were euthanized by CO,
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asphyxiation followed by cervical dislocation as a secondary method in accordance with
guidelines approved by the University of Florida. Spleens were excised and homogenized
with RPMI 1640 medium (MP Biomedicals, OH, USA) containing 10% fetal bovine serum
(Lonza, Walkersville, MD) and 1% penicillin-streptomycin (Hyclone, Logan, UT). The cell
suspension was then filtered through a 70 um cell strainer and centrifuged at 1600 rpm for 5
minutes at 4°C. Red blood cells were lysed with ACK Lysing buffer (Lonza, Walkersville,
MD) followed by centrifugation to recover lymphocytes. CD4* and CD8" T cells were
purified using a negative selection isolation kit (MACS Miltenyi Biotec, Bergisch Gladbach,
Germany) following the manufacturer’s instructions. Resulting T cells were then labeled
with 10 pM carboxyfluorescein succinimidyl ester (CFSE) to track proliferation. For antigen
specific proliferation, DCs were treated with extracellular IDO either in the presence or
absence of 1 mM 1-methyl-tryptophan (MT) for 24 h, washed to remove IDO in the media,
then pulsed with 1 pg/mL ovalbumin peptide, 323-339 for CD4* T cell assays and 257-264
for CD8* assays, for 3 h or cultured in tryptophan free media supplemented with
kynurenine. DCs and T cells were co-cultured for 4 d. After day 4, cells were centrifuged
and washed with 1% fetal bovine serum in PBS and incubated with LIVE/DEAD Fixable
Near-IR Dead Cell Stain kit for 10 mins at room temperature. Dye was then removed and
cells incubated with antibodies against CD16/32 (Fcy I11/11 receptor) (clone 2.4G2) for 30
mins on ice. Cells were washed and stained with antibodies against either CD4 (clone
RM4-5) or CD8 (clone 53-6.7) for 30 mins on ice.

Statistical Analysis

RESULTS

Statistical analyses were performed using ANOVA followed by Tukey’s significance test to
make pair-wise comparisons. Differences were considered significant when p<0.05 using
GraphPad Prism.

Extracellularly supplied recombinant human IDO does not induce murine bone marrow-
derived dendritic cell death.

The specific activity of IDO and endotoxin levels were quantified and determined to be >500
pmoles/min/ug and <0.1 EU/ug protein, respectively. Effects of IDO supplementation on
DCs were investigated by supplementing the culture media with an IDO amount sufficient to
deplete the volume of tryptophan over the 24 h culture time period. Viability of DCs was
then inspected by live/dead staining through microscopy and quantified via flow cytometry
(Figure 1). Dendritic cells were cultured in DC media (untreated) or with Triton X-100
(dead cell), to serve as controls. Additionally, DCs were either cultured 24 h with IDO in DC
media, in tryptophan free media, in DC media supplemented with kynurenine, or in
tryptophan free media supplemented with kynurenine (Fig. 1A). Live cells are indicated by
membrane-permeable calcein AM dye (green) staining in Fig. 1A, whereas staining by the
membrane-impermeable dye (red) indicates the availability of dye to bind DNA via
disrupted cell membrane, signifying dead and dying cells. Fluorescence microscopy imaging
indicates that in contrast to the dead cell control, high viability was maintained for all
treatments at a similar level to the untreated control. Flow cytometry, in conjunction with a
fixable near-IR dead cell stain, was used for quantification of viability (Fig. 1B and Fig. 1C).
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All groups, apart from Triton X-100 (dead cell control), maintained 60% viability after 24 h,
equivalent to the untreated control, and consistent with microscopic imaging observations.
This indicates that the conditions of IDO treatment, tryptophan depletion, and kynurenine
presence are all compatible with the maintenance of DC viability.

IDO-treated DCs resist LPS-induced maturation.

IDO-treated

To quantitate the capacity of IDO to suppress DC activation in response to LPS, the
expression levels of stimulatory (MHC I1) and co-stimulatory (CD80, CD86) molecules
were analyzed by flow cytometry (Figure 2). A low frequency of untreated DCs (negative
control) expressed the maturation markers CD80 (Fig. 2A, 9% + 0.6), CD86 (Fig. 2B, 3%
+0.2) and MHC II (Fig. 2C, 7% + 0.8). In contrast, upon LPS treatment (positive control)
expression of all three activation markers significantly increased to 47% + 0.5 (CD80), 18%
+ 0.2 (CD86) and 33% * 0.8 (MHC II) of cells. When DCs were treated with IDO for 24 h,
maturation markers remained comparable to immature untreated cells with 10% + 0.5
(CD80), 3% + 0.2 (CD86) and 7% = 0.7 (MHC I1). When DCs were cultured with IDO
followed by LPS challenge, maturation markers were lower than LPS alone, with 24% + 0.5
(CD80), 5% + 0.2 (CD86) and 13% + 0.7 (MHC II), confirming cells treated with IDO are
significantly resistant to LPS-induced maturation. Similarly, comparison of mean
fluorescence intensity (MFI) values indicates IDO treatment as well as IDO followed by
LPS challenge also resulted in significantly reduced levels of CD80, CD86 and MHC II

(Fig. 2D,E,F). In contrast to the cell frequency analysis, when comparisons were made based
on MFI, all marker expression levels were equivalent to untreated immature DC controls.
Together, phenotypic marker data indicates IDO treatment directs DCs to maintain a
relatively immature state. Additionally, data suggests the presence of exogenous IDO did not
appear to act as a damage associated molecular pattern, which can be a concern for DCs
extracellularly exposed to a normally cytosolic protein.

Next, release of inflammatory and anti-inflammatory cytokines, IL-12p70 and IL-10, was
evaluated after 24 h through ELISA (Figure 3). IL-12p70 secretion levels for untreated cells
were determined to be 38 + 8 pg/mL and 1920 + 7 pg/mL for LPS treated cells. When IDO
was introduced to the culture, IL-12p70 secretion remained low (61 + 8 pg/mL), equivalent
to untreated control. Furthermore, when cells were treated with IDO and then challenged
with LPS, IL-12p70 secretion significantly diminished (65 pg/mL * 8 pg/mL) compared to
the LPS group (Fig. 3A) and was also equivalent to the untreated control. Conversely, at 24 h
the basal 1L-10 secretion level for the untreated cells (134 + 13 pg/mL) was higher than the
LPS treated control (52 £ 13 pg/mL) (Fig. 3B). The value for the IDO treatment (181 + 13
pg/mL) remained equivalent to the untreated group, and notably, the IDO and LPS treatment
group (157 £ 11 pg/mL) also remained equivalent to the untreated group. Together, cytokine
data indicates IDO treatment blocks LPS-induced secretion of inflammatory IL-12 while
maintaining basal levels of anti-inflammatory 1L-10.

DCs suppress antigen-specific proliferation, and suppressive programming is

active enzyme dependent.

To evaluate whether IDO-treated DCs can attenuate antigen specific T cell proliferation,
DCs were co-cultured 4 d with CFSE labeled T cells isolated from splenocytes of either the
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T cell receptor (TCR) transgenic OT-11 or OT-I mice. The CD4* and CD8* T cells of these
mice proliferate in response to OVA peptide 323-339 and 257-264, respectively, when
presented by MHC molecules (MHC 11 or MHC I, respectively) on antigen presenting cells.
Data (Figure 4) represent the percent proliferation of viable CD4" or CD8* T cells, with the
gating scheme used to quantify proliferation for each treatment (Fig. 4A-D). T cells only
were cultured and included as a control with proliferation at 8% + 1 for CD4* T cells and
11% + 2 for CD8" T cells (Fig. 4E,F). In cultures where no antigen or treatment were
present, and when IDO alone was introduced, minimal proliferation was observed: 11% + 1
and 4% = 1, respectively, for CD4* T cells (Fig. 4E) and 17% =+ 1 and 35% =+ 3, respectively,
for CD8* T cells (Fig. 4F). When DCs were pulsed with the corresponding TCR specific
peptide and co-cultured, T cells were activated, and proliferation was 95% + 1 for CD4* T
cells (Fig. 4E) and 83% + 0.8 for CD8* T cells (Fig. 4F) after 4 d. However, when DCs were
cultured with IDO for 24 h, washed (all groups were treated with identical wash steps),
pulsed with OVA peptide and then co-cultured, DC capacity to stimulate T cell proliferation
was reduced to basal or greatly reduced levels: 16% + 1 for CD4™ T cells (Fig. 4E) and 36%
+ 2 for CD8* T cells (Fig. 4F). These data indicate a strongly suppressive programming of
DCs by IDO treatment.

This experiment was next repeated with the introduction of 1-methyl tryptophan (MT), an
IDO inhibitor [27], as a treatment to determine the necessity of IDO enzymatic activity on
suppressive conditioning. In the presence of IDO plus MT-treated DCs, both CD4" (Fig. 4G)
and CD8* (data not shown) T cell proliferation was restored to over 70%, equivalent to
positive controls, demonstrating that active enzyme is required for suppressive conditioning
of DCs.

Lastly, mechanisms of action for exogenous IDO-induced suppression were evaluated
(Figure 5), comparing tryptophan starvation, kynurenine accumulation, and the combination
by altering the relevant components in defined culture media. T cells alone were cultured in
all media conditions (data not shown) and did not differ significantly from control T cells in
tryptophan containing media (5% = 2 proliferation). Dendritic cells and T cells were co-
cultured without OVA peptide antigen and percent proliferating cells assessed in tryptophan
containing media (31% % 0.5), in tryptophan depleted media (21% + 2.3), or in tryptophan
depleted media supplemented with kynurenine (30% + 2.3) respectively. T cells cultured
with OVA-pulsed DCs exhibited proliferating cell frequencies of 81% = 2 in tryptophan
containing media (positive control), 31% + 2.3 in tryptophan free media, and 39% + 3 in
tryptophan containing media supplemented with kynurenine, which was equivalent to the
antigen-free negative controls. Notably, the largest suppression of T cell proliferation, at
15% + 3, was observed when DCs were pulsed in OVA and cultured in tryptophan free
media supplemented with kynurenine. This level of proliferation was equivalent to the
negative control of T cells alone, and indicates effective suppressive DC programming
through the combination of both tryptophan depletion and kynurenine supplementation.

DISCUSSION

Suppression of inflammatory processes would be beneficial for the treatment of
inflammatory and autoimmune diseases. Current treatments are limited to non-specific
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immunosuppressive drugs which carry harmful off-target effects [28]. To address these
limitations, scientists have focused on reprogramming patients own immune systems to take
advantage of naturally occurring suppressive mechanisms such as the upregulation of 1DO.
Since Munn and Mellor first demonstrated that IDO at the maternal-fetal interface played a
pivotal role in maternal T cell tolerance to fetal tissue in mammals [5]. IDO has become
established as a potent immunomodulator and promoter of tolerance.

In recent years, therapeutic application of IDO has primarily focused on overexpression of
the gene in transplant cells/tissues, shown to prolong graft survival in a number of models
[15, 29-32], or inhibition of its enzymatic activity for the treatment of cancer [33-36].
However, genetic overexpression to promote IDO levels through the use of viral and non-
viral vectors faces several obstacles, such as viral vector-induced inflammation and
malignancies [37, 38], which may hinder its clinical application [39]. For example, Tan et al.
demonstrated DCs transduced with commonly used high efficiency viral-vectors upregulate
expression of stimulatory co-stimulatory molecules and in the case of adenovirus, induced
the production of Thl and pro-inflammatory cytokines [40]. Additionally, infected cells
demonstrated altered function and inability to properly stimulate allogeneic lymphocytes.

Follow up studies by Munn and Mellor indicated that suppression of T cell proliferation
could be controlled by depletion of the essential amino acid tryptophan. T cells stimulated in
the presence of tryptophan activated normally, whereas T cells stimulated without
tryptophan experienced growth arrest at the G1 phase [11]. The tryptophan starvation theory
was later challenged by Terness et al. by investigating human DCs transduced to express
IDO, co-cultured with allogeneic T cells [14]. The authors concluded suppression of T cell
proliferation was driven by the accumulation of tryptophan metabolites, particularly
kynurenine, 3-hydroxykunureine, 3-hydroxyanthranilic and quinolinic acid which largely
induced activated T cell death. More recently, Pallotta et al. demonstrated IDO catalytic
activity is not required for certain IDO-mediated immunoregulatory effects of plasmacytoid
DCs conditioned with TGF-B. Instead, TGF-p activates tyrosine phosphatases, SHP-1 and
SHP-2, which lead to initiation of the non-canonical NF-xB pathway [12]. However, no
studies to date have investigated the immunomodulatory properties of exogenously supplied
IDO in the extracellular space, which is expected to replicate the native aspects of
tryptophan depletion and kynurenine production, while lacking the intracellular functions of
SHP-1/2 signaling and the inhibitory pathway induced by IL-6 and CD28, in which SOCS3
binding targets IDO for proteasomal degradation [41].

Dendritic cells are key regulators of the immune system and play a crucial role in the
initiation of inflammatory responses as well as anti-inflammatory outcomes. The potential
for DCs to activate tolerance-inducing mechanisms has been shown previously to be closely
related to their maturation state [42]. T cell tolerance can be induced by immature DCs,
which can be characterized by low expression of stimulatory and co-stimulatory molecules,
and secretion of suppressive cytokines [2, 43, 44]. Multiple approaches have been used to
generate suppressive DCs /n vitroand in vivo, primarily by pharmacological agents [45-49]
as well as gene silencing of pro-inflammatory molecules and cytokines [50]. Our
investigation is the first to deliver exogenous IDO to DCs and demonstrate induction of a
potent suppressive phenotype (summary schematic, Figure 6). Dendritic cells treated with

J Immunol Regen Med. Author manuscript; available in PMC 2020 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bracho-Sanchez et al.

Page 9

IDO, without affecting viability, showed significant resistance to LPS-induced upregulation
of MHC Il and CD80/86 molecules. Consistent with our findings, reports have shown that
while IDO-mediated T cell arrest can induce apoptosis of T cells, DC viability was not
affected [13, 51, 52]. Additionally, IL-12p70 production was greatly diminished while IL-10
was maintained in IDO plus LPS conditions. Furthermore, treatment with exogenous IDO
administered in the extracellular milieu effectively suppressed DC ability to stimulate both
CD4 and CD8 T cells in vitro even when DCs were challenged by inflammatory stimulus.
Finally, we found DC conditioning was mediated by the enzymatic action of IDO, and that
DC-mediated suppression of T cells was directed both by a tryptophan starvation and
presence of kynurenines, which cumulatively combined to more effectively to abrogate T
cell stimulation.

While the intracellular signaling pathways by which extracellular IDO acts upon DCs were
not defined, it is expected that depletion of tryptophan in the extracellular space starves local
availability of tryptophan for transport through the large-neutral amino acid transporter 1
(LAT-1). Such depletion has been shown to lead to intracellular accumulation of uncharged
transfer RNA, which binds to general control nonderepressible 2 kinase (GCN2) causing its
autophosphorylation and subsequent phosphorylation of the alpha subunit of the eukaryotic
translation initiation factor 2 (elF2a), resulting in the activation of the integrated stress
response downregulating global protein synthesis [18, 53]. Additionally, the product of
tryptophan catabolism, kynurenine, is also capable of transport via LAT1 [54], and can
engage the DC aryl hydrocarbon receptor (AhR) in the cytosol [55]. It has been reported that
endogenous AhR ligands can inhibit expression of stimulatory and co-stimulatory molecules
in DCs as well as promote production of anti-inflammatory cytokines [56]. Finally, AhR-
kynurenine interaction can induce the production of intracellular IDO through a positive
feedback loop [57], and previous reports indicate AhR signaling is required for expression of
IDO in DCs [21, 22].

In conclusion, we provide evidence to establish exogenous IDO as a potent
immunomodulator in the extracellular space, as the enzyme potently programs suppressive
DCs which inhibit T cell stimulation. This serves as a foundation for the use of exogenously
supplied IDO as a biologically active therapeutic protein, insensitive to the intracellular
signaling pathways which normally regulate its function. This demonstration therefore
supports the future development of new IDO delivery strategies as an approach to suppress
pathologic inflammation and autoimmunity.
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APCs antigen presenting cells
CFSE carboxyfluorescein succinimidyl ester
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. Dendritic cells treated with extracellularly supplied IDO maintain viability
. IDO treated dendritic cells resist LPS activation

. IDO treated dendritic cells suppress antigen-specific T cell proliferation

. Suppressive programming is dependent on enzyme activity
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Figure 1. Treatment with exogenous IDO maintains dendritic cell viability.
Dendritic cells were cultured 24 h in DC media or Triton X to serve as untreated and dead

cell controls, respectively, as well as in the presence of IDO, in tryptophan free media, in
tryptophan-containing media supplemented with kynurenine or in tryptophan free media
supplemented with kynurenine. A. Following treatment, cells were stained with membrane
permeable dye (green) and membrane-impermeant dye (red) to denote live and dead cells,
respectively, and imaged via fluorescence microscopy. Scale bars = 50 um. B. Following
treatment, cells were stained with live/dead fixable NIR dye and viability assessed through
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flow cytometry. Shown is the mean £ SEM of three separate experiments, each conducted in
triplicate. * denotes pair-wise significant differences (p < 0.05) from all other groups by
ANOVA, with Tukey’s post-hoc test. C. Representative plots of gating strategy used for flow
cytometry analysis.
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Figure 2. Dendritic cells treated with soluble IDO resist LPS maturation.
Dendritic cells were incubated with soluble IDO for 24 h and challenged with LPS

overnight. Untreated and LPS groups were included for comparison. Cells were
immunostained for maturation marker CD80, CD86 and MHC I1. Viable cells expressing
CD11c and the marker of interest were assed via flow cytometry and shown as percent
positive (A-C) or mean fluorescence intensity (MFI — D-F). Shown is the mean = SEM of
three separate experiments, each conducted in triplicate. * denotes pair-wise significant
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differences (p < 0.05) from all other groups by ANOVA, with Tukey’s post-hoc test.
Representative flow cytometry plots shown in G.
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Figure 3. Treatment of dendritic cells with exogenous IDO inhibits IL-12 secretion and maintains
IL-10 production.
Dendritic cells were incubated with IDO for 24 h and challenged with LPS overnight.

Untreated and LPS groups were included for comparison. A. IL-12p70 secretion and B.
IL-10 secretion were evaluated via ELISA of the supernatant for each condition. Shown is
the mean + SEM of three separate experiments, each conducted in triplicate. * denotes pair-
wise significant differences (p < 0.05) from all other groups by ANOVA, with Tukey’s post-
hoc test.
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Figure 4. IDO treated DCs suppress antigen specific T cell proliferation, and suppression is
active enzyme dependent.

Dendritic cells were incubated with 1DO in the presence or absence of 1-methyl tryptophan
(MT) for 24 h, then washed and pulsed with the corresponding ovalbumin peptide (OVA) for
3 h. Dendritic cells were then washed and co-cultured with CD4* or CD8" CFSE labeled T
cells isolated from OT-11 and OT-1 mice respectively, for 4 d. T cell proliferation was
quantified through CFSE dilution via flow cytometry. Representative histograms for live
CD4* T cells, stimulated with: A. Untreated DCs, B. DCs pulsed with OVA, C. IDO-treated
DCs pulsed with OVA, D. IDO-MT-treated DCs pulsed with OVA. T cell proliferation was
quantified for E. CD4* and F. CD8* populations where “+” and “~" represent presence or
absence of a specific component. G. CD4* T cell proliferation assay with the introduction of
MT during IDO treatment of DCs. Shown is the mean £ SEM of three separate experiments,
each conducted in triplicate. * denotes pair-wise significant differences (p < 0.05) from all
other groups by ANOVA, with Tukey’s post-hoc test.
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Figure 5. Tryptophan depletion and kynurenine accumulation combine to maximally suppress
antigen specific proliferation.
Dendritic cells were cultured in tryptophan (W) -free media supplemented with kynurenine

(Kyn) or relevant controls for 24 h then pulsed with ovalbumin peptide (OVA) for an
additional 3 h. Cells were washed and co-cultured with CD4* CFSE labeled T cells isolated
from OT-11 mice for 4 d. “+” and “~" denote the presence or absence of a particular
component during assay. Proliferation of live T cells was quantified through CFSE dilution
via flow cytometry. Shown is the mean £ SEM of three separate experiments, each
conducted in triplicate. * denotes pair-wise significant differences (p < 0.05) from all other
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groups, while * above brackets indicates pair-wise significant differences (p < 0.05) from
indicated groups by ANOVA, with Tukey’s post-hoc test.
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Figure 6. Indoleamine 2,3-dioxygenase (IDO) functions as an extracellular immunomodulator.

Dendritic cells treated with exogenously supplied IDO enzyme resist LPS activation as

quantified by the reduction in IL-12p70 secretion, a maintained level of IL-10 secretion, and

a downregulation in surface expression of stimulatory and co-stimulatory markers,
generating a phenotype suppressive to T cells.
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