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Indoleamine 2,3 dioxygenase-1 (IDO1) is a powerful im-
munoregulatory enzyme that is deficient in patients with
type 1 diabetes (T1D). In this study, we present the first
systematic evaluation of IDO1 expression and locali-
zation in human pancreatic tissue. Although IDO1 was
constitutively expressed in b-cells from donors without
diabetes, less IDO1 was expressed in insulin-containing
islets from double autoantibody-positive donors and
patients with recent-onset T1D, although it was virtually
absent in insulin-deficient islets from donors with T1D.
Scatter plot analysis suggested that IDO1 decay oc-
curred in individuals with multiple autoantibodies, prior
to b-cell demise. IDO1 impairment might therefore con-
tribute to b-cell demise and could potentially emerge as
a promising therapeutic target.

Type 1 diabetes (T1D) results from a breakdown of im-
mune tolerance that leads to the selective destruction of
b-cells in the pancreas, but the circumstances driving this
dysfunction remain unclear. Indoleamine 2,3-dioxygenase-1
(IDO1) is a metabolic enzyme that catalyzes the first
rate-limiting step of tryptophan catabolism, ultimately
leading to the production of immunoregulatory molecules
known as kynurenines. Its catalytic and noncatalytic
effects are involved in the regulation of immunity (1),
including the induction of tolerogenic dendritic cells (2)

and regulatory T cells (3). However, IDO appears to be
involved in selective immune regulation mechanisms, as
IDO knockout mice do not develop a fulminant autoim-
mune phenotype (4). Interestingly, the dysregulation of
the tryptophan metabolic pathway was suggested to con-
tribute to the development of T1D in NOD mice (5–7).

A recent report from Orabona et al. (8) reveals that the
majority of children with T1D have a defect in IDO1
expression in peripheral blood mononuclear cells. This
defect is characterized by very low or absent levels of the
protein IDO1. The same study reports that tocilizumab,
a humanized interleukin-6 (IL-6) receptor antibody that
blocks the IL-6 receptor, reverses this phenotype and
controls hyperglycemia in NOD mice with overt diabetes
(8). Therefore, the restoration of IDO1 immunoregulatory
mechanisms may also be clinically beneficial in patients
with T1D.

In light of these promising results, we investigated
IDO1 expression in pancreata of individuals with T1D.
We obtained pancreatic tissue sections from donors with-
out diabetes and with diabetes collected by the Network for
Pancreatic Organ Donors with Diabetes (nPOD) and from
live patients with recent-onset T1D included in the Diabetes
Virus Detection study (DiViD) (9) and systematically ana-
lyzed IDO1 and insulin expression by immunofluores-
cence assay. Although IDO1 was constitutively expressed

1La Jolla Institute for Allergy and Immunology, La Jolla, CA
2University of Perugia, Perugia, Italy
3Division of Paediatric and Adolescent Medicine, Oslo University Hospital, Oslo,
Norway
4Faculty of Dentistry, University of Oslo, Oslo, Norway
5de Duve Institute, Brussels, Belgium
6Ludwig Institute for Cancer Research, Brussels, Belgium
7Novo Nordisk Diabetes Research & Development Center, Seattle, WA

Corresponding author: Matthias G. von Herrath, matthias@lji.org.

Received 21 October 2017 and accepted 24 May 2018.

This article contains Supplementary Data online at http://diabetes
.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-1281/-/DC1.

F.A. is currently affiliated with the Novo Nordisk Diabetes Research & Development
Center, Seattle, WA.

T.R.C. is currently affiliated with the Institute of Diabetes Research, Helmholtz
Zentrum München, Neuherberg, Germany.

© 2018 by the American Diabetes Association. Readers may use this article as
long as the work is properly cited, the use is educational and not for profit, and the
work is not altered. More information is available at http://www.diabetesjournals
.org/content/license.

1858 Diabetes Volume 67, September 2018

P
A
T
H
O
P
H
Y
S
IO

L
O
G
Y

D
ow

nloaded from
 http://diabetesjournals.org/diabetes/article-pdf/67/9/1858/538697/db171281.pdf by guest on 05 April 2022

https://doi.org/10.2337/db17-1281
http://crossmark.crossref.org/dialog/?doi=10.2337/db17-1281&domain=pdf&date_stamp=2018-08-01
mailto:matthias@lji.org
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-1281/-/DC1
http://diabetes.diabetesjournals.org/lookup/suppl/doi:10.2337/db17-1281/-/DC1
http://www.diabetesjournals.org/content/license
http://www.diabetesjournals.org/content/license


in b-cells from donors without diabetes, it was nearly
absent in insulin-deficient islets. Moreover, we observed
that IDO1 was seldom to not expressed in certain insulin-
containing islets from donors with multiple positive
autoantibodies (AAb+) or with T1D, suggesting an im-
pairment of IDO1 in the early stages of islet dysfunction.
These findings could have important implications for the
development of drugs able to target IDO1 expression in
b-cells.

RESEARCH DESIGN AND METHODS

Subjects
Pancreata were collected and processed by the nPOD and
DiViD as previously described (9,10). Forty pancreatic
sections from the tail region were analyzed: 8 donors
without diabetes, 10 AAb+ donors with prediabetes,
6 patients with recent-onset T1D, 11 donors with T1D
of longer duration, and 5 donors with type 2 diabetes
(T2D) (Table 1). Tonsil control tissues were provided by
the laboratory of Shane Crotty at La Jolla Institute for
Allergy and Immunology. The La Jolla Institute for Allergy
and Immunology Institutional Review Board approved all
experimental procedures (protocol #DI3-054-0315).

Immunofluorescence
Pancreas sections were subjected to a double-indirect
immunofluorescence staining for IDO1 (clone 4.16 H1
[11]) and insulin (clone ICBTACLS). A detailed protocol
is provided in the Supplementary Data. Alternatively,
pancreas sections were subjected to a double-indirect
immunofluorescence staining for IDO1 and CD11c (clone
2F1C10; 1:100, 1 h; Proteintech) or MHC class I (MHCI;
clone EMR8-5; 1:200; Abcam).

All sections were scanned with an Axio Scan.Z1 slide
scanner (Carl Zeiss), and images were acquired with the
ZEN 2 slidescan module (Carl Zeiss).

Quantitative Analysis
Blinded samples were evaluated by two investigators (F.A.
and N.G.). Thirty islets were randomly selected to account
for heterogeneity of the sections (12,13). IDO1-positive
area, colocalization of IDO1, and insulin-positive area or
the percentage of IDO1-positive areas within the insulin-
positive area were quantified with Image-Pro Premier
software 9.1 (Media Cybernetics, Inc.). Additional details
can be found in the Supplementary Data.

Heat Maps
The ZEN 2 analysis module was used to determine IDO1-
and insulin-positive areas in all of the islets of four case
subjects (6073, 6267, 6247, and 6). Islet location and IDO1
percentage of positive area were then plotted as heat maps
using MATLAB (MathWorks).

Statistical Analysis
Data are presented as mean 6 SD and analyzed using
a one-way ANOVA or a two-tailed unpaired Student t test.

P values were adjusted for multiple comparisons using the
Bonferroni correction. Analyses were performed using Prism
version 7 (GraphPad Software). A value of P , 0.05 was
considered significant.

RESULTS

Characteristics of the Cohorts
We selected a cohort that featured the different stages of
the disease (i.e., prediabetes, recent-onset T1D, and T1D of
longer duration). Mean age at time of tissue collection was
not different between groups. As expected, the mean BMI
of case subjects with T2D (35.46 6.2) was higher than the
mean BMI of those without diabetes, those who were
AAb+, or those with recent-onset and longer-duration
T1D (26.6 6 4.5 vs. 25.8 6 5.8 vs. 26.2 6 3.2 vs.
24.46 3.1, respectively) (Table 1). Among 17 case subjects
with T1D, age at onset was heterogeneous (14–35 years
old), 7 out of 15 donors were C-peptide negative (2
C-peptide values were unknown), and 6 out of 17 had
no remaining insulin-containing islets.

IDO1 Is Mainly Expressed in Insulin-Producing Cells
and Nearly Absent From Insulin-Deficient Islets
IDO1 was detected in both exocrine and endocrine pancreas.
We first investigated the localization of IDO1 in the
endocrine pancreas. Insulin and IDO1 signals mostly over-
lapped, indicating that IDO1 was constitutively expressed
by b-cells (Fig. 1A). IDO1 localization was confirmed with
a second commercially available antibody (clone 10.1)
(Supplementary Fig. 1). Furthermore, there were no sta-
tistical differences between groups in the localization of
IDO1 (Fig. 1B), which confirmed that IDO1 was consis-
tently expressed in b-cells, independently of the status of
diabetes.

In the exocrine pancreas, IDO1 staining was notably
dimmer than in the endocrine tissue. IDO1-positive cells
were found at a very low density (#1 cell/cm2) (Fig. 1C)
and identified as CD11c-positive cells (Fig. 1D), presum-
ably dendritic cells.

Next, the percentage of IDO1-positive area present in
the islets was assessed. We observed that IDO1 was
significantly less expressed in insulin-containing islets
from donors with T1D (6.6 6 4.5%) regardless of
disease duration than in islets from donors without
diabetes (18.7 6 2.3%) or donors with T2D (15.0 6
3.2%). Moreover, in insulin-deficient islets from donors
with T1D, IDO1 was mostly absent (1.4 6 1.5%) (Fig.
1E).

Less IDO1 Expression in Some Islets of Donors With
Prediabetes and Donors With Recent-Onset T1D
Next, we specifically assessed the expression of IDO1 in
insulin-containing islets (percentage of IDO1 in the insulin-
positive area) and discovered that IDO1 was heterogeneously
expressed in insulin-containing islets (representative exam-
ples) (Fig. 2A). In order to visualize the distribution of IDO1
expression in the islets, heat maps showing insulin-deficient
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islets (purple dots) and the percentage of IDO1 in insulin-
containing islets (gradient green to red) were created. In
donors without diabetes and single AAb+ donors, IDO1
expression was high (.50%), whereas it was markedly re-
duced in individuals with T1D of longer duration (,20%).
Interestingly, double AAb+ donors and patients with recent-
onset T1D presented higher heterogeneity in IDO1 distribu-

tion. Both of these groups showed lobe-specific impairment
of IDO1 expression (Fig. 2B), similar to the lobular pattern
of b-cell loss in T1D.

Loss of IDO1 Expression Precedes b-Cell Decay
Finally, in order to clarify at which stage of T1D IDO1
expression was impaired, the percentage of insulin-
positive area and percentage of IDO1 in b-cells from all

Figure 1—IDO1 is mainly expressed in b-cells independently of status of diabetes. A: Representative images of IDO1 expression in an islet
from nPOD case 6029 without diabetes. The section was stained for Hoechst (white), insulin (green), and IDO1 (red); the merged image of the
three channels is displayed in the fourth column from left. The second row shows the IDO1-negative control (secondary antibody alone) from
the same islet in a consecutive section. B: Localization of IDO1 in endocrine pancreas represented as the percentage of overlapping insulin-
and IDO1-positive signal. Each dot represents a case subject (mean of 30 islets).C: Representative image of IDO1 expression in the exocrine
pancreas; the islet from A is in the bottom left corner of the image. D: Representative image of an IDO1/CD11c-positive cell found in the
exocrine pancreas. E: Percentage of IDO1-positive area in islets was quantified and presented as a mean of 30 islets (each dot represents
a case subject). In the groups with T1D, red dots represent case subjects with recent-onset (DiViD), and black dots represent case subjects
with T1D of longer duration (nPOD). Bars represent SD, and significance was determined using unpaired Student t tests corrected post hoc
with Bonferroni. Images were acquired with a 320 objective. Scale bars, 50 mm (A and C) or 10 mm (D). ***P, 0.001. ICI, insulin-containing
islets; IDI, insulin-deficient islets.
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of the cases were quantified, and the results were displayed
as scatter plots (Fig. 3A). The heterogeneity of IDO1
expression in double AAb+ donors and patients with
recent-onset T1D (8–89 and 0–88% percentage of positive

insulin area, respectively) was found to be substantially
higher than in donors without diabetes, single AAb+

donors, donors with T1D of longer duration, or donors
with T2D (48–98, 43–90, 1–58, and 40–88%, respectively),

Figure 2—Some islets express less IDO1 in b-cells prior to b-cell loss. A: Representative image of the percentage of IDO1-positive area in
insulin-positive area found in a donor (nPOD case 6267: 90, 60, 30, and 10%; DiViD case 6: 0%, insulin-deficient islet). Sections were stained
for Hoechst (white), insulin (green), and IDO1 (red). Themerged image of insulin/IDO1 is displayed in the fourth column from left.B: Heat maps
of IDO1 islet expression and heterogeneity presented as the percentage of IDO1 in insulin-positive area in whole pancreatic tissue sections
from donors without diabetes, double AAb+ donors with prediabetes, and donors with recent-onset T1D and T1D of longer duration. Gradient
indicates range from 0% (red dots) to 100% (dark green dots) in insulin-containing islets, and purple dots represent insulin-deficient islets.
Images were acquired with a 320 objective. Scale bars, 50 mm (A) or 300 mm (B).
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Figure 3—Early loss of IDO1 expression in insulin containing-islets during the course of T1D is not systematically associated to MHC
hyperexpression. A: Scatter plots representing the percentage of insulin-positive area in islets (y-axis) and the percentage of IDO1 positive
area in insulin-positive area (x-axis) from case subjects without diabetes (top left), case subjects who are single AAb+ (top right) or double
AAb+ (middle left), and case subjects with recent-onset T1D (middle right), T1D of longer duration (bottom left), and T2D (bottom right).
Thirty islets were assessed per case subject (each dot represents one insulin-containing islet; each color represents a case subject).
Numbers represent the percentage of islets in each quadrant. B: Comparison of the percentage of IDO1 expression in b-cells with MHCI
hyperexpression.
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confirming observations from the heat maps. Moreover, we
observed major differences in IDO1 expression depending
on the antibody status and stage of disease. In islets from
double AAb+ donors and patients with recent-onset T1D,
a higher percentage (30.5 and 42%, respectively) of IDO1low

islets was observed when compared with donors without
diabetes, single AAb+ donors, or donors with T2D (0, 10.6,
and 16%, respectively). Interestingly, the scatter plots sug-
gested that the loss of IDO1 occurred before T1D onset (Fig.
3A, middle left panel), whereas notably less insulin was
expressed around the time of diagnosis (Fig. 3A, middle
right panel). In donors with T1D who still had remaining
insulin-containing islets, IDO1negInsulinpos islets were
found, whereas IDO1posInsulinneg islets were not, which
supported the idea of an early IDO1 loss. Finally, we
compared MHCI hyperexpression in islets with IDO1 ex-
pression. We observed that although IDO1low islets are
more likely to hyperexpress MHCI, not all IDO1low islets
displayed MHCI hyperexpression (Fig. 3B).

DISCUSSION

IDO1, which leads the catabolism of tryptophan, is known
to play multiple roles in the regulation of immunity
through its antimicrobial effects and its activation of reg-
ulatory immune responses promoting immune tolerance
(14). The enzyme therefore plays a role in controlling au-
toimmunity (15) and appears to be involved in several
pathophysiological conditions, including autoimmune dis-
eases (16). Interestingly,Orabona et al. (8) described a defect
of IDO1 at the peripheral level in children with T1D. In light
of these findings, we systematically investigated the pan-
creatic expression of IDO1 in patients with T1D.

IDO1 is expressed in various human tissues and cells,
including antigen-presenting cells and regulatory T cells (11).
In isolated rat islets, IDO1 mRNA was not constitutively
expressed, and its transcription was only activated by in-
terferon-g and IL-1b in b-cells (17). In isolated human islets,
PDX1-positive cells (presumably b-cells) and other endocrine
cells showed a strong immunoreactivity to IDO1, which was
enhanced when the islets were treated with interferon-g
(18). In this study, we report for the first time, using two
antibodies specific for IDO1, that human endocrine tissue
expresses IDO1 primarily in b-cells. Moreover, we described
the presence of scarce IDO1-positive cells in the exocrine
pancreas that are likely to be tolerogenic dendritic cells (19).
Previous studies have described low plasma levels of tryp-
tophan catabolites in NOD mice (5) and patients with T1D
(20,21). In this study, for the first time, we show that the
peripheral deficiency of IDO1 in human T1D is concomitant
with low expression of IDO1 in insulin-containing islets and
its quasi-absence in insulin-deficient islets in the pancreas.

These major findings call into question whether the
absence of IDO1 is a cause or a result of b-cell dysfunction.
We therefore investigated IDO1 expression in b-cells only
and discovered major differences depending on the stage
of disease. Indeed, in islets from donors without diabetes,
single AAb+ donors, and donors with T2D, IDO1 expres-

sion was consistently high, whereas in islets from double
AAb+ donors and case subjects with recent-onset T1D,
heterogeneity was notably higher, indicating a shift
in IDO1 expression around the time of T1D diagnosis.
Our observations imply that IDO1 decay may occur in the
preclinical phases of T1D and might precede the time of b-cell
destruction. Thus, reverting IDO1 loss might prevent or delay
T1D outcome, as reported by Zhang et al. (22) in a NODmice
model in which fibroblasts overexpressing IDO1 protected
b-cells from destruction and reversed hyperglycemia. More-
over, Mondanelli et al. (23) have reported a protective and
therapeutic effect of bortezomib, a proteasomal inhibitor that
attenuates IDO1 proteasomal degradation, in NOD mice.

By nature, any human histopathological investigation
using tissues from deceased organ donors will be cross-
sectional. However, because T1D is pathologically a highly
heterogeneous disease that gradually affects selected lobes
of the pancreas, all stages of T1D can essentially be
observed in a single organ section (heat maps in Fig.
2B). This allowed us to conclude that IDO1 was lost
before the decline of insulin secretion.

Our observations raise important questions for the role
of IDO1 in b-cells. Previous studies have shown that the
enzyme can be involved in either immune or nonimmune
events (24,25). In the pancreatic islets, it may be that the
loss of IDO1, and thus tryptophan metabolites, weaken
the immunomodulatory microenvironment and make the
b-cells more prone to immune attacks by activating res-
ident or infiltrating immune cells. Alternatively, the fact
that IDO1 is constitutively expressed in b-cells could
suggest that the enzyme has a prominent role in their
physiology. These theories will need to be developed in
further studies using pancreatic islet models.

Clinical trials to reverse T1D or prevent loss of residual
b-cell function have had limited success so far. One reason
could be that b-cell dysfunction contributes more to the
disease (especially early on) than autoimmune attacks. A
striking finding of the current study is the early impair-
ment (prior to insulin decline) of intraislet expression of
IDO1 within the pancreata of donors with prediabetes and
donors with T1D. Considering the potential role of IDO1
in immune and nonimmune events, its impairment might
be involved in the cascade, which leads to b-cell dysfunc-
tion. Future studies should use isolated human islets to
better understand the role of IDO1, which will also aide the
development of future targeted therapies.
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