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Indoleamine 2,3-dioxygenase (IDO) modifies adaptive immunity, in part by determining the character of inflammatory
responses in the tissue microenvironment. Small molecule inhibitors of IDO are being developed to treat cancer, chronic
infections and other diseases, so the systemic effects of IDO disruption on inflammatory phenomena may influence the
design and conduct of early phase clinical investigations of this new class of therapeutic agents. Here, we report cardiac
and gastrointestinal phenotypes observed in IDO deficient mice that warrant consideration in planned assessments of
the safety risks involved in clinical development of IDO inhibitors. Calcification of the cardiac endometrium proximal to
the right ventricle was a sexually dimorphic strain-specific phenotype with ~30% penetrance in BALB/c mice lacking IDO.
Administration of complete Freund’s adjuvant containing Toll-like receptor ligands known to induce IDO caused acute
pancreatitis in IDO deficient mice, with implications for the design of planned combination studies of IDO inhibitors with
cancer vaccines. In an established model of hyperlipidemia, IDO deficiency caused a dramatic elevation in levels of serum
triglycerides. In the large intestine, IDO loss only slightly increased sensitivity to induction of acute colitis, but it markedly
elevated tumor incidence, multiplicity and staging during inflammatory colon carcinogenesis. Together, our findings
suggest potential cardiac and gastrointestinal risks of IDO inhibitors that should be monitored in patients as this new
class of drugs enter early clinical development.

Introduction

Inflammation is an important contributory factor in the develop-
ment and progression of many age-associated human diseases
including cancer.1,2 Recent work on the immune modulatory
enzyme indoleamine 2,3-dioxygenase (IDO) suggests that it may
support an essential defining feature of chronic pathologic
inflammations associated with cancer, chronic infections, and
other disorders.3-5 Based on a number of genetic and pharmaco-
logical studies of IDO function, several structurally distinct IDO
inhibitors are presently entering clinical trials to evaluate their use
in restoring anti-tumor immune functions that are restrained
during malignant progression.6,7 Indeed, preclinical studies
demonstrate that IDO activation poses a common immune
escape barrier erected by tumors to thwart immune attack, the
degradation of which can dramatically heighten responses to
chemotherapy.8-11 These findings fit more generally with the
growing evidence that cancer therapeutic outcomes might be
improved by immunochemotherapy regimens capable of destroy-
ing cancer cells more effectively than either immunotherapy or
chemotherapy alone.12-14 While IDO has been implicated in

immune modulation, its genetic ablation in the mouse does not
produce any gross immune deficiencies or inflammatory liabilities
under laboratory conditions. However, there has been little study
of how IDO disruption may affect inflammatory and immune
processes that are induced under stress-related conditions that
may better mimic a patient’s health status. In this study, we report
observations made over several years of study of IDO deficient
mice that suggest possible sources of risk for which to monitor
during clinical development of IDO inhibitors. These results are
timely because of the multiple academic and pharmaceutical
groups now advancing this new class of immunomodulators into
early phase human trials.

Results

Calcification of the cardiac endometrium in IDO deficient mice
is a partially penetrant strain-specific phenotype that is sexually
dimorphic. A comparison of tissue pathologies and histologies in
C57BL6/J and BALB/c strains of IDO-deficient mice revealed
a high incidence of heart calcification on the endometrium
proximal to the right ventricle in BALB/c mice (Fig. 1). This
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phenotype was observed exclusively in female animals as young as
3 mo of age suggesting rapid onset. It was not observed in male
animals on either the BALB/c or C57BL6/J genetic backgrounds,
indicating sexual dimorphism as well as strain dependency.
Examination of numerous animals at various ages indicated that
the phenotype was ~30% penetrant. Male BALB/c mice are
reported to exhibit heart calcification but at a far lower penetrance
of ~3% observed.15 These observations suggested that in mice
IDO acts as a strain specific modifier of risks of cardiac
calcification in a sexually dimorphic manner.

Complete Freund’s adjuvant induces acute pancreatitis under
conditions of IDO deficiency. IDO exerts an important function
in dendritic cells where it determines whether antigen presenta-
tion leads to immune activation or tolerization to the antigen.
Consistent with this function IDO activity exerts a restraining
influence on vaccine responses.16,17 In exploring the possible
effects of IDO on vaccination regimens that produce autoimmune
myocarditis in the mouse, we found that when co-administered
with a peptide antigen the use of complete Freund’s adjuvant
(CFA) triggered the onset of acute pancreatitis in IDO–/–
C57BL6/J mice, a phenotype that was evident by gross pathology
in animals sacrificed 28 d after treatment (Fig. 2A). This pheno-
type was fully penetrant in female mice that were tested. No
differences were observed in the autoimmune myocarditis induced
by the peptide antigen, nor were there signs of a similarly acute
inflammation in any other of the other major organs examined at
necropsy (not shown). In humans, pancreatitis occurs as a rare

side-effect of vaccination18 or as a rare response after infection
by Mycobacterium tuberculosis, a component of CFA.19 In fact,
we noted that CFA also produced signs of a mild pancreatitis in
mice that were wild-type (WT), but not the far more florid
pathology displayed in IDO–/– mice (Fig. 2B). Histological and
immunohistological analyses performed at an endpoint of 28 d
included alterations to the pancreatic insulin-producing islets
(Fig. 2C). Insulin production was not abolished nor was there
any significant alteration in serum glucose levels (data not
shown), limiting the extent of this inflammatory condition over
the course of 28 d. Together, these observations suggested that
IDO deficiency increased risks of acute pancreatitis caused by
Mycobacterium tuberculosis or CFA when administered with
vaccine adjuvant.

IDO deficiency promotes hyperlipidemia. Another effect of
IDO deficiency was determined in a mouse model of hyper-
lipidemia, where loss of IDO was sufficient to dramatically
elevate the accumulation of lipids, specifically triglycerides, in
blood serum (Fig. 3A). These experiments were conducted on
theC57BL6/J strain background and while the phenotype was
fully penetrant no sexual dimorphism was observed. Hypertrigly-
ceridemia in the context of low HDL levels and insulin resist-
ance contributes to increased risks of cardiovascular disease.20-22

Despite some controversy as an independent risk factor, an
increase in average serum triglyceride levels in the U.S. has occurred
since the 1980s with an estimated 13% of U.S. individuals having
elevated triglycerides.20,23 While the mechanism and consequences
of elevated triglycerides in the context of genetic IDO deficiency
were not defined in our model, this phenotype illustrates an
additional potential concern of IDO inhibition in the presence of
an existing condition of hyperlipidemia or hypertriglyceridemia.

IDO deficiency increases sensitivity to colon carcinogenesis.
IDO has been reported to modify cancer-associated inflammation
in skin and to alter inflammatory responses in the colon.10,24 To
evaluate the effects of IDO as a modifier of intestinal inflamma-
tion, we used a common model of colitis that is induced by
administration of low-molecular weight dextran sodium sulfate
(DSS) in drinking water. By causing damage to the epithelium,25

DSS produces a strong inflammatory response due to destruction
of mucin content or altered macrophage function associated with
increased exposure to luminal antigens.26-28 After 3 d treatment
with 3% DSS in drinking water, IDO-deficient mice exhibited
slightly more sensitivity to colitis. However, this subtle effect was
no longer apparent by 7 d when WT and IDO–/– mice both
presented with short, bloody colons and severe colitis character-
ized by loss of crypts and epithelium and an accumulation of
inflammatory cells (Table 1 and Fig. 4A). To assess this effect in
a longer term assay, we compared the effects of IDO deletion
on inflammatory colon carcinogenesis promoted by DSS. Briefly,
tumors were initiated in WT or IDO–/– cohorts of mice by
administrating a single i.p. dose of 20 mg/kg of dimethylhy-
drazine (DMH), a DNA alkylating carcinogen that induces
tumors in the descending colon with a histopathology similar to
sporadic colon cancer in humans. All mice then received a one
week treatment of 2% DSS in drinking water followed by normal
drinking water during the remaining course of the experiment. At

Figure 1. Calcification of the cardiac endometrium in IDO deficient
BALB/c mice. Representative illustrations of gross pathology (left panels)
and representative histology (right panels) are shown of calcification of
the cardiac endometrium proximal to the right ventricle which were
observed in female animals with a ~30% penetrance. RV, right ventricle.
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the 18 week endpoint, we observed that 100% (8/8) of IDO–/–
mice presented with colon tumors whereas only 25% (2/8) of
WT mice presented with colon tumors (Table 2 and Fig. 4B).
Additionally, tumor multiplicity was 4-fold higher in IDO–/–
mice (n = 2.2 ± 0.3) compared with WT mice (n = 0.5 ± 0.4).

IDO–/– mice also developed greater numbers of multiple
carcinoma than WT mice (100 vs. 63%). In contrast, histological
staging of tumors from IDO deficient mice indicated that they
were not significantly more invasive in character than tumors
from WT mice (Table S1). These results were obtained from

Figure 2. Acute pancreatitis induced by complete Freund’s adjuvant in IDO deficient mice. (A) Gross pathology. Freshly dissected pancreata are shown to
illustrate the marked increase in organ size produced in mice 28 d after treatment with CFA + peptide (untreated WT n = 5, untreated IDO–/– n = 4,
CFA + Peptide treated WT n = 5, CFA + Peptide treated IDO–/– n = 5) (see Material and Methods). (B) Pancreas histology. Representative samples are
shown to illustrate pancreatitis that developed after treated with CFA or CFA + Peptide in WT and IDO–/– mice. Lower magnification images are
presented in the upper row and boxed areas are magnified in the lower row. Areas indicated by arrows show normal acinar regions of pancreatic tissue.
Scale bar = 100 mM. (CFA treated WT n = 5, CFA treated IDO–/– n = 5, CFA + Peptide treated WT n = 5, CFA + Peptide treated IDO–/– n = 5). (C) Insulin
expression. Pancreatic tissue sections were stained with H&E for histology or processed for immunohistochemical expression of insulin in islet b-cells.
Brown staining demonstrates the presence of insulin containing b-cells in these tissues. Scale bar = 100 mM.
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Figure 3. IDO deficiency accentuates hyperlipidemia in a mouse model of atherosclerosis driven by high fat diet. Blood serum samples were analyzed
from WT, LDLR–/– or IDO–/–LDLR–/– mice on the C57BL6/J strain background. A representative illustration of hyperlipidemia present in mice fed a high
fat diet is shown. Quantification of serum lipids demonstrated a significant increase in serum triglycerides in IDO–/–LDLR–/–mice fed an atherogenic diet
(p , 0.02). No significant differences in levels of serum cholesterol were observed. Total mice tested in each group was IDO–/– (n = 10), IDO–/–LDLR–/–
(n = 10), LDLR–/– (n = 9).

Table 1. Slight sensitizing effect of IDO deletion on acute induction of inflammatory colitis. WT and IDO–/–mice (n = 10) on the C57BL6/J strain background
were provided 3% DSS in drinking water to induce colitis. Mice were euthanized 3 or 7 d after treatment was initiated and colons were dissected and
processed for histological evaluation

Genotype Days DSS Normal colon Minimal colitis Mild colitis Severe colitis

WT 3 4/10 (40%) 0/10 (0%) 6/10 (60%) 0/10 (0%)

IDO–/– 3 2/10 (20%) 2/10 (20%) 6/10 (60%) 0/10 (0%)

WT 7 0/10 (0%) 0/10 (0%) 0/10 (0%) 10/10 (100%)

IDO–/– 7 0/10 (0%) 0/10 (0%) 0/10 (0%) 10/10 (100%)
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experiments conducted on the C57BL6/J strain background and
no sexual dimorphism was observed. The negative modifier effect
of IDO was dose-dependent, insofar as administration of higher
doses of 30 mg/kg DMH and 3% DSS in an otherwise identical
carcinogenesis protocol nearly abolished the difference in tumor
incidence, multiplicity and staging in WT and IDO–/– mice
(Fig. S1 and Tables S2 and S3). In support of the notion that
IDO acts as a negative modifier in this context, the expression
level of IDO enzyme was elevated in colon tumors dissected from
WT mice (data not shown). Overall, these results argued that
IDO deficiency acted as a positive modifier of inflammatory
insults in the colon to accentuate their impact on the formation
and progression of chemically induced colon carcinomas.

Discussion

In documenting several cardiac and gastrointestinal liabilities
exhibited in IDO-deficient mice, the observations presented here
offer a source of possible safety concerns for oncologists to
consider monitoring in patients who are recruited to trials of
IDO inhibitors, a new class of small molecule drugs being
investigated by a growing number of pharmaceutical, biotech-
nology and academic groups in early Phase I/II human trials.
While our observations emerged from several years using these
animals in preclinical studies of cancer, they also relate more
widely to likely clinical trials of IDO inhibitors in other diseases
characterized by pathologic chronic inflammations supported by
IDO activity, including HIV, HCV and influenza infections,
allergies, asthma and a variety of other autoimmune diseases like
rheumatoid arthritis and lupus.4

Our findings deepen and extend the pathological relevance
of IDO to inflammation in the gastrointestinal tract. IDO is a
regulator of adaptive T-cell immunity but its functions as a
modifier of innate inflammatory processes are still emerging.29

Genetic studies of IDO in the mouse do not support any func-
tion in classical acute inflammatory responses. However, IDO-
deficient mice exhibit resistance to skin and lung cancers driven
by chronic inflammation (ref. 10 and C. Smith, M.Y. Chang,
G.C. Prendergast, A.J. Muller and colleagues, unpublished
observations), suggesting that IDO is essential to generate
cancer-associated chronic inflammatory states that support
tumoral immune escape. Indeed, studies in IDO deficient mice
have prompted the concept that cancer-associated inflammation
and immune escape are genetically synonymous.4 Inflammatory
bowel diseases (IBDs) such as Crohn’s disease and ulcerative
colitis30 are implicated in promoting tumorigenesis of the
intestinal epithelium.2,31 Intestinal immunity downregulates the
inflammatory response against dietary antigens and commensal
bacteria present in the intestine. IDO is highly expressed in
normal colon and its expression is upregulated by inflam-
mation,32,33 perhaps as a feedback control to prevent colitis.34 In
contrast to skin and lung, our findings argued that IDO func-
tions as a negative modifier of inflammatory colon carcinogenesis,
in contrast to the positive modifying effects of IDO observed in
skin and lung carcinogenesis as noted above. A negative modifier
effect in the colon is consistent with the evidence that IDO

restrains inflammatory colitis.24 Moreover, it is notable that this
phenotype is correlated inversely with the increased susceptibility
to gastrointestinal inflammation and colon carcinogenesis dis-
played by mice lacking Bin1, a tumor suppressor that is a key
IDO regulator.35 What is the basis for the different tumor
suppressive effects of IDO in colon? One explanation may be
based on the ability of IDO to promote formation of T regulatory
cells (Tregs) in cancer.36 While Tregs are generally supportive in
most settings of cancer, Tregs actually limit rather than promote
tumorigenesis in the colon.37,38 Thus, the different contributions
of IDO as a modifier of susceptibility to inflammatory cancers
may parallel the different contributions made by Tregs in cancer,
possibly explaining why IDO is suppressive like Tregs to colon
cancer. Whether or not this interpretation is borne out by future
work, in considering the impact of our findings on IDO inhibitor
development it seems reasonable to raise concerns of increased
risks of progression for polyps or occult dormant tumors that
may exist in patients receiving treatment with an IDO inhibitor.

We also noted that IDO deficiency increased hyperlipidemia
in the context of an established mouse model of atherosclerosis
development and progression, namely, diet-induced atheroscler-
osis in LDLR-deficient mice. While the basis for this phenotype
was undefined, our observations raise concerns of an increased
risk of morbidly elevated serum lipid profiles in patients who
receive treatment with an IDO inhibitor.

IDO deficiency also produced a dramatic sensitivity to
pancreatitis triggered by administration of Freund’s adjuvant,
containing Mycobacterium tuberculosis. This classical vaccine
adjuvant contains tuberculin antigens that stimulate Toll receptor
(TLR) signaling and immune responsiveness. IDO expression is
strongly upregulated by TLR signals in a variety of tissues possi-
bly as a negative feedback control on TLR-mediated immune
stimulation.11,24,39-41 Thus, a more potent TLR stimulation
elicited by Freund’s adjuvant in the absence of IDO may lead
to an unrestrained inflammatory response in the pancreas. The
reason for the exquisite sensitivity of this organ in particular is
obscure, but may relate to the development of a rare clinical
condition, tuberculosis of the pancreas.19 Clinical testing of IDO
inhibitors is expected to include a wide variety of combina-
tions with approved and experimental agents, including cancer
vaccines. Thus, in terms of their clinical relevance, our observa-
tions suggest caution in the use of Freund’s adjuvant, other
adjuvants or components of adjuvants containing TLR ligands
in patients receiving treatment with an IDO inhibitor, due to
the risks of inducing an acute pancreatitis that could require
emergency attention.

Heart calcification was another liability to IDO deficiency
that we observed, albeit only in the BALB/c mouse strain where
it is known to have a very low incidence, and only at partial
but substantial penetrance in females. While survival was
impacted in affected animals through several months of age,
consistent with earlier studies of this phenotype in BALB/c
mice,42 we did not characterize specific effects on heart function
or associated morbidities. Thus, it is clear that IDO deficiency
is insufficient on its own to elicit heart calcification, and also
insufficient to limit survival. However, in considering clinical
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development of an IDO inhibitor, the emergence of heart
calcification proximal to the right ventricle in even a small
number of patients receiving treatment would clearly raise safety
concerns that might be insurmountable. In conclusion, an
extensive histopathological analysis of IDO deficient mice
reveals a number of potential concerns to clinical development
of IDO inhibitors, perhaps offering a source of preclinical
information that could assist in the design and conduct of suit-
able Phase I/II protocols to assess the relative safety of this new
class of immunomodulatory agents as therapeutic adjuvants or
neoadjuvants being developed by a growing number of research
groups.

Material and Methods

Mouse strains and diets. C57BL6/J and BALB/c strains of
IDO–/– mice43 were kindly provided by A. Mellor (Medical
College of Georgia). LDLR–/– mice on the C57BL6/J strain as
a genetic model of hyperlipidemia were obtained from Jackson
Laboratories (002207). LDLR–/–IDO–/– double knockout animals
were created by backcrossing F1 offspring produced by interbreeding
single knockout animals on the same congenic C57BL6/J strain.
PCR genotyping by standard methods was performed as described43

or Jackson Laboratory website for the LDLR allele. In the hyper-
lipidemia studies LDLR–/–, IDO–/– and LDLR–/–IDO–/– mice
were fed a “Western” atherogenic diet (Harlan/Teklad, 88137; 21%
anhydrous milkfat-butterfat, 34% sucrose and a total of 0.2%
cholesterol) for a total of 3 mo beginning at 4 weeks of age. All
experimental procedures were approved by the Lankenau Institute
Animal Care and Use Committee.

Vaccination. Two-month-old mice were injected s.c. with
complete Freund’s adjuvant (CFA) with or without 100 mg
cardiac myosin heavy chain peptide that produced experimental
autoimmune myocarditis (EAM), an inflammation of the
heart.44,45 Immunizations were repeated by injecting with or
without the peptide in CFA at day 7. All mice were sacrificed
28 d after first injection.

Chemically induced colitis and colon carcinogenesis. To induce
colitis, mice on the C57BL6/J background strain at 7 wk of age were
administered 3% dextran sodium sulfate (DSS, MP Biomedicals,
160110, MW 36–50kDa) in drinking water. At 3 and 7 d after DSS
treatment animals were sacrificed and colons were inspected for
macroscopic and microscopic pathological lesions. For colon
carcinogenesis, mice on the same background strain at 7 wk of
age were administered a single intraperitoneal dose of the genotoxic
colon carcinogen 1,2-dimethylhydrazine (DMH) at 20 or 30 mg/kg
body weight as indicated in the Results. One week later, animals
were administered 2 or 3% DSS in drinking water as indicated for
7 d followed by regular water for 16–18 weeks46 at which time
they were euthanized and examined for pathologic colon lesions.

Histopathological and expression analysis. Mice were eutha-
nized as indicated and tissues isolated at necropsy were fixed
in 10% neutral buffered formalin or 4% paraformaldehyde,
sectioned, and stained for histopathological analysis with hemoto-
xylin and eosin using standard methods. IDO expression was
documented in tissues where indicated by immunoprecipitation-
protein gel analysis as described elsewhere.47 Briefly, protein gel
blots were processed by standard methods using anti-mouse
IDO (mIDO-48 clone, BioLegend, 122401) and HRP-conjugated
goat anti-rat secondary antibody (1:1000 dilution) (Southern
Biotechnology Associates, 3010-05), using a commercial lumin-
escence kit for detection (ECL-Western, Amersham).

Serum lipid analysis. Total and free serum cholesterol and
triglyceride levels were measured from atherogenic diet fed
LDLR–/–, IDO–/– and LDLR–/–IDO–/– mice using colori-
metric assays (Wako Chemicals USA, Inc.). Data were calculated
as average +/2SEM and were examined using t-tests to test for
differences in mean values.
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Figure 4 (See previous page). IDO deficiency accentuates the effects of inflammatory insults that promote colon carcinogenenesis. (A) Colitis induction.
Colons from WT and IDO–/– mice treated 3 d with 3% DSS in drinking water were fixed in paraffin and processed for H&E staining. Representative
examples scored for no colitis, mild colitis and severe colitis are shown at original magnifications of 10x (middle) or 20x (bottom). (B) Colon
carcinogenesis. WT and IDO–/– mice were treated once i.p. with 20 mg/kg DMH and then 7 d 2% DSS in drinking water followed by normal drinking
water to an endpoint of 18 wks. Colons were harvested from euthanized mice, fixed in paraffin and processed for H&E staining. Representative images of
gross pathology in WT or IDO–/– mice (top panels) illustrate observations of macroscopic tumors (arrows) or prolapsed rectums (arrowheads).
Representative images of histopathology in IDO–/– mice (bottom panels) illustrate observations of (a) no tumor, (b) mucosal invasion, (c) submucosal
invasion and (d) muscular invasion. Original magnifications are 4x (top), 10x (middle), 20x (bottom).

Table 2. IDO loss increases tumor incidence and multiplicity during inflammatory colon carcinogenesis

Genotype Tumor
incidence

Tumors
per mouse

Tumor
multiplicity

Absence of
carcinoma

Early
carcinoma

Carcinoma Multiple
carcinoma

WT 2/8 (25%) 0.5 ± 0.4 1/2 (50%) 1/8 (13%) 0/8 (0%) 2/8 (25%) 5/8 (63%)

IDO–/– 6/6 (100%) 2.2 ± 0.3 5/6 (83%) 0/6 (0%) 0/6 (0%) 0/6 (0%) 6/6 (100%)

Colon tumors were initiated in WT and IDO–/– mice on the C57BL6/J strain background with a single i.p. injection of 20 mg/kg DMH followed by 7 d
treatment with 2% DSS in drinking water. All animals then received regular drinking water through the course of the experiment. Mice were euthanized at
an endpoint of 18 weeks and colons were dissected for processing and histological evaluation.
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