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BACKGROUND—Indoleamine 2,3 dioxygenase 1 (IDO1) is a tryptophan catabolizing enzyme
with immunotolerance promoting functions. We sought to determine if increased gut expression of
IDO1 in Crohn’s disease (CD) would result in detectable changes in serum levels of tryptophan
and the initial IDO1 pathway catabolite, kynurenine.
METHODS—Individuals were prospectively enrolled through the Washington University
Digestive Diseases Research Center. Montreal classification was used for disease phenotyping.
Disease severity was categorized by physician’s global assessment. Serum tryptophan and
kynurenine were measured by high pressure liquid chromatography. IDO1 immunohistochemical
staining was performed on formalin-fixed tissue blocks.
RESULTS—25 CD patients and 11 controls were enrolled. 8 CD patients had serum collected at
two different time points and levels of disease activity. Strong IDO1 expression exists in both the
lamina propria and epithelium during active CD compared to controls. Suppressed serum
tryptophan levels and an elevated kynurenine/tryptophan (K/T) ratio were found in individuals
with active CD as compared to those in remission or the control population. K/T ratios correlated
positively with disease activity as well as with C-reactive protein and erythrocyte sedimentation
rate. In the subgroup of CD patients with two serum measurements, tryptophan levels elevated
while kynurenine levels and the K/T ratio lowered as the disease activity lessened.
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CONCLUSIONS—IDO1 expression in Crohn’s disease is associated with lower serum
tryptophan and an elevated K/T ratio. These levels may serve a reasonable objective marker of gut
mucosal immune activation and surrogate for Crohn’s Disease activity.
Keywords
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INTRODUCTION
Crohn’s disease is a chronic inflammatory condition predominantly affecting the colon and
small intestine. Current data and leading theory suggests Crohn’s disease arises after
environmental triggers influence a genetically susceptible host to develop an overly
aggressive immune response to a subset of commensal bacteria.(1) The immune response in
active Crohn’s disease appears to result from aberrant handling of luminal bacteria by the
innate immune system, resulting in an activated inflammatory cascade involving TH1 and
TH17 cells of the adaptive immune system and secretion several inflammatory cytokines
Corresponding Author: Matthew A Ciorba MD, Division of Gastroenterology, 660 South Euclid Avenue, Box 8124, Saint Louis, MO
63110, mciorba@dom.wustl.edu, 314-362-9054 (O), 314-362-8959 (F).

Gupta et al.

Page 2

NIH-PA Author Manuscript

including TNFα, IFNγ, IL1β, IL12/23 and IL17.(2, 3) The degree of inflammation, its
location and eventual sequelae are expressed both in gastrointestinal symptom severity and
often systemic toxicity.
Indoleamine 2,3 dioxygenase-1 (IDO1) is an enzyme expressed in cells of the innate
immune system and acts as the initial and rate limiting step in catabolism of the essential
amino acid tryptophan along the kynurenine pathway. The primary relevance for IDO1
appears to be immunologic, rather than metabolic or nutritional. Accordingly, toll like
receptor (TLR) activation, IFNγ, IFNα, and TNFα are all known to induceIDO1
expression.(4, 5) Acting as an interface between innate and adaptive immune responses,
IDO1 expression inmacrophages and dendritic cells promotes immune tolerance by
suppressing T-cell proliferation and clonal expansion.(4) IDO1 is expressed at baseline in
the gastrointestinal tract and is more highly expressed in both human inflammatory bowel
diseases (IBD) and animal models of colitis.(6–8) Experimental approaches from our
laboratory suggest that IDO1 expression in the gut serves as a natural brake to the
inflammatory response. Where pharmacologic inhibition of IDO exacerbates experimental
colitis,(8) pharmacologic induction of IDO1 limits inflammation severity.(9)
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Several studies have evaluated the possibility that increased expression of IDO1 in a disease
state might lead to detectable systemic changes in quantities of the enzyme’s substrate
(tryptophan) and initial catabolite (kynurenine).(10–13) Most of these studies showed that
the disease state was associated with a modest reduction in serum tryptophan, increase in
serum kynurenine, or a combination of the two. While it is known that IDO1 expression is
elevated in intestinal tissues during active IBD, the impact of Crohn’s disease activity on
serum markers of IDO1 activity has not yet been systematically evaluated. As a proof of
principle for relevance of our investigations into IDO1’s role in chronic intestinal
inflammation, we sought to examine whether such changes are detectable in human Crohn’s
disease. In this study we compare the serum tryptophan and kynurenine levels in individuals
with Crohns to a control population. Moreover, we examine how changes in serum levels
reflective of the tryptophan catabolism pathway correlate with clinical disease severity,
whereby establishing the potential of these measurements for use as a biomarker of Crohn’s
disease activity.

MATERIALS AND METHODS
Subjects and samples
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This study was approved by the Washington University Human Research Protection Office.
Patients with Crohn’s disease and healthy controls were prospectively recruited into this
study and into the Washington University Digestive Diseases Research Center Tissue
Procurement Facility and Clinical Database (WU DDRCC TPF) from January 2008–
December2010. Patients with Crohn’s disease were recruited in both inpatient and outpatient
settings. At enrollment, complete clinical information including Montreal disease location
(14), smoking status, gender, race and age of diagnosis, surgical and therapeutic history
were acquired and entered into the database. Disease severity was assessed and categorized
using the Physicians Global Assessment and confirmed as fitting the American College of
Gastroenterology practice guidelines criteria.(15, 16) Patients in symptomatic remission
while on corticosteroids were excluded. Blood samples were taken at enrollment, processed
for serum isolation and stored at −80°C until analysis. For a subset of patients, clinical data
and serum was collected at a second time point. Tissue samples were acquired either at
surgery or endoscopy, immediately fixed in formalin and processed for paraffin embedding.
C-reactive protein (CRP) and erythrocyte sedimentation rate (ESR) were considered when
available. The healthy control cohort was composed of individuals voluntarily participating
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in the TPF who had no existing chronic intestinal or other inflammatory condition.
Demographic information and study consent was collected the same as for patients.
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Immunohistochemistry
Colon and small intestinal biopsy specimens from healthy controls and patients with active
Crohn’s disease and were examined for IDO1 expression by immunohistochemistry. Xylene
deparaffinizing and graded alcohol hydration steps were followed by high temperature
citrate buffer antigen retrieval. The primary antibody was mouse anti-human IDO-1 (1:50
dilution, Cat# MAB5412, Chemicon International, Temecula, CA) and a biotinylated antimouse secondary antibody was used (1:250; Jackson ImmunoResearch, West Grove, PA).
Isotype control mouse anti-human IgG was used (CBL600, Chemicon International) to
assess staining specificity. Antibody signal was detected by incubation in streptavidin-POD
(Roche, Indianapolis, IN), followed by 3,3′-diaminobenzidine tetrahydrochloride.
Measurement of tryptophan and kynurenine
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High pressure liquid chromatography (HPLC) (Varian HPLX system) was used to determine
serum tryptophan (Trp) and kynurenine (Kyn) levels. The protocol was adopted from
published reports and confirmed for suitability in our environment.(17) After trichloroacetic
acid deproteination, the filtered (0.20μm) serum sample was spiked with the reference
standard 3-nitro-L-tyrosine (3-NT). 3-NT can be detected at both wavelengths of 280nm and
360nm aiding the identification of kynurenine and tryptophan retention time peaks. Standard
curves were constructed for L-kynurenine, 3-NT, and L-tryptophan spanning a concentration
range of over 2 orders of magnitude (0.5μM to 250μM). Linear regression plots were
generated confirming that linearity was maintained over this concentration range. The linear
slope analysis was used to determine the concentrations of L-kynurenine and L-tryptophan
in biological samples(supplementary figure 1). Injections were separated using a Polaris
C-18-A column (150 × 46mm i.d., 3.0μm particle size) with a 40min isocratic gradient from
100% 15mM acetic acid–sodium acetate buffer (pH4.0) to 73% buffer–acetonitrile, and a
flow rate of 0.5mL/min. The average retention times were L-kynurenine (~14.3min), 3-NT
(~17.0min), and L-tryptophan (~18.5min). A Varian Pro Star UV-V is detector was used to
detect L-kynurenine at 360nm, and L-tryptophan at 280nm. These values were within the
range of previous reports.(17, 18) Assay reliability and reproducibility was tested prior to
and concurrent with patient/control sample analysis by comparing repeated measurements of
the same sample. In four unique samples analyzed, no significant variability was identified
with an average intra-sample variance of ± 4.1% (p=0.84).
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Estimated IDO1 activity was determined by calculating the kynurenine/tryptophan (K/T)
ratio, a technique shown to correlate with immune activation while averting potential bias
generated by differences in dietary intake among individuals. (10, 11, 17, 19) K/T ratios are
shown at values ×1000
Statistical Analysis and Data Presentation
All data analysis and graph assembly was completed using GraphPad Prism (GraphPad
Software, Inc., La Jolla, CA). Data are presented where dots represent single individuals and
horizontal bars represent the group mean. Tabular data is presented as mean ± standard
deviation unless otherwise stated. Statistical techniques included Fisher’s Exact test (patient
characteristics), Student’s T-Test (paired or unpaired to compare two groups), 1-way
ANOVA (difference across ≥3 groups), Wilcoxon Signed Ranks Test (intra-sample)and
linear regression analysis(K/T vs. CRP or ESR). For all comparisons, a P-value ≤ 0.05 was
considered statistically significant.
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RESULTS
Patient Characteristics
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11healthy controls and 25 patients with Crohn’s disease (CD) confirmed by endoscopy or
histology were enrolled prospectively though the WU DDRCC TPF. Demographics and
disease characteristics are presented in Table 1. Differences in age, gender, race or smoking
status were not statistically different between groups. Serum was collected at two time
points from 8 of the patients with CD to compare examined levels at two different states of
disease activity. In patients with active disease medication use included immunomodulators
(4), anti-TNFα (7), 5-ASA (2), corticosteroids (3 systemic; 2 budesonide) and antibiotics
(3). Therapies among patients in remission included immunomodulators (2), anti-TNFα (2)
and post-surgical (2).
Indoleamine 2,3 Dioxygenase-1expressionin Crohns
Immunohistochemistry revealed IDO1 staining to be faintly detectable in cells of the
intestinal lamina propria in healthy controls (figure 1). In active CD however, elevated IDO1
is expression identified not only in cells of the lamina propria, but also prominently within
the colonic and small intestinal epithelium.
Kynurenine, Tryptophan and the K/T ratio as markers of Crohn’s Disease activity
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To examine the possibility that the elevatedIDO1 expression in active CD could be detected
in serum we measured serum levels of the enzyme’s substrate, tryptophan, and its first
metabolic product, kynurenine. These levels were then used to calculate the serum
kynurenine/tryptophan (K/T) ratio, a demonstrated functional estimate of IDO1 activity.
These levels as well as C-reactive protein (CRP) were measured for CD patients and plotted
based on physician global assessment of disease activity along with levels for the 11 healthy
controls (Figure 2). While kynurenine levels did not significantly differ between controls
and across groups, tryptophan levels were significantly lower in patients with active CD
compared to controls. Furthermore, tryptophan levels were more depressed as disease
activity increased. In severe/fulminant CD mean tryptophan levels were 12.7 μM compared
to 31.2μM CD in remission or 33.8 μM for healthy controls. The changes in tryptophan
levels largely accounted for the significant rise in K/T ratio along with disease severity
assessment. The mean K/T ratio was highest in CD patients with severe or fulminant disease
activity, 117.4; a ratio three times that of CD patients in remission (39.2) or healthy controls
(35.3). Individuals with moderate or severe CD involving the colon had higher K/T ratio
than for those with only small bowel involvement (Montreal L2 or L3 vs. L1; Avg K/T =
100.4 vs.50.6, P=0.03).
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To further examine whether the K/T ratio or its component amino acids track with CD
activity we measured levels at two different time points and stages of disease activity in the
same patient. One assessment was made when the patient had at least moderately active
disease and the other was made when they were in steroid free remission or with only mild
disease activity and off steroids. The range of time between assessments was 3–12 months.
When an individual served as his/her own internal control, the differences in kynurenine
levels became significant as well as the tryptophan levels and K/T ratio (Figure 3). Overall
the changes followed with the predicted decrease in CRP. One of the patient’s K/T ratio
went up when going from moderate CD activity to remission (55 to 62); however despite the
remission of symptoms, her CRP was elevated (10 mg/L) and she presented with a flare one
month later. Moreover, when considering all patients with CD, linear regression analysis
showed the K/T ratio to positively and significantly correlate with acute phase proteins
considered relevant to Crohn’s disease activity, CRP and ESR (Figure 4).
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Indoleamine 2,3 dioxygenase-1 is a metabolically active enzyme with immunomodulatory
properties positioned at the interface between innate and adaptive immunity. Expression of
IDO1 is induced by cytokines overexpressed in Crohn’s Disease. In this study we
demonstrate that in active Crohns, elevated gut IDO1 expression is associated with
significant depression in serum levels of its substrate, tryptophan. The serum Kynurenine/
Tryptophan (K/T) ratio, a marker of IDO1 activity which minimizes the influence of dietary
variation, increased with disease severity assessment and positively correlated with both
CRP and ESR. Measurement of serum K/T ratios may serve a reasonable objective marker
of gut mucosal immune activation and surrogate biomarker for Crohn’s Disease activity.
Furthermore, the recognition that active Crohns can alter serum levels of tryptophan and
kynurenine within individuals may have implications for disease associated extraintestinal
morbidities.
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Study into the importance of IDO1 enzyme activity rapidly expanded after the seminal
observation of its critical role in mediating immune tolerance at the maternal-fetal interface.
(20) The expression of IDO1 by professional antigen presenting cells(APC), macrophages
and plasmacytoid dendritic cells exerts potent suppressive effects on T-cell proliferation.(4,
21, 22) Tolerance at the maternal-fetal interface parallels that of the gastrointestinal tract, as
the context in which foreign antigens are presented dictates the tolerogenic response. In
active CD we found increased expression of IDO1 not only in cells of the lamina propria,
but also prominently in epithelium. IDO1 has known antimicrobial properties which may be
particularly important in light of the epithelial barrier dysfunction associated with IBD.(23,
24) While it has not been specifically evaluated as such, it is possible that IDO1 expression
by LP APCs would promote immune tolerance by suppressing T-cell responses while IDO1
activity in epithelial cells serves to limit microbial invasion; together these IDO1 expressing
cell types would function to limit ongoing inflammation. Though epithelial IDO1 expression
has not been uniformly described,(7)our findings in CD support those which identified high
expression of IDO1 in epithelial cells flanking intestinal ulceration and in active disease.(25,
26)Differences in antibody selection or antigen retrieval methods may account for such
differences.
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The finding of altered serum levels of tryptophan and kynurenine attributable to IDO1
activity has been described in other inflammation associated disease states.(10–13, 18, 27)
Table 2 summarizes these reports and shows the relative fold difference in these levels
compared to the control population reported in the same study. Though variance exists in the
reported absolute values for control subjects among studies, most disorders are associated
with approximately a 25% decrease in serum tryptophan and 50% increase in the K/T ratio.
In the current study, compared to our own controls, patients with severely active Crohn’s
disease had a remarkable 73% decrease in tryptophan and >3.3 fold increase in K/T
ratio(Table 2 bottom row). The serum K/T ratio is recognized as the best marker of IDO1
activity by immune activation limiting the variability seen when tryptophan is used alone
(10); thus these profound changes in serum K/T ratio may be attributable to the gut’s large
surface are a and the presence of multiple IDO1 expressing cell types during active CD.
However, reduced protein intake or absorption in patients with high disease CD activity may
also contribute.(28) Only individuals who died of septic shock have been found to have
higher K/T ratios than severely active CD patients. While the study current study was
underpowered to assess, it is also possible that medication-effects may impact K/T ratios
independent of inflammation severity.
Several studies evaluating IDO1 activation found patient populations with inflammatory
diseases to have significant elevations in serum kynurenine compared to control population
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values. Within individuals, we found serum kynurenine levels to be elevated during times of
greater disease severity (figure 3); however, as a group, levels in Crohn’s patients were not
significantly higher than the control population (figure 2). In active Crohn’s disease
significant reduction in substrate (tryptophan) availability due to IDO1 catabolism and
nutritional depletion during states of chronic intestinal inflammation, combined with
ongoing kynurenine metabolism, may represent a possible explanation for this finding.
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The correlation between gut inflammation and activation of IDO1 mediated tryptophan
catabolism may also have implication to the mood disorders associated with active IBD. The
neurotransmitter serotonin is derived from tryptophan via a short biochemical pathway.
Within the central nervous system serotonin must be synthesized from tryptophan or the
intermediary 5-hydroxy-tryptophan since the blood brain barrier excludes serotonin
transport. Some investigations have found tryptophan levels to be low in acutely depressed
patients and acute tryptophan depletion can lead to depressive relapse.(29, 30) New onset or
worsening anxiety and depression, have been temporally linked to IBD diagnosis and
disease flares.(31) Mood disorders are a well recognized side effect of hepatitis C directed
immunotherapy with recombinant cytokines known to stimulate IDO1 activity (IFNα).(32)
In IFNα treated patients it is suggested that elevation in CSF tryptophan metabolites have a
greater impact on depressive symptoms than relative lack of tryptophan itself, though the
depression in serum tryptophan in these patients was modest compared to that found in
active CD.(33) Whether the more robust decrease of serum tryptophan levels observed in
active CD may contribute to mood disorders remains to be causally demonstrated.
Herein we have shown that active Crohn’s disease is associated with expression of intestinal
IDO1 and depression of serum tryptophan. Further investigation into IDO1 tryptophan
catabolism pathway and its impact on both intestinal inflammation and extraintestinal
morbidities of Crohn’s disease activity is warranted. The surrogate marker of IDO1 activity,
serum K/T ratio, correlates positively with level of disease severity and recognized
inflammatory markers. With confirmative study, measurement of the serum K/T ratio has
the potential to be useful in both therapeutic trials and clinical practice trials as a novel
biomarker of Crohn’s disease activity.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
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Immunohistochemical staining for IDO1 in human biopsy samples. Selected representative
images are shown from healthy controls [A–C] and active Crohn’s disease [D–F]. Staining
from control populations showed no significant IDO1 staining in the epithelium (A, 400×)
and only faint staining (arrowheads) in lamina propria mononuclear cells of the colon (B,
630×) and small intestine (C, 630×). This was in contrast to the strong staining present in
biopsies from Crohn’s disease patients in the colon (D, 400× and E, 630×) and small
intestine (F, 630×). Isotype control of inflamed small intestine (G, 400×).
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Figure 2.

Serum IDO substrate/metabolite stratified by Global Physician Assessment of Disease
Activity. P-values across patient groups were calculated by 1-way ANOVA. Table shows Pvalue for K/T ratio difference between groups calculated by unpaired Student’s T-test.

NIH-PA Author Manuscript
Inflamm Bowel Dis. Author manuscript; available in PMC 2013 July 01.

Gupta et al.

Page 11

NIH-PA Author Manuscript
NIH-PA Author Manuscript

Figure 3.

Individuals’ serum levels of IDO1 substrate/metabolite change with Crohn’s disease
severity. P-value calculated by paired Student’s T-test.
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Figure 4.

Kynurenine/Tryptophan ratio correlates with inflammation biomarkers in Crohn’s disease.
Statistical comparison performed by linear regression analysis.
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Table I

Patient Demographics
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Age at Study Entry (range)

Controls (n=11)

Patients (n=25)

31.3 (22–53)

33.4 (19–62)
28.0 (13–63)

Age at Diagnosis
Gender M:F (%)

4:7 (36:64)

7:18 (28:72)

Race C:Asian:AA (%)

7:2:2 (64:18:18)

22:0:3 (82:0:17)

Montreal Classification Location N (%)
L1) Small Bowel Only

10 (40)

L2) Colon Only

6 (24)

L3) Colon and Small Bowel

9 (36)
1 (9)

Current Smoker, N (%)
History of Surgery, N (%)

6 (24)
7 (28)
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Table II
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Comparison of serum tryptophan and kynurenine levels in normal and disease states*
Patient Population

Tryptophan [μmol/L] (fold
difference from healthy
controls)

Kynurenine [μmol/L] (fold
difference from healthy
controls)

K/T ratio [×1000] (fold
difference from healthy controls)

73 ± 14.9

1.92 ± 0.58

26.9 ± 8.1

Systemic Lupus Erythematosus13

53.9 ± 8.2 (0.77X)

2.45 ± 0.7 (1.36X)

43 ± 15 (1.59X)

Rheumatoid Arthritis11

58 ± 19.3 (0.79X)

2.2 ±.82 (1.14X)

37.9 (1.41X)

75 ± 8 (0.94X)

2.41 ± 0.7 (1.29X)

34 ± 9 (1.41X)

35.8 ± 1.3 (0.73X)

4.2 ± 0.27 (1.62X)

115 ± 10.1 (1.77X)

Deceased

46.5 (38–59)

8.76 (5.1–12.26)

193.7 (124–253)

Survivors

51.1 (38–64)

4.27 (2.9–6.7)

82.4 (51–138)

12.7 ± 2.0 (0.37X)

1.34 ± 0.26 (1.13X)

117.4 ± 19.1 (3.33X)

Healthy Controls17

Primary Sjogren’s Syndrome33
Celiac Disease18
Septic Shock26

NIH-PA Author Manuscript

Severe/Fulminant Crohn’s

*

The comparison was generated from published literature as cited. The fold difference from healthy controls (bold) was relative to levels to the
control populations from the same report. No control population was reported for the study on septic shock so a fold difference is not listed. Values
are shown as mean ± standard deviation for all studies except references 18 and 26 (SEM and median quartiles, respectively).
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