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Background. 'There is no biomarker for diagnosing active tuberculosis in patients with human immunodeficiency virus (HIV)
infection. Indoleamine 2, 3-dioxygenase (IDO) is an immunoregulatory enzyme that breaks down tryptophan (Trp) to metabolites
known as kynurenines (Kyns). We investigated whether IDO activity, as measured by the ratio of Kyn to Trp, could be used to diag-
nose or predict active tuberculosis disease in HIV-infected adults.

Methods.
plasma samples from 32 HIV-infected patients in whom active tuberculosis developed and who were followed up prospectively. We

Kyn and Trp concentrations were measured using ultraperformance liquid chromatography mass spectrometry in

compared to 70 HIV-infected control subjects from the same cohort in whom tuberculosis did not develop, matched by age, sex, and
CDA4 cell count, and 37 unmatched HIV-infected patients with a diagnosis of pneumonia. Clinical parameters, including body mass
index, CD4 cell count, HIV load, and C-reactive protein levels were analyzed.

Results.
trols (P < .001). Six months before tuberculosis diagnosis, IDO activity was significantly higher in all patients who later developed

At the time of tuberculosis diagnosis, IDO activity was significantly higher in patients with tuberculosis than in con-

tuberculosis (P < .001) than controls. After 6 months of tuberculosis treatment, IDO activity in patients with tuberculosis declined
to levels similar to those in controls. IDO activity was 4-fold higher in patients with tuberculosis than in those with pneumonia, and
could be used to distinguish them. With a receiver operating characteristic curve, IDO activity had a sensitivity of 97%, a specificity

of 99%, and positive and negative predictive values of 89% and 100% for detecting active tuberculosis disease.

Conclusion.
Keywords.

Plasma IDO activity is suitable as a biomarker of active tuberculosis in HIV-positive patients.
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Tuberculosis in patients with human immunodeficiency virus
(HIV) infection is a global health concern. Tuberculosis causes
death in 1.3 million persons annually, many of whom are HIV
infected [1]. Although recent diagnostic techniques using tuber-
culosis nucleic acid amplification and interferon y release assays
have improved tuberculosis diagnosis, the lack of a biomarker
for diagnosing active tuberculosis disease hampers tubercu-
losis control. In HIV-infected individuals, these diagnostic
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challenges are compounded by paucibacilliary tuberculosis
and high rates of disseminated tuberculosis [2]. Current tests
to determine latent tuberculosis infection are insufficiently sen-
sitive to identify those likely to progress to tuberculosis disease
[3, 4]. A challenge is to identify sensitive and specific markers
with potential for use in diagnosing tuberculosis disease and
measuring responses to treatment.

Many candidate biomarkers for tuberculosis diagnosis and
response to treatment have been proposed [5-7]. None have
been validated for application in a tuberculosis-endemic area.
A plausible candidate biomarker is activity of the enzyme
indoleamine 2, 3-dioxygenase (IDO). IDO is an interferon y-
inducible cytosolic enzyme that catalyses degradation of trypto-
phan (Trp) to kynurenines (Kyns) [8]. By reducing local Trp and
producing immunomodulatory metabolites, IDO suppresses
T-cell proliferation and function, resulting in immune suppres-
sion and tolerance [9]. IDO regulates physiological functions,
such as pregnancy [10], and modulates pathogenesis of diverse
pathological conditions, including cancer [11] and infectious
diseases [12, 13].
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In HIV, elevated IDO activity has been associated with neu-
rocognitive disorders and rapid progression to AIDS [14]. IDO
activity has been reported to be up-regulated in HIV-negative
adults with tuberculosis disease [15, 16]. In animal models, IDO
expression and activity was high in granulomatous lesions in mice
with tuberculosis [17]. Almeida et al [18] reported up-regulated
IDO messenger RNA in sputum samples from patients with
tuberculosis, with values that declined >500-fold after tuberculo-
sis treatment. Suzuki et al [15, 16] reported serum IDO activity
significantly higher in patients with tuberculosis than in control
subjects and IDO activity correlated with time to death. These data
imply that elevated IDO activity may play a role in the pathogene-
sis of active tuberculosis disease. In HIV-infected individuals, the
diagnostic significance of IDO activity is uncertain. Using ultra-
performance liquid chromatography-tandem mass spectrometry
(UPLC-MS/MS), we determined the ratio of Kyn to Trp to inves-
tigate the diagnostic accuracy of IDO activity as a biomarker for
active tuberculosis disease in HIV-infected patients.

METHODS

Subjects
The Lung Cohort study enrolled HIV-infected adults from 2008
to 2012 in Soweto, Johannesburg. A total of 754 adults were
followed up every 6 months for up to 4 years to detect interval
events. Antiretroviral therapy (ART) was initiated according to
routine care, with a threshold CD4 cell count of 200/uL as the
ART initiation criterion. Blood, urine, and sputum samples were
collected at each visit. Patients were screened for tuberculosis
symptoms and investigated if symptomatic. Chest radiographs
were obtained when indicated. During follow-up, active tuber-
culosis disease developed in 34 patients. These subjects had no
history or clinical signs compatible with active tuberculosis at
the time of enrollment. Active tuberculosis disease was bacte-
riologically confirmed or diagnosed based on clinical signs and
symptoms, including protracted cough, fever, weight loss, and
suggestive radiological findings (clinical tuberculosis). Bacterial
pneumonia was diagnosed according to routine clinical care,
including respiratory rate, fever, productive sputa, signs of con-
solidation at clinical examination or chest radiography, and/or
microbiological culture results. Tuberculosis treatment was con-
ducted at nurse-run community clinics and not at the study site.
After study completion, we selected all subjects with incident
tuberculosis with available samples. One patient was excluded
owing to diagnosis of nontuberculous mycobacterial disease,
and 1 had no plasma sample available. We evaluated 32 patients
with tuberculosis at enrollment, 6 months before tubercu-
losis diagnosis, at tuberculosis diagnosis, and at all available
time points after tuberculosis diagnosis. Control subjects who
did not have tuberculosis diagnosed during follow-up were
matched at a 2:1 ratio from the same cohort (n = 70). Controls
were matched based on CD4 stratum, sex, and the visit at which
tuberculosis was diagnosed. We also selected 37 subjects from

the same cohort who had pneumonia diagnosed. One patient
had a diagnosis of pneumonia 6 months before the tuberculosis
diagnosis and was therefore included in both pneumonia and
tuberculosis groups at different times. Controls and patients
with pneumonia were all HIV-infected adults.

Measurement of Plasma Kynurenine and Tryptophan

L-Trp, L-Kyn, deuterated Trp-d5, and Kyn-d4 were used as
reference compounds and internal standards respectively
(Sigma-Aldrich). Kyn and Trp were measured with UPLC-MS/
MS (Acquity UPLC and Xevo TQ-S Tandem mass spectrome-
ter, Waters, USA) using a modification of a method described
elsewhere [19]. Briefly, ethylenediaminetetraacetic acid—antico-
agulated plasma samples stored at —70°C were thawed at room
temperature, spiked with internal standards (Trp-d5 and Kyn-
d4), deproteinized with absolute methanol, vortexed for 10 min-
utes, and centrifuged at 3156 g for 10 minutes. The supernatant
was then analyzed on the UPLC-MS/MS system. Analytes were
separated using an isocratic elution of injected samples within
2 minutes. Kyn and Trp were detected in multiple reaction
mode using electrospray ionization mass spectrometry in pos-
itive mode. The IDO concentration was calculated as the ratio
of measured Kyn concentration to measured Trp concentration.
C-reactive protein (CRP), CD4 cell count, and HIV viral load
tests were performed by the National Health Laboratory Service.

Statistical Analysis

Normally distributed data are shown as means with standard
deviations. Nonnormally distributed data are expressed as
median values with interquartile range (IQR). Student ¢ tests
were used to compare 2 parametric groups, Mann-Whitney
tests for nonparametric unpaired groups, Wilcoxon tests for
paired groups, and Kruskal-Wallis tests with Dunn posttests
for multiple nonparametric groups. All comparisons were 2
sided. Categorical data were analyzed using Fisher exact tests.
IDO activity fold change was plotted to assess within-person
variation in subjects with >5 available time points. Fold change
was the ratio of IDO activity level at a particular time point to
the level at baseline. The baseline was the first visit for controls
and 12 months before tuberculosis diagnosis for patients with
tuberculosis.

Sensitivity, specificity, positive predictive value (PPV), and
negative predictive value (NPV) were calculated and a receiver
operating characteristic curve plotted to evaluate the most
suitable cutoff, giving the highest area under the curve (AUC).
For correlations, Spearman correlation coefficient was used.
Differences were considered significant at P < .05. Analyses
used GraphPad Prism 6.01 software (GraphPad Software).

Study Approval

The Lung Cohort Study was approved by the Johns Hopkins
Medicine Institutional Review Board and the University of the
Witwatersrand Human Research Ethics Committee; the nested
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study described herein was approved by the latter. Participants
signed informed consent.

RESULTS

Demographics and Clinical Parameters

Demographic and clinical characteristics of 102 patients with
tuberculosis and controls are summarized in Table 1. Of the 32
tuberculosis cases, 18 were laboratory confirmed and 14 were
clinical tuberculosis. One patient had extrapulmonary tuber-
culosis (cutaneous tuberculosis without systemic involvement),
and 2 had multidrug-resistant tuberculosis. Body mass index
(BMI), CD4 cell count, CRP, and viral load differed significantly
at the time of tuberculosis diagnosis, compared with controls
at the corresponding visit 3 (Table 2). Lower BMI and higher
viral load were apparent in patients with tuberculosis, even at
baseline.

PlasmaIndoleamine 2, 3-Dioxygenase Activity in Human Immunodeficiency
Virus-Infected Patients With Tuberculosis and Controls

We evaluated plasma IDO activity from samples taken from
12 months before 12 months after tuberculosis diagnosis.
Figure 1A and 1B show that for controls, the median IDO activ-
ity (Kyn/Trp ratio) over 5 time points (2% years) was 0.16 (IQR,
0.11-0.24). IDO activity was significantly higher in patients
with tuberculosis at the time of tuberculosis diagnosis (median,
1.35; IQR, 1.15-1.60) than in controls at the corresponding
visit, visit 3 (0.21; 0.14-0.30; P < .001). Figure 1C shows that
even 6 months before tuberculosis diagnosis, IDO activity was
significantly elevated in those who later progressed to tubercu-
losis (median, 0.35; IQR, 0.29-0.60), compared with controls
at the corresponding visit, visit 2 (0.17; 0.12-0.23; P < .001).
IDO activity declined in all patients with tuberculosis after
tuberculosis treatment to levels comparable to those in controls
at visit 4 (median, 0.20 [IQR, 0.16-0.28] vs 0.17 [0.13-0.23];

Table 1.
Controls

Demographic Characteristics of Patients With Tuberculosis and

Patients, No. (%)°

Tuberculosis ~ Controls ~ Pneumonia P

Demographic Data (n=32) (n=70) (n=37) Value®
Female sex 22 (69) 52 (74) 32 (86) .19
Age, mean (SD), y 38 (8) 37 (6) 38 (8) 48
Mode of tuberculosis diagnosis

Microscopy or culture 18 (56)

Clinical symptoms and 14 (44)

chest radiography only
Tuberculosis site or type

Pulmonary 31 (97)

Extrapulmonary 1(3)

Multidrug resistant 2 (6)

Abbreviation: SD, standard deviation.
“Data represent No. (%) of patients except where otherwise specified (for age)

°Pvalues were determined with X? test for sex and with 1-way analysis of variance for age.

P > .05). Results were due to a combination of increased Kyn
and decreased Trp levels and were less marked with use of either
analyte alone (data not shown).

At the time of tuberculosis diagnosis, patients with tubercu-
losis had a median 12-fold [IQR, 9-20-fold] increase in IDO
activity from baseline, whereas controls had median 2-fold
[IQR, 1-4-fold] change over the entire study period (Figure 1D
and 1E). Six months before tuberculosis diagnosis, patients
who later progressed to active tuberculosis had a median 4-fold
(IQR, 2.5-4.6-fold) increase in IDO activity compared with
their baseline value, indicating that IDO activity increased
>6 months before tuberculosis diagnosis. There was no differ-
ence in median IDO activity between patients with laborato-
ry-confirmed tuberculosis and those with clinical tuberculosis
(1.35 [IQR, 0.99-1.67] vs 1.34 [1.22-1.58]; P = .73; Figure 2).

PlasmaIndoleamine 2, 3-Dioxygenase Activity in Human Immunodeficiency
Virus-Infected Patients With Pneumonia

To determine whether plasma IDO activity could discrimi-
nate between active tuberculosis and other causes of lung dis-
ease, we evaluated 37 patients who presented with pneumonia
(Figure 3). The median plasma IDO activity in patients with
pneumonia was 0.50 (IQR, 0.35-0.60), intermediate between
that for patients with tuberculosis (median, 1.35; IQR, 1.15-
1.60) and controls (0.16; 0.14-0.30).

Diagnostic Significance of Plasma Indoleamine 2, 3-Dioxygenase Activity
We evaluated different cutoffs to determine sensitivity, spec-
ificity, PPV, and NPV, and we performed receiver operating
characteristic analysis. We used both laboratory-confirmed
and clinical tuberculosis at the time of tuberculosis diagnosis as
true-positives (n = 32). Controls at all time points, patients with
pneumonia, and patients with tuberculosis (at time points other
than tuberculosis diagnosis or 6 months earlier) were used as
true-negatives (n = 377). At a cutoff of 0.80, IDO activity had
a sensitivity of 97% (confidence interval, 83%-99%), a speci-
ficity of 99% (96%-99%), a PPV of 89%, and an NPV of 100%
for detecting active tuberculosis (AUC, 0.99; P = .001; Table 3,
Figure 4, and Supplementary Table S1). Comparing patients
with tuberculosis alone as true-positives (n = 32) with patients
with pneumonia alone as true-negatives (n = 37), the sensitiv-
ity, specificity, PPV, and NPV were 97%, 89%, 100%, and 97%,
respectively, at the same cutoff (AUC, 0.98; Supplementary
Table S2)

Prognostic Significance of Plasma Indoleamine 2, 3-Dioxygenase Activity
in Human Immunodeficiency Virus-Infected Patients

We determined the prognostic significance of IDO activity to
diagnose or predict active tuberculosis 6 months before tuber-
culosis diagnosis in HIV-infected patients. We used patients with
laboratory-confirmed or clinical tuberculosis at 6 months before
and at the time of tuberculosis diagnosis as true-positives (n = 59).
As true-negatives, we used controls at all time points, patients
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Table 2. Comparison of BMI, CD4 Cell Count, CRP Level, and HIV Viral Load in Patients and Controls

Time of Tuberculosis Diagnosis,

Baseline, Median (IQR)* Median (IQR)*
Patients With
Variable Patients With Tuberculosis Controls (Visit 1) PValue® Tuberculosis Controls (Visit 3) PValue®
BMI, kg/m? 23 (20-27) 26 (23-30) .03° 22 (16-27) 25 (16-31) .03°
CD4 cell count, cells/mL 329 (240-403) 372 (273-511) .067 249 (211-401) 417 (300-593) .01°
CRP mg/L 6 (1-15) 3(1-11) FS8) 9 (2-14) 5 (1-10) .03°
HIV viral load, copies/mL 21 289 (49-41 870) 15681 (49-8338) .01° 5368 (101-49 022) 525 (49-6813) .01°
Patients receiving ART, 8/32 (25) 21/70 (30) .64° 16/32 (50) 28/70 (40) 39¢

No. (%)

Abbreviations: ART, antiretroviral therapy; BMI, body mass index; CRR, C-reactive protein; HIV, human immunodeficiency virus; IQR, interquartile range.

“Data represent median value (IQR) except where otherwise specified.

°Pvalues were determined using Mann-Whitney tests, except where otherwise noted.
“Significant at P < .05.

9P values for proportion receiving ART were determined using Fisher exact tests.

with pneumonia, and patients with tuberculosis at time points
other than diagnosis or 6 months earlier (n = 377). At cutoff of
0.80, IDO activity had a sensitivity, specificity, PPV, and NPV of
61%, 99%, 90%, and 94%, respectively, in predicting progress to
active tuberculosis within 6 months (AUC, 0.92; Supplementary
Table S3 and Figure 4). Using the same cutoff but excluding
patients at the time point of active tuberculosis, this analysis gives
a sensitivity, specificity, PPV, and NPV of 21%, 100%, 100%, and
87%, respectively (AUC, 0.93; Supplementary Table S4).

No Correlation Between Plasma Indoleamine 2, 3-Dioxygenase Activity
and Other Clinical Parameters

IDO activity showed no significant correlation with CD4 cell
count, viral load, or CRP level in patients with tuberculosis
(at baseline or at diagnosis) or controls (at baseline or visit
3) (data not shown). We evaluated the diagnostic significance
of CRP for diagnosing active tuberculosis disease. Again we
merged bacteriologically confirmed and clinical tuberculosis
at the time of tuberculosis diagnosis as true-positives (n = 32).
We used all controls at all time points, patients with pneumo-
nia, and patients with tuberculosis (at time points other than
tuberculosis diagnosis or 6 months earlier) as true-negatives
(n = 368). At a cutoff of 8.0, CRP values had a sensitivity, spec-
ificity, PPV, and NPV of 60%, 56%, 27%, and 93%, respectively,
for indicating active tuberculosis in HIV infection (AUC, 0.56;
Supplementary Table S4 and Supplementary Figure S1).

DISCUSSION

We report a striking association between increased IDO activ-
ity and active tuberculosis disease among persons with HIV.
Studies have proposed elevated IDO activity as prognostic in
tuberculosis disease; however, no reports have discussed its
diagnostic significance in HIV-infected patients. We assessed
the diagnostic potential of elevated IDO activity in a longitudi-
nal HIV-infected cohort followed up from 12 months before to
12 months after tuberculosis diagnosis.

In controls (all HIV infected), followed up for >2 years, the
median IDO activity was 0.16, ranging 2-fold from baseline.
At tuberculosis diagnosis, the median IDO activity was 1.35,
which was 12-fold different from baseline. IDO activity was
mildly elevated with pneumonia but of lower magnitude than
in tuberculosis disease. Our findings are consistent with the
available literature [15, 16, 18] and may be linked to the immu-
nosuppressive roles of IDO [13]. IDO activity changes were
due to increased product (Kyn) and decreased substrate (Trp)
concentrations, but neither Kyn nor Trp levels alone had high
diagnostic potential. Enzyme activity may not be detected with
molecular, proteomic, or genomic analysis, which may explain
why certain prior studies have not identified IDO as a candidate
biomarker [5]. Weiner et al [17], however, also detected elevated
Kyn and decreased Trp levels using metabolic profiling of >400
small molecules [17].

Compared with patients with pneumonia, those with tuber-
culosis had about a 4-fold increase in plasma IDO activity, con-
sistent with findings in HIV-negative individuals [15, 16]. IDO
activity, using a cutoff of 0.80, correctly classified all but 4 of
37 pneumonia cases as “not tuberculosis”; 1 of the 4 cases pro-
gressed to active tuberculosis within 6 months.

We determined diagnostic sensitivity, specificity, PPV and
NPV. We merged patients with laboratory-confirmed or clinical
tuberculosis as true-positives and used patients with pneumo-
nia, controls at all time points, and patients with tuberculosis
at time points other than tuberculosis diagnosis (excluding
6 months before tuberculosis diagnosis) as true-negatives. IDO
activity had a sensitivity, specificity, PPV, and NPV of 97%, 99%,
89%, and 100%. It performed excellently for both ruling in and
ruling out active tuberculosis. Sputum microscopy and culture
have relatively low sensitivity and specificity in HIV-infected
individuals [20].

IDO activity showed no difference between bacteriologically
proven and clinical tuberculosis, nor between pulmonary and
extrapulmonary tuberculosis, although our sample size was
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Figure 1.

Time point (months)

A, B, Plasma indoleamine 2, 3-dioxygenase (IDO) activity in patients with human immunodeficiency virus (HIV) infection in whom active tuberculosis disease

developed (A) and in HIV-infected controls (B). IDO activity showed elevation from 6 months before tuberculosis diagnosis (-6 mo). At the time of tuberculosis diagnosis
(TBdx), all patients with tuberculosis had IDO activity value >0.80 (red dotted line), compared with 1.5% of controls. Kyn, kynurening; Trp, tryptophan; V1 (etc), visit 1 (etc).
C, Plasma IDO activity as a measure of Kyn/Trp ratio in HIV-infected patients with tuberculosis compared with HIV-infected controls. IDO activity was significantly elevated
both at tuberculosis diagnosis and 6 months earlier. [, £, Plasma IDQ activity plotted as fold change in patients with tuberculosis (D) and controls (£), showing median and
interquartile ranges at each time point (lower and upper portions of boxes represent 25th and 75th percentiles, respectively; horizontal lines within box plots, medians). P
values were determined using Kruskal-Wallis tests with Dunn posttests. For patients with tuberculosis, there were 25, 26, 32, 27, and 21 patients, respectively, at the 5 time

points shown; for controls, 55, 62, 70, 59, and 33 patients, respectively.

small. Our results suggest that IDO activity may be useful for
indicating the presence or absence of active tuberculosis disease
in either site [21]. Unlike interferon y release assays, however,
IDO activity seems to discriminate between active tuberculosis
disease and latent or cured infection. Our data demonstrating
IDO activity elevation in certain patients even 6 months before

diagnosis suggest that, as a screening tool, IDO activity, with a
cutoft of >0.8, could identify 1 in 5 patients (21%) who would
progress to active disease within 6 months, decreasing morbid
effects and transmission risk.

IDO activity declined in all patients with tuberculosis
within 6 months to levels comparable to those in controls,
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Figure 2. Plasma indoleamine 2, 3-dioxygenase (IDO) activity in patients with

laboratory-confirmed (n = 18) or clinical (n = 14) tuberculosis. There was no dif-
ference in IDO activity dependent on mode of tuberculosis diagnosis. P values
were determined using Mann-Whitney tests. Medians and interquartile ranges are
shown. Kyn, kynurenine; TB, tuberculosis; Trp, tryptophan.

consistent with the literature [18]. Administration of ART
may also decrease IDO [22] but would probably not explain
the difference between our 2 groups, because both were
receiving ART. Plasma IDO activity may perhaps be used to
monitor tuberculosis treatment. Our patients had no relapses
with which to assess successful versus unsuccessful treatment.
Currently, tuberculosis treatment response is monitored by
sputum or culture conversion at 2 months. Smear microscopy
is insensitive, is nonspecific for M. tuberculosis, and does not
identify viable bacilli [23]. M. tuberculosis culture is time-con-
suming and reliant on sputum quality and quantity. IDO activ-
ity offers potential to monitor treatment response because it
is determined with a blood-based rather than sputum-based
test and declines in response to treatment. This aspect requires
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Figure 3. Plasma indoleamine 2, 3-dioxygenase (IDO) activity human immunode-

ficiency virus (HIV)—infected controls (n = 70), HIV-infected patients with pneumonia
(n =37), and HIV-infected patients with active tuberculosis (n = 32). Patients with
active tuberculosis had significantly higher IDO values than patients with pneumo-
nia. At a cutoff of 0.80, IDO activity classified all but 4 pneumonia cases as “not
tuberculosis.” The red dot indicates a patient in whom pneumonia was first diag-
nosed and who later progressed to active tuberculosis disease within 6 months.
Medians and interquartile ranges are shown. P values were determined using
Kruskal-Wallis tests with Dunn posttests.

follow-up studies of larger cohorts, including patients with
treatment failure.

We found that patients who progressed to active tubercu-
losis disease had metabolic changes even at baseline. Patients
with tuberculosis had significantly lower BMI and higher viral
loads than controls at baseline, despite no significant difference
in CD4 cell counts or CRP levels. At diagnosis, they had lower
BMI and CD4 cell counts with higher viral loads and CRP levels
than controls, consistent with other reports [24-26]. Metabolic
changes in HIV infection are predictors of early wasting and
progression to AIDS [27].

Consistent with several studies [28, 29], patients with pneu-
monia or active tuberculosis had elevated CRP levels. CRP lev-
els were not significantly higher in patients with tuberculosis
than in those with pneumonia. CRP did not perform as well as
IDO activity as a marker of active tuberculosis disease. Many
potential tuberculosis biomarkers are indicators of infection and
immune activation rather than specific for tuberculosis. Further
research is needed to evaluate IDO activity in conditions clini-
cally resembling tuberculosis, such as sarcoidosis [30].

The current study has particular strengths. Our samples were
from a prospective, longitudinal cohort that evaluated patients
from 12 months before to 12 months after tuberculosis diagnosis.
Both study subjects and controls were HIV infected in a tuberculo-
sis-endemic area. Study limitations include small sample size and
lack of molecular confirmation of tuberculosis cases. UPLC-MS/
MS requires specialized equipment and skills. Enzymatic activity,
however, should be detectable with lower-cost, higher-throughput
methods [31]. It is not clear whether our results apply to HIV-
uninfected or pediatric populations. Utility for diagnosis of dis-
seminated tuberculosis requires evaluation, particularly in patients
with AIDS who have CD4 cell counts <200/pL. Conditions such
as pregnancy and cancer may influence IDO activity, and its inter-
pretation in such patients requires further study.

A validated tuberculosis biomarker would be of great impact
in the fight against tuberculosis. Such a marker could be used
to predict progress to active tuberculosis disease, to indicate
active tuberculosis, and potentially to monitor anti-tuberculo-
sis therapy. Early identification of active tuberculosis disease in
HIV-infected patients could curtail transmission of tuberculo-
sis. Plasma IDO activity shows strong potential advantage over
other proposed biomarkers.

In conclusion, we found that plasma IDO activity, as meas-
ured by Kyn/Trp ratio using UPLC-MS/MS, had excellent valid-
ity in identifying active tuberculosis disease in HIV-infected
adults. Furthermore, IDO activity seems useful for detecting
tuberculosis disease before onset of symptoms.

Supplementary Data

Supplementary materials are available at Clinical Infectious Diseases online.
Consisting of data provided by the authors to benefit the reader, the posted
materials are not copyedited and are the sole responsibility of the authors,
so questions or comments should be addressed to the corresponding author.
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ease in patients with human immunodeficiency virus (HIV) infection. A, Using a cutoff of 0.80, plasma IDO activity had a diagnostic sensitivity of 97.0% (confidence interval,
83%—99%) and a specificity of 98.9% (96%—99%; Supplementary Table S1). B, For predicting active tuberculosis disease within 6 months, using the same cutoff, IDO activity
had a sensitivity of 61% (confidence interval, 42%—68%) and a specificity of 99% (97%—99%; Supplementary Table S3). Patients with active tuberculosis were combined
with those who went on to develop tuberculosis because pragmatically the whole group could potentially benefit from antituberculosis therapy. (For similar analysis excluding
time of tuberculosis diagnosis, see Supplementary Table S4.) AUC, area under the curve; TB, tuberculosis.
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