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Active tuberculosis (aTB) remains a major killer from infectious disease, partially due to
delayed diagnosis and hence treatment. Classical microbiological methods are slow and
lack sensitivity, molecular techniques are costly and often unavailable. Moreover, available
immuno-diagnostic tests lack sensitivity and do not differentiate between aTB and latent
TB infection (LTBI). Here, we evaluated the performance of the combined measurement of
different chemokines/cytokines induced by two different stage-specific mycobacterial
antigens, Early-secreted-antigenic target-6 (ESAT-6) and Heparin-binding-
haemagglutinin (HBHA), after a short in vitro incubation of either peripheral blood
mononuclear cells (PBMC) or whole blood (WB). Blood samples were collected from a
training cohort comprising 22 aTB patients, 22 LTBI subjects and 17 non-infected
controls. The concentrations of 13 cytokines were measured in the supernatants.
Random forest analysis identified the best markers to differentiate M. tuberculosis-
infected from non-infected subjects, and the most appropriate markers to differentiate
aTB from LTBI. Logistic regression defined predictive abilities of selected combinations of
cytokines, first on the training and then on a validation cohort (17 aTB, 27 LTBI, 25
controls). Combining HBHA- and ESAT-6-induced IFN-g concentrations produced by
PBMC was optimal to differentiate infected from non-infected individuals in the training
cohort (100% correct classification), but 2/16 (13%) patients with aTB were misclassified
in the validation cohort. ESAT-6-induced-IP-10 combined with HBHA-induced-IFN-g
org March 2022 | Volume 13 | Article 8426041
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concentrations was selected to differentiate aTB from LTBI, and correctly classified 82%/
77% of infected subjects as aTB or LTBI in the training/validation cohorts, respectively.
Results obtained on WB also selected ESAT-6- and HBHA-induced IFN-g concentrations
to provided discrimination between infected and non-infected subjects (89%/90% correct
classification in the training/validation cohorts). Further identification of aTB patients
among infected subjects was best achieved by combining ESAT-6-induced IP-10 with
HBHA-induced IL-2 and GM-CSF. Among infected subjects, 90%/93% of the aTB
patients were correctly identified in the training/validation cohorts. We therefore
propose a two steps strategy performed on 1 mL WB for a rapid identification of
patients with aTB. After elimination of most non-infected subjects by combining ESAT-
6 and HBHA-induced IFN-g, the combination of IP-10, IL-2 and GM-CSF released by
either ESAT-6 or HBHA correctly identifies most patients with aTB.
Keywords: active tuberculosis, ESAT-6, HBHA, IFN-g, IL-2, GM-CSF, IP-10
INTRODUCTION

Tuberculosis (TB) remains a leading cause of death in the world,
responsible for high morbidity and mortality worldwide with about
10 million new cases in 2020 and 1.5 million deaths (1). Diagnosis
and hence appropriate treatment are often delayed due to the wide
spectrum of clinical manifestations of active TB (aTB) and to the
non-availability of sensitive and specific tests providing a rapid and
accurate diagnosis (2, 3). In addition to classical clinical
manifestations of aTB, this disease may occur as subclinical TB
without suggestive symptoms, or as extrapulmonary TB often
pauci-symptomatic in immunocompromised individuals, so that
diagnosis strictly based on clinical signs or symptoms is illusive (2).
The classical diagnostic method remains the identification of M.
tuberculosis by direct smear microscopy or by culture that are both
low in sensitivity and/or slow. Early diagnosis of infectious cases by
sputum microscopy is only possible in approximately 50% of cases.
Moreover, people with subclinical TB may likely be missed if TB
culture is not performed and this is often the case in asymptomatic
individuals. Molecular techniques such as GeneXpert are more
sensitive but they are costly and often unavailable in primary-
care settings.

Immuno-diagnosis was therefore identified as a promising
approach for diagnosis of aTB. However, the commercially
available tests, the interferon-g-release assays (IGRA), based on
the release of IFN-g by blood cells in response to their in vitro
stimulation withmycobacterial peptides corresponding to antigens
encoded in the genomic region of difference (RD)-1 (the early-
secreted-antigenic-target-6 (ESAT-6), and the culture-filtrate-
protein-10 (CFP-10)), have a relatively high false negative rate in
patients with aTB (4–6). In addition, these IGRAs, initially
developed to diagnose latent TB infection (LTBI), are positive
both in LTBI and in patients with aTB (7). The differential
diagnosis of LTBI and aTB is therefore not possible with
commercial IGRAs. New generation IGRAs were developped to
improve the diagnosis of aTB. They are based either on recent
studies indicating that the M. tuberculosis specific CD8+ T cell
responses are positively correlatedwith the bacterial loadand recent
org 2
exposure toM. tuberculosis for theQuantiFERON-TBGoldPlus, or
by inclusion of L-alanine dehydrogenase as an additional antigen
for the LIOFeron TB/LTBI (8, 9). The added value of these
improvements for the diagnosis of aTB and its differential
diagnosis with LTBI was however not confirmed until now (8).

Therefore, several studies aimed to identify other proteins from
M. tuberculosis as potential candidates to distinguish aTB from
LTBI and theyoften also extend the cytokinemeasurements beyond
IFN-g to improve differential diagnosis. These studies generallyfirst
identifymarkers ofM. tuberculosis infection, before applyingone or
several biomarkers to differentiate aTB from LTBI. Among the
numerous proteins evaluated, the mycobacterial heparin-binding
haemagglutinin (HBHA, Rv0475) appears as one of the most
promising antigens to differentiate LTBI from aTB, but only few
studies assessed HBHA-induced cytokines other than IFN-g (10–
12). In contrast, the potential added value of various cytokines
induced by the peptides of the commercial IGRAs has been
investigated, but with conflicting outcomes, as highlighted by a
recent meta-analysis (13).

We previously reported on a combined HBHA- and ESAT-6-
IGRA performed on either peripheral blood mononuclear cells
(PBMC) or whole blood (WB) to diagnose LTBI and to partially
differentiate LTBI from aTB (14–16). Even though this combined
IGRA provided a better discrimination between LTBI and aTB
than any other available in vitro test, it remained imperfect. In
this study, we therefore measured cytokines/chemokines other
than IFN-g released in response to HBHA and to ESAT-6 and
evaluated the potential added value of a combined analysis of
cytokine/chemokine secretion for the differential diagnosis and
especially for the diagnosis of aTB.
MATERIAL AND METHODS

Ethics Statement
The study protocol P2011/113 was approved by the ethics
committee of ULB-Hôpital Erasme, Brussels, Belgium, and
informed written consent was obtained from all participants.
March 2022 | Volume 13 | Article 842604
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Study Protocol
A panel of 13 different chemokines and cytokines induced by two
different mycobacterial antigens after a short-term in vitro
stimulation of blood cells was measured. Results obtained by
in vitro stimulation of PBMC were analyzed in parallel with those
obtained by stimulating dilutedWB. The two antigens, HBHA and
ESAT-6, were selected as they are secreted at different stages of the
mycobacterial metabolism, in order to cover the whole spectrum of
M. tuberculosis infection (17, 18). A training cohort was constituted
to select themost promising cytokines or chemokines and their best
combination to differentiate infected from non-infected subjects
and then to identify patients with aTB among infected individuals.
The accuracy of the selected combinationswas further evaluated on
samples from an independent validation cohort.

The Training and the Validation Cohorts
To ensure the reproducibility of the results and to limit the
influence of a possible inclusion bias, two independent cohorts
were evaluated. The training or discovery cohort comprised 61
individuals prospectively enrolled as being potentially M.
tuberculosis infected (LTBI or aTB) or not (non-infected
controls). For most of them (n=51), residual supernatants from
stimulated PBMC or WB used in a previous study were used
(16). Ten additional individuals (six controls, three LTBI, one
aTB) were newly included. Samples from this cohort allowed us
to identify the most suitable markers to first differentiate infected
from non-infected subjects and then to differentiate aTB from
LTBI subjects. These findings were then confirmed in a
validation cohort that was independent from the training
cohort and comprised 69 subjects included in a previous study
(16). Residual supernatants from this cohort were used to
confirm the diagnostic performance of the best combinations
of markers identified on the training cohort (Table 1).

For both cohorts, the individuals were classified in three
different groups, non-infected controls, LTBI subjects and
patients with aTB, based on classical criteria as reported (19).
Briefly, both non-infected controls and LTBI subjects were
Frontiers in Immunology | www.frontiersin.org 3
healthy with a negative or positive (induration size of 10 mm
in case of risk factor and of 15 mm for the others) tuberculin skin
test (TST) respectively. LTBI subjects also had a chest radiograph
with no signs of aTB infection. Active TB diagnosis was based on
microbiological proof for most patients, comprising both
pulmonary and extrapulmonary aTB (Table 1). Based on these
criteria, the training cohort comprised 17 non-infected controls,
22 LTBI subjects and 22 aTB patients, whereas the validation
cohort comprised 25 non-infected controls, 27 LTBI subjects and
17 aTB patients. The main demographic data of the subjects
included in this study for the two cohorts are reported in Table 1.
Differences between the median ages and the sex ratios of the
individuals included in the two cohorts were minor (Table 1).
The proportion of subjects originating from endemic countries
was lower for controls than for infected individuals (p ≤ 0.05)
and was the most elevated among aTB patients (Table 1).

Induction of Chemokine and
Cytokine Secretions
PBMC and diluted WB were in vitro stimulated as reported
elsewhere (16, 19). Briefly, 1.106 PBMC, suspended in 500 ml
culture medium (RPMI with 1 ng/ml IL-7), or 250 ml WB diluted
1:1 in IL-7-enriched-AIMV medium, were incubated during
24hrs at 37°C (5% CO2) with HBHA purified from
Mycobacterium bovis BCG as described (20) (1 mg for PBMC
and 2 mg for WB) or with recombinant ESAT-6 (2.5 mg) provided
by Lionex (Diagnostics & Therapeutics GmbH, Braunschweig,
Germany), before supernatant collection. Cells incubated in
antigen-free medium and incubated with staphylococcal
enterotoxin B (SEB, Sigma-Aldrich, Bornem, Belgium; 0.5 and
1 mg/ml for the PBMC and diluted WB stimulation, respectively)
served as negative and positive controls, respectively.

Chemokine and Cytokine Concentration
Measurements
The concentrations of 13 chemokines or cytokines were measured
by multiparameter-based immunoassays (Milliplex human
TABLE 1 | Demographic and clinical data from the training and validation cohorts.

aTB patients LTBI individuals Non-infected controls

Training cohort Validation cohort Training cohort Validation cohort Training cohort Validation cohort

N 22 17 22 27 17 25
Median age (range) (yrs) 33 (19-60) 40 (18-63) 31 (21-64) 49° (19-64) 35 (21-60) 43 (21-61)
Male (no. [%]) 16* (73) 9** (56) 8 (36) 12 (44) 10 (59) 5°° (20)
Ethnic origin (no. [%])
Caucasian 8 [36] 3 [18] 13 [59] 19 [59] 16 [94] 24 [96]
North African 6 [27] 7 [41] 3 [14] 6 [19] 1 [6] 1 [4]
Sub-Saharan African 6 [27] 6 [35] 4 [18] 6 [19] 0 [0] 0
Other 2 [9] 1 [6] 2 [9] 1 [3] 0 [0] 0

Clinical data
Pulmonary TB (no. [%]) 14 [64] 12 [71] NA NA NA NA
Extrapulmonary TB (no. [%]) 8 [36] 5 [29] NA NA NA NA
Positive sputum smear/culture/PCR (no. [%]) 19 [86] 16 [94] NA NA NA NA
Marc
h 2022 | Volume 1
N, number; LTBI, Latent Tuberculosis Infection; aTB, active Tuberculosis; NA, not applicable.
°p=0.0014 vs LTBI subjects from the training cohort; *p=0.0329 versus LTBI subjects from the same cohort; **p=0.0229 versus controls from the same cohort °°p=0.0202 vs CTRL
subjects from the training cohort.
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cytokine/chemokine kits-Merck, Belgium) according to the
manufacturer’s instructions: granulocyte macrophage colony-
stimulation factor (GM-CSF), Growth related oncogene (GRO),
IFN-g, interleukin (IL)-1b, IL-2, IL-6, IL-8, IL-10, IL-17A, IFN-g-
induced protein 10 (IP-10), Macrophage inflammatory protein
(MIP)-1a, soluble CD40 ligand (sCD40L), and Tumor necrosis
factor-alpha (TNF-a). Culture supernatants were diluted using
dilution factors specific to each analyte in order to obtain
concentrations within an interpretable range. Results were
analysed with a Bio-Plex® MAGPIX™ Multiplex reader, Bio-Plex
Manager™MPSoftware andBio-PlexManager 6.1 Software (BIO-
RAD laboratories,NazarethEke,Belgium). If detectable, the analyte
concentrations obtained in the antigen-free conditions were
subtracted from those obtained with antigen stimulation. To
allow statistical analyses with continuous variables, the
concentrations below the detection limit were allocated the
arbitrary value of half of the threshold of detection, whilst results
exceeding the assay’s upper limit of detection were attributed the
concentration corresponding to this limit. The laboratory scientist
performing the sample analysiswas blinded to the clinical andother
laboratory data.

Statistical Analysis
Differences in the concentrations of chemokines/cytokines between
groups of subjects were analysed using the Mann-Whitney U test.
The diagnostic abilities of individual parameters were first assessed
by receiver operator characteristics (ROC) curve analysis and the
areas under the curve (AUC) were calculated (GraphPad Prism
version 7.03, GraphPad Software, La Jolla California USA, www.
graphpad.com). The hostmarker selectionwas further evaluated by
random forest analysis (randomForest package version 4.6-14) and
thepredictiveabilitiesof combinationsofmarkerswere investigated
by logistic regression using R (R-4.0.3, R Foundation for Statistical
Computing, Vienna, Austria). Results were graphically represented
with the linear predictor of the logistic regression. The tests were
considered statistically significant when the p-value was < 0.05.
RESULTS

Selection of PBMC-Produced Markers to
Identify M. tuberculosis-Infected Subjects
We first investigated the ability of an individual marker, or a
combination of markers, to differentiate M. tuberculosis-infected
from non-infected individuals in the training cohort using
ESAT-6 and HBHA for in vitro stimulation. Cytokine/
chemokine concentrations were generally significantly higher
for infected than non-infected subjects (Supplementary
Table 1). The diagnostic accuracy of each individual marker
was assessed by ROC curve analyses and most AUCs were higher
than 0.7. We then performed random forest analyses including
the 13 analytes secreted in response to ESAT-6 and HBHA to
select the optimal combination to differentiate infected from
non-infected subjects. The best discrimination was obtained by
HBHA-induced IFN-g, GM-CSF and IL-2, combined with
ESAT-6-induced IFN-g and IL-8 (Supplementary Figure 1A).
Frontiers in Immunology | www.frontiersin.org 4
These markers were further evaluated in different
combinations by logistic regression analysis for the training
cohort. This analysis identified the combination of HBHA- and
ESAT-6-induced IFN-g as optimal to differentiate infected from
non-infected subjects with 95% correct classification of the
individuals (Figure 1A). Three non-infected subjects were
misclassified. This combination was further applied on the
validation cohort. In this case, 88% of the subjects were
correctly classified with four controls and four infected subjects
(two LTBI subjects and two patients with aTB) misclassified
(Figures 1B, 2A).

Selection of PBMC-Produced Markers to
Differentiate aTB From LTBI
A second random forest analysis including the same markers was
performed to select the optimal combination to differentiate aTB
fromLTBI in the training cohort. ESAT-6-induced IP-10, IL-8, and
HBHA-induced IP-10, IFN-g, and TNF-a were selected
(Supplementary Figure 1B) and combinations of these
cytokines/chemokines were evaluated by logistic regression
analysis. The most discriminant combination was ESAT-6-
induced IP-10 combined with HBHA-induced IFN-g, which
provided a correct classification of 82% of the individuals: three
LTBI subjects were classified as aTB, whereas five patients with aTB
were classified as LTBI (Figure 3A). The clinical characteristics of
the five aTB patients whoweremisclassified are reported inTable 2
(n°1 ton°5).The accuracyof this combinationwas further evaluated
on the validation cohort. As in the validation cohort, two aTB
patients and two LTBI subjects were misclassified by the first
combination of markers (see Figure 1B), all LTBI and aTB
individuals were included in this analysis. Seventy-four percent of
the infected subjectswere correctly classifiedwithfiveLTBI subjects
classified as aTB and six patients with aTB classified as LTBI
(Figure 3B). The clinical characteristics of the misclassified aTB
are reported inTable 3 (n°1 to 6). Two of themwere alreadymissed
with the initial combination aiming to discard non-infected
controls (n°1 and 2). The five misclassified LTBI subjects were
considered at risk to reactivate the infection based on previously
defined criteria (21) (Figure 3B, open circle).

A good performance of the differential diagnosis between aTB
and LTBI was thus possible in most cases by combining ESAT-6-
induced IP-10 to HBHA-induced IFN-g. However, this
combination did not allow us to identify the two aTB patients
who were initially misclassified as non-infected controls. The
two-steps approach with a first identification of infected subjects,
followed by a differential diagnosis between aTB and LTBI
among infected individuals remains thus recommended as
illustrated in Figure 2, panel A and B respectively. This two-
steps approach resulted for the two cohorts in a correct
identification of 36/38 aTB patients as infected (Figure 2A),
with 27 of them as aTB patients (Figure 2B).

Selection of WB Markers to Identify
M. tuberculosis-Infected Subjects
The same approach was applied for the WB assays. Similar to the
PBMC, cytokine concentrations were generally significantly higher
March 2022 | Volume 13 | Article 842604

http://www.graphpad.com
http://www.graphpad.com
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Dirix et al. Immuno-Diagnosis of Active Tuberculosis
A B

FIGURE 1 | Combination of M. tuberculosis-specific immune markers allowing the distinction between M. tuberculosis-infected versus non-infected subjects in the
PBMC assay. HBHA-IFN-g and ESAT-6-IFN-g were the markers selected by logistic regression analysis to be combined for the PBMC-based assay to discriminate
M. tuberculosis-infected from non-infected subjects. Patients with aTB are indicated by open triangles. Results are represented with their linear predictor for the
validation (A) and training (B) cohorts. The horizontal lines represent the medians and the dotted lines arbitrary cut-offs.
A

B

FIGURE 2 | Two-step algorithm for the identification of aTB and LTBI among M. tuberculosis-infected subjects by using a combination of cytokines/chemokines
induced by two stage-specific mycobacterial antigens in a PBMC- and WB-based assays. (A) M. tuberculosis-infected subjects, including aTB patients as well
as LTBI subjects, were discriminated from non-infected subjects by using a combination of HBHA-IFN-g and ESAT-6-IFN-g in a PBMC- (left panel) and a WB-
based assay (right panel) in a training (1.) and a validation cohort (2.). The numbers of well-classified subjects are indicated, as well as their percentages. (B)
Patients with aTB were discriminated from LTBI subjects by using a combination of HBHA-IFN-g and ESAT-6-IP-10 in a PBMC-based assay (left panel) or of
HBHA-IL2, HBHA-GM-CSF and ESAT-6-IP-10 in a WB-based assay (right panel) in a training (1.) and a validation cohort (2.). Only the M. tuberculosis-infected
subjects well-classified in (A) were taken into account for this discrimination between aTB and LTBI. The numbers of well-classified subjects are indicated, as
well as their percentages.
Frontiers in Immunology | www.frontiersin.org March 2022 | Volume 13 | Article 8426045
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FIGURE 3 | Combination of M. tuberculosis-specific immune markers allowing the distinction between LTBI and aTB in the PBMC assay. HBHA-IFN-g and ESAT-6-
IP-10 were the markers selected by logistic regression analysis to be combined for the PBMC-based assay to discriminate aTB from LTBI. Patients with aTB are
indicated by open triangles and LTBI subjects at risk to reactivate the infection by open circles. Results are represented with their linear predictor for the validation (A)
and training (B) cohorts. The horizontal lines represent the medians and the dotted lines arbitrary cut-offs.
TABLE 2 | Demographic and clinical data of the misclassified aTB patients from the training cohort.

Patient
number

Tuberculosis
type

Age
(years)

Sex Country
of origin

Time since
arrival in
Belgium

TB risk factors Sputum
smear

Mtb
culture

Chest
Xray

1 P 30 F Morocco 7 years Travels in endemic countries Positive Positive Cavitation
2 P 33 M Belgium 1 year Prisoner in high-endemic country, Past-TB Unknown Positive Suspected

infiltrates
3 EP

lymphadenitis
36 F Morocco Unknown Contact with TB index case Negative Negative Normal

4 P 64 M Romania 6 months Contact with TB index case, illegal, alcoholism, tobacco Positive Positive Cavitation
5 EP meningitis 19 M Morocco Unknown Unknown Negative Negative Normal
6 EP

spondylodiscitis
30 F Ivory

Coast
5 years Pregnancy Negative Positive Normal

7 EP Pleural 24 F Italia-
Morocco

4 years Multiple sclerosis, diabetes, immunosuppressive
treatment, contact with TB index case, travels to
Marocco

Negative Positive Pleural
effusion
Frontiers in
 Immunology | w
ww.fronti
ersin.o
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Mtb, M. tuberculosis; P, pulmonary; EP, extrapulmonary.
TABLE 3 | Demographic and clinical data of the misclassified aTB patients from the validation cohort.

Patient
number

Tuberculosis
type

Age
(years)

Sex Country of
origin

Time since arrival
in Belgium

TB risk factors Sputum
smear

Mtb
culture

Chest Xray

1 P 52 M Pakistan Unknown Diabetes, homeless Positive Positive Cavitations
2 P 35 M Rwanda 22 years Homeless, alcoholism,

tobacco, denutrition
Positive Positive* Cavitation and infiltrates

3 EP
lymphadenitis

36 F Morocco Unknown Past-LTBI (1994) unknown Positive Normal

4 P 43 M Morocco Unknown Travels in endemic countries Positive Positive Cavitation and infiltrates
5 P 63 M Morocco Unknown Travels in endemic countries Positive Positive* Cavitation
6 P 45 M Poland Unknown Homeless, Alcoholic

hepatitis/Acute cirrhosis
unknown Positive Bilateral nodules

7 P 45 M Romania 1 year and 7
months

Alcoholism Positive Positive* Infiltrate

8 P 46 M Cameroun Unknown Unknown unknown Positive Pulmonary condensation,
mediastinal adenopathies
Mtb, M. tuberculosis; P, pulmonary; EP, extrapulmonary; * positive polymerase chain reaction.
icle 842604
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in infected than in non-infected individuals. ROC curves analyses
differentiated infected from non-infected subjects with AUCs
generally higher than 0.7 (Supplementary Table 2). Random
forest analyses of the 13 analytes secreted in response to ESAT-6
and HBHA classified HBHA-induced IL-2, TNF-a and IFN-g,
together with ESAT-6-induced IL-8, TNF-a, IP-10 and IFN-g as
the optimal markers (Supplementary Figure 1C).

Logistic regression analysis on the results obtained for the
training cohort identified three promising combinations of
markers to be used to rule-out infection: HBHA- and ESAT-6-
induced IFN-g, HBHA- and ESAT-6-induced TNF-a, HBHA-
induced IL-2 and ESAT-6-induced TNF-a . The first
combination provided the best results on both cohorts. Eighty-
nine percent and 90% of the subjects were correctly classified as
infected or not in the training and validation cohorts,
respectively (Figures 4A, B). Five controls and two aTB were
misclassified in the training cohort as well as one control, three
LTBI and three aTB in the validation cohort (Figures 2A, 3A, B).
Three misclassified controls and two misclassified aTB patients
with the WB assay were also misclassified in the PBMC assay.
The clinical characteristics of the misclassified aTB patients are
provided in Table 2 (n°5 and n°6) for the training cohort and in
Table 3 (n°1, n°2 and n°7) for the validation cohort.

Selection of WB Markers to Differentiate
aTB From LTBI
A second Random forest analysis was performed to identify the
best markers to differentiate aTB from LTBI in the training
cohort. All infected individuals were included in this analysis as a
few patients with aTB were not identified as infected by the
previous combination. ESAT-6-induced IP-10, and HBHA-
induced IL-8, IL-2 and GM-CSF were identified as the best
markers to differentiate aTB from LTBI (Supplementary
Figure 1D). The optimal combination provided by further
Frontiers in Immunology | www.frontiersin.org 7
logistic regression was ESAT-6-induced IP-10 combined with
HBHA-induced IL-2 and GM-CSF, which allowed us to correctly
classify 82% of the subjects (Figure 5A). Among the misclassified
subjects, only two were aTB patients (Table 2, n°4 and n°7),
while the other six were LTBI subjects.

In the validation cohort, this combination correctly classified
75% of the subjects (Figure 5B). As for the training cohort, only
two aTB patients were misclassified (Table 3, n°1 and n°8),
whereas the other nine misclassified subjects were LTBI subjects.

Good differential diagnosis between aTB and LTBI was thus
possible in most cases by combining ESAT-6-induced IP-10 to
HBHA-induced IL-2 and GM-CSF. However, this combination
did not allow us to identify all the aTB patients who were initially
misclassified as non-infected controls. Applying the two-steps
approach to first identify infected subjects and then to identify
aTB patients among infected individuals resulted globally for the
two cohorts in a correct identification of 31/34 aTB patients.

This combination misclassified several LTBI subjects but
most of them (11/15) were considered as being at risk to
reactivate their infection.
DISCUSSION

TB control could be significantly improved if simple and rapid
triage or rule-out tests were available to first exclude non-
infected subjects and then differentiate as much as possible
aTB from LTBI. The development of triage tests designed for
use by first-contact health care providers as a rule-out test of TB
was reported by the World Health Organization as a high
priority need for TB control (22). This strategy would limit the
number of individuals requiring a confirmatory test. High
sensitivity is needed for this approach to avoid missing
patients with aTB. In contrast, the specificity of this triage test
A B

FIGURE 4 | Combination of M. tuberculosis-specific immune markers allowing the distinction between M. tuberculosis-infected versus non-infected subjects in the
WB assay. HBHA-IFN-g and ESAT-6-IFN-g were the markers selected by logistic regression analysis to be combined for the WB-based assay to discriminate M.
tuberculosis-infected from non-infected subjects. Patients with aTB are indicated by open triangles. Results are represented with their linear predictor for the
validation (A) and training (B) cohorts. The horizontal lines represent the medians and the dotted lines arbitrary cut-offs.
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approach may be lower, as the patients initially selected by the
triage test will benefit from more in-depth evaluation of their
status. Blood-based immunological tests might be appropriate as
triage tests. We previously reported that secretion of IFN-g by
PBMC or WB in response to in vitro stimulation with HBHA is a
biomarker for LTBI contrasting with ESAT-6-induced IFN-g
secretion that is more characteristic of aTB (14, 15). Therefore,
we suggested that combining IFN-g secretion in response to
HBHA and to ESAT-6 would help to differentiate LTBI from
aTB and allows to stratify LTBI subjects in different groups
associated with risks of reactivation of the infection (16, 21). In
this study, we evaluated combinations of cytokines/chemokines
released in response to these two antigens for improved
identification of aTB patients, which could then be proposed as
a triage test to select patients likely presenting aTB for further
investigations to confirm the diagnosis. We propose a two-step
approach consisting of first identifying infected subjects and then
differentiating aTB from LTBI among infected individuals.
Aiming to provide an easy test, we searched for optimal
cytokine/chemokine combinations secreted by 24 hours-
stimulated WB. However, this approach might not be sensitive
enough for patients with lymphopenia or important
inflammatory syndrome associated with high levels of plasma
proteins that could inhibit cellular immune responses. It might
also not be suitable for frozen material. We therefore also
evaluated optimal cytokine/chemokine combinations secreted
after 24 hours of in vitro-stimulated PBMC.

Among the 13 measured cytokines/chemokines secreted in
response to HBHA and ESAT-6 and their various combinations
to identifyM. tuberculosis-infected patients, the best results were
obtained both on WB and on PBMC by combining IFN-g
concentrations secreted in response to HBHA and to ESAT-6,
as previously shown (15, 16). This approach allowed us to
discard for further analysis most non-infected controls, 82%/
Frontiers in Immunology | www.frontiersin.org 8
71% in the training cohort and 84%/96% in the validation cohort,
in the PBMC and WB assays, respectively. Misclassified controls
were most often doubtful rather than being clearly positive. In
addition, among the 10 misclassified controls in the PBMC and/
or WB assay for both cohorts, five were health care workers
potentially exposed to aTB patients, and four reported frequent
travel to high TB endemic countries. Although these individuals
were classified as non-infected, based on a negative TST result as
recommended in Belgium (23), we cannot formally exclude that
they developed immune responses to mycobacterial antigens as a
consequence of exposure to M tuberculosis. They represented a
minority of the enrolled controls that should benefit from further
investigation (medical visit, chest radiograph, eventually
followed by microbiological analysis of sputum samples) to
exclude an ongoing M. tuberculosis infection. On the other
hand, most infected individuals and especially most aTB
patients were correctly identified and were selected for further
investigations (100%/91% and 88%/82% in the training cohort in
the validation cohort, in the PBMC andWB assays, respectively).
Among the five misclassified aTB patients either in the PBMC or
the WB assay in both cohorts, two had extra-pulmonary TB (one
meningitis and one spondylodiscitis in a pregnant women) with
obvious symptoms, while the other three had symptomatic
pulmonary TB with severe denutrit ion and serious
abnormalities on chest radiographs (Tables 2 and 3).

As a second step, we searched for the best combination of
cytokines/chemokines secreted by the two stage-specific
mycobacterial antigens to allow us to identify patients with aTB
among infected individuals. Results were slightly different between
the PBMC and WB assays. For PBMC stimulation, the best
combination was HBHA-induced IFN-g and ESAT-6-induced
IP-10 that allowed us to correctly identify 77% and 71% of aTB
patients in the training and validation cohorts, respectively. The
interest of ESAT-6-induced IP-10 for diagnosis ofM. tuberculosis
A B

FIGURE 5 | Combination of M. tuberculosis-specific immune markers allowing the distinction between LTBI and aTB in the WB assay. HBHA-IL2, HBHA-GM-CSF
and ESAT-6-IP-10 were the host markers selected by logistic regression analysis to be combined for the WB-based assay to discriminate aTB from LTBI. Patients
with aTB are indicated by open triangles and LTBI subjects at risk to reactivate the infection by open circles. Results are represented with their linear predictor for the
validation (A) and training (B) cohorts. The horizontal lines represent the medians and the dotted lines arbitrary cut-offs.
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infection was previously reported but with little added value
compared to IFN-g, except for patients with immune
deficiencies (24). ESAT-6-induced IP-10 was not reported to
provide differential diagnosis between aTB and LTBI. However,
we show here that, when combined with HBHA-induced IFN-g, it
improves the differentiation between aTB and LTBI. This
differentiation allowed us to identify ¾ of the patients with aTB,
which is an improvement over previous studies. In addition, most
misclassified aTB patients were shown to be infected in the first
stage analysis and will therefore receive clinical attention.

Globally, eight LTBI subjects were misclassified as aTB. Seven
of them were considered in a previous study as being at risk to
reactivate their infection, based on their high ESAT-6-induced
IFN-g secretion (21). Latency is considered as a spectrum of
different stages of activity of persistent mycobacteria, from totally
quiescent to persistently multiplying (17, 18). This latter stage is
the highest risk stage and therefore may not be possible to be
differentiated from subclinical TB using immunological
biomarkers. We may therefore hypothesize that these 8/49
misclassified LTBI subjects might have subclinical TB.
Therefore, these individuals should be prioritized for more
extensive evaluation for a possible aTB.

For WB stimulation, the best discrimination between aTB and
LTBI was obtained by combining HBHA-induced IL-2 and GM-
CSF with ESAT-6-induced IP-10. This allowed us to identify 90%
and 93% of the aTB patients among infected individuals from the
training and validation cohorts, respectively. The main advantages
of the WB assay are the relatively small blood volume required
(feasible on1mLWB) andeasiness toperform.The good sensitivity
should allow us to propose these tests as a triage test for aTB as the
recommended sensitivity is to be at least 90% (22), and should help
to limit the number of individuals who require confirmatory tests.
One third of the LTBI subjectsweremisclassified andwould require
the confirmatory test. However, as for LTBI subjects misclassified
with the PBMC assay, most of them were considered at risk to
reactivate the infection and should therefore be prioritized for
further evaluation of their status.

The sensitivities achievedwith these combinations are similar to
those reported in a few other studies aiming to define combinations
of biomarkers that provide diagnostic test accuracy consistent with
WHO specifications for a rule-out test for aTB. These studies that
were recently summarized (25), are based on combinations of
various serum markers, mostly cytokines/chemokines (26–28),
sometimes combined with antibodies against a TB antigen to
raise the specificity for TB (29). We chose in our study to
measure cytokines/chemokines released in response to
mycobacterial antigens to increase the specificity for TB. A few
studies already addressed this question by measuring chemokines/
cytokines induced by the peptides from the QuantiFERON, with
different marker selections among the studies (13). Our results are
difficult to compare to these studies, as we selected combinations of
chemokines/cytokines induced by two different stage-specific
mycobacterial antigens, ESAT-6 and HBHA, in order to cover a
wide range of the M. tuberculosis metabolism. ESAT-6 is highly
expressed during bacterialmultiplication, whileHBHA is a latency-
associated antigen,whose gene is upregulated inhypoxic conditions
Frontiers in Immunology | www.frontiersin.org 9
and in cells harboringM. tuberculosis during latency (30–32). Not
surprisingly, the selected combinations to differentiate aTB from
LTBI were different between the PBMC and WB assays, since
during acute inflammation plasma proteins may modify cellular
immune responses.

Strengths of our study are that the biomarkers identified in
the training cohort were validated in an independent validation
cohort, both for the PBMC and the WB assays, and that these
biomarkers are easy to measure in most laboratories. In addition,
as blood and not sputum-based biomarkers, they are suitable to
identify both pulmonary and extra-pulmonary TB who were
both included in our cohorts. A limitation of this study results
from the relatively low numbers of individuals in each cohort
and from the heterogeneity of the cohorts that comprised both
patients with pulmonary and extra-pulmonary TB. Moreover, we
did not include in our cohorts TB-like diseases, which may
perhaps represent more relevant negative controls for the
evaluation of biomarkers to diagnose aTB. Inclusion of TB-like
diseases was unfortunately not possible, because no screening for
LTBI is performed in these patients in Belgium so that correct
classification of these patients would have been difficult.

Based on the results of this pilot study performed in a low TB
incidence country, we propose a two-steps algorithm to identify
patients who are highly suspected to present aTB and should be
further investigated (Figure 2). This algorithm warrants further
evaluation on larger cohorts of subjects both in low and high TB
endemic countries to confirm its robustness as triage test for aTB.
Albeit not as simple as recommended to be a point of care test
(22), it has the advantage of being relatively easy to perform on
small blood volumes, to provide acceptable identification of aTB
patients, and to be less expensive than systems biology
approaches that have identified diagnostic signatures to
discriminate aTB from LTBI (33, 34).
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