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Abstract: None of the currently used diagnostic tools are efficient enough in diagnosing Mycobac-
terium tuberculosis (M.tb) infection in children. The study was aimed to identify cytokine biosigna-
tures characterizing active and latent tuberculosis (TB) in children. Using a multiplex bead-based
technology, we analyzed the levels of 53 Th17-related cytokines and inflammatory mediators in
sera from 216 BCG-vaccinated children diagnosed with active TB (TB) or latent TB (LTBI) as well as
uninfected controls (HC). Children with active TB, compared to HC children, showed reduced serum
levels of IL-17A, MMP-2, OPN, PTX-3, and markedly elevated concentrations of APRIL/TNFSF13.
IL-21, sCD40L, MMP-2, and IL-8 were significantly differentially expressed in the comparisons
between groups: (1) HC versus TB and LTBI (jointly), and (2) TB versus LTBI. The panel consisting
of APRIL/TNFSF13, sCD30/TNFRSF8, IFN-α2, IFN-γ, IL-2, sIL-6Rα, IL-8, IL-11, IL-29/IFN-λ1,
LIGHT/TNFSF14, MMP-1, MMP-2, MMP-3, osteocalcin, osteopontin, TSLP, and TWEAK/TNFSF12
possessed a discriminatory potential for the differentiation between TB and LTBI children. Serum-
based host biosignatures carry the potential to aid the diagnosis of childhood M.tb infections. The
proposed panels of markers allow distinguishing not only children infected with M.tb from uninfected
individuals but also children with active TB from those with latent TB.
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1. Introduction

Tuberculosis (TB) caused by Mycobacterium tuberculosis (M.tb) remains a global health
emergency with 10 million new cases and 1.5 million deaths annually. As estimated, almost
30% of the world population is latently infected with M.tb, among whom in approximately
5–10% active TB disease develops. Children belong to the group of individuals highly
susceptible to TB. Epidemiological data show that the risk of developing active TB in
children ranges from 20% to 40% and is the highest among children below 5 years of age.

TB still remains a serious diagnostic challenge and many pediatric TB cases remain
undetected. None of the currently available microbiological, serologic, or molecular tests
designed for the diagnosis of active TB are good enough for clinical use in children. Col-
lecting an adequate sample for microbiological diagnosis presents difficulties, particularly
for small children, who cannot produce a good sputum specimen. Mycobacterial culture,
the gold standard for the confirmation of TB in adults, often fails due to the paucibacillary
nature of the disease. Although serum-based antibody assays offer advantages of easy spec-
imen collection and rapidity, none of the serologic tests are sensitive and specific enough
for clinical use. Molecular methods (i.e., panels of molecular markers) showed variable
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sensitivity and specificity in different studies. Therefore, in low TB incidence countries,
the diagnosis of pediatric TB is based on non-specific clinical symptoms, the presence of
suggestive abnormal radiological features, a positive tuberculin skin test (TST) result, and
the history of M.tb exposure [1]. These criteria have a limited application in TB endemic
regions, because most individuals become TST-positive during childhood or adolescence.
According to the current WHO guidelines, all children under 5 years of age who were
in close contact with an infectious TB case should be actively screened for infection, and
after the exclusion of active disease, they should receive preventive chemotherapy. The
implementation of chemoprophylaxis to a child with active TB is a serious error, which
leads to failure of the treatment and an increased risk of the emergence of drug-resistant
strains [1].

The diagnosis of latent M. tb infection (LTBI) in pediatric patients may also be difficult.
Two currently available methods for diagnosis of LTBI include the tuberculin skin test (TST)
and the interferon-gamma (IFN-γ) release assay (IGRA). The TST, which measures the
delayed-type hypersensitivity (DTH) to intradermally injected purified protein derivative
(PPD) of M. tb, is characterized by variable sensitivity and specificity depending on the
cut-off value used. The method was found to have poor specificity and accuracy due to the
cross-reactivity with antigens present in other mycobacterial species, including the M. bovis
Bacillus Calmette–Guerin (BCG) vaccine strain. Moreover, there is accumulating evidence
that human genetics play an important role in the development of DTH to PPD [2–4].
Interferon-γ release assays, which measure the release of IFN-γ in whole blood samples
following in vitro stimulation with M.tb-specific antigens, i.e., early secreted antigenic
target-6 (ESAT-6), culture filtrate protein 10 (CFP-10), and TB7.7, are recommended as an
alternative to the TST. The overall agreement between the IGRA and the TST was found to
be between 55% and 95%, depending on age and previous BCG vaccination [5–7]. Although
the IGRA has higher specificity than the TST and correlates better with the intensity of
contact with infectious TB in children, neither of the tests is able to differentiate between
active and latent TB [8]. Interestingly, various reports suggest the limited usefulness of the
IGRA in children under 5 years of age due to common indeterminate responses [9]. The
consequences of missed diagnosis are severe, as untreated children have a high probability
of developing active TB, usually within two years after the infection or immediately
thereafter. There is a high diversity of the clinical presentation of TB making it difficult to
pose the correct diagnosis [10]. At the same time, there is a false expectation and practice
to accurately extrapolate the diagnostic tests designed for adults to children. This is caused
by the lack of a deep understanding of differences in both the clinical symptoms and the
general course of the disease between these two age groups. Hence, there is a need to
create new, fast techniques focused on childhood TB.

A great facilitation in diagnostics may be the development of a panel of measurable
biological indicators called biomarkers, whose presence or specific concentration indicates
the body’s physiological condition, ongoing disease process, or response to implemented
treatment [11]. The need for TB biomarkers arises, in part, from the difficulties with TB
diagnosis in children; therefore, the analysis of biomarkers seems to be a convenient, sensi-
tive, and non-invasive method of diagnosis. The commonly used biomarkers in adult TB
include, among others, transcriptional and metabolic patterns, elements of the mycobacte-
rial cell wall or secretory proteins of mycobacteria, as well as cytokines, chemokines, and
other mediators of inflammatory processes.

The aim of the present study was to ascertain whether blood-based host biosignatures
possessing a potential in the diagnosis of adult TB could be used in childhood TB. Using
a multiplex cytokine bead-based technology, we analyzed the levels of 53 Th17-related
cytokines and inflammatory mediators in sera from 216 BCG-vaccinated Polish children
diagnosed with active TB or latent TB as well as uninfected controls to identify biosignatures
characterizing childhood active and latent M.tb infections.
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2. Results
2.1. Basic Characteristics of the Study Group

The baseline demographic information for children included in the study is shown in
Table 1. The clinical cohort comprised 216 children divided into 3 groups: children with active
TB (TB; n = 15) and healthy children with no signs or symptoms of any pulmonary diseases,
with latent M.tb infection (LTBI; n = 50) or excluded latent M.tb infection (HC; n = 151). All
children were HIV-negative and BCG-vaccinated as infants, in accordance with the national
vaccination program. None of the individuals had evidence of being treated with steroids or
other immunosuppressive or anti-tubercular drugs at the time of blood sampling.

Table 1. General information for studied groups.

Parameter
Groups

TB LTBI HC

N 15 50 151

Sex M/F 5/10 24/26 89/62

Ethnicity Caucasian Caucasian Caucasian

Age
median 15 8 7
range 1–17 1–17 1–17

years (IQR) 11–16 5–12 3–11

BCG vaccination 100% 100% 100%

QFT result, N (%)
positive 12 (80%) 50 (100%) 0 (0%)
negative 3 (20%) 0 (0%) 151 (100%)

TST result, N (%)
positive 13 (87%) 44 (88%) 18 (12%)
negative 2 (13%) 6 (12%) 133 (88%)

WBC, Counts/mm3 9770 8130 8550

Neutrophils (%) 60.7 43.8 40.1

Lymphocytes (%) 26.8 42.8 47.4

Monocytes (%) 9.2 7.8 8.1

Eosinophils (%) 2.6 4.9 3.8

Basophils (%) 0.5 0.5 0.6

RBC, Counts/mm3 4,630,000 4,730,000 4,790,000

HGB, g/dL 13.1 13.3 13.2

HCT, % 38.9 39.5 39.2

MCHC, g/dL 33.6 33.8 33.7

PLT, Counts/mm3 348,300 307,800 309,800

Bilirubin (mg/dL) 0.3 0.4 0.3

ALT (U/L) 12.1 19.7 15.6

AST (U/L) 18.9 25.7 27.5

CRP (mg/L) 41.9 0.7 0.8
Abbreviations: ALT—alanine aminotransferase; AST—aspartate aminotransferase; BCG—Bacille Calmette–
Guerin; CRP—c-reactive protein; HC—M.tb-uninfected healthy controls; HCT—hematocrit; HGB—hemoglobin;
LTBI—latently M.tb-infected individuals; MCHC—mean corpuscular hemoglobin concentration; PLT—platelets;
RBC—red blood cells; QFT—QuantiFERON TB Gold test; TB—active tuberculosis patients; TST—tuberculin skin
test; WBC—white blood cells.

There were no differences between the studied groups regarding the sex or BCG
vaccination rates. The median age of the TB children (Me 15, IQR (11, 16)) was significantly
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higher than that of the LTBI (Me 8; IQR (5, 12)) or HC (Me 7; IQR (3, 11)) groups (p < 0.05).
In all TB patients, Mycobacteria Growth Indicator Tube (MGIT) cultures were positive and
speciated for M.tb. A positive QFT result was observed in 80% of TB patients, all LTBI
individuals, and none of the HC children. TST was positive in 87%, 88%, and 12% of TB,
LTBI, and HC subjects, respectively. There were no differences in the median values of
WBC, RBC, PLT counts and other hematological parameters between the studied groups
(Table 1). The bilirubin, ALT and AST levels did not differ significantly between the groups,
but the median CRP concentration was significantly higher in the TB patients than in the
LTBI or HC groups (p < 0.05) (Table 1).

2.2. Identification of Differentially Expressed Th17-Related Cytokines and Inflammatory Mediators
in the Study Groups

We compared the median concentrations of studied cytokines and chemokines in the
sera from the TB, LTBI and HC children (Table S1). The median concentrations of IL-17A
in the sera from the TB and LTBI participants were significantly lower than in the HC
individuals. In contrast, the concentrations of IL-1β and IL-23 differed depending on the
stage of M.tb infection. The levels of these two cytokines were significantly lower in the
LTBI than in the HC individuals. However, the concentration of IL-1β and IL-23 in the sera
from the TB children did not differ significantly from that detected in the sera from the HC
children. The median levels of MMP-2, OPN and PTX-3 were significantly lower in the
sera from the TB children compared to the LTBI or HC groups, whereas the concentration
of APRIL/TNFSF13 was significantly higher in the TB group in comparison with the LTBI
or HC individuals.

In the first linear model-based comparison, we evaluated the differences between the
concentrations of proteins in the sera of (1) HC versus TB and LTBI (jointly) and (2) TB
versus LTBI. With the aim of significance testing, we utilized an ANOVA approach with
2df. We found that the levels of IL-21 and sCD40L were significantly higher (false discovery
rate (FDR) <0.05) in the infected individuals (jointly TB and LTBI) than in the HC group.
At the same time, the concentrations of IL-21 and sCD40L were significantly higher in the
TB than in the LTBI individuals. In the second linear model-based comparison, we tested
all three pairwise differences between the study groups (and applied an ANOVA based
3df approach for testing). As above, we concluded that only IL-21 and sCD40L remained
significantly differentially expressed under FDR of 0.05. The results of linear models are
presented in Table 2 and Table S2. Subsequently, we conducted identical analyses for the
corresponding panel of inflammatory mediators. We concluded that the MMP-2 and IL-8
remained significant in each of the two comparisons—with (1) the MMP-2 having highest
concentration in the HC and the lowest in the TB group and (2) the IL-8 having lower
expression in the HC and the highest in the TB individuals. The results are summarized in
Table 2 and Table S2.
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Table 2. The results of a linear model-based approach where two differences are tested between HC and TB and LTBI
(jointly), and between TB and LTBI.

Proteins

Coefficients

p Value
Adjusted
p ValueHC vs.

TB and LTBI (Jointly) TB vs. LTBI

Th-17-Related Cytokines

IL-21 −1.83 × 102 −1.09 × 102 <0.001 <0.001

sCD40L −3.33 × 103 6.92 × 102 0.003 0.025

IL-10 38.3 −8.04 0.034 0.173

IL-6 −2.67 × 102 −1.07 × 102 0.052 0.196

IL-31 1.09 × 103 5.58 × 102 0.148 0.444

IL-17A 60.6 −4.14 0.177 0.444

IL-23 1.15 × 103 −7.61 × 102 0.253 0.543

TNF-α 3.59 × 102 −42.5 0.349 0.640

IL-33 3.67 × 102 −30.0 0.427 0.640

Inflammatory markers

MMP-2 4.42 × 103 −1.31 × 103 <0.001 0.003

IL-8 −1.31 × 103 9.64 × 102 0.003 0.057

sCD163 −4.48 × 1010 4.48 × 1010 0.012 0.151

LIGHT/TNFSF14 −33.7 28.8 0.028 0.261

IL-34 −3.35 −0.513 0.044 0.326

chitinase 3-like 1 −1.37 × 103 3.57 × 102 0.056 0.350

sTNF-R1 −4.84 × 102 1.06 × 102 0.075 0.401

IL-12 (p70) −1.93 1.87 0.111 0.455

IFN-γ 14.5 −5.05 0.117 0.455

OPN −94.5 −2.49 × 103 0.123 0.455

Abbreviations: HC—M.tb-uninfected healthy controls; LTBI—latently M.tb-infected individuals; TB—active tuberculosis patients.

2.3. Discriminative Biomarker Potential by Receiver Operating Characteristic (ROC) Analysis

The ROC analysis was performed to indicate the proteins with the expression levels
most discriminative for the TB, LTBI, and HC groups. The multiclass AUC was calculated as
proposed by Hand et al. with the aid of the pROC package in R [12]. Among the proteins,
MMP-2 showed the highest area under the ROC curve (AUC), namely, 0.758 in a 3-group
comparison and 0.848, 0.721 and 0.701 for HC versus TB, HC versus LTBI and LTBI versus TB
comparisons, respectively. The AUCs of the other three proteins—BAFF/TNFSF13B, OPN, and
LIGHT/TNFSF14 were also significantly higher than a random assignment, 0.700, 0.675, and
0.674, respectively. The highest AUC values for TB vs LTBI differentiation were observed for
OPN (AUC = 0.744), BAFF/TNFSF13B (AUC = 0.727), and MMP-2 (AUC = 0.701). In HC vs.
TB discrimination the highest AUC values were found in the case of MMP-2 (AUC = 0.848) and
BAFF/TNFSF13B (AUC = 0.809), whereas in HC vs. LTBI discrimination the highest AUCs
were observed for IL-34 (AUC = 0.722) and MMP-2 (AUC = 0.721) (Table 3).
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Table 3. Results of the ROC curve analyses of studied proteins.

Protein

Comparisons

3-Class
AUC

2-Class
AUC

HC vs. TB HC vs. LTBI LTBI vs. TB

Th-17-related cytokines

IL-1β 0.554 0.562 0.570 0.530

IL-4 0.570 0.524 0.603 0.583

IL-6 0.556 0.594 0.530 0.544

IL-10 0.614 0.668 0.479 0.694

IL-17A 0.611 0.647 0.567 0.620

IL-17F 0.517 0.453 0.564 0.534

IL-21 0.580 0.632 0.655 0.453

IL-22 0.502 0.484 0.510 0.512

IL-23 0.608 0.658 0.649 0.518

IL-25 0.530 0.422 0.531 0.638

IL-31 0.536 0.545 0.447 0.618

IL-33 0.524 0.538 0.548 0.486

IFN-γ 0.559 0.584 0.534 0.558

sCD40L 0.615 0.676 0.605 0.565

TNF-α 0.563 0.587 0.505 0.598

Inflammatory mediators

APRIL/TNFSF13 0.519 0.529 0.516 0.512

BAFF/TNFSF13B 0.700 0.809 0.562 0.727

sCD30/TNFRSF8 0.526 0.609 0.421 0.546

sCD163 0.580 0.555 0.563 0.620

chitinase 3-like 1 0.661 0.722 0.637 0.623

gp130/sIL-6Rβ 0.369 0.298 0.419 0.388

IFN-α2 0.511 0.523 0.451 0.556

IFN-β 0.541 0.536 0.526 0.559

IFN-γ 0.580 0.654 0.621 0.463

IL-2 0.518 0.522 0.536 0.494

sIL-6Rα 0.454 0.429 0.506 0.424

IL-8 0.661 0.761 0.521 0.700

IL-10 0.524 0.471 0.540 0.559

IL-11 0.383 0.320 0.442 0.387

IL-12 (p40) 0.506 0.505 0.529 0.483

IL-12 (p70) 0.567 0.530 0.577 0.591

IL-19 0.473 0.458 0.482 0.479

IL-20 0.563 0.603 0.509 0.576

IL-22 0.522 0.530 0.531 0.504

IL-26 0.505 0.507 0.489 0.519
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Table 3. Cont.

Protein

Comparisons

3-Class
AUC

2-Class
AUC

HC vs. TB HC vs. LTBI LTBI vs. TB

IL-27 0.558 0.578 0.513 0.582

IL-28A/IFN-λ2 0.530 0.546 0.497 0.544

IL-29/IFN-λ1 0.529 0.470 0.590 0.526

IL-32 0.581 0.552 0.577 0.613

IL-34 0.636 0.580 0.722 0.603

IL-35 0.570 0.570 0.600 0.539

LIGHT/TNFSF14 0.674 0.736 0.661 0.626

MMP-1 0.527 0.541 0.516 0.522

MMP-2 0.758 0.848 0.721 0.701

MMP-3 0.532 0.558 0.466 0.570

Osteocalcin 0.404 0.355 0.444 0.412

OPN 0.675 0.738 0.543 0.744

PTX-3 0.539 0.664 0.565 0.387

sTNF-R1 0.588 0.619 0.620 0.524

sTNF-R2 0.606 0.692 0.480 0.645

TSLP 0.484 0.472 0.483 0.495

TWEAK/TNFSF12 0.536 0.685 0.544 0.378
Abbreviations: HC—M.tb-uninfected healthy controls; LTBI—latently M.tb-infected individuals; TB—active
tuberculosis patients.

2.4. Identification of the Cytokine Biosignature for Discriminating between Different Status of
M.tb Infection

Using the elastic-net logistic regression model, we identified several proteins with
sufficient discriminative power between the two studied groups. The serum biosignature
consisting of APRIL/TNFSF13, sCD30/TNFRSF8, IFN-α2, IFN-γ, IL-2, sIL-6Rα, IL-8, IL-11,
IL-29/IFN-λ1, LIGHT/TNFSF14, MMP-1, MMP-2, MMP-3, osteocalcin, osteopontin, TSLP,
and TWEAK/TNFSF12 remained informative of the TB versus LTBI comparison under
the 5-fold cross-validation procedure (Table 4). In parallel, in the 5-fold cross-validation
analysis between the HC versus LTBI groups, we identified the panel of 15 proteins (IL-
6, APRIL/TNFSF13, sCD30/TNFRSF8, gp130/sIL-6β, IL-2, sIL-6Rα, IL-8, IL-29/IFNλ1,
IL-35, MMP-2, MMP-3, OPN, PTX-3, sTNF-R2, TWEAK/TNFSF12), while between the
HC versus TB groups, 16 proteins (APRIL/TNFSF13, sCD30/TNFRSF8, chitinase 3-like 1,
sIL-6Rα, IL-8, IL-11, IL-12(p70), IL-19, IL-28A/IFN-λ2, LIGHT/TNFSF14, MMP-1, MMP-2,
MMP-3, OPN, PTX-3, TWEAK/TNFSF12) with the best discriminating potential (Table 4).
Additionally, we performed an analysis using an elastic-net multinomial model to compare
the three groups in a single model. In consequence, we identified a set of (1) nine predictors
informative for the TB group, (2) seven predictors informative for the LTBI group, and
(3) thirteen predictors informative for the HC group under the 5-fold cross validation
approach. The results are summarized in the Table S3. Interestingly, only sIL-6Rα was
informative for all three groups.
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Table 4. The results of 3 elastic-net logistic regression models. The coefficients represent relative
differences in serum expression of respective proteins between the studied groups (under the optimal
lambda parameter for the penalty function). The most informative set of markers was chosen based
on the 5-fold cross-validation approach. The dashes correspond to non-informative predictors.

Proteins HC vs. LTBI HC vs. TB TB vs. LTBI

Th17-related cytokines

IL-1β - - -

IL-4 - - -

IL-6 3.87 × 10−4 - -

IL-10 - - -

IL-17A - - -

IL-17F - - -

IL-21 - - -

IL-22 - - -

IL-23 - - -

IL-25 - - -

IL-31 - - -

IL-33 - - -

IFN-γ - - -

sCD40L - - -

TNF-α - - -

Inflammatory mediators

April/TNFSF13 9.43 × 10−7 5.90 × 10−6 1.81 × 10−6

BAFF/TNFSF13B - - -

sCD30/TNFRSF8 −7.60 × 10−4 −1.36 × 10−3 −1.07 × 10−3

sCD163 - - -

chitinase 3-like 1 - 5.41 × 10−4 -

Gp130/sIL-6Rbeta 3.67 × 10−5 - -

IFN-α2 - - −1.45 × 10−1

IFN-γ - - −9.30 × 10−3

IL-2 −3.24 × 10−4 - 1.52 × 10−4

sIL-6Rα 4.41 × 10−5 −4.18 × 10−4 −3.25 × 10−4

IL-8 2.94 × 10−4 1.60 × 10−4 2.41 × 10−4

IL-10 - - -

IL-11 - −1.13 × 10−2 −3.68 × 10−3

IL-12 (p40) - - -

IL-12 (p70) - −4.71 -

IL-19 - −1.05 × 10−1 -

IL-27 - - -

IL-28A/IFNλ2 - −1.45 × 10−4 -

IL-29/IFNλ1 2.18 × 10−2 - −3.50 × 10−2

IL-32 - - -
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Table 4. Cont.

Proteins HC vs. LTBI HC vs. TB TB vs. LTBI

IL-34 - - -

IL-35 4.26 × 10−3 - -

LIGHT/TNFSF14 - 6.50 × 10−2 7.13 × 10−3

MMP-1 - 7.36 × 10−5 6.44 × 10−5

MMP-2 −1.51 × 10−4 −4.09 × 10−4 −3.55 × 10−4

MMP-3 −8.31 × 10−5 3.72 × 10−3 4.46 × 10−3

osteocalcin - - 6.23 × 10−7

OPN 6.75 × 10−5 −5.10 × 10−4 −5.81 × 10−5

PTX-3 −2.44 × 10−4 −1.44 × 10−4 -

sTNFR1 - - -

sTNFR2 −1.70 × 10−4 - -

TSLP - - −1.28 × 10−2

TWEAK/TNFSF12 −1.93 × 10−3 −1.37 × 10−2 −6.15 × 10−3

Abbreviations: HC—M.tb-uninfected healthy controls; LTBI—latently M.tb-infected individuals; TB—active
tuberculosis patients.

2.5. Discriminative Biomarker Profiles in Children with a Positive (TST-Positive) or Negative
(TST-Negative) Skin Test Reaction to Tuberculin

We noted that there was a significant difference between the studied groups in the
median TST size. At the same time, it must be stressed that there was also a significant
difference in the variance of the TST size between the studied groups as tested by the
Fligner–Killeen test (p = 0.044), which is presented in Figure 1. The analyses of Th-17-
related cytokines levels in the sera from TB, LTBI, and HC children with a positive or
negative skin reaction to tuberculin showed that the level of TNF-α was significantly
higher in the TST-negative individuals compared to the TST-positive children. On the
contrary, a significantly lower sCD40L concentration in the sera from the TST-negative in
comparison with the TST-positive was noticed in TB patient group (Table S4). The serum
levels of the other Th-17-related cytokines between the TST-positive and TST-negative
children were comparable. The median concentrations of IFN-α2, IL-12 (p40), IL-22, IL-
28A/IFN-λ2, PTX-3, and TSLP were significantly higher in the sera from the TST-negative
than TST-positive children from the LTBI group (Table S4).

We further aimed to find the most informative markers of the TST size regardless
of the study group using the elastic-net linear model approach. Interestingly, we found
(1) five Th17 associated markers (IL-4, IL-6, IL-31, sCD40L and TNF-α) and (2) twelve
inflammation associated proteins (APRIL/TNFSF13, sCD30/TNFRSF8, gp130/sIL-6Rβ,
IL-8, IL-10, IL-29/IFN-λ1, IL-35, LIGHT/TNFSF14, MMP-2, Osteopontin, sTNF-R2 and
TWEAK/TNFSF12) that are informative of the TST size in the 5-fold cross-validation
procedure. The results are summarized in Table 5.
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Table 5. The results of the elastic-net linear regression model. The coefficients represent association
between the serum expression of respective proteins and TST (under the optimal lambda parameter
for the penalty function). The most informative set of markers was chosen based on the 5-fold
cross-validation approach. The blank spaces correspond to non-informative predictors.

Th17-Related
Cytokines Coefficient Inflammatory

Mediators Coefficient

IL-1β - April/TNFSF13 1.37 × 10−7

IL-4 −3.21 × 10−5 BAFF/TNFSF13B -

IL-6 2.68 × 10−4 sCD30/TNFRSF8 −6.09 × 10−4

IL-10 - sCD163 -

IL-17A - chitinase 3-like 1 -

IL-17F - gp130/sIL-6Rβ −3.57 × 10−6

IL-21 - IFN-α2 -

IL-22 - IFN-γ -

IL-23 - IL-2 -

IL-25 - sIL-6Rα -

IL-31 −1.57 × 10−5 IL-8 3.22 × 10−5

IL-33 - IL-10 1.02 × 10−3

IFN-γ - IL-11 -

sCD40L 3.11 × 10−6 IL-12 (p40) -

TNF-α −9.67 × 10−5 IL-12 (p70) -
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Table 5. Cont.

Th17-Related
Cytokines Coefficient Inflammatory

Mediators Coefficient

IL-19 -

IL-27 -

IL-28A/IFNλ2 -

IL-29/IFNλ1 6.86 × 10−4

IL-32 -

IL-34 -

IL-35 1.68 × 10−3

LIGHT/TNFSF14 1.29 × 10−4

MMP-1 -

MMP-2 −7.76 × 10−5

MMP-3 -

osteocalcin -

OPN 7.65 × 10−6

PTX-3 -

sTNFR1 -

sTNFR2 −1.77 × 10−4

TSLP -

TWEAK/TNFSF12 −6.58 × 10−4

Abbreviations: HC—M.tb-uninfected healthy controls; LTBI—latently M.tb-infected individuals; TB—active
tuberculosis patients.

3. Discussion

The lack of the gold standard for the diagnosis of M.tb infection in children reflects the
spurious knowledge on the molecular background of childhood TB, as well as justifies the
intensive research on its diagnostic and predictive indicators. The detection of biomarkers
in serum or plasma, an alternative to sputum clinical specimens, is thought to be an
effective auxiliary method of TB diagnosis in that high-risk group. However, very few
studies have been conducted in young children, and increased efforts should be made to
develop an accurate and practical biomarker for childhood TB.

In addressing the need for better diagnostic tests allowing the differentiation of differ-
ent stages of M.tb infection in children, the main aim of the study was to select biomarkers of
anti-TB protective immunity versus TB disease in children among 53 biological molecules—
Th17-related cytokines and inflammatory mediators, whose role in M.tb infections has
already been suggested. We performed a prospective study in the cohort of 216 BCG-
vaccinated Polish children and applied a multiplex quantification approach to compare
the serum expression level in uninfected healthy individuals with patients with active
TB or M.tb latently infected subjects. Using the linear ANOVA approach with 2df, we
found that four markers—IL-21, sCD40L, IL-8, and MMP-2 were significantly differentially
expressed (under FDR of 0.05) in the comparisons between the HC and jointly analyzed
TB and LTBI groups as well as between the TB and LTBI subjects, which confirmed the
potential utility of these proteins in distinguishing the state of M.tb infection from the
uninfected condition and active from latent TB in children. IL-21 is produced primarily
by CD4+ cells and acts on a broad range of immune cells including B and T cells, natural
killer cells, dendritic cells, macrophages, and epithelial cells [13]. This cytokine is a critical
regulator of immunoglobulin production by B cells and a T cell co-mitogen involved in the
expansion of CD8+ T cells. On the other hand, IL-21 also has inhibitory effects on immune
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responses resulting from the induction of IL-10 by T and B cells and B cell apoptosis. IL-21
together with CD40L induces human B cells to produce IL-10 in memory B cells that have
undergone immunoglobulin class switching [14]. IL-10 producing regulatory B10 cells ex-
press granzyme B, which degrades the T-cell receptor ζ-chain and limits T-cell proliferation
and thus may have a potential for the suppression of immune responses [15]. The elevated
serum sCD40L observed in children from the TB group may be also considered to con-
tribute to immunosuppression of adaptive responses. In HIV infection, elevated sCD40L
induced immunosuppression by Th17 regulatory T cell expansion [16]. In patients with
pancreatic ductal adenocarcinoma, over-expression of circulating sCD40L was found to be
correlated with enhanced immunosuppressive cytokine production and a high serum level
of IL-8 [17]. In TB children, coexistence of increased sCD40L levels and overproduction of
IL-8 was observed. Increased levels of IL-8 and other biomarkers associated with systemic
inflammation were demonstrated in plasma from pleural TB patients, whereas pulmonary
TB patients without effusions had higher levels of proteins involved in cell mediated
immunity, namely, sCD40L and IL-12p40 [18]. Interestingly, our results argue in favor of
a role of sCD40L in the occurrence of DTH to tuberculin. A significantly higher sCD40L
concentration in the sera from the TST-positive in comparison with the TST-negative TB
children was noticed (Table S4).

Protective immunity to M.tb depends firmly on Th17-associated cytokines, mediating
both antibacterial and pro-inflammatory host defense mechanisms. They are involved in the
processes of activation and recruitment of neutrophils, macrophages, and Th1 lymphocytes
into the site of infection, contributing to the delimitation of the damaged area in the lung
tissue and the inhibition of M.tb growth [19,20]. We found that the children from the TB
and LTBI groups manifested reduced serum levels of IL-17A compared to the HC children.
It is possible that the genetic variant of the down-regulated IL-17A expression represents
an above-average susceptibility to M.tb infection. This cytokine plays a role in immunity to
intracellular bacteria [21] and is critical for the enhancement of memory responses against
these pathogen [22]. A vaccine-induced protection with the BCG vaccine requires the local
recruitment of IL-17A-producing T cells [23]. In line with our observations are the results
of the meta-analysis by Li et al. on the production of IL-17 in infants or children vaccinated
with BCG. The authors indicated that IL-17 levels produced by CD4+ in response to M.tb
antigens stimulation were lower in pulmonary TB cases compared to healthy controls and
healthy tuberculin reactors [24]. Moreover, Kumar et al. showed that pediatric TB was
characterized by diminished type Th1, Th2, and Th17 cytokine responses, suggesting a
crucial role for these cytokines in the protection against M.tb infection [25]. Interestingly,
a reduced level of blood IL-17 producing cells was detected also in adult TB [26–28]. At
the same time, Heidarnezhad et al. found a lower expression of IL-17 and IL-23 mRNA
and a lower level of IL-17 producing CD4+ T cells in adults with active TB [28]. On the
contrary, some studies reported similar or even elevated plasma levels of Th17-related
cytokines in childhood TB [29,30]. Moreover, elevated plasma IL-17 levels, decreasing
significantly after TB treatment and smear conversion, were found also in adult pulmonary
TB patients [31,32]. Such discrepancies in reported findings may result from heterogeneity
of study groups inclusion criteria, age of the patients studied, genetic differences in patient
populations, as well as differences in TB disease severity.

Host inflammatory proteins involved in the regulation of diverse immune mechanisms
have been shown to possess a variable potential in the diagnosis of TB in children and
adults [11,33–35]. One of the most extensively studied non-cytokine markers is matrix
metalloproteinases (MMPs), zinc-containing proteases capable of degrading components
of pulmonary extracellular matrix [36]. There is growing evidence that the balance existing
between different MMPs with similar substrate affinity as well as between MMPs and their
inhibitors (TIMPs) may be an important immunoregulatory mechanism in the pathogenesis
of TB [37]. Levels of different MMPs have been shown to alternate in the peripheral blood
and at the site of infection in both adult and pediatric TB, but their diagnostic significance
is still undefined [29,38–40]. In our study, serum levels of MMP-2, a 72 kDa type IV
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collagenase, were significantly lower in the TB children compared to the LTBI or HC
individuals. Among the studied proteins, MMP-2 had the highest discriminative potential
shown on the basis of the area under the ROC curve (AUC) in both 3-group and 2-group
comparisons as well as the cross-validation based elastic-net feature selection. There are
several reports on the role of MMP-2 in TB, but none indicate a diagnostic potential of
the enzyme in pediatric TB [37,41–44]. In a cellular model of TB meningitis, Green et al.
demonstrated that conditioned medium from M.tb-infected primary human monocytes
down-regulated the microglial constitutive MMP-2 gene expression and secretion [37]. On
the other hand, the expression of MMP-2, as well as MMP-1, -3, -9, -12, -13, and -14 was
found to be up-regulated in the lungs of TB-infected rabbits with destructive pathology,
and a recent microarray study carried out on a macaque model showed significantly
elevated levels of MMP-1, -2, -7, -9, and -14 four weeks after M.tb infection [41,42]. Several
studies have identified MMPs as markers of acute inflammation in TB [29,45–47]. Kumar
et al. proposed MMP-1, -7, and -8 and TIMP-1 and -3 as candidates for non-sputum-based
biomarkers for active M.tb infection in children [29]. MMP-1 and its activator MMP-3
were found to be related to the TB disease severity and treatment efficacy, while MMP-13
together with TIMP-2 were proved to be potential indicators of extra-pulmonary TB in
adults [44,45].

Given the moderate size of the study groups, we aimed to perform a more speculative
analysis in which we train an elastic-net model to detect the most robust predictors of
the study groups. In this analysis, we detected comprehensive panels of several proteins
that were specific in discriminating between every two studied groups. The serum biosig-
nature consisting of 16 proteins (APRIL/TNFSF13, sCD30/TNFRSF8, chitinase 3-like 1,
sIL-6Rα, IL-8, IL-11, IL-12(p70), IL-19, IL-28A/IFN-λ2, LIGHT/TNFSF14, MMP-1, MMP-2,
MMP-3, OPN, PTX-3, TWEAK/TNFSF12) was found informative for the differentiation
between the TB and HC groups, while the panel of 15 proteins (IL-6, APRIL/TNFSF13,
sCD30/TNFRSF8, gp130/sIL-6β, IL-2, sIL-6Rα, IL-8, IL-29/IFNλ1, IL-35, MMP-2, MMP-3,
OPN, PTX-3, sTNF-R2, TWEAK/TNFSF12) distinguished the HC group from the LTBI
cohort. Currently, a number of studies have demonstrated a potential of blood-derived host
protein biomarkers in the diagnosis of active TB [48–58]. A 6-marker serum protein biosig-
nature consisting of CRP (c-reactive protein), IFN-γ, IP-10 (human interferon-inducible
protein 10), CFH (complement factor H), Apo-AI (apolipoprotein AI), and SAA (serum
amyloid A) showed a potential in the diagnosis of childhood tuberculous meningitis48. In
an adult study, Chen et al. proposed five serum proteins—I-309 (CCL1; chemokine (C-C
motif) ligand 1), MIG (CXCL9; chemokine (C-X-C motif) ligand 9), eotaxin-2, IL-8, and
ICAM-1 (intercellular adhesion molecule 1) as biomarkers for active TB screening [49].

Considering that the currently used immune-based TST and IGRA tests cannot dis-
tinguish between latent and active M.tb infection, blood-based biomarkers that have this
ability would be a real advance for diagnostics. However, the immature immune system of
young children, along with dynamic and multi-faceted host-pathogen interactions, makes
it difficult to distinguish latent M.tb infection from active TB in this age group. In our
study, a panel of 17 proteins (APRIL/TNFSF13, sCD30/TNFRSF8, IFN-α2, IFN-γ, IL-2,
sIL-6Rα, IL-8, IL-11, IL-29/IFN-λ1, LIGHT/TNFSF14, MMP-1, MMP-2, MMP-3, osteocal-
cin, osteopontin, TSLP, and TWEAK/TNFSF12) was selected by means of cross-validation
to be sufficiently informative of the comparison between the TB versus LTBI children. It
follows from the literature data that different models based on the combination of immune
mediators, measured either in serum or M.tb-stimulated cultures, achieved diagnostic
performance to discriminate between active and latent pulmonary TB in children. Chegou
et al. reported that the measurement of the levels of IFN-α2, IL-1Ra, sCD40L, and VEGF
(vascular endothelial growth factor) might be a useful method for differentiating between
active TB disease and latent M.tb infection, while other authors found the same utility
for IFN-γ, IP-10, ferritin, and 25-hydroxyvitamin D [50,51]. Another six-cytokine signa-
ture for detecting TB infection and discriminating active from latent TB included M.tb
antigen-stimulated levels of IFN-γ, IP-10, and IL-Ra, and unstimulated levels of IP-10,
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VEGF, and IL-12(p70) [52]. The available data on the potential utility of immune markers
in discriminating between active TB and latent infection are conflicting, and the studies
conducted to date have used highly heterologous methodology. It should be also assumed
that the great variability of cytokine measurements across studies reflecting changes in the
balance of plasma cytokine levels is related not only to the progression of M.tb infection
but also to the levels of other cytokines in the circulation [53].

Assessment of delayed-type hypersensitivity reaction to intradermally administered
mycobacterial tuberculin in the tuberculin skin test is used worldwide as a method for
diagnosing M.tb infection [59]. TST is currently the only assay that allows in vivo testing
of responses to mycobacterial antigens and is still considered a useful tool in TB diagnosis;
however, high rates of false-positive reactions resulting from the antigenic similarity
between BCG, M.tb, and environmental nontuberculous mycobacteria lower its diagnostic
utility. With this in mind, in our study, we compared the levels of Th-17-related cytokines
and inflammatory mediators in the sera from TB, LTBI, and HC children with a positive or
negative skin reaction to tuberculin. Our data showed that in all studied groups the level
of TNF-α was significantly higher in the TST-negative individuals compared to the TST-
positive children. On the contrary, a significantly lower sCD40L concentration in the sera
from all the TST-negative groups in comparison with the TST-positive ones was noticed.
We further aimed to find the most informative markers of the TST size regardless of the
study group using the elastic-net linear model approach. Interestingly, we found five Th17-
related markers (IL-4, IL-6, IL-31, sCD40L, and TNF-α) and twelve inflammation associated
proteins (APRIL/TNFSF13, sCD30/TNFRSF8, gp130/sIL-6Rβ, IL-8, IL-10, IL-29/IFN-λ1,
IL-35, LIGHT/TNFSF14, MMP-2, Osteopontin, sTNF-R2, and TWEAK/TNFSF12) that
were informative of the TST size in the 5-fold cross-validation procedure. Our results
are consistent with many findings suggesting that the development of tuberculin-driven
delayed-type hypersensitivity being a part of the multifaceted host response to M.tb is
influenced by numerous mediators with pleiotropic inflammatory effects [59–62].

The limitation of our study is the low number of children with active TB; however,
despite this, we were able to detect highly significant differences between the different
diagnostic groups. Importantly, we found that combinations of studied proteins had the
potential to discriminate not only between the M.tb-infected from the uninfected children
but also between active TB and latent M.tb infection. While these differences may not be
sufficient for clinical purposes, the results may prove that some of the studied immune
biomarkers may be useful in diagnostic tests. Another weakness of our study is the lack
of children with other lung diseases as most of the markers tested have the potential to
be expressed similarly also in infections other than those caused by M.tb. Future studies
involving more children with pulmonary TB, as well as children with extrapulmonary TB,
other non-mycobacterial lung diseases, and immunocompromised children are needed to
validate the results obtained and confirm the potential of the proposed biosignatures as
diagnostic biomarkers for childhood M.tb infections.

In summary, our findings indicate that serum-based host immune markers reflect the
biological processes associated with M.tb—driven host response and have the potential
to support the diagnosis of TB or the discrimination between active TB and latent M.tb
infection in children. They may also provide a new insight into the mechanisms underly-
ing the outcome of M.tb infection in children and can subsequently inspire appropriate
experimental models aimed at developing new anti-TB vaccines superior to current BCG
vaccination and new anti TB drugs.

4. Materials and Methods
4.1. Children Characteristics

In total, 216 children of both genders (aged 1–15 years) vaccinated with M. bovis
BCG Moreau were included in the study. All children were examined and diagnosed
by infectious disease consultants, including the provincial consultant for the pediatric
pulmonology at the Regional Specialized Hospital of Tuberculosis, Lung Diseases and
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Rehabilitation in Lodz, Poland. The proposed study was approved by the Research Ethics
Committee of the Medical University in Lodz (no. RNN/138/15/KE). The pediatricians
implementing the project obtained written informed consent from the children’s parents or
guardians. All children underwent medical interview, physical examination, and clinical
and radiological evaluation including a chest X-ray, tuberculin skin testing, and IGRA
testing. In the case of all children with symptoms of lower respiratory tract infections, the
differential diagnosis was performed. For this purpose, gastric aspirates or bronchoaspi-
rates collected from the children were examined using standard microbiological methods
including Ziehl–Neelsen staining, culturing on liquid (BACTEC MGIT 960 system) media,
and genetic testing with the use of the GeneXpert MTB/RIF molecular system. Apart from
gastric aspirates or bronchoaspirates, no other extrapulmonary specimens were collected
from the children. Based on the complex analysis of the results of the clinical examination,
the children were divided into 3 groups: Group 1, including the children with active TB
(M.tb culture positive); Group 2 and Group 3, including the healthy children with no signs
or symptoms of pulmonary diseases, IGRA positive (LTBI, Group 2) or IGRA negative
(Control, Group 3).

4.2. Blood Specimens

Samples of peripheral blood in a volume of 5 mL were taken from the children prior
to the start of the treatment, to prepare serum and perform a whole-blood interferon-
gamma assay (QuantiFERON-TB® Gold Plus (QFT), Qiagen, Germany). The QFT assay
was conducted according to the manufacturer’s instructions. Briefly, a total of 4 mL of blood
was collected in 4 tubes of 1 mL each (Nil control, TB antigen (ESAT-6, CFP-10, TB 7.7)-
specific (TB Ag), Mitogen control) followed by a 24 h incubation (370C) and centrifugation
(2500 RCF, 15 min), and the concentrations of IFN-γ (interferon-γ) were measured by
ELISA. The optical density (OD) of each sample was measured using a multifunctional
counter Victor 2 (Wallac Oy, Turku, Finland) fitted with a 450 nm filter. The data were
processed and interpreted using the calculation QuantiFERON-TB Gold Analysis Software
supplied with the kit. The test result was considered positive if the IFN-gamma level in the
sample tube after stimulation with TB Ag was 0.35 IU/mL (after subtraction of the value
for the Nil tube). A positive test result (IGRA(+)) was interpreted as latent M.tb infection,
whereas a negative IGRA (IGRA(–)) result meant no infection with M.tb. The examination
of all IGRA(–) cases was repeated 6 weeks after the first blood donation.

4.3. Tuberculin Skin Testing

The tuberculin skin test was performed using 2 tuberculin units (TU) of the purified
protein derivative (PPD) RT23 (Statens Serum Institute, Copenhagen, Denmark) and the
Mantoux technique. The diameter of skin induration was measured after 48–72 h by
experienced staff. A result was considered positive when the size of induration was equal
to or greater than 10 mm.

4.4. Multiplex Bead Assays

Fifty-two cytokines, chemokines, and inflammation mediators were measured simul-
taneously in sera samples and processed according to the specifications of a Bio-Plex Pro™
Human Th17 assay [interleukin (IL): IL-1β, IL-4, IL-6, IL-10, IL-17A, IL-17F, IL-21, IL-22,
IL-23, IL-25, IL-31, IL-33, IFN-γ, sCD40L (soluble CD40 ligand), TNF-α (tumor necrosis factor-
α)], and a Bio-Plex Human Inflammation Panel 1 assay [APRIL/TNFSF13 (proliferation-
inducing ligand/TNF ligand superfamily member 13), BAFF/TNFSF13B (B-cell activating
factor TNFSF13B), sCD30/TNFRSF8 (sCD30/TNF receptor SF8), sCD163 (soluble macrophage
activating factor), chitinase 3-like 1, gp130/sIL-6Rβ (soluble IL-6 signal transducer sIL-
6Rβ/gp130), IFN-α2, IFN-β, IFN-γ, IL-2, sIL-6Rα, IL-8, IL-10, IL-11, IL-12 (p40), IL-12
(p70), IL-19, IL-20, IL22, IL-26, IL-27 (p28), IL-28A/IFN-λ2, IL-29/IFN-λ1, IL-32, IL-34, IL-35,
LIGHT/TNFSF14, MMP-1 (matrix metalloproteinase-1), MMP-2, MMP-3, osteocalcin, osteo-
pontin (OPN), pentraxin-3 (PTX3), sTNF-R1 (soluble TNF-receptor 1), sTNF-R2, TSLP (thymic
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stromal lymphopoietin), TWEAK/TNFSF1 (TNF-like weak inducer of apoptosis/TNFSF1)],
purchased from Bio-Rad (Hercules, CA, USA). In brief, 50 µL of mixed beads was added to
prewet wells and washed twice. After the addition of 50 µL of a standard, in-house control
or a sample, the plate was incubated for one hour. After the subsequent washing, 25 µL of a
detection antibody mixture was added to each well and the plate was incubated for 30 min
and then washed. In the next step, 50 µL of streptavidin-PE was added, and after 10 min incu-
bation and washing of the plate, the beads were finally re-suspended in 125 µL assay buffer.
Assay readings were made using a Bio-Plex MAGPIXTM Multiplex Reader (Bio-Rad) with
the Bio-Plex manager 5.0 software (Bio-Rad version 5.0). Standard samples were analyzed
using a Five-Parameter Logistic (5PL) regression curve fitting (Bio-plex software). For each
cytokine the standard curve ran from 3.2 to 10,000 pg/mL.

4.5. Statistical Analysis

Statistical analysis was performed using GraphPad Prism version 8 (GraphPad Soft-
ware, San Diego, CA, USA; http://www.graphpad.com accessed on 15 November 2020)
and R Version 3.6.0 (R, Vienna, Austria; http://www.R-project.org accessed on 15 Novem-
ber 2020). Non-parametric tests were used to compare protein levels between the diagnostic
groups: Mann–Whitney U test for two-group comparisons and Kruskal–Wallis tests for
multiple groups. Categorical variables were compared using two-tailed chi-square tests.
For basic differential expression, the limma package was used. The protein expression
levels were quantile normalized prior to testing. In linear models, we considered the
expression level to be the dependent variable and the group assignment to be the indepen-
dent variable. We did not control for additional covariates in order to avoid overfitting. To
increase the power of the study, we used orthogonal contrasts between the three groups
with: the first contrast measuring the difference between HC and (jointly) TB and LTBI,
whereas the second contrasts measuring the difference between TB and LTBI. The ROC
analysis was performed with the aid of package pROC in R, with the 3-class AUC estimated
via the function “multiclass.roc”. The most informative sets of features (protein expression
profiles) were detected in a logistic model of penalized regression (elastic-net) by means of
5-fold cross-validation. We fitted regression models separately for Th17-related cytokines
and inflammatory mediators due to limited sample size. We consider only binomial (not
multinomial) models as the sample size did not guarantee robust results. Hence, we con-
sidered three different (in theory independent) models: HC vs TB, HC vs LTBI and LTBI
vs TB. For the TST, only one model for Th17-related cytokines and one for inflammatory
mediators was fitted with the same methods as above used for identification of informative
features. The elastic-net models were fitted with the aid of ‘glmnet’ package in R. The
violin plots were made with the ggplot2 package in R.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/pathogens10050517/s1, Table S1: Median concentrations of Th17-related cytokines and
inflammatory mediators in children’s sera. Table S2: The results of a linear model-based approach
where three differences are tested: (1) between the HC and LTBI, (2) between HC and TB, and
(3) between TB and LTBI. Table S3: The results of elastic-net multinomial regression model. The
coefficients represent relative differences of serum expression of respective proteins between studied
groups (under the optimal lambda parameter for the penalty function). The most informative set
of markers was chosen based on the 5-fold cross-validation approach. The dashes correspond to
non-informative predictors. Table S4: Levels of Th-17-related cytokines and inflammatory mediators
in the sera from TB, LTBI, and HC children with positive (TST-positive) or negative (TST-negative)
skin reaction to tuberculin.

Author Contributions: Conceptualization: M.D.; data curation: A.P., M.K.-P.; formal analysis: M.D.;
funding acquisition: M.D.; investigation: M.D.; methodology: M.D.; supervision: M.D.; validation:
S.W.; visualization: S.W.; writing original draft: M.D., M.S., W.R. All authors have read and agreed to
the published version of the manuscript.

http://www.graphpad.com
http://www.R-project.org
https://www.mdpi.com/article/10.3390/pathogens10050517/s1
https://www.mdpi.com/article/10.3390/pathogens10050517/s1


Pathogens 2021, 10, 517 17 of 19

Funding: The research was funded by the National Science Centre, grant number 2016/21/B/NZ7/
01771. The funding sources had no role in the study process, including the design, sample collection,
analysis, or interpretation of the results.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki and approved by the Research Ethics Committee of the Medical University in
Lodz, Poland (no. RNN/138/15/KE).

Informed Consent Statement: Informed consent was obtained from all parents or guardians of
children involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethical restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Swaminathan, S.; Rekha, B. Pediatric tuberculosis: Global overview and challenges. Clin. Infect. Dis. 2010, 50 (Suppl. S3),

S184–S194. [CrossRef]
2. Bakir, M.; Millington, K.A.; Soysal, A.; Deeks, J.J.; Efee, S.; Aslan, Y.; Dosanjh, D.P.; Lalvani, A. Prognostic value of a T-cell-based,

interferon-γ biomarker in children with tuberculosis contact. Ann. Intern. Med. 2008, 149, 777–786. [CrossRef]
3. Cobat, A.; Poirier, C.; Hoal, E.; Boland-Auge, A.; de La Rocque, F.; Corrard, F.; Grange, G.; Migaud, M.; Bustamante, J.; Boisson-

Dupuis, S.; et al. Tuberculin skin test negativity is under tight genetic control of chromosomal region 11p14-15 in settings with
different tuberculosis endemicities. J. Infect. Dis. 2015, 211, 317–321. [CrossRef] [PubMed]

4. Cubillos-Angulo, J.M.; Arriaga, M.B.; Melo, M.; Silva, E.C.; Alvarado-Arnez, L.E.; de Almeida, A.S.; Moraes, M.O.; Moreira, A.;
Lapa E Silva, J.R.; Fukutani, K.F.; et al. Polymorphisms in interferon pathway genes and risk of Mycobacterium tuberculosis
infection in contacts of tuberculosis cases in Brazil. Int. J. Infect. Dis. 2020, 92, 21–28. [CrossRef] [PubMed]

5. Detjen, A.K.; Keil, T.; Roll, S.; Hauer, B.; Mauch, H.; Wahn, U.; Magdorf, K. Interferon-γ release assays improve the diagnosis of
tuberculosis and nontuberculous mycobacterial disease in children in a country with a low incidence of tuberculosis. Clin. Infect.
Dis. 2007, 45, 322–328. [CrossRef] [PubMed]

6. Okada, K.; Mao, T.E.; Mori, T.; Miura, T.; Sugiyama, T.; Yoshiyama, T.; Mitarai, S.; Onozaki, I.; Harada, N.; Saint, S.; et al.
Performance of an interferon-gamma release assay for diagnosing latent tuberculosis infection in children. Epidemiol. Infect. 2008,
136, 1179–1187. [CrossRef] [PubMed]

7. Lighter, J.; Rigaud, M. Diagnosing childhood tuberculosis: Traditional and innovative modalities. Curr. Probl. Pediatr. Adolesc.
Health Care 2009, 39, 61–88. [CrossRef] [PubMed]

8. Nakaoka, H.; Lawson, L.; Squire, S.B.; Coulter, B.; Ravn, P.; Brock, I.; Hart, C.A.; Cuevas, L.E. Risk for tuberculosis among children.
Emerg. Infect. Dis. 2006, 12, 1383–1388. [CrossRef] [PubMed]

9. Haustein, T.; Ridout, D.A.; Hartley, J.C.; Thaker, U.; Shingadia, D.; Klein, N.J.; Novelli, V.; Dixon, G.L.J. The likelihood of an
indeterminate test result from a whole-blood interferon-γ release assay for the diagnosis of mycobacterium tuberculosis infection
in children correlates with age and immune status. Pediatr. Infect. Dis. J. 2009, 28, 669–673. [CrossRef]

10. Hesseling, A.C.; Schaaf, H.S.; Gie, R.P.; Starke, J.R.; Beyers, N. A critical review of diagnostic approaches used in the diagnosis of
childhood tuberculosis. Int. J. Tuberc. Lung Dis. 2002, 6, 1038–1045. [PubMed]

11. Jacobs, R.; Malherbe, S.; Loxton, A.G.; Stanley, K.; van der Spuy, G.; Walzl, G.; Chegou, N.N. Identification of novel host
biomarkers in plasma as candidates for the immunodiagnosis of tuberculosis disease and monitoring of tuberculosis treatment
response. Oncotarget 2016, 7, 57581–57592. [CrossRef] [PubMed]

12. Hand, D.J.; Till, R.J. A simple generalisation of the area Under the ROC curve for multiple class classification problems. Mach.
Learn. 2001, 45, 171–186. [CrossRef]

13. Spolski, R.; Wang, L.; Wan, C.-K.; Bonville, C.A.; Domachowske, J.B.; Kim, H.-P.; Yu, Z.; Leonard, W.J. IL-21 Promotes the
pathologic immune response to pneumovirus infection. J. Immunol. 2012, 188, 1924–1932. [CrossRef]

14. Leonard, W.J.; Wan, C.K. IL-21 Signaling in Immunity. F1000Research 2016, 5. [CrossRef]
15. Lindner, S.; Dahlke, K.; Sontheimer, K.; Hagn, M.; Kaltenmeier, C.; Barth, T.F.E.; Beyer, T.; Reister, F.; Fabricius, D.; Lotfi, R.;

et al. Interleukin 21-induced granzyme b-expressing b cells infiltrate tumors and regulate t cells. Cancer Res. 2013, 73, 2468–2479.
[CrossRef] [PubMed]

16. Jenabian, M.A.; Patel, M.; Kema, I.; Vyboh, K.; Kanagaratham, C.; Radzioch, D.; Thébault, P.; Lapointe, R.; Gilmore, N.; Ancuta, P.;
et al. Soluble CD40-ligand (sCD40L, sCD154) plays an immunosuppressive role via regulatory T cell expansion in HIV infection.
Clin. Exp. Immunol. 2014, 178, 102–111. [CrossRef] [PubMed]

17. Chung, H.W.; Lim, J.B. Clinical significance of elevated serum soluble CD40 ligand levels as a diagnostic and prognostic tumor
marker for pancreatic ductal adenocarcinoma. J. Transl. Med. 2014, 12, 102. [CrossRef]

18. Djoba Siawaya, J.F.; Chegou, N.N.; van Den Heuvel, M.M.; Diacon, A.H.; Beyers, N.; van Helden, P.; Walzl, G. Differential
cytokine/chemokines and KL-6 profiles in patients with different forms of tuberculosis. Cytokine 2009, 47, 132–136. [CrossRef]

http://doi.org/10.1086/651490
http://doi.org/10.7326/0003-4819-149-11-200812020-00248
http://doi.org/10.1093/infdis/jiu446
http://www.ncbi.nlm.nih.gov/pubmed/25143445
http://doi.org/10.1016/j.ijid.2019.12.013
http://www.ncbi.nlm.nih.gov/pubmed/31843671
http://doi.org/10.1086/519266
http://www.ncbi.nlm.nih.gov/pubmed/17599309
http://doi.org/10.1017/S0950268807009831
http://www.ncbi.nlm.nih.gov/pubmed/17988427
http://doi.org/10.1016/j.cppeds.2008.12.003
http://www.ncbi.nlm.nih.gov/pubmed/19215860
http://doi.org/10.3201/eid1209.051606
http://www.ncbi.nlm.nih.gov/pubmed/17073087
http://doi.org/10.1097/INF.0b013e3181a16394
http://www.ncbi.nlm.nih.gov/pubmed/12546110
http://doi.org/10.18632/oncotarget.11420
http://www.ncbi.nlm.nih.gov/pubmed/27557501
http://doi.org/10.1023/A:1010920819831
http://doi.org/10.4049/jimmunol.1100767
http://doi.org/10.12688/f1000research.7634.1
http://doi.org/10.1158/0008-5472.CAN-12-3450
http://www.ncbi.nlm.nih.gov/pubmed/23384943
http://doi.org/10.1111/cei.12396
http://www.ncbi.nlm.nih.gov/pubmed/24924152
http://doi.org/10.1186/1479-5876-12-102
http://doi.org/10.1016/j.cyto.2009.05.016


Pathogens 2021, 10, 517 18 of 19

19. Shah, K.; Lee, W.W.; Lee, S.H.; Kim, S.H.; Kang, S.W.; Craft, J.; Kang, I. Dysregulated balance of Th17 and Th1 cells in systemic
lupus erythematosus. Arthritis Res. Ther. 2010, 12, 1–10. [CrossRef]

20. Kononova, T.E.; Urazova, O.I.; Novitskii, V.V.; Churina, E.G.; Kolobovnikova, Y.V.; Ignatov, M.V.; Zakharova, P.A.; Pechenova,
O.V. Functional activity of Th-17 lymphocytes in pulmonary tuberculosis. Bull. Exp. Biol. Med. 2014, 156, 743–745. [CrossRef]

21. Pappu, R.; Ramirez-Carrozzi, V.; Sambandam, A. The interleukin-17 cytokine family: Critical players in host defence and
inflammatory diseases. Immunology 2011, 134, 8–16. [CrossRef]

22. Acosta-Rodriguez, E.V.; Rivino, L.; Geginat, J.; Jarrossay, D.; Gattorno, M.; Lanzavecchia, A.; Sallusto, F.; Napolitani, G. Surface
phenotype and antigenic specificity of human interleukin 17-producing T helper memory cells. Nat. Immunol. 2007, 8, 639–646.
[CrossRef]

23. Aujla, S.J.; Chan, Y.R.; Zheng, M.; Fei, M.; Askew, D.J.; Pociask, D.A.; Reinhart, T.A.; McAllister, F.; Edeal, J.; Gaus, K.; et al. IL-22
mediates mucosal host defense against Gram-negative bacterial pneumonia. Nat. Med. 2008, 14, 275–281. [CrossRef] [PubMed]

24. Li, Q.; Li, J.; Tian, J.; Zhu, B.; Zhang, Y.; Yang, K.; Ling, Y.; Hu, Y. IL-17 and IFN-γ production in peripheral blood following BCG
vaccination and Mycobacterium tuberculosis infection in human. Eur. Rev. Med. Pharmacol. Sci. 2012, 16, 2029–2036. [PubMed]

25. Kumar, N.P.; Anuradha, R.; Suresh, R.; Ganesh, R.; Shankar, J.; Kumaraswami, V.; Nutman, T.B.; Babu, S. Suppressed type 1, type
2, and type 17 cytokine responses in active tuberculosis in children. Clin. Vaccine Immunol. 2011, 18, 1856–1864. [CrossRef]

26. Scriba, T.J.; Kalsdorf, B.; Abrahams, D.-A.; Isaacs, F.; Hofmeister, J.; Black, G.; Hassan, H.Y.; Wilkinson, R.J.; Walzl, G.; Gelderbloem,
S.J.; et al. Distinct, specific IL-17- and IL-22-producing CD4 + T cell subsets contribute to the human anti-mycobacterial immune
response. J. Immunol. 2008, 180, 1962–1970. [CrossRef] [PubMed]

27. Chen, Y.C.; Chin, C.H.; Liu, S.F.; Wu, C.C.; Tsen, C.C.; Wang, Y.H.; Chao, T.Y.; Lie, C.H.; Chen, C.J.; Wang, C.C.; et al. Prognostic
values of serum IP-10 and IL-17 in patients with pulmonary tuberculosis. Dis. Markers 2011, 31, 101–110. [CrossRef]

28. Heidarnezhad, F.; Asnaashari, A.; Rezaee, S.A.; Ghezelsofla, R.; Ghazvini, K.; Valizadeh, N.; Basiri, R.; Ziaeemehr, A.; Sobhani, S.;
Rafatpanah, H. Evaluation of interleukin 17 and interleukin 23 expression in patients with active and latent tuberculosis infection.
Iran. J. Basic Med. Sci. 2016, 19, 844–850.

29. Kumar, N.P.; Anuradha, R.; Andrade, B.B.; Suresh, N.; Ganesh, R.; Shankar, J.; Kumaraswami, V.; Nutman, T.B.; Babu, S.
Circulating biomarkers of pulmonary and extrapulmonary tuberculosis in children. Clin. Vaccine Immunol. 2013, 20, 704–711.
[CrossRef]

30. Marín, N.D.; París, S.C.; Rojas, M.; García, L.F. Functional profile of CD4+ and CD8+ T cells in latently infected individuals and
patients with active TB. Tuberculosis 2013, 93, 155–166. [CrossRef]

31. Dheda, K.; Chang, J.-S.; Lala, S.; Huggett, J.F.; Zumla, A.; Rook, G.A.W. Gene expression of IL17 and IL23 in the lungs of patients
with active tuberculosis. Thorax 2008, 63, 566–568. [CrossRef] [PubMed]

32. Xu, L.; Cui, G.; Jia, H.; Zhu, Y.; Ding, Y.; Chen, J.; Lu, C.; Ye, P.; Gao, H.; Li, L.; et al. Decreased IL-17 during treatment of sputum
smear-positive pulmonary tuberculosis due to increased regulatory T cells and IL-10. J. Transl. Med. 2016, 14, 179. [CrossRef]
[PubMed]

33. Chegou, N.N.; Sutherland, J.S.; Malherbe, S.; Crampin, A.C.; Corstjens, P.L.A.M.; Geluk, A.; Mayanja-Kizza, H.; Loxton, A.G.; Van
Der Spuy, G.; Stanley, K.; et al. Diagnostic performance of a seven-marker serum protein biosignature for the diagnosis of active
TB disease in African primary healthcare clinic attendees with signs and symptoms suggestive of TB. Thorax 2016, 71, 785–794.
[CrossRef]

34. Chegou, N.N.; Black, G.F.; Kidd, M.; van Helden, P.D.; Walzl, G. Host markers in Quantiferon supernatants differentiate active TB
from latent TB infection: Preliminary report. BMC Pulm. Med. 2009, 9, 1–12. [CrossRef] [PubMed]

35. Rohlwink, U.K.; Mauff, K.; Wilkinson, K.A.; Enslin, N.; Wegoye, E.; Wilkinson, R.J.; Figaji, A.A. Biomarkers of cerebral injury and
infammation in pediatric tuberculous meningitis. Clin. Infect. Dis. 2017, 65, 1298–1307. [CrossRef]

36. Ong, C.W.M.; Elkington, P.T.; Friedland, J.S. Tuberculosis, pulmonary cavitation, and matrix metalloproteinases. Am. J. Respir.
Crit. Care Med. 2014, 190, 9–18. [CrossRef]

37. Green, J.A.; Dholakia, S.; Janczar, K.; Ong, C.W.M.; Moores, R.; Fry, J.; Elkington, P.T.; Roncaroli, F.; Friedland, J.S. Mycobacterium
tuberculosis-infected human monocytes down-regulate microglial MMP-2 secretion in CNS tuberculosis via TNFα, NFκB, p38
and caspase 8 dependent pathways. J. Neuroinflamm. 2011, 8, 1–12. [CrossRef]

38. Chang, J.C.; Wysocki, A.; Tchou-Wong, K.M.; Moskowitz, N.; Zhang, Y.; Rom, W.N. Effect of Mycobacterium tuberculosis and its
components on macrophages and the release of matrix metalloproteinases. Thorax 1996, 51, 306–311. [CrossRef]

39. Matsuura, E.; Umehara, F.; Hashiguchi, T.; Fujimoto, N.; Okada, Y.; Osame, M. Marked increase of matrix metalloproteinase 9 in
cerebrospinal fluid of patients with fungal or tuberculous meningoencephalitis. J. Neurol. Sci. 2000, 173, 45–52. [CrossRef]

40. Thuong, N.T.T.; Dunstan, S.J.; Chau, T.T.H.; Thorsson, V.; Simmons, C.P.; Quyen, N.T.H.; Thwaites, G.E.; Thi Ngoc Lan, N.;
Hibberd, M.; Teo, Y.Y.; et al. Identification of tuberculosis susceptibility genes with human macrophage gene expression profiles.
PLoS Pathog. 2008, 4, e1000229. [CrossRef]

41. Subbian, S.; Tsenova, L.; O’Brien, P.; Yang, G.; Koo, M.S.; Peixoto, B.; Fallows, D.; Zeldis, J.B.; Muller, G.; Kaplan, G.
Phosphodiesterase-4 inhibition combined with isoniazid treatment of rabbits with pulmonary tuberculosis reduces macrophage
activation and lung pathology. Am. J. Pathol. 2011, 179, 289–301. [CrossRef] [PubMed]

42. Mehra, S.; Pahar, B.; Dutta, N.K.; Conerly, C.N.; Philippi-Falkenstein, K.; Alvarez, X.; Kaushal, D. Transcriptional reprogramming
in nonhuman primate (Rhesus Macaque) tuberculosis granulomas. PLoS ONE 2010, 5, e12266. [CrossRef]

http://doi.org/10.1186/ar2996
http://doi.org/10.1007/s10517-014-2438-8
http://doi.org/10.1111/j.1365-2567.2011.03465.x
http://doi.org/10.1038/ni1467
http://doi.org/10.1038/nm1710
http://www.ncbi.nlm.nih.gov/pubmed/18264110
http://www.ncbi.nlm.nih.gov/pubmed/23242733
http://doi.org/10.1128/CVI.05366-11
http://doi.org/10.4049/jimmunol.180.3.1962
http://www.ncbi.nlm.nih.gov/pubmed/18209095
http://doi.org/10.1155/2011/938794
http://doi.org/10.1128/CVI.00038-13
http://doi.org/10.1016/j.tube.2012.12.002
http://doi.org/10.1136/thx.2007.092205
http://www.ncbi.nlm.nih.gov/pubmed/18511642
http://doi.org/10.1186/s12967-016-0909-6
http://www.ncbi.nlm.nih.gov/pubmed/27311307
http://doi.org/10.1136/thoraxjnl-2015-207999
http://doi.org/10.1186/1471-2466-9-21
http://www.ncbi.nlm.nih.gov/pubmed/19445695
http://doi.org/10.1093/cid/cix540
http://doi.org/10.1164/rccm.201311-2106PP
http://doi.org/10.1186/1742-2094-8-46
http://doi.org/10.1136/thx.51.3.306
http://doi.org/10.1016/S0022-510X(99)00303-2
http://doi.org/10.1371/journal.ppat.1000229
http://doi.org/10.1016/j.ajpath.2011.03.039
http://www.ncbi.nlm.nih.gov/pubmed/21703411
http://doi.org/10.1371/journal.pone.0012266


Pathogens 2021, 10, 517 19 of 19

43. Hsieh, W.Y.; Kuan, T.C.; Cheng, K.S.; Liao, Y.C.; Chen, M.Y.; Lin, P.H.; Hsu, Y.C.; Huang, C.Y.; Hsu, W.H.; Yu, S.Y.; et al.
ACE/ACE2 ratio and MMP-9 activity as potential biomarkers in tuberculous pleural effusions. Int. J. Biol. Sci. 2012, 8, 1197–1205.
[CrossRef] [PubMed]

44. Kathamuthu, G.R.; Kumar, N.P.; Moideen, K.; Nair, D.; Banurekha, V.V.; Sridhar, R.; Baskaran, D.; Babu, S. Matrix metallopro-
teinases and tissue inhibitors of metalloproteinases are potential biomarkers of pulmonary and extra-pulmonary tuberculosis.
Front. Immunol. 2020, 11, 419. [CrossRef] [PubMed]

45. Ugarte-Gil, C.A.; Elkington, P.; Gilman, R.H.; Coronel, J.; Tezera, L.B.; Bernabe-Ortiz, A.; Gotuzzo, E.; Friedland, J.S.; Moore,
D.A.J. Induced sputum MMP-1, -3 & -8 concentrations during treatment of tuberculosis. PLoS ONE 2013, 8, e61333. [CrossRef]

46. Rohlwink, U.K.; Walker, N.F.; Ordonez, A.A.; Li, Y.J.; Tucker, E.W.; Elkington, P.T.; Wilkinson, R.J.; Wilkinson, K.A. Matrix
metalloproteinases in pulmonary and central nervous system tuberculosis—A review. Int. J. Mol. Sci. 2019, 20, 1350. [CrossRef]

47. Stek, C.; Allwood, B.; Walker, N.F.; Wilkinson, R.J.; Lynen, L.; Meintjes, G. The immune mechanisms of lung parenchymal damage
in tuberculosis and the role of host-directed therapy. Front. Microbiol. 2018, 9, 2603. [CrossRef]

48. Manyelo, C.M.; Solomons, R.S.; Snyders, C.I.; Mutavhatsindi, H.; Manngo, P.M.; Stanley, K.; Walzl, G.; Chegou, N.N. Potential of
host serum protein biomarkers in the diagnosis of tuberculous meningitis in children. Front. Pediatr. 2019, 7, 376. [CrossRef]

49. Chen, T.; Li, Z.; Yu, L.; Li, H.; Lin, J.; Guo, H.; Wang, W.; Chen, L.; Zhang, X.; Wang, Y.; et al. Profiling the human immune
response to Mycobacterium tuberculosis by human cytokine array. Tuberculosis 2016, 97, 108–117. [CrossRef] [PubMed]

50. Chegou, N.N.; Detjen, A.K.; Thiart, L.; Walters, E.; Mandalakas, A.M.; Hesseling, A.C.; Walzl, G. Utility of host markers detected
in Quantiferon supernatants for the diagnosis of tuberculosis in children in a high-burden setting. PLoS ONE 2013, 8, e64226.
[CrossRef] [PubMed]

51. Comella-Del-Barrio, P.; Abellana, R.; Villar-Hernández, R.; Jean Coute, M.D.; Sallés Mingels, B.; Canales Aliaga, L.; Narcisse, M.;
Gautier, J.; Ascaso, C.; Latorre, I.; et al. A Model based on the combination of IFN-γ, IP-10, Ferritin and 25-Hydroxyvitamin D for
discriminating latent from active tuberculosis in children. Front. Microbiol. 2019, 10, 1855. [CrossRef]

52. Wang, S.; Li, Y.; Shen, Y.; Wu, J.; Gao, Y.; Zhang, S.; Shao, L.; Jin, J.; Zhang, Y.; Zhang, W. Screening and identification of a
six-cytokine biosignature for detecting TB infection and discriminating active from latent TB. J. Transl. Med. 2018, 16, 1–13.
[CrossRef]

53. Zambuzi, F.A.; Cardoso-Silva, P.M.; Espindola, M.S.; Soares, L.S.; Galvão-Lima, L.J.; Brauer, V.S.; Gomes, M.S.; Amaral, L.R.;
Schaller, M.; Bollela, V.R.; et al. Identification of promising plasma immune biomarkers to differentiate active pulmonary
tuberculosis. Cytokine 2016, 88, 99–107. [CrossRef]

54. Clifford, V.; Tebruegge, M.; Zufferey, C.; Germano, S.; Forbes, B.; Cosentino, L.; Matchett, E.; McBryde, E.; Eisen, D.; Robins-
Browne, R.; et al. Cytokine biomarkers for the diagnosis of tuberculosis infection and disease in adults in a low prevalence setting.
Tuberculosis 2019, 114, 91–102. [CrossRef] [PubMed]

55. Sudbury, E.L.; Otero, L.; Tebruegge, M.; Messina, N.L.; Seas, C.; Montes, M.; Rìos, J.; Germano, S.; Gardiner, K.; Clifford, V.; et al.
Mycobacterium tuberculosis-specific cytokine biomarkers for the diagnosis of childhood TB in a TB-endemic setting. J. Clin.
Tuberc. Other Mycobact. Dis. 2019, 16, 100102. [CrossRef]

56. Sigal, G.B.; Segal, M.R.; Mathew, A.; Jarlsberg, L.; Wang, M.; Barbero, S.; Small, N.; Haynesworth, K.; Davis, J.L.; Weiner, M.;
et al. Biomarkers of tuberculosis severity and treatment effect: A directed screen of 70 host markers in a randomized clinical trial.
EBioMedicine 2017, 25, 112–121. [CrossRef]

57. Won, E.J.; Choi, J.H.; Cho, Y.N.; Jin, H.M.; Kee, H.J.; Park, Y.W.; Kwon, Y.S.; Kee, S.J. Biomarkers for discrimination between latent
tuberculosis infection and active tuberculosis disease. J. Infect. 2017, 74, 281–293. [CrossRef] [PubMed]

58. Suzukawa, M.; Akashi, S.; Nagai, H.; Nagase, H.; Nakamura, H.; Matsui, H.; Hebisawa, A.; Ohta, K. Combined analysis of IFN-γ,
IL-2, IL-5, IL-10, IL-1RA and MCP-1 in QFT supernatant is useful for distinguishing active tuberculosis from latent infection.
PLoS ONE 2016, 11, e0152483. [CrossRef] [PubMed]

59. Wlodarczyk, M.; Rudnicka, W.; Janiszewska-Drobinska, B.; Kielnierowski, G.; Kowalewicz-Kulbat, M.; Fol, M.; Druszczynska, M.
Interferon-gamma assay in combination with tuberculin skin test are insufficient for the diagnosis of culture-negative pulmonary
tuberculosis. PLoS ONE 2014, 9, e107208. [CrossRef] [PubMed]

60. Bapat, P.R.; Husain, A.A.; Daginawala, H.F.; Agrawal, N.P.; Panchbhai, M.S.; Satav, A.R.; Taori, G.M.; Kashyap, R.S. The
assessment of cytokines in Quantiferon supernatants for the diagnosis of latent TB infection in a tribal population of Melghat,
India. J. Infect. Public Health 2015, 8, 329–340. [CrossRef] [PubMed]

61. Radhakrishna, S.; Frieden, T.R.; Subramani, R. Association of initial tuberculin sensitivity, age and sex with the incidence of
tuberculosis in south India: A 15-year follow-up. Int. J. Tuberc. Lung Dis. Off. J. Int. Union Tuberc. Lung Dis. 2003, 7, 1083–1091.
[CrossRef]

62. Chu, C.Q.; Field, M.; Andrew, E.; Haskard, D.; Feldmann, M.; Maini, R.N. Detection of cytokines at the site of tuberculin-induced
delayed-type hypersensitivity in man. Clin. Exp. Immunol. 1992, 90, 522–529. [CrossRef] [PubMed]

http://doi.org/10.7150/ijbs.5087
http://www.ncbi.nlm.nih.gov/pubmed/23091417
http://doi.org/10.3389/fimmu.2020.00419
http://www.ncbi.nlm.nih.gov/pubmed/32218787
http://doi.org/10.1371/journal.pone.0061333
http://doi.org/10.3390/ijms20061350
http://doi.org/10.3389/fmicb.2018.02603
http://doi.org/10.3389/fped.2019.00376
http://doi.org/10.1016/j.tube.2015.12.007
http://www.ncbi.nlm.nih.gov/pubmed/26980502
http://doi.org/10.1371/journal.pone.0064226
http://www.ncbi.nlm.nih.gov/pubmed/23691173
http://doi.org/10.3389/fmicb.2019.01855
http://doi.org/10.1186/s12967-018-1572-x
http://doi.org/10.1016/j.cyto.2016.08.030
http://doi.org/10.1016/j.tube.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30711163
http://doi.org/10.1016/j.jctube.2019.100102
http://doi.org/10.1016/j.ebiom.2017.10.018
http://doi.org/10.1016/j.jinf.2016.11.010
http://www.ncbi.nlm.nih.gov/pubmed/27871809
http://doi.org/10.1371/journal.pone.0152483
http://www.ncbi.nlm.nih.gov/pubmed/27035669
http://doi.org/10.1371/journal.pone.0107208
http://www.ncbi.nlm.nih.gov/pubmed/25221998
http://doi.org/10.1016/j.jiph.2015.02.003
http://www.ncbi.nlm.nih.gov/pubmed/25824629
http://doi.org/10.1111/j.1365-2249.1992.tb05877.x
http://doi.org/10.1111/j.1365-2249.1992.tb05877.x
http://www.ncbi.nlm.nih.gov/pubmed/1458689

	Introduction 
	Results 
	Basic Characteristics of the Study Group 
	Identification of Differentially Expressed Th17-Related Cytokines and Inflammatory Mediators in the Study Groups 
	Discriminative Biomarker Potential by Receiver Operating Characteristic (ROC) Analysis 
	Identification of the Cytokine Biosignature for Discriminating between Different Status of M.tb Infection 
	Discriminative Biomarker Profiles in Children with a Positive (TST-Positive) or Negative (TST-Negative) Skin Test Reaction to Tuberculin 

	Discussion 
	Materials and Methods 
	Children Characteristics 
	Blood Specimens 
	Tuberculin Skin Testing 
	Multiplex Bead Assays 
	Statistical Analysis 

	References

