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Abstract: Objectives: IP-10 has been proposed as a new diagnostic biomarker for Mycobacterium
tuberculosis infection (MTBI). However, data on IP-10 concentration in bronchoalveolar lavage fluid
(BALF) for pediatric tuberculosis are lacking. Aim: To determine IP-10 levels in unstimulated BALF
and plasma in children with and without MTBI. Methods: IP-10 concentrations in BALF and plasma
were measured in children hospitalized with suspected tuberculosis or other respiratory disease and
scheduled for bronchoscopy. Thirty-five children were enrolled: 13 with suspected tuberculosis and
22 controls. The association between IP-10 and age was examined. Results: The IP-10 expression
was increased in BALF compared to plasma (p = 0.008). We noticed higher BALF IP-10 levels in
children with asthma, interstitial lung disease, and lung anomaly than in children with MTBI and
other respiratory tract infections, but the differences were statistically insignificant. There was
a moderate correlation between plasma and BALF IP-10 concentrations (rs = 0.46, p = 0.018). No
correlation between IP-10 level and age was detected. Conclusions: IP-10 is detectable in unstimulated
BALF in children with respiratory diseases, reaches higher concentrations in unstimulated BALF
vs plasma, and does not correlate with age. However, it could not discriminate MTBI from other
respiratory diseases.
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1. Introduction

Despite many efforts, tuberculosis (TB) remains one of the leading causes of mortality
globally. According to the World Health Organization (WHO), children accounted for
11% of all TB cases in 2020 [1]. However, childhood TB has long been neglected, as
children are considered not to take part in the transmission of the disease and therefore
this had not been a public health priority [2]. Additionally, the diagnosis of childhood
TB is still very challenging, despite significant advances in diagnostic technologies and
techniques that have emerged over the last twenty years. This results from uncharacteristic
clinical presentation, difficulties in obtaining samples for microbiological evaluation, and
paucibacillary disease [1,3].

Furthermore, the performance of diagnostic tests based on delayed-type hypersensitiv-
ity reactions, such as the tuberculin skin test (TST) and interferon-y (IFN-y) release assays
(IGRAs), also has considerable limitations in children. TST is operator-dependent, has
limited specificity, and can produce false-positive results in children vaccinated with BCG,
retested with TST, or exposed to environmental mycobacteria [4,5]. While the specificity of
IGRAs is considered higher than that of TST, their performance in children is still a subject
of debate [6-8]. At the same time, children are at a higher risk of progression to active TB
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following infection and to develop more severe forms of the disease [9]. Clearly, there is a
significant and pressing need for new, easy to use, cost-effective, and accurate diagnostic
tools for paucibacillary TB in the young.

One of the most excessively studied potential new markers of Mycobacterium tuber-
culosis (Mtb.) infection is interferon-y (IFN-y) inducible protein of 10 kDa (IP-10). IP-10
is a chemokine secreted primarily by the antigen-presenting cells upon T-cell stimulation
that navigates activated T-cells to the foci of inflammation [10]. IP-10 is expressed in much
higher quantities than IFN-y. Therefore, it has the potential to improve the performance
characteristics of Quantiferon-TB Gold In-Tube (QFT) in particular in human immunodefi-
ciency virus (HIV)-infected individuals and young children [11-14]. Tests based on plasma
IP-10 measurements have been shown to perform comparably to QFT in the majority of
studied populations [15]. Apart from blood, an increased expression of IP-10 in adult TB
patients has been detected in urine, lymph node aspirates, lung tuberculous granulomas,
pleural effusion, and bronchoalveolar lavage fluid (BALF) [10,16-22]. In children, data
on IP-10 concentration in specimens other than blood are limited, with only one study
examining IP-10 in urine [23]. To date, to the best of our knowledge, there is no published
data on the utility of IP-10 measurement in BALF in children with Mtb. infection.

The aim of the present study was to examine the level of IP-10 in unstimulated BALF
and plasma in children infected with Mycobacterium tuberculosis and children with other
respiratory diseases from a low TB-endemic country.

2. Materials and Methods
2.1. Patients

Children were enrolled at the Department of Pediatric Pneumonology and Allergy at
the Medical University of Warsaw, Poland, from June 2012 to July 2015. Eligibility criteria
were age <18 years, clinical suspicion of TB, and a planned bronchoscopy. Exclusion criteria
included known immunosuppression, including HIV infection, malignancy, exacerbation
of a chronic disease, previous antituberculous treatment, and a TST performed within the
last 18 months to minimize the risk of boosting. The control group consisted of children
with other respiratory diseases who were scheduled for an elective bronchoscopy in our
department as a part of the routine diagnostic workup. Exclusion criteria encompassed
known immunosuppression, including HIV infection, malignancy, exacerbation of a chronic
disease, and a known TB contact. The study protocol was approved by the Medical Uni-
versity of Warsaw Ethics Committee and informed consent was obtained from the child’s
parent or legal guardian before enrollment. Demographic and clinical data, including
history of BCG vaccination, peripheral blood differential count, and chest radiographic
examination results were recorded. Children suspected of TB underwent TST and/or QFT
tests as a routine diagnostic procedure. Bacteriological evaluation including microscopy,
molecular microbiological tests, and culture was performed in all children suspected of
active TB. The decision to perform bronchofiberoscopy with bronchoalveolar lavage (BAL)
was made by leading physicians after initial TB workup in children with a high risk of in-
fection, e.g., household contact, positive immunological test results, clinical or radiological
signs and symptoms suggestive of TB. The diagnosis of active TB and latent tuberculous
infection (LTBI) was based on clinical, radiological, and microbiological data. Active TB
was diagnosed in symptomatic patients with microbiologically confirmed TB (positive
microscopy, PCR or culture result), or in patients fulfilling at least two of the following three
criteria: (1) clinical symptoms suggestive of TB, (2) radiological findings consistent with TB,
and (3) a history of contact with pulmonary TB; all in conjunction with a positive clinical
response to antituberculous treatment. LTBI was defined as a positive TST and/or IGRA
result in children with a history of contact with pulmonary TB, a normal chest X-ray, and
neither clinical symptoms nor microbiological confirmation of TB. Asymptomatic children
with a history of contact with pulmonary TB, not fulfilling the criteria for ATB or LTBI,
were classified as TB contacts.
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2.2. Collection and Processing of BAL and Blood Samples

BALF samples were collected with a flexible video bronchoscope (Pentax, Tokyo,
Japan). All bronchoscopies were performed in the Department of Pediatric Pneumonology
and Allergy, Medical University of Warsaw, Poland, and according to the European and
Polish guidelines [24-26]. In brief, following intravenous sedation at the anaesthesiolo-
gist’s discretion and local upper airway anesthesia with lidocaine (1%), the bronchoscope
was gently wedged in the lobe with a radiological abnormality or, if absent, in the right
middle lobe or in the left lung lingula. BAL was performed by instillation and subsequent
withdrawal of up to five 20-mL aliquots of sterile pre-warmed normal saline according to
the weight of a child (approximately 3 mL/kg of BAL volume). The recovered fluid was di-
vided into three separate containers. Fluid recovery of at least 40% of instilled BAL volume
was considered acceptable. The first sample was sent for microbiological analysis, and the
second and the third samples were placed on ice for immediate transport to the laboratory.
BALF samples were mixed, filtered, and immediately centrifuged. A total cell count, cell
viability (trypan blue exclusion test), and differential cell count of BALF leukocytes were
determined by light microscopy. The cell-free BALF supernatant was frozen at —70 °C until
further analysis. Children with Mtb. infection underwent bronchoscopy before the onset of
antituberculous treatment. Serum for IP-10 measurement was obtained from whole blood
drawn on the same day as the BAL using standard procedures.

2.3. Determination of IP-10 Concentration

Samples were thawed and IP-10 expression was analyzed in undiluted BALF super-
natants and plasma using the Quantikine ELISA Human IP-10 Immunoassay (R&D Systems
Europe, Ltd., Abingdon, UK) according to the manufacturer’s recommendations. All sam-
ples were measured in duplicate. The concentration range of detection was 7.8-500 pg/mL.
IP-10 concentrations are expressed in pg/mL.

2.4. Statistics

Statistical analysis was performed using STATISTICA 13.1 (SatSoft). Figures were
prepared in GraphPad Prism version 8 (GraphPad Software, San Diego, CA, USA). Data
were presented as medians and interquartile ranges (IQR). Non-parametric tests were
applied due to the non-normal distribution of variables (Kolmogorov-Smirnov normality
test). We performed the chi-square test or Fisher’s exact test for qualitative variables and
the Kruskall-Wallis test and the Mann Whitney test were used for quantitative variables.
Plasma and BALF IP-10 concentrations in paired samples were compared with the Wilcoxon
signed rank test. Correlation analysis was performed to assess biomarker correlation with
clinical variables with the Spearman’s rank test. Statistical significance was considered for
p values of <0.05.

3. Results

Out of thirty-nine eligible children who underwent a bronchofiberoscopy with BAL in
our department during the study period, thirty-five children were included in this study,
thirteen children to the study group, and twenty-two to the control group. The remaining
three (8%) children were excluded due to blood contamination (1 = 1), hemolysis (1 = 1),
and lab handling error (n = 1). The children’s median age was six years (IQR:4-9 years) and
twenty-two (63%) of them were females. In the study group, we identified twelve children
with Mtb. infection, all of whom had a positive TST result. QFT was performed in eight
children from the study group and was positive in seven cases. There were three cases of
active TB and nine children with LTBI in the study group. All three children diagnosed with
active TB had a history of household contact with pulmonary TB, positive TST, and one boy
also had a positive QFT result, two had abnormal chest X-ray results with opacification,
atelectasis, and lymphadenopathy with calcifications, and all presented abnormalities in
bronchofiberscopy including altered mucous membranes (n = 3), presence of secretion
(n = 3), and narrowing of the bronchial tree (1 = 2). One five-year-old boy with a history
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of recent TB contact and negative TST and QFT results was classified as an uninfected
TB contact and was excluded from further analysis. The control group comprised five
children with asthma, six children with interstitial lung disease (ILD), four children with
lung anomalies, and seven children with other respiratory tract infections (RTI). None of
children from the control group had a known TB contact. TST and/or QFT were performed
in a few cases as a part of differential diagnostic workup. All enrolled children were BCG
vaccinated at infancy, and none was diagnosed with HIV infection. A summary of the
study group characteristics is presented in Table 1. Children in the study and the control
group had comparable baseline characteristics. BALF cytological results were available for
twenty-two (63%) participants and are presented in Table 2. Although some differences
in BAL cytological characteristics between the groups were noted, statistical relevance
was demonstrated only for a higher proportion of lymphocytes in BALF of Mtb.-infected
children in comparison with the control group (p = 0.02).

Table 1. Characteristics of the study participants.

(S;trL(;i};) Control Group
Total Lun; RTI
n (f/ }3 n=22 Aft;l 1(1(‘)\/;{) -II(;]?° %) Anomgalies n=7
° (%) nES ) m=OTR ha %) (%)
Sex
Females 10 (77) 12 (55) 2 (40) 3 (50) 2 (50) 5(71)
Males 3(23) 10 (45) 3 (60) 3 (50) 2 (50) 2(29)
Age (yrs), median (IQR) 5 (4-6) 7 (4-12) 12 (6-13) 10(3-12) 6(4-105) 6(2-9)
<5yrs 5(38) 6 (27) 0(0) 2 (33) 1(25) 3(43)
0-2 yrs 0(0) 1(5) 0(0) 2 (33) 0(0) 0(0)
Origin
Poland 13 (100) 22 (100) 5 (100) 6 (100) 4 (100) 7 (100)
BMI
3-97 percentile 13 (100) 22 (100) 5 (100) 6 (100) 4 (100) 7 (100)
BCG vaccinated
Yes 13 (100) 22 (100) 5 (100) 6 (100) 4 (100) 7 (100)
BCG scar
Present 11 (85) 19 (86) 4 (80) 5(83) 4 (100) 6 (86)
Not recorded 0(0) 0 (0) 0(0) 0(0) 0(0) 0 (0)
TST
TST-positive 12 (92) 0(0) 0(0) 0(0) 0(0) 0(0)
TST-negative 1(8) 5(23) 1 (20) 0(0) 1(25) 3 (43)
TST not performed 0(0) 17 (77) 4 (80) 6 (100) 3(75) 4 (57)
QFT
QFT-positive 7 (54) 0(0) 0(0) 0(0) 0(0) 0(0)
QFT-negative 1(8) 4(18) 1 (20) 0(0) 0(0) 3 (43)
QFT-indeterminate 0(0) 0(0) 0(0) 0(0) 0(0) 0(0)
QFT Not performed 5 (38) 18 (82) 4 (80) 6 (100) 4 (100) 4 (57)
Known TB contact
Yes 13 (100) 0(0) 0(0) 0(0) 0(0) 0(0)
No 0(0) 22 (100) 5 (100) 6 (100) 4 (100) 7 (100)
Index case
Smear-positive 10 (77) n/A n/A n/A n/A n/A
Smear-negative 1(8) n/A n/A n/A n/A n/A
Not known 2 (15) n/A n/A n/A n/A n/A
TB diagnosis
Microbiological 0(0) n/A n/A n/A n/A n/A
Clinical 3 (100) n/A n/A n/A n/A n/A
Clinical symptoms 2 (66) n/A n/A n/A n/A n/A
Chest X-ray abnormalities 2 (66) n/A n/A n/A n/A n/A
Abnormal
bronchofiberoscopy 3 (100) n/A n/A n/A n/A n/A
IP-10 measured in BALF 13 (100) 22 (100) 5 (100) 6 (100) 4 (100) 7 (100)
IP-10 measured in plasma 8 (62) 18 (82) 4 (80) 5 (83) 4 (100) 5(71)

Definition of abbreviations: yrs—years, IQR—interquartile range, BMI—body max index, BCG—bacille Calmette-
Gueérin, TST—tuberculin skin test, QFT—Quantiferon-TB Gold In-Tube, TB—tuberculosis, IP-10—interferon-y
inducible protein of 10 kDa, BALF—bronchoalveolar lavage fluid, ILD—interstitial lung disease, RTT—respiratory
tract infection.
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Table 2. Cytological bronchoalveolar lavage data of patients and control subjects (presented as

medians and IQRs).
BALF BALF Cell Macrophages  Lymphocytes Neutrophils Eosinophils
Recovery (%)  Count, 103/mL (%) (%) (%) (%)

Mitb.-infected 53 (49.4-63) 155 (107-293) 52 (49.4-64) 44 (31.7-45) 4 (3.0-4) 0(0.2-1)

ATB 56 (50-61) 129 (81-177) 64 (36-65) 32 (15-61) 4 (3-20) 0(0-1)

LTBI 50 (49-64) 271 (133-410) 51 (49-52) 45 (44-45) 4 (3-4) 1(0-2)
Non-TB 62 (50-74) 225 (107-355) 72 (54-79) 16 (13-26) 5(2-17) 0 (0-1)

Asthma 59 (54-65) 187.5 (107-290) 78 (61-82) 15 (15-33) 5(3-7) 0(0-1)

ILD 61(60.0-74) 341 (131.8-687.5) 73 (66-87) 18 (8-27) 2(0-5) 0 (0-0)

Lung anomalies 73 (60-78) 313 (286.7-340) 40 (24-56) 12 (8-17) 46 (26-66) 2 (1-3)

RTI 56.7 (42.2-68) 78 (60-230.7) 71 (52.7-76) 21 (14.3-26) 13 (5.9-16) 0(0.1-3)

Definition of abbreviations: Mtb.-infected—children infected with Mycobacterium tuberculosis, ATB—active tu-
berculosis, LTBI—latent tuberculous infection, Non-TB—children not infected with Mycobacterium tuberculosis,
ILD—interstitial lung disease, RTI—respiratory tract infection, BALF—bronchoalveolar lavage fluid.

3.1. BALF and Plasma Concentrations of IP-10

The median IP-10 BALF concentration was 229 pg/mL (IQR 138-483 pg/mL) in Mtb.-
infected children and 412 pg/mL (IQR 110.4-851.8 pg/mL) in Mtb.-uninfected controls.
Plasma IP-10 concentration was measured in 26 (74.3%) children, among whom eight were
Mitb.-infected and 18 were not. The median plasma IP-10 concentration in Mtb.-infected
children was 136 pg/mL (IQR 109.3-207 pg/mL) and in the control group it equaled
129 pg/mL (IQR 73.5-206 pg/mL). Although children in the control group had a higher
BALF IP-10 level, no significant differences in BALF or plasma IP-10 concentrations were
demonstrated between the study and the control group (Figure 1).

800
NS - MTEBI
el 5 - = non-TB
E
o
Q 400
o
= NS
o =
2004 T
0= T T
BALF IP-10 pg/ml plasma IP-10 pg/ml

Figure 1. IP-10 responses in BALF and plasma in Mycobacterium tuberculosis infected subjects and
Moycobacterium tuberculosis uninfected controls. Definition of abbreviations: MTBI—children in-
fected with Mycobacterium tuberculosis; non-TB—children not infected with Mycobacterium tuberculosis,
BALF—bronchoalveolar lavage fluid, NS—non-significant.

Subsequently, we performed a subgroup analysis including subgroups of children
in the study and the control group. The median IP-10 BALF concentrations in chil-
dren with ATB, LTBI, asthma, ILD, lung anomalies, and RIT were 414 pg/mL (IQR
104-598 pg/mL), 191 pg/mL (IQR 157-371 pg/mL), 490 pg/mL (IQR 216-1486 pg/mL),
578 pg/mL (IQR 410.3-852 pg/mL), 571 pg/mL (IQR 90.7-1261.7 pg/mL), and 281.7 pg/mL
(IOR 110.4-414 pg/mL), respectively (Figure 2A). The median IP-10 plasma levels in
children with ATB, LTBI, asthma, ILD, lung anomalies, and RTI were 82 pg/mL (IQR
50-113 pg/mL), 152 pg/mL (IQR 129-253 pg/mL), 131 pg/mL (IQR 101-331 pg/mL),
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186 pg/mL (IQR 126.0-206 pg/mL), 127.8 pg/mL (IQR 84.1-258.1 pg/mL), and 115.1 pg/mL
(IQR 72.5-165 pg/mL), respectively (Figure 2B). The BALF IP-10 levels were higher in
children with asthma, ILD, and lung anomalies than in children with ATB, LTBI and the
RTI group, although the differences were not significant. Median IP-10 plasma levels were
the lowest in children with ATB but, similarly, no significant differences in IP-10 plasma
concentrations were noticed between the study groups (p > 0.05) (Figure 2).

A B
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500 - _I_ - B 2004 D
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Figure 2. IP-10 responses in bronchoalveolar lavage fluid (A) and plasma (B) in the study groups.
Definition of abbreviations: ATB—active tuberculosis, LTBI—latent tuberculous infection, ILD—

interstitial lung disease, RTI—respiratory tract infection.

3.2. Correlation of BALF and Plasma IP-10 Levels with Age

Next, we compared IP-10 levels in plasma with its concentrations in BALF. Importantly,
we demonstrated significantly higher IP-10 concentrations in BALF than those found in
plasma (Figure 3). There was a moderate correlation between plasma and BALF IP-10
levels (rs = 0.46, p = 0.018). When we examined the impact of child’s age on biomarker
concentration in both compartments, we found no correlation between plasma or BALF
IP-10 concentration and age (rs = —0.026, p = 0.9 and 1 = —0.032, p = 0.85, respectively).
IP-10 in BALF did not correlate with BALF recovery or BALF cytology results and, similarly,
plasma IP-10 did not correlate with blood differential count results (data not shown).

2000
p =0.008
1500 —
E
=]
Q4000
o —
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500
———1
N | —
1 1
BALF Plasma

Figure 3. Comparison between IP-10 level in BALF and plasma. Definition of abbreviations: BALF—

bronchoalveolar lavage fluid.
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4. Discussion

In the present study performed in a low TB-endemic country with a highly BCG
vaccinated population, we demonstrated that IP-10 is detectable in the BALF of children
with Mycobacterium tuberculosis infection and other respiratory diseases. Importantly, we
showed significantly higher concentrations of IP-10 in BALF than those found in the plasma
of children with respiratory diseases. We demonstrated that BALF IP-10 is significantly
correlated with plasma IP-10 but it is not associated with age. These findings indicate that
IP-10 measurement in BALF has the potential of becoming an additional biomarker in the
diagnosis of respiratory diseases in children.

IP-10 has been proposed as a new TB biomarker for adults and children [15]. Indeed,
higher IP-10 levels, albeit inconsistently, have been demonstrated in sera of TB patients
and subjects latently infected with Mycobacterium tuberculosis compared with uninfected
controls [12-14,27-29]. Similar observations were made in the studies assessing other
biological specimens obtained from Mtb.-infected adults and the urine of children with
active TB [10,16-18,23]. The observed conflicting results of some published studies have
been attributed to the differences in the studies” designs (local TB endemicity, popula-
tions studied, and methods of IP-10 concentration determination). While a considerable
number of studies employed QFT test tubes to measure IP-10 concentration, the cost of
this method remains prohibitive in resource-poor settings. Several reports demonstrated
increased concentrations of IP-10 in unstimulated plasma and urine of subjects with ATB
compared with adults and children without active disease [23,30-33]. Here we confirm
that IP-10 is detectable also in unstimulated BALF of children with Mtb. infection and
other respiratory diseases, possibly reflecting the local pro-inflammatory cellular milieu
in childhood respiratory diseases. In agreement with our findings, IP-10 has been previ-
ously related to infections with other pathogens and conditions associated with chronic
inflammation [15,34,35].

There are few studies investigating IP-10 in BALF samples published to date. In adults,
higher IP-10 concentrations were observed, among others, in patients with TB, asthma,
sarcoidosis, acute pulmonary exacerbations in cystic fibrosis, and in acute rejection after
lung transplantation [36-38]. An increased expression of IP-10 has been shown in BAL cells
and fluid of TB patients. Sauty et al. demonstrated that IP-10 mRNA was expressed in
the bronchial epithelium and that IP-10-positive cells were significantly increased in BALF
obtained from TB patients compared with healthy controls [17]. Elevated expression of
IP-10 mRNA in BAL cells from TB patients was next confirmed by others [21,36].

Furthermore, the differences in IP-10 levels in BAL specimens seem to reflect the
severity of the disease. In patients with active TB with or without HIV-coinfection, higher
concentrations of IP-10 in BAL cells supernatants and in BAL fluid have been associated
with non-cavitary TB [20,22]. Walrath et al. showed an increased level of IP-10 in BALF also
in asymptomatic latently infected subjects [19]. Following in vivo and in vitro stimulation
with a purified protein derivative (PPD) of Mycobacterium tuberculosis, an augmented
expression of this molecule was detected only in BALF and BAL cells obtained from patients
with a positive TST result. In our study, however, we did not observe significantly higher
IP-10 concentrations in Mtb.-infected individuals when compared with uninfected controls
or in active TB patients when compared with the LTBI group. Unlike some previous reports,
we did not incubate BAL cells with Mtb.-specific antigens, an approach taken previously
by others investigating biomarkers in BALF, blood, and urine [22,23,33]. Nevertheless,
we were able to show no correlation between IP-10 and the age of children, which is of
great importance in pediatrics. Our results indicate that IP-10 measurement in BALF is not
only technically feasible, but carries the potential of becoming an additional TB biomarker
in childhood TB regardless of age. Further research should, therefore, incorporate BAL
cell incubation with Mtb.-derived peptides and include a larger number of children with
different stages of Mtb. infection and other respiratory diseases. Importantly, processing of
the bronchoalvelar fluid once BAL is performed is relatively simple, but the information it
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provides about the pulmonary milieu during the infection with Mycobacterium tuberculosis
cannot be overestimated.

While our study is the first to evaluate the potential use of IP-10 measurement in BAL
fluid obtained from children under investigation for TB, we acknowledge that it bears
several limitations. First of all, due to the small sample size, the present study might have
lacked statistical power to show significant differences in IP-10 BALF levels between the
groups. Although we observed some discrepancies in BAL cytology between the groups,
these were too small to reach the level of significance and hampered us from demonstrating
associations between BAL cell differential count and IP-10 level. Moreover, for ethical
reasons, the control group consisted of children with other respiratory diseases in whom
a planned bronchoscopy was a routine diagnostic procedure. Another drawback of the
present study lies in the fact that not all of the Mtb.-infected children had an available QFT
result. However, all TST positive results were >10 mm, which is in agreement with national
and European guidelines concerning BCG-vaccinated individuals [39,40]. While in some
children from the control group the TB diagnostics was performed with negative results,
Mitb. infection cannot be excluded in the remaining participants. Taken together, this could
have caused the potential misclassification of patients. On the other hand, TB-incidence
in Poland is low, and a recent TB contact was carefully excluded before enrollment to the
control group. In addition, our study population did not include children under the age of
2 years. Therefore, the concentrations of IP-10 in BALF obtained from the youngest children
remain unknown.

In conclusion, the results of the present study confirm that IP-10 is detectable in
BALF obtained from children, does not correlate with age, and that IP-10 in unstimulated
BALF reaches even higher concentrations than in unstimulated plasma in children with
respiratory diseases. The evaluation of IP-10 in BALF of children suspected of TB is a
novelty, and these findings could provide a framework for a better understanding of
disease processes. Since bronchoscopy is a part of the TB diagnostic work-up, the obtained
material could serve as an additional sample for immunodiagnostic assays facilitating the
accurate diagnosis. Further investigations are certainly needed to evaluate the robustness
of these results and to determine the advantage of IP-10 measurement in BALF in children
with different stages of Mtb. infection in a larger population.

Author Contributions: Conception and design: A.S., A.K.-P,, W.F. and M.K. Data acquisition: A.S.,
AK.-P,WF, KK, WZ. and W.B. Analysis and interpretation of data: A.S., AK.-P., WE. and M.K.
Drafting the manuscript: A.S. Revising the manuscript for important intellectual content: A.K.-
P, WE, KK, WZ., WB. and M.K. All authors have read and agreed to the published version of
the manuscript.

Funding: The study was supported by Medical University of Warsaw (WUM/1W34,/2015/2016).

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Medical University of Warsaw Ethics Committee on 24
July 2012 (KB161/2012).

Informed Consent Statement: Informed consent was obtained from a parent or legal guardian of
every child involved in the study.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: In memoriam of Jerzy Ziolkowski.

Conflicts of Interest: The authors declare that they have no conflict of interest.

1. World Health Organization. Global Tuberculosis Report 2021; WHO: Geneva, Brussels, 2021.
2. Jenkins, H.E.; Yuen, C.M.; Rodriguez, C.A.; Nathavitharana, R.R.; McLaughlin, M.M.; Donald, P.; Marais, B.]J.; Becerra, M.C.
Mortality in children diagnosed with tuberculosis: A systematic review and meta-analysis. Lancet Infect. Dis. 2017, 17, 285-295.

[CrossRef]


http://doi.org/10.1016/S1473-3099(16)30474-1

Diagnostics 2022, 12, 840 90of 10

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

Marais, B.J.; Hesseling, A.C.; Gie, R.P; Schaaf, H.S.; Enarson, D.A.; Beyers, N. The bacteriologic yield in children with intrathoracic
tuberculosis. Clin. Infect. Dis. 2006, 42, e69—-e71. [CrossRef] [PubMed]

Farhat, M.; Greenaway, C.; Pai, M.; Menzies, D. False-positive tuberculin skin tests: What is the absolute effect of BCG and
non-Tuberculous mycobacteria? Int. J. Tuberc. Lung Dis. 2006, 10, 1192-1204. [PubMed]

Mancuso, ].D.; Mody, R.M.; Olsen, C.H.; Harrison, L.H.; Santosham, M.; Aronson, N.E. The Long-term Effect of Bacille Calmette-
Guerin Vaccination on Tuberculin Skin Testing: A 55-Year Follow-Up Study. Chest 2017, 152, 282-294. [CrossRef] [PubMed]
Laurenti, P.; Raponi, M.; de Waure, C.; Marino, M.; Ricciardi, W.; Damiani, G. Performance of interferon-gamma release assays in
the diagnosis of confirmed active tuberculosis in immunocompetent children: A new systematic review and meta-analysis. BMC
Infect. Dis. 2016, 16, 131. [CrossRef]

Mandalakas, A.M.; Detjen, A.K.; Hesseling, A.C.; Benedetti, A.; Menzies, D. Interferon-gamma release assays and childhood
tuberculosis: Systematic review and meta-analysis. Int. J. Tuberc. Lung Dis. 2011, 15, 1018-1032. [CrossRef]

Chiappini, E.; Storelli, E; Tersigni, C.; Venturini, E.; de Martino, M.; Galli, L. QuantiFERON-TB Gold In-Tube test performance in
a large pediatric population investigated for suspected tuberculosis infection. Paediatr. Respir. Rev. 2019, 32, 36—47. [CrossRef]
Hamzaoui, A.; Yaalaoui, S.; Cherif, F.T.; Saidi, L.S.; Berraies, A. Childhood tuberculosis: A concern of the modern world. Eur.
Respir. Rev. 2014, 23, 278-291. [CrossRef]

Ferrero, E.; Biswas, P.; Vettoretto, K.; Ferrarini, M.; Uguccioni, M.; Piali, L.; Leone, B.E.; Moser, B.; Rugarli, C.; Pardi, R.
Macrophages exposed to Mycobacterium tuberculosis release chemokines able to recruit selected leucocyte subpopulations: Focus
on gammadelta cells. Immunology 2003, 108, 365-374. [CrossRef]

Vanini, V.; Petruccioli, E.; Gioia, C.; Cuzzi, G.; Orchi, N.; Rianda, A.; Alba, L.; Giancola, M.L.; Conte, A.; Schinina, V.; et al. IP-10 is
an additional marker for tuberculosis (TB) detection in HIV-infected persons in a low-TB endemic country. J. Infect. 2012, 65,
49-59. [CrossRef]

Amanatidou, V.; Critselis, E.; Trochoutsou, A.; Soldatou, A.; Benetatou, K.; Spyridis, N.; Papadopoulos, N.G.; Tsolia, M.N.
Interferon gamma inducible protein-10 in the diagnosis of paediatric tuberculosis infection in a low TB incidence country. Int. J.
Tuberc. Lung Dis. 2015, 19, 1463-1469. [CrossRef] [PubMed]

Alsleben, N.; Ruhwald, M.; Russmann, H.; Marx, EM.; Wahn, U.; Magdorf, K. Interferon-gamma inducible protein 10 as a
biomarker for active tuberculosis and latent tuberculosis infection in children: A case-control study. Scand. ]. Infect. Dis. 2012, 44,
256-262. [CrossRef] [PubMed]

Latorre, I.; Diaz, J.; Mialdea, I.; Serra-Vidal, M.; Altet, N.; Prat, C.; Diez, N.; Escribano, A.; Casas, I.; Rodrigo, C.; et al. IP-10 is an
accurate biomarker for the diagnosis of tuberculosis in children. J. Infect. 2014, 69, 590-599. [CrossRef] [PubMed]

Ruhwald, M.; Aabye, M.G.; Ravn, P. IP-10 release assays in the diagnosis of tuberculosis infection: Current status and future
directions. Expert Rev. Mol. Diagn. 2012, 12, 175-187. [CrossRef] [PubMed]

Okamoto, M.; Kawabe, T.; Iwasaki, Y.; Hara, T.; Hashimoto, N.; Imaizumi, K.; Hasegawa, Y.; Shimokata, K. Evaluation of
interferon-gamma, interferon-gamma-inducing cytokines, and interferon-gamma-inducible chemokines in tuberculous pleural
effusions. J. Lab. Clin. Med. 2005, 145, 88-93. [CrossRef] [PubMed]

Sauty, A.; Dziejman, M.; Taha, R.A; Iarossi, A.S.; Neote, K.; Garcia-Zepeda, E.A.; Hamid, Q.; Luster, A.D. The T cell-specific CXC
chemokines IP-10, Mig, and I-TAC are expressed by activated human bronchial epithelial cells. J. Immunol. 1999, 162, 3549-3558.
Cannas, A.; Calvo, L.; Chiacchio, T.; Cuzzi, G.; Vanini, V.; Lauria, EN.; Pucci, L.; Girardi, E.; Goletti, D. IP-10 detection in urine is
associated with lung diseases. BMC Infect. Dis. 2010, 10, 333. [CrossRef]

Walrath, J.; Zukowski, L.; Krywiak, A.; Silver, R.F. Resident Th1-like effector memory cells in pulmonary recall responses to
Mycobacterium tuberculosis. Am. J. Respir. Cell Mol. Biol. 2005, 33, 48-55. [CrossRef]

Kibiki, G.S.; Myers, L.C.; Kalambo, C.F,; Hoang, S.B.; Stoler, M.H.; Stroup, S.E.; Houpt, E.R. Bronchoalveolar neutrophils,
interferon gamma-inducible protein 10 and interleukin-7 in AIDS-associated tuberculosis. Clin. Exp. Immunol. 2007, 148, 254-259.
[CrossRef]

Raju, B.; Hoshino, Y.; Kuwabara, K.; Belitskaya, L.; Prabhakar, S.; Canova, A.; Gold, J.A.; Condos, R.; Pine, R.I.; Brown, S.; et al.
Aerosolized gamma interferon (IFN-gamma) induces expression of the genes encoding the IFN-gamma-inducible 10-kilodalton
protein but not inducible nitric oxide synthase in the lung during tuberculosis. Infect. Immun. 2004, 72, 1275-1283. [CrossRef]
Nolan, A.; Condos, R.; Huie, M.L.; Dawson, R.; Dheda, K.; Bateman, E.; Rom, W.N.; Weiden, M.D. Elevated IP-10 and IL-6 from
bronchoalveolar lavage cells are biomarkers of non-cavitary tuberculosis. Int. J. Tuberc. Lung Dis. 2013, 17, 922-927. [CrossRef]
[PubMed]

Petrone, L.; Cannas, A.; Aloi, F.; Nsubuga, M.; Sserumkuma, J.; Nazziwa, R.A.; Jugheli, L.; Lukindo, T.; Girardi, E.; Reither, K,; et al.
Blood or Urine IP-10 Cannot Discriminate between Active Tuberculosis and Respiratory Diseases Different from Tuberculosis in
Children. BioMed Res. Int. 2015, 2015, 589471. [CrossRef] [PubMed]

de Blic, J.; Midulla, F,; Barbato, A.; Clement, A.; Dab, I; Eber, E.; Green, C.; Grigg, ].; Kotecha, S.; Kurland, G; et al. Bronchoalveolar
lavage in children. ERS Task Force on bronchoalveolar lavage in children. European Respiratory Society. Eur. Respir. ]. 2000, 15,
217-231. [CrossRef] [PubMed]

Bush, A.; Cunningham, S.; de Blic, J.; Barbato, A.; Clement, A.; Epaud, R.; Hengst, M.; Kiper, N.; Nicholson, A.G.; Wetzke, M.;
et al. European protocols for the diagnosis and initial treatment of interstitial lung disease in children. Thorax 2015, 70, 1078-1084.
[CrossRef]


http://doi.org/10.1086/502652
http://www.ncbi.nlm.nih.gov/pubmed/16575719
http://www.ncbi.nlm.nih.gov/pubmed/17131776
http://doi.org/10.1016/j.chest.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28087302
http://doi.org/10.1186/s12879-016-1461-y
http://doi.org/10.5588/ijtld.10.0631
http://doi.org/10.1016/j.prrv.2019.03.010
http://doi.org/10.1183/09059180.00005314
http://doi.org/10.1046/j.1365-2567.2003.01600.x
http://doi.org/10.1016/j.jinf.2012.03.017
http://doi.org/10.5588/ijtld.14.0945
http://www.ncbi.nlm.nih.gov/pubmed/26614187
http://doi.org/10.3109/00365548.2011.632644
http://www.ncbi.nlm.nih.gov/pubmed/22103555
http://doi.org/10.1016/j.jinf.2014.06.013
http://www.ncbi.nlm.nih.gov/pubmed/24975172
http://doi.org/10.1586/erm.11.97
http://www.ncbi.nlm.nih.gov/pubmed/22369377
http://doi.org/10.1016/j.lab.2004.11.013
http://www.ncbi.nlm.nih.gov/pubmed/15746651
http://doi.org/10.1186/1471-2334-10-333
http://doi.org/10.1165/rcmb.2005-0060OC
http://doi.org/10.1111/j.1365-2249.2007.03330.x
http://doi.org/10.1128/IAI.72.3.1275-1283.2004
http://doi.org/10.5588/ijtld.12.0610
http://www.ncbi.nlm.nih.gov/pubmed/23743311
http://doi.org/10.1155/2015/589471
http://www.ncbi.nlm.nih.gov/pubmed/26346028
http://doi.org/10.1183/09031936.00.15121700
http://www.ncbi.nlm.nih.gov/pubmed/10678650
http://doi.org/10.1136/thoraxjnl-2015-207349

Diagnostics 2022, 12, 840 10 of 10

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Chcialowski, A.; Chorostowska-Wynimko, ].; Fal, A.; Pawlowicz, R.; Domagala-Kulawik, J. Recommendation of the Polish
Respiratory Society for bronchoalveolar lavage (BAL) sampling, processing and analysis methods. Pneumonol. Alergol. Pol. 2011,
79, 75-89.

Ruhwald, M.; Bodmer, T.; Maier, C.; Jepsen, M.; Haaland, M.B.; Eugen-Olsen, J.; Ravn, P. Evaluating the potential of IP-10 and
MCP-2 as biomarkers for the diagnosis of tuberculosis. Eur. Respir. |. 2008, 32, 1607-1615. [CrossRef]

Ruhwald, M.; Dominguez, J.; Latorre, I.; Losi, M.; Richeldi, L.; Pasticci, M.B.; Mazzolla, R.; Goletti, D.; Butera, O.; Bruchfeld,
J.; et al. A multicentre evaluation of the accuracy and performance of IP-10 for the diagnosis of infection with M. tuberculosis.
Tuberculosis 2011, 91, 260-267. [CrossRef]

Holm, L.L.; Rose, M.V.; Kimaro, G.; Bygbjerg, I.C.; Mfinanga, S.G.; Ravn, P.; Ruhwald, M. A comparison of interferon-gamma and
IP-10 for the diagnosis of tuberculosis. Pediatrics 2014, 134, e1568—e1575. [CrossRef]

Whittaker, E.; Gordon, A.; Kampmann, B. Is IP-10 a better biomarker for active and latent tuberculosis in children than IFNgamma?
PLoS ONE 2008, 3, €3901. [CrossRef]

Lighter, J.; Rigaud, M.; Huie, M.; Peng, C.H.; Pollack, H. Chemokine IP-10: An adjunct marker for latent tuberculosis infection in
children. Int. J. Tuberc. Lung Dis. 2009, 13, 731-736.

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]

Azzurri, A.; Sow, O.Y.; Amedei, A.; Bah, B.; Diallo, S.; Peri, G.; Benagiano, M.; D’Elios, M.M.; Mantovani, A.; Del Prete, G.
IFN-gamma-inducible protein 10 and pentraxin 3 plasma levels are tools for monitoring inflammation and disease activity in
Mycobacterium tuberculosis infection. Microbes Infect. 2005, 7, 1-8. [CrossRef] [PubMed]

Petrone, L.; Chiacchio, T.; Vanini, V.; Petruccioli, E.; Cuzzi, G.; Di Giacomo, C.; Pucci, L.; Montalbano, M.; Lionetti, R.; Testa, A.;
et al. High urine IP-10 levels associate with chronic HCV infection. J. Infect. 2014, 68, 591-600. [CrossRef] [PubMed]
Puapatanakul, P; Chansritrakul, S.; Susantitaphong, P.; Ueaphongsukkit, T.; Eiam-Ong, S.; Praditpornsilpa, K.; Kittana-
mongkolchai, W.; Avihingsanon, Y. Interferon-Inducible Protein 10 and Disease Activity in Systemic Lupus Erythematosus and
Lupus Nephritis: A Systematic Review and Meta-Analysis. Int. . Mol. Sci. 2019, 20, 4954. [CrossRef]

Miotto, D.; Christodoulopoulos, P.; Olivenstein, R.; Taha, R.; Cameron, L.; Tsicopoulos, A.; Tonnel, A.B.; Fahy, O.; Lafitte, ].].;
Luster, A.D.; et al. Expression of IFN-gamma-inducible protein; monocyte chemotactic proteins 1, 3, and 4; and eotaxin in TH1-
and TH2-mediated lung diseases. J. Allergy Clin. Immunol. 2001, 107, 664-670. [CrossRef]

Husain, S.; Resende, M.R.; Rajwans, N.; Zamel, R.; Pilewski, ] M.; Crespo, M.M.; Singer, L.G.; McCurry, K.R.; Kolls, ].K.; Keshavjee,
S.; et al. Elevated CXCL10 (IP-10) in bronchoalveolar lavage fluid is associated with acute cellular rejection after human lung
transplantation. Transplantation 2014, 97, 90-97. [CrossRef]

Solomon, G.M.; Frederick, C.; Zhang, S.; Gaggar, A.; Harris, T.; Woodworth, B.A.; Steele, C.; Rowe, S.M. IP-10 is a potential
biomarker of cystic fibrosis acute pulmonary exacerbations. PLoS ONE 2013, 8, €72398. [CrossRef]

Augustynowicz-Kope¢, E.D.U.; Grzelewska-Rzymowska, I.; Korzeniewska-Kosela, M.; Langfort, R.; Michatowska-Mitczuk, D.;
Rowiniska-Zakrzewska, E.; Zielonka, T.M.; Ziotkowski, J.; Zwolska, Z. Zalecenia Polskiego Towarzystwa Choréb Ptuc dotyczace
rozpoznawania, leczenia i zapobiegania gruzlicy u dorostych i dzieci. Pneumonol. Alergol. Pol. 2013, 81, 323-379.

Erkens, C.G.; Kamphorst, M.; Abubakar, I.; Bothamley, G.H.; Chemtob, D.; Haas, W.; Migliori, G.B.; Rieder, H.L.; Zellweger, ].P;
Lange, C. Tuberculosis contact investigation in low prevalence countries: A European consensus. Eur. Respir. . 2010, 36, 925-949.
[CrossRef]


http://doi.org/10.1183/09031936.00055508
http://doi.org/10.1016/j.tube.2011.01.001
http://doi.org/10.1542/peds.2014-1570
http://doi.org/10.1371/journal.pone.0003901
http://doi.org/10.1371/journal.pone.0064226
http://www.ncbi.nlm.nih.gov/pubmed/23691173
http://doi.org/10.1016/j.micinf.2004.09.004
http://www.ncbi.nlm.nih.gov/pubmed/15716076
http://doi.org/10.1016/j.jinf.2014.02.008
http://www.ncbi.nlm.nih.gov/pubmed/24582930
http://doi.org/10.3390/ijms20194954
http://doi.org/10.1067/mai.2001.113524
http://doi.org/10.1097/TP.0b013e3182a6ee0a
http://doi.org/10.1371/journal.pone.0072398
http://doi.org/10.1183/09031936.00201609

	Introduction 
	Materials and Methods 
	Patients 
	Collection and Processing of BAL and Blood Samples 
	Determination of IP-10 Concentration 
	Statistics 

	Results 
	BALF and Plasma Concentrations of IP-10 
	Correlation of BALF and Plasma IP-10 Levels with Age 

	Discussion 
	References

