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ABSTRACT: Despite substantial efforts for the early diagnosis of tuberculosis (TB) in children,
the paucibacillary characteristic of the disease and clinical manifestations resembling other
pulmonary childhood infections contribute to pediatric TB remaining a significant challenge
for global public health. Overall, for children and adolescents, rapid molecular methods,
culture and antigen detection in a lateral flow format, constitutes the main technology to help
detect active TB and to evaluate drug resistance. In addition, with the rapid technological
development, other methodologies are becoming promising for diagnosing pediatric TB.
Furthermore, the recent advances in early diagnosis have shown a positive impact on the
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timing and effectiveness of TB treatment in children. In this way, this review aimed to
summarize the laboratory tests available for children while providing insights into new
biomarkers (inflammatory mediators, liquid biopsy and extracellular vesicles) in the evolving
landscape of pediatric TB diagnosis.

Keywords: Tuberculosis. Diagnosis. Children. Biomarkers. Laboratorial tests.

RESUMO: Apesar dos esforgos substanciais para o diagndstico precoce da tuberculose (TB)
em criangas, a caracteristica paucibacilar da doenga e as manifestagdes clinicas semelhantes
a outras infecgdes pulmonares da infancia contribuem para que a TB pediatrica permanega
um desafio significativo para a saude publica global. No geral, para criangas e adolescentes,
métodos moleculares rapidos, cultura e detecgdo de antigenos em formato de fluxo lateral
constituem as principais tecnologias para ajudar a detectar a TB ativa e avaliar a resisténcia
aos medicamentos. Além disso, com o rdpido desenvolvimento tecnoldgico, outras
metodologias estdo se tornando promissoras para diagnosticar a TB pediatrica. Ademais, os
avangos recentes no diagndstico precoce demonstraram impacto positivo no tempo e na
eficacia do tratamento da TB em criangas. Assim, esta revisao teve como objetivo resumir os
testes laboratoriais disponiveis para criangas, fornecendo também perspectivas sobre novos
biomarcadores (mediadores inflamatdrios, bidpsia liquida e vesiculas extracelulares) no
cenario em evolucdo do diagndstico da TB pediatrica.

Palavras-chave: Tuberculose. Diagndstico. Criancas. Biomarcadores. Exames laboratoriais.

RESUMEN: A pesar de los esfuerzos sustanciales para el diagndstico temprano de la
tuberculosis (TB) en nifios, la caracteristica paucibacilar de la enfermedad y las
manifestaciones clinicas que se asemejan a otras infecciones pulmonares infantiles
contribuyen a que la TB pediatrica siga siendo un desafio importante para la salud publica
mundial. En general, para nifios y adolescentes, los métodos moleculares rapidos, el cultivo y
la deteccidn de antigenos en formato de flujo lateral constituyen la principal tecnologia para
ayudar a detectar la TB activa y evaluar la resistencia a los medicamentos. Ademas, con el
rapido desarrollo tecnoldgico, otras metodologias estan mostrando ser prometedoras para el
diagndstico de la TB pediatrica. Asimismo, los avances recientes en el diagndstico temprano
han mostrado un impacto positivo en el tiempo y la efectividad del tratamiento de la TB en
nifos. Por lo tanto, esta revision tuvo como objetivo resumir las pruebas de laboratorio
disponibles para nifios y proporcionar perspectivas sobre nuevos biomarcadores (mediadores
inflamatorios, biopsia liquida y vesiculas extracelulares) en el panorama evolutivo del
diagndstico de la TB pediatrica.

Palabras clave: Tuberculosis. Diagndstico. Niflos. Biomarcadores. Pruebas de laboratorio.

INTRODUCTION

Tuberculosis (TB) is an infectious disease caused by bacteria of the Mycobacterium
complex. The infection is spread by air, through the sputum of Koch's bacilli expelled by
infected individuals (Seddon et al., 2014), thus agglomeration is the main risk factor for

transmission (Lima et al., 2019). TB is still a serious global public health problem, especially in
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children. About 1.1 million of children (aged 0-14 years) become ill with TB every year and in
2021, 16% died from the disease (Global Tuberculosis Report 2023). However, national TB
programs usually report less than half of these numbers and, in addition to this scenario, the
World Health Organization (WHO) recently discussed the negative global impact of the
coronavirus disease 2019 (COVID-19) pandemic on case notification and access to treatment
(Global Tuberculosis Report 2023). It is important to mention that there was anincrease 21.8%
in the number of extrapulmonary TB (EPTB) cases in children <5 years-old in 2021 (Brazil,
2023). Of note, the high mortality rate in this age group is predominantly observed among
patients without diagnosis or with an incomplete treatment (Jenkins et al., 2017; Dodd et al.,
2017). Importantly, the rate of neonatal vaccination has been decreasing in Brazil in the last
few years (Brazil, 2023). These data demonstrate the slow progress towards to what was
proposed by the “End TB Strategy” implemented by the World Health Assembly of 194
Member States in 2014, which included the goals of cover treatment in =2 90% of children in
contact with TB patients and increase vaccination rate (Program the End TB strategy, 2015)

Nowadays, the presumptive diagnosis of pulmonary pediatric TB is performed based
on clinical/laboratory criteria: clinical symptoms + history of TB contact + chest radiography +
tuberculin skin tests (TST) and/or Interferon-Gamma Release Assays (IGRA) and/or Nucleic
Acid Amplification Test (if available) + nutritional status (Graham et al., 2015; WHO, 2023).
Nevertheless, the early diagnosis is affected by the absence of clinical symptoms or the
presence of nonspecific symptoms which may also be seen in other respiratory infections,
particularly among children under five years old (Maphalle et al., 2022). These clinical
manifestations include evening fever, weight loss, persistent or productive dry cough, and
night sweats (Graham et al., 2015). Other diseases such as non-tuberculous bacterial
pneumonia (e.g. Mycobacterium conspicuum), systemic mycoses (e.g. Paracoccidioides
brasiliensis and Pneumocystis jirovecii) or other lung diseases/neoplasms are important for
differential diagnosis (Committee on Infectious Diseases, 2021). Besides absence of
symptoms, the chest X-ray could be atypical, and the laboratory diagnosis can provide false-
negative or inconclusive results mainly due to inadequate sample collection (CDC TB, 2020).

In pregnant women, congenital infection can occur through hematogenous

dissemination or through aspiration/ingestion of amniotic fluid containing Koch's bacilli (Li et
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al., 2019). Due to the immaturity of the Thl immune system, TST and IGRA assays are generally
negative in this group (Vanden et al., 2013). In addition to routine laboratory evaluation for
suspected cases of congenital infection, the assessment of the placenta is essential (Shao et
al, 2021). Considering all difficulties for pediatric TB diagnosis, this review aimed to summarize

the laboratory tests currently available and to describe the perspectives and new promising

biomarkers to enhance early Mycobacterium Tuberculosis (Mtb) detection.
DEVELOPMENT

Current laboratory diagnosis for pediatric TB endorsed by WHO
Cartridge-based rapid molecular tests (TRM-TB)

In recent years, there has been an incessant search for a pediatric sample that is easily
collected in a non-invasive way and with high accuracy for TB diagnosis (WHO, 2023). In
addition, molecular biology techniques have been widely applied for the detection of genetic
material from pathogenic bacteria, individually or simultaneously detecting target sequences
in multiple samples (Kay et al., 2020). Advantages of this type of assay include an operator-
friendly characteristic and fast results (approximately 120 minutes), which makes this
technique an important tool in TB diagnosis, affecting the clinical decision-making and
epidemiological control (Brazil, 2023). Moreover, these techniques can also be used for the
diagnosis of EPTB (WHO, 2023).

In the pediatric population (specifically <10 years-old), the Xpert MTB/RIF ULTRA assay
(Cepheid Inc., Sunnyvale, CA, USA) demonstrates low sensitivity (66%) for Mtb detection but
high sensitivity for the detection of multi-resistant strains to rifampicin (95%) (WHO, 2022). In
addition, its specificity was considered low (95%) when compared to its predecessor Xpert
MTB/RIF (> 98% in respiratory samples in adults) (Signorino et al., 2022). Despite the strong
recommendations to use the Xpert MTB/RIF and Xpert Ultra as initial tests in children with
pulmonary involvement, the accuracy is variable depending of the sample type, where sputum
(75.3%) or induced sputum (70.4%) present higher sensitivity in comparison to gastric aspirate
(64%), nasopharyngeal aspirate (43.7%) and stool (56.1%) (Jayagandan et al., 2022; WHO,
2022; Kay et al., 2022). For children with signs of TB meningitis, cerebrospinal fluid (CSF)
samples should be used (Kabir et al., 2021; Dubale et al., 2022; Kamra et al., 2022). Also, recent

Revista Interdisciplinar de Estudos em Saude. Cagador, v.14, n.2, p. €3590, 2025
ISSN - 2238-832X



CO
Revista Interdisciplinar de
};)168 Estudos em Saude

research has tested oral and lingual swab samples with the Xpert MTB/RIF ULTRA technology,
but the results were discouraging in children, due to low with sensitivity (22%) despite the
high specificity (100%) (Cox et al., 2022). Importantly, the trace results should be considered
positive because of the paucibacillary nature of TB disease in children. In these cases,
screening for rifampicin resistance will also provide an indeterminate result (WHO, 2022;
Cepheid). Furthermore, it is important to emphasize that the presence of Mtb DNA may be
residual from previous infections. Therefore, this assay is not recommended for TB treatment
control, and the confirmation of active TB in reinfected patients should be confirmed by
culture assay. In these cases, resolution of clinical symptoms and weight gain can be used as
indicators of improvement (Costantini et al., 2020; WHO 2022).

Recently, Xpert MTB/XDR was made available; making it possible to evaluate
mutations associated with resistance to isoniazid, fluoroquinolones, second-line injectable
antibiotics (amikacin, kanamycin and capreomycin) and ethionamide (Cepheid). According to
our knowledge, the accuracy of this test was not investigated in children. In addition, other
technologies, such as slide-PCR gel droplet microarray - based on genotypic detection of
multiple genes in a single droplet of DNA sample, line probe assay, and Nucleic Acid
Amplification Tests are available for diagnosis; however, due to the higher cost per sample in
relation to Xpert MTB, they are mainly used to detect mutations associated with multidrug-
resistance (MDR) (Glnther et al., 2022). Importantly, new techniques using coated beads
demonstrated to improve the detection rate of the Mtb complex in saliva due to increased
mycobacterial DNA concentration (Hansen et al., 2022). This highlights the potential use of
saliva for Mtb DNA detection. Moreover, other molecular techniques have also been studied
for the diagnosis of TB in children, such as Loop-mediated isothermal amplification (TB-LAMP),
which presented a moderate sensitivity (76.5%) in children with bacteriologically confirmed
with PTB and EPTB (Inbaraj et al., 2023).

Lateral-flow urinary lipoarabinomannan assay (LF-LAM)

The lateral-flow urinary lipoarabinomannan assay (LF-LAM) for the detection of
glycolipids from the Mtb cell wall (lipoarabinomannan) have been used for TB diagnosis. These
glycolipids have important immunomodulatory properties, activating a series of cellular and

humoral events linked to the innate immune response (Correia-Neves et al., 2019). This test
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is recommended by WHO mainly for the diagnosis of active TB in HIV-positive patients with
strong evidence of signs and/or symptoms of TB (WHO, 2023). In this regard, studies have
demonstrated an inverse correlation between CD4+ cells count (€100 cells/mm3) and LF-LAM
accuracy, showing the assay's efficiency in children living with HIV and severely
immunocompromised (sensibility 57.9% and specificity 96%). Despite being a child-friendly
test and providing results in 25 min, this test has a low sensibility and specificity, 48.3% and
60.8% respectively, for HIV-negative children (Marais et al., 2014; Seid et al., 2022).
Importantly, the combination of LF-LAM and Xpert MTB/RIF assays has been considered
promising for the diagnosis of pediatric TB, with sensitivity comparable to culture (Simieneh
etal.,, 2022, WHO 2022).

It is important to mention that more studies have been using different technologies to
validate the use of urinary LAM for TB diagnosis in the HIV-negative population. For example,
Magni and colleagues (2020), in a multicentric study, identified that urinary LAM was able to
distinguish TB infection in non-HIV patients using three monoclonal antibodies (average
sensitivity of 90% and specificity of 73.5%), including in a group of 19 children. Similar results
were also observed in a posterior study using ELISA and mass spectrometry approach, even
for smear negative individuals (Amin et al. 2021).

Interferon gamma release assay (TB-IGRA and T-SPOT-TB)

The Interferon gamma release assay (IGRA) measures the production of interferon
gamma (IFN-y) by T cells stimulated with purified or synthesized Mtb antigens (WHO, 2023).
IGRA was included in the Unified Health System of Brazil in July 2022 and is especially
recommended for (i) people living with HIV with a T-CD4+ count >350 cells/mm3; (ii) children
in contact with of active TB cases (2-10 years-old); (iii) people who are candidates for stem cell
transplants and (iv) patients in treatment with immunobiologicals and/or
immunosuppressants (Brazil, 2023). Advantages of this assay includes high specificity and
sensitivity (98% and 96%, respectively) in adults, does not cross-react with the BCG vaccine
and single visit of patient to perform the test. On the other hand, it has a high economic cost,
longer time to process, and impossibility to use for treatment control (CDC, 2023; Kay et al.,

2018; Ahmed et al., 2020; Brazil, 2023). Furthermore, high rates of indeterminate results,
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mainly in children <5 years old, and limited data on immunocompromised patients increases
the risk of diagnostic failure (Kay et al., 2018; WHO, 2023; Hirabayashi et al., 2023).

The T-SPOT-TB is an immunoenzymatic method that quantifies the number of effector
T cells (spots) producing IFN-y after being stimulated with Mtb-specific antigens (WHO, 2023).
In children >10 years-old, this test presents a sensitivity of 60% and a specificity of 75% (Girit
etal.,2019; Ahmed et al., 2020). The assays recommended by WHO are the T-SPOT-TB (Oxford
Immunotec, UK), QuantiFERON-TB Gold Plus (Qiagen, USA) and Wantai TB-IGRA (Wantai,
China) (WHO, 2023). However, few studies were performed in children and the performance
for ILTB diagnosis is directly related to TB incidence (Campbell et al., 2021; Jia et al., 2022). In
293 South African children with suspected active TB, the sensitivity of T-SPOT-TB was similar
between children in different age ranges (around 81-85%) (Liebeschuetz et al., 2004).
Tuberculin skin tests (TST)

Widely used in clinical routine, the tuberculin skin test (TST) is the main assay used to
detect latent TB infection (LTBI) in asymptomatic patients. However, due to its moderate
accuracy (sensitivity of 77% and specificity of 97%), clinical assessment (medical history,
physical examination, chest radiograph) is necessary to confirm LTBI diagnosis (Brazil, 2023).
The induration should be carried out between 48-72 hours after application, and it is
considered positive when >5 mm (Gilani et al., 2024; Brazil, 2023). Importantly, when a TST is
positive in adolescents and adults, a diagnosis of LTBI should be considered for asymptomatic
patients in contact with active TB with normal chest x-ray. TST can result in a false negative in
young children (<6-8 weeks) due to immunological immaturity or false-positive results due to
cross-reactivity with a group of non-tuberculous mycobacteria (NMTB). Still, even with the
limitations, it is recommended to use the TST in low- and middle-income countries for the
diagnosis of TB infection in children (Mufioz et al., 2015; Lewinsohn et al., 2017; Brazil, 2022;
Hirabayashi et al., 2023). In the scoring system proposed by the Brazilian Ministry of Health
(the main guideline for diagnosing PTB in children), TST interpretation (PPD - purified protein
derivative RT-23) is of great importance (Pedrozo et al., 2010; Carvalho et al., 2020; Brazil,
2023).

In 2022, three new antigen-based skin tests cy-Tb (Serum Institute of India, India), c-

TST (Anhui Zhifei Longcom Biopharmaceutical Co. Ltd, China) and Diaskintest (Jsc Generium,
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Russian Federation) were recently recommended by WHO due to higher specificity in
comparison to TST. However, the efficacy of these tests has not been investigated so far (WHO
2023).
Culture

Culture is the gold standard for diagnosing TB. Unlike the tests above mentioned,
culture is capable of identifying the pathogenic species of the Mtb complex, in addition to
make it possible to perform sensitivity tests for anti-TB drugs, possibly detecting resistance
(WHO, 2023). For this reason, it is mandatory that all initial samples to be sent to confirm the
diagnosis by culture, regardless of using a second method of analysis (CDC 2023). It is
important to mention that a positive Mtb culture confirm the diagnosis of TB disease in
childhood; however, a negative result does not rule out the when the patient presents clinical
symptoms (CDC 2023).

Studies demonstrate that the sensitivity of this test in children varies between 30-50%
(Detjen et al., 2015; DiNardo et al., 2016; Click et al., 2022). However, according to the
American Thoracic Society, Centers for Disease Control and Prevention, and Infectious
Diseases Society of America, culture should be performed on respiratory samples in all
children suspected of having PTB (Lewinsohn et al., 2017). Due to the delay in obtaining the
final result (~6 weeks), other faster tests (e.g. TRM-TB) can be carried out in parallel, in an
attempt to confirm the clinical diagnosis and prevent disease spread. Besides, the use of liquid
culture media and automated systems can decrease the result release time to 5-13 days (Silva
et al., 2021). Recently, Nguyen and colleagues (2022) observed discordant results between
Xpert MTB/RIF assay and liquid culture for Mtb detection. Patients with a low sputum bacterial
load presented positive results for Xpert and negative results for liquid culture (Nguyen et al.,
2022). Thus, these data should be considered when screening for TB in the pediatric
population.

In addition to culture, the analysis by acid-fast-bacilli (AFB) smear is routinely
performed in clinical laboratories. This technique consists in a microscopic analysis of colonies
stained using the Ziehl Neelsen method, allowing the counting of bacilli/field. In children, this
method presents a low positivity rate (<20%) due to paucibacillary characteristic of pediatric

TB (Khan et al., 1995). Nevertheless, a systematic review conducted by Tiemersma and
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colleagues (2011) observed a weighted mean of lethality of 70% in smear-positive untreated
HIV-negative individuals in 10 years, showing a good predictive value for mortality using this
test (Tiemersma et al., 2011). However, there is a group of bacteria that share the
characteristic of resistance to acids, making clinical evaluation an essential point for defining
the diagnosis (Reynolds et al., 2009).

Adenosine deaminase (ADA)

The adenosine deaminase (ADA) is present mainly in lymphocytes and is involved in
stimulation of cellular immunity and regulation of antibody production (Passos et al., 2018;
Yap et al., 2021). In adults with extrapulmonary (pleural, abdominal, peritoneal and miliary),
the ADA immunoenzymatic assay presents sensitivity and specificity of 89% and 58%
respectively, at a cut-off value of 40 U/L (Han et al., 2021; Na et al., 2022; Zhou et al., 2022).
In patients with pleural effusion living in endemic areas, the ADA assay shows a positive
predictive value of 98%, when associated with the presence of clinical symptoms and
lymphocytosis (Jiménez et al., 2003). In cerebrospinal fluid (CSF) of children with TB meningitis
(6 months to 11 years), ADA demonstrated higher specificity (90%) and sensitivity around
66.6% (cut-off at 10 U/L) in comparison to other types of meningitis (Rana et al., 2004). In
addition, possible interferents such as jaundice and hemolysis can influence on the accuracy
of the test (Delacour et al., 2010). In children and adolescents with suspected pleural TB, high
concentrations of ADA (>40U/L) guarantee higher sensitivity (~90%) but with lower specificity
(~ 58%) (Na et al., 2022; Lunelli et al., 2022). The recommended laboratory tests for pediatric
TB diagnosis are summarized in Table 1.

Perspectives on pediatric TB diagnosis

In pediatric diseases, a rapid diagnosis is essential to initiate and monitoring for
treatment. In this regard, research for the implementation of new technologies for TB
diagnosis is being relentlessly performed to solve this issue. Molecular detection and drug
resistance, aerosol capture technologies, new IFN-y release assays, biomarker-based assays,
computer-aided detection for digital chest radiography and other artificial-intelligence tools
are new methods in development (WHO, 2023). However, despite technological advances,
there is still no precise test that can be performed with easily collected samples and higher

accuracy for the pediatric population (Chiang et al., 2023).
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Tests CImncaI_ Recommended Accuracy Advantages Disadvantages Reference
presentation age (sens. and spec.)
. Trained technician; requires a . .
TST 0 0 Lower cost; no laboratory analysis o AT Brazil, 2023 Ghanaie
(PPD RT-23) LTBI >3 months 77% - 97% required; widely available seco_nd visit; low sen5|_t|V|ty in et al. 2021
immunosuppression
Single visit; easy interpretation; Trained technician; affected by Kay et al., 2018
IGRA LTBI 2-10 years-old >90% - 98% highest specificity and sensitivity; sample interferents (e.g. hemolysis) Ahmed et al. 2020,
no cross-reactivity (BCG or NMITB) and/or transportation; high cost Brazil 2022
Species identification and typing of
Culture PTB, EPTB <15 years-old 50% - 100% bact.er.|?; evaluation of drug T rate.o.f contamlne?tlon; trained D|N:c1rdo etal., 2016
susceptibility; treatment-response technician; results in ~6 weeks Click et al., 2022
monitoring; various sample types
over 9t ST xS sy e o
T-SPOT PTB, EPTB >10 years-old 60% - 75% individual counting of IFN-y » I8 g Girit et al., 2019
. laboratory structure; no widely
producing cells .
available
<10 years-old 66% - 95% 1 specificity; results in ~2h; Signorino et al., 2022
TRM-TB PTB, EPTB |de.nt|f|cat|on of m.ultl-re5|sta.mt Higher cost; .affected by presence of
> 10 years-old 90% - 95% strains; operator-friendly; various residual Mtb DNA WHO, 2023
sample types
Seid et al., 2022
<15 years-old 51% - 89% N . . WHO 2022; Chiang et
Single visit; operator-friendly; sensitivity is suboptimal in al., 2023
LF-LAM PTB, EPTB J ;0P Vi immunocompetent individuals; not o
POC; lower cost evaluate drug resistance Marais et al., 2014;
< 4 years-old 48% - 61% & WHO 2022; Chiang et
al., 2023
Trained technician; affected by
! Na et al., 2022; Zhou
< - % - 589 i .8 i ' y
ADA EPTB 14 years-old 89% - 58% Single visit; easy collection sample interferents (e.g. hemolysis) etal., 2022

and/or transportation; high cost

Note: PTB: pulmonary TB; EPTB: extrapulmonary TB; TST: tuberculin skin tests; IGRA: Interferon-Gamma Release Assays; T-SPOT: interferon gamma release assay;
TRM-TB:Molecular Rapid Test for Tuberculosis; LF-LAM: lateral-flow urinary lipoarabinomannan assay; ADA: adenosine deaminase; sens: sensibility; spec: specificity;
NMTB:non-tuberculous mycobacteria

Fonte: Dados da pesquisa (2024).
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Immune mediators

During Mtb infection, the interaction between innate and adaptive immune responses
leads to the activation of alveolar macrophages and dendritic cells (DCs) which leads to the
secretion of several proinflammatory cytokines, such as tumor necrosis factor alpha (TNF-a)
and interleukin (IL)-1 (Stek et al; 2018; Cicchese et al. 2018; Rodo et al., 2019; Vinhaes et al.
2021; Mayer-Barber et al. 2023). The consequences of this response are antigen presentation
to lymphocytes and the formation of granulomas, which intend to restrict the Mtb growth and
dissemination (Ernst, 2012; O'Garra et al. 2013; McNabet al. 2015) but leads to a persistent
inflammation with a consequent tissue damage (Amaral et al. 2021). Granulomas are typical
of infections caused by Koch's bacillus. Its circular characteristic is formed by the
encapsulation of the bacillus by inflammatory cells (alveolar macrophages, monocytes,
lymphocytes), and subsequent formation of the primary nodule (Ghon's tubercle) retaining
viable mycobacteria (LTBI) which can progress to reactivation or cavitation (characteristic of
secondary TB), through endogenous or exogenous triggers, particularly in children (Cruz-
Knight; Blake-Gumbs., 2013).

Several pediatric studies have focused on the accuracy of inflammatory mediators to
detect the TB infection, as well as to discriminate active TB from LTBI. Several biomarkers have
been studied, using immunological methods, for the diagnosis of TB in childhood; however,
some data is still controversial. Studies have observed that IFN-y, IP-10, IL-2, TNF-a, IL-1ra, IL-
13, IFN-aand the vascular endothelial growth factor (VEGF) present high sensitivity and
specificity to distinguish TB-infected and non-infected children (Armand et al. 2014;
Tebruegge et al., 2015; Sudbury et al.,2019; Manyelo et al. 2022).

Additionally, some of these biomarkers seem to be capable to distinguish the forms of
the disease. In a previous study, our group have demonstrated that the combinatory analysis
of VEGF and IL-1Ra showed a high area under the curve (AUC of 0.99) on the discrimination of
active TB and LTBI in children <5 years-old (Martins et al 2022). Moreover, the combinations
of TNF-a/IL-1ra and TNF-a/IL-10 correctly classified children with active TB and LTBI
(Tebruegge et al., 2015) and simultaneous analysis of IP-10/IFN-y/ferritin/25(0OH)D also
showed a good diagnostic performance (Comella-del-Barrio et al. 2019). IP-10, considered a

downstream marker with the advantage of being expressed at higher levels than IFN-y, is one
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of the most studied biomarkers to differentiate active TB from LTBI, but some studies have

demonstrated that IP-10 could not distinguish these TB status (Whittaker et al. 2008; Petrone
et al. 2015; Jenumet al. 2016). Figure 1 summarizes the immune mediators involved in Mtb

infection that could be used for TB diagnosis in children.

Figure 1. Childhood pulmonary tuberculosis (TB): risk factors and inflammatory biomarkers involved in active and

latent TB infection.

RISKFACTORS
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Note: IL, interleukin; IFNy, interferon-gamma; MIP, macrophage inflammatory proteins; IP-10, interferon-gamma
inducible protein 10; sCD40L, soluble CD40L; VEGF, vascular endothelial growth factor; IFN-a2, interferon alpha-
2; TNF, tumor necrosis factor; MMP-1, matrix metalloproteinase-1.

Fonte: Authors' own work (2024).

We have also evaluated immunoglobulins (Ig)in an attempt to distinguish TB and LTBI
in children; especially those <5 years-old, who are more prone to disease progression. In this
regard, a good performance was found for the anti-McelA (mammalian cell entry) protein IgG
in children and adolescents (Schmidt et al.,, 2021). The McelAprotein can promote a
proinflammatory response in stimulated macrophages (Xue et al. 2007). In another study, a
longitudinal analysis demonstrated a decrease in IgM levels against cardiolipin, sulfatide,
mycolic acid and Anti-Mce1A IgG after TB treatment in children and adolescents, showing that

the antibody response to Mtb cell wall products can be a useful tool to monitor the response
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to therapy (Dos Santos et al., 2020).Moreover, antibody detection in saliva has shown to be
valuable for PTB diagnosis (Estévez et al., 2020; Khambati et al., 2021), but few studies were
performed in the pediatric population. In children under 15 years-old, the detection of Ig
against specific Mtb antigens have demonstrated a sensitivity and specificity of 64.7% and
81.8%, respectively (Araujo et al., 2004).

Omics-based biomarkers

The combination of "omics" technologies such as genomics, proteomics, metabolomics
and lipidomics using the mass spectrometry technique were able to provide important
information about the Mtb molecular composition, which helps to understand the
pathogenicity and evasion mechanisms in addition to identify new biomarkers for TB diagnosis
(Galagan2014). Thus, in recent years, the application of proteomics to elucidate the molecular
mechanisms and metabolism pathways, especially in the expression of small and long-non-
coding RNAs (IncRNAs) and transcription factors, has become a technological advance for the
diagnosis of pediatric TB (Vaezipour et al., 2022; Sholeye et al., 2022). For instance, one study
analyzing IncRNAs and mRNAs in PBMCs of TB patients receiving primary therapy showed
several dysregulated biological processes, including the immune modulation that could be
related to disease progression (Li et al., 2023).

A recent pan-genome analysis demonstrated a high protein similarity (87.5%) between
mycobacteria of the Mtb complex (Silva-Pereira et al., 2023). However, despite the protein
similarity, the presence of the lipid phthiocerol dimycocerosates in the Mtb cell wall is related
to increased virulence and the immune evasion (Augenstreich et al., 2020). Besides, different
regions of the granuloma demonstrated distinct cellular components, with a concentration of
neutrophilic proteins in the caseum region and proteasome in cellular regions, suggesting an
intense activity of DCs and macrophages (Seto et al., 2019). This fact may be associated with
the lipid changes found in the cell wall ofMtb carrying the Mcel mutation compared to wild-
type Mtb which, according to Queiroz and colleagues (2015), could induce in different host
responses to infection, demonstrating that lipids play an important role in TB development
(Queiroz et al., 2015; Schmidt et al., 2020).

Interestingly, researchers recently identified 15 core genes able to differentiate active

TB from LTBI with AUC 2 0.80 in children <15 years-old using bioinformatics analysis and gene
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expression profile data. In this study, the accuracy analysis showed haptoglobin, and
adenylate cyclase 3with greater sensitivity (>80%) (Shao et al., 2021). Other studies have
already observed an increase in haptoglobin in plasma samples from children with TB (Pavan
et al., 2013) and the Hp 2-2 genotype has already been described as a predictor of mortality
6.1 times greater when compared among those with Hp 1-1 genotype (Kasvosve et al., 2000).

The metabolomic assessment of biochemical responses to pathophysiological stimuli
or genetic modifications has also been used for TB differential diagnosis. Dutta e colleagues
(2020) observed a combined metabolite analysis in plasma samples using integrated
metabolomics and transcriptomics assays and found that gamma-glutamylalanine, gamma-
glutamylglycine, glutamine, and pyridoxate were associated with a successful response to TB
treatment in the pediatric population with an AUC of 0.86 (Dutta et al., 2020). In addition, a
metabolomics analysis in serum samples and Mtb-stimulated whole blood cultures indicated
that leucine and kynurenine as potential biomarkers to detect TB infection in children
(Magdalena et al., 2022).Another study showed that the kynurenine/tryptophan ratio also
presented moderated accuracy (AUC of 0.67 and sensitivity of 81.5%) for diagnosing TB in a
pediatric population with a median age of 8.5 years-old (Tornheim et al., 2022).The same
group evaluated participants <15 years-old with TB by transcriptome analysis, and found 25
genes differentially expressed during treatment. Among them were the DEFA3 and
PRRG4were also present among younger children with TB and exposed household contacts
(Tornheim et al., 2020). In urine samples, distinct metabolic fingerprints were observed in
children <7 years-old with suspect TB (Comella-Del-Barrio et al., 2021). Overall, this growing
evidence shows that omics-based studies have a promising role in TB diagnosis and monitoring
of treatment in the pediatric population; however, currently there is no consensus on the
genes or molecules that should be investigated.
Extracellular vesicles

The analysis of cell-derived components can be also performed within extracellular
vesicles (EVs), which can be found in different biological samples (Poulet et al. 2019). These
nanoparticles, released by cells at early stages of stress, are being extensively researched as
sensitive detectors of cellular injury (Abels; Breakefield, 2016). EVs are usually classified

according to their size and biogenesis mainly in exosomes, microparticles (or microvesicles)
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and apoptotic bodies; however, different types of EVs have been described in the recent
literature (e.g. oncosomes, migrasomes, exopheres) (Jeppesen et al. 2023). Importantly, since
EVs can mediate several biological mechanisms, including the cell-cell comunication, these
structures are the focus of studies in different pathological contexts, such as cancer (Urabe et
al 2020), cardiovascular disease (Burger e Touyz, 2012), renal disease (Medeiros et al. 2020),
autoimmune and inflammatory disease (Lu et al. 2021) and infections, such as COVID-19
(Medeiros et al. 2022).

It is known that bacteria produce membrane-derived vesicles that can promote the
trafficking of several molecules between cells and contribute to the pathogenesis of infections
in humans. Besides, EVs mediate important roles to ensure bacterial survival and
dissemination such as DNA transfer, biofilm production and resistance to antibiotics (Brown
et al. 2015). Interestingly, studies have shown that the number of M. tuberculosis-derived EVs
(Mtb-EVs) is elevated in low-iron conditions (Prados-Rosales et al. 2014), but these EVs
present lower protein expression and immunogenic capacity (Schirmer et al. 2022). At the
same time, the host cellular response to nocive stimuli can also lead to EV secretion, which
are involved in defense mechanisms, especially in the immune response (Li et al. 2023).
However, studies have demonstrated that there is a difference between the cargo of Mtb-EVs
in comparison with those released by the infected host cells. The cargos of bacterial EVs
include proteins, lipoproteins, lipids, carbohydrates, nucleic acid, toxins and metabolites (Li et
al. 2023). Meanwhile, the EVs released by infected cells are rich in both mycobacterial and
host RNA, lipids such as lipomannan and other lipoproteins, in addition to actively secreted
proteins (Schorey, Chen; McManus, 2021).

As mentioned, Mtb-EVs have an important immunomodulatory effect, carrying
antigens and interacting with immune cells such as DCs, macrophages and lymphocytes (Sun,
Pi; Xu, 2021). For this, LAM, (especially the arabinomanan portion) acts a potent antigen
(Ziegenbalg et al. 2013). Moreover, EVs released from infected cells can also promote
intercellular communication. In this context, Alvarez-Jiménez and colleagues (2018) have
reported that EVs produced by infected neutrophils carry ligands for toll-like receptors (TLRs)
2/6 and stimulate the expression of co-modulatory proteins and the production of

proinflammatory cytokines by macrophages. In the same study, they found that these
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macrophages are more efficient in eliminate Mtb through autophagy induction (Alvarez-
Jiménez et al. 2018). Posteriorly, other studies have also identified that EVs released by Mtb-
stimulated macrophages contribute to increased Mtb control (Cheng; Schorey, 2019; Garcia-
Martinez et al. 2019).

Despite the important effects promoted by Mtb-EVs to activate the immune response
and fight the infection, they can also contribute to immune evasion through the suppression
of IFN production, for example (Singh et al. 2011). Some may suggest that the type of the
response promoted by EVs depend on their cargo and at which point of the infection they are
secreted, but this requires further investigation. For example, Li et al. (2018) identified that
serum EVs from infected mice, collected at 14 days after infection, but not at 7 and 21 days,
affected endothelial permeability, chemokine (C-C motif) ligand2 (CCL-2) expression and gene
regulation in vitro (Li et al. 2018). Nevertheless, the interaction with the immune response
shed light to EVs as interesting candidates for vaccine and therapy. In this context, Cheng
Schorey (2013) reported that mice treated intranasally with EVs from Mtb-infected
macrophages developed a protective immune response, demonstrated by higher levels of
pulmonary and splenic antigen-specific CD4+/CD8+ cells. Additionally, EVs derived from
mesenchymal stem cells (MSC-EVs), which are known to promote beneficial effects in
pathological conditions, has also been investigated in TB (Yan; Xu; Li, 2022) and rifampicin-
loaded MSC-EVs present an antibacterial activity in vitro (Li et al. 2023).

In humans, EV detection in biological samples can be used as diagnostic and prognostic
biomarkers. Since Mtb components can be found in EVs isolated from infected patients (Kruh-
Garcia et al. 2014), they could be useful for TB diagnose using different types of samples and
detection methods. In this context, it is important to mention that recommendations from the
International Society for Extracellular Vesicles (ISEV) must be considered for study design and
data interpretation. Since the number of studies in the EV field significantly increased in the
last decade (Allan et al. 2020), we can find several methods for EV isolation and detection in
the literature. Thus, in order to ensure data reproducibility to increase the quality of evidence,
ISEV publishes guidelines such as the “Minimal information for studies of extracellular vesicles

(MISEV)”, which is constantly updated since 2014 to promote standardization of sample
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collection, reagent preparation, EV isolation, EV detection among other relevant
parameters/methods of EV-based studies (Welsh et al. 2023).

Thus, considering the of EVs role as biomarkers in TB, studies have shown that total
circulating EVs are significantly increased in TB patients and that they can inducelFN-y
expression in peripheral blood mononuclear cells (PBMC) and macrophage activation
(Dornelas et al. 2021), in addition to promote cell death in a dose-dependent manner (Javadi
et al. 2022). Furthermore, Dahiya and colleagues (2019) have found LAM and the culture
filtrate protein-10 (CFP-10) from Mtb within urinary EVs from patients with pulmonary TB
(PTB) and EPTB. EVs were also isolated from pleural effusion in TB patients (Luo et al. 2020).
In pediatric TB, studies are scarce. A recent study has reported the presence of LAM and LprG
protein in circulating EVs of children with TB with a diagnostic good accuracy (AUC >0.9) using
a nanoparticle point-of-care immuno-based assay while the analysis of urinary LAM showed a
poor performance in the cohort of HIV-infected children (74% vs. 37.5%) (Zheng et al. 2022).
These results encourage new research to develop accessible methods to stablish EVs as
biomarkers in TB disease.

Lastly, to identify the cargo of EVs in human samples, proteomic-based studies have
been performed and some studies demonstrate different regulation of protein expression in
active TB and LTBI (Ayra et al. 2020; Mehaffy et al. 2020). Recently, Zhou and colleagues (2022)
identified the upregulation of genes related to the immune response in EVs from TB patients.
Also, the analysis of miRNA, especially in exosomes isolated from TB patients, could also
provide potential diagnostic markers (Alipoor et al. 2019; Lu et al. 2021). Thus, the analysis of

EV content could be also useful for the differential diagnosis of malignancy (Luo et al. 2020).
CONCLUSION

This review summarizes the current laboratory diagnosis for pediatric TB and its future
perspectives. Although this evaluation continues to be carried out mainly by clinical and
radiological criteria, recent research focused on the analysis of different biofluids and cell-
derived components has increased the possibility of new biomarkers for TB in children.

Although promising, future studies should focus on the standardization of methodologies that
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facilitate the collection of child-friendly samples and its application in clinical day-to-day

practice.
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