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Summary (in English, Spanish, and Haitian Creole)

summary

Summary

Tuberculosis (TB) is a disease caused by Mycobacterium tuberculosis, which is mainly
transmitted when sick people expel the bacteria into the air. It is estimated that a
quarter of the population is infected with M. tuberculosis and that approximately
5-10% of these people will progress to the disease. In 2020, an estimated 9.9 million
people worldwide were ill with TB. Although TB is a curable disease that usually affects
the lungs (but can affect other sites), it is the second leading cause of death globally
from an infectious agent after COVID-19. Diagnosis is the first step to good clinical care
and proper disease management. However, easy access to TB diagnosis is far from
guaranteed. In 2020, about 41.4% of TB patients were not diagnosed or reported,
contributing to the estimated 1.5 million annual deaths caused by TB worldwide. In
addition, the disruptions to diagnostic and treatment services caused by COVID-19
have had a major impact on health systems, affecting TB control programmes. This fact
was reflected in a reduction in the number of people who die from TB with the first
year-on-year increase (of 5.6%) since 2005 and the total number of deaths in 2020
returning to the 2017 level (annex 1).

Bacteriological confirmation by culture or sputum-based molecular methods are the
gold standard for TB diagnosis. However, the incubation time, infrastructure, and
biosafety level of cultures, as well as the cost and operational requirements of rapid
molecular methods, limit their integration and use in primary care settings, where the
patient first seeks care. In addition, current diagnostic methods have low sensitivity in
patients with difficulties in obtaining a representative sample from the site of infection
(patients with extrapulmonary TB, children, HIV co-infected patients or individuals in
early stages of disease). To improve TB diagnosis, more accurate and accessible
non-respiratory diagnostic methods need to be developed, especially in low- and
middle-income countries, where the greatest burden of disease resides.

In recent years, novel non-sputum-based biomarkers have been identified for the
diagnosis of paediatric TB, however, there is still no test with sufficient sensitivity to
develop a diagnostic test for TB in children (annex 2). The first article of this thesis
describes a set of cytokines and a series of individual factors (ferritin,
25-hydroxyvitamin D [25(0H)D], parasitic infections and nutritional status) identified
from serum and plasma samples by immunoassays to assess different discriminant
patterns between M. tuberculosis infection and disease in children (article 1T and annex
5). As a result, the combination of IP-10, IFN-y, ferritin and 25(0H)D showed the best
diagnostic performance, achieving optimal sensitivity and specificity for the
development of a promising early TB diagnostic test in children (93.2 and 90.0%,
respectively).



Summary (in English, Spanish, and Haitian Creole)

Urine is a readily available and non-invasive sample, which would be especially useful in
patients unable to expectorate or obtain a representative respiratory specimen, such
as children, the elderly and adults without a productive cough, or individuals with
disseminated, extrapulmonary, non-cavitary disease. In article 2, the performance of
the Fujifilm SILVAMP TB LAM assay (FujiLAM), a new urine-based test for TB diagnosis, is
evaluated in HIV-positive and negative adults with presumptive TB from three district
hospitals in Nigeria, showing that FujiLAM has a good diagnostic accuracy to consider
its application in HIV-positive and -negative TB patients. With regard to TB risk groups,
article 5 evaluates the use of FujiLAM in children with presumptive TB in a paediatric
hospital in Haiti and shows high specificity of the assay which, together with its
characteristics as a point-of-care test, indicates that the test would have potential for
TB diagnosis in children.

Currently, the development of omics, has allowed the generation of knowledge on the
underlying mechanisms of the disease. In this regard, article 4 identifies and
characterises a metabolic profile of TB in urine using high-field nuclear magnetic
resonance (NMR) spectrometry by developing mathematical models capable of
discriminating TB patients from pneumococcal pneumonia patients, latently TB
infected individuals, or healthy controls. Towards the development of a more
accessible test, this article also evaluates whether the metabolic profile of TB can be
detected with a low-field portable NMR spectrometer by demonstrating its ability to
discriminate TB patients from all other groups without being influenced by anti-TB
treatment or TB location (annex 4). With a focus on the diagnosis of paediatric TB, we
explore whether urine NMR-based metabolomics could be used to identify differences
in the metabolic response of children with different TB diagnostic certainty, showing
differences in the metabolic fingerprint of children with bacteriologically confirmed
and unconfirmed TB compared to children with unlikely TB, as well as between children
with unconfirmed TB with TB-compatible radiographs and non-pathological
radiographs (article 5 and annex 4) This finding would assist in a more accurate
characterisation of TB in the paediatric population.

The last study included in this thesis describes the urinary metabolic fingerprint of TB
patients monitored during treatment to successful completion (article 6). This article
shows differences in the metabolic fingerprint throughout treatment, such that, at the
end of treatment, patients have a similar metabolic fingerprint to that of healthy
controls. Given the emerging acquisition of resistance to anti-TB drugs and the
increase in treatment failures, this proof of concept could be considered for
monitoring the response to treatment of patients with drug-resistant TB. Advances in
systems biology in relation to TB would address more precisely clinically relevant
questions for the future, such as the early diagnosis of TB, the individualisation of
preventive therapies in terms of the choice of anti-TB drugs and host-directed
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therapies administered, and the prediction of the outcome of a treatment regimen
(annex 3).

Overall, this thesis focuses on describing and evaluating new approaches in the search
for potential non-sputum-based biomarkers contributing to improve future TB
diagnosis and the assessment of response to anti-TB treatment.
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Resumen

La tuberculosis (TB) es una enfermedad causada por Mycobacterium tuberculosis, que
se transmite cuando las personas enfermas exhalan las bacterias al aire. Se calcula que
una cuarta parte de la poblacion mundial esta infectada con M. tuberculosis y que
aproximadamente un 5-10% de estas personas desarrollan la TB. Se estima que, en
2020, 9.9 millones de personas en todo el mundo enfermaron de TB. Aunque la TB es
una enfermedad curable que suele afectar a los pulmones (pero puede afectar a otros
lugares), es la segunda causa de muerte mundial por un agente infeccioso por detras
de la COVID-19. El diagndstico es una fase clave para el manejo clinico y para lograr el
control de la enfermedad. Sin embargo, el facil acceso al diagnostico de la TB esta lejos
de estar garantizado. En 2020, se estima que el 41.4% de los pacientes con TB no se
diagnosticaron ni se notificaron, contribuyendo a los 1.5 millones de muertes anuales
estimadas, causadas por TB en todo el mundo. Ademas, las interrupciones de los
servicios de diagnoéstico y tratamiento causadas por la COVID-19, han tenido un gran
impacto en los sistemas de salud, afectando a los programas de control de la TB. Este
hecho ha repercutido con la reduccién del numero de personas que mueren de TB
con el primer aumento interanual (del 5,6%) desde 2005 y el nUmero total de muertes
en 2020 volviendo al nivel de 2017 (anexo 1).

La confirmacién bacteriolégica mediante cultivo o métodos moleculares basados en el
esputo son los métodos de referencia para el diagndstico de la TB. Sin embargo, el
tiempo de incubacion, la infraestructura y el nivel de bioseguridad de los cultivos, asi
como el coste y los requisitos operativos de los métodos moleculares rdpidos, limitan
su integracion y utilizacién en los centros de atencién primaria, donde el paciente
busca atencién por primera vez. Ademas, los métodos de diagnostico actuales tienen
una baja sensibilidad en pacientes con dificultades para obtener una muestra
representativa del lugar de la infeccion (pacientes con tuberculosis extrapulmonar,
ninos, pacientes coinfectados por el VIH o individuos en fases iniciales de la
enfermedad). Para mejorar el diagnéstico de la TB, se necesitan desarrollar métodos
de diagnostico alternativos a los que requieren muestra bioldgica respiratoria que sean
mas precisos y accesibles, especialmente en los paises de ingresos bajos y medios,
donde reside la mayor carga de la enfermedad.

En los ultimos arios, se han identificado nuevos biomarcadores no basados en
muestras respiratorias para el diagnostico de la TB pediéatrica; sin embargo, todavia no
existe ninguna prueba con la sensibilidad suficiente para desarrollar una prueba de
diagnostico de la TB en nifios (anexo 2). El primer articulo de esta tesis describe un
conjunto de citocinas y una serie de factores individuales (ferritina, 25-hidroxivitamina
D [25(OH)D], infecciones parasitarias y estado nutricional) identificados a partir de
muestras de en suero y plasma mediante inmunoensayos para evaluar diferentes
patrones discriminantes entre infecciéon y la enfermedad por M. tuberculosis en nifos
(articulo 1)y anexo 5). Como resultado, la combinacion de IP-10, IFN-y, ferritina y
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25(0OH)D mostré el mejor rendimiento diagnoéstico, logrando una sensibilidad vy
especificidad Optimas para el desarrollo de una prometedora prueba de diagnostico
temprano de la TB en nifios (93.2% y 90.0%, respectivamente).

La orina es una muestra facilmente disponible y no invasiva, que seria especialmente
util en pacientes incapaces de expectorar, como los ninos, los ancianos y los adultos
sin tos productiva, o los individuos con enfermedad diseminada, extrapulmonar y no
cavitaria. El articulo 2, evalua el rendimiento del ensayo Fujifilm SILVAMP TB LAM
(FujiLAM), una nueva prueba basada en muestras de orina para el diagnéstico de la TB,
en adultos VIH-positivos y negativos con presunta TB de tres hospitales de distrito en
Nigeria, mostrando que FujiLAM tiene una buena precision diagnostica para considerar
su aplicacion en pacientes seropositivos y negativos con TB. Con respecto a los grupos
de riesgo al desarrollo de TB, el articulo 5 evalta el uso de FujiLAM en ninos con
presunta TB de un hospital pediatrico en Haiti y muestra elevada especificidad del
ensayo que, junto a sus caracteristicas como prueba en el punto de atencidn indican
que la prueba tendria potencial para el diagnéstico de la TB en nifos.

En la actualidad, el desarrollo de las tecnologias Omicas ha permitido generar
conocimiento sobre los mecanismos subyacentes de la enfermedad. En este sentido,
el articulo 4 identifica y caracteriza un perfil metabdlico de la TB en la orina mediante
espectrometria de resonancia magnética nuclear (RMN) de alto campo desarrollando
modelos matematicos capaces de discriminar a pacientes con TB de pacientes con
neumonia neumococica, individuos con infeccion de TB latente y los controles sanos.
Hacia el desarrollo de una prueba maés accesible, este articulo también evalta si el
perfil metabdlico de la TB se puede detectar con un espectrometro de RMN portatil de
bajo campo demostrando su capacidad para discriminar a los pacientes con TB del
resto de los grupos sin verse influida por el tratamiento antituberculoso o la
localizacién de la TB (anexo 4). Con el foco puesto en el diagnéstico de la TB pediétrica,
se explora si la metabolémica basada en la RMN de la orina podria utilizarse para
identificar las diferencias en la respuesta metabdlica de los ninos con diferente grado
de certeza diagndstica de la TB, mostrando diferencias en la huella metabdlica de los
ninos con TB confirmada y no confirmada bacteriolégicamente en comparacion con
los ninos con TB poco probable, asi como entre los nifos con TB no confirmada con
radiografias compatibles con TBy con radiografias no patolégicas (articulo 5y anexo 4).
Este hallazgo puede ayudar a una caracterizacién mas precisa de la TB en la poblacién
pediéatrica.

El ultimo estudio incluido en esta tesis describe la huella metabdlica urinaria de los

pacientes con TB monitorizados durante el tratamiento hasta finalizarlo con éxito
(articulo 6). Este articulo muestra diferencias en la huella metabdlica a lo largo del
tratamiento, de tal forma que, al finalizar el tratamiento los pacientes tienen una huella
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similar a la de los controles sanos. Teniendo en cuenta la incipiente adquisicion de
resistencia a los farmacos antituberculosos y el aumento de fracasos terapéuticos,
esta prueba de concepto podria considerarse para monitorizar la respuesta al
tratamiento de pacientes con TB resistente a los medicamentos. El avance de la
biologia de sistemas permitiria abordar con mayor precision cuestiones clinicamente
relevantes para el futuro de la TB, como el diagnodstico precoz, la individualizacion de
las terapias preventivas (la eleccion de los farmacos antituberculosos vy la
administracion de terapias dirigidas al huésped) o la prediccion del resultado del
tratamiento antituberculoso (anexo 3).

En conjunto, esta tesis se centra en describir y evaluar nuevos enfoques en la busqueda
de posibles biomarcadores no basados en muestras respiratorias contribuyendo a
mejorar el futuro diagnodstico de la TB y la evaluacion de la respuesta al tratamiento
antituberculoso.
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Rezime

Tibekiloz (TB) se yon maladi ki soti lan Mycobacterium tuberculosis, ki kapab transmet
l& yon moun ki trape maladi sila a pwopaje bakteri a nan le a. Dapre yon etid, yon moun
sou kat lan popilasyon an enfekte ak mycobacterium, e maladi sila a ap devlope apepré
nan 5-10% moun sa yo. Nan lane 2020, yo ta estime ke 9.9 milyon moun atravé lemonn
ta trape maladi TB la. Malgre ke TB se yon maladi ki kapab geri e ki an jeneral afekte
poumon yo (men ki kapab afekte 16t pati nan ko a tou), li se dezyém koz lanmo a trave
lemonn e li jwenn sous li nan yon ajan enfektye menm jan ak maladi COVID-19.
Dyagnostik se premye etap lan pwosesis laswenyay la. Aloske, akse pou fe dyagnostik TB
la pa garanti. Nan lane 2020, anviwon 41.4% nan pasyan TB yo pat dyagnostike osinon
ka yo pat rapote, sa ki lakdz ke 1.5 milyon moun mouri de maladi TB chak ane atrave
lemonn. Mete sou sa, maladi COVID-19 la lakoz anpil pétibasyon lan sévis dyagnostik ak
tretman, ki lakoz ke anpil moum ki soufri maladi TB afekte, e ki lakdz yon ogmantasyon
nan kantite moun kap mouri, yon reyalite ki direkteman afekte e ranvese rediksyon nan
kantite moun kap mouri nan TB avek yon premye ogmantasyon ane an ane (swa 5.6%)
depi lane 2005, ak kantite total lanmo nan lane 2020 ki retounen nan menm nivo ak
kantite lanmo lan lane 2017 (anéks 1).

Konfimasyon bakteriolojik a pati kilti osinon krache se metdd molekile ki pi efikas pou
dyagnostike TB. Aloske, peryod enkibasyon, enfrastrikti, ak nivo biyosekirite nan
eksplwatasyon kilti yo, ajoute sou pri ak egzijans operasyonel pou fe metdod rapid
molekilé a, limite entegrasyon ak itilizasyon yo nan mizanplas premye swen, kote se
laswenyay pasyan an premye cheche. Anplis de sa, metod dyagnostik aktyel yo pa
gen gran efe sou pasyan ki gen difikilte pou jwenn yon echantiyon reprezantatif nan sit
enfeksyon yo (pasyan ki gen TB ekstrapulmone, timoun, pasyan ki ko-enfekte ak VIH
osinon moun ki fenk trape maladi an). Pou amelyore dyagnostik TB la, yap bezwen
devlope dyagnostik ki pa baze sou metdd krache, ki pi egzak e pi aksesib, espesyalman
nan peyi ki gen revni ki ba ak revni mwayen, kote maladi a andemik.

Nan denye ane sa yo, yo ta idantifye nouvo indikaté ki pa baze sou krache pou
dyagnostike TB kay timoun, aloske, toujou pa gen okenn tes ki ase reyaktif pou devlope
yon tés dyagnostik pou TB kay timoun (aneks 2). Premye atik téz sa a dekri yon seri
sitokin ak yon seri de fakte endividyel (ferritin, 25-hydroxyvitamin D [25(0OH)D],
enfeksyon parazit ak kondisyon nitrisyonel) ke yo idantifye nan echantiyon serom ak
plasma apati analiz iminolojik pou evalye diferan model selektif ant enfeksyon M.
tuberculosis ak maladi lakay timoun yo (atik 1ak aneks 5). Kom rezilta, konbinezon IP-10,
IFN-y, feritin ak 25(OH)D demontre pi bon pefdmans nan dyagnostik la e reyisi atenn pi
bon reyaksyon ak espesifisite pou devlopman yon bon jan tés dyagnostik TB byen bone
lakay timoun yo (93.2 ak 90.0% ,pou chak ka).

Pipi se yon echantiyon ki disponib fasilman epi ki paka pwopaje, ki kapab itil sitou pou
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pasyan ki pa kapab krache, tankou timoun, granmoun aje ak granmoun ki gen yon latous
sek, osinon moun ki gen yon maladi ki pwopaje lan ko yo , maladi ekstrapilmoné, ak sa
ki gen yon maladi ki pa kavite. Nan atik 2 a, pefomans nan tes Fujifilm SILVAMP TB LAM
(FujiLAM), yon nouvo tes ki baze sou pipi pou dyagnostike TB, ke yo eseye nan twa
lopital distrik Nijerya sou granmoun ki seropozitif ak granmoun ki seronegatif e ki
pwobableman soufri TB, demontre ke FujiLAM gen yon bon jan dyagnostik ak presizyon
pou konsidere aplikasyon li sou pasyan TB seropozitif ak negatif. Konsénan gwoup a risk
TB yo, atik 3 evalye itilizasyon FujiLAM nan on gwoup timoun ki ta samble gen TB nan
yon lopital pedyatrik lan peyi DAyiti e li demontre bon jan espesifisite segonde nan tes
sila a ki, ansanm ak karakteristik li yo kom yon tes ki pi pré pasyan an e endike ke tes sila
a ta gen yon gwo potansyel pou dyagnostike TB lakay timoun yo.

Kounye a, devlopman kap fet lan etid jenom yo pemet jenerasyon save yo gen konesans
sou mekanis ki kache nan maladi sila a. Nan objektif sa a, atik 4 la idantifye e karakterize
yon pwofil metabolik maladi TB la nan pipi avek itilizasyon gwo frekans sonorite mayetik
nikleyé (NMR) spektrometri, pandan lap devlope modél matematik ki kapab diferansye
pasyan TB, soti nan pasyan nemokok nemoni, moun ki gen enfeksyon TB kache, oswa
moun ki an sante. Sou wout pou devlope yon tés ki pi aksesib, atik sa a evalye tou si yo
kapab detekte pwofil metabolik TB avék yon spektomet NMR a ti frekans pandan lap
demontre kapasite li nan diferansyasyon pasyan TB pa rapo ak tout [0t gwoup san yo pa
enfliyanse pa tretman anti-TB oswa kote yap trete TB (aneks 4). Pandan yap mete yon
anfaz sou dyagnostik TB lakay timoun, nou fe etid sou pipi ki baze sou metabolis ke NMR
la ta ka itilize pou jwenn diferans ki genyen nan repons metabolik lakay timoun ki gen
diferan TB dyagnostik séetifye, ki montre diferans ki genyen nan anprent metabolik lakay
timoun ki lan nivo bakteriolojik ki positif ak negatif TB, konpare ak timoun ki gen TB fasil,
osi byen ke ant timoun ki gen TB ki pa konfime ak radyografi, TB-konpatib ak radyografi
ki pa patolojik (atik 5 ak aneks 4) . Rezilta sa a ap ede fe yon karakterizasyon ki pi egzak
nan mitan popilasyon timoun ki soufri TB.

Dénye etid ki enkli nan téz sa a dekri anprent metabolik ki baze sou metdd pipi a nan
pasyan ki soufri TB et ki sou kontwol pandan tretman jiskaske tretman an fonksyone
(atik 6). Atik sa a montre diferans ki genyen nan anprent metabolik la pandan tout
tretman an, tankou, nan fen tretman an, pasyan yo gen menm anprent metabolik ak sa
yo ki nan bon kondisyon lasante yo. Etandone rezilta kwasan nan rezistans fas a
medikaman anti-TB ak ogmantasyon nan echék tretman yo, yo ta ka konsidere prév sa
a nan objektif pou kwontole repons tretman an nan pasyan ki devlope rezistans ak
medikaman TB yo. Pwogre nan sistem biyoloji sou kesyon TB ap mete plis limye sou
kesyon klinik ki enpdtan yo nan tan kap vini yo, tankou dyagnostike maladi TB la byen
bone, endividyalizasyon nan terapi prevantif an tem de chwa nan medikaman anti-TB,
terapi ki dirije pa moun kap resevwal la , ak prediksyon nan rezilta yo lan zafé pwogram
tretman an (aneks 3).



Summary (in English, Spanish, and Haitian Creole)

Pou fini, tez sa a mete aksan sou deskripsyon ak evalyasyon yon nouvo apwoch nan
rechéch sou potansyel indikaté ki pa baze sou krache kap kapab kontribye nan
amelyorasyon dyagnostik TB la nan tan kap vini yo ak analiz sou zafe repons a tretman
anti-TB a.
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Introduction

3.1. Epidemiology of tuberculosis

Tuberculosis (TB) is one of the top ten causes of death worldwide with an estimated 1.5
million deaths each year and the second leading cause of death from a single infectious
agent (behind COVID-19)".

TB is caused by bacteria from the Mycobacterium tuberculosis complex (MTBC), and
can affect anyone, anywhere2. Consequently, a heterogeneous distribution of the
disease prevails in the global population. About a quarter of the population is
estimated to be infected by MTBC, however, only one in ten people will develop the
active form of the disease’.

In 2020, there were an estimated 9.9 million new TB cases worldwide, 56% were men,
33% women, and 11% children'3. Of the total number of estimated new TB cases, 7.1
million were diagnosed and reported'. Closing the gap between reported and
diagnosed cases is key to curbing disease transmission?.

Geographically, 30 low- and middle-income countries accounted for 86% of new TB
cases worldwide. India (26%), China (8.5%), Indonesia (8.4%), Philippines (6.0%),
Pakistan (5.8%), Nigeria (4.6%), Bangladesh (3.6%), and South Africa (3.3%) accounted
for two thirds of global TB incidence’. In contrast, only 2.3% of global TB cases were
reported in the WHO European region and 3% in the WHO Americas region. Figure 1
illustrates the geographical distribution of the incidence of new TB cases in 2020.

Estimated TB incidence rates in 2020 worldwide

Not applicable

Figure 1. Estimated TB incidence rates in 2020 worldwide. From Global tuberculosis report 2021.
Geneva: World Health Organization; 2021. License: CC BY-NC-SA 3.0 IGO. Copyright © World Health
Organization 2021.
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In 2020, it was estimated that globally 8% of TB cases occurred in people co-infected
with HIV'. In the WHO African region, 856% of newly reported TB cases had HIV
co-infection. With a risk 18 times higher than in the rest of the world's population, HIV
infection is one of the major susceptibility factors for disease progression.
Malnutrition, alcoholism, smoking, and diabetes are other risk factors for the
development of TB%4,

The irruption of COVID-19 at the end of 2019 has left nearly 240 million confirmed
cases and more than 4.8 million deaths worldwide®. The response to the current
COVID-19 pandemic has compromised routine health services in all countries and
threatened to reverse recent advances in reducing global TB burden®. In particular, the
containment measures and reallocation of human, financial, and equipment resources
from TB to the COVID-19 response, have negatively impacted TB prevention and care
programmes’ ™, affecting first those with TB. Consequently, the pandemic has
reversed years of global progress in reducing the number of people who die from TB,
with the first year-on-year increase (of 5.6%) since 2005 and the total number of
deaths in 2020 returning to the level of 2017'. This impact has particularly affected low-
and middle-income countries, with a decline in new TB case diagnosis and treatment
follow-up™. In India, Indonesia, the Philippines, and South Africa, four countries that
account for 44% of the global TB burden, the first six months of 2020 experienced a
25-30% reduction in TB cases diagnosed compared to the same period in 2019,
Unfortunately, these countries with one of the highest incidences of TB have the least
resources to vaccinate against COVID-19. We commented this in an editorial published
in Archivos de Bronconeumologia (See Annex 1).

Vaccine development has so far proven to be the key tool in the battle against
COVID-19. To date, at least seven different vaccines have been deployed and more
than 200 vaccine candidates are in development. However, its allocation is being
carried out unevenly, neglecting countries with fewer financial resources to vaccinate
against COVID-19 (Figure 2)3™. In terms of diagnostics, testing is essential at every stage
of the pandemic response to help limit the spread of COVID-19 and to provide reliable
information for life-saving decisions. In addition, diagnostics are needed to assess
vaccine efficacy and inform vaccine deployment in the face of likely supply and funding
constraints. In a collaborative framework and with the goal of ending the pandemic as
quickly as possible through the accelerated development, equitable allocation and
expanded delivery of tests, treatments, and vaccines, emerged the COVID-19 Access to
Tools Accelerator™%. This multidisciplinary support structure allows partners to share
resources and expertise. While the COVAX initiative (proposed by the CEPI, Gavi, WHO,
and UNICEF) aims to promote equitable global access to COVID-19 vaccines, the
diagnostics pillar (co-convened by FIND and the Global Fund) has set an ambitious
agenda to advance universal and equitable access to simple, accurate, and affordable
diagnostic tests. Under the slogan "No one is safe until everyone is safe" this
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initiative is currently the best effort we have to ensure a global response to COVID-19
and to ensure that vaccines, diagnosis, and treatment reach people all over the world".
By contrast, BCG is the only vaccine licensed for prevention of TB. Developed more
than 100 years ago, BCG prevents severe forms of TB in children, but is not effective in
preventing the disease in adults, and has little effect against the pulmonary forms of
the disease, which are responsible for transmission. Despite 14 candidate vaccines in
clinical trials in 2021 and efforts to accelerate the development of new TB vaccines, the
overall level of investment (USS 0.9 billion in 2019) falls far short of the global target (USS
2 billion per year)'.

COVID-19 vaccine doses administrated

0 300,000 3 million 30 million 300 million 3 billion
No data 100,000 ‘ 1 million 10 million 100 million 1 billion
: i \ i

Figure 2. COVID-19 vaccine doses administrated, Oct 19, 2021. For vaccines that require multiple doses,
each individual dose is counted. As the same person may receive more than one dose, the number of
doses can be higher than the number of people in the population. Published online at Our World in Data
- Last updated 19 October 2021, 09:00 (London time). Retrieved from ourworldindata.org/coronavirus |
CC-BY.

3.2. General characteristics of Mycobacterium tuberculosis

As mentioned previously, TB is an infectious disease caused by bacteria from the genus
Mycobacterium and grouped in the MTBC. The complex consists of: M. tuberculosis, M.
africanum, M. canettii, M. microti, M. bovis, M. bovis bacillus Calmette-Guérin (BCG), M.
caprae, M. mungi, M. orygis, and M. pinnipedii®®. All MTBC bacteria derive from a
common ancestor, however, despite their genetic similarities, they differ widely in
terms of phenotypes, geographic distribution, epidemiology, and host preference.
Humans are the definitive host for M. tuberculosis and M. africanum, although M. bovis,
M. caprae, M. microti, M. canettii, and M. orygis have also been detected in humans™.

35



36

General Introduction

Main responsible of the high TB incidence worldwide, M. tuberculosis is an aerobic,
non-motile, non-spore-forming, non-capsule-forming, and slow-growing bacillus.
Similar to other bacteria of the genus Mycobacterium, M. tuberculosis has a unique and
complex lipid-rich cell envelope that confers acid-alcohol resistance to Gram staining,
low permeability, and intrinsic resistance to the entry of many hydrophobic antibiotics,
as well as resistance in different hostile microenvironments?°-22, The wall of M.
tuberculosis consists of a cellular skeleton composed of a thin layer of peptidoglycans
and arabinogalactans bound to a thick peripheral lipid layer of long-chain mycolic acids
alternated with waxes and glycolipids?. Glycolipids, such as lipoarabinomannan (LAM),
lipomannan, and phosphatidylinositol mannosides, are bound together with the cell
skeleton to the plasma membrane. These molecules play a key role in the infection
process and pathogenesis of M. tuberculosis (Figure 3)#425,

Lipoarabinomannan

Glycohplds

Mycolic
acids

Arabino-
galactan

Peptido- i
glycan

Cell

membrane

Figure 3. Cell wall structure of mycobacteria. It consists of thin layers of peptidoglycan and
arabinogalactan, and a thick layer of mycolic acids. Glycolipids and porins are also found in these cell walls,
as is lipoarabinomannan, which is anchored to the cell membrane by diacylglycerol. This cell wall surrounds
a single lipid membrane. Adapted from Brown, L. et al. Through the wall: extracellular vesicles in
Gram-positive bacteria, mycobacteria, and fungi. Nat Rev Microbiol. 13(10): 620-630 (2015). Copyright © 2015,
Nature Publishing Group, a division of Macmillan Publishers Limited. Reprinted with permission from Springer
Nature.

3.3. Transmission and immunopathology of tuberculosis

TB is mainly an airborne disease that can be spread through droplets when people with
pulmonary TB (the transmissible form of the disease) cough or sneeze (for example).
These infectious droplets can then be inhaled by another person during close and/or
continuous contact?. When this occurs, M. tuberculosis bacilli enter the respiratory
tract and colonise the pulmonary alveoli where they will be phagocytized by alveolar
macrophages and arrested in phagosomes?é. From here, a dynamic confrontation
between antimicrobial defences (antimicrobial peptides, nitrosative stress,
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phagolysosome fusion and autophagy) and M. tuberculosis immune evasion will be
initiated?. Infected alveolar macrophages will induce the secretion of proinflammatory
cytokines and chemokines generating a non-specific response involving the
recruitment of macrophages, neutrophils, monocytes, and dendritic cells to the site of
infection. Due to its intracellular nature, M. tuberculosis will prevent the fusion of the
phagosome with the lysosome ensuring its survival and replication within the
phagosome. It will inhibit host cell apoptosis to promote the accumulation of more
bacteria in the cell before they are released and promote necrotic death and
macrophage recruitment by virulence mechanisms (such as the ESX-1 secretion
system)?. This will expand the bacterial population through the uptake of
mycobacteria by adjacent, newly recruited phagocytes. Failure of the first line of host
defence to eliminate the bacteria will result in M. tuberculosis invading the pulmonary
interstitial tissue, either by directly infecting the alveolar epithelium or by infected
alveolar macrophages migrating into the lung parenchyma (Figure 4a)?.
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Figure 4. Mycobacterium tuberculosis infection. (a) Infection begins when Mycobacterium tuberculosis
enters the lungs via inhalation, reaches the alveolar space and encounters the resident alveolar
macrophages. (b) The bacteria replicate within the growing granuloma. From Pai, M. et al. Tuberculosis. Nat.
Rev. Dis. Prim. 2, (2016). Copyright © 2016 Macmillan Publishers Limited, part of Springer Nature. Reprinted
with permission from Springer Nature.

Subsequently, antigen-presenting cells (APCs) will migrate to the mediastinal or
intrathoracic lymph nodes and present the processed M. tuberculosis fragments to
naive T-cells, triggering an adaptive immune response. Briefly, peptide and cytosolic
antigens will be presented by major histocompatibility complex (MHC) class | and Il to
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CD4+ and CD8+ T-cells respectively. This binding will trigger cell differentiation:
activated CD4+ T-cells will divide, according to their cytokine secretion profiles, into
Th1, Th2, Th17, T regulatory (Treg), non-conventional T delta gamma (gy), and T CD1
subpopulations. Activated CD8+ T-cells will become cytotoxic T lymphocytes (CTL) that
trigger infected cell death by granule exocytosis and programmed cell death?%3°.
Protective immunity against M. tuberculosis relies mostly on CD4+ T-cells that
differentiate into Th1. These cells mainly secrete interferon (IFN)-gammaly) and
tumour necrosis factor (TNF)-alpha(a) to recruit and activate innate immune cells, as
well as interleukin (IL)-2 to activate T-cells?3",

The clustering of inflammatory cells around the site of infection (usually infected or
uninfected macrophages surrounded by lymphocytes in the periphery) will lead to
granuloma formation in the lung parenchyma. This formation will control M.
tuberculosis infection by limiting the progressive growth of the bacterial population
and preventing its spread. However, for reasons that are not fully understood, the
granuloma will not be able to contain the infection and the bacteria will spread to other
organs. At this stage, M. tuberculosis may enter the bloodstream and replicate in other
parts of the body causing extrapulmonary or disseminated forms of the disease or
re-enter the respiratory tract where it can be released and, therefore, allow disease
transmission (Figure 4b)2.

In about 90% of the population, the immune system is able to control the infection in
granulomas for a prolonged period of time (traditionally considered as latency
stages)®2. However, for reasons that are not fully understood, leading to reactivation of
the bacteria and uncontrolled multiplication causing active disease and TB
transmission?8-3334,

3.4. Spectrum of tuberculosis

To facilitate the classification of TB in clinical settings, the binary model of latent TB
infection (LTBI) as opposed to active TB, has been traditionally used. This binary model
classifies LTBI as an asymptomatic, non-communicable state, and active TB, as the
communicable state of the disease with the appearance of signs and symptoms?*®.
Insights into the pathophysiology of TB have enabled progress towards an
understanding of the outcome of M. tuberculosis infection as a continuous spectrum of
conditions that may or may not lead to the development of active TB%¢-*8. This broad
spectrum has been categorised into five states defined as: (a) cleared TB infection,
which corresponds to the state in which after initial exposure, the infection has been
completely cleared by the host immune response; (b) LTBI, in which the infection is
contained without significant immune compromise or clinical, radiological or
microbiological evidence; (c) incipient TB infection, in which there is infection with
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metabolically active M. tuberculosis bacteria that are actively replicating and likely to
progress to active disease but have not yet manifested clinical, radiological or
microbiological symptoms of active TB; (d) subclinical TB, in which there is
transmissible but asymptomatic disease with the appearance of disease-compatible
radiological or microbiological abnormalities; and (e) active TB, in which there is
transmissible disease with clinical symptoms such as fever, persistent cough (which
may be accompained by blood), fatigue, and weight loss together with radiological
and/or microbiological evidence of M. tuberculosis®.

The broad spectrum of conditions is marked by bacterial and metabolic activity and
immune responses that will promote bacterial replication, persistence, or death3®.
Thus, individuals infected with M. tuberculosis may progress rapidly or slowly to active
TB or move back and forth through the different stages of the spectrum before
developing symptomatic disease or resolving the disease (Figure 5)%.
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*Rising TB burden implies an increase in abundance of TB and pathogen biomarkers, compartment-specific changes
inimmunological responses, and a decrease in the probability of disease resolution in the absence of treatment.

Figure 5. Pathways of tuberculosis disease progression. From Drain, P. K. et al. Incipient and subclinical
tuberculosis: A clinical review of early stages and progression of infection. Clin. Microbiol. Rev. 31, 1-24 (2018).
Copyright © 2018 American Society for Microbiology. Reprinted with permission from American Society for
Microbiology.

The risk of progression from infection to active TB depends on the interaction
between host, pathogen, and extrinsic factors. Host immune status, age, presence of
co-infections and non-communicable co-morbidities, bacterial pathogenicity,
infectious dose, or environmental factors may contribute to the progression of
infection to active TB or exacerbate the course of the disease**%4°. HIV co-infection is
the most important risk factor associated with TB disease progression?. These risk
factors are critical for improving the detection and diagnosis of active TB.
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3.5. Diagnosis

Early diagnosis and correct treatment of TB are key for reducing the disease burden and
TB control. Current diagnostic tools are based on the detection of LTBI and active TB.

3.5.1. Diagnosis of Mycobacterium tuberculosis infection

The tuberculin skin test (TST), classically known as the Mantoux test, measures the
delayed hypersensitivity reaction (at 48-72 hours) following intradermal injection of
0.1 ml of 5 tuberculin units (TU) of purified protein derivative (PPD) into the upper layers
of the skin of the forearm. Although the TST is the most commonly used method for the
diagnosis of M. tuberculosis infection*', it has limited sensitivity in groups with
immunosuppression such as people living with HIV or malnourished people. In addition,
cross-reactivity with BCG vaccine and non-tuberculous mycobacteria (NTM) can cause
false positive results*?-44,

As an alternative to the TST, IFN-y release assays (IGRAs) measure the detection of
IFN-y secreted by effector T-cells stimulated with M. tuberculosis-specific antigens
which contain peptides that induce a T-lymphocyte cellular response in individuals
previously exposed to M. tuberculosis*®. There are currently two types of IGRAs used
for the detection of M. tuberculosis infection, one that stimulates a volume of whole
blood with M. tuberculosis-specific antigens overnight (approximately 16-20 hours) and
then quantifies the IFN-y released by ELISA, and another that stimulates a number of
peripheral blood mononuclear cells (PBMCs) with M. tuberculosis-specific antigens
overnight and then counts the number of cells that have secreted IFN-y (considering
that one spot is equivalent to one cell) by ELISPOT.

As examples of extensively used IGRAs there are the ones from Qiagen (Hilden,
Germany; the previous QuantiFERON-TB Gold In-Tube and the current
QuantiFERON-TB Gold Plus assay) and Oxford Immunotec (Abingdon, United Kingdom:;
T-SPOT.TB assay)*¢. QuantiFERON-TB Gold Plus test (QFT-Plus) consists of four tubes,
the negative control (nil), positive control (mitogen), and two antigen tubes. The first
antigen tube (TB1) contains the ESAT-6 and CFP-10 antigens that stimulate CD4+ T cells
and the second antigen tube (TB 2) contains the same CD4+ antigens as TB1, plus other
CD8+ antigen peptides of its own*’. Finally, in the T-SPOT.TB assay a standard number
of PBMCs (both CD4+ and CD8+) are added into specially designed plates and
stimulated with M. tuberculosis specific antigens, ESAT-6 and CFP1048,

Unlike TST, the region of difference (RD) 1 encoding the ESAT-6 and CFP-10 antigens
and the RD11 encoding TB7.7 antigen (this last, present in the previous Qiagen version)
of the IGRAs are absent in the M. bovis BCG vaccine strain and in most common NTM
strains, providing better diagnostic specificity*?. However, IGRAs have a low sensitivity
in children under five years of age%°-52, probably due to the immaturity of their immune
responses. Neither the TST nor the IGRAs, nor the combination of both, are capable of
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distinguishing between TB infection or disease®. However, the difference between TB
infection or disease is crucial in determining appropriate treatment, especially in
countries where TB is endemic, and in populations, such as children, where the clinical
manifestations of TB often overlap with other common conditions such as pneumonia,
HIV-associated lung disease, and malnutrition*2.

3.5.2. Diagnosis of tuberculosis disease

The reference diagnostic methods for the diagnosis of TB are based on detecting the
presence of M. tuberculosis bacilli. These methods are smear microscopy (microscopic
examination), culture, and rapid molecular tests®*.

Culture-based methods are the gold standard for TB diagnosis, evaluation of treatment
outcome to ensure recovery, and detection of drug resistance. There are two types of
media for mycobacterial culture: solid and liquid. While the solid medium allows the
morphology of the colonies to be appreciated and reveals indicative data for
subsequent identification, the liquid medium has the advantage of shortening the
detection of mycobacteria by 2-3 weeks®. However, the incubation time to obtain a
result (2-4 weeks), the infrastructure, and the level of biosafety required are not
accessible in all laboratories®®.

Microscopic examination is the oldest and most widely used method due to its relative
simplicity and low implementation cost®’. The most commonly used techniques for the
detection of acid-fast bacilli (AFB) are Ziehl-Neelsen staining (with phenylated fuchsin)
and staining with fluorochromes, such as auramine staining. Although direct
examination allows rapid presumptive diagnosis, its sensitivity is much lower than that
of culture or molecular methods®857,

In the last ten years, the introduction of molecular methods based on the amplification
and detection of MTBC nucleic acids resulted in a major change for the rapid diagnosis
of TB disease and for the detection of resistance to certain anti-TB drugs. Real-time
polymerase chain reaction assays (RT-PCR), such as Xpert MTB/RIF (Cepheid,
Sunnyvale, US), Xpert MTB/RIF Ultra (Cepheid, Sunnyvale, US), or Truenat
(Molbio/bigtec Diagnostics, India); line probe assays (LPA), such as GenoType
MTBDRplus vl and v2 (HAIN Lifescience, Nehren, Germany), Genoscholar NTM+MDR TB
Il (Nipro, Osaka, Japan), and GenoType MTBDRsl (Hain Lifescience, Nehren, Germany),
or loop-mediated isothermal amplification assays (LAMP), such as TB-LAMP (Eiken,
Tokyo, Japan), have shown potential as substitutes for smear microscopy®*¢. However,
affordability and ease-of-use requirements limit their integration and use in primary
care settings®’.

3.5.3. Diagnosis in high-priority populations
Bacteriological confirmation by culture or sputum-based molecular methods is the
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gold standard for the diagnosis of active TB. However, for people with extrapulmonary
or miliary TB, people with immunosuppressive conditions, and children, the main
impediment to accurate diagnosis of active TB is the paucibacillary nature of the
disease (small number of bacilli in sputum), difficulties in sputum production, and/or
expectoration*0-€+62_ Consequently, current methods have a low diagnostic sensitivity in
these groups®s.

Despite advances in rapid molecular diagnosis of TB, the use of sputum-based
techniques means that most children with TB are diagnosed through radiological and
clinical scoring systems limited by the clinical presentation of the disease, making
diagnosis difficult and delaying therapeutic strategies for TB control. The search for
new biomarkers should focus on the development of a rapid, child-friendly,
non-sputum-based test able to diagnose the early stages of paediatric TB, improving
detection of the source of TB infection in the community, and preventing progression
to severe forms of the disease, such as disseminated TB and TB meningitis®¢4¢®. In
recent years, novel biomarkers have been identified for the diagnosis of paediatric TB
based on plasma, serum, urine, and faeces**%¢. We commented this in an editorial
published in Revista Enfermedades Emergentes (See Annex 2)¢. However, there is still
no assay with sufficient sensitivity to develop a diagnostic test for TB in children.

Unlike HIV uninfected people, people living with HIV have poor quality sputum and
higher rates of extrapulmonary and disseminated TB¢2. In addition, the non-specificity
of symptoms and misleading or atypical radiographic features in HIV-positive people
hamper the identification of TB. Because of the high risk of HIV-positive people
developing severe forms of TB, early diagnosis of TB is crucial to start treatment as
soon as possible to prevent death®. Therefore, in HIV-positive people,
non-sputum-based point-of-care (POC) tests are key to improving TB detection and
ensuring prompt treatmenté?.

Over the last few years, the Determine TB LAM Ag lateral flow test (AlereLAM), a POC
immunoassay based on antigen-antibody reaction, has been developed and approved
for the detection of LAM antigen (constituent of the M. tuberculosis cell wall, Figure 3)
in urine in HIV-positive patients with presumptive TB and in patients with severe HIV
disease’®72, AlereLAM is a non-invasive, easy-to-use test that gives immediate time
results. Despite the promising characteristics of this test, the diagnostic performance
demonstrated so far makes this test unsuitable for other populations’®. However, a new
LAM detection assay, Fujifilm SILVAMP TB LAM (FujiLAM, Fujifilm, Tokyo, Japan), could be
promising for future TB diagnosis in HIV-infected and uninfected patients’®’2. This POC
test combines high-affinity monoclonal antibodies against M. tuberculosis-specific
LAM epitopes and a silver amplification step to increase the visibility of test and control
lines.
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3.6 Treatment of tuberculosis

Due to the slow growth and complex cell envelope of M. tuberculosis (see section 2 of
the introduction), the treatment regimen for TB patients includes the combination of
several drugs over a prolonged period of time to avoid the natural development of M.
tuberculosis resistance and also to eliminate intracellular and intermittently growing
bacteria that occur in the caseus.

In drug-susceptible TB patients, the treatment regimen preferably consists of a
2-month intensive phase of isoniazid, rifampicin, pyrazinamide and ethambutol, and a
4-month (to 7-month) continuation phase of isoniazid and rifampicin. Surveillance
during TB treatment is essential to ensure adherence to treatment and to monitor
treatment response. This is usually monitored by sputum microscopy, cultures, and
X-rays. Improper or incorrect use of antimicrobials, administration of ineffective drug
formulations (single drug use, poor quality or poorly stored drugs) and early
discontinuation of treatment can cause emergence of M. tuberculosis strains with
resistance to one or more drugs™. Thus, monoresistance is caused by strains of M.
tuberculosis resistant to a first-line anti-TB drug, Isoniazid-resistant TB (TB-Hr) is
caused by isoniazid-resistant and rifampicin-susceptible strains of M. tuberculosis,
Rifampicin-resistant TB (RR-TB) is caused by strains resistant to rifampicin,
Multidrug-resistant TB (MDR-TB) is caused by strains of M. tuberculosis resistant to at
least isoniazid and rifampicin. Pre-extensively drug-resistant TB (Pre-XDR-TB) is TB
resistant to rifampicin and any fluoroquinolone (a class of second-line anti-TB drug),
and Extensively drug-resistant TB (XDR-TB) is resistant to rifampicin, plus any
fluoroquinolone, plus at least one of the drugs bedaquiline and linezolid" 7.

Treatment regimens will vary according to the type of drug resistance, which can be
detected by drug susceptibility testing (DST) specific to the drug susceptibility of
bacteria. These may include culture tests, nucleic acid amplification molecular tests,
and Next Generation Sequencing (NGS) of MTBC’*7%. Molecular testing and NGS can
provide substantially faster results than traditional phenotypic culture. Although NGS
can provide data on all clinically relevant resistance mutations for the diagnosis of
drug-resistant TB (DR-TB), its application requires the isolation of cultures to generate
a sufficient bacterial load for successful sequencing. Currently, a wide range of
molecular tests (e.g. Xpert MTB/RIF and Ultra, Truenat, or GenoType) are being
developed and evaluated for TB screening that include DST and are targeted at
point-of-care and peripheral health care settings’.

The emergence of DR-TB represents a threat to TB control with an increase in
treatment failure. New WHO recommendations aim to accelerate detection of drug
resistance and improve access so that patients receive a definitive treatment regimen
using a shorter and cheaper regimen’”.
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3.7. Challenges and future directions in tuberculosis diagnostics

3.7.1. Closing the tuberculosis gap in low- and middle-income countries

In 2014, the WHO End TB strategy was launched with the goal of ending the TB
epidemic by reducing TB incidence by 90% between 2015 and 2035’%. Since then,
great progress has been made and many deaths have been averted. However, in 2020
the gap between new TB cases notified in national TB programmes and those not
communicated was 4.1 million people’. The substantial reduction in TB case detection
and notification between 2019 and 2020 (18%) is likely to reflect both supply- and
demand-side disruptions to TB diagnostic and treatment services generated by
COVID-19.

In 2010, the REACH TB initiative, led by the StopTB strategy, was launched with the aim
of increasing the number of people diagnosed and treated for TB in low- and
middle-income countries. Although active case-finding is key for diagnosing and
treating the missing millions affected by TB, many of the difficulties are due to limited
accessibility (either physical, social or cultural) to health services, underdevelopment
of health information systems, insufficient of human resources, and poor linkages
between private providers and national authorities’®8°,

For decades, TB has been diagnosed with outdated and inefficient tools, resulting in
the loss of large numbers of people. Since then, great progress has been made with the
emergence of new diagnostics such as Xpert MTB/RIF and Ultra, LPAs, AlereLAM
testing, and IGRAs. However, many people with TB (or TB symptoms) have difficulties
accessing an adequate initial diagnosis, with only a small proportion of TB tests
performed with new technologies (such as molecular testing)®'. Considering that the
highest incidence of TB accounted in low- and middle-income countries', in 2015,
WHO developed high-priority target product profiles (TPPs) to define the needs of
next-generation assays and align them with the requirements and specifications for
the development of new diagnostics that are more accurate, affordable, and accessible
where patients first seek care®?. Prioritisation was done on the basis of the impact the
test could have on TB transmission, morbidity and mortality, the potential market for
the test, and the ease of implementation and scale-up of the test. The three diagnostic
priorities identified were: (1) the development of a biomarker-based,
non-sputum-based POC to detect all forms of TB, (2) development of a simple,
low-cost POC test that could be used as a screening test to identify those in need of
further testing, and (3) development of a rapid sputum test that could be used in
microscopy centres to detect pulmonary TB to replace smear microscopy and have
the ability to diagnose drug susceptibility®>82. To end the TB epidemic, we need to
increase investment, embrace innovation for the development of rapid and accurate
diagnostics, and address implementation gaps to ensure that new technologies reach
those who need them?'83, With the emergence of COVID-19, massive financial efforts
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have been made to accelerate research and development, as well as innovation in
delivery systems. The innovation and detection systems provided by this pandemic
must be harnessed to improve TB care and control®.

3.7.2. Omics in the diagnosis of tuberculosis

There is a growing interest in understanding biological mechanisms not only at the
molecular level, but also as a whole (biological functionality). In this sense, systems
biology aims to explore how the interactions between biological components (genes,
proteins, metabolites, etc.) contained in a biological tissue, cell, fluid or organism affect
the functionality (biological processes) of an organism as a whole, making it possible to
characterise a biological system in a complete and integrated way®®. Currently, the
development of omics, such as genomics, transcriptomics, proteomics, or
metabolomics, has had a great impact. These disciplines allow the by allowing the
analysis of a large number of biomolecules and the selection of those that really
provide information based on algorithms of complex biological systems®8. Thus, omics
allow the generation of knowledge on the underlying mechanisms of the disease®.
Omics have highlighted a new approach in biochemical and biomedical research, as it
is no longer necessary to start from restricted starting hypotheses, but several
metabolic pathways and routes can be explored simultaneously. Figure 6 shows the
correlation between the omics approaches and their respective biomolecules of
study®s.
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Figure 6. A correlation between the main omics strategies used in systems biology studies. Adapted from
Sussulini, A. Metabolomics: From Fundamentals to Clinical Applications. Copyright © 2017, Springer Nature.
Figure adapted/reprinted with permission from Springer Nature. Rev. 31, 1-24 (2018).
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Advances in the field of systems biology in relation to TB aim to address more precisely
clinically relevant issues in the future such as early diagnosis of TB, especially in groups
in which diagnosis is more difficult (such as patients with extrapulmonary TB and
children), individualizing preventive therapies, regarding the choice of anti-TB drugs
and host-directed therapies administered, and predicting the outcome of a treatment
regimen®. We commented this in a review published in the European Respiratory
Review (See Annex 3)%°.

In recent years, different omics strategies have identified several sets of TB-associated
biomarkers with the potential to optimise TB prevention, diagnosis, and treatment.
However, only a few of these biomarkers have been evaluated in clinical cohorts of
patients and implemented in clinical practice, limiting the applicability of these
biomarkers in TB diagnosis and clinical management of patients?-71,

In this context, metabolomics is one of the most powerful bioanalytical strategies to
obtain a picture of the metabolites of an organism in the course of a biological process
and is considered as a phenotyping tool?2. Metabolomics allows the identification of a
set of metabolites (or unique chemical fingerprint) present in a cellular system or a
biofluid in biological samples (tissues, cells, fluids or organisms) under normal
conditions compared to altered states promoted by disease, pharmacological
treatment, dietary intervention, or environmental modulation?>. Metabolites are
molecules of low and medium molecular weight (< 1,500 Dalton) such as sugars, amino
acids, lipids, which are involved in cellular processes and reveal how metabolism is
functioning in a given organ or living organism®. The absence or presence of some of
these metabolites, as well as their relative concentration, can be an indicator of
disease states or disease risk factors®. These metabolites can be measured using
different non-invasive methods comprising nuclear magnetic resonance (NMR) and
mass spectrometry (MS) (usually with a chromatographic separation step), providing
comprehensive structural and conformational information on multiple chemical groups
in a single analytical procedure?® %,

Metabolomics has provided insight into the pathogenesis of TB, thereby facilitating the
understanding of host-pathogen interactions during TB infection and progression?%?’.
Although the use of metabolomics could improve the prediction of disease
progression and detection, only a few studies have focused on the discovery of
metabolomic biomarkers for TB diagnosis®'.
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Justification

Tuberculosis (TB) is the active and contagious form of the disease caused by bacteria
of the M. tuberculosis complex (MTBC) and the second leading cause of death in 2020
from a single infectious agent (after COVID-19). In this regard, the emergence of
COVID-19 only exacerbated the TB situation, committing human, financial, and TB
equipment resources to the response to the pandemic. This has negatively influenced
TB prevention and care programmes, with a decrease in the diagnosis of new TB cases
and treatment follow-up, with a particular focus on low- and middle-income countries,
where the highest incidence of TB resides (Annex 1).

Spread by airborne transmission from person to person, it is estimated that a quarter
of the world's population is infected with M. tuberculosis. However, only one in ten
infected people will develop TB.

Although TB can affect anyone, anywhere, people infected with M. tuberculosis with a
compromised immune system, due to young age, HIV infection or non-communicable
conditions, among others, are at increased risk of developing TB and severe forms of
the disease. Furthermore, most of the new cases of TB worldwide reside in low- and
middle-income countries.

Bacteriological confirmation by culture or sputum-based molecular methods are the
gold standard for TB diagnosis. However, the limitations of current diagnostic methods
pose difficulties in diagnosing TB, especially in people with extrapulmonary or miliary
TB, in people with HIV, and in children. Moreover, the use of invasive techniques is not
well accepted among children. Consequently, the lack of a reference test leads to most
of the children with TB being diagnosed by radiological and clinical scoring systems
which are limited by the wide clinical spectrum of the disease. Difficulties in the early
diagnosis and treatment of TB contribute to developing severe forms of developing
severe forms of disease and increase disease and increase of spreading. In this regard,
this thesis includes in Annex 2 a brief review of the limitations and future needs in the
diagnosis of TB in children.

Despite advances in the rapid molecular diagnosis of TB, the affordability, accessibility,
and ease-of-use requirements of new technologies limit their integration and use in
primary care settings where patients seek care for the first time. In 2015, the WHO
developed "High-priority target product profiles" to define the needs for
next-generation testing. Among these, sensitive and non-invasive point-of-care tests
need to be developed and implemented to diagnose pulmonary and extrapulmonary
TB earlier and at all healthcare systems.
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In 2018, the WHO published the "Roadmap towards ending TB in children and
adolescents" to highlight the priority actions and increased investment urgently
needed. Recently, several initiatives have emerged using different specimens (such as
serum, plasma, or urine) to diagnose TB in children more accurately and less invasively.
Although most of the identified biomarkers are promising, further development and
optimisation are needed to improve their diagnostic performance.

In order to address these issues, the studies conducted for this thesis focused on a
paediatric cohort from Haiti, and two cohorts of adults with presumptive TB from
Nigeria and Europe, to identify and evaluate rapid point-of-care TB diagnostic
methods based on non-invasive specimen biomarkers and alternatives to sputum to
improve TB detection and access to diagnosis at all levels of the health care system.

Focusing on the host-response biomarkers to M. tuberculosis infection and disease, a
combination of cytokines and individual factors in serum and plasma were identified
and evaluated by immunoassays to distinguish between TB infection and disease in
children (Article T and Patent 1).

Regarding M. tuberculosis-specific biomarkers, urinary LAM antigen detection using
the Fujifilm SILVAMP TB-LAM assay was evaluated in seropositive and seronegative
patients with presumptive TB attending three district hospitals in Nigeria (Article 2) and
in children attending a paediatric hospital in Haiti (Article 3).

With a focus on biomarkers from the interaction between the host and M.
tuberculosis, a metabolic profile of TB in urine was identified and validated using high-
and low-field nuclear magnetic resonance (NMR) spectroscopy (Article 4 and Patent 2).
In addition, a metabolic fingerprint in urine was detected to characterise the disease in
children with presumptive TB (Article 5) and the use of urine NMR-based metabolomics
to assess the outcome of TB treatment was described (Article 6). Finally, the available
evidence from a metabolomic and proteomic approach with potential for TB
management was reviewed (Annex 3).

Although it is a treatable and curable disease, TB remains one of the leading causes of
death worldwide. TB diagnosis is critical at every stage of the response to the epidemic
to help limit the spread of TB, and provide reliable information for life-saving decisions.
Closing the gap between estimated, diagnosed, and notified TB cases relies largely on
developing more accurate, rapid, and accessible point-of-care diagnostic tools. This
thesis aims to discover biomarkers using different approaches that may contribute to
future TB diagnostics.
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Objectives

Host-response biomarkers:

1. Identify and evaluate a combination of cytokine biomarkers and individual factors
in serum and plasma by immunoassays to distinguish between M. tuberculosis
infection and disease in children (Article 1and Patent 1).

Pathogen-specific biomarkers:
2. Evaluate the use of Fujiflm SILVAMP TB-LAM assay in urine to improve the
diagnosis of tuberculosis in HIV-positive and -negative patients with presumptive
tuberculosis (Article 2).
3. Evaluate the use of Fujiflm SILVAMP TB-LAM assay in urine to improve the
diagnosis of tuberculosis in children with presumptive tuberculosis (Article 3).

Host-pathogen interaction biomarkers:

4. |dentify and characterise a metabolomic profile of TB in urine by high-field
nuclear magnetic resonance and evaluate its discriminatory potential using
low-field benchtop NMR spectrometry (Article 4 and Patent 2).

5. Associate the NMR metabolomic fingerprint of TB in urine with standardised case
definitions for the classification of paediatric TB to improve the characterisation of
the clinical spectrum of the disease (Article 5 and Patent 2).

6. Describe the use of high-field nuclear magnetic resonance spectroscopy to
assess the outcome of TB treatment (Article 6).
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A Model Based on the Combination
of IFN-y, IP-10, Ferritin and
25-Hydroxyvitamin D for
Discriminating Latent From Active
Tuberculosis in Children

Patricia Comella-del-Barrio’, Rosa Abellana?t, Raquel Villar-Hernandez’,
Mariette Doresca Jean Coute?, Beatriz Sallés Mingels*, Lydia Canales Aliaga?®,
Margareth Narcisse?, Jacqueline Gautier3, Carlos Ascaso?, Irene Latorre?,
Jose Dominguez' and Tomas M. Perez-Porcuna®*t

" Research Institute Germans Trias i Pujol, CIBER Respiratory Diseases, Universitat Autonoma de Barcelona, Badalona,
Spain, 2 Department of Basic Clinical Practice, Faculty of Medlicine, University of Barcelona, Barcelona, Spain,

3 Saint-Damien Pediatric Hospital, Tabarre, Haiti, * Radiology and Imaging Diagnose Department, Manso Primary Care
Center, Barcelona, Spain, ® Radiology Service, Research Unit of the Mtua Terrassa Foundation, University Hospital Mutua
Terrassa, Terrassa, Spain, ® Department of Pediatrics, Tuberculosis and International Health Care Unit, Primary Care and
Muditua Terrassa University Hospital, University of Barcelona, Terrassa, Spain

In recent years, pediatric research on tuberculosis (TB) has focused on addressing
new biomarkers with the potential to be used as immunological non-sputum-based
methods for the diagnosis of TB in children. The aim of this study was to characterize
a set of cytokines and a series of individual factors (ferritin, 25-hydroxyvitamin D
[25(OH)D)], parasite infections, and nutritional status) to assess different patterns for
discriminating between active TB and latent TB infection (LTBI) in children. The levels of
13 cytokines in QuantiFERON-TB Gold In-Tube (QFT-GIT) supernatants were analyzed
in 166 children: 74 with active TB, 37 with LTBI, and 55 uninfected controls. All cytokines
were quantified using Luminex or ELISA. Ferritin and 25(0OH)D were also evaluated using
CLIA, and Toxocara canis 1g-G antibodies were detected with a commercial ELISA kit.
The combination of IP-10, IFN-y, ferritin, and 25(OH)D achieved the best diagnostic
performance to discriminate between active TB and LTBI cases in children in relation to
the area under receiver operating characteristic (ROC) curve 0.955 (confidence interval
95%: 0.91-1.00), achieving optimal sensitivity and specificity for the development of a
new test (93.2 and 90.0%, respectively). Children with TB showed higher ferritin levels
and an inverse correlation between 25(0OH)D and IFN-y levels. The model proposed
includes a combination of biomarkers for discriminating between active TB and LTBI
in children to improve the accuracy of TB diagnosis in children. This combination of
biomarkers might have potential for identifying the onset of primary TB in children.

Keywords: pediatrics, biomarkers, immune response, vitamin D, ferritin, enzyme-linked immunoassays,
Mycobacterium tuberculosis, cytokines
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INTRODUCTION

At least one-quarter of the world’s population is infected
with Mycobacterium tuberculosis (World Health Organization
[WHO], 2018a). Childhood tuberculosis (TB) represents at least
10% of the burden of the disease worldwide, being one of the
most significant causes of childhood morbidity and mortality
(World Health Organization [WHO], 2018b). Estimations show
that there are far more children with TB globally than previously
thought, with the majority being undiagnosed and untreated
(Dodd et al., 2017). Underdiagnosis in children can occur for
multiple reasons, such as the lack of a non-specific clinical
presentation that delays seeking healthcare and diagnostic
suspicion; the lack of a more accurate diagnostic test; and poor
geographical and financial access to healthcare in some areas
(Kyu et al., 2018; World Health Organization [WHO], 2018a).

Infants and young children have a higher risk of progressing
to TB following a primary M. tuberculosis infection, usually
due to a child being exposed to an infectious adult with active
TB (Augustynowicz-Kope¢ et al., 2012) and to the development
of severe forms of the disease (Marais et al., 2004). Therefore,
household detection of index TB cases, together with early
detection of the infection and TB disease, followed by a prompt
treatment, are fundamental in preventing disease progression
(Dodd et al., 2018).

The diagnosis of pulmonary TB is a significant challenge
in children due to the paucibacillary nature of the disease
and the difficulties in expectorating. Although rapid molecular
diagnosis represents a significant advance as an alternative to
conventional microscopy and culture methods, its sensitivity
remains unacceptably low in children since the technique is based
on detecting M. tuberculosis from respiratory specimens (World
Health Organization [WHO], 2018b). As for immunodiagnostic
assays, both the tuberculin-skin-test (TST) and interferon-
gamma release assays (IGRAs)—that measure cell-mediated
immune responses following M. tuberculosis infection—are
unable to distinguish between active TB and LTBI (Latorre and
Dominguez, 2015) and limit the accuracy of M. tuberculosis
detection (Dominguez et al., 2009; Velasco-Arnaiz et al., 2018).
As a result, most active TB cases are diagnosed through
clinical—and radiological when possible—scoring systems which
have limitations due to the clinical presentation of the disease
(Graham et al., 2015).

The immature immune system of young children added to
the dynamic process of the host-pathogen interaction from
M. tuberculosis infection, hamper defining the transition from
latent infection to acute TB disease in children. Recently, a
diversity of genetic and individual factors that may contribute
to the outcome of the host immune set-points during
M. tuberculosis infection have been described (Bastos et al,
2018). A good understanding of the diversity of these factors
might be crucial to assess the impact of the host-pathogen
interactions that occur during M. tuberculosis infection. In this
sense, the WHO guidelines for the management of malnourished
children, as well as guidelines for national TB programs,
underline the importance of the association of malnutrition and
TB in children (World Health Organization [WHO], 2013).
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In addition, the impact of alterations in iron homeostasis and
vitamin D deficiencies highlight profound effects on immune
function and host defenses due to mechanisms that have not
yet been resolved. Lastly, comorbidities by helminth infections
impair the inflammatory and immune mechanisms involved in
the control of M. tuberculosis infection (Ibrahim et al., 2017).

In recent years, pediatric research has focused on finding new
biomarkers in non-sputum-based samples for the detection of
M. tuberculosis infection (Nicol et al., 2015). Current studies
have highlighted the importance of diverse forms of biomarkers
with the potential to be used in immunological methods for the
diagnosis of childhood TB (Togun et al., 2018). Furthermore,
there is increasing data showing that modified interferon gamma
release assays (IGRAs) based on the analysis of a combination of
different markers could enhance the diagnostic accuracy (Chegou
et al., 2014). However, only a few studies with small cohorts
have identified some cytokine responses in QuantiFERON-TB
Gold In-Tube (QFT-GIT, QIAGEN, Germany) supernatants
which have the potential to monitor specific immunity against
M. tuberculosis as candidate combinations of markers for the
discrimination between LTBI and active TB in children (Togun
et al., 2018). Despite these initial approaches, a clear pattern
has not yet emerged, and the diagnostic performance of the
cytokine biomarkers reported do not meet the minimum targets
recommended by the WHO for a new diagnostic or triage test for
TB in children (World Health Organization, 2017).

To our knowledge, no cytokine biomarkers based on QFT-GIT
supernatants combined with individual factors can distinguish
between active TB and LTBI in children. To improve the
accuracy of the diagnosis of TB, the aim of this study was to
characterize a set of cytokines and a series of individual factors
(ferritin, 25-hydroxyvitamin D [25(OH)D], parasite infections,
and nutritional status) and to assess different patterns for
distinguishing between active TB and LTBI in children.

MATERIALS AND METHODS
Study Population

A prospective case-control study was conducted from August
2015 to December 2016 in the pediatric hospital of Saint
Damien in Port-au-Prince (Haiti). Children (0-14 years old)
who presented signs and symptoms compatible with active TB
and/or documented TB exposure were screened for suspected
TB. According to the hospital program, siblings (0-14 years
old) of the children diagnosed with TB were also screened
for TB or LTBI. Children (0-14 years old) from a school
and a kindergarten were screened as uninfected controls. The
exclusion criteria were: children with known immunodeficiency,
on current immunosuppressive treatment, with a condition that
could potentially compromise the immune system (e.g., children
from oncology, rheumatology, nephrology and those who had
undergone organ transplantation), children who had been under
anti-TB treatment or preventive treatment during the previous
year, and children not providing informed consent.

The following information was collected: age, sex, weight,
height, previous medical history (including TB history,
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TB exposure, HIV status, and comorbidities, hemogram),
vaccines, and current and previous medication (antibiotics,
corticosteroids, antiparasitic drugs).

The following signs and symptoms were evaluated: cough
and/or fever >2 weeks (with no improvement after at least a
7-day course of amoxicillin), recent unexplained weight loss,
and asthenia/fatigue. The TST was performed by a trained
laboratory technician. Intradermal injection of 0.1 ml of Tubersol
(bioequivalent to 5 tuberculin units; Sanofi Pasteur, Toronto, ON,
Canada) was placed into the ventral surface of the lower arm
and read after 72 h. A positive TST result was defined as an
induration >10 mm in BCG-vaccinated children (those with a
BCG scar), and >5 mm in non-BCG-vaccinated children or with
a known adult TB contact (Bass et al., 1990; American Academy
of Pediatrics Tuberculosis, 2009). A standardized specific Z- score
for detection of nutritional status weight-for-age (WAZ) was
determined by WHO Anthro Plus 1.0.4 software (World Health
Organization [WHO], 2009). Children with WAZ scores below
—2 standard deviation (SD) were defined as underweight, and a
WAZ score above 2 SD was defined as overweight.

A chest radiograph (anterior-posterior image) was performed
in all the children screened for TB or LTBI. Chest radiographs
were read by two external experts who were blinded to clinical
data using a standardized reporting form and a third reader to
resolve discordant opinions (Graham et al., 2015). In addition,
nasopharyngeal aspirates and induced sputum were collected
on three consecutive days for smear examination (auramine
stain) by direct fluorescence microscopy in children suspected
of having active TB. Histological examination was performed in
children with suspicion of extrathoracic TB (ETB) with lymph
node adenopathies.

Of all the children screened for TB or LTBI, only those with a
positive TST result and/or microscopic confirmation were invited
to participate in the study. Of all the children screened in the
schools, only those with a negative TST result were invited to
participate in the study as uninfected controls.

Treatment and preventive treatment were prescribed in all
the children diagnosed with TB or LTBI, respectively. During
TB treatment and preventive treatment, the patients were
followed monthly until the end of treatment. Children with
a positive sputum smear were retested at the fifth and sixth
month of treatment.

Definitions for Classification of the
Children Enrolled in the Study

Children were classified according to their clinical history,
chest radiographs, smear examination, molecular diagnostic test,
TST and QFT-GIT results. Active TB cases were defined as
confirmed TB —children with relevant signs and symptoms
and microbiologic confirmation of M. tuberculosis—, and
unconfirmed TB —children without bacteriological confirmation
but with relevant signs and symptoms, positive TST and/or
QFT-GIT, radiological findings suggestive of TB, known TB
contact, and clinical response to anti-TB treatment. Depending
on the TB location, active TB cases were classified as ETB
or intrathoracic TB. Children with intrathoracic TB were
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differentiated into those with pulmonary involvement (PTB)
and children with isolated mediastinal lymphadenopathy in the
absence of lung parenchyma involvement (Mediastinal TB). LTBI
cases were defined as children with documented TB exposure,
positive TST and/or QFT-GIT, normal chest radiographs, and
no clinical signs of TB development in the last 6 months
after diagnosis. Finally, uninfected controls were defined as
asymptomatic children with no history of TB exposure, and
negative TST and QFT-GIT.

Laboratory Tests Performed

Molecular Diagnostic Test

Sputum samples were collected from children with microscopy
confirmation and/or radiological findings to perform
GeneXpert MTB/RIF (Cepheid, United States) according to
the manufacturer’s instructions.

QuantiFERON-TB Gold In-Tube

In all the participants, a 3 ml blood sample was drawn for
conventional QFT-GIT; the antigen tube (ESAT-6, CFP-10,
and TB-7.7), and positive (phytohemagglutinin, mitogen) and
negative (no antigen, nil) controls. Tubes were incubated at 37°C
for 16-24 h and centrifuged according to the manufacturer’s
instructions. Plasma was harvested and stored at —20°C until
performing the enzyme-linked immunosorbent assay (ELISA).
After the screening and recruitment of cases, plasma samples
were sent to the laboratories of the Research Institute Germans
Trias i Pujol (IGTP, Badalona, Spain) following optimum
conservation conditions. Once there, the supernatants were
analyzed and the results were interpreted according to the
manufacturer’s instructions.

Ferritin, 25(0OH)D, and Toxocara spp. Detection

One milliliter of blood from all the participants was added to
the biochemical tube to perform ferritin, 25(OH)D, and Toxocara
canis determination. Ferritin and 25(OH)D concentrations were
analyzed at the biochemistry laboratory of the Germans Trias
i Pujol Hospital (Badalona, Spain) with a Chemiluminescence
Immunoassay (CLIA) method using a Liaison instrument
(DiaSorin Liaison, Stillwater, MN, United States). 25(OH)D
is an indirect method to measure vitamin D in the blood.
According to the literature, serum 25(OH)D levels equal or
above 20 ng/ml were considered normal levels of vitamin D
(Michael and Holick, 2007). To avoid variations during blood
sampling, the blood was almost always collected on the same
day of the week at approximately the same hour (13-15 h).
Seasonal fluctuations did not affect sampling because the weather
seasons in Haiti are barely defined. T. canis Ig-G antibodies
were detected at the IGTP laboratory using a commercial ELISA
kit (Ridascreen, R-Biopharm AG, Germany). Results with a
sample index above 1.1 were considered positive according to the
manufacturer’s instructions.

Detection of Soil-Transmitted Parasite Infections

Stool samples were collected to detect intestinal parasites in
all the participants. Stool samples were processed on the
same day of collection at the laboratory of the pediatric
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hospital of Saint Damien using the Kato-Katz and formalin-
gasoline technique (a modification of the formalin-ether
sedimentation technique) as described previously (Katz et al,
1972; Ahmadi and Damraj, 2009) and were examined with
optical microscopy.

Cytokine Measurement

Frozen supernatants remaining from the QFT-GIT tubes were
used for the measurement of cytokine concentrations using a
bead-based multiplex assay (Luminex 11-plex cytokine kit, R&D
Systems, United Kingdom) and measured by Bioplex manager
software (version 5.0, Bio-Rad, United States) according to
the manufacturer’s instructions. After optimization experiments,
granulocyte-macrophage colony-stimulating factor (GM-CSEF),
interferon (IFN)-gamma (y), interleukin (IL)-2, IL-5, IL-10,
IL-13, IL-22, IL-17, and tumor necrosis factor (TNF)-alpha
(a) were analyzed in a 1:8-fold dilution, while IL-1RA and
induced protein (IP)-10 were analyzed in 1:8, 1:80, and 1:160-fold
dilutions. In this way, values were within the detection limits
marked in the standard curve. IL-32 and vascular endothelial
growth factor (VEGF) were measured by DuoSet ELISA (R&D
Systems, United Kingdom) because of incompatibilities with the
human custom multiplex cytokine kit. ELISA was performed
according to the manufacturer’ instructions.

Statistical Analysis
Qualitative variables were described using frequencies and
percentages. Qualitative variables were described using
median and interquartile ranges (IQR), or, using mean and
standard deviation (SD) in case of variables were with a
normally distribution, using mean and standard deviation. The
independent variables analyzed were: sex, age, weight by age,
BCG, hemoglobin levels, 25(OH)D levels, ferritin levels, the
presence of intestinal helminths, IgG T. canis antibodies, and
cytokines responses. The concentration of released cytokines
released in response to M. tuberculosis antigens (Ag-TB) and
phytohemagglutinin (PHA) was calculated by subtracting the
concentration measured in the nil tube (Ag-TB, antigen minus
nil; and PHA, mitogen minus nil). For all the variables with a
normal distribution, the comparison between several groups was
performed using the analysis of variance or Student’s t-student
test (only two groups). However, for variables non-normally
distributed variables, the comparison between groups was
performed using Kruskal-Wallis and Mann-Whitney tests. In
the case of qualitative variables, comparisons were performed
using the Fisher’s exact test or chi-squared test. The Tukey
method (normal distribution) or Benjamini and Hochberg
method (non-normal distribution) was used to correct p-values
in multiple comparisons. The cytokines that showed significant
differences between study groups were evaluated and considered.
Multivariate logistic regression was performed to detect
variables able to classify individuals among the three different
study groups (active TB, LTBI, and uninfected). The forward
method was used for selecting the best combinations of cytokines.
Participants with a positive QFT-GIT result (TB and LTBI) were
analyzed separately (Binomial) from those with a negative QFT-
GIT result (TB, LTBI, and uninfected; Multinomial). The results
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were expressed using the odds ratios (OR) and their confidence
intervals. Sensitivity and specificity were calculated for assessing
the value of performing a diagnostic test. The receiving operating
characteristic (ROC) curve was used to evaluate diagnostic
accuracy. The optimal cut-off value was identified to maximize
the difference between true positive and false positives subjects.
The level of significance was set at 0.05.

These analyses were performed using the statistical software
IBM SPSS Statistics v. 25 (SPSS, Chicago, IL, United States), R
package v.3.0.5 (R Foundation for Statistical Computing, Vienna,
Austria), and GraphPad PRISM v. 5 (GraphPad Software, Inc,,
San Diego, CA, United States).

RESULTS

Study Subjects

A total of 305 children suspected of having LTBI or TB were
screened in the hospital, whereas a total of 96 uninfected children
were screened in a school and a kindergarten. Among the
patients screened at the hospital, 156 were recruited, and 149
were excluded because they did not meet the inclusion criteria
(informed consent not obtained, negative TST). Of the 156
participants, 111 (71.2%) were analyzed in the study, and 45
(28,8%) were lost to follow-up and were therefore not included
in the analysis due to lack of complementary tests necessary
for clinical assessment (chest radiographs, biopsies). Among the
children screened at school and kindergarten, 55 were recruited
and analyzed, and 41were excluded because they did not meet the
inclusion criteria (informed consent not obtained, positive TST).
Among the 166 children analyzed (111 screened at the hospital
and 55 screened at school and kindergarten), 74 had active TB
(44.6%), 37 had LTBI (22.3%), and 55 were uninfected (33.1%).
Of the 74 active TB cases, 8 had ETB, and 66 had intrathoracic
TB. Among the intrathoracic TB children, 48 had PTB, and 18
had Mediastinal TB (Figure 1).

Table 1 shows the description, demographic, and clinical
characteristics among study groups according to their QFT-GIT
result. Significant differences were observed in age and body
WAZ z-scores (p = 0.001 and p = 0.001, respectively) among
the study groups with different QFT-GIT results (positive,
negative, and indeterminate). Whereas LTBI cases with positive
QFT-GIT were older than active TB cases with negative QFT-GIT
(p = 0.002), active TB cases with positive QFT-GIT had lower
WAZ z-scores than uninfected controls (p = 0.001). However,
comparisons among QFT-GIT results within each study group
(TB, LTBI, and non-infected) were performed, and no significant
differences were observed.

Characterization of Subjects With a
Positive QFT-GIT Test

Comparisons between the groups with active TB and positive
QFT-GIT were performed (Table 2). The Ag-TB levels of IL-17A,
GM-CSE together with the PHA levels of TNF-a, GM-CSF
and, IL-13, and median hemoglobin levels showed significant
differences between active TB groups (p = 0.009, p = 0.027,
p = 0.027, p = 0.040 and p = 0.042, p = 0.006, respectively).
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Children screened at the
hospital for LTBI or TB (305)

Children screened in a school
and kindergarten (96)

— Excluded children (149) |

{ Excluded children (41) J

Participants after recruitment
(156)

Not included in the
analysis (45)

1

p
Active TB
[ 4 ] \ LTBI (37) }

{ ETB (§) ] [ Int;%ﬂi(oérg;:lc
Mediastinal ’

(e )8

TB (18)

FIGURE 1 | Flow diagram of enrollment. TB, tuberculosis; LTBI, latent tuberculosis infection; ETB, extrathoracic TB; PTB, intrathoracic TB with pulmonary
involvement; Mediastinal TB, intrathoracic TB with isolated mediastinal lymphadenopathy in the absence of lung parenchyma involvement.

[ Uninfected controls (55) }

Furthermore, pairwise comparisons showed that Ag-TB levels of
IL-17A and GM-CSE, together with the PHA levels of TNF-a
and IL-13, were higher in children with Mediastinal TB than in
those with PTB (p = 0.009 and 0.042, p = 0.025 and p = 0.050,
respectively). Likewise, hemoglobin levels were significantly
higher in children with Mediastinal TB than in children with PTB
or ETB (p = 0.014 and p = 0.014, respectively). No biomarker
showed significant differences between the PTB and ETB groups.
Therefore, the groups of children with PTB and extrapulmonary
TB were merged and analyzed as a single group (TB, n = 44), while
children with Mediastinal TB (# = 18) were analyzed separately.
Comparisons between the TB group (n = 44) and LTBI cases
with a positive QFT-GIT (n = 22) were performed (Table 3). The
Ag-TB levels of IP-10 along with ferritin levels were significantly
higher in children with TB than in children with LTBI (p = 0.005
and p = 0.019, respectively). However, the PHA levels of [FN-y
were significantly lower in children with TB than in those with
LTBI (p < 0.001). Although nil levels of IL-5 showed significant
differences between groups (p = 0.007), this cytokine was not
considered in the analysis because almost all the results of
the LTBI cases (20/22) and more than half of those of the
children who belonged to the TB group (24/44) were below the
standard curve. Regarding the association of T. canis with IL-5,
no significant differences were found between Ag-TB, PHA and
nil IL-5 levels and T. canis in the groups with positive QFT-GIT
(p-values of 0.202, 0.508, and 0.053, respectively). Moreover, the
eosinophil count was determined, but because only 25% of the
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children had an eosinophil count, this variable was not included
in the analysis of the study. Despite the few results, no significant
differences were found between Ag-TB, PHA and nil IL-5 levels
and eosinophil count in the groups with a positive QFT-GIT
(p-values of 0.848, 0.923, and 0.768, respectively).

Characterization of Subjects With a
Negative QFT-GIT Test

Comparisons among active TB cases (n = 9), LTBI cases
(n = 12) and uninfected controls (n = 55) with a negative
QFT-GIT (n = 22) were performed (Table 4). The PHA levels
of IL-10, IL-13, and IL-32, together with the nil levels of
TNF-a and IL-10, the underweight levels, and 25(OH)D levels
showed significant differences (p < 0.001, p = 0.007, and
p =0.004, p = 0.001 and p = 0.044, p = 0.001, and p = 0.037,
respectively). Furthermore, pairwise comparisons showed that
PHA levels of IL-10 were significantly higher in TB and LTBI
cases than in uninfected controls (p = 0.020 and p = 0.001,
respectively), whereas the PHA levels of IL-32 were significantly
higher in LTBI cases than in TB cases, and uninfected controls
(p = 0.034 and p = 0.004, respectively), and the PHA levels
of IL-13 were significantly higher in LTBI cases compared to
uninfected controls (p = 0.006). Otherwise, the nil TNF-a levels
were significantly higher in uninfected controls compared to
LTBI cases (p < 0.001). Regarding levels of malnourishment,
the WAZ z-scores were significantly lower in TB and LTBI
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TABLE 2 | Description and comparison of demographic, clinical, and cytokine responses among active TB cases with positive QFT-GIT.

Study subjects with active TB and a positive QFT-GIT y classified by di location (n = 62)
PTB ETB Mediastinal TB p. overall
n=36 n=8 n=18
Gender 0.935
Male 20 (55.6%) 5 (62.5%) 11 (61.1%)
Age in years 76.0[34.5; 115] 89.5 [65.5; 100] 99.0[70.2; 130] 0.187
Range 0.406
<5 years 17 (47.2%) 3 (37.5%) 5 (27.8%)
>5 years 19 (62.8%) 5 (62.5%) 13 (72.2%)
Body weight-for-age
Z-score —1.24 [-2.74; 0.08] —2.07 [-2.79; —=1.13] —0.98 [-2.37; —0.21] 0.334
BCG scar 0.854
Yes 23 (69.7%) 5 (62.5%) 13 (72.2%)
Hemoglobin (g/dl) 10.3 [8.90; 11.6]2 9.00 [8.15; 10.9]° 12.0[10.8; 12.1]3b 0.006
Intestinal parasites
Protozoa (cyst) 0 (0%) 0 (0%) 2 (33.3%) 0.308
Helminths (ova) 0 (0%) 1(33.3%) 0 (0%) 0.120
Serology Toxocara spp. 0.099
Negative 31(86.1%) 5 (62.5%) 11 (64.7%)
Positive 5(13.9%) 3 (37.5%) 6 (35.3%)
Ferritin (ng/ml) 98.4 [33.0; 201] 138[78.5; 218] 64.4 [47.4;117] 0.276
25 (OH) D(ng/ml) 26.6 [20.6; 34.5] 30.2 [26.3; 34.2] 28.6[21.8;31.2] 0.735
Range 1.000
Normal levels 27 (75.0%) 6 (75.0%) 14 (77.8%)
Deficiency 9 (25.0%) 2 (25.0%) 4 (22.2%)
Cytokine response (pg/ml)
Ag-TB
TNF-a 105 [-46.08; 399] 53.1 [36.3; 248] 136 [66.2; 386] 0.400
IP-10 31153 [12825; 47686] 37425 [10304; 57206] 33127 [29369; 48717] 0.778
IL-10 39.5 [23.9; 59.3] 36.4 [16.9; 56.7] 52.4[47.2; 62.0] 0.060
IFN-y 3922 [1150; 10449] 3855 [2957; 6969] 7020 [4866; 13847] 0.200
IL-1RA 27796 [12141; 42882] 25015 [13848; 66213] 23673 [15354; 51940] 0.928
IL-17A 7.58[1.51;12.6]2 5.67 [0.00;19.2] 23.1[9.13; 35.9]2 0.009
GM-CSF 41.4 [8.04; 97.1]2 28.9[11.5; 54.8° 83.6 [39.6; 2012 0.027
IL-13 716 [315; 1350] 1342 [534; 1876] 1326 [984; 1755] 0.071
IL-5 3.32 [0.00; 7.05] 0.00 [0.00; 13.5] 8.59 [3.53; 25.7] 0.204
IL-32 30.1 [-122.86; 64.1] 59.4 [-25.44; 396] 77.1 [-10.03; 360] 0.222
VEGF —381.77 [-784.77; —120.49] —9083.69 [-1128.04; —499.36] —468.37 [-931.27; —173.86] 0.150
PHA
TNF-a 4961 [2833; 88372 4850 [3446; 7646] 9762 [4829; 12489]2 0.027
IP-10 4718 [2862; 7972] 5335 [2623; 16865] 6952 [814; 19877] 0.840
IL-10 —2.79 [-11.05; 0.00] 0.00 [—-0.30; 0.91] 0.00 [—-1.99; 0.92] 0.071
IFN-y 1102 [632; 3913] 1029 [876; 1878] 1828 [1131; 8723] 0.272
IL-1RA 46679 [27310; 80379] 39813 [17196; 46881] 82727 [29720; 142991] 0.311
IL-17A 39.8[13.4; 129] 9.07 [6.54; 13.1] 19.8[8.22; 81.8] 0.057
GM-CSF 65.2 [34.1; 118] 26.7 [9.59; 46.5]° 74.7 [54.8; 112]P 0.040
IL-13 1211 [664; 1970]2 1536 [1132; 2023] 2150 [1423; 2608]2 0.042
IL-5 4.28[0.00; 7.38] 0.00 [0.00; 0.00] 2.98[0.52; 4.76] 0.064
IL-32 43.9 [-74.11; 243] 7.99 [-98.12; 686] 2431[69.0; 739] 0.109
VEGF —62.75 [—368.65; 228] —434.83 [-559.52; —156.10] —73.02 [-503.76; 517] 0.297
Nil
TNF-a 151 [40.3; 250] 33.6[17.3; 178] 106 [55.3; 209] 0.388
IP-10 673 [412; 1220] 745 [529; 1082] 973 [616; 1201] 0.573
(Continued)
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TABLE 2 | Continued

Study subjects with active TB and a positive QFT-GIT assay classified by disease location (n = 62)

PTB ETB Mediastinal TB p. overall
n=36 n=8 n=18
IL-10 8.562 [1.62; 16.3] 0.88[0.00; 5.10] 5.45 [3.49; 9.86] 0.168
IFN-y 197 [114; 509] 310 [106; 454] 200 [171; 451] 0.872
IL-1RA 14867 [9160; 22252] 11778 [6783; 27489] 12406 [8385; 20155] 0.765
IL-17A 0.00 [0.00; 11.3] 0.00 [0.00; 0.00] 3.33[0.00; 19.7] 0.239
GM-CSF 1.92[0.00; 16.2] 0.00 [0.00; 2.41] 2.67 [0.85; 5.27] 0.414
IL-13 311 [147; 622] 257 [0.00; 423] 341 [292; 444] 0.604
IL-5 0.00 [0.00; 5.88] 0.00 [0.00; 8.95] 3.26 [0.00; 5.52] 0.937
IL-32 1096 [508; 2241] 1606 [699; 2579] 15658 [1101; 2840] 0.376
VEGF 702 [175; 1801] 935 [726; 1128] 693 [368; 1323] 0.830

Categorical variables are expressed as frequencies (n) and percentages (%), and quantitative variables are expressed as median and interquartile ranges (IQR) or
standard deviation (SD). Statistical differences between pairwise comparisons (a, b). QFT-GIT, QuantiFERON-TB Gold In-Tube; TB, tuberculosis; PTB, Intrathoracic
TB with pulmonary involvement; ETB, Extrathoracic TB; Mediastinal TB, Intrathoracic TB with isolated mediastinal lymphadenopathy in the absence of lung parenchyma
involvement; Z-score, default classification system used to present child nutritional status;, BCG, Bacillus Calmette-Guérin; 25(OH)D, 25-hydroxyvitamin D; Ag-TB, antigen-
dependent response; PHA, mitogen-induced response. Bold values, statistical significative values with a p-value under 0.05.

TABLE 3 | Description and comparison of demographic, clinical, and cytokine response between groups with a positive QFT-GIT.

Subjects with a positive QFT-GIT assay (n = 66)

Active TB* LTBI p. overall
n=44 n=22
Body weight-for-age
Z-score —1.32 [-.74; —0.17] —0.64 [-1.58; 0.08] 0.061
Intestinal parasites
Protozoa (cyst) 0 (0%) 1(50.0%) 0.200
Helminths (ova) 1 (5.88%) 1(16.7%) 0.462
Toxocara spp. 0.324
Negative 36 (81.8%) 13 (68.4%)
Positive 8(18.2%) 6 (31.6%)
Ferritin(ng/ml) 109 [38.2; 201] 52.2 [32.5; 70.9] 0.019
25 (OH) D(ng/ml) 27.6[20.8; 34.5] 24.7 [21.2; 30.3] 0.563
Range 0.755
Normal levels 33 (75.0%) 18 (81.8%)
Deficiency 11 (25.0%) 4 (18.2%)
Cytokine responses (pg/ml)
Ag-TB
TNF-a 71.0 [—40.32; 364] 47.5[-26.19; 151] 0.654
IP-10 31545 [12093; 48379] 7762 [3676; 26629] 0.005
IL-10 39.3[22.1;59.3] 22.9[12.1;44.2) 0.121
IFN-y 3922 [1201; 10427] 1832 [672; 9569] 0.221
IL-1RA 27796 [12141; 48396] 13918 [4821; 33546] 0.138
IL-17A 7.58[0.40; 14.9] 10.5[0.88; 60.2] 0.173
GM-CSF 34.5[8.04;97.1] 30.2 [18.4; 60.3] 0.828
IL-13 728 [315; 1468] 427 [171; 1229] 0.118
IL-5 2.90 [0.00; 7.05] 0.00 [0.00; 8.99] 0.579
IL-32 34.7 [-99.73; 72.6] —63.80 [—176.88; 59.4] 0.206
VEGF —442 15 [-913.46; —138.11] —357.76 [-1013.21; —81.31] 0.775
PHA
TNF-a 4850 [2833; 8837] 6290 [4103; 9904] 0.226
IP-10 4718 [2680; 9102] 4392 [1800; 8974] 0.644
(Continued)
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TABLE 3 | Continued

Subjects with a positive QFT-GIT assay (n = 66)

Biomarkers for Diagnosing Pediatric TB

Active TB*
n=44
IL-10 —0.47 [-9.25; 0.00]
IFN-y 1102 [717;2984]
IL-1RA 42206 [27310; 69517]
IL-17A 26.0[9.06; 112]
GM-CSF 55.1[24.4;103]
IL-13 1232 [683; 1973]
IL-5 2.92 [0.00; 6.98]
IL-32 32.9[-74.11; 304]
VEGF —108.91 [-462.16; 181]
Nil
TNF-a 139 [35.0; 250]
IP-10 680 [423; 1189]
IL-10 7.631[0.19; 14.9]
IFN-y 226 [111; 508]
IL-1RA 14041 [8927; 23001]
IL-17A 0.00[0.00; 10.4]
GM-CSF 0.89[0.00; 12.3]
IL-13 302 [114; 595]
IL-5 0.00 [0.00; 6.96]
IL-32 1112 [656; 2241]
VEGF 809 [209; 1610]

LTBI p. overall
n=22

—5.14 [-8.32; —1.05] 0.307
4420 [2137; 11309] <0.001
45310 [27013; 112972] 0.812
99.5 [18.9; 229] 0.053
79.4 [47.3; 135] 0.121
1180 [796; 1812] 0.946
0.91[0.00; 10.1] 0.967
—1.83[-57.38; 75.4] 0.391
—315.24 [-871.29; —16.37] 0.135
90.0 [38.0; 185] 0.654
435 [208; 1208] 0.161
9.40 [56.28; 13.0] 0.526
241 [179; 388] 0.5623
11090 [6497; 17128] 0.106
0.00 [0.00; 2.46] 0.764
0.83[0.00; 5.30] 0.429
256 [146; 499] 0.683
0.00 [0.00; 0.00] 0.007
1726 [1033; 2590] 0.334
688 [317; 1381] 0.870

Categorical variables are expressed as frequencies (n) and percentages (%), and quantitative variables are expressed as median and interquartile ranges (IQR) or standard
deviation (SD). QFT-GIT, QuantiFERON-TB Gold In-Tube; TB, tuberculosis; LTBI, latent tuberculosis infection; Z-score, default classification system used to present child
nutritional status; BCG, Bacillus Calmette-Guérin; 25(OH)D, 25-hydroxyvitamin D; Ag-TB, antigen-dependent response; PHA, mitogen-induced response. *In this table,
children with Mediastinal TB were not included in the active TB cases. Bold values, statistical significative values with a p-value under 0.05.

cases than in uninfected controls (p = 0.006 and p = 0.006,
respectively). On the contrary, the median 25(OH)D levels
were significantly higher in LTBI cases compared to uninfected
controls (p = 0.022).

Discriminative Biomarker Profiles in
Subjects With Positive QFT-GIT

The adjusted logistic model showed a set of 4 biomarkers able
to discriminate between active TB and LTBI: ferritin, 25(OH)D,
IP-10, and IFN-y (Table 5).

For each increased unit of IEN-y (in Ag-TB responses), IP-10
(in Ag-TB and PHA responses), ferritin, and 25(OH)D, the odds
of being classified as a TB case increased by 1.08, 1.80, 1.13, 1.02,
and 1.22, respectively. However, for each increased unit of [IFN-y
(in PHA responses), the odds of being classified as a TB case
decreased by 0.46. Therefore, the profile to classify a subject with
TB but not LTBI is that of low IFN-y levels (in PHA responses)
but high IP-10 (in Ag-TB and PHA responses), 25(OH)D, and
ferritin levels.

The model based on the four host-markers mentioned above
was able to correctly classify 93.2% of children with TB, and 90.0%
of children with LTBI. In addition, the area under the ROC curve
of this model was 0.955 (CI 95%: 0.91 to 1.00), and the positive
and negative likelihood ratio were 9.32 and 0.08, respectively
(Figure 2). Furthermore, when Mediastinal TB was included,
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the model correctly classified 76.2% of these into the TB group.
Supplementary Table 1 summarizes the diagnostic performance
of the different combination possibilities of the four host-markers
selected in the adjusted logistic model.

Discriminative Biomarker Profiles in
Subjects With Negative QFT-GIT

The adjusted logistic model showed a set of 3 biomarkers able
to discriminate among active TB, LTBI, and uninfected controls:
1L-10,1L-13, and IL-32 (Table 6). For each increased unit of IL-13
and IL-32 (in PHA responses), the odds of being classified as
LTBI case increased by 1.003 and 1.003, respectively. However,
for each increased unit of IL-10 (in PHA responses), the odds
of being classified as uninfected control decreased by 0.93 and
0.01, respectively.

The combination of PHA levels of IL-10, IL-13, and IL-32
detected 11.1% of active TB cases, 50.0% of LTBI cases, and 96.4%
of uninfected controls.

DISCUSSION

This study aimed to identify promising markers to discriminate
between active TB and LTBI in children. We obtained a
combination based on IP-10, IEN-vy, ferritin, and 25(OH)D which
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TABLE 4 | Description and comparison of demographic, clinical, and cytokine response between groups with a negative QFT-GIT.

Body weight-for-age
Z-score (SD)
Intestinal parasites
Protozoa (cyst)
Helminths (ova)
Toxocara spp.
Negative
Positive
Ferritin (ng/ml)
25 (OH) D(ng/ml)
Range
Deficiency
Cytokine response (pg/ml)
Ag-TB

TNF-a

IP-10

IL-10

IFN-y

IL-1RA

IL-17A

GM-CSF

IL-13

IL-5

IL-32

VEGF
PHA

TNF-a

IP-10

IL-10

IFN-y

IL-1RA

IL-17A

GM-CSF

IL-13

IL-5

IL-32

VEGF

z

TNF-a
IP-10
IL-10
IFN-y
IL-1RA
IL-17A
GM-CSF
IL-13
IL-5
IL-32
VEGF

Subjects with a Negative QFT-GIT assay (n = 76)

Active TB
n=9

—1.44 [-2.45; —1.00]

0 (0%)
0 (0%)

6 (66.7%)
3(33.3%)
68.5 [51.0; 84.6]
29.6 [24.1; 30.1]

0 (0%)

—26.62 [-59.20; 4.27]
544 [34.59; 795]
1.44 [-2.71; 9.21]

88.4 [0.00; 196]
4361 [1455; 9833]
0.00 [0.00; 0.00]
1.45 [-1.10; 5.08]
361 [67.3; 591]

0.00 [—0.46; 0.00]
5.89 [-145.98; 222]
—769.46 [-1673.90; 0.00]

7244 [2691; 8401]
7177 [4600; 11211]
—8.92 [-13.01; —4.87]2
3092 [2179; 4970]
72506 [42906; 111675]
105 [8.75; 180]
39.3[33.8; 99.2]

1048 [1467; 2146]
5.24 [0.91; 5.69]
~198.07 [-315.19; —9.88]°
0.00 [853.06; 782]

228 [71.7; 300]
938 [301; 1667]
12.3[8.92; 27.5]
321 [0.00; 862]

11598 [7467; 18694]
0.00 [0.00; 44.3]
4,98 [0.00; 9.43]
1166 [478; 1519]
0.46 [0.00; 4.96]

1242 [1008; 1740]
1029 [626; 1674]

LTBI
n=12

—1.55 [-2.03; —0.58]P

3 (50.0%)
0 (0%)

7 (58.3%)
5(41.7%)
44.0[28.4; 77.7]
30.4 [27.7; 34.4]°

0 (0%)

—7.89[-37.82; 0.51]
94.6 [49.9; 1332]
3.77 [0.85; 6.40]
54.4 [-5.32; 239]
3204 [1280; 7608]

0.00 [-22.20; 6.61]
0.00 [0.00; 1.45]
81.5 [23.5; 565
0.00 [0.00; 0.49]

106 [~143.37; 256]

—57.79 [-1369.04; 19.9]

4609 [2837; 6360]
6415 [5166; 9139]
—0.43[-11.82; —7.98P
4808 [3212; 9358
148877 [70665; 201214]
131 [80.7; 224]

64.1 [46.6; 93.7]
2400 [2021; 2978]P
2.99 [0.00; 11.4]
280 [67.2; 367]°°
0.00 [~780.01; 374]

69.5 [40.4; 99.2]b
561 [413; 2085]
14.0 [10.1; 16.5]
255 [67.9; 440]

10372 [8682; 16165]

0.00 [0.00; 26.5]
0.00 [0.00; 3.76]
376 [324; 727]
0.00 [0.00; 2.49]

2020 [1384; 4215]
1546 [491; 2629]

Uninfected
n=55

—0.59 [-1.08; 0.322b

0 (0%)
2 (4.55%)

42 (77.8%)

12 (22.2%)
37.1 [20.3; 55.4]
26.5 [24.6; 30.0°

2 (3.84%)

—57.31 [-321.36; 72.9]
219 [85.6; 594]
0.85 [1.64; 9.29]
23.3 [-2.05; 82.1]
3812 [1853; 9435
0.00 [0.00; 1.12]
0.04 [-5.15; 1.52]
56.0 [0.00; 200]
0.00 [0.00; 1.88]
—52.81[-218.53; —6.17]
—243.45 [-466.44; —22.59)]

6932 [5104; 9965
6524 [3733; 10553]
—0.43 [-6.29; 0.00J2b
3998 [1897; 7064]
68339 [30968; 172755
80.0 [30.4; 216]
71.5 [42.6; 143]
1563 [789; 2236]P
3.42 [1.15; 6.68]
—24.34 [-160.79; 66.4]°
—27.36 [-358.31; 138]

312 [155; 809]°
487 [317; 770]
7.75[3.59; 16.0]
199 [89.0; 434]
13409 [9432; 22543
0.00 [0.00; 0.71]
1.30 [0.00; 14.6]
373 [206; 947]
3.07 [0.00; 5.52]
1532 [657; 3754]
484 [222; 1189

p. overall

0.001

0.464
1.000
0.314

0.075
0.037

0.385
0.894
0.918
0.525
0.886
0.751
0.670
0.240
0.171
0.197
0.295

0.261
0.819
< 0.001
0.536
0.184
0.390
0.186
0.007
0.789
0.004
0.703

0.001
0.291
0.044
0.911
0.304
0.220
0.258
0.069
0.122
0.332
0.113

Categorical variables are expressed as frequencies (n) and percentages (%), and quantitative variables are expressed as median and interquartile ranges (IQR) or
standard deviation (SD). Statistical differences between pairwise comparisons corrections (a, b, c). QFT-GIT, QuantiFERON-TB Gold In-Tube; TB, tuberculosis; LTBI,
latent tuberculosis infection; Z-score, default classification system used to present child nutritional status; BCG, Bacillus Calmette-Guérin;, 25(OH)D, 25-hydroxyvitamin D;
Ag-TB, antigen-dependent response; PHA, mitogen-induced response. Bold values, statistical significative values with a p-value under 0.05.
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TABLE 5 | Classification table of the model for the study groups with positive
QFT-GIT results and variables included in the equation.

Classification table of the Active TB* and LTBI cases with positive
QFT-GIT results and variables included in the equation

B P-value Odds Ratio [CI 95%]

25 (OH) D (ng/ml) 0.20 0.012 1.22[1.05; 1.43]
Ferritin (ng/ml) 0.02 0.010 1.02[1.01; 1.03]
Cytokine response (pg/mI)Jr
AgTB

IP-10 0.08 0.017 1.08[1.01; 1.15]

INF-y 0.12 0.064 1.13[0.99; 1.29]
PHA

IP-10 0.59 0.007 1.80[1.18; 2.75]

INF-y -0.77 0.008 0.46 [0.26; 0.82]
Constant —-8.67 0.004

Binomial Logistic Regression. B, regression coefficient; OR, Odds Ratio, CI,
Confidence Interval. QFT-GIT, QuantiFERON-TB Gold In-Tube; TB, tuberculosis;
LTBI, latent tuberculosis infection; 25(0OH)D, 25-hydroxyvitamin D; Ag-TB, antigen-
dependent response; PHA, mitogen-induced response. *In this table, children
with Mediastinal TB were not included in the active TB cases. Cytokine levels
were multiplied x10. Bold values, statistical significative values with a p-value under
0.05.
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FIGURE 2 | ROC curve of the four markers presented in the model [IFN-y,
IP-10, Ferritin, and 25(0OH)D] to discriminate between active TB (N = 44) and
latent TB infected cases (N = 37) with positive QuantiFERON-TB Gold In-Tube
result. AUC, Area under ROC curve.

showed diagnostic potential and a predictive value higher than
the minimum target product profiles (TPPs) recommended.

Cytokines in M. tuberculosis Infection

and Active Disease

Although IGRAs have become a standard method for the
diagnosis of M. tuberculosis infection, IFN-y alone is unable
to discriminate between TB and LTBI (Denkinger et al., 2015;
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TABLE 6 | Classification table for the study groups with negative QFT-GIT results
and variables included in the equation.

Classification table of the study groups with negative QFT-GIT results and
variables included in the equation

Model? B P-value Odds Ratio [CI 95%]
Active TB
PHA (pg/mi)
Constant —4.67
IL-10 -0.071 0.036 0.93[0.87; 0.99]
IL-13 1.25 x 10-3 0.073 1.01 [1.00; 1.01]
IL-32 3.42 x 107* 0.751 1.00 [0.99; 1.01]
LTBI
PHA(pg/mi)
Constant —-8.873
IL-10 —0.095 0.009 0.910 [0.85; 0.98]
IL-13 3.06 x 10-8 0.001 1.003 [1.001; 1.005]
IL-32 2.60 x 1073 0.007 1.003 [1.001; 1.005]

aThe reference category is the uninfected control group. Multivariate Logistic
Regression. B, regression coefficient; OR, Odds Ratio; CI, Confidence
Interval. QFT-GIT, QuantiFERON-TB Gold In-Tube; TB, tuberculosis; LTBI, latent
tuberculosis infection; PHA, mitogen-induced response. Bold values, statistical
significative values with a p-value under 0.05.

Latorre and Dominguez, 2015; Pai and Behr, 2016). Previous
studies showed evidence of the low sensitivity of the IGRAs in
individuals with a depressed or immature immune system such
as immunosuppressed patients or young children (Latorre et al.,
2014). In our study, very low Ag-TB cytokine levels were found
in subjects with negative QFT-GIT in comparison with those
with a positive QFT-GIT. Therefore, no cytokine or combination
of cytokines showed potential for the discrimination between
uninfected controls and M. tuberculosis-infected children with
a negative QFT-GIT result. This finding is in line with
Lighter-Fisher et al., who reported that LTBI children under
5 years old showed negative QFT-GIT results and very low
levels of cytokines (Lighter-Fisher et al., 2010). These results
corroborate the weakened immune response of young children
in protecting against M. tuberculosis and, therefore, their
susceptibility to progress to TB disease. Conversely, in the present
study, statistically significant differences were found between
markers with potential to diagnose TB and to discriminate
active TB from LTBI in M. tuberculosis-infected children with a
positive QFT-GIT result.

Since children become more susceptible to developing
intrathoracic and ETB disease following exposure to
M. tuberculosis, several studies have examined the patterns
of expression of a variety of biomarkers to understand the
progression of intrathoracic and ETB disease in children
(Whittaker et al., 2012). Similar to Kumar et al. (2013) in the
present study no marker was able to differentiate between
subjects with intrathoracic TB and ETB (Kumar et al, 2013).
Although mediastinal TB subjects showed an immune profile
similar to that of intrathoracic and ETB, five biomarkers (IL-17,
GM-CSE, TNF-q, IL-13, and ferritin) showed potential to identify
mediastinal TB subjects in the TB group. Radiographic signs of
mediastinal TB have been related to the onset of primary TB
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in children (Thomas, 2019). Considering that TB represents
a dynamic continuum of states in which the dichotomous
distinction between infection and disease is often difficult to
differentiate (Perez-Velez et al., 2017), the previous cytokines
suggest a potential for detecting M. tuberculosis-infected children
most likely to progress to the disease and/or early stages of TB.

In subjects with a positive QFT-GIT result, IP-10, IFN-y,
IL-5, and ferritin responses individually showed statistically
significant differences between active TB and LTBI. However, the
combination of IP-10, IFN-y, ferritin, and 25(OH)D achieved
the best diagnostic performance to discriminate between active
TB and LTBI cases. IP-10 and IFN-y play an important role in
the immune response to M. tuberculosis infection (Chegou et al.,
2014). Several studies have described the good performance of
IP-10 when compared or combined with IFEN-y for the diagnosis
of TB and the discrimination between TB and LTBI in children,
respectively (Ruhwald et al., 2012; Villar-Hernandez et al., 2017).
While IP-10 is a chemokine involved in the trafficking and
stimulation of monocytes and Thl cells activated in response
to inflammatory foci, IEN-y is essential for the mediation of
the adaptive immune response against M. tuberculosis (Ruhwald
et al., 2008). In contrast to IFN-y, IP-10 induces a robust, specific
M. tuberculosis response not influenced by age (Ruhwald et al.,
2012). Indeed, according to previous studies, IP-10 shows the
same kinetics as IFN-y but at levels up to 10-fold higher (Lighter
et al., 2009; Ruhwald et al., 2011).

Previous studies in M. tuberculosis-infected adults and
children observed variations in cytokine responses after
PHA-stimulation (Mueller et al., 2008; Ruhwald et al., 2008,
2011; Alsleben et al., 2012; Jeong et al, 2015). In our study,
PHA levels of IFEN-y were significantly higher in LTBI cases
compared to TB cases. Similar findings have been observed in
M. tuberculosis-infected adults whose blood was stimulated with
QFT-GIT peptides (Jeong et al., 2015). Therefore, PHA-induced
responses were considered to evaluate host immune status for
the discrimination between TB and LTBI in children. On the
other hand, in this study, PHA levels of IP-10 were very similar
to those obtained in M. tuberculosis-specific stimulation. In this
regard, Ruhwald et al. (2008) suggested that PHA was a powerful
inducer of IFN-y. However, the same was not observed with
IP-10, with which PHA levels were rather low.

In our study, IL-5 levels in unstimulated samples showed
statistically significant differences between TB and LTBI cases.
However, this cytokine was not consistently expressed. Studies
in adults have shown the potential of IL-5 for discriminating
between TB and LTBI cases (Won et al., 2017). However,
the diagnostic value of IL-5 in children is relatively unknown
(Armand et al., 2014).

In this study, cytokines levels were measured from
supernatants remaining from QFT-GIT tubes. Recently,
QuantiFERON-TB® Gold Plus (QFT-Plus), has been introduced
in the new generation of QFT assay. For this new test there are
two TB-specific antigen tubes, called TB1 and TB2. The TBI1
tube, contains long peptides derived from ESAT-6 and CFP-10
(for this new test the peptide TB-7.7 has been removed), and it is
designed to induce a specific CD4 T cells response. TB2 contains
both the same long peptides of TB1 and newly designed shorter
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peptides to induce interferon (IFN)-g production by both CD4
and CD8 T-cells (Barcellini et al., 2016). The determination of
these biomarkers could be performed using the TB1 tube from
the QFT-Plus assay, since it contains almost the same relatively
long peptides from M. tuberculosis antigens (ESAT-6 y CFP-10)
to mainly stimulate CD4 + T cells as those used in the QFT-GIT
assay antigen tube. Although QFT-Plus does not contain the
TB7.7 antigens, it has been shown that the absence of the TB7.7
antigen from the QFT-Plus does not significantly impact assay
performance (Theel et al., 2018).

Individual Factors in M. tuberculosis
Infection and Disease

The mechanism by which host, pathogens and extrinsic factors
interact as final determinants of disease outcome and TB
transmission is an active area of research (Bastos et al,
2018). In this context, we characterized a series of individual
factors, among which ferritin and 25(OH)D were markers that
showed potential for the discrimination between active TB and
LTBI in children.

Iron is an essential cofactor for mycobacteria propagation
during infection (Olakanmi et al., 2000), and successful protective
host-immune response (Mainou-Fowler and Brock, 1985). It
is known that acute phase proteins stimulate or inhibit their
production in response to inflammatory processes such as
infections. In our study, ferritin levels in LTBI cases were
lower than in active TB cases. Previous findings by our group
showed lower ferritin levels in children with a positive QFT-
GIT at the onset of M. tuberculosis infection (Pérez-Porcuna
et al, 2014). Similar studies showed higher median ferritin
levels in TB adults than in the other study groups (Jacobs
et al., 2016). A possible explanation for this result is that
ferritin is a recognized acute phase protein in iron storage
processes and is closely linked to host response in M. tuberculosis
(Thom et al., 2012).

In the present study, no statistically significant differences
were found in 25(OH)D alone between study groups. Vitamin
D is a steroid hormone with pleiotropic actions in many body
tissues and cells, including cells of the immune system (Nair et al.,
2018). Several studies suggest that 25(OH)D deficiency (below
20 ng/ml) could compromise antibacterial activity and increase
the risk of TB disease by preventing the initiation of immune
response mediated by vitamin D (Hewison, 2012).

The analysis of 25(OH)D in combination with IP-10,
IFN-y and ferritin was found to be useful to discriminate
between active TB and LTBI cases. We observed an inverse
correlation between the 25(OH)D and PHA levels of IFN-
y in active TB cases in comparison to LTBI cases. In vitro
studies have demonstrated how vitamin D induces innate
antimicrobial responses and suppresses proinflammatory
cytokine responses (Coussens et al., 2012). Likewise, Ragab et al.
(2016) observed a negative association between the addition
of vitamin D and PHA-induced IFN- y levels (Nonnecke
et al., 2003) suggesting the multiple mechanisms in which
vitamin D is involved in the protection of the host against
M. tuberculosis infection.
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Promising Biomarker-Based Diagnostic
Tests in Children

A recent systematic review by Togun et al. (2018) evaluated
biomarkers able to diagnose TB in children. All the studies
performed in QFT-GIT supernatants presented at least a
combination of two markers for the discrimination of active
TB and LTBI in children, demonstrating the involvement of
several mechanisms mediated by different host markers in
M. tuberculosis infection and disease (Togun et al., 2018).

Several studies have suggested that IL-2 and TNF-a may be
reliable cytokines for the discrimination between active TB and
LTBI cases in children (Lighter-Fisher et al., 2010; Gourgouillon
etal., 2012). However, we did not find any significant differences
in TNF-a, and IL-2 responses in unstimulated and stimulated
samples were lower than the minimum concentrations detected
in the standard curve of the experiment. Although our
findings may not coincide with some mainly previously cited
observations, direct comparisons of biomarkers among studies in
children are complex due to population variability, the burden
of M. tuberculosis presented in the different settings, and age
variations that could affect the state of maturity of the immune
response of the child.

Regarding the possible use of biomarkers in the field,
considering the TPPs recommended by FIND/WHO, the
sensitivity and specificity achieved by the combination of IFN-y,
IP-10, ferritin and 25(OH)D were optimal (Denkinger et al,
2015). In recent years, two case-control studies presented two
models for the diagnosis of TB in children with minimal TPPs
higher than those reached in this study for the development of
a new diagnostic test (Armand et al.,, 2014; Zhou et al., 2017).
However, they were not able to discriminate between active TB
and LTBI cases. In our study, the combination of IP-10, IFN-y,
ferritin, and 25(OH)D achieved the best diagnostic performance
with correct classification of active TB cases (93.2%) and
LTBI cases (90.0%). Moreover, this combination of biomarkers
correctly classified 76.2% of the mediastinal TB subjects. Lastly,
this combination could be a good diagnostic test to confirm active
TB (LR+ = 9.32) and a very robust test to rule out cases with
active TB from cases with LTBI (LR— = 0.08).

Limitations and Strengths of the Study

One limitation of the studies evaluating diagnostic tests for
TB in children is the lack of a microbiological gold standard
and adequate, validated clinical scoring systems, resulting in
low diagnostic sensitivity in children. In this study, TST
was defined as a criterion for inclusion of the screened TB
and LTBI children to improve patient classification. However,
the inclusion criterion mentioned above may have affected
the specificity of diagnosis of some risk groups with a
vulnerable immune system including malnourished children.
Despite attempting to control most of the risk factors,
the vulnerability of the study population and context did
not allow evaluation of some factors which may affect the
immune system (such as cytomegalovirus and allergies). An
important strength of this study is the strict criteria for the
classification of the study groups (Graham et al, 2015). It
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should be noted that in this case-control study, the sample
size, age ranges according to sex and nutritional status were
widely represented. However, according to the results obtained,
additional studies are needed to validate the performance
of the current model in children with other respiratory
infections. The identification of these biomarkers has the same
technical difficulty as performance of the QFT-GIT assay.
However, the combination of biomarkers presented in this
study might also have a great potential to discriminate between
TB and LTBI in children. To this end, future studies should
be conducted validating the identification of the biomarkers
proposed in this study in other geographical areas and
different populations.

CONCLUSION

Our findings suggest the diagnostic potential of the combination
of IFN-y, IP-10, ferritin and 25(OH)D detected in supernatants
in QFT-GIT tubes for the diagnosis of pediatric TB and
discrimination between TB and LTBI. In addition, these
markers may be useful for the identification of the onset
of primary TB, although future investigations in transversal
and prospective longitudinal studies are warranted. This
study highlights potential markers with optimal diagnostic
accuracy for improving the management of TB diagnosis in
children. Finally, developing a rapid diagnostic test based on
the immunological biomarkers studied would improve the
access of TB services, thereby promoting early diagnosis of
pediatric TB and LTBI.
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Abstract: There is a need for diagnostics for tuberculosis (TB) that are easy to use, able to screen non-
sputum samples, and able to provide rapid results for the management of both immunocompromised
and immunocompetent individuals. The Fujifilm SILVAMP TB LAM (FujiLAM) assay, a new non-
sputum based point of need test for the diagnosis of TB, could potentially address most of these
needs. We evaluated the performance of FujiLAM in HIV positive and HIV negative patients with
presumptive TB attending three district hospitals in Nigeria. Consecutive patients were asked to
provide urine samples on the spot, which were tested with FujiLAM. The results were compared
against a positive culture and/or Xpert MTB/RIF as the reference standard. Forty-five patients
had bacteriologically confirmed TB, and 159 had negative culture and Xpert MTB/RIF (no TB). The
FujiLAM test was positive in 23 (sensitivity 65.7%, 95% CI = 48-80) HIV negative and seven (70%,
95% CI = 35-92) HIV positive patients with bacteriological confirmation of TB. FujiLAM was negative
in 97 (specificity 99.0%, 95% CI = 94-100) HIV negative and 56 (93.3%, 95% CI = 83-98) HIV positive
patients without TB. The FujiLAM test has good diagnostic accuracy for considering its application
in both HIV positive and HIV negative patients with TB.

Keywords: tuberculosis; diagnosis; lipoarabinomannan; LAM; HIV; urine; point-of-care

1. Introduction

Tuberculosis (ITB) continues to cause high morbidity and mortality worldwide [1].
Despite increases in TB notifications in recent decades [2] and a major expansion in the use
of the World Health Organization (WHO)-recommended molecular diagnostics (WRDs),
2.9 of the ten million estimated people who develop TB are missed by national TB programs
each year.

A major drawback of current WRDs is the poor timeliness of test results, which often
return to the clinic several hours or days later, when clinical decisions have been taken and
the patients have left the premises [3]. It is recognized that, to be impactful, diagnostic test
results need to be available at the time of patient management, to guide treatment initiation,
and to reduce pre-treatment losses to follow-up [4]. Ideally, assays should be conducted
at the point of need, using minimal laboratory skills and examining non- or minimally
invasive clinical samples [5,6]. Moreover, large proportions of presumptive individuals
cannot expectorate sputum or provide a high-quality sample, and therefore, non-sputum
based tests could be helpful for many populations.
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Current non-sputum based, point-of-need prototypes target serological markers, bac-
terial components, or detritus, including the lipoglycan and virulence factor lipoarabino-
mannan (LAM). LAM is a heat stable component of the outer cell wall of the bacilli that is
released from metabolically active or degenerating bacteria of the genus Mycobacterium.
LAM is filtered by the kidney and can be detected in urine, with test prototypes mentioned
in the literature since the 1930s [7,8]. Although current LAM assays have low sensitiv-
ity, performing better in individuals with HIV and advanced immunosuppression [9],
a recent prototype, Fujifilm SILVAMP TB LAM (FujiLAM, Fujifilm, Tokyo, Japan), is re-
ported to have higher sensitivity in both HIV-infected and uninfected individuals [10,11],
thanks to the use of high affinity monoclonal antibodies against Mycobacterium tuberculosis-
specific LAM epitopes and a silver amplification step that increases the visibility of the test
lines [11].

We report here a cross-sectional study to assess the diagnostic performance of FujiLAM
in consecutive adults with presumptive TB attending ambulatory clinics in Nigeria.

2. Materials and Methods

This was a retrospective study of adults with signs and symptoms suggestive of TB
attending TB diagnostic clinics at district hospitals of Abuja, Nigeria. Adults above 18 years
old with presumptive TB [12] were enrolled consecutively at the time of submitting samples
for diagnosis, regardless of their HIV status. Adults who had formerly been diagnosed as
having TB or who had received TB treatment in the previous year were excluded.

After obtaining written informed consent, participants were interviewed to obtain
clinical and demographic information. Patients were asked to provide sputum, blood
samples, and one midstream urine sample on-site for routine and study assays. All samples
except urine were processed locally and were used for patient management. Sputum
samples were tested with Xpert MTB/RIF (Cepheid, Sunnyvale, CA, USA), and cultured in
solid media in duplicate using Léwenstein—Jensen medium. Urine samples were collected
in sterile plastic containers and kept in cold boxes until processing for storage the same
day. Samples were aliquoted (2 mL) into cryovials and transported frozen to the Institut
d’Investigacié Germans Trias i Pujol (Badalona, Spain) for LAM testing. One aliquot per
participant was thawed at room temperature the day of testing, mixed with a vortex, and
tested using FujiLAM following the manufacturers” instructions [11]. Briefly, the reagent
tube was filled with urine up to the indicator line, mixed without inverting, and incubated
for 40 min at ambient temperature. During this incubation, the gold (Au)-conjugated
primary antibody captured the 5-methylthio-D-xylofuranose-lipoarabinomannan antigen
present in the patient’s urine. The tube was then mixed, and two drops of the contents
of the tube were added to the sample well of the test cartridge. Immediately, we pressed
the button 2 on the cartridge and waited 10 min until the orange mark appeared on the
cartridge readout indicating “go to next step”. During this incubation, the sandwich
immunocomplex was formed by binding to the immobilized secondary antibody. At the
signal to proceed to the next step, the button 3 was pressed, releasing silver particles
(10 um in diameter), which cluster around the gold particles and amplify the intensity of
the cartridge reader band. The test results could be read approximately 1 min later on
the test cartridge reader. Figure 1 shows schematically the test procedure. The test was
considered positive if the control and test lines were visible (even if the line was faint) and
negative if only the control line appeared. Tests without a control line were considered
invalid and were repeated once. A video describing the test procedures is available at
https://www.youtube.com/watch?v=aK-QtzkLBug (accessed 26 May 2021). The test lines
were read by two investigators blinded to the patients” condition and all other test results.
In the case of disagreement with the result, the test was repeated once.
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F\ (a) Add urine up to the line of the tube, mix,
and incubate for 10 minutes.

~ (b) Add 2 drops from the tube to the sample
/"' well marked “1".

/
[S— Y, (c) Press button “2” and incubate for 3-10
U minutes.
( 5 )
Go next
v
x ° o
[
cC T
(. J
(d) When an orange "go to next step" marker
appears, press button “3" and allow 1 minute
until the result is displayed.
Tuberculosis Tuberculosis
negative positive (e) Interpret the result according to the
E{]:] E]:] bands that appear on the cartridge reader.
cCT cT

Figure 1. Outline of the procedures to perform the Fujifilm SILVAMP TB-LAM assay.

HIV status was assessed using two rapid antigen tests, and the viral loads of patients
with HIV were assessed in plasma using the Xpert HIV-1 viral load (VL) assay (Cepheid,
Sunnyvale, CA) according to the manufacturer’s instructions. The VL results were inter-
preted as detected, detected < 40 copies/mL, detected > 107 copies/mL, undetected, and
undetermined. The range of detection of the Xpert HIV-1 VL test was 40 to 107 copies/mL
(1.6 to 7.0 log1p)-

We used the chi-squared and Fisher’s exact tests to test parametric data and Student’s
t-tests for continuous variables with normal distributions. Differences were considered
statistically significant when the p-value was less than 0.05. Analysis was performed
using SPSS (SPSS version 26.0, SPSS Inc, Chicago, IL, USA). Xpert and culture results were
used to classify participants as bacteriologically confirmed if either the Xpert MTB/RIF or
culture results were positive and as non-TB if both tests were negative. The sensitivity and
specificity of the FujiLAM test were estimated using the combined results of Xpert MTB/RIF
and culture as the reference standard (bacteriologically confirmed). We considered invalid
FujiLAM results as negative, but annotated these results in separate rows. Written informed
consent was obtained from all participants. The study was approved by the research ethics
committees of the Liverpool School of Tropical Medicine, the Nigerian National Ethics
Committee, and Ethics Committee of the Hospital Universitari Germans Trias i Pujol.

3. Results

Two hundred and four participants with a mean (SD) age of 37 (12.8) years were
enrolled, as shown in Table 1. Thirty-seven (18.1%) had positive M. tuberculosis culture,
40 (19.6%) were Xpert MTB/RIF positive, and 45 (22.1%) culture or Xpert MTB/RIF posi-
tive (called bacteriologically confirmed). Four (10.8%) culture-positive participants were
Xpert MTB/RIF negative, and three (7.5%) and four (10.0%) Xpert MTB/RIF-positive
had negative or contaminated culture, respectively. One hundred and fifty-nine (77.9%)
participants were culture and Xpert MTB/RIF negative (called not TB) (Table 1). Overall,
70 (34.3%) participants were HIV positive, 133 (65.2%) HIV negative and the HIV status
was not known in one. Viral loads among HIV positive participants were undetectable in
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11 (15.7%), <40 copies/mL in 16 (22.9%), and between 40 and 107 copies/mL in 32 (45.7%),
with three (4.3%) and eight (11.4%) participants having indeterminate and missing viral
load results, respectively.

Table 1. Characteristics of the study participants.

All Not TB Bact + TB Value
(n = 204) (n = 159) (n = 45) P
Age mean (SD) 37.0 (12.8) 37.65 (13.0) 34.60 (12.0) 0.160
Sex Male 95 (46.6%) 69 (43.4%) 26 (57.8%) 0.088
Female 109 (53.4%) 90 (56.6%) 19 (42.2%)
HIV Negative 133 (65.2%) 98 (61.6%) 35 (77.8%) 0.087
Positive 70 (34.3%) 60 (37.7%) 10 (22.2%)
Unknown 1(0.5%) 1(0.6%) 0 (0.0%)
Culture Negative 155 (76.0%) 151 (95.0%) @ 4 (8.9%) 2 <0.01
Positive 37 (18.1%) 0 (0.0%) @ 37 (82.2%) @
Contaminated 12 (5.9%) 8 (5.0%) 4 (8.9%)
Xpert Negative 164 (80.4%) 159 (100%) @ 5(11.1%) 2 <0.01
Positive 40 (19.6%) 0(0.0%) @ 40 (88.9%) @

SD: standard deviation. The p-value shows the significant differences observed for each variable between the
proportions of bacteriologically confirmed TB patients and non-TB patients. ® Column proportions that differ
significantly with a p-value under 0.05 (in bold).

All 204 participants were tested with FujiLAM. Thirty-six (17.6%) were FujiLAM posi-
tive, 164 (80.4%) FujiLAM negative, and four (2.0%) had invalid results (Table 2). FujiLAM
identified a similar proportion of bacteriologically confirmed individuals by HIV status,
and was positive in 30 (66.7%) of 45 patients with bacteriologically confirmed TB, including
23 (65.7%) of the 35 HIV negative and seven (70%) of the ten HIV positive patients (p = 0.56).
Among the 159 participants with no TB (culture and Xpert MTB/RIF negative), FujiLAM
was positive in six (3.8%), invalid in four (2.5%), and negative in 149 (93.7%). Ninety-
seven (99%) of the 98 HIV negative and 56 (93.3%) of the 60 HIV positive participants
had negative/invalid FujiLAM results. The overall FujiLAM sensitivity and specificity
were 66.7% (30/45) (95% CI = 51-80) and 96.2% (153/159) (95% CI = 92-98) among all
participants, varying from 65.7% (95% CI = 48-80) and 99.0% (95% CI = 94-100) for HIV
negative and 70.0% (95% CI = 35-92) and 93.3% (95% CI = 83-98) for HIV positive patients,
respectively (Table 3). Positive and negative predictive values are also shown in Table 3
for patients with bacteriologically confirmed TB (Xpert or culture positive) and patients
with no TB (Xpert and culture negative). The positive predictive value was higher among
HIV negative patients (96%) than HIV positive (63%), and the negative predictive value
was higher among HIV positive (94%) than HIV negative patients (§89%). However, the
differences were not statistically significant.

FujiLAM results had a similar pattern when analyzed using culture or Xpert MTB/RIF
results singly, as shown in Tables 2 and 3, or when disaggregated by gender. FujiLAM
results by Xpert MTB/RIF grades and HIV status are shown in Table 2. Although the
numbers were too small for statistical analysis, the proportion of participants with positive
FujiLAM seemed to be higher among HIV negative participants with high Xpert grades
(eight (73%) of 11) than among participants with very low Xpert/RIF grades (four (57%) of
seven). However, this pattern was not observed among participants with HIV, as all six HIV
positive participants were FujiLAM positive, independently of their Xpert MTB/RIF grade
(Table 3). FujiLAM by HIV viral load is shown in Table 4 for bacteriologically confirmed,
culture, or Xpert MTB/RIF positive participants and Xpert grade. Most of the patients had
high HIV viral loads. The sensitivity seemed higher among patients with a high viral load,
but the numbers were too small to conduct a statistical analysis.
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Table 2. FujiLAM test results by TB and HIV status.
All HIV Negative HIV Positive
s Negative Positive Invalid Negative Positive Negative Positive Invalid
FujiLAM 1 (%) 1 (%) 1 (%) 1 (%) 1 (%) 1 (%) n (%) n (%)

Bact+TB? 15 (33.3%) 30 (66.7%) 0 (0.0%) 12 (34.3%) 23 (65.7%) 3(30.0%) 7 (70.0%) 0(0.0%)
(B +) male 9 (34.6%) 17 (65.4%) 0 (0.0%) 7 (35.0%) 13 (65.0%) 2(33.3%) 4 (66.7%) 0 (0.0%)
(B +) female 6 (31.6%) 13 (68.4%) 0 (0.0%) 5 (33.3%) 10 (66.7%) 1(25.0%) 3 (75.0%) 0(0.0%)
Culture pos 11 (29.7%) 26 (70.3%) 0 (0.0%) 9 (30.0%) 21 (70.0%) 2 (28.6%) 5 (71.4%) 0(0.0%)
Xpert pos 11 (27.5%) 29 (72.5%) 0 (0.0%) 11 (32.4%) 23 (67.6%) 0 (%) 6 (100%) 0 (0.0%)
High 3 (23.1%) 10 (76.9%) 0 (0.0%) 3 (27.3%) 8 (72.7%) 0 (%) 2 (100%) 0(0.0%)
Medium 5(29.4%) 12 (70.6%) 0 (0.0%) 5 (35.7%) 9 (64.3%) 0 (%) 3 (100%) 0(0.0%)
Low 0 (%) 3 (100%) 0 (0.0%) 0 (0.0%) 2 (100%) 0 (%) 1 (100%) 0 (0.0%)
Very Low 3 (42.9%) 4 (57.1%) 0 (0.0%) 3 (42.9%) 4 (57.1%) 0 (%) 0 (0.0%) 0 (0.0%)
Culture neg 143 (92.2%) 8 (5.2%) 4 (2.6%) 92 (97.9%) 2 (2.1%) 51 (85.0%) 5 (8.3%) 4 (6.7%)
Culture cont 10 (83.3%) 2 (16.7%) 0 (0.0%) 8 (88.9%) 1(11.1%) 2 (66.7%) 1 (33.3%) 0(0.0%)

Xpert neg 153 (93.3%) 7 (4.3%) 4 (2.4%) 98 (99.0%) 1(1.0%) 55 (85.9%) 5 (7.8%) 4 (6.3%) >

Not TB P 149 (93.7%) 6 (3.8%) 4 (2.5%) 97 (99.0%) 1(1.0%) 52 (86.7%) 4 (6.7%) 4 (6.7%) (f_%

Total 164 (80.4%) 36 (17.6%) 4 (2.0%) 109 (82.0%) 24 (18.0%) 55 (78.6%) 11 (15.7%)  4(5.7%) 'T

2 Positive culture and/or Xpert. ® Negative culture and Xpert. =

=

Table 3. Sensitivity and specificity of FujiLAM test by HIV status. i

2

<

All HIV Negative HIV Positive )z>

5

Sensitivity Specificity Sensitivity Specificity Sensitivity Specificity ]

[#/N, %, Fn/N, %, [1n/N, %, Fn/N, %, [n/N, %, Fn/N, %, ,U'_J

95% CI] 95% CI] 95% CI] 95% CI] 95% CI] 95% CI] =

Bact + TB 2 30/45, 66.7%, 153/159, 96.2%, 23/35, 65.7%, 97/98, 99.0%, 7/10,70.0%, 56/60, 93.3%, g

ac 51-80 92-98 48-80 94-100 35-92 83-98 =

Culture 26/37,70.3%, 147/155, 94.8%, 21/30, 70.0%, 92/94, 97.9%, 5/7,71%, 55/60, 91.7%, %

53-84 90-98 50-85 92-100 31-95 81-97 &

Xpert 29/40, 72.5%, 157/164, 95.7%, 23/34, 67.6%, 98/99, 99.0%, 6/6,100%, 59/64,92.2%, §

P 56-85 91-98 49-82 94-100 52-100 82-97 g'

PPV NPV PPV NPV PPV NPV 3

[n/N, %, [1/N, %, [n/N, %, [N, %, [n/N, %, [n/N, %, 5

95% CI] 95% CII 95% CI] 95% CI] 95% CI] 95% CI] %

Bact + TB 2 30/36, 83%, 153/173, 88%, 23/24,96%, 97/109, 89%, 7/11, 63%, 56/59, 94%, 5

67-94 83-93 79-99 82-94 31-89 86-99 5

2 Positive culture and /or Xpert. Specificity estimated considering not TB cases as not having TB. CI: confidence interval. PPV: Positive ;

predictive value. NPP: Negative predictive value. o

=

Table 4. Positive FujiLAM test results among HIV positive participants by TB status and HIV RNA viral load. =

Q

=

HIV Viral Load &

Undetected <40 cps/mL 40-107 cps/mL Indeterminate Missing
Bact+ TB ? 1/1 (100%) 1/2 (50%) 3/4 (75%) 0/0 (0%) 2/3(67%)
Culture pos 0/0 (0%) 1/2 (50%) 3/3 (100%) 0/0 (0%) 1/2 (50%)
Xpert pos 1/1 (100%) 1/1 (100%) 2/2(100%) 0/0 (0%) 2/2 (100%)
High 0/0 (0%) 0/0 (0%) 1/1 (100%) 0/0 (0%) 1/1 (100%)
Medium 1/1 (100%) 0/0 (0%) 1/1 (100%) 0/0 (0%) 1/1 (100%)
Low 0/0 (0%) 1/1 (100%) 0/0 (0%) 0/0 (0%) 0/0 (0%)
Very Low - - - - -
Culture neg 1/10 (10%) 0/14 (0%) 4/28 (14%) 0/3 (0%) 0/5 (0%)
Cult o, o, 0, 0, 0,
contaminated 0/1 (0%) 0/0 (0%) 0/1 (0%) 0/0 (0%) 1/1 (100%)
Xpert neg 0/10 (0%) 0/15 (0%) 5/30 (17%) 0/3 (0%) 0/6 (0%)
Not TB P 0/10 (0%) 0/14 (0%) 4/28 (14%) 0/3 (0%) 0/5 (0%)
Bact + TB
Sensitivity 100%, 0.05-1 50%, 0.03-1 75%,0.2-1 0% 67%, 0.1-1
Not TB
Specificity 100%, 0.7-1 100%, 0.7-1 86%, 0.7-1 100%, 0.3-1 100%, 0.5-1

2 Positive culture and/or Xpert. ® Negative culture and Xpert.
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4. Discussion

We have evaluated the diagnostic accuracy of FujiLAM in urine samples of adults
with signs and symptoms suggestive of TB attending three district hospitals in Abuja,
Nigeria. We found a sensitivity and specificity of 65.7% and 99.0% among HIV negative
patients and 70.0% and 93.3% among HIV positive patients. These results are higher than
reported for the rapid LAM test AlereLAM, which has a reported sensitivity of 42% (95%
CI = 31-55) among patients with HIV [13]. AlereLAM is recommended by the WHO for
the complementary diagnosis of TB in patients with HIV, but not for HIV negative patients
due to its low sensitivity in immune-competent individuals [13].

The overall sensitivity of FujiLAM in HIV positive patients was slightly higher than in
HIV negative participants, but this difference was based on a small number of patients, and
was not statistically significant. However, the higher sensitivity observed among immunosup-
pressed individuals with HIV viral loads between 40 and 107 copies/mL (75.0%), was similar
to studies of HIV positive patients in Ghana and South Africa [11,14]. The higher sensitivity
of LAM among HIV positive individuals is said to reflect the increased concentration of
LAM in urine due to the hematogenic spread of TB to the kidneys in immunosuppressed
individuals [15]. However, LAM detection in urine is not limited to renal involvement [16],
and is likely to be associated with the total bacterial burden of M. tuberculosis and the severity
of disease [17].

The overall sensitivity among HIV negative patients (65.7%) met the minimum target
of 65% for the WHO high-priority, non-sputum-based TB diagnostic tests [18]. Our results
were higher than reported in a multicenter study of HIV negative patients in Peru and South
Africa, which might be explained by the characteristics of the participants. FujiLAM is said
to have higher sensitivity in patients with more advanced TB and higher M. tuberculosis
loads in culture [19], and, as patients in Nigeria were recruited from district hospitals, a
high proportion of our participants may have had advanced disease stages.

FujilAM specificity among HIV negative patients was very high (99%) and similar
to other studies among HIV negative patients [18,19]. Specificity among HIV positive
patients was marginally higher (93.3%) than reported by a study of bio-banked urine
samples from HIV positive patients in three Sub-African countries [14], which reported
a 90.8% specificity [11]. Patients with HIV experience multiple opportunistic infections,
and positive FujiLAM results may well be false positives. However, it is also possible that
these results reflect the difficulty of confirming the diagnosis in patients with disseminated
TB disease. Culture and WRDs are imperfect tests, which have a lower performance in
patients with HIV, extra-pulmonary, and disseminated TB, depending on the quality of
the sample and whether the patient is excreting bacilli the day of sampling, and it is
possible that patients who do not reach microbiological confirmation may have a missed
TB diagnosis [20]. Our six patients with positive urine LAM results but negative sputum
tests had the same clinical presentation as patients with bacteriologically confirmed TB.
As it is likely that some patients with TB do not have bacilli in sputum in the absence of
cavitation or when the disease is disseminated without communications with the airways
(e.g., military TB), we cannot rule out that these patients may have been detected by a
test based in urine that does not require expectoration of bacilli, and further studies are
needed to confirm whether these were true or false positive results. However, it is also
true that LAM is a cell wall compound that is present in most Mycobacteria species, and
is not exclusive in M. tuberculosis. The FujiLAM assays combine high-affinity monoclonal
antibodies directed towards the largely M. tuberculosis-specific MTX-LAM epitopes, which
are expected to increase the sensitivity of the assay by using a silver-based amplification
step without affecting the specificity. Despite the potential cross reactivity risk, we feel that
the assay would be useful in the field, as it would allow the rapid identification of about
two-thirds of patients with TB at the time of the first consultation. The assays would need
to be incorporated into diagnostic algorithms, as patients would need to undergo further
confirmatory tests to confirm the presence of MTB and then be screened for drug resistance.
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Urine is a readily available, non-invasive sample, which would be especially useful
in patients unable to expectorate, such as children, the elderly, and adults without a
productive cough and individuals with disseminated, extra-pulmonary, and non-cavitary
disease. Unfortunately, the information regarding whether the patients included in our
study presented cavitary disease or not was not available with the data we collected.
FujiLAM is simple to use, does not require sputum samples, which minimizes the risk of
aerosols, does not require additional instrumentation, and can be used in decentralized
laboratories [21]. Therefore, FujiLAM is a promising test for the early detection and
treatment of TB in people with signs and symptoms suggestive of TB, with a particular
relevance for low resource health centers in low- and middle-income countries with the
highest burden of TB.

Our study has several limitations. We only included patients able to provide sputum,
which may underestimate the potential of FujiLAM to identify patients who are difficult
to diagnose. In addition, the number of bacteriologically confirmed TB cases is small,
especially for patients with HIV, and we were unable to follow-up with participants, which
could have re-classified some individuals with negative culture and Xpert MTB/RIF tests
as positive, potentially increasing the specificity.

An important issue for the wider use of FujiLAM is that the test costs are currently
too high for its wider implementation outside of a research setting. FujiLAM is likely
to be most useful in locations with limited resources, and tiered pricing mechanisms
will be needed to facilitate access to the tests according to need. Moreover, further cost
effectiveness studies are needed. A study in South Africa and Malawi examining patients
with HIV reported that FujiLAM combined with Xpert MTB/RIF was more cost effective
than using Xpert MTB/RIF alone [22]. However, more studies are needed to assess its cost
effectiveness in HIV negative patients, especially at lower levels of the health system in
low resource settings.

Despite the development and scale-up of newer, more sensitive TB diagnostic tests
over the last decade, these have not lived up to their early promise, because they remain too
slow, expensive, and resource-intensive (liquid culture), have been mostly implemented
centrally, or have been found to have high diagnostic accuracy only among a subset of
patients (e.g., urine LAM for severe HIV-associated illness). However, there is an emerging
pipeline of new TB tests and tools that could allow rapid, accurate, point-of-need diagnosis.
These tests are probably insufficient when used individually, but their performance could
be optimized when used in combination as novel diagnostic algorithms. This is the case
of the new generation urine LAM rapid test that we have studied: the FUJILAM test.
Although the test has limited sensitivity, it would be able to detect two thirds of patients
with bacteriologically confirmed TB at the time of the first consultation. Future research,
therefore, should evaluate the potential of FujiLAM in immunocompetent adults and
children attending primary healthcare facilities and in patients with extrapulmonary and
non-cavitary TB. Further studies are also needed to develop diagnostic algorithms that
incorporate drug susceptibility testing for patients identified by FujiLAM at the lower
levels of the healthcare system, and whether its combination with other screening tests,
such as C Reactive Protein, could be used to develop point-of-care diagnostic algorithms.

There is also a clear need of new technology and stronger efforts in the development,
validation, and market shaping initiatives to expand the use of these devices. FujiLAM
manufacturing facilities are currently being expanded, and its manufacturer plans to apply
for WHO endorsement in 2022. Other LAM prototype developers are also making strides
to develop low-cost lateral flow assays with improved monoclonal antibodies, which are
expected to become available as research use-only prototypes in 2022, while novel LAM
concentration methods are being tested in the field with preliminarily good performance.

In conclusion, testing urine samples with FujiLAM in HIV positive and HIV negative
patients with presumptive TB has a higher performance than current urine LAM assays.
The use of the FujiLAM test would facilitate the detection and initiation of TB treatment on
the same day of consultation in primary health centers.
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Abstract: Current diagnostics for tuberculosis (TB) only manage to confirm a small proportion of
children with TB and require respiratory samples, which are difficult to obtain. There is a need
for non-invasive biomarker-based tests as an alternative to sputum testing. Fujifilm SILVAMP TB
lipoarabinomannan (FujiLAM), a lateral-flow test to detect lipoarabinomannan in urine, is a novel
non-sputum-based point-of-care diagnostic reported to have increased sensitivity for the diagnosis
of TB among human immunodeficiency virus (HIV)-infected adults. We evaluate the performance
of FujiLAM in children with presumptive TB. Fifty-nine children attending a paediatric hospital
in Haiti with compatible signs and symptoms of TB were examined using Xpert MTB/RIF, smear
microscopy and X-rays, and classified according to the certainty of diagnosis into bacteriologically
confirmed TB (n = 5), unconfirmed TB (bacteriologically negative, n = 50) and unlikely TB (n = 4).
Healthy children (1 = 20) were enrolled as controls. FujiLAM sensitivity and specificity were 60%
and 95% among children with confirmed TB. FujiLAM’s high specificity and its characteristics as a
point-of-care indicate the test has a good potential for the diagnosis of TB in children.

Keywords: tuberculosis; diagnosis; lipoarabinomannan; LAM; children; urine; point-of-care

1. Introduction

Tuberculosis (TB) is a major cause of morbidity and mortality in children [1]. However,
the paucibacillary nature of TB in children and the difficulty of obtaining respiratory
samples create significant barriers for diagnosis [2]. Most children with TB, especially in
countries with high TB burden [3], are not bacteriologically confirmed, or are missed [3].
The lack of reliable diagnostic methods has highlighted the need for non-sputum-based
tests for childhood TB [4,5].

In recent years, attempts have been made to develop diagnostic tests based on the
detection of lipoarabinomannan (LAM) antigen, a lipoglycan and virulence factor in
the bacteria genus Mycobacterium present in the outer cell wall, which is released from
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metabolically active or degenerating bacterial cells. As LAM is heat stable, filtered by
the kidney and detectable in the urine of people with overt TB, test prototypes have
attempted to identify LAM in urine since the 1930s [6,7]. Until recently, urine-based LAM
prototypes have had low sensitivity and performed better in individuals co-infected with
human immunodeficiency virus (HIV) and advanced immunosuppression [8]. Although
the biological mechanisms for the better performance in HIV-positive individuals are not
fully understood, the higher concentration of LAM in the urine could be due to a greater
difficulty in containing Mycobacterium tuberculosis with subsequent hematogenous spread
to the kidneys or to a higher body burden of M. tuberculosis [9-12]. Compared to the
Alere Determine TB-LAM assay, with a reported sensitivity of about 40% for detecting
TB in HIV-infected patients [13], a new assay is reported to have higher sensitivity to
detect LAM in both HIV-infected and uninfected patients [14,15]. The assay, the Fujifilm
SILVAMP TB LAM (FujiLAM, Fujifilm, Tokyo, Japan), combines high-affinity monoclonal
antibodies against M. tuberculosis-specific LAM epitopes and a silver amplification step to
increase the visibility of the test and control lines [15]. However, data on its performance
in children is limited, and we report here its performance in a case series of children with
signs and symptoms of presumptive TB. TB in children has more disseminated clinical
presentations than adults because of their poor containment of TB. In addition, children
have difficulty in expectorating sputum, and assays that use non-sputum samples could be
useful, particularly in young children [2,11,16-18].

2. Materials and Methods

This was a retrospective case series of the bio-banked urine samples of 59 children
with signs and symptoms compatible with TB, and of 20 healthy control children. Children
were enrolled prospectively between August 2015 and December 2016 [19]. The children
with presumptive TB were between 0 and 14 years old, and were enrolled when attending
the Saint Damien paediatric reference hospital in Port-au-Prince, Haiti. Children were
initially identified by the diagnostic clinics and enrolled opportunistically. This is a case
series, as we did not estimate the number of children required and instead enrolled as many
children being investigated for TB as possible over a period of sixteen months. The healthy
children, enrolled as controls, were attending a primary school in the same neighbourhood
of the hospital and were between 5 and 8 years old. The objective of including a control
group was to explore whether any of the children without symptoms of TB had a positive
FujiLAM test to better characterize the specificity of the test.

After obtaining informed parental consent, we collected clinical and demographic
data, vaccination history (including Bacillus Calmette-Guérin (BCG)) and information
about current and previous medications. Children were excluded if they had known
immunodeficiencies, were receiving immunosuppressive treatment, or if they had re-
ceived anti-TB treatment for two or more weeks before enrolment. Tuberculin skin tests
(TSTs) were performed by a trained technician using 0.1 mL of Tubersol (bioequivalent
to 5 Tuberculin Units; Sanofi Pasteur, Canada) and were considered TST positive if they
had >10 mm induration in the presence of a BCG scar or >5 mm in non-BCG-vaccinated
children with no known contact with adults with TB [20]. Three millilitres of blood was
obtained for the QuantiFERON-TB Gold In-Tube test (QFT-GIT, Qiagen, Germany [21]),
following the manufacturer’s instructions.

Children with presumptive TB underwent anterior—posterior chest X-rays, which
were read by two radiologists blinded to the child’s condition, and a third reader resolved
reading disagreements. Three consecutive sputum samples obtained by induced or na-
sopharyngeal /nasogastric aspiration were examined by fluorescence smear microscopy
stained with auramine, and children with positive smear microscopy or abnormal X-rays
underwent Xpert MTB/RIF (Cepheid, Sunnydale, CA, USA) following local diagnostic
algorithms. No culture facilities were available. Children with lymph node adenopathy
underwent biopsies for histological examination.
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Children with presumptive TB were classified using the clinical case definitions
into confirmed, unconfirmed, and unlikely TB [22]. Children were classified as having
confirmed TB if bacteriologically confirmed by Xpert MTB/RIF; as unconfirmed TB if there
was no bacteriological confirmation but a positive TST or QFT-GIT and at least one of
the clinical criteria of the Clinical Case Definitions (i.e., X-rays consistent with TB, signs
and symptoms of TB, close TB exposure, or positive response to TB treatment), or at least
two clinical criteria if the TST and QFT-GIT results were negative; and unlikely TB if the
child had only evidence of M. tuberculosis infection or presented only one clinical criterion
compatible with TB. Enrolled school children had a negative TST and QFT-GIT, and no
signs or symptoms of TB. Those with positive TST or symptoms compatible with TB were
referred to the hospital for TB screening and were not included as controls.

Participants were asked to provide a midstream urine sample on-site, collected in
sterile plastic containers, or in urine bags for children <1 year, and stored at room tempera-
ture if they were processed at the time of collection, or stored in a refrigerator if processed
in batches at the end of the day. Urine samples were aliquoted (2 mL) into cryovials and
kept at —20 °C until processing in Badalona, Spain (IGTP). To test with FujiLAM, urine
samples were thawed at room temperature, mixed with a vortex, and processed following
the manufacturer’s instructions steps: first, the reagent tube was filled with urine up to
the indicator line, mixed and left to incubate for 40 min at room temperature. The tube
was then mixed, two drops of urine were added to the test device, and the first button was
pressed. After 3-10 min of incubation, the second button was pressed to release the silver
ions around the gold-conjugated antibody. The results were then read after one minute
by two investigators blinded to the participants’ TB status, following the manufacturer’s
instructions. If readers disagreed on the presence of test lines, the test was repeated once.

Categorical variables were described by frequencies and percentages, and quanti-
tative variables described using means and 95% confidence intervals (CIs) if normally
distributed, and medians and interquartile ranges (IQRs) if not normally distributed. We
used Fisher’s exact test, chi-square and Kruskal-Wallis tests to compare between groups,
and p-values < 0.05 were considered statistically significant. The sensitivity, specificity, and
predictive values of FujiLAM were estimated using Xpert MTB/RIF as the microbiological
reference standard, and against a composite of the combination of clinical diagnosis and
Xpert MTB/RIF. Diagnostic accuracy was calculated for microbiologically confirmed cases
vs. cases with unconfirmed TB, unlikely TB or controls, and for the composite reference
standard vs. unlikely TB and controls. Statistical analysis was performed using SPSS (SPSS
version 26.0, SPSS Inc, Chicago, IL, USA). The World Health Organization (WHO) Anthro
3.2.2 (<5 years) and Anthro Plus 1.0.4 (>5 years) were used to estimate z-scores [23,24]. Un-
dernutrition was classified as a weight-for-age z-score < —2 (or as body mass index-for-age
z-score < —2 for children above 10 years) and stunting as a height-for-age z-score < —2.

Informed consent was obtained from the parents or legal guardians. The study was
approved by the Ethics Committee of the University of Barcelona and the Haiti National
Ethics Committee (reference number IRBO0003099).

3. Results

Eighty-two children were enrolled, of which three were excluded due to insufficient
urine volumes. Of the 59 with presumptive TB, 5 were bacteriologically confirmed, 50
had unconfirmed but clinically diagnosed TB, and 4 were deemed not to have TB. The
additional 20 were healthy controls. Demographic characteristics of the study groups are
shown in Table 1. Fifty-one (64.6%) children were male, with a median age of 76 (IQR
58-121) months. Their median body mass index was 14.80 (SD = 2.4); eighteen (30.5%)
reported recent and severe weight loss and twelve (20.7%) reported stunted growth. Fifty-
six (75.7%) had received the BCG vaccine and had a BCG scar. FujiLAM results are shown
in Table 2. Eight (10.1%) samples were positive and seventy-one (89.9%) negative (Table 2).
Three of the positive samples belonged to children with bacteriologically confirmed TB,
three to children with unconfirmed TB, one to a child with unlikely TB and one to a
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control. Among the six FujiLAM-positive children with bacteriologically confirmed and
unconfirmed TB, four had intrathoracic and one both intrathoracic and TB spondylitis. If
Xpert MTB/RIF was considered the reference standard, the sensitivity of FujiLAM was
60% (95% CI 17-93) and the specificity, considering the control group, 95% (95% CI 73-100).
If confirmed and unconfirmed TB were compared against unlikely TB and controls, the
sensitivity was 11% (95%CI 5-23) and the specificity 92% (95% CI 72-99). Five (71.4%) of
the seven FujiLAM-positive children with presumptive TB were underweight and four
(66.7%) were stunted (p = 0.023 and p = 0.014, respectively). The one case of disagreement
of FujiLAM assays between the two readers was resolved after repeating the test.

Table 1. Demographic and clinical characteristics of participants.

Confirmed TB Unconfirmed Unlikely TB Controls -
Overall (n =79) (1 =5) TB (1 = 50) n= Z) (n =20) Va’;ue
Female 28 (35%) 1(20%) 21 (42%) 1(25%) 5 (25%) 0.530
Male 51 (65%) 4 (80%) 29 (58%) 3 (75%) 15 (75%)
Median age (IQR) months 76 (58-121) 95 (51-128) 76 (51-122) 152 (98-165) 70 (58-94) 0.109
<5 yrs. 24 (30%) 1(20%) 16 (32%) 0 (0%) 7 (35%) 0.654
>5yrs 55 (70%) 4 (80%) 34 (68%) 4 (100%) 13 (65%)

BCG scar (1 = 74) 56 (76%) 3 (60%) 35 (78%) 2 (50%) 16 (80%) 0.390
TST or QFT-GIT positive 55 (93%) 5 (100%) 46 (92%) 4 (100%) 0 (0%) 1.000
TST positive 52 (88%) 4 (80%) 44 (88%) 4 (100%) 0 (0%) 0.707
QFT-GIT positive (1 = 53) 37 (70%) 5 (100%) 28 (64%) 4 (100%) 0 (0%) 0.101
TB contact 50 (85%) 1(20%) 45 (90%) 4 (100%) 0 (0%) 0.002
Cough 48 (81%) 5 (100%) 39 (78%) 4 (100%) 0 (0%) 0.491
Fever 40 (68%) 4 (80%) 34 (68%) 2 (50%) 0 (0%) 0718
Lethargy 4(7%) 3 (60%) 1(2%) 0 (0%) 0 (0%) 0.002
Weight loss (1 = 56) 19 (34%) 3 (60%) 15 (32%) 1(25%) 0 (0%) 0517
Adenopathy 22 (37%) 4 (80%) 18 (36%) 0 (0%) 0 (0%) 0.046
Underweight (11 = 74) 18 (31%) 3 (60%) 15 (30%) 0 (0%) 0 (0%) 0.201
Stunted (1 = 58) @ 12 (21%) 2 (40%) 9 (18.4%) 1 (25%) 0.418
X-ray consistent with TB 28 (46%) 5 (100%) 23 (46%) 0 (0%) NA 0.161
Positive Saefgg)“crosc‘)py 10 (19%) 3 (60%) 7 (16%) 0 (0%) 0 (0%) 0.062
Treatment completed 50 (85%) 5 (100%) 45 (90%) 0 (0%) NA <0.001

Lost to follow-up 8 (14%) 0 (0%) 4.(8%) 4(100%) NA

Died 1(2%) 0 (0%) 1(2%) 0 (0%) NA
Intrathoracic 18 (31%) 2 (40%) 16 (32%) 0 (0%) NA <0.001

Extra-thoracic 7 (12%) 0 (0%) 7 (14%) 0 (0%) NA

Both 4(7%) 3 (60%) 1(2%) 0 (0%) NA

Not defined 30 (51%) 0 (0%) 26 (52%) 4 (100%) NA

IQR: interquartile range; BCG: Bacillus Calmette-Guérin; TST: tuberculin skin test; QFT: QuantiFERON-TB Gold. Malnutrition defined
as weight-for-age z-score < —2 for children under 10 years old and body mass index -for-age z-score < —2 for children above 10 years.
Stunting was defined as height-for-age < —2. 2 Controls have no results on stunting because height measurements were not taken.

92

Table 2. FujiLAM results by study group.

FujiLAM
Positive n (%) Negative n (%) Total
Confirmed TB 3 (60%) 2 (40%) 5
Unconfirmed TB 3 (6%) 47 (94%) 50
Unlikely TB 1 (25%) 3 (75%) 4
Controls 1 (5%) 19 (95%) 20
All 8 (10.1%) 71 (89.9%) 79

4. Discussion

We evaluated the FujiLAM test in a case series of children attending the hospital
with signs and symptoms of presumptive TB. Among children with bacteriologically
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confirmed TB, the test had a sensitivity of 60%, with a high specificity of 95%. However,
the case series is small, which resulted in wide and overlapping 95% CI, and therefore
larger studies are needed to confirm our findings. The current LAM assay (AlereLAM)
recommended by the WHO in adults [8] and children [25,26] is only recommended for
severely immunosuppressed adults with HIV and CD4 counts <100 cells/ uL [8]. Therefore,
a test that performs well in HIV-uninfected patients would be a significant improvement.
Unlike its predecessor, FujiLAM combines a pair of high-affinity monoclonal antibodies
targeting largely M. tuberculosis-specific LAM epitopes and a silver amplification step to
improve the visibility of the test and control lines, allowing the detection of much lower
LAM concentrations in urine [6,15]. Furthermore, the FujiLAM test identified three more
children who had a clinical diagnosis of TB but could not be bacteriologically confirmed,
which would have lent more support to the decision to treat.

Children have a high risk of developing disseminated forms of TB, and the hematoge-
nous and lymphatic spread of M. tuberculosis is likely to result in high amounts of LAM
in urine [2,9]. However, few studies have reported the performance of FujiLAM in chil-
dren [27,28]. A multicentre study in four African countries reported a relatively high
sensitivity of 67.5% in HIV-negative children [28], but a cohort study in South Africa
reported a lower sensitivity of 38.8% [27]. The authors concluded that the differences in
their results may have been due to the severity of the TB episodes, and that some of the
studies included a high proportion of malnourished children [28]. It has been reported that
LAM detection in urine is associated to the overall amount of M. tuberculosis in the body,
as well as the severity of the disease [10,29]. In our study, sensitivity was higher among
bacterially confirmed cases, who are likely to have more advanced disease stages, while
sensitivity was lower when children with a clinical diagnosis were included. It is unlikely
that all children with a clinical diagnosis of TB had TB (and thus some were misclassified),
and it is thus difficult to classify a negative FujiLAM test as false negative. Furthermore,
the number of positive cases was proportionally higher among underweight and stunted
children [30-32]. Malnutrition has an impact in the several faces of the immune response
against infections, including TB; this limits the contention capacity of the bacilli, increasing
the amount of LAM in urine samples and, therefore, the sensitivity of the LAM tests [28].

FujiLAM specificity was high, which is consistent with previous findings in adults and chil-
dren using microbiological (95%) and composite reference standards (91.7%) [10,27,28,33,34].
Although the test did not reach the 98% specificity recommended by the WHO, our sample
size is not sufficiently powered to make this distinction and the 95% CI overlap with this
value [35].

The FujiLAM’s main advantage is its urine-based format, making an easy to do
and non-invasive test without the need for additional instrumentation [10], generating
opportunities to diagnose TB in patients who do not excrete bacilli, such as people with
extrapulmonary or military TB, HIV and children [4]. Especially among children, the
test may be able to add value to clinical decision-making as a rule in test for TB, in our
study effectively doubling the number of children treated who had confirmation of TB
disease. To our knowledge, there are no studies evaluating the economic impact of LAM
testing within the diagnostic algorithms for paediatric TB [36]. The inclusion of a test with
the performance of the FujiLAM assay could simplify these algorithms and potentially
diagnose a greater number of children with TB and increase the number of children
initiating specific therapy [37]. Our study has significant limitations, including its small
sample size—especially the small number of children with bacteriologically confirmed TB,
which resulted in underpowered estimates. In addition, we did not culture the samples, and
Xpert MTB/RIF and clinical diagnosis were used as reference standards. Xpert MTB/RIF
is known to have lower sensitivity than culture [22], and thus it is likely it underestimated
the number of children with bacteriologically confirmed TB. Other limitations concern
retrospective testing of stored samples; however, studies using the FujiLAM test have
shown good agreement between fresh and frozen urine samples [31,38].

93



Results

J. Clin. Med. 2021, 10,1914 60f8

In conclusion, FujiLAM had moderate sensitivity and high specificity in children
compared to Xpert MTB/RIF, can process samples that are easier to collect than sputum,
and can add a level of certainty to clinical diagnosis. These performance characteristics
and the test’s operational characteristics would facilitate a rapid diagnosis in non-sputum
samples in children—especially in low- and middle-income countries, where facilities
available are limited. More extensive evaluations in children are warranted.
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Discovery and validation
of an NMR-based metabolomic
profile in urine as TB biomarker

José Luis Izquierdo-Garcia®%3*%, Patricia Comella-del-Barrio%**15, Ramén Campos-Olivas$,
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Despite efforts to improve tuberculosis (TB) detection, limitations in access, quality and timeliness of
diagnostic services in low- and middle-income countries are challenging for current TB diagnostics.
This study aimed to identify and characterise a metabolic profile of TB in urine by high-field nuclear
magnetic resonance (NMR) spectrometry and assess whether the TB metabolic profile is also detected
by a low-field benchtop NMR spectrometer. We included 189 patients with tuberculosis, 42 patients
with pneumococcal pneumonia, 61 individuals infected with latent tuberculosis and 40 uninfected
individuals. We acquired the urine spectra from high and low-field NMR. We characterised aTB
metabolic fingerprint from the Principal Component Analysis. We developed a classification model
from the Partial Least Squares-Discriminant Analysis and evaluated its performance. We identified a
metabolic fingerprint of 31 chemical shift regions assigned to eight metabolites (aminoadipic acid,
citrate, creatine, creatinine, glucose, mannitol, phenylalanine, and hippurate). The model developed
using low-field NMR urine spectra correctly classified 87.32%, 85.21% and 100% of the TB patients
compared to pneumococcal pneumonia patients, LTBI and uninfected individuals, respectively. The
model validation correctly classified 84.10% of the TB patients. We have identified and characterised
a metabolic profile of TB in urine from a high-field NMR spectrometer and have also detected it using
alow-field benchtop NMR spectrometer. The models developed from the metabolic profile of TB
identified by both NMR technologies were able to discriminate TB patients from the rest of the study
groups and the results were not influenced by anti-TB treatment or TB location. This provides a new
approach in the search for possible biomarkers for the diagnosis of TB.

Tuberculosis (TB) is the leading cause of death by infectious disease worldwide. Despite efforts to improve TB
detection through advances in diagnosis and accessibility to treatment, there are still more than 2-3 million
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Gender
Feminine 117 (35.2%) 10 (20.4%) 41 (29.3%) 8 (19.0%) 28 (45.9%) 30 (75.0%)
Masculine 215 (64.8%) 39 (79.6%) 99 (70.7%) 34 (81.0%) 33 (54.1%) 10 (25.0%)

Age in years
Media (SD) |4s.9(17.3) |43,0(2o,3) ‘43.5(16.3) |64.4(13.5) |42.6(10.3) |43.1(17.1)

Table 1. Demographic information of the study population. Categorical variables expressed as a number of

subjects (n) and percentage (%), and quantitative variables expressed as median and standard deviation (SD).
TB, tuberculosis; PnP, pneumococcal pneumonia; LTBI, latent TB infection; Uninfected, individuals without

infection.

unidentified TB cases at the moment. Misdiagnosis and late detection of the disease increase the risk of Myco-
bacterium tuberculosis transmission and infection. Progress in controlling TB and mitigating its consequences
can be expedited through early diagnosis and treatment’.

Among current diagnostics, culture is the gold standard for diagnosing TB, but it takes approximately
4-6 weeks to obtain results®. Therefore, in low-income countries where the burden of disease is high, smear
microscopy and X-ray are the main tests used. However, these have shown limited diagnostic sensitivity and
specificity, respectively™. The introduction of Xpert MTB/RIF (Cepheid, CA, USA) as a molecular method for
TB diagnosis has considerably improved the time of diagnosis and detection of resistance to treatment, its use
has increased as an alternative to culture and smear microscopy”. However, cost and infrastructure requirements
prohibit its implantation and use in most microscopy centres®. In addition, its poor performance when testing
individuals with low bacilli numbers (children, HIV-co-infected patients, extrapulmonary TB cases, early stages
of disease), require consumables that are expensive or locally unavailable due to stock-outs’. Limitations of
accessibility, quality and timing of diagnostic services in low and middle-income countries (LMICs) represent
a challenge for current TB diagnostics. Future research should be focused on developing an accurate and rapid
biomarker-based test that can diagnose all forms of TB using non-sputum samples, ideally one suitable for use
in both primary healthcare centres and regional centres®.

Metabolomics has emerged from the ‘omics’ technologies as a tool to obtain a fingerprint of all the metabolites
present in a cellular system, allowing discrimination between samples with a different biological status’. In this
approach, metabolomics has been applied to study the metabolites affected by host-pathogen interactions and
identify diagnostic markers to improve diagnosis of different respiratory infectious diseases'’. In recent years,
metabolomic studies have been conducted to gain novel biological insights into TB pathogenesis''. Thus, metabo-
lomics has been used to study TB progression and detect metabolic profiles, as well as to assess TB treatment
response from different biological specimens'?. Urine is an abundant sterile, biological sample that is obtained
non-invasively and requires little preparation'’. However, few metabolomic studies focus on the discovery of new
urine-based biomarkers for TB detection. Metabolic changes in any type of sample can be measured through dif-
ferent analytical techniques summarised in mass spectrometry (MS) and Nuclear Magnetic Resonance (NMR)'.
Recently, a benchtop NMR spectrometer has been developed as a potential tool for point-of-care diagnostics in
urine samples due to its high performance in a compact size!>'°.

This study aimed to identify and characterise a metabolic profile of TB in urine by high-field NMR spectrom-
etry and assess whether the TB metabolic profile is also detected by a low-field benchtop NMR spectrometer.
The identification of a metabolic pattern for urine from an NMR technology would provide a new approach and
advance in the search of potential biomarkers for TB diagnosis.

Results

Study population. Three hundred and thirty-two participants were included in this study and classified
into the following study groups: 189 active TB patients, 42 pneumococcal pneumonia patients, 61 LTBI indi-
viduals, and 40 uninfected individuals. Demographics of the study population are shown in Table 1. Of the 332
patients, 64.8% were men of an average of 46 years old (+ 17.3). Regarding study groups, most TB (untreated and
under treatment) and pneumococcal pneumonia patients and individuals with LTBI were men (79.6%, 70.7%,
54.1%, and 81.0%, respectively), while 75.0% of the uninfected individuals were women. Patients with pneumo-
coccal pneumonia were older than the rest of the study groups (49.6% older, p<0.001). From the patients with
active TB, 49 were enrolled before starting anti-TB treatment and 140 during TB treatment. Patients undergo-
ing TB treatment averaged 39.1 (SD + 68.9) days of treatment. Most patients (99.3%) had strains sensitive to TB
treatment except one patient with rifampicin-resistant strains (Table 2). Among patients with TB, 78.8% had
pulmonary TB, 13.8% had extrapulmonary TB (lymph nodal, pleural, peritoneal, osteoarticular, meningeal and
miliary TB), and 7.4% had disseminated TB (Table 2).

Of the 332 urine samples obtained from the individual participants, 169 samples were analysed with HF-NMR
to identify a metabolic profile that discriminated TB patients from study controls. Then, the remaining 163 sam-
ples plus 85 samples previously analysed by HF-NMR were analysed using an LF benchtop NMR spectrometer to
detect the TB metabolic profile in a more compact device that can be installed in conventional laboratories and
used as a diagnostic tool. The procedure followed to analyse urine samples by NMR is shown in Fig. 1.
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TB type

Pulmonary TB 149 (78.8%) | 37 (75.5%) 112 (80.0%)
Extrapulmonary TB 26 (13.8%) 10 (20.4%) 16 (11.4%)
Disseminated TB 14 (7.4%) 2 (4.1%) 12 (8.6%)
TB treatment

Drug-susceptible TB 186 (98.4%) | 47 (95.9) 139 (99.3%)
RR-TB 1(0.5%) 0 (0.0%) 1 (0.7%)
Hr-TB 1(0.5%) 1(2.0%) 0 (0.0%)
XDR-TB 1(0.5%) 1 (2.0%) 0 (0.0%)

Table 2. Table describing the location and treatment of TB patients. Variable expressed as a number of
subjects (n) and percentage (%). TB: tuberculosis; RR-TB: rifampicin-resistant TB; Hr-TB: isoniazid-resistant
TB; XDR-TB: extensively drug-resistant TB.

[ Patients enrolled for the study (332) ]

Patients with urine samples analysed Patients with urine samples analysed Patients with urine samples analysed
by high-field NMR (84) by high and low-field NMR (85) by low-field NMR (163)

o TB under q TB under
Untreated Uninfected Untreated Uninfected
PnP (27 LTBI (17,
[ 1819 ] [ e ] [ o ] [ @) ] [ "ef;r;)em ] [ ) ] [ e ] [ e J [ ©n ] {tre?gg)em ]
Outliers Outliers Outliers Outliers Outliers.
)

q TB under o TB under
Untreated Uninfected Untreated Uninfected
[ 8 (19) ] [ PnP (25) ] [ LTBI (17) ] [ 28) ] [ tre?érg)ent ] [ B (39) ] [ PnP (31) ] [ LTBI (53) } [ 29) ] [ tre?;vg)ent ]

Figure 1. Description of the procedure followed to analyse the urine samples of the 332 participants by high
and/or low NMR. NMR, Nuclear Magnetic Resonance; TB, tuberculosis; PnP, pneumococcal pneumonia; LTBI,
latent TB infection; uninfected, individuals without infection.

Characterisation of the TB metabolic fingerprint using HF-NMR. We applied an unsupervised
Principal Component Analysis (PCA) to the urine spectra acquired by HF-NMR (19 patients with untreated
TB, 27 patients with pneumococcal pneumonia, 17 individuals with LTBI and 29 uninfected individuals) and
detected 3 statistical outliers (2 patients with pneumococcal pneumonia and 1 uninfected individual) that were
excluded from the analysis'”. PCA score plots identified differential metabolic clusters between patients with
untreated TB (n=19) and pneumococcal pneumonia patients (n =25), LTBI individuals (n = 17), and uninfected
individuals (n=28) (Fig. 2). The variability observed was not explained by the different participant recruitment
centres (Supplementary Figure S1). The spectral regions responsible for the metabolic differences in each PCA
scores plots between TB patients and control groups (pneumococcal pneumonia, LTBI, and uninfected) were
identified in PCA loading plots by Hotteling’s T2 tests'® and correlated with a total of 31 chemical shift regions in
the first two Principal Components (PCs) (Fig. 3). This urinary spectral fingerprint (corresponding to 31 spec-
tral regions) was assigned to the following eight metabolites: aminoadipic acid, citrate, creatine, creatinine, glu-
cose, mannitol, phenylalanine, and hippurate (Supplementary Figure S2). Metabolites were quantified to show
the statistically substantial differences between study groups (Table 3).
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HF-NMR-based profile to discriminate TB. We applied a supervised Partial Least Squares-Discrimi-
nant Analysis (PLS-DA) to establish predictive models from the identified spectral fingerprint that differentiated
untreated TB cases (n=19) from control groups (25 pneumococcal pneumonia, 17 LTBI, and 28 uninfected).
Thus, when comparing untreated TB and pneumococcal pneumonia patients, 100% of TB patients were correctly
classified, with 100.0% of sensitivity and specificity. Similarly, when comparing TB patients and LTBI individu-
als, 94.0% (Standard Deviation, SD =5.6%) of TB patients were correctly classified, with 89.4% (SD=6.5%) and
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Figure 2. Principal Component Analysis (PCA) score plots of urine spectra analyzed by high-field Nuclear
Magnetic Resonance of (a) untreated TB patients (n=19), uninfected individuals (n =28), pneumococcal
pneumonia patients (n=25) and LTBI individuals (n=17); (b) untreated TB and uninfected individuals; (c)
untreated TB and pneumococcal pneumonia patients; (d) untreated TB and LTBI individuals. TB, tuberculosis;
PnP, pneumococcal pneumonia; LTBI: latent TB infection; PC, Principal Component.

93.9% (SD =5.7%) sensitivity and specificity, respectively. Finally, when comparing TB patients and uninfected
individuals, 100% of TB patients were correctly classified, with 100% of sensitivity and specificity, respectively.

We used the model established between untreated TB patients and uninfected individuals to classify the
HF-NMR urine spectra of the remaining 66 TB patients (all of them under treatment). The model correctly
classified 90.9% of these TB patients in the TB group. Among these TB patients, 51 had pulmonary TB, 11 had
extrapulmonary TB, and 4 had disseminated TB. This model also correctly classified 90.9% of the extrapulmonary
TB patients in the TB group.
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Characterisation of the TB metabolic profile using LF-NMR. To detect the metabolic profile of
TB in urine previously characterised using HF-NMR, we applied the unsupervised PCA to the urine spectra
acquired by LF-NMR (42 patients with untreated TB, 31 patients with pneumococcal pneumonia, 56 individu-
als with LTBI and 31 uninfected individuals). We detected 8 statistical outliers (3 untreated TB, 3 LTBIs, and 2
uninfected), which were excluded from the analysis!'’. Thus, the unsupervised PCA was applied to a total of 39
untreated TB patients, 31 pneumococcal pneumonia patients, 53 LTBI individuals, and 29 uninfected individu-
als (Fig. 1). PCA score plots of the LF-NMR urine spectra did not show as clear a discrimination as the HF-data
did (Fig. 4). However, although LF-NMR spectroscopy provides a lower resolution than HF-NMR spectroscopy,
we identified the spectral fingerprint assigned to the eight metabolites (aminoadipic acid, citrate, creatine, cre-
atinine, glucose, mannitol, phenylalanine, and hippurate) in the metabolic profile, which enabled the differentia-
tion of patients with TB from the controls (Fig. 5).
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Figure 3. Principal Component Analysis (PCA) loading plots of 89 urine spectra analyzed by high-field
Nuclear Magnetic Resonance reveals the metabolomic fingerprint of TB corresponding to 31 chemical shift
regions assigned to eight metabolites. (a) PCA loading PC1-PC2 biplot and PC1 loading plot between TB
patients and uninfected individuals; (b) PCA loading PC1-PC2 biplot and PC2 plot between TB patients and
patients with pneumococcal pneumonia (PnP); (c) PCA loading PC2-PC3 biplot and PC2 loading plot between
TB patients and individuals with LTBIL. Multiple regions for the discrimination between groups were pointed
outside the boundaries of a Hotelling’s T2 statistics ellipse (pointed red line) in PCA loading biplots. TB,
tuberculosis; PnP, pneumococcal pneumonia; LTBI: latent TB infection; PC, Principal Component.
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Aminoadipic -67.0 17.3 82.9 0.0013 0.6450 0.0975
Citrate 66.2 -36.7 -59.6 0.0881 0.0162 0.0001
Creatine -30.3 102.7 21.6 0.2690 0.0407 0.4470
Creatinine 91.6 - 194 -323 0.0012 0.1790 0.0013
Glucose 37.8 —-246 -79 0.3720 0.0073 0.7080
Mannitol -477 18.1 78.8 0.1070 0.2620 0.0436
Phenylalanine -334 60.4 335 0.0262 0.0321 0.0626
Hippurate 348 -233 —-49.6 0.2700 0.4720 0.0132

Table 3. Relative change in the concentration of the identified metabolites. TB, tuberculosis; PnP,
pneumococcal pneumonia; LTBI, latent TB infection; uninfected, individuals without infection; PC: Principal
Component. Bold values, statistical significance was determined using a Bonferroni corrected Student’s t-test
assuming significant unequal corrected variance with p<0.05.
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Figure 4. Principal Component Analysis (PCA) score plots of urine spectra analyzed by low-field Nuclear
Magnetic Resonance between 39 untreated TB (x) and: (a) 29 uninfected individuals (circle), (b) 31
pneumococcal pneumonia patients (cross), and (¢) 53 LTBI individuals (triangle). TB, tuberculosis; PnP,
pneumococcal pneumonia; LTBI: latent TB infection; PC, Principal Component.

TB discrimination from LF-NMR-based metabolic profile. PLS-DA was applied to establish predic-
tive models to discriminate untreated TB cases (n=39) from control groups (31 pneumococcal pneumonia,
53 LTBI, and 29 uninfected) from the LF-NMR urinary spectral fingerprint identified. When comparing TB
and pneumococcal pneumonia patients, 87.3% (SD =7.8%) of TB patients were correctly classified, with 94.4%
(SD=3.6%) and 85.62% (SD=5.5%) sensitivity and specificity, respectively. Similarly, when comparing TB
patients and LTBI individuals, 85.2% (SD = 5.8%) of TB patients were correctly classified, with 91.9% (SD =4.8%)
and 90.2% (SD =3.5%) sensitivity and specificity, respectively. Finally, when comparing TB and uninfected indi-
viduals, 100% of TB patients were correctly classified, with 100% of sensitivity and specificity.

The predictive model established between untreated TB patients and uninfected individuals was applied to
classify the LF-NMR urine spectra of the 88 TB patients under treatment. The model correctly classified 84.1% of
TB patients that had not been used to create the predictive model (all of them under treatment) in the TB group.
Among these TB patients, 68 had pulmonary TB, 12 had extrapulmonary TB, and 8 had disseminated TB. This
model also correctly classified 100% of extrapulmonary TB patients in the TB group.
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Discussion

In recent years a lot of effort has been made to identify the highest priority needs in order to improve the diag-
nostic procedures for TB"'°. The need to develop accurate and more accessible diagnostic methods in primary
healthcare centres has meant an intensification of the search for biomarkers from non-sputum-based biological
samples®.

In this study, we have identified and characterised a metabolic profile of TB in urine from a high-field NMR
spectrometer and detected the same profile with a low-field NMR spectrometer. The models developed from
the metabolic profile of TB identified by both NMR technologies showed the potential to discriminate between
TB patients, pneumococcal pneumonia patients, individuals with LTBI and uninfected individuals. In addition,
the results of the models developed from this metabolic fingerprinting were not influenced by anti-TB treatment
or TB location.
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Figure 5. Comparison of the metabolomic fingerprints of tuberculosis (TB) identified in urine spectra analyzed
by high-field Nuclear Magnetic Resonance (green) and low-field Nuclear Magnetic Resonance (red) showing the
identification of the TB metabolite biomarkers. PC: Principal Component.

When applying the predictive model to the HF and LF-NMR spectra of the TB patients under treatment,
90.9% and 84.1% of the patients in the TB group were correctly classified. Furthermore, the models developed
from the HF and LF-NMR-based spectral fingerprints correctly classified TB patients and pneumococcal pneu-
monia patients with a success rate of 100% and 87.3%, respectively. Therefore, the use of the model developed
here could facilitate the identification of patients with TB and rule out those with other respiratory infections,
such as pneumococcal pneumonia.

Using the HF-NMR-based spectral fingerprint, our model correctly classified 94.0% of TB patients compared
to LTBI individuals, and 85.2% of them when using the LF-NMR-based urine metabolic fingerprint. This may
be useful in situations where it is necessary to distinguish between TB and LTBI, such as in children, where early
detection of TB is crucial to avoid severe forms of the disease developing. It is well known that neither TST nor
IGRAs can distinguish between LTBI and active cases*?. In our experience?, a model based on the combination
of IFN-y, IP-10, ferritin and 25-hydroxyvitamin D could improve the detection of patients with subclinical TB.
The metabolomic approach we described may be useful in detecting the early stages of the disease. Regarding
metabolomics, a multi-site study across Sub-Saharan Africa provided a trans-African metabolic biosignature in
serum and plasma to predict the onset of TB before active TB manifestation®*.

The metabolomic approach we present showed a classification performance within the minimum standards
required by the World Health Organization to develop a non-sputum based biomarker test'’. Although Xpert
for detecting TB is still not as sensitive as culture, its rapidity in diagnosing TB has made shortening the delay
between diagnosis and early treatment possible*”. Also considering speed, the ability of the LF benchtop NMR
spectrometer to measure samples quickly and easily would enable the integration of the final decision on the
diagnosis into the same visit.

In addition, the use of an easily accessible sample would allow for successful implementation in microscopy
centres, health posts and primary-care clinics®. A urine-based approach would allow the diagnosis of TB in
patients who had difficulty in obtaining a representative sample from the site of infection (patients with extrapul-
monary TB or not able to produce sputum), a relevant issue especially in LMICs since these patients often present
non-specific symptoms of the disease'. The Alere Determine TB LAM Ag assay (AlereLAM, Abbott, Chicago,
US) was introduced for TB diagnosis in HIV-positive patients by detecting the presence of lipoarabinomannan
(LAM) in urine samples”’. Subsequently, a new generation of urine LAM assays, Fujifilm SILVAMP TB LAM
(FujiLAM) assay (Fujifilm, Tokyo, Japan) has been developed®, representing improved diagnostics for HIV-
positive TB patients. In this regard, the metabolic profile identified in this study might provide a promising tool
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for diagnosing TB from urine samples. In addition, the quantification of the statistically significant metabolites
identified in this TB metabolic profile would allow this technology to be adapted to a point-of-care test. Although
more studies should be conducted in larger TB cohorts, vulnerable populations (children, HIV, comorbidities),
and in other geographic regions to validate the performance of the predictive model based on the metabolic
profile identified by LF benchtop NMR technology, these first results are promising.

If we consider the target product profiles (TPPs) published by the WHO and partners®, although the diagnos-
tic sensitivity of this metabolic model did not reach that achieved with the Xpert (diagnostic sensitivity of > 95%
in comparison to culture), the sensitivity it achieved was within the minimum requirements established by the
TPPs to develop a rapid non-sputum-based biomarker test for pulmonary TB in adults. Furthermore, with 100%
of extrapulmonary TB patients correctly classified into the TB group, this model would fall within the optimal
requirements recommended by the published TPPs for developing a rapid non-sputum-based biomarker test
for extrapulmonary TB in adults'. Therefore, this metabolic approach based on LF-NMR could be a promising
candidate for detecting all TB types. In addition, its small size and ease of maintenance would allow the imple-
mentation of the technology in primary healthcare centres as an alternative, or complementary to the diagnos-
tic tests already available, without the risk of a shortage of cartridges. This robust benchtop NMR technology,
straightforward sample preparation and minimal operational requirements would lead to a better diagnostic
performance in LMICs; thus, increasing the number of cases diagnosed and allowing prompt treatment, which
would reduce the transmission and mortality burden of TB.

TB is known to be a wasting disease involving weight loss, malnutrition and metabolic disorders?. The nutri-
tional source of the bacteria is an essential aspect of host-pathogen interaction®*. M. tuberculosis has adapted
its metabolism to use different nutrient sources and compounds such as carbon or nitrogen sources to promote
bacterial growth®. The metabolic profile presented in this study is based on the combination of eight metabolites,
which is able to distinguish TB patients from those with pneumococcal pneumonia, LTBI, and non-infection.
Previous studies have been conducted on serum samples to identify potential biomarkers for TB diagnosis
using MS*'~3* and NMR*. Others have identified TB diagnostic markers from plasma samples in adults***® and
children®”. In this study, TB patients showed reduced concentrations of creatine and phenylalanine compared to
LTBI patients. Both metabolites are involved in the metabolism of necessary amino acids and derivatives. During
infection in macrophages, M. tuberculosis shows a preference for amino acids as a source of nitrogen®. In line
with this, TB patients showed high concentrations of creatinine compared to pneumococcal pneumonia patients.
Creatinine is a breakdown product of creatine, so it might have a role in the synthesis of nitrogen-containing
molecules. M. tuberculosis can co-metabolise multiple amino acids simultaneously®. In this metabolic process
urea and other amino groups are synthesised from the breakdown of the amino acids. Thus, the low concentra-
tion of urine hippurate observed in TB patients might be due to/connected to the synthesis of aromatic amino
acids such as tryptophan, tyrosine and phenylalanine®+’. Alternatively, Weiner et al. suggested that low serum
hippurate concentrations might be related to uremic cytotoxic activity related to vitamin D metabolism?®. In this
study, TB patients showed low glucose and citrate concentrations compared with LTBI patients and uninfected
individuals. The involvement of these two metabolites in the oxidative metabolism of carbohydrates, proteins and
fats suggests that there is an increase in energy consumption by TB patients®!. In accordance with this, Ehrt et al.
reported the adaptation of M. tuberculosis to co-catabolise multiple carbon substrates, so that it grows faster and
more extensively on carbon source mixtures than it does on any single source®. This might also explain the high
concentrations of mannitol found in TB patients compared with non-infected individuals. However, in this study,
we found that TB patients showed higher concentrations of citrate and lower concentrations of intermediary
compounds of amino acid metabolism compared to pneumococcal pneumonia patients. This could be explained
because the Krebs cycle is most likely not used in the S. pneumoniae metabolism due to the lack of genes encod-
ing the enzymes involved in this pathway. In contrast, the lack of a complete Krebs cycle for S. pneumoniae has
a great impact on amino acid synthesis*?. Ultimately, the metabolites identified in the TB metabolic profile of
our study are involved in pathways such as the oxidative metabolism of carbohydrates, proteins and fats, or the
metabolism of the necessary amino acids and derivatives®!.

When considering urine metabolomics, a study conducted in Uganda identified a urine-based metabolite
biosignature with potential to monitor the response of individuals to anti-TB therapy**. In contrast, another study
conducted in South Africa characterised the biological basis of a poor treatment outcome using urine samples
collected at diagnosis, during treatment, and after treatment completion®. In a study of children and adults with
TB, LTBI or uninfected, urine neopterin levels were measured using an enzyme-linked immunosorbent assay
predicting that the neopterin/creatinine ratio may be a considerable predictor of disease progression®. According
to our results, our models can detect TB even in patients who have initiated anti-TB treatment. In recent years,
new markers have been identified in urine in response to TB treatment®’. Future metabolomic studies should be
conducted to monitor treatment and evaluate treatment or cure success, and also identify possible re-infections.
In addition, host metabolites derived from anti-TB treatment identified in urine could be useful for monitoring
treatment and improving patient adherence to TB treatment.

Limitations of this study include the relatively small sample size of TB patients before starting anti-TB treat-
ment. Additionally, not all urine samples could be tested by HF and LF-NMR due to the time lapse between the
analysis of the samples by the two NMR spectrometers. Therefore, some patients with samples tested for HF were
not tested for LF-NMR and vice versa. Although this did not affect the results of the study, future research should
test the discriminatory potential of the identified TB spectral fingerprint in a consecutive series of patients in a
country with a high incidence of TB and co-infections. This proof of concept represents a first step towards the
development of an affordable metabolomic test for the diagnosis of TB.

In this study, we have identified and characterised a metabolic profile for TB in urine with potential to dis-
criminate TB patients from the rest of the study groups; this metabolic profile for TB has also been detected
using an LF benchtop NMR spectrometer. The use of benchtop technology would facilitate its implementation
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in microscopy centres, health posts and primary care clinics, improving access to TB diagnosis. In addition, the
ability of the model developed through this urine-based NMR technology to detect extrapulmonary TB and TB
in patients under treatment is a step forward for the search for new diagnostics for TB that are not sputum-based
and that can detect all forms of TB.

In summary, the identification of a metabolic profile for TB in urine from NMR with the potential to discrimi-
nate TB patients from pneumococcal pneumonia patients, individuals with LTBI, and uninfected individuals
highlights the application of metabolomics as a new approach in the search of non-sputum-based new potential
biomarkers for TB diagnosis.

Methods

Ethical statement. The study was approved by the ethical review board of the Ethics Committee of the
HUGTIP and subsequently for all the Ethics Committee of all the health care centres participating (reference
number CEI-PI-15-073). All patients gave written informed consent before being included. Sample collection
and all experiments were performed in accordance with relevant guidelines and regulations.

Study population. We have conducted a case-control study, in which we included patients with active TB,
patients diagnosed with pneumococcal pneumonia, and healthy controls with latent TB infection (LTBI) and no
infection. Participants were recruited through four different health care centres in Spain (Hospital Universitari
Germans Trias i Pujol, Unitat de Tuberculosis de Drassanes de I'Hospital Universitari Vall d’'Hebron, Serveis
Clinics Unitat Clinica de Tractament Directament Observat de la Tuberculosi, and Hospital Sant Joan Despi
Moises Broggi), and one in Germany (Medical Clinic of the Research Center Borstel).

Participants were classified into four study groups: patients diagnosed with active TB, patients with pneu-
mococcal pneumonia, individuals with LTBI, and uninfected individuals.

All active TB patients had clinical and radiological signs compatible with TB and were microbiologically
confirmed by culture and/or Xpert MTB/RIF.

Patients with pneumococcal pneumonia were diagnosed by isolating the bacteria in blood culture and/or
detecting the pneumococcal urinary antigen. Patients with pneumococcal pneumonia were collected before
starting the antibiotic treatment.

LTBI individuals were recruited from contact tracing studies with a positive TST and/or IGRA but without
clinical and radiological signs consistent with active TB. To perform the TST, we used a 2-TU dosage of PPD-
RT (Statens Serum Institut, Copenhagen, Denmark). The performance and interpretation of the results of the
Mantoux test were carried out following the Spanish guidelines*. IGRAs testing was performed using the com-
mercially available enzyme-linked immunosorbent assay (ELISA) QuantiFERON-TB Gold In-Tube test (QFT,
Qiagen, Hilden, Germany) and/or the Enzyme-Linked Immunospot (ELISPOT) assay T-SPOT.TB blood test
(T-SPOT.TB; Oxford Immunotec Ltd, Oxford, UK) following the manufacturer’s protocol. The LTBI patients
were included before starting chemoprophylaxis.

The uninfected individuals were volunteers with no evidence of M. tuberculosis infection and with negative
TST and IGRA tests.

Collection and preparation of urine samples for NMR analysis. We collected midstream urine sam-
ples from all participants of the study in sterile, universal plastic containers following standardised procedures'.
Urine samples were aliquoted into 2 ml cryovials with screw caps and frozen at — 20 °C until the NMR experi-
ments were performed. Before analysis, urine samples were thawed at room temperature and vortexed 30 s
before use. We then aliquoted 400 pl of urine samples into Eppendorf tubes and added 250 pl of 0.2 M phosphate
buffer solution containing 0.09% NaNj to adjust the internal pH to 7.4. We adjusted the axis of chemical shifts to
a signal reference at 0 ppm adding 0.3 mM trimethylsilyl propanoic acid (TSP) in deuterated water dissolution
in the preparation of sample. Azide was added during the preparation of the urine samples to avoid bacterial
contamination'. Buffered urines were vortexed for 30 s and centrifuged at 12,000g for 5 min. Then, we trans-
ferred 600 pl aliquot of the supernatant into 5 mm diameter NMR tubes (CortecNet, Les Ulis, France) for proton
("H) NMR acquisition. Figure 1 shows how many of these samples were analysed by HF and LF NMR.
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NMR spectral acquisition and processing. HF-NMR urine spectra were acquired using a Bruker
700 MHz NMR spectrometer (CNIO, Madrid, Spain) operating at a frequency of 697.87 MHz. Shimming and
NMR preparation time was reduced to a minimum, while the sample for NMR analysis was chilled to 4 °C to
minimise metabolic changes. The acquisition of the spectra was performed in accordance with the standard-
ised protocols previously described”. A number of bidimensional homonuclear and heteronuclear experiments
such as standard gradient-enhanced correlation spectroscopy (COSY), '"H-'H total correlated spectroscopy
(TOCSY), and gradient-selected heteronuclear single quantum correlation (HSQC) protocols were performed
to carry out component assignments. Between consecutive two-dimensional (2D) spectra, a control 'H NMR
spectrum was always measured. No gross degradation was noted in the signals of multiple spectra acquired
under the same conditions. Standard solvent-suppressed spectra were grouped into 32,000 data points, averaged
over 256 acquisitions. The data acquisition lasted a total of 13 min using a sequence based on the first increment
of the nuclear Overhauser effect spectroscopy (NOESY) pulse sequence to effect suppression of the water signal
(8= ~4.80 ppm). Sample acquisitions were performed using a spectral width of 8333.33 Hz prior to Fourier
transformation, and the free induction decay (FID) signals were multiplied by an exponential weight function
corresponding to a line broadening of 0.3 Hz.

LF-NMR urine spectra were acquired using a Magritek Spinsolve 60 Ultra Benchtop spectrometer (Magritek
GmbH, Aachen, Germany) at a frequency of 60 MHz using a one-dimensional presaturation (1D PRESAT)
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sequence to allow for efficient saturation of the water signal (8§ = ~4.95 ppm) following the previously described
procedures'®.

NMR data were processed and editing using MestReNova software (v.14; Mestrelab Research, Santiago
de Compostela, Spain) according to the established protocols described in a previous study”’. Metabolite sig-
nals of the spectra were shift-aligned using trimethylsilyl propanoic acid (TSP) as a reference signal standard
(8=0.00 ppm). From the raw NMR spectra, the chemical shift region from 5.00 to 5.20 ppm was excluded from
the analysis to remove the random effects of variation in the urine and water resonance suppression (8= 6.50
to 4.22 ppm). Similarly, the chemical shift region from 0 to 0.04 ppm containing the internal reference (TSP)
was excluded from the statistical analyses. Baseline correction was performed automatically using the ‘Withak-
ker Smoother’ algorithm. Binning (also known as bucketing) was applied to NMR spectra and data-reduced
to equal length integral segments (bins) of §=0.04 ppm to compensate variations in resonance positions. All
bins were normalized by the total sum of the spectral regions (each bin was divided by the sum of all the NMR
signals). Thus, the concentration of each metabolite was normalized by the urine concentration to compare these
concentrations (in arbitrary units) between samples. Relative intensity was calculated as the original intensity
normalized by total sum of the spectral regions to compensate urine concentration and to ensure that all obser-
vations were directly comparable.

Data analysis. Statistical analysis of the study population. A descriptive analysis of the subjects who par-
ticipated in the study was performed according to the study groups. Frequencies and percentages described the
qualitative variables, while the mean and standard deviation described the quantitative variables. For compari-
sons between study groups, we used the chi-squared test in the case of qualitative variables, and the analysis of
variance (ANOVA) in the case of quantitative variables. The level of significance was fixed at 0.05. Analyses were
performed using the statistical software IBM SPSS Statistics v.25 (SPSS, Chicago, US).

Statistical analysis of metabolomic data. Data from 'H NMR spectra were analysed in a multivariate manner
using the Metabonomic package of R software (rel.3.3.1)*®. NMR spectra were data-reduced to equal length
integral segments of §=0.04 ppm to compensate variations in resonance positions, and they were normalized
by total sum of the spectral regions. Prior to multivariate statistical analysis, spectral data were Pareto scaled®.
Unsupervised (blinded) data were analysed by PCA by the "prcomp" function from the statistical library and
supervised (unblinded) analysis was by PLS-DA by the "gpls" function from the "gpls" package allowing separa-
tion between no more than two classes of samples.

PCA was applied to represent the variance of all metabolomic variables present in the data-reduced NMR
spectra in a low-dimensional space (bins of §=0.04 ppm)*° to identify a differential metabolic pattern of TB to
be used as potential biomarkers for TB diagnosis. Thus, all the spectral regions grouped in bins of § =0.04 ppm
were transformed into a new set of orthogonal variables known as PCs. The first PC was defined by the spectral
profile (load) in the data describing most of the variation; the second PC, was the second-best profile describing
the variation, and so on, so that the retention of the variation present in the original variables decreased as we
went down the order.

The PCs are composed of the scores and loadings. On one hand, the scores hold information about the
samples (concentrations). Thus, PCA score plots of the first two or three PCs were used to visually observe the
differences between the samples and immediately display sample clustering patterns according to their elemental
composition®"*?, In addition, PCA score plots were used to highlight statistical outliers. We use the Mahalanobis
distance to confirm statistical outliers; this consists of calculating the distance from a data point to the centroid of
all samples. Mahalanobis distance was calculated for PC1, PC2, and PC3. A single case was considered a statistical
outlier if it was placed out of the tolerance ellipse of 97.5%”. On the other hand, the loadings hold information
about the variables of the data set (chemical changes), indicating the importance of each region in explaining the
variance between samples. Therefore, PCA loading plots were used to identify the multiple regions (§ =0.04 ppm
bins) of the 'H NMR spectra responsible for the separation between groups (the so-called metabolic fingerprint).
The spectral regions (potential biomarkers for TB diagnosis) selected from PCA loading plots were confirmed
by Hotteling’s T2 tests'®. Those regions outside the 95% tolerance ellipse were identified as the spectral regions
responsible for the metabolic differences in the PCA plots. Hotteling’s T2 test was applied for each PCA: (1) TB
and uninfected groups, (2) TB and pneumococcal pneumonia groups, and (3) TB and LTBI groups.

The identification of the metabolites corresponding to the metabolic fingerprint was performed using the
Human Metabolome Database®® and the characteristic cross-peaks from 2D HSQC spectra. The identified
metabolites were individually integrated for metabolic quantification applying the Global Spectral Deconvolu-
tion analysis algorithm provided by the MestReNova software and corrected by the multiplicity of the NMR
signal. Statistical significance was determined using a Bonferroni corrected Student’s t-test assuming significant
unequal corrected variance with p <0.05°%.

PLS-DA was applied by classifying patients into two groups®. We used the algorithm proposed by Ding and
Gentleman et al.*® (tolerance for convergence: 1x 10~%, the maximum number of iterations allowed: 100). The
number of PLS components used was chosen by the percentage of variance explained, the R2, and the mean
squared error of cross-validation graphics. Thus, PLS-DA was applied to the §=0.04 ppm bucketed NMR spectra
of the following groups: TB vs. pneumococcal pneumonia, TB vs. LTBI, and TB vs. uninfected. PLS-DA predic-
tive models were performed to assess and validate the diagnostic accuracy of the fingerprints of the metabolites
present used to discriminate TB cases from the control groups. Before the comparison between groups (TB vs.
pneumococcal pneumonia, TB vs. LTBI, and TB vs. uninfected), samples from each group were divided into
two sets: the training set (50%) and the test set (50%). For training purposes, the classification functions derived
from the probability of belonging to each group were computed with a number of random testing subjects. These
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classification functions were used afterwards to classify the rest of the subjects for internal validation. This process
was repeated 100 times with random permutations of the training and test sets to reduce type I errors®. The
percentages of correct classification were calculated as a measure of model performance.
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Urine NMR-based TB metabolic
fingerprinting for the diagnosis
of TB in children

Patricia Comella-del-Barrio™%*?, José Luis Izquierdo-Garcia®**'?, Jacqueline Gautier®,
Mariette Jean Coute Doresca®, Ramén Campos-Olivas®, Clara M. Santiveri,
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Tuberculosis (TB) is a major cause of morbidity and mortality in children, and early diagnosis and
treatment are crucial to reduce long-term morbidity and mortality. In this study, we explore whether
urine nuclear magnetic resonance (NMR)-based metabolomics could be used to identify differences

in the metabolic response of children with different diagnostic certainty of TB. We included 62

children with signs and symptoms of TB and 55 apparently healthy children. Six of the children with
presumptive TB had bacteriologically confirmed TB, 52 children with unconfirmed TB, and 4 children
with unlikely TB. Urine metabolic fingerprints were identified using high- and low-field proton NMR
platforms and assessed with pattern recognition techniques such as principal components analysis
and partial least squares discriminant analysis. We observed differences in the metabolic fingerprint of
children with bacteriologically confirmed and unconfirmed TB compared to children with unlikely TB
(p=0.041 and p =0.013, respectively). Moreover, children with unconfirmed TB with X-rays compatible
with TB showed differences in the metabolic fingerprint compared to children with non-pathological
X-rays (p =0.009). Differences in the metabolic fingerprint in children with different diagnostic
certainty of TB could contribute to a more accurate characterisation of TB in the paediatric population.
The use of metabolomics could be useful to improve the prediction of TB progression and diagnosis in
children.

One-quarter of the world’s population is infected with Mycobacterium tuberculosis, and 10 million people fell
ill with tuberculosis (TB) in 2019'. TB is also a major cause of morbidity and mortality in children, with an
estimated one million dying from TB each year'. Under-detection of childhood TB is common in low- and
middle-income countries? as its clinical presentation overlaps with other respiratory infections, children have
low sputum bacillary loads and are often unable to produce sputum, making its diagnosis difficult®*.
Metabolomics, or the systematic study of a unique chemical fingerprint present in a cellular system or bio-
fluid, increasingly allows discrimination between samples with different physiological or pathological states®.
These fingerprints can be measured in biological samples, such as urine, serum or plasma, using non-invasive
methods such as nuclear magnetic resonance (NMR) spectroscopy®, and have been used to monitor metabolic
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Variable | All (n=117) | Presumptive TB (n=62) | Controls (n=55) | p-value

Gender 0.717
Girls 49 (41.9%) 25 (40.3%) 24 (43.6%)

Boys 68 (58.1%) 37 (59.7%) 31(56.4%)

Age in years

Mean (SD) 6.89 (3.56) 7.28 (4.05) 6.45 (2.90) 0.203
Range 0.640
<5 40 (34.2%) 20 (32.3%) 20 (36.4%)

>5 77 (65.8%) 42 (67.7%) 35 (63.6%)

BCG scar 0.259
Yes 81 (69.2%) 43 (69.4%) 38 (69.1%)

No 30 (25.6%) 14 (22.6%) 16 (29.1%)

Unknown 6 (5.1%) 5(8.1%) 1(1.8%)

Table 1. Demographic and clinical characteristics of the study participants. Categorical variables expressed
as number of subjects (n) and percentage (%), and quantitative variables expressed as median and standard
deviation (SD). TB tuberculosis, BCG Bacillus Calmette-Guérin.

changes over time induced by pathogens’. Furthermore, the application of metabolomics to low-field (LF) NMR
spectrometry has facilitated the development of smaller platforms suitable for primary and secondary medical
centres laboratories®. In recent years, metabolomics has facilitated gaining insights into TB pathogenesis!’,
disease progression, and evaluation of treatment responses’!.

A few studies have focused on the discovery of urine-based biomarkers for TB diagnosis. Urine is a non-
invasive sample that requires minimal preparation'? and would be an easily obtained clinical sample for diagnosis,
especially for individuals unable to produce sputum, such as children. In this study, we aimed to describe a urine

proton (1H) NMR-based metabolic fingerprint for the diagnosis of TB in children.

Results
One hundred and seventeen children were included, of which 62 had presumptive TB and 55 were apparently
healthy (controls). Sixty-eight (58.1%) were male, and their mean (SD) age was 7 (3.6) years (Table 1). There were
no sex or age differences between children with presumptive TB and controls. Eighty-one (69.2%) participants
had received the Bacillus Calmette et Guérin (BCG) vaccine and had a BCG scar (Table 1). Among the 62 children
with presumptive TB, 6 had bacteriologically confirmed TB, 52 unconfirmed TB (bacteriologically negative)
and four were considered to be unlikely to have TB (unlikely TB), as described in Table 2. Eighteen (29%) of the
62 children with presumptive TB had X-rays compatible with intrathoracic TB, nine (14.5%) had X-rays and
clinical findings of extra-thoracic TB, and four (6.5%) had both intra- and extra-thoracic TB. Thirty-one (50%)
children’s X-rays were considered inconclusive. Fifty-seven (91.9%) children had positive tuberculin skin test
(TST, 54, 88.5%) and/or QuantiFERON-TB Gold In-Tube test (QFT-GIT, 39, 70.9%), with 63.2% (36/57) agree-
ment between the tests. Fifty-three (85.5%) had documented exposure to an index case of TB. Seven (11.3%) of
the 62 children had five clinical criteria of TB, while 21 (33.9%) had four, 28 (45.2%) had three, and six (9.7%)
had two clinical criteria.

Thirty-one (43.6%) of the 55 controls were male, and their mean (SD) age was 6.5 (2.9) years, as shown in
Table 1.

Performance of the TB metabolic fingerprinting. The metabolic fingerprint of the urine samples
(n=117) were measured using both high-field (HF) and LF 1H NMR spectroscopy, as detailed in Fig. 1. Repre-
sentative spectra obtained with the HF and LF 1H NMRs are shown in Supplementary Fig. 1.

An unsupervised principal component analysis (PCA)" was applied to the HF 1H NMR urine spectra of the
six bacteriologically confirmed, 52 unconfirmed and four unlikely TB, and the 55 controls not showing clustering
patterns between samples. Two children’s samples (one bacteriologically confirmed TB and one control) were
considered outliers in the PCA score plot and were excluded'* (Supplementary Fig. 2). A supervised partial least
squares discriminant analysis (PLS-DA) was applied to identify a discriminatory metabolic pattern between
presumptive TB and control groups to the remaining 115 urine samples. We observed groupings along the
scores of the first component of the PLS-DA (PLS-DA component 1) (Fig. 2). The robustness parameters of the
HF PLS-DA model were tested by Leave-One-Out Cross-Validation (LOOCYV) using the PLS-DA component
1 showing a performance accuracy to discriminate between presumptive TB and controls of 0.68, with R2 and
Q2 values of 0.61 and 0.13, respectively; and an Area Under the Curve of Receiver Operating Characteristic
(AUC-ROC) 0f 0.65. The Variable Importance in Projection (VIP) scores for the PLS-DA component 1 identified
the main spectral regions of the metabolic fingerprint to differentiate between children with presumptive TB
and controls (Supplementary Table 1). There was a trend in the PLS-DA component 1 scores with the certainty
of TB diagnosis (Fig. 2). Thus, children with bacteriologically confirmed (n=5) and unconfirmed TB (n=>52)
had higher median PLS-DA component 1 scores (883.3+751.1 and 913.3+716.6) than children with unlikely
TB (n=4; - 385.2+417.3) (p=0.026 and p =0.005, respectively; Fig. 3a). The PLS-DA component 1 scores also
varied with the number of clinical criteria for TB. Children with five (n=7), four (n=21), and three (n=27)
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Gender 0.742

Girls 25 (40.3%) 2(33.3%) 22 (42.3%) 1(25.0%)

Boys 37 (59.7%) 4(66.7%) 30 (57.7%) 3 (75.0%)

Age in years

Mean (SD) 7.3 (4.1) 6.7 (3.9) 7.0 (4.0) 11.6 (3.3) 0.090

Range 0.250

<5 20 (32.3%) 3(50.0%) 17 (32.7%) 0 (0.0%)

>5 42 (67.7%) 3(50.0%) 35 (67.3%) 4(100.0%)

BCG scar 0.540

Yes 43 (69.4%) 4(66.7%) 37 (71.2%) 2 (50.0%)

No 14 (22.6%) 2(33.3%) 10 (19.2%) 2 (50.0%)

Unknown 5 (8.1%) 0(0.0%) 5 (9.6%) 0 (0.0%)

TB type <0.001 =

Intrathoracic 18 (29.0%) 2(33.3%) 16 (30.8%) 0 (0.0%) %_"

Extrathoracic 9 (14.5%) 1(16.7%) 8 (15.4%) 0(0.0%) -

Both 4(6.5%) 3(50.0%)*° 1(1.9%)° 0 (0.0%)° 'C

Not defined 31 (50.0%) 0(0.0%)>° 27 (51.9%)* 4(100.0%)° =

Immunologic evidence of M. tuberculosis infection 0.619 ;

Yes 57 (91.9%) 5 (83.3%) 48 (92.3%) 4(100.0%) ;ZU

No 5 (8.1%) 1(16.7%) 4(7.7%) 0 (0.0%) &

TB exposure 0.001 %

Yes 53 (85.5%) 2(33.3%)"° 47 (90.4%)* 4(100.0%)° E]

No 9 (14.5%) 4(66.7%)>° 5 (9.6%) 0 (0.0%)° g’

Symptoms/signs suggestive of TB 0.006 gr—

<2 32 (51.6%) 0(0.0%)"* 28 (53.8%)* 4(100.0%)° g

>3 30 (48.4%) 6(100.0%)*® 24 (56.2%)° 0 (0.0%)° i

Lymphadenopathy 0.092 2

Yes 22 (35.5%) 4(66.7%) 18 (34.6%) 0 (0.0%) g

No 40 (64.5%) 2(33.3%) 34 (65.4%) 4(100.0%) 5'_

Chest radiograph 0.006 =

Abnormal 30 (48.4%) 6(100.0%)*® 24 (46.2%)° 0 (0.0%)° §‘

Normal 32 (51.6%) 0(0.0%)>° 28 (53.8%)* 4(100.0%)° =

Response to TB treatment <0.001 CQD_.

Treatment completed | 52 (83.9%) 5 (83.3%)* 47 (90.4%)° 0 (0.0%)>® u§

Lost to follow-up 8 (12.9%) 0(0.0%)* 4(7.7%)° 4 (100.0%)>® 2

Died 2(3.2%) 1(16.7%) 1(1.9%) 0 (0.0%) o

Anti-TB treatment or preventive treatment 0.302 ?;i?

Under treatment 24 (38.7%) 4 (66.7%) 19 (36.5%) 1 (25.0%) 5

Untreated 38 (61.3%) 2(33.3%) 33 (63.5%) 3 (75.0%) ‘_3’-

=

Table 2. Demographic information and clinical criteria of children with presumptive TB. *"Significant g

differences in variables when comparing proportions between study groups. If a pair of values is significantly
different, the values have the same superscript letters assigned to them. Bold values, significative statistical
values with a p-value under 0.05. Categorical variables expressed as number of subjects (n) and percentage (%),
and quantitative variables expressed as median and standard deviation (SD). TB tuberculosis, BCG Bacillus
Calmette-Guérin.

clinical criteria had significantly higher median PLS-DA component 1 scores (1262.4+649.8, 1062.7 +839.3,
and 736.3 + 644.6, respectively) than children with two (n=6) criteria (- 100.5+582.7) (p=0.014, p=0.007,
and p=0.021, respectively; Fig. 3b). Children with unconfirmed TB with X-rays compatible with TB (n=24)
had higher PLS-DA component 1 scores than unconfirmed cases with normal X-rays (n=28) (1080.8 +736.3
and 796.2 +634.4) (p=0.043).

If children who had already started treatment (for less than 15 days) are excluded from the analysis (4 con-
firmed TB, 19 unconfirmed TB and 1 unlikely TB), children with bacteriologically confirmed TB or unconfirmed
TB still had significantly higher median PLS-DA component 1 scores (1333.4 +636.5 and 480.3 + 508.5, respec-
tively) than children with unlikely TB (- 437.9 +125.1) (p=0.005 and p =0.010, respectively; Fig. 4).

The PCA applied to the 117 LF 1H NMR acquired urine fingerprints detected eight outliers (two bacteriologi-
cally confirmed TB, 4 unconfirmed TB and two controls), which were excluded from the PLS-DA (Supplementary
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Figure 1. Description of the children who participated in the study according to the nuclear magnetic
resonance equipment used to acquire the urine samples spectra and the classification of the patients in the study
group. NMR nuclear magnetic resonance, HF high-field, LF low-field, TB tuberculosis.

Fig. 3). A PLS-DA was applied to the remaining 109 urine fingerprints to identify a discriminatory metabolomic
pattern between presumptive TB and control groups. We observed groupings between presumptive TB and
control groups along the scores of the first component of the PLS-DA (PLS-DA component 1) (Fig. 5). PLS-DA
component 1 scores were higher in children with presumptive TB than controls. The robustness parameters
of the LF PLS-DA model were tested by LOOCV using the PLS-DA component 1 (performance accuracy to
discriminate between presumptive TB and controls =0.70, R2=0.76, Q2=0.08, and AUC-ROC=0.65). Supple-
mentary Table 1 shows the VIP for PLS-DA component 1 responsible for differentiating between children with
presumptive TB and controls. Children with bacteriologically confirmed TB (n=5) had higher median PLS-DA
component 1 scores (825.2 + 1236.52) than children with unlikely TB (n=3; — 316.5+ 1464.3) (p=0.040 Fig. 6a).
The PLS-DA component 1 scores also varied with the number of clinical criteria for TB. Children with five (n=6)
clinical criteria had significantly higher median PLS-DA component 1 scores (1426.1+1088.1) than children
with two (n =5) criteria (— 46.3 £ 1229.8) (p =0.009; Fig. 6b). The median PLS-DA component 1 scores among
children with unconfirmed TB with compatible TB X-rays (n=23) and normal X-rays (n=28) were similar
(1518.7£1136.3 and 1920.1+ 1419.3) (p=0.643).
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Figure 2. Partial least squares discriminant analysis (PLS-DA) score plot of urine spectra measured using
high-field proton (1H) nuclear magnetic resonance spectroscopy of children with presumptive TB (n=61) and
healthy children (n=54). Two-dimensional view showing the distribution of the groups according to the first
two components of the PLS-DA model. TB, tuberculosis. Metaboanalyst 5.0. (https://www.metaboanalyst.ca).
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Figure 3. Association between partial least squares discriminant analysis (PLS-DA) scores and (a) study
groups, and (b) the number of clinical criteria compatible with TB in 115 urine spectra acquired by high-field
proton (1H) nuclear magnetic resonance. The central horizontal line within the boxes represents the median.
The boxes comprise the first and third quartiles, the tiles indicate the maximum and minimum values, and the
asterisk indicates statistically significant differences (p-value<0.05) between groups. TB: tuberculosis; PLS-DA
1, the first component of the PLS-DA model. IBM SPSS Statistics 26 (https://www.ibm.com).
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Figure 4. Association between partial least squares discriminant analysis (PLS-DA) scores and study groups
in 92 urine spectra of children without TB-treatment acquired by high-field proton (1H) nuclear magnetic
resonance. The central horizontal line within the boxes represents the median. The boxes comprise the first
and third quartiles, the tiles indicate the maximum and minimum values, and the asterisk indicates statistically
significant differences (p-value <0.05) between groups. TB tuberculosis; PLS-DA 1, the first component of the
PLS-DA model. IBM SPSS Statistics 26 (https://www.ibm.com).
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Figure 5. Partial least squares discriminant analysis (PLS-DA) score plot of urine spectra measured using
low-field proton (1H) nuclear magnetic resonance spectroscopy of children with presumptive TB (n=56) and
healthy children (n=53). Two-dimensional view showing the distribution of the groups according to the first
two components of the PLS-DA model. TB, tuberculosis. Metaboanalyst 5.0. (https://www.metaboanalyst.ca).
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Figure 6. Association between partial least squares discriminant analysis (PLS-DA) scores and (a) study
groups, and (b) the number of clinical criteria compatible with TB in 109 urine spectra acquired by low-field
proton (1H) nuclear magnetic resonance. The central horizontal line within the boxes represents the median.
The boxes comprise the first and third quartiles, the tiles indicate the maximum and minimum values, and the
asterisk indicates statistically significant differences (p-value <0.05) between groups. TB: tuberculosis; PLS-DA
2, the second components of the PLS-DA model. IBM SPSS Statistics 26 (https://www.ibm.com).

Discussion

Early diagnosis and treatment are crucial to stop the epidemic of childhood TB?. The search for biomarkers in
non-invasive biological samples as alternatives to sputum is needed to improve the diagnostic sensitivity of TB
in this population®'>. We report here a urine NMR-based metabolic fingerprint associated with bacteriologically
and clinically diagnosed TB in children'®.

Recently, the detection of TB from Xpert MTB/RIF (Cepheid, Sunnyvale, CA, USA) in urine has been evalu-
ated in children'’; however, the results have not achieved the accuracy desired to improve TB diagnosis in this
population. Other emerging alternative diagnostic include Fujifilm SILVAMP TB (FujiLAM, Fujifilm, Tokyo,
Japan), a new assay generation for detecting lipoarabinomannan (LAM) in urine'®'. In studies evaluating
FujiLAM in children, the sensitivity and specificity reported were 50% and 92%, respectively, in a South African
cohort, and 64.9% and 83.8%, respectively, in a multicentre evaluation in Africa ?>*!. Despite its low sensitivity,
its high specificity could help confirm the disease in children with a high probability of TB (e.g. children living
in high-TB burden areas and those with HIV or malnutrition).

Biofluid metabolomics provides a snapshot of all the mechanisms that act during the disease, thus facilitat-
ing understanding the interaction between host and pathogen during infection and TB disease progression®>*.
Previously, metabolomic profiles have been described in serum?*~?° and plasma?*?>*3! by NMR spectroscopy
and mass spectrometry for the prediction and detection of TB. In children, two studies have reported different
metabolomic profiles for TB detection in plasma®? and serum® analysed by 1H NMR spectroscopy. However,
neither of these studies reported whether the metabolic profile could discriminate between children with dif-
ferent diagnostic certainty of TB*. We have previously identified an NMR-based metabolomic profile in urine
to diagnose TB in adults® and here we extend their potential application to the diagnosis of TB in a paediatric
population and we have demonstrated differences in the urinary metabolic fingerprint of children with different
certainty in the TB diagnosis.

TB in children is characterized by a continuum of conditions correlated with bacterial load, host immune
responses, clinical manifestation, and the detection of M. tuberculosis®. Inflammatory host biomarkers in plasma
have potential to discriminate latent TB infection from overt TB in children, and to identify the onset of TB
disease ***¥’. During latent infection, the host is able to contain the infection, the bacteria has restricted metabolic
activity and there are no clinical manifestations. However, with progression to active TB, the infection overcomes
the host immune system, the bacilli replicate, and the increased metabolomic activity of the mycobacteria modi-
fies the tissues physiopathology, with changes in the host metabolome. The metabolic fingerprinting analysed
by HF 1H NMR spectroscopy showed metabolic differences between children with presumptive TB with two or
fewer clinical criteria and three or more clinical criteria. Moreover, children with high diagnostic certainty of TB
showed metabolic fingerprints similar to that of children with bacteriologically confirmed TB. This metabolic
response could be attributed to the physiological stimuli that occurs during disease progression®*,

The paucibacillary nature of TB in children, combined with the limitation of current microbiological methods,
results on a high dependence on chest X-rays for diagnosis®. In this study, children with unconfirmed TB and
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abnormal X-rays had differences in their metabolic fingerprint compared with those with normal X-rays. The
differences in the metabolic fingerprint are consistent with studies interpreting the occurrence of radiological
features from the pathway of incipient TB infection to subclinical and symptomatic TB**!,

One limitation of this study is the low confirmation rate of TB (8% and 7% in HF and LF NMR metabolic
fingerprint approach, respectively). This low rate, together with the inherent resonance overlap phenomenon in
LF spectrometers (60 Hz)*’ might have hindered the pattern recognition process in the LF metabolic fingerprint-
ing approach, losing its discriminatory power between the study sub-groups with presumptive TB. The compact
and portable size and the successful performance of this approach, demonstrated in previous studies®**, makes
LF benchtop NMR-based metabolic fingerprinting a promising diagnostic tool. However, further analysis with a
larger group of children with confirmed TB is needed to evaluate the full potential of this approach in children as
the small final number of bacteriologically confirmed TB cases (9.7%) in our study, prevented the development
of a TB-specific discriminatory model.

In summary, this study identified an association between the urine NMR-based metabolic fingerprint and the
clinical case definitions used for the classification of TB in children, and observed differences in the metabolic
response of children with different diagnostic certainty of TB. This finding could contribute to the identification
and classification of childhood TB, which would improve the characterization of the clinical spectrum of the
disease and the search for new diagnostic and prognostic biomarkers of TB in children.

Methods

This was a prospective case series of children aged 0 to 14 years old with presumptive TB attending the St. Damien
Paediatric Hospital, Port-au-Prince, Haiti, in 2015 and 2016, and healthy children attending a local primary
school in the same neighbourhood.

Clinical and demographic information obtained at the time of enrolment included age, sex, weight, medical
history and clinical presentation (history and exposure of TB, presence of cough, fever for >2 weeks, unexplained
weight loss, and asthenia/fatigue, TB treatment, HIV status, and comorbidities), vaccines received (including
BCG), and current and previous medications. Children with known immunodeficiencies, those receiving immu-
nosuppressive treatment, or those starting TB treatment more than 15 days ago were excluded. The Mantoux
TST (Sanofi Pasteur, Canada) and the QFN-GIT (Qiagen, Germany) assays were performed and interpreted
according to the manufacturer’s instructions.

All children with presumptive TB had a chest X-ray and induced or aspirated nasopharyngeal/nasogastric spu-
tum collected on three consecutive days. Sputum was examined using fluorescent smear microscopy (auramine
stain). Children with positive smear microscopy or abnormal X-rays were tested with Xpert MTB/RIE Children
with lymph node adenopathy underwent biopsies, and specimens underwent histological examination from a
pathologist.

Children with presumptive TB were classified, following the updated clinical case definitions for classifica-
tion of intrathoracic TB in children into confirmed, unconfirmed, and unlikely TB'®. Children were classified as:
confirmed TB, if bacteriological confirmation was attained by Xpert MTB/RIF; unconfirmed TB, if there was not
bacteriological confirmation, but evidence of M. tuberculosis infection (i.e., TST or QFT-GIT positive) and at least
one clinical criteria of the clinical case definition (i.e., X-ray consistent with TB, symptoms and signs suggestive
of TB, close TB exposure, or positive response on TB treatment), or two clinical criteria, if TST and QFT-GIT
results were negative. Children were considered unlikely TB if the child had only evidence of M. tuberculosis
infection or presented only one clinical criterion compatible with TB. School children were enrolled as controls
if they had negative TST and QFT-GIT and no signs or symptoms of TB.

Urine collection. Midstream urine samples were collected from all participants in sterile plastic containers
following standardized procedures'. In children who attended the hospital, urine samples were collected within
the first week of the TB diagnosis. Two millilitres of urine were aliquoted in cryovials with screw caps that were
frozen at — 20 °C until the IH NMR analysis. According to a protocol established in a previous study*, 400 ul of
urine were mixed with either 200 pl of the standard deuterated buffer for HF 1H NMR measurements or 250 pl
for LF 1H NMR measurements. The standard deuterated buffer was a 0.2 M phosphate buffer solution dissolved
in 99.9% deuterated water to adjust the internal pH to 7.4, containing 0.09% sodium azide and 0.3 mM tri-
methylsilyl propanoic acid (TMSP). Six hundred pl of buffered urine was transferred into 5 mm diameter NMR
tubes (CortecNet, Les Ulis, France) for IH NMR spectra acquisition.

Acquisition of NMR spectra. All 1H NMR urine spectra were measured following the procedures previ-
ously described”*? using two different instruments operating at HF and LE respectively: (1) a Bruker Avance
700 MHz spectrometer at a 1H frequency of 700 MHz (CNIO, Madrid, Spain) and (2) a Magritek Spinsolve
60 Ultra benchtop NMR spectrometer at a 1H frequency of 60 MHz (Magritek GmbH, Aachen, Germany).
Briefly, HF 1H NMR spectra were measured using a pulse sequence based on the first increment of the
nuclear Overhauser effect spectroscopy (NOESY) with pre-saturation to effect suppression of the water signal
(8= ~4.80 ppm). The spectra were acquired using the following parameters: 32,000 data points over a spectral
width of 8,333.33 Hz and 256 scans resulting in acquisition times of 13 min per sample. LF 1H NMR spectra
were measured using a one-dimensional presaturation (1D PRESAT) sequence to allow for efficient saturation of
the water signal (8= ~4.95 ppm). The spectra were acquired using the following parameters: 64 scans, an acqui-
sition time of 6.4 s, and shimming of the sample after each new one to maintain a line width below 0.55 Hz. Data
were zero-filled before Fourier transformation, and free induction decays (FIDs) were multiplied by exponential
line broadening of 0.3 Hz.
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Processing spectral data. Spectral data were processed using the MestReNova program (v.14; Mestre-
lab Research, Santiago de Compostela, Spain). According to the established protocols described in previous
studies®*?, metabolite signals of the spectra were shift-aligned using TMSP as a reference signal standard
(8=0.00 ppm), and the chemical shift regions of the raw HF 1H NMR spectra from 6.50 to 4.22 ppm were
excluded from the analysis to remove the random effects of variation in urea and water resonance suppression®**2,
Then, the chemical shift region around 0.00 ppm containing the internal reference (TMSP) was excluded, and
baseline correction was performed using the ‘Withakker Smoother’ algorithm®**?. Binning (also known as buck-
eting) was applied to 1H NMR spectra and data-reduced to equal length integral segments (bins) of 0.04 ppm to
compensate variations in resonance positions. All bins were normalized by the total sum of the spectral regions
(each bin was divided by the sum of all the 1H NMR signals) **2. Thus, the concentration of each metabolite was
normalized by the urine total metabolite content to compare these concentrations (in arbitrary units) between
samples***2, Before multivariate statistical analysis, spectral data were Pareto scaled'®, where the square root of
the standard deviation is used as the scaling factor.

Multivariate analysis of spectral data. Processed IH NMR data were analysed in a multivariate manner
using the Metabonomic package of R software (rel.3.3.1)****> and MetaboAnalyst v.5.0%. The analysis included
all urine spectra acquired using the HF and LF 1H NMR equipment. Graphs were plotted using SPSS statistical
software for windows (SPSS version 26; SPSS Inc, Chicago, IL, USA).

Unsupervised data were analysed by applying the PCA to reduce the dimensionality of NMR-processed data
and to observe clustering patterns according to their elemental composition'*'*. In addition, PCA score plots
were used to highlight statistical outliers based on Mahalanobis distance. Mahalanobis distance was calculated
from the data point to the centroid of all samples in PC1, PC2, and PC3 three-dimensional space. A single case
was considered a statistical outlier if it was placed out of the tolerance ellipse of 97.5%*.

Supervised PLS-DA'® was applied to the metabolic fingerprint of children with presumptive TB and con-
trols to detect a discriminatory metabolic pattern between groups. Thus, all spectral regions grouped in bins of
0.04 ppm were transformed into a new set of orthogonal components obtained by maximising the covariance
between spectral data and the class membership (presumptive TB and controls).

The robustness of the HF and LF PLS-DA models using the PLS-DA component 1 was validated using the
LOOCYV procedure (performance accuracy, R2, Q2, AUC-ROC). The VIP scores for PLS-DA were calculated
to identify the spectral regions of the metabolic fingerprint most important for differentiating between children
with presumptive TB and controls. Statistical significance was determined using Students t-test.

Since PLS-DA scores were trained to maximise the covariance between spectral data and class membership
(presumptive TB vs controls), we hypothesised that the same PLS-DA scores should be sensitive also to differ-
ences within the group of children with presumptive TB (sub-categorised into bacteriologically confirmed TB,
unconfirmed TB, and unlikely TB). Thus, the resulting PLS-DA component 1 (first latent variable) scores were
used to evaluate metabolic differences between children with presumptive TB classified according to the stand-
ardized case definitions for TB and with the number of clinical criteria of TB.

Statistical analysis. Clinical and demographic characteristics were described using descriptive statistics.
Categorical variables were described using frequencies and percentages, while continuous data were described
using means and standard deviations (SD). Variables normally distributed were compared using parametric
tests, including analysis of variance, and Student’ T-tests, and with non-parametric tests for comparisons of
proportions. Comparison of PLS-DA scores among the children with presumptive TB groups and clinical crite-
ria score groups were performed using the Kruskal-Wallis test with Dunn’s post hoc comparisons. Differences
were considered statistically significant when a p-value was<0.05. Analyses were performed using the SPSS 26
software package (SPSS, Chicago, USA).

Ethical statement. The study protocol was approved by the ethical review board of the Ethics Commit-
tee of the University of Barcelona and the Haiti National Ethics Committee (reference number IRB00003099).
Written informed consent was obtained from the children’s parents or legal guardians before enrolment. Sample
collection and all experiments were performed in accordance with relevant guidelines and regulations.
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Abstract

Surveillance during tuberculosis (TB) treatment is essential to monitor treatment adherence and
response. We have characterised a urine metabolic fingerprint of patients successfully
responding to anti-TB treatment to provide a baseline for further studies evaluating treatment
outcome.

This was a case series of adults with drug-sensitive pulmonary TB (DS-TB) and healthy controls.
Individuals with DS-TB received the standard 2-month intensive phase (isoniazid, rifampicin,
pyrazinamide, and ethambutol) and the 4-month continuation phase (isoniazid and rifampicin).
Urine samples were collected at start of treatment and at two, four- and six-months treatment. All
patients were considered clinically and microbiologically cured at the end of treatment. We
characterized the urinary metabolomic profile using Nuclear Magnetic Resonance (NMR)
spectroscopy and estimated their principal component analysis (PCA) scores to identify
differences between samples. We compared the PCA scores of patients with TB and healthy
cantrals.

The scores of patients with DS-TB were different from controls at the start of treatment and then
changed over time. At the end of treatment, the scores of patients and controls were similar.

The urine metabolic fingerprint can differentiate patients with and without TB at the start of
treatment. The scores changed over the course of treatment. This baseline can be used to

compare how the metabolic scores differs from patients with poor treatment cutcome.

Keywords: Tuberculosis, Metabolomics, Biomarker, Nuclear Magnetic Resonance, Urine, Anti-

tuberculosis therapy, follow-up, Mycobacterium tuberculosis, Metabolites



Results

Introduction

The emergence of drug-resistant tuberculosis (DR-TB) presents a challenge to TB control
with an increase in treatment failure [1]. Surveillance during TB treatment is essential to ensure
treatment adherence and to monitor treatment response [1,2]. Detecting viable Mycobacterium
tuberculosis bacilli in sputum is cumbersome. Sputum may contain contagious dormant and
viable mycobacteria along with dead mycaobacteria [3]. As smear microscopy with auramine or
Ziehl-Neelsen staining is unable to distinguish them [4], additional laboratory protocols are
required to detect the bacilli that are live [5] or metabolically active [3]. New approaches are thus
needed to monitor treatment responses of patients with TB.

Metabolomics can be used to obtain afingerprint of the metabolites present in a biological
sample and this fingerprint varies in response to host-pathogen interactions [6—8]. We have
previously characterised a nuclear magnetic resonance (NMR)-based metabolomic profile in
urine as biomarkers able to differentiate patients with TB from patients with pneumococcal
pheumania and between individuals with latent TB infection and uninfected individuals [9].
Recently, compact NMR instruments have become available, facilitating the application of
metabolomics outside reference and research laboratories [10,11]. Metabolomics therefore could
be useful for the rapid identification of markers of TB treatment, which could facilitate treatment
mohitoring. In this proof of concept, we aimed to describe the urinary metabolic fingerprint of TB
patients over the course of treatment of patients receiving TB treatment over the intensive and
continuation phase for DS-TB. This information would be useful to later compare changes in the
fingerprint during the course of treatment among patients with successful treatment and patients

with poor treatment outcome.

Materials and Methods

This proof of concept study was based on NMR urine spectra obtained through a study
of patients with TB and uninfected individuals (controls) [12]. Patients with pulmonary TB (PTB)
were inpatients of the Clinical Unit of the Serveis Clinics in Barcelona, Spain. Controls were
individuals attending the University Hospital of Germans Trias i Pujol (Hospital Universitari
Germans Trias i Pujol [IGTP]) and the TB Unit of the University Hospital Vall d'Hebron (Unitat de
Tuberculosis de Drassanes de 'Hospital Universitari Vall d'Hebron) [12].

Patients with PTB were confirmed by culture and/or Xpert MTB/RIF and underwent
phenotypic drug susceptibility testing (DST). Controls had negative tuberculin skin tests (TST)
and interferon-gamma release assays (IGRAs). Patients with PTB received a 2-month intensive
phase of isoniazid, rifampicin, pyrazinamide, and ethambutol and 4- or 7-month continuation
phase of isoniazid and rifampicin. The duration of the continuation phase treatment varied
according to the negative culture test results of the patients. Patients were considered to have a
successful outcome if they completed treatment, had a negative culture and resolved symptoms
[13]. Adults with known immunodeficiencies, immunosuppressive treatment, extrapulmonary

forms of TB or drug resistance were excluded.
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Demographic and clinical data included age, sex, comorbidities, history of TB,
immunological evidence of TB infection, anatomical site of the disease, anti-TB treatment
received, and treatment outcome.

All participants were asked to collect urine samples in sterile plastic vials. Urine samples
from patients with PTB were collected serially from the start of treatment and at 0-2, 3-5, and 6-
9) months follow up. Fresh samples were kept cold and transferred to the IGTP Research
Institute, where they were aliquoted and frozen at -20°C until analysis [14].

Before NMR processing, 400 pl of urine were mixed with 250 pl of 0.2 M phosphate buffer
solution dissolved in 99.9% deuterated water to adjust the internal pH to 7.4, containing 0.09%
sodium azide and 0.3mM trimethylsilyl propanoic acid (TMSP). Spectrometry was conducted with
a Magritek Spinsolve 60 Ultra benchtop NMR spectrometer operating at 60MHz (Magritek GmbH,
Aachen, Germany) as previously described [11,12,15] and the spectra generated were processed
as previously described [9,15]. NMR spectra were data-reduced using bins of equal length integral
segments (0.04 ppm) to compensate variations in resonance positions, and were normalized by
the sum of the spectral regions. Bins were divided by the sum of all the NMR signals [9,15]. Before
multivariate analysis, spectral data were Pareto scaled [16] to nhormalize different bins/signals to
unit variance.

Categorical data were described using frequencies and percentages and continuous
variables were described as means and standard deviations (SD). Chi-Square and Fisher's exact
tests were used to test differences among categorical variables and Student's T-tests for
cantinuous variables with normal distributions. Differences with P-values < 0.05 were considered
statistically significant. Analysis were performed using SPSS (SPSS version 26.0, SPSS Inc,
Chicago, IL, USA).

The multivariate analysis of the spectral data was analysed by the Metabonomic package
in R (rel.3.3.1) to develop a fingerprint of the metabolic composition in urine [8]. Graphs were
plotted using SPSS. Unsupervised principal component analysis (PCA) were applied to all spectra
to observe clustering patterns according to their elemental composition [17,18]. Reduced spectra
were transformed into a new set of orthogonal variables known as principal components (PCs)
defined by the scores (holding information on sample concentrations) and loadings (holding
information on chemical shifts in the dataset). The first PC (PC1) represented the axis describing
most of the variation in the samples. Assuming that the PCA scores should be sensitive to
metabolomic changes as treatment progresses and the disease resolves, we used PC1 scores
to observe these differences during treatment. The PC1 scores of patients and controls were
measured using the Kruskal-Wallis test. Significance values were adjusted by the Bonferroni
correction [19].

The study protocol was approved by the Ethics Committees of the University Hospital of
IGTP and the participating health care centres (reference number CEI-PI-15-073). Written

informed consent was obtained from all participants.
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We included nine patients with PTB with DS-TB and nine controls. Nine of the cases and
two of the controls were men (Table 1). Patients with PTB had a mean (SD) age of 44 (16) years,

and three (23%) had received treatment for TB in previous occasions.

Table 1. Characteristics of participants

Variable Pulmonary TB (n=9) Controls {(n=9) p-value
Men 9 {(100%) 2(22.2%) <0.01
Mean age £ SD 44.3 (16.4) 46.8 (20.5) 0.784
History of previous TB treatment 3({23.1%) 0 {0.0%) 0.103

PCA was applied to 37 urine spectra, of which 28 were from nine patients with PTB and

the nine were from controls, as shown in table 2.

Table 2. Time of urine sample collection

Duration of TB treatment (in menths)
0mo. 1 mo. 2 mo. 3 mo. 4 mo. 5 mo. 6 mo. 7 mo. 8 mo. 9mo.

Patient 1 1 2 1

Patient 2 1 1

Patient 3 1 1 1 1 1
Patient 4 1 1

Patient 5 1 1 1

Patient 6 1 1 1

Patient 7 1 1 1

Patient 8 1 1 1

Patient 9 1 1 1

Controls -

The PCA showed a statistically significant polarisation in the PC1 scores between cases
and controls (p=0.014). Patients receiving TB treatment in the intensive phase (months 0-2) had
significantly higher median metabolomic scores (30.1+151.2) than controls (-168.2+41.8)
{p=0.011). The metabolomic profile changed over time. The median scores at months 3-5 were
lower than during the intensive phase {-101.0+118.0), and these in turn were higher than the
scores after 6-9 of treatment (-125.3178.2), although these differences were not statistically
significant (p = 0.263 and 0.373, respectively). At the end of treatment, patients with PTB had

similar scores than controls (Figure 1).

Figure 1. Box plot of the principal component scores of patients with PTB and controls.
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4. Discussion

The low-field NMR fingerprint in urine of patients with TB changed over time after initiation
of TB treatment. In the early stages of treatment, all patients had urine metabelic profiles
consistent with disease. However, as treatment progressed, the differences in the metabolomic
scores of patients and controls decreased, and at the end of treatment patients and controls had
similar profiles.

The development of omics technologies {(genomics, transcriptomics, proteomics,
metabolomics) in recent years has driven the application of systems biology in TB biomarker
research for disease prediction and TB treatment response and outcomes [20]. However, few
metabolomics studies have focused on monitoring treatment response [21-24]. In two African
cohorts of adults with recently diagnosed TB monitored during treatment, a set of urinary
molecular signatures were identified by liquid chromatography-mass spectrometry (LC-MS3) that
changed in abundance as TB treatment progressed [22]. The change in the metabolomic profile
with treatment may have indicated an effective response to treatment.

In this proof of concept, all patients completed treatment and were cured. However, the
Scuth African cohort identified baseline differences in the metabolic profile of patients who
responded to treatment and cne patient with treatment failure [23], and thus metabolomics may
be able to predict treatment failure at the time of diagnosis [23]. Similarly, Fitzgerald et al. reported
a decrease in urine Seryl-Leucine Core 10-glycosylated peptide (SLC1G) levels one week after
treatment initiation in patients with successful treatment compared tc patients who failed

treatment [21].



Results

The emerging acquisition of resistance to anti-TB drugs, which is largely due to the
suboptimal management of TB treatment, has led to an increase in treatment failure [2,25]. The
development of a urine-based NMR approaches, may be able to detect differences in the
metabolic profile over time, which may correlate with unfavourable treatment outcomes. A non-
invasive and easy to obtain urine-based method would facilitate monitoring treatment among
people unable to provide sputum, and people with extrapulmonary TB and children [26]. The
robustness and high reproducibility of NMR coupled with the small size and easy maintenance of
a NMR benchtop device would enable its implementation at microscapy centres [11].

We have established that the urine profile of patients with PTB changes over time. This
change is progressive and is similar to the profile of controls by the time of treatment completion.
The limitations of this case series is the small sample size and the scarcity of samples for some
of the time periods. The strength of this study is the standardisation of sample collection and
processing [14].

The application of metabolomics from low-frequency NMR spectrascopy of urine has
been shown to be a potential tool for TB detection [9] and could be a promising technique for
monitoring TB treatment response and disease outcome. Future studies should describe the

urinary metabolic profile of patients with drug-resistant TB and patients fail treatment.
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Discussion

TB remains one of the world's leading causes of death and its diagnosis is essential to
prevent and control the disease'. Nevertheless, current diagnostic methods present
limitations in patients with difficulties in obtaining a representative sample from the
site of infection (patients with extrapulmonary TB, children, HIV co-infected patients
or individuals in early stages of the disease). For instance, over half of the children with
TB are not diagnosed or are not reported®®. In addition, the affordability, accessibility,
and ease of use of molecular methods challenge their integration into primary health
care centres, where the majority of new TB cases first seek care®?.

To improve TB diagnosis, efforts should be made to develop more accurate and
accessible non-sputum-based diagnostic methods especially in low- and
middle-income countries since these patients often present non-specific symptoms
of the disease®*?%1%°, The studies included in this thesis focus on the identification of
host-response biomarkers in plasma for TB diagnosis in children (article 1and patent 1),
the evaluation of a M. tuberculosis-specific biomarker in urine for TB diagnosis at the
point of TB care (articles 2 and 3), and the application of metabolomics for the
discovery of urine-based biomarkers resulting from the interaction between host and
M. tuberculosis for the diagnosis of TB (articles 4, 5, and patent 2) and assessment of TB
treatment response (article 6).

TB is a major cause of morbidity and mortality in children¢''. Therefore, early
detection of paediatric TB is essential to prevent progression and development of
severe forms of the disease after exposure to M. tuberculosis*®'°?2. However, the
non-specific clinical presentation of the disease in children and difficulties in obtaining
a quality sputum sample pose a major diagnostic challenge™™4 In this regard, a
combination of four biomarkers was detected in QFT-GIT tube supernatants with
potential for the detection and discrimination of TB in children (article 1). The model
based on IFN-y, IP-10, ferritin, and 25(0H)D correctly classified active TB cases (93.2%)
and LTBI cases (90.0%), as well as 76.2% of children with mediastinal TB into the TB
group. Although IGRAs are unable to discriminate between TB and LTBI®*'%%, previous
studies performed in QFT-GIT demonstrated the involvement of several mechanisms
mediated by different host markers in M. tuberculosis infection and disease*?¢. The
biomarkers identified above have previously been described separately for their
involvement in the immune response against M. tuberculosis infection. While IP-10 has
been described for its good performance in the diagnosis of TB in children when
compared or combined with IFN-y™¢-1%? ferritin has been proposed in other diagnostic
algorithms as an adjuvant biomarker for TB diagnosis™ ", and vitamin D has been
reported in multiple mechanisms of host protection against M. tuberculosis
infection™". Future studies should validate this combination of four blood-based
biomarkers in other geographical areas and using the current QFT-Plus test tubes, as
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its development could be of great interest for the detection of paediatric TB in early
stages of the disease’®.

Another priority for improving TB case detection is the need to develop accessible
diagnostic methods in low- and middle-income countries, where the greatest burden
of new TB cases resides®%"8 So far, the urine lateral-flow LAM assay AlereLAM is the
only commercially available non-sputum-based TB diagnostic recommended by the
WHO for the complementary diagnosis of TB in patients with HIV®* 7. In recent years,
the LAM-based prototype, FujiLAM, has reported higher sensitivity in HIV-infected
individuals than its predecessor’*™. Evaluation of this assay in other populations is of
great interest to improve access to TB diagnosis in high-burden settings. In article 2,
the FujiLAM assay was evaluated using urine samples from a cohort of HIV-positive and
HIV-negative adults with signs and symptoms suggestive of TB attending three district
hospitals in Nigeria. The sensitivity among HIV-negative and HIV-positive patients
(65.7% and 70.0%, respectively) was higher than that reported for the rapid LAM test
AlereLAM among patients with HIV [42% (956% CI = 31-55)]¢°. Although it has been
argued that the higher concentration of LAM in the urine of HIV-positive individuals
reflects an increased haematogenous spread of TB to the kidneys™, this does not
appear to be limited to renal involvement, but the detection of LAM in urine may also
be associated with the total bacterial load of M. tuberculosis and the severity of the
disease’>"". This would explain the high sensitivity found among HIV-negative patients
(65.7%) in contrast to other studies’?7322, as the patients were recruited from district
hospitals in Nigeria and a high proportion of our participants might be in advanced
stages of the TB disease. Accordingly, the FujiLAM assay was evaluated using urine
samples from a cohort of children with presumptive TB attending a paediatric hospital
in Haiti (article 3). Sensitivity was higher in children with more advanced stages of the
disease, and the number of positive cases was proportionally higher among
underweight and stunted children. This has also been previously described in other
studies'3 125 syggesting that the immunomodulatory effect of undernutrition against TB
may have limited the containment capacity of the bacilli, increasing the amount of LAM
in urine samples and thus the sensitivity of LAM tests'?¢. However, the small sample size
of children with confirmed TB has underpowered estimates in this study. Although LAM
is a cell wall component present in most Mycobacteria species with potential cross
reactivity risk, we found a high specificity in both HIV-positive (93.3%) and
HIV-negative (99%) adults and children (95%). This has also been previously
reported® 7282126127 sggesting the role of FujiLAM assay to clinical decision-making as
a rule in test for TB.

Another approach to step forward in the improvement of TB control is the use of omics
technologies as a tool for TB biomarker discovery™82?. Metabolomics provides a
snapshot of all the mechanisms involved in the interaction between the host and M.
tuberculosis during disease’™°. In article 4, we identified a urine NMR-based
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metabolic fingerprint of TB with potential to diagnose TB patients (regardless of TB
location or early treatment initiation) and discriminate them from patients with
pneumococcal pneumonia, individuals with LTBI, and uninfected individuals. This
metabolic fingerprinting is based on eight metabolites involved in the oxidative
metabolism of carbohydrates, proteins, and fats, as well as the metabolic pathways of
the necessary amino acids and derivatives needed to promote bacterial growth and
macrophage infection®™'. This metabolic fingerprint was also detected with a low-field
benchtop NMR spectrometer. Despite its lower resolution compared to the high-field
spectrometer™?, it was sufficient to detect the metabolic profile of TB. The compact
and portable size and the successful performance of this approach, demonstrated in
previous studies™? 34 makes low-field benchtop NMR-based metabolic fingerprinting
a promising diagnostic tool. Miniaturisation to a portable NMR device would allow this
technology to be integrated into clinical reference laboratories. With regard to the
paediatric population, we identified an association between the urine NMR-based
metabolic fingerprint and the clinical case definitions used for the classification of TB
in children (article 5). The urinary metabolic fingerprinting showed metabolic
differences between children with presumptive TB with two or less clinical criteria and
three or more clinical criteria suggestive of TB. Moreover, children with high diagnostic
certainty of TB showed metabolic fingerprints similar to that of children with
bacteriologically confirmed TB. This metabolic response could be attributed to the
physiological stimuli that occurs during disease progression, in which the infection
overcomes the host immune system, the bacilli replicate, and the increased metabolic
activity of the mycobacteria modifies the tissues physiopathology, with changes in the
host metabolome?™5  Previous studies in children have reported different
metabolomic profiles analysed by NMR spectroscopy for TB detection in plasma and
serum™¢™¥ However, neither of these studies reported whether the metabolic profile
could discriminate between children with different diagnostic certainty of TB®™¢.
Despite the small final number of bacteriologically confirmed TB cases in our study that
prevented the development of a TB-specific discriminatory model in this population,
we observed differences in the urinary metabolic fingerprint of children with different
certainty in the TB diagnosis. However, further analysis with a larger group of children
with confirmed TB is needed to evaluate the full potential of this approach in children.
The articles 4 and b5 represent a first step towards the development of an affordable
metabolomic approach for the diagnosis of all types of TB. However, its performance
should be evaluated in other geographical areas. In addition, quantification of the
statistically significant metabolites identified in this TB metabolic fingerprint would
allow this technology to be adapted to a point-of-care test™®.

In recent years, new markers have been identified for disease prediction and TB
treatment outcomes?. However, few metabolomics studies have focused on
monitoring treatment response™ 42, In article 6, we detected a urinary metabolic
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fingerprint by low-field NMR spectrometry in patients with drug-susceptible TB
monitored during the intensive and continuation phase of treatment. The differences
observed in the course of treatment suggest that metabolomics may be able to
predict treatment response. In this study, all patients completed treatment and were
cured. However, previous studies have identified differences in the metabolic profile of
patients who have responded and those who have failed treatment™'2 The emerging
acquisition of resistance to anti-TB drugs, which is largely due to the suboptimal
management of TB treatment, has led to an increase in treatment failure'. This proof of
concept may be used as a benchmark for comparing urinary metabolomic differences
observed in future treatment response monitoring studies of patients with
drug-resistant TB, which may correlate with unfavourable treatment outcomes.

The identification of new blood biomarkers of host response to M. tuberculosis, the
evaluation of M. tuberculosis-specific urinary antigens, and the discovery of urinary
metabolites resulting from the interaction between the host and M. tuberculosis have
contributed to the development of new approaches to improve TB diagnosis in
patients unable to expectorate, such as children, the elderly and adults without
productive cough, and individuals with disseminated, extrapulmonary, non-cavitary
disease. Also, the application of metabolomics could be a promising tool to monitor
progress and assess response to treatment.

Diagnostics are an essential part of a well-functioning and high-quality health
system™3. However, constraints in accessibility, quality, and time of diagnostic services
in low- and middle-income countries represent a challenge for current TB diagnosis,
where a high burden of TB resides®48983%44 Consequently, currently, about 41.1% of
patients with TB are not diagnosed or reported, contributing to the estimated 1.5
million annual deaths globally'. The studies in this thesis have presented different
biomarkers using alternative non-sputum-based and non-invasive approaches for the
future development of TB diagnostics, with a special focus on vulnerable populations
and low- and middle-income countries®. Aware of the prolonged treatment of TB™®,
the poor adherence to treatment™¢#¢ and the emergence of drug-resistant strains'’#,
this thesis also presented a preliminary approach to assess response to TB treatment
based on the metabolomic profile of TB in urine.
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Conclusions

Host-response biomarkers (Article 1and Patent 1)

The combination of IFN-y, IP-10, ferritin, and 25(0OH)D increase sensitivity to
discriminate between children with active TB and LTBI classifying correctly 93.2% and
90.0% of children, respectively.

The combination of IFN-y, IP-10, ferritin, and 25(0OH)D detected in the supernatants of

the QFT-GIT tubes, would improve access to TB services, promoting early diagnosis of
TB and LTBI in children.

Pathogen-specific biomarkers (Article 2 and Article 3)

Detecting LAM with Fujifilm SILVAMP TB-LAM assay in adults either HIV positive or HIV

negative with presumptive TB has a higher performance than current urine LAM assays.

LAM detection with Fujifilm SILVAMP TB-LAM had 60% sensitivity and 95% specificity in
children microbiologically confirmed with TB, but a number of positive results in
children were not diagnosed by conventional methods. Larger studies are needed to
assess the real performance of the test in children population.

The Fujifilm SILVAMP TB-LAM assay enables rapid, non-invasive TB diagnosis from urine
samples tested easily and without additional instrumentation, generating opportunities
to diagnose TB in children or HIV patients, who cannot expectorate and are
paucibacillary.

The diagnostic and operational characteristics of the Fujifilm SILVAMP TB-LAM assay
may help to add value to clinical decision-making as a supportive test for TB in children,
especially in low- and middle-income countries, where available facilities are limited.
This assay would facilitate the detection and initiation of TB treatment on the same day
of consultation in primary health centres.

Host-pathogen interaction biomarkers (Article 4, 5, 6, and Patent 2)

The urine-based NMR metabolic profile identified in adults (assigned to eight
metabolites: aminoadipic acid, citrate, creatine, creatinine, glucose, mannitol,
phenylalanine, and hippurate) allows discrimination of TB patients from those with
pneumococcal pneumonia, LTBI, and non-infected individuals; and could provide an
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alternative method to sputum-based tools for the diagnosis of all forms of TB in adults.

This technology transferred to a low-field benchtop NMR device could improve its
implementation in microscopy centres.

The urine NMR-based metabolic fingerprinting may help to observe differences in the
metabolic profile of children with different diagnostic certainty of TB and improve the
characterization of the clinical spectrum of the disease as well as the search for new
diagnostic and prognostic biomarkers of TB in children.

The NMR-based urine metabolic profile of patients with drug-sensitive pulmonary TB
changes during anti-TB treatment. This change is progressive and similar to the profile
of uninfected controls by the time of treatment completion. This may enable the
detection of differences in the metabolic profile over time, which may correlate with
unfavourable treatment outcomes.

The application of metabolomics from high-field and low-frequency NMR
spectroscopy may help to monitor TB treatment response and disease outcome.
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