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Editorial on the Research Topic

Novel approaches to rapid diagnosis and treatment monitoring of

active tuberculosis, vol II

Tuberculosis (TB), caused by respiratory Mycobacterium tuberculosis (Mtb)

infection, remains a major global threat to human health. According to theWorld Health

Organization (WHO)’s latest Global Tuberculosis Report, there were an estimated more

than 10 million new TB cases and 1.4 million deaths in 2020 (WHO, 2021). Considering

TB transmission have already happened before the diagnosis progress of passive case

findings, the rapid and reliable test to detect activeMtb infections are needed, especially

the diagnosis of the emerging drug-resistant strains (Dheda et al., 2019; Gunther et al.,

2022). Detection of active TB patients, monitoring of therapy and determination of

treatment effect are significant challenge for TB control efforts, the currently routine TB

diagnostic tools, including Mtb culture, acid-fast staining, tuberculin skin test, chest X-

ray, GeneXpert MTB/RIF, etc., all have their limitations (Al-Zamel, 2009; Heyckendorf

et al., 2022). This challenge is complicated by the fact that sputum sample collection is

not always straightforward to obtain, especially in TB patients with improved symptom,

extrapulmonary TB (EPTB) patients, and childhood TB (Norbis et al., 2014; Jonckheree

and Furin, 2017). The GeneXpert MTB/RIF sputum assay based on PCR was developed

to improve the specificity and speed of diagnosis, but it cannot distinguish between viable

and non-viable bacilli, and its sensitivity under low bacterial loads is still waiting to be

optimized. The challenges of GeneXpert MTB/RIF assay to monitoring the treatment

effect is also existed, especially in patients co-infected with HIV and TB (Denkinger et al.,

2014; Detjen et al., 2015; Naidoo and Dookie, 2022).

In this Research Topic, we summarize a number of studies that either investigated

novel methods in the diagnosis of TB or optimized the current TB diagnosis assays,

and several reviews that focused on different topics and indicated directions for

future research.
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Jiao et al. determined the diagnostic efficacy of multiple

cross displacement amplification (MCDA), which is a DNA

amplification strategy on the basis of an isothermal strand-

displacement polymerization reaction, and combined it with

real-time PCR assay in patients with pulmonary TB. TheMCDA

assay showed a higher sensitivity than microscopy, culture, or

Xpert using sputum samples, with a slight drop in specificity.

Thus, MCDA assay might assist in the accurate and rapid

diagnosis of TB in settings with platforms of real-time PCR

equipment. Quan et al. evaluated the diagnostic efficacy of

EasyNAT MTB complex assay (EasyNAT), which is a novel

cross-priming amplification-based by using gastric aspirate

samples in childhood TB. Compared with Xpert Ultra, EasyNAT

yielded similar specificity but a modest lower sensitivity in

childhood TB diagnosis using gastric aspirate samples. Thus,

EasyNATmight be used as an alternative method for diagnosing

childhood TB due to its cost-effectiveness and speed. Wang et

al. conducted a prospective, multicenter study of the plasma

concentrations of soluble triggering receptors expressed on

myeloid cells (sTREM)-1 and sTREM-2 in subjects undergoing

3HP treatment regimen (once-weekly rifapentine plus isoniazid

for 3 months) and examined the use of these biomarkers

to predict systemic adverse reactions (SARs). The baseline

concentrations of sTREM-1 were higher in patients with SARs

than those without, and the area under the receiver operating

characteristic curves showed that the plasma levels of sTREM-

1 and sTREM-2 had modest discriminative power pertaining

to the development of SARs during 3HP treatment at day 1.

Pan et al. evaluated the performance of a novel Mtb-specific

CXCL10mRNA release assay in TB diagnosis. The CXCL10 gene

encodes the IP-10 protein, which was shown to have potential

as a biomarker of Mtb infection due to its high expression

level after Mtb antigen stimulation. Their assay provided a

sensitivity of 93.9% and a specificity of 98.0% in the diagnosis

ofMtb infection, respectively, similar to T-SPOT.TB which gave

a sensitivity of 94.5% and a specificity of 100%. Díaz-Fernández

et al. compared the capacity of cell surface markers CD27,

CD38, HLA-DR, and Ki-67 to distinguish LTBI, active TB,

and patients who ended treatment and resolved TB. Their

study showed that the percentages of cells bearing CD27−,

CD38+, HLA-DR+, and Ki-67+ on Mtb-specific CD4T cells

were increased during the progression of active TB disease,

and unbiased multiparametric analyses identified cell clusters

based on CD27 or HLA-DR whose abundance can be correlated

to treatment efficacy. These novel methods showed potential

clinical application.

The study of Antonello et al. determined the performances

of in-house droplet digital PCR (ddPCR)-based assays compared

to culture using 89 biopsies, including fresh and formalin-fixed

and paraffin-embedded (FFPE) samples. Their analysis support

a highly accurate, sensitive, and rapid Mtb diagnosis with FFPE

samples by ddPCR assay, as defined by a high concordance

between the IS6110 assay and culture results. The quantitative

method of ddPCR assay could differentiate a high bacillary load

and disseminated condition from paucibacillary anatomically

compartmentalized TB; this might accelerate Mtb diagnosis

when culture techniques are unavailable. Carrère-Kremer et al.

analyzed the cytokines patterns in QuantiFERON Gold Plus

assay-positive populations. Their data showed that higher

IFN-γ responses, and lower ratios of tube 1/tube 2 IFN-γ

concentrations, were measured in the active TB group compared

with LTBI. Patients with low ratios of IL-2/IFN-γ, IP-10/IFN-γ,

andMIG/IFN-γ were much more likely to have active TB. These

features of T cell response may be helpful in low prevalence

settings to raise suspicion of ATB in patients who tested positive

in IFN-γ release assays. Thus, these studies might optimize the

current TB diagnosis assays.

Lin et al. tested the performance of endobronchial

ultrasound-guided transbronchial biopsy (EBUS-TBB) in TB

diagnosis and showed it to be safe and effective in diagnosing

sputum smear-negative pulmonary TB. The EBUS echoic feature

was also a predictor of the positive TB culture rate. To improve

the efficiency of clinical diagnosis in spinal TB patients by

computed tomography (CT), Li et al. developed a novel deep

learning method based on three handcrafted features and one

convolutional neural network feature. This gave efficient feature

fusion for multimodal features. The introduction of these

methods into the TB research field provides novel approaches

for TB diagnosis.

Rapid TB diagnosis is challenging in EPTB infection

due to the small number of mycobacteria and the lack

of fresh samples with which to apply culture techniques.

Rindi reviewed the current knowledge of the diagnostic

performance of the Xpert Ultra assay in EPTB detection. It

was shown that the sensitivity of the Xpert Ultra assay differs

by specimen types, with high sensitivity among specimens

obtained from cerebrospinal and fluid lymph nodes, and low

sensitivity when using pleural fluids. Similar challenges are

faced in the diagnosis of latent TB and the review by Gong

et al. focused on this. Firstly, the authors summarized the

concept and expounded on the immunological mechanism of

LTBI. Secondly, they outlined novel interferon-gamma release

assays and skin tests that have been developed recently.

Finally, they summarized the research status, directions, and

challenges in LTBI diagnosis, including novel biomarkers, new

models/algorithms, omics technologies, and microbiota. The

review written by Guo et al. focused on the progress of

proteomics in biomarker discovery in TB diagnosis. Firstly,

the authors summarized the proteomics research approaches.

Secondly, the current status of research on the diagnostic

application of proteomic biomarkers for TB was outlined.

Finally, they described the prospects of proteomics in the

field of TB biomarker discovery for rapid and accurate TB

diagnosis. These high-quality reviews gave a thorough and up-

to-date summary of their topics and provided directions for

future research.
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Overall, the manuscripts reviewed within this Research

Topic demonstrate that the field of TB diagnosis is now rapidly

evolving, providing us with new insights into how we can

increase the sensitivity and specificity of TB diagnosis. Novel

research approaches are indicated that may further improve the

diagnosis of active TB cases, the identification of latent TB,

of susceptible and resistant isolates of Mtb, and enable better

monitoring the efficacy of anti-TB treatment in near future.
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Background: Rapid and reliable diagnosis of tuberculosis (TB) represents a diagnostic
challenge in compartmentalized extrapulmonary TB infection because of the small
number of mycobacteria (MTB) and the frequent lack of fresh samples to perform
culture. Here, we estimate the performances of homemade droplet digital PCR (ddPCR)-
based assays against culture in 89 biopsies, for those fresh and formalin-fixed and
paraffin-embedded (FFPE) subsamples were available.

Methods: MTB diagnosis in fresh subsamples was performed by culture. Fresh
subsamples were also analyzed for acid-fast bacilli smear-microscopy (AFB) and Xpert R©

MTB/RIF (Xpert). MTB examination was repeated in blind in the 89 FFPE subsamples by
in-house ddPCR assays targeting the IS6110 and rpoB. Analytical sensitivity of ddPCR
assays was evaluated using serial dilution of H37Rv strain. Limit of detection (LOD) was
calculated by probit analysis. Results were expressed in copies/106 cells.

Results: IS6110 and rpoB ddPCR assays showed a good linear correlation between
expected and observed values (R2: 0.9907 and 0.9743, respectively). Probit analyses
predicted a LOD of 17 and 40 copies/106 cells of MTB DNA for IS6110 and rpoB,
respectively. Of the 89 biopsies, 68 were culture positive and 21 were culture negative.
Considering mycobacterial culture as reference method, IS6110 assay yielded positive
results in 67/68 culture-positive samples with a median interquartile range (IQR) of 1,680
(550–8,444) copies/106 cells (sensitivity: 98.5%; accuracy: 98.9). These performances
were superior to those reported by the rpoB assay in FFPE subsamples (sensitivity:
66.20%; accuracy: 74.1) and even superior to those reported by Xpert and AFB in
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fresh subsamples (sensitivity: 79.4 and 33.8%, respectively; accuracy: 84.3 and 49.4,
respectively). When Xpert and AFB results were stratified according to mycobacterial
load detected by rpoB and IS6110 ddPCR, bacterial load was lower in Xpert and AFB
negative with respect to Xpert and AFB-positive samples (p = 0.003 and 0.01 for rpoB
and p = 0.01 and 0.11 for IS6110), confirming the poor sensitivity of these methods in
paucibacillary disease.

Conclusion: ddPCR provides highly sensitive, accurate, and rapid MTB diagnosis in
FFPE samples, as defined by the high concordance between IS6110 assay and culture
results. This approach can be safely introduced in clinical routine to accelerate MTB
diagnosis mainly when culture results remain unavailable.

Keywords: MTB, ddPCR, MTB diagnosis, tuberculosis, extrapulmonary TB

INTRODUCTION

Tuberculosis (TB) is a multisystemic disease caused by
Mycobacterium tuberculosis complex (MTB). The pathogen
primarily infects the lungs (pulmonary TB) but can also affect
other structural parts of the human anatomy (extrapulmonary
TB), such as lymph nodes, intestines, pleura, skin, and bones
(Noussair et al., 2009).

It affects approximately 2 billion people worldwide, especially
in developing countries, and stands as the leading cause of
death from a single infectious agent [World Health Organization
(WHO), 2012].

To reduce the mortality of MTB infection, to prevent its
spread, and to start the correct treatment, an early, accurate, and
rapid diagnosis is essential.

To date, the conventional approach for MTB diagnosis is
mainly based on microscopic detection of acid-fast bacilli in
smears (AFB), followed by MTB culture (Ryu, 2015; Caulfield
and Wengenack, 2016). While AFB is a laborious method
characterized by variable sensitivity (71.4% in lung samples
and 24% in extrapulmonary samples) (Karadaǧ et al., 2013),
mycobacterium culture is considered the gold standard method
for MTB diagnosis as it has high specificity but requires a
long time of incubation, up to 8 weeks for a certain negativity
(Forbes et al., 2018).

For these reasons, in the case of extrapulmonary MTB
infection, the diagnosis is challenging because of the small
amount of MTB present at the sites of the disease and
the difficulty of obtaining culture results (Golden, 2005;
Noussair et al., 2009). In the case of surgically resected tissues
fixed in formalin, mycobacterial culture is not feasible at all,
and a correct diagnosis based on pathological features and AFB
smear is difficult. Acid-fast staining for MTB on formalin-fixed
and paraffin-embedded (FFPE) tissue has indeed a very low
sensitivity, ranging between 3 and 60% (Fukunaga et al., 2002;
Ahmed et al., 2011; Eshete et al., 2011), and some histological
findings, like granuloma and necrosis, typically found in
many other diseases including sarcoidosis and fungal infections
(El-Zammar and Katzenstein, 2007), make MTB diagnosis
particularly challenging.

In the last decade, real-time (RT) PCR assays have been
introduced in laboratory routine, thanks to their sensitivity
and their shortened turnaround time (Forbes and Hicks, 1993;
Marchetti et al., 1998; Moure et al., 2019). Most of these methods
are based on the detection of multi-copy insertion sequences
(IS, such as IS986, IS987, IS1081, and IS6110), which should
increase the sensitivity of the assays (Bisognin et al., 2018;
Lin et al., 2021). Among these RT-PCR-based assays, Xpert R©

MTB/RIF (Cepheid, Sunnyvale, CA, United States) (Xpert) is
recommended by the World Health Organization (WHO) as
rapid molecular diagnostic test for adults and children also in
the case of extrapulmonary and FFPE specimens [Lee et al.,
2011; Mazzola et al., 2016; Yang et al., 2017; Moure et al., 2019;
Nyaruaba et al., 2019; World Health Organization (WHO), 2020],
although it has a low diagnostic accuracy in paucibacillary disease
(Allahyartorkaman et al., 2019).

Among other molecular platforms, droplet digital PCR
(ddPCR) is a highly sensitive method widely used for the
detection of a variety of pathogens, thanks to its ability to reliably
detect down to a few copies of genomes (Caviglia et al., 2018;
Alteri et al., 2020; Chen et al., 2021; Malin et al., 2021). Currently,
two reports suggested that homemade ddPCR assays might
provide a valid alternative for detecting MTB in extrapulmonary
and/or FFPE samples (Yang et al., 2017; Cao et al., 2020), but as
far as we know no study has defined the concordance between
these molecular assays and the reference culture method.

Here, to evaluate the ddPCR-based method as suitable
alternative for routine clinical diagnoses of MTB in FFPE
samples, the performances of two MTB ddPCR-based assays were
compared with the gold-standard culture methods and with the
conventional AFB and Xpert in a set of tissues, for those fresh and
FFPE subsamples were available.

MATERIALS AND METHODS

Clinical Sample Collection
A total of 89 consecutive biopsies from different anatomical
districts of patients with a clinical suspect of TB were
retrospectively collected at ASST Grande Ospedale
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Metropolitano Niguarda (Milan, Italy) between 2013 and
2019. Samples were selected according to clinical suspect of MTB
based on radiology findings, cytology reports, and/or medical
history of patients including previous MTB treatment [World
Health Organization (WHO), 2013]. The distribution of samples
against year of collection is reported in Supplementary Table 1.
Biopsies were subdivided in two subsamples by trained medical
personnel. One fresh subsample was immediately tested for MTB
diagnosis by culture methods, using both solid (Lowenstein–
Jensen) and liquid (MGIT 960; Becton Dickinson Biosciences,
Sparks, MD, United States) media [European Centre for Disease
Prevention and Control (ECDC), 2018; Riccardi et al., 2020].
Fresh subsamples were also analyzed for AFB microscopy and
Xpert R© MTB/RIF (Cepheid, Sunnyvale, CA, United States)
(Tortoli et al., 2012). As required by WHO and ECDC guidelines
[World Health Organization (WHO), 2012; European Centre
for Disease Prevention and Control (ECDC), 2018], all these
procedures took place in a Biosafety Level 3 (BSL3) laboratory,
with limited access, using required personal protective equipment
and following control measures and all procedures to minimize
aerosol and droplet formation. The residual sample was stored as
formalin fixed and paraffin embedded (FFPE) (Slaoui and Fiette,
2011; Sadeghipour and Babaheidarian, 2019) for alternative
diagnosis by histopathological examination and archived in a
biobank for later use.

The study was conducted in accordance with the principles of
the 1964 Declaration of Helsinki. The related information of the
samples was processed by maintaining anonymization measures.
Due to the non-interventional nature of the study and according
to the applicable relevant national legislation and local rules,
approval of the local Research Ethics Committee and informed
consent were not mandatory.

DNA Extraction and Mycobacteria
tuberculosis Detection in Formalin-Fixed
and Paraffin-Embedded Samples
MTB detection was repeated in blind in the stored FFPE
samples by using ddPCR homemade assays. In brief, after sample
deparaffinization (Fu et al., 2016), total DNA was extracted
using Maxwell CSC DNA FFPE kit (Promega, Madison, WI,
United States) following the instruction of the manufacturer
(Sarnecka et al., 2019).

MTB DNA was quantified by means of the QX200TM

Droplet Digital PCR System (Biorad) using homemade assays
targeting the multicopy gene IS6110 (Forward: 5′-ATCTGGAC
CCGCCAA-3′; Reverse: 5′-CCTATCCGTATGGTGGATAA-3′,
and HEX Probe: 5′-AGGTCGAGTACGCCTT-3′) and the
single-copy gene rpoB (Forward: 5′-GGAGCGCCAAACCG-
3′; Reverse: 5′-AGTCCCGGAACCTCAA-3′, and FAM Probe:
5′-TTCGCTAAGCTGCGC-3′). The human albumin was used
as housekeeping gene (ddPCRTM Copy Number Assay: ALB,
Human, dHsaCNS864404398).

The cycling condition was the following: 95◦C (10 min), 39
cycles of 94◦C (30 s), and 56◦C (1 min), 98◦C (10 min), 4◦C (∞).
A sample was considered “positive and quantifiable” if at least two
droplets (in IS6110 or rpoB assay) were observed.

MTB DNA (copies/reaction) was then normalized into
number copies/106 cells. In detail, raw data obtained were
converted into copies/106 cells according to the following
formula: [MTB-DNA (copies/106 cells) = MTB-DNA raw
data× 106 cells/(housekeeping gene copies/2)].

Accuracy and Limit of Detection of
Droplet Digital PCR Assay
To verify the correct performance of MTB detection and
quantification, the laboratory-cultured H37Rv strain (previously
inactivated by incubation at 95◦C for 20 min and sonication at
room temperature for 15 min) served as quantitation standards
in two independent runs. Five serial dilutions were prepared in
order to deposit 104, 103, 102, 10, and 1 copy(ies) of the MTB
genome (1 ng = 168,100 copies) in 3 µg of human genomic DNA,
corresponding to 106 cells. The first three dilutions were repeated
in duplicate, while the remaining ones were in triplicate. To
determine the specificity and cross-reactivity of the MTB ddPCR-
based assays, the DNA of cultured non-tuberculous strains
[M. abscessus subsp. abscessus (MBABAB) and M. abscessus
subsp. bolletii (MBABBO)], and negative controls (n = 20) were
also added in each run. The negative controls belonged to FFPE
samples from subjects without clinical and bacteriological signs
of MTB infection [World Health Organization (WHO), 2013].

Coefficient of determination (R2) of MTB quantification was
assessed for both IS6110 and rpoB by linear regression analysis
by plotting the measured copies of the standards and comparing
them with expected values of serial dilutions. The coefficient of
variation (CV) was calculated as the standard deviation (SD) of
copies/106 cells divided by replicate mean.

The lower limit of blank (LoB) was determined by testing
the replicates of the 20 negative controls, according to the
following formula: LoB = mean of blank+ 1.645× (SD of blank)
(Armbruster and Pry, 2008). The limit of detection (LoD) was
determined by probit regression analysis.

Statistical Analyses
Sensitivity and specificity of ddPCR, Xpert, and AFB in
terms of the ability to correctly diagnose MTB in tissue
samples (pulmonary and extrapulmonary) were evaluated against
culture results.

Reproducibility of quantification methods was assessed by
intra- and inter-run tests using serial standard dilutions, and
the differences between the expected and observed values were
expressed as the mean± SD IS6110 and rpoB copy numbers.

Descriptive statistics were expressed as median values
and interquartile range (IQR) for continuous variables and
absolute number and frequency (percentage) for categorical
variables. To assess significant differences, Fisher exact
or Kruskal–Wallis test and Wilcoxon rank sum test were
used for categorical and continuous variables, respectively.
A p-value < 0.05 was considered statistically significant.
All statistical analyses were performed with SPSS software
package for Windows (version 25.0, SPSS INC., Chicago,
IL, United States).
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RESULTS

Study Population
The demographic and clinical characteristics of the population
included in the study are reported in Table 1. Samples were
retrieved mainly by male (57.3%) with a median age of 36 years
(IQR: 27–53). As expected, extrapulmonary samples were the
majority (85, 95.5%) and mainly from lymphatic system (52,
58.4%) followed by pleural samples (17, 19.1%). Sixty-eight
samples (76.4%) were MTB positive because of the positive
mycobacterial culture from the fresh sample [median (IQR)
days for culture positivity: 11 (13–16)]. The remaining 21
samples were MTB negative because of the negative culture
and subsequent different diagnosis. Most of the positive samples
(94.1%) belonged to patients receiving their first TB diagnosis at
the time of the biopsy, and only 5.9% belonged to patients with a
previously MTB-positive known condition.

No differences were found between MTB-positive and -
negative samples, with the sole exception of patients aged
below 40 years, most frequently found among MTB-positive
samples (Table 1). Viral coinfections were quite rare (9.0%) and
prevalently found in patients with positive MTB culture (4.5%, no
significant data).

Performance of Droplet Digital
PCR-Based Assays
Assay Linearity and Limit of Detection
The linearity of the ddPCR assays was tested by quantifying
serial dilutions of a known amount of MTB DNA. Our method
showed a good linear correlation between expected and observed
MTB DNA quantification, for both IS6110 (R2 = 0.9907) and
rpoB (R2 = 0.9743) (Figures 1A,B). No signal was detected in
any of the 20 certainly negative samples tested, nor in the non-
tuberculous extract (MBABAB and MBABBO) added in each run
(Supplementary Figure 1). An example of Quantasoft panel for
IS6110 and rpoB obtained by the positive MTB DNA control,
four positive samples, and a negative sample are also reported in
Supplementary Figure 2.

Intra-run and Inter-run Reproducibility
Intra-run reproducibility analysis confirmed the high reliability
of the methods (Figures 1C,D). The mean (±SD) differences
between the expected and observed MTB copy number per 106

cells (expressed as log10) were for IS6110 assay:−0.363± 0.07 for
105,−0.338± 0.02 for 104,−0.338± 0.05 for 103,−0.340± 0.06
for 102, −0.338 ± 0.12 for 10 copies, −0.348 ± 0.04 for one
copy; for rpoB assay: 0.898 ± 0.10 for 105, 0.840 ± 0.05 for 104,
0.802 ± 0.08 for 103, 0.602 ± 0.02 for 102, −0.060 ± 0.40 for
10 copies, −0.348 ± 0.04 for one copy. Mean CVs of the two
experiments were 3.48 for IS6110, and 7.85 for rpoB.

The analysis of inter-run reproducibility confirmed the above
results. The mean (±SD) differences between the expected and
observed MTB copy number per 106 cells (expressed as log10)
were for IS6110 assay: −0.292 ± 0.17 for 105, −0.317 ± 0.03
for 104, −0.367 ± 0.04 for 103, −0.307 ± 0.05 for 102,
−0.176 ± 0.33 for 10, and −0.584 ± 0.1 for one copy; for rpoB

assay: 0.899± 0.10 for 105, 0.824± 0.02 for 104, 0.764± 0.05 for
103, 0.611 ± 0.01 for 102, 0.523 ± 0.67 for 10, −0.090 ± 0.16
for one copy. Mean CV was 9.04 and 24.61 for IS6110 and
rpoB, respectively.

Sensitivity and Specificity of Droplet
Digital PCR-Based Assays Against
Culture
All the DNA extracts obtained by the 89 FFPE samples were
of high quality and quantity as confirmed by human albumin
quantification [median (IQR): 1,760 (1,228–2,200) copies/µl;
Supplementary Figure 3].

The overall sensitivity of the ddPCR assays was 98.5 (95.6–
100.0) for IS6110 and 66.2 (54.9–77.4) for rpoB. No false-positive
results were highlighted among the 21 culture-negative FFPE
samples (Table 2).

Among the 68 positive mycobacterial cultures, ddPCR yielded
67/68 (98.5%) positive results for IS6110 with a median (IQR)
of 1,680 (550–8,444) copies/106 cells, and 45/68 (66.2%) positive
results for rpoB with a median (IQR) of 308 (99–1,419) copies/106

cells. One sample was negative for both rpoB and IS6110,
45 samples were positive for both IS6110 and rpoB (double
positive), and 22 were positive only for IS6110 (single positive).
Double-positive with respect to single-positive samples were
characterized by higher mycobacterial loads [IS6110 copies/106

cells, median (IQR): 3,578 (1,352–11,983) vs. 308 (99–1,419),
p = 0.001], but not by a shorter time to positive culture [days,
median (IQR): 13 (11–16) vs. 12 (10–15), p = 0.687].

Sensitivity and Specificity of Xpert and
Acid-Fast Bacilli Against Culture
When used in fresh subsamples, Xpert and AFB had a sensitivity
of 79.4% (69.8–89.0) and 33.8% (22.6–45.1), respectively, lower
than that observed with ddPCR in FFPE subsamples. As for
ddPCR, no false-positive results were highlighted (Table 2). To
define if the bacterial load can influence the sensitivity of Xpert
and AFB, qPCR and smear results were stratified according to
rpoB and IS6110 load detected by ddPCR-assays. As expected,
rpoB and IS6110 loads were significantly lower in Xpert-negative
with respect to Xpert-positive samples [rpoB load, median (IQR):
107 (97–210) vs. 414 (110–2,651), p = 0.003; IS6110 load,
median (IQR): 941 (361–1,412) vs. 2,892 (552–10,709), p = 0.01,
Figures 2A,B]. Superimposable data were found for smear results
(Figures 2C,D). No significant differences in the IS6110 or
rpoB loads were found against time of the first MTB diagnosis,
anatomical districts, age, or sex of patients (Supplementary
Figures 4A–H).

DISCUSSION

Results of this preliminary study clearly revealed that the ddPCR-
based assay was non-inferior to the reference culture method for
the detection of MTB in tissue biopsies, even when FFPE samples
were considered. Moreover, the performances of IS6110 ddPCR
assay in detecting MTB in FFPE subsamples were superior to
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TABLE 1 | Demographic and clinical data of the sampled population.

Overall Culture positive (N = 68) Culture negative (N = 21) p-Valuea

Male, n (%) 51 (57.3) 41 (60.3) 10 (47.6) 0.325

Age, median (IQR) 36 (27–53) 35 (26–45) 54 (35–71) 0.006

<40, n (%) 54 (60.7) 47 (69.1) 7 (33.3) 0.005

≥40, n (%) 35 (39.3) 21 (30.9) 14 (66.7)

TB classes

New case of TB, n (%) 64 (71.9) 64 (94.1) – –

Case of previously diagnosticated TB, n (%) 4 (4.5) 4 (5.9) – –

Viral coinfections, n (%) 8 (9) 7 (10.3) 1 (4.8) 0.675

HIV co-infection, n (%) 4 (4.5) 4 (5.9) 0 (0.0) 0.569

Anatomical districts

Pulmonary site, n (%) 4 (4.5) 1 (1.5) 3 (14.3) 0.039

Extrapulmonary site, n (%) 85 (95.5) 67 (98.5) 18 (85.7)

Lymphatic system, n (%) 52 (58.4) 44 (64.7) 8 (38.1) 0.043

Pleura, n (%) 17 (19.1) 15 (22.0) 2 (9.5) 0.341

Musculoskeletal apparatus, n (%) 4 (4.5) 1 (1.5) 3 (14.3) 0.039

Gastrointestinal tract, n (%) 4 (4.5) 4 (5.9) 0 (0.0) 0.569

Othersb, n (%) 8 (9.0) 3 (4.4) 5 (23.8) 0.016

Previous MTB resultsc

Smear positive test, n (%) 23 (25.8) 23 (33.8) 0 (0.0) –

Xpert MTB/RIF positive test, n (%) 54 (60.7) 54 (79.4) 0 (0.0) –

IQR, interquartile range; TB, tuberculosis; MTB, Mycobacterium tuberculosis.
aFisher exact test and Wilcoxon rank sum test were used for categorical and continuous variables, respectively. Statistically significant differences (p-values < 0.05) are
highlighted in bold.
bSoft tissue biopsy (n = 4); hearth biopsy (n = 2); spinal cord biopsy (n = 1), nasal biopsy (n = 1).
cPerformed on fresh subsamples.

the standard Xpert R© MTB/RIF and AFB microscopy used for
tuberculosis case detection in fresh subsamples, as well as defined
by the sensitivities obtained in the 89 in-blind analyzed biopsies
(sensitivity: 98.5 vs. 79.4 vs. 33.8%, respectively).

Due to the low sensitivity and specificity of AFB microscopy
when compared with culture method (Karadaǧ et al., 2013;
Molicotti et al., 2014; Pk et al., 2017; Bahr et al., 2018), molecular
methods (as Xpert R© MTB/RIF assay) were introduced to improve
the speed and specificity of TB diagnosis mainly in the context
of extrapulmonary and FFPE samples, when bacterial load is low,
and culture is not even possible. Sensitivities of Xpert R© MTB/RIF
and its ultra version reported in fresh non-FFPE clinical samples,
so far, are always higher than 60% (Tortoli et al., 2012; Sauzullo
et al., 2016; Lee et al., 2017; Bahr et al., 2018; Dorman et al., 2018;
Sarfaraz et al., 2018; Sulis et al., 2018; Aydemir et al., 2019; Kohli
et al., 2021) and can reach more than 90% only in some body
districts (Mazzola et al., 2016). The few data available regarding
the Xpert assay performances in FFPE samples are based on a few
clinical biopsies and reported a wide range of sensitivities, which
were not even concordant (from 97.6% in the case of the Ultra
version to 53.2% in the case of the first MTB/RIF assay) (Seo et al.,
2014; Du et al., 2019; Njau et al., 2019; Budvytiene and Banaei,
2020; Huang et al., 2020). Some of these reports also suggest
different sensitivities against the sites of biopsies (i.e., lymph node
vs. non-lymph nodes sites) (Polepole et al., 2017).

Hence, performing an accurate, quantitative, and sensitive
MTB diagnosis is still a challenge. ddPCR is a third-generation
PCR technology that allows an absolute quantification of

nucleic acid molecules. This methodology is widely used to
diagnose infectious diseases for its good accuracy, sensitivity, and
specificity (Caviglia et al., 2018; Alteri et al., 2020; Chen et al.,
2021; Malin et al., 2021), and has been successfully applied in
different samples and clinical settings like SARS-CoV-2 (Alteri
et al., 2020), HPV (Malin et al., 2021), HBV (Caviglia et al., 2018),
or HIV (Strain et al., 2013), as some examples.

To the best of our knowledge, this is the first study that
compared the performances of ddPCR with the MTB culture,
recognized to be the gold standard for the MTB diagnosis, thanks
to the availability of one fresh and one FFPE subsamples from
the same biopsy.

In brief, we defined the performances of two duplex ddPCR
assays targeting the multi-copy MTB gene IS6110 or the
single-copy MTB gene rpoB, respectively, and the human
albumin as housekeeping gene. Introducing a reference gene in
the MTB ddPCR assay was helpful in measuring and reducing
the errors from variations among the samples, defining efficiency
of DNA extraction and amplifications. The use of the reference
gene was also important for normalizing and providing accurate
quantification of MTB copy numbers, expressed in our study as
per 106 human cells.

By comparing the performances of IS6110 and rpoB ddPCR
assays, we confirmed that targeting a multicopy gene like IS6110
guarantees a sensitive and reliable MTB detection (LOD 17 vs.
40 copies/106 human cells) (Bahador et al., 2005; Kolia-Diafouka
et al., 2019). According to the approach by Armbruster and Pry
(2008), the LoB were 0 copies/reaction for both IS6110 and rpoB.
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FIGURE 1 | Linear correlations between the expected and the observed IS6110 (A) and rpoB (B) load, expressed as log10 copies/106 cells. IS6110 (C) rpoB (D)
load in the first and second experiment were shown in dark and light gray, respectively. Each value was tested in two independent experiments, each led in
duplicate. Bars represent mean (+SD).

TABLE 2 | Performances of homemade ddPCR assays, Xpert R© MTB/RIF molecular assay, and AFB against MTB culture.

Method Sensitivity (%)
(95% CI)

Specificity (%)
(95% CI)

PPV (%)
(95% CI)

NPV (%)
(95% CI)

Accuracy

IS6110 ddPCR assaya 98.5 (95.6–100.0) 100.0 (86.3–100.0) 100.0 (95.7–100.0) 95.5 (82.3–100.0) 98.9

rpoB ddPCR assaya 66.2 (54.9–77.4) 100.0 (82.8–100.0) 100.0 (92.0–100.0) 47.7 (32.9–62.5) 74.1

Xpert R© MTB/RIF
molecular assayb

79.4 (69.8–89.0) 100.0 (83.2–100.0) 100.0 (93.5–100.0) 60.0 (43.77–76.23) 84.3

AFBb 33.8 (22.6–45.1) 100.0 (83.0–100.0) 100.0 (84.5–100.0) 31.8 (20.6–43.1) 49.4

CI, confidence interval; NPV, negative predicted value; PPV, positive predicted value, AFB acid-fast bacilli microscopy.
aPerformed on FFPE subsamples.
bPerformed on fresh subsamples.

Probit analysis predicted a LoD of 14 copies/106 cells for IS6110
and 40 copies/106 cells for rpoB.

This ddPCR assay was non-inferior to the reference culture
method, failing to find bacilli in only one 12-day culture-positive
biopsy. This biopsy resulted in MTB negative by both Xpert
and AFB methods, suggesting the presence of a paucibacillary
TB disease. In line with this hypothesis, the negative ddPCR
result could be caused by the absence of MTB inclusions in
the FFPE subsample.

Both ddPCR assays allow to detect MTB where AFB and
Xpert failed. Indeed, when the rpoB and IS6110 loads detected
by ddPCR were reported against AFB and Xpert results, the

copies of bacilli were lower in AFB/Xpert-negative samples
with respect to AFB/Xpert-positive samples, thus, highlighting
the high efficiency of ddPCR assay in diagnosing also low
bacterial loads.

About paucibacillary TB disease, maintaining two
mycobacterial targets like rpoB and IS6110 might allow to
easily discriminate between high (characterized by double
positive results) and low (characterized by single positive result)
mycobacteria loads. This approach can also be used as a proxy
measure for monitoring anti-TB treatment efficacy over time.

No difference in sensitivity and specificity of the ddPCR-based
assays was found between patients with and without a history of
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FIGURE 2 | Mycobacteria tuberculosis (MTB) rpoB and IS6110 load against Xpert (A,B) and acid-fast bacilli (AFB) smear (C,D) results. Each value was represented
by a dot; bars represent median and interquartile range (IQR). p-Values were calculated by Wilcoxon rank sum test and Kruskal–Wallis where necessary.

tuberculosis, nor a difference was found against sex, age, or site of
biopsies. Both assays maintain the ability to rule out MTB from
culture-negative samples (specificity: 100%).

Our results are consistent with other published papers
(Patterson et al., 2018; Song et al., 2018; Cho et al., 2020)
reporting the rapid detection of MTB DNA in clinical or cultural
samples by ddPCR system. In 2017, Yang et al. (2017) used a
IS6110 ddPCR assay to quantify MTB DNA in the whole blood

of patients with pulmonary and extrapulmonary TB, proving
that this technique can have the potential to be included in
TB routine diagnosis. Two years later, Nyaruaba et al. (2019)
stated that ddPCR technology offers enormous advantages for
MTB diagnosis, such as unparalleled sensitivity, high precision,
and absolute quantification, over common molecular diagnostic
platforms like the qPCR. In 2020, Cao et al. (2020) used a
homemade IS6110 ddPCR assay for MTB diagnosis in FFPE
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samples. Recently, a single dye duplex ddPCR protocol targeting
two different MTB IS demonstrates the superiority of this system
with respect to qPCR in the detection of MTB in different culture
isolates (Nyaruaba et al., 2020).

This preliminary study has some limitations that need
to be discussed. First, the monocentric nature of the study
prevented us to collect a large number of clinical samples
by different body districts, limiting the possibility to draw
certain statements. A multicenter study with larger sample
size could be helpful and supportive in confirming the results
obtained, including the sensitivity and the specificity here
reported. Moreover, the Xpert method was only performed
on fresh subsamples. This avoided the possibility to compare
the performances of ddPCR assay and Xpert method in FFPE
subsamples. Ultra-version of the Xpert R© MTB/RIF, developed
to improve the detection of paucibacillary disease, was not
available at the time of the study, and thus, its performance
on both fresh and FFPE samples was not assessed. No clinical
follow-up was available, and thus, no correlation between
mycobacteria load and clinical outcome can be performed.
In addition, the negative control population was not selected
against other diseases like HIV, asthma, Leishmania, toxoplasma,
diabetes, and neither this information was retrospectively
available. Even if in this study all positive ddPCR results
were confirmed to be positive by culture, these molecular
assays are unable to discriminate between viable or non-
viable bacilli.

Moreover, some disadvantages of ddPCR over other
molecular methods need to be mentioned: (1) the system
is not widely available; (2) ddPCR implementation is
more complex than other standard molecular methods and
needs specialized personnel; and (3) the cost per ddPCR
reaction is not cheaper than other standard molecular
methods (Hindson et al., 2013; Campomenosi et al.,
2016).

In spite of these limitations, our study showed preliminary
evidence regarding the highly sensitive, accurate, and rapid MTB
diagnosis in FFPE samples by ddPCR methods, as defined by
the high concordance between IS6110 assay and culture results.
The quantitative approach of ddPCR and its performances
independent of body districts make this system able to
differentiate high bacillary load multisystemic disseminated
condition from paucibacillary anatomically compartmentalized
TB. Considering these results, the ddPCR approach can be
safely introduced in the clinical routine to accelerate MTB
diagnosis with respect to culture, as well as to provide reliable
results when culture remains unavailable, like in the case
of FFPE samples.
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Tuberculosis (TB) caused by Mycobacterium tuberculosis (MTB) is a deadly infection,
and increasing resistance worsens an already bad scenario. In this work, a new
nanomedicine antibacterial agent, based on dihydroartemisinin (DHA) and chitosan (CS),
has been successfully developed to overcome MTB’s drug-resistant. To enhance DHA’s
solubility, we have prepared nanoparticles of DHA loaded CS by an ionic crosslinking
method with sodium tripolyphosphate (STPP) as the crosslinking agent. The DHA-
CS nanoparticles (DHA-CS NPs) have been fully characterized by scanning electron
microscopy, Fourier transforms infrared spectroscopy, dynamic light scattering, and
ultraviolet spectrophotometry. DHA-CS NPs show an excellent antibacterial effect on the
rifampicin (RFP)-resistant strain (ATCC 35838) and, at a concentration of 8.0 µg/ml, the
antibacterial impact reaches up to 61.0 ± 2.13% (n = 3). The results of Gram staining,
acid-fast staining, auramine “O” staining and electron microscopy show that the cell wall
of RFP-resistant strains is destroyed by DHA-CS NPs (n = 3), and it is further verified
by gas chromatography-mass spectrometry. Since all the metabolites identified in DHA-
CS NPs treated RFP-resistant strains indicate an increase in fatty acid synthesis and
cell wall repair, it can be concluded that DHA-CS NPs act by disrupting the cell wall. In
addition, the resistance of 12 strains is effectively reduced by 8.0 µg/ml DHA-CS NPs
combined with RFP, with an effective rate of 66.0%. The obtained results indicate that
DHA-CS NPs combined with RFP may have potential use for TB treatment.

Keywords: Mycobacterium tuberculosis, rifampin-resistance, dihydroartemisinin, chitosan, nanoparticle, gas
chromatography-mass spectrometry, metabolomics

INTRODUCTION

Caused by Mycobacterium tuberculosis (MTB), tuberculosis (TB) is a chronic infectious disease
with high mortality rate. TB incidence has been gradually increasing in recent years, and it has
become a significant global public health problem (Stein et al., 2008). According to the worldwide
progress report on tuberculosis elimination 2020, TB still accounts for the highest mortality from
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any infectious diseases worldwide, causing 1.5 million deaths
in 2018. In addition, approximately half a million new cases
of rifampicin (RFP)-resistant TB were reported with 78.0%
multidrug-resistant TB (MDR-TB) in 2018 (Harding, 2020).
According to the global tuberculosis report 2019, the latest
treatment data has shown that the treatment success rate of MDR-
TB is 56.0%, and extensively severe drug-resistant TB (XDR-TB)
is almost impossible to incurable. Both MDR-TB and XDR-TB
are resistant to RFP. Therefore, developing anti-TB new drugs is
a practical approach to the treatment of RFP-resistant TB (Dheda
et al., 2014; Maitre et al., 2017).

Artemisinin is one of sesquiterpene lactone peroxides
isolated from the Chinese plant Artemisia annua L. Multiple
derivatives with active metabolite dihydroartemisinin (DHA)
have been developed with improved pharmacological features
(Zhu, 2014). The pharmacological effects of DHA mainly include
antimalarial, antitumoral, antischistosomal, and antibacterial
activities (Meshnick et al., 1993; Want et al., 2015). Recent studies
have confirmed that artemisinin derivatives have bacteriostatic
effects on MTB (Zhang et al., 2014; Beg et al., 2017;
Upadhyay et al., 2017; Wais et al., 2017). However, artemisinin
derivatives have also disadvantages such as poor water solubility,
low bioavailability, short duration of effective blood drug
concentration and rapid excretion (Jin, 2020). Nowadays, no
in-depth studies have been conducted on the application of
artemisinin drugs for TB prevention.

Nanomedicine refers to the use of nanotechnology to
prepare drugs and corresponding carriers into a new class of
pharmaceuticals with a particle size ranging from 1 to 1,000 nm
(Satalkar et al., 2016). It can improve drug absorption and drug
efficacy, increase drug stability, enhance drug targeting, and
reduce drug toxicity (Rani et al., 2018; Kumari et al., 2019;
Martinelli et al., 2019; Wang et al., 2019). CS is a natural polymer
with peculiar benefits, such as biocompatibility, biodegradability,
non-toxicity, mucoadhesion and antibacterial properties, and can
activate macrophages to increase the bactericidal activity (Hou
and Zhao, 2006; Kucukoglu et al., 2019; Radwan-Pragłowska
et al., 2019). MTB can persist in an immune-competent host
via several immune evasion strategies, such as altered antigen
presentation to prevent the recognition of infected macrophages
by T cells, thereby evading macrophage killing mechanisms (Sia
and Rengarajan, 2019). Therefore, chitosan is expected to become
an effective carrier for the treatment of TB.

In this work, DHA-CS nanoparticles (DHA-CS NPs) were
prepared using CS as the drug carrier to investigate the
antibacterial activity of DHA-CS NPs on RFP-resistant strains
and the mechanism of action. It would lay a substantial
foundation for the clinical application of DHA-CS NPs.

MATERIALS AND METHODS

Bacterial Culture
Eighteen clinical drug-resistant strains and one RFP-resistant
MTB strain (ATCC 35838) were obtained from Mianyang
Centers for Disease Control and Prevention (CDC), China,
and stored in a refrigerator at –80◦C. The information about

strains is shown in Table 1. MTB strains were inoculated on
L-J medium (Shanghai Yiheng Scientific Instruments Co., Ltd.,
Shanghai, China) and cultured at 37◦C in a 5% CO2 incubator
(Zhou et al., 2017).

Materials
DHA was purchased from Ron Reagent Company (Shanghai,
China). CS with molecular weight 50–190 kDa (degree
of deacetylation > 95.0%) was purchased from Guanghan
Hengyu New Materials Co., Ltd. (Chengdu, China). Sodium
tripolyphosphate (STPP) was provided by Southwest University
of Science and Technology, Sichuan, China.

Preparation of DHA-CS NPs
DHA-CS NPs were produced using ionic-gelation methods with
STPP. 50.0 mg CS was dissolved in 50 ml 1.0% acetic acid
solution. 10.0 mg DHA and 10.0 mg STPP were dissolved in
10 ml absolute ethanol. Then, DHA-STPP ethanol solution was
slowly dripped into the CS solution with magnetic stirring at
1,000 rpm and stirred at 60◦C for 2 h. CS NPs were prepared with
the same method.

Morphology and Particle Size and FTIR
Spectrum
DHA-CS NPs were diluted to 0.50 µg/ml using distilled water.
The morphology of DHA-CS NPs was observed by scanning
electron microscope (SEM) (Ultra 55, ZEISS, Heidenheim,
Germany). Particle sizes and dispersion index of DHA-CS NPs
were analyzed using a laser particle size analyzer (90 plus,
Brookhaven, Waltham, MS, United States). Fourier transform
infrared (FTIR) spectrometer (Nicolet 6700, Thermo Fisher
Scientific, Waltham, MA, United States) was used to identify the
chemical compounds of samples.

TABLE 1 | Information on strains.

Serial number Name Source Drug-resistance

1 Clinical isolates Mianyang CDC RFP

2 Clinical isolates Mianyang CDC RFP

3 Clinical isolates Mianyang CDC RFP

4 Clinical isolates Mianyang CDC RFP, INH, EMB

5 Clinical isolates Mianyang CDC RFP, INH

6 Clinical isolates Mianyang CDC RFP

7 Clinical isolates Mianyang CDC RFP, INH, EMB

8 Clinical isolates Mianyang CDC RFP

9 Clinical isolates Mianyang CDC RFP

10 Clinical isolates Mianyang CDC RFP

11 Clinical isolates Mianyang CDC RFP, INH

12 Clinical isolates Mianyang CDC RFP

13 Clinical isolates Mianyang CDC RFP

14 Clinical isolates Mianyang CDC RFP

15 Clinical isolates Mianyang CDC RFP

16 Clinical isolates Mianyang CDC RFP, INH

17 Clinical isolates Mianyang CDC RFP

18 Clinical isolates Mianyang CDC RFP, INH

19 ATCC35838 Mianyang CDC RFP
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Entrapment Efficiency and Drug Loading
10.0 mg DHA was added into a 100 ml volumetric flask and made
up to 100 ml with 2.0% NaOH aqueous solution and ethanol
(4:1, v/v). The DHA solution was incubated for 2 h to obtain a
100.0 µg/ml standard solution. 0.20, 0.60, 1.0, 1.4, 1.8 ml standard
solutions were put into different volumetric flasks (10 ml) and
then heated in a water bath at 60◦C for 30 min. The absorbance
of sample solutions was measured in the wavelength range of
200–400 nm by an ultraviolet spectrophotometer (Evolution
300, Thermo Fisher Scientific, Waltham, MA, United States).
Then, the linear regression of DHA concentration (C) with DHA
absorbance (A) was obtained.

500 µl DHA-CS NPs were placed into an ultrafiltration
centrifuge tube (Beijing Cedoris Scientific Instruments Co., Ltd.,
Beijing, China) and centrifuged at 3,340 g (TGL-18M, BIOBASE,
Lu Xiangyi Centrifuge Co., Ltd., Shanghai, China) for 15 min.
Equal amounts of ultrafiltration solutions and non-centrifuged
DHA-CS NPs were placed into different volumetric flasks (10 ml)
and made up to 10 ml with 2.0% NaOH aqueous solution and
ethanol (4:1, v/v). The two volumetric flasks were incubated in
a water bath at 60◦C for 30 min. Finally, the absorbance of free
DHA in centrifuged and non-centrifuged DHA-CS NPs solutions
was measured. The entrapment efficiency and drug loading of
DHA-CS NPs were calculated as follows:

Entrapment efficiency (%) = (total mass of DHA—mass of free
DHA)/total mass of DHA× 100% (1)

Drug loading (%) = (total mass of DHA—mass of free
DHA)/total mass of nano-DHA composite× 100% (2)

Preparation of Bacterial Suspension
3–4 drops of 0.50% Tween 80 and resistant MTB colonies
grown on L-J medium for 3–4 weeks were placed into a thick
large glass tube. After grinding, 6–8 drops of physiological
saline were dropped into the tube and then stood to precipitate
large particles of bacteria. Finally, supernatants were aspirated,
and Middlebrook 7H9 Broth Base (Sigma, San Francisco,
California, United States) was used to adjust the supernatants to
3.0× 108 CFU/ml.

Optimal Concentration of DHA-CS NPs
The antimicrobial effect of 0.50–256.0 µg/ml drugs on ATCC
35838 MTB was detected by bacterial dead/live ratio testing,
and an appropriate drug concentration was selected for the
other experiment. Different concentrations (0.50, 1.0, 2.0,
4.0, 8.0, 16, 32, 64, 128, 256 µg/ml) of drugs (DHA-CS
NPs, CS NPs, and DHA) and bacterial solutions [diluted to
3.0 × 107 CFU/ml, referenced MTB liquid drug sensitivity kit
instructions (Autobio, Shanghai, China)] were added at 100.0
µl/well in 96-well plates (Kangborui Biological Technology Co.,
Ltd., Chengdu, China). Three parallel holes were set up for
each concentration. Negative and blank control groups were
established simultaneously and incubated in an incubator at
37◦C for 6 days. Then, samples were stained according to the
instructions of LIVE/DEADTM BacLightTM Bacterial Viability
Kit reagent (Invitrogen, San Francisco, California, United States).
The FSC LOG and SSC LOG parameters were selected to

establish FSC LOG VS. SSC LOG scatter plots, and the gain
and voltage were adjusted to make sure all events are in the
plot. Sterile 7H9 solution was used as a blank control to deduct
the background noise. Then we used individually stained live
bacteria and dead bacteria to adjust the FL1, FL3 voltages, and
appropriate compensation value. Finally, the flow cytometry
(FC500, Beckman, Waltham, MA, United States) scheme was
formulated, and live and dead bacteria areas were delimited
(Wu, 2015).

Antibacterial rates were calculated as follows: Antibacterial
rate (%) = (number of live bacteria in the control group −
number of live bacteria in the experimental group)/number of
live bacteria in the control group× 100%.

Then, the optimal concentration for the next experiments was
selected by bacterial live/dead ratio testing.

Group-wise differences were tested by one-way ANOVA or
t-test using SPSS 17.0, and p-value < 0.05 was considered to be
statistically significant.

Auramine “O” Staining, Acid-Fast
Staining and Gram Staining
Auramine “O” staining, acid-fast staining and Gram staining
(Baso, Zhuhai, China) methods were used to observe the number
and morphology of ATCC 35838 MTB in the presence and
absence of drugs. DHA-CS NPs, CS NPs, and free DHA with
the final concentration of 8.0 µg/ml were separately added to
bacterial suspensions (3.0 × 108 CFU/ml), and three parallel
trials were set up for each drug. The negative control group
was established simultaneously. Then, samples were incubated
at 37◦C in a 5% CO2 incubator for 6 days. After that, the
suspension was centrifuged for 10 min at 4,000 g to remove excess
supernatant and retain only 20 µl. After mixing, precipitates were
placed on different slides and smeared as a 2 cm diameter circular
film. After UV irradiation for 2 h, MTB was subjected to staining.
Finally, MTB of auramine “O” staining was observed using a
fluorescence microscope at 400× magnification (E 100, Nikon,
Tokyo, Japan). MTB of acid-fast staining and Gram staining was
observed at 1,000× magnification by oil immersion technique
(BX 43, Olympus, Tokyo, Japan).

SEM
SEM was used to observe ATCC 35838 MTB’s structure in the
presence and absence of drugs. DHA-CS NPs, CS NPs and free
DHA with the final concentration of 8.0 µg/ml were added to
bacterial suspensions (3.0 × 108 CFU/ml), and three parallel
trials were set up. The negative control group was established
simultaneously. Then samples were cultured at 37◦C in a 5% CO2
incubator for 6 days.

After centrifuged for 13 min at 300 g, supernatants were
discarded. 50 µl residues were placed on glass slides and fixed
with 3% glutaraldehyde for 30 min, then washed three times with
dH2O. The slides were air-dried and dehydrated by a graded
series of ethanol (30, 50, 70, 80, 90, and 95%) for 15 min at
each step, and finally dehydrated two times by absolute ethanol
for 20 min. After that, samples were dried ambiently, and the
morphology of MTB was observed using field emission SEM.
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Metabolomics Analysis
The influence of DHA-CS NPs on MTB metabolic pathway was
detected by metabolic omics method. ATCC 35838 RFP-resistant
strain was suspended to approximately 1.0× 107 colony-forming
units CFU/ml (van Breda et al., 2015; Koen et al., 2018). Cell
suspensions (2.0 ml) and DHA-CS NPs (final concentrations of
0.0 and 8.0 µg/ml) were added to each 5.0 ml EP tubes. They
were incubated at 37◦C for 24 h. The three samples containing
no DHA-CS NPs and four samples containing 8.0 µg/ml DHA-
CS NPs were centrifuged at 10,000 g for 1 min, and sediments
were collected. 10.0 mg of each sample was placed into an EP
tube and extracted with chloroform, methanol and water in a
ratio of 1:3:1. Samples were repeatedly placed in liquid nitrogen
freeze-thaw 5 times (2 min each time) and sonicated for 30 min
in an ice bath, then centrifuged at 10,000 g for 1 min at 4◦C. The
supernatants were transferred to different sample bottles, and
2.0 µl of 3-phenyl butyric acid (Kangbo Rui Biotechnology Co.,
Ltd., Chengdu, China) was added as an internal standard (1.75
µg/ml). After freeze-drying, the samples were redissolved in 80 µl
methoxyamine hydrochloride in pyridine solution (20.0 mg/ml),
and the oximation reaction was performed in a water bath at 50◦C
for 90 min. Then, methoxyamine hydrochloride-(trimethylsilyl)-
trifluoroacetamide (Shanghai Xinyu Biological Technology Co.,
Ltd., Shanghai, China) derivatization reagent containing 1.0%
trimethylchlorosilane (Shanghai Xinyu Biological Technology
Co., Ltd., Shanghai, China) was added to each sample. After that,
the derivatization reaction was carried out in a 50◦C water bath
for 90 min (Wang et al., 2015).

Samples (1.0 µl) were analyzed in a random sequence
by gas chromatography-mass spectrometer (GC-MS) (TQ8050,
Shimadzu Corporation, Tokyo, Japan). Shimadzu HP-5 capillary
column (30 m× 250 µm× 0.25 µm) was used for GC separation
of compounds. High-purity helium was used as the carrier gas
with a carrier gas flow rate of 1.0 ml/min. Interface temperature
was 280◦C, and inlet temperature was 270◦C; initial temperature
of column was set to 70◦C for 4 min, then raised to 133◦C at the
rate of 3◦C/min, heated to 200◦C at the rate of 2◦C/min, increased
to 220◦C and finally heated to 260◦C at the rate of 5◦C/min.
The ionization mode was electron bombardment with an electron
energy of 70 eV and a temperature of 230◦C. A mass range of
85∼500 m/z was used for the mass spectra.

Mass spectrometry deconvolution, peak alignment and peak
identification were carried out on the raw data by GC-
MS Solution software (version 2.1). The qualitative analysis
was performed by matching with the National Institute of
Standards and Technology (NIST). The data were analyzed with
SIMCA-P (version 13.0), including principal component analysis
(PCA), partial least squares discriminant analysis (PLS-DA) and
orthogonal partial least squares discriminant analysis (OPLS-
DA). SPSS 17.0 was used to perform t-test on the data, and
p-value < 0.05 was considered statistically significant.

DHA-CS NPs Combined With RFP
Solid drug sensitivity testing was used to detect whether the
combination of DHA-CS NPs and RFP could reduce the
resistance of clinical RFP-resistant strains. Bacterial suspensions

of eighteen clinical resistant strains (serial number: 1–18) were
diluted to 3.0 × 106 CFU/ml and 3.0 × 104 CFU/ml with 0.90%
NaCl solution. DHA-CS NPs with final concentrations of 8.0
µg/ml was added to diluted suspensions, and then they were
placed at 37◦C in a 5% CO2 incubator for 24 h. Negative control
groups were established at the same time (without DHA-CS NPs).
Afterward, bacterial suspensions were inoculated on the surface
of drug-sensitive solid culture media (Zhuhai Bezo Biotechnology
Co., Ltd, Sichuan, China) at 20.0 µl/well, and placed at 37◦C in a
5% CO2 incubator for 1 month.

The tangible medium is a plate with multiple culture wells
(Supplementary Figure 1). Each culture plate has two wells (“a”
and “b”) without drugs, and the remaining wells contain anti-
tuberculosis drugs. The wells of “c” and “d” are embedded with
isoniazid (INH), “e” and “f” wells are embedded with ethambutol
(EMB), “g” and “h” wells are embedded with RFP (in this work,
only RFP was concerned). Bacterial suspensions of negative
control groups were inoculated in “a” and “b” wells, and the
DHA-CS NPs drug groups were inoculated in other wells.

RESULTS

Morphology, Particle Size Distribution
and Dispersion Index of DHA-CS NPs
To determine the morphology and particle size of DHA-CS NPs,
SEM, and laser particle size analyzer were used. The average
particle size of DHA-CS NPs was 217.0 ± 8.12 nm, and the
dispersion index was 0.342 ± 0.01 (n = 3). SEM results showed
that the DHA-CS NPs formed a uniform quasi-spherical shape
with low polydispersity, and the diameter was consistent with the
above particle size measurement results (Figure 1).

FIGURE 1 | SEM of DHA-CS NPs.
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FTIR Assayed DHA Loading on CS NPs
FTIR analysis was used to confirm whether DHA was loaded
on CS. DHA, CS NPs, and DHA-CS NPs were aqueous
solutions, so the results of FTIR were significantly affected
by the characteristic peaks of water. In Figure 2, the bands
near 3354.0 cm−1 and 1639.0 cm−1 are ascribed to the
characteristic hydroxyl peaks of adsorbed water (Dinache
et al., 2020). The absorption peak intensity of CS NPs and
DHA-CS NPs near 1639.0 cm−1 was significantly stronger
than that of DHA and presented the stretching vibration of
C = O in amide bond, indicating the successful crosslinking
interaction between TPP and the amino groups of CS within
CS NPs (Ye et al., 2015). In addition, compared with CS
NPs, two new peaks of DHA-CS NPs near 1326.0 cm−1

and 1282.0 cm−1 were due to the crosslinking interaction
between DHA and TPP, indicating that DHA was successfully
loaded on CS NPs.

Encapsulation Efficiency and Drug
Loading Capacity of DHA-CS NPs
The measured optical densities (ODs) of DHA standard solutions
were 0.111, 0.259, 0.404, 0.552, and 0.676, and the OD curve was
fitted by the regression equation C = 28.01A–1.22 (R2 = 0.9992,
n = 5). A good linear correlation was found between DHA
concentration (C) and OD (A) in the range of 2.0–18.0
µg/ml (Figure 3).

According to Equations (1) and (2), the encapsulation
efficiency of DHA-CS NPs was calculated to be (76.4 ± 4.53)%,
and the drug loading capacity was (7.9 ± 0.12)% (n = 3).
The results above indicated the successful preparation of DHA-
CS NPs.

FIGURE 2 | FTIR spectra of DHA-CS NPs, CS NPs, and DHA.

FIGURE 3 | Standard curve of absorbance-concentration of DHA measured
at 238 nm by UV-VIS spectroscopy.

DHA-CS NPs Had Antibacterial Activity
Against MTB
To detect the antibacterial effect and select DHA-CS NPs
concentration, the antibacterial rate curves were drawn using the
bacterial dead/live ratio testing. The antibacterial rate curve in
Figure 4 showed that enhanced antibacterial activity of DHA was
observed with increasing the concentration at the range of 32.0–
256.0 µg/ml, and the highest value was obtained at 256.0 µg/ml.
However, the DHA concentration of 256.0 µg/ml had no clinical
application value (Li et al., 2020).

CS is a broad-spectrum antibacterial agent and has certain
antibacterial effects against Escherichia coli, Pseudomonas
aeruginosa, Enterococcus faecalis, and Staphylococcus
saprophyticus (Andres et al., 2007). In this work, CS also
showed anti-Mycobacterial results. The highest antibacterial
effect of CS NPs was obtained at 16.0 µg/ml with a value of
(54.4 ± 1.93)%. Compared with CS NPs, the antibacterial effect
of DHA-CS NPs enhanced (p < 0.05), and it could be due to
an additive antibacterial effect of DHA and CS (Jøraholmen
et al., 2020). The antibacterial effect of DHA-CS NPs (0.5–256.0
µg/ml) was highest at 8.0 µg/ml with a value of (61.0 ± 2.13)%.
Therefore, the optimal concentration of DHA-CS NPs was
selected as 8.0 µg/ml for the next experiments.

Morphology and Quantity of MTB
Changed After DHA-CS NPs Treatment
Three staining experiments were used to detect the morphology
and quantity of MTB after drug treatment. In the negative control
group and DHA group, acid-fast staining and auramine “O”
staining of MTB in Figure 5 showed that bacteria were slightly
curved, long rod-shaped, chain-shaped, branched aggregated,
and grown. The results of the DHA-CS NPs group and CS NPs
group showed that MTB was short rod-shaped and arranged
individually; the number of MTB was significantly reduced.
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FIGURE 4 | Antibacterial rate curves of MTB treated with 0.50–256 µg/ml drugs for 6 days (n = 3).

FIGURE 5 | Auramine “O” staining, acid-fast staining, and gram staining pictures of MTB after 6 days treatment with 8.0 µg/ml DHA-CS NPs (n = 3). (A1–4)
auramine “O” staining, (B1–4) acid-fast staining, (C1–4) Gram staining, (A1,B1,C1) Negative control group, (A2,B2,C2) DHA drug group, (A3,B3,C3) 8.0 µg/ml CS
NPs drug group, (A4,B4,C4) 8.0 µg/ml DHA-CS NPs drug group.

The Gram staining results of MTB showed that it was
not easy to stain, and the outline of bacteria was not
clear. Compared with the negative control group and the
DHA group, Gram staining results showed that the outline
of MTB treated with DHA-CS NPs and CS NPs was clear
and easily stained.

Bacterial Wall and Membrane Integrity
Was Destroyed by DHA-CS NPs
SEM was used to detect the structure of MTB after DHA-CS
NPs treatment. As shown in Figure 6, the MTB of the negative
control group and DHA drug group showed typical long rod-
shaped structures with a smooth surface and an intact cell wall.
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FIGURE 6 | SEM of MTB treated by 8.0 µg/ml DHA-CS NPs for 6 d (n = 3).
(A) Negative control group, (B) 8.0 µg/ml free DHA drug group, (C) 8.0 µg/ml
CS NPs drug group, (D) 8.0 µg/ml DHA-CS NPs drug group.

In the DHA-CS NPs group and CS NPs group, the damaged
cell morphology of the tested pathogens showed large surface
collapse, abnormal cell breakage, and wrinkled cell walls. At
present, some works clarified the destructive effect of CS on
bacterial cell walls (Arkoun et al., 2017; Verlee et al., 2017) and
there were no reports about DHA-CS NPs, so we chose GC-MS
experiment to verify it.

MTB Upregulated Fatty Acid Synthesis
Pathway After DHA-CS NPs Treatment
Using PCA to analyze the two groups of samples, the results
showed significant differences between individually cultured
MTB samples in the presence and absence of DHA-CS NPs. The
PCA score scatter plot in Figure 7 showed that the contribution
rates of the two principal components were 78.0 and 9.0%,
which could explain 95.0% of the data difference. Subsequently,
based on the successful verification of the OPLS-DA and PLS-DA
models, the metabolites with Variable Importance in Projection
(VIP) value > 1.00, reliability correlation [p(corr)] value > 0.500
in the (V+ S) scatter plot in Figure 8, and t-test p-value < 0.0500
were considered to be the differential metabolites with the
most contribution (Table 2). Twelve differential metabolites
obtained by the above multivariate statistical analysis were
shown in Figure 9 in bold. These metabolites were related
to MTB fatty acid synthesis pathway, glucose metabolism and
glycerolipid metabolism.

DHA-CS NPs Combined With RFP
Effectively Reduced MTB Resistance
The above results confirmed that DHA-CS NPs had a significant
antibacterial effect on RFP-resistant strains. Next, we selected

eighteen clinical isolates with known drug-resistant types to test
whether DHA-CS NPs combined RFP can reduce the resistance.

The testing was divided into two batches. In 1–9 plates, the
concentration of the bacterial solution inoculated in “a” and “g”
wells was 3.0 × 106 CFU/ml, “b” and “h” with was 3.0 × 104

CFU/ml, while the 10–18 plates were opposite. In Figure 10,
the yellow colonies were MTB colonies. Colonies grew in the
holes of the negative control groups. Still, no colonies grew in
the high/low concentration inoculation holes of the drug groups,
indicating that the drug resistance of the strain was reduced.
Compared with the initial resistance to RFP, the resistance of
12 strains (1, 2, 4, 5, 6, 9, 10, 11, 13, 14, 15, and 17) was
reduced by 8.0 µg/ml DHA-CS NPs combined with RFP, with an
effective rate of 66.0%.

DISCUSSION

The DHA-CS NPs complex has the characteristics of DHA
and CS. CS is particularly interesting as the broad spectrum
of antibacterial activity of CS is well known and documented,
offering the possibility of synergistic effects with antimicrobial
drugs (Fu, 2018; Yin et al., 2019). DHA also has anti-MTB
activity at a certain concentration (Kalani et al., 2019; Morake
et al., 2019). In the bacterial live/dead testing, both CS and
DHA have antibacterial effects on RFP-resistant MTB, and
DHA-CS NPs have the best antibacterial action. Therefore,
the significant antibacterial activity of DHA-CS NPs may be
an additive effect of DHA and CS. However, its antibacterial
effect is not positively related to the concentration. Appropriate
low concentration of DHA-CS NPs has the most substantial
antibacterial ability. The high concentration of CS probably can
cause a certain amount of positive charge on the surface of
the bacteria to keep the bacteria in suspension. In addition,
due to the high concentration and high viscosity of CS, it
has also coated the bacterial surface to prevent leakage of
intracellular components. Therefore, the antibacterial effect of
a high concentration of CS is achieved by isolating nutrients.
Appropriate low concentration of CS may neutralize the negative
charge on the surface of the MTB and make the bacteria glue
together. In this way, DHA-CS NPs can easily penetrate the
bacteria to disturb the cell membrane and cause cell death due
to leakage of intracellular components (Sudarshan et al., 1992;
Yang et al., 2007).

In a nutrient-rich environment, MTB is long rod-shaped and
chain-shaped. After DHA-CS NPs treatment, acid-fast staining
and auramine “O” staining has shown that the RFP-resistant
MTB is short rod-shaped. It indicated that MTB growth is
inhibited. The outer layer of the MTB cell wall is rich in lipid
content, accounting for about 60.0% of dry weight. The thick lipid
layer impedes penetration of Gram staining solution (Casabon
et al., 2013; Vilchèze et al., 2014; Dong et al., 2016; Thompson
et al., 2016; Zhou et al., 2016), which makes MTB challenging to
stain. MTB of DHA-CS NPs group is easily stained, indicating
that the DHA-CS NPs destroy the lipid structure of the outer
layer of the MTB cell wall, making the Gram-dye solution
enter it easier.
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FIGURE 7 | PCA differentiation using the GC-MS whole metabolome analyzed data of the individually cultured MTB in the absence (C) and presence (J) of 8.0 µg/ml
DHA-CS NPs.

FIGURE 8 | (V+S) plot of OPLS-DA model analysis selecting the differential metabolites of the individually cultured MTB in the absence and presence of 8.0 µg/ml
DHA-CS NPs.

Metabolomics is an emerging “omics” science evolved from
proteomics, genomics, and transcriptomics. It is based on
dynamic changes in low molecular weight metabolites in
organisms and has been applied in clinical research, human
nutrition, medical research, and development, microbiology
metabolism and mechanism researches. This experiment used
metabolomics to confirm that RFP-resistant MTB fatty acid
synthesis and cell wall repair increased after DHA-CS NPs
treatment. Twelve differential metabolisms are identified by GC-
MS technology, and 10 of these metabolites are directly related to
MTB fatty acid synthesis, including palmitic acid, octadecenoic
acid, octadecanoic acid, erucic acid, and so on. These metabolites
can form methyl-branched chain fatty acids and eventually form
mycolic acid, which is a crucial component of MTB cell wall
(Preez and Loots, 2012; Koen et al., 2018). The elevation of
these metabolites suggests that MTB upregulates the cell wall
synthesis pathway, based on the increased concentration of
alkanes (eicosane, octacosane, 2-methyl octadecane, 2-methyl

eicosane) and fatty acid amides (oleamide and octadecanamide).
Considering that MTB treated with DHA-CS NPs requires
more energy to preferably utilize fatty acids toward cell wall
repair, MTB will use glucose as a primary energy substrate
to obtain energy (Carvalho et al., 2010). In this work, the
increase in glucose concentration confirmed it. In addition, the
intermediate product of glycolysis can also be used as a substrate
for MTB fatty acid biosynthesis, such as 3P-glyceric acid, which
can be confirmed by the increase in the concentration of 1-
monopalmitin.

At present, although there is no report on the anti-
MTB mechanism of DHA-CS NPs, studies have reported that
artemisinin drugs and CS can destroy the cell wall structure of
bacteria or parasites. Artemisinin and its derivatives can generate
free radicals under the mediation of Fe2+ and destroy the cell
membrane of Plasmodium (Clark et al., 1984; Meshnick, 2002;
Antoine et al., 2014). Therefore, the rupture of DHA-CS NPs
peroxy bridge may also generate free radicals to attack the
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TABLE 2 | Metabolite markers that best explain the variance between the
individually cultured samples in the absence and presence of DHA-CS NPs.

Name aOPLS-DA (VIP) bOPLS-DA [p (corr)] ct-test (p-value)

Palmitic acid 4.50 0.984 0.0030

Octadecanoic acid 3.61 0.915 0.0060

Octadecenoic acid 3.00 0.991 0.0010

Oleamid 2.51 0.972 0.0010

1-monopalmitin 2.13 0.990 0.0010

Erucic acid 2.03 0.952 0.0010

Glucose 1.86 0.992 0.0010

2-methyl eicosane 1.43 0.988 0.0010

Eicosane 1.43 0.899 0.0060

Octadecane 1.42 0.952 0.0030

Octadecanamide 1.19 0.968 0.0020

2-methyl octadecane 1.05 0.927 0.0070

aOPLS-DA (VIP): VIP-value > 1.00 are considered to be the differential metabolites
with the most contribution.
bOPLS-DA [p (corr)]: correlation coefficient value > 0.500 are considered to be the
differential metabolites with the most contribution.
ct-test (p-value): p-value < 0.0500 indicates that the difference was statistically
significant.

bacterial cell wall. CS is an N-deacetylation product of chitin
and is the positively charged polyelectrolyte in polysaccharides
(Guo, 2007; Tantala et al., 2019). Studies have shown that it can
combine with negatively charged cell walls, thereby exerting a

broad-spectrum antibacterial effect (Fu, 2018; Yin et al., 2019).
Because the cell wall of MTB is negatively charged, DHA-CS
NPs can bind to it and interfere with cell wall synthesis. In
summary, the antibacterial mechanism of DHA-CS NPs on RFP-
resistant MTB may be that it interferes with cell wall synthesis
and generates free radicals to damage the cell wall.

The results of DHA-CS NPs combined with anti-tuberculosis
drugs have shown that 8.0 µg/ml DHA-CS NPs can reduce
MTB resistance. Currently, there are some reports of DHA
reduce bacterial resistance. Wu et al. (2013) have shown that the
combination of DHA and ampicillin can reduce the resistance
of E. coli. Lv et al. (2009) have found that artemisinin combined
with cefoxitin can reduce the resistance of Staphylococcus aureus.
Recent studies have demonstrated that efflux pumps of MTB
provide a crucial mechanism in the drug-resistant development
of anti-TB drugs (Parumasivam et al., 2016). The above results
confirm that DHA-CS NPs can destroy the MTB cell wall,
so the accumulation of RFP in the cell may be one reason
for the decreased resistance. RNA polymerase (RNA-PA) is an
essential enzyme required for bacterial transcription. RFP can
inhibit gene transcription by binding to the beta subunit of the
DNA-dependent RNA-PA, encoded by the rpoB gene. When ropB
gene is mutated, the binding site of RFP and RNA-PA disappears,
leading to MTB resistance. In previous experiments, gene chip
results have shown that DHA-CS NPs decrease the ropB mutant
gene level (Zhang, 2013). It also may be the reason for the reduced
resistance to RFP.

FIGURE 9 | Altered MTB metabolome induced by treatment with 8.0 µg/ml DHA-CS NPs. The schematic representation indicates the 12 metabolite markers in
bold, and increases in the metabolite markers are indicated by ↑.
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FIGURE 10 | Solid medium drug susceptibility testing of 8.0 µg/ml CS-DHA NPs combined with anti-TB drugs (n = 18).

Overall, DHA-CS NPs reduced the resistance of MTB to
RFP, possibly because it reduced the ropB mutant gene level or
damaged MTB cell wall to increased RFP intake. Therefore, the
combination of DHA-CS NPs and the classic anti-tuberculosis
drugs RFP is expected to constitute an effective treatment for TB.

CONCLUSION

In conclusion, DHA-CS NPs showed enhanced antibacterial
activity compared with free DHA and CS, which was based on the
additive effect of DHA-CS NPs by effectively destroying the cell
wall of MTB. Furthermore, at effective concentrations, DHA-CS
NPs can reduce the RFP resistance, making it a potential anti-TB
drug worthy of further investigation.
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As an ancient infectious disease, tuberculosis (TB) is still the leading cause of death from
a single infectious agent worldwide. Latent TB infection (LTBI) has been recognized as
the largest source of new TB cases and is one of the biggest obstacles to achieving the
aim of the End TB Strategy. The latest data indicate that a considerable percentage of
the population with LTBI and the lack of differential diagnosis between LTBI and active
TB (aTB) may be potential reasons for the high TB morbidity and mortality in countries
with high TB burdens. The tuberculin skin test (TST) has been used to diagnose TB for
> 100 years, but it fails to distinguish patients with LTBI from those with aTB and people
who have received Bacillus Calmette–Guérin vaccination. To overcome the limitations of
TST, several new skin tests and interferon-gamma release assays have been developed,
such as the Diaskintest, C-Tb skin test, EC-Test, and T-cell spot of the TB assay,
QuantiFERON-TB Gold In-Tube, QuantiFERON-TB Gold-Plus, LIAISON QuantiFERON-
TB Gold Plus test, and LIOFeron TB/LTBI. However, these methods cannot distinguish
LTBI from aTB. To investigate the reasons why all these methods cannot distinguish
LTBI from aTB, we have explained the concept and definition of LTBI and expounded
on the immunological mechanism of LTBI in this review. In addition, we have outlined the
research status, future directions, and challenges of LTBI differential diagnosis, including
novel biomarkers derived from Mycobacterium tuberculosis and hosts, new models and
algorithms, omics technologies, and microbiota.

Keywords: tuberculosis, latent TB infection (LTBI), tuberculin skin test (TST), interferon-gamma release assays
(IGRAs), biomarkers, differential diagnosis

Abbreviations: Ala-DH, alanine dehydrogenase; ARI, annual risk in infection; aTB, active tuberculosis; AUCs, areas
under the curve; BCG, Bacillus Calmette–Guérin; CFP-10, culture filtrate protein 10; CLIA, chemiluminescent
immunoassay; CTL, cytotoxic T lymphocytes; DCs, dendritic cells; DC-SIGN, DC-specific intercellular adhesion molecule-
3 grabbing nonintegrin; DosRs, dormancy survival regulon antigens; EGF, epidermal growth factor; ELISA, enzyme-
linked immunosorbent assay; ELISpot, enzyme-linked immunospot; ESAT-6, early secreted antigenic target 6; GM-CSF,
granulocyte macrophage colony-stimulating factor; HCs, health controls; HCWs, healthcare workers; HLAs, human
leukocyte antigens; IFN-γ, interferon-γ; IGRAs, interferon-gamma release assays; IL, interleukin; IP-10, interferon-gamma-
inducible protein 10; IS, ImmunoScore; LTBI, latent tuberculosis infection; MIP-1β, macrophage inflammatory protein
1β; NS, nutrition starvation; NTM, non-tuberculous mycobacteria; OT, old tuberculin; PPD, purified protein derivative;
PPRs, pattern recognition receptors; QFT-GIT, QuantiFERON-TB Gold In-Tube; QFT-Plus, QuantiFERON-TB Gold-Plus;
RAs, reactivation antigens; RD, region of difference; RPF, resuscitation-promoting factor; TAS, toxin–antitoxin system-
associated antigens; TB, tuberculosis; Th, helper T lymphocytes; TLR, toll-like receptor; TNF-α, tumor necrosis factor-α;
Tregs, regulatory T cells; T-SPOT.TB, T-cell spot of TB assay; TST, tuberculin skin test; VEGF, vascular endothelial growth
factor; WHO, World Health Organization.
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INTRODUCTION

Tuberculosis (TB) is one of the top 10 causes of death and
is the leading cause of death from a single infectious agent
worldwide (Gong et al., 2018; WHO, 2020). According to
the Global Tuberculosis Report 2020 released by the World
Health Organization (WHO), more than 10 million new TB
cases and 1.4 million deaths were reported to the WHO in
2019 (WHO, 2020).

To reverse the long-term unfavorable situation of TB
prevention and treatment, the WHO formulated an ambitious
End TB Strategy in 2015. The aim of this strategy was to
reduce the mortality and incidence rates of TB by 90% and 80%,
respectively, in 2025 from those reported in 2015 and aim for
further reduction by 95% and 90% in 2035, respectively (Stop
TB Partnership, 2015). Currently, the global incidence of TB is
declining at an average rate of about 2% per year, which is not
fast enough to reach the target of a 17% annual decline from 2025
to 2035 set by the End TB Strategy (Stop TB Partnership, 2015;
Chaw et al., 2020).

A reason for this gap may be that the source of infection has
not been effectively controlled, resulting in a large percentage
of the population being infected with latent TB infection
(LTBI). A previous study indicated that 23% of the world’s
population (equivalent to 1.7 billion people) was estimated to
be latently infected with Mycobacterium tuberculosis, and cases
from three WHO regions (Southeast Asia, Western-Pacific, and
Africa), which had the highest LBTI burdens, accounted for
approximately 80% of all LTBI cases (Houben and Dodd, 2016).
Although countries with high TB burdens pay great importance
to the prevention, diagnosis, and treatment of active TB (aTB),
the same cannot be said in terms of their emphasis on LTBI.

It has been reported that 5–10% of patients with LTBI
will progress to aTB during their lifetime (Hauck et al., 2009;
Chee et al., 2018; WHO, 2018). However, the risk is higher in
immunocompromised individuals, such as in people living with
human immunodeficiency virus (HIV), people with diabetes,
people with coronavirus disease, infants, and young children
(aged < 5 years) (Chee et al., 2018; Gong and Wu, 2020; WHO,
2020; Aspatwar et al., 2021). In 2019, the number of new TB
cases in countries with high TB burdens accounted for 86.9%
of the global number of new TB cases (WHO, 2020). The
latest data indicate that China has the heaviest burden of LTBI
worldwide, with about 350 million people latently infected with
M. tuberculosis (Cui et al., 2020). These data indicate that a
significant percentage of the population with LTBI and lack of
differential diagnosis of LTBI and aTB may be potential reasons
for the high TB morbidity and mortality in countries with a high
TB burden. Therefore, countries with high TB burdens should
consider increasingly emphasizing LTBI-related research and
taking action to accelerate progress toward global milestones and
targets for reductions in the burden of TB set for 2025, 2030, and
2035 (Floyd et al., 2018). Accurately identifying and intervening
in cases of TB from the population, especially cases of LTBI, are
key to reducing morbidity and mortality. Reaching the milestones
of the End TB Strategy is also urgent. Eliminating TB is not
feasible if there is no isolation of patients with bacterium-positive

TB and as long as a large number of people with LTBI exist
(Godoy, 2021).

In this review, we first clarified the concept and definition
of LTBI and then explained the immunological mechanism
of LTBI. We also reviewed the current technologies and
methods for LTBI differential diagnosis, such as the tuberculin
skin test (TST) and interferon-gamma release assays
(IGRAs), by comparing their advantages and disadvantages.
Finally, we have outlined the current research status, future
directions, and challenges for LTBI differential diagnosis
in the future, including novel biomarkers derived from
M. tuberculosis and its host, new models, algorithms, omics
technologies, and microbiota.

CONCEPT AND IMMUNOLOGICAL
MECHANISMS OF LATENT
TUBERCULOSIS INFECTION

Evolutionary History of the Definition of
Latent Tuberculosis Infection
With developments in science and technology, the understanding
of the definition of LTBI has been deepening continuously over
a long period. The evolution of the definition of LBTI can be
divided into three stages—macropathology, bacteriology, and
immunology. In the early 19th century, Louis (1825) and Laennec
(1826) found tubercles upon autopsy of asymptomatic patients
who had no clinical manifestations of TB before death, and
they used the term “latent” TB to describe this condition for
the first time. Behr et al. (2021) summarized the definition
of LTBI in the 19th century as “Latent TB is a postmortem
diagnosis referring to a host with tuberculous pathology in the
absence of symptoms.” In the 20th century, the definition of LTBI
began to shift from a pathological description to bacteriological
identification. As early as 1956, when McCune et al. (1956)
identified the effect of pyrazinamide on mice, they accidentally
found that the disappearance of M. tuberculosis in the organs
of mice did not mean that M. tuberculosis was completely
eliminated. In contrast, M. tuberculosis can still be identified in
approximately one-third of mice treated with pyrazinamide for
90 days. The bacteriological concept of LTBI was first proposed
as follows: “the infection is present but is hidden beyond the
limits of diagnostic reach” or “the presence of tubercle bacilli
in the animal tissues can no longer be demonstrated by the
most elaborate techniques of microscopy, culture, or animal
inoculation” (McCune et al., 1956; Mc, 1959). However, this
description is only a clinical and bacteriological definition but
does not reflect the nature of LTBI. Behr et al. (2021) summarized
the definition of LTBI in the 20th century as “Latent TB remains
a postmortem diagnosis but now referring to the tubercle bacilli
recovered from autopsy tissue without TB pathology.” In the 21st
century, the definition of LTBI has changed from postmortem
pathological diagnosis in the 19th century and bacterial diagnosis
in the 20th century to host immunological diagnosis. In 1999,
the American Thoracic Society (ATS) issued guidelines for the
treatment of TB and specifically addressed “latent tuberculosis

Frontiers in Microbiology | www.frontiersin.org 2 October 2021 | Volume 12 | Article 74559231

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-745592 October 18, 2021 Time: 15:46 # 3

Gong and Wu Differential Diagnosis of LTBI and Active TB

infection” (ATS, 2000). For the first time, TB immunoreactivity
tests such as the TST were used to diagnose latent tuberculosis
infection. Eight years later, these guidelines were updated, and the
definition of LTBI was modified to include “a state of persistent
immune response to stimulation by M. tuberculosis antigens with
no evidence of clinically manifest active TB” (Lewinsohn et al.,
2017). This definition of LTBI was recognized by the WHO
in their Guidelines on the Management of Latent Tuberculosis
Infection (WHO, 2015). On July 15, 2021, Behr et al. (2021)
summarized the evolution of the definition of LTBI in the 21st
century as follows: “Latent TB refers to a host who is TB
immunoreactive in the absence of TB disease.”

As mentioned above, the understanding of LTBI has gone
through three stages: anatomical diagnosis in the 19th century,
bacteriological diagnosis in the 20th century, and immunological
diagnosis in the 21st century. However, currently, there is no
distinction between a “latent infection” and “immunological
memory” in the absence of TB infection. A previous study
has found that most TB-immunoreactive individuals retain
immunological memory after clearing M. tuberculosis infection,
indicating TB immunoreactivity can persist after curative
treatment (Behr et al., 2018, 2019). It was estimated that 24.4%
of individuals with M. tuberculosis infection could self-clear
mycobacteria within 10 years and 73.1% over a lifetime (Emery
et al., 2021). Therefore, the number of people harboring live
M. tuberculosis may be substantially lower than previously
reported (Behr et al., 2021). The population with positive results
of TST and IGRAs includes not only individuals with LTBI
but also individuals with persistent TB immunoreactivity after
curative treatment. Furthermore, individuals with LTBI are at
risk of progression to active TB. Therefore, they are a potential
source of future transmission and may benefit from treatment.
In contrast, individuals with immunological memory but no
M. tuberculosis infection are not at risk of progression to active
TB. Therefore, they are not a source of future transmission from
the initial exposure and would not benefit from treatment. Thus,
these concerns should be overcome in the future.

In this review, we adopt the definition of LTBI from an article
published by Chee et al. (2018) in 2018: “LTBI is a subclinical
condition of M. tuberculosis infection, characterized by a complex
and heterogeneous state resulting from the interaction between
the immune response of the organism and the host.” In other
words, we believe that LTBI is governed by a process of
dynamic balance between host immunity and the invasiveness
of M. tuberculosis. Once the balance is disrupted, M. tuberculosis
infection can result in three outcomes (Figure 1A).

Immunological Mechanisms of Latent
Tuberculosis Infection
Host bactericidal immune responses play a central role in the
progression from LTBI to aTB (Pan et al., 2017). To better
understand the relationship between host immune responses
and mycobacteria, we briefly reviewed the immunological
mechanisms of LTBI (Figure 1B). As a paradigmatic intracellular
pathogen, M. tuberculosis first invades the alveolar epithelial
cells (pneumocytes I and II) after host inhalation of droplets

containing bacteria via airborne transmission (Chai et al.,
2020). The role of alveolar epithelial cells has been well
documented in numerous studies since the 1990s (Kanai
et al., 1979; Rodrigues et al., 2020). These cells play a crucial
role in the pathogenesis of TB as replicative niches in the
spread of infection via cellular death due to TB infection
and play immunomodulatory roles through the expression
of cytokines and chemokines (Scordo et al., 2016; Rodrigues
et al., 2020). Macrophages are one of the first responders in
host defense against M. tuberculosis. Inhaled M. tuberculosis
is recognized and phagocytosed into phagosomes for clearance
by resident alveolar macrophages mainly through their well-
equipped pattern recognition receptors (PRRs), which can be
blocked by some reactive proteins of M. tuberculosis (Westphalen
et al., 2014). In addition, in response to M. tuberculosis infection,
alveolar macrophages secrete a series of pro-inflammatory
cytokines and chemokines, such as tumor necrosis factor-α
(TNF-α), interleukin-1β (IL-1β), IL-6, IL-23, and granulocyte
macrophage colony-stimulating factor (GM-CSF) (Chai et al.,
2020). Lung-resident dendritic cells (DCs) are another group
of sentinel cells that migrate to the surface of the trachea and
alveoli to detect invading pathogens in time. Monocyte-derived
DCs can recognize M. tuberculosis in collaboration with DC-
specific intercellular adhesion molecule-3 grabbing non-integrin
(DC-SIGN) and toll-like receptor (TLR) and kill M. tuberculosis
by upregulating IL-1α, IL-1β, IL-10, and inducible nitric oxide
synthase (iNOS) (Tailleux et al., 2003; Mayer-Barber et al.,
2011; Chai et al., 2020). After phagocytosis of M. tuberculosis,
DCs migrate to the surrounding lymph nodes and present
the antigens of M. tuberculosis to prime CD4+ T lymphocytes
(Chai et al., 2020).

Unlike macrophages and DCs, neutrophils do not recognize
and phagocytose mycobacteria at the original infection sites.
Neutrophils are important responders in host defense against
M. tuberculosis, but they have been neglected until recently.
Neutrophil recruitment occurs at an early stage of granuloma
formation. In granulomas, the dying macrophages infected
with M. tuberculosis release signals to recruit neutrophils to
phagocytose them and M. tuberculosis (Yang et al., 2012).
Previous studies revealed that neutrophils contribute to immune
resistance to TB by producing antimicrobial peptides, facilitating
the migration of DCs, and exerting protective effects on the
oxidative killing of mycobacteria in TB granulomas (Martineau
et al., 2007; Yang et al., 2012). Furthermore, accumulating
evidence shows that B cells, natural killer (NK) cells, and
mucosal-associated invariant T (MAIT) cells also play an
important role in the immune response against M. tuberculosis
by interacting with various immune cells, such as macrophages,
T cells, and neutrophils (Achkar et al., 2015; Allen et al., 2015;
Gong et al., 2021; Sakai et al., 2021).

However, the adaptive immune response is not triggered
immediately; it has an interval of 2–3 weeks, which may be
conducive to M. tuberculosis colonization (Jasenosky et al., 2015).
Subsequently, T lymphocytes are activated and differentiate
into interferon-γ-positive (IFN-γ+) Th1 cells (CD4+ T cells),
cytotoxic T lymphocytes (CD8+ T cells), Th17 cells, Th2 cells,
and regulatory T cells (Tregs) (Chai et al., 2020). These activated
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FIGURE 1 | Schematic diagram of latent tuberculosis infection and its mechanism. Latent tuberculosis infection (LTBI) is a balance between immunity of host and
invasiveness of M. tuberculosis; any tilt would upset the balance (A). The M. tuberculosis excreted from patients with active TB is inhaled by healthy people through
airborne transmission and recognized and phagocytized by antigen-presenting cells such as macrophages, neutrophils, natural killer cells, and B lymphocytes (B).
Then, neutrophils release cytokines to activate and recruit T lymphocytes to gather at the place where M. tuberculosis invades to form granulomas (B). If the host
immunity is strong, M. tuberculosis will be cleared by immune cells and the host recovers; If the host immunity is weak, M. tuberculosis will reproduce in the
granulomatous tissue and breaks through the granulomatous restriction to cause active TB; If the immunity of host and invasiveness of M. tuberculosis is balanced,
the host will be latently infected (A,B).
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effector cells enter the blood circulation, migrate to the site
of M. tuberculosis infection, and participate in local anti-TB
immunity. At this stage, granulomas begin to form, and TST
and IGRA results may be positive. The formation of tuberculous
granulomas is a dynamic process between growth and decline.
TB granulomas are the main battlefields for host immune cells
and M. tuberculosis. The dying immune cells expose the hidden
M. tuberculosis to the external environment to be phagocytosed
and killed by the new immune cells. This process changes with
the strength of the two belligerents, and the result directly affects
the outcome of TB infection (Marino et al., 2015).

CURRENT METHODS USED TO
DIAGNOSIS LATENT TUBERCULOSIS
INFECTION

It has been reported that approximately one-fourth of the global
population is latently infected with M. tuberculosis and that
5–15% of them may progress to aTB within 2 years, while
the remaining individuals with LTBI are at a constant risk of
reactivation (Houben and Dodd, 2016; Pai and Behr, 2016).
The differential diagnosis of individuals with LTBI can not only
promote an understanding of the pathogenesis of TB but also
reduce the risk of progression of LTBI to aTB through preventive
treatment. However, there is no specific gold standard test for
diagnosing LTBI thus far (Chee et al., 2018). Currently, the
diagnosis of LTBI mainly depends on the host’s positive immune
response to the antigens of M. tuberculosis and the clinical
manifestations of the host. Currently, two methods are endorsed
by the WHO as tests for TB infection—the century-old TST and
IGRAs, which have been introduced since 2005 (Zellweger et al.,
2020). The characteristics of the TST and IGRAs are listed in
Table 1.

Skin Tests
Conventional Tuberculin Skin Test
The TST is a diagnostic method performed through
subcutaneous injection of old tuberculin (OT) or purified
protein derivative (PPD) as an antigen (Mosavari et al., 2021). It
has been applied in the screening, diagnosis, and epidemiological
studies of primary infection with M. tuberculosis for more than
100 years and is the main diagnostic test for LTBI. The TST is
widely used to screen and detect TB owing to its advantages of
being affordable, being simple to perform, and the requirement
of minimal laboratory equipment. However, its disadvantages
cannot be neglected, such as its requirement for a second visit
after 48–72 h, inability to distinguish LTBI from aTB, false
positives with Bacillus Calmette–Guérin (BCG) vaccination,
cross-reactivity with non-tuberculous mycobacteria (NTM),
and false negatives in immunosuppression and deficiency
(Pourakbari et al., 2019).

Novel Emerging Skin Tests
In addition to the conventional TST, three novel strategies for the
diagnosis of TB have been developed in recent years—Diaskintest
(Generium Pharmaceutical, Moscow, Russia), C-Tb skin test

(Statens Serum Institut, Copenhagen, Denmark), and EC-Test
(Zhifei Longcom Biologic Pharmacy Co., Anhui, China) (Steffen
et al., 2020; WHO, 2020). The Diaskintest is a new effective
way to identify the initial presentation of TB and developed
based on a fusion protein of the early secreted antigenic target
6 (ESAT-6) and culture filtrate protein 10 (CFP-10) antigens
present in virulent strains of M. tuberculosis, which are absent
in the BCG strain and in most NTMs. Recently, a meta-analysis
based on 61 articles and 3,777,083 patients was conducted to
evaluate the sensitivity and accuracy of the Diaskintest, and the
results indicated that the overall diagnostic specificity, sensitivity,
and accuracy of the Diaskintest were 98.0, 86.0, and 95.1%,
respectively (Starshinova et al., 2020). However, the C-terminal of
the fusion protein used in the Diaskintest contains 11 amino acids
(including six histidine (HIS) labels) on the vector sequence other
than the target gene, which does not conform to the “Technical
Guiding Principles for Quality Control of Recombined DNA
Products for Human Use” issued by the China Food and Drug
Administration. The novel C-Tb skin test is based on a mixture
of antigens ESAT-6 and CFP10. It combines the advantages of
the field friendliness of TST and the high specificity of IGRAs.
Two phase III clinical trials have investigated the safety and
efficacy of the C-Tb skin test, QuantiFERON-TB Gold In-Tube
(QFT-GIT), and TST, suggesting that C-Tb and QFT-GIT results
were concordant in 94% of participants and that the safety
profile of the C-Tb skin test was similar to that of the TST
and QFT-GIT in HIV-negative adults and children as well as
HIV-positive individuals with active or latent M. tuberculosis
infection (Ruhwald et al., 2017; Aggerbeck et al., 2018). The
EC-Test is the latest skin test for the diagnosis of aTB and
LTBI. Similar to the Diaskintest and C-Tb skin test, the EC-
Test is also developed based on ESAT-6 and CFP10 antigens of
M. tuberculosis. Currently, clinical phase I, II, and III trials of
the EC-Test have been completed. A phase I clinical trial and
a phase IIa clinical trial indicated that the median maximum
induration diameter of the EC-Test was similar to that of the
TST and that a single dose of the EC-Test (1, 5, 10, or 20 µg/ml)
was well tolerated and safe, with its diagnostic accuracy superior
to that of the TST (Li et al., 2016a,b). A phase III clinical
trial conducted in 1,559 participants found that the EC-Test
and IGRAs have fairly high specificity and consistency (88.77%)
(Chinese Antituberculosis Association et al., 2020).

Taken together, these three new tests are designed to detect
immune responses stimulated with recombinant ESAT-6 and
CFP-10 antigens to help address the problem of false-positive
TST results that occur in patients who have received BCG
vaccination (Ruhwald et al., 2016). Their specificity may be higher
than that of the TST and may be more accurate, acceptable,
and cheaper alternatives to IGRAs (Ruhwald et al., 2017).
These skin tests have the advantages of the TST and IGRAs,
which are characterized by simple operation, low cost, and
easy reading of results, making it possible to apply them in
countries with a high burden of TB and in poverty-stricken areas,
especially in countries implementing universal BCG vaccination.
Furthermore, increasingly emerging studies have demonstrated
that these new skin tests show similar test positivity rates,
safety profiles, and specificities to those of IGRAs and provide
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TABLE 1 | The characteristics of the skin tests and IGRAs.

Terms Skin tests IGRAs

Conventional TST Diaskintest C-Tb skin test EC-Test T-SPOT.TB QFT-GIT QFT-Plus LIAISON QFT-Plus LIOFeron TB/LTBI

Manufacturer Multiple manufacturers Generium
Pharmaceutical, Russia

Statens Serum Institut,
Denmark

Zhifei Longcom, China Oxford Immunotec,
United Kingdom

QIAGEN, Hilden,
Germany

Qiagen, MD,
United States

DiaSorin S.p.A., Italy LIONEX GmbH,
Braunschweig,
Germany

Time > 100 years 2009 2010 2020 1990s 1980s 2015 2017 2019

Antigens PPD ESAT-6 and CFP10 ESAT-6 and CFP10 ESAT-6 and CFP10 ESAT-6 and CFP10 ESAT-6, CFP-10, and
TB7.7 (p4)

ESAT-6 and CFP10 ESAT-6 and CFP10 ESAT-6, CFP-10,
TB7.7, Ala-DH

Tubes NA NA NA NA One tube Nil tube, Antigen tube,
and Mitogen tube

Nil tube, TB1 tube, TB2
tube, and Mitogen tube

Nil tube, TB1 tube, TB2
tube, and Mitogen tube

PC tube, TB-A tube,
TB-B tube, and NC
tube

Technological platform NA NA NA NA ELISPOT ELISA ELISA CLIA ELISA

Sample NA NA NA NA PBMCs Whole blood Whole blood Whole blood Whole blood

Sample transport and
storage temperature

Refrigerate at 4◦C Refrigerate at 4◦C Refrigerate at 4◦C Refrigerate at 4◦C Indoor temperature, do
not refrigerate or freeze

Indoor temperature, do
not refrigerate or freeze

Indoor temperature, do
not refrigerate or freeze

Indoor temperature, do
not refrigerate or freeze

Indoor temperature, do
not refrigerate or freeze

Outcome measure Millimeters of induration Millimeters of induration Millimeters of induration Millimeters of induration Number of
IFN-γ-producing T cells

Serum concentration of
IFN-γ produced by
CD4+ T cells

Serum concentration of
IFN-γ produced by
CD4+ and CD8+T cells

Serum concentration of
IFN-γ produced by
CD4+ and CD8+T cells

Serum concentration of
IFN-γ produced by
CD4+ and CD8+T cells

Positive internal control No No No No PHA Mitogen Mitogen Mitogen Unknown

Need for return visit Yes Yes Yes Yes No No No No No

Time required for
results

48–72 h 48–72 h 48–72 h 48–72 h 16–20 h 16–24 h 16–24 h Unknown 16–24 h

in vivo/in vitro in vivo in vivo in vivo in vivo in vitro in vitro in vitro in vitro in vitro

Interpretation of result Subjective
(operator-based)

Subjective
(operator-based)

Subjective
(operator-based)

Subjective
(operator-based)

Objective
(instrument-based)

Objective
(instrument-based)

Objective
(instrument-based)

Objective
(instrument-based)

Objective
(instrument-based)

False positives with
BCG vaccination

Yes No No No No No No No No

Cross-reactivity with
NTMs

High Low Low Low Low, but can be
influenced by infections
of M. kansasii,
M. szulgai, M. marinum,
and M. gordonae*

Low, but can be
influenced by infections
of M. kansasii,
M. szulgai, and
M. marinum (Andersen
et al., 2000)

Low, but can be
influenced by infections
of M. kansasii,
M. szulgai, and
M. marinum (Andersen
et al., 2000)

Unknown Low

False positives with
immunosuppression
and deficiency

High Low Low Low Low Low Low# Unknown Unknown

Specificity 62% (BCG vaccinated)
and 95% (BCG
unvaccinated) (Ruhwald
et al., 2016)

98% (Starshinova et al.,
2020)

99.3% (Aggerbeck
et al., 2013)

98% (Steffen et al.,
2020)

76.2% (Yang et al.,
2021)

99%§ 95% (Sotgiu et al.,
2019)

Unknown 98% in aTB and 97% in
LTBI (Della Bella et al.,
2020)

Sensitivity 75% (Aggerbeck et al.,
2018)†

86% (Starshinova et al.,
2020)

73.9% (Hoff et al.,
2016)

86% (Steffen et al.,
2020)

83.5% (Yang et al.,
2021)

89%§and 73%
(Aggerbeck et al.,
2018)†

91% (Sotgiu et al.,
2019)

Unknown 90% in aTB and 94%in
LTBI (Della Bella et al.,
2020)

Accuracy Unknown 95.1% in total
population and 92.4%
in HIV-positive patients
(Starshinova et al.,
2020)

Unknown 87% 88.5% (Yang et al.,
2021)

Unknown Unknown Unknown Unknown

(Continued)
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comparable results in terms of diagnosing patients with TB living
with HIV and children infected with M. tuberculosis (Table 1;
Litvinov et al., 2009; Aggerbeck et al., 2013; Hoff et al., 2016;
Ruhwald et al., 2017; Aggerbeck et al., 2018; Steffen et al., 2020).

Nevertheless, the potential drawbacks of these three new skin
tests are worth noting. First, these skin tests have insufficient
diagnostic foundations for the differential diagnosis of LTBI.
Second, vaccines based on recombinant ESAT6-CFP10 protein
for prevention of LTBI may affect the diagnostic value of
these skin tests in the future. Finally, these three novel skin
tests should be validated in larger clinical trials in children,
elderly individuals, and special populations such as in HIV-
infected persons, immunosuppressant drug users, and people
with malnutrition.

Interferon-Gamma Release Assays
To overcome the deficiencies of the TST, IGRAs have been
developed as an alternative immunodiagnostic approach. Thus
far, there are five commercialized IGRA kits, including the T-cell
spot of the TB assay (T-SPOT.TB, Oxford Immunotec, Abingdon,
UK), QuantiFERON-TB Gold In-Tube (QFT-GIT, Qiagen
GmbH, Hilden, Germany), QuantiFERON-TB Gold-Plus (QFT-
Plus, Qiagen, MD, United States), LIAISON QuantiFERON-TB
Gold Plus (LIAISON QFT-Plus, DiaSorin S.p.A., Italy), and
LIOFeron TB/LTBI (LIONEX GmbH, Braunschweig, Germany)
(De Maertelaere et al., 2020; Della Bella et al., 2020; Altawallbeh
et al., 2021; Hamada et al., 2021). In addition, there are five
products in development—T-Track (R) TB (Lophius Biosciences
GmbH), VIDAS TB-IGRA (bioMérieux), Access QuantiFERON-
TB (Boditech Med Inc.), ichromaTM IGRATB (Boditech Med
Inc.), and IP-10 IGRA elisa/lateral flow (rBioPharm) (WHO,
2020).

T-cell Spot of the Tuberculosis Assay, QuantiFERON-
Tuberculosis Gold In-Tube Test, and QuantiFERON-
Tuberculosis Gold-Plus
T-cell spot of the TB assay is an enzyme-linked immunospot
(ELISpot) assay developed by Prof. Lalvani in collaboration with
his colleagues in the late 1990s (Lalvani et al., 2001). T-SPOT.TB
detects the immune responses of peripheral blood-derived IFN-
γ-secreting T cells stimulated with peptides from ESAT-6 and
CFP10 antigens. The QFT-GIT assay is based on stimulating
IFN-γ release from CD4+ T cells in a single TB antigen tube
with three antigens of M. tuberculosis, including ESAT-6, CFP-
10, and TB7.7. Antigens ESAT-6 and CFP-10 are encoded within
the M. tuberculosis region of difference 1 (RD1) locus, which
eliminates interference from BCG and NTMs (Saracino et al.,
2009). The QFT-Plus assay is designed to stimulate CD4+ T cells
using ESAT-6 and CFP-10 antigens in tube 1 (TB1) and elicit IFN-
γ release from both CD4+ and CD8+ T cells using a cocktail
of peptides derived from ESAT-6 and CFP-10 antigens in TB2
(Rozot et al., 2013). Compared with the QFT-GIT assay based
on CD4+ T-cell immune responses, the biggest improvement in
the QFT-Plus assay is the addition of CD8+ T-cell responses.
It has been reported that the CD8+ T-cell response in patients
with aTB is higher than that in patients with LTBI (Theel
et al., 2018). A systematic review and meta-analysis demonstrated
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that QFT-Plus is more sensitive than QFT-GIT for detecting
M. tuberculosis infection (Sotgiu et al., 2019), which is consistent
with the results of another meta-analysis (Pourakbari et al., 2019).
These data suggest that QFT-Plus is more sensitive than QFT-
GIT in detecting M. tuberculosis infection, which may be due
to CD8+ T-cell immune responses in the TB2 tube. Therefore,
QFT-Plus was approved by the United States Food and Drug
Administration in 2017 to replace QFT-GIT (Theel et al., 2018).
In 2019, Venkatappa et al. (2019) evaluated the agreement
between QFT-Plus, QFT-GIT, T-SPOT.TB, and the TST in 506
participants at a high risk of LTBI and/or progression to TB
disease. Their results showed that there was 94% agreement
between QFT-Plus and QFT-GIT, 77% agreement between QFT-
Plus or QFT-GIT and the TST, 92% agreement between QFT-
Plus and SPOT.TB, and 91% agreement between QFT-GIT and
T-SPOT.TB. These results indicated a high degree of agreement
between QFT-GIT and QFT-Plus in a direct comparison and that
all tests were in agreement with the TST and T-SPOT.TB.

LIAISON QuantiFERON- Tuberculosis Gold-Plus
The LIAISON QFT-Plus test, developed by DiaSorin in
collaboration with Qiagen, is a whole blood-based QuantiFERON
technology that offers efficient and high-throughput detection
with QFT-Plus. The LIAISON QFT-Plus test is a fourth-
generation technology for detecting LTBI. It is an improved
version of the QFT-Plus test, in which the enzyme-linked
immunosorbent assay (ELISA) in QFT-Plus has been replaced
by a chemiluminescent immunoassay (CLIA) (Altawallbeh et al.,
2021). A recent study evaluated the diagnostic performance
of LIAISON QFT-Plus by comparing it with that of QFT-
Plus test in 329 participants, showing 92.8, 97.9, and 97.8%
agreement with the QFT-Plus test among patients with aTB,
low-risk cohort, and mixed risk cohort participants, respectively
(Altawallbeh et al., 2021). Furthermore, LIAISON QFT-Plus test
can save time and labor and be a potentially useful addition to
streamline LTBI screening (Kadkhoda et al., 2020). Moreover,
these findings suggest that the automated LIAISON QFT-Plus
test has a diagnostic performance comparable to that of the QFT-
Plus test and can be applied for LTBI diagnosis. However, given
that it is a newly emerging technology, the LIAISON QFT-Plus
test requires more studies with large sample sizes to prove its
sensitivity and specificity in the future.

LIOFeron Tuberculosis/Latent Tuberculosis Infection
Assay
The LIOFeron TB/LTBI assay, developed by Lionex GmbH
(Braunschweig, Germany) in 2019, is a novel IGRA test for
diagnosing LTBI and TB (LIONEX, 2021). The LIOFeron
TB/LTBI assay contains two components—human blood
stimulation tubes (component 01) and human IFN-γ ELISA
(component 02). Component 01 contains a positive control
tube, a negative control tube, and TB antigen tubes. Compared
with other IGRAs, the LIOFeron TB/LTBI assay contains not
only ESAT-6, CFP-10, and TB7.7 but also a new antigen of
M. tuberculosis, alanine dehydrogenase (Ala-DH). Previous
studies have reported that Ala-DH is absent in BCG, induces
major histocompatibility complex (MHC) class I-restricted T

CD8+ lymphocytes to produce IFN-γ, and participates in the
adaptation of M. tuberculosis to the anaerobic dormant stage
in LTBI (Jungblut et al., 1999; Dong et al., 2004; Agren et al.,
2008). Recently, the sensitivity and specificity of the novel test
were evaluated, and a comparison between its accuracy and that
of the QFT-PLUS assay was performed in patients with aTB
and LBTI (Della Bella et al., 2020). The results demonstrated
that the sensitivity and specificity of the LIOFeron TB/LTBI
assay was 90% and 98% for diagnosing aTB and 94% and
97% for diagnosing LTBI and that the LIOFeron TB/LTBI
assay showed higher sensitivity than the QFT-Plus test for
LTBI detection (Della Bella et al., 2020). However, like other
IGRAs, the LIOFeron TB/LTBI assay cannot differentiate
between LTBI and aTB.

RESEARCH STATUS, FUTURE
DIRECTIONS, AND CHALLENGES FOR
LATENT TUBERCULOSIS INFECTION
DIFFERENTIAL DIAGNOSIS

Current methods such as the Diaskintest, C-Tb skin test,
EC-Test, and T-SPOT.TB, QFT-GIT, QFT-Plus, and LIAISON
QFT-Plus have greatly improved the accuracy, sensitivity, and
specificity of M. tuberculosis infection detection, but they are
still unable to distinguish LTBI from aTB. Since LTBI is
a complicated heterogeneous state reflecting the interaction
between M. tuberculosis and the host’s immune response,
the development of a better diagnostic technology that can
differentiate LTBI from aTB requires a deep understanding of
both the mycobacteria and its host (Chee et al., 2018). Herein, we
will start from these two aspects to outline a possible blueprint
for the technology exploration of LTBI differential diagnosis in
hopes of pointing out directions and laying the foundation for
future research on the topic.

Novel Biomarkers Derived From
Mycobacterium tuberculosis
Antigens
Mycobacterium tuberculosis proteins encoded by RDs are feasible
candidate biomarkers for differentiating M. tuberculosis infection
from BCG vaccination (Al-Khodari et al., 2011). As mentioned
above, the Diaskintest, C-Tb skin test, EC-Test, and T-SPOT.TB,
QFT-GIT, QFT-Plus, and LIAISON QFT-Plus were designed
based on RD1-encoded antigens, such as ESAT-6 and CFP-
10. After reading the literature, we found 129 RD-associated
antigens within the 16 RDs of M. tuberculosis (Ren et al.,
2018). Additionally, although four antigens (Rv1737c, Rv1736c,
Rv2031c, and Rv2626c) were excluded from the RD regions,
previous studies have shown that these antigens show significant
differences between the BCG strain and M. tuberculosis (Geluk
et al., 2007; Honaker et al., 2008; Ji et al., 2015; Pena et al.,
2015). Therefore, all 133 RD-associated antigens should be
taken into consideration for developing new methods for the
differential diagnosis of LTBI, with detailed information found
in Supplementary Table 1. As mentioned above, none of these
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seven novel methods can distinguish LTBI from aTB, suggesting
that the differential diagnosis method of LTBI should contain
not only RD-associated antigens but also latency-associated
M. tuberculosis antigens.

Herein, we suggest that IGRAs should be further improved
by the application of multiple antigens derived from RD-
associated and latency-associated antigens of M. tuberculosis.
Numerous studies have aimed to identify latency-associated
antigens from M. tuberculosis as potential candidates for
inclusion in immunodiagnostic tests for LTBI. A total of 124
latency-associated antigens were found in six categories—54
dormancy survival regulon antigens (DosRs), seven nutrition
starvation (NS)-associated antigens, 20 reactivation antigens
(RAs), five resuscitation-promoting factor (RPF) antigens, eight
toxin–antitoxin system-associated antigens (TAS), and 30 other
antigens associated with LTBI (Supplementary Table 2; Gordon
et al., 2001; Chen et al., 2009; Ji et al., 2015; Meier et al., 2018).

Antigens belonging to both latency and RDs are the most
novel and promising targets for LTBI differential diagnosis.
Thus, we identified 21 LTBI-RD-related antigens from 133
RD-associated antigens and 124 latency-associated antigens
of M. tuberculosis, including Rv1736c, Rv1737c, Rv2031c,
Rv2626c, Rv2653c, Rv2654c, Rv2656c, Rv2657c, Rv2658c,
Rv2659c, Rv2660c, Rv1511, Rv1978, Rv1980c, Rv1981c, Rv3872,
Rv3873, Rv3878, Rv3879c, Rv3425, and Rv3429 (Figure 2).
Detailed information on these 21 LTBI-RD-related antigens is
summarized in Table 2. In brief, (1) There are four antigens
derived from DosRs and RD-others, including Rv1736c,
Rv1737c, Rv2031c, and Rv2626c. Honaker et al. (2008) reported

that Rv1736c and Rv1737c were induced by M. tuberculosis
rather than 13 BCG strains or M. bovis, suggesting that both
antigens can be used to differentially diagnose latent infection
even in BCG-vaccinated individuals. Rv1737c induced higher
frequencies of IFN-γ+ CD8+ T cells and IFN-γ+ TNF-α+
CD4+ T cells with a CD45RO+ CD27+ phenotype in long-term
LTBI than pulmonary TB (PTB) (Arroyo et al., 2016), and the
levels of the five cytokines [IL-10, transforming growth factor
(TGF)-α, TNF-α, IL-12 (p40), and epidermal growth factor
(EGF)] stimulated by Rv1737c were significantly higher in
patients with TB than in household contacts (Chegou et al.,
2012). For the Rv2031c antigen, it has been indicated that
it could induce significantly higher IFN-γ production in the
TST−/RD1+ and TST+/RD1+ groups than in the aTB group
(Araujo et al., 2015). Furthermore, in patients with long-term
LTBIs, higher percentages of IFN-γ+ TNF-α+ CD8+ T cells
were found in response to Rv2031c protein in comparison with
PPD− controls, with the most frequent memory phenotype of
these cells being effector memory (CCR7− CD45RA−) T cells,
followed by effector (CCR7− CD45RA+) T cells (Commandeur
et al., 2011), which is consistent with an essential role of
CD8+ T cells in defending the host from M. tuberculosis
infection (Bruns et al., 2009). The Rv2626c antigen induced
significantly higher levels of IFN-γ in QFT+ individuals or
healthy household contacts than in QFT− individuals or patients
with TB and had the ability to differentiate individuals with
LTBI from healthy controls and patients with TB, with 78.95%
sensitivity and 83.02% specificity (Prabhavathi et al., 2015;
Amiano et al., 2020), which is consistent with the sensitivity

FIGURE 2 | The most promising LTBI-RD-related antigens for differential diagnosis of latent tuberculosis infection (LTBI) in the future. LTBI-related antigens are
divided into six subtypes, including DosR, TAS, RA, NS, Rpf, and Others. RD-related antigens are divided into 16 subtypes, including RD1-RD15 and Others. Each
subtype contains several antigens, each antigen is represented by a bubble, and different subtypes are represented by different colors. The size of the bubble
represents the number of antigens in the subtype, and the line thickness represent the strength of the connection. The LTBI-RD-related antigens were identified by
using a visualization and exploration software Graph (version 0.9.2, https://gephi.org/) and highlighted with dotted box. Each dot presents an antigen, limited to the
space, some antigens’ names were not shown in this figure, the detailed information can be found in Supplementary Tables 1, 2.
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TABLE 2 | Summary of the most important LTBI-RD related antigens for LTBI differential diagnosis.

Antigensa Typesa Product b Functionb Functional categoryb LTBI differential diagnosis References

LTBI RD

Rv1736c DosR Others Probable nitrate
reductase NarX

Involved in nitrate reduction, and in
the persistence in the host

Intermediary metabolism and
respiration

Induced by M. tuberculosis rather than 13 BCG strains or M. bovis Honaker et al., 2008

Rv1737c DosR Others Possible nitrate/nitrite
transporter NarK2

Involved in excretion of nitrite,
produced by the dissimilatory
reduction of nitrate, across the
membrane. Responsible for the
translocation of the substrate across
the membrane.

Cell wall and cell processes (1) Higher TNF-α+ CD4+ T cells and IFN-γ+ TNF-α+ CD4+ T cells in
LTBI vs. PTB.
(2) Higher IFN-γ+ TNF-α+ CD8+ T cells in LTBI vs. HC

Chegou et al., 2012;
Arroyo et al., 2016

Rv2031c DosR Others Heat shock protein
HspX

Has a proposed role in maintenance
of long-term viability during latent,
asymptomatic infections, and a
proposed role in replication during
initial infection.

Virulence, detoxification,
adaptation

(1) Higher IFN-γ+ TNF-α+ CD8+ T cells in LTBI vs. HCs
(2) Higher concentrations of IFN-γ in LTBI vs. aTB vs. HC
(3) Lower IFN-γ, IL-10, TNF-α in LTBI vs. aTB and HCs

Commandeur et al.,
2011; Araujo et al.,
2015; Belay et al., 2015

Rv2626c DosR Others Hypoxic response
protein 1 Hrp1

Unknown Conserved hypotheticals (1) 91% of CC QFT− subjects secreted low levels of IFN-γ, but 43% of
HCWs QFT− people produced elevated IFN-γ, 69% of CC QFT+

subjects didn’t produce IFN-γ to Rv2626c
(2) Higher IFN-γ producing T cells in CC vs. aTB and HC
(3) IFN-γ response to Rv2626c has shown positivity of 88.57% in CC
and 7.5% in PTB
(4) Sensitivity and specificity of Rv2626c in aTB was of 77.1% and
85.1%

Ashraf et al., 2014;
Prabhavathi et al.,
2015; Amiano et al.,
2020

Rv2653c NS RD-13 Possible PhiRv2
prophage protein

Unknown Insertion seqs and phages Less reactive DTH skin responses in M. tuberculosis-sensitized guinea
pigs vs. PPD, but elicited no response in BCG-vaccinated guinea pigs.

Kasempimolporn et al.,
2019

Rv2654c NS RD-13 Possible PhiRv2
prophage protein

Unknown Insertion seqs and phages (1) Higher IFN-γ levels TB vs. HC, had a high overall agreement (98.0%)
with T-SPOT.TB, the combination of Rv2645 and CFP10-ESAT6
increased sensitivity and specificity of 96.0% and 98.2%, respectively.
(2) Peptide Rv2654c51−65 boosted the quantitative performance of the
QFT-GIT assay from 1.83 IU/ml to 2.83 IU/ml

Luo et al., 2015;
Horvati et al., 2016

Rv2656c NS RD-13 Possible PhiRv2
prophage protein

Unknown Insertion seqs and phages Unknown -

Rv2657c NS RD-13 Probable PhiRv2
prophage integrase

Unknown Insertion seqs and phages Rv2657c react with the sera from LTBI Guinea pigs but not healthy
Guinea pigs, SFCs of HCWs was significantly higher in HCWs vs. aTB

Yang, 2018

Rv2658c NS RD-13 Possible prophage
protein

Unknown Insertion seqs and phages Unknown -

Rv2659c NS RD-13 Probable PhiRv2
prophage integrase

Sequence integration. Integrase is
necessary for integration of a phage
into the host genome by site-specific
recombination

Insertion seqs and phages Higher IFN-γ producing T cells in LTBI vs. aTB and HC Bai, 2015

Rv2660c NS RD-13 Hypothetical protein Unknown Conserved hypotheticals (1) Higher number of IFN-γ producing cells and the levels of cytokines
(IFN-γ, IL-2, IL-10, and MIP-1621299821α 621299821) in LTBI vs. TB,
and higher ratio of IFN-γ+ CD4+ T cells in LTBI vs. TB or HCs
(2) A component of vaccine H56:IC31 and will affect the diagnosis of
Rv2660c once the vaccine is available

He et al., 2015;
Luabeya et al., 2015

Rv1511 Others RD-6 GDP-D-mannose
dehydratase GmdA

Unknown, probably involved in
nucleotide-sugar metabolism

Intermediary metabolism and
respiration

Unknown -

Rv1978 Others RD-2 Conserved protein Unknown Conserved hypotheticals ELISPOT of Rv1978 achieved sensitivities of 59% in aTB and
specificities of 94% in BCG-vaccinated HC.

Chen et al., 2009

Rv1980c Others RD-2 Immunogenic protein
Mpt64

Unknown Cell wall and cell processes Sensitivity and specificity were 0.92 and 0.95, respectively, sensitivity of
the MPT64 test was significantly higher in TB infected children than in
adults.

Cao et al., 2021

Rv1981c Others RD-2 Ribonucleoside-
diphosphate reductase
(beta chain) NrdF1

Involved in the DNA replication
pathway.

Information pathways ELISPOT of Rv1981c achieved sensitivities of 60% in aTB and
specificities of 90% in BCG-vaccinated HC.

Chen et al., 2009
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(77.1%) and specificity (85.1%) of Rv2626c reported in another
study (Ashraf et al., 2014).

(2) Seven antigens belonging to both NS-associated antigens
and RD13 exhibit considerable potential, including Rv2653c,
Rv2654c, Rv2656c, Rv2657c, Rv2658c, Rv2659c, and Rv2660c.
Among the seven antigens, Rv2654c and Rv2660c were the most
studied antigens. A previous study showed that Rv2654c induced
a higher IFN-γ level in patients with TB than in healthy controls
(HCs) and had a high overall agreement with T-SPOT.TB (98.0%)
(Luo et al., 2015). An additional study reported that peptide
Rv2654c51−65 boosted the quantitative performance of the QFT-
GIT assay from 1.83 IU/ml to 2.83 IU/ml (Horvati et al., 2016).
Rv2660c is one of the most promising antigens for the differential
diagnosis of LTBI. He et al. (2015) found that Rv2660c induced a
significantly higher number of IFN-γ-producing cells and levels
of cytokines [IFN-γ, IL-2, IL-10, and macrophage inflammatory
protein 1-alpha (MIP-1α)] in patients with LTBI than in patients
with TB and a higher ratio of IFN-γ+ CD4+ T cells in the LTBI
group than in the aTB or HC group. Moreover, it is important to
note that although Rv2660c induced a stronger immune response
in LTBI than in aTB, it is a component of vaccine H56:IC31,
which affects the differential diagnosis of Rv2660c once the
vaccine is available (Luabeya et al., 2015). Rv2653c was used as a
diagnostic skin test reagent in comparison with a standard PPD,
and it was found that this antigen stimulated less of a delayed-type
hypersensitivity (DTH) reaction in M. tuberculosis-sensitized
guinea pigs, but no response was observed in BCG-vaccinated
guinea pigs (Kasempimolporn et al., 2019), suggesting that this
antigen can eliminate the interference of BCG vaccination with
test results. Our previous study showed that Rv2657c reacted with
the sera from LTBI guinea pigs but not those of healthy guinea
pigs and that the number of IFN-γ-producing cells induced
by Rv2657c and Rv2659c was significantly higher in patients
with LTBI than in patients with aTB or HCs (Bai, 2015; Yang,
2018), indicating that Rv2657c and Rv2659c might be promising
antigens for the differential diagnosis of LTBI. Additionally, the
roles of Rv2656c and Rv2658c in the differential diagnosis of
LTBI are unknown.

(3) Ten antigens belong to both LTBI others and RDs,
including four antigens in LTBI others-RD1 (Rv3872-Rv3879),
three antigens in LTBI others-RD2 (Rv1978, Rv1980c, and
Rv1981c), one antigen in LTBI others-RD6 (Rv1511), and two
antigens in LTBI others-RD11 (Rv3425 and Rv3429). Among
them, the antigen that is most frequently studied is Rv3872.
Previous studies have reported that the sensitivity and specificity
of Rv3872 for detecting LTBI in children were 76% and 80%,
respectively, which could elicit a stronger immunoreactivity for
discriminating TB from HCs in patients who have received BCG
vaccination (Mukherjee et al., 2007; Mahmoudi et al., 2017).
In contrast, the remaining antigens (Rv3879, Rv1978, Rv1980c,
Rv1981c, Rv3425, and Rv3429) were only tested between patients
with TB and HCs with BCG vaccination or LTBI and HCs with
BCG vaccination (Mukherjee et al., 2007; Zhang et al., 2007; Chen
et al., 2009; Hinks et al., 2009; Wang et al., 2013; Luo et al., 2017;
Mahmoudi et al., 2017; Cao et al., 2021). Hinks et al. (2009)
compared the responses to a range of RD1-encoded antigens
(ESAT-6, CFP-10, Rv3879c, Rv3878, Rv3873, and Rv2031c) and
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defined a similar hierarchy of immunodominance for these
antigens in both aTB and LTBI subjects: CFP-10 > ESAT-
6 > Rv3879c > Rv3878 > Rv3873 > Rv2031c. Furthermore,
Rv3425 has been evaluated as a candidate for the development
of a vaccine for TB control, which may affect its accuracy in
detecting LTBI (Wang et al., 2008).

Our findings suggest that these 21 LTBI-RD-associated
antigens are promising alternatives to diagnostic biomarkers
for discriminating LTBI from aTB and HCs in patients who
have received BCG vaccination. By analyzing the above research
results, it is not difficult to find that the intensity of the immune
response induced by these LTBI-RD-related antigens was always
higher in the LTBI group than in the aTB group. However, the
ESAT-6/CFP10 responses, which are not dormancy related, were
also much higher in the LTBI group than in the aTB group;
thus, the relative advantages of these LTBI-RD-related antigens
are unclear. The reason for this may be as follows: the immunity
of patients with aTB is weakened and the responses of T cells
are usually suppressed (Figure 1A). Therefore, the sensitivity and
specificity of these LTBI-RD-related antigens need to be validated
in further studies with larger sample sizes and broader population
coverage in the future. In addition, there are also problems in
the differential diagnosis of LTBI-RD-associated antigens: (1) the
immunogenicity of these antigens is significantly lower than that
of proliferative antigens; (2) the population coverage rate of the
immune responses induced by these antigens is low; (3) most
of the M. tuberculosis in the macrophages of patients with LTBI
are in a state of latent infection, but a small part of them is in
a state of irregular proliferation; and (4) not all M. tuberculosis
in patients with active TB are in a proliferative state and are
influenced by the immune state of the host and the treatment
of chemotherapy drugs, with some M. tuberculosis possibly also
being in a latent state.

Peptides
The LTBI-RD-associated antigens derived from M. tuberculosis
constitute a potential source of specific antigens for
immunodiagnosis and vaccine development for LTBI. Screening
the diagnostic potential of specific T- or B-cell epitopes from
LTBI-RD-associated antigens and verifying their peptides in
different populations are a new concept for the differential
diagnosis of LTBI. Currently, most of the studies on peptides
derived from LTBI-RD-related antigens in differentiating LTBI
from aTB and HCs are still in their initial stages. Only a few
studies have screened immunodominant peptides of latency
and/or RD-related antigens in animal models and humans, such
as Rv1985cpool2, Rv1985cpool4, Rv3425pool1 (Wang et al., 2013),
Rv1733c57−84 (Coppola et al., 2015), Rv2654c51−65 (Horvati
et al., 2016), peptide pools from RD1 antigens (Rv3871 to
Rv3878) (Mustafa et al., 2002), T-cell epitopes of Rv3872 and
Rv3873 (Hanif et al., 2011; Jiang et al., 2016), and Rv3425118−126
(LIASNVAGV) (Chen et al., 2012). However, most of these
mapped and identified peptides can only discriminate aTB from
HCs with BCG vaccination and fail to distinguish LTBI from aTB.

The limitation of these studies is that they only focused on
epitopes singly identified from CD4+ T lymphocytes [helper
T lymphocytes (Th)] or CD8+ T lymphocytes (CTLs) rather

than epitopes synchronously identified from Th cells, CTL cells,
and B cells. Although the traditional view is that the host
clearance and killing of M. tuberculosis mainly depend on CD4+
T lymphocytes and CD8+ T lymphocytes, accumulated data show
that B lymphocytes also play an irreplaceable role in fighting
against M. tuberculosis (Gong et al., 2018, 2021; Watson et al.,
2021). Therefore, peptides binding to Th cells, CTL cells, and
B cells should be considered when designing new candidate
biomarkers based on epitopes for distinguishing LTBI from aTB
and BCG-vaccinated HCs.

Furthermore, MHC molecules affect the efficacy of peptide-
based vaccines and diagnosis (Gong et al., 2021; Jia et al., 2021).
It is well known that recognition peptides produced by CD4+
or CD8+ T cells are mostly restricted to MHC-II or MHC-I
molecules, respectively. Human leukocyte antigens (HLAs) are
highly polymorphic; thus, the selection of peptides that can
be recognized by multiple HLAs will increase the population
coverage of peptide-based diagnosis (Bui et al., 2006). As the
frequency of HLA expression varies greatly among different
ethnicities, the problem of population coverage related to
MHC polymorphisms becomes more complicated. Thus, without
careful consideration, peptide-based vaccines or diagnostic
candidates will result in ethnically biased population coverage.

Novel Biomarkers Derived From Hosts
Our previous research and other large amounts of data show
that TB is not only an infectious disease but also an immune
disease (Gong et al., 2018, 2020, 2021; Li et al., 2020; Liang
et al., 2021; Rambaran et al., 2021). The pathogenesis of TB
is closely related to the host’s immune response. Therefore, to
promote the development of sensitive methods for the detection
and treatment of LTBI, it is particularly urgent to understand the
host responses involved in the establishment and maintenance of
LTBI (Banerjee et al., 2021).

Cytokines
Cytokines are small molecular polypeptides or glycoproteins
synthesized and secreted by immune cells (such as monocytes,
macrophages, T cells, B cells, and NK cells) and some
non-immune cells (such as endothelial cells, epidermal cells,
and fibroblasts) after stimulation. Cytokines have a variety
of biological functions, such as regulation of cell growth,
differentiation and maturation, immune response, inflammation,
wound healing, tumor growth, and function maintenance. Levels
of host cytokines vary in the different stages of M. tuberculosis
infection, which may serve as biomarkers for differentiating LTBI
from aTB (Luo et al., 2019).

Detection of IFN-γ stimulated by specific antigens of
M. tuberculosis is a common practice in most IGRA experiments.
Won et al. (2017) measured the levels of 29 cytokines in 48
patients with aTB, 15 LTBI, and 13 HCs and found that eight
cytokines [GM-CSF, IFN-γ, IL-1RA, IL-2, IL-3, IL-13, interferon-
gamma-inducible protein 10 (IP-10), and MIP-1β] in the TB-
infected group were significantly different from those of the
HCs, and that eight cytokines [EGF, GM-CSF, IFN-γ, IL-2, IL-
5, IL-10, TNF-α, and vascular endothelial growth factor (VEGF)]
were significantly different between aTB and LTBI. However, the
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limitation of this study is its small sample size, with its results
needing to be further verified through another study with a large
sample size. In 2018, Meier et al. (2018) performed a systematic
review to summarize the cytokines measured in 34 included
studies, with as many as 26 cytokines used as biomarkers in these
studies, including IFN-γ, TNF-α, IL-2, IL-10, IL-17, IL-8, IL-6,
IP-10, IL-1β, monocyte chemoattractant protein-1 (MCP-1), IL-
12, IL-12p40, MCP-2, fractalkine, granzyme B, GM-CSF, IFN-α2,
sIL-2Ra, IL-4, IL-5, IL-13, MIP-1β, Regulated upon Activation,
Normal T cell Expressed and presumably Secreted (RANTES),
sCD40L, TGF-α, and VEGF. Among these 26 cytokines, the top
5 cytokines used as biomarkers for discriminating between LTBI
and patients with aTB were IFN-γ (34 publications), TNF-α (15
publications), IL-2 (12 publications), IL-10 (10 publications), and
IL-17 (9 publications) (Supplementary Figure 1).

Although IFN-γ and TNF-α are still the most popular
cytokines in the differential diagnosis of LTBI, studies on IL-2,
IL-10, IP-10, and VEGF have been increasing in recent years. To
understand the latest research progress on these cytokines for
discriminating between LTBI and aTB, we searched publications
related to them in the Web of Science database. We found that the
number of publications related to IFN-γ, TNF-α, IL-2, IL-10, IP-
10, and VEGF were 1,419, 418, 136, 62, 96, and 18, respectively
(Figure 3). The co-authorship map of IFN-γ (Figure 3A),
TNF-α (Figure 3B), IL-2 (Figure 3C), IL-10 (Figure 3D), IP-
10 (Figure 3E), and VEGF (Figure 3F) cytokines based on
bibliographic data showed similar trends and popularity to the
systematic review. In 2020, two meta-analyses were conducted to
evaluate candidate cytokines as biomarkers to distinguish LTBI
infection from aTB. A systematic meta-analysis by Sudbury et al.
(2020) measured 100 cytokines among 56 included studies and
found that the most frequently studied cytokines were IFN-γ, IL-
2, TNF-α, IP-10, IL-10, and IL-13. A meta-analysis by Qiu et al.
(2020) evaluated seven cytokines, including IFN-γ, TNF-α, IP-
10, IL-2, IL-10, IL-12, and VEGF, suggesting that cytokines IL-2,
IFN-γ, and VEGF can be utilized as promising biomarkers to
distinguish LTBI from aTB. Furthermore, compared to IFN-γ,
the level of IP-10 was higher and was released independently of
age, suggesting that IP-10 may be a candidate biomarker in the
pediatric population (Alsleben et al., 2012).

Although individual cytokines provide considerable potential
for use in the differential diagnosis of LTBI, for most cytokines,
findings were heterogeneous among studies. These differences
in results or even diametrically opposite conclusions may be
related to differences in study design, experimental methods,
statistical methods, individual genetic backgrounds, antigen
types, sample sizes, and environmental factors (Rambaran et al.,
2021). Therefore, reducing or even eliminating the heterogeneity
between different research results is a limitation that needs to
be overcome. Recent studies have found that a combination of
cytokines may be an alternative to solve this problem. Wang
et al. (2018) identified a six-cytokine biosignature (including IFN-
γ, IL-10, IL-1Ra, IP-10, VEGF, and IL-12p70) to discriminate
between aTB and LTBI, resulting in a sensitivity of 88.2%
and a specificity of 92.1% in a biomarker validation cohort
(n = 216) and a sensitivity of 85.7% and a specificity of 91.3%
in a prospectively recruited clinical validation cohort (n = 194),

respectively. Coincidentally, Korma et al. (2020) evaluated the
sensitivity, specificity, and accuracy of the combination of seven
cytokines (IFN-γ, IP-10, IL-2R, C-X-C Motif Chemokine Ligand
9 (CXCL-9), IL-10, IL-4, and TNF-α) based on gene expression
in differentiating between aTB and LTBI. They demonstrated
that the combination of IL-10, IP-10, and IL-4 could differentiate
pulmonary patients with TB from latent patients with TB with
a sensitivity and specificity of 77.1% and 88.1%, respectively
(Korma et al., 2020). Luo et al. (2019) identified potential
biomarkers from 38 plasma cytokines to discriminate among
the different stages of M. tuberculosis infection in its study
participants, who were composed of 78 patients with aTB, 73
patients with LTBI, and 76 HCs. They found that the combination
of five cytokines (IP-10, MCP-1, IL-1α, IL-10, and TNF-α) had an
excellent performance in diagnosing LTBI, with 94% sensitivity
and 81.25% specificity, and that the combination of three
cytokines (eotaxin, macrophage-derived chemokine (MDC), and
MCP-1) had a 0.94 area under the curve (AUC) in differentiating
ATB from LTBI with 87.76% sensitivity and 91.84% specificity,
respectively (Luo et al., 2019). The above data show that the
combination of multiple cytokines can significantly improve
specificity and sensitivity, which also points out the direction of
future research.

Antibodies
Antibody responses are a major form of defense against
microbes (Vinuesa et al., 2016). M. tuberculosis infection has
been reported to induce antibody responses, but it is still
unclear whether patients with aTB or those with LTBI produce
protective antibodies, as well as which antigens these target
(Feng et al., 2013; Loxton and van Rensburg, 2021). With the
emerging evidence regarding immune modulation, the complete
characterization of B cells and humoral immunity could be
of significant value (Dubois Cauwelaert et al., 2016). In 2013,
Feng et al. (2013) developed a novel 38F-64F indirect ELISA
(including 38 kDa, ESAT-6, CFP10, Mtb8.4, MPT64, TB16.3,
and Mtb8) method to detect TB and LTBI, and the results
showed that the sensitivity of the 38F-64F indirect ELISA was
much higher than that of the sputum culture test (86.91% vs.
50.62%), with the sensitivity of the sputum smear test (78.64%
vs. 47.57%) accounting for 74.16% and 37.14% of patients with
TB and patients with LTBI, respectively. Five years later, a study
screened serum biomarkers of 40 serum samples from patients
with LTBI and aTB using a proteome microarray containing
4,262 antigens, and the results suggested that specific IgG levels of
152 M. tuberculosis antigens were significantly higher in patients
with aTB than in LTBI (Cao et al., 2018). However, any single
antigen-specific antibody is not enough to be used to cover
the antibody profiles of all patients with TB. Therefore, the
combination of antigen-specific antibodies may be an alternative
for increasing sensitivity and specificity. Yan et al. (2018) reported
that the sensitivity and specificity of individual antigen-specific
antibodies are relatively low in detecting patients with TB not
infected with the bacteria, but the combination of six antigen-
specific antibodies (LAM, 38KD, MPT32, EspC, MPT64, and
Mtb81) increased sensitivity and specificity to 69.6% and 77.0%,
respectively. Similarly, another study also demonstrated that
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FIGURE 3 | The most promising cytokines to be used to differentiate and diagnose latent tuberculosis infection (LTBI) in the future. The co-authorship maps of
interferon (IFN)-γ (A), tumor necrosis factor (TNF)-α (B), interleukin (IL)-2 (C), IL-10 (D), interferon-gamma-inducible protein 10 (IP-10) (E), and vascular endothelial
growth factor (VEGF) (F) cytokines based on bibliographic data obtained from Web of Science were visualized by using VOSviewer version 1.6.16 (developed by
Nees Jan van Eck and Ludo Waltman at Leiden University’s Centre for Science and Technology Studies CWTS). The search terms used in Web of Science are “LTBI”
and cytokine name (topic terms), the Timespan was set from 1900 to 2021, the database was set “All databases,” and other parameters are default values. The
parameters in VOSviewer were set as below: Type of analysis, Co-authorship; Unit of analysis, Authors; Counting method, Full counting; Normalization method,
Association strength; Layout, Attractions 2, Repulsion-1; Clustering, Resolution 1.00, Min. cluster size 1; other parameters are default values.

the sensitivity (96.6%) and specificity (92.3%) of IgA/IgG of
a fused MT10.3:MPT64 protein were significantly higher than
those of single antigens in pleural TB cases (da Silva et al.,
2019). These results suggest that combining multiple antigen-
specific antibodies can significantly improve the sensitivity and
specificity of a single antigen-specific antibody, which will help in
the diagnosis of TB and LTBI, but the current data are insufficient
and further research is needed.

Markers of Immune Cells
As mentioned above, TB is a heterogeneous disease with a wide
range of infectious and immunological profiles. It is well-known
that the immunological markers of T-lymphocyte subsets and

NK cell surfaces correlate with cell differentiation, latency/disease
status, and outcome, making these cell surface markers potential
targets for TB diagnosis and treatment (Petruccioli et al., 2016).

CD4+ T lymphocytes play a fundamental role in controlling
M. tuberculosis infection, and the biomarker expression profiles
of CD4+ T cell surfaces are associated with bacterial loads at
different infection stages. Assessment of CD27 and/or CCR4
expression on CD4+ T cells has been reported to be a robust
biomarker for discriminating among TB stages. A previous
study analyzed the expression of CD27 and CCR4 biomarkers
in IFN-γ+CD4+ T cells collected from patients with aTB
and patients with LTBI and found that the proportion of
CD27−IFN-γ+CD4+ T cells or CCR4+ IFN-γ+CD4+ T cells

Frontiers in Microbiology | www.frontiersin.org 14 October 2021 | Volume 12 | Article 74559243

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-12-745592 October 18, 2021 Time: 15:46 # 15

Gong and Wu Differential Diagnosis of LTBI and Active TB

was significantly higher in patients with aTB than in those
with LTBI in response to PPD or ESAT-6/CFP-10 recombinant
proteins and that the proportion of CD27−CCR4+IFN-γ+CD4+
T cells was significantly associated with aTB. Furthermore, other
studies also found that the CD38+CD27−TNF-α+CD4+ T-cell
subset is a potential biomarker for diagnosing TB with 96.15%
specificity and 90.16% sensitivity (Acharya et al., 2021), with IFN-
γ+CD27lowCD4+ T cells described as aTB biomarkers (Latorre
et al., 2018). These findings suggest that the loss of CD27 and
the increase in CD38 and CCR4 biomarkers could be associated
with uncontrolled M. tuberculosis infection. In addition, innate
T cells, such as MAIT and invariant NK T (iNKT) cells, play
roles in recognizing M. tuberculosis-infected cells. Accumulating
evidence highlights the importance of both MAIT and iNKT
cells in controlling TB infection (Ruibal et al., 2021). It has been
reported that the number of both cell types was significantly
higher in subjects with LTBI than in patients with aTB or
uninfected individuals, and that iNKT cells from patients with
LTBI showed lower PD-1 expression than those from patients
with aTB (Paquin-Proulx et al., 2018).

New Models and Algorithms
As mentioned above, the immunological methods that are
frequently used, such as skin tests and IGRAs, are intrinsically
unable to discriminate LTBI from aTB. Recently, with the
development of artificial intelligence (AI) and bioinformatics,
new strategies have been introduced to improve diagnostic
performance in distinguishing LTBI from aTB, such as the
ImmunoScore (IS) model, Cox proportional hazards model,
expectation maximization algorithm, silico mapping algorithm,
and random forest algorithm (Villate et al., 2006; Zhou et al.,
2017; Ndzi et al., 2019; Wu et al., 2019; Rambaran et al., 2021).
IS is a novel and promising prognostic tool that is widely used
in tumors. It has been reported that the IS model can effectively
distinguish aTB from LTBI, with a sensitivity of 95.7% and a
specificity of 92.1% (Zhou et al., 2017). The Cox proportional
hazards model was applied to estimate the survival experience
and risk factors among patients with TB, and these studies
observed that associations were stronger in the Cox proportional
hazards model, suggesting that the impact of behavioral and
clinical variables affected TB outcome (Tolosie and Sharma,
2014; Abedi et al., 2019; Rambaran et al., 2021). Villate et al.
(2006) analyzed infection data of LTBI and M. avium using the
expectation maximization algorithm, and their results confirmed
that the mixture models using the expectation maximization
algorithm can better estimate the probability of LTBI in the
presence of other NTM and BCG vaccinations. Ndzi et al. (2019)
developed a silico mapping algorithm to discriminate LTBI from
aTB and found that people with the QFT-GIT+ and DRB1∗10-
DQB1∗02 haplotype+ may have a higher chance of developing
LTBI and that those with the QFT-GIT+ and DRB1∗10-DQB1∗02
haplotype− may progress to aTB. Wu et al. (2019) also developed
a random forest algorithm to discriminate between aTB and LTBI
based on the test data of T-SPOT.TB, and the results indicated
that the sensitivity and specificity of this algorithm were 82.87%
and 88.03%, respectively, which were higher than those of T-
SPOT.TB (82.80% and 70.00%, respectively), TB (82.80% and

74.20%), and QFT-GIT (71.40% and 81.00%). Although these
innovative strategies are still in their initial development stages
with only a few studies conducted on them, they still provide
valuable information for a comprehensive understanding of TB
and allow for new insights on differential diagnosis of LTBI and
aTB to be gained.

Omics Technologies
In recent years, advances in multiplexing and information
technology have enabled researchers to perform more
comprehensive analyses of complete genomes, transcriptomes,
proteomes, and metabolomes. The use of these omics
techniques has provided valuable insights for understanding
the transcriptomic, proteomic, and metabolomic changes of
M. tuberculosis during dormancy and reactivation.

Transcriptomics
The complete genome sequencing of the M. tuberculosis H37Rv
strain in 1998 allowed for improvement in our understanding
of M. tuberculosis (Cole et al., 1998). Transcriptome analysis
provides insights into the expression profiles of genes in
human samples (such as blood) during the different stages of
M. tuberculosis infection. As early as 2007, Jacobsen et al. (2007)
compared the gene expression signature of peripheral blood
mononuclear cells (PBMCs) collected from patients with aTB,
individuals with LTBI, and HCs by microarray analysis and
found that three genes (Ras-associated GTPase 33A, lactoferrin,
and CD64) were sufficient for classifying these three groups
of individuals. Almost at the same time, Mistry et al. (2007)
expanded the application of this technology to patients with
aTB and individuals with LTBI in patients with recurrent
disease and cured patients with TB using DNA array technology
and quantitative reverse-transcriptase polymerase chain reaction
(qRT-PCR). Their results demonstrated that a set of nine genes
could discriminate the four groups of individuals, including
ATP5G1, ASNA1, C14orf2, KIAA2013, LY6G6D, NOLA3, RIN3,
SOCS3, and TEX264. Zhang et al. (2007) determined the
transcriptomic profiles of exosomal RNAs collected from 30
HCs, 30 patients with aTB, and 30 individuals with LTBI.
In comparison with the HCs, five genes were significantly
upregulated and highly expressed in individuals with LTBI,
but they were downregulated and expressed at low levels in
patients with aTB. These included TTLL10, RP11-358N4.3,
RMRP, PPPH1, and RN7SK (Lv et al., 2017), which represent
novel biomarkers for the diagnosis of LTBI and aTB. More
recently, Bayaa et al. (2021) conducted a multicenter prospective
nested case-control study to evaluate the performance of a human
blood transcriptomic signature termed RISK6 in the diagnosis
of LTBI and aTB, and their results showed that the sensitivity
and specificity of RISK6 for discriminating aTB from LTBI were
90.9% and 88.5%, respectively.

Transcriptomics is also used to assess the risk of LTBI
developing into aTB. In 2010, a study analyzed the genome-wide
transcriptional profiles of blood samples obtained from patients
with aTB, individuals with LTBI, and HCs and found that the
signatures of aTB were observed in 10%–20% of patients with
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LTBI, indicating that these identified individuals with LTBI were
at risk of developing aTB (Berry et al., 2010).

Proteomics
Proteomics, developed on the basis of genomics, is
complementary to studies at the transcriptional level (Betts,
2002). The emergence and development of proteomics have
enabled the discovery of new biomarkers at the gene level, which
can be used to distinguish LTBI from aTB to be verified at the
protein level. Previous studies have identified a large number of
biomarkers that are differentially regulated during dormancy and
reactivation using proteomics and transcriptomics; for example,
the DosR and genes involved in DNA replication are upregulated
and downregulated, respectively, during dormancy, but undergo
the opposite changes during reactivation (Kundu and Basu,
2021). Cao et al. (2018) performed a proteome microarray assay
containing 4,262 antigens to identify potential serum biomarkers
for distinguishing between LTBI and aTB, and their results
indicated that antigens Rv2031c, Rv1408, and Rv2421c had
higher AUCs of 0.8520, 0.8152, and 0.7970, respectively. With
the development of high-resolution quantitative proteomics and
label-free quantitative proteomics, a growing number of protein
signatures that can be used for the differential diagnosis of LTBI
and aTB have been discovered. Mateos et al. (2019) performed
high-resolution quantitative proteomics using an LTQ-Orbitrap-
Elite platform to screen for potential protein signatures in
the sputum and saliva of patients with aTB, individuals with
LTBI, and HCs. Their findings suggested that a reduction in
proteins related to glucose and lipid metabolism was observed
in the saliva of patients with TB, while the proteomic signatures
of sputum from individuals with LTBI and HCs consisted of
proteins related to bitterness perception, pathogen defense,
and the innate immune response. Similarly, Sun et al. (2018)
performed label-free quantitative proteomics to determine
plasma signatures for discriminating PTB from LTBI or HCs and
found that a combination of alpha-1-antichymotrypsin (ACT),
alpha-1-acid glycoprotein 1 (AGP1), and E-cadherin (CDH1)
showed 81.2% sensitivity and 95.2% specificity in discriminating
PTB from LTBI and 81.2% sensitivity and 90.1% specificity in
discriminating PTB from HCs.

Metabolomics
Metabolomics is a field newly developed after genomics and
proteomics, and it is an important part of systems biology.
Genomics and proteomics explore the processes of life at the gene
and protein levels, respectively. In fact, many life activities in cells
occur at the level of metabolites, such as cell signaling, energy
transfer, and cell-to-cell communication (Griffiths and Wang,
2009). Since the metabolome is the final downstream product
of the genome, transcriptome, and proteome, any interference
at these levels will change the metabolome. In 2017, Preez et al.
(2017) reviewed and summarized abundant biomarkers related
to TB diseases that have been identified in culture (Phillips
et al., 2007; Syhre and Chambers, 2008; Olivier and Loots du,
2012; Lau et al., 2015), human sputum (Schoeman et al., 2012;
du Preez and Loots, 2013), animal or human blood and tissue
(Shin et al., 2011; Somashekar et al., 2012; Weiner et al., 2012;

Che et al., 2013; Zhou et al., 2013; Frediani et al., 2014; Feng
et al., 2015), human urine (Banday et al., 2011; Das et al.,
2015), and human breath (Phillips et al., 2007; Syhre et al., 2009;
Phillips et al., 2010; Kolk et al., 2012) using a metabolomics
research approach (Preez et al., 2017). However, most of the
signatures identified in these studies were obtained by comparing
patients with TB and HCs or other diseases, and only one
study was performed among patients with TB, individuals with
LTBI, and HCs. In this study, Weiner et al. (2012) explored the
metabolites in serum collected from three groups of individuals,
and their results showed that compared to individuals with LTBI,
patients with aTB showed increased indoleamine 2,3 dioxygenase
1 activity, decreased phospholipase activity, increased adenosine
metabolite abundance, and increased levels of fibrotic disease
indicators. Furthermore, they also found that the abundance of
inosine was significantly lower in individuals with LTBI than in
patients with TB and HCs (Weiner et al., 2012). More recently,
Dutta et al. (2020) analyzed the plasma metabolite profiles of
16 aTB children and 32 household contacts in India using
liquid chromatography-mass spectrometry and identified three
metabolites (N-acetylneuraminate, quinolinate, and pyridoxate)
that could correctly discriminate TB status at distinct times
during treatment, with AUCs of 0.66, 0.87, and 0.86, respectively.
Although the above studies have used metabolomics techniques
to identify abundant biomarkers for distinguishing aTB from
individuals with LTBI, they have not linked metabolomics with
transcriptomics and proteomics. Integrating metabolomics data
with transcriptomics and proteomics data to comprehensively
analyze and identify novel biomarkers is a direction for
future omics technology development. Saiboonjan et al. (2021)
investigated the transcriptomics, proteomics, and metabolomics
profiles of three strains of M. tuberculosis (including drug-
susceptible Beijing strain, multidrug-resistant Beijing strain, and
H37Rv strain) cultured under stress conditions to mimic the
environment of the host granuloma. They found that NarJ
(respiratory nitrate reductase delta chain) was significantly
upregulated at the protein and mRNA levels in all three
M. tuberculosis strains and that NarJ plays an important role
in nitrate metabolism during the adaptation of M. tuberculosis
to stressful and intracellular environments and subsequent
establishment of LTBI (Saiboonjan et al., 2021).

Microbiota
Hundreds of millions of microorganisms have coexisted with
humans in the respiratory tract and gastrointestinal tract for
thousands of years. However, research on them has been recently
increasing. A growing number of studies have suggested that the
microbiota plays an essential role in maintaining normal health,
developing the immune system, and providing protection against
pathogens (Khan et al., 2016; Dumas et al., 2018; Gupta et al.,
2018; Liu et al., 2021). However, the impact of microbiota on host
defense against M. tuberculosis infection is poorly understood.
A recent review published in PLOS Pathogens summarized 14
microbiome studies performed on animal models of TB and
patients with TB (Mori et al., 2021). Among these studies, nine
focused on the relationship between microbiota in the intestinal
tract and M. tuberculosis, including five studies on patients
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with TB, three studies on mouse models, and one study on
rhesus macaques. Compared with the number of studies on the
intestinal tract, only six studies have been performed to explore
the correlations between microbiota in the respiratory tract and
M. tuberculosis, including five studies on patients with TB and
one study on rhesus macaques. These studies investigated the
impact of M. tuberculosis infection on the host microbiome, and
all of them found that M. tuberculosis infection changed the
composition of microbiota, with only four studies reporting the
impact of microbiota changes caused by M. tuberculosis infection
on the immune system. It is important to note that one study
compared the changes in the composition of microbiota and its
effects on the immune system among patients with TB (n = 25),
patients with LTBI (n = 32), and healthy individuals (n = 23)
(Huang et al., 2019). The results suggested that dysbiosis with a
higher abundance of Bacteroidetes and a low ratio of Firmicutes
to Bacteroidetes was related to systemic proinflammation in
patients with aTB, while the abundance of Coriobacteriaceae was
positively related to the level of IFN-γ and CD4+ T cells in LTBI.

It is becoming increasingly recognized that the composition
of the respiratory and gastrointestinal microbiota may affect the
systemic immune responses of the host, and that microbiome–
immune interactions may affect the susceptibility, manifestation,
and progression of M. tuberculosis infection (Wipperman et al.,
2021). However, the results of most studies are inconsistent
and contradictory. This may be due to differences in species,
heterogeneity of microbiota between individuals, sample size,
detection methods, and experimental design, among others. The
current data cannot determine whether microbiota can be used to
distinguish between LTBI and aTB, and more high-quality studies
with larger sample sizes are urgently needed to clarify this.

CONCLUSION

Tuberculosis is a global infectious disease that threatens human
health, and LTBI is the biggest obstacle to achieving the goal of
ending the global TB epidemic shared by the UN Sustainable
Development Goals and WHO’s End TB Strategy. As an ancient
test that has been used to diagnose TB for more than 100 years,
the TST has made great contributions to the control of TB.
However, the TST has several challenges, such as the need
for return visits, low specificity and sensitivity, false positives
with BCG vaccination, cross-reactivity with NTMs, and false
positives in immunosuppression and deficiency. To overcome
these shortcomings of the TST, several new detection methods
have been developed, such as the Diaskintest, C-Tb skin test,
EC-Test, and T-SPOT.TB, QFT-GIT, QFT-Plus, LIAISON QFT-
Plus, and LIOFeron TB/LTBI. The application of RD antigens
(ESAT-6, CFP-10, TB7.7, and Ala-DH) prevents these novel
methods from cross-reacting with BCG inoculation and most
NTM infections, with the additional advantages of having higher
specificity and sensitivity.

However, these methods cannot distinguish between LTBI
and aTB. To investigate the reasons behind this, we believe that
the abovementioned methods (1) were only designed based on
RD antigens rather than LTBI-RD-associated antigens (Rv1736c,

Rv1737c, Rv2031c, Rv2626c, Rv2653c-Rv2660c, Rv1511, Rv1978,
Rv1980c, Rv1981c, Rv3872, Rv3873, Rv3878, Rv3879c, Rv3425,
and Rv3429), without considering the difference in profiles
of antigen expression between latent and active infection of
M. tuberculosis; (2) only detect the number of IFN-γ-producing
T cells and serum concentrations of IFN-γ produced by CD4+
and/or CD8+ T cells, but not of other biomarkers, such as
antigen-specific antibodies, IL-2, IL-10, IP-10, and VEGF, nor
their combinations; and (3) did not use the latest models
and algorithms to improve their diagnosis performance for
distinguishing between LTBI and aTB.

Thus, areas for further investigation and development should
include (1) understanding the differential expression of various
antigens in latent and active infection of M. tuberculosis based
on omics technologies and studies with larger sample sizes, (2)
focusing on multiple cytokines and/or antibodies derived from
hosts that have been identified by previous studies, (3) improving
the sensitivity and specificity of LTBI differential diagnosis using
new models, algorithms, and IS, and (4) exploring the differences
in microbiota between patients with LTBI and aTB to find new
evidence for improving the diagnostic accuracy of LTBI and aTB.
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In this study, we evaluated the diagnostic accuracy of multiple cross displacement
amplification (MCDA) combined with real-time PCR platform in pulmonary tuberculosis
(PTB) patients. Total 228 PTB patients and 141 non-TB cases were enrolled. Based
on the analysis of the first available sample of all participants, MCDA assay showed a
higher overall sensitivity (64.0%), with a difference of more than 10% compared with
Xpert MTB/RIF (Xpert) assay (51.8%, P < 0.05) and combined liquid and solid culture
(47.8%, P < 0.001) for PTB diagnosis. In particular, MCDA assay detected 31 probable
TB patients, which notably increased the percentage of confirmed TB from 57.9%
(132/228) to 71.5% (163/228). The specificities of microscopy, culture, Xpert and MCDA
assay were 100% (141/141), 100% (141/141), 100% (141/141), and 98.6% (139/141),
respectively. Among the patients with multiple samples, per patient sensitivity of MCDA
assay was 60.5% (52/86) when only the first available sputum sample was taken into
account, and the sensitivity increased to 75.6% (65/86) when all samples tested by
MCDA assay were included into the analysis. Therefore, MCDA assay established in this
study is rapid, accurate and affordable, which has the potential in assisting the accurate
and rapid diagnosis of PTB and speed up initiation of TB treatment in settings equipped
with real-time PCR platform.

Keywords: Mycobacterium tuberculosis, multiple cross displacement amplification, MCDA, diagnosis, pulmonary
tuberclosis
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INTRODUCTION

Tuberculosis (TB), caused by Mycobacterium tuberculosis (MTB),
is still a leading cause of mortality worldwide from a single
infectious agent, being responsible for 9.9 million new cases and
1.3 million deaths in 2019 (World Health Organization [WHO],
2021). China is one of the high TB burden countries, accounting
for 8.5% of all estimated incident cases globally (World Health
Organization [WHO], 2021). Thus, much effort should be made
to achieve the global END TB targets.

Rapid and accurate diagnosis is essential for TB control,
which facilitates the timely initiation of appropriate treatment
and further decreases the transmission risk. Current diagnostic
tests for TB disease include smear microscopy, culture and
rapid molecular tests. Smear microscopy is a routinely available
test with low sensitivity. Culture-based methods remain the
reference standard. However, it takes up to 8 weeks to provide the
results and cannot meet the clinical needs. The Xpert MTB/RIF
(Xpert) assay and loop-mediated isothermal amplification test
(TB-LAMP) is World Health Organization (WHO) endorsed
molecular tests (World Health Organization [WHO], 2011,
2016, 2017). Xpert is an automated real-time polymerase chain
reaction (PCR) test with sensitivity comparable to liquid culture
(Boehme et al., 2010) and is already widely used. The next-
generation test Xpert Ultra has higher sensitivity for MTB
detection, but it is not a routine laboratory test in China until
now. Both Xpert and Xpert Ultra rely on GeneXpert machines
and expensive consumable cartridges, which cannot be affordable
in resource-poor settings. TB-LAMP is a promising technique
with relatively simple device demand. Even a water bath could
meet the needs of nucleic acid amplification. However, the
results of TB-LAMP were usually determined by unaided eyes
or under ultraviolet light, which is potentially subjective and
make ambiguous judgment (Ou et al., 2014; Bojang et al.,
2016).

Multiple cross displacement amplification (MCDA) is a novel
amplification strategy based on isothermal strand-displacement
polymerization reaction (Wang et al., 2015). In MCDA, a set
of ten specific primers is designed for each target, with high
sensitivity to fg level. In recent years, MCDA has been successfully
applied to the detection of various pathogens (Wang et al.,
2016a,b). In the previous report, we established an MTB detection
method employing MCDA combined with lateral flow biosensor
(MCDA-LFB) and preliminarily evaluated its clinical application
(Jiao et al., 2019). MCDA-LFB is rapid, sensitive and simple,
which is suitable for clinical use and field test. However, the
application of LFB needs to open the amplification tube, which
might lead to contamination in subsequent experiments. Since
late 2019, coronavirus disease 2019 (COVID-19) began to wreak
havoc all over the world. Although the COVID-19 pandemic is
a setback to TB control, it still brings opportunities. In China,
molecular detection platforms, especially techniques based on
real-time PCR, are widely used all over the country, which greatly
improved the detection ability in basic level hospitals and medical
institutions. In this study, we integrated the MCDA assay into
real-time PCR platform and assessed its accuracy in clinical
pulmonary TB (PTB) cases.

MATERIALS AND METHODS

Study Population
Sputum specimens were prospectively collected from suspected
TB patients from January 2019 to March 2019 at the Beijing Chest
Hospital. All the enrolled patients had symptoms suggestive of
TB and abnormal chest imaging. Each sputum specimen was
subjected to smear microscopy, Lowenstein-Jensen (LJ) solid
culture, mycobacteria growth indicator tube (MGIT) culture and
Xpert (Cepheid, United States) simultaneously. The 1 mL aliquot
sputum samples were stored at −80◦C for further analysis.

The Ethics Committee approved the study protocol (No. 2020-
7). Written informed consent was waived, as the specimens used
in this study were leftover sputum samples from the clinical
microbiology laboratory.

Patient Categories
Based on composite reference standard (CRS) which comprises
clinical examination, microbiological evaluation, radiological
imaging and follow-up data, patients were classified into three
groups. (1) Bacteriologically confirmed TB: at least one positive
result was obtained from the following tests: smear microscopy,
culture or Xpert. (2) Probable TB: no bacteriological evidence
of TB was found, but active TB diagnosis was made according
to clinical findings, radiological images, treatment response
and follow-up data. (3) Non-TB: the alternative diagnosis was
established and clinical improvement was achieved without
antitubercular treatment.

Clinical and Laboratory Procedures
Demographic information and clinical data of the enrolled
subjects, including age, gender, treatment status, underlying
diseases, were collected according to the medical records. The
sputum specimens were usually collected early in the morning.
Each specimen was transported to the lab within 4 h of
collection. A direct smear was prepared and examined by
light microscopy after auramine staining. About 2 mL sputum
sample was decontaminated with N-acetyl-L-cysteine-sodium
hydroxide (NALC-NaOH). After neutralization with sterile saline
phosphate buffer (PBS, pH6.8) and centrifugation, the pellet was
then inoculated into solid Lowenstein-Jensen medium (Encode
Medical Engineering Co., Ltd) and liquid medium using MGIT
960 system (Becton Dickinson, United States). All positive
cultures were further confirmed using MPT64 antigen testing
(Genesis Biodetection and Biocontrol Co., Ltd).

Xpert (Cepheid) was performed according to the
manufacturer’s instructions. In brief, 1–2 mL sputum specimen
was mixed with double volumes of Xpert sample processing
reagent, and vortexed at 5 min intervals for 15 min. Then 2 mL
of the mixture was transferred to the cartridge for Xpert testing.

A glass bead-based kit (CapitalBio Co.) was used to extract the
genomic DNA. The defrosted samples were fully digested with 2–
4 volumes of 4% NaOH depending on the viscosity of the sputum.
After centrifugation, the pellet was washed once using TE buffer
and re-suspended with 100 µL DNA extraction buffer. The
mixture was transferred to the tube with glass beads and shook for
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15 min at a high speed using Extractor 36 (CapitalBio Co.). The
tube was heated using a metal rack at 95◦C for 5 min. Total 90 µL
DNA was obtained after centrifugation at 12, 000 rpm for 5 min
and 5 µL of the supernatant was used for MCDA amplification.

The MCDA assay was performed as described previously (Jiao
et al., 2019) with some modifications. Two sets of non-labeled
primers targeting IS6110 and IS1081 were used. To monitor the
MCDA reaction, 0.3 µL of EvaGreen dye was added into the
reaction mixture to produce the fluorescence signal. The assay
was implemented on real-time platform (Agilent AriaMx) using
the FAM/SYBR Green channel. The amplification was performed
at 67◦C for 40 min with plate reading at 30 s intervals. The
normalized fluorescence signal no less than 800 and reaction time
no more than 35 min were used to determine MCDA positivity.
If the normalized fluorescence signal was more than 800 and
reaction time more than 35 min, the result was considered to
fall in the gray area and the experiment had to be repeated.
The result was determined positive if the fluorescence signal
remained more than 800 regardless of reaction time and negative
if no/less fluorescence signal. The threshold was derived from
a preliminary analysis of smear-positive samples and non-TB
patients. All laboratory tests were performed with the operator
blinded to the clinical information.

Statistical Analysis
Demographic information of the study population was presented
as percentages for categorical variables and medians for
continuous variables.

Diagnostic accuracy parameters (sensitivity, specificity,
positive and negative predictive values) were calculated using
bacteriological results and clinical evidence as reference
standards. Among the patients providing more than one
sample, diagnostic values were calculated in three ways. (1)
Per patient/1st sample, including only the first sample tested
for each patient. (2) Per patient/all samples, including all
samples tested for each patient and considering the patient as
positive if any of these samples was positive. (3) Per sample,
including all tested samples individually with performed tests.
McNemar’s test was used to compare the differences in sensitivity
and specificity. A P-value less than 0.05 was considered
statistically significant. SPSS version 23.0 software was used for
statistical analysis.

RESULTS

Study Participants Characteristics
Total 377 patients with suspected PTB were enrolled. Eight
patients were subsequently excluded due to a lack of adequate
samples (n = 5) and contaminated cultures (n = 3). Thus, 369
patients were included for analysis of MCDA assay diagnostic
performance. Figure 1 shows the flow of participants according
to the case definition categories.

Overall, 228 patients (61.8%) were diagnosed with active PTB,
including 132 with bacteriologically confirmed TB and 96 with
probable TB. The 141 non-TB cases (38.2%) were 17 lung cancer
patients and 124 patients with other infectious diseases, including

four with non-tuberculous mycobacteria (NTM) caused disease.
Among NTM patients, two were culture-positive and two were
diagnosed by molecular testing of biopsy tissues. The age of
patients was younger in the TB group than that in the non-TB
group (48.5 years vs. 65 years, P < 0.001). TB group had more
male patients (75.0% vs. 61.7%, P = 0.007). A higher proportion
of TB patients had diabetes mellitus compared to non-TB patients
(27.2% vs. 6.4%, P < 0.001). All patients were HIV-negative.
Detailed demographic and clinical data are presented in Table 1.

Performance of Multiple Cross
Displacement Amplification Assay in
Pulmonary Tuberculosis Diagnosis
In the MCDA detection, six samples corresponding to six patients
(three were confirmed TB, the others are probable TB) fell in the
gray area. After repeat, four remained the same and two were
positive. Thus, all six samples were considered positive in the
following analysis.

Diagnostic value was calculated considering the first collected
sputum specimen for all enrolled patients (Table 2). Generally,
MCDA assay exhibited a sensitivity of 64.0% (146/228) in patients
with active PTB, which was significantly higher than Xpert
(51.8%, 118/228, P = 0.008), culture (MGIT and LJ combined,
47.8%, 109/228, P < 0.001) and microscopy (21.5%, 49/228,
P < 0.001). Then we divided the patients into confirmed TB
and probable TB according to CRS without referring to MCDA
results. Among 132 confirmed TB cases, the high sensitivity of
MCDA assay was shown at 87.1% (115/132), similar to that of
Xpert (89.4%, 118/132, P = 0.566) and culture (82.6%, 109/132,
P = 0.303). In addition, the MCDA assay detected 31 probable TB
patients. When the MCDA results were integrated into the CRS,
these 31 patients were reclassified as confirmed TB cases, and the
percentage of confirmed TB increased from 57.9% (132/228) to
71.5% (163/228).

A head-to-head comparison of results from all diagnostic
methods showed that MCDA assay produced a sensitivity of
89.0% (97/109) in culture-positive patients, 95.9% (47/49) in
microscopy-positive cases, and 84.1% in microscopy-negative
but culture-positive cases. MCDA assay also identified TB
in 35 Xpert-negative cases and 49 culture-negative cases. In
microscopy-negative samples, MCDA assay showed a sensitivity
of 55.3% (99/179) and Xpert was 40.2% (72/179). MCDA assay
was the only positive test in 31 samples, Xpert in 5 samples, and
culture in 8 samples (Figure 2).

The specificities of microscopy, culture, Xpert and MCDA
assay based on the analysis of the first available sample were
100% (141/141), 100% (141/141), 100% (141/141), and 98.6%
(139/141), respectively. With regard to the latter, two lung tumor
patients were misdiagnosed as PTB by MCDA assay.

Per Patient and Per Sample Analysis in
Patients With Multiple Samples
A total of 98 patients provided two or more sputum samples,
including 188 sputum samples from 86 TB patients and 26
samples from 12 non-TB patients. Per patient sensitivity and
specificity analysis used the CRS as the reference standard.
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FIGURE 1 | Flow chart of participant recruitment.

TABLE 1 | Demographic and clinical characteristics of the study population.

Characteristic Total TB (n = 228) Confirmed TB (n = 136) Probable TB (n = 92) Non-TB (n = 141) P-value (Total TB vs. Non-TB)

Age, median (range), yr 48.5 (16–88) 48 (17–88) 49 (16–85) 65 (19–97) <0.001

Gender

Male, n (%) 171 (75.0) 107 (78.7) 64 (69.6) 87 (61.7) 0.007

Female, n (%) 57 (25.0) 29 (21.3) 28 (30.4) 54 (38.3)

Treatment status

New case 174 (76.3) 102 (75.0) 72 (78.3) /

Retreated case 54 (23.7) 34 (25.0) 20 (21.7) /

Combined extra-pulmonary TB

Pleural TB 67 (29.4) 32 (23.5) 35 (38.0) /

Lymphatic TB 10 (4.4) 5 (3.7) 5 (5.4) /

TB meningitis 2 (0.9) 2 (1.5) 0 (0) /

Other sites 11 (4.8) 5 (3.7) 6 (6.5) /

Underlying diseases

Diabetes mellitus 62 (27.2) 39 (28.7) 23 (25.0) 9 (6.4) <0.001

Chronic kidney disease 11 (4.8) 8 (5.9) 3 (3.3) 3 (2.1) 0.188

Autoimmune disease 3 (1.3) 0 (0) 3 (3.3) 2 (1.4) 0.934

Tumor 14 (6.1) 11 (8.1) 3 (3.3) 17 (12.1) 0.046

Values are No. (%) or as indicated.
“/”: not applicable.

TABLE 2 | Diagnostic accuracy of different methods in the pulmonary TB patients.

Performance Microscopy Culture Xpert MCDA Culture + MCDA

Sensitivity

Confirmed PTBa (n = 132) 49/132 (37.1)b 109/132 (82.6) 118/132 (89.4) 115/132 (87.1) 127/132 (96.2)c

Probable PTB (n = 96) / / / 31/96 (32.3) 31/96 (32.3)

PTB total (n = 228) 49/228 (21.5)b 109/228 (47.8)b 118/228 (51.8)c 146/228 (64.0) 158/228 (69.3)

Specificity (n = 141) 141/141 (100) 141/141 (100) 141/141 (100) 139/141 (98.6) 139/141 (98.6)

PPV total (n = 369) 49/49 (100) 109/109 (100) 118/118 (100) 146/148 (98.6) 158/160 (98.8)

NPV total (n = 369) 141/320 (44.1)b 141/260 (54.2) 141/251 (56.2) 139/221 (62.9) 139/209 (66.5)

Values are No./total No. (%). MCDA, multiple cross displacement amplification; NPV, negative predictive value; PPV, positive predictive value; Xpert, Xpert MTB/RIF.
aPatients were classified according to composite reference standard criteria that does not include MCDA results.
bStatistically significant (P < 0.001) when compared with MCDA assay.
cStatistically significant (P < 0.05) when compared with MCDA assay.
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FIGURE 2 | Venn diagram of different diagnostic methods.

Taking only the first available sputum sample into account,
the sensitivity of MCDA assay was 60.5% (52/86), while the
sensitivity amounted to 75.6% (65/86) when all samples tested
by MCDA assay were included in the analysis (Table 3).
In comparison, the per patient sensitivity of Xpert, culture
and microscopy was 46.5% (40/86), 44.2% (38/86) and 25.6%
(22/86) for first available sample, respectively, and 50.0% (43/86),
48.8% (42/86) and 30.2% (26/86) for all samples, respectively.
When all tested samples were considered individually, per
sample sensitivity showed a sensitivity of 58.5% (110/188) for
MCDA assay, which was significantly higher than Xpert (47.9%,
P = 0.039), culture (44.1%, P = 0.005) and microscopy (26.1%,
P < 0.001). None of the patients in the non-TB group was found
to be positive using MCDA assay, Xpert, culture or microscopy.
Thus the specificity of each method remained high (100%) either
per patient or per sample analysis.

DISCUSSION

Early diagnosis is essential for the control of TB. Although there
are many available diagnostic methods for TB, only 59% of PTB

cases were bacteriologically confirmed according to WHO report
(World Health Organization [WHO], 2021). Alternative test that
is rapid, sensitive, specific and easy to perform is always the ideal
goal to accelerate the process to end TB. In the previous study, we
established a promising method for TB detection using MCDA
combined with LFB and its limit of detection was 10 fg (Jiao et al.,
2019). With the widespread access to real-time PCR techniques,
we further moved to monitor the MCDA products using real-
time PCR platform and evaluated its diagnostic accuracy in the
PTB cases. As a result, MCDA assay showed a higher overall
sensitivity (64.0%), with a difference of more than 10% compared
with Xpert (51.8%, P < 0.05) and combined culture (MGIT
and LJ, 47.8%, P < 0.001) for PTB diagnosis. In particular, the
sensitivity of MCDA assay was 55.3% (99/179) in smear-negative
samples and Xpert was 40.2% (72/179). The difference is in
line with a previous publication, where 63% of smear-negative
patients were detected by Xpert Ultra and 46% detected by Xpert
(Dorman et al., 2018). This indicates that MCDA assay has a
similar performance with Xpert Ultra in PTB detection.

In this study, the improved diagnostic value of the MCDA
assay was especially pronounced in resolving probable PTB cases.
32.3% (31/96) of cases with negative etiological results (including
microscopy, culture or Xpert) were positive for TB using MCDA
assay, which notably increased the bacteriological confirmation
rate from 57.9% (132/228) to 71.5% (163/228). Therefore, MCDA
assay might lead to earlier diagnosis and treatment initiation. In
contrast with conventional culture (LJ and MGIT), the MCDA
assay detected 49 additional PTB cases (Figure 2). However, it
should be noted that 8 samples were detected as positive only
by culture, indicating that MCDA assay can be a promising
complementary test for PTB diagnosis, but cannot replace the
culture-based algorithms.

Examination of multiple specimens from the same TB patient
would improve the detection sensitivity of microscopy, culture
and Xpert (Bonnet et al., 2007; Wang G. et al., 2018). Wang
et al. (Wang G. et al., 2018) reported that the addition of a
second Xpert test increased sensitivity by 4.65% among PTB

TABLE 3 | Per patient diagnostic accuracy in the patients with multiple sputum samples.

Sensitivity Samples per patient, mean (SD) Specificity Samples per patient, mean (SD)

Microscopy

First available sample 22/86 (25.6)a 1 12/12 (100) 1

All samples 26/86 (30.2)a 2.19 (0.45) 12/12 (100) 2.167 (0.39)

Culture

First available sample 38/86 (44.2)b 1 12/12 (100) 1

All samples 42/86 (48.8)a 2.19 (0.45) 12/12 (100) 2.167 (0.39)

Xpert

First available sample 40/86 (46.5) 1 12/12 (100) 1

All samples 43/86 (50.0)a 2.19 (0.45) 12/12 (100) 2.167 (0.39)

MCDA

First available sample 52/86 (60.5) 1 12/12 (100) 1

All samples 65/86 (75.6) 2.19 (0.45) 12/12 (100) 2.167 (0.39)

Values are No./total No. (%). MCDA, multiple cross displacement amplification; NPV, negative predictive value; PPV, positive predictive value; Xpert, Xpert MTB/RIF.
aStatistically significant (P < 0.001) when compared with MCDA assay.
bStatistically significant (P < 0.05) when compared with MCDA assay.
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patients, which is similar to this study (3.5%). Our data suggested
that the overall sensitivity of the MCDA assay increased with
the number of sputum samples tested. Compared with Xpert,
culture and microscopy, multiple MCDA assays had a higher
incremental yield (15.1%) for detection of PTB patients, with
a sensitivity of 60.5% for the first available sample to 75.6%
for all samples. Thus, multiple MCDA tests will be beneficial
for suspected PTB. In the previous study, a second Xpert assay
was not recommended for suspected TB patients, especially
in smear-negative cases, considering the high cartridge cost
(Wang G. et al., 2018). The cost of MCDA assay is much
lower, with only about 1/6 of Xpert per test. In this view,
using multiple MCDA tests in suspected TB cases presents an
affordable and feasible approach, especially for patients with
smear-negative results.

The specificity of the MCDA assay compared to the CRS
standard was considered acceptable (98.6%). This was due to
two patients being misdiagnosed as PTB by MCDA assay with
results confirmed after three repeats. One patient is 76 years
old with a malignant tumor of the right lung. The other
one is 78 years old with pneumonia caused by Klebsiella
pneumonia. We assumed that these two patients could have
TB comorbidity or a history of TB, as China is a high TB
burden country. A similar situation was reported in other
studies, especially when using more sensitive methods, such
as Xpert Ultra (Dorman et al., 2018; Wang G. et al., 2020).
The Xpert Ultra used multi-copy genes IS6110 and IS1081 as
the targets and showed increased sensitivity in various kinds
of specimen types for TB detection. However, the specificity
of Xpert Ultra was lower than Xpert, particularly for patients
with a history of TB, as Xpert Ultra might have detected
MTB DNA as the remnant of a previous active TB episode
(Dorman et al., 2018; Theron et al., 2018). MCDA assay employed
the same targets as Xpert Ultra and had high sensitivity,
which might also lead to the false-positive result in specificity
verification. However, cross-contamination or other unknown
reasons cannot be excluded.

Different amplification monitoring methods might influence
the sensitivity. Compared with our previous study, MCDA assay
using real-time platform did not achieve high sensitivity
as that with LFB (64.0% vs. 88.2%) (Jiao et al., 2019).
The main reason might lie in the different methods of
monitoring the assay products. When the LFB was used
to detect the MCDA results, the biotin-labeled MCDA
amplicons could form a complex with streptavidin-coated
polymer nanoparticles (SA-DNPs) via biotin-streptavidin
interactions at the conjugated pad, which would amplify the
signal and increase the sensitivity. Thus, more paucibacillary
patients can be detected using MCDA combined with the
LFB platform. Nevertheless, the real-time platform has its
advantage. One of the essential steps for reporting MCDA
results by LFB is to open the amplification tube, which can
produce aerosol droplets containing a high concentration
of MCDA products (Wang Y. et al., 2018) and possible
contamination presents a significant challenge in this case.
In contrast, real-time PCR platform permits monitoring of
the fluorescence signal through transparent cover of the

unopened tube, thus avoiding possible contamination. This
approach is more suitable for areas without specialized product
testing laboratories.

Compared to the automated Xpert platform, limitations
of the developed MCDA assay should be noted. Firstly,
the targets of MCDA assay are multi-copy genes IS6110
and IS1081, which ensure high sensitivity and can even
detect IS6110-absent strains circulating in Southeast
Asia. However, it cannot predict drug resistance of
MTB simultaneously. Secondly, MCDA assay needs
relatively more manual operations, including extraction
of genomic DNA, preparation of reaction mixture,
etc. Nevertheless, MCDA assay is suitable for labor-
intensive and resource-limited areas as the reagents and
consumables are affordable.

In conclusion, this study demonstrated a higher sensitivity
of the MCDA assay compared with microscopy, culture or
Xpert using sputum samples. MCDA assay has the potential in
assisting the accurate and rapid diagnosis of PTB and speeds
up initiation of TB treatment in settings equipped with real-
time PCR platforms.
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Background: Spinal tuberculosis (TB) has the highest incidence in remote plateau
areas, particularly in Tibet, China, due to inadequate local healthcare services, which
not only facilitates the transmission of TB bacteria but also increases the burden on
grassroots hospitals. Computer-aided diagnosis (CAD) is urgently required to improve
the efficiency of clinical diagnosis of TB using computed tomography (CT) images.
However, classical machine learning with handcrafted features generally has low
accuracy, and deep learning with self-extracting features relies heavily on the size of
medical datasets. Therefore, CAD, which effectively fuses multimodal features, is an
alternative solution for spinal TB detection.

Methods: A new deep learning method is proposed that fuses four elaborate image
features, specifically three handcrafted features and one convolutional neural network
(CNN) feature. Spinal TB CT images were collected from 197 patients with spinal
TB, from 2013 to 2020, in the People’s Hospital of Tibet Autonomous Region, China;
3,000 effective lumbar spine CT images were randomly screened to our dataset, from
which two sets of 1,500 images each were classified as tuberculosis (positive) and
health (negative). In addition, virtual data augmentation is proposed to enlarge the
handcrafted features of the TB dataset. Essentially, the proposed multimodal feature
fusion CNN consists of four main sections: matching network, backbone (ResNet-
18/50, VGG-11/16, DenseNet-121/161), fallen network, and gated information fusion
network. Detailed performance analyses were conducted based on the multimodal
features, proposed augmentation, model stability, and model-focused heatmap.

Results: Experimental results showed that the proposed model with VGG-11 and virtual
data augmentation exhibited optimal performance in terms of accuracy, specificity,
sensitivity, and area under curve. In addition, an inverse relationship existed between
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the model size and test accuracy. The model-focused heatmap also shifted from the
irrelevant region to the bone destruction caused by TB.

Conclusion: The proposed augmentation effectively simulated the real data distribution
in the feature space. More importantly, all the evaluation metrics and analyses
demonstrated that the proposed deep learning model exhibits efficient feature fusion for
multimodal features. Our study provides a profound insight into the preliminary auxiliary
diagnosis of spinal TB from CT images applicable to the Tibetan area.

Keywords: computer-aided diagnosis, spinal tuberculosis, computed tomography, feature fusion, deep learning

INTRODUCTION

Spinal tuberculosis (spinal TB) is secondary to TB of the
lung, gastrointestinal tract, or lymphatic tract, and it causes
bone TB via the blood circulation route (Garg and Somvanshi,
2011; Rasouli et al., 2012; Khanna and Sabharwal, 2019). The
insidious onset of spinal TB and the lack of specificity in
clinical manifestations can lead to serious symptoms, such as
kyphosis, abscess injection, and spinal instability, further causing
paraplegia or death (Qian et al., 2018; Vanino et al., 2020). The
incidence of TB is significantly higher in underdeveloped plateau
regions, particularly in the Tibetan area of China (Du et al.,
2017; Zhu et al., 2017); for example, the rate of reported TB
cases in the Tibet Autonomous Region was 166.6 per 100,000
in 2017, which was the highest in China. Spinal TB accounts for
approximately 2% of pulmonary TB, 15% of extrapulmonary TB,
and 50% of bone and joint TB throughout the world (Fuentes
Ferrer et al., 2012). Moreover, the CT manifestation of spinal
TB is complicated, including typical manifestations (destruction
of the vertebral body, collapse of the vertebral space, abscess
compression on the spinal cord or nerve roots, etc.) and atypical
manifestations (vertebral body osteoid formation, vertebral body
disruption in the anterior column, vertebral body endplate
worm-like disruption, pus in the paravertebral soft tissue shadow,
continuous unilateral bone disruption, and asymmetry between
the imaging manifestations and symptoms) (Cremin et al., 1993;
Rauf et al., 2015).

Local grassroots hospitals lack experienced specialists and
multimodal medical imaging equipment, they have only CT
or digital radiography (DR) machines. Therefore, most Tibetan
grassroots doctors cannot make expeditious medical decisions.
These poor health conditions lead to high rates of misdiagnosis,
missed diagnosis, and delays in effective treatment, which result
in severe complications that impose serious social burdens
on Tibetan herdsmen (Wang et al., 2015). Computer-aided
diagnosis (CAD), including classical machine learning (ML)
and deep learning (DL), is an effective method for assisting
primary care physicians in treating patients with spinal TB;
CAD builds mathematical models on computers using fuzzy
mathematics, probability statistics, and even artificial intelligence
to process patient information and propose diagnostic opinions
and treatment plans. To the best of our knowledge, except for a
few reports on the simple application of statistical analysis to the
clinical diagnosis of spinal TB (Zhang et al., 2019; Liu et al., 2021),

there are limited studies on artificial intelligence-aided diagnosis
of spinal TB, including diagnostic classification, pathological
grading, lesion segmentation, and prognostic analysis.

Radiomics, a typical example of traditional ML, is an
automated high-throughput method that extracts a significant
amount of quantitative handcrafted features from medical
images (Lambin et al., 2012). These handcrafted features
are the conversion of digital images into mineable data
and the subsequent analyses of these data for decision
support (Gillies et al., 2016), such as color, texture, shape,
and statistical characteristics, including scale-invariant feature
transform (SIFT), speeded-up robust features (SURF), and
oriented rotated brief (ORB) (Abdellatef et al., 2020). Currently,
although many handcrafted features have been designed for
various clinical applications (Moradi et al., 2007; Aerts et al.,
2014; Cook et al., 2014; Wang et al., 2014; Li et al., 2018;
Tian et al., 2018; Song et al., 2021), classical ML cannot
accurately perform ancillary diagnostics of TB owing to its
limited accuracy (Goodfellow et al., 2016; Currie et al., 2019).
The design of handcrafted features often involves finding the
right trade-off between accuracy and computational efficiency
based on the subjective understanding of key issues (Nanni et al.,
2017); therefore, an inappropriate handcrafted feature typically
results in poor generalization ability (Suzuki et al., 2012), which
significantly hinders the development of ML diagnostic systems.

Contrastingly, DL based on convolutional neural networks
(CNNs) is another medical CAD method that enhances
the identification of subtle differences in radiographical
characteristics, and it is feasible for integrating multi-omics
medical data by harnessing the power of computing (Altaf
et al., 2019; Alkhateeb et al., 2021). Unlike traditional ML,
the features extracted by DL can be predetermined by a CNN
during training, without elaborate design (Anwar et al., 2018).
There are various CNN models that are applicable to different
medical scenarios, such as common CNN for grading (Yang
et al., 2018; Swarnambiga et al., 2019), U-Net for segmentation
(Ronneberger et al., 2015; Jackson et al., 2018; Deng et al., 2021),
and GAN for the generation of synthetic images (Lei et al.,
2019). The technological innovations of CAD show that DL
could be a suitable candidate for auxiliary diagnosis in modern
healthcare systems. However, a CNN needs the majority of
datasets to extract features automatically and requires significant
training time to obtain a reliable model (Goodfellow et al.,
2016; Currie et al., 2019), both of which are scarce resources
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in medical practices. Moreover, the lack of interpretability of
DL is another important factor that hinders its development in
rigorous clinical work.

Therefore, the effective fusion of the multimodal features
extracted from both ML and DL is one of the key directions to
further improve the performance of CAD when compared with
the counterparts of individuals above. This approach has had
several successful applications with medical radiological images,
such as in the determination of tumor benignity and malignancy
(Antropova et al., 2017; Xie et al., 2018; Khosravi et al., 2021),
lesion segmentation (Su et al., 2021), survival prediction (Shboul
et al., 2019; Guo et al., 2021), detection of COVID-19 from chest
CT images (Wang S.-H. et al., 2021), and cancer diagnosis and
prognosis (Chen et al., 2020). By contrast, published studies on
spinal TB have mainly focused on the clinical manifestations and
surgical protocol of spinal tuberculosis (Garg and Somvanshi,
2011; Zhu et al., 2017; Khanna and Sabharwal, 2019). Different
feature fusion methods have been developed for different clinical
purposes, such as a Bayesian algorithm-based method that can
realize the fusion decision of multiple features (Khaleghi et al.,
2013), a sparse representation-based method that can obtain
the joint sparse representation of multiple features (Lai and
Deng, 2018), and a DL-based method that can strengthen the
feature learning process of deep neural networks (Zhang et al.,
2021). However, most of the aforementioned fused features are
different representations under the same modality owing to the
difficulty of multimodal fusion, and in cross-modal learning,
it is difficult to implement transfer learning between more
than two modalities. Conversely, the gated information fusion
network (Arevalo et al., 2017; Kim et al., 2018) ensures that each
single modality can work independently and transfer knowledge
mutually, and it realizes the effective fusion of multimodal
information, including histology images and genomic features
(Chen et al., 2020). It adopts the Kronecker product of unimodal
feature representations to control the expressiveness of each
single feature via a gated information attention mechanism.

In this study, a multimodal feature fusion CNN is proposed
to classify spinal TB CT images obtained from local grassroots
hospitals in the Tibetan area. It provides a breakthrough in
the application area of spinal TB auxiliary diagnosis, although
it simply implements the classification of tuberculosis-health
diagnostic results in spinal TB CT images. Specifically, the
proposed network fuses three different elaborate features,
namely SIFT, SURF, and ORB, with the DL feature that
originates from the convolutional output layer of common
CNNs. A new augmentation algorithm for handcrafted features
that effectively simulates the data distribution in the feature space
is proposed as a substitute for the image augmentation method.
Additionally, a model was designed and used to effectively
integrate these individual features, which included four different
sections: matching network for consistency of different feature
dimensions, backbone for sparse representation of features, fallen
network for dimensional reduction, and fusion network for
hybridizing multimodal features by a gated mechanism. We
evaluated the hypothesis that the proposed method can effectively
distinguish tubercular cases from healthy images by conducting
experiments and performing several analyses. For convenience,

from here on, “positive” and “negative” represent tuberculosis
and health, respectively. Based on initial hypothesis attempts,
further research will be conducted on other auxiliary diagnostics
to form a complete auxiliary diagnostic process for spinal TB and
solve the long-standing problem of spinal tuberculosis in Tibet.

MATERIALS AND METHODS

Data Collection
A multimodal image dataset was obtained from the People’s
Hospital of Tibet Autonomous Region, China, and consisted
of DR and CT images of 197 patients with spinal TB acquired
between 2013 to 2020. They were screened by two physicians
based on basic patient information, medical records, and imaging
evaluation, all of which were surgically treated as definite spinal
tuberculosis pathology according to the corresponding guidelines
about the diagnosis of spinal TB (Hoffman et al., 1993; Liu et al.,
2021). The inclusion and exclusion criteria for the spinal TB cases
were as follows:

Inclusion criteria:

• Diagnosis of spinal tuberculosis was confirmed by puncture
biopsy or postoperative pathological examination;
• Preoperative DR and CT examinations were performed;
• Complete case data (e.g., gender, age, medical history,

physical examination, imaging, and pathology data);
• Patients who were first examined in primary care hospitals

in less developed areas and had CT imaging data were
prioritized for inclusion.

Exclusion criteria:

• Cases suspected of having spinal tuberculosis without
pathological examination;
• A history of spinal trauma before the diagnosis of spinal

tuberculosis;
• Incomplete case information.

Table 1 presents the patients’ gender, age, and lesion segment.
Some patients had multiple site infections; therefore, the total
number of female and male patients is not equal to the total
number of cases of cervical, thoracic, lumbar, and sacral vertebral
infections. It can be seen that middle-aged people (30–59 years)
were the most infected among all age groups, and the number
of men infected with spinal TB was higher than that of women.
The patients presented in this table are the ones who bear the
heaviest social and family pressures. Furthermore, the lumbar
vertebrae are the most susceptible to spinal TB infection;
therefore, the current research was mainly conducted on the TB
of lumbar vertebrae.

Although X-ray examinations are widely used in various
primary hospitals, they provide limited information. CT
examinations are approximately 20–25 times more sensitive than
X-ray-based tissue density tests and are currently one of the
most effective clinical bone examination methods. Spiral electron
CT provides a high-resolution visualization of the destruction,
hyperplasia, sclerosis, and focal boundaries of vertebral bone.
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Furthermore, it reveals the position of dead bone, fragmented
bone, and their protrusion into the spinal canal, showing
paravertebral abscesses and their density. Moreover, the lumbar
spine has the highest incidence of tuberculosis as it has the
most mobility and bears the heaviest burden along the entire
spine, as shown in Table 1. For the initial research of spinal
TB, a total of 3,000 CT images of the lumbar vertebrae were
randomly selected from the abovementioned multimodal image
dataset based on slice level, which included a set of 1,500 slices
for negative and positive cases. Finally, a small dataset of spinal
TB CT images was obtained to explore the flexibility of CAD on
spinal TB CT images.

Feature Selection
Feature engineering is a key step in the supervised classification
of pathology images that directly affects the final classification
result. Image feature extraction is the premise of image analysis,
which is the most effective way to simplify the expression of
high-dimensional image data. Based on the above qualitative
diagnostic characteristics from orthopedists, three handcrafted
features were extracted from spinal TB CT images, including
three types of feature descriptors of the vertebral column in
CT slices: SIFT (Lowe, 2004), SURF (Bay et al., 2006), and
ORB (Rublee et al., 2011). In addition to the handcrafted
features mentioned above, deep features were extracted from
the convolutional layers and fully connected layers of CNNs.
These elaborate features are required for initial preprocessing to
ensure dimensional consistency between different features before
extracting the respective image characteristics. To understand
the varied descriptions of different features, the meaning of the
diverse features is indicated as follows.

Local feature: Feature vectors of SIFT, SURF, ORB;

Elaborate feature: Hand-crafted feature and deep learning feature
extracted from CT images by classical machine
learning and deep learning;

Hand-crafted feature: Vectors manually extracted from CT images by
classical machine learning;

Deep learning feature: Vectors automatically extracted from convolutional
layer of CNN by deep learning;

Extracted feature: Hand-crafted feature and deep learning feature
extracted from CT images by classical machine
learning and deep learning;

Individual feature: Single feature of SIFT, SURF, ORB, and CNN;

Training feature descriptor: Key point descriptor of SIFT, SURF, ORB calculated
from training dataset;

Feature descriptor: Key point descriptor of SIFT, SURF, ORB;

Clustering feature: Hand-crafted feature after searching codebook;

Augmented feature: Hand-crafted feature after augmentation;

Weighted feature: Hand-crafted feature after TF-IDF, i.e., local feature.

Local Features Described With Scale-Invariant
Feature Transform, Speeded-Up Robust Features,
and Oriented Rotated Brief
Several key points, such as the points of corners and edges,
highlights, and dark spots, in an image do not change with

TABLE 1 | Information of patient with spinal TB.

Age Gender Lesion segment

Female Male Cervix Thorax Lumbar Sacrum

10–19 3 7 0 4 4 3

20–29 12 14 0 9 19 1

30–39 18 22 0 19 23 6

40–49 24 19 1 19 24 3

50–59 18 27 1 29 16 4

60–69 10 13 1 13 9 2

70–79 3 6 0 5 4 0

80–89 0 1 0 0 1 0

Sum 88 109 3 98 100 19

luminance, transformation, and noise. These image feature
points, which are typically used for image matching and image
recognition, can reflect the essential features of an image.
Scale-invariant feature transform (SIFT), speeded-up robust
features (SURF), and oriented rotated brief (ORB) are three
widespread methods used to describe these local feature points.
Speckle and corner are just two typical feature points that
can reflect key information that exists in the image. Speckle
points usually refer to areas with color and grayscale that
are different from the surrounding regions. Corner points are
the intersection of two edges in the stable and informative
areas of an image, which have certain characteristics, such
as rotation invariance, scale invariance, affine invariance, and
illumination invariance. These feature descriptors have been
applied to various medical scenarios, such as medical image
classification (Khan et al., 2015), medical image stitching (Singla
and Sharma, 2014; Win and Kitjaidure, 2018), medical image
fusion (Wang L. et al., 2021), medical image registration
(Lukashevich et al., 2011; Li et al., 2012), and medical image
retrieval (Govindaraju and Kumar, 2016).

Scale-invariant feature transform uses the Difference of
Gaussian (DoG) matrix, which is a speckle detection method, to
detect scale-space extrema, and uses an orientation histogram to
extract the key point direction. The essence of the SIFT algorithm
is to identify the key points and calculate their directions in
different scale-spaces. The key points found by SIFT are almost
speckle points that cannot be changed by illumination, affine
transformation, or noise, such as highlights in dark areas and
dark spots in bright areas.

Speeded-up robust features is a scale and rotation invariant
descriptor on based on SIFT. Rather than choosing the difference
of a Gaussian matrix to detect scale-space extrema in SIFT, it
calculates an approximation of the Laplacian of the Gaussian
by a Hessian matrix. Instead of using an orientation histogram
in SIFT, Harris wavelet response, a corner detection algorithm,
is used to assign key point orientations in SURF. Therefore,
the key points found by SURF are significantly different
from the speckle points found by SIFT. The number of key
points detected by SURF is more than that detected by SIFT,
whereas the vector dimension (64) of SURF is less than the
length (128) of SIFT.
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As a very fast binary descriptor based on two
algorithms, Features from Accelerated Segment Test (FAST)
(Khan et al., 2015) and Binary Robust Independent Elementary
Features (BRIEF) (Calonder et al., 2010), ORB is an improved
algorithm that outperforms the SIFT and SURF algorithms in
terms of nearest-neighbor matching and description efficiency.
FAST was used to extract the corner points whose pixel gray
value is obviously different from the pixel gray value in the
surrounding fields, and BRIEF was employed to describe the
points that were extracted by FAST. It has the least number of
feature points and the lowest dimensionality (32) of extracted
features. In summary, it is a fast feature extracting and matching
algorithm with poor quality compared with SIFT and SURF.

Before extracting feature points, the original spinal TB CT
images were enhanced by adjusting the window width and
position, and the vertebral region was isolated by watershed
segmentation, which had a clear presentation on the centrum
and also eliminated noise interference from non-skeletal areas.
Subsequently, the feature points of SIFT, SURF, and ORB
were transported to the bag of words (BoW) and term
frequency–inverse document frequency (TF-IDF) models to
obtain fifty-dimension feature vectors, as illustrated in Figure 1.
The BoW and TF-IDF models with virtual augmentation
are explored in section “Feature Preprocessing.” Finally, we
obtained three eigenvectors, which are the local features
of all TB images.

Deep Learning Features
In addition to the above handcrafted features, the DL
characteristics extracted from the convolutional layer of the
CNN were another critical feature that contained highly abstract
image features. It is generally assumed that there is a closer
spatial connection between local pixels than the counterparts
between pixels at a greater distance. Thus, each neuron only
needs to perceive the local areas of the image and not the
global image. Consequently, the global information is obtained
by combining the local information at a higher level. A variety
of CNNs have been applied to various medical image processing
tasks, such as ResNet, VGG, and DenseNet, and thus, the
DL features also differ from each other. Because of the black
box property of DL features (Guidotti et al., 2018), different
CNNs were selected to form the backbone of the proposed
network to explore the optimal classification performance of
spinal TB CT images.

Figure 2 shows the procedure for extracting DL features.
Because the TB image dataset was small, the models that
had more or fewer parameters tended to overfit or underfit,
respectively; that is, the neural networks with different
numbers of layers, ResNet-18 and ResNet-50, VGG-11 and
VGG-16, DenseNet-121, and DenseNet-161, were selected as
the backbone of the proposed network to avoid overfitting
or underfitting.

Feature Preprocessing
The elaborate features should be preprocessed for dimensional
consistency between different features. The identical hand-
crafted features of each slice were stacked vertically into one

larger characteristic set. Subsequently, we used two algorithms,
BoW and TF-IDF, to handle the low-dimension characteristic
set extracted from the single-scale image. BoW adopted the
K-means clustering method for unsupervised clustering of
a large number of extracted SIFT, SURF, and ORB key
points. The features with strong similarities were classified
into the same clustering category. TF-IDF is the product of
term frequency (TF) and IDF; it indicates the weight vector
of features, where TF is the frequency of occurrence of a
feature among all features, and IDF represents the uniqueness
of a feature. Figure 3 shows a flowchart illustrating the
preprocessing of features. First, we used the key points feature
descriptor of SIFT, SURF, and ORB from the training sets
to build CodeBook using BoW. The clustering features were
the statistics on the number of occurrences of each category
after clustering in the feature descriptors by searching the
CodeBook. The number of categories was set to 50 after several
pretraining experiments with individual features. Second, a
new data augmentation algorithm was proposed to improve
the generalization of small datasets, and the Algorithm 1
describes the data augmentation methods, which were only
applicable to the cluster features processed by the BoW model.
Specifically, the clustering information of each feature point
was calculated using CodeBook, and the perturbation noise
that obeys the normal distribution was used to jitter the
clustering information for data augmentation, which increased
the generalizability of the dataset. Finally, TF-IDF implemented
feature weighting, which counted the frequency information
of each feature vector appearing in the augmented feature
sets. None of the augmented feature vectors existed in real
TB images; that is, only the virtual key points of SIFT, SURF,
and ORB existed.

ALGORITHM 1 | Data augmentation.

Input: Cluster Features Set: C = {c1, c2, · · · , cm}

Output: Augmented Features Set:
C = {a11, · · · , a1n, a21, · · · , a2n · · · am1, · · · , amn}

fori ∈ [1, 2, · · · , n] do

Initialize gij = {empty}

for j∈ [1, 2, · · · , m] do

gij ∪ dtempe → gij,∀ temp ∼ N (0, 3)

end

Gi = gijC

end

C ∪
⋃n

i=1Gi → A

Fusion Convolutional Neural Network
Construction
After comprehensively considering the characteristics of
vertebral morphology, we extracted four features from slice
images, including the SIFT, SURF, and ORB vectors, and
CNN features. Although the extracted handcrafted and
DL features cover a wide range of valuable information
involving both the local tissue and global slice, an
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FIGURE 1 | Process of extracting local features of tuberculosis images.

FIGURE 2 | Process of extracting the deep learning features of tuberculosis images. The series of images on the left are the raw CT data, the series of images on the
right are the feature maps of the convolution layer of the CNN, and the middle represents the common CNNs.

effective method is imperative to fuse these features
from different scales to improve prediction accuracy
such that it is superior to the corresponding figures of
any single feature.

As shown in Figure 4, the proposed network consists of
four phases: the matching network that adjusts handcrafted
features, backbone (i.e., different common CNNs) for processing
all features, fallen network for dimension reduction, and fusion
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FIGURE 3 | Virtual augmentation model with bag of words (BoW) and term frequency–inverse document frequency (TF-IDF).

FIGURE 4 | Proposed network for classifying tuberculosis images. The middle three histograms are the SIFT, SURF, ORB vectors with length of 50 extracted from
raw CT images, and the green, blue, and orange block represent the matching network, backbone, and fallen network, respectively. The matching network and
fallen network are illustrated in Figures 5A,B, respectively, and the last block is the fusion network, which is illustrated in Figure 5C.

network for blending different characteristics. Each network is
explained in the following sections.

Matching Network
Inconsistencies were present in the characteristic dimensions
between the handcrafted and the DL features. Specifically, all
handcrafted features were stacked into one-dimensional features
with a size of 1× 50, which was inconsistent with the dimensions
of the DL features. Therefore, a matching network was required
to reconcile the contradictions in the feature sizes between
handcrafted and DL features, that is, to convert one-dimensional
vectors into two-dimensional ones.

The matching network consisted of nine convolutional blocks,
with each block including a fractionally strided convolution,
batch normalization, and ReLU activation function. The detailed
architecture of the matching network is shown in Figure 5A.

The one-dimensional feature with size 1 × 1 × 50 was mapped
to a two-dimensional vector of size 224 × 224 × 3, which is
similar to the common input size of CNN architectures such as
ResNets and to the two-dimensional space of the DL features.
Hence, it is easier to tune hyperparameters and fuse handcrafted
and DL features.

Fallen Network
After the matching network, the handcrafted image features
were transformed into the same dimensional space as that
of the DL features. Subsequently, a common network was
employed to hybridize these different vectors including
handcrafted and DL features. This integrated network
includes two foundational networks: a backbone network
and fallen network. Various CNNs, such as ResNet (He
et al., 2016), DenseNet (Huang et al., 2017), and VGG-Net
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FIGURE 5 | Architecture of the proposed network: (A) matching network, (B) fallen network, and (C) gated information fusion network. The upper right corner of
panel (C) is the Kronecher space of interactions among three features H1, H2, and H3.

(Simonyan and Zisserman, 2015), serve as the backbone, and
they have exhibited outstanding performance in different
applications. The fallen network includes two convolutional
operations and one average pooling, as shown in Figure 5B. It
was used to refine the output characteristics of the backbone
by mapping the outputs into a low-dimensional space, that
is, a two-dimensional space with a size of 7 × 7 fell into a
one-dimensional space with a size of 1 × 1 in detail. Essentially,

we obtained a series of one-dimensional feature vectors for the
subsequent processing of the fusion network.

Gated Information Fusion Network
All image features, including the handcrafted and DL features,
were eventually converted into one-dimensional vectors of length
128 after the fallen network was processed. There was high
collinearity between the handcrafted and DL characteristics;
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FIGURE 6 | Accuracy and loss curves with different backbones: (A) ResNet-18, (B) ResNet-50, (C) VGG-11, (D) VGG-16, (E) DenseNet-121, and
(F) DenseNet-161.

therefore, an early fusion method that gates the weight
contribution of the different tensors at the feature level was used
to blend the aforementioned four image features before making a
pathological diagnostic evaluation for the final classification.

The structure of the gated fusion network is shown in
Figure 5C. For each feature tensor from SIFT, SURF, ORB, and
CNN, the dimensions of the input vectors F1, F2, F3, and FC,
respectively, are gradually reduced through the fully connected

layer network with a dropout rate of 0.5. For the same dimension,
because of the connection between individual captured features,
the feature expressions of each handcrafted tensor are weighted
by the gated mechanism via a combination with DL features
to reduce the size of the feature space. The gated mechanism
consists of two pathways: one is a one-dimensional vector Fi
with a size of 128 × 1 after the ReLU activation function, and
the other vector ωi of length 128 is the output of the bilinear
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TABLE 2 | Performance of the proposed network with different backbones.

Backbone Accuracy Specificity Sensitivity AUC

ResNet-18 0.9817 0.9800 0.9833 0.9960

ResNet-50 0.9733 0.9700 0.9767 0.9967

VGG-11 0.9833 0.9833 0.9833 0.9984

VGG-16 0.9783 0.9833 0.9783 0.9983

DenseNet-121 0.9767 0.9767 0.9767 0.9976

DenseNet-161 0.9767 0.9867 0.9667 0.9971

The bold figures represent the maximum value of each evaluation index.

transform between Fi and CNN features FC, which evaluates
the importance of each feature Fi relative to the more precise
CNN features by this non-linear correlation. Subsequently, the
Kronecher product, which models the interaction of different
features across modalities, constructs a threefold Cartesian space
defined by H1, H2, and H3, that is, SIFT, SURF, and ORB,
respectively. It also captures the trimodal interactions of all
possible unimodal combinations, as shown in the upper right
corner of Figure 5C. Finally, the predicted vectors, with a size
of 96, and FC, with a size of 128, are vertically stacked into a
larger one-dimensional vector with a length of 224. Subsequently,

the predicted values of classification for the TB images are
obtained after the fully connected layer operating on the former
concatenated one-dimensional vector.

The detailed operations above are summarized as shown
below.

ωi = σ (Fi, FC) , i = 1, 2, 3 (1)

Hi = RELU
(
f
(
Fi
⊙

ωi

))
, i = 1, 2, 3 (2)

Hm = H1
⊗

H2
⊗

H3 (3)

Hk = RELU
(
f
(
H1
⊗

H2
⊗

H3

))
(4)

HC = RELU
(
f ([Hk, FC])

)
(5)

where,
[
x, y

]
denotes the concatenation of x and y, and

σ
(
x, y

)
= xAy+ b (6)

f
(
x, y

)
= xAT

+ b (7)

FIGURE 7 | ROCs of the proposed network with different backbones: ResNet-18, ResNet-50, VGG-11, VGG-16, DenseNet-121, and DenseNet-161.
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FIGURE 8 | Confusion matrix of the proposed network with different backbones: (A) ResNet-18, (B) ResNet-50, (C) VGG-11, (D) VGG-16, (E) DenseNet-121, and
(F) DenseNet-161. The number on each sub-block represents the number of predictions, and the bars on the right of each block represent the heat value chart of
the predicted numbers.

FIGURE 9 | Performance difference between the proposed augmentation and image augmentation.
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FIGURE 10 | Correlation between model size and training accuracy.

FIGURE 11 | Performance of single features and fusion features.

RESULTS

Convergence of the Proposed Model
With Different Backbones
A total of 3,000 spinal TB CT images were obtained and
subsequently divided into two 1,500 datasets of positive and

negative CT slices. For each type of CT image, 900, 300, and 300
slices were randomly selected as the training, validation, and test
sets from the small TB dataset, respectively. In terms of training
parameters, the optimizer was stochastic gradient descent (SGD)
with a momentum of 0.9 and weight decay of 0.001, the learning
rate was set to 0.01, which decayed by 0.1 every 7 epochs, and
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FIGURE 12 | Visualization of the handcrafted features through T-SNE. (A,C,E) Virtual data augmentation of SIFT, SURF, and ORB, respectively; (B,D,F) real image
augmentation of SIFT, SURF, and ORB, respectively.

the loss function was a cross-entropy loss function describing
the distance between two probability distributions. In addition,
three different common deep CNNs (DCNNs) were used as the
backbone: ResNet, VGG, and DenseNet. For each DCNN, two
main networks with different numbers of layers were used to train
on our small TB dataset to generate different sizes of models: 18
vs. 50 layers for ResNet, 11 vs. 16 layers for VGG, and 121 vs.
161 layers for DenseNet. The running environment was Pytorch
1.8.0, CUDA 11.1, and Python 3.7.1 based on Windows 10 with an
advanced hardware configuration in terms of the GPU and CPU,
i.e., GeForce RTX 3090 and Intel Xeon W-2255, respectively.

The accuracy and loss curves of the training, validation,
and test sets are shown in Figure 6. The accuracy curves
clearly appear to level off, and the loss curves converge
to equilibrium with slight fluctuations starting at epoch 10.
Specifically, the test loss curve of ResNet-50 is above the
ResNet-18 loss curve, which indicates that the corresponding
accuracy curve has a lower position compared with that of
ResNet-18. Although there are few differences between the loss
curves of VGG-11 and VGG-16, the accuracy is the same as
that of ResNet, that is, the more layers in the network, the
lower is the test accuracy value. However, there was a slight
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FIGURE 13 | Heatmap of the convolution layer weight visualization based on Grad-CAM++. The left column contains the original CT images, the middle column
contains the heatmap generated by common VGG-11, and the right column contains the heatmap generated by backbone VGG-11 of the proposed network.

difference between DenseNet-121 and 161. These phenomena
are explained in the Discussion, and the evaluation indicators
of these three backbones, including accuracy, specificity,
sensitivity, and area under the curve (AUC), are discussed in
the next section.

Performance of the Proposed Network
With Different Backbones
There are four different quantitative indicators, namely accuracy,
specificity, sensitivity, and AUC, that illustrate the predictive
performance on 600 test images, as shown in Table 2. The variates
of accuracy, specificity, and sensitivity reflect the proportion
of all samples with correct predictions, all negative samples
with correct predictions, and all positive samples with correct
predictions for all actual samples, all actual positive samples,
and all actual negative samples, respectively. The AUC is the
area enclosed by the coordinate axis under the receiver operating

characteristic (ROC) curve. The proposed model with the
backbone VGG exhibited the best performance compared with
the other models, particularly VGG-11 achieved an accuracy
of 98.33%, specificity of 98.33%, sensitivity of 98.33%, and
AUC of 99.84%. Although the proposed model with ResNet-50
had the worst accuracy compared with the other models, the
AUC was higher than that of ResNet-18, which demonstrated
the existence of a superior classification threshold value for
ResNet-18. For DenseNet, there were few significant differences
between DenseNet-121 and DenseNet-161, both of which had an
acceptable performance with an accuracy of 97.67%. Specifically,
DenseNet-121 effectively predicted positive samples, whereas
DenseNet-161 accurately predicted negative samples. This is
due to the higher sensitivity of the former and the higher
specificity of the latter.

We also drew the ROC curves and calculated the AUC of the
proposed model with different backbones, as shown in Figure 7
in which the above quantitative indices (including specificity,
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sensitivity, and AUC) are visualized as the false positive rate, true
positive rate, and AUCs. It provides a more intuitive comparison
of the differences among these networks when focusing on the
upper left area. VGG11 (yellow line) was closest to the perfect
classification point in the upper left corner, where the anticipated
true positive rate and false positive rate were under different
classified threshold values. More importantly, we provide the
confusion matrix for each network in Figure 8, in which we can
observe the number of correct identifications and the number of
incorrect identifications for each category in detail. There was
a total of 600 CT images, including 300 positive samples and
300 negative samples. 295 true positives (TP) for VGG-11 and
ResNet-18 and 296 true negative (TN) for DenseNet-161 were
the maximum of all correctly classified sample volumes, which
represents the recognition capability for health and disease.
Similarly, the five false positives (FP) for VGG-11 and ResNet-
18 and four false negatives (FN) for DenseNet-161 were the
minimum of all incorrectly classified sample volumes. Overall,
VGG-11 had the highest TP and comparatively higher TN
and relatively lower FN, and there was a balanced capacity in
predicting negative and positive samples, which demonstrated
that VGG-11 was the optimal selection.

Overall, we recommend VGG-11 as the backbone of the
proposed deep network for the auxiliary diagnosis of TB CT
images based on accuracy, stability, and convergence of the
loss function among the six backbones. The subsequent section
discusses the analysis conducted on VGG-11.

Data Augmentation for Handcrafted
Features
The image augmentation was similar to the real data distribution
in the feature space. In this study, a new data augmentation
method was proposed to simulate a real data distribution.
The performance of spinal TB classification with the proposed
augmentation and image augmentation is shown in Figure 9,
highlighting the strength of the proposed augmentation
algorithm. The accuracy, specificity, and AUC of the proposed
augmentation were all slightly higher than those of image
augmentation, and the sensitivity of the former was slightly
lower than that of the latter. Generally, the radar map of image
augmentation was surrounded by the proposed augmentation;
therefore, the proposed method showed significant superiority
over direct augmentation on images.

DISCUSSION

Model Size vs. Accuracy
We employed ResNet, VGG, and DenseNet as the backbones.
The model layers influenced the classification accuracy, as
shown in Figure 6. Figure 10 shows a strong correlation
between the number of parameters owned in the selected
DCNN models and the prediction accuracy of test sets, which
caused underfitting or overfitting when the DL model was too
simple or complex to make accurate predictions for unrelated
features from the small dataset. For ResNet and VGG, a decline
was observed with the increase in parameters, as shown in

Figure 10, demonstrating that the excessive number of network
layers in DCNN leads to model overfitting. By contrast, the
model size had no impact on the accuracy of DenseNet, and
the short paths from the initial layers to subsequent layers
of DenseNet alleviated the vanishing gradient problem, which
ensured maximum information transmission between layers
in the network. Essentially, VGG exhibited optimal training
performance. In particular, VGG-11 had a superior test accuracy
of 98.33% compared with others.

Individual Features vs. Fusion Feature
The four main characteristics were extracted from the CT images
to identify spinal TB, namely three handcrafted features and one
DCNN feature, i.e., SIFT, SURF, ORB of the local features, and
deep features. As illustrated in Table 2, accurate classification
performances were obtained by fusing the four different
features based on different backbones, particularly for VGG-11.
A thorough investigation was conducted to show the significant
influence of individual features on the proposed network. As a
comparison of the fusion feature, we analyzed the performance
of each feature separately based on the proposed network
with backbone VGG-11 in Figure 11. Diverse performances
were obtained from various characteristics. A common trait
was that not all handcrafted features outperformed the deep
feature. Furthermore, the four evaluation indicators, namely
accuracy, sensitivity, specificity, and AUC, were significantly
different in one individual; however, none of them exceeded
90%. This shortcoming was effectively addressed when these
different handcrafted features and deep features were fused by
the proposed DCNN with the backbone VGG-11, as depicted
in the last block of Figure 11. Specifically, the accuracy, AUC,
sensitivity, and specificity of deep features improved from
85.17%, 91.53%, 89.00%, and 81.33–98.33%, 99.84%, 99.33%,
and 98.33%, respectively, with assistance from the other three
handcrafted features.

Real Image Augmentation vs. Virtual
Data Augmentation
A new data augmentation method for handcrafted features
was proposed based on the algorithm, as described in
section “Data Augmentation for Handcrafted Features.” The
direct augmentation of images is a common method of data
amplification and can produce an augmented feature dataset
after extracting the handcrafted features from augmented images.
Moreover, it has an identical data scale as the proposed
augmentation algorithm. Figure 9 illustrates an intuitive
comparison of these two augmentation schemes using a radar
map from the four indices. In this study, we conducted
a visual analysis of the retained original information in a
low-dimensional feature space through t-distributed stochastic
neighbor embedding (T-SNE), as shown in Figure 12. In column
b, that is, the T-SNE visualization of image augmentation, there
are irregular gaps within the same category and considerable
overlap among neighboring data points. This demonstrates that
the CT slices obtained from image augmentation do not fully
represent the real data distribution. By contrast, the binary data
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distribution (i.e., the red and green points) of the proposed
augmentation (column a) is more uniform than that of image
augmentation (column b), except for several outliers. This proves
that the newly generated feature points can effectively fill the
missing data in the spatial distribution.

Comparison of Heatmap Between
Common Convolutional Neural Networks
and the Proposed Network
In Figure 11, a significant improvement can be observed
when the CNN features from VGG-11 fused three different
handcrafted features. The accuracy increased from 85.17% to
98.33%. Compared with the direct classification of VGG-11 on
CT images, some changes were observed in the region of interest
for the proposed fusion model with VGG-11 as the backbone.
To explore the differences in the area of interest between these
two models, Grad-CAM++ (Chattopadhay et al., 2018) was used
to generate a heatmap++, as shown in Figure 13. Significant
differences can be observed between these two methods on the
heatmap of model concerns. VGG-11 focused on the vertebral
foramen region in the TB images, regardless of negative or
positive cases, which created a significant distraction for the
classified judgment. By contrast, the proposed fusion model
focused on the areas of destruction of vertebral bodies, even
though some unrelated regions received little attention from
the fusion models, which had less of an adverse effect on the
final classification.

CONCLUSION

This study proposes a novel DL-based classification model by
fusing four image features, including three handcrafted features
and one CNN feature—SIFT, SURF, ORB, and the CNN feature.
During the feature engineering phase, the BoW and TF-IDF
algorithms combined with a new data augmentation algorithm
were used to extract the three handcrafted features, and the deep
features were extracted from the convolution layers of common
DCNNs, including ResNet, VGG, and DenseNet. The proposed
network consists of four main sections: matching network,
backbone, fallen network, and fusion network. Specifically, the
matching network is used to adjust the dimensions of handcrafted
features to match the image size, the fallen network integrates
and processes each single feature from two-dimensional into
one-dimensional vectors, and the fusion network is composed
of a gated information fusion network and Kronecher space,
which realizes the effective fusion of different characteristics and
outputs the final classification results of TB images. Experimental
results were obtained using different backbones: ResNet-18/50,
VGG-11/16, and DenseNet-121/201. The results demonstrated
that VGG-11 achieved the optimal performance in terms of
accuracy, AUC, specificity, and sensitivity. Furthermore, we
analyzed the performance of the individual features, the proposed
augmentation algorithm, the model stability, and the model-
focused heatmap to prove the advancement of the proposed
network. The proposed method is interpretable in multimodal
feature fusion and can be extended to more medical scenarios,

which may aid clinical radiologists, particularly grassroots
physicians. It has promising potential, although our research was
limited to the positive and negative classification of spinal TB CT
images. In subsequent studies, the patient clinical data, including
gender, age, and medical history, have a strong relationship for
the classification of spinal TB, it is worth adding this personal
feature into the fusion networks. In addition, we aim to extend
the proposed method to CT images that include all types of
spines, such as thoracic, sacral, cervical, and lumbar vertebrae.
Further exploration will be conducted for DR images based
on spinal TB CT images, which can form a more complete
auxiliary diagnosis system applicable to grassroots hospitals
in Tibet, China.
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Background: A regimen of once-weekly rifapentine plus isoniazid for 3 months (3HP) is
an effective treatment for subjects with latent tuberculosis infection; however, no reliable
biomarker exists for predicting systemic adverse reactions (SARs) to 3HP treatment.

Methods: This prospective, multi-center study evaluated the plasma concentrations
of soluble triggering receptors expressed on myeloid cells (sTREM)-1 and sTREM-2
in subjects undergoing 3HP treatment and examined the associations between these
biomarkers and SARs.

Results: This study enrolled 80 consecutive subjects receiving 3HP treatment, 25 of
whom had SARs and 55 of whom did not. Subjects with SARs presented higher
concentrations of sTREM-1 at baseline than those without SARs (240.1 ± 19.1 vs.
176.7 ± 9.4 pg/mL, P = 0.001). The area under the receiver operating characteristic
curves revealed that day 1 plasma levels of sTREM-1 (0.708, 95% CI, 0.584–0.833,
P = 0.003) and sTREM-2 (0.343, 95% CI, 0.227–0.459, P = 0.025) as well as
the sTREM-1/sTREM-2 ratio (0.748, 95% CI, 0.638–0.858, P = 0.001) had modest
discriminative power pertaining to the development of SARs. An sTREM-1 level
exceeding the cut-off value (>187.4 pg/mL) (hazard ratio [HR], 6.15; 95% CI 1.67–
22.70, P = 0.006) and a sTREM-2 below the cut-off value (<237.2 pg/mL) (HR, 4.46;
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95% CI 1.41–14.1, P = 0.011) were independent predictors of SARs after controlling for
other variables.

Conclusions: Plasma sTREM-1 and sTREM-2 levels are useful biomarkers for
predicting SARs during 3HP treatment.

Clinical trial government: NCT04655794

Keywords: exacerbation, sTREM-1, sTREM-2, LTBI, tuberculosis

INTRODUCTION

Tuberculosis (TB) is the leading cause of infectious disease-
associated death worldwide, with 9 million new cases and nearly 2
million deaths reported annually (Dye et al., 1999). Treating high-
risk patients for latent M. tuberculosis infection (LTBI) before
the disease progresses to the active stage is a crucial strategy
for controlling and eliminating TB (Rose, 2000; Cohn et al.,
2020). A 9-month regimen of daily isoniazid (9H) has long been
used as a treatment; however, it is associated with liver toxicity
and high treatment interruption rates (Hirsch-Moverman et al.,
2008). A regimen of once-weekly rifapentine plus isoniazid for
3 months (3HP) is an effective treatment for patients with
LTBI, as the efficacy is similar to that of the 9H regimen but
with a shorter treatment duration as well as higher adherence
and treatment completion (Sterling et al., 2011). Nonetheless,
recent studies have reported that the 3HP regimen is associated
with systemic drug reactions (SDRs), such as flu-like syndrome
(Sterling et al., 2015). One study on patients undergoing 3HP
treatment reported that 8.2% experienced drug-related adverse
events and 4.9% discontinued treatment due to adverse events
(Sterling et al., 2011). Due to the shorter treatment duration and
higher completion rate, there is a trend in increasing use of 3HP
regimen for treatment of LTBI in medical practice. However,
the occurrence of adverse reactions has been reported to be the
major cause of treatment discontinuation in patients on the 3HP
regimen (Sterling et al., 2011).

The mechanisms underlying the development of SDRs have
yet to be clearly defined. Recent studies on 3HP as a treatment for
LTBI have reported inconsistencies in symptoms upon single and
multiple drug rechallenge. Note that many patients completed
treatment despite adverse drug reactions (Schechter et al., 2006).
This suggests that SDRs and flu-like symptoms are not necessarily
immunologically mediated. One study reported that a 3HP
regimen in conjunction with antiretroviral agents was correlated
with a high incidence of flu-like symptoms and the acute release
of inflammatory cytokines, including tumor necrosis factor-α
(TNF-α), interferon-γ, and C-reactive protein (CRP) (Brooks
et al., 2018). Thus, it appears that the development of SDRs
in patients undergoing 3HP treatment may be attributed to
inflammatory responses.

Triggering receptors expressed on myeloid cells-1 (TREM-1)
is constitutively expressed on human monocytes/macrophages
and neutrophils and is up-regulated by stimuli with
lipopolysaccharide (LPS) binding to the TLR4. TREM-1 amplify
inflammation by increasing the production of inflammatory
cytokines (e.g., TNF-α, IL-1β, and IL-6) synergistically with

toll-like receptor (TLR) and NOD-like receptor (NLR) signaling
(Ornatowska et al., 2007; Dower et al., 2008; Thankam et al.,
2016; Cao et al., 2017). Recent studies have also suggested that
plasma sTREM-1 levels could potentially be used as a biomarker
for disease severity and treatment outcomes in patients with
pulmonary TB and latent TB (Shu et al., 2016; Feng et al.,
2018). Signaling mediated by TREM-2 and DAP12 promotes
phagocytosis and dampens TLR signaling, which reduces the
production of proinflammatory cytokines (Thankam et al.,
2016). By blocking systemic inflammation, the effects of TREM-2
activation are essentially the opposite of the effects of TREM-1
activation. The TREM-1/TREM-2 ratio has been identified as
a reliable indicator of inflammation intensity associated with
many diseases (Nguyen et al., 2015; Suchankova et al., 2020).
However, researchers have yet to determine whether plasma
sTREM-1, sTREM-2, or TNF-α can be used as biomarkers to
predict the occurrence of systemic adverse reactions (SARs)
during 3HP treatment.

This prospective multicenter observational study measured
plasma concentrations of sTREM-1, sTREM-2, sTLR4, and TNF-
α in patients undergoing 3HP treatment regimens and examined
the independent association between these biomarkers and SARs.
These biomarkers were also serially measured to determine
their correlation with changes in SARs throughout the course
of 3HP treatment.

MATERIALS AND METHODS

This prospective multicenter observational study was performed
using data from eight medical centers in Taiwan covering the
period from January 2017 to August 2019. The local Ethics
Committee of Chang Gung Memorial Hospital approved the
research protocol (NCT04655794), and each patient provided
written informed consent.

Study Population
Subjects newly identified with LTBI who elected to receive
LTBI preventive therapy via 3HP were eligible for enrolment.
Indications for LTBI screening included close contact with
patients with active TB, patients with autoimmune diseases
preceding biological therapy, healthcare workers, and subjects
with other clinical conditions that increased the risk of LTBI.
Diagnosis of LTBI was confirmed using the QuantiFERON-
TB Gold In-Tube test (QFT-GIT; Qiagen, Valencia, CA,
United States) with a cut-off value of 0.35 IU/mL. Exclusion
criteria included age younger than 20 years, pregnancy, obesity,
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active TB or suspected of active TB during the clinical evaluation,
close contact with a patient with multidrug-resistant TB, and
previous instances of severe liver disease, end-stage renal disease
(ESRD), or organ transplantation.

Definition
Systemic adverse reactions were defined as adverse reactions of
grade 2 or higher (Feng et al., 2020). Grade 2 SARs are defined
as moderate, which indicates minimal, local, or non-invasive
interventions as well as limiting age-appropriate instrumental
activities of daily living (ADL). Grade 3 SARs are defined
as severe or medically significant but not immediately life-
threatening, which indicates hospitalization or prolongation of
hospitalization, disabling, and limiting self-care ADL. Grade
4 SARs are life-threatening consequences in which urgent
intervention is indicated. Grade 5 SARs are death related
to adverse events. The investigator in charge determined
whether SARs developed in relation to the LTBI treatment
regimen. Patients visited outpatient clinics at weeks 2, 4,
8, and 12 for clinical evaluations and blood tests. The
occurrence of adverse reactions was recorded during every visit
throughout the treatment period. SARs severity was graded
in accordance with the Cancer Therapy Evaluation Program
Common Toxicity Criteria, version 5.0 (Cancer Therapy
Evaluation Program, 2020). Hepatotoxicity was defined as an
alanine aminotransferase (ALT) level greater than 3 times the
upper limit of normal (ULN) with symptoms of nausea, vomiting,
fatigue, or jaundice, or ALT levels greater than 5 times the ULN
(Bliven-Sizemore et al., 2015).

Study Design
This study assessed whether baseline plasma soluble TREM-
1 (R&D, United States), soluble TREM-2 (RayBiotech,
United States), soluble TLR4 (MyBioSource, United States),
CRP (R&D, United States), and TNF-α (R&D, United States)
could be used to predict the occurrence of SARs during
3HP treatment. In Taiwan, the directly observed treatment
short-course (DOTS) program was started in 2006 (Lo et al.,
2011) All LTBI patients were included in the DOTS program
during the study period. All medical expenses related to
the 3HP regimen and the DOTS program were paid for by
the government. Blood samples obtained on day 1 and day
14 were used for plasma collection to identify instances of
SARs side effects of grade 2 or higher. Soluble TREM-1,
soluble TREM-2, soluble TLR4, CRP, and TNF-α plasma
concentrations were obtained using ELISA in accordance with
the manufacturer’s instructions. We compared the plasma
levels of mediators between subjects with and without SARs
(≥grade 2 side effects), between days 1 and 14 as well as at
SARs.

Statistical Analysis
Data are expressed as the standard error of the mean (SEM).
The student’s t-test was used to compare continuous variables
between the two groups, and the Mann-Whitney U test was
used to deal with non-normal distributions. Categorical variables
were compared using the chi-squared or Fisher’s exact test.

Univariate analysis was used primarily for the selection of
variables based on a P value of less than 0.1. Selected variables,
including age, sTREM-1, and sTREM-2, were entered into a
Cox proportional hazards model to identify the net effects of
each individual factor. Hazard ratios (HRs) with 95% confidence
intervals (CIs) were used to assess the independent contributions
of significant factors. Receiver operating characteristic (ROC)
curves were plotted to illustrate the predictive values of day
1 sTREM-1 and sTREM-2 on the development of SARs. We
also calculated the respective areas under the curves. A P
value of less than 0.05 was considered statistically significant.
Analysis was conducted using SPSS (version 15.0; SPSS; Chicago,
IL, United States).

RESULTS

Clinical Characteristics and Adverse
Effects
This study enrolled 80 consecutive subjects receiving 3HP
treatment, 25 of whom had SARs and 55 of whom did
not. The timing of SARs after the initiation of therapy
was 17.2 ± 14.0 days. Table 1 lists the baseline demographics
and clinical characteristics. The mean ages of subjects were
as follows: with SARs (57.2 years) and without SARs (48.7
years). The distribution of male subjects was as follows: with
SARs (41.7%) and without SARs (48.4%). The two groups were
similar in terms of comorbidity frequency. sTREM-1 levels in
the non-SARs group differed from those in the SARs group
on day 1 (176.7 ± 9.4 vs. 240.1 ± 19.1 pg/mL, P < 0.001).
The sTREM-1/sTREM-2 ratio was lower in the non-SARs group
(0.7 ± 0.1 vs. 1.1 ± 0.1, P < 0.001) than in the SARs
group; however, sTREM-2 levels were higher (484.9 ± 59.5
vs. 237.4 ± 12.6 pg/mL, P = 0.007). The two groups were
similar in terms of sTLR4, TNF-α, and CRP levels. In subjects
with SARs, the concentration of sTREM-1 on the day of SARs
development (348.6 ± 46.5 pg/mL) was significantly higher than
on day 1 (251.7 ± 35.3 pg/mL) and day 14 (287.8 ± 55.3 pg/mL
vs. P = 0.006) (Figure 1). By contrast, the concentration of
sTREM-1 in the non-SARs group did not differ between day
1 and day 14 (144.2 ± 12.4 pg/mL vs. 146.1 ± 12.5 pg/mL).
The concentration of sTREM-2 in the SARs group was not
significantly different among on the day of SARs development,
day 1, and day 14 (408.6± 59.3 pg/mL vs. 328.5± 70.1 pg/mL vs.
359.2 ± 38.2 pg/mL, P = 0.198). The concentration of sTREM-
2 in the non-SARs group did not differ significantly between
day 1 and day 14 (450.5 ± 76.7 pg/mL vs. 512.3 ± 83.0 pg/mL)
(Figure 1). The incidence of autoimmune disease was similar in
patients with SARs vs. without SARs (Table 1). The baseline levels
of sTREM-1, sTREM-2, sTREM-1/sTREM-2, sTLR4, TNF-α, and
CRP were similar in patients with and without autoimmune
disease (Supplementary Table 1).

Table 2 lists data pertaining to adverse events. In the SARs
group, the most common adverse events associated with the
gastrointestinal system were nausea and vomiting (48%) and
anorexia (36%). The most common flu-like symptoms were
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TABLE 1 | Demographic and clinical characteristics of patients.

Characteristics Non-SARs
n = 55

SARs
n = 25

p value

Age (years) 48.7 ± 2.3 57.2 ± 3.6 0.023

Male 15 (48.4) 5 (41.7) 0.745

BMI (kg/m2) 24.6 ± 0.5 23.6 ± 0.6 0.836

Smoking 18 (32.7) 12 (48.0) 0.219

Comorbidities

Asthma 1 (1.8) 0 (0) 0.999

HBV 3 (5.5) 1 (4.0) 0.999

HCV 2 (3.6) 0 (0) 0.999

HIV 1 (1.8) 0 (0) 0.999

Autoimmune disease 4 (7.2) 2 (8.0) 0.999

Laboratory data baseline

AST, U/L 24.9 ± 2.2 26.0 ± 2.7 0.769

ALT, U/L 23.9 ± 2.9 25.8 ± 4.2 0.713

Total bilirubin, mg/dL 0.6 ± 0.1 0.7 ± 0.1 0.542

Creatinine, mg/dL 0.6 ± 0.1 1.2 ± 0.4 0.899

sTREM-1, pg/ml 176.7 ± 9.4 240.1± 19.1 0.001

sTREM-2, pg/ml 484.9 ± 59.5 237.4± 12.6 0.007

sTREM-1/sTREM-2 0.7 ± 0.1 1.1 ± 0.1 0.001

sTLR4, ng/ml 1.7 ± 0.5 1.8 ± 0.9 0.917

TNF-α, pg/ml 3.5 ± 0.3 4.2 ± 0.3 0.137

CRP, mg/ml 3.7 ± 2.5 4.3 ± 5.2 0.907

Data are presented as mean (SEM) or n (%). BMI, body mass index; HBV, hepatitis
B virus; HCV, hepatitis C virus; HIV, human immunodeficiency virus; SARs, systemic
adverse reactions ≥ grade 2; AST, Aspartate aminotransferase; ALT, Alanine
aminotransferase.

fatigue (68%) and fever (52%). The percentage of abnormal liver
function was similar in both groups.

Area Under the Receiver Operating
Characteristic Curve for Predicting
Systemic Adverse Reactions
The areas under the ROC curves (AUROCs) revealed that
day-1 plasma levels of sTREM-1 (0.708, 95% CI, 0.584–
0.833, P = 0.003) and sTREM-2 (0.343, 95% CI, 0.227–0.459,
P = 0.025) as well as the sTREM-1/sTREM-2 ratio (0.748, 95%
CI, 0.638–0.858, P = 0.001) had modest discriminative power
pertaining to the development of SARs (Table 3). The cut-
off values for sTREM-1, sTREM-2, and the sTREM1/sTREM-2
ratio in predicting SARs were 187.4 pg/mL, 237.2 pg/mL, and
0.698, respectively.

Cox Proportional Hazards Analysis for
Predicting Systemic Adverse Reactions
Univariate analysis was used for the selection of variables
based on a P value of less than 0.1. We entered the
variables (age, sTREM-1 levels higher than the cut-off value
of >187.4 ng/mL, and sTREM-2 levels less than the cut-
off value of <237.2 ng/mL) into a Cox proportional hazard
model (Table 4). After controlling for other variables, sTREM-1
levels (HR, 6.15; 95% CI 1.67–22.70, P = 0.006) and sTREM-
2 levels (HR, 4.46; 95% CI 1.41–14.12, P = 0.011) remained

FIGURE 1 | Serial sTREM plasma levels. (N = 12: systemic adverse reactions
(SARs) group; N = 31: non-SARs group): (A) Mean sTREM-1 plasma levels
were significantly higher in the SARs group (red circle) than in the non-SARs
group (blue circle) on day 1 (P = 0.006). Mean sTREM-1 plasma levels were
significantly higher on the day of SARs development (red circle) than that on
day 1 (P = 0.003); (B) Mean sTREM-2 plasma levels in the SARs group (red
circle) were not significantly higher than in the non-SARs group (blue circle) on
day 1; (C) The sTREM-1/sTREM-2 ratio in the SARs group (red circle) was
significantly higher than in the non-SARs group (blue circle) on day 1.
*P < 0.05 versus day 1 of SAR group, +P < 0.05 versus day 1 of Non-SAR
group.

significant predictors of SARs. Note that after adjusting for the
effects of other factors, age was not significantly predictive of
SARs occurrence.

Association Between Plasma sTREM-1
and Adverse Reactions
To elucidate the relationship between sTREM-1 and
adverse reactions, we compared plasma sTREM-1 levels
with several related variables (Table 5). Plasma sTREM-1
levels were correlated with nausea and vomiting (r = 0.269,
P = 0.016) and fatigue (r = 0.278, P = 0.013) but not with
abdominal pain, anorexia, dizziness, headache, myalgia,
arthralgia, or fever.
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TABLE 2 | List of adverse events.

Characteristic Non-SAR
n = 55

SAR
n = 25

p value

Adverse event Grade 1 ≥Grade2

Gastrointestinal reaction

Abdominal pain 0 (0) 8 (32.0) 0.001

Nausea/vomiting 2 (3.6) 12 (48.0) 0.001

Anorexia 1 (1.8) 9 (36.0) 0.001

Flu-like symptoms

Fatigue 3 (5.5) 17 (68.0) 0.001

Dizziness 4 (7.3) 12 (48.0) 0.001

Headache 1 (1.8) 8 (32.0) 0.001

Fever 2 (3.6) 13 (52.0) 0.001

Myalgia/arthralgia 1 (1.8) 9 (36.0) 0.001

Hypersensitivity reaction 1 (1.8) 1 (4.0) 0.037

Elevated liver enzyme levels

Any 2 (3.6) 1 (4.0) 0.999

1-3 ULN 2 (3.6) 1 (4.0) 0.999

3-5 ULN 0 (0) 0 (0) 0.999

>5 ULN 0 (0) 0 (0) 0.999

Other drug reactions 0 (0) 1 (4.0) 0.168

Data are presented as n (%); SARs, systemic adverse reactions ≥ grade 2.

TABLE 3 | Area under the receiver operating characteristic curves for serum levels
of sTREM-1 and sTREM-2 on day 1 for the prediction of SARs.

Area (95% CI) P-value Cut-off
value

Sensitivity Specificity

sTREM-1 0.708
(0.584–0.833)

0.003 187.4
pg/ml

0.760 0.618

sTREM-2 0.343
(0.227–0.459)

0.025 237.2
pg/ml

0.680 0.425

sTREM-
1/sTREM-2

0.748
(0.638–0.858)

0.001 0.698 0.800 0.636

SARs: systemic adverse reactions ≥ grade 2.

TABLE 4 | Cox proportional hazards analysis of risk factors for SARs.

Univariate Multivariate

Factors HR 95% CI P value HR 95% CI P value

Age 0.96 0.93–0.99 0.027 0.97 0.93–1.01 0.126

sTREM-
1 > cut-off
value

6.30 1.91–20.79 0.003 6.15 1.67–22.70 0.006

sTREM-
2 < cut-off
value

2.96 1.09–8.01 0.033 4.46 1.41–14.12 0.011

SARs, systemic adverse reactions ≥ grade 2.

DISCUSSION

Systemic adverse reactions are common in patients receiving 3HP
treatment for LTBI. Baseline sTREM-1 levels and the sTREM-
1/sTREM-2 ratio were higher in subjects with SARs than those

TABLE 5 | Linear regression analysis of day 1 sTREM-1 versus variables of
adverse reactions.

Variables Correlation (r) P value

Gastrointestinal reaction

Abdominal pain 0.206 0.067

Nausea/vomiting 0.269 0.016

Anorexia 0.088 0.439

Flu-like symptoms

Fatigue 0.278 0.013

Dizziness 0.038 0.735

Headache 0.126 0.265

Myalgia/arthralgia 0.057 0.618

Fever 0.164 0.146

in subjects without SARs; however, sTREM-2 levels were lower.
We also observed significantly higher sTREM-1 concentrations
at exacerbation than at baseline. Taken together, sTREM-1
and sTREM-2 plasma levels were independent predictors of
SARs development. ROC curves revealed that sTREM-1 and
sTREM-2 levels as well as the sTREM-1/sTREM-2 ratio at
day 1 had moderate discriminative power in predicting the
development of SARs.

A regimen of weekly rifapentine plus isoniazid is as effective
as a 9-month regimen of daily isoniazid in treating LTBI
in high-risk subjects; however, 3HP treatment regimen
commonly leads to the occurrence of SARs. Researchers
have yet to elucidate the possible mechanisms underlying
SARs development. One recent study examined potential
mechanisms underlying SARs development in healthy
volunteers undergoing a once-weekly regimen of isoniazid
and rifapentine with an antiretroviral medicine, dolutegravir
(Brooks et al., 2018). They determined that the SARs
symptoms were associated with elevated cytokine plasma
levels, including TNF-α, CRP, and IFN-γ. It appears that
inflammatory responses may play an important role in
mediating SARs in drug-induced adverse reactions. Further
studies are required to identify the mechanism underlying the
development of SARs in patients undergoing treatment using
rifapentine plus isoniazid.

In the current study, patients who developed SARs during
the 3HP regimen had higher baseline sTREM-1 and lower
sTREM-2 levels than those without SARs. Day-1 sTREM-
1 and sTREM-2 levels were independent predictors of SARs
development. sTREM-1 levels at the time of exacerbation were
significantly higher than those at baseline. TREM-1 amplifies
inflammation by increasing inflammatory cytokine levels via
TLR-4 and NLR signaling (Ornatowska et al., 2007; Dower
et al., 2008; Thankam et al., 2016; Cao et al., 2017). This
indicates that inflammation associated with TREM-1 may play
a key role in the development of SARs in patients receiving
3HP treatment for LTBI. Elevated sTREM-1 levels have been
identified in infectious and non-infectious inflammatory diseases
(Cao et al., 2017). In fact, plasma sTREM-1 has been identified
as a potential biomarker for disease severity and treatment
outcomes in patients with pulmonary TB. sTREM-1 levels are
associated with TB-related constitutional symptoms, such as poor
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appetite (Feng et al., 2018). Plasma sTREM-1 levels are also
an independent risk factor for persistent positive readings in
interferon-gamma release assays in cases of LTBI (Shu et al.,
2016). Note, however, that this is the first study to identify
sTREM-1 and sTREM-2 levels as independent predictors of SARs
in patients with LTBI.

Our study showed that development of SARs was
associated with increased plasma levels of sTREM-1 and
sTREM-1/sTREM-2 ratio but not with plasma levels of CRP,
sTLR-4, and TNF-α. The possible causes for the different
results comparing with previous report may be attributed
by distinct study populations. Our study recruited patients
receiving 3HP treatment while their study recruited patients
receiving combination of 3HP and antiretroviral treatment.
In addition, TREM-1 activation was shown to result in a
persistent release of cytokines and chemokines (TNF-α,
IL-1β, IL-8, and monocyte chemotactic protein [MCP]-
1), (Cao et al., 2017). Thus, further studies are required
to identify the mechanism underlying TREM-1 associated
development of SARs in patients undergoing treatment using
rifapentine plus isoniazid.

Evidence revealed that sTREM-1 levels are associated with the
disease activity of autoimmune disease (Bassyouni et al., 2017).
Our results showed similar incidences of autoimmune disease
in SARs and non-SARs groups. The baseline levels of sTREM-
1, sTREM-2, and sTREM-1/sTREM-2 were similar in patients
with and without autoimmune disease. Therefore, the different
levels of sTREM-1, sTREM-2, and sTREM-1/sTREM-2 ratio in
SARs vs. non-SARs groups are not affected by comorbidity of
autoimmune disease.

We observed elevated plasma sTREM-1 and sTREM-2 levels
and a higher sTREM-1/sTREM-2 ratio in patients with LTBI
who experienced SARs after 3HP treatment. The corresponding
AUROC identified plasma sTREM-1 and sTREM as modest
predictors of SARs development after 3HP treatment. If further
large-scale prospective studies provide corroborative evidence,
these findings could have substantial clinical implications.
Patients could have their sTREM-1 and sTREM-2 levels
measured prior to undergoing 3HP therapy. In cases where the
levels are high, the patient could be monitored more frequently
and perhaps treated via 3HP to improve compliance and
clinical outcomes. Nonetheless, further studies will be required
to evaluate the efficacy of this approach.

Emerging evidence suggests that TREM-2 activation inhibits
the production of proinflammatory cytokines and promotes
phagocytosis in macrophages. This implies that TREM-2
activation has the opposite effect of TREM-1 activation; i.e.,
blocking the development of systemic inflammation (Ito and
Hamerman, 2012). The elevated sTREM-1/sTREM-2 ratio in
the blood indicates that enhanced systemic inflammation
may play an essential role in the development of SARs
during 3HP treatment.

sTREM-1 is released from myeloid cells in response to toll-
like receptor-4 (TLR4) activation (Netea et al., 2006). In addition,
TREM-1 has the synergistic ability to amplify the signaling of
the TLR4, which can recognize components of a variety of
microorganisms including bacteria, fungi, and viruses (Netea

et al., 2006; Fortin et al., 2007). Therefore, TREM-1 expression
is closely linked to TLR4 activity. However, our results showed
3HP treatment related SARs are correlated with sTREM-1
plasma level but not with sTLR4 levels. According to previous
studies, these interaction of TREM-1 expression and activation
are mediated through the binding of membrane-bound TLR4
molecule. Soluble TLR4 are considered structurally identical to
their membrane bound counterparts but do not participate in
the TLR pathway. Instead, they reduce inflammatory responses
by competing with TLRs for ligands (Hyakushima et al., 2004).
The study was designated to measure the potential plasma
biomarkers for prediction of SARs in 3HP regimen, thus, we
measure the plasm levels of sTLR rather than the expression
of membrane-bound TLR4. This may explain the reason why
the levels of sTREM-1 but not sTLR4 are predictors for SARs
in 3HP treatment.

This study had several limitations that should be considered
in the interpretation of our results. First, the sample size was
somewhat small, and we recruited only a specific subgroup
of subjects with LTBI undergoing 3HP treatment. Previous
studies reported higher baseline plasma sTREM-1 levels in
patients with liver cirrhosis and ESRD (Shu et al., 2016).
Thus, to avoid bias related to elevated baseline sTREM-1
levels in these subgroups, we excluded patients with liver
cirrhosis and ESRD. We have yet to determine whether these
markers identified in this study provide similar predictive
power for other subpopulations receiving 3HP treatment for
LTBI. In addition, the single-arm observational study of 3HP
treatment in LTBI patients did not measure the role of those
inflammatory biomarkers in LTBI patients receiving other
treatment regimens. A randomized control study comparing
the plasma levels of inflammatory biomarkers in patients
receiving 3HP vs. 9H treatment is needed to elucidate the
role of these biomarkers in LTBI patients receiving different
treatment regimens.

Taken together, plasma sTREM-1 and sTREM-2 appear to be
useful biomarkers for predicting the development of SARs during
3HP treatment. Further prospective studies with larger samples
will be required to confirm these results. Nonetheless, the results
of this study provide a basis for further research into the role of
inflammation in adverse reactions associated with 3HP.
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Low detection rates of Mycobacterium tuberculosis (MTB) by culture and smear microscopy 
prevent early diagnosis of tuberculosis (TB) in children. Therefore, developing rapid and 
accurate diagnostic techniques are critical to achieving the global aim of minimizing 
childhood TB. The present study was performed to evaluate the diagnostic effectiveness 
of the novel cross-priming amplification-based EasyNAT MTB complex assay (EasyNAT) 
in childhood TB. Five hundred and six children with suspected TB were enrolled from 
January 2018 to October 2021. Gastric aspirate (GA) samples were tested by bacterial 
culture, acid-fast bacillus microscopy, EasyNAT, Xpert MTB/RIF (Xpert), or Xpert MTB/
RIF Ultra (Xpert Ultra). Among 239 children simultaneously tested by EasyNAT and Xpert 
methods, both assays showed similar sensitivities in total active TB cases [22.6% (31/137) 
vs. 26.3% (36/137), p = 0.441] and in bacteriologically confirmed TB cases [both 60.0% 
(9/15)]. The two assays presented similar specificities of 98.0% (100/102) and 99.0% 
(101/102), respectively (p = 1.000). Among 267 children who were simultaneously tested 
with EasyNAT and Xpert Ultra, Xpert Ultra demonstrated higher sensitivity than EasyNAT 
in total active TB cases [50.9% (89/175) vs. 30.3% (53/175), p < 0.001]. EasyNAT and 
Xpert Ultra yielded similar specificities, at 97.8% (90/92) and 100.0% (92/92), respectively 
(p = 0.155). These findings indicated that Xpert Ultra was superior to EasyNAT despite its 
higher cost and EasyNAT was not inferior to Xpert in the diagnosis of childhood TB using 
GA samples. EasyNAT may therefore be a suitable alternative diagnostic method for 
childhood TB based on its cost-effectiveness, speed, and accuracy.

Keywords: child, diagnosis, gastric aspirate, tuberculosis, Ustar EasyNAT MTC assay, Xpert MTB/RIF
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INTRODUCTION

According to the latest global tuberculosis (TB) report, there 
were 9.9 million new TB cases in 2020, with children accounting 
for 11% of these and 16% of TB-associated deaths globally. 
The higher proportion of child deaths and lower disease detection 
rate indicates that children have a poorer chance of receiving 
effective disease prevention and control than adults. In 2020, 
the estimated number of new TB cases in China was 842,000, 
but children comprised only 1% (World-Health-Organization, 
2021a). The diagnosis and treatment of childhood TB are 
hampered by the paucibacillary nature of samples and the 
difficulty in collecting high-quality specimens. Therefore, 
bacteriological confirmation by Mycobacterium tuberculosis 
(MTB) culture and smear microscopy detects low positivity 
rates in children, reducing the early diagnosis and treatment 
of childhood TB. Thus, developing rapid and accurate diagnostic 
techniques are critical to achieving the global aim of minimizing 
TB in children.

Xpert MTB/RIF (Xpert) and its next-generation product, 
Xpert MTB/RIF Ultra (Xpert Ultra), are both recommended 
by the WHO for use as initial diagnostic tests for TB in 
children with signs and symptoms of pulmonary TB (PTB; 
World-Health-Organization, 2021b). Xpert and Xpert Ultra 
are both automated, cartridge-based molecular tests that permit 
rapid detection of MTB complex (MTC) and identification 
of rifampicin resistance (Sun et  al., 2019). However, Xpert 
and Xpert Ultra are expensive and require sophisticated 
instruments. Thus, these techniques are not suitable for 
resource-limited areas, many of which may have high 
incidence of TB.

Isothermal amplification of nucleic acids can rapidly and 
efficiently amplify nucleic acid sequences at a constant 
temperature (Zhao et  al., 2015). To date, many isothermal 
amplification technologies, including helicase-dependent 
amplification (Barreda-Garcia et  al., 2016), multiple cross 
displacement amplification (Jiao et  al., 2019), loop-mediated 
isothermal amplification (Sharma et  al., 2020; Dayal et  al., 
2021), and cross-priming amplification (CPA), have been used 
to detect MTB. Among these, CPA is a powerful, innovative 
amplification method and has been used in the detection of 
various pathogens, such as infectious spleen and kidney 
necrosis virus, Salmonella enterica serovar Indiana, and 
Staphylococcus aureus (Qiao et  al., 2015; Liu et  al., 2018; 
Wang et  al., 2018). A novel kit, the EasyNAT MTC assay 
(EasyNAT, Ustar, Biotechnologies Co. Ltd., China) based on 
the CPA technique, has been developed to diagnose TB in 
adults using sputum and has demonstrated good accuracy 
(Zhang et  al., 2021). In this kit, two cross primers targeting 
the insertion sequence IS6110 were designed to specifically 
detect MTC and improve sensitivity. The assay is carried out 
in a sealed tube to prevent cross-contamination and the DNA 
extraction, DNA purification, amplification, and detection of 
the target gene are performed in three separate chambers 
within the cartridge (Zhang et  al., 2021). As a quick point-
of-care test, the results can be  reported within 2 h, which 
can provide early diagnosis for TB.

The recently published WHO communication on the 
management of TB in children and adolescents highlighted 
that evidence-based evaluations of diagnostic assays are needed 
in children especially in those younger than 10 years old to 
overcome the current shortfall in case detection (World-Health-
Organization, 2021c). It was also suggested that ideal treatment 
decision algorithms could be  tailored to be  highly specific to 
each country’s settings and resources, and should consider 
different settings with varying access to diagnostic tests (World-
Health-Organization, 2011a). Considering the rapid turnaround 
and low cost when compared with Xpert, the EasyNAT assay 
may represent a valuable tool for diagnosis of TB in children. 
This study enrolled children with suspected PTB and aimed 
to evaluate the diagnostic value of EasyNAT in childhood TB 
using gastric aspirate (GA) and compare the accuracy of 
EasyNAT with the established Xpert and Xpert Ultra methods.

MATERIALS AND METHODS

Study Population
From January 2018 to October 2021, children aged 18 years 
or younger were enrolled in the study if they had (1) symptoms 
suggestive of TB, including, but not limited to, long-lasting 
fever, night sweats, and weight loss, and (2) positive chest 
radiograph changes.

The enrolled children were categorized into three groups 
(Graham et  al., 2012) based on the final diagnosis. (1) 
Bacteriologically confirmed TB: positive results of MTB culture 
and/or microscopy; (2) probable TB: at least 1 sign and symptom 
AND X-ray abnormalities suggestive of tuberculosis AND at 
least 1 of the following: exposure history of active TB, clinical 
presentation improvement after anti-TB treatment, positive 
results of tuberculin skin test, or interferon-γ release assay; 
and (3) non-TB patients with respiratory tract infections (RTIs): 
symptomatic but not fitting the above criteria and confirmed 
evidence of bacterial or viral infection (Supplementary Table S1). 
The respiratory samples were tested by molecular commercial 
kits and/or bacterial culture. Patients who had previously 
received anti-TB treatment or being treated for more than 
1 week were not included in this study.

This study was approved by the Medical Ethics Committee 
of Beijing Children’s Hospital, Capital Medical University. 
Written informed consent was obtained from the guardians 
of the patients.

Procedures
GA samples were collected early in the morning after an 
overnight fast of at least 4 h. Children without the 
contraindications (including severe high blood pressure, 
esophageal stricture, esophageal tumor, heart failure, and upper 
gastrointestinal bleeding) can be collected GA using nasogastric 
tube. The nasogastric tube entered the stomach through the 
nose, and 2–8 ml of GA was drawn with a syringe. Each 
specimen was transported to the lab within 6 h of collection 
and stored at −80°C after aliquoting. The samples were then 
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subjected to mycobacteria growth indicator tube (MGIT) 960 
culture, microscopy testing, EasyNAT, Xpert, and Xpert 
Ultra assays.

According to clinical practice standards, MTB culture and 
acid-fast bacilli microscopy were tested on three consecutive 
days, while the molecular tests were performed once using 
the samples collected on the first day. Therefore, the children 
with bacteriologically confirmed TB were defined as those who 
were tested positively by MTB culture or acid-fast bacilli 
microscopy using the first samples collected.

Culture and Smear
Two milliliters of GA sample were decontaminated with 2 ml 
N-acetyl-L-cysteine 2% sodium hydroxide for 15–20 min after 
sufficient vortexing. The mixture was then neutralized with 
sterile saline phosphate buffer (PBS) to a final volume of 45 ml 
and centrifuged at 3,000 × g for 15 min at 4°C. The pellet was 
resuspended in 1 ml of PBS and inoculated into the MGIT 
960 system (Becton, Dickinson and Company, United  States) 
and Lowenstein-Jensen solid medium.

The pellet was smeared on a slide for Ziehl-Neelsen acid-
fast staining and examined by microscopy directly.

Xpert and Xpert Ultra Assays
Two milliliters of GA sample were added to sodium hydroxide 
(final concentration, 0.75%) and vortexed at 5-min intervals 
for 15 min, followed by centrifugation at 4,000 × g for 15 min. 
The pellet was resuspended in 2 ml of the sample processing 
reagent and the mixture was transferred into Xpert or Xpert 
Ultra cartridges then loaded into the GeneXpert instrument. 
Both assays presented results in the same semiquantitative 
categories of high, medium, low, and very low. Additionally, 
a semiquantitative category of “trace” was introduced in the 
Xpert Ultra assay, which was designed to identify samples 
with the lowest number of targets for MTB. Invalid results 
were repeated. When a valid result was produced, the 
semiquantitative scale from each test was recorded.

EasyNAT Assay
Two milliliters of GA sample were homogenized and digested 
using 3–4 ml 4% sodium hydroxide solution for 15 min at 
room temperature until fully liquified. After centrifugation 
at 4,000 × g for 10 min and then 12,000 rpm for 3 min, the 
pellet was resuspended with DNA extraction liquid premixed 
with the internal control before being added to the sample 
chamber of the cartridge. This assay evaluated the specimens 
as invalid, negative, positive, and no result. Invalid results 
were repeated and the valid results (negative or positive) 
were recorded.

Statistical Analysis
SPSS version 25.0 (IBM, Armonk, NY, United States) was used 
for statistical analysis. Sensitivity and specificity were compared 
using the Chi-square test, while concordance between the 
different diagnostic tests was assessed using the Kappa test. 

Correlation of the semiquantitative scale of the tests was 
presented using Spearman’s rank correlation coefficients. p < 0.05 
was considered as statistically significant.

RESULTS

Patient Characteristics
In total, 506 children with suspected PTB were recruited. The 
median (interquartile range) age was 6.9 (2.4–11.1) years, with 
199 (39.3%) cases under 5 years of age, and 328 (64.8%) cases 
under 10 years of age. All 506 enrolled children were classified 
into two groups: 239 children (including 137 children with 
TB and 102 children with RTIs) tested simultaneously with 
both EasyNAT and Xpert methods were enrolled in group  1 
and 267 children (including 175 children with TB and 92 
children RTIs) tested simultaneously by both EasyNAT and 
Xpert Ultra methods were enrolled in group  2. Figure  1 and 
Table  1 show the patient selection and their clinical  
characteristics.

Comparison of EasyNAT and Xpert
Among 239 children (137 PTB patients and 102 RTI patients) 
tested simultaneously with EasyNAT and Xpert, similar 
sensitivities were observed for both methods [22.6% (31/137) 
vs. 26.3% (36/137), respectively; p = 0.441]. Among 137 children 
with PTB, 15 (10.9%) were classified as bacteriologically 
confirmed TB and 122 (89.1%) were classified as probable 
TB. EasyNAT yielded identical sensitivity to Xpert for MTB 
detection in children with bacteriologically confirmed TB, 
with both assays demonstrating sensitivity of 60.0% (9/15). 
In children with probable TB, the sensitivity of Xpert was 
observed to be  similar with that of EasyNAT, the difference 
was not significant [22.1% (27/122) vs. 18.0% (22/122), 
respectively; p = 0.424]. Both EasyNAT and Xpert methods 
showed high specificity in children with RTIs, demonstrating 
98.0% (100/102) and 99.0% (101/102) specificity, respectively 
(p = 1.000; Table  2).

Agreement between EasyNAT and Xpert was moderate 
(κ = 0.498) among 239 children (Figure 2A). Concordant results 
were obtained for 209 children (20 cases positive by both tests 
[EasyNAT+ Xpert+]; 189 negative by both tests [EasyNAT− 
Xpert−]). Discordant results were found in 27 children with 
TB (16 EasyNAT− Xpert+ and 11 EasyNAT+ Xpert− results) 
and 3 children with RTIs (1 EasyNAT− Xpert+ and 2 EasyNAT+ 
Xpert− results). Among 27 children with TB, the semiquantitative 
scale of Xpert were low in 10 cases and very low in six cases, 
the cycle thresholds of EasyNAT were similar in children with 
EasyNAT+ Xpert− results than those with EasyNAT+ Xpert+ 
results (19.8 vs. 19.2, p = 0.844). Concordance of the 
semiquantitative scale for EasyNAT and Xpert was further 
analyzed for the 20 children with double positive results 
(Figure  3A). The results indicated a trend for patients with 
lower semiquantitative scores in Xpert being more likely to 
have higher cycle thresholds in EasyNAT, with a correlation 
coefficient of 0.411.
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Comparison of EasyNAT and Xpert Ultra
The detection outcomes of EasyNAT and Xpert Ultra assays 
among 267 children (including 175 children with PTB and 
92 with RTIs) are presented in Table  3. Among 175 children 
with PTB, 39 (22.3%) were bacteriologically confirmed TB. Xpert 
Ultra showed higher sensitivity than EasyNAT, both in the 
total 175 PTB patients [50.9% (89/175) vs. 30.3% (53/175), 
respectively; p < 0.001] and in the 39 children with 
bacteriologically confirmed TB [82.1% (32/39) vs. 61.5% 
(24/39), respectively; p = 0.044], which indicated that Xpert 
Ultra was superior to EasyNAT despite its higher cost. If 
“trace” results in Xpert Ultra were not included, then the 
sensitivities of Xpert Ultra and EasyNAT were similar [34.9% 
(61/175) vs. 30.3% (53/175), respectively; p = 0.201]. 

Furthermore, similar specificities were observed in EasyNAT 
and Xpert Ultra assays, at 97.8% (90/92) and 100.0% (92/92), 
respectively (p = 0.155).

Agreement between EasyNAT and Xpert Ultra was further 
analyzed among 267 children, and concordant results were 
obtained for 217 children (47 EasyNAT+ Xpert Ultra+; 170 
EasyNAT− Xpert Ultra−). Discordant results were found in 
48 children with TB (42 with EasyNAT− Xpert Ultra+ and 
6 with EasyNAT+ Xpert Ultra- results) and 2 children with 
RTIs (2 with EasyNAT+Xpert Ultra- results; Figure 2B). Among 
48 children with TB, the semiquantitative scale of Xpert Ultra 
was low in 11 cases, very low in eight cases, and trace in 23 
cases, indicating the bacterial load of these samples were low. 
The cycle thresholds of EasyNAT were higher in children with 

FIGURE 1 | Flow chart of the study population. TB, tuberculosis; RTIs, respiratory tract infections; EasyNAT, EasyNAT MTC assay; Xpert, Xpert MTB/RIF; and Ultra, 
Xpert MTB/RIF Ultra.

TABLE 1 | Main clinical characteristics of the study population.

Characteristic
 

Total (n = 506), 
n (%)

Part 1 (n = 239) Part 2 (n = 267)

Bacteriologically 
confirmed TB (n = 15), 

n (%)

Probable TB 
(n = 122), n (%)

RTIs (n = 102), 
n (%)

Bacteriologically 
confirmed TB (n = 39), 

n (%)

Probable TB 
(n = 136), n (%)

RTIs (n = 92), n 
(%)

Age

Mean (interquartile 
Range)

6.9(2.4–11.1) 2.8(1.4–12.4) 10.0(7.0–12.8) 4.9(0.9–8.0) 7.0(4.4–11.7) 8.5(4.3–11.6) 4.8(0.92–8.0)

full range 0.0–16.0 0.2–14.0 0.2–15.0 0.0–16.0 0.3–14.0 0.2–15.3 0.0–13.2
Gender
Male 288(56.9) 8(53.3) 73(59.8) 62(60.8) 18(46.2) 73(53.7) 54(58.7)
Female 218(43.1) 7(46.7) 49(40.2) 40(39.2) 21(53.8) 63(46.3) 38(41.3)
Tuberculin skin test
Positive 279(55.1) 12(80.0) 107(87.7) 17(16.7) 28(71.8) 106(77.9) 11(12.0)
Negative 138(27.3) 3(20.0) 9(7.4) 45(44.1) 10(25.6) 27(19.9) 42(45.7)
No data 89(17.6) 0(0) 6(4.9) 40(39.2) 1(2.6) 3(2.2) 39(42.4)
Interferon-γ release assay
Positive 291(57.5) 11(73.3) 106(86.9) 7(6.9) 36(92.3) 120(88.2) 13(14.1)
Negative 112(22.1) 3(20.0) 15(12.3) 46(45.1) 3(7.7) 14(10.3) 30(32.6)
No data 103(20.4) 1(6.7) 1(0.8) 49(48.0) 0(0) 2(1.5) 49(53.3)

RTIs, respiratory tract infections; TB, tuberculosis.
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EasyNAT+ Xpert Ultra-results than those with EasyNAT+ Xpert 
Ultra+results (27.0 vs. 15.5, p = 0.083). Additionally, we  found 
that among 28 Xpert Ultra trace cases, five were EasyNAT+.

Concordance of the semiquantitative scales for EasyNAT 
and Xpert Ultra was analyzed in 47 PTB children with both 
double positive results (Figure  3B). The result showed that 
patients with lower semiquantitative scores in Xpert Ultra 
tended to have higher cycle thresholds in EasyNAT, with a 
Spearman’s rank correlation coefficient of 0.343 (p = 0.018).

Invalid Results From the Assays
Among all the enrolled children, none had an invalid Ultra 
test result. Three “invalid” results were initially obtained from 
the EasyNAT test; after repeated testing two were “positive” 
and one had “negative” results. Two “invalid” results were 
initially obtained from the Xpert test and the repeated resulted 
showed “positive” results.

DISCUSSION

Since 2010, the WHO has recommended that national health 
authorities employ the Xpert MTB/RIF assay in the management 
of TB, multi-drug resistant TB, and HIV-associated TB (World-
Health-Organization, 2011b). The global TB report published 
in 2018 introduced the EasyNAT assay, which was developed 
in China as a possible alternative to the GeneXpert platform 

in primary health care facilities (World-Health-Organization, 
2018). EasyNAT has a similar limit of detection (LOD) to 
Xpert [100 colony forming units (CFU)/ml and 114 CFU/ml, 
respectively]. However, evidence regarding the performance of 
EasyNAT is limited. No data indicating its diagnostic value 
in children have been published. Therefore, the global report 
highlighted that well-designed validation studies are needed 
to enable the WHO to review and assess the performance of 
this assay.

The first aim of the present study was to compare diagnostic 
accuracy between EasyNAT and Xpert or Xpert Ultra. Similar 
sensitivities and specificities were observed between the two 
assays. Furthermore, the semiquantitative scale of Xpert was 
also concordant with the cycle threshold generated by EasyNAT, 
indicating an equal detection efficiency in childhood TB using 
GA specimens. The sensitivities of EasyNAT and Xpert in 
bacteriologically confirmed TB were both 61.5%, which is 
similar to previously reported data from a meta-analysis (66.0%; 
Chakravorty et  al., 2017). Considering the low cost of the 
EasyNAT assay, less than half that of Xpert, it may be  a 
promising diagnostic assay for childhood TB.

The use of Xpert Ultra in GA and stool samples has been 
suggested for TB diagnosis in children (World-Health-
Organization, 2021c). Because of the improved detection 
efficiency with a LOD of 16 CFU/ml, Xpert Ultra presented a 
higher sensitivity than EasyNAT (50.9% vs. 30.3%, respectively, 
p < 0.001) and Xpert (50.9% vs. 26.3%, respectively p < 0.001). 

TABLE 2 | Comparison of EasyNAT and Xpert in children with TB and RTIs.

Group Sensitivity, % (n of N)   p Specificity, % (n of N)   p

EasyNAT Xpert EasyNAT Xpert

All enrolled children 22.6 (31of 137) 26.3 (36 of 137) 0.441 98.0 (100 of 102) 99.0 (101 of 102) 1.0
Bacteriologically 
confirmed

60.0(9 of 15) 60.0 (9 of 15) 1.0

Probable TB 18.0 (22 of 122) 22.1 (27 of 122) 0.424

TB, pulmonary tuberculosis; RTIs, respiratory tract infections; EasyNAT, EasyNAT MTC assay; and Xpert, Xpert MTB/RIF.

A B

FIGURE 2 | Venn diagram of the different diagnostic test results for childhood tuberculosis using gastric aspirate samples. (A) EasyNAT MTC and Xpert MTB/RIF. 
(B) EasyNAT MTC and Xpert MTB/RIF Ultra.
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The relative higher sensitivity of Xpert Ultra compared with 
Xpert in children has been reported in our previous studies, 
at 80 and 67%, respectively, using bronchoalveolar lavage fluid 
(Sun et  al., 2019), and 66.7 and 42.9%, respectively, using 
sputum (Peng et  al., 2021). To improve sensitivity for the 
detection of MTB, an additional two multicopy amplification 
targets (IS6110 and IS1081) are used in Xpert Ultra. Because 
of the paucibacillary specimens obtained from children, 31.4% 
(28/89) of Xpert Ultra positive results were classified as “trace” 
in the semiquantitative scale in the present study, suggesting 
the value of Xpert Ultra in samples with low bacillary burden 
for MTB detection (Chakravorty et  al., 2017). It suggested 
that Xpert Ultra performed better than EasyNAT in children 
although the current cost of the former hindered its 
implementation. In addition, we  found among 28 cases with 
an Xpert Ultra trace readout, five were EasyNAT+. This suggested 
a promising use for EasyNAT in children with low bacterial 
burden samples.

We also found some discordant results between EasyNAT 
and the Xpert or Xpert Ultra. In children with RTIs, four 
with EasyNAT-positive and one with Xpert-positive results 
presented a very low load of MTB. All five children have no 
symptoms or signs or X-ray abnormalities suggestive of TB, 
no contact history of active TB, and positive responded to 
antibiotic treatment rather than anti-TB treatment. Among 
them, four children had negative IGRAs results, and one child 
was diagnosed as latent TB infection and Mycoplasma pneumonia. 

All the children with discordant results were not further tested 
with a third nucleic acid-based test because of the following 
reasons: First, some of these TB children (27/75) were confirmed 
by MTB culture, and the rest of the TB cases (48/75) were 
clinically diagnosed based their clinical manifestations, chest 
X-ray results, clinical presentation improvement after anti-TB 
treatment, and positive results of tuberculin skin test or 
interferon-γ release assay. Second, Xpert Ultra is considered 
to be  the most sensitive nucleic acid detection test, with the 
lowest limit of detection of 15.6 CFU/ml. So the negative results 
of the tests in children with discordant results suggested a 
underdiagnosis in these cases.

The first generation EasyNAT TB Isothermal Amplification 
Diagnostic Kit (EasyNAT TB IAD) and the next-generation 
EasyNAT MTC assay used here have been evaluated in the 
diagnosis of TB in adults (Ou et  al., 2014; Zhang et  al., 2021). 
One study reported that the sensitivity of EasyNAT TB IAD 
in adults with culture-confirmed TB was 84.1% (Ou et  al., 
2014). The next-generation EasyNAT MTC assay performed 
in a clinical setting demonstrated an overall sensitivity of 
72.19%, which further increased to 86.84% in cases with 
confirmed TB using sputum (Zhang et  al., 2021). Compared 
with these findings, the sensitivity of EasyNAT was lower in 
children. Several reasons may have contributed to the differences 
in sensitivities between the adult subjects enrolled in previous 
studies and the present childhood cohort. Firstly, the bacillary 
burden of bacteria in adult specimens is higher than that in 

A B

FIGURE 3 | Correlation between the cycle threshold of EasyNAT MTC assay and the semiquantitative scale of Xpert MTB/RIF or Xpert MTB/RIF Ultra. 
(A) Correlation between EasyNAT MTC and Xpert MTB/RIF. (B) Correlation between EasyNAT MTC and Xpert MTB/RIF Ultra.

TABLE 3 | Comparison of EasyNAT and Xpert ultra in children with TB and RTIs.

Group Sensitivity, % (n of N)   p Specificity, % (n of N)   p

EasyNAT Ultra EasyNAT Ultra

All children 30.3 (53 of 175) 50.9 (89 of 175) <0.001 97.8 (90 of 92) 100.0 (92 of 92) 0.155
Bacteriologically 
confirmed

61.5 (24 of 39) 82.1 (32 of 39) 0.044

Probable TB 21.3 (29 of 136) 41.9 (57 of 136) <0.001

Comparison of EasyNAT and Xpert Ultra in children with TB and RTIs. TB, pulmonary tuberculosis; RTIs, respiratory tract infections; EasyNAT, EasyNAT MTC assay; and Ultra, Xpert 
MTB/RIF Ultra.
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children, which may lead to a lower bacterial positivity rate 
in children compared with adults. According to nationwide 
data reported in Mainland China, the positivity rate of 
bacteriology in children was 21% (Yang et  al., 2020), while 
the bacteriologically confirmed rate in adults was 37.5% (Pang 
et  al., 2019). Thus, diagnosing TB in children is more difficult 
than in adults, highlighting the urgent need for high sensitivity 
nucleic acid amplification tests for diagnosis of childhood TB.

Secondly, the detection rates of molecular tests vary between 
different specimen types. Sputum, the main specimen type in 
adult PTB patients, is difficult to obtain in children. However, 
GA is an invasive but well-tolerated procedure that can be used 
in children. WHO Guidance for the management of tuberculosis 
in children suggested to use early-morning GA for pediatric 
TB diagnosis as children swallow respiratory secretions (World-
Health-Organization, 2014). Therefore, GA is an alternative 
specimen type for children with unavailable sputum samples. 
Data from the German national notification system showed 
that GA samples were used in 59% of the children who were 
diagnosed with pulmonary TB, and GA was the only reported 
specimen for 34.7% of the bacteriological notified patients (Fiebig 
et  al., 2014). One meta-analysis reported that expectorated 
sputum was the best sample type for diagnosing adult PTB, 
with a pooled sensitivity of 90%, while the pooled sensitivity 
of expectorated sputum in children was only 14%. Although 
GA specimens were suitable for childhood TB diagnosis, the 
sensitivity (80%) was slightly lower than that of sputum in 
adults (Lyu et  al., 2020). The pretreatment protocol applied to 
GA specimens in this study was adapted from that of sputum 
samples; whether this method is suitable and can affect the 
detection rate of the EasyNAT MTC assay remains unclear. 
The processing methods for GA samples should be  optimized 
in future studies.

In conclusion, the EasyNAT assay had a similar diagnostic 
capacity for MTB in GA samples compared with the Xpert 
assay in children but demonstrated a lower sensitivity than 
Xpert Ultra. EasyNAT may therefore be  useful as a suitable 
alternative method of childhood TB diagnosis based on its 
cost-effectiveness, speed, and accuracy.
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One-fourth of the world’s population has been infected with Mycobacterium tuberculosis
(M.tb). Although interferon-gamma release assays (IGRAs) have been shown to be valid
methods for identifying M.tb infection and auxiliary methods for diagnosis of active
tuberculosis (TB), lower sensitivity and higher indeterminate rate were often detected
among immunosuppressed patients. IP-10 was an alternative biomarker due to the
higher expression level after M.tb antigen stimulation, but whether CXCL10 mRNA (the
gene that transcribes for the IP-10 protein) can be used as a target for M.tb infection
diagnosis was limited. Therefore, we aimed to evaluate the performance of a novel
M.tb-specific CXCL10 mRNA release assay in diagnosis of M.tb infection. Suspected
TB patients and healthy controls were prospectively recruited between March 2018
and November 2019 from three hospitals in China. CXCL10 mRNA release assay and
traditional interferon-gamma release assay (T-SPOT.TB) were simultaneously performed
on peripheral blood. Of the 1,479 participants enrolled in the study, 352 patients with
definite TB and 153 healthy controls were analyzed. CXCL10 mRNA release assay
provided a sensitivity of 93.9% (95% CI = 90.8–96.2%) and a specificity of 98.0% (95%
CI = 94.3–99.6%) in the diagnosis of M.tb infection, respectively, while T-SPOT.TB gave
a sensitivity of 94.5% (95% CI = 91.5–96.6%) and a specificity of 100% (95% CI = 97.6–
100.0%) in the diagnosis of M.tb infection, respectively. The diagnostic performance of
CXCL10 mRNA release assay was consistent with T-SPOT.TB, with a total coincidence
rate of 95.0% (95% CI = 93.0–96.9%) and a Cohen’s kappa value of 0.89 (0.84–0.93,
p < 0.001). However, among TB patients with HIV co-infection (n = 14), CXCL10
mRNA release assay presented significantly higher positive rate [92.9% (66.1–99.8%)
vs. 61.5% (31.6–86.1%), p = 0.029] than those of T-SPOT.TB. These results suggested
that M.tb-specific CXCL10 mRNA was a novel and useful target in the diagnosis of
M.tb infection.

Keywords: tuberculosis, M.tb infection, molecular diagnosis, mRNA, T-SPOT.TB, CXCL10
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INTRODUCTION

Tuberculosis (TB) is an infectious disease that seriously threatens
human health, which caused 9.9 million new cases and 1.5 million
deaths worldwide in 2020 (World Health Organization [WHO],
2021). Furthermore, one-fourth of the world’s population has
been infected with Mycobacterium tuberculosis (M.tb) (Cohen
et al., 2019). The global goal of “End TB” would be difficult
to achieve due to the high burden of active TB and latent TB
infection, unless there are innovations in diagnosis, treatment,
and prevention methods.

The World Health Organization has recommended preventive
treatment among latent TB infection population to reduce the
incidence of active TB (World Health Organization [WHO],
2020). Until now, M.tb infection is mainly defined by tuberculin
skin test (TST) or interferon-gamma release assays (IGRAs; Diel
et al., 2010, 2011; Gao et al., 2015; Getahun et al., 2015). Due
to the lower sensitivity of conventional M.tb culture or smear,
as well as the lack of sputum to do the microbiological or
rapid molecular tests in some suspected TB patients (World
Health Organization [WHO], 2021), IGRAs have also been
becoming an auxiliary method for the diagnosis of active
TB. However, the TST is an in vivo test, and the specificity
of TST is decreased seriously in BCG-vaccinated population
(Pai et al., 2008). The diagnostic performance of IGRAs was
decreased in immunosuppression patients, such as HIV co-
infection, leukopenia, or corticosteroid and immunosuppressant
drug treatment, with lower sensitivity and higher indeterminate
rate (Cattamanchi et al., 2011; Jung et al., 2012; Pan et al.,
2015). Furthermore, due to the longer time of antigen stimulation
(18–24 h), the results of IGRA tests will not be available
until the next day. In addition, ELISPOT-based IGRAs, such
as T-SPOT.TB test, were mostly performed manually, which
requires technicians with higher technique and may result in
operation bias. Therefore, novel rapid and accurate test for
diagnosis of M.tb infection should be developed.

Previous studies have identified an alternative biomarker in
peripheral blood for M.tb infection, namely, interferon-gamma-
induced protein 10 (IP-10) (Lu et al., 2011; Ruhwald et al.,
2011, 2012; Petrone et al., 2018). IP-10 is a chemokine in CXC
family, which can be expressed in a significantly higher level than
conventional IFN-γ after M.tb antigen stimulation. Recently, IP-
10 has been becoming a novel promising biomarker for TB
diagnosis. Meta-analyses showed that IP-10 presented a higher
sensitivity of 86% (95% CI = 80–90%) and a specificity of
88% (95% CI = 82–92%) in the diagnosis of M.tb infection,
respectively (Qiu et al., 2019). However, most of the studies
detected the expression level of IP-10 protein by ELISA or other
protein examination methods, and whether CXCL10 mRNA (the
gene that transcribes for the IP-10 protein) quantification can be
used in the diagnosis of M.tb infection was not yet elucidated.
It is reported that the expression of CXCL10 mRNA can be
upregulated by about 100 times, within 2.5–8 h of M.tb-specific
antigen stimulation (Blauenfeldt et al., 2014). Therefore, CXCL10
mRNA as target may enable higher sensitivity in identifying
individuals with M.tb infection (Aabye et al., 2010; Syed Ahamed
Kabeer et al., 2010; Kabeer et al., 2011).

The present study aims to evaluate the diagnostic performance
of the novel M.tb-specific CXCL10 mRNA release assay for M.tb
infection and analyze in accordance with the novel CXCL10
mRNA release assay and the widely used T-SPOT.TB assay.

MATERIALS AND METHODS

Ethical Approval
This study was performed in accordance with the guidelines
of the Helsinki Declaration and was approved by the Ethics
Committee of the Beijing Chest Hospital, Capital Medical
University (Ethical approval number: BJXK-2017-40-01).
A written informed consent was obtained from each participant
before blood collection.

Study Design and Participants
This multicenter, prospective study was performed in three
hospitals in China, including the Beijing Chest Hospital (North),
the Third People’s Hospital of Shenzhen (South), and the
Henan Provincial Infectious Disease Hospital (Middle). Between
March 2018 and November 2019, patients with suspected TB
were prospectively enrolled in these three hospitals. Meanwhile,
healthy controls were also enrolled. All the participants were
tested with CXCL10 mRNA release assay and T-SPOT.TB
assay. The laboratory technicians were blinded to the diagnosis
throughout the study, and the clinicians were blinded to the
CXCL10 mRNA release assay and T-SPOT.TB results before
the end of the clinical trial enrollment. Furthermore, the
laboratory technician who performed the CXCL10 mRNA
release assay was blind to the technician who performed
the T-SPOT.TB. Thus, laboratory interpretation and clinical
diagnosis were independent.

Categorization of Participants
The final diagnosis was based on clinical manifestation,
biochemical examinations, and histopathological, radiological,
and microbiological information. All subjects were followed up
for at least 6 months and were monitored for changes in their
diagnostic categorization. Finally, patients were categorized as
(1) Definite TB: Patients who have positive M.tb culture, positive
Xpert MTB/RIF, positive microscopy, or positive histology were
defined as definite TB. (2) Probable TB: Patients who have
clinical and radiological findings of TB, and presenting well
response to anti-TB treatment, but lacking microbiological or
histopathological evidence of M.tb infection, were defined as
probable TB. (3) Non-TB patients: Patients who were initially
suspected of active TB, but ended up not having active TB, due to
other diagnoses made, or clinical improvement occurred without
recent anti-TB therapy, were defined as non-TB patients. (4)
Healthy controls: Individuals who have no clinical symptoms and
radiological findings of TB, and with negative TST results, were
defined as healthy controls.

Blood Collection
A total of 10 ml of peripheral blood was collected in
heparin-containing vacutainer tubes from each participant, and
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CXCL10 mRNA Release Assay and T-SPOT.TB Test were
further performed.

CXCL10 mRNA Release Assay
The commercial CXCL10 mRNA Release Assay, including the
kit for blood incubation and RNA extraction (CLR001A48,
InnowaveDx Co., Ltd., Suzhou, China) and kit for reverse
transcription and further qPCR Test (CLR002A48, InnowaveDx
Co., Ltd., Suzhou, China), were performed according to the
instructions of the manufacturer. Briefly, the blood was divided
into three special tubes (1.5 ml per tube): one coated with
novel M.tb-specific peptides (peptides of ESAT6, CFP-10, and
PPE68), one coated with phytohemagglutinins (PHA) as a
positive control, and one without antigen coating as a negative
control (Nil). The tubes were incubated immediately for 4 h at
37◦C. Next, RNA was automatically extracted from the incubated
whole blood (100 µl). A total of 10 µl of RNA and 10 µl
of reverse transcription solution (including buffer and reverse
transcriptase) were mixed and reverse transcribed to cDNA with
the following procedure: 50◦C for 20 min, 85◦C for 2 min. RNA
extraction and reverse transcription were performed using the
automatic nucleic acid extraction and detection system Innovo-
100 (InnowaveDx Co., Ltd., Suzhou, China). All the commercial
reagents and kits for RNA extraction and reverse transcription
were matched for the instrument. A total of 10 µl of cDNA was
then mixed with 15 µl of quantitative real-time PCR (qPCR) mix
(including enzyme, buffer, and probe). qPCR was performed on
the ABI 7500 Real-time PCR System (Applied Biosystems, Inc.,
Foster City, CA, United States), with the following procedure:
50◦C for 2 min, 95◦C for 2 min, and then 40 cycles of
95◦C for 10 s and 60◦C for 30 s. The cycle threshold (CT)
for target gene (CXCL10, Gene ID: 3627) and housekeeping
gene (CHMP2A, Gene ID: 27243) detector was automatically
determined. 1CT (the CT value for target gene, subtract the CT
value for housekeeping gene) was calculated, and this statistic
was used to determine relative gene expression (Schmittgen and
Livak, 2008). The relative amount of CXCL10 mRNA in each
tube with or without antigens was calculated separately. The test
results were determined as indeterminate, negative, or positive
according to the criteria (Supplementary Table 1).

T-SPOT.TB Test
The T-SPOT.TB test (Oxford Immunotec Ltd., Abingdon,
United Kingdom) was performed in accordance with the
instructions of the manufacturer. Briefly, peripheral blood
mononuclear cells (PBMCs) were isolated, and then 2.5 × 105

PBMCs per well were incubated with AIMV medium (Nil
control), PHA antigen (positive control), and two M.tb-specific
antigens (ESAT-6 and CFP-10). The procedure was performed in
the plates precoated with anti-interferon-γ antibodies at 37◦C for
16 to 20 h. After application of alkaline phosphatase-conjugated
second antibody and chromogenic substrate, the number of spot-
forming cells (SFCs) in each well was automatically counted
with a CTL ELISPOT system (CTL-ImmunoSpot S5 Versa
Analyzer, United States). The test results were determined as
indeterminate, negative, or positive according to the criteria
(Supplementary Table 1).

Statistical Analysis
Data analysis was performed using SPSS for Windows, version
21 (SPSS, Inc.). Categorical variables were compared by Pearson’s
Chi-square test or Fisher’s exact test, while continuous variables
were compared by Student’s t-test or Mann–Whitney U-test, as
appropriate. Sensitivity and specificity were calculated to evaluate
diagnostic performance for the CXCL10 mRNA release assay
and T-SPOT.TB assay. Concordance between CXCL10 mRNA
release assay and T-SPOT.TB assay was calculated using Cohen’s
kappa test. The expression levels of CXCL10 mRNA and the
number of SFCs in T-SPOT.TB test were converted to lg values,
in order to calculate the correlation between these two tests by
Pearson’s correlation test. The criterion for statistical significance
was p<0.05.

RESULTS

Clinical Characteristics of Participants
As shown in Figure 1, a total of 1,307 patients with suspected
TB were enrolled from the three hospitals. According to the
final diagnosis and a follow up of at least 6 months, 352
definite TB patients were included for analysis as definite M.tb
infection status. A total of 441 probable TB patients, 348 non-
TB patients, and 166 patients with inconclusive diagnosis were
excluded because there were no definite M.tb infection evidence.
Furthermore, of 172 healthy controls enrolled, only 153 persons
with negative TST results and without radiological findings
were included in the analysis. A total of 14 patients with
definite TB were HIV positive, and there was no HIV infection
among healthy controls. The detailed demographic and clinical
characteristics of the participants are shown in Table 1.

Indeterminate Results in CXCL10 mRNA
Release Assay and T-SPOT.TB Test
Among the 505 participants in the final analysis, 2 participants
(0.39%) presented indeterminate result in CXCL10 mRNA release
assay, due to invalid 1CT in the mitogen tube (>-1.2), while
7 participants (1.39%) presented an indeterminate result in
T-SPOT.TB, due to higher SFCs (>10 spots) in Nil control well or
lower SFCs (<20 spots) in positive control well. The proportion
of indeterminate results of T-SPOT.TB was higher than that of
CXCL10 mRNA release assay, although the difference did not
reach statistical significance (p = 0.094). HIV co-infection rate is
significantly higher in participants with indeterminate results of
CXCL10 mRNA release assay and T-SPOT.TB test (33.3%, 3/9)
than that in participants with valid results of CXCL10 mRNA
release assay and T-SPOT.TB test (2.22%, 11/496) (p = 0.0013).

Concordance Between CXCL10 mRNA
Release Assay and T-SPOT.TB Test
Concordance between CXCL10 mRNA release assay and
T-SPOT.TB test was also analyzed in 496 participants with
both valid CXCL10 mRNA release assay and T-SPOT.TB results
(Table 2). Both CXCL10 mRNA release assay and T-SPOT.TB
were positive in 312 participants and negative in 159 participants,
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FIGURE 1 | Flow chart of the study participants. Of the 1,307 patients with suspected TB and 172 healthy controls recruited, 352 definite TB patients and 153
healthy controls with lower risk of Mycobacterium tuberculosis (M.tb) infection were eligible for inclusion in the final analysis. TB, tuberculosis; CT, computed
tomography; AFB, acid-fast bacilli; TBLB, transbronchial lung biopsy.

with a good concordance (Kappa value = 0.89, p < 0.001).
The overall concordance between the two tests was 95.0% (95%
CI = 93.0–96.9%), the positive agreement was 96.3% (95%
CI = 94.2–98.3%), and the negative agreement was 92.4% (95%
CI = 88.5–96.4%), respectively.

We further investigated the association between the number of
SFCs in the T-SPOT.TB test and the relative amounts of CXCL10
mRNA in the CXCL10 mRNA release assay (Figure 2). In most
cases, the relative amount of CXCL10 mRNA was increased
when the number of SFCs in the T-SPOT.TB test was increased,
indicating a moderate correlation between the expression level of
CXCL10 mRNA and the IFN-γ release in the two tests (r = 0.6761,
p < 0.0001).

TABLE 1 | The demographic and clinical characteristics of subjects (n = 505).

Definite TB Healthy controls

Number of patients 352 153

Age (years, range) 38 (18–88) 18 (18–22)

Gender

Male 226 79

Female 126 74

Pulmonary TB 329 –

Extrapulmonary TB 23 –

Skeleton 17 –

Lymph nodes 2 –

Urinary and genital organs 2 –

Abdomen 1 –

Meninges 1 –

HIV infection 14 0

Diagnostic Performance of the CXCL10
mRNA Release Assay and T-SPOT.TB
Assay for M.tb Infection
We evaluated the diagnostic performance of CXCL10 mRNA
release assay for M.tb infection based on the patients with definite
TB and healthy controls (Table 3). The diagnostic sensitivity
and specificity of CXCL10 mRNA release assay was 93.9% (95%
CI = 90.8–96.2%) and 98.0% (95% CI = 94.3–99.6%), respectively,
while the diagnostic sensitivity and specificity of T-SPOT.TB
assay were 94.5% (95% CI = 91.5–96.6%) and 100% (95%
CI = 97.6–100.0%), respectively. No significant differences were
detected in the sensitivity (p = 0.745) and specificity (p = 0.247)
between CXCL10 mRNA release assay and T-SPOT.TB assay.

The diagnostic performance of the combination of CXCL10
mRNA release assay and T-SPOT.TB assays was also evaluated,
and the positive result was assumed when either test was positive,
and a negative result was assumed when both tests were negative
(Table 3). Based on this standard, the diagnostic performance for
M.tb infection was enhanced, with a better NPV value [94.3%
(89.7–96.9%)].

The Positive Rate of CXCL10 mRNA
Release Assay and T-SPOT.TB Assay
Among Tuberculosis Patients With HIV
Co-infection
Both the CXCL10 mRNA release assay and the T-SPOT.TB assay
are based on the host immune response to M.tb-specific antigens,
and previous study identified HIV co-infection as the risk factor
for false-negative and indeterminate IGRA results. Therefore, we
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TABLE 2 | Concordance analysis between the CXCL10 mRNA release assay and T-SPOT.TB assay.

T-SPOT.TB Agreement (95% CI) Kappa value (95% CI)

Positive Negative

CXCL10 mRNA release assay Positive 312 13 95.0 (93.0–96.9) 0.89 (0.84–0.93)

Negative 12 159

further compared the diagnostic performance of CXCL10 mRNA
release assay and T-SPOT.TB assay among TB patients with HIV
co-infection (Table 4). Among the 14 TB patients with HIV co-
infection, all presented valid CXCL10 mRNA release assay results,
while 3 patients presented indeterminate results in T-SPOT.TB
test. The positive rate of CXCL10 mRNA release assay and
T-SPOT.TB test were 92.9% (95% CI = 66.1–99.8%) and 61.5%
(95% CI = 31.6–86.1%), respectively, with a significant difference
in sensitivity between these two tests (p = 0.029). These results
indicated a promising method for identifying M.tb infection
among HIV co-infection population, although our sample size
was not large enough.

DISCUSSION

In the present study, the concordance between the novel CXCL10
mRNA release assay and the traditional T-SPOT.TB test was
good, and the sensitivity and specificity were similar between
these two tests, respectively. These results suggested that the
diagnostic performance of the novel CXCL10 mRNA release assay
was consistent with the T-SPOT.TB test, indicating that CXCL10
mRNA release assay was an alternative test for the diagnosis
of M.tb infection. The similar performance in M.tb infection
diagnosis may be related to the fact that the two targets belong
to the same immune response signal pathway activated by M.tb-
specific antigens. IP-10 is mainly released from the monocytes
and T lymphocytes and is an IFN-γ inducible chemokine. It was
reported that free IFN-γ can activate STAT1 and then amplifies
JAK/STAT1 signal to release a large amount of IP-10 (Tsuboi
et al., 2011). Previous studies have detected that the expression

FIGURE 2 | Correlation analysis between the expression level of CXCL10
mRNA in the CXCL10 mRNA release assay and the number of SFCs in the
T-SPOT.TB assay among 496 subjects with both valid results. Regression
analysis was demonstrated by linear correlation (r). SFCs, spot-forming cells.

level of IFNG mRNA was only elevated slightly after M.tb-specific
antigen stimulation and sustained in shorter time duration, which
makes the IFNG mRNA not the best choice for diagnosis of
M.tb infection (Kim S. et al., 2013; Savolainen et al., 2016). Gene
expression profile identified the mRNA of multiple cytokines,
such as CXCL10, which can be used as the detection target of
the specific T-cell-based immune response to M.tb (Kim H. J.
et al., 2013). In comparison with IFNG mRNA, the expression
level of CXCL10 mRNA was significantly expressed at 100-fold
after M.tb-specific antigen stimulation, and the higher level of
CXCL10 mRNA could be sustained for a long time (Blauenfeldt
et al., 2014). Thus, it is possible to explore a novel T cell based on
immune response test targeting the CXCL10 mRNA.

The diagnostic sensitivity of CXCL10 mRNA release assay in
our study was slightly higher than that in the previous Meta-
analysis study [85% (95% CI = 80–88%)] (Qiu et al., 2019). This
may be caused by the fact that the highly expressed CXCL10
mRNA was used as the target. Recently, Ruhwald et al. have
provided proof of high technical performance of a molecular
assay detecting CXCL10 mRNA expression, although it was
reported that the CXCL10 mRNA after 8 h of stimulation with
M.tb-specific antigens in the QFT-IT test showed lower sensitivity
than that of IP-10 protein and IFN-γ protein in the diagnosis of
M.tb infection (Blauenfeldt et al., 2020), which was inconsistent
with our results. This may be caused by the fact that the
antigens used in our study were modified and could trigger
stronger immune response than that in the QFT-IT test, and the
appropriate stimulation time was extremely important for the
utility of CXCL10 mRNA as a target.

Interferon-gamma release assay test mainly relies on the ability
of host immune response to M.tb antigen stimulation. It was
reported that IGRA presented lower diagnostic performance in
the diagnosis of TB patients with immunosuppression status,
such as HIV co-infection (Cho et al., 2012; Santin et al., 2012).
HIV patients were easily co-infected with M.tb and progressed
to active TB patients (Mhango et al., 2021). The risk of HIV
and M.tb co-infection individuals developing active tuberculosis
is 20–30 times than those infected with M.tb alone, and the
mortality of TB/HIV patients is also higher than that of patients
with TB (Pawlowski et al., 2012). Therefore, the development of
novel technologies that can increase the positive rate of TB with
HIV infection is of great significance for timely identification
and intervention of such population. In this study, we analyzed
the performance of these two tests in TB patients with HIV
co-infection and found that the proportion of indeterminate
results of CXCL10 mRNA release assay was lower than that
of T-SPOT.TB test. Furthermore, the positive rate of CXCL10
mRNA release assay was significantly higher than that of
T-SPOT.TB test among TB patients with HIV co-infection,
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TABLE 3 | Diagnostic performance of the CXCL10 mRNA release assay and T-SPOT.TB assay for Mycobacterium tuberculosis (M.tb) infection.

Sensitivity% (95% CI) Specificity% (95% CI) NPV% (95% CI) PPV% (95%CI) LR + (95% CI) LR- (95% CI)

CXCL10 mRNA release assay 93.9 (90.8–96.2) 98.0 (94.3–99.6) 87.6 (82.4–91.5) 99.1 (97.2–99.7) 47.6 (15.5–145.9) 0.06 (0.04–0.09)

T-SPOT.TB 94.5 (91.5–96.6) 100.0 (97.6–100.0) 88.9 (83.8–92.5) 100.0 (100.0–100.0) /† 0.05 (0.06–0.09)

CXCL10 or T-SPOT.TB* 97.4 (95.1–98.8) 98.0 (94.3–99.6) 94.3 (89.7–96.9) 99.1 (97.3–99.7) 49.3 (16.1–151.3) 0.03 (0.01–0.05)

NPV, negative predictive value; PPV, positive predictive value; LR+, likelihood ratio for positive test; LR−, likelihood ratio for negative value.
*The positive result was assumed when either test was positive, and a negative result was assumed when both tests were negative.
†The LR + was unavailable when the diagnostic specificity was 100%.

indicating that the detection of CXCL10 mRNA may be more
suitable than that of T-SPOT.TB for the diagnosis of M.tb
infection in HIV co-infection patients. The increase in positive
rate of CXCL10 mRNA release assay in HIV co-infection patients
may be related to the high expression level of CXCL10 that was
caused by the cascade amplification in signal pathway, and maybe
there are other signal pathways involved in the release of CXCL10
but independent of IFN-γ signal pathway or CD4+ T cells.

CXCL10 mRNA release assay also has some operational
advantages. Since the high expression level of CXCL10 mRNA,
the antigen stimulation time was shortened to only 4 h,
which saves at least 12 h compared with traditional IGRA
test. Therefore, the test result can be issued on the day of
blood collection, which leads to better clinical applicability.
Furthermore, automated instruments are used throughout the
test, and the results are automatically interpreted, which can
minimize errors or bias caused by manual operation. These
advantages bring more convenience for the clinical application
of CXCL10 mRNA release assay in the diagnosis of TB.

To our knowledge, our study is the largest investigation that
prospectively evaluates the diagnostic performance of CXCL10
mRNA release assay in the diagnosis of M.tb infection. However,
there were still some limitations in our study. The sample size of
TB patients with HIV co-infection was not large enough; thus, the
power for evaluating the performance of CXCL10 mRNA release
assay in this population was decreased, and further validation is
needed in a larger sample size of HIV co-infected population.
Furthermore, no other test was simultaneously performed as a
third judge method to validate the inconsistent results between
CXCL10 mRNA release assay and T-SPOT.TB test. In addition,
this study did not deeply analyze the diagnostic performance
of CXCL10 mRNA release assay in other special populations,
such as patients treated with immunosuppressants, patients with
other complications, and children. Further validation in the
abovementioned populations should be conducted in the future.

In conclusion, the present study parallelly compared the
performance of novel CXCL10 mRNA release assay and
T-SPOT.TB test in the diagnosis of M.tb infection. The results
suggested that the overall diagnostic performance of the CXCL10

TABLE 4 | Performance of the CXCL10 mRNA release assay and T-SPOT.TB
assay among tuberculosis (TB patients) with HIV co-infection.

Positive rate% (95% CI) p-Value

CXCL10 mRNA release assay 92.9 (66.1–99.8) 0.029

T-SPOT.TB 61.5 (31.6–86.1)

mRNA release assay was consistent with the T-SPOT.TB test, and
it presented a better positive rate in HIV co-infection patients.
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Objectives: We analyzed the results of the QuantiFERON Glod Plus assay (QFT) and
cytokine patterns associated with active tuberculosis (ATB) among patients with positive
QFT.

Methods: A total of 195 patients are QFT-positive, among which 24 had an ATB and
171 had a latent tuberculosis infection (LTBI). Interferon-gamma (IFN-γ) secretion was
analyzed relative to interleukin-2 (IL-2), IFN-γ inducible protein or CXCL-10 (IP-10), and
monokine induced by IFN-γ or CXCL-9 (MIG) secretion, and then compared between
two sets of peptide antigens [tube 1 - cluster of differentiation 4 (CD4+) T cell stimulation;
tube 2 - CD4+/CD8+ T cell response].

Results: Higher IFN-γ responses were measured in the ATB group (p = 0.0089). The
results showed that there was a lower ratio of tube 1/tube 2 IFN-γ concentrations in the
ATB group (p= 0.0009), and a median [interquartile ranges (IQR)] difference between the
two sets at −0.82 IU/ml (−1.67 to 0.18) vs. −0.07 IU/ml (−0.035 to 0.11, p < 0.0001)
in the ATB group compared to the LTBI group, respectively. In addition, patients with low
ratios of IL-2/IFN-γ, IP-10/IFN-γ, and MIG/IFN-γ were much more likely to have ATB.

Conclusion: High levels of IFN-γ secretion, preferential IFN-γ response in tube 2,
and lower secretion of IL-2, IP-10, and MIG release relative to IFN-γ secretion were
more likely observed in subjects with ATB. These features of T cell response may be
helpful in low prevalence settings to suspect ATB in patients tested positive for IFN-γ
release assays (IGRA).

Keywords: tuberculosis, QuantiFERON TB Gold plus R©, IL-2, IP-10 (CXCL-10), latent tuberculosis, active
tuberculosis, cytokines, interferon-gamma (IFN-γ)
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INTRODUCTION

Tuberculosis (TB) remains a major health problem worldwide
with 1.5 million deaths per year (World Health Organization
[WHO], 2021). Latent TB infections (LTBI) are defined as a
state of the persistent immune response against Mycobacterium
tuberculosis (Mtb) without clinically manifested evidence of
active TB (ATB). Out of the 1.7 billion people with latent
tuberculosis (LTBI), it is estimated 5–15% will progress to
ATB (Vynnycky and Fine, 2000). Interferon-gamma (IFN-γ)
release assays (IGRAs) have been introduced as an alternative
to the tuberculin skin test (TST) to detect the immune response
against Mtb while avoiding in vivo screening tests, cross-reactions
with bacille Calmette-Guérin (BCG) vaccination, and non-
tuberculous mycobacterial infections (Huebner et al., 1993).
Hence IGRAs are frequently preferred to TST in routine
practice. The QuantiFERON assay (QFT, Qiagen) quantifies IFN-
γ released after incubation of whole blood with a cocktail of
peptides derived from 6-kDa Early Secretory Antigenic Target
(ESAT-6) (Rv3875) and 10-kDa Culture Filtrate Antigen (CFP-
10) (Rv3874) antigens. This assay is increasingly used in Europe
for the screening of health care workers and for the diagnosis
of those with LTBI who are at risk for progression to ATB,
including persons living with HIV, persons recently exposed to
ATB, children, and persons who had prior anti-TNF therapy.
One of the major restrictions of IGRA is its inability to
distinguish between ATB and LTBI. TB diagnosis still remains
a major concern having important public health implications.
The incidence of ATB is low in West European countries but
the prevalence of LTBI remains significant. LTBI prevalence
has been recently estimated at 6.3% in France in the general
population, i.e., 4,158,000 persons (Houben and Dodd, 2016),
of which 15% are health care workers exposed to ATB (Lucet
et al., 2015). In comparison, 4,741 ATB were notified in 2015 in
France, i.e., 7.1 per 100,000 habitants (Guthmann et al., 2017).
Even when the level of clinical suspicion for TB is low, it is
sometimes challenging to rule out ATB in patients tested positive
for IGRA. In other words, it is a question of how to identify
patients needing TB culture and molecular tests when IGRA is
positive.

Several studies suggested that the accuracy of IGRA in
discriminating ATB vs. LTBI disease can be improved by
parallel assessment of the profile of Mtb-specific T cells for
other cytokines secreted along with IFN-γ. Interleukin-2 (IL-2)
was the most extensively investigated alternative immunological
biomarker (Hur et al., 2015; Wergeland et al., 2016; Won
et al., 2017; La Manna et al., 2018; Lesosky et al., 2019).
IFN-γ inducible protein or CXCL-10 (IP-10) (Jeong et al.,
2015; Wergeland et al., 2016; Villar-Hernández et al., 2017)
and monokine induced by IFN-γ or CXCL-9 (MIG) (Frahm
et al., 2011; Carrère-Kremer et al., 2016) have also been highly

Abbreviations: ATB, active tuberculosis infection; AUC, areas under the curve;
BCG, bacille Calmette-Guérin; IFN-γ, interferon-gamma; IL-2, interleukin-2;
IGRA, interferon-gamma release assays; IP-10, IFN-γ inducible protein or
CXCL-10; LTBI, latent tuberculosis Infection; MIG, monokine induced by IFN-
γ or CXCL-9; MTB, Mycobacterium tuberculosis; QFT, QuantiFERON; TB,
tuberculosis; TB1, Tube 1; TB2, Tube 2; TST, tuberculin skin test.

analyzed. The pattern of T helper cell type 1 (Th1)-pro-
inflammatory cytokines could improve the sensitivity for ATB
diagnosis alone (Biselli et al., 2010; Borgström et al., 2012;
Biraro et al., 2016) or combined with IGRA results (Suter-
Riniker et al., 2011; Carrère-Kremer et al., 2016), but the
conclusions of the studies were sometimes conflicting. Authors
have also suggested that a strong IFN-γ response of cluster
of differentiation 8 (CD8+) T cells stimulated by ESAT-6 and
CFP-10 may be associated with ATB (Nikolova et al., 2013; Rozot
et al., 2013). Qiagen company launched the latest generation of
a QFT assay in 2015 (QuantiFERON-TB Gold Plus) including
an additional new set of peptides designed to elicit both
CD8+ and CD4+ T cell responses (Collins and Kaufmann, 2001;
Day et al., 2011).

We previously reported that the detection of a high number of
IFN-γ secreting cells using T-SPOT test and an impaired capacity
of multi-cytokine release measured by a multiplex microbeads-
based method had both appeared as signatures of ATB in a
low prevalence setting (Carrère-Kremer et al., 2016). In this
study, we assessed the IL-2, IP-10, and MIG response relative
to IFN-γ secretion in patients with ATB and LTBI. The IFN-
γ secretion in QFT Plus tube 1 containing peptides, which was
designed to stimulate CD4+ T cell response, was also compared
to tube 2 peptides, which was designed to elicit both CD4+/CD8+
T cell response.

MATERIALS AND METHODS

Patients and Samples
This case-control study was conducted in the Montpellier
University Hospital (France) in outpatients and hospitalized
adults. Subjects were enrolled based on clinical presentation and
their positive IGRA result. Samples were collected at diagnosis,
before initiation of any tuberculosis treatment, or no later than
7 days after tuberculosis diagnosis. People living with HIV and
immunocompromised subjects were excluded from the study.
The status ATB vs. LTBI was established on Mtb culture results,
CT scan, and after multidisciplinary chart review based on
clinical presentations and outcomes. The study was performed in
accordance with the guidelines of the Helsinki Declaration and
was approved by the local ethics committee (Sud-Méditerrannée-
III, France, NCT02898623).

Laboratory Methods
QuantiFERON-Tb Gold Plus Assay
The assay was performed according to the manufacturer’s
instructions (Qiagen, Darmstadt, Germany). Briefly, 1 ml of
whole blood was drawn into the three QFT tubes coated with
saline (Nil Control), which were peptide cocktails simulating
ESAT-6, CFP-10 (Mtb antigens), or phytohemagglutinin
(Mitogen Control), and incubated at 37◦C. Following 20 h
incubation, the plasma was harvested from each tube to
determine the IFN-γ concentration. The highest value between
the QTF tube 1 (TB1) and tube 2 (TB2) was retained for
comparison between LTBI and ATB groups.
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ELISA
Interleukin-2, IP-10, and MIG secretion were quantitated in
supernatants of QFT Plus tube 1 and negative control tube
(Nil) using Duoset ELISA Development kits for (Bio-Techne,
MN, United States). The supernatant was diluted at 1:2 for
all cytokines except 1:10 for IP-10 measurement. Levels were
obtained by subtracting the Nil from the TB1 levels. Results were
expressed in pg/ml.

Statistical Analysis
Results were analyzed using GraphPad Prism 6 (GraphPad
Software, La Jolla, CA, United States) and SAS 9.4 (SAS/STAT
Software, Cary, NC, United States). The median concentration
of IFN-γ in paired TB1 and TB2 was compared using a Wilcoxon
signed-rank test. The median cytokine levels [interquartile ranges
(IQR)] of the ATB and LTBI groups were compared using the
non-parametric Wilcoxon Mann–Whitney test. A p-value< 0.05
was considered significant. The receiver operating characteristics
(ROC) curves were constructed by plotting the true positive
rate (ATB samples; sensitivity) against the false positive (LTBI
samples; 1-specificity). Areas under the curve (AUCs) were
calculated along with their 95% CIs. Cut-offs for cytokines
were determined using the Youden index, which was defined as
sensitivity + specificity-1, and a visual appreciation on scatter
plots. With these cut-offs, crude and adjusted odds ratios (ORs)
were calculated using logistic regression. Multivariate analysis
was not performed since parameters were all generated based
on IFN-γ secretion (IFN-γ secretion, cytokines/IFN-γ ratios, and
IFN-γ in TB1 vs. TB2).

RESULTS

Patients Characteristics
A total of 195 patients who tested positive with QFT were
enrolled, among which 24 (12%) had an ATB and 171 (88%)
had an LTBI. Clinical characteristics of the patients are shown in
Table 1.

TABLE 1 | Patients’ characteristics.

Characteristic ATB LTBI

Numbers of patients 24* 171

Median age in year (IQR) 38 (29–58) 47 (32–62)

Number of females (%) 10 (42%) 92 (53%)

IFN-g [IU/ml, median (IQR)] 5.34 (1.15–8.9) 1.24 (0.69–4.1)

Smear positive 5 0

Culture positive 24 0

*TB localization: pulmonary localization (n = 15); pulmonary + extra pulmonary
(n = 8); 1 extra pulmonary.

A High Value of IFN-γ Is Associated With
an Increased Risk of Active Tuberculosis
Higher levels of IFN-γ secretion were measured in the
ATB group, median (IQR): 5.34 IU/ml (1.09–9.15) compared
to patients with LTBI 1.24 IU/ml (0.69–4.21), p = 0.0089
(Figure 1A). ROC curves were established to evaluate the
capacity of the IFN-γ secretion in order to distinguish ATB and
LTBI in our population (Figure 1B). The AUC of IFN-γ secretion
was 0.67 (95% CI 0.53–0.79). Based on the Youden index, we
determined an optimal cut-off value at 8 IU/ml corresponding to
a specificity of 92% and a sensitivity of 38%. By selecting patients
with a QFT value greater than 8 IU/ml, 9 out of 24 (37.5%)
from the ATB group and 13 out of 171 (7.6%) from the LTBI
group had results above this cut-off, which led to OR = 7.8 for
ATB (Table 2).

A Stronger Response in the Second QTF
Antigen Tube Compared to the First Tube
Is Associated With Active Tuberculosis
The concentrations of IFN-γ in supernatants were compared
after CD4+ peptides stimulation (TB1) and CD4+/CD8+
peptides stimulation (TB2). The contribution of CD8+ T-cell to
IFN-γ secretion was first expressed as a ratio of IFN-γ TB1/TB2
concentration (Figure 2A). A lower ratio was observed in the
ATB group compared to the LTBI group [median (IQR):0.77

FIGURE 1 | QFT results for discrimination between active and latent tuberculosis. (A) The level of IFN-γ in ESAT-6, CFP-10 simulated T cells was quantified by the
QFT assay from blood samples of 24 patients with ATB (black boxplot) and 171 patients with LTBI (gray boxplot). The median, IQR, 10th and 90th is shown in
boxplots of each group. The p-value was calculated by the Mann–Whiteny U test. (B) The ROC curve shows sensitivity vs. specificity for IFN-γ in differentiating the
ATB from LTBI group. The AUC and a threshold at 8 IU/ml are indicated in the graph.
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TABLE 2 | Concentrations in pg/ml of cytokines secreted by T cells in
QuantiFERON (QFT) supernatants after ESAT-6, CFP-10 stimulation in 24 subjects
with active tuberculosis (ATB) and 171 with latent TB infection (LTBI).

ATB pg/ml [median (IQR)] LTBI pg/ml [median (IQR)] p-value

IL-2 163 (33–456) 85 (10–290) p = 0.128

IP-10 2907 (997–6955) 4416 (2000–6849) p = 0.631

MIG 844 (379–1524) 948 (267–1806) p = 0.810

LOD, the limit of detection; n, number of values above detection level; nsd, non-
significantly different. ATB, active tuberculosis; LTBI, latent tuberculosis infection;
IQR, interquartile range.

(0.69–0.91) vs. 0.96, (0.82–1.08; p = 0.0009), respectively]. The
difference was also estimated by subtracting the quantitative
value of the TB2 to TB1 (Figure 2B). We observed the largest
difference between the two sets of peptide antigens in the ATB
group compared to LTBI, with a median (IQR) difference of
−0.82 IU/ml (−1.67 to 9.18), vs. −0.07 IU/ml (−0.035 to 0.11;
p< 0.0001), respectively.

Cytokine Association Highlights Active
Tuberculosis Risk Groups
QuantiFERON supernatants from the tube containing antigens
dedicated to CD4+ T cell stimulation (TB1) were tested by ELISA.

IL-2, IP-10, and MIG concentrations were not found significantly
different between the two groups (Table 2).

The ratios of IL-2, IP-10, and MIG to IFN-γ were significantly
lower in the ATB group than in LTBI group (Figures 3A,C,E).
The indices for ATB and LTBI were respectively 43.6 (26.5–110.3)
vs. 66.7 (47.3–115.1) for IL-2 (p = 0.091), 1298.6 (572.8–1863.5)
vs. 4383.8 (1065.7–4326.7) for IP-10 (p= 0.00932), and 201 (112–
476) vs. 502 (264–1052) for MIG (p= 0.00288).

Using ROC curves, AUC were 0.63, 0.63, and 0.66 for IL-
2/IFN-γ, IP-10/IFN-γ, and MIG/IFN-γ ratios, respectively (data
not shown). Thresholds were determined using Youden indices
to determine ATB risk groups with ORs (Figure 2C,D, Table 3).

DISCUSSION

In this study, we observed that the Mtb-specific T cell signature
associated with ATB is characterized by a higher IFN-γ cell
response, a significant CD8+ T cell response detectable in the
second QTF-Plus tube, and a preferential IFN-γ production
relative to IL-2, IP-10, and MIG secretions. IL-2, IP-10, and MIG
responses to peptide antigen stimulation were assessed using
ratios of cytokine productions measured by ELISA relative to
IFN-γ secretion. We observed that IL-2, IP-10, and MIG indices
were lower in the ATB group. Hence, low IL-2/IFN-γ, MIG/IFN-
γ, and IP-10/IFN-γ ratios were associated with ATB with ORs

FIGURE 2 | Comparison of IFN-γ response in QTF tube 1 versus tube 2. Tube 1 (TB1) contain ESAT6 and CFP10 peptides designed to stimulated TB specific CD4+

and CD8+ T cell mediated responses. (A) Ratio of TB1/TB2 IFN-γ response. The median, IQR, 10th and 90th are shown in boxplots for each group. (B) Difference
of the IFN-γ response in TB1 minus TB2 in ATB and LTBI. The median, IQR, 10th and 90th are shown in boxplots for each group. (C) ROC curve for TB1/TB2 IFN-γ
response in differentiating ATB and LTBI. (D) ROC curve for TB1 minus TB2 IFN-γ response in differentiating ATB and LTBI. The AUC and tradeoff values are
indicated on the ROC curves.
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FIGURE 3 | Comparison of cytokine response in QFT supernatant between active (ATB) and latent TB infections (LTBI). (A,C,E) IL2, IP10 and MIG indexes
(cytokine/IFN-γ) are represented, ATB (black boxplots) and LTBI (gray boxplots). The median, IQR, 10th and 90th are shown in boxplots for each group. p-values are
calculated with the Mann–Whiteny U test. (B,D,F) Biparametric graphs between the levels of IFN-γ (IU/ml) and cytokines (pg/ml) in QFT supernatants. ATB are
represented by black circles and LTBI by gray circles. Risk groups are circled, subjects with ATB had more tend to have lower ratios of IL-2/IFN-γ, IP-10/IFN-γ, and
MIG/IFN-γ (doted line circles), and high IFN-γ response (solide line circles).

ranging from 3 to 5. The poor secretion of MIG and IP-10
that are Th1-related cytokines induced by IFN-γ may reflect
the impairment of the T cell response against TB (Collins and
Kaufmann, 2001). These results were in line with previous studies
highlighting that IL-2/IFN-γ secretion and a relative IL-2 toward
IFN-γ production were determined in ATB compared to LTBI
(Suter-Riniker et al., 2011; Jeong et al., 2015; Goyal et al., 2017;
Suzukawa et al., 2020). Low secretion of IL-2 compared to IFN-γ
production and high frequency of single positive tumor necrosis
factor alpha (TNF-α) Mtb-specific CD4+ T cells have been

associated with the defect in TB infection (Sargentini et al., 2009;
Harari et al., 2011; Jenum et al., 2014). Hence, multicytokine
Mtb-specific CD4+ T cell response is thought to protect against
TB, while defects in cytokine may be the hallmark of ATB.
Furthermore, IGRA based on other TB antigens, such as heparin-
binding hemagglutinin antigen (HBHA), emerged as a promising
tool for ATB diagnosis (Sali et al., 2018).

Although commercial IGRA is not intended to provide
quantitative results, we previously reported that T-SPOT
results over 100 IFN-γ secreting cells per 250,000 PBMC
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TABLE 3 | Crude odds ratios identifying associations between ATB and
interferon-gamma (IFN-γ) from ESAT-6, CFP-10 stimulated whole blood (QFT).

Cytokines (threshold value) OR 95% CI p-value

IFN-γ (≥ 8*) 7.2 2.6–19.8 0.0001

IFN-γ TB1/TB2 (≤ 0.78) 6.6 2.5–17.2 0.0001

IFN-γ TB1–TB2 (≤ −0.60*) 8.3 3.1–22.0 <0.0001

IL-2/IFN-γ (≤ 47) 2.9 1.2–7.3 0.026

IP-10/IFN-γ (≤ 2330) 4.2 1.4–12.7 0.012

MIG/IFN-γ (≤ 285) 5.0 2.0–12.7 < 0.0006

OR, odds ratio; CI, confidence interval; *IU/ml.

were more frequently observed in subjects with ATB
(Carrère-Kremer et al., 2016). In this study, we confirmed
that a strong IFN-γ response is more frequently detected in ATB
than in LTBI in our patient population. We observed that QTF
positive subjects with IFN-γ levels above 8 IU/ml were much
more likely to have ATB compared to subjects with IFN-γ levels
from 0.35 to 7.99 IU/ml (OR > 7) (Figure 3B,D,F). Our results
were consistent with other studies performed in low burden TB
countries,(Higuchi et al., 2008; Kobashi et al., 2010; Diel et al.,
2011) suggesting that levels of IFN-γ response should be taken
into account in the diagnostic workup of ATB in this setting.
This benefit may be attenuated in high setting countries where
strong T cell responses against TB are more frequently observed
(Metcalfe et al., 2010; Ling et al., 2011).

In comparison with the prior versions of the assay, the QTF-
Plus assay includes a second antigen tube stimulating IFN-γ
production by both CD4+ plus CD8+ T cells. A stronger CD8+
T-cells response against ESAT-6 and CFP-10 antigens has been
observed in subjects with active TB, high mycobacterial load,
and recent exposure to TB compared to LTBI (Lancioni et al.,
2012; Rozot et al., 2013; Allen et al., 2018). We observed a
higher difference in IFN-γ production between the QFT-Plus
tubes 1 and 2 in the ATB compared to LTBI. The median
delta IFN-γ value between TB1 and TB2 exceeded 0.8 IU/ml
in the ATB group, whereas a difference over 0.6 IU/ml has
been considered as technically significant regarding the intrinsic
variability of the test (Metcalfe et al., 2013; Barcellini et al.,
2016; Lee et al., 2021). On the contrary, in the LTBI group,
the level of IFN-γ released in TB1 and TB1 is similar, with a
median difference close to zero between the two tubes, suggesting
that the peptides designed to elicit immune responses from the
CD8+ T cells marginally contribute to IFN-γ production in the
second antigen tube.

Although the differences between ATB and LTBI groups
were statistically significant, an important overlap between
these groups was observed when we closely looked at their
differences between the cytokine indices. Our studies were
not dedicated to validating methods to distinguish ATB from
LTBI in clinical practice. However, our results suggested
that a better analysis of cytokine profile of T cell response
against Mtb could provide valuable information about the
equilibrium between host and pathogen and may be helpful
to evaluate the risk of TB reactivation of ATB among IGRA
positive patients.

In our two studies performed on IGRAs (T-SPOT and
QuantiFERON), subjects were enrolled on a positive IGRA result.
However, comparison between cytokine results using multiplex
assay and ELISA is difficult because the two methods used
different capture and reporter antibodies, as well as similar
diluents and serum blockers, neither some quantity of biological
compounds. In addition, while concordance is generally good
when using cell supernatants, it is much less robust when using
serum or plasma samples (Prabhakar et al., 2004).

Our study has several limitations which are as follows: (i)
nine subjects only had extra-pulmonary TB; (ii) the number
of subjects with ATB did not permit us to assess the possible
association between TB localization, or delay from symptom
onset, and cytokine patterns; (iii) we did not assess QTF response
and cytokine patterns throughout TB treatment; (iv) we did not
enroll ATB subject who tested negative for QTF when according
to a recent meta-analysis, 8.6% (95 CI, 12.5–5.8%) of subjects with
ATB tested negative for QTF Gold Plus assay (Oh et al., 2021);
(v) our results cannot be extrapolated to the pediatric population
(Basu Roy et al., 2020; Buonsenso et al., 2020).

In conclusion, giving attention to the level of IFN-γ response
and TB1 vs. TB2 response, as well as analyzing cytokine
response based on indices of IL-2, MIG, and IP-10 to IFN-
γ in QFT supernatants, allowed to define profiles of T cell
response that are more likely observed in ATB. In combination
with other biological and clinical parameters, these approaches
may be helpful to identify QTF-positive patients in whom
microbiological tests and radiological examinations would be
requested to rule out or confirm ATB.
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Background: Microorganisms of tuberculosis (TB) are frequently difficult to identify from
the airway specimen; therefore, lung biopsy for further histologic and microbiologic
study is required. Endobronchial ultrasound-guided transbronchial biopsy (EBUS-TBB)
is used for the diagnosis of pulmonary malignancy, but is rarely in the TB population.
The purpose of this study was to verify the effectiveness and safety of EBUS-TBB with
histologic study and tissue culture in the diagnosis of sputum smear-negative pulmonary
TB.

Methods: Patients who underwent EBUS-TBB with histologic study and TB tissue
culture for clinically suspected, but sputum smear-negative pulmonary TB from January
2016 to December 2018, were included. The accuracy of each diagnostic modality
was calculated, respectively. Factors that might influence the positive rate of TB culture
(washing fluid and tissue specimen) were also evaluated.

Results: One hundred sixty-one patients who underwent EBUS-TBB for clinically
suspected, but sputum smear-negative pulmonary TB, were enrolled, and 43 of them
were finally diagnosed as having pulmonary TB. The sensitivity of washing fluid (a
combination of smear, culture, and polymerase chain reaction for TB) and tissue
specimen (a combination of pathology and tissue culture) via EBUS-TBB for TB
diagnosis were 48.8 and 55.8%, respectively. The sensitivity for TB diagnosis would
be elevated to 67.4% when both washing fluid and tissue specimens are used. The
positive TB culture rate would not statistically increase with a combination of tissue
specimens and washing fluid. Univariate analysis revealed that TB microorganisms
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would be more easily cultivated when lesions had an abscess or cavity on the
computed tomography (CT) image (presence vs. absence; 62.5 vs. 26.3%, p = 0.022),
heterogeneous echogenicity on the EBUS finding (heterogeneous vs. homogeneous;
93.3 vs. 21.4%, p = 0.001), or a necrotic pattern via histologic study (presence
vs. absence; 70.6 vs. 30.8%, p = 0.013). Heterogeneous echogenicity in the EBUS
finding was the independent predictor according to the results of multivariate analysis.
None of our patients encountered major adverse events or received further intensive
care after EBUS-TBB.

Conclusion: Endobronchial ultrasound-guided transbronchial biopsy is safe and
effective for use in diagnosing sputum smear-negative pulmonary TB. EBUS echoic
feature is also a predictor of the positive TB culture rate in pulmonary TB. However,
tissue culture via EBUS-TBB has little effect in improving the positive TB culture rate.

Keywords: echoic feature, endobronchial ultrasound-guided transbronchial biopsy, positive tuberculosis culture
rate, sputum smear-negative pulmonary tuberculosis, tissue culture

INTRODUCTION

Tuberculosis (TB) is one of the most prevalent infectious
diseases in the world, and lung nodules or lung consolidation
are common manifestations (Nachiappan et al., 2017). These
representations are also frequently seen in other infectious
diseases and pulmonary malignancies; therefore, identifying the
microorganism is an essential step in the diagnosis of pulmonary
TB and in devising an appropriate treatment plan. Analyzing
a smear, culture, or polymerase chain reaction for TB (TB-
PCR) of the sputum is the basic diagnostic method (Hopewell
et al., 2006). Flexible bronchoscopy for extracting the distal
airway specimen can be considered when the patient is unable to
produce expectorate. A negative microbiologic result frequently
occurs, so lung biopsy for further histologic and microbiologic
study is needed (Dhamija et al., 2019; Lin et al., 2020). Besides
surgical biopsy, computed tomography (CT)-guided biopsy is
the traditional way to perform lung lesion sampling. Due to its
high complication rate, which may lead to patient morbidity
and mortality, further less invasive and safer procedures are
required for confirming sputum smear-negative pulmonary TB
(White et al., 2000).

Endobronchial ultrasound (EBUS), a miniature ultrasound
probe that is inserted through a flexible bronchoscope to scan
the bronchial lumen, was first introduced in 1990 (Hürter
and Hanrath, 1992). It not only confirms the location of the
pulmonary lesions but also analyze their internal structure
and help pulmonologists perform transbronchial biopsy (TBB)
for peripheral pulmonary lesion sampling (Kurimoto et al.,
2002). Previous studies have reported the high accuracy and
low complication rate of EBUS in the diagnosis of pulmonary
malignancy (Herth et al., 2002; Yamada et al., 2007). However,
there is scant evidence as to the utility of EBUS-guided TBB
(EBUS-TBB) in the diagnosis of pulmonary TB. Lung tissue
obtained via EBUS-TBB is seldom used for tissue culture.
Therefore, our aims in this study were to investigate the
effectiveness of EBUS-TBB combined with histologic study
and tissue culture in the diagnosis of sputum smear-negative

pulmonary TB, and to evaluate the safety of EBUS-TBB in this
population of patients.

MATERIALS AND METHODS

Participants
This was a retrospective chart review of patients who underwent
EBUS-TBB for clinically suspected pulmonary TB, performed
by pulmonologists or infectious disease physicians at the
Department of Thoracic Medicine, National Taiwan University
Hospital and National Taiwan University Hsin—Chu Hospital,
from January 2016 to December 2018. Before undergoing
EBUS-TBB, all patients with suspected sputum smear-negative
pulmonary TB needed to have at least three negative Ziehl–
Neelsen smear results from sputum analysis or those patients
who were unable to produce expectorate. EBUS-TBB procedures
without histologic study or tissue culture were excluded.
Patients with an endobronchial lesion that was found during
the bronchoscopic exam were also not included. Patient data
regarding age, gender, immunocompromised status, and the
final diagnosis were collected. The characteristics of the lesions
(location, size, and CT image with a cavity/abscess pattern),
antibacterial agent use prior to EBUS procedures, EBUS
characteristics (echogenicity and probe location), pathologic
findings, and procedure-related adverse events were also
recorded. Written informed consent was obtained from each
patient prior to bronchoscopy. The study was approved by the
National Taiwan University Hospital Institutional Review Board
(IRB #202109054RINB).

Procedures
All procedures were performed by our pulmonologists, who had
at least 2 years of experience in EBUS, or by our senior pulmonary
fellow doctors supervised by an experienced pulmonologist. The
procedure was performed with a flexible bronchoscopy (BF-
Q290; Olympus Co., Tokyo, Japan) combined with a 20 MHz
radial-EBUS (UM-S20-20R; Olympus Co., Tokyo, Japan). After
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premedication with a lidocaine local anesthesia, with or without
intravenous midazolam and fentanyl for conscious sedation, the
scope was passed through the nasal route. The EBUS probe
was inserted through the working channel of the scope into
the suspected target bronchus based on the CT image. After
confirming the location of the lesion by EBUS, TBB with
forceps was carried out for specimen collection. At least four
biopsy sample materials were placed in 10% formalin for routine
histologic evaluation. One biopsy specimen was placed in 2–3 ml
of sterile normal saline for TB tissue culture. After the EBUS-TBB
procedure, 25 ml of sterile normal saline was irrigated into the
target bronchus, and then the washing fluid was retaken and sent
to our microbiology laboratory for Gram stain, Ziehl–Neelsen
smear, culture (bacterial, TB, fungal), and TB-PCR.

The diagnostic criteria of pulmonary TB were established
based on pathologic evidence, microbiological analyses, or
clinical follow-up. If the culture showed positive for a
TB microorganism, or acid-fast bacilli or granulomatous
inflammation were present in the histologic finding, or the
chest CT image led the pulmonologists or infectious disease
physicians to suspect a TB infection, and/or there was a response
to anti-TB treatment with improvement in the image follow-
up, pulmonary TB would be confirmed. Other etiologies of the
pulmonary lesions were also diagnosed based on pathologic
or microbiological results. When the culture was positive for
bacteria, there was a response to antibacterial agent treatment
with improvement in the image follow-up, and contamination
or specific infections (fungal and mycobacterial)/inflammation
process have been excluded, bacterial pneumonia or lung abscess
would be considered.

Statistical Analysis
In our study population, the sensitivity, specificity, positive
predictive value (PPV), negative predictive value (NPV), and
diagnostic accuracy of each diagnostic modality (pathology,
smear, culture, and TB-PCR) were calculated, respectively,
via standard definitions. The positive TB culture rate (tissue
specimen or washing fluid) was assessed for patients who had a
final diagnosis of TB infection, and the definition was “a positive
result for TB culture class/total TB infection class.” Comparisons
were made using Student’s t-test or one-way analysis of variance
(ANOVA) for continuous variables, and the χ2 test or Fisher’s
exact test for categorical variables. Logistic regression identified
the independent variables contributing to statistical significance.
Odds ratios (OR) and their 95% confidence intervals [95%
confidence (CI)] were determined to assess the contribution of
significant factors. A p-value of less than 0.05 was considered
significant. We used SPSS version 21.0 (IBM, SPSS, Chicago, IL,
United States) for statistical analysis.

RESULTS

Patients and Endobronchial Ultrasound
Procedures
In all, 307 patients with suspected, but sputum smear-negative
pulmonary TB underwent EBUS-TBB procedures during our
study period. After excluding 120 patients who had a final

diagnosis of malignancy, and 26 patients who were lost to
our clinical follow-up without a definite diagnosis, we finally
enrolled 161 patients in our study group. About half of the study
population (48.4%) was immunocompromised patients. Most of
the pulmonary lesions were located at the upper lobe (34.8%
in the right upper lobe and 21.1% in the left upper lobe). The
mean lesion size was 40.2 mm, and 44.1% had an abscess or
cavity within the lesion, as detected in the CT image. The EBUS
probe arrived within the lesion in 87% of the study population,
and heterogeneous echogenicity was seen in 26.1% of the lesions.
Thirty-five patients received antibacterial agents before EBUS-
TBB. Fifteen patients had a procedure-related adverse effect after
EBUS-TBB, as follows: fever in seven patients; pneumothorax
in five patients, but no need for tube drainage; bronchospasm
in one patient; transient hypoxia with complete recovery in
one patient; and persistent bleeding in one patient who needed
instillation of a vasoactive agent and a prolonged scope wedge.
None of our patients required further intensive care after the
procedure (Table 1).

The final diagnosis revealed that 43 of the 161 patients
had pulmonary TB, 10 had non-tuberculous mycobacterial
infection, 18 had fungal infection, 61 had bacterial pneumonia
or lung abscess, and 11 had interstitial lung disease. The
remaining 18 patients had no specific pathological or
microbiological diagnosis and were classified as having
non-specific inflammation (Table 2).

Performance of Each Diagnostic
Modality for Tuberculosis Diagnosis
For the accuracy of the washing fluid, the Ziehl–Neelsen smear
had 2.3% sensitivity, 100% specificity, 100% PPV, 73.8% NPV, and
73.9% diagnostic accuracy. Culture for TB had 41.9% sensitivity,
100% specificity, 100% PPV, 82.5% NPV, and 84.5% diagnostic
accuracy. TB-PCR had 30.2% sensitivity, 99.2% specificity,
92.9% PPV, 79.6% NPV, and 80.8% diagnostic accuracy. The
combination of Ziehl–Neelsen smear, culture, and TB-PCR had
48.8% sensitivity, 100% specificity, 100% PPV, 84.3% NPV, and
86.3% diagnostic accuracy (Table 3).

For tissue specimen analysis, the sensitivity, specificity, PPV,
NPV, and diagnostic accuracy of typical histologic findings
(positive of acid-fast bacilli or granulomatous inflammation)
alone were 41.9, 91.5, 64.3, 81.2, and 78.3%, respectively. The
sensitivity, specificity, PPV, NPV, and diagnostic accuracy of
tissue culture for TB were 27.9, 100, 100, 79.2, and 80.8%,
respectively. Combining the histologic finding and tissue culture,
the sensitivity, specificity, PPV, NPV, and diagnostic accuracy
were 55.8, 100, 100, 86.1, and 88.2%, respectively. When washing
fluid and tissue specimens were combined for the diagnosis
of TB infection, the sensitivity, specificity, PPV, NPV, and
diagnostic accuracy were 67.4, 100, 100, 89.4, and 91.3%,
respectively (Table 3).

Subgroup Analysis of Patients
Diagnosed With Tuberculosis Infection
Twenty-nine (67.4%) of the 43 patients who had a final diagnosis
of TB infection were diagnosed via bronchoscopic exam. Only
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TABLE 1 | Characteristics of the patients, target lesions, and endobronchial
ultrasound (EBUS) procedures.

Characteristics N

Number 161

Age (years old, range) 58.9 (20–93)

Male gender (%) 109 (67.7)

Immunocompromised host (%) 78 (48.4)

Hematologic disease 9 (5.6)

Solid malignancy 18 (11.2)

Other systemic disease 51 (31.7)

Diabetes mellitus with poor control 23 (14.3)

Long-term steroid use 19 (11.8)

End-stage renal disease 4 (2.5)

Liver cirrhosis 5 (3.1)

Lesion location

Right upper lobe 56 (34.8)

Left upper lobe (left upper division and left lingual lobe) 34 (21.1)

Right middle lobe 18 (11.2)

Right lower lobe 39 (24.2)

Left lower lobe 14 (8.7)

Lesion size (mm, range) 40.2 (4–118.4)

Lesion character with abscess/cavity formation 71 (44.1)

EBUS probe location (within,%) 140 (87.0)

Echogenicity under EBUS (heterogeneous,%) 42 (26.1)

Antibacterial agent used prior to EBUS procedures 35 (21.7)

Procedure-related complications (%) 15 (9.3)

Post-procedure fever 7 (4.3)

Pneumothorax 5 (3.1)

Bronchospasm 1 (0.6)

Hypoxia 1 (0.6)

Bleeding 1 (0.6)

EBUS, endobronchial ultrasound; N, number.

four patients had a procedure-related adverse effect after EBUS-
TBB (Table 4). The positive TB culture rate of washing fluid
and tissue via EBUS-TBB were 41.9 and 27.9%, respectively. The
positive culture rate of the washing fluid did not statistically

TABLE 2 | Final diagnosis of the 161 patients.

Final diagnosis N (%)

Mycobacterium tuberculosis 43 (26.7)

Non-tuberculous mycobacteria 10 (6.2)

Mycobacterium avium intracellulare complex 4 (2.5)

Mycobacterium kansasii 3 (1.9)

Mycobacterium abscessus 2 (1.2)

Mycobacterium gordonae 1 (0.6)

Fungus 18 (11.2)

Candida 2 (1.2)

Aspergillus 8 (5.0)

Cryptococcosis 7 (4.3)

Mucormycosis 1 (0.6)

Bacterial pneumonia/abscess 61 (37.9)

Klebsiella pneumoniae 32 (19.9)

Pseudomonas aeruginosa 12 (7.5)

Escherichia coli 9 (5.6)

Enterobacter spp. 7 (4.3)

Mycoplasma pneumoniae 1 (0.6)

Interstitial lung disease 11 (6.8)

Organizing pneumonia 7 (4.3)

Connective tissue disease associated with interstitial lung disease 2 (1.2)

Sarcoidosis 1 (0.6)

Pneumoconiosis 1 (0.6)

Non-specific inflammation 18 (11.2)

N, number.

improve when combining the tissue specimen for analysis
(p = 0.664) (Figure 1).

We also evaluated some factors that might influence the
positive rate of TB culture when using washing fluid and tissue
specimens. Univariate analysis revealed that lesions with abscess
or cavity patterns on CT imaging had a higher positive TB
culture rate (62.5 vs. 26.3%, p = 0.022). A superior positive TB
culture rate was also seen when heterogeneous echogenicity was
detected in the EBUS study (93.3 vs. 21.4%, p = 0.001). If a
necrotic pattern was disclosed within the histologic specimens,
microorganisms would be more easily cultivated (70.6 vs. 30.8%,

TABLE 3 | Performance of diagnostic modalities for TB infection in isolation and in combination.

Sensitivity (%) Specificity (%) PPV (%) NPV (%) Accuracy (%)

Washing fluid study

Ziehl–Neelsen smear 2.3 100 100 73.8 73.9

TB culture 41.9 100 100 82.5 84.5

TB-PCR 30.2 99.2 92.9 79.6 80.8

Smear + culture + PCR 48.8 100 100 84.3 86.3

Tissue specimen study

Histologic finding 41.9 91.5 64.3 81.2 78.3

TB tissue culture 27.9 100 100 79.2 80.8

Histology + tissue culture 55.8 100 100 86.1 88.2

Fluid + tissue study

Washing fluid (smear + culture + PCR) + histologic finding + tissue culture 67.4 100 100 89.4 91.3

NPV, negative predictive value; PCR, polymerase chain reaction; PPV, positive predictive value; TB, tuberculosis.
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TABLE 4 | Characteristics of the 43 patients with pulmonary TB infection.

Characteristics N

Number 43

Age (years old, range) 54.9 (20–89)

Male gender (%) 32 (74.4)

Procedure-related complications (%) 4 (9.3)

Post-procedure fever 1 (2.3)

Pneumothorax 1 (2.3)

Bronchospasm 1 (2.3)

Bleeding 1 (2.3)

Final diagnostic modalities (%)

Bronchoscopy 29 (67.4)

Endobronchial ultrasound guided-transbronchial needle aspiration 3 (7.0)

Computed tomography guided-biopsy 2 (4.7)

Image follow-up 9 (20.9)

N, number; TB, tuberculosis.

FIGURE 1 | The positive TB culture rate of washing fluid and tissue specimen
via EBUS–TBB. EBUS–TBB, endobronchial ultrasound-guided transbronchial
biopsy; TB, tuberculosis.

p = 0.013). We also used abscess or cavity patterns on CT imaging,
heterogeneous echogenicity on EBUS study, and necrosis within
the histologic specimens for multivariate analysis. Heterogeneous
echogenicity was the independent factor, with an OR of 44.33
(95% CI, 3.70–530.93). The patient’s immunocompromised
status, the location, and size of the lesion, and the position of
the probe did not affect the positive TB tissue culture rate via
EBUS-TBB (Table 5).

DISCUSSION

This retrospective study showed that EBUS-TBB, with a low
complication rate, improved the diagnostic accuracy of sputum
smear-negative pulmonary TB. Also, when the lesions had
heterogeneous echogenicity in the EBUS finding, a TB organism
would be more easily cultivated.

The diagnosis of pulmonary TB infection is conventionally
made via sputum or bronchoscopy with bronchoalveolar lavage
analysis (Jacomelli et al., 2012). However, the sensitivity of
bronchial washing fluid analysis seems to be insufficient for
sputum smear-negative pulmonary TB. Even with a combined

Ziehl–Neelsen smear, TB culture, and TB-PCR, the sensitivity
was only 48.8% in our study. Tissue sampling is still essential
to aid diagnostic accuracy in this population (Beck et al.,
2019). An endobronchial lesion is uncommon in sputum smear-
negative pulmonary TB (Jacomelli et al., 2012), therefore, some
bronchoscopic techniques, such as fluoroscopy, bronchoscopic
navigation, or EBUS are required to guide the peripheral lung
lesion biopsy (Ishida et al., 2011; Boonsarngsuk et al., 2012; Asano
et al., 2015). In the present study, we used EBUS to guide the lung
biopsy. The sensitivity of tissue specimens (combined histologic
and TB culture) via EBUS-TBB was higher than with washing
fluid analysis alone. The sensitivity was also elevated to nearly
70% when both washing fluid and tissue specimens were used.
We confirmed that EBUS-TBB could help increase the sensitivity
for sputum smear-negative pulmonary TB diagnosis.

Image-guided procedures, such as CT-guided percutaneous
lung biopsy, have a high rate of accuracy for the diagnosis of
peripheral pulmonary lesions. However, pulmonary hemorrhage
and pneumothorax frequently occur during the procedure, at
a rate of 10-40% (White et al., 2000; Yun et al., 2018). Fatal
complications, such as systemic air embolism, may even cause
patient mortality (Lang et al., 2018; Sakatani et al., 2018). In
the present study, less than 10% of all study participants had a
procedure-related adverse effect after EBUS-TBB, and none of
them needed further intensive care. Pneumothorax occurred in
five patients (3.1%), and none of them required tube drainage.
In Lin’s study, only one patient (1%) developed pneumothorax
after the EBUS procedure (Lin et al., 2009). In another study,
no adverse effect was found when combining EBUS and
electromagnetic navigation for pulmonary TB diagnosis (Gu
et al., 2019). Infection is also a common adverse event in many
invasive procedures. However, only 4.3% of our study population
had new fever episode after EBUS-TBB, and all of them recovered
rapidly after a short course of antibacterial agent treatment. In
our institution, prophylactic antibacterial agents are not routinely
used for all bronchoscopic procedures. Only 35 patients (21.7%)
in our study population used antibacterial agents prior to EBUS
procedures due to persisting fever and bacterial infection could
not be excluded. In addition, image-guided lung sampling can
obtain specimens from a single pulmonary lesion only. Unlike
bronchoscopic procedures, it is difficult to collect specimens
simultaneously from the target lesion and all parts of bronchial
tree. We believe EBUS-TBB is safe and has a high degree of
efficacy for the diagnosis of pulmonary TB.

The TB culture result not only confirms the presence
of a microorganism, but also provides information on drug
sensitivity, which may guide clinicians in devising an appropriate
treatment plan. Some factors were thought to affect the positive
rate for TB culture via bronchoscopic procedures. Large lesion
size or patients with an immunocompromised status might be
considered to have a higher TB organism burden within the
lesion. In the present study, the TB culture rate using washing
fluid and tissue specimen was not statistically different in these
situations. The reason might be that the TB organism is not
distributed evenly. In previous studies, higher TB organism
burdens were usually found in central, necrotic zones of
necrotizing granulomas (Radhika et al., 1989; El-Zammar and
Katzenstein, 2007). In the present study, the lesions with abscess
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TABLE 5 | Logistic regression analysis of factors influencing the positive TB culture rate of washing fluid and tissue specimen.

Factors Positive TB tissue culture rate (%) Univariate Multivariate

Factor presence Factor absence OR (95% CI) p-Value OR (95% CI) p-Value

Patient characteristics

Immunocompromised hosts 8/20 (40) 12/23 (52.2) 0.61 (0.18–2.05) 0.426 – –

Lesion characteristics

Location (upper lobe) 16/35 (45.7) 4/8 (50) 0.84 (0.18–3.92) 0.827 – –

Size (≥ 3 cm) 13/26 (50) 7/17 (41.2) 1.43 (0.42–4.91) 0.571 – –

Abscess/cavity patterns 15/24 (62.5) 5/19 (26.3) 6.07 (1.14–32.41) 0.022* 1.07 (0.16–7.26) 0.941

EBUS characteristics

Heterogeneous echogenicity 14/15 (93.3) 6/28 (21.4) 51.33 (5.57–472.89) 0.001* 44.33 (3.70–530.93) 0.003*

Probe within the lesion 18/37 (48.6) 2/6 (33.3) 1.90 (0.31–11.64) 0.490 – –

Pathologic finding

Present necrosis 12/17 (70.6) 8/26 (30.8) 5.40 (1,42–20.52) 0.013* 4.32 (0.71–26.32) 0.113

CI, confidence intervals; EBUS-TBB, endobronchial ultrasound-guided transbronchial biopsy; OR, odds ratio; TB, tuberculosis.
*Statistical significance with p-value < 0.05.

or cavity patterns on CT imaging also had a higher positive TB
culture rate. EBUS-TBB pathology showing a necrosis pattern
had a significantly higher positive culture rate than those without
a necrotic component (70.6 vs. 30.8%, p = 0.013). This result
is very similar to that of our previous study, which found that
a higher positive microbiologic yield will be obtained using the
EBUS-TBNA procedure when the pathologic specimen shows a
necrotic tissue component (Lin et al., 2020). TB organisms might
be difficult to identify in external or non-necrotic parts of the
lesion. Finding a proper site might influence the probability to
expose TB organism in the diagnosis of pulmonary TB during
bronchoscopy exam.

Tuberculosis organisms would be easier to cultivate when
the lung lesions show heterogeneous echogenicity via the EBUS
image, as in our study result. Heterogeneous echogenicity means
that non-unique components, such as necrosis or cavitation,
exist in the structure of the lung lesions (Kuo et al., 2011).
As such, necrotic components are likely to be obtained in that
part of the lung lesion with heterogeneous echogenicity, which
retains a higher TB bacterial burden. In the present study,
heterogeneous echogenicity in the EBUS finding was the only
independent predictor according to the results of multivariate
analysis (p = 0.003; OR of 44.33; 95% CI, 3.70–530.93). This result
shows that the part of the lesion with heterogeneous echogenicity
in the EBUS findings should be the better site for discovering TB
organisms. To our knowledge, this was the first study to confirm
the echoic feature as a predictor of the positive TB culture rate in
pulmonary TB. We can even use the EBUS image pattern to guide
us to a better site to diagnose pulmonary TB.

Apart from using specimens from the respiratory tract for
TB culture, tissue culture via EBUS-TBB was also used for
pulmonary TB diagnosis in our study. In previous literatures,
tissue specimens obtained via image-guided percutaneous lung
biopsy used for TB tissue culture has improved the diagnosis
of pulmonary TB (Park et al., 2010; Zhao et al., 2020).
However, there are a few reports on using tissue specimens
via TBB for TB culture. Several studies have revealed that
specimens obtained via bronchial washing were more sensitive

for culture positivity than specimens obtained via TBB; therefore,
using TBB for bacterial investigations is of limited diagnostic
value (Chan et al., 1992; Sekine et al., 2017). Unlike the
traditional transbronchial lung sampling method, which does
not use a guiding system in the previous study, utilizing EBUS
can help confirm the location of the lesions, and assist the
operators in choosing a better site for biopsy. We performed
EBUS-TBB for tissue culture, but the positive culture rate
of TB tissue culture was relatively low. The positive culture
rate of the washing fluid did not statistically improve when
combining tissue specimens for analysis (p = 0.664). Tissue
culture via EBUS-TBB has little effect on improving the
positive TB culture rate. Moreover, the sensitivity of TB tissue
culture alone was even lower than histologic findings via
EBUS-TBB. It seems that defining granulomatous inflammation
from histologic examination, but not tissue TB culture, is
the main merit of the EBUS-TBB approach for diagnosing
pulmonary TB. Nevertheless, two patients (4.7%) in our TB
population had positive TB tissue culture results with negative
washing fluid culture. In these circumstances, we believe that
tissue culture is still required for clinicians to assist with
pulmonary TB treatment.

Our study, however, has several limitations. First, this was
a retrospective study, so there might be a risk of selection
bias in our study population. For example, patients who did
not undergo EBUS-TBB and those for whom specimens were
not obtained for tissue culture were not enrolled. Second, the
sample size was relatively small. Some special population groups,
such as human immunodeficiency virus-infected hosts, who are
also at risk of TB infection, were not enrolled. Although rare
serious complications such as severe infection, abscess formation,
hemodynamic changes, or acute respiratory events were not
seen in our small study population, we are unable to determine
whether these complications would not occur when the sample
size is increased. Third, we did not perform brushing or use
guide sheath in our institution when pulmonary infection was
suspected because extra cost was needed. Previous publications
revealed that TBB combined with these techniques has higher
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sensitivity for the diagnosis of peripheral pulmonary lesions
(Kovnat et al., 1975; Kikuchi et al., 2004; Kurimoto et al., 2004),
so they are performed routinely in many institutions. Therefore,
a prospective design with a comprehensive study group and
various diagnostic devices is warranted. Finally, not all of our TB
patients had a diagnosis based on pathologic or microbiologic
evidence. Nine patients (20.9%) had the TB diagnosis based on
the clinical criteria. However, all of these nine patients had typical
CT image pattern and the image improved after completing
the anti-TB treatment course without any antibacterial agent.
In endemic areas, clinical physicians consider TB infection if a
typical pathologic pattern, positive microbiologic report (Ziehl-
Neelsen smear, culture, and TB-PCR), or even a typical CT image
pattern is presented. We also used the image response after a
complete anti-TB treatment course. We think our results are
more easily applied in clinical practice.

In conclusion, EBUS-TBB improves the diagnosis of
pulmonary TB. The TB organism is easier to detect in the
necrotic part of the lesion; therefore, lesions with abscess/cavity
patterns or heterogeneous echogenicity on EBUS findings
had a higher positive TB culture rate. We believe that the
EBUS image pattern with heterogeneous echogenicity can be
used for guidance of TBB and collecting airway specimens
when TB infection is highly suspected. However, tissue culture
via EBUS-TBB has little effect on improving the positive
TB culture rate.
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Tuberculosis (TB) continues to threaten many peoples’ health worldwide, regardless of
their country of residence or age. The current diagnosis of TB still uses mainly traditional,
time-consuming, and/or culture-based techniques. Efforts have focused on discovering
new biomarkers with higher efficiency and accuracy for TB diagnosis. Proteomics—the
systematic study of protein diversity—is being applied to the discovery of novel protein
biomarkers for different types of diseases. Mass spectrometry (MS) technology plays
a revolutionary role in proteomics, and its applicability benefits from the development
of other technologies, such as matrix-based and immune-based methods. MS and
derivative strategies continuously contribute to disease-related discoveries, and some
promising proteomic biomarkers for efficient TB diagnosis have been identified, but
challenges still exist. For example, there are discrepancies in the biomarkers identified
among different reports and the diagnostic accuracy of clinically applied proteomic
biomarkers. The present review summarizes the current status and future perspectives
of proteomics in the field of TB biomarker discovery and aims to elicit more promising
findings for rapid and accurate TB diagnosis.
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INTRODUCTION

Tuberculosis (TB), caused by the pathogenic bacteria Mycobacterium tuberculosis (Mtb), continues
to be a leading public health threat that affects all countries and age groups (Zumla et al., 2013). In
2020, approximately 10 million people developed TB, and 1.3 million people died from the infection
worldwide. Of increasing concern, a total of 157,903 drug-resistant cases were reported, with
132,222 cases of multidrug- or rifampicin-resistant TB and 25,681 cases of pre-extensively drug-
resistant TB or extensively drug-resistant TB detected, although this was a large fall (of 22%) from
the total of 201,997 people detected with drug-resistant TB in 2019 (WHO, 2021). Tuberculosis
control strategies aim to reduce the spread of the infection and cure infectious TB patients, who
need rapid and accurate diagnosis to facilitate the administration of prompt anti-TB treatment,
thereby helping to reduce the transmission of TB and development of drug resistance.

Mtb is an intracellular pathogen that preferentially infects host macrophages and primarily
resides within lung granulomas (Brites and Gagneux, 2015; Elkington et al., 2021), making directly
detecting Mtb in human body fluids, such as blood, saliva, or urine, impossible. A current challenge
in TB diagnosis is the development of rapid point-of-care tests. Sputum smear microscopy is the
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most common way of diagnosing TB worldwide (Steingart
et al., 2006; Molicotti et al., 2014); however, the sensitivity
of sputum smear microscopy ranges from 30 to 60% and
is largely dependent on the operator and the abundance of
Mtb in the samples (Molicotti et al., 2014). Microbiological
culture is considered a diagnostic gold standard, but it requires
several weeks and laboratory containment facilities to culture
and identify Mtb in samples due to the slow growth rate
and biohazard level of the microbe (Lagier et al., 2015). The
rapid molecular-based diagnostic test Xpert MTB/RIF has high
sensitivity and specificity for the diagnosis of smear-positive
sputum TB patients (Steingart et al., 2013); however, Xpert
MTB/RIF has a lower sensitivity for smear-negative sputum
samples, leaving the diagnosis of a significant proportion
of TB-infected cases reliant on diagnostic tests with sub-
optimal accuracy.

Recently, many researchers have focused on the discovery
of host biomarkers for TB diagnostics. Host immune responses
to Mtb infection (Dey and Bishai, 2014) leave traceable signals
within the host that may prove valuable for the accurate
diagnosis and/or prognosis of TB (Parida and Kaufmann, 2010).
Increasingly, investigators are validating the feasibility and
accuracy of using proteomic signatures for TB diagnosis and
prognosis (De Groote et al., 2017b; Penn-Nicholson et al., 2019).
For example, our team previously screened for and validated
key proteomic TB biomarkers using an antibody-based array
for whole-blood samples that were stimulated with pooled Mtb
peptides (ESAT-6 and CFP-10 derived peptides) (Chen et al.,
2009) or mitogen, and we successfully identified an eight-protein
bio-signature of I-TAC, I-309, MIG, granulysin, FAP, MEP1B,
furin, and LYVE-1. The combination of the eight biomarkers
allowed us to distinguish TB from healthy control individuals in
a test cohort with a specificity and sensitivity of 83% (95% CI,
71–91%) and 76% (95% CI, 56–90%), respectively (Yang et al.,
2020). In this review, we summarize the proteomics research
approaches followed over the past several years, focusing on the
progress of TB biomarker discovery via proteomics, with the hope
of eliciting more promising biomarker discoveries for rapid and
accurate TB diagnosis.

PROTEOMICS RESEARCH
APPROACHES

Proteomics is the systematic study of the proteome with the
aim of uncovering the nature of sophisticated protein-interaction
networks with respect to protein expression, structure, function,
and control of biological processes within an organism (Patterson
and Aebersold, 2003). By comparing different patterns within
the proteome, proteomics has continued to provide a powerful
method for studying the changes in protein diversity that
accompany health and disease processes, making the clinical
diagnosis, prognosis, and even treatment of different diseases
possible (Kavallaris and Marshall, 2005).

It is the development of technology and informatics that
make a new concept achievable, as is the case for proteomics.
Figure 1 illustrates the timeline of proteomic technology and

protein database development that has promoted proteomics
research. However, the proteome of a particular cell type or
tissue is a mixture of all the proteins expressed (Wilkins, 2009);
thus, protein separation is a prerequisite for single-protein
analysis. As early as 1975, two-dimensional polyacrylamide gel
electrophoresis (2D-PAGE), which separates proteins based on
their size and surface charge, was first employed to separate
ribosomal proteins of Escherichia coli (Knopf et al., 1975). Mass
spectrometry (MS), which is usually applied to the identification
of individual protein spots separated by 2D-PAGE, was first
described in 1899. It was not, however, until the development of
non-destructive large-biomolecule ionization methods, including
matrix-assisted laser desorption/ionization (MALDI) (Karas and
Hillenkamp, 1988) and electrospray ionization (Fenn et al., 1989),
that the widespread application of MS became feasible. Peptide
mass fingerprinting (Henzel et al., 2003) and isotope-coded
affinity tag (Gygi et al., 1999) approaches were then combined
with different MS strategies for the accurate quantification of
concurrent peptides from proteins that are found abundantly or
even in trace amounts in complex mixtures.

Benefiting from the rapid development of technology during
the 21st century, some classical technologies have helped to
further revolutionize proteomics. For example, 2D-PAGE and
MS have been developed into techniques such as difference-gel
2D-electrophoresis (Larbi and Jefferies, 2009), surface-enhanced
laser desorption/ionization time of flight (SELDI-TOF) MS
(Marcos et al., 2013), quantitative chemical cross-linking with
MS (Wippel et al., 2021), and immunodepletion techniques
for “low-abundance” protein determination (Liu et al., 2021b).
Moreover, “protein chips” have been designed and combined
with MS approaches for the specific analysis of selected proteins
(Zhou et al., 2001). It is important to consider that, coupled
with proteomic technologies, proteomics databases, including
Swiss-Prot, Entrez, and the Human Proteome Organization,
also continue to contribute to the development of proteomics
(Kavallaris and Marshall, 2005). Moreover, in addition to
other single-cell approaches (Mauger et al., 2021), single-cell
proteomics is emerging as a way to identify and quantify the
proteins in individual cells (Li et al., 2021). Although there are
no high-throughput proteomic “sequencers” available as yet, it is
believed that this technology will contribute to the discovery of
new aspects of protein and cell biology in the future.

DIAGNOSTIC APPLICATION OF
PROTEOMIC BIOMARKERS FOR
TUBERCULOSIS

Upon Mtb infection, the host cells’ response is to produce
and secrete certain effectors to deal with the invading bacteria
(Dey and Bishai, 2014; Brites and Gagneux, 2015; Llibre et al.,
2021). Blood is the primary vehicle for the transport of either
host effectors or Mtb factors and is usually routinely sampled
for clinical testing, making blood samples readily accessible for
research purposes and diagnostic tests. The recent advances
in proteomics make the simultaneous detection of thousands
of proteins possible, facilitating the capture of effectors and
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FIGURE 1 | Timeline of proteomic technologies and protein database development. MS, mass spectrometry; 2D-PAGE, two-dimensional polyacrylamide gel
electrophoresis; MALDI, matrix-assisted laser desorption/ionization; ESI, electrospray ionization; PMF, peptide mass fingerprinting; ICAT, isotope-coded affinity tag;
DIGE, difference-gel 2D-electrophoresis; SELDI-TOF, surface-enhanced laser desorption/ionization time of flight; HUPO, Human Proteome Organization; HPA,
Human Protein Atlas.

thus paving the way for alternative and efficient TB biomarker
discovery. In this section, we summarize the recent developments
in the identification of proteomic biomarkers that can be used
for differentiating TB from healthy or other disease status
individuals. This has been achieved by categorizing the origin
of the biomarkers from either blood samples, urine samples, or
other types of human body fluids.

Identification of Tuberculosis Biomarkers
in Human Blood Samples
Human blood and derivative samples are ideal for TB diagnosis
with respect to convenience, feasibility, and the amount of sample
that can be collected. In addition, upon Mtb infection, molecules
secreted during host immune responses, such as cytokines, are
mainly delivered via the blood. The advantages of blood samples
make them a priority choice, and most studies of proteomic
biomarkers for TB diagnosis are based on blood samples. Some
biomarkers, for example, ESAT6 (Chiappini et al., 2012; Liu et al.,
2017), IP-10 (Estevez et al., 2020), and CD161 (Yang et al., 2015),
are secreted by either Mtb or the host and have been verified and
validated for the detection of Mtb and TB diagnosis. But due to
the low chance of detecting Mtb traces in blood samples and the
reported inconsistencies among different research findings, more

intensive investigations are necessary in the search for further
potential biomarkers for TB diagnosis.

Agranoff et al. (2006) undertook research to discriminate
between TB-infected and control individuals by utilizing SELDI-
TOF MS (von Eggeling et al., 2001; Issaq et al., 2002) to search for
proteomic biomarkers in serum samples. In the first phase of the
study, they recruited 349 individuals and studied 179 confirmed
culture-positive TB samples and 170 controls collected at St
George’s Hospital, United Kingdom; Angola; the Gambia; and
Uganda. After profiling all the serum samples with weak cation
exchange (CM10) protein chip arrays and supervised machine
learning classification methods, the authors chose a Gaussian
kernel support vector machine classifier to discriminate the
proteomic profile of patients with active TB from that of controls,
and the diagnosis sensitivity was 93.5%, specificity was 94.9%,
and overall diagnostic accuracy of 94% as the best discriminator
for the TB and control groups. A second independent and
prospectively collected testing set that included 41 validation
samples (18 TB and 23 controls) achieved a sensitivity of 88.9%
and specificity of 77.2%. This study was robust but did not clarify
the identity of the potential protein biomarkers, which hampered
their subsequent application in other sets of samples. In addition,
the size of the second testing set was limited, and a larger set of
testing samples would have provided a more accurate validation.
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Another study (De Groote et al., 2017b) reported the execution
of a large multi-center study designed to search for a diagnostic
serum protein signature for pulmonary TB. Using the 4,000-plex
SOMAscan assay (De Groote et al., 2017a), they performed in-
depth proteomic analysis of 1,470 serum samples from seven
TB-endemic countries: South Africa, Peru, Zimbabwe, Uganda,
Vietnam, Colombia, and Bangladesh. A total of 504 samples (252
non-TB and 252 TB) were tested on SOMAscan for biomarker
discovery. The identified HR6 model of host response markers,
which included SYWC, kallistatin, complement C9, gelsolin,
testican-2, and aldolase C, was subjected to testing with a
blinded verification set of 204 samples and reached an area
under the curve (AUC) of 0.87 (95% CI, 0.81–0.91). Besides the
identified HR6 protein signature, several previously described
TB markers, such as IP-10, LBP, FCG3B, and TSP4, were also
detected in this study. The reason that IP-10 and other known
markers were not included in the HR6 signature may be the
statistical methods applied or other reasons. Although there
were claims that the 4,000-plex SOMAscan assay is able to
simultaneously measure > 4,000 proteins in serum samples,
many other proteins, and thus other more promising biomarkers,
could have been missed.

Tuberculosis (TB) co-infection is a leading cause of death
among people living with HIV, and diagnostic biomarker
discovery among this group of people is necessary to reduce
mortality (Corbett et al., 2003). Singer et al. (2021) analyzed and
compared plasma host proteins from subjects from South Africa
(n = 30, representing a region of high TB incidence) and
the United States (n = 24, representing a region of low TB
incidence), and CD14, A2GL, NID1, SCTM1, and A1AG1 were
identified as overlapping between both cohorts. The authors
further assessed the diagnostic performance of these host proteins
using cross-validation and found that panels of 5–12 proteins
had excellent accuracy 0–6 (AUC 0.93) at 6–12 months (AUC
0.86) prior to TB diagnosis for the South African cohort and
good accuracy 0–6 (AUC 0.74) at 6–12 months (AUC 0.76) prior
to TB diagnosis for the United States cohort. In addition, Shen
et al. (2020) analyzed 200 HIV-positive plasma samples using
data-independent acquisition MS-based proteomics, and they
reported that, in combination, the proteins markers AMACR,
LDHB, and RAP1B may serve as TB markers for HIV-infected
patients (Shen et al., 2020). Overall, the TB diagnosis of patients
co-infected with HIV is difficult due to interference from the HIV
infection. Intensive studies of large cohorts with diverse genetic
backgrounds are needed to achieve accurate and consistent data.

Recently, an increasing number of investigations have
reported new proteomic biomarkers for TB diagnosis using
either blood, urine, or other body fluid samples (Table 1). It
should be noted that discrepancies exist among the different
investigation outcomes, even among similar studies (Table 1). In
addition, most of the proteomic biomarkers identified in various
body fluid samples originated from preliminary investigations,
and there is still a long journey ahead before these potential
biomarkers can be applied in clinical diagnosis. Moreover,
due to the intracellular survival and other adaptation features
of the bacterium (Brites and Gagneux, 2015), few studies
have discovered mycobacterium-derived proteomic biomarkers

that have the potential to be used in the diagnosis of active
TB (Hendrickson et al., 2000; Chen et al., 2018). Some
additional identified blood-based proteomic biomarkers are
summarized in Table 1.

Identification of Tuberculosis Biomarkers
in Human Urine Samples
Besides blood samples, urine samples are another common
choice for identifying proteomic biomarkers for human TB
diagnosis, and some relevant investigations have been reported.
In 2021, Liu et al. (2021a) analyzed and compared the
urinary proteomic profiles of TB patients and healthy controls.
They first screened for potential biomarkers using the liquid
chromatography coupled with tandem mass spectrometry (LC–
MS/MS) technique on 20 TB and 20 healthy control samples,
then further validated the identified proteomic biomarkers in
another 52 TB, 52 latent tuberculosis infection (LTBI), and 52
healthy control samples. Based on the data, they concluded that a
combination of glutathione peroxidase 3 (P22352), neurotrimin
(Q9P121), poliovirus receptor (P15151), signaling lymphocytic
activation molecule family 1 (Q13291), and hemicentin-2
(Q8NDA2) could potentially be applied to the diagnosis of
TB, with an 82.7% sensitivity for TB diagnosis and a 92.3%
specificity for the diagnosis of TB in the LTBI category. By
comparing urine samples from 21 active TB, 24 LTBI, and 18
healthy controls via LC–MS/MS, Young et al. identified IGKC,
RBP4, PTGDS, AMBP, ORM1, IGCL2, and SECTM1 as potential
protein biomarkers for distinguishing TB from LTBI or healthy
control samples. However, they did not validate the group of
biomarkers in a second cohort and did not clarify the diagnostic
sensitivity or specificity (Young et al., 2014). In addition, a unique
21-mer Mtb peptide sequence (VVLGLTVPGGVELLPGVALPR)
was identified (Pollock et al., 2018) from urine samples of
Zimbabwean patients that showed 95% sequence homology with
Mtb oxidoreductase (MRGA423_21210) from the clinical isolate
MTB423 (identified in Kerala, India), but the relevance of this
occasionally identified Mtb-originating protein biomarker needs
to be verified in further investigations.

Identification of Tuberculosis Biomarkers
in Other Human Body Fluids
Saliva and sputum, which contain thousands of proteins, mRNA,
and bacterial species, have been used widely for biomarker
studies and as samples for disease diagnosis and assessment
(Ruhl, 2012; Carpenter, 2013; Kaczor-Urbanowicz et al., 2017;
Sun et al., 2017). Collecting a saliva/sputum sample is easy,
non-invasive, and more acceptable for repeat testing. Several
biomarkers for the diagnosis of TB have been identified in
saliva by proteomics approaches. Recently, P01011, Q8NCW5,
P28072, A0A2Q2TTZ9, and Q99574 were identified using
a QExactive Orbitrap mass spectrometer, with which the
combined five-protein bio-signature was shown, after leave-
one-out cross validation, to yield an AUC of 1.00 (95% CI,
1.00–1.00), sensitivity of 100% (95% CI, 76.2–100%), and
specificity of 90.9% (95% CI, 58.7–99.8%) in TB diagnosis
(Mutavhatsindi et al., 2021). Using MS, a signature comprising
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TABLE 1 | Proteomic biomarker identification for TB diagnosis.

Sample type/size Proteomic biomarker Sensitivity and specificity Technology
employed

References

Total 196 urine samples Glutathione peroxidase 3,
neurotrimin, poliovirus receptor,
signaling lymphocytic activation
molecule family 1, and hemicentin-2

82.7% sensitivity and 92.3%
specificity

LC–MS/MS Liu et al. (2021a)

Total 342 plasma
samples

CFHR5, LRG1, CRP, LBP, and
SAA1

AUC of 0.93 (95% CI: 0.89–1.00,
p ≤ 0.001) or 0.81 (95% CI:
0.68–0.94, p = 0.001)

High-resolution MS Garay-Baquero et al.
(2020)

Total 120 serum
samples

sCD14, PGLYRP2, and FGA AUC of 0.934, sensitivity of 81.2%,
and specificity of 90%

MS strategy Chen et al. (2020)

Total 6,363 plasma
samples

Complement factor 9,
IGFBP-2,CD79A, MXRA-7, NrCAM,
CK-MB, and C1qTNF3/CTNFF3

AUC of 0.66 (0.56–0.75) or 0.65
(0.55–0.75)

Multiplexed proteomic
assay (SOMAscan)

Penn-Nicholson et al.
(2019)

1,470 serum samples SYWC, kallistatin, complement C9,
gelsolin, testican-2, and aldolase C

AUC of 0.95 or 0.92 in a blinded
verification set

4,000-plex SOMAscan
assay

De Groote et al.
(2017b)

172 serum and plasma
proteins

CLEC3B, ECM1, IGFALS, IGFBP3,
SELL, and VWF

AUC > 0.85 MRM-MS assay Bark et al. (2017)

Total 63 urine samples IGKC, RBP4, PTGDS, AMBP,
ORM1, IGCL2, and SECTM1

Not available LC–MS/MS Young et al. (2014)

Total 132 serum
samples

Apolipoprotein CII (APOCII), CD5
antigen-like (CD5L), and
retinol-binding protein 4 (RBP4)

93.42% sensitivity and 92.86%
specificity

iTRAQ-coupled 2D
LC–MS/MS technique

Xu et al. (2014)

Total 103 sputum
samples

UqhC Not available 2D-PAGE and
MALDI-TOF/TOF MS

Fu et al. (2012)

Two isolated Mtb
strains

Rv0443, Rv0379, and Rv0147 Not available 2D-PAGE and MS Hadizadeh Tasbiti et al.
(2021)

Total 285 urine samples miR-625-3p, mannose-binding
lectin 2, and inter-α-trypsin inhibitor
H4

85.87% sensitivity and 87.50%
specificity

2D-PAGE and
MALDI-TOF/TOF MS

Wang et al. (2018)

Total 104 saliva
samples

Salivary CRP, ferritin, serum amyloid
P, MCP-1, alpha-2-macroglobulin,
fibrinogen, and tissue plasminogen
activator

78.1% sensitivity and 83.3%
specificity

Luminex multiplex
immunoassay

Jacobs et al. (2016)

Total 141 serum
samples

2,024, 8,007, and 8,598 Da
identified by biomarker patterns
software

Blind test data indicated sensitivity
of 80.0% and specificity of 84.2%

SELDI-TOF MS and
protein-chip

Liu et al. (2011)

Total 264 serum
samples

Three protein peaks at m/z 5,643,
4,486, and 4,360 Da

96.9% sensitivity, 97.8% specificity,
and up to 97.3% accuracy

SELDI-TOF MS and
protein-chip

Zhang et al. (2012)

Total 630 stimulated
blood samples

I-TAC, I-309, MIG, granulysin, FAP,
MEP1B, furin, and LYVE-1

For prediction cohort, specificity of
84% (95% CI 74–92%) and
sensitivity of 75% (95% CI 57–89%)

Protein arrays Yang et al. (2020)

Total 160 serum
samples

S100A9, SOD3, and MMP9 Sensitivity of 92.5% and specificity
of 95% for discriminating between
TB and HC

iTRAQ-coupled 2D
LC–MS/MS

Xu et al. (2015)

Total 391 serum
samples

2,554.6, 4,824.4, 5,325.7, and
8,606.8 Da

Sensitivity of 83.3% and specificity
of 84.2%

SELDI-TOF MS Liu et al. (2013)

Total 390 serum
samples

Serum amyloid A and transthyretin Sensitivity of 88.9% and specificity
of 77.2% in test cohort

SELDI-TOF MS and
protein chip arrays

Agranoff et al. (2006)

MRM-MS, mass spectrometry coupled with multiple-reaction monitoring; MS, mass spectrometry; LC–MS/MS, liquid chromatography coupled with tandem mass
spectrometry; AUC, area under the curve; iTRAQ, isobaric tags for relative and absolute quantification; SELDI-TOF, surface-enhanced laser desorption/ionization time
of flight; 2D-PAGE, two-dimensional polyacrylamide gel electrophoresis; MALDI-TOF/TOF MS, matrix-assisted laser desorption/ionization-time of flight tandem mass
spectrometry; TB, tuberculosis; HC, healthy controls.

β-integrin, vitamin D-binding protein, uteroglobin, profilin, and
cathelicidin antimicrobial peptide in saliva was confirmed to
differentiate active TB patients from non-TB patients with an
AUC of 0.75 (Bishwal et al., 2019). Mariam and colleagues
investigated the sputum proteome of patients with active and
latent TB infections as well as community controls using

an ultrafast sample-preparation approach (HaileMariam et al.,
2018). A 49-protein signature was used to successfully distinguish
TB from control subjects; however, this panel of proteins
was unable to differentiate LTBI from healthy subjects. In
another study, salivary proteomic analysis demonstrated that
TB patients exhibit a specific accumulation of proteins related
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to complement activation, inflammation, and the modulation
of the immune response and a decrease in proteins related
to glucose and lipid metabolism. A group of proteins,
including haptoglobin, alpha-1-acid glycoprotein 1 and 2,
immunoglobulin gamma 4 chain, fibrinogens, dermcidin, protein
disulfide isomerase, triosephosphate isomerase, and ras GTPase-
activating-like protein, are other potential biomarkers for the
diagnosis of TB (Mateos et al., 2019).

CHALLENGES AND FUTURE
PERSPECTIVES

Intensive investigations into Mtb–host interactions have
broadened and deepened our knowledge on the strategies
applied by Mtb to infect hosts and the host responses upon
infection. The development of technologies, especially MS,
has facilitated proteomic biomarker identification with high
efficiency, but there are still some technical challenges slowing
down the application of proteomics to the diagnosis of active
TB. Sampling complexities (e.g., the timing of sample collection,
small-molecule interference, and the coexistence of TB with
other types of disease), differences in protein abundances, the
presence of isoforms, and post-translational modifications are
barriers preventing the identification of accurate and universal
biomarkers with current technologies and strategies. More
powerful techniques with improved sensitivity will be required,
especially for low-abundance proteins and for differentiating
protein isoforms and modifications. In addition, there is a
risk of diagnostic bias when using a single protein biomarker,
and a group of biomarkers within a panel could be detected
simultaneously using current technologies, but discrepancies
among different reports are increasing, providing confusing

or even misleading evidence for the optimum TB diagnostic
markers. One reason for the unsatisfactory reproducibility of
the discovered biomarkers is that the studied cohorts have
differed with regard to their genomic backgrounds, immune
responses, or other factors. Large cohorts of samples from various
populations that include a diversity of TB patient statuses may be
needed to overcome this problem. Moreover, a combination of
different “omics” techniques may be useful for improving TB
diagnostic accuracy and consistency, and single-cell proteomics
holds particular promise as a method that will advance active TB
diagnosis in the future (Petelski et al., 2021).
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Background: Culture of Mycobacterium tuberculosis remains the gold standard in
mycobacteriology laboratories, constrained by the very high risk of contamination;
therefore, contamination rate is an important key performance indicator (KPI) for
laboratory monitoring and evaluation processes.

Aim: This study aimed to investigate the factors that contribute to elevated
contamination rates in the Sudan National Tuberculosis Reference Laboratory.

Method: A laboratory-based retrospective study was applied; a TB culture register-
book was carefully reviewed and data from 2 January 2019 to 31 December 2019 were
entered, cleaned, and analyzed using IBM SPSS 20. A multivariate logistic regression
model was performed to examine two dependent variables, the massive contamination,
and the single tube contamination against predictors of reason for cultivation, type of
specimen, experiment team, and the quarter of cultivation.

Results: It has been found that in 2019 contamination rates were frequently higher; the
highest rates were recorded in January and November, 28.2 and 25.2%, respectively.
August is an exception with an accepted contamination rate of 4.6%. Of 1,149
specimens requested for culture, 945 (82.2%) samples were eligible to be included
in multivariate logistic regression analysis. The team conducting the experiment
was significantly associated with a high single tube contamination p value 0.007;
adjusted odds ratio AOR 3.570 (1.415–9.005). The correlation between the single tube
contamination and the massive contamination is significant; p value 0.01.

Conclusion: The study concludes that high culture contamination is the greatest risk
to the quality of laboratory service and can end in either the loss of specimens or
delay in the decisions of initiating patient treatment. In addition, the low quality or
incompleteness of data increases the uncertainty and undermines the measurement
of key performance indicators.

Keywords: culture, contamination, management review, continuous improvement, laboratory diagnosis,
tuberculosis, quality indicators
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INTRODUCTION

Sudan is a moderately tuberculosis (TB) burdened country. In
2014 the prevalence was 159/100,000; it is higher among adults, in
urban settings, and in the male population, although 11–13% of
all notified cases are children. In 2017, the estimated TB incidence
was 77/100,000, for a total of 31,000 cases and a mortality rate
of 12/100,000. Comparatively, TB case notifications remained
steady for the last decade in a range of (19,817–22,097). In 2016,
the total notification was 21,091 cases. Among them, 19,305
(91.5%) were new, while 1,786 (8.5%) were retreatment cases. Of
the new cases, 6,520 (30.9%) were smear-positive, 6,167 (29.2%)
were smear-negative, 4,951 (23.5%) were extra-pulmonary, and
in 1,667 (7.9%) sputum was not done. Last year there were three
presumptive cases of extensively drug resistant tuberculosis
(XDR-TB); only one of them was confirmed and the notified
multi drug resistant tuberculosis (MDR-TB) cases were 220
(CNCDCD et al., 2018).

In Sudan, the GeneXpert network was designed and consists
of three levels; it was managed and supervised centrally by the
National Tuberculosis Reference Laboratory (NTRL), connected
with 18 state laboratories located in capital cities, equipped
with one machine or more. Based on MDR notifications, it
was expanded to serve 72 sites in localities. An external quality
assessment (EQA) system was planned but not yet implemented.
The GeneXpert network was employed as the earliest diagnostic
tool in the diagnostic algorithm which prioritizes screening
and early identification of rifampicin resistant cases among TB
suspect and MDR-TB high-risk groups, such as TB retreatment
cases, MDR-TB contact, HIV patients, and prisoners. To
scale up the programmatic management of drug resistant
tuberculosis; sputum smear microscopy was only dedicated for
the monitoring of treatment of first-line anti TB drugs (FLDs).
So far, culture is the gold standard diagnostic method in the
mycobacteriology laboratory.

Several types of culture systems have been developed,
however, Löwenstein–Jensen medium (LJ) is considered the
reference mycobacterial growth medium (Rageade et al., 2014).
Solid egg-based cultures are cheaper and safer, more specific, and
allow better visibility of colonial morphology compared to liquid
systems (Kidenya et al., 2013; Ahmad et al., 2017). Cultures are
more sensitive and significantly increase the number of notified
cases (Asmar and Drancourt, 2015). However, they are time-
consuming when compared to molecular techniques and sputum
smear microscopy. Additionally, cultures provide the necessary
isolates for conventional drug susceptibility testing (DST) to
provide a definitive diagnosis, therefore, molecular techniques
and sputum smear microscopy are not replacing the culture
of M. tuberculosis (World Health Organization, 1998; Chihota
et al., 2010). Cultivation of mycobacteria is the only method that
enables differentiation between viable and dead bacterial cells.
This characteristic was frequently recruited to monitor treatment
response, to confirm patient sterility and sputum conversion,
as well as to ensure the breaking of transmission cycles and
to document cure of patients (Su et al., 2011; World Health
Organization, 2014; Lawn and Nicol, 2015; Wong et al., 2016).

The accuracy of technical manipulation of analytical
and pre-analytical processes either negatively or positively

impacts the prone of mycobacterial culture contamination.
Soft decontamination procedures due to the constraints of
less time or lower concentration might increase the possibility
of contamination occurrence. In addition, poor quality of
specimens, delay in transportation to the laboratory, as well as
poor quality of culture media and incubation conditions might
be addressed as possible causes of contamination (World Health
Organization, 2011). In this study, we aimed to explore other
factors that might contribute to raised contamination rates in the
Sudan National Tuberculosis Reference Laboratory.

MATERIALS AND METHODS

Study Setting
Sudan National Tuberculosis Reference Laboratory (NTRL) is
the sole reference TB laboratory in the country; it stands at
the top of the hierarchical network of four regional TB culture
laboratories, 18 smear microscopy quality assurance (EQA)
laboratories, and 327 tuberculosis management units (TBMUs).
The diagnostic menu includes a variety of conventional
laboratory tests: Ziehl–Neelsen (ZN) and Phenolic-Auramine
fluorescence microscopy (FM), egg-based cultures, first line,
and second-line drug susceptibility testing (DST). In addition,
the WHO endorsed molecular techniques Xpert R© MTB/RIF
assay (Cepheid Inc., Sunnyvale, CA, United States) and Line
Probe Assay GenoType MTBDRplus for rifampicin and isoniazid
resistance (Hain Lifescience GmbH, Nehren, Germany), and
GenoType MTBDRsl for XDR detection.

Laboratory Culture
Sudan National Tuberculosis Reference Laboratory is
adopting the Petroff method for sputum decontamination
and homogenization. Standard operating procedure (SOP)
describes the addition of an equal volume of 4% sodium
hydroxide solution (4% NaOH) to the sputum sample, gentle
shaking, and homogenization for 15 min. Neutralization
of alkaline solution includes three without-centrifugation
options: the use of hydrochloric acid (HCl) with phenol red
indicator, use of phosphate buffer saline (PBS) pH 6.8, or
direct inoculation onto two tubes of Ogawa acidified medium.
Löwenstein-Jensen medium (LJ) Slants were incubated at 37◦C
for 8 weeks and inspected regularly for the recording of negative
results. Culture contamination and the grades of positive results
(scanty, +, ++, +++) were recorded immediately when visible
mycobacterial growth appear.

Data Collection and Data Management
The culture laboratory register book was carefully reviewed. It
includes data about specimens, patients, and results of smear and
culture. Data were categorized, double entered onto statistical
package for social sciences (IBM SPSS statistics 20), checked,
and cleaned. Category “Not recorded” was elaborated for not
filled data from the original institution that requested the culture,
unknown data, or data not transcribed from the request form
inside the reference laboratory. Specimens that were requested
and not received or not processed were excluded. Furthermore,
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information about sample collection, sample reception, and
sample processing dates were not completely filled in the culture
register book; therefore, these variables were also excluded
from this study. Dried culture tubes indicate ignorance of early
inspection of culture slants, undermines the good microbiological
technique (GMT), and also ends to the loss of specimen;
therefore, dried tubes were considered as contaminated. In case of
two different direct and indirect smears positive results from the
same specimen, or any other difference between positive results
of each single culture tube, the highest grade was considered. For
example, if the result was (++) and the result of the other tube was
(+) the result of culture was recorded as (++).

Statistical Analysis
In this study, the proposed predictors include the reason
for cultivation, type of specimen, the team conducting
the experiment, and the quarter of cultivation which
referred to three successive months in the year (January
to March, April to June, July to September, and October
to December); each predictor that had complete data was
illegible for statistical analysis. These predictors were examined
separately against two dependent variables: the massive
contamination (contamination of all three cultivated tubes)
and contamination of single tube (contamination of only one
or two cultivated tubes). A multivariate logistic regression
model was applied to examine statistical associations at 95%
confidence intervals, the reference category is first ordered
ascending. Odds ratios, upper bound, lower bound, and p
values were calculated, and a correlation between both types of
contamination was determined.

Ethical Consideration and Publication
Approval
This study is based on secondary data, and it did not
involve working with any type of human subjects, clinical
specimens or interventions, patients’ interviews, or clinical
trials; however, the proposal has been scientifically and ethically
approved by the national public health laboratory ethical
committee. The publication permission and approval were
obtained from the general directorate of the National Public
Health Laboratory (NPHL).

RESULTS

Study Subjects and Study Population
From 2 January 2019 to 31 December 2019, a number of
1,149 specimens were requested for culture in the National
Tuberculosis Reference Laboratory, of which 1,125 (97.9%)
were received and processed and have had a laboratory culture
result. The majority of specimens (881–78.3%) were requested
for treatment monitoring, whereas 83 (7.4%) were baseline
specimens and the reason for culture request of 161 (14.3%)
were not recorded. In addition, 1,040 (92.4%) specimens were
sputum, 30 (2.7%) were other than sputum, and 55 (4.9%) were
not recorded. Experiments were conducted by five principal

60% 40% 20% 0% 20% 40% 60%

Less than 5
06 - 15
16 - 25
26 - 35
36 - 45
46 - 55
56 - 65

More than 65

Female Male

FIGURE 1 | Demographic of TB presumptive and follow-up cases.

operators in six work teams and the range of workload for
culture is 51–159 specimens per month. Only 496 (43.2%) of
patients’ demographic information is complete and shown in
Figure 1.

Laboratory Culture
After following the exclusion criteria, of the 1,125 registered
samples, a total of 945 (84%) samples were eligible to be included
in statistical analysis; of them, 656 (73%) were smear-negative,
255 (16.7%) were smear-positive, and the remaining 97 (10.3%)
were not recorded. A breakdown of results is shown in Table 1.

Culture Contamination
Massive contamination rates were higher in March (13.7%)
and in November (8.5%). They decreased to 0.1% in January
and did not occur (0%) in February, April, June, and
August; Single tube contamination rates were higher in
January (28.2%), November (25.2%), and in March (24.5%)
(Figure 2).

Predictors of High Culture
Contamination Rates
Out of 1,125 specimens included in this study, 180 (16%) samples
were excluded from the statistical analysis. The remaining
945 samples (84%) had complete data regarding independent
variables and are eligible to be included in the statistical analysis;
details were shown in Tables 3, 4.

DISCUSSION

The WHO laboratory quality management system LQMS
document recommends management reviews of all
information gathered in the laboratory records regularly
(World Health Organization, 2011); the typical period
for conducting a management review is annually to
provide useful information about areas for improvement
(International Organization for Standardization, 2005,
2012).

The accepted culture contamination rate in Löwenstein–
Jensen (LJ) solid medium is 3–5% (European Centre for
Disease Prevention Control, 2016). In this report culture
contamination rates were higher, up to 28.2%. Inaccuracy
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TABLE 1 | Frequency of smear microscopy result, reason of specimen cultivation, and culture result.

Reason for culture Culture Total

Negative Scanty 1+ 2+ 3+ Contamination

Base line Smear Negative 28 2 3 0 0 1 34

1+ 4 1 9 6 1 0 21

2+ 1 0 4 1 4 0 10

3+ 0 0 0 1 2 0 3

Not recorded 4 0 4 1 0 1 10

Total 37 3 20 9 7 2 78

Follow-up Smear Negative 624 8 10 1 0 13 656

Scanty 10 6 0 0 0 0 16

1+ 57 3 18 7 4 1 90

2+ 2 1 5 3 2 0 13

3+ 2 0 1 2 0 0 5

Not recorded 73 3 3 0 0 8 87

Total 768 21 37 13 6 22 867

Total Smear Negative 652 10 13 1 0 14 690

Scanty 10 6 0 0 0 0 16

1+ 61 4 27 13 5 1 111

2+ 3 1 9 4 6 0 23

3+ 2 0 1 3 2 0 8

Not recorded 77 3 7 1 0 9 97

Total 805 24 57 22 13 24 945

The majority of the specimens (91.7%) were requested for treatment monitoring reasons while the remaining (8.3%) were requested for diagnosis reasons. One half of
the results of smear microscopy for the diagnostic specimens were positive and the other half was negative. Noticeably, (13%) of the data were missing. Of the follow up,
(75%) of specimens were smear negative, (10%) of data were missing, and (15%) were smear positive. When all specimens were pooled, 690 of them (73%) were smear
negative, 97 (10.3%) of the data were not recorded, and the rest (17%) were smear positive.

FIGURE 2 | Culture contamination rate, 2019.

of analytical processes are the most likely proposed cause
of high contamination rates; however, several other factors
are thought to contribute to increasing the contamination
rate. High contamination rate in solid egg-based culture
media is frequently seen in different settings, such as Kenya
(Okumu et al., 2017) and India (Sharma et al., 2017). Further,
as in other low-income countries, the laboratories infrastructure
was fragile, and this could contribute to additional causes of
high contamination rates (Engel et al., 2016). In this study,
the team conducting the experiment was significantly associated
with single tube high contamination rate; similar findings
were perceived in other reports (Reddy et al., 2014). Sudan

National Tuberculosis Reference Laboratory was fully staffed
with experienced qualified technical personnel; however, this
association might be attributed to the uneven level of proficiency
or other socioeconomic factors.

Major limitations of this study were due to the missing,
not recorded, or not transcribed data; this could increase
the uncertainty of generated information rather than the
appropriate interpretation of the study findings (Dilraj
et al., 2015), as in this study approximately only one-
half of data regarding age and gender was completed.
However, TB epidemiology of the laboratory attendees was
similar to international status (Dodd et al., 2016; Marcoa
et al., 2018). Secondly, it could decrease the ability of
extracting and assessing other key performance indicators
in the TB culture laboratory which could be measured
routinely. These indicators were highlighted in several
studies. Cultures can increase TB detection by 30–50%
(Demers et al., 2012; Kassaza et al., 2014). In this study,
due to the negative impact of not recorded data, it was
not possible to measure the recovery rate indicator. Other
indicators, such as turnaround time, was also reported to
affect the quality of the laboratory service (Stapleton and
Sammond, 2012). The effect of delay between the collection,
dispatching, and processing was seen in Burkina Faso (Kaboré
et al., 2014; Reddy et al., 2014). To date, Sudan National
Tuberculosis Reference Laboratory relies upon a paper-based
recording system, which increases the chances of error. These
limitations can partially be fixed by the development of a
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TABLE 2 | Correlation between single tube contamination and massive contamination.

Single tube contamination Massive contamination

Single tube contamination Pearson Correlation 1 0.262**

P value 0.000

N 945 945

Massive contamination Pearson Correlation 0.262** 1

P value 0.000

N 945 945

The computed 2 × 2 table revealed a significant weak correlation between massive contaminations, and single tube contamination at 0.01; correlation
coefficient was 0.262. Details are shown in this table. **Correlation is significant at the 0.01 level.

TABLE 3 | Multivariate logistic regression of single tube contamination.

Predictor Category p value AOR* 95% Confidence interval

Lower bound Upper bound

Reason of culture Base line 0.378 1.289 0.733 2.268

Follow-up 1

Type of specimen Sputum 0.678 0.781 0.242 2.516

Other 1

Quarter of cultivation Q1a 0.060 1.671 0.978 2.853

Q2b 0.661 0.883 0.507 1.538

Q3c 0.103 0.650 0.388 1.091

Q4d 1

Team of work A 0.492 1.406 0.532 3.718

B 0.120 2.168 0.817 5.751

C 0.077 2.373 0.910 6.189

D 0.289 1.697 0.639 4.509

E 0.007 3.570 1.415 9.005

F 1 .

aJanuary to March, bApril to June, cJuly to September, dOctober to December. Multivariate logistic regression reveals a significant association between experiment team
and single tube high contamination rate p value 0.007; AOR 3.570 (1.415–9.005). * Adjusted odds ratio.

TABLE 4 | Multivariate logistic regression of massive culture contamination.

Predictor Category p value AOR* 95% Confidence interval

Lower bound Upper bound

Reason of culture Base line 0.778 0.778 0.135 4.468

Follow-up 1

Type of specimen Sputum 0.075 0.093 0.007 1.273

Other 1

Quarter of cultivation Q1a 0.446 1.579 0.488 5.112

Q2b 0.097 0.230 0.041 1.303

Q3c 0.079 0.274 0.065 1.163

Q4d 1

Team of work A 0.200 0.140 0.007 2.830

B 0.136 0.102 0.005 2.056

C 0.879 0.832 0.078 8.919

D 0.167 0.149 0.010 2.215

E 0.622 1.758 0.187 16.537

F 1

aJanuary to March, bApril to June, cJuly to September, dOctober to December. Multivariate logistic regression reveals there is no significant statistical associations
between massive contamination and proposed predictors. * Adjusted odds ratio.
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Laboratory information management system (LIMS); it is an
important tool for the management of laboratory data on
samples, instruments, results, and quality indicators. The LIMS
can also support laboratory performance to acquire accreditation
(Parsons et al., 2011).

CONCLUSION

The study concludes that high culture contamination is
the greatest risk to the quality of laboratory service and
can end in either the loss of specimens or delay in the
decisions of initiating patients’ treatment. In addition,
the low quality of data increases the uncertainty and
undermines the measurement of key performance indicators.
Furthermore, the team conducting the experiment was
found to be associated with high culture contamination
rate. Therefore, the study recommends that all culture
laboratory staff should be on the same level of knowledge
and proficiency according to their role and should be
under regular restricted supervision; in addition, laboratory

management should have to use regular assessment tools for
internal audits.
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Rapid detection of Mycobacterium tuberculosis complex and determination of drug
resistance are essential for early diagnosis and treatment of tuberculosis (TB).
Xpert MTB/RIF Ultra (Xpert Ultra), a molecular test that can simultaneously identify
M. tuberculosis complex and resistance to rifampicin directly on clinical samples,
is currently used. Xpert Ultra represents a helpful tool for rapid pulmonary TB
diagnosis, especially in patients with paucibacillary infection. The aim of this review is
to provide an overview of the diagnostic performance of Xpert Ultra in detection of
extra-pulmonary tuberculosis.

Keywords: Mycobacterium tuberculosis, diagnosis, Xpert Ultra, extra-pulmonary, tuberculosis

INTRODUCTION

Tuberculosis (TB) currently represents a major infectious disease worldwide. In 2019, the World
Health Organization (WHO) estimated 1.2 million deaths and 7.1 million new cases (World Health
Organization [WHO], 2020). Although TB mainly affects the lung parenchyma, Mycobacterium
tuberculosis can spread to extra-pulmonary sites. On average, extra-pulmonary TB (EPTB)
accounted for 16% of active cases of TB reported in 2019 (World Health Organization [WHO],
2020), with the proportion being greater among children and individuals positive for HIV. Pleurae
and lymph nodes are the most common sites of involvement in EPTB, while meningeal TB, the
most serious form of TB infection, occurs less frequently. EPTB diagnosis remains a great challenge
because of the paucibacillary nature of the disease, subclinical or non-specific symptoms, and
difficulties in obtaining qualified clinical specimens for M. tuberculosis detection.

In 2013 the World Health Organization (WHO) endorsed the use of Xpert MTB/RIF (Xpert)
assay (Cepheid, Sunnyvale, CA, United States), a semi-automated cartridge-based molecular test,
which allows for rapid TB diagnosis by simultaneous detection of M. tuberculosis complex and
resistance to rifampicin (Boehme et al., 2010; Lawn et al., 2011; Theron et al., 2014; Detjen et al.,
2015). However, the sensitivity of this assay is poor when the load of bacilli is very low and
remains variable when tested on different types of extra-pulmonary specimens (Theron et al.,
2014). Several systematic reviews and meta-analyses evaluated the performance of Xpert and
reported pooled sensitivity ranging from 69 to 83% (Maynard-Smith et al., 2014; Penz et al.,
2015; Jiang et al., 2020). Recently, the new version Xpert MTB Ultra (Xpert Ultra) has been
developed to overcome the limitations of the Xpert assay (Chakravorty et al., 2017) and has
been endorsed by the WHO in 2017. The Xpert Ultra system, based on the amplification of two
multicopy sequences and characterized by improved assay chemistry, offers a greater sensitivity
given the decreased limit of detection of M. tuberculosis. A prospective multicenter diagnostic
accuracy study showed the excellent sensitivity of Xpert Ultra for detection of pulmonary TB,

Frontiers in Microbiology | www.frontiersin.org 1 May 2022 | Volume 13 | Article 817661132

https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2022.817661
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3389/fmicb.2022.817661
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2022.817661&domain=pdf&date_stamp=2022-05-11
https://www.frontiersin.org/articles/10.3389/fmicb.2022.817661/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles


fmicb-13-817661 May 5, 2022 Time: 18:56 # 2

Rindi Extra-Pulmonary TB Diagnosis by Xpert Ultra

especially for paucibacillary specimens (i.e., from individuals
with smear-negative TB or HIV infection) (Dorman et al., 2018).
Similar results were found when the diagnostic performance
of Xpert Ultra was evaluated for the detection of pediatric
pulmonary TB (Sabi et al., 2018). Further studies confirmed
that Xpert Ultra represents a useful tool for rapid diagnosis of
pulmonary TB (Hodille et al., 2019; Kolia-Diafouka et al., 2019;
Opota et al., 2019b; Ssengooba et al., 2020).

The Xpert Ultra assay has different sensitivities and
specificities for detecting M. tuberculosis complex obtained from
lymph nodes, pleural fluid, gastrointestinal tract, genitourinary
system, cerebrospinal fluid, and other samples (Opota et al.,
2019a; Zhang et al., 2020; Park and Kon, 2021). The aim of this
review is to provide an overview of the current knowledge of the
diagnostic accuracy of Xpert Ultra for the detection of EPTB,
taking into consideration a broad range of different types of extra-
pulmonary specimens. Recently, several studies have addressed
the performance of Xpert Ultra for the diagnosis of EPTB,
evaluating the diagnostic accuracy of Xpert Ultra compared with
culture and/or a composite reference standard (CRS) based on
clinical, laboratory, histopathologic, and radiological features.
Table 1 summarizes the diagnostic performance of Xpert Ultra
on EPTB specimens. The following paragraphs will consider the
studies carried out on each of the main EPTB specimens.

Pleural Fluid/Tissue
Pleural TB is the most common type of EPTB in adults (World
Health Organization [WHO], 2020). The diagnosis of pleural
TB, depending on detection of M. tuberculosis in pleural fluids
or biopsy tissues, is often challenging given the paucibacillary
nature of the disease (Shaw et al., 2018). Recently, several
studies have addressed the performance of Xpert Ultra for the
diagnosis of pleural TB. In Wang et al. (2019) analyzed 108
pleural fluid specimens and showed an overall sensitivity of
Xpert Ultra of 61.1%; the sensitivity was 84.2% vs. culture.
In a larger multicenter cohort study, which included pleural
fluids from 208 individuals diagnosed with pleural TB, the
same authors reported a sensitivity of 44.2% against CRS and
a sensitivity of 83.6% among pleural effusion culture-positive
cases (Wang et al., 2020). This is in line with a further
publication, where 43.7% of 103 pleural fluids were detected
by Xpert Ultra (Wu et al., 2019). Perez-Risco et al. (2018)
evaluated the diagnostic performance of Xpert Ultra on different
types of extra-pulmonary specimens, including pleural fluids
and biopsy tissues, demonstrating that 47.6% of culture-positive
pleural fluids were detected by Xpert Ultra; this study also
included 2 pleural biopsy samples, both detected by Xpert Ultra.
A prospective observational study revealed a poor sensitivity
(37.5%) of Xpert Ultra for the diagnosis of bacteriologically
and/or histopathologically confirmed pleural TB; moreover, the
authors demonstrated that pleural fluid concentration did not
significantly improve the sensitivity of Xpert Ultra (Meldau et al.,
2019). Another study, conducted in a high-resource setting with
low TB prevalence, reported a sensitivity of Xpert Ultra compared
with culture of 50% on pleural fluid samples, showing the lowest
sensitivity among non-respiratory samples (López-Roa et al.,
2021); as previously described (Perez-Risco et al., 2018), also in

this case, the only 2 culture-positive biopsy tissues were detected
by Xpert Ultra (López-Roa et al., 2021). A further study that
assessed Xpert Ultra against culture in pleural fluid specimens
found a sensitivity of 66.7% (Mekkaoui et al., 2021). Finally,
in a most recent study, Xpert Ultra on 27 pleural fluid and 27
biopsy tissue samples yielded a sensitivity of 48.1 and 81.5%,
respectively, showing that Xpert Ultra with pleural biopsy alone
had a diagnostic capacity equivalent to that of pathological
examination for pleural TB diagnosis. Moreover, the “trace”
positive outcome of Xpert Ultra was highly supportive of TB
diagnosis for both biopsy tissue and pleural fluid examinations
(Gao et al., 2021).

For all the studies mentioned above, Xpert Ultra showed a
specificity ranging from 95.1% for biopsy and 98.5% for fluid to
100%. When evaluated, rifampicin susceptibility results of Xpert
Ultra were fully concordant with phenotypic results.

From the above data, it appears that Xpert Ultra, even if
it showed a variable sensitivity in the different studies, has a
great potential in the rapid diagnosis of pleural TB. In fact,
when its outcomes were integrated into the CRS, an obvious
increase in the percentage of patients with defined TB was
observed. Moreover, pleural biopsy tissues provided higher yields
than pleural fluids; however, the sensitivity of Xpert Ultra
in pleural biopsy specimens should be accurately assessed in
larger populations.

Lymph Node Aspirate/Tissue
Tuberculosis lymphadenitis is a common extra-pulmonary
manifestation of TB, both in low- and high- prevalence TB areas.
Cervical lymph nodes are the most typical TB lymphadenopathy
site (Qian et al., 2019). Perez-Risco et al. (2018) who evaluated
the diagnostic performance of Xpert Ultra on 25 lymph node
specimens with culture as the reference standard, showed a
sensitivity of 94.1% and a specificity of 100%. Lower sensitivity
of 75% vs. culture was reported in a multicenter study in a high-
resource setting with low TB prevalence that included 51 lymph
node tissues; the specificity was 95.3% (López-Roa et al., 2021).
A recent large study, which assessed the performance of Xpert
Ultra on 196 lymph node samples, reported a sensitivity of 95.6%
and a specificity of 86.1% using a culture reference standard
(Mekkaoui et al., 2021). Moreover, the diagnostic accuracy
of Xpert Ultra for TB adenitis was prospectively evaluated
on 99 adult patients from whom fine-needle aspirates (FNAs)
and biopsy tissues were obtained using the CRS. Xpert Ultra
sensitivity on FNAs was 70% and on tissues was 67% when
compared with culture. Xpert Ultra on FNAs had a sensitivity
of 78% and on tissues 90%; the specificity ranged from 96 to
100% using the CRS, and from 78 to 87% using culture as the
reference standard. These findings support the use of Xpert Ultra
on FNAs as an initial test when TB adenitis is suspected, as Xpert
Ultra has a high sensitivity, is minimally invasive, and gives rapid
results (Antel et al., 2020). More recently, Xpert Ultra has proved
to be highly sensitive for the diagnosis of TB lymphadenitis
in an HIV-endemic setting; this study reported sensitivity and
a specificity of 91 and 76%, respectively, for 46 FNA biopsies
using a culture and cytology reference standard (Minnies et al.,
2021). Several other studies, which, however, analyzed a limited
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TABLE 1 | Diagnostic performance of Xpert MTB/RIF Ultra (Xpert Ultra) on extra-pulmonary TB (EPTB) specimens.

Specimen type Sensitivity Number of specimens References

vs Culture vs CRS Culture-Positive Total

Pleural fluid 84.2% 61.1% 57 108 Wang et al., 2019

83.6% 44.2% 55 208 Wang et al., 2020

43.7% 103 Wu et al., 2019

47.6% 21 24 Perez-Risco et al., 2018

37.5% 48 Meldau et al., 2019

50% 6 118 López-Roa et al., 2021

66.7% 9 77 Mekkaoui et al., 2021

50% 48.1% 6 27 Gao et al., 2021

Pleural tissue 100% 2 2 Perez-Risco et al., 2018

100% 2 41 López-Roa et al., 2021

100% 81.48% 9 27 Gao et al., 2021

Lymph node tissue 94.1% 17 25 Perez-Risco et al., 2018

75% 8 51 López-Roa et al., 2021

95.8% 24 196 Mekkaoui et al., 2021

90% 66.7% 10 24 Antel et al., 2020

91.3% 46 Minnies et al., 2021

50% 10 10 Bisognin et al., 2018

100% 40% 1 5 Hoel et al., 2020

33.3% 3 Piersimoni et al., 2019

Lymph node aspirate 77.8% 70% 9 30 Antel et al., 2020

100% 26.7% 4 15 Hoel et al., 2020

CSF 44.2% 43 Wang et al., 2019

33.3% 6 Piersimoni et al., 2019

90% 95.4% 10 22 Bahr et al., 2018

80% 63.6% 5 11 Chin et al., 2019a

92.9% 42 Cresswell et al., 2020b

90.9% 59.5% 22 42 Donovan et al., 2020

96.4% 72% 56 204 Sharma et al., 2020

46.7% 60 Shao et al., 2020

71.4% 45% 14 76 | Huang et al., 2021

Joint fluid 87.5% 8 9 Perez-Risco et al., 2018

Osteoarticular pus 62.5% 8 8 Perez-Risco et al., 2018

96.1% 90.9% 52 132 Sun et al., 2019

Osteoarticular biopsy 100% 2 21 Perez-Risco et al., 2018

100% 3 27 Mekkaoui et al., 2021

Urine 100% 12 24 Perez-Risco et al., 2018

100% 2 6 López-Roa et al., 2021

18%a 84a Minnies et al., 2021a

17.2%b 203b Andama et al., 2020b

33.9%c 56c Cresswell et al., 2020ac

Gastric aspirate 75% 4 5 Perez-Risco et al., 2018

50% 2 2 Bisognin et al., 2018

60% 5 Piersimoni et al., 2019

87.5% 60.5% 48 129 Sun et al., 2020

85.4% 52.5% 48 141 Sun et al., 2021

Stool 80% 5 8 Perez-Risco et al., 2018

60.3% 141 Sun et al., 2021

83.3% 72 111 Kabir et al., 2021

45.5% 126 Liu et al., 2021

aTB lymphadenitis; bpulmonary TB; cTB meningitis.

number of lymph node samples, demonstrated a significant
diagnostic performance of Xpert Ultra in the detection of
M. tuberculosis on lymph node specimens, supporting its use

for the diagnosis of TB lymphadenitis, at least as an early test
(Bisognin et al., 2018; Piersimoni et al., 2019; Hoel et al., 2020;
Menichini et al., 2020).
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TABLE 2 | Correlation between sensitivity of Xpert Ultra and cerebrospinal fluid (CSF) testing protocol.

Sensitivity CSF protocol References

vs Culture vs CRS Volume (ml) Fresh/Frozen Centrifugation step

44.2% 1 Fresh No Wang et al., 2019

90% 95.4% 0.5 Frozen Yes (10 ml centrifugated and resuspended in 2 ml) Bahr et al., 2018

80% 63.6% 2 Fresh No Chin et al., 2019a

92.9% 0.5 Fresh Yes (unknown ml centrifugated and resuspended in 2 ml) Cresswell et al., 2020b

90.9% 59.5% 0.2 Fresh Yes (6 ml centrifugated and resuspended in 0.5 ml) Donovan et al., 2020

96.4% 72% 1 Fresh No Sharma et al., 2020

46.7% 1 Fresh No Shao et al., 2020

71.4% 45% 1 Fresh No Huang et al., 2021

Cerebrospinal Fluid
Tuberculosis meningitis is the most serious type of EPTB,
determining high mortality and severe disabilities (Manyelo et al.,
2021). Among individuals positive for HIV, TB meningitis causes
mortality of over 50% (Wilkinson et al., 2017). Rapid diagnosis,
hampered by the paucibacillary nature of the disease and small
volume of CSF, and adequate treatment are essential for the
control of meningeal TB. Xpert Ultra is recommended as the
initial diagnostic test for suspected TB meningitis, as confirmed
in a prospective cohort study aimed to evaluate the performance
of Xpert Ultra in 129 adults positive for HIV in Uganda: Xpert
Ultra sensitivity was 70% for probable or definite TB meningitis,
and it increased to 95% against CRS (Bahr et al., 2018).
A further evaluation of Xpert Ultra sensitivity in meningeal
TB by Wang et al. tested 43 CSF specimens and showed a
sensitivity of 44.% and 86.36, using the CRS and bacteriological
positivity as reference standards, respectively (Wang et al.,
2019). In another study performed on 11 patients with TB
meningitis, the sensitivity of Xpert Ultra was 63.6% (Chin et al.,
2019a). In a following prospective validation study, including 51
participants with probable or definite TB meningitis, Xpert Ultra
had 75.5% sensitivity; against the composite microbiological
reference standard, Xpert Ultra had a sensitivity of 92.9%. The
authors concluded that, despite the high sensitivity, Xpert Ultra
cannot be used as a rule-out test given the negative predictive
value of 93% (Cresswell et al., 2020b). Similar conclusions were
reported by Donovan et al. (2020), who, however, described
a lower overall sensitivity of 59.5% in diagnosing meningeal
TB; in this prospective, randomized, diagnostic accuracy study,
the sensitivity of Xpert Ultra against a reference standard of
definite, probable, and possible TB meningitis was 47.2%. In
particular, in patients negative for HIV, the sensitivity was
38.9%, while in patients co-infected with HIV, the sensitivity was
64.3%. A diagnostic accuracy study from India that assessed the
performance of Xpert Ultra on 204 CSF samples reported an
overall sensitivity of 72.05% (96.42 and 62.83% for definite and
probable TB meningitis, respectively, where definite TB indicates
cases in which M. tuberculosis was isolated from CSF culture
and probable TB indicates cases that were culture/smearnegative
but had a diagnostic score of >10), and a specificity of 100%
(Sharma et al., 2020). A further prospective multicenter study was
conducted in China on 60 individuals with symptoms suggestive

of TB meningitis; using microbiological evidence as a reference,
the sensitivity of Xpert Ultra was 93.3%. Xpert correctly identified
28 cases of TB meningitis, indicating an overall sensitivity of
46.7% (Shao et al., 2020). More recently, Xpert Ultra on 160
CSF specimens yielded a sensitivity of 45% for definite, probable,
and possible TB meningitis and 81% for definite TB meningitis,
thus suggesting that Xpert Ultra, outperforming culture, may
speed up the diagnosis and appropriate treatment of patients
(Huang et al., 2021).

The studies described above show variability in the sensitivity
values of Xpert Ultra, probably also due to the different protocols
used, such as volume of CSF specimens, fresh or frozen samples,
and centrifugation or not of the sample. As shown in Table 2,
the sensitivity of Xpert Ultra increases with the centrifugation
step; on the other hand, sample volume does not affect the
performance of Xpert Ultra. The identification of a standardized
procedure should be a priority to improve the management of
TB meningitis. A recent study described optimal procedures
for the detection of M. tuberculosis in CSF using Xpert Ultra,
recommending careful attention to the collection, handling, and
processing of CSF to maximize the performance of Xpert Ultra
(Chin et al., 2019b). However, the contribution of Xpert Ultra is
extremely valuable for rapid diagnosis of TB meningitis, and its
application as an initial test on CSF could represent an excellent
diagnostic tool.

Bone and Joint Fluid/Tissue
Diagnosis of osteoarticular TB is quite challenging given the
low bacterial load present in joint and bone specimens and
difficulty in obtaining specimens, since tubercle bacilli are present
deep inside tissues. In Perez-Risco et al. (2018) analyzed several
kinds of osteoarticular specimens, including 9 joint fluids, 3
paravertebral abscess aspirates, 5 osteitis abscess aspirates, 2
intervertebral disc biopsies, 4 bone biopsies, 3 synovial tissues,
and 18 joint biopsies; the sensitivity of Xpert Ultra vs. culture
ranged from 60% for osteitis abscess aspirates to 100% for the
disc, bone, and synovial biopsies. In a study aimed at analyzing
the diagnostic value of Xpert Ultra for osteoarticular TB in
a high-burden setting, which included 132 osteoarticular pus
specimens, sensitivities of 90.91 and 96.15 against the CRS and
culture, respectively, were reported; when Xpert Ultra outcomes
were integrated, the percentage of confirmed osteoarticular
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TB cases increased from 84 to 94%. Xpert Ultra showed a
specificity of 100% and full concordance with the phenotypic
test for the detection of rifampicin resistance (Sun et al., 2019).
A recent study, which assessed the performance of Xpert Ultra
on 27 osteoarticular samples, reported a sensitivity of 100%
and a specificity of 87.5% using a culture reference standard
(Mekkaoui et al., 2021). Therefore, Xpert Ultra was proved
capable of detecting significantly more osteoarticular TB cases
than culture, making it a helpful tool for rapid diagnosis of
osteoarticular TB.

Urine
Urogenital TB, responsible for 15– 40% of EPTB cases, is one
of the most common forms of EPTB in both less and more
developed regions (Figueiredo et al., 2017). The disease is often
associated with delayed diagnosis and treatment, leading to
serious consequences, such as renal failure. To date, only a few
studies, which included urine in the analysis of extra-pulmonary
samples, have evaluated the performance of Xpert Ultra on urine
specimens for the rapid diagnosis of urinary tract TB. Perez-
Risco et al. (2018) who evaluated the diagnostic performance of
Xpert Ultra on 24 urine specimens with culture as the reference
standard, showed a sensitivity of 100% and a specificity of 100%.
A further study, which analyzed a small number of urine samples,
again reported a 100% sensitivity of Xpert Ultra against culture
(López-Roa et al., 2021).

Recently, there has been a growing interest in using Xpert
Ultra on urine specimens to diagnose non-genitourinary TB.
A first study aimed to evaluate the performance of urine
Xpert Ultra for pulmonary TB reported low sensitivity (17.2%)
but high specificity (98.1%), in reference to sputum-based
testing. However, the sensitivity of Xpert Ultra was higher
than TB-lipoarabinomannan (TB-LAM) assay and reached
50% in patients positive for HIV, with CD4 <100 cells/ml,
thus suggesting that Xpert Ultra on urine samples could be
an alternative approach for individuals with advanced HIV
infection and unable to produce sputum samples (Andama
et al., 2020). Moreover, urine Xpert Ultra has been used to
diagnose disseminated TB in a case report, showing to be a useful
adjunctive diagnostic tool for HIV-associated TB (Atherton et al.,
2018). A further study determined the prevalence of disseminated
TB by testing urine specimens with Xpert Ultra in adults positive
for HIV with suspected meningitis. Urine Xpert Ultra was
positive in 12% of the tested cohort, and in 41% of patients with
definite TB meningitis, demonstrating that urine is an additional
viable clinical specimen for use with Xpert Ultra. Despite the
lack of concordance between Xpert Ultra and TB-LAM assay,
which needs further investigation, the use of Xpert Ultra with
urine could represent a rapid and non-invasive test for suspected
TB meningitis and a prognostic tool in individuals positive for
HIV with TB meningitis (Cresswell et al., 2020a). A recent
study by Minnies et al. assessed the performance of Xpert Ultra
on urine samples for the diagnosis of TB lymphadenitis: Xpert
Ultra had a low sensitivity (18%) and a high specificity (98%)
when tested on urine specimens compared to FNA biopsies;
none of the patients negative for HIV had any positive urine
Xpert Ultra, while 12% of the patients positive for HIV were

urine Xpert Ultra-positive, thus indicating that the use of Xpert
Ultra on urine from patients positive for HIV with presumptive
TB lymphadenitis could reduce invasive sampling (Minnies
et al., 2021). Therefore, urine Xpert Ultra as a tool to diagnose
pulmonary or disseminated TB seems to offer good diagnostic
usefulness for patients infected with HIV.

Gastric Aspirate
Gastric aspirates represent an alternative type of specimen for
the diagnosis of pulmonary TB in patients, especially children,
who have difficulty producing sputum. Perez-Risco et al. (2018)
found Xpert Ultra to be 75% sensitive for 4 culture-positive
gastric aspirate specimens in adults. A multicenter accuracy study
performed to evaluate the value of testing gastric aspirate with
Xpert Ultra for diagnosis of childhood TB reported a sensitivity
of 87.5 and 60.5% in bacteriologically confirmed TB and in total
TB cases, respectively; in particular, the sensitivity was 80% in
children aged <4 years, which is significantly higher than that in
older children (48.1%). The specificity of Xpert ultra was 99.4%.
In conclusion, the study showed that Xpert Ultra on gastric
aspirate samples had a diagnostic value for the early and accurate
diagnosis of TB, especially in younger children (Sun et al., 2020).
More recently, the same authors analyzed the performance of
Xpert Ultra on gastric aspirate specimens for the diagnosis of
pediatric pulmonary TB in a high-burden area in China and
reported an overall sensitivity of 52.5% and a sensitivity of
85.4% for 48 children with confirmed TB, concluding that gastric
aspirate Xpert Ultra is an appropriate test for bacteriological TB
confirmation in children (Sun et al., 2021).

Stool
Microbiological confirmation of pulmonary TB in children with
sputum is often difficult given the low volume and poor quality
of specimens; induced sputa and gastric aspirates, obtained by
invasive procedures, have a low diagnostic yield and may be
inaccessible in low-resource settings. Stool samples are easily
obtainable and represent promising alternatives to respiratory
specimens for childhood TB. Recently, some stool processing
methods for Xpert Ultra have been developed (Lounnas et al.,
2020; Jasumback et al., 2021). Perez-Risco et al. (2018) found
Xpert Ultra to be 80% sensitive for 5 culture-positive stool
specimens in adults. A cross-sectional study on children aged
<15 years from Bangladesh that assessed the performance of
Xpert Ultra on stool to diagnose pulmonary TB in children
reported a sensitivity of 83.3% (60 were positive out of 72
bacteriologically confirmed cases); a high proportion of Xpert
Ultra positive assays had trace results (Kabir et al., 2021).
More recently, Sun et al. (2021) analyzed the performance of
Xpert Ultra on stool specimens for the diagnosis of pediatric
pulmonary TB in a high-TB burden and resource-limited
area in China, and reported an overall sensitivity of 60.3%.
Among 48 children with confirmed TB, Xpert Ultra testing was
equally sensitive on stool and gastric aspirate specimens (85.4%);
however, the agreement between Xpert on stool and on gastric
aspirate was moderate in children with active TB (Sun et al.,
2021). A prospective cohort study revealed a 45.5% sensitivity
of Xpert Ultra using stool specimens for the diagnosis of
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pulmonary TB in children; moreover, the authors demonstrated
that stool sample-based Xpert Ultra was a comparable alternative
to M. tuberculosis culture on respiratory samples (Liu et al.,
2021). In conclusion, testing stool specimens with Xpert Ultra
may provide a useful diagnostic tool for detecting pediatric
pulmonary TB.

CONCLUSION

Xpert Ultra represents the most recent advancement in the rapid
molecular diagnosis of TB. Many studies have shown a potential
for the use of Xpert Ultra in extra-pulmonary specimens. Xpert
Ultra sensitivity differs by specimen type, with higher sensitivity
among specimens obtained from lymph nodes (ranging from
50 to 100%) and CSF (ranging from 71.4 to 96.4%), and lower

sensitivity when using pleural fluids (ranging from 47.6 to
84.2%). Moreover, the performance of Xpert Ultra proved to be
particularly high in special populations, such as pediatric TB
and HIV co-infected TB. In addition, the use of Xpert Ultra on
extra-pulmonary samples, i.e., gastric aspirate and stool, has been
demonstrated to be helpful for detecting pulmonary TB.

Although negative Xpert Ultra results are not sufficient to rule
out TB, positive Xpert Ultra results may be useful in rapidly
identifying EPTB cases, thus suggesting that Xpert Ultra is a
useful rule-in rapid diagnostic test that can improve the definitive
diagnosis of EPTB.
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Background: Current blood-based diagnostic tools for TB are insufficient 

to properly characterize the distinct stages of TB, from the latent infection 

(LTBI) to its active form (aTB); nor can they assess treatment efficacy. Several 

immune cell biomarkers have been proposed as potential candidates for the 

development of improved diagnostic tools.

Objective: To compare the capacity of CD27, HLA-DR, CD38 and Ki-67 

markers to characterize LTBI, active TB and patients who ended treatment and 

resolved TB.

Methods: Blood was collected from 45 patients defined according to clinical 

and microbiological criteria as: LTBI, aTB with less than 1 month of treatment 

and aTB after completing treatment. Peripheral blood mononuclear cells 

were stimulated with ESAT-6/CFP-10 or PPD antigens and acquired for flow 

cytometry after labelling with conjugated antibodies against CD3, CD4, 

CD8, CD27, IFN-γ, TNF-α, CD38, HLA-DR, and Ki-67. Conventional and 

multiparametric analyses were done with FlowJo and OMIQ, respectively.

Results: The expression of CD27, CD38, HLA-DR and Ki-67 markers was 

analyzed in CD4+ T-cells producing IFN-γ and/or TNF-α cytokines after 

ESAT-6/CFP-10 or PPD stimulation. Within antigen-responsive CD4+ T-cells, 
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CD27− and CD38+ (ESAT-6/CFP-10-specific), and HLA-DR+ and Ki-67+ (PPD- 

and ESAT-6/CFP-10-specific) populations were significantly increased in aTB 

compared to LTBI. Ki-67 demonstrated the best discriminative performance as 

evaluated by ROC analyses (AUC > 0.9 after PPD stimulation). Data also points to 

a significant change in the expression of CD38 (ESAT-6/CFP-10-specific) and 

Ki-67 (PPD- and ESAT-6/CFP-10-specific) after ending the anti-TB treatment 

regimen. Furthermore, ratio based on the CD27 median fluorescence intensity 

in CD4+ T-cells over Mtb-specific CD4+ T-cells showed a positive association 

with aTB over LTBI (ESAT-6/CFP-10-specific). Additionally, multiparametric 

FlowSOM analyses revealed an increase in CD27 cell clusters and a decrease 

in HLA-DR cell clusters within Mtb-specific populations after the end of 

treatment.

Conclusion: Our study independently confirms that CD27−, CD38+, HLA-DR+ 

and Ki-67+ populations on Mtb-specific CD4+ T-cells are increased during 

active TB disease. Multiparametric analyses unbiasedly identify clusters 

based on CD27 or HLA-DR whose abundance can be  related to treatment 

efficacy. Further studies are necessary to pinpoint the convergence between 

conventional and multiparametric approaches.

KEYWORDS

Mycobacterium tuberculosis, T-cells, immune response, activation markers, 
treatment, flow cytometry, multiparametric analysis, cluster

Introduction

To date, tuberculosis (TB) is still a major global health 
threat, with approximately 10 million new Mycobacterium 
tuberculosis (Mtb) infections and 1.5 million deaths reported 
only in 2020. Moreover, the COVID-19 pandemic has set back 
several years of progress in TB control, and the target of ending 
the epidemic by 2030 set by the WHO’s End TB Strategy seems 
even more implausible now (Global Tuberculosis Report, 2021). 
From a pathophysiological setting, TB represents a dynamic 
spectrum from infection to clinical disease (Furin et al., 2019); 
however, for pragmatic reasons, patients are usually categorized 
as having either active TB (aTB) or latent TB infection (LTBI). 
Defining the latent TB condition has been a matter of discussion 
over the last decades, since it encompasses a wide array of 
situations, from individuals with quiescent Mtb to individuals 
with controlled bacterial growth for months (Pai et al., 2016). 
Updated definitions of LTBI added the concept of host immunity 
to the clinical picture, and now it is considered as “a state of 
persistent immunoreactivity to Mtb antigenic stimulation with 
no evidence of clinically manifest active TB” (Drain et al., 2018). 
Around a quarter of the world’s population is estimated to 
be  infected with Mtb, from which 5%–10% will develop aTB 
(Houben and Dodd, 2016). Individuals with LTBI constitute the 
principal reservoir for the bacilli, which is the reason why 
accurate diagnosis is essential for halting TB worldwide. Correct 
characterization of the TB spectrum is, therefore, a priority in 
the development of novel diagnostic tools.

The immune response to Mtb infection is still not fully 
understood, but CD4+ T-cells arguably play a pivotal role (Gallegos 
et al., 2011; O’Garra et al., 2013). Depletion of this T-cell subset 
and/or Th1 responses (Filipe-Santos et al., 2006) result in extreme 
susceptibility to the disease. In fact, immune response to Mtb is so 
connected to T-cell activity that its measurement is the basis for 
the main culture-free diagnostic assays (Lalvani and Pareek, 
2010), such as the Tuberculin Skin Test (TST) and the interferon 
(IFN)-gamma (γ) release assays (IGRAs). The TST consists in the 
intradermal injection of a mixture of mycobacterial antigens, the 
Purified Protein Derivative (PPD), that causes a skin reaction if 
there is an immunological memory to Mycobacterium spp. 
(Seddon et al., 2016). Despite being widely used, the TST has a 
rather low specificity, and false positives are common. This is 
mainly due to the fact that the PPD antigens are not unique to Mtb 
and are detected by T-cells from patients with the Bacille 
Calmette-Guérin vaccine and/or infected with nontuberculous 
mycobacteria (Domínguez et al., 2008; Latorre et al., 2010). These 
limitations were partly overcome thanks to the introduction of the 
IGRAs. These assays are based on the detection of specific T-cell 
responses against Mtb, represented by the release of IFN-γ after 
stimulation with Mtb-specific antigens (ESAT-6 and CFP-10; 
Andersen et  al., 2000). The IGRAs have demonstrated better 
performance than the TST for the diagnosis of Mtb infection 
(Metcalfe et al., 2013); nevertheless, both tests fail to discriminate 
active disease from latent infection and other status associated to 
higher risks of developing the disease (Goletti et  al., 2022). 
Moreover, neither of the assays can be used to monitor therapy 
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efficacy, which would be  of great value to shorten treatment 
regimen and to accelerate the drug evaluation in the clinical trials. 
Given the fact that T-cells change their activation status and 
cytokine expression after Mtb challenge, the evaluation of their 
immune profile is an attractive option for the improvement of 
TB diagnostics.

The study of immunological biomarkers via flow cytometry 
has already been demonstrated to be a useful tool to evaluate 
host response in TB infection and aTB disease (Pollock et al., 
2013; Coppola et al., 2020). Most studies focus the analysis of 
these disease markers in specific subsets of cells defined by the 
expression of pro-inflammatory cytokines following antigen 
stimulation, linking production of TNF-α (Harari et al., 2011; 
Halliday et al., 2017) and IFN-γ (Petruccioli et al., 2015; Ahmed 
et al., 2019) with infection. Among these cells, several surface 
and intracellular proteins have been described as potential 
biomarkers for aTB (Walzl et al., 2018). The present research 
explores the role of four of them; namely, CD27, CD38, 
HLA-DR and Ki-67. CD27 is a maturation marker and its 
downregulation has already been associated with active disease 
and tissue destruction in TB (Portevin et al., 2014; Latorre et al., 
2019). CD38 is a transmembrane receptor expressed in many 
immune cell types (Hartman et al., 2010), more recently linked 
to TB studies because of its strong expression in activated 
T-cells. HLA-DR is an MHC cell receptor highly present on 
APCs (Saraiva et al., 2018), but also with robust expression on 
activated T-cells (Tippalagama et  al., 2021). Ki-67, the only 
intracellular marker from the group, is a nuclear protein 
commonly associated with cell proliferation (Soares et  al., 
2010). The latter three proteins are associated with antigenic 
stimulation; therefore, their expression is likely to be increased 
in active forms of the disease, where mycobacterial load is 
higher (Mpande et al., 2021). In this paper, we aim to study the 
expression of the CD27, CD38, HLA-DR and Ki-67 markers in 
Mtb-specific CD4+ T-cells by performing a side by side 
comparison of their performance on characterizing active 
disease and latent infection. Furthermore, we intend to evaluate 
the capacity of these biomarkers to assess treatment efficacy 
after its completion. Deeper knowledge on such immune 
biomarkers could allow the development of new strategies for 
diagnosis and management of LTBI individuals and 
aTB patients.

Materials and methods

Study population and inclusion criteria

The patients included in this study (n = 45) attended one of 
the following centers in Barcelona, Spain: Hospital Germans 
Trias i Pujol, Unitat de Tuberculosi Vall d’Hebron-Drassanes, 
Sant Joan Despí Moisés Broggi, and Hospital Universitari Vall 
d’Hebrón. They were classified as follows: (i) twenty-three 
patients (n = 23) with pulmonary aTB, microbiologically 

confirmed with a positive culture and/or PCR, with less than 
1 month of anti-TB treatment; (ii) twenty-two individuals 
(n = 22) with LTBI based on positive TST and/or IGRAs and 
absence of clinical symptoms and radiological signs, detected 
by contact-tracing or screening studies, and with less than 
1 month of chemoprophylaxis; and (iii) nine (n = 9) former aTB 
patients from group (i) after successfully completing the 
standard treatment regimen with anti-TB drugs and being 
considered as cured (eTrt). Overall, 37% were women, and the 
mean age (years) ± standard deviation (SD) was 42.7 ± 13.5. 
Clinical and study information is detailed in Table 1.

PBMCs isolation, preservation, and 
thawing

Approximately 16 ml of whole blood were collected from 
each patient in cell preparation tubes (CPT tubes; BD Biosciences, 
San Jose, CA, United States) containing Sodium Citrate and Ficoll 
for peripheral blood mononuclear cells (PBMCs) isolation. 
Briefly, following a centrifugation of 1,600 g for 30 min, PBMCs 
were harvested from the interface and washed with RPMI 
medium (ThermoFisher, Waltham, MA, United  States) 
supplemented with 10% FBS (BioWest, Miami, Fla., 
United States). Cells were counted with Trypan Blue staining and 
were resuspended in heat-inactivated FBS supplemented with 
10% Dimethyl Sulfoxide (DMSO) for cryopreservation in liquid 
nitrogen (Cossarizza et al., 2019). To perform our immunological 
studies, frozen PBMCs were thawed and incubated for 2 h at 37°C 
with 5% CO2  in AIM-V medium (Thermo Fisher) with 
benzonase (Sigma, St. Louis, MO, United  States; final 
concentration 10 U/ml) to avoid cell clumping.

PBMCs stimulation with mycobacterial 
antigen

Samples included in the study were stimulated for 16 h 
separately with two mycobacterial antigen mixes: (i) recombinant 
proteins ESAT-6/CFP-10 (Lionex Diagnostics and Therapeutics, 
Braunschweig, Germany; final concentration 2 μg/ml each)  
and (ii) PPD (AJVaccines, Copenhagen, Denmark; final 
concentration 10 μg/ml). A positive control consisting of 
staphylococcal enterotoxin B (SEB, Sigma, final concentration of 
2 μg/ml) and a negative control without stimulation were also 
included for each sample. One million (106) PBMCs were used 
in each stimulation condition, adding as co-stimulators anti-
CD28 and anti-CD49d monoclonal antibodies (BD Bioscience; 
final concentration 1 μg/ml each). After a 2 h incubation at 37°C 
in a 5% CO2 atmosphere, Brefeldin A (BFA; Sigma; final 
concentration 3 μg/ml) and Monensin (BioLegend, San Diego, 
USA, final concentration 1X) were added to inhibit intracellular 
vesicular transport. Cells were then incubated overnight before 
starting the staining procedure.
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Extracellular and intracellular staining 
and acquisition in flow cytometer

After stimulation, PBMCs were labeled with viability marker 
LIVE/DEAD Near-IR fluorescent reactive dye (Thermo Fisher) 

for 30 min and subsequently stained for 20 min with the following 
surface markers: anti-CD3-PerCP (BioLegend), anti-CD4-BV786, 
anti-CD8-BV510, anti-CD27-BV605, anti-CD38-PE, and anti-
HLA-DR-BV421 (BD Bioscience). Cells were then fixed and 
permeabilized with the Foxp3 Transcription Factor Staining 

TABLE 1 Demographic and clinical characteristics of the participants in each study group.

Variables aTB LTBI eTrt

Participants, n 23 22 9

Mean age1, years ± SD 43.91 ± 15.47 42.59 ± 12.17 50 ± 14.02

Male gender, n(%) 18 (78.3) 16 (72.7) 9 (100)

Disease form, N(%)

Pulmonary 22 (95.7) – 9 (100)

Pleural 1 (4.3) – –

Reported LTBI enrolment, N(%)

Contact-tracing – 14 (63.6)

LTBI screening – 7 (31.8)

Not reported – 1 (4.5)

Chemoprofilaxis, N(%)

Before starting chemoprophylaxis - 1 (4.5) -

After starting chemoprophylaxis (<1 month) 22 (95.7) 21 (95.5) 9 (100)

Not prescribed - - -

Mean time of chemoprophylaxis2, days ± SD - 20.90 ± 6.32 -

Regimen 3RH - 19 (86.4) -

Regimen 6H - 3 (13.6)

Anti-TB treatment, N(%)

Before starting treatment3 2 (8.7) – –

After starting treatment (<1 month) 21 (91.3) – –

Ended treatment4 - 9 (100)

Not prescribed - 22 (100) –

Mean time of treatment2, days ± SD 12.95 ± 9.94 – 229.55 ± 91.48

Regimen 2HRZE/4RH 21 (91.3) – 8 (88.9)

Others5 2 (8.7) – 1 (11.1)

Comorbidities, N(%)

Other respiratory disorders (asthma, PCD, 

COPD)

2 (8.7) 2 (9.1) 2 (22.2)

Neoplasies (lung, prostate) 2 (8.7) – 1 (11.1)

Autoimmune diseases (diabetes, psoriasis, 

Löfgren Syndrome)

2 (8.7) 2 (9.1) –

Cardiovascular diseases (AHT, cardiomyopathy) 1 (4.3) – 1 (11.1)

Hepatitis C 1 (4.3) 2 (9.1) –

Bacille Calmette-Guérin vaccine, N(%)

BCG-vaccinated 12 (52.2) 12 (54.5) 3 (33.3)

Not BCG-vaccinated 9 (39.1) 10 (45.5) 5 (55.5)

Not reported 2 (8.7) – 1 (11.1)

Other information, N(%)

Reported smokers 9 (39.1) 5 (22.7) 4 (44.44)

Reported drug abuse 5 (21.7) 0 (0) 0 (0)

aTB, active tuberculosis; LTBI, latent tuberculosis infection; eTrt, aTB patients after anti-TB treatment; SD, standard deviation; PCD, primary ciliary dyskinesia; COPD, chronic 
obstructive pulmonary disease; AHT, arterial hypertension; SEB, staphylococcal enterotoxin B.
1Patients in the study are aged 20–73.
2Range of time between starting chemoprophylaxis and anti-TB treatment and sample collection was from 0 to 30 days in all participants in both groups.
3Both patients were prescribed with RIMSTAR on the day of sample collection.
4One of the participants was recruited after 5 months of anti-TB treatment, six of the participants between 6 and 7.5 months and one of the participants after 16 months.
5One patient was prescribed with HRZ regimen, and one patient was prescribed with Lzd/Mfx/Cfz/Z/E regimen.
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Buffer Set (Thermo Fisher) and stained for 30 min with 
intracellular markers: anti-IFNγ-APC, anti-TNFα-PE-Cy7 and 
anti-Ki-67-FITC (BD Bioscience). The complete list of antibodies, 
conjugated proteins and dilutions can be  found in 
Supplementary Table 1. All incubation processes were performed 
at room temperature in darkness. Fluorescence Minus One 
(FMO) controls of the four analyzed cell markers (CD27, CD38, 
HLA-DR, and Ki-67) were included in each run to accurately 
distinguish negative from positive populations. Samples were 
resuspended in 100 μl of PBS-0.1%BSA (Bovine Serum Albumin, 
Sigma Aldrich) and acquired in a BD LSRFortessa flow cytometer 
(BD Bioscience) using FACSDiva software (BD Biosciences) with 
compensated parameters.

Flow cytometry data analysis

For gate-driven analyses, flow cytometry data was analyzed 
using FlowJo™ (Tree Star, Ashland, OR, United  States) and 
plotted with GraphPad Prism (GraphPad Software, La Jolla, 
CA). Lymphocytes were gated based on their size (FSC) and 
complexity (SSC). After exclusion of doublet events, CD4+ T 
cells were selected from CD3+ alive events. TNF-α+ and/or 
IFN-γ+ populations were selected for the study of Mtb-specific 
responses. To avoid inadequate assessment of population 
percentages, Mtb-specific populations under 100 events were 
not considered valid for analysis (this meant that out of 54 
samples, six PPD-stimulated and eight ESAT-6/CFP-10-
stimulated were excluded). CD27 Median Fluorescence 
Intensity (MFI) ratio
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27 4
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+
−

− −
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were calculated according to published reports led by Portevin 
et al. (2014) and Mpande et al. (2021), respectively.

For multiparametric analyses, dimensional reduction and 
clustering were done using OMIQ data analysis software 
(OMIQ, Inc. Santa Clara, CA) after preliminary cleaning of 
data with FlowJo of aggregates, dead cells and debris. All 
CD3 positive events from all samples were selected for 
subsequent analysis on the OMIQ platform. flowCut 
algorithm was run to check and exclude for any aberrant 
regions of all files analyzed. Subsequently, a UMAP analysis 
was performed to visualize the different CD3 subsets in 
groups. FlowSOM was run to cluster the data using 
metaclustering with k = 50. After the FlowSOM analysis, the 
metaclusters were grouped into commonly recognized 
biological populations. All clusters were plotted on 
traditional dot plots for phenotype confirmation as for the 
standard manual gating analysis.

Statistics

Results comparing variables between LTBI and aTB 
participants were analyzed using the two-tailed Mann–
Whitney test for unpaired comparisons. Paired data from 
patients followed over time was analyzed using the Wilcoxon-
matched pairs test. Comparisons between before and after 
treatment groups where data was partially paired (combining 
paired and unpaired observations) were analyzed using a 
mixed statistical model controlling repeated measures on 
logit-transformed data. Correlation between variables was 
calculated using the two-tailed non-parametric Spearman test. 
Diagnostic accuracy was evaluated via the Receiver operating 
characteristic (ROC) and Area Under the Curve (AUC) 
analyses. Differences were regarded as statistically significant 
when the value of p or the False Discovery Rate (FDR) value 
were below 0.05.

Results

Expression of CD27, CD38, HLA-DR and 
Ki-67 markers on Mtb-specific CD4+ 
T-cells differs in LTBI individuals and 
anti-TB treated patients compared to aTB 
patients

To specifically study the T-cell response against Mtb, 
TNF-α and/or IFN-γ cytokines were analyzed on CD4+ T-cells 
after stimulation with ESAT-6/CFP-10 or PPD antigens 
(complete gating strategy can be  found in 
Supplementary Figure 1). From this Mtb-specific population, 
the percentage of CD27−, CD38+, HLA-DR+ and Ki-67+ 
populations were compared between LTBI individuals and aTB 
patients at the beginning and end of the treatment. To control 
that the length of the treatment within the 1-month range of 
the aTB group did not interfere with the marker’s expression, 
we performed a Spearman Correlation Test that showed no 
correlation between the days of treatment in month 1 and our 
variables (Supplementary Figure 2).

As shown in Figures  1A–D, the percentage of all 
populations studied (CD27−, CD38+, HLA-DR+ and Ki-67+) 
within Mtb-specific CD4+ T-cells was increased in aTB 
compared to LTBI in response to ESAT-6/CFP-10 recombinant 
proteins (p = 0.0092 for CD27−, p = 0.0162 for CD38+, p = 0.001 
for HLA-DR+ and p < 0.0001 for Ki-67+). Additionally, the 
HLA-DR+ and Ki-67+ populations were also associated with 
aTB patients after stimulation with PPD (p = 0.0008 and 
p < 0.0001, respectively). The trends observed in individuals 
who finished the anti-TB regimen were comparable to those in 
LTBI individuals. As seen again in Figure  1, following 
treatment, a decrease in the percentages of all the phenotypes 
was observed, with significance for the CD38 (p = 0.0384 for 
ESAT-6/CFP-10) and Ki-67 (p = 0.0293 for ESAT-6/CFP-10, 
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p = 0.022 for PPD) markers. Reduction of CD27− and HLA-DR+ 
populations in activated CD4+ T-cells was statistically 
significant only when performing a Mann–Whitney unpaired 
analysis excluding the matched samples (for CD27−, p = 0.0016 
and p = 0.0001 and for HLA-DR+, p = 0.0482 and p = 0.0649 
after stimulation with ESAT-6/CFP-10 and PPD, respectively). 
No differences were detected on any of the markers’  
expression regarding BCG-status after PPD stimulation 
(Supplementary Figure 3). When analyzing only the patients 
monitored at the beginning and at the end of treatment, inter-
individual variation of the marker’s expression was observed 
(Supplementary Figure 4).

CD27 MFI ratio provides a useful tool to 
characterize aTB

We also evaluated an alternative approach based on the ratio 
between the CD27 MFI in total CD4+ T-cells and the MFI of 
CD27 in Mtb-specific CD4+ T-cells. An increase of this ratio is a 
direct consequence of a decrease of the CD27+ Mtb-specific CD4+ 
T-cells phenotype associated with active disease. Overall, our data 
shows a reverse trend of the CD27 MFI ratio with aTB to that 
observed in the percentage of CD27− cells among the Mtb-specific 
CD4+ cells. As seen in Figure 2A, the ratio of CD27 MFI was 
increased in aTB patients compared to LTBI individuals after 

A B

C D

FIGURE 1

CD27−, CD38+, HLA-DR+, and Ki67+ phenotype from Mtb-specific CD4+ T-cells of each patient group. Percentage of CD27−(A), CD38+ (B), HLA-
DR+ (C), and Ki67+ (D) within TNF-α+ and/or IFN-γ+ CD4+ T-cells after stimulation with ESAT-6/CFP-10 or PPD (left and right half of graph, 
respectively) in patients with active TB in the beginning and end of treatment, as well as LTBI individuals. Data plotted with median and interquartile 
range. Differences between aTB and LTBI conditions were calculated using the two-tailed Mann–Whitney U-test. Differences between aTB and 
eTrt groups were calculated using a mixed statistical model controlling repeated measures on logit-transformed data. *p < 0.05, **p < 0.01, 
***p < 0.001, ****p < 0.0001. No indication of p value implies non significance. aTB, active TB; LTBI, latent tuberculosis infection; eTrt, aTB patients 
after anti-TB treatment.
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ESAT-6/CFP-10 stimulation of T-cells (p = 0.0162) (Figure 2B). A 
difference was found when comparing aTB and eTrt groups after 
PPD stimulation when performing a Mann–Whitney unpaired 
analysis excluding the matched samples (p = 0.0044). In order to 
demonstrate the association between the proportion of CD27− 
Mtb-specific CD4+ T-cells and the CD27 MFI ratio, we performed 
a Spearman’s correlation test (Supplementary Figure 5). A positive 
interdependence between the two variables was detected in T-cells 
responding to both ESAT-6/CFP-10 and PPD, supported by a 
strong correlation coefficient (for ESAT-6/CFP-10: Spearman’s 
rho = 0.8143, p < 0.0001; for PPD: Spearman’s rho = 0.8766, 
p < 0.0001).

Additionally, we calculated the ΔHLA-DR MFI (difference in 
MFI of HLA-DR between total T-cells and Mtb-specific T-cells) to 
assess its performance in discriminating the three study groups. 
An increase of this value was observed on aTB patients over LTBI 
individuals after stimulation with ESAT-6/CFP-10 (p = 0.0341; 
Supplementary Figure 6). MFI ratios of CD38 and Ki-67 were also 
analyzed but showed no difference between study groups (data 
not shown).

Ki-67+ and HLA-DR+ populations yield 
the highest discriminative performance

ROC curve analyses were performed for both ESAT-6/
CFP-10 and PPD stimulations for each marker in order to explore 

their diagnostic accuracy of aTB patients over the LTBI condition 
(Table  2). As expected, highest AUC values (95% confidence 
interval, CI) corresponded to the marker which provided the 
highest significant discrimination between aTB and LTBI, Ki-67 
[for ESAT-6/CFP-10, AUC 0.87 (0.75–0.99), p < 0.0001; for PPD, 
AUC 0.92 (0.83–1.00), p < 0.0001]. Albeit lower, good AUC values 
were also obtained for HLA-DR marker with strong significance 
[for ESAT-6/CFP-10, AUC 0.80 (0.65-0.94), p = 0.0014; for PPD, 
AUC 0.80 (0.67–0.94), p = 0.0007]. All ROC Curves, as well as 
sensitivity and specificity cut-off values, can be  found in 
Supplementary Figure 7.

Multiparametric analyses reveal the 
presence of cell subsets with significant 
differences in abundance in aTB patients 
before and after treatment

To avoid the analytical bottleneck produced by manual gating, 
we  aimed to explore the same cytometry data in an unbiased 
manner using a multiparametric analysis. This approach offered 
the possibility of defining complex cell phenotypes that cannot 
be  revealed using traditional biaxial data presentation. 
We imported the data on CD3+ populations after ESAT-6/CFP-10 
or PPD stimulations into OMIQ and analyzed the data using 
Uniform Manifold Approximation and Projection for Dimension 
Reduction (UMAP) and FlowSOM for clustering populations. In 
total, 50 different cell clusters were defined, being 11 of them 
positive for TNF-α and/or IFN-γ. Within this subset, at least seven 
clusters displayed significant changes in expression between the 
three study groups (Figure 3A). Some of these clusters presented 
similar features and could broadly be classified into a “maturation 
phenotype” [CD4+ CD27+ cells with expression of TNF-α (cluster 
#15_16) or IFN-γ (cluster #20)] or an “activation phenotype” 
[CD4+ HLA-DRint cells with expression of TNF-α (cluster #11) or 
both TNF-α and IFN-γ (clusters #8, #12)]. One of the clusters did 
not show our markers of interest and just presented low expression 
of cytokines TNF-α and IFN-γ (cluster #13).

A B

FIGURE 2

CD27 MFI ratio is increased in aTB patients over LTBI individuals 
(ESAT-6/CFP-10-specific) and patients after anti-TB treatment 
(PPD-specific). A ratio of CD27 MFI was calculated as suggested 
by Portevin et al. The numbers result from the division of the MFI 
of CD27 in CD4+ T-cells over MFI of CD27 in TNF-α+ and/or 
IFN-γ+ CD4+ T-cells. (A) CD27 MFI ratio after ESAT-6/CFP-10 or 
(B) PPD stimulation in patients with active TB in the beginning 
and end of treatment, as well as LTBI individuals. Data plotted 
with median and interquartile range. Differences between aTB 
and LTBI conditions were calculated using the two-tailed Mann–
Whitney U-test. Differences between aTB and eTrt groups were 
calculated using a mixed statistical model controlling repeated 
measures on logit-transformed data. *p < 0.05. aTB, active TB; 
LTBI, latent tuberculosis infection; eTrt, aTB patients after anti-TB 
treatment.

TABLE 2 ROC curve analysis of each marker used in the study.

Marker AUC (95% CI), p

ESAT-6/CFP-10 PPD

CD27− Mtb-specific CD4+ 

T-cells

0.7386 (0.5805-0.8968), 

0.0120

0.5714 (0.3841-0.7588), 

0.4402

CD38+ Mtb-specific CD4+ 

T-cells

0.7222 (0.5563-0.8881), 

0.0167

0.6078 (0.4268-0.7888), 

0.2442

HLA-DR+ Mtb-specific 

CD4+ T-cells

0.7967 (0.6514-0.9421), 

0.0140

0.8020 (0.6679-0.9361), 

0.0011

Ki67+ Mtb-specific CD4+ 

T-cells

0.8699 (0.7533-0.9866), 

<0.0001

0.9198 (0.8380-1.0000), 

<0.0001

CD27 ratio MFI 0.7222 (0.5473-0.8972), 

0.0167

0.6015 (0.4199-0.7831), 

0.2727

AUC, area under the curve; CI, confidence interval.
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A

B

C

D

E

FIGURE 3

Results from multiparametric analyses of the samples. (A) UMAP based on the expression of CD4, CD8, TNF-α, IFN-γ, CD27, CD38, HLA-DR and Ki-67 
markers in CD3+ cells from our dataset containing LTBI individuals and aTB patients before and after treatment, after stimulation with ESAT-6/CFP-10 or 
PPD. Colored clusters indicate populations with difference in abundance depending on disease status, obtained with FlowSOM and analyzed within 
TNF-α+ and/or IFN-γ+ subsets. In background, all 50 cell clusters defined. (B,D) Box and dot plots showing percentage (Y axis) of each cluster of interest 
in each respective group [(B) for samples after PPD stimulation, (D) for samples after ESAT-6/CFP-10 stimulation. Data plotted with median and 
interquartile range. (C,E) Volcano plot displaying logarithm scale of fold-change of percentage ratio of sample from aTB patients over LTBI individuals 
(left) and patients who completed treatment (right; C) for samples after PPD stimulation, (E) for samples after ESAT-6/CFP-10 stimulation]. Positive values 
(logFC>1) show clusters whose proportion is increased in aTB, while negative values (logFC<−1) show clusters whose proportion is decreased in aTB. 
Significant samples are represented above the threshold (q < 0.05). Volcano plots were automatically produced by the OMIQ software. aTB, active TB; 
LTBI, latent tuberculosis infection; eTrt, aTB patients after anti-TB treatment, UMAP: uniform manifold approximation; FDR: false discovery rate.
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Figures  3B,C show the results obtained for samples 
stimulated with PPD. As it can be  seen, the percentage of 
population of each cluster was compared between the aTB, 
LTBI and eTrt groups (Figure 3B). No differences were found 
between the aTB and LTBI groups for any cluster. However, as 
evidenced by median log2 fold-changes [log2FC(aTB/eTrt) > 1 
or < −1 when increased or decreased in aTB samples, 
respectively] and confirmed by FDR analyses (q  < 0.05), 
clusters #8, #11, and #13 were significantly increased in aTB 
patients, whereas cluster #20 was significantly increased in 
patients who completed treatment (Figure 3C). An additional 
cluster of CD8+IFN-γ+CD27+ cells (cluster #49) was also 
identified with a positive association with cured patients 
(q = 0.059). The same analysis was performed for samples 
stimulated with ESAT-6/CFP-10 antigens, showing that cluster 
#13 was more prominent in active TB patients than in LTBI 
individuals (Figures  3D,E). Together, data from 
multiparametric analyses show a potential role of CD27 and 
HLA-DR clusters in differentiating aTB patients before and 
after treatment, and warrant more research using 
unbiased analyses.

Discussion

Recently, the field of TB diagnosis and management has seen 
a rise in the development of tools based on the evaluation of the 
host immune features. In this study, we  have analyzed the 
expression profile of different biomarkers in specific T-cell subsets 
stimulated with Mtb antigens. We have reported modulations on 
the expression of the four cell markers in Mtb-specific CD4+ 
T-cells, dependent on the presence of clinical disease or infection 
alone, and that also reflect therapy efficacy. Additionally, we have 
provided data from unbiased multiparametric analyses showing 
the presence of several cell clusters with potential to characterize 
different disease status.

The results of our conventional analyses show the 
performance of CD27, CD38, HLA-DR and Ki-67 to 
discriminate active disease from latent infection. Regarding 
CD27 receptor, our data suggests that its expression on Mtb-
specific CD4+ T-cells is down-regulated during active disease. 
These results are in line with most of the published data; in fact, 
CD27 is, out of the four proteins of our study, the one with 
more extensive literature, both in mice (Lyadova et al., 2004) 
and human (Petruccioli et al., 2016; Riou et al., 2017; Acharya 
et  al., 2021; Xu et  al., 2021). CD27 is a maturation marker 
expressed by lymphocytes associated with lack of 
responsiveness toward different antigens (Schiött et al., 2004), 
and downregulated in effector differentiated T-cells (Nikitina 
et  al., 2012). Therefore, it can be  expected that CD27− 
populations are increased in aTB patients. The rationale behind 
the discriminative power of the other three markers is simple: 
they are related to the activation and/or enhancement of 
immune responses, which commonly follow pathogenic 

infections. Our data gathered on these also confirms what has 
been published on the topic: CD38 expression on activated 
CD4+ T-cells was increased in aTB patients after ESAT-6/
CFP-10 stimulation (Luo et al., 2021), but HLA-DR+ and Ki-67+ 
populations showed the most significant association with 
active disease in all conditions. These findings are consistent 
with most of the previous research in the field (Adekambi et al., 
2015; Silveira-Mattos et al., 2020). AUC values obtained for the 
discriminating performance of these two proteins, especially 
Ki-67, greatly surpass those from CD27, indicating that 
activation markers might have more potential than maturation 
markers on conventional analyses.

In this paper we also evaluated the ratio of CD27 MFI as an 
alternative way to measure the expression of the biomarkers. This 
method, proposed by Portevin et al. (2014), added a technique  
to discriminate aTB from LTBI similar to measuring CD27− 
populations but allowing normalization of results, thus 
preventing discrepancies raised by positive or negative gating. 
Here, we show that CD27 MFI quantification mirrors the data 
obtained by the analysis of percentage of CD27−. This was further 
supported using Spearman’s Correlation test, which shows 
positive interdependence between both variables. We  also 
performed an analysis on the ΔHLA-DR median fluorescence 
intensity biomarker following recent work in South  Africa 
(Mpande et  al., 2021), and it provided an even additional 
technique for distinguishing latent from active infection. These 
findings warrant further studies on this approach, either for 
validation with the same biomarkers or implementation on 
other ones.

Another objective of this research was to study the efficacy 
of the markers in evaluating anti-TB treatment efficacy. The 
hypothesis followed was that participants with a successful 
response to treatment developed similar immunophenotypes 
to individuals without clinical manifestations. Despite the fact 
that data on treatment monitoring is sparse, some studies have 
shown that T cell activation markers are reduced after 
treatment (Vickers et al., 2020), and that the same markers can 
be used to identify both LTBI and cured individuals (Ahmed 
et  al., 2018) or predict relapse (Goletti et  al., 2018). In our 
study, a small cohort of patients who completed treatment 
showed a significant decrease on the expression CD38+, and 
Ki-67+ phenotypes, compared to those at the beginning of 
treatment. Despite the size difference between the groups, our 
results agree with what has been published on the matter (Hiza 
et al., 2022). We did not find statistical significance differences 
in our mixed model for the HLA-DR and CD27 expression 
after anti-TB treatment; however, this can be explained by the 
relatively small sample size of the group of patients who 
completed therapy. This limitation was also present when 
analyzing each patient monitored individually. We expect to 
carry out future studies with the necessary population size to 
state robust conclusions.

The unbiased, multiparametric analysis provides an 
additional approach that is in line with literature on the 
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evaluation of therapy efficacy via manually gated analyses. The 
abundance of clusters expressing CD27 was increased after 
treatment, as commonly do the CD27+ populations in 
conventional analysis; and so occurred with HLA-DR+ clusters 
and populations in the case of patients with aTB. It should 
be noted that Ki-67, the most discriminative marker, was not 
defined in any of our 50 clusters. However, given that most 
clustering techniques are more accurate when the number of data 
points is high, it might be possible that the low cell count in Ki67+ 
populations posed a difficulty in the identification of such 
subsets. It seems that the multiparametric analyses might open 
the door for investigating unique combinations of biomarkers, 
but much further work is required to establish and standardize 
this technique.

There are limitations in this study that should be addressed. 
First, the strategy chosen for the definition of Mtb-specific cells 
relies on the measurement of IFN-γ and TNF-α, since we already 
showed that CD27 profile was similar in populations positive for 
one or both cytokines (Latorre et  al., 2019). However, not all 
Mtb-specific CD4+ T-cells express these cytokines (Morgan et al., 
2021). Other approaches for the characterization of this subset 
(e.g., measurement of other cytokines or multimeric tetramer 
staining) should be considered. And second, the immune status of 
each patient depends on multiple parameters, involving not only 
host and pathogen genetics but also the age of the host (Veneri 
et al., 2009), the length and type of antibiotic treatment and the 
recency of infection (Amiano et  al., 2020), among others. 
Therefore, it is necessary to take into account the inherent 
heterogeneity of the patients when translating potential 
biomarkers into clinical applications. The use of healthy controls 
in future work could help establish the baseline expression of these 
markers and highlight their diagnostic potential. Another issue to 
address in future studies is the miniaturization of the assay for its 
implementation as point of care testing. Although flow cytometry 
studies are generally unwieldy, they can be simplified as evidenced 
by recent work on HLA-DR-based (Musvosvi et al., 2018) and 
CD38-based (Hiza et al., 2021) rapid assays. Reducing diagnostic 
waiting times, test difficulty and costs, among others, is of utmost 
importance to make the test deployable in areas with high 
LTBI burden.

In conclusion, our findings on maturation and activation 
markers CD27, CD38, HLA-DR and Ki-67 on Mtb-specific CD4+ 
T-cells confirm their promising role as potential TB biomarkers 
for the characterization of LTBI and aTB. Moreover, we provide 
data showing that after finishing therapy, the immune profile of 
these markers resembles that of LTBI individuals. It is crucial to 
evaluate these results in larger cohorts of patients to validate its 
performance and to study the possibilities of implementation with 
other clinical signs and microbiology tests. We also show how 
multiparametric profiling of Mtb-specific cell subsets can lead to 
the discovery of unique cell clusters with different expression 
across study groups of aTB, LTBI and cured patients. More 
research on the topic is necessary in order to pinpoint the link 
between the immune phenotype and the different stages of 
the disease.
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SUPPLEMENTARY FIGURE 1

Gating strategy used for CD4+ T-cells cytokine secretion and markers 
analysis. (A) After rough selection of lymphocytes, aggregated cells 
were taken off by gating on the diagonal that appears with Forward-
Scatter (height; FSC-H) vs. Forward-Scatter (area; FSC-A) dot plot. CD4+ 
T-cells were gated from a parent population of alive CD3+ T-cells. 
(B) Mtb-specific population were selected from parent population CD4+ 
T-cells and gated based on the expression of TNF-α+ and/or IFN-γ+, 
from which CD27/CD38/HLA-DR/Ki67 expression was studied. The 
panels are representative of populations found without stimulation (left) 
and after PPD (middle) and ESAT-6/CFP-10 (right) stimulation. 
(C) Panels showing representative examples of cell distribution 
according to each marker of the study (sample shown is from an LTBI 
individual after PPD stimulation). The gates were decided according to 
FMO (Fluorescence Minus One) controls.

SUPPLEMENTARY FIGURE 2

Expression of markers in aTB patients according to the day of treatment 
within the first month. Correlation between the percentage of CD27−, 
CD38+, HLA-DR+ and Ki-67+ within TNF-α+ and/or IFN-γ+ CD4+ T-cells 
and the days after the start of the treatment during the first month in 
patients from the aTB group.

SUPPLEMENTARY FIGURE 3

BCG vaccination had no effect in the outcome measures of the analysis 
in PPD-stimulated samples. Percentage of CD27−, CD38+, HLA-DR+, and 
Ki67+ within TNF-α+ and/or IFN-γ+ CD4+ T-cells after stimulation with 
PPD. aTB patients (up) and LTBI individuals (down) are separated by their 
vaccination status of BCG. Differences between conditions were 
calculated using the Mann–Whitney U test. No indication of p value 
implies no significance.

SUPPLEMENTARY FIGURE 4

Changes in CD27−, CD38+, HLA-DR+, and Ki67+ phenotypes of each 
monitored individual before and after treatment. Percentage of CD27−, 
CD38+, HLA-DR+, and Ki67+ within TNF-α+ and/or IFN-γ+ CD4+ T-cells 
after stimulation with ESAT-6/CFP-10 (left) or PPD (right) exclusively for 
the aTB patients that were monitored before (≤1 month) and after 
(≥6 months) anti-TB therapy. Because of exclusion from one of the 
points from both ends due to analysis restrictions, only patients with 
both samples positive for the stimulants are shown. Differences 
between conditions were calculated using the Wilcoxon signed rank 
paired test. *p < 0.05. No indication of p  value implies non significance.

SUPPLEMENTARY FIGURE 5

Strong correlation between the percentage of CD27− in TNF-α+ and/or 
IFN-γ+ CD4+ T-cells and the CD27 MFI ratio after ESAT-6/CFP-10 (left) 
and PPD (right) stimulation. Correlation was calculated using the two-
tailed non-parametric Spearman test. *p < 0.05, **p < 0.01, ****p < 0.0001. 
aTB, active TB; LTBI, latent tuberculosis infection; eTrt, aTB patients after 
anti-TB treatment.

SUPPLEMENTARY FIGURE 6

ΔHLA-DR MFI of each respective group. ΔHLA-DR median fluorescent 
intensity (MFI) was calculated as suggested by Mpande et al. The numbers 
result from subtracting the HLA-DR MFI on IFN-γ+ and/or TNF+ CD3 + 
cells to the HLA-DR MFI on total CD3+ cells. (A) ΔHLA-DR MFI after 
ESAT-6/CFP10 or (B) PPD stimulation in patients with active TB in the 
beginning and end of treatment as well as LTBI individuals. Data plotted 
with median and interquartile range. Differences between aTB and LTBI 
conditions were calculated using the two-tailed Mann–Whitney  U-test. 
Differences between aTB and eTrt groups were calculated using a mixed 
statistical model controlling repeated measures on logit-transformed 
data. *p < 0.05.

SUPPLEMENTARY FIGURE 7

Area under the receiver operating characteristic curve (AUROC) 
showing performance of CFP-10/ESAT-6–specific (left) and PPD-
specific (right) TNF-α+ and/or IFN-γ+ CD4+ T-cells to discriminate 
between aTB and LTBI individuals for every marker studied in the paper. 
Se, sensitivity; Sp, specificity.
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