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Tuberculosis disease continues to contribute to the mortality burden globally. Due to
the several shortcomings of the available diagnostic methods, tuberculosis disease
continues to spread. The difficulty to obtain sputum among the very ill patients and
the children also affects the quick diagnosis of tuberculosis disease. These challenges
warrant investigating different sample types that can provide results in a short time.
Highlighted in this review are the approved pulmonary tuberculosis diagnostic methods
and ongoing research to improve its diagnosis. We used the PRISMA guidelines for
systematic reviews to search for studies that met the selection criteria for this review. In
this review we found out that enormous biosignature research is ongoing to identify host
biomarkers that can be used as predictors of active PTB disease. On top of this, more
research was also being done to improve already existing diagnostic tests. Host markers
required more optimization for use in different settings given their varying sensitivity and
specificity in PTB endemic and non-endemic settings.
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INTRODUCTION

Tuberculosis Burden and Eradication Strategies

Tuberculosis (TB) continues to infect many people worldwide causing at least 1.2 million deaths
annually. Reducing new infections and mortality among patients who are difficult to diagnose with
the currently available methods is paramount (1). Improved, timely and cost-effective diagnosis of
active TB disease is a key strategy for ending the TB epidermic.

The World Health Organization (WHO) implemented strategies to end TB since 1995 to date
(2, 3) focused on the sustainable development goal 3, 3.3 whose main objective is to end pandemics
like TB by 2030. The SDG 3.3.2 aims at reducing TB incidence in the population (4). Achieving all
these strategies is highly dependent on the widespread diagnosis of pulmonary TB cases within the
population (5).

Given that immune response against TB is a continuum, predicting those who are progressing
from “latent tuberculosis infection (LTBI)” to active TB disease is as important in the diagnosis of
TB disease among those who may require preventive therapy (6) including the HIV co-infected
subjects. While tests such as “Interferon-gamma release assays (IGRAs)” can indicate that an
individual was exposed to Mtb, owing to T cell reactivity to TB antigens, these have not shown
good results in diagnosing active pulmonary TB disease. Antibody tests on the other hand are not
approved for TB diagnosis by WHO due to their poor sensitivity and specificity (4).

Frontiers in Medicine | www.frontiersin.org

1 September 2021 | Volume 8 | Article 709793


https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://www.frontiersin.org/journals/medicine#editorial-board
https://doi.org/10.3389/fmed.2021.709793
http://crossmark.crossref.org/dialog/?doi=10.3389/fmed.2021.709793&domain=pdf&date_stamp=2021-09-23
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles
https://creativecommons.org/licenses/by/4.0/
mailto:annamuganga@gmail.com
https://doi.org/10.3389/fmed.2021.709793
https://www.frontiersin.org/articles/10.3389/fmed.2021.709793/full

Namuganga et al.

Past and Present Approaches to Diagnosis of Active Pulmonary Tuberculosis

Current diagnostic methods have limitations like long
turnaround time, low sensitivity, cost, inability to distinguish
active TB disease from latent infection, high infrastructure, and
training needs among others (7). Molecular diagnostic tests are
currently providing a rapid TB diagnostic platform providing
results within 2 h thereby improving patient care (8). Currently,
the Gene Xpert test is widely distributed in resource-limited
settings for TB disease screening in high TB endemic settings (9).

Although we have good tests for tuberculosis, high TB
incidence could still be attributed to challenges with the available
diagnostic tests as well as the inability to diagnose TB disease
early. The very young (10), the elderly who present as pneumonia
and HIV infected persons on antibiotics usually present with
paucibacillary TB, negative smear thus missed diagnosis (11). The
delay in seeking health services as well as poor health services
delivery also contributes to an increase in TB incidence. In
resource-limited settings, several factors contribute to high TB
incidence. These include, the delay in seeking health services
and long turnaround time (TAT) for reading smear slides given

the high workload in the health centers (12). There is a drive
to enhance research using readily available samples to identify
bio-signatures that can diagnose active TB disease.

In many endemic and often resource-limited settings, the
diagnosis of active TB disease is a challenge despite the important
advances in the development of new diagnostic tools. For
this reason, a simple, sensitive, and rapid diagnostic point of
care (POC) test may be required for screening of individuals
presumed to have active TB in high TB endemic settings as maybe
offered by immunological tests. These can then be followed
by confirmatory tests as required. To date, despite all research
efforts, none of the immunologically based TB disease detection
tests is WHO approved (13).

In this review, we highlight the approved diagnostic methods
(Table 1) for TB and discuss attempts made to identify blood-
based diagnostic approaches and other potential samples which
may lead to a point of care test for TB. Also highlighted are other
diseases that may affect pulmonary tuberculosis disease diagnosis
and progression.

TABLE 1 | Currently approved tuberculosis diagnostics.

Diagnostic method Advantages Limitations
Chest radiography - Can be used as an initial screening tool - Costly
- Not widely accessible
- test accuracy may be affected by variation between readers.
Direct microscopic examination*: - Fast - Low sensitivity,
identifies acid-fast bacilli through the - low cost - Unable to discriminate between mycobacterial species,
use of Ziehl-Neelsen staining - Time-consuming for lab technicians,
- Depends on sputum sample quality and bacterial load,
- Cannot detect drug resistance
- Cannot differentiate live or dead bacilli
Fluorescence light-emitting diode - High cost,
microscopy: Identifies acid-fast bacilli - Fast - Needs well-trained technicians,
stained with auramine, a fluorescent - Improved sensitivity - Poor performance among the HIV positive who are paucibacillary,
dye. - Depends on the quality and bacterial load of the sputum specimen

Culture (liquid): Identifies Mtb with High sensitivity

radio-active and fluorometric growth - Permits testing for drug resistance.
indicators (MGIT),

Culture (Solid): Identifies Mtb growth
on solid (LJ and Middlebrook) media

Permits testing for drug resistance.

Xpert MTB/RIF*: detect Mtb complex - High sensitivity,
DNA and mutations associated with
rifampicin resistance

Low turn around time (2 h)

TB LAM*: Detects lipopolysaccharide
which is shed from mycobacterial cell
walls in urine.

Easy to collect and store,

Permits testing for rifampicin resistance,

Does not require high biosafety requirements.
Has improved sensitivity among HIV positive

Cannot detect drug resistance
Cannot differentiate live or dead bacilli

- Expensive,
- Needs well-trained technicians,
Needs established infrastructure like Biosafety facilities

Long turnaround time,

Low sensitivity

Expensive,

Needs well-trained technicians,

- Needs established infrastructure like Biosafety facilities

- High cost for procuring the machine and consumables like cartridges
Needs well-trained technicians,

Cannot differentiate live or dead bacilli

Has stringent operational requirements like uninterrupted power supply,
temperature below 30°C, adequate storage for cartridges at temperatures
below 28°C

- Has programmatic requirements like software and annual calibration,

- Waste disposal for cartridges is a concern

Applicable primarily among HIV/AIDs patients
Sub-optimal sensitivity

Xpert MTB RIF, GeneXpert MTB/RIF assay (Cepheid, Sunnyvale, CA); LAM, lipoarabinomannan, MGIT, Mycobacterium growth indicator tube; LJ, Léwenstein-Jensen.

*Applies to resource-limited settings, which often have the highest TB burdens.
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RESEARCH QUESTION AND AIMS

What are the past and present approaches to diagnosis of active
pulmonary tuberculosis?

Objectives

1. To highlight the
diagnostic methods.

2. To describe the advances in blood biomarkers for diagnosis of
TB disease in children and adults regardless of HIV status.

3. To describe the performance of Mtb derived markers for
predicting active PTB disease in HIV-negative adolescents
and adults.

currently approved active PTB

Methods

This review was done using the Preferred Reporting Items
for Systematic Review and Meta-Analysis Protocols (PRISMA)
checklist. A thorough literature search for studies that meet the
inclusion criteria was done and the relevant data extracted. The
study was conducted and completed between March 2020 and
January 2021.

Inclusion Criteria

The following studies were included in this review: cross-
sectional, cohort, case-control, and randomized control studies
involving active PTB subjects regardless of HIV status. Also,
studies using host blood biomarker signatures to predict active
PTB disease with a microbiological reference standard of either
Mtb culture and/or Xpert MTB/RIF or smear microscopy, studies
using either TST or IGRA for predicting active PTB disease. In
addition, studies comparing TB disease cases to controls with or
without other diseases, and with or without latent Mtb infection
plus pediatric and adults PTB studies. Studies published both as
abstracts and full articles between January 1995 to January 2021
published in English regardless of location or country of origin
were also included.

Exclusion

We excluded PTB treatment and latently Mtb-infected biomarker
studies, conducted in animals; did not report sensitivity and
specificity, and where authors did not respond to enquiries
for data within 4 weeks of inquiry. Unpublished reports and
conference proceedings were excluded due to absence of peer
review and difficulty in obtaining data.

Literature Search

The searches were conducted in Medline through PubMed
and Google scholar databases. The search Key terms used
included: Tuberculosis, Mtb, diagnosis, diagnostics, detect,
predict, blood, immune markers, immunodiagnostic markers,
host, TB human biomarker, TB diagnostic bio-signature,
transcriptome, transcriptomic, Mtb RNA, accuracy, diagnostic
accuracy, performance, sensitivity and specificity, area under the
curve (AUC), receiver operating characteristic (ROC) curves.
Any other citations from identified literature that were not
originally identified during the search were also included.

Study Selection

ARN searched the databases for all studies that met the selection
criteria by title, abstract and later by full text. The selected studies
were further screened by two reviewers (HMK and NC) for their
quality as to whether they were fit for inclusion in this review.
Articles were categorized as (i) included, (ii) not included, or
(iil) pending reviewer discretion. The two reviewers conferred to
resolve any disagreements about pending publications, and if a
consensus could not be reached, a third reviewer (ARN) acted as
the tiebreaker.

Data Extraction and Management

Data was extracted from the relevant articles into a Microsoft
word file which was shared among the reviewers to facilitate
online sharing and screening of data between reviewers. For each
study, we extracted the reported performance data; the diagnostic
accuracy, sensitivity, specificity as per the flow chart attached
(Figure 1).

RESULTS

Current Diagnostic Methods
The currently approved methods for TB diagnosis are listed in
Table 1 below with their limitations.

Sputum Exam

There are several currently approved methods for TB diagnosis
and these are either microbiological or molecular methods
that detect the pathogen itself or its products. Sputum smear
microscopy and culture still present limitations such as low
sensitivity (15). Microscopy has been advanced with fluorescence
light-emitting diode which provides better sensitivity (6,
16). Sputum culture although more sensitive than sputum
microscopy presents challenges of long TAT, high cost plus high
infrastructure and training needs (17). Among those who show
up in the TB clinic to be screened, delayed diagnosis of active
pulmonary TB contributes to increased PTB disease burden
and spread of the infection (18). All sputum-based diagnostic
methods have limited use among children and the very sick who
are unable to cough.

GeneXpert

Currently, the Xpert© MTB/RIF assay (Cepheid Inc, Sunnyvale,
Calif., USA) is what comes close to a rapid molecular diagnostic
tuberculosis test although it is dependent on good quality
sputum sample (19). Tuberculosis diagnosis can also be through
the detection of host biomarkers or pathogen biomarkers
such as Mycobacterium tuberculosis (Mtb) products (20). These
challenges lead to delayed diagnosis of active pulmonary TB
thereby contributing to increased PTB disease burden and spread
of infection.

Chest Imaging

Chest radiography (x-ray) has the potential as an initial screening
test for active pulmonary TB. Imaging advances include Positron
emission tomography (PET) scans which are showing potential
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Identification of active PTB predictive studies via databases and registers

Identification

Records identified from*:
Databases (n = 2706)
Registers (n = 15)

'

Screening

Include

Records screened

(n =2637)

Reports sought for retrieval

(n=14) I

l

Reports assessed for eligibility

(n=9) —

Studies included in review
(n =60)

Reports of included studies
(n=9)

Records removed before
screening:
Duplicate records removed
(n = 66)
Records marked as ineligible
by automation tools (n = 10)
Records removed for other
reasons (n =8)

Records excluded**
(n=1201)

Reports not retrieved
(n=35)

Reports excluded:
None

FIGURE 1 | PRISMA flow chart indicating the data extraction process. Adapted from Page et al. (14).

for identifying active TB lesions. 2-['8F]fluoro-2-deoxyglucose In cases where sputum is not available e.g., in children,
(*8F-FDG) PET/CT scans have shown potential for detecting  attempts are made to collect other specimens e.g., gastric washes.
active pulmonary TB lesions (21) and treatment response (22). The collection of these specimens is not always practical in
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resource-limited settings, which often do not have highly skilled
health care workers. These and other specimens are collected
from extra pulmonary TB patients (EPTB) for TB diagnosis
but the yield of the microbiological tests is still low due
to the paucibacillary nature of these specimens compared to
sputum (23).

For this reason, blood-based diagnostic methods remain
paramount for quick tuberculosis point of care tests.

Immunodiagnostic Tests for Tuberculosis
Promising Blood-Based Diagnostic Approaches
Under Research and Development

Tests making use of the immune responses to tuberculosis
would be a valid addition to current tests to improve active
tuberculosis diagnosis. Some immunological test formats will
have the possibility of minimal invasiveness, minimal training
requirements, simplicity, and low cost and will easily serve as
POC tests for rapid diagnosis of tuberculosis (24). Some of
these tests are available as immune-chromatographic methods as
lateral flow strips and as “enzyme-linked immunosorbent assay
(ELISA)” (25).

The absence of validated active TB predictive biomarkers
hinders their use as immune-based active TB disease diagnostic
methods. This coupled with the inability to differentiate disease
states warrants continued research. Ideally, the most appropriate
cytokine panel for studying PTB disease is one that covers
the whole spectrum of TB infection and disease (26) which
includes may include “T helper 1 and 2 (Th1/Th2)” balance,
granuloma formation, macrophage activation, T-cell stimulation
and limitation of inflammation (27). In this review, the following
blood-based avenues have been discussed: LTBI blood-based tests
as predictors of active TB disease, antibodies, cytokines, blood
transcriptomic signatures, and immune metabolic markers.

Humoral Response

Antibody Tests for Active Tuberculosis

Antibodies to active TB have previously been used as both
therapeutic (28) and diagnostic agents of TB (29-31). Antibody
levels have shown potential as predictors of high bacterial
load and active TB disease progression among the LTBI (32).
In-vitro immunodiagnostic studies utilize Mtb antigens in
single or multiple combinations to evaluate the production of
“immunoglobulin (Ig)” A, G, and M antibodies in blood samples
(33, 34). These are incorporated onto lateral flow strips that are
easy to read on lateral flow readers (35). Serological tests that
have been developed for the market so far (Table 2) include the
Anda TB test, IBL test, Pathozyme-Myco IgG test (Myco G),
and TB complex test (36). While these approaches have yielded
promising results, there are no approved tests in the market yet
due to their poor sensitivity and specificity ranging between 57
and 94% (37, 38).

Other Mtb antigens that have been used include BCG, PPD
(39, 40), LAM, TB15.3, TB51A, CFP10-ESAT6-A, CFP, CW (41,
42). Titers for IgG were higher in active TB disease compared
with LTBI or controls in children (40) and adults (39, 41, 42).
Higher IgG titers also correlated with reduced T cell counts and
disease progression as was seen in TB/HIV) (42, 43).

TABLE 2 | Currently available serological tests for TB diagnosis.

Serological Antibody Sensitivity  Specificity = Antigen

test class (%) (%)

IBL 19G 76 57 recombinant
proteins 18, 36, and
40 kDa

Myco G 19G 50 94 Lipoarabinomannan
& Rv0934

Anda TB 19G 78 79 Antigen 60

TB complex [e[€] 52 93 Rv0934 & Rv2031c

test

A study done in South Africa investigated the serodiagnostic
reactivity of periplasmic phosphate-binding lipoprotein
PstS3 (Rv0928), L-alanine dehydrogenase (AlaDH) (Rv2780),
nitrate/nitrite response transcriptional regulator NarL (Rv0844c),
19 kDa lipoprotein antigen pre- cursor LpqH (Rv3763), and
lipoprotein MPT83 (Rv2873) evaluated IgG and IgA antibody
production. High IgA levels but not IgG were observed among
the LTBI group and were predictive of progression to active TB
disease in this group (32). In another study from the same group
that assessed IgA and G levels among slow and fast responders
to TB treatment, slow responders had higher IgA and IgG levels
compared to fast responders. IgG levels dropped significantly
following TB treatment (44).

Despite being an attractive point of care test for active
pulmonary tuberculosis, antibody tests for PTB have not been
approved for use globally due to their inaccuracy, inconsistency,
and poor specificity (13). This inaccuracy can be due to many
factors including cross-reactivity (45), age, and the inability to
differentiate recent antibodies from already existing ones. In high
TB endemic areas, high background antibody concentrations
among controls hinder the prognostic potential of antibodies
among these populations. Given that all pathogens generate an
antibody response, it is difficult to identify whether antibodies
are toward a recent or a previously established active PTB disease
in vivo.

Due to the unsatisfactory performance of sero-diagnostics,
assays utilizing Mtb-specific antibodies (45) in biological samples
like serum are available on the market but are not approved by
WHO or “Food and drug authority (FDA).” In-depth studies
need to be done to assess Mtb humoral response as well as
the inability of antibodies to confer protective immunity to
tuberculosis (46).

Cell-Mediated Immune Response to Tuberculosis
TST and IGRA for Active TB Diagnosis

The “tuberculin skin test (TST)” and “interferon-gamma release
assays (IGRA)” are used globally to determine exposure to
Mtb but are not ideal for predicting recent infection or active
Tb disease, especially in high TB endemic areas. Although
relatively old, the TST detects Mtb and Mtb-related purified
protein derivatives owing to its low specificity as it contains a
crude mixture of antigens, which are also available in “non-
tuberculous mycobacterium NTMs.” Because TST has low
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sensitivity and specificity, the (IGRA) has been introduced to
determine exposure to Mtb but not as a replacement for the
TST. In the developed world, the IGRA is used as supplementary
tests to TST for improved performance given the age dependant
production of interferon-gamma, especially among pediatrics.
Given that multiple cytokines and chemokines contribute to the
immune response to the bacilli, a biomarker signature rather than
a single cytokine or chemokine is required to predict active TB
disease and infection (47).

A signature comprising, IL1ra, IFNg, MIP-1b, and TGF could
predict active TB disease better in QuantiFERON (QFT) gold-
in-tube supernatants (48). Another study evaluating additional
markers in (QFT) gold plus supernatants (49) showed differential
expression of GM-CSE, IL-33, ITAC-1, I-309, MIG, ADAMTS13,
IL-1 o, IL-22, IL-2, IL-3, and TGF-a among those with active
TB disease. Recently, efforts focused on the discovery of ex
vivo biomarkers are taking lead as these may be more easily
converted to point of care (POC) tests. Given the huge amount of
research in this area, it is paramount to translate the researched
signatures to POC tests. Studies have been done to evaluate
the potential of TST and IGRA for active PTB diagnosis but
these do not have the predictive potential for active PTB
diagnosis (50, 51).

TB-Specific Antigen to Phytohaemagglutinin Ratio for Active
PTB Diagnosis

The T-SPOT assay that analyses IFNg producing T Spot-forming
cells (sfc) isolated from PBMCs for their response to TB antigens
(Ag); secreted antigenic target 6 (ESAT-6) and culture filtrate
protein 10 (CFP-10) and phytohaemagglutinin (PHA) TB Ags
ratio to predict LTB infection. Among the immune compromised
and children above 2 years, this assay has sensitivity and
specificity >95%. Originally, the T-SPOT assay like all IGRAs
was not suitable for active TB diagnosis due to its inability to
differentiate active PTB from LTBI. Despite that shortcoming,
PHA IFNg levels were higher in active PTB group compared to
the no-TB group using ESAT-6 and CFP10 sfc ratio. Recently
a modification that uses the TBAg/PHA ratio in T-SPOT.TB
assay was analyzed for its ability to diagnose active PTB in a
PTB endemic setting. A study by Wang et al. (52) proposed
assesseing the ratio of ESAT-6 and CFP10 combined to PHA
for its predictive potential of active PTB disease. The results
showed good performance of the TB Ag/PHA with sensitivity
of 82.1% and specificity of 90.7% to distinguish active PTB
disease from LTBI. These results correlated with the results in a
larger multi center study offering sensitivity and specificity above
80% (53). Among the immune compromised, the sensitivity
reduced to 79.21 and specificity increased to 94.05 but was still
high enough for use among this population (54). In order to
improve sensitivity, modifications such as combining the TB
Ag/PHA ratio with tests like Xpert MTB/RIF and Prealbumin
have been made. When the Xpert MTB/RIF was used together
with the TB Ag/PHA ratio to distinguish active PTB from LTBI,
sensitivity improved to 88.05% and specificity of 96.26% (55)
while with prealbumin sensitivity was 91.67% and specificity was
90.48% (56).

Host Inflammatory Biomarkers Detectable in ex-vivo
Samples

Plasma and Serum Proinflammatory Cytokines,
Chemokines, and Growth Factors

Recent advances use multiplex ELISAs to analyze concentrations
of cytokines and chemokines for their ability to differentiate PTB
patients from latently infected subjects or healthy controls. When
serum and plasma levels of these markers were evaluated, pro-
inflammatory cytokines and chemokines like VEGF (57), IFNg,
IL-2, TNF alpha, IL-12p40, IL-10, GM-CSE, IL-1 beta, and IL-
6 were higher among active PTB patients compared to healthy
controls (58-60). Similarly, the same markers were higher among
active PTB children than their healthy counterparts. Importantly,
pediatric levels were lower than adult levels mainly because
the adult immune system is more developed compared to the
pediatric one (27). Active TB predictive biosignatures included;
“IL-6, MIP-1B, VEGF and saliva G-CSF and MIP-1a” (60) in a
Ugandan population. In a South African study, the predictive
biosignature among the HIV co-infected patients included IFN-
gamma, fibrinogen, IFN- alpha-2, MMP-2 (61), and IL-1RA;
ApoA-1, CFH, CRP, IFN-g, IP-10, SAA, and transthyretin (62).

Whole Blood Culture Cytokine and Chemokine
Production

Whole blood assays using recombinant proteins and Mtb
antigens such as ESAT-6, CFP-10, TB7.7 (63) as well as other
recombinant proteins (Rv2029c, Rv2032, Rv2389c) (64) have
been evaluated for the prediction of active TB disease. Attempts
to translate these promising markers into point of care tests have
been made with IP10 and CCL4 that have been incorporated
into a lateral flow platform (65). In a multisite African study,
unstimulated IFN-gamma, unstimulated TGF-a, and antigen-
specific levels of IL-lra and MIP-1f diagnosed active TB
disease with a sensitivity and specificity >70% (48). Among
asymptomatic subjects, Apo-Al, ITAC-1, 1-309, MIG, MCP-2,
and NCAM-1 in the unstimulated sample (Nil) predicted active
TB with a sensitivity and specificity >70%, well as within the TB
antigen-stimulated sample, Apo-CIII, I-309, MIP-1a, and TNF-a
predicted active TB disease (49).

Despite the advances in this field, the challenge lies in the
fact that the most affected participant groups are not well-
covered by the testing methods available. These include pediatric
participants who cannot produce sputum and the HIV-infected
participants who have paucibacillary tuberculosis and usually
have negative sputum smear results.

Despite all the research, no new tests based on these bio-
signatures currently exist. However, there are studies in advanced
stages of development and clinical evaluation utilizing the
identified bio-signatures.

Mtb RNA for Active PTB Diagnosis

Mtb RNA has been used to detect presence of viable bacilli in
both sputum culture positive and negative participants. Among
the sputum culture negative participants with LTBI, viable but
non-culturable bacilli have been retrieved in previous studies
having both pulmonary and extra pulmonary TB (66). Attempts

Frontiers in Medicine | www.frontiersin.org

September 2021 | Volume 8 | Article 709793


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

Namuganga et al.

Past and Present Approaches to Diagnosis of Active Pulmonary Tuberculosis

to diagnose to active PTB using Mtb RNA by analyzing 85B
mRNA, IS6110, 16S rRNA and 65 kDa heat shock protein have
been made using nucleic acid amplification techniques (67). The
IS6110 insertion sequence is being used for active PTB diagnosis
for its uniqueness among the Mtb complex as a mobile promoter
(68) with a role in influencing growth of Mtb strains through
selective activation of monocytes (69). This has been translated
into a quick immune chemical assay with a TAT of 4h (70).
The 16S rRNA gene has been studied for its diagnostic value in
Mtb complex due to the fact that its highly conserved among
Mycobacteria. In a South Korean study 16SrRNA provided a
sensitivity above 90% using PCR (71). It has also proven to
have great value in diagnosis of non-tuberculous mycobacterium
(NTMs) although its sensitivity is affected if samples are smear
negative (72). Messenger RNA for 85B is used for predicting
actively replicating bacilli an important aspect in detecting active
PTB disease as well as PTB treatment response (67, 73).

Blood Transcriptomic Signatures

Host control and eradication of Mtb are directed by the
regulation of transcription and host gene expression. These have
been highlighted as predictors of active PTB disease or treatment
outcomes (26). Tuberculosis gene studies indicated increased
expression of genes linked to apoptosis, immune-inflammatory
response, bacterial molecular pattern responses (74) regulatory
T-cell marker genes, and intracellular trafficking marker genes
(74). Alternate splicing of transcripts in blood samples is one of
the forms of transcription regulation given that it is also used
as an evasion mechanism by Mtb to escape immune response
(75). Blood gene signatures from paxgene blood samples have
proven important for predicting active TB disease. This includes
the expression of cytolytic and cell cycle genes which indicates
increased lymphocyte proliferation (76-78).

A blood transcriptional profiling study evaluating the
performance of 393 selected transcripts in a high TB endemic
setting compared to a low TB setting revealed that these
blood transcripts were indicative of successful treatment as they
would wane with treatment. Interferon-inducible transcripts
were identified and were over-expressed in purified blood
neutrophils and to lesser extent monocytes, but not CD4+ and
CD8+ T cells, from active TB patients, compared to healthy
controls (79). This signature identified by Berry et al. (79) has
been cited and utilized by other studies and has proven to be
differentiative of disease states as well as treatment response (80—
84). These genes include FCGR1B, CD64 (FCGR1A), LTFE, GBP5,
and GZMA31. Transcriptomic signatures that are predictive of
active PTB in recent studies are highlighted in Figure 2. Many of
the markers keep coming up in the different studies and therefore
ought to be investigated for use in improved diagnosis of active
PTB (85).

Immune Metabolic Markers

Symptoms of pulmonary tuberculosis such as weight loss and
appetite loss are regulated by metabolic alterations in the patients’
endocrine system. There is limited data about the use of immune
metabolic markers for their use in PTB diagnosis yet they play an
important role in the manifestation of TB signs and symptoms.

A study in Italy evaluated plasma endocrine markers like
cortisol, dehydroepiandrosterone (DHEA), Leptin, Ghrelin,
adiponectin, and pro-inflammatory markers like plasma CRP, IL-
1b, IL-6 for their ability to predict PTB among HIV negative
PTB patients, their household contacts, and healthy controls.
There were significant differences between levels of all the above
markers except for DHEA between PTB patients and either
household contacts or health controls (86).

Another study in Argentina assessed the use of immune
metabolic markers for predicting the efficacy of PTB treatment
response. Cortisol and DHEA were assessed at the initiation
of treatment, at months 2, 4, and 6 as well as 3 months after
treatment completion in this study. Cortisol levels increased
during treatment but return to normal by Month 3 post PTB
treatment well as DHEA levels were decreased among PTB
patients but returned to normal after the end of treatment
(87). When comparisons were made, saliva levels of DHEA
were reflective of blood levels but not for its sulfated derivative
(DHEA-S) (88). Saliva cortisol levels on the other hand were
lower than in blood (89, 90).

Tuberculosis Detection in Samples Other Than Blood

Globally, there is a push to develop assays that make use of
easily available sample types such as urine, saliva as well as the
need for assays that do not require overnight culture with the
aim of developing rapid and cheaper tests which are possible to
implement in resource-limited settings.

Urine lipoarabinomannan (LAM) has been an important
marker for TB among the HIV infected (17, 20, 91). Point of
care strips for LAM are available on the market for use among
the HIV infected. Importantly, the only approved antibody test
for TB is the Alere LAM. In the pipeline are the new formats of
LAM that are being investigated by FIND; SILVAMP TB LAM
(FujiLAM) (92, 93). A study on host markers in urine identified
a biosignature consisting of IL2-Ra, sIL2Ra, and MDC (CCL22)
that diagnosed active TB disease regardless of HIV status (94).

Saliva use for Mtb diagnosis was earlier highlighted (95)
and pro-inflammatory and inflammatory markers are in high
quantities in saliva (60, 96, 97). Studies comparing serum and
saliva levels demonstrated significant differences in the levels of
GM-CSF and VEGEF in saliva compared to serum (60). Previous
studies showed that median levels of IL-17A, IL-23, and ECM-1
were significantly higher in the TB patients and were predictive of
treatment response (98). Levels of IL-1f and IL13 were higher in
saliva with IL-1p and VEGF appearing among the top markers
with diagnostic potential (60, 96) respectively. G-CSF, TNF-
o, and VEGF diagnosed active TB in a saliva model among
the Ugandan population (60). In a South African population,
a biosignature comprising CRP, ferritin, SAP, MCP-1, A2M,
fibrinogen, and TPA (97) as well as a signature comprising IL-
1B, IL-23, ECM-1, HCCI, and fibrinogen, diagnosed active TB
regardless of HIV status. When HIV was put into account, a
biosignature comprising, ENA-78, GDF-15, SAA, IL-12(p40), IL-
21, IL-13, granzyme A, and PAI-1 diagnosed active TB with a
sensitivity and specificity above 90% (98).

Other body fluids that have been used include bronchoalveolar
lavage (BAL), breath condensate, and pleural fluid. Breath
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activation RhoGTPase activating protein; SPP, Signal Peptide Peptidase.

Upregulated

Down
regulated

FIGURE 2 | Blood transcriptomic markers predictive of active PTB. OAS, 2'-5'-Oligoadenylate Synthetase 1; IF, Interferon alpha-inducible protein 6; IFl, Interferon
Gamma Inducible Protein; IRF, Interferon Regulatory Factor; IFIH, Interferon-induced helicase C domain-containing protein; IFIT, Interferon Induced Protein With
Tetratricopeptide Repeats; IFITM, Interferon-induced transmembrane protein; GBP, guanylate-binding protein; STAT, signal transducer and activator of transcription;
TAP, Transporter associated with Antigen Processing; SOCS, Suppressor of cytokine signaling; CXCL, C-X-C Motif Chemokine Ligand; FCGR, Low-affinity
immunoglobulin gamma Fc region receptor; CD, Cluster of differentiation; LTF, Lactotransferrin; OSM, Oncostatin M; SERP-ING1, plasma protease C1 inhibitor; ICAM,
Intercellular Adhesion Molecule; CHRM, Cholinergic Receptor Muscarinic; AMPH, Amphiphysin; SNX, Sorting Nexin; PIGC, Phosphatidylinositol
N-acetylglucosaminyltransferase subunit C; TAS2R46, Taste 2 Receptor Member 46; HBD, Hemoglobin subunit delta; GLDC, Glycine Decarboxylase; ACOT,
Acyl-CoA thioesterase; S100P, S100 Calcium Binding Protein P; STYXL, Serine/Threonine/Tyrosine Interacting Protein; IL, interleukin; BCL, B-cell lymphoma; CASP,
cysteine-dependent aspartate-directed proteases; TGFB, transforming growth factor-beta; TGFBR, transforming growth factor-beta receptor; TNFRSFIB, tumor
necrosis factor Il receptor; SEC, Selenocysteine; NCAM, Neural Cell Adhesion Molecule; CCR, C-C Motif Chemokine Receptor; PTPRCy, protein tyrosine
phosphatase receptor type C; GATA, Erythroid transcription factor. CTLA, Cytotoxic T-Lymphocyte Associated Protein; GNLY, Granulysin; TLR, Toll-like receptor; NLP,
Nucleoplasmin-like protein; TIMP, tissue inhibitor of metalloproteinases; AREG, Amphiregulin; RAB, G-protein; BPI, Bactericidal Permeability Increasing Protein;
TWIST, Twist-related protein; BLR, beta-lactam resistance protein; AIRE, Autoimmune regulator; MRC, Mannose Receptor C; Nod, nodulation; TAGAP, T-cell

*OAS1, IFI6, IFI44, IFI44L, OAS3, IRF7,
IFIH1, IFI16, IFIT3, IFIT2, OAS2,
IFITM3, IFITM1, GBP1, GBP5, STAT1,
GBP2, TAP1, STAT1, STAT2, IFI35,
TAP2, CD274, SOCS1, CXCL10, IFIT5,
FCGR1B, CD64, LTF, GBP5 and
Granzyme A, LTF, OSM, NMI, SOCS3,
complement factors, SERP- ING1,
STAT1, ICAM1, GLDC, ACOT7, S100P
and STYXL1, AIRE, TNF, MRC2, NOD2,
TLR5, FCGR1A, RAB24 and TAGAP,

MIP-1b, CASP8, SPP1

ATF3, CD3E, IL7R, BCL2, CASPS8, CD4,
TGFB1, and TGFBR2, TNFRSFIB and
SEC14L1, CXCR5, CD19, NCAM1,
CD3E, CD4, CD8A, CCR7, IL7R,
PTPRCv], IL2, GATAS3, IL5, IL13,
CCL4,Granzyme B, CTLA4, GNLY,
PRF1, CASP8, BCL2, TNFRSF1A,
TNFRSF1B, CD163, CCL5, CCL22,
CXCL13, IL12B, TLR9, NLRP1, NLRP2,
NLRP12, NLRP13, TIMP2, AREG,
TGFBR2, RAB33A, BPI, TWIST1,
SEC14L1, and BLR1,

condensate is still a virgin area of research for Mtb diagnosis
(20). Bronchoalveolar lavage (6) and pleural fluid are other
samples that have been utilized for the diagnosis of active PTB
disease because of their proximity to the site of infection. The
challenge is the invasive nature of acquiring the sample. Being
at the site of infection, BAL provides the true reflection of
what happens within the immune system when attacked by
Mtb (99).

Effect of Other Diseases on Pulmonary
Tuberculosis Disease Diagnosis

“Human immunodeficiency syndrome (HIV)” is a co-infection
whose presence fuels progression from latent tuberculosis to

active PTB disease. Because HIV compromises the immune
system, TST performance, as well as IGRA sensitivity, are highly
affected among HIV-infected persons. Lower CD4 counts are
associated with higher rates of indeterminate QuantiFERON
results. On the other hand, T-SPOT is less affected by HIV
immune suppression, as is the QuantiFERON and tuberculin
skin test. This is partly because the test utilizes an adequate
number of peripheral blood mononuclear cells despite overall
low CD4+ cell counts in whole blood (25). For this reason,
most studies utilize HIV-negative subjects to avoid confounding
results. This is problematic as those infected with HIV are at more
risk of progression to active PTB disease compared to the healthy
subjects who most studies use. More investigations need to be
made in discovering more host-derived biomarker signatures to
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improve the diagnosis of active PTB in TB endemic areas as well
as among the presumptive TB cases that comprise a huge base of
TB transmission.

Diabetes has also been shown as another risk factor for
progression to active TB disease (100, 101). Another study
highlighted diabetes mellitus as a risk factor for tuberculosis
but recommended the classification of diabetes mellitus stages
for better association studies (102). Interestingly, while diabetes
mellitus is a risk factor for tuberculosis, tuberculosis too is a risk
factor for the progression of diabetes mellitus (103). An Indian
study showed that diabetes mellitus contributed to cavitation
during TB disease in either the right or the left lung lobes (104).
It is therefore important to assess these and other comorbidities
so that they do not become confounders for the results in
tuberculosis studies.

DISCUSSION
Findings

The diagnosis of PTB remains a challenge globally and enormous
research is going on around the globe to improve the currently
available PTB diagnostic methods. Immunodiagnostic markers
are still not yet approved for PTB diagnosis despite the fact that
more research is being made to identify biosignatures that can
be incorporated into POCs for PTB diagnosis. Recent advances
with the IGRA- T-SPOT assay where the TBAg/PHA ratio has
been cited to diagnose active PTB disease. Blood biosignatures
that predict active PTB have shown to be divergent in different
populations. However, a few have been used to develop POC tests
for identifying subjects with active PTB disease thus preventing
new infections in the population. Great progress has been made
with the nucleic acid amplification techniques for PTB diagnosis
and have been used to develop POCs such as the Xpert©
MTB/RIF assay. More research needs to be made to incorporate
other Mtb antigens that have proven to have diagnostic potential
such as 65 kDa heat shock protein, 85B mRNA, 16S rRNA and
IS6110. Host transcriptomic signatures are a promising avenue
for use as markers for PTB diagnosis although there’s still need
for more research regarding biosignature discovery and testing
among different populations. This is because, some markers
perform better in non PTB endemic areas yet when introduced in
endemic areas the results differ a lot. Besides HIV, other illnesses

REFERENCES

1. World Health Organization. World Health Organization (WHO) Information
Note Tuberculosis and COVID-19. (2020). Available online at: https://www.
who.int/tb/COVID_19considerations_tuberculosis_services.pdf  (accessed
April 4, 2020).

2. World Health Organisation; Stop TB Partnership. The STOP TB Strategy
[Internet]. Vol. http://app, Stop TB strategy (2006). Available online at:
http://apps.who.int/iris/bitstream/handle/10665/69241/WHO_HTM_STB_
2006.368_eng.pdf?sequence=1

3. World Health Organisation: End TB strategy. End TB Strategy [Internet].
Vol. 53 (2013). Available online at: https://www.who.int/publications/i/item/
WHO-HTM-TB-2015.19

4. World Health Organisation. World Health Organisation: Global Tuberculosis
Report. Geneva (2020).

like diabetis mellitus have shown to be risk factors for LTBI
progression to active PTB disease. In such cases, subjects who
present with these illness may need to be planned for prophylaxis
treatment once identified to be having LTBL In the era of
COVID-19 pandemic which presents with symptom similar to
those of active PTB, it is important to rule out COVID-19 among
patients presenting at the TB clinics to avoid health workers and
clinic staff being infected.

Strengths and Limitations of the Study
Tremendous research in PTB diagnostics has been included
in the time frame for this review. This review does not
include studies for biomarkers for PTB treatment response, drug
resistance and relapse.

CONCLUSION AND RECOMMENDATIONS

In vitro stimulation is not completely representative of immune
response to tuberculosis given the doses of recombinant proteins
and lack of a regulatory mechanism. In this regard, only parts of
the pathogen are used which are quite different from the original
pathogen. Whether or not immune cells respond the same way
is still an area of great research. Further research ought to be
made with the T-SPOT assay in regard to the TBAg/PHA ratio
for active PTB diagnosis among PTB endemic areas in large
studies. Additionally, molecular diagnostics focusing on Mtb
RNA markers needs to be spearheaded for POC tests to improve
active PTB diagnosis. Subjects with comorbidities that are risk
factors for active PTB disease progression need to be intitated on
prophylaxis treatment to reduce on the number of new cases as
well as TB morbidity and mortality.

Translational research to test and incorporate all investigated
markers into point of care active pulmonary tuberculosis tests
is a field worth exploring given the available findings. This will
provide opportunities for research aimed at reducing active PTB
disease diagnostic challenges.

AUTHOR CONTRIBUTIONS

AN wrote the original draft. NC and HM-K reviewed the draft for
submission. All authors contributed to the article and approved
the submitted version.

5. Matteelli A, Rendon A, Tiberi S, Al-Abri S, Voniatis C, Carvalho ACC, et al.
Tuberculosis elimination: where are we now? Eur Respir Rev. (2018) 27:1-15.
doi: 10.1183/16000617.0035-2018

6. Sulis G, Centis R, Sotgiu G, Ambrosio LD, Pontali E, Spanevello A, et al.
Recent developments in the diagnosis and management of tuberculosis.
Primary Care Respir Med. (2016) 26:16078. doi: 10.1038/npjpcrm.2016.78

7. Teixeira HC, Abramo C, Munk ME. Immunological diagnosis of
tuberculosis: problems and strategies for success. ] Bras Pneumol. (2007)
33:323-34. doi: 10.1590/S1806-37132007000300015

8. Denkinger CM, Kik SV, Cirillo DM, Casenghi M, Shinnick T, Weyer K, et
al. Defining the needs for next generation assays for Tuberculosis. J Infect
Dis [Internet]. (2015) 211(suppl 2):529-38. Available online at: http://jid.
oxfordjournals.org/lookup/doi/10.1093/infdis/jiu821

9. Eddabra R, Ait Benhassou H. Rapid molecular assays for detection of
tuberculosis. Pneumonia. (2018) 10:1-12. doi: 10.1186/s41479-018-0049-2

Frontiers in Medicine | www.frontiersin.org

September 2021 | Volume 8 | Article 709793


https://www.who.int/tb/COVID_19considerations_tuberculosis_services.pdf
https://www.who.int/tb/COVID_19considerations_tuberculosis_services.pdf
http://app
http://apps.who.int/iris/bitstream/handle/10665/69241/WHO_HTM_STB_2006.368_eng.pdf?sequence=1
http://apps.who.int/iris/bitstream/handle/10665/69241/WHO_HTM_STB_2006.368_eng.pdf?sequence=1
https://www.who.int/publications/i/item/WHO-HTM-TB-2015.19
https://www.who.int/publications/i/item/WHO-HTM-TB-2015.19
https://doi.org/10.1183/16000617.0035-2018
https://doi.org/10.1038/npjpcrm.2016.78
https://doi.org/10.1590/S1806-37132007000300015
http://jid.oxfordjournals.org/lookup/doi/10.1093/infdis/jiu821
http://jid.oxfordjournals.org/lookup/doi/10.1093/infdis/jiu821
https://doi.org/10.1186/s41479-018-0049-2
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Namuganga et al.

Past and Present Approaches to Diagnosis of Active Pulmonary Tuberculosis

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Togun T, Kampmann B, Pai M. Diagnosis of Childhood Tuberculosis
[Internet]. Vol. 1, Reference Module in Biomedical Sciences. Elsevier Inc.
(2017). p. 1-11. Available online at: https://linkinghub.elsevier.com/retrieve/
pii/B9780128012383641570

Pai M, Schito M. Tuberculosis diagnostics in 2015: landscape, priorities,
needs, and prospects. ] Infect Dis. (2015) 211(Suppl. 2):S21-8.
doi: 10.1093/infdis/jiu803

Kansiime C, Kiwuwa SM, Levi M, Asiimwe BB, Katamba A. Health service
delay among pulmonary tuberculosis patients presenting to a National
Referral Hospital, Kampala, Uganda: A cross sectional study. Pan Afr Med
J. (2013) 15:1-11. doi: 10.11604/pam;j.2013.15.84.2692

World Health Organisation (WHO). Commercial Serodiagnostic Tests for
Diagnosis of Tuberculosis: Policy Statement. Geneva: WHO. (2011).

Page MJ, McKenzie JE, Bossuyt PM, Boutron I, Hoffmann TC, Mulrow
CD, et al. The PRISMA 2020 statement: An updated guideline for reporting
systematic reviews. BMJ. (2021) 2021:372. doi: 10.1136/bmj.n71

Piatek S, Van Cleeff M, Alexander H, Coggin WL, Rehr M, Van Kampen S,
et al. GeneXpert for TB diagnosis: planned and purposeful implementation.
Glob Heal Sci Pract. (2013) 1:18-23. doi: 10.9745/GHSP-D-12-00004

Ryu YJ. Diagnosis of pulmonary tuberculosis
and diagnostic algorithms. Tuberc Respir Dis.
doi: 10.4046/trd.2015.78.2.64

Huddart S, Nash M, Pai M. Tuberculosis diagnosis: challenges and solutions.
] Heal Spec. (2017) 4:230. doi: 10.4103/2468-6360.191903

Kiwuwa MS, Charles K, Harriet MK. Patient and health service
delay in pulmonary tuberculosis patients attending a referral
hospital: A cross-sectional study. BMC Public Health. (2005) 5:1-7.
doi: 10.1186/1471-2458-5-122

Jafari C, Olaru ID, Daduna E Ernst M, Heyckendorf ], Lange C,
et al. Rapid diagnosis of pulmonary tuberculosis by combined
molecular and immunological methods. Eur Respir J. (2018) 51:2189.
doi: 10.1183/13993003.02189-2017

Goletti D, Petruccioli E, Joosten SA, Ottenhoff THM. Tuberculosis
biomarkers: from diagnosis to protection. Infect Dis Rep. (2016) 8:24-32.
doi: 10.4081/idr.2016.6568

Ankrah AO, van der Werf TS, de Vries EF], Dierckx RAJO, Sathekge
MM, Glaudemans AWJM. PET/CT imaging of Mpycobacterium
tuberculosis  infection.  Clin  Transl ~Imaging. (2016)  4:131-44.
doi: 10.1007/s40336-016-0164-0

Malherbe ST, Chen RY, Dupont P, Kant I, Kriel M, Loxton AG,
et al. Quantitative 18F-FDG PET-CT scan characteristics correlate
with tuberculosis treatment response. EJNMMI Res. (2020) 10:591.
doi: 10.1186/s13550-020-0591-9

Nicol MP. pulmonary TB : progress and prospects. Paediatr Respir Rev.
(2012) 12:16-21. doi: 10.1016/j.prrv.2010.09.008

Garcia-basteiro AL, Dinardo A, Saavedra B, Silva DR, Palmero D. Point
of care diagnostics for tuberculosis. Rev Port Pneumol. (2018) 24:73-85.
doi: 10.1016/j.rppnen.2017.12.002

Pinto LM, Grenier J, Schumacher SG, Denkinger CM, Steingart KR, Pai M.
Immunodiagnosis of tuberculosis: State of the art. Med Princ Pract. (2011)
21:4-13. doi: 10.1159/000331583

Walzl G, Ronacher K, Hanekom W, Scriba TJ, Zumla A. Immunological
biomarkers of tuberculosis. Nat Rev Immunol. (2011) 11:343-54.
doi: 10.1038/nri2960

Mustafa T, Brokstad KA, Mfinanga SG, Wiker HG. Multiplex analysis of pro-
or anti-inflammatory serum cytokines and chemokines in relation to gender
and age among tanzanian tuberculous lymphadenitis patients. Tuberc Res
Treat. (2015) 2015:561490. doi: 10.1155/2015/561490

Glatman-Freedman A, Casadevall A. Serum therapy for tuberculosis
revisited: reappraisal of the role of antibody-mediated immunity against
Mycobacterium  tuberculosis. Clin  Microbiol Rev. (1998) 11:514-32.
doi: 10.1128/CMR.11.3.514

Khalig A, Ravindran R, Hussainy SE, Krishnan V V., Ambreen A, Yusuf
NW, et al. Field evaluation of a blood based test for active tuberculosis in
endemic settings. PLoS ONE. (2017) 12:e0173359. doi: 10.1371/journal.pone.
0173359

Jones A, Pitts M, Al Dulayymi JR, Gibbons J, Ramsay A, Goletti D, et al. New
synthetic lipid antigens for rapid serological diagnosis of tuberculosis. PLoS
ONE. (2017) 12:1-28. doi: 10.1371/journal.pone.0181414

recent advances
(2015) 3536:64-71.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

45.

46.

47.

48.

49.

Shete PB, Ravindran R, Chang E, Worodria W, Chaisson LH, Andama A,
et al. Evaluation of antibody responses to panels of M. tuberculosis antigens
as a screening tool for active tuberculosis in Uganda. PLoS ONE. (2017)
12:180122. doi: 10.1371/journal.pone.0180122

Baumann R, Kaempfer S, Chegou NN, Oehlmann W, Spallek R, Loxton
AG, et al. A subgroup of latently Mycobacterium tuberculosis infected
individuals is characterized by consistently elevated iga responses to
several mycobacterial antigens. Mediators Inflamm. (2015) 2015:364758.
doi: 10.1155/2015/364758

Anderson BL, Welch RJ, Litwin CM. Assessment of three commercially
available serologic assays for detection of antibodies to Mycobacterium
tuberculosis and identification of active tuberculosis. Clin Vaccine Immunol.
(2008) 15:1644-9. doi: 10.1128/CV1.00271-08

Ben-Selma W, Harizi H, Boukadida J. Immunochromatographic IgG/IgM
test for rapid diagnosis of active tuberculosis. Clin Vaccine Immunol. (2011)
18:2090-4. doi: 10.1128/CVI1.05166-11

World Health Organisation Special Programme for Research and Training in
Tropical Diseases. Laboratory-Based Evaluation of 19 Commercially Available
Rapid Diagnostic Tests for Tuberculosis. Geneva: Special Programme for
Research and Training in Tropical Diseases. (2008).

Meier NR, Jacobsen M, Ottenhoff THM, Ritz N. A systematic review on novel
mycobacterium tuberculosisantigens and their discriminatory potential for
the diagnosis of latent and active tuberculosis. Front Immunol. (2018) 9:2476.
doi: 10.3389/fimmu.2018.02476

Pottumarthy S, Wells VC, Morris AJ. A comparison of seven tests for
serological diagnosis of tuberculosis. J Clin Microbiol. (2000) 38:2227-31.
doi: 10.1128/0.38.6.2227-2231.2000

Wang S, Wu J, Chen ], Gao Y, Zhang S, Zhou Z, et al. Evaluation
of Mycobacterium tuberculosis-specific antibody responses for the
discrimination of active and latent tuberculosis infection. Int ] Infect
Dis. (2018) 70:1-9. doi: 10.1016/j.ijid.2018.01.007

Raqib R, Rahman J, Kamaluddin AKM, Kamal SMM, Banu FA, Ahmed
S. Rapid diagnosis of active tuberculosis by detecting antibodies from
lymphocyte secretions. J Infect Dis. (2003) 88:364-70. doi: 10.1086/376511
Ragib R, Mondal D, Karim MA, Chowdhury F Ahmed S, Luby §,
et al. Detection of antibodies secreted from circulating mycobacterium
tuberculosis -specific plasma cells in the diagnosis of pediatric tuberculosis.
Front Immunol. (2009) 16:521-7. doi: 10.1128/CV1.00391-08

Rekha RS, Kamal SMM, Andersen P, Rahim Z, Hoq I, Ara G, et al. Validation
of the ALS Assay in adult patients with culture confirmed pulmonary
tuberculosis. PLoS ONE. (2011) 6:6425. doi: 10.1371/journal.pone.0016425
Ashena S, Aderaye G, Zewdie M, Raqib R, Bekele A, Magalhaes I, et al. BCG-
speci fi ¢ IgG-secreting peripheral plasmablasts as a potential biomarker of
active tuberculosis in HIV negative and HIV positive patients. Thorax. (2012)
68:269-76. doi: 10.1136/thoraxjnl-2012-201817

Woudenbergh E Van, Irvine EB, Davies L, Kock M De, Hanekom WA,
Day CL. HIV is associated with modified humoral immune responses in
the setting of HIV / TB coinfection. Host-Microbe Biol. (2020) 5:1-19.
doi: 10.1128/mSphere.00104-20

Baumann R, Kaempfer S, Chegou NN, Nene NE Veenstra H, Spallek
R, et al. Serodiagnostic markers for the prediction of the outcome
of intensive phase tuberculosis therapy. Tuberculosis. (2013) 93:239-45.
doi: 10.1016/j.tube.2012.09.003

Jacobs AJ, Mongkolsapaya ], Screaton GR, Mcshane H, Wilkinson
RJ. Antibodies and tuberculosis. Tuberculosis. (2016) 101:102-13.
doi: 10.1016/j.tube.2016.08.001

Chan ED, Heifets L, Iseman MD. Immunologic diagnosis of tuberculosis: A
review. Tuber Lung Dis. (2000) 80:131-40. doi: 10.1054/tuld.2000.0243
Ahmad S. Pathogenesis, immunology, and diagnosis
mycobacterium tuberculosis infection. Clin Dev Immunol.
2011:814943. doi: 10.1155/2011/814943

Chegou NN, Sutherland ]S, Namuganga AR, Corstjens PLAM, Geluk
A, Gebremichael G, et al. Africa-wide evaluation of host biomarkers in
QuantiFERON supernatants for the diagnosis of pulmonary tuberculosis. Sci
Rep. (2018) 8:1-12. doi: 10.1038/s41598-018-20855-7

Manngo PM, Gutschmidt A, Snyders CI, Mutavhatsindi H, Manyelo
CM, Makhoba NS, et al. Prospective evaluation of host biomarkers
other than interferon gamma in QuantiFERON Plus supernatants
as candidates for the diagnosis of tuberculosis in symptomatic

of latent
(2011)

Frontiers in Medicine | www.frontiersin.org

10

September 2021 | Volume 8 | Article 709793


https://linkinghub.elsevier.com/retrieve/pii/B9780128012383641570
https://linkinghub.elsevier.com/retrieve/pii/B9780128012383641570
https://doi.org/10.1093/infdis/jiu803
https://doi.org/10.11604/pamj.2013.15.84.2692
https://doi.org/10.1136/bmj.n71
https://doi.org/10.9745/GHSP-D-12-00004
https://doi.org/10.4046/trd.2015.78.2.64
https://doi.org/10.4103/2468-6360.191903
https://doi.org/10.1186/1471-2458-5-122
https://doi.org/10.1183/13993003.02189-2017
https://doi.org/10.4081/idr.2016.6568
https://doi.org/10.1007/s40336-016-0164-0
https://doi.org/10.1186/s13550-020-0591-9
https://doi.org/10.1016/j.prrv.2010.09.008
https://doi.org/10.1016/j.rppnen.2017.12.002
https://doi.org/10.1159/000331583
https://doi.org/10.1038/nri2960
https://doi.org/10.1155/2015/561490
https://doi.org/10.1128/CMR.11.3.514
https://doi.org/10.1371/journal.pone.0173359
https://doi.org/10.1371/journal.pone.0181414
https://doi.org/10.1371/journal.pone.0180122
https://doi.org/10.1155/2015/364758
https://doi.org/10.1128/CVI.00271-08
https://doi.org/10.1128/CVI.05166-11
https://doi.org/10.3389/fimmu.2018.02476
https://doi.org/10.1128/0.38.6.2227-2231.2000
https://doi.org/10.1016/j.ijid.2018.01.007
https://doi.org/10.1086/376511
https://doi.org/10.1128/CVI.00391-08
https://doi.org/10.1371/journal.pone.0016425
https://doi.org/10.1136/thoraxjnl-2012-201817
https://doi.org/10.1128/mSphere.00104-20
https://doi.org/10.1016/j.tube.2012.09.003
https://doi.org/10.1016/j.tube.2016.08.001
https://doi.org/10.1054/tuld.2000.0243
https://doi.org/10.1155/2011/814943
https://doi.org/10.1038/s41598-018-20855-7
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Namuganga et al.

Past and Present Approaches to Diagnosis of Active Pulmonary Tuberculosis

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

individuals. (2019)  79:228-35. doi:
07.007

Abubakar I, Drobniewski F Southern J, Sitch AJ, Jackson C, Lipman M,
et al. Prognostic value of interferon-y release assays and tuberculin skin
test in predicting the development of active tuberculosis (UK PREDICT
TB): a prospective cohort study. Lancet Infect Dis. (2018) 18:1077-87.
doi: 10.1016/S1473-3099(18)30355-4

McNerney R, Maeurer M, Abubakar I, Marais B, McHugh TD, Ford
N, et al. Tuberculosis diagnostics and biomarkers: Needs, challenges,
recent advances, and opportunities. ] Infect Dis. (2012) 205:147-58.
doi: 10.1093/infdis/jir860

Wang E Hou HY, Wu §J, Zhu Q, Huang M, Yin B, et al. Using the
TBAg/PHA ratio in the T-SPOT®.TB assay to distinguish TB disease
from LTBI in an endemic area. Int | Tuberc Lung Dis. (2016) 20:487-93.
doi: 10.5588/ijtld.15.0756

Liu Y, Yao L, Wang E Sun Z, Tan Y, Sha W. The TBAg/PHA ratio in
T-SPOT.TB assay has high prospective value in the diagnosis of active
tuberculosis: a multicenter study in China. Respir Res. (2021) 22:1-9.
doi: 10.1186/s12931-021-01753-5

Bosco MJ, Hou H, Mao L, Wu X, Ramroop KD, Lu Y, et al. The
performance of the TBAg/PHA ratio in the diagnosis of active TB
disease in immunocompromised patients. Int J Infect Dis. (2017) 59:55-60.
doi: 10.1016/}.ijid.2017.03.025

Wang E Liu K, Peng J, Luo Y, Tang G, Lin Q, et al. Combination of
Xpert MTB/RIF and TBAg/PHA Ratio for Prompt Diagnosis of Active
Tuberculosis: A Two-Center Prospective Cohort Study. Front Med. (2020)
7:1-10. doi: 10.3389/fmed.2020.00119

Luo Y, Xue Y, Yuan X, Lin Q, Tang G, Mao L, et al. Combination of
prealbumin and tuberculosis-specific antigen/phytohemagglutinin ratio for
discriminating active tuberculosis from latent tuberculosis infection. Int |
Clin Pract. (2021) 75:1-10. doi: 10.1111/ijcp.13831

Matsuyama W, Hashiguchi T, Matsumuro K, Iwami E, Hirotsu Y, Kawabata
M, et al. Increased serum level of vascular endothelial growth factor in
pulmonary tuberculosis. Am ] Respir Crit Care Med. (2000) 162:1120-2.
doi: 10.1164/ajrccm.162.3.9911010

Verbon A, Juffermans N, Van Deventer SJ, Speelman P, Van Deutekom H,
Van Der Poll T. Serum concentrations of cytokines in patients with active
tuberculosis (TB) and after treatment. Clin Exp Immunol. (1999) 115:110-3.
doi: 10.1046/j.1365-2249.1999.00783.x

Deveci F, Handan Akbulut H, Turgut T, Hamdi Muz M. Changes in serum
cytokine levels in active tuberculosis with treatment. Mediators Inflamm.
(2005) 2005:256-62. doi: 10.1155/M1.2005.256

Namuganga AR, Chegou NN, Mubiri P, Walzl G, Mayanja-Kizza H.
Suitability of saliva for tuberculosis diagnosis: comparing with serum. BMC
Infect Dis. (2017) 17:600. doi: 10.1186/s12879-017-2687-z

Morris TC, Hoggart CJ, Chegou NN, Kidd M, Oni T, Goliath
R, et al. Evaluation of Host Serum Protein Biomarkers of
Tuberculosis in sub-Saharan Africa. Front Immunol. (2021) 12:639174.
doi: 10.3389/fimmu.2021.639174

Mutavhatsindi H, van der Spuy GD, Malherbe ST, Sutherland JS, Geluk A,
Mayanja-Kizza H, et al. Validation and optimization of host immunological
bio-signatures for a point-of-care test for TB disease. Front Immunol. (2021)
12:607827. doi: 10.3389/fimmu.2021.607827

Kellar KL, Gehrke ], Weis SE, Mahmutovic-Mayhew A, Davila B, Zajdowicz
M]J, et al. Multiple cytokines are released when blood from patients with
tuberculosis is stimulated with Mycobacterium tuberculosis antigens. PLoS
ONE. (2011) 6:26545. doi: 10.1371/journal.pone.0026545

Essone PN, Chegou NN, Loxton AG, Stanley K, Kriel M, Van Der Spuy
G, et al. Host cytokine responses induced after overnight stimulation with
novel M. tuberculosis infection phase-dependent antigens show promise
as diagnostic candidates for TB disease. PLoS ONE. (2014) 9:102584.
doi: 10.1371/journal.pone.0102584

Corstjens PLAM, Tjon Kon Fat EM, de Dood CJ, van der Ploeg-van
Schip JJ, Franken KLMC, Chegou NN, et al. Multi-center evaluation of
a user-friendly lateral flow assay to determine IP-10 and CCL4 levels in
blood of TB and non-TB cases in Africa. Clin Biochem. (2016) 49:22-31.
doi: 10.1016/j.clinbiochem.2015.08.013

] Infect. 10.1016/j.jinf.2019.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Cubero N, Esteban J, Palenque E, Rosell A, Garcia MJ. Evaluation of the
detection of Mycobacterium tuberculosis with metabolic activity in culture-
negative human clinical samples. Clin Microbiol Infect. (2013) 19:273-8.
doi: 10.1111/j.1469-0691.2012.03779.x

Demirci M, Saribas S, Ozer N, Toprak S, Caglar E, Ortakoylu G, et al.
Diagnostic performance of the RT-qPCR method targeting 85B mRNA in the
diagnosis of pulmonary Mycobacterium tuberculosis infection. J Infect Public
Health. (2018) 11:662-6. doi: 10.1016/j.jiph.2018.02.002

Roychowdhury T, Mandal S, Bhattacharya A. Analysis of IS6110 insertion
sites provide a glimpse into genome evolution of Mycobacterium
tuberculosis. Sci Rep. (2015) 5:1-10. doi: 10.1038/srep12567
Gonzalo-Asensio J, Pérez I, Aguil6 N, Uranga S, Pic6 A, Lampreave C, et al.
New insights into the transposition mechanisms of IS6110 and its dynamic
distribution between Mycobacterium tuberculosis Complex lineages. PLoS
Genet. (2018) 14:1-23. doi: 10.1371/journal.pgen.1007282

Ramezani R, Forouzandeh Moghadam M, Rasaee M]. Development of
sensitive and rapid RNA transcription-based isothermal amplification
method for detection of Mycobacterium tuberculosis. Avicenna ] Med
Biotechnol. (2019) 11:169-75.

Choi Y, Hong SR, Jeon BY, Wang HY, Lee GS, Cho SN, et al. Conventional
and real-time PCR targeting 16S ribosomal RNA for the detection of
Mycobacterium tuberculosis complex. Int ] Tuberc Lung Dis. (2015) 19:1102—
8. doi: 10.5588/ijtld.14.0472

Simon A, Onya O, Mazza-Stalder J, Nicod L, Gilbert G, Katia
J. Added diagnostic value of 16S rRNA gene pan-mycobacterial
PCR for nontuberculous mycobacterial infections: a  10-year
retrospective study. Eur ] Clin Microbiol Infect Dis. (2019) 38:1873-81.
doi: 10.1007/s10096-019-03621-z

Montenegro RA, Guarines KM, Montenegro LML, Lira LAS, Falcao J,
Melo FL, et al. Assessment of messenger RNA (mRNA) of Mycobacterium
tuberculosis as a marker of cure in patients with pulmonary tuberculosis. J
Appl Microbiol. (2014) 117:266-72. doi: 10.1111/jam.12508

Maertzdorf J, Ota M, Repsilber D, Mollenkopf HJ, Weiner J, Hill PC, et al.
Functional correlations of pathogenesis-driven gene expression signatures in
tuberculosis. PLoS ONE. (2011) 6:26938. doi: 10.1371/journal.pone.0026938
Kalam H, Singh K, Chauhan K, Fontana ME, Kumar D. Alternate splicing
of transcripts upon Mycobacterium tuberculosis infection impacts the
expression of functional protein domains. [UBMB Life. (2018) 70:845-54.
doi: 10.1002/iub.1887

Cliff J]M, Kaufmann SHE, Mcshane H, van Helden P, O’Garra A. The human
immune response to tuberculosis and its treatment: A view from the blood.
Immunol Rev. (2015) 264:88-102. doi: 10.1111/imr.12269

Cliff JM, Cho JE, Lee JS, Ronacher K, King EC, Van Helden P, et al. Excessive
cytolytic responses predict tuberculosis relapse after apparently successful
treatment. J Infect Dis. (2016) 213:485-95. doi: 10.1093/infdis/jiv447

Walter ND, Miller MA, Vasquez ], Weiner M, Chapman A, Engle M, et al.
Blood transcriptional biomarkers for active tuberculosis among patients
in the United States: A case-control study with systematic cross-classifier
evaluation. J Clin Microbiol. (2016) 54:274-82. doi: 10.1128/JCM.01990-15
Berry MPR, Berry M, Graham CM, McNab FW, Xu Z, Bloch SAA, et al.
An interferon-inducible neutrophil-driven blood transcriptional signature in
human tuberculosis. Nature. (2010) 466:973-7. doi: 10.1038/nature09247
Zak DE, Penn-Nicholson A, Scriba TJ, Thompson E, Suliman S, Amon L,
etal. A prospective blood RNA signature for tuberculosis disease risk. Lancet.
(2017) 387:2312-22. doi: 10.1016/S0140-6736(15)01316-1

Maertzdorf ], Repsilber D, Parida SK, Stanley K, Roberts T, Black G,
et al. Human gene expression profiles of susceptibility and resistance
in tuberculosis. Genes Immun. (2011) 12:15-22. doi: 10.1038/gene.2
010.51

Verhagen LM, Zomer A, Maes M, Villalba JA, del Nogal B, Eleveld M,
et al. A predictive signature gene set for discriminating active from latent
tuberculosis in Warao Amerindian children. BMC Genomics. (2013) 14:74.
doi: 10.1186/1471-2164-14-74

Walzl G, McNerney R, du Plessis N, Bates M, McHugh TD, Chegou
NN, et al. Tuberculosis: advances and challenges in development of
new diagnostics and biomarkers. Lancet Infect Dis. (2018) 18:e199-210.
doi: 10.1016/S1473-3099(18)30111-7

Frontiers in Medicine | www.frontiersin.org

11

September 2021 | Volume 8 | Article 709793


https://doi.org/10.1016/j.jinf.2019.07.007
https://doi.org/10.1016/S1473-3099(18)30355-4
https://doi.org/10.1093/infdis/jir860
https://doi.org/10.5588/ijtld.15.0756
https://doi.org/10.1186/s12931-021-01753-5
https://doi.org/10.1016/j.ijid.2017.03.025
https://doi.org/10.3389/fmed.2020.00119
https://doi.org/10.1111/ijcp.13831
https://doi.org/10.1164/ajrccm.162.3.9911010
https://doi.org/10.1046/j.1365-2249.1999.00783.x
https://doi.org/10.1155/MI.2005.256
https://doi.org/10.1186/s12879-017-2687-z
https://doi.org/10.3389/fimmu.2021.639174
https://doi.org/10.3389/fimmu.2021.607827
https://doi.org/10.1371/journal.pone.0026545
https://doi.org/10.1371/journal.pone.0102584
https://doi.org/10.1016/j.clinbiochem.2015.08.013
https://doi.org/10.1111/j.1469-0691.2012.03779.x
https://doi.org/10.1016/j.jiph.2018.02.002
https://doi.org/10.1038/srep12567
https://doi.org/10.1371/journal.pgen.1007282
https://doi.org/10.5588/ijtld.14.0472
https://doi.org/10.1007/s10096-019-03621-z
https://doi.org/10.1111/jam.12508
https://doi.org/10.1371/journal.pone.0026938
https://doi.org/10.1002/iub.1887
https://doi.org/10.1111/imr.12269
https://doi.org/10.1093/infdis/jiv447
https://doi.org/10.1128/JCM.01990-15
https://doi.org/10.1038/nature09247
https://doi.org/10.1016/S0140-6736(15)01316-1
https://doi.org/10.1038/gene.2010.51
https://doi.org/10.1186/1471-2164-14-74
https://doi.org/10.1016/S1473-3099(18)30111-7
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

Namuganga et al.

Past and Present Approaches to Diagnosis of Active Pulmonary Tuberculosis

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

Id HW, Id RV, Khatri P. Host-response-based gene signatures for
tuberculosis diagnosis : A systematic comparison of 16 signatures. PLoS Med.
(2019) 16:1002786. doi: 10.1371/journal.pmed.1002786

Mulenga H, Zauchenberger CZ, Bunyasi EW, Mbandi SK, Mendelsohn
SC, Kagina B, et al. Performance of diagnostic and predictive
host blood transcriptomic signatures for Tuberculosis disease: A
systematic review and meta-analysis. PLoS ONE. (2020) 15:1-17.
doi: 10.1371/journal.pone.0237574

Besedovsky H, Santucci N, Attilio LD, Kovalevski L, Bay L, Bottasso O,
et al. A multifaceted analysis of immune-endocrine-metabolic alterations
in patients with pulmonary tuberculosis. PLoS ONE. (2011) 6:€26363.
doi: 10.1371/journal.pone.0026363

Ariana D, Bongiovanni B, Attilio LD, Santucci N, Fern V, Kovalevski L, et al.
The clinical recovery of tuberculosis patients undergoing specific treatment
is associated with changes in the immune and neuroendocrine responses.
Pathog Dis. (2017) 75:87. doi: 10.1093/femspd/ftx087

Malamud D. Saliva as a diagnostic fluid. Dental Clin N Am. (2011) 55:159-78.
doi: 10.1016/j.cden.2010.08.004

Soo-Quee Koh D, Choon-Huat Koh G. The use of salivary biomarkers
in occupational and environmental medicine. Occup Environ Med. (2007)
64:202-10. doi: 10.1136/0em.2006.026567

Nunes LAS, Mussavira S, Bindhu OS. Clinical and diagnostic utility of saliva
as a non-invasive diagnostic fluid: A systematic review. Biochem Medica.
(2015) 25:177-92. doi: 10.11613/BM.2015.018

Pai M, Behr MA, Dowdy D, Dheda K, Divangahi M, Boehme CC, et al.
Tuberculosis. Nat Rev Dis Prim. (2016) 2:76. doi: 10.1038/nrdp.2016.76
Broger T, Sossen B, du Toit E, Kerkhoff AD, Schutz C, Ivanova Reipold E,
et al. Novel lipoarabinomannan point-of-care tuberculosis test for people
with HIV: a diagnostic accuracy study. Lancet Infect Dis. (2019) 19:852-61.
doi: 10.1016/S1473-3099(19)30001-5

Sossen B, Broger T, Kerkhoff AD, Schutz C, Trollip A, Moreau E, et al.
“sILVAMP TB LAM” rapid urine tuberculosis test predicts mortality in
patients hospitalized with human immunodeficiency virus in South Africa.
Clin Infect Dis. (2020) 71:1973-6. doi: 10.1093/cid/ciaa024

Eribo OA, Legheka MS, Malherbe ST, McAnda S, Stanley K, van der Spuy
GD, et al. Host urine immunological biomarkers as potential candidates
for the diagnosis of tuberculosis. Int ] Infect Dis. (2020) 99:473-81.
doi: 10.1016/j.ijid.2020.08.019

Kaufman E, Lamster IB. The diagnostic applications of saliva- a review.
Crit Rev Oral Biol Med. (2002) 13:197-212. doi: 10.1177/1544111302013
00209

Phalane KG, Kriel M, Loxton AG, Menezes A, Stanley K, Van Der
Spuy GD, et al. Differential expression of host biomarkers in saliva
and serum samples from individuals with suspected pulmonary
tuberculosis. Mediators Inflamm. (2013) 2013:81984. doi: 10.1155/2013/98
1984

97. Jacobs R, Tshehla E, Malherbe S, Kriel M, Loxton AG, Stanley K,
et al. Host biomarkers detected in saliva show promise as markers
for the diagnosis of pulmonary tuberculosis disease and monitoring
of the response to tuberculosis treatment. Cytokine. (2016) 81:50-6.
doi: 10.1016/j.cyt0.2016.02.004

Jacobs R, Maasdorp E, Malherbe S, Loxton AG, Stanley K, van der
Spuy G, et al. Diagnostic potential of novel salivary host biomarkers
as candidates for the immunological diagnosis of tuberculosis disease
and monitoring of tuberculosis treatment response. PLoS ONE. (2016)
11:e0160546. doi: 10.1371/journal.pone.0160546

Canaday DH, Sridaran S, Van Epps P, Aung H, Burant CJ, Nsereko M,
et al. CD4+ T cell polyfunctional profile in HIV-TB coinfection are similar
between individuals with latent and active TB infection. Tuberculosis. (2015)
95:470-5. doi: 10.1016/j.tube.2014.12.008

Prezzemolo T, Guggino G, La Manna MP, Di Liberto D Di, Dieli
E Caccamo N. Functional signatures of human CD4 and CD8T cell
responses to Mycobacterium tuberculosis. Front Immunol. (2014) 5:180.
doi: 10.3389/fimmu.2014.00180

Kobashi Y, Mouri K, Obase Y, Fukuda M, Miyashita N, Oka M. Clinical
evaluation of QuantiFERON TB-2G test for immunocompromised patients.
Eur Respir J. (2007) 30:945-50. doi: 10.1183/09031936.00040007

Restrepo BI. Diabetes and tuberculosis. Microbiol Spectr. (2017) 4:1-19.
doi: 10.1128/microbiolspec. TNMI7-0023-2016

Yorke E, Atiase Y, Akpalu ], Sarfo-kantanka O, Boima V, Dey ID. The
bidirectional relationship between tuberculosis and diabetes. Tuberc Res
Treat. (2017) 2017:1702578. doi: 10.1155/2017/1702578

Saeidi S. The appearance of tuberculosis in diabetic patients. Biomed Res.
(2019) 30:224-8.

98.

99.

100.

101.

102.

103.

104.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2021 Namuganga, Chegou and Mayanja-Kizza. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Medicine | www.frontiersin.org

12

September 2021 | Volume 8 | Article 709793


https://doi.org/10.1371/journal.pmed.1002786
https://doi.org/10.1371/journal.pone.0237574
https://doi.org/10.1371/journal.pone.0026363
https://doi.org/10.1093/femspd/ftx087
https://doi.org/10.1016/j.cden.2010.08.004
https://doi.org/10.1136/oem.2006.026567
https://doi.org/10.11613/BM.2015.018
https://doi.org/10.1038/nrdp.2016.76
https://doi.org/10.1016/S1473-3099(19)30001-5
https://doi.org/10.1093/cid/ciaa024
https://doi.org/10.1016/j.ijid.2020.08.019
https://doi.org/10.1177/154411130201300209
https://doi.org/10.1155/2013/981984
https://doi.org/10.1016/j.cyto.2016.02.004
https://doi.org/10.1371/journal.pone.0160546
https://doi.org/10.1016/j.tube.2014.12.008
https://doi.org/10.3389/fimmu.2014.00180
https://doi.org/10.1183/09031936.00040007
https://doi.org/10.1128/microbiolspec.TNMI7-0023-2016
https://doi.org/10.1155/2017/1702578
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles

	Past and Present Approaches to Diagnosis of Active Pulmonary Tuberculosis
	Introduction
	Tuberculosis Burden and Eradication Strategies

	Research Question and Aims
	Objectives
	Methods
	Inclusion Criteria
	Exclusion
	Literature Search
	Study Selection
	Data Extraction and Management

	Results
	Current Diagnostic Methods
	Sputum Exam
	GeneXpert
	Chest Imaging

	Immunodiagnostic Tests for Tuberculosis
	Promising Blood-Based Diagnostic Approaches Under Research and Development
	Humoral Response
	Antibody Tests for Active Tuberculosis

	Cell-Mediated Immune Response to Tuberculosis
	TST and IGRA for Active TB Diagnosis
	TB-Specific Antigen to Phytohaemagglutinin Ratio for Active PTB Diagnosis

	Host Inflammatory Biomarkers Detectable in ex-vivo Samples
	Plasma and Serum Proinflammatory Cytokines, Chemokines, and Growth Factors

	Whole Blood Culture Cytokine and Chemokine Production
	Mtb RNA for Active PTB Diagnosis
	Blood Transcriptomic Signatures
	Immune Metabolic Markers

	Tuberculosis Detection in Samples Other Than Blood

	Effect of Other Diseases on Pulmonary Tuberculosis Disease Diagnosis

	Discussion
	Findings
	Strengths and Limitations of the Study

	Conclusion and Recommendations
	Author Contributions
	References


