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Editorial on the Research Topic

Modern molecular era of the mycobacterial world: Insights into diag-
nosis and transmission of mycobacteria and associated diseases

Mycobacterium is a genus of actinobacteria with its own family, the Mycobacteriaceae.
There are 265 mycobacterial species in this genus that have been identified thus far
(www.bacterio.net/mycobacterium.html accessed on 17th Feb 2023). The pathogens in the
Mycobacterium (M) genus, including M. TB complex, M. leprae, slow-growing
mycobacteria (SGM), and rapid-growing mycobacteria (RGM), are known to cause
infections in humans (1-3).

Non-tuberculous mycobacteria (NTM) are widely distributed in the environment and
can infect animals and humans, according to the published literature (4-6). Even though
saprophytes make up the majority of NTM, about one-third of NTM have been linked to
illnesses that affect humans (Ratnatunga et al.). It is still unclear exactly how these
mycobacterial infections are transmitted. Understanding the dynamics of transmission
of mycobacterial infections can help to plan a strategy to lessen the burden of mycobacteria
and stop the spread of mycobacterial infection.

It has been noted that 10 million people fall ill with tuberculosis (TB) worldwide, and a
total of 1.6 million people die from TB (7); thus, drug-resistant TB remains a public health
crisis. M. tuberculosis is proficient in altering the immune response for its own survival,
leading to disease or latent infection. The molecules and mechanisms utilized to
accomplish the survival of bacteria inside the host are not fully understood. Early and
effective treatment of these infections is very important to prevent transmission within the
population. There is an urgent need for fast and reliable point-of-care (POC) diagnostic
methods for effective case management. Currently, the used methods for screening and
diagnosis are clinical, immunological, microscopic, radiographic, and bacterial culture. In
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addition, recent advances in molecular diagnostic methods,
including loop-mediated isothermal amplification (LAMP), line
probe assay (LPA), cartridge-based nucleic acid amplification test
(CBNAAT), fully automated (GeneXpert) platform, and whole-
genome sequencing (WGS), have been employed to diagnose and
characterize tuberculosis and non-tuberculosis infections. Another
technique for classifying and identifying mycobacteria uses the
mass spectrometer (MS) and matrix-assisted laser desorption/
ionization-time of flight (MALDI-TOF) technologies.

The other main mycobacterial disease affecting humans is
leprosy caused by M. leprae. The transmission of leprosy has not
been understood fully. In recent advancements in molecular
biology, the molecular marker has been used for the detection of
the viability of M. leprae and transmission in the community.

This Research Topic presents original research articles and case
studies that focused on recent developments in molecular biology
and immunology in respect to diagnostic techniques, the
transmission aspect of mycobacteria, the use of medication to
treat mycobacterial infection, and the evaluation of drug
resistance patterns, as well as the understanding of immune
responses in the host against the bacteria, cell subsets at the local
site, and how immune responses can stimulate the outcome
of disease.

For NTM, Zhou et al. reported the first case of M. senegalense
infection in a human after laparoscopic cholecystectomy was
observed in China. M. senegalense infection in humans is
extremely rare, especially in immunocompetent individuals. It is
also difficult to detect M. senegalense infection because its
symptoms are non-specific, and routine diagnostic tests are less
sensitive. By using a molecular PCR followed by next-generation
sequencing (NGS), the DNA sequences of M. senegalense in patient
tissue samples were identified. M. senegalense infection was treated
with quadruple therapy with clarithromycin, moxifloxacin,
rifampicin, and oxycycline for 60 days, and it was noted that
patient’s wound healed remarkably.

In the field of tuberculosis, Mtafya et al. prospectively assessed
the monitoring of the treatment response of a tuberculosis (TB)
patient with TB bacteriology and novel tuberculosis-molecular
bacterial load assay (TB-MBLA). The authors assessed
bacteriologically confirmed cases for TB and assessed the
symptoms and bacteriological resolution using smear microscopy,
culture, and TB-MBLA over a six-month treatment. A decrease in
TB-MBLA positivity reflected a fall in the bacillary load. Low-
baseline bacillary load patients were more likely to be
bacteriologically negative by month 2 and 6 of treatment,
respectively. Mtafya et al. showed a high percentage agreement of
clinical symptoms with bacteriological positivity for TB at
diagnosis, which weakens rapidly during the early weeks of anti-
TB therapy. These findings provide new evidence that relying solely
on TB symptoms for diagnosis or monitoring may mislead the
treatment decisions of some patients and the final treatment
outcomes. These findings advocate for more investment in
bacteriological tests to improve the accuracy of TB diagnosis and

treatment monitoring in routine healthcare settings.
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Wang et al. reported that prisons are regarded as a hotspot for
TB disease and transmission, emphasizing that prevention
strategies must focus on this hotspot to achieve the global target
of ending TB (8). The present study observed a significant burden of
TB in an incarcerated population in Qingdao, where 3.36% of
inmates had pulmonary TB. The prevalence of TB found in this
study was six times higher than the estimated prevalence for the
general population (0.5% in 2010) (9). It is not only a risk to other
prisoners and prison staff, but it also has the potential to put
communities in danger of TB disease after their release from prison.

Worku et al. evaluated the drug sensitivity of M. tuberculosis
and its association with the bacterial genotype and evaluated the
performance of Xpert MTB/RIF (Xpert) in detecting resistance to
rifampicin (RIF). The authors reported that the SIT 149 (T3-ETH)
spoligotype was significantly associated with resistance to one or
more drugs and multidrug resistance to TB, which was widespread
in Ethiopia. The Xpert assay was observed to have high sensitivity
and specificity in detecting rifampicin-resistant M. tuberculosis.
Hence, this test can be applied widely.

Zhuang et al. analyzed the clinical characteristics of patients with
central airway stenosis due to tuberculosis. The authors reported that
despite receiving mostly adequate anti-tuberculosis chemotherapy,
patients with TB can present with CASTB, involving severe scarring
stenosis, bronchial occlusion, tracheobronchomalacia, and even
destroyed lungs.

Sharma et al. evaluated the immune responses at the local site of
infection and in the peripheral blood to improve the understanding
of the immunological mechanisms involved in the containment and
progression of TB. Significantly higher intracellular calcium levels,
phosphorylation levels of ZAP-70, Erk1/2, and p-38 in CD3 and
CD28 induced cells of pleural fluid as compared to the blood cells of
the same patient with tuberculous pleural effusion (TPE). An
alteration in the activation of the same events after stimulation
with ESAT-6 and Ag85A was noted.

Adepoju et al. observed that frontline TB providers in private
hospitals in Lagos struggled with assigning correct treatment
outcomes for TB patients based on the NTBLCP guideline. The
huge proportion of TB patients with missing end-of-treatment,
month six follow-up results is of great concern. The result was a
huge discrepancy between the reported and actual cure and
completion rate data. Increased access to all the periodic follow-
up AFB tests for TB patients on treatment and availability of the
National TB Guideline for referencing could potentially improve
the adherence of private TB service providers while assigning TB
treatment outcomes.

In the field of leprosy, Turankar et al. reported that the
molecular epidemiology of leprosy is important to study leprosy
transmission dynamics and to enhance the understanding of
leprosy in endemic areas by utilizing the molecular typing
method. In this study, the authors observed the presence of viable
M. leprae in inhabitant areas of leprosy patients. These viable bacilli
might survive in the environment and might help to cause leprosy
disease after repeated exposure to a susceptible host. A similar
genotype in clinical and environmental samples indicates that the

frontiersin.org
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environment could possibly act as a source of infection. The SNP
and VNTR combination showed the M. leprae strain similarities
and their differentiation in certain blocks of Purulia. Such studies
with the combination of genetic markers may provide a tool to track
the transmission link in the community.

Conclusion

The collection of papers in this Research Topic provides insight
into the challenges associated with the diagnosis, prevention, and
management of mycobacterial diseases. The importance of recent
molecular techniques used for the rapid diagnosis and identification
of specific species and the transmission aspect of mycobacterial
disease is highlighted, from the individual to the community level.
The completion of treatment is essential to stop the transmission of
the disease and to facilitate its proper management. The
advancement in molecular technology and recognition of the
molecular marker in the M. leprae genome has added to the value

of tracking community transmission.
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Background: Mycobacterium senegalense is a non-tuberculous mycobacterium and
is found everywhere in the environment. However, M. senegalense infection in human
is extremely rare, especially in immunocompetent individuals. It is difficult to detect
M. senegalense infection because its symptoms are non-specific, and routine diagnostic
tests are less sensitive. It is also resistant to commonly used antibiotics. Here, we report
the first case of M. senegalense infection after laparoscopic cholecystectomy in China.

Case Presentation: A 55-year-old man was admitted because of repeated infections at
multiple incision sites for more than 1 year. Although routine diagnostic test results were
negative, metagenomic next-generation sequencing (MNGS) identified DNA sequences
of M. senegalense in tissue samples from incision sites. The presence of M. senegalense
was further confirmed by polymerase chain reaction and capillary electrophoresis.
After 60 days of quadruple therapy with clarithromycin, moxifloxacin, rifampicin, and
oxycycline, the patient’s wound healed.

Conclusion: We believe the case findings contribute to the limited amount of knowledge
about M. senegalense infection and raises awareness that this infection can result in poor
wound healing, even in an immunocompetent host. Owing to a lack of early, precise
diagnosis, it is difficult to treat M. senegalense infections. Based on our findings, mMNGS
is a sensitive diagnostic test for M. senegalense infections.

Keywords: Mycobacterium senegalense, non-tuberculous

next-generation sequencing, case report

infection, mycobacterium, metagenomic

INTRODUCTION

Mpycobacterium senegalense is a non-tuberculous mycobacterium (NTM) that was first reported
to cause bovine farcy in sub-Saharan Africa, exhibiting chronic granulomatous inflammation of
skin lymphatics and draining lymph nodes of zebu cattle (1). However, human infections with M.
senegalense are rare, and its zoonotic potential is unknown.
NTM is a complex pathogen that is wusually a
organism. It is extensively found in the
and  water  sources, leading to  high
although only a few species infect humans.

commensal or saprophytic
environment such as in soil
human-pathogen  exposure  (2),
NTM is an opportunistic
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pathogen that usually infects immunocompromised patients
with intractable conditions such as those with underlying lung
diseases, human immunodeficiency virus infections, and cancers,
as well as those receiving chemotherapy (3). NTM can be
divided into two groups based on how long they take to
grow in a culture: rapid-growing and slow-growing species. The
most common pathogen among the slow-growing NTM species
is M. avium-intracellulare, which primarily causes pulmonary
infection (4). M. fortuitum is the most common pathogen among
the rapid-growing NTM species, which usually causes colonized

infections (5, 6). Although M. senegalense belongs to the same
group as M. fortuitum, it rarely infects humans.

So far, only seven cases of humans being infected by
M. senegalense have been described; however, none of
them appear to have occurred in China. In this study,
we report the first case of M. senegalense infection after
laparoscopic cholecystectomy in China. mNGS test identified
that the patient was infected with M. senegalense, even
though routine diagnostic tests were negative. The patient’s
condition improved, and the wound healed after quadruple

or transient infections in the respiratory tract, in addition to  therapy with clarithromycin, moxifloxacin, rifampicin,
disseminated disease, lymphadenitis, and skin and soft tissue  and doxycycline.
38
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FIGURE 1 | Condition of the patient’s incisions. (A) It shows the incisions of the patient on admission. (B) It shows the incisions of the patient after second surgery.
(C) It shows the patient’s incisions after 60 days of quadruple therapy. (D) The patient’s temperature and routine blood test results.
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Case Presentation

A 55-year-old male patient, who present to our hospital in August
2021, because of repeated infection at multiple incisions for more
than 1 year after laparoscopic cholecystectomy surgery done
for gallstone complicated with cholangitis. On examination, the
incisions under the xiphoid process were red and swollen, the
incisions were dehiscent, local tenderness, high skin temperature
and a little suppuration (Figure 1A).

The patient had multiple incisions infections and repeated
purulent exudates after surgery, with an average recurrence about
25 days, but the blood routine results shown no abnormality.
According to the B-ultrasound results (Figure 2A), considering
the formation of sinus tract under xiphoid process. In September
2021, laparoscopic re-surgery and abdominal exploration were
performed, the sinus trace was cut and drainage of abscess. Then
given piperacillin sodium and tazobactam sodium anti-infection
treatment, but the effect was still poor after a period of time.
We discovered the surgical incisions still were not healing, the
skin surrounding the incisions was red, swollen and painful, and
suppuration was present (Figure 1B).

Since admission, the patient’s body temperature and blood
routine results were normal (Figure 1D). Additionally, regular
bacterial culture and acid-fast bacillus (AFB) staining were
negative, but blood samples for the tubercle bacillus antibody
(TB-AD) test were positive. Combined with the patient’s chest CT
(Figure 2B), tuberculosis related examination and the patient’s
clinical symptoms, they did not support tuberculosis-related
diseases. In order to further resolve the question and determine
the pathogens, the mategenomic sequencing technology covering
the pathogen is used to accurately identify pathogens.

On November 29, 2021, the tissue from the incisions
of the patient was sampled for DNA metagenomic next-
generation sequencing (mNGS) (KingMed Diagnostics,
Changsha, China). It detected 53 sequences that could be

mapped to M. senegalense in a total of 113 sequences, and the
coverage was 0.09%, making up 58.76% of the total microbe
sequences (Table 1). Targeted PCR of M. senegalense using
two pairs of primers was applied: 16S RNA forward 5'-AGCG
GCGGAGCATGTGGATTA-3', reverse 5-GCTGATCTGCGA
TTACTAGCGACTC-3’ (GenBank: DQ145802.1); rpoB forward
5-TGCGTGCCATCTTCGGTGAGA-3, reverse 5-GTCG
ATGTTCCAGCCTGCCTTG-3' (GenBank: JF706631.1). The
primers were designed and verified using Primer-BLAST
based on the reference genome sequence of M. senegalense in
NCBI. Subsequently, the capillary electrophoresis technique
(Qsep 100TM; Bioptic) also curtained the M. senegalense
infection (Figure 3).

According to the results, the patient was initiated with oral
clarithromycin (500 mg, twice daily), moxifloxacin (400 mg, once
daily), rifampicin (450 mg, once daily) and doxycycline (100 mg,
once every 12 hours). Then the swelling gradually subsided
and there was no obvious purulent exudation. After 20 days,
the patients incisions healed well, and there was no sign of
recurrence in the 60th day after quadruple therapy (Figure 1C).

DISCUSSION

We present a unique case of a patient with chronic incision site
infections who underwent laparoscopic cholecystectomy and re-
surgery, after which he was diagnosed as having an infection
caused by an unusual NTM species.

Rapid-growing NTM species, such as M. fortuitum, have
increasingly gained recognition during the last two decades
because of their ability to thrive even in the harshest
environments. In an immunosuppressed patient, these pathogens
cause serious infections, such as bacteremia (5). M. senegalense
is a rapid-growing NTM, belongs to the same group as M.
fortuitum, and was first isolated from a bovine source (6).
Infection with M. senegalense affects the sinus tracts and is
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TABLE 1 | mNGS results of the tissue and exudate from the punctures in this case.

Genus Species

Generic Relative Number of sequences Species Number of sequences

name abundance (%) name

Mycobacterium 58.76% 113 Mycobacterium 53
senegalense

16S rRNA

rpoB

100

622 |
527

404 |

307

amplified fragments are marked with red boxes.

Marker Patient NegativePatientNegative

FIGURE 3 | Polymerase chain reaction and capillary electrophoresis technique confirmed M. senegalense infection in the patient. 16S rRNA- and rpoB-specific

characterized by multiple abscesses and granuloma formation.
Only 7 cases about human infection with M. senegalense
have been reported, the recent report found it to cause skin
infections in immunocompetent patients (7). Most patients had

minimal history of contact with animals and travel to areas
where M. senegalense infection was more commonly endemic
(8-10). And most of those cases were identified by various
sequencing techniques. The first case of human infection by
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M. senegalense was described in 2005 (11). The patient had
non-Hodgkin’s lymphoma and was treated with R-CHOP. Her
physical examination revealed high fever of 39.8°C, although
she had no contact with any animal- or bovine-specific sources.
Although it was difficult to diagnose, 16S rRNA gene, rpoB,
and 16S-23S rRNA gene internal transcribed spacer sequence
analyses finally revealed M. senegalense infection. Another case
reported M. senegalense infection in a healthy girl with no
prior history of serious illness or hospitalization (12). The
patient was scratched by fish tank debris, following which the
wound was sterilized and sutured. After 2 weeks, the wound
failed to heal and appeared reddened and indurated. 16S gene
sequencing and biochemical testing was used to diagnose the
M. senegalense infection, which was the first infection reported
in humans without immunodeficiency. This also indicated that
immunocompetent individuals were also at a risk of infection.

It is worth mentioning that the patient had no history of
contact with animals, and the patient’s body temperature, routine
blood test results, and other data indicated that infection was
absent. These indicators were not present in previous cases,
suggesting that M. senegalense may not cause changes in infection
indicators. According to current literature, the prevalence and
incidence of NTM infections continue to increase (11, 13).
Rapid identification and subsequent drug susceptibility testing
are essential for sleeting appropriate antibiotics against NTM.
In addition, it is necessary to be vigilant about NTM infections,
even if individuals have no contact history with animals, no travel
history, and no infection-negative routine blood test results with
recurrent infections at laparoscopic incision sites.

Because of the scarcity of literature on M. senegalense, we
draw on treatment guidelines for NTM infections (14, 15).
From the literature review, we found that the management
of NTM infections is quite difficult. First, NTM infections
possess several internal antimicrobial resistance mechanisms
such as an impermeable cell wall and formation of granulomas,
which reduces antimicrobial influx. Second, the long-term
treatment of NTM infections leads to the development of
drug resistance (16). According to the American Thoracic
Society, Infectious Diseases Society of America, and Clinical
and Laboratory Standards Institute, the latest recommended
NTM drugs include macrolides, clofazimine, quinolones,
sulfonamides,  linezolid,  aminoglycosides,  bedaquiline,
and tetracyclines (17). Additionally, the success rate of
treatment for NTM infection is species specific. Usually,
a combination of three or four drugs are administered

1. Hamid ME. Current Perspectives on Mycobacterium farcinogenes
and Mycobacterium senegalense, the Causal Agents of Bovine
Farcy. Vet Med Int. (2014) 2014:247906. doi: 10.1155/2014/2
47906

2. Falkinham JO 3rd. Environmental sources of nontuberculous mycobacteria.
Clin Chest Med. (2015) 36:35-41. doi: 10.1016/j.ccm.2014.10.003

3. Falkinham JO 3rd. Surrounded by mycobacteria:
mycobacteria in the human environment. ] Appl Microbiol. (2009)
107:356-67. doi: 10.1111/j.1365-2672.2009.04161.x

nontuberculous

to avoid the development of resistance to monotherapy.
Based on previous experience combined with this patient’s
condition, we administered clarithromycin (500 mg, twice
daily), moxifloxacin (400 mg, once daily), rifampicin (450 mg,
once daily), and doxycycline (100mg, once every 12h).
With this combination of therapy, the patient achieved good
clinical efficacy. The case report provides a reference for the
treatment of M. senegalense.
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Background: Drug resistance is becoming a major bottleneck for tuberculosis
(TB) control programs in countries with high TB burdens. Although several
studies were conducted on the drug sensitivity of Mycobacterium tuberculosis
(M. tuberculosis) in central Ethiopia, there is a lack of data on the drug sensitivity
of M. tuberculosis in the peripheral regions of the country including in the
Somali region. Therefore, the objective of this study was to evaluate the drug
sensitivity of M. tuberculosis and its association with bacterial genotype and
evaluate the performance of Xpert MTB/RIF (Xpert) in detecting resistance to
rifampicin (RIF).

Methods: A total of 302 M. tuberculosis were tested using the BD
BACTEC-Mycobacteria Growth Indicator Tube 960 (MGIT 960) system for their
drug sensitivity to the first-line anti-TB drugs. Besides, the drug sensitivity
of 10 multidrug-resistant (MDR) M. tuberculosis isolates was evaluated for
the second-line anti-TB drugs. Additionally, 177 of the 302 isolates were
tested for genotypic drug resistance using Xpert. Chi-square and Fisher’s exact
tests were used for the evaluation of the association between variables and
drug sensitivity.

Results: The overall prevalence of resistance to at least one drug was 11.6%
(95% Cl: 7.9-15.2%), while the prevalence of MDR was 3.3% (95% Cl: 1.3-5.3%).
Two of the 10 MDR isolates were resistant to capreomycin. The spoligotype
Shared International Type (SIT) 149 was significantly associated with either
monoresistance or MDR (p < 0.05). Of the 177 isolates tested by Xpert, 6.2%
(11/177) were RIF-resistant. Discordant between Xpert and MGIT 960 was
observed in one isolate and linked with probe-binding delay (ACT max = 5.8).
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The sensitivity and specificity of the Xpert assay were 100 and 99.4%,
respectively, while its positive and negative predictive values were 90.9 and
100%, respectively.

Conclusion: The magnitude of MDR M. tuberculosis in the Somali region of
Ethiopia was higher than the national prevalence of MDR-TB warranting the
strengthening of the TB control program in the Somali region. Besides, drug
resistance was associated with SIT 149 spoligotype (genotype). The Xpert assay
was observed to have high sensitivity and specificity in detecting RIF-resistant
M. tuberculosis, which is encouraging for its application widely.

bacterial genotype, drug sensitivity, mycobacterium tuberculosis, performance of

Xpert, Somali region of Ethiopia

Introduction

Tuberculosis (TB) is a disease caused by Mycobacterium
tuberculosis complex (MTBC) and affects all parts of the body
although it primarily affects the lungs. TB is a communicable
disease that is a major cause of illness and one of the leading
causes of death worldwide; it used to cause the largest death from
a single infectious agent until the coronavirus 2019 (COVID-19)
pandemic. According to the latest report of WHO, there were 9.9
million cases and 1.5 million deaths due to TB in 2020 (1).

Tuberculosis is both curable and preventable, and as such
a 6-month anti-TB drug regimen can successfully treat 85% of
patients with TB (1). Drug resistance to anti-TB drugs emerged
shortly after the introduction of the first drug streptomycin
(STM) in clinical use (2). In recent years, resistance to isoniazid
(INH) and rifampicin (RIF), the two most effective first-line
treatments, is of particular concern; resistance to both drugs
is defined as multidrug-resistant (MDR)-TB. MDR-TB and
RIF-resistant TB (RR-TB) both require second-line treatment.
Extensively drug-resistant TB (XDR-TB) is defined as MDR-TB
strains, which are resistant to any fluoroquinolones and at least
one additional Group A drug [levofloxacin (LEV), moxifloxacin,
bedaquiline, and linezolid (LZD)] (3). Pre-extensively drug-
resistant TB (Pre-XDR TB) is the MDR-TB strain that is resistant
to any fluoroquinolones (3). In 2020, WHO estimated that of
the 132,222 cases of MDR-TB, 25,681 were either XDR or pre-
XDR-TB (1). The proportion of patients with MDR who were
diagnosed with TB for the first time was around 3-4%, while
for those who had previously been treated for TB was around
18-21% (1).

Although TB can be treated, detecting the disease is not
always easy, and drug resistance is becoming more common
(1). The development of rapid and accurate TB identification
methods, particularly for smear-negative TB and MDR-TB,
is critical for improving cure rates, reducing drug resistance
and treatment failure, and preventing TB transmission (4).
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The nucleic acid amplification technique (NAAT) is now
widely available to detect MTBC and drug resistance mutations
from culture isolate or direct patient specimens. In 2010, the
WHO endorsed the use of the GeneXpert platform Xpert
MTB/RIF (Xpert) (Cepheid, Sunnyvale, CA, United States)
assay, a modern, rapid, automated, cartridge-based NAAT that
can simultaneously identify TB and RIF resistance, which is
a surrogate marker for MDR-TB in resource-limited settings
where phenotypic drug sensitivity tests (DSTs) are available only
in reference laboratories (5, 6).

Genotyping techniques have greatly improved our
understanding of TB epidemiology and have been used to
guide disease control efforts. Based on molecular epidemiology
technologies, some studies have found that drug resistance in
M. tuberculosis is associated with a particular genotype (7).
Several studies suggested that M. tuberculosis Beijing lineage
may be associated with drug-resistant TB compared with the
strain of other lineages (8-11). It is also been speculated that
this association might be circumstantial since Beijing strains
are more prevalent in places of the world where MDR-TB has
emerged as a result of inadequate TB treatment. Furthermore,
if Beijing strains spread more quickly than other lineages,
it appears like they have more easily acquired mutations in
MDR-TB hotspots (12).

In Ethiopia, TB remains one of the leading public health
problems claiming the lives of thousands of Ethiopians every
year. Ethiopia is among the 30 high TB burden and 30 high
TB/HIV burden countries in the world. In the WHO global
report from 2021, Ethiopia has been removed from the list
of countries with a high MDR-TB burden (1). The first study
performed on resistance to anti-TB drugs was in 1981 in Addis
Ababa. In that study, there was no MDR-TB, while the first
MDR-TB in Ethiopia was reported in 1986 with a prevalence
of 1.1% (13). The first national anti-TB drug resistance study
was conducted in 2005; MDR-TB was detected in 1.6 % of the
newly diagnosed and 11.8 % of previously treated TB cases
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(14). According to the 2020 WHO global report, Ethiopia was
among the high MDR-TB burden countries, with an estimated
incidence of MDR/RR TB in 0.71% of new cases and 12%
of previously treated cases in 2019 (15). The majority of TB
drug resistance studies were conducted in only a few areas of
the country and did not include marginalized pastoral areas
such as the Somali region. Nonetheless, the less developed
health infrastructure in pastoralist communities and the poor
compliance with treatment due to patients’ nomadic lifestyles
contribute to the occurrence of MDR-TB in the Somali region
(16). Therefore, the objective of this study was to evaluate the
drug sensitivity profiles of M. tuberculosis strains using Xpert
and MGIT 960 and to assess the association between drug
resistance and the genetics of M. tuberculosis in the Somali
region, Ethiopia.

Methodology

Study area and setting

This study was carried out in Jigjiga City, the capital of
the Somali region, Ethiopia, the second largest region in the
Federal Democratic Republic of Ethiopia. More than 83% of
the population is rural and leads a pastoral or agro-pastoral
way of life, with livestock serving as their primary source of
income (17). The Somali region has long been facing unrest and
instability that has severely hampered the government’s capacity
to provide basic social services to rural communities (18).

Patients with TB were recruited from three health facilities
including Abilelie Health Center, Karamara Regional Hospital,
and Jigjiga University Shiek Hassan Yabare Referral Hospital.
These facilities were chosen as they represent the region’s largest
centers for TB diagnosis and treatment. Basic TB diagnostic
facilities, such as smear microscopy, X-ray, and Xpert, were
available in these facilities; however, only smear microscopy was
available in the health center, and pathology laboratory service
was only available at Jigjiga University Shiek Hassan Yabare
Referral Hospital.

Study design and study subjects

A health facility-based cross-sectional study was conducted
on 336 patients with pulmonary and 156 patients with
extrapulmonary TB visiting three selected health institutions
in Jigjiga town between October 2018 and December 2019.
The study subjects were bacteriologically confirmed patients
with pulmonary TB and clinically suspected patients with
extrapulmonary TB aged >15 years. Each patient provided
informed consent to be included in this study. Patients who
were unable to produce sputum and were less than 15 years
were excluded from this study. Sputum and fine needle aspirates
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were collected and cultured from all patients with pulmonary
TB and extrapulmonary TB, respectively. Culture positivity was
confirmed in 323 samples of which 302 were successfully tested
for drug sensitivity. Additionally, 177 of the 302 isolates were
tested by Xpert, as part of a routine diagnosis for TB and
RIF sensitivity test. In connection, the performance of Xpert in
detecting RIF resistance was evaluated using MGIT 960 system
as the gold standard.

Sample collection and processing

Sputum samples were collected from each study participant
by trained laboratory personnel, as recommended by WHO
(19), and acid-fast bacilli or Xpert positive was stored in the
refrigerator at —20°C at the sample collection site. Fine needle
aspirates (FNAs) were collected and examined for cytology by
an experienced pathologist under an aseptic procedure. The
cytological diagnosis was performed on the first few drops of the
aspirates, and the rest was stored in the refrigerator at —20°C
at the sample collection site. All sputum specimens and FNA
were transported in a packed ice box to the TB laboratory at the
AKklilu Lemma Institute of Pathobiology (ALIPB), Addis Ababa
University (AAU) at +4°C and stored at —80°C until further
processing for culture. A structured questionnaire was used to
collect patient variables including socio-demographic factors.
Questionnaires were filled by trained nurses and laboratory
technologists at each health institute.

Xpert MTB/RIF

Xpert was performed at Karamara Hospital according to
the manufacturer’s instructions. A volume of 3-4 ml of sputum
was mixed with sample reagent buffer (included in the kit) in
1:2 ratio, the tubes were vigorously agitated two times, and the
tubes were left for 15 min at room temperature. The inactivated
mixture was then transferred to the test cartridge with a sterile
disposable pipette. The GeneXpert assay instrument was loaded
with cartridges and generated results in <2h. The trained
laboratory personnel operated the Xpert modules and cartridges,
which included specimen processing, invalid results handling,
and standard protocol interpretation (5, 20).

The Xpert assay amplifies the 81-base pair portion of the
rpoB (RNA polymerase enzyme [-subunit gene known as
Rifampicin Resistance Determining Region (RRDR) and uses
five probes (labeled A-E) to detect amplification. To signal
“MTB detection,” at least two of five probes must be positive
within a certain cycle threshold (Ct) window. Xpert assay
additionally signals RR when probe dropout (no hybridization)
or delayed Ct (ACt max is >4.0) of one to three probes occurs.
The ACt max was calculated using the difference between the
earliest (first) and latest (last) Ct across the five probes (21).
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Culture and identification

All samples were processed and cultured at ALIPB, AAU
according to the Petroff technique (22). The specimens were
decontaminated using an equal amount of 4% NaOH stock
solution and sample and centrifuged at 3,000 rpm for 15 min.
Then, the supernatant was discarded, and the sediment was
neutralized with 2N HCI and finally inoculated onto two
Lowenstein-Jensen (LJ) egg slant medium containing 0.6%
sodium pyruvate and the other 0.75 % glycerol. The slants
were incubated for at least 8 weeks with weekly observation
for the presence of mycobacterial colonies. M. tuberculosis was
identified from other members of the MTBC species using
region of difference (RD)-9 polymerase chain reactions (PCR)
from heat-killed cells (23). Spoligotyping was performed to
characterize all isolates, as described previously by Kamerbeek
(24). In brief, the primers DRa (biotinylated at the 5’end) and
DRb were used to amplify the direct repeat (DR) region using
the PCR machine. The amplified products were hybridized with
a series of 43 immobilized oligonucleotides covalently bound
to a membrane, each of which corresponds to a distinct spacer
DNA sequence found within the DR locus of MTBC. Hybridized
DNA was identified using the enhanced chemiluminescence
technique after incubation with streptavidin-peroxidase, which
binds to the biotin label on the PCR product, and exposure to
X-ray film in accordance with the manufacturer’s instructions.
The presence and absence of spacers were represented on the
X-ray film by squares that were black or white, respectively.
M. tuberculosis H37Rv and Mycobacterium bovis strains were
used as positive controls, while distilled water was used as
the negative control. The spoligotype patterns were converted
into binary and octal formats and entered into the online
spoligotype database to determine SIT number, and the
results were compared with already existing designations in
the international spoligotyping database (http://www.pasteur-
guadeloupe.fr:8081/SITVIT2/).

Phenotypic drug sensitivity tests

A drug sensitivity test was performed at National
Tuberculosis Reference Laboratory, Ethiopian Public Health
Institute (EPHI). The BD BACTEC-MGIT 960 system was
used to test four first-line drugs using the SIRE kit: STM, INH,
RIE, and ethambutol (EMB). All MDR-TB isolates were tested
to second-line DST using MGIT 960 systems. The primary
isolates were diluted to 1:100 before DST was conducted, and
DST was performed within 1-5 days of a positive growth result.
The final drug concentrations for first-line drugs STM, INH,
RIE and EMB were 1.0, 0.1, 1, and 5.0 pg/ml, respectively. The
final drug concentration for second-line drugs were amikacin
(AMK) 1.0 pg/ml, kanamycin (KAN) 2.5 pug/ml, capreomycin
(CAP) 2.5pug/ml, ofloxacin (OFX) 2pg/ml, LEV 1.5pg/ml,
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clofazimine (CFZ) 1pg/ml, and LZD 1pg/ml. A growth
control tube was used for each isolate, containing a growth
supplement but no drug. The MGIT 960 system’s software
algorithm determined the relative growth ratio between the
drug-containing tube and the drug-free growth control tube.
Then, the instrument automatically determines the final
interpretation and susceptibility results. If 1% or more of the test
population grows in the presence of the critical concentration of
the drug, the isolate is considered resistant (25).

Line probe assay

Line probe assay (LPA) (Genotype MTBDRplus) was
performed to further investigate the discordant result between
Xpert and MGIT 960 according to the manufacturer’s
instructions in the EPHI laboratory (26).

Data analysis

All components of the data were entered and analyzed
using SPSS 20 computer software. Descriptive statistics were
used to depict the socio-demographic features. The relationship
between drug resistance and bacterial and host-related factors
was analyzed using Pearson’s x” test or Fisher’s exact test as
appropriate. MedCalc Statistical Software version 20.106 was
used to calculate the test performance of Xpert. Statistical
significance was determined at p < 0.05.

Results

Magnitude of drug resistance and its
association with demographic/clinical
characteristics of the patients

The prevalence of drug resistance to at least one first-line
anti-TB drug was 11.6% (95% CI: 7.9-15.2), and MDR was
observed in 3.3% (95% CI: 1.7-5.6) of the isolates. The results of
sensitivity tests for first-line anti-TB drugs are shown in Table 1.
Of the 10 MDR M. tuberculosis isolates tested for the second-line
DST, only two isolates were found to be resistant to CAP. Thus,
according to the new WHO publication (3), none of the 10 MDR
isolates was either pre-XDR TB or XDR TB.

A total of 323 MTBC were isolated from 249 sputum
249 and 74 FNA samples during the study period. But
following sub-culturing on MGIT for DST, 2.8% (9/323) of the
isolate lost viability while 3.7% (12/323) of the isolates were
contaminated. Thus, these two groups were excluded from the
final analysis. Therefore, 302 isolates (232 from pulmonary TB
cases and 70 from extrapulmonary TB cases) were tested for
drug sensitivity. The 302 patients who were the source of the
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TABLE 1 Drug resistance profiles of new and previously treated
patients with tuberculosis (TB) in the Somali Region, Ethiopia
(n =302).

Previously New cases, Total,
treated cases, n=290 n=302
n=12

First line drugs n (%) n (%) n (%)
Resistant to at least 6 (50) 29 (10) 35(11.6)
one drug
Resistant to any of
the drugs
STM 2(16.7) 21(7.2) 23 (7.6)
INH 4(33.3) 12 (4.1) 16 (5.3)
RIF 2(16.7) 8(2.8) 10 (3.3)
EMB 0 0 0
Poly resistance
STM + INH 0 2(0.7) 2(0.7)
RIF + INH 2(16.7) 6(2.1) 8(2.6)
STM + INH + RIF 0 2(0.7) 2(0.7)
All MDR 2(14.3) 8(2.8) 10 (3.3)
Monoresistance
STM 2(16.7) 17 (5.9) 19 (6.3)
INH 2(16.7) 2(07) 4(1.3)

STM, streptomycin; INH, isoniazid; RIF, rifampicin; EMB, ethambutol; MDR, multidrug-
resistant.

isolates comprised 64.9% (196/302 male, 60.3% (182/302) urban
residents, and 76.8% (232/302) pulmonary TB patients. Among
extrapulmonary specimens 95.7% (67/70) were collected from
lymph nodes [with cervical lymph node 88.6% (62/70)], 2.9%
(2/70) from skin lesions, and 1.4% (1/70) from breast abscess.
The median age of the patients was 28 years (range: 15 to 80
years) and 81.8% (247/302) were in the age group of 15-44 years.

The of the
participants are summarized in Table 2. Previous anti-TB drug

socio-demographic characteristics study
treatment was associated with resistance to one or more drugs
(x> = 17.9, p < 0.05), and MDR (x> = 6.9, p = 0.055). The
proportion of drug-resistant strains for one or more drugs
was similar in extrapulmonary TB (12.9%) and pulmonary
TB (11.2%) (x* = 0.14, p = 0.705), and no MDR-TB strains
were isolated from extrapulmonary TB (x* = 3.12, p = 0.124).
Table 2 shows the relationship between drug sensitivity and
demographic and clinical features of study participants.

Association between drug resistance and
bacterial genotype

The associations between drug resistances with isolated
bacterial genotypes are presented in Table 3. The SIT 149 (T3-
ETH) spoligotype was significantly associated with resistance
to one or more drugs (x> = 13.9, p < 0.05) and MDR (x> =
12.4, p < 0.05) when compared with the other spoligotypes. The
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10 MDR isolates were grouped as SIT 149 (T3-ETH), SIT 37
(T3), and SIT 21 (CAS1-Kili), which accounted for 70% (7/10),
20% (2/10), and 10% (1/10) of the isolates, respectively. One
of the MDR isolates was identified during household contact
investigation according to the Ethiopian TB guidelines (1, 27)
and had the same spoligotype pattern as the index case SIT 149
(T3-ETH). Both clustered MDR SIT 37 isolates were resistant to
the second-line anti-TB drug CAP.

Genotypic drug resistance detection by
Xpert MTB/RIF

Xpert was performed on 177 isolates of the 232 isolates
recovered from pulmonary TB cases as a part of routine
diagnosis. RIF resistance was detected in 6.2% (11/177) of
the isolates, while the remaining 93.8% (166/177) were RIF
sensitive. RIF indeterminate results were not found in any of the
isolates. RIF resistance mutations result in complete dropout (no
hybridization) on probe E (codons 529-533) in nine isolates and
complete dropout on probe D (codons 523-529) in one isolate.
RIF discordant result occurred between Xpert and MGIT 960 in
one isolate and was associated with probe-binding delay (ACrt
max = 5.8). On further analysis using the LPA, RR mutation
was detected. But it is not due to hybridization with the known
mutant probes (MUT1, MUT2A, MUT2B, and MUT3) rather by
the absence of hybridization with the wild-type probe 8 (WT8)
(codons 530-533).

Sensitivity and specificity of Xpert
MTB/RIF for the detection of RIF
resistance

Of the 177 isolates tested by Xpert assay, 6.2% (11/177)
were RIF-resistant. Discordant between Xpert and MGIT 960
was observed in one isolate and linked with probe-binding
delay (ACt max = 5.8). The sensitivity and specificity of the
Xpert assay were 100 and 99.4%, respectively, while its positive
and negative predictive values were 90.9 and 100%, respectively
(Table 4).

Discussion

This study was conducted to evaluate the drug sensitivity
profile of 302 M. tuberculosis isolated from the Somali region of
eastern Ethiopia. Both phenotypic and genotypic methods were
used in this study. This could be considered important as it is
the first study that was conducted on the evaluation of drug
resistance in M. tuberculosis, which is critical for successful TB
treatment and future healthcare planning.
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TABLE 2 Demographic characteristics and their relationship with drug resistance in patients with TB in Somali region, Ethiopia (n = 302).

10.3389/fpubh.2022.942618

Characteristics Resistant to 95% CI  y>test p-value MDRn (%) 95%CI x’>test p-value
one or more
drugs n (%)
Sex Female 15(14.2) 7.5 =217 1.06 0.306 4(3.8) 0975 0.109 0.745
Male 20(10.2) 6.1—14.3 6(3.1) 1-5.
Residence Rural 16 (13.3) 7.5-20 0.591 0.442 2(1.7) 0-4.2 1.682 0.325
Urban 19 (10.4) 6-15.4 8 (4.4) 1.6-7.7
Contact History Yes 7 (11.9) 5.1-22 0.005 0.941 4(6.8) 1.7-13.6 2.755 0.109
No 28 (11.5) 7.8-15.6 6(2.5) 0.8-4.5
Type of TB Extra-pulmonary TB 9(12.9) 5.7-214 0.143 0.705 0 0 3.121 0.124
pulmonary TB 26(11.2) 7.3-15.5 10 (4.3) 1.7-6.9
History of Treatment Previously Treated 6 (50) 25-75 17.9 0.001* 2 (16.7) 0-41.7 6.962 0.055
New 29 (10) 6.6-13.8 8(2.8) 1-4.8
Age Group 15-24 12 (10.2) 5.1-16.1 2.488 0.477 4(3.4) 0.8-6.8 0.674 0.914
25-34 12 (15) 7.5-238 3(3.8) 0-8.8
35-44 7 (14.3) 4.1-24.5 2(4.1) 0-10.2
45 4(7.3) 1.8-14.5 1(1.8) 0-5.5
CI, confidence interval; MDR, multidrug-resistant.
*Statistically significant.
TABLE 3 Genotype of Mycobacterium tuberculosis and its association with drug resistance in the Somali region, Ethiopia (n = 302).
Characteristics Resistant to 95% CI  y*test p-value MDRn(%) 95%CI  x’test p-value
one or more
drug n (%)
Dominant SIT SIT 149 13 (24.1) 13-35.2 7 (13) 3.7-22.2
SIT 21 6(14.6) 4.9-26.8 13.9 0.005* 1(2.4) 0-7.3 12.42 0.005*
SIT 26 2(7.4) 0-18.5 0 0
SIT 53 4(19) 4.8-38.1 0 0
Others 10 (6.3) 2.5-10.7 2(1.3) 0-3.1
Clustering Clustered 32(12.3) 8.8-16.1 0.845 0.443 10 (3.8) 1.5-6.5 1.625 0.368
Unique 3(7.3) 0-17.1 0 0

SIT, Shared International Type; MDR, multidrug-resistant.
*statistically significant.

The prevalence of drug resistance recorded in new patients
was comparable with the results of studies conducted in
Gondar (28) and South Omo (29); however, it was relatively
higher than the prevalence reported in northern Ethiopia (30).
Higher prevalence values were also reported from southwestern
Ethiopia (31), central Ethiopia (32), eastern Ethiopia (33),
and south Ethiopia (34). The differences in the prevalence of
drug resistance reported from the different regions of Ethiopia
could be caused by different factors. It could be due to
variations in the strength of the TB control programs at the
study sites, treatment compliance of the patients, the economic
status (nutritional status) of the patients, the immunological
status of the patients, and variation in the virulence of the
bacterial strain.
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The prevalence of MDR in the new and previously treated
patient was similar to the prevalence of MDR reported by
studies conducted in northwest Ethiopia (35); but higher than
the prevalence values reported from different parts of Ethiopia
(29, 31, 32), although a very high prevalence (61.9%) of MDR
was reported from Addis Ababa (36).

Regarding mono-resistance, STM mono-resistance was the
most prevalent and is comparable with the results of previous
studies in Ethiopia (33, 37), while some other studies reported
found a lower percentage of STM mono-resistance (31, 38).
Nonetheless, a relatively high prevalence of STM mono-
resistance was reported using a large-scale Ethiopian community
survey (39) and from the Ambhara region (40). INH mono-
resistance was lower than those reported by others in the
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TABLE 4 Diagnostic performance of Xpert MTB/RIF for the detection
of rifampicin resistance as compared with gold standard MGIT 960.

Performance Value 95% CI
Sensitivity 100.0% 69.2-100
Specificity 99.4% 96.7-99.9
PPV 90.9% 58.6-98.6
NPV 100.0%

Accuracy 99.4% 96.9-99.9

NPV, negative predictive value; PPV, positive predictive value; CI, confidence interval.

country (31, 33, 36, 37). Mono-resistance to RIF and EMB
was not identified in our study. A low prevalence of RIF
and EMB resistance was observed previously in Ethiopia (30,
40-42). In contrast to the reports of the previous studies
conducted in Ethiopia (36, 43), no XDR cases and pre-XDR were
detected in this study. The possible reasons for the differences
in either mono-resistance of MDR are indicated above and
related to either patient factors, TB control program, and/or
pathogen factors.

The SIT 149 that belongs to lineage four exhibited a high
frequency of drug resistance, and the association between this
spoligotype and drug resistance was significant. It is established
that Beijing (lineage 2) is associated with MDR globally
although the lineage is less frequent in Ethiopia (7, 44, 45).
The observation of an association between SIT 149 and drug
resistance was also observed by other studies (43, 46, 47). SIT
149 is the most frequently isolated spoligotype from different
regions of Ethiopia. So, the observation association between SIT
149 and drug resistance could be due to its frequent occurrence
in Ethiopia which can also be reflected in the drug-resistant
isolates. Such observation was reported by a review that was
published by Panwalkar et al. (48). It can also reflect the
real association between bacterial genetics and drug resistance,
which could be due to mutation in the genes of isolates with SIT
149 spoligotype that guarantees them drug resistance.

The prevalence of drug resistance was comparable between
extrapulmonary TB and pulmonary TB in this study. But no
MDR-TB was in the isolates of extrapulmonary TB in this study.
So far, no extensive study was conducted on the comparison of
drug resistance in pulmonary TB and extrapulmonary isolates in
Ethiopia while studies from India (49) and Korea (50) indicated
that MDR-TB was less common in patients with extrapulmonary
TB than in patients with pulmonary TB.

The observation of seven isolates with SIT 149 spoligotype
pattern and two isolates with SIT 37 spoligotype pattern means
that the observation of clustered patterns could suggest recent
transmission of MDR-TB in the study area. Substantiating this
hypothesis, in this study, it was observed that one of the MDR
isolates was isolated from the same household as the index case
although the discriminating power of spoligotyping is generally
low (51).

Frontiersin Public Health

20

10.3389/fpubh.2022.942618

The results of culture-based phenotypic drug susceptibility
testing procedures can take weeks to months. Molecular-based
testing such as Xpert, in contrast, can provide results within
2h. Therefore, many countries have incorporated Xpert into
their routine TB diagnostic algorithms. Xpert is one of the most
useful tests for detecting RIF resistance, which acts as a proxy
for MDR-TB and predicts poor treatment outcomes. The assays
detect mutations in the 81-base-pair rpoB gene, which is linked
to RIF resistance in 95-98% of cases (5). Detecting RR by Xpert
is a critical element of TB care for both the individual patient
and the public health since it starts a sequence of events that
includes further DST, contact investigation, and patient referral
for potentially toxic and less effective MDR therapy (52). The
Xpert has high sensitivity and specificity for identifying RR in
patients with pulmonary TB. Similar results were reported by a
meta-analysis, which reported a pooled sensitivity of 96% and a
specificity of 98% (53).

In this study, 11 RIF-resistant isolates on Xpert were also
resistant to INH on the MGIT 960 phenotypic test, indicating
that the Xpert test is a useful test for detecting MDR-TB in
resource-limited settings. However, one isolate was susceptible
to RIF on MGIT 960 phenotypic test. This discordant (false
positive) result was due to probe delay evident in this study (ACt
= 5.8). To rule out the possibility that low bacterial load affected
the initial Xpert assay results by delaying Probe E binding
(54), we retested the Xpert assay from the MGIT test’s growth
control, and the results were similar. This isolate was further
evaluated by LPA, and unknown RIF-resistance mutations were
detected owing to the absence of WT8 hybridization rather than
hybridization with known mutation probes. This false positive
RIF-resistant molecular tests result might be due to a silent
mutation rather than real resistance, which could explain the
delayed probe E binding on Xpert and the absence of binding to
known mutation probes on LPA (55). Alternatively, the unusual
occurrence of false positive results might be attributed to the
detection of RR strains by Xpert but not by the current reference
standard and the phenotypic culture-based DST (MGIT 960)
(4). In this study, the most prevalent mutation (9 out of 10)
of the MDR isolates was found in the codons 529-533 (probe
E), and the rest (1 out of 10) was detected in codons 523-529
(probe D). A similar observation was made earlier in Ethiopia
(56). Furthermore, similar results were reported from Nigeria,
Uganda, and Pakistan (57-59).

Conclusion

The magnitude of MDR isolates of M. tuberculosis in
the Somali region of Ethiopia was higher than the national
prevalence of MDR-TB warranting the strengthening of the TB
control program in the Somali region of Ethiopia. Particularly,
drug resistance was common in isolates with the spoligotype
SIT 149, which was widespread in Ethiopia. The Xpert assay
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was observed to have high sensitivity and specificity in detecting
RIF-resistant M. tuberculosis, which is encouraging for its
application widely.
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Introduction: Molecular epidemiology of leprosy is very important to study
leprosy transmission dynamics and to enhance our understanding of leprosy in
endemic areas by utilizing the molecular typing method. Nowadays our
understanding of leprosy transmission dynamics has been refined by SNP
typing and VNTR marker analysis of M. leprae strains.

Objective: This study was carried out to find out the presence of viable M.
leprae in the soil and water samples from residing areas of leprosy patients
staying in different blocks of Purulia district of West Bengal, understanding their
genotypes and compared with that of M. leprae present in patients.

Material and methods: Slit-skin smear (SSS) samples (n=112) were collected
from the active multibacillary leprosy patients from different blocks of leprosy
endemic area. Soil samples (n=1060) and water samples (n=620) were
collected from residing areas of leprosy patients. SNP subtyping was
performed by PCR followed by sequencing. Multiplex PCR was performed
using fifteen ML-VNTR loci and results were analysed.

Results: We observed high PCR positivity in soil samples (344 out of 1060; 32%)
and water samples (140 out of 620; 23%). These PCR positive samples when
further screened for viability, it was observed that 150 soil samples (44%) and 56
water samples (40%) showed presence of 16S rRNA. SNP typing of M. leprae
revealed presence of predominantly type 1. SNP subtype 1D (83%) was most
prevalent in all the blocks of Purulia followed by subtype 1C (15%) and subtype
1A (2%). SNP subtype 2F was noted in only one sample. SNP and VNTR
combination showed presence of similar strain type in certain pockets of
Purulia region which was responsible for transmission.
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Conclusion: Presence of viable M. leprae in the environment, and presence of SNP
Type 1 M. leprae in patients and environment suggests both environment and
patients play a role in disease transmission.

KEYWORDS

mycobacterium leprae, environment, transmission, SNP-VNTR typing, leprosy, genotyping,

clinical samples

Introduction

Leprosy is also called Hansen’s disease, a chronic infectious
disease caused by Mycobacterium leprae and Mycobacterium
lepromatosis (1, 2). It is true that the source of infection is either
untreated leprosy patients or other animal reservoirs (3, 4). But
in addition to this, extra-human reservoirs could be possible.
Studies in Norway, India, Japan, Indonesia, Brazil, Bangladesh,
England, and Suriname have shown presence of M. leprae in the
surrounding environment of leprosy endemic regions (5-12).
Hence it is important to look for the presence of M. leprae in the
environment (soil and water) and to determine their viability
status along with their genetic make-up and other factors which
might help the survival of the organism in the environment.

Enormous numbers of leprosy bacilli (2.4X10°) are expelled
daily in the environment from the nasal discharges of lepromatous
patients (13). There is also evidence to support excretion of bacilli
from skin lesions (14). It was reported that M. leprae discharged
through secretions (coughing and sneezing) from patients (15, 16)
in the form of air-borne droplet may cause infection or can settle in
soil (5, 17, 18) and in water (8, 19). But very limited information is
available for the survival of bacilli outside the host. M. leprae, an
obligate intracellular pathogen, have been recently shown to be
associated with free living amoeba. In vitro, phagocytosis of M.
leprae by amoeba was observed by florescence microscopy and M.
leprae which remained viable for atleast three days in amoebae were
noted to grow in mouse foot pad (20). Further, M. leprae was found
to survive up to 8 months within amoebic cysts (21). Hence,
possibility of spreading of infection by amoebae needs to be
explored in natural environmental conditions.

The new epidemiological tools developed for strain typing of M.
leprae in the recent years will be useful in national leprosy
surveillance/control efforts towards true reduction in incidence,
and in epidemiological investigations. The combination of single
nucleotide polymorphism (SNP) subtyping along with variable
nucleotide tandem repeat (VNTR) loci determination in M. leprae
genome have been proved to serve as a genetic marker to differentiate
strains of M. leprae (3, 22). However, the characteristics of
polymorphism vary depending on the population, and can be a
reflection of that population at the national and local level.
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The purpose of this study was to find out the existence of viable
M. leprae in the surrounding environment (soil and water) of the
residing areas of leprosy patients and to perform molecular
genotyping using SNP typing and or VNTR analysis of M. leprae
from patients and the environment to find out the genetic
variability of the organism existing in nature which might help in
tracking and understanding transmission of leprosy.

Materials and methods
Ethical approval

The study was approved on 22" December 2016 by the
Organization Ethical Committee of The Leprosy Mission trust
India. Informed consent was obtained from all the participant
enrolled in the study.

Collection of environmental and
clinical samples

Soil and water samples were collected from different blocks
of Purulia district, West Bengal. Soil was dug (3-4-inch-deep)
and was collected in clean plastic containers (10g each) with the
help of a trowel and labelled with site code and the village name.
The collected samples were transported to the laboratory at
room temperature (within 2 days) and thereafter were stored at
4-8°C till further processing. One thousand and sixty soil
samples and 620 water samples were collected from residing
places of leprosy patients.

Multibacillary leprosy cases were diagnosed clinically based
on skin lesions and impairment of nerve functions and acid-fast
bacilli (AFB) positivity in slit skin smears. After taking consent,
112 slit-skin smear samples (SSS) were collected from the
earlobes of active multibacillary (MB) leprosy patients. SSSs
were collected during field visits in different blocks such as
Joypur (n=24), Jhalda (n=13), Purulia (n=32), Arsha (n=16),
Chandenkeyari (n=8), Kashipur (n=2), Para (JH) (n=10),
Barabazar (n=7) of Purulia District, West Bengal. Samples
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were transported in 70% ethanol in micro centrifuge tubes to the
laboratory at room temperature (25°C). The tubes were kept at
4°C until further use.

DNA extraction from
environmental samples

Standard method of DNA extraction was used as described
earlier (7). Briefly, pond water (50 ml) samples were centrifuged
at 400 xg for 5 min. The supernatants were collected in 50 ml
sterile tubes and centrifuged again at 8000 xg for 15 min. Pellets
that contained soil and other floating matter including
organisms were weighed (100 mg) in dried 1.5 ml microfuge
tube and followed by the soil DNA extraction protocol. Soil
samples were homogenized using bead beater followed by lysis
in tube containing ethanol with zirconium beads mixed with
soil. The mixture was homogenized using bead beater followed
by lysis by Proteinase K in TENP buffer (50 mM Tris, 20 mM
EDTA, 100 mM NaCl and 1% Polyvinylpolypyrrolidone). DNA
was precipitated by adding 70% ethanol and centrifuged at
10,000 rpm for 15 mins. The pellet was air dried and dissolved
in Tris EDTA (TE) buffer and stored at —20°C until further use.

DNA extraction from slit skin smears

Proteinase K Lysis method was used for M. leprae DNA
extraction from slit-skin smear samples (23). In brief smears
collected in 1 ml 70% ethanol were centrifuged at 10,000rpm
(8000xg) for 10 min. Supernatant was discarded and pellet was
air dried for the removal of ethanol. After ethanol removal
samples were kept for overnight lysis in lysis buffer (100 mM
Tris buffer pH 8.5 with 1mg/ml proteinase K and 0.05% Tween
20) at 60°C. The Proteinase K was inactivated at 97°C for 10
minutes. This lysate preparation was further used for PCR.

RNA extraction from
environmental samples

The standardized protocol of RNA extraction was used as
described earlier (7). Briefly, the samples as mentioned above
were homogenised and were subjected to acid-phenol extraction
followed by isopropanol precipitation and centrifugation at
12000 rpm for 10 mins at 4°C. Pellet was washed once with
70% ethanol, air dried and then dissolved in 50 uL of TE buffer.

PCR amplification using M. leprae
specific repetitive element (RLEP) region

PCR amplification was carried out in a total 25 puL of
reaction volume that contained 2 UL of template DNA and
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primers at final concentration of 0.5 UM (forward and reverse)
and 1X Genei Mix (Merck India) were used. We used M. leprae
specific primers (PS1- TGCATGTCATGGCCTTGAGG; PS2 -
CACCGATACCAGCGGCAGAA) as per our earlier publication
(24).The amplification was carried out in a thermal cycler
(Corbett) using following conditions: one cycle of denaturation
at 95°C for 5 min followed by 35-45 cycles at 94°C for 30s,
annealing at 58°C for 30s, extension at 72°C for 1 min and one
cycle of final extension at 72°C for 10 min. PCR product (129 bp)
containing amplified fragment of the target region was
electrophoresed in a 2% agarose gel using Tris-Borate-EDTA
buffer at 100 volts constant voltage.

Reverse transcription-PCR of M. leprae
16S rRNA gene

The Reverse Transcriptase (RT) —Polymerase chain reaction
was carried out by using One Step RT PCR Kit (Qiagen -
210210). Control reactions to test DNA contamination were
also performed simultaneously with each experiment by carrying
out PCR without prior reverse transcription. 16S rRNA gene was
amplified using M. leprae specific primers P2 and P3 as
described earlier (25). The total volume (50 uL) of PCR
amplification mixture contained 10 pL of 5X RT PCR buffer 2
pL of dNTPs, 10 pL -5X Q Solution,50ng of each primer, 2 pL of
RTPCR enzyme,0.25 pL RNase inhibitor and remaining RNase
free water and 10 pL of sample (template). The cycling profile for
the amplification reaction was in two stages. In the first stage
reverse transcription was carried out at 50°C for 30 minutes
followed by inactivation step at 95°C for 15 minutes. In the
second stage amplification was carried out using denaturation at
94°C for 1 min 30 seconds, annealing at 60°C for 1 min 30
seconds followed by extension at 72°C for 1 min for 37 cycles.
This was followed by final extension at 72°C or 10 min. The
amplification products were run on 1.5% (w/v) agarose gel,
stained with ethidium bromide, and observed using Gel
Documentation System (Alpha Imager).

SNP typing and subtyping of M. leprae

Three SNP loci viz. 1,2 and 3 at nucleotide positions 14676,
1642875 and 2935685 in M. leprae genomic DNA were amplified
using primers (Supplementary Table 1) and was performed
using described protocols (26, 27).

Amplification of four SNP subtyping for type 1 at nucleotide
positions 8453, 313361, 61425 and 1642879, M. leprae genomic
DNA was amplified using previously reported (26, 27) primer
sequences as mentioned (Supplementary Table 2).

After amplification of PCR products were run on 2% agarose
gel by electrophoresis. The amplicons were outsourced for
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commercial sequencing (Eurofins Genomics India Pvt.
Ltd. Delhi).

Multiplex PCR analyses using variable
number of tandem repeat typing

The multiplex PCR was carried out using M. leprae specific
primers as described earlier (28, 29) (Supplementary Table 3). The
forward primers were labelled with PET, NED, VIC, and 6-FAM
fluorescent dyes at the 5 termini (Invitrogen Bio-services-Applied
Biosystems, India). Multiplex PCRs were performed as described
earlier (30). Four sets of combination of primers were used and the
reaction was carried out using multiplex PCR kit (Qiagen). Briefly,
each reaction mixture (20 UL final volume) was comprised of 10 UL
of 2x Qiagen master mix, 2 UL Q solution, 2 puL (each) of forward
and reverse primer working stock and 2ul of template DNA, the
volume was adjusted with nuclease free water. The final
concentration of each primer was 0.2 UM. PCR was carried out at
an initial denaturation temperature of 95 °C for 15 min, followed by
40 cycles as: denaturation at 94 °C for 30s, primer annealing at 60 °C
for 90s and primer extension at 72°C for 90s, and final extension at
72 °C for 10 min. 5 UL PCR products were electrophoresed in 2%
Agarose gel using Tris borate-EDTA buffer (1X) at 100V constant
current for 1 hour to check amplification. Amplicons were sent for
commercial fragment length analysis (FLA) to Xplorigen
Technologies Ltd., Delhi India.

Data analysis

DNA fragments were visualized by Finch TV Version 1.4.0
software that was used for chromatogram analysis developed by
Geospiza’s research team. The chromatogram, thus generated was
then compared to the standard M. leprae strain using nBLAST at
positions mentioned in the table to track mutations and to
categorize them into SNP subtypes A, B, C and D. Fragment
length analysis of VNTR genotypes were analysed and copy
numbers of repeat different loci determined.

Cluster analysis was done using PAST 4.03 statistical analysis
software. Dendrograms were generated to see clustering if any in
relation to SNP subtype and VNTR.

TABLE 1 Mycobacterium leprae detection in environmental samples.

Samples type

Total number M. leprae DNA PCR RT-PCR positivity (%)

collected positivity (%)
Soil samples (Patient residing area) 1060 344 (32%)
Water samples (Patient residing area) 620 140(23%)
Control-Soil samples 300 9(3%)
(No Patient area)
Control-Water samples 180 2(1%)

(No Patient area)
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Results

PCR ampilification using RLEP region of
M. leprae from clinical and
environmental samples

Clinical samples (SSS samples) were tested for presence of
M. leprae DNA using RLEP primers. The results of M. leprae
DNA PCR positive for SSS samples. Environmental samples
were tested for presence of M. leprae. Out of 1060 soil samples
collected from the area where patients resided, we could detect
M. leprae in 344 samples (32.4%) (Table 1). Further, 140 (23%)
water samples out of 620 samples collected from the patient
residing area showed presence of M. leprae DNA. In control
area, i.e., an area of low endemic region of Purulia from where no
new case of leprosy was reported in the past ten years, we could
detect M. leprae DNA only in 9 (3%) soil samples out of 300
samples tested. Water samples (180N) from this area, we could
detect M. leprae DNA in only 2 (1.1%) samples.

Detection of viable M. leprae from soil
samples by using 16S rRNA gene target

RT-PCR was performed by using 16S rRNA gene target
using PCR positive environmental samples. We could detect
amplification in 150 (44%) soil samples out of 344 soil samples
tested (Table 1). Similarly, 40% of the water samples (56 out of
140) showed RT-PCR positivity suggesting possibility of
presence of viable M. leprae in these samples which were
collected from the patient residing area. None of the
environmental samples collected from the control area showed
any amplification by RT-PCR (Table 1).

PCR amplification of M. leprae DNA and
SNP subtyping

All the M. leprae DNA PCR positive clinical samples and
environmental soil and water samples were subjected to SNP
type and subtype which were obtained from patients” area and

Genotyping (SNP typing) of

M. leprae M. leprae DNA

150 (44%) 1A=12 (15%)., 1C = 14 (18%) 1D = 50 (65%)

56 (40%) 1D =15 (11%)
00 0
00 0
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no patients area. Standard reference M. leprae DNA of NHDP63,
BR 4953 and THAI 53 DNA were used as positive control
(Obtained from Colorado State University, USA) and master
mix without template used as negative control in PCR reaction.
All the PCR positive samples were used for SNP type and SNP
subtype amplicon sent for sequencing outsourcing (Eurofins
Genomics India Pvt. Ltd. Delhi).

All the PCR positive SSS samples used for SNP typing and
subtyping are presented in Table 2. It was observed that the
almost all the samples except one belonged to SNP type 1.
Further, SNP subtyping of the samples using sequencing showed
2 out of 112 samples to be of subtype 1A (2%), 16 out of 112 to
be subtype 1C (15%) and 93 out of 112 belonged to subtype 1D
(82%). Only one sample from Jhalda (Purulia district) was
observed to be of subtype 2F (1%).

Out of 344 soil samples tested we could obtain data on SNP
typing for 76 samples. All samples were of SNP Type 1 (Table 1).
Of these, majority of samples (50 of 76) (65.8%) were of type 1D
which is also a major SNP type noted in patients. Fourteen
samples (18.4%) were of type 1C and 12 (15.8%) were of type 1A.
Similarly, 140 PCR positive water samples were tested for SNP
typing. We could obtain data for 15 samples and all the 15
samples showed SNP type 1D.

VNTRs typing and fragment length analysis

Multiplex PCR was used to amplify fragments suitable for
fragment length analysis from fifteen genomic VNTR loci. We
found that 3 loci viz. (27 -5), (23 -3), (AC) 8b were
monomorphic; four loci viz. rpoT, (AT)17, (21 -3), 18-8 were
dimorphic; four loci viz. (AC)9, 12-5, (TA)10 (6, 7), were
polymorphic. Four loci viz. (GGT)5, (GTA)9, (AC)8a and
(TA)10 were found highly polymorphic in nature (Table 3).
Interestingly, SNP subtype (1D) showed more variability in
repeat number with 12 VNTR loci.

We looked at the distribution of the alleles across the
samples for SNP type 1D (Table 4A). For each locus it was
noted that a particular allele number was dominant e.g., for locus

TABLE 2 SNP typing of M. leprae from slit skin smear samples.

Block (No. of samples) SNP Type 1
A B C
Joypur (23) 0 0 4
Jhalda (10) 1 0 0
Purulia (36) 1 0 4
Arsha (16) 0 0 5
Chandankeyari (8) 0 0 2
Kashipur (2) 0 0 0
Para & Pindrojara JH (10) 0 0 0
Barabazar (7) 0 0 1
Total (112) 2 (2%) 0 16 (15%)
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18-8, there were 41 samples out of 70 which showed 8 repeats.
So, we looked at the variation in allele numbers as well as the
dominant allele for each locus (Table 4B). It is quite clear that
some of the alleles for the loci tested are highly dominant across
the samples tested.

Results of SNP type and VNTR were studied for existence of
clusters. Data were analysed separately and together to plot
Dendrograms for SNP type 1D and 1C (Figures 1A-C). Then,
we looked at individual cases with the SNP type and VNTR allele
numbers and we could easily pick up some cases showing similar
M. leprae strain pattern from some of the blocks in Purulia
district (Table 5).

Discussion

Recent studies strongly suggest that environment could be a
possible reservoir of viable M. leprae and might be responsible
for the disease transmission as presence of viable M. leprae has
been reported in the environment (water and soil) in Indonesia,
India, Brazil, and Bangladesh, England, Surinam (6-12, 18, 25).
It has been demonstrated that M. leprae can survive outside
human body in moist soil up to 46 days (31). However, the direct
proof of transmission of disease to the population has still not
been clearly understood especially from environmental sources
of M. leprae (8-10, 18).

In recent times with the advancement in molecular
biological techniques a very unstable molecule like RNA can
be preserved and used as a potent marker for assessment of
viability of microorganisms (8, 32). M. leprae genome 16S rRNA
and RLEP conserved gene regions were found to be a better
target for viability studies because their stability and slower
degradation rate over time in comparison to superoxide
dismutase gene (32).

Earlier studies have also shown the presence of viable M.
leprae using 16S rRNA in the environment of leprosy hospital
areas which can be a possible source of infection (6, 18, 25, 27).

SNP Type 2
D E F G H
19 0 0 0 0
8 0 1 0 0
31 0 0 0 0
11 0 0 0 0
6 0 0 0 0
2 0 0 0 0
10 0 0 0 0
6 0 0 0 0
93 (83%) 0 1(1%) 0 0
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TABLE 3 VNTR typing of M. leprae from slit skin smear samples.
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VNTR loci SNP Typel & 2 and their subtypes

1A 1C 1D 2F
18-8 7,8 7,8 7,8 8
12-5 4 45 34,59 4
(TA)10 13 10,11,12,13 10,11,12,13 13
(AC)8a 7 7,8,9,11 67,8,9,10,11 8
(GAA)21 18 18,19, 20 18,19, 20 20
(GGT)5 45 4,5,9,10 4,5,7,8,9,10,11 5
(GTA)9 7.9 8,9,10,11 7,8,9,10,11,12 9
(21 -3) 2 12 12 1
(6-7) 6 56,7 5,6,7,11 6
(AT)17 8 8,9 8,9 8
RPOT 3,4 3,4 3,4 3
(AC)9 9 7.9 57,9 9
275 5 5 5 5
233 2 2 2 2
(AC)8b 7 7 7 7

Existence of M. leprae DNA has been reported in water samples
in Indonesia (12) and soil samples from high prevalence areas of
North-East states of India (6, 8, 33). In some studies, it has been
suggested that in endemic countries >50% of household contacts
may have a history of intimate contact leprosy patients. In this
study, we collected environmental samples from the residing
areas of multibacillary active leprosy patients. Large proportion
of environmental samples showed presence of DNA (32% for
soil and 23% for water) in areas where active cases were residing

TABLE 4A Distribution of alleles in samples showing SNP Type 1D.

Locus

1 2 3 4 5 6 7 8 9
18-8 26 41 3
AC8a 9 28 18 17
TA10 1
12-5 1 53 9
21-3 40 26 2
GTA-9 2 21 26
GGT-5 23 41 1 1 1 3
GAA-21
AT-17 59 25
rpoT 70 19
AC-9 2 5 1 78
6-7 5 69 13
AC8b 87
23-3 2 69 2
27-5 88

10

suggesting that there is dynamic movement of the organism
between patient and the environment. This was further
supported by the fact that environmental samples from control
region where there was no active case, there was rare presence of
M. leprae in the environment. On the other hand, presence of
rRNA (44% of the soil samples and 40% of the water samples
with abundant presence of M. leprae DNA), suggests the chances
of viability of M. leprae bacilli in these samples and their
exposure to the community. Hence in the inhabitant areas of

No. of samples showing the allele numbers

11 12 13 14 15 16 17 18 19 20
15
10 15 36 1
7 4
1 1
16 20 23
1
2
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TABLE 4B Polymorphism at different VNTR locus.

Locus  No. of samples that Numbers of alleles
showed amplification found in tested samples

18-8 70 3

AC8a 88 6

TA10 72 6

12-5 63 3

21-3 68 3

GTA-9 69 6

GGT-5 72 8

GAA- 59 3

21

AT-17 86 4

rpoT 89 2

AC9 86 4

6-7 89 4

ACS8b 87 1

233 73 3

27-5 88 1

leprosy cases there could be a possibility of indirect exposure to
M. leprae to the community that may result in infection with M.
leprae bacilli.

Further, active multibacillary leprosy patients discharge
enormous numbers of leprosy bacilli from nose, mouth washes
and skin to the environment which may get air borne as droplet
and may cause infection or can settle in soil and water (13-16).
These viable bacilli might be phagocytosed by protozoa and might
survive in protozoa and can be carried to susceptible population
staying in leprosy endemic area. We earlier found presence
protozoa species along with viable M. leprae in soil and water
samples (8). suggesting possible protective niche that protozoa
may provide to M. leprae in the environment. But we are yet to
find proof for the presence of M. leprae within protozoa in natural
environmental condition. Therefore, further experiments are
needed to understand and establish the mechanism of M. leprae
viability in the environment and the factors that contribute to
provide the protective niche to M. leprae.

Recent advancement in the molecular characterization of M.
leprae has led to alternative and definitive methodologies that are
used for identification and distribution of genotype (22, 26).
Matsuoka et al. (29) reported polymorphism in rpoT gene of M.
leprae. Monot et al. (26) demonstrated SNP array in M. leprae. In
Indian population mostly SNP type-1 and rarely type-2 was
observed (7, 30, 34). Several reports suggested that molecular
marker for M. leprae were useful for distinguishing strain and
epidemiological significance (3, 22, 26, 28, 35). The discovery of
SNPs in M. leprae genome was able to distinguish four major
SNP types and their distribution in different region of the world.
The most common approach of SNP typing was useful and
effective in molecular epidemiologic studies (26). Sixteen SNP
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Prevalence of major allele (Percentage of total no.
of samples that showed amplification)

8 58.6
7 31.8
13 50
4 84.1
1 58.8
9 37.7
5 56.9
20 39
8 68.6
3 78.7
9 90.7
6 77.5
7 100
2 94.5
5 100

subtypes were useful for tracking the transmission of M. leprae
and source of infection.

The present study was based on the identification and
differentiation of M. leprae strains from the SSS samples of
index cases and their residing environmental areas from
endemic region. This was to track the transmission and M.
leprae strain prevalence in that geographical region in
association with VNTR loci. Genotyping of SSS almost all of the
multibacillary leprosy cases showed presence of SNP type 1 and
SNP subtype 1D (82%) was most prevalent in the population. We
also identified SNP type 2 and subtype 2F (1%) in one of the
samples from Purulia district of West Bengal. In our earlier study
we have reported SNP subtype 2E in cases from north-east Delhi
and subtype 2G from West Bengal (27). All the SSS samples were
obtained from different blocks of Purulia district. Genotyping of
environmental samples showed SNP type 1 and subtype 1D which
suggest that there is discharge of the M. leprae from the active
cases to the environment. Similar genotype in the patient and
environmental soil samples poses serious question on the source
of infection for the population in the community.

SNP and VNTR genotyping studies in leprosy multi-case
families have shown similar SNP type and VNTR repeat units
suggesting that source of infection is common in multi-case
family (30, 33, 34). We used combination of SNP and VNTR
genotyping data of clinical samples to identify the pattern of
transmission in different blocks of Purulia district. We observed
in this study that some of the VNTR loci like (GGT)5, (GTA)9,
(AC)8a and (TA)10 were highly polymorphic in nature. But
every locus had at least one allele that was dominant among the
samples. Similar polymorphism was reported from South Indian
leprosy cases (36) and from Switzerland (26).
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FIGURE 1

(A) Dendrogram for SNP Type 1D samples using data for 15 loci of VNTR ‘Dendrogram was prepared using PAST 4.03 Statistical Analysis
Software’. (B) Dendrogram for SNP Type 1C samples using data for 15 loci of VNTR'Dendrogram was prepared using PAST 4.03 Statistical
Analysis Software'. (C) Dendrogram for SNP Type 1D & 1C samples together using data for 15 loci of VNTR ‘Dendrogram was prepared using

PAST 4.03 Statistical Analysis Software'.

Young et al. (36) reported 2 alleles of locus 23-3 from east and
south Indian cases. Similarly, 2 alleles of loci 23-3 were also
observed in China (37), Thailand, Brazil and Columbia (35). 3
copies of loci 23-3 were reported in Philippines (35). In this study
we could find three alleles of 23-3 but the allele with 2 repeats was
most prevalent (94.5%). We observed either 7 or 8 repeats of locus
18-8 in all the cases studied. But in Philippines, Brazil and
Columbia 8 numbers of repeat were reported (35). On the other
hand, 7 number of repeats were observed in China (37).

In our study we observed 3,4 and 5 repeats of VNTR locus
12-5, but 4 repeats were observed in population of Columbia
(35). However, 3 repeats were reported by China (37).
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Association of 5,6,7 and 11 repeats of VNTR 6-7 loci with
SNP subtype 1D was noted in this study. Earlier 5 and 6
repeats were reported from India, Thailand, Columbia
population (35, 38, 39). However, 7 copies were reported in
Philippines (35).

We observed 8, 9 and 10 repeats for the locus (AT) 17.
Monot et al. (40) reported 8 and 9 repeats from Switzerland. 3
and 4 repeats of rpoT were reported from Japan and India (18,
29, 41, 42).

With the help of cluster analysis, the SNP and VNTR
combination M. leprae strain similarities were noted in the
certain blocks of Purulia district but many variabilities in repeats
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TABLE 5 Cases showing similar SNP and VNTR pattern.

Sample Blocks Subtype Combination 1
code

18- AC8a TA1l0 12- 21

8 5 -3

Case-55 Barabazar C 8 9 13 4 1
Case-57 Barabazar D 8 9 13 4 1
Case-62 Barabazar D 8 9 13 4 2
Case-36 ARSHA D 7 8 13 4 2
Case-42 ARSHA D 7 8 13 4 2
Case-43 ARSHA D 8 8 13 4 2
Case-46 ARSHA D 8 8 13 4 2
Case-48 ARSHA C 7 8 13 4 2
Case-32 CHANDANKEIRY D 8 6 12 5 2
Case-35 CHANDANKEIRY C 8 9 11 5 2
Case-14 JOYPUR C 7 7 12 4 1
Case-27 JOYPUR D 7 9 12 4 1
Case-38 JOYPUR D 8 9 12 4 1
Case-39 JOYPUR D 7 9 12 4 1
Case-21 JHALDA D 8 8 13 4 2
Case-22 JHALDA D 8 8 13 4 2
Case-73 JHALDA D 7 8 13 4 1
Case-11 KASHIPUR D 8 11 13 5 1
Case-12 KASHIPUR D 8 7 13 5 1
Case-84 PARA D 7 7 13 4 1
Case-99 PARA D 7 7 13 4 1
Case-78 PINDROJORA D 8 7 13 4 1
Case-80 PINDROJORA D 7 7 13 4 1
Case-81 PINDROJORA D 8 7 13 4 1
Case-82 PINDROJORA D 8 7 11 4 1

in VNTR loci which might require large number of samples for
analysis to show similar genotype of epidemiological importance.
In summary, this study undoubtedly found presence of
viable M. leprae in inhabitant areas of leprosy patients. These
viable bacilli might survive in the environment as well as might
help in causing leprosy disease after repeated exposure to a
susceptible host. Similar genotype in clinical and environmental
samples indicate that environment could possibly act as a source
of infection. SNP and VNTR combination showed M. leprae
strain similarities and their differentiation in certain blocks of
Purulia. Such studies with the combination of genetic markers
may provide a tool to track transmission link in the community.
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Combination 3 Combination 4

GTA9 GGT5 GAA21 AT17 RPOT AC9 6- AC8b 23 27

7 -3 -5

8 5 19 8 4 9 6 7 2 5
8 5 19 8 3 9 6 7 2 5
8 4 19 8 3 9 6 7 2 5
9 5 20 8 4 9 6 7 2 5
9 5 20 8 4 9 6 7 2 5
9 5 20 9 3 9 6 7 2 5
9 5 20 8 3 9 6 7 2 5
9 4 20 8 3 9 6 7 2 5
9 5 19 8 4 9 6 7 2 5
9 5 19 8 3 9 6 7 2 5
9 5 19 9 4 9 6 7 2 5
11 5 19 9 3 7 6 7 2 5
5 19 9 4 5 11 7 2 5

9 5 19 9 4 7 11 7 2 5
12 5 18 9 3 9 6 7 2 5
12 5 18 8 3 9 7 7 2 5
9 5 20 8 3 9 7 7 2 5
8 4 18 8 3 9 6 7 2 5
8 9 20 9 3 9 6 7 2 5
9 5 20 8 3 9 7 7 2 5
8 4 20 8 4 9 6 7 2 5
9 5 20 8 3 9 6 7 2 5
8 5 20 8 3 9 5 7 2 5
9 5 20 9 3 9 6 7 2 5
9 5 20 9 3 9 6 7 2 5

Ethics statement

The study was approved on 22nd December 2016 by the
Organization Ethical Committee of The Leprosy Mission trust
India. Informed consent was obtained from all the participant
enrolled in the study. The patients/participants provided their
written informed consent to participate in this study.

Author contributions

RT and RJ, conceived and designed the analysis. RT, VS, ML,
IS collected the data with experimental work in lab,
methodology, validation. RT wrote the paper, performed the
analysis, and interpretation of data, and drafting of manuscript.
RJ, ML, IS and US: Supervision, conceptualization, writing-
reviewing, and editing. RJ: Data curation, software, and
analysis. RT, RJ, ML and US contributed data or analysis tools,
wrote the paper, analysis, and interpretation of data, and

frontiersin.org


https://doi.org/10.3389/fitd.2022.972682
https://www.frontiersin.org/journals/tropical-diseases
https://www.frontiersin.org

Turankar et al.

drafting of manuscript. All authors contributed to the article and
approved the submitted version.

Funding

We acknowledge the financial support rendered by Indian
Council of Medical Research (ICMR-Task Force Project No.5/8/
3(12)/2009-ECD-I (A) and ICMR Adhoc Project 5/8/3(11)2014-
ECD-1).

Acknowledgments

Infrastructural support granted by the host institution - The
Leprosy Mission Trust India to carry out this research work at
Stanley Browne Research Laboratory — The Leprosy Mission
Community Hospital, Shahdara — New Delhi. We also wish to
acknowledge support of the Superintendent and staff of TLM
Hospital, Purulia. We are likewise grateful to Mr. Atul Roy for
assisting in the sample collection in the field condition.

References

1. Hansen GA. On the etiology of leprosy. Br Foreign Med Chir Rev (1875) 55
(110):459-89.

2. Seo 2. Han XY, Sizer YH, Schoberle KC, May T, Spencer GS, ]S, et al. A new
mycobacterium species causing diffuse lepromatous leprosy. Am ] Clin Pathol
(2008) 130(6):856-64. doi: 10.1309/AJCPP72FJZZRRVMM

3. Truman RW, Singh P, Sharma R, Busso P, Rougemont J, Paniz-Mondolfi A,
et al. Probable zoonotic leprosy in the Southern United States. N Engl ] Med (2011)
364(17):1626-33. doi: 10.1056/NEJMoal010536

4. Avanzi C, Del-Pozo J, Benjak A, Stevenson K, Simpson VR, Busso P, et al.
Red squirrels in the British isles are infected with leprosy bacilli. Science (2016) 354
(6313):744-7. doi: 10.1126/science.aah3783

5. Kazda J. Occurrence of non-cultivable acid-fast bacilli in the environment
and their relationship to m. leprae Lepr Rev (1981) 52(Suppl 1):85-91. doi: 10.5935/
0305-7518.19810061

6. Lavania M, Katoch K, Katoch VM, Gupta AK, Chauhan DS, Sharma R, et al.
Detection of viable mycobacterium leprae in soil samples: insights into possible
sources of transmission of leprosy. Infect Genet Evol (2008) 8(5):627-31.
doi: 10.1016/j.meegid.2008.05.007

7. Turankar RP, Lavania M, Singh M, Siva Sai KS, Jadhav RS. Dynamics of
mycobacterium leprae transmission in environmental context: Deciphering the
role of environment as a potential reservoir. Infect Genet Evol (2012) 12(1):121-6.
doi: 10.1016/j.meegid.2011.10.023

8. Turankar RP, Lavania M, Darlong J, Siva Sai KSR, Sengupta U, Jadhav RS.
Survival of mycobacterium leprae and association with acanthamoeba from
environmental samples in the inhabitant areas of active leprosy cases: A cross
sectional study from endemic pockets of purulia, West Bengal. Infect Genet Evol
(2019) 72:199-204. doi: 10.1016/j.meegid.2019.01.014

9. Mohanty PS, Naaz F, Katara D, Misba L, Kumar D, Dwivedi DK, et al.
Viability of mycobacterium leprae in the environment and its role in leprosy
dissemination. Indian ] Dermatol Venereol Leprol (2016) 82(1):23-7. doi: 10.4103/
0378-6323.168935

10. Holanda MV, Marques LEC, Macedo MLB, Pontes MAA, Sabadia JAB, Kerr
LREFS, et al. Presence of mycobacterium leprae genotype 4 in environmental waters
in northeast Brazil. Rev Soc Bras Med Trop (2017) 50(2):216-22. doi: 10.1590/0037-
8682-0424-2016

11. Tio-Coma M, Sprong H, Kik M, van Dissel JT, Han XY, Pieters T, et al. Lack
of evidence for the presence of leprosy bacilli in red squirrels from north-West
Europe. Transbound Emerg Dis (2020) 67(2):1032-4. doi: 10.1111/tbed.13423

Frontiers in Tropical Diseases

33

10.3389/fitd.2022.972682

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.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fitd.2022.972682/full#supplementary-material

12. Matsuoka M, Izumi S, Budiawan T, Nakata N, Saeki K. Mycobacterium
leprae DNA in daily using water as a possible source of leprosy infection. Indian J
Lepr (1999) 71(1):61-7.

13. Davey TF, Rees R]. The nasal dicharge in leprosy: clinical and bacteriological
aspects. Lepr Rev (1974) 45(2):121-34. doi: 10.5935/0305-7518.19740014

14. Job CK, Jayakumar J, Kearney M, Gillis TP. Transmission of leprosy: A study
of skin and nasal secretions of household contacts of leprosy patients using PCR. Am |
Trop Med Hyg (2008) 78(3):518-21. doi: 10.4269/ajtmh.2008.78.518

15. Weddell G, Palmer E. The pathogenesis of leprosy. Exp Approach Lepr Rev
(1963) 34:57-61. doi: 10.5935/0305-7518.19630010

16. Barton RP. A clinical study of the nose in lepromatous leprosy. Lepr Rev
(1974) 45(2):135-44. doi: 10.5935/0305-7518.19740015

17. Blake LA, West BC, Lary CH, Todd JR4. Environmental nonhuman sources
of leprosy. Rev Infect Dis (1987) 9(3):562-77. doi: 10.1093/clinids/9.3.562

18. Turankar RP, Lavania M, Singh M, Sengupta U, Siva Sai K, Jadhav RS.
Presence of viable mycobacterium leprae in environmental specimens around
houses of leprosy patients. Indian ] Med Microbiol (2016) 34(3):315-21.
doi: 10.4103/0255-0857.188322

19. Fukutomi Y, Maeda Y, Matsuoka M, Makino M. Temperature dependency
for survival of mycobacterium leprae in macrophages. Nihon Hansenbyo Gakkai
Zasshi (2009) 78(1):7-16. doi: 10.5025/hansen.78.7

20. Lahiri R, Krahenbuhl JL. The role of free-living pathogenic amoeba in the
transmission of leprosy: A proof of principle. Lepr Rev (2008) 79(4):401-9. doi:
10.47276/1r.79.4.401

21. Wheat WH, Casali AL, Thomas V, Spencer JS, Lahiri R, Williams DL, et al.
Long-term survival, and virulence of mycobacterium leprae in amoebal cysts. PloS
Negl Trop Dis (2014) 8(12):e3405. doi: 10.1371/journal.pntd.0003405

22. Groathouse NA, Rivoire B, Kim H, Lee H, Cho SN, Brennan PJ, et al.
Multiple polymorphic loci for molecular typing of strains of mycobacterium leprae.
J Clin Microbiol (2004) 42(4):1666-72. doi: 10.1128/JCM.42.4.1666-1672.2004

23. Jadhav RS, Macdonald M, Bjune G, Oskam LMILEP2 Study Group.
Simplified PCR detection method for nasal mycobacterium leprae. Int J Lepr
Other Mycobact Dis (2001) 69(4):299-307.

24. Turankar RP, Pandey S, Lavania M, Singh I, Nigam A, Darlong J, et al.
Comparative evaluation of PCR amplification of RLEP, 16S rRNA, rpoT and sod a
gene targets for detection of m. leprae DNA from clinical and environmental
samples. Int ] Mycobacteriol (2015) 4(1):54-9. doi: 10.1016/j.ijmyco.2014.11.062

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fitd.2022.972682/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fitd.2022.972682/full#supplementary-material
https://doi.org/10.1309/AJCPP72FJZZRRVMM
https://doi.org/10.1056/NEJMoa1010536
https://doi.org/10.1126/science.aah3783
https://doi.org/10.5935/0305-7518.19810061
https://doi.org/10.5935/0305-7518.19810061
https://doi.org/10.1016/j.meegid.2008.05.007
https://doi.org/10.1016/j.meegid.2011.10.023
https://doi.org/10.1016/j.meegid.2019.01.014
https://doi.org/10.4103/0378-6323.168935
https://doi.org/10.4103/0378-6323.168935
https://doi.org/10.1590/0037-8682-0424-2016
https://doi.org/10.1590/0037-8682-0424-2016
https://doi.org/10.1111/tbed.13423
https://doi.org/10.5935/0305-7518.19740014
https://doi.org/10.4269/ajtmh.2008.78.518
https://doi.org/10.5935/0305-7518.19630010
https://doi.org/10.5935/0305-7518.19740015
https://doi.org/10.1093/clinids/9.3.562
https://doi.org/10.4103/0255-0857.188322
https://doi.org/10.5025/hansen.78.7
https://doi.org/10.47276/lr.79.4.401
https://doi.org/10.1371/journal.pntd.0003405
https://doi.org/10.1128/JCM.42.4.1666-1672.2004
https://doi.org/10.1016/j.ijmyco.2014.11.062
https://doi.org/10.3389/fitd.2022.972682
https://www.frontiersin.org/journals/tropical-diseases
https://www.frontiersin.org

Turankar et al.

25. Jadhav RS, Kamble RR, Shinde VS, Edward S, Edward VK. Use of reverse
transcription polymerase chain reaction for the detection of mycobacterium
leprae in the slit-skin smears of leprosy patients. Indian ] Lepr (2005) 77
(2):116-27.

26. Monot M, Honoré N, Garnier T, Zidane N, Sherafi D, Paniz-Mondolfi A,
et al. Comparative genomic and phylogeographic analysis of mycobacterium
leprae. Nat Genet (2010) 42(4):361. doi: 10.1038/ng.477

27. Lavania M, Jadhav RS, Turankar RP, Chaitanya VS, Singh M, Sengupta U.
Single nucleotide polymorphisms typing of mycobacterium leprae reveals focal
transmission of leprosy in high endemic regions of India. Clin Microbiol Infect
(2013) 19(11):1058-62. doi: 10.1111/1469-0691.12125

28. Gillis T, Vissa V, Matsuoka M, Young S, Richardus JH, Truman R, et al.
Characterisation of short tandem repeats for genotyping mycobacterium leprae.
Lepr Rev (2009) 80(3):250-60. doi: 10.47276/1r.80.3.250

29. Matsuoka M, Zhang L, Morris MF, Legua P, Wiens C. Polymorphism in the
rpoT gene in mycobacterium leprae isolates obtained from Latin American
countries and its possible correlation with the spread of leprosy. FEMS Microbiol
Lett (2005) 243(2):311-5. doi: 10.1016/j.femsle.2004.12.031

30. Lavania M, Jadhav R, Turankar RP, Singh I, Nigam A, Sengupta U.
Genotyping of mycobacterium leprae strains from a region of high endemic
leprosy prevalence in India. Infect Genet Evol (2015) 36:256-61. doi: 10.1016/
j.meegid.2015.10.001

31. Desikan KV, Sreevatsa. Extended studies on the viability of mycobacterium
leprae outside the human body. Lepr Rev (1995) 66(4):287-95.

32. Martinez AN, Lahiri R, Pittman TL, Scollard D, Truman R, Moraes MO,
et al. Molecular determination of mycobacterium leprae viability by use of
real-time PCR. ] Clin Microbiol (2009) 47(7):2124-30. doi: 10.1128/
JCM.00512-09

33. Singh V, Turankar RP, Goel A. Real-time PCR-based quantitation of viable
mycobacterium leprae strain from clinical samples and environmental sources and
its genotype in multi-case leprosy families of India. Eur J Clin Microbiol Infect Dis
(2020) 39(11):2045-55. doi: 10.1007/s10096-020-03958-w

Frontiers in Tropical Diseases

34

10.3389/fitd.2022.972682

34. Turankar RP, Lavania M, Chaitanya VS, Sengupta U, Darlong J, Darlong F,
et al. Single nucleotide polymorphism-based molecular typing of m. leprae from
multicase families of leprosy patients and their surroundings to understand the
transmission of leprosy. Clin Microbiol Infect (2014) 20(3):0142-9. doi: 10.1111/
1469-0691.12365

35. Sakamuri RM, Harrison J, Gelber R, Saunderson P, Brennan PJ, Balagon M,
et al. A continuation: study and characterisation of mycobacterium leprae short
tandem repeat genotypes and transmission of leprosy in cebu, Philippines. Lepr Rev
(2009) 80(3):272-9.

36. Young SK, Ponnighaus JM, Jain S, Lucas S, Suneetha S, Lockwood DN, et al.
Use of short tandem repeat sequences to study mycobacterium leprae in leprosy
patients in Malawi and India. PloS Negl Trop Dis (2008) 2(4):e214. doi: 10.1371/
journal.pntd.0000214

37. Xing Y, Liu J, Sakamuri RM, Wang Z, Wen Y, Vissa V, et al. VNTR typing
studies of mycobacterium leprae in China: assessment of methods and stability of
markers during treatment. Lepr Rev (2009) 80(3):261-71. doi: 10.47276/1r.80.3.261

38. Lavania M, Katoch K, Sharma R, Sharma P, Das R, Gupta AK, et al.
Molecular typing of mycobacterium leprae strains from northern India using short
tandem repeats. Indian ] Med Res (2011) 133(6):618-26.

39. Fontes AN, Sakamuri RM, Baptista IM, Ura S, Moraes MO, Martinez AN,
et al. Genetic diversity of mycobacterium leprae isolates from Brazilian leprosy
patients. Lepr Rev (2009) 80(3):302-15. doi: 10.47276/1r.80.3.302

40. Monot M, Honoré N, Baliére C, Ji B, Sow S, Brennan PJ, et al. Are variable-
number tandem repeats appropriate for genotyping mycobacterium leprae? J Clin
Microbiol (2008) 46(7):2291-7. doi: 10.1128/JCM.00239-08

41. Matsuoka M, Maeda S, Kai M, Nakata N, Chae GT, Gillis TP, et al.
Mycobacterium leprae typing by genomic diversity and global distribution of
genotypes. Int ] Lepr Other Mycobact Dis (2000) 68(2):121-8.

42. Lavania M, Katoch K, Singh H, Das R, Gupta AK, Sharma R, et al.
Predominance of three copies of tandem repeats in rpoT gene of mycobacterium
leprae from northern India. Infect Genet Evol (2007) 7(5):627-31. doi: 10.1016/
j.meegid.2007.05.011

frontiersin.org


https://doi.org/10.1038/ng.477
https://doi.org/10.1111/1469-0691.12125
https://doi.org/10.47276/lr.80.3.250
https://doi.org/10.1016/j.femsle.2004.12.031
https://doi.org/10.1016/j.meegid.2015.10.001
https://doi.org/10.1016/j.meegid.2015.10.001
https://doi.org/10.1128/JCM.00512-09
https://doi.org/10.1128/JCM.00512-09
https://doi.org/10.1007/s10096-020-03958-w
https://doi.org/10.1111/1469-0691.12365
https://doi.org/10.1111/1469-0691.12365
https://doi.org/10.1371/journal.pntd.0000214
https://doi.org/10.1371/journal.pntd.0000214
https://doi.org/10.47276/lr.80.3.261
https://doi.org/10.47276/lr.80.3.302
https://doi.org/10.1128/JCM.00239-08
https://doi.org/10.1016/j.meegid.2007.05.011
https://doi.org/10.1016/j.meegid.2007.05.011
https://doi.org/10.3389/fitd.2022.972682
https://www.frontiersin.org/journals/tropical-diseases
https://www.frontiersin.org

& frontiers | Frontiers in Public Health

@ Check for updates

OPEN ACCESS

EDITED BY
Ravindra P. Turankar,
The Leprosy Mission Trust India, India

REVIEWED BY
Enyi Ifeoma Etiaba,

University of Nigeria, Nsukka, Nigeria
Puneeta Ajmera,

Delhi Pharmaceutical Sciences and
Research University, India

*CORRESPONDENCE

Victor Abiola Adepoju
schrodingaO5@yahoo.com;
victor.adepoju@jhpiego.org

SPECIALTY SECTION

This article was submitted to
Infectious Diseases — Surveillance,
Prevention and Treatment,

a section of the journal

Frontiers in Public Health

RECEIVED 20 April 2022
ACCEPTED 18 August 2022
PUBLISHED 21 September 2022

CITATION

Adepoju VA, Adejumo OA,

Adepoju OE, Adeniyi MO, Etuk V,
Nzekwe |, Inegbeboh JO, Adelekan A
and Oladimeji O (2022) Do private
health providers adhere to National
Tuberculosis Guideline while assigning
treatment outcome? Findings from a
lower middle-income country.

Front. Public Health 10:924132.

doi: 10.3389/fpubh.2022.924132

COPYRIGHT
© 2022 Adepoju, Adejumo, Adepoju,
Adeniyi, Etuk, Nzekwe, Inegbeboh,
Adelekan and Oladimeji. 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.

Frontiersin Public Health

TYPE Original Research
PUBLISHED 21 September 2022
pol 10.3389/fpubh.2022.924132

Do private health providers
adhere to National Tuberculosis
Guideline while assigning
treatment outcome? Findings
from a lower middle-income
country

Victor Abiola Adepojul*, Olusola Adedeji Adejumo?,
Oluwatoyin Elizabeth Adepoju?®, Marius Olusola Adeniyi*,
Victoria Etuk®, Ineoma Nzekwe?!, Jude O. Inegbeboh®,
Ademola Adelekan’ and Olanrewaju Oladimeji®

!Department of HIV and Infectious Diseases, Jhpiego (an Affiliate of John Hopkins University),
Abuja, Nigeria, 2Department of Community Medicine and Primary Health Care, Lagos State
University Teaching Hospital, Lagos, Nigeria, *Department of Adolescent Research, Adolescent
Friendly Research Initiative and Care (ADOLFRIC), Ado-Ekiti, Nigeria, “Department of Primary
Healthcare Services, Ondo State Primary Healthcare Development Agency, Akure, Nigeria,
°International Research Center of Excellence (IRCE), Institute of Human Virology of Nigeria, Abuja,
Nigeria, °Department of HIV/AIDS, Birnin Kebbi, Kebbi State Children Emergency Fund (UNICEF),
Abuja, Nigeria, ’Blue Gate Research Institute, Ibadan, Nigeria, 8Department of Public Health, Faculty
of Health Sciences, Walter Sisulu University, Mthatha, South Africa

Background: Treatment success rate is an important indicator to measure the
performance of the National Tuberculosis Program (NTP). There are concerns
about the quality of outcome data from private facilities engaged by NTP.
Adherence of private providers of tuberculosis care to NTP guideline while
assigning treatment outcomes to patients is rarely investigated. We aimed to
determine whether Lagos private for-profit (PFP) and private not-for-profit
(PNFP) facilities adhere to domestic TB guideline while assigning treatment
outcome and the availability of periodic sputum acid-fast bacilli (AFB) results.

Method: A retrospective review of facility treatment register and treatment
cards of TB patients managed between January and December 2016 across
10 private directly observed treatment short-course (DOTS) facilities involved
in the public—private mix (PPM) in Lagos, Nigeria. The study took place between
January and June 2019.

Results: Of the 1,566 patients, majority (60.7%) were male, >30 years (50.2%),
HIV-negative (88.4%), and attended PNFP (78.5%). The reported treatment
success rate (TSR) was 84.2% while the actual TSR was 53.8%. In total, 91.1,
77.6, and 70.3% of patients had sputum acid-fast bacilli (AFB) at 2/3, month
5, and month 6, respectively, while 68.6% had all the three sputum AFB in
the register. Healthcare workers (HCWs) were adherent in assigning treatment
outcome for 65.6% of TB patients while 34.4% of patients were assigned
incorrect treatment outcomes. Most variations between reported and actual
treatment outcomes were found with cured (17%) and completed (13.4%).
Successful and unsuccessful outcomes were overreported by 30.4% and 4.1%,
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respectively. DOTS providers in private facilities with available TB guideline (OR
8.33, Cl 3.56-19.49, p < 0.0001) and PNFP facility (OR 4.42, Cl 1.91-10.3,
p =0.001) were more likely to adhere to National TB Guideline while assigning
TB treatment outcome.

Conclusion: Frontline TB providers in Lagos private hospitals struggled with
assigning correct treatment outcome for TB patients based on NTBLCP
guideline. Increased access to all the periodic follow-up AFB tests for TB
patients on treatment and availability of National TB Guideline for referencing
could potentially improve the adherence of private TB service providers while
assigning TB treatment outcomes.

KEYWORDS

tuberculosis, adherence, guideline, sputum, acid fast bacilli, treatment success rate,

NTP

Background

Nigeria is one of the 30 high-burden countries for
(TB), tuberculosis/HIV
multidrug-resistant tuberculosis (MDR-TB). Annually, Nigeria

tuberculosis co-infection, and
accounts for 9% of TB cases missed globally either because they
were not diagnosed, or they were diagnosed but not reported
to the National TB, Buruli Ulcer and Leprosy Control Program
(NTBLCP) (1). Only 104,000 of the estimated 434,000 TB cases
in Nigeria were notified in 2018 (2). In contrast, Nigeria has
consistently reported treatment success rate (TSR) that is close
to the 90% global target over the years (2). Successful treatment
outcome is defined as the sum of patients cured and those who
have completed treatment (1). The international target is to
successfully treat at least 90% of new sputum smear-positive
TB cases (1). In 2015, the overall TB treatment success rate in
Nigeria was 87% (with a cure rate of 78% and completion rate
of 8.8%) while TSR was 84% in 2016 (3-5). At the subnational
level, the tuberculosis cure rate in Lagos grew from 64% in 2003
to 76% in 2014 (6). Also, 77% of a cohort of multidrug-resistant
TB patients initiated in 2013 was reported to be successfully

Abbreviations:  AFB, acid-fast bacilli; CQl, continuous quality
improvement; CPT, cotrimoxazole therapy; DOTS, directly observed
therapy, short-course; DS-TB-drug, susceptible tuberculosis; ETR,

electronic tuberculosis reporting; HCWs, healthcare workers; LGATBLS,
Local Government Area Tuberculosis, Buruli Ulcer and Leprosy Control
Supervisor; LGA, Local Government Area; LTFU, lost to follow-up; LMICs,
low- and middle-income countries; LSTBLCP, Lagos State Tuberculosis
and Leprosy Control Program; STBLCO, State TB, Buruli Ulcer and
Leprosy Control Officer; MDR-TB, multidrug-resistant tuberculosis;
NTP, National Tuberculosis Program; NTBLCP, National Tuberculosis,
Buruli Ulcer and Leprosy Control Program; PPM, public—private mix;
TSR, treatment success rate; TB, tuberculosis; WHO, World Health

Organization.
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treated in 2015 compared with the 56% recorded globally (7, 8).
TSR for tuberculosis provides a useful indicator to measure the
quality of health services and the performance of the NTBLCP.
Suboptimal TSR suggests that infectious patients may not be
receiving adequate treatment. TSR has been benchmarked at
90%, and underperforming National TB Programs (NTPs)
are usually placed on closer monitoring to improve the
performance. Evaluation of successful treatment outcomes of
new smear-positive pulmonary TB patients could also be used
to determine the effectiveness of DOTS implementation.

The World Health Organization (WHO)
that the prevalence of MDR-TB was 4.3% among new

estimated

TB cases and 25% among retreatment cases, respectively
(5). Although treatment coverage is still low in Nigeria, a
successful TB control program should match high treatment
success rate with low figures of reported MDR-TB cases
and vice versa. In addition to the poor treatment coverage,
there were concerns about the accuracy of TSR figures
reported by health facilities and adherence to NTBLCP
guidelines while assigning those treatment outcomes.
Nonadherence to guideline often manifests as incomplete
documentation, underreporting and overreporting of
treatment outcomes.

A study by Measure Evaluation identified nine overarching
barriers to Health Management Information Systems (HMIS)
in low- and middle-income countries (LMICs). These include
insufficient skills in data use core competencies; poor data
quality (completeness, validity, reliability, and timeliness
of reporting); insufficient expertise in data synthesis and
visualization; lack of systems thinking in HMIS design and
development; lack of leadership and culture of data use,
and, finally, poor knowledge and motivation of healthcare
workers on data use (9). In Nigeria, variances between TB
data reported at facility and LGA levels, the lack of data

for planning, incomplete and delayed quarterly reporting,

frontiersin.org


https://doi.org/10.3389/fpubh.2022.924132
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Adepoju et al.

enormous missing records in health facilities, poor storage
of surveillance data, and weak workforce capacity in data
management have also been reported (10, 11). Custodians
and managers of TB data oftentimes are not provided with
the logistics needed for tracking patient lost to follow-up,
conduct contact tracing, and supervise and collate data with
far-reaching implications on quality and completeness of TB
data (12).

A previous comparative evaluation of the performance of
the public and private healthcare system in low- and middle-
income countries suggested that private sector providers of TB
services frequently failed to adhere to guidelines and medical
standards of care leading to poor patient outcomes. The authors
argued that the efficiency of the data reporting system is worse
in the private sector (13). A World Health Organization (WHO)
survey in Mexico showed that private practitioners managed
one-third of patients who died from TB (14). Also, 85% of DR-
TB patients were reported to have been previously managed for
TB in the private sector (15). Despite the relatively high reported
overall national TSR over the years, DR-TB case notification in
Nigeria has increased from 21 in 2010 to 1,686 in 2016 and a
further increase of 35% from 1,686 in 2016 to 2,286 in 2017
(2). Similarly, from 665 MDR-TB cases notified in 2013, the
number of cases increased to 29,469 in 2020. Disaggregation
of TSR data into the private sector component is often lacking
in the annual national TB report. There is also a lack of data
to confirm previous concerns that many TB patients managed
in the private facilities were poorly managed and that private
facilities contributed to poor TSR. This raises concerns about
the reported treatment outcome data from the private sector.
Analysis of adherence of staff in assigning patient outcome can
help focus supervision and mentorship program to enhance the
quality of care in the private sector. Therefore, we aimed to
investigate adherence to the National TB Guideline in assigning
treatment outcome to bacteriologically diagnosed TB patients
in private facilities, Lagos, Nigeria. The specific objectives of
the study include: (1) to investigate the availability of sputum
AFB follow-up test needed to assign treatment outcome at
various stages of TB treatment, (2) to determine the level of
adherence of healthcare workers (HCWSs) to NTBLCP guideline
while assigning TB treatment outcome and adherence predictive
factors, and (3) to highlight variations between reported and
actual treatment outcomes based on standard NTBLCP case
definitions for treatment outcomes in Nigeria.

Method
Study design

A retrospective study among all bacteriologically positive TB

patients as recorded in the facility TB treatment register between
January and December 2016 in Lagos, Nigeria.
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Study setting

Lagos state has a population of 24 million people and is
divided into 20 Local Government Areas (LGAs) (16).

Health care in Nigeria is organized into primary, secondary,
and tertiary care, and the governance of the National TB
Program (embedded within the Federal Ministry of Health)
is also organized in alignment with the federal system of
government. The NTBLCP was established in 1989 and
saddled with policy development, tertiary care, mobilization and
development of human and material resource, coordination and
provision of technical support to state programs. TB control
activity is coordinated at the national level by the NTBLCP
coordinator, at the state level by the State Tuberculosis, Buruli
Ulcer and Leprosy Control Officer (STBLCO), and at the LGA
level by the LGA TB, Buruli Ulcer and Leprosy supervisor
(LGATBLS) assisted by the DOTS officer in the facilities
(17). The health facility focal person known as the directly
observed treatment short-course (DOTS) officer captures each
presumptive patient in the TB presumptive register, after the
preliminary test has been conducted. Once the patient is
confirmed TB-positive, the details of the patient are registered
in the facility TB treatment register. Records of registered TB
patients are collated monthly by facility DOTS provider and sent
to the LGA supervisor who will now report to the STBLCO
at the end of the quarter. The STBLCO subsequently reports
the state data to the NTBLCP. Similarly, TB treatment outcome
data are reported in cohorts on a quarterly basis, taking cohorts
of patients who initiated TB treatment in the preceding year.
There are 774 LGA supervisors in the country. They all report
to the state TB control officers in their respective states. The
state TB officers then transmit the data to the national level
(18). Also, there are six zonal arrangements at the subnational
level. Each zone comprises six states. Reports from the six
zones are collected and aggregated at the national level for the
production of quarterly report and presentations. The NTBLCP
also generates annual report based on the aggregated data from
the 36 states and the Federal Capital Territory. Data validation
takes place monthly or quarterly depending on the availability
of funds although priority is given to public facilities and high-
volume private hospitals. Electronic reporting of TB data starts
at the state level when transmitting state data to the NTBLCP.

Lagos harbors 11% of the Nigerian population. Each of the
Lagos LGA is supervised by an LGA TB supervisor. Healthcare
service in Lagos is provided at three levels: primary, secondary,
and tertiary. The Lagos State TB, Buruli Ulcer and Leprosy
Control Program (LSTBLCP) was inaugurated in 2003 and
expanded to engage the private sector in 2008. By the end
of 2016, private facilities engaged in Lagos for tuberculosis
program have increased from 8 to over 150. Facilities are
often engaged under four service schemes, i.., referral of
presumptive TB only, provision of directly observed therapy
short-course (DOTS) treatment only, provision of microscopy
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service only, and provision of both microscopy and DOTS.
LSTBLCP is responsible for the training of healthcare workers
and the provision of reagents, recording, and reporting tools
such as the presumptive TB register, TB treatment register, and
treatment cards, among others. All individuals having symptoms
of TB in particular, cough of two weeks or more, are regarded
as presumptive TB and documented in the presumptive TB
register (17).

Participants

A total of 10 facilities were recruited for this study. They
provide a range of TB services including AFB microscopy
and DOTS. Only five (50%) of the 10 centers provide AFB
microscopy, and one of them also provides molecular testing
services. These facilities are all private and have been engaged
by TB program for at least 1 year. All the facilities recruited also
provide TB/DOTS service.

In Figure 1, a total of 1,654 patients (across the 10 facilities)
extracted from the facility treatment register are included in
the study. A total of 4.7% (77/1,654) had missing treatment
outcome and were excluded from the analysis of the initial
treatment outcome. Of the remaining 1,577 patients with
assigned treatment outcome in the register, 11 (0.7%) were
excluded from the final analysis of adherence to NTBLCP
guideline since they were transferred out before the end of
treatment. A total of 1,566 patients were included in the final
adherence analysis.

Bias

Where an outcome was given but AFB results were missing
in the TB treatment register, a second-level check of the
treatment card was conducted. In such a scenario, any missing
AFB result in treatment register now found in the TB treatment
card was used to update the TB treatment register accordingly.

Study size
A sample size of all the 1,654 patients (across 10 private

facilities) was extracted from the facility treatment register and
included in the study.

Sampling technique

A four-stage sampling technique (summarized below) was
used to select facilities for this study.
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e Stage 1: Purposive sampling technique was used in selecting
the seven high TB burden LGAs in Lagos State out of the
total of 20 LGAs.

e Stage 2: The TB facilities were stratified into private
and public, and convenient sampling technique was used
to select the private facilities. This was because of less
bureaucratic processes in getting access to data from private
than public facilities.

e Stage 3: Ten (10) out of 57 facilities across the seven high TB
burden LGAs were selected proportionately. This implies
that the facilities were selected based on the numbers of
facilities in each LGA.

e Stage 4: All pulmonary tuberculosis patients were extracted
from the facility treatment register.

Data sources and measurement

Data were collected by six trained data clerks using
Microsoft Excel data collection template. Information from
the TB treatment register was inputted on this template. In
minimizing bias in data extraction, data clerks were trained
on the data collection processes. The research was also piloted
in a community outside the study setting to test the practical
knowledge of data collection by the trained data clerks. The
objective of the study was also masked from data clerks. Daily
reviews were held with data collectors to assess collected data
for any missing information or double counting. No double
counting was observed during the process. Prior to analysis,
collected data by data clerks were triangulated with different
data collection sources such as the patient treatment card and
the TB treatment register. Collected data were also randomly
picked by multiple observers to ensure interrater reliability. For
each patient, data were collected on the date of registration,
age, sex, patient category, type of facility, regimen type, date of
commencement of treatment, referral setting, site of TB, means
of diagnosis of TB, follow-up AFB result and grade, treatment
outcome, HIV result, and cotrimoxazole preventive therapy
(CPT) status. For each health facility, data were also collected on
for-profit status, availability of TB guideline, provider training,
refresher training, and year of training. Using these pieces of
information, assigned treatment outcomes were manually linked
to their test results under the result columns and interpreted
against the case definition of treatment outcome assigned to
determine if the assigned outcome for the patient was correct
(adhere to NTP guideline) or incorrect (did not adhere to NTP
guideline). Information on follow-up AFB was either collected
directly from the TB treatment register or updated from TB care
card if available. Adherent or non-adherent status was registered
against each patient after evaluation depending on whether the
assigned outcome met the case definition or otherwise.
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All Tuberculosis patient
records screened January
2016 to December 2016
(one-year cohort)
N=1654

:

All TB patients initiated on
treatment from Jan 2016
to Dec 2016 with
documented treatment
outcome in TBregister

(included for outcome
analysis) n=1577
|

i

Final eligible sample
for guideline
adherence analysis

n=1566

FIGURE 1

n=77 patients excluded

—»

Flowchart on patient selection for analysis of adherence to National Guideline in assigning TB treatment outcome.

due to: Missing treatment

outcome data

n=11 patients excluded due to:
Transfer-out before the end of
treatment

Definitions of terms

Cure
Patient who is sputum smear-negative in the last month of
treatment and on at least one previous occasion (17).

Treatment completed
A patient who has completed treatment but who does not
meet the criteria to be classified as a cure or a failure (17).

Treatment failure
Patient who is sputum smear-positive at 5 months or later
during the treatment (17).
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Died

Patient who died for any reason during the treatment (17).

Lost to follow-up
Patient whose treatment was interrupted for two consecutive
months or more (17).

Transfer out

Patient who has been transferred to another recording and
reporting unit and for whom the treatment outcome is not
known (17).

frontiersin.org


https://doi.org/10.3389/fpubh.2022.924132
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Adepoju et al.

Treatment success
It is defined as the sum of patients cured and those who have
completed the treatment (17).

Statistical method

The proportion of bacteriologically diagnosed TB patients
in the facility tuberculosis treatment register that had follow-up
sputum smear results available at month 2/3, month 5, and
month 6 was calculated using frequency and percentages.
Among those with available smear follow-up results, the
proportions with smear conversion were also estimated
and used to determine actual treatment outcomes. Among
bacteriologically confirmed TB patients with end-of-treatment
(month 6) smear result, the proportion of each outcome (cure,
failure, treatment completed) as derived from the TB treatment
register was validated for adherence against case definitions
provided by NTBLCP guideline and marked as adhered (correct
outcome) or non-adherent (incorrect treatment outcome).
Descriptive statistics such as frequency and percentages were
used to present adherence level and availability of sputum AFB
follow-up result. In addition, predictors of healthcare workers’
adherence to TB guideline were also determined at univariate
and multivariate levels using Statistical Program for Social
Sciences, version 17, at a level of significance p < 0.001 and
confidence interval of 95%.

Ethical approval

As data for this study were retrieved from routinely collected
surveillance register of the LSTBLCP, no ethical clearance was
required. Permission was received from the Lagos State Ministry
of Health. Patient information was deidentified before the
analysis for confidentiality.

Results

Descriptive data

In Table 1, of the 1,577 eligible records, majority (60.7%) of
the participants were male, >30 years (50.2%), HIV-negative
(88.4%), and attended private not-for-profit (78.5%). In total,
0.7% of the patients were transferred out.

Outcome data

In Table 2,91.1, 77.6, and 70.3% of patients were respectively
offered sputum smear microscopy at months 2/3, month 5, and
month 6 in that decreasing order. In total, 68.6% of patients in
our study had all the three sputum follow-up results.

Frontiersin Public Health

10.3389/fpubh.2022.924132

TABLE 1 Demographic characteristics and reported treatment
outcomes for TB patients who initiated treatment across 10 private
hospitals in Lagos State between January—December 2016 (n = 1,577).

Variable Number Percentage
Patient age

0-30 years 785 49.8
>30 years 992 50.2
Sex

Male 957 60.7
Female 620 39.3
Type of hospital

Private for profit 339 21.5
Private not for profit 1,238 78.5
TB service scheme

3a 8 80
3b 2 20
Provider training (year)

<2012 7 70
>2012 3 30
TB refresher training

Yes 2 20
No 8 80
Guideline availability

Yes 4 40
No 6 60
HIV status

Positive 100 6.3
Negative 1,394 88.4
Unknown 83 53
Treatment outcome

Cured 1,064 67.5
Completed 255 16.1
LTFU 186 11.8
Died 47 3.0
Treatment failure 14 0.9
Transfer out 11 0.7
Treatment success rate (TSR)

Successful 1,319 83.6
Not successful 258 16.4

Table 3 highlights the level of adherence to NTBLCP
guideline while assigning treatment outcome to TB patients.
Overall, HCWs were adherent in assigning treatment outcome
for 65.6% of TB patients while 34.4% of patients were
assigned incorrect treatment outcome. Nonadherence was
highest when assigning “treatment completion,” 82% (209/255),
followed by treatment failure (57.1%) and LTFU 29.6%
(55/186) but least for death outcome 0% (0/14) and cure,
25.1% (267/1,064). Most variations between reported and
actual treatment outcomes were found with cured (17%) and
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TABLE 2 Analysis of availability of Acid-Fast Bacilli (AFB) Sputum
Follow up result at months 2/3, 5 and 6 in Tuberculosis Treatment
Register (n = 1,566).

Follow-up month Number (N) Percentage %
Month 2/3

0 1,332 85.6
Scanty 10 0.6
1+ 78 5.0
Not done 146 9.0
Done 1,420 91.0
Month 5

0 1,198 76.4
Scanty 2 0.1
1+ 18 1.1
Not done 348 222
Done 1,218 77.6
Month 6

0 1,096 70.0
Scanty 1 0.06
1+ 5 0.3
Not done 464 29.8
Done 1,102 70.3
Months 2/3,5&6 1,074 68.6

completed (13.34%) outcomes. Successful and unsuccessful
outcomes were overreported by a difference of 30.4 and 4.1%,
respectively.

In Table 4, multivariate analysis shows that DOTS providers
in private facilities with available TB guideline (OR 8.33, CI
3.56-19.49, p < 0.0001), PNFP facility (OR 4.42, CI 1.91-10.3,
p = 0.001) were more likely to adhere to National TB Guideline
while assigning TB treatment outcome.

10.3389/fpubh.2022.924132

Discussion

The study aimed to investigate whether private hospital
TB service providers assigned correct treatment outcome to
tuberculosis patient based on case definitions in NTBLCP
guidelines. The study highlighted the availability of periodic
sputum AFB results in treatment records as well as variations in
reported and actual treatment outcome and predictive factors. In
total, 4.7% of patient entries in this study had missing treatment
outcome. This is lower than findings from Lagos and Kenya
studies where 53.8 and 30% of records had missing treatment
outcomes, respectively (19, 20). Healthcare workers might not
document treatment outcome if they were not able to retrieve
complete sputum AFB results from the laboratory. It is also
possible that some of the laboratory results got missing before
they were documented. The above findings underline the need to
strengthen interventions that improve patient access to follow-
up test and results, particularly month 6 result in the absence of
which “cured” outcome cannot be declared.

Only 65.6% of TB patients received correct treatment
outcome based on current domestic NTBLCP guideline for
frontline healthcare workers. This contrasts with the Lagos
study where reported treatment success was associated with
full adherence (19). However, the study only mentioned that
53.8% of treatment outcome records were missing but failed
to describe how adherence to treatment outcome for patients
managed in the private sector was specifically measured rather
than specified (19). All the 34 DOTS sites recruited in the study
had microscopy services which may indicate better access; unlike
in our study, where only half of the facilities had AFB services.

In the current study, reported lost to follow-up (LTFU) was
11.9%, but the validated figure was 8.4% giving a difference of
3.5%. The figure is lower than findings from Nepal in which
16.8% of patients assigned LTFU were found to have completed
treatment during community tracking and validation by NTP

TABLE 3 Analysis of level of adherence to National TB Guideline in assigning various TB treatment outcomes (n = 1,566).

Indicator Not adherent Adherent Reported treatment Actual treatment % Diff
(incorrect)% (correct)% outcome (%) outcome (%) (actual-reported)

Cured 267 (25.1) 797 (74.9) 1,064 (67.9) 797 (50.9) 17.0

Completed 209 (82.0) 46 (18.0) 255 (16.3) 46 (2.94) 13.36

Died 0(0.0) 47 (100) 47 (3.0) 47 (3.0) 0.0

Failure 8(57.1) 6 (42.9) 14 (0.9) 6(0.38) 0.52

LTFU 55 (29.6) 131 (70.4) 186 (11.9) 131 (8.4) 35

Successful outcome 476 (36.1) 843 (63.9) 1,319 (84.2) 843 (53.8) 304

Unsuccessful outcome 63 (25.5) 184 (74.5) 247 (15.8) 184 (11.7) 4.1

Overall adherence 539 (34.4) 1,027 (65.6)

% Adherence, # of correct outcome/# same category of outcome; % Non-adherent: # of incorrect outcome/# same category of outcome; % Reported, Treatment outcome Total # of specific

outcome category/Total # of patients (1,577); % Actual treatment outcome, # of correct outcome out of same reported outcome category/Total # of patients (1,577); %Diff in outcome, Diff

in Reported and Actual patient/Total # of patients (1,577).
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TABLE 4 Facility and DOTS provider correlates of adherence to National TB Guideline.

Variable Non-adherent Adherent
Facility

PFP 98 (28.9) 241 (71.4)
PNFP 452 (36.5) 786 (23.5)
Refresher training

No 26 (32.5) 30 (41.7)
Yes 54 (67.5) 42 (58.3)
TB guideline

No 9(11.3) 4(5.6)
Yes 71 (88.8) 68 (94.4)
TB service scheme

3a 27 (33.8) 24 (34.7)
3b 53 (66.3) 47 (65.3)

cOR, 95% CI aOR, 95% CI p-Value
Ref
0.71 (0.5-0.9) 4.42 (1.91-10.3) 0.001
1.09 (1.07-1.11) - 1.000
0.99 (0.8-1.3) 8.33 (3.56-19.49) <0.0001
0.53 (0.3-0.9) 1.62 (0.82-3.19) 0.162

cOR, crude odd ratio; aOR, adjusted odd ratio; 3a, TB treatment services only; 3b, TB diagnosis and treatment.

(21, 22). It is possible that providers erroneously assigned LTFU
for TB patients yet to fulfill LTFU case definition or were unable
to update TB registers for TB patients who later presented
at health facilities after the initial missed appointments. In
Botswana, for instance, 39% of sputum smears were declared as
not done instead of a lower figure of 16%. This gap was due to the
failure of documentation by HCWs. This finding highlights why
emphasis should be placed on knowledge of case definitions of
TB treatment outcomes by private providers during supervisory
visits, the need for home tracking, and prompt recording (23).

In this study, the percentage difference in the reported
(documentation in register) and validated/actual (NTBLCP case
definitions) treatment completed and cure rates were 13.4% and
17%, respectively. The investigators noted that as against the
reported cure rate of 67.9%, the validated figure was 50.9%,
while the completion rate was validated as 2.94% as against the
reported completion rate of 16.3%. Overall, treatment success
in this study was overreported by a difference of 30.4%. This
figure is higher than findings from South African study where
TSR was overreported by 12% (24) but lower than findings from
KwaZulu natal study where only 34.8% of the reported cure
rate was validated (25). It was obvious in our study that HCW's
poorly understood how ‘treatment completed’ differed from
‘cured’. Many patients who had negative month 6 AFB result
with at least one previous negative AFB result were still labeled as
completed in the treatment records, while several others without
month 6 follow-up test were assigned cured. This highlights the
need to structure supervisory and training program to specific
needs of private providers with the view to bridging gaps in
knowledge and health systems performance. Overreporting of
cure rate can give a false impression of TB control. If patients
are managed according to their smear results and their follow-
up smear is inaccurately interpreted, healthcare workers may
be inappropriately and unknowingly treating drug-resistant TB
patients with first-line anti-TB drugs.
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We also found that PNFPs (compared to PFPs) were
four times more likely to adhere to national guideline while
assigning treatment outcome while DOTS providers in facilities
with National TB Guidelines (compared to those with no
guideline) were eight times more likely to adhere to guideline
when assigning TB treatment outcomes. These findings have
implications for policy and practices. A study from Northern
Nigeria found that the poor quality of TB services in the
private sector is impacting TB treatment outcome (26). These
differential findings in the documentation among private
providers by profit status could mean that PFPs fear that
adhering to the TB guidelines would reduce the monetary profit
they will make from treating TB patients. These findings are
pertinent because they are critical to the use of the guidelines
by the practitioners and subsequent good outcomes for patients
treated in private health facilities.

Guidelines traditionally serve as reference guide and means
of refresher for providers across different knowledge areas,
for example, clinical management, monitoring and evaluation,
documentation and reporting. Prioritization of public sector
facility while disseminating such guidelines with private sector
left out is not uncommon. Studies have shown that 60% of
guideline available at the central level were not available at
service delivery point and over 50% of nurses did not document
nursing care provided (27, 28). Making these guidelines available
at lower level of care could help providers to reference and
clarify technical issues toward improving on documentation
and reporting practices. Such guidelines need to be precise,
less bulky for busy private sector providers who oftentimes
backstop for multiple disease areas including TB services.
There is a need for NTBLCP to intensify structured training
and supervision/mentorship visits targeted at private facilities
with emphasis on case definitions of treatment outcomes. The
approach could change the narrative in the private sector where
data issues may be a big challenge due to the limited human
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resources needed to provide quality TB services. Innovative,
real-time digitization of reportable case-based TB indicators
could help to reduce the volume of paper-based documentation,
improve the quality and fidelity of reported TB data, and help in
real-time decision-making toward the realization of TB control
and elimination goals (29).

Limitation

One of the limitations of this study is that follow-up
results were not traced to the laboratory since there was no
digital linkage of the laboratory with facility TB surveillance
system. However, the objective was not to validate results
with laboratory records but to check for the adherence of
HCWs and the correctness of the assigned treatment outcome
based on the case definitions of the NTBLCP guidelines. We
did a second-level check for missing AFB results in the TB
treatment card which reduced the possibility of underestimation
of treatment outcome. In rare instances, it was possible that
treatment outcomes of some patients were validated during
data collation by the LGA TB supervisors before reporting to
NTBLCP, although we expect such cases to have been updated
in the facility TB register or patient treatment card. The study
also reviewed TB surveillance data in 2017. Therefore, it will
be relevant if follow-up study is done to evaluate any changes
or improvement between 2017 and till date. This study is a
retrospective review of facility TB register and treatment card
and did not consider other factors that could have influenced
the quality of TB data management.

Conclusion

A huge percentage of patients managed in private facilities
in a lower middle-income country were not assigned the correct
treatment outcome based on the NTBLCP guideline. Only
68% of patients had all the three periodic sputum follow-
up results needed to assign correct treatment outcomes. The
huge proportion of TB patients with missing end-of-treatment,
month 6 follow-up results is of great concern. The result
was a huge discrepancy between the reported and actual
cure and completion rate data. Giving the importance of
sputum AFB results in the management of TB patients and
assigning the correct treatment outcome, measures should be
put in place to improve patient access to laboratory follow-
up tests where TB drugs were collected. There is a need to
establish systems for complete logging and tracking of all
sputum samples received in the laboratory, timely retrieval,
and accurate recording of results at the facility level. Linking
laboratory directly with the NTBLCP surveillance system is
recommended since it has the potential to minimize missing
data and discrepancies and more accurately influence the
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quality of TB program outcome data. National TB Programs
in low- and middle-income countries (LMICs) need to invest
more on regular supervision, training and retraining of staff,
provision of updated guidelines, and exchange mentorship from
highly adherent private and public facilities to poorly adherent
private facilities. In addition, we call for a business model
that links the quality of data reported by the private facility
providers with annual government accreditation programs.
Future research should investigate the impact of removal of fees
for laboratory follow-up test through health insurance programs
and the impact that digitalization of TB Health Information
Management Systems will have on documentation practices
and the integrity of the TB treatment outcome data in the
private sector.
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Mycobacterium ulcerans (MU) infection of skin and soft tissue leads to chronic
skin ulceration known as Buruli ulcer. MU releases a lipid-like toxin,
mycolactone, that diffuses into the tissue, effecting disease through localized
tissue necrosis and immunosuppression. Cutaneous Buruli ulcer wounds
slowly advance from a painless pre-ulcerative stage to an ulcerative lesion,
leading to disparities in the timing of medical intervention and treatment
outcomes. Novel Buruli ulcer wound management solutions could
complement and supplement systemically administered antimicrobials and
reduce time to healing. Capitalizing on nanopore structure, adsorption, and
exchange capacities, aluminosilicate nanozeolites (nZeos) and geopolymers
(GPs) were developed and investigated in the context of therapeutics for
mycobacterial disease ulcerative wound care. nZeos were ion exchanged
with copper or silver to assess the antimicrobial activity against MU and
Mycobacterium marinum, a rapid growing, genetic ancestor of MU that also
causes skin and soft tissue infections. Silver- and copper-exchanged nZeos
were bactericidal against MU, while only silver-exchanged nZeos killed M.
marinum. To mediate adsorption at a biological scale, GPs with different pore
sizes and altered surface modifications were generated and assessed for the
ability to adsorb MU and mycolactone. Macroporous GPs with and without
stearic acid modification equivalently adsorbed MU cells, while mesoporous
GPs with stearic acid adsorbed mycolactone toxin significantly better than
mesoporous GPs or GPs modified with phenyltriethoxysilane (PTES). In
cytotoxicity assays, Cu-nZeos lacked toxicity against Detroit 551, U-937, and
WM-115 cells. GPs demonstrated limited cytotoxicity in Detroit 551 and WM-
115, but produced time-dependent toxicity in U-937 cells. With their large
surface area and adsorptive capacities, aluminosilicates nZeos and GPs may be
modified and developed to support conventional BU wound care. Topical
application of nZeos and GPs could kill MU within the cutaneous wound
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environment and physically remove MU and mycolactone with wound
dressing changes, thereby improving wound healing and overall
patient outcomes.

KEYWORDS

mycobacteria, Mycobacterium ulcerans, Mycobacterium marinum, aluminosilicates,
antimicrobial ions, silver, copper, adsorption
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GRAPHICAL ABSTRACT
Introduction treatment of Buruli ulcer (12). However, success of this
regimen is confined to early cases of the disease (13, 14).
Buruli ulcer is a painless, progressive skin and soft tissue Despite indications of antibiotic susceptibility in vitro,
infection (SSTI) caused by Mycobacterium ulcerans (MU) (1). parenteral antibiotic therapies must account for penetration
Cases of this neglected tropical disease are observed in equatorial of the infection site (12). Localized treatment, as utilized in
countries, wherein disease occurrence is associated with the care of other SSTIs, supports greater therapeutic access to
proximity to wetlands and bodies of water (2, 3). Infection the wound (15). Evidence of the antimicrobial activity of clay
manifests as a diminutive nodule, wherein the lengthy MU materials against MU (16) has garnered interest as an
replicative cycle yields protracted ulceration (3, 4). MU alternative to conventional small molecule compounds (1,
accumulates in the subcutaneous extracellular space (5) and 17). Aluminosilicate materials, a group of modulated clay
secretes the polyketide toxin mycolactone (6, 7), generating derivatives, provide a versatile framework for topical
cytopathic analgesia (8). The resulting painlessness prompts therapeutic delivery (18).
benign negligence of the wound, condoning bacterial Our research team created two synthetic, customized
penetration of underlying tissue (9). As in the case of latent aluminosilicates - nanozeolites (nZeos) and geopolymers
Mpycobacterium tuberculosis, deferred treatment of Buruli ulcer (GPs) - to mimic clay’s predominant antimicrobial features:
compromises therapeutic efforts (10, 11). ion content (19) and adsorption (20), respectively (21-23), and
A fully oral regimen of rifampicin and clarithromycin by to ensure consistency, safety, and efficacy of developed products
the World Health Organization has greatly advanced for treating SSTIs (24). Ton-exchanged nanozeolites (IE-nZeos)
Frontiers in Tropical Diseases frontiersin.org
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and GPs strategically exploit ion release and adsorptive
capacities for leveraging topical therapeutic applications with
site-directed antimicrobial delivery and bacterial and toxin
adsorption, respectively, as we previously demonstrated (21-
23). Metal ions with previously reported antimicrobial
properties, such as copper and silver (16, 25), can be
interchangeably attached to the extensive nZeos surface,
enabling subsequent ion exchange with water or moisture and
dispersion of metal ions from the scaffold into the environment
(22, 23, 26).

Mycobacterium marinum (Mmar), the closest genetic
relative of MU and a fast-growing nontuberculous
mycobacterium SSTI pathogen (27-30), causes non-ulcerative
granulomatous skin lesions that are often linked with fish
aquaria (31) or fishing-related injuries (32). As a close relative
of both MU and Mycobacterium tuberculosis (33), Mmar
provides context to decades of research focused on ion-
dependent antimicrobial activity against mycobacteria (25, 34,
35). Silver nanoparticles exhibit antimicrobial activity against
Mmar (35), whereas silver enriched dressings (36, 37) and
copper-rich clay materials (16) kill MU. Jointly, these findings
suggest the pertinence of IE-nZeos as intermediates for
mycobacterial wound care.

Geopolymers (GPs), amorphous counterparts to zeolites, are
aluminosilicate materials that can be customized to control
porosity, physicochemical properties, and functionality (18, 38,
39). The porous structure of these compounds adsorbs heavy
metals and industrial manufacturing waste (18). In a biomedical
context, we recently demonstrated that porous GPs adsorb
whole bacterial cells, toxins, and other secreted products (21,
22). Given that Buruli ulcer pathology is largely ascribable to
mycolactone secretion and activity (6, 40), sequestration of
either (a) mycolactone alone or (b) whole MU cells is expected
to vastly improve disease prognosis (41). GPs have significant
technological potential due to ease and low cost of production
(38), making GPs exceptional candidates for use in endemic MU
areas with minimal healthcare infrastructure (3). With high
mechanical and chemical stabilities, GPs can be functionalized
by coating the surface with operative agents and/or moieties that
impart specific physicochemical properties (42).

To assess the antimicrobial activity of nZeos against SSTI-
associated mycobacteria, we investigated in vitro antimicrobial
activity of copper and silver nZeos against MU and Mmar (43).
Based on pore size capacities and our previous GP adsorption
studies with bacterial cells and toxins (21), macroGPs were tested
for the adsorption of MU cells and mesoGPs were assessed for
mycolactone adsorption. To impart GPs with heightened
hydrophobicity, the surface of GP materials was modified with
stearic acid (saturated fatty acid) or phenyltriethoxysilane (PTES) (a
silane coupling agent with hydrophobic characteristics). These steric
acid-coated GPs (SA-GPs) or PTES-coated GPs (PTES-GPs) were
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predicted to display greater lipophilic or hydrophobic behavior than
their uncoated counterparts (44). As a result, we expected that these
surface-modified GPs would bind apolar mycolactone (45) and
lipid-rich MU (46) with increased affinities.

Materials and methods

Synthesis and characterization of
Ag-nZeos and Cu-nZeos

The synthesis and characterization of Ag-nZeos and Cu-
nZeos were reported previously (22, 23). In short, nZeos were
prepared by heating a Na-based geopolymer resin with the
nominal composition of 3.0Na,O: 1.0Al,03: 4.0Si0,: 32.4H,0,
which was mixed homogeneously with canola oil. The
precursors for the geopolymer resin were NaOH pellets (Sigma
Aldrich), water glass (Sigma Aldrich), metakaolin (MetaMax®
from BASF), and deionized (DI) water. The oil reduces the
alkalinity of the reaction mixture during heating, thereby
improving the zeolitic crystallinity of the final product. The
zeolite product was washed repetitively with DI water until the
pH of the filtrate reached about 8. Ag-nZeos and Cu-nZeos were
prepared by exchanging Na* ions in nZeos with Ag* and Cu**
ions, respectively. To exclude the nZeos as a source of
antimicrobial activity, nZeo carriers were enriched with
sodium (Na-nZeos) (22). For characterization of chemical
structures and morphologies, powder X-ray diffraction
(PXRD) patterns, scanning electron microscopy (SEM) images,
and transmission electron microscopy (TEM) of dried samples
were collected on Siemens D5000 powder X-ray diffractometer,
XL30 environmental FEG microscope and Titan 80-300 FEG-
TEM (FEI Co., Hillsboro, OR), respectively.

Brunauer-Emmett-Teller (BET) surface areas were
estimated with a Micrometrics ASAP 2020 volumetric
adsorption analyzer with nitrogen as the adsorbate at 77 K.
Prior to the analysis, samples (approximately 300 mg) were
degassed at 300°C for at least 6 h under a vacuum until a residual
pressure of <10 um Hg was reached. Specific surface areas were
determined from the BET equation. The ¢-plot method was used
to distinguish the contributions from micropores (pore size: < 2
nm) and from the mesopores (pore size: from 2 nm to 50 nm) to
the pore volume (the combined volume of micropores and
mesopores) and surface area. The mesopore volumes were
calculated after subtracting the micropore volume from the
total pore volume. Pore size distributions were obtained using
the Barrett-Joyner-Halenda (BJH) method assuming a
cylindrical pore model from the desorption branch of sorption
isotherms (47). Elemental compositions of the zeolite samples
were determined by combining Rutherford backscattering and
particle induced X-ray emission data. The hydrodynamic
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particle size of the nZeos sample was measured on Malvern
Nano-ZS instrument with a helium neon laser.

Synthesis and characterization of
macroporous and mesoporous GPs

The synthesis and characterization of macroporous and
mesoporous GPs were reported previously (21). For macroporous
GPs, the synthetic process resembles nZeos preparation. Fumed
silica (4.15 g) (Cabot, CA-BO-SIL® EH-5; aggregate particle size: 0.2
- 0.3 pm; primary size: 5 -25 nm) was added to 12.0 mL of KOH
(11.6 M) solution and mechanically mixed (IKA® RW 60 digital
mixer) at 800 rpm for 30 min to dissolve the silica. Metakaolin
[7.64 g (Metamax, BASF; average particle size: 1.3 pm)] was added
to the solution and the mixture was stirred again at the same speed
for 40 min to form a homogenous fluidic liquid. Paraffin oil (Alfa
Aesar, Haverhill, MA) was then added to the resin at a 1:1 oil-to-
water volume ratio and stirred under the same mixing condition for
15 min, resulting in a homogeneous, viscous emulsion. After
heating at 60°C for 24 h, the cured monolithic product was
crushed into small pieces (1 - 2 mm) and subjected to Soxhlet
extraction with hexane as the solvent. The product was washed
extensively with DI water until a neutral pH was achieved (pH ~7)
and dried in a lab oven overnight at 90°C.

For mesoporous GPs, an aluminosilicate precursor mixture
with a composition of 3.1K,0: Al,O3: 5.5S8i0,: 66H,O was
prepared by first adding 6.05 g of KOH pellets and 18.03 g of
potassium silicate solution (PQ corporation, H,O: 60.8 wt%,
K,0: 12.65 wt%, SiO,: 26.55 wt%) in 14.55 mL of DI water in a
cold bath. Once the KOH pellets were dissolved, the solution was
brought to room temperature and mixed with 5.09 g of the
metakaolin. Stirring with the mechanical mixer at 800 rpm for
40 min produced a visually homogeneous and free-flowing
geopolymer resin. The resin was transformed into a paste by
heating the resin at 90°C for 6 h in a sealed 50 ml polypropylene
tube. To isolate the solid component, the paste was subjected to
repetitive washings with DI water, followed by centrifugation at
6000 rpm (g-force: ~2500 m/ s%) for 15 min, until the supernatant
was pH ~8. After drying at 90°C overnight, the resulting powder
product was stored in sealed glass vials at room temperature.

The chemical structures and morphological features of all
the samples were examined by collecting PXRD patterns and
SEM/TEM images. Brunauer-Emmett-Teller (BET) surface area
analysis was performed using a Micrometrics ASAP 2020
volumetric adsorption analyzer with nitrogen as the adsorbate
at 77 K. The t-plot method was used to distinguish the
micropores from the mesopores in the samples and to
calculate the external surface areas. By subtracting the
micropore volume from the total pore volume, mesopore
volumes were calculated. Mesopore size distributions were
obtained using the Barrett-Joyner-Halenda (BJH) method
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assuming a cylindrical pore model and calculating the distance
between opposite walls of the pore (47).

GP surface modifications to enhance
hydrophobicity

As previously described (21), surface modification of the GP
products with stearic acid was carried out by an esterification
reaction between silanol groups on the surfaces of geopolymers.
Stearic acid (0.2 g) was dissolved in 25 mL of 0.6 M NaOH
solution in a 90°C water bath. After adding 1.0 g of macroGP or
mesoGP to the hot solution, the mixture was magnetically stirred
for 10 min at 90°C and slowly cooled to room temperature while
agitating. Precipitate products were filtered and washed
extensively with DI water to reduce the pH to ~8.0. The
products were dried in a lab oven at 60°C overnight and then
placed in another oven at 160°C for 4 h to induce crosslinking of
carboxylic acid groups to the surface of the geopolymer. Finally,
the dried products were washed with hot toluene multiple times
to remove unbound stearic acid and then dried again at 60°C
overnight. After producing stearic acid-modified macroGPs
(SA-macroGPs) and stearic acid-modified mesoGPs (SA-
mesoGPs), Fourier transform infrared (FT-IR) spectra were
recorded using a Bruker IFS66 V/S attenuated total reflection
FT-IR spectrometer. Carbon-hydrogen-nitrogen (CHN)
elemental analyses were performed by employing Perkin-
Elmer 2400 Series II CHNS/O Analyzer (Waltham, MA) with
a thermal conductivity detector.

Phenyltriethoxysilane (PTES)-GPs were prepared with PTES as
a surface modifier and motor oil as a pore-forming agent with a 1:1
oil: resin volume ratio. First, 0.96 g of DI water, 0.74 g of NaOH,
12.23 g of water glass (Sigma-Aldrich; SiO, 27 wt %, NaOH 14 wt
%, H,O 59 wt %), and 1.01 g of PTES (Gelest, Inc., Morrisville, PA)
were mixed and stirred with a high-shear mixer at 500 RPM for
10 min. To the mixture solution, 6.17 g of metakaolin was added
and stirred at 100 RPM for 30 min. The resulting GP resin was then
mixed with 10 mL of motor oil and the liquid mixture was stirred at
800 RPM for 30 min until becoming homogeneous, after which the
mixture was heated at 70°C for 24 h in a tightly sealed container.
After heating, the resulting hard monolithic solid was crushed into a
coarse powder and washed with hexane and then ethanol
repetitively to remove the oil from the sample, yielding the PTES-
GP sample.

Mycobacterial strains and growth
conditions
Cultures of Mmar ATCC 927 and MU 1615 (graciously

provided by Dr. Pamela Small, University of Tennessee,
Knoxville, TN, USA) were grown in Middlebrook 7H9
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supplemented with 0.2% glycerol, 0.05% Tween 80, and 10%
oleic acid-dextrose-catalase (OADC), hereafter referred to as
M7H9. All liquid cultures were maintained at 30°C with gentle
rotation. To produce homogenous bacterial suspensions, clumps
were dispersed with 23-gauge needles. Samples were adjusted to
an ODggg of ~0.3 (~2 x 107 cells/ml), then diluted 1:100 prior to
experimental use. Middlebrook 7H10 agar plates, designated
M7H]10, were supplemented with 0.5% glycerol and 10% OADC.
To maintain a microaerophilic environment and prevent
desiccation, M7H10 plates were sealed and incubated at 30°C.
Mmar and MU colony forming units (CFU) were counted after
incubation for 1 week or 6 weeks, respectively.

In vitro Mmar |IE-nZeos susceptibility
testing

A five-day M7H9 broth microdilution susceptibility assay
determined sensitivity to metal ions released by IE-nZeos (48).
The antimicrobial activity of streptomycin (STR) (4, 8 pg/ml)
was analyzed in parallel (48). At 24 h intervals, all experimental
wells were sampled. Samples were subsequently diluted and
plated on M7H10 and incubated at 30°C for one week. The
minimum bactericidal concentration required to reduce the
bacterial population by 99% (MBCgy) was determined with
resultant CFU counts.

In vitro MU |E-nZeos susceptibility
testing

To assess the susceptibility of MU to IE-nZeos, two-fold
serial dilutions of IE-nZeos (4-128 pg/ml) were incubated with
MU for 21 d in M7H9 (48). STR (4 pg/ml) was used as a control
for in vitro antimicrobial activity. Aliquots were collected at one-
week intervals, serially diluted ten-fold in PBS-Tween 80 (0.1%
v/v, pH 7), and plated on M7H10 agar. Pursuant to a six-week
incubation at 30°C, MBCyg was quantified.

In vitro cytotoxicity assays

Representative skin, soft tissue, and immune cells were used to
assess the cytotoxicity of Cu-nZeos and GPs, as previously
demonstrated with Ag-nZeos (23) Detroit 551 human skin
fibroblasts (ATCC CCL-110), WM-115 human skin epithelial
cells (ATCC CRL-1675), and U-937 human monocytes (ATCC
CRL-1593.2) were propagated according to manufacturer
instructions. In 96-well microtiter plates, each cell type was
seeded at a density of 3-6 x 10° cells per well. Following an
overnight attachment period, cells were exposed to two-fold
dilutions of Cu-nZeos (128-8 ug/ml) or GPs (10 mg/ml) in 180
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pL. Untreated cells served as controls for all independent
experimental replicates. After a 24-hour incubation, supernatant
was transferred to a black-walled, clear bottom, 96-well microtiter
plate, and CellTox Green cytotoxicity reagent (Promega
Corporation, Madison, WI) was added to experimental and
control wells. Excitation and emission fluorescence was
measured in relative fluorescent units (RFUs) with wavelengths
of 485 nm and 520 nm, respectively. Cytotoxicity was determined
by comparing RFU measurements of control, untreated cells and
Cu-nZeo- and GP-treated cells (23).

MU bacterial cell adsorption assays

MacroGPs or SA-macroGPs (10 mg) were added to MU
saline suspensions (1 ml). MU-GP mixtures were incubated for
1 h at 30°C with gentle orbital agitation (100 rpm) to prevent
sedimentation. MU saline suspensions without the addition of
macroGPs were included as untreated controls. To remove GPs
and GP-bound MU from solution, all samples (including MU
untreated controls), were filtered using a sterile 5-um cellulose
syringe filter. Filtered supernatants containing unbound MU
cells were subjected to serial dilutions in PBS-Tween 80 (0.1% v/
v) and plated in duplicate on M7H10 agar. After the M7H10
plates were incubated at 30°C for 6 weeks, CFU/ml for each MU-
GP co-incubation was determined.

Mycolactone extraction

TLC isolation of mycolactone was performed as previously
described from four- to six-week-old MU cultures incubated on
M7H10 agar (7, 49). A 2:1 (v/v) chloroform: methanol mixture
extracted total lipids from whole cells. The chloroform-soluble
fraction was dried and resuspended in ice-chilled acetone.
Acetone-soluble lipids were separated on a TLC plate in a
solution of 90:10:1 (v/v/v) chloroform: methanol: water. Upon
exposure to long wave UV light (365 nm), the yellow band
observed at Rf = 0.23 was collected and solubilized in absolute
ethanol. Following silica removal with a 0.2 pym PTFE filter,
mycolactone was isolated via HPLC (50).

Mycolactone toxin adsorption assays

Purified mycolactone (two independent isolates) was
adjusted to an ODs4, of 0.5 in 100% ethanol (51). MesoGPs,
SA-mesoGPs, or PTES-GPs (10 mg) were added to mycolactone
suspensions (~25 mg per 1 ml). Untreated mycolactone
solutions were analyzed in parallel. To minimize
photodegradation (51) and evaporation of the mycolactone
suspension, samples were incubated in amber vials for 1 h at
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room temperature. Thereafter, samples were briefly centrifuged
(100 RPM) to sediment GP particles. To determine the level of
remaining mycolactone, we analyzed the absorbance (A,.x =
362 nm) of each sample in a quartz cuvette (Hellma, Miillheim,
Germany). GP-treated, 100% ethanol-only samples were
measured to detract background signal. The final mycolactone
concentration was subtracted from the starting concentration to
determine the amount adsorbed by GPs.

Statistical analyses

We assessed statistical significance using Welsh’s t-tests for
normally distributed data, Mann-Whitney U tests for data
reflecting non-normal distributions, and ANOVA with Brown-
Forsythe test and Welsh’s correction. All statistical analyses were
conducted using GraphPad Prism 9 software (San Diego, CA,
United States). Samples with a difference of p < 0.05 were
regarded significant.

Results

Characteristics and properties of
modified aluminosilicate nZeo materials

Synthesis and detailed characteristics of nZeos, Ag-nZeos, Cu-
nZeos, macroGPs, mesoGPs, and SA-mesoGPs were described
previously (21-23, 26). In summary, nZeos, Ag-nZeos, and Cu-
nZeos are 100 to 700 nm-sized aggregates composed of intergrown
zeolite nanocrystals with lateral dimensions of 20 - 40 nm. Textual
pores between the aggregated nanocrystals revealed a hierarchical
pore structure with both zeolitic micropores and mesopores to the
aggregates. Their PXRD patterns indicated formation of faujasite-
type structures. From the elemental analysis, the silver and copper
loadings for Ag-nZeos and Cu-nZeos were estimated to be 24 and
8.3 wt% (2.2 and 1.3 mmol/g), respectively (23, 26).

Characteristics and properties of
modified aluminosilicate GP materials

The PXRD patterns of macroGPs and mesoGPs (21) showed
that both are non-crystalline geopolymeric materials (52). After
modification with SA, the PXRD patterns of SA-macroGPs and
SA-mesoGPs resembled their parent materials, indicating that
geopolymer structure was not affected by the surface
modification experiments. The macroGPs exhibited discrete
spherical pores with pore diameters in the range of 50 - 200
pm, with additional smaller pores ranging from 200 - 500 nm on
the pore walls (21). The smaller pores are due to the nanoscopic
biphase formation between the inorganic geopolymer
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component and the organic paraffin oil component. The much
larger spherical pores coexist after the biphase formation due to
excess paraffin oil remaining in the mixture as large oil droplets.
After curing the GP component, oil extraction leaves the two
types of pore structures in the product. As expected, the SA-
macroGPs and SA-mesoGPs exhibit the same morphology as the
parent macroGPs and mesoGPs, respectively, indicating that
surface modification does not change the morphology of the
inorganic geopolymer (21). Meanwhile, the mesoGPs form
aggregates composed of strongly interconnected primary
nanoparticles of 20 - 30 nm in diameter with apparent
textural porosity (21). BJH analyses revealed that the average
pore size of mesoGPs was 31 nm due to the presence of textural
porosity observed in the TEM studies (23). Meanwhile,
macroGPs exhibit large pore sizes in the range of 50 - 200 um
and 200 - 500 nm with a small number of mesopores with an
average pore size of 26 nm (21).

Characterization of the PTES-GPs using SEM imaging and
N, gas sorption studies revealed both spherical macropores
and mesopores walls (Figure 1), indicating similarity with
macroGPs (21, 26). SEM imaging revealed PTES-GPs with
seemingly discrete spherical pores with pore diameters in the
range of in the 2 - 50 pm (Figures 1A, B). From N, gas sorption
analysis (Figure 1C), the total surface area was 44.1 m?/ g, while
the BJH analysis revealed a 12 nm of average pore size and
estimated 0.13 cm’/g of mesopore volume (Figure 1D).
Colorimetric titration with methylene blue indicated that
only 0.7% of the total surface area could absorb the cationic
dye molecules, proving a strong hydrophobic surface for PTES-
GPs (data not shown).

In vitro nZeos activity against Mmar is
ion specific

Since Mmar is susceptible to silver nanoparticles [Ag"
equivalency of 1 pug/ml (35)], we subjected Mmar to in vitro
antimicrobial susceptibility assays with Ag-nZeos. At the 5-
day experimental endpoint, 64 pg/ml Ag-nZeos (Ag®
equivalency of 15.36 ug/ml (23); Table 1) reduced Mmar
>100 fold, indicating MBCyy bactericidal activity similar to
the streptomycin antibiotic controls (Figure 2A). In the
presence of Ag-nZeos (32-256 ug/ml), Mmar viability
decreased from 0 to 3 days with CFU levels subsequently
remaining static through day 5 (Figure 2A). Conversely, Cu-
nZeos (4-128 pg/ml) did not affect Mmar viability
(Figure 2B). All tested concentrations of Na-nZeos (16-128
pg/ml) grew synchronously with the Mmar growth control
(Figure 2C), indicating the innocuous nature of nZeos
carriers. Cumulatively, these results indicate that silver
released from Ag-nZeos is responsible for the Mmar
antimicrobial activity observed.
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(A) Low-magnification and (B) high-magnification SEM images of PTES-GPs. Scale bar = 50 um (A), 10 um (B). (C) N, gas sorption isotherm and

(D) BJH pore size distribution of PTES-GPs

TABLE 1 nZeos antimycobacterial activity and ion equivalency.

nZeos Mmar MBCyo Mmar MBCgyg MU MBCgyg MU MBCgyo
(ug/ml) Ion equivalence (ng/ml) Ion equivalence
(ng/ml) (ng/ml)
Ag-nZeos 64 15.36 Ag" 16 3.84 Ag"
Cu-nZeos N/A N/A 32 2.69 Cu**
A B (&7
Ag-nZeos (ug/ml) Cu-nZeos (pg/ml) Na-nZeos (ug/ml)
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FIGURE 2

|IE-nZeos antimicrobial activity against Mmar is ion specific. Mmar was exposed to two-fold dilutions of (A) Ag-nZeos (256 — 32 pug/ml), (B) Cu-
nZeos (128 — 4 ug/ml), (C) Na-nZeos (128 — 4 ug/ml), and (A, B, C) STR (8 — 4 pg/ml) for 5 d. Viability was assessed by plating samples at 1 d
intervals. Each point represents the triplicate sample mean (SD). The assay limit of detection is demarcated by the hatched line at 200 CFU/mL.
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FIGURE 3

Ag-nZeos and Cu-nZeos kill MU. MU 1615 was exposed to two-fold dilutions of (A) Ag-nZeos (32 — 4 ug/ml), (B) Cu-nZeos (128 — 8 ug/ml),
(C) Na-nZeos (128 — 4 pg/ml), and (A, B, C) streptomycin (STR; 4 png/ml) with CFU viability assessed at 3, 10, 14 and 21 d. Each point represents
the triplicate sample mean (SD). The assay limit of detection is demarcated by the hatched line at 200 CFU/ml. *32 ug/ml, 116 ug/mt; A8 ug/ml
with p < 0.05; Ag- and Cu-nZeos were compared to corresponding concentrations of Na-nZeos.

Antimicrobial activity of nZeos
against MU

Having demonstrated ion specificity and the ability of Ag-
nZeos to kill Mmar, we sought to examine the relative ion
species-specific antimicrobial activity of nZeos against MU.
Similar to STR, 24 pg/ml Ag-nZeos (Ag" equivalency of 0.96
pg/ml (23); Table 1) reduced MU to the limit of detection,
revealing the MBCyy by the 10 d time point (Figure 3A). Cu-
nZeos enacted antimicrobial activity in a protracted manner,
whereby 32 pg/ml Cu-nZeos (Cu** equivalency of 2.69 ug/ml
(22); Table 1) was observed as the MBCyy at 14 d (Figure 3B).
MU co-incubated with Na-nZeos (4-128 pg/ml) demonstrated
no significant difference (p > 0.05) from the untreated control

(Figure 3B), corroborating the innocuous character of nZeo
carriers. The concentration- and time-dependent antimicrobial
activity of Ag- and Cu-nZeos against MU reflects ion-specific
mechanisms of action. IE-nZeos indicate proximity-based
bactericidal activity which reflects the potential of
aluminosilicates as topical therapeutic agents.

Cytotoxicity assessment of Cu-nZeos

We previously determined that nZeo carriers lack toxicity
against eukaryotic cells (23). Furthermore, Chen et al. (23)
demonstrated an Ag-nZeos LCs, of 64 pg/ml against Detroit
551 and WM-115 cells, whereas U-937 cell viability was not

-
|

o
1

Cu-nZeos cytotoxici
(Relative fold change
compared to untreated cells)

[
—

Cu-nZeos (pg/ml)

N N
128 64 32 16 8

Detroit 551

FIGURE 4

U-937 WM-115

Cu-nZeos lack mammalian cell cytotoxicity. Detroit 551, U-937, and WM-115 mammalian cells were exposed to Cu-nZeos (8 — 128 ug/ml) for
24 h, followed by cell viability measurements, as outlined in materials and methods. Data are represented as the relative fold change in
excitation/emission fluorescence values between Cu-nZeo experimental samples and untreated cells. Values for individual replicates are flanked
by floating box plots, wherein the mean of each experimental group is represented as a line. The dotted line represents the normalized value for
untreated cells and the fold-change threshold for Cu-nZeo experimental replicates.
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Geopolymers adsorb MU bacteria and mycolactone toxin. (A) MU 1615 cells were incubated with macroGPs (10 mg/ml) or SA-macroGPs (10
mg/ml) for 1 hour at 30°C. Each point represents a single technical replicate collected from triplicate samples with geometric mean.
Experimental limit of detection (A) is indicated by a hatched line at 200 CFU/ml. (B) Mycolactone (~20 mg) was incubated with mesoGPs (10
mg/ml), SA-mesoGPs (10 mg/ml), or PTES-GPs (10 mg/ml) for 1 hour at room temperature. Each point represents a single technical replicate
collected from duplicate samples with mean (SD). The dotted line corresponds to mycolactone concentration prior to experimental incubation.
***p < 0.001; ANOVA test with Brown-Forsythe test and Welsh's correction to compare GP-treated and untreated MU samples. **p < 0.01;
Welsh's t-test comparing GP-treated samples to untreated mycolactone samples

affected by Ag-nZeos at any tested concentration (2 - 128 ug/
ml). To establish the potential host toxicity, Cu-nZeos-
associated mammalian cell lysis was measured in the same
three eukaryotic cells: Detroit 551 human skin fibroblasts, U-
937 human monocytes, and WM-115 dermal epithelial cells.
Compared to untreated cells, Cu-nZeos lacked cytotoxicity
against Detroit 551, WM-115, and U-937 cells at or above the
biologically relevant concentration (32 ug/ml) that killed MU
(Figures 4, 3B). These results indicate that nZeos effect
differential toxicity in bacterial and mammalian cells.

MacroGPs and SA-macroGPs sequester
MU cells in suspension

Since macroGPs and SA-macroGPs adsorb MRSA (21), we

sought to determine if these GPs could physically adsorb and
remove MU cells in suspension. MU bacterial suspensions were
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incubated with macroGPs or SA-macroGPs for 1 h, and
nonadherent MU cells were quantified. A single application
of macroGPs or SA-macroGPs (10 mg/ml) adsorbed 295% of
MU cells (Figure 5A).
saturated fatty acid, to heighten hydrophobicity did not

Surface-modification with SA, a

enhance binding to lipid-rich MU (Figure 5A). Nevertheless,
these findings further support the role of macroGPs as
immuring and adsorptive agents of bacteria that cause
cutaneous infections.

SA-mesoGPs effectively bind
mycolactone

Throughout the course of infection, MU secretes the
polyketide toxin mycolactone. Much of the pathology
observed in Buruli ulcer has been ascribed to the broad range
of mycolactone cytotoxicity, suggesting that toxin removal
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Cytotoxicity assessment of geopolymers. Detroit 551, U-937, and WM-115 mammalian cells were exposed to GPs (10 mg/ml) for 24 h, followed
by cell viability measurements, as outlined in materials and methods. Data are represented as the relative fold change in excitation/emission
fluorescence values between GP experimental samples and untreated cells. Values for individual replicates are flanked by floating box plots,
wherein the mean of each experimental group is represented as a line. The dotted line represents the normalized value for untreated cells and

the fold-change threshold for GP experimental replicates.

restores immune function at the infection site (40). In our
previous studies, GPs adsorb diverse bacterial toxins, including
o-hemolysin and streptolysin O (21). Due to greater
hydrophobicity, we hypothesized that SA-mesoGPs and
PTES-GPs would adsorb greater quantities of mycolactone
than their uncoated counterpart. Mycolactone remaining in
solution was regarded as unbound. SA-mesoGPs (10 mg/ml)
neared total adsorption (92.8%) of the initial amount of
mycolactone (~20 mg) (Figure 5B). In contrast, mesoGPs
adsorbed ~35% of total mycolactone, whereas PTES-GPs
adsorbed less than 10% mycolactone (Figure 5B). SA-
mesoGPs displayed significant affinity for mycolactone
sequestration, indicating that the SA saturated fatty acid
plays an important role in hydrophobic interactions with the
polyketide mycolactone toxin.

Cytotoxicity assessment of macroGPs
and mesoGPs

Cytotoxicity of the GP materials was assessed using Detroit
551, WM-115, and U-937 mammalian cells incubated with GPs
(10 mg/ml) for 24 h. The five GP products only minimally
decreased viability (0.01 - 0.35-fold) of Detroit 551 human skin
fibroblasts compared to untreated cells (Figure 6). Except for
PTES-modified mesoGPs, other tested GP materials increased
cytotoxicity 0.8 - 1-fold in WM-115 dermal epithelial cells
(Figure 6). Compared to untreated samples, U-937 cells
exposed to macroGPs and SA-macroGPs for 24 h also
exhibited 0.7 - 0.9-fold increases in cytotoxicity (Figure 6).
While PTES-mesoGPs had minimal effects on U-937 human
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monocytes, mesoGPs and SA-mesoGPs exhibited 1- to 2.3-fold
increases in cytotoxicity compared to untreated cells (Figure 6).
Since macroGPs and SA-mesoGPs significantly adsorbed MU
cells (Figure 5A) and mycolactone toxin (Figure 5B),
respectively, with 1 h incubations and exhibited minimal
cytotoxic effects on skin fibroblasts and epithelial cells with
24 h incubations, these results further support potential
wound-adjacent applications for mycobacterial skin and soft
tissue infections (53) (Figure 6).

Discussion

Despite an improved standard of care in early Buruli ulcer
cases (13, 14), the prognosis for advanced disease remains grim
with surgical procedures, such as invasive debridement, frequently
necessitated and often delayed (31). Non-small molecule
compounds may arbitrate the treatment of advanced cases (13).
Modified and customized aluminosilicate materials offer many
benefits as potential therapeutics, including low production cost,
long-term stability, and ease of application (21-23, 26).

IE-nZeos demonstrated divergent antimicrobial activity
against the tested mycobacterial species. While Ag-nZeos
killed both Mmar and MU, only MU was susceptible to Cu-
nZeos (Figures 2B, 3B). The antimycobacterial activity profile of
each nZeos species (Figures 2A, 3A) may stem from
physiological differences between species. Though undefined,
silver ion antibacterial activity is speculated to result from
disruption of the membrane structure, cellular ion gradient
(54), and electron transport, whereas copper ions are
speculated to metabolic disturbance (55, 56).
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The differential identity of Mmar and MU as fast- and slow-
growing species, respectively, likely influences susceptibility to
ion-based metabolic interference (57). Efflux pump activity
imbues mycobacteria with broad-spectrum chemotherapeutic
resistance (58). Because of their permissive nature,
mycobacterial efflux pumps also hinder intracellular metal ion
accumulation and toxicity (59, 60). Greater active transporter
activity in Mmar, the fast-growing species, may contribute to the
species’ copper resistance (61). Host macrophages appear to
exploit the copper susceptibility of slow-growing intracellular
pathogens, as in the case of Mycobacterium tuberculosis (56, 62).
The reductive MU genome may also lack genes associated with
copper toxicity recovery in Mmar, its evolutionary derivative
(63). As a result of synergistic activity between antibiotics and
metal ions (56, 62, 64), IE-nZeos may support the adaptation of
lower dosage multidrug therapy.

Although we hypothesized that SA-macroGPs would adsorb
MU better than their uncoated macroGP counterparts, both
macroGPs and SA-macroGPs significantly adsorbed MU
(Figure 5). MacroGPs and SA-macroGPs also adsorbed MRSA
in significant quantities (21), implying potential broad-spectrum
adsorptive activity that may benefit treatment of secondary
infections of the Buruli ulcer (65, 66). These results may
indicate either consistency in GP-binding motifs and/or GP
pore sizes (Figure 1) between bacteria or curtailed performance
of SA-enriched GPs resulting from side group dissociation (21).

As a highly hydrophobic molecule, mycolactone was also
anticipated to demonstrate greater adherence to PTES-GPs and
SA-mesoGPs. Our mycolactone — mesoGP adsorption results
parallel GP adhesion of MRSA a-hemolysin toxin (21). Though
both SA-mesoGPs and non-coated mesoGPs adsorbed o-
hemolysin, SA-coated GPs demonstrated a modestly enhanced
binding compared to uncoated GPs (21). Despite the greater
hydrophobicity of PTES-GPs, the aromatic ring structure of this
coating may have produced greater steric hindrance (67) than
the fatty acid chain of the SA-GPs coating. Future studies may
seek to establish longitudinal surface group stability and identify
target-specific GP binding domains.

One of the greatest obstacles to effective MU treatment is the
discordance between in vitro and in vivo susceptibility to small
molecule compounds. Because IE-nZeos and GPs demonstrate
antimicrobial and adsorptive activities in vitro, their
unconventional antimicrobial mechanisms warrant further
investigation for activity in vivo. As topical treatments,
aluminosilicates offer the potential to physically protect
mycobacterial skin and soft tissue wounds and provide
antimicrobial and mycolactone adsorptive therapy for
individuals with Buruli ulcer or Mmar infections.
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Background: Clinical symptoms are the benchmark of tuberculosis (TB)
diagnosis and monitoring of treatment response but are not clear how
they relate to TB bacteriology, particularly the novel tuberculosis-molecular
bacterial load assay (TB-MBLA).

Methods: Presumptive cases were bacteriologically confirmed for TB
and assessed for symptoms and bacteriological resolution using smear
microscopy (SM), culture, and TB-MBLA over 6-month treatment course.
Kaplan—Meier and Kappa statistics were used to test the relationship between
symptoms and bacteriological positivity.

Results: A cohort of 46 bacteriologically confirmed TB cases were analyzed
for treatment response over a 6-month treatment course. Pre-treatment
symptoms and bacteriological positivity concurred in over 70% of the cases.
This agreement was lost in over 50% of cases whose chest pain, night
sweat, and loss of appetite had resolved by week 2 of treatment. Cough
resolved at a 3.2% rate weekly and was 0.3% slower than the combined
bacteriological (average of MGIT and TB-MBLA positivity) resolution rate, 3.5%
per week. A decrease in TB-MBLA positivity reflected a fall in bacillary load,
57 £ 1.3- at baseline to 0.30 £+ 1.0- logig eCFU/ml at month 6, and closer
to cough resolution than other bacteriological measures, accounting for the
only one bacteriologically positive case out of seven still coughing at month
6. Low baseline bacillary load patients were more likely to be bacteriologically
negative, HR 5.6, p = 0.003 and HR 3.2, p = 0.014 by months 2 and 6 of
treatment, respectively.
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Conclusion: The probability of clinical symptoms reflecting bacteriological
positivity weakens as the patient progresses on anti-TB therapy, making

the
response.

symptom-based diagnosis a

less reliable marker of treatment

TB-MBLA, diagnosis, monitoring, TB symptoms, bacteriological tests

Introduction

Tuberculosis (TB) is the leading cause of death attributed
to a single microbial pathogen worldwide, ranking above
HIV/AIDS until the recent coronavirus pandemic (1). In 2020,
around 10 million people developed TB disease and 1.4 million
died (2). The current 6-months TB treatment with Isoniazid
(H), Rifampicin (R), Pyrazinamide (P), and Ethambutol (E)
regimens is effective in healthcare settings but can be hampered
by low adherence and long treatment duration that can be
challenging to finish (3-5). Accurate and rapid tests are required
to help clinicians to identify patients at risk of treatment failure
including those who may require an extended treatment or
treatment change (6). The availability of such tools would
reduce treatment costs and expedite the evaluation of new TB
medicines (7).

Currently, diagnosis and treatment monitoring relies on the
initial assessment of TB symptoms followed by bacteriological
confirmation in clinical specimens (8, 9). Presence of TB
symptoms such as cough, fever, night sweats, hemoptysis,
sputum production, and weight loss are associated with active
TB disease (9, 10). Despite the technical difficulties to screen
TB symptoms and its low sensitivity and specificity (11), a
combination of three symptoms (cough, fever, and sweats)
demonstrated a 93% sensitivity and 36% specificity for active
TB in people living with Human Immune Deficiency Virus
(PLHIV) (12). Previous clinical trials showed the association
of cough, fever, and night sweats with TB bacillary burden at
diagnosis and relapse (13, 14). Thus, careful assessment of TB
symptoms may be an alternative diagnostic and monitoring
tool in healthcare settings with limited capacity to perform
bacteriological tests.

Bacteriological tests are the reference standard for the
diagnosis of active TB and monitoring. Tests detecting DNA of
Mpycobacterium tuberculosis (M.tb) such as the Xpert MTB/RIF
Assay are rapid and sensitive for diagnosis but are not useful
for monitoring (15) as DNA can be detected from both live
and dead cells (16, 17). Reliance on standard smear microscopy
(SM) and culture methods have many limitations for monitoring
(18-22). Sputum smear is cheap and easy to perform but has
low sensitivity and specificity (23, 24). Therefore, in the absence
of the WHO-recommended tools, many clinicians use clinical
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symptoms as the means for monitoring treatment response
(24, 25).

Tuberculosis-molecular bacterial load assay (TB-MBLA)
is a promising test for treatment response monitoring. It
quantifies 16S rRNA of M.tb by reverse transcriptase polymerase
chain reaction as the marker viable M.tb (26-28). Early
studies have consistently retrieved M.tb 16S rRNA in patient
samples reflecting viable bacilli during treatment with a
strong correction with standard MGIT culture (29-32). In this
study, we prospectively assessed clinical measures of patient
improvement compared to standard-of-care bacteriological
tests and with the novel TB-MBLA before and throughout
6 months of standard TB therapy.

Materials and methods
Ethics

The study was approved by the Mbeya Medical Research
and Ethics Committee (MRH/R.10/18VOLL.VII/12)
the University of St Andrews Teaching and Research
Ethics Committee (MD12678). National approval
obtained from the National Institute for Medical Research
(NIMR/HQ/R.8a/Vol.IX/2400) in Tanzania. All participants
provided written consent or witnessed verbal consent for those

and

was

who could not write or read.

Study design
This was a longitudinal prospective study assessing the
relationship of TB symptoms with bacteriological measures

before and during standard 6 months of TB therapy in routine
healthcare settings.

Study sites

The study was conducted in Mbeya, Tanzania from
January 2017 to March 2018. Patients were enrolled from
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the Mbeya Zonal Referral Hospital (MZRH), Mbeya Regional
Referral Hospital (MRRH), and Mbeya Rural District Hospital
(MRDH). Mbeya is a high TB burden border region and major
transport gateway to Malawi, Zambia, and the Democratic
Republic of Congo.

Patient recruitment and selection
criteria

Patients with presumed symptoms of pulmonary TB (PTB)
and those who had at least one of the following symptoms;
cough, night sweats, chest pain, loss of appetite, and weight loss
aged between 18 and 65 years were selected to provide sputum
specimens for initial diagnosis with Xpert MTB/RIF Assay or
sputum SM at the health facility. Xpert MTB/RIF Assay positive
who tested negative to RIF resistance were given permission
to participate in the study, which included providing follow-
up samples for the bacteriological assessment of treatment
response. Patients who were severely ill, unable to produce
sputum, and those who were more than 50 km from a health
facility, making it difficult for them to attend all follow-up visits,
were excluded from the study.

Bacteriological confirmation

Prior to the initiation of standard TB therapy based
on diagnostic results at the health facility, all consented
patients provided a second pre-treatment sputum sample for
bacteriological confirmation at NIMR-Mbeya Medical Research
Centre (NIMR-MMRC) using sputum SM and Xpert MTB/RIF
Assay, Culture and novel TB-MBLA. Patients who were
bacteriologically negative or with the discordant confirmatory
result at NIMR-MMRC including those who were treated
based on the clinician’s judgment were excluded in the study
(Figure 1). All patients received standard TB therapy consisting
of H-Z-R-E for 2 months followed by 4 months with H-R.

Treatment response monitoring and
study outcomes

Participants were monitored for symptom and
bacteriological positivity at weeks 2, 8, 22, and 26 of standard
TB therapy. TB symptoms such as cough, chest pain, sputum
production, loss of appetite, and night sweats were assessed at
diagnosis, and all treatment follow-up visits by a clinician or
a TB and leprosy coordinator at the healthcare facility prior
to the collection of sputum specimens for bacteriological tests.
Bacteriological response during treatment was measured using
standard ZN microscopy, culture, and the novel TB-MBLA.
The study outcomes were the resolution of TB clinical

symptoms and bacteriological conversion from positive to
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negative to inform the treatment continuation phase at week 8
and to establish final outcomes at the end of treatment weeks 22
and 26. Assessment of the final study outcomes was performed
using standard SM, culture and results compared to the novel
TB-MBLA. TB cured patients were defined as PTB patients with
bacteriologically confirmed at diagnosis who converted to smear
or culture negative in the last month of treatment and on at least
one previous occasion (33).

Bacteriological tests

Sputum samples were homogenized using a sterile magnetic
stirrer for 30 min and 1 ml of aliquot was mixed with
4 ml of guanidine thiocyanate (GTC) and used for TB-
MBLA. Total RNA extraction for TB-MBLA was performed
using the FastRNA Pro Kit (MP Biomedicals) and removal of
genomic DNA was done using Turbo DNA free kit (Ambion).
Reverse transcriptase-quantitative polymerase chain reactions
(RT-qPCR) were performed on the Rotor-Gene Q machine
(Qiagen) using the QuantiTect PCR NoROX mix (Qiagen) and
TagMan dual labeled probes (Eurofins Genomics). Using a pre-
developed standard curve, the RT-PCR quantification cycle (Cq)
values were converted to bacterial load (BL) and reported as
estimated colony-forming units per/ml of sputum (eCFU/ml) as
previously described (27, 34). The standard curve was developed
using RNA extracted from mycobacterial cells with known
colony-forming units per ml (CFU/ml).

A total of more than 2 ml of sputum was decontaminated
with 1% of N-acetyl-L-cysteine combined with 2% of sodium
hydroxide for 20 min. Concentrated sputum pellets were
used for ZN microscopy, MGIT liquid culture (mycobacterial
growth indicator tubes), and solid culture (L]) (Beckton and
Dickson Company, MD, USA) following the manufacturer’s
instructions. The growth of M.tb in culture was confirmed
by ZN stain, lateral flow antigen test (MPT64, Beckton and
Dickson Company, MD, USA), and blood agar plate (BAP)
to confirm the purity of culture (35). Antimicrobial drug
susceptibility tests for standard regimens (H-Z-R-E) were
performed in the BACTEC MGIT 960 System following
manufacturer instructions (36).

Treatment outcome was assessed at weeks 22 and 26 of
treatment using the culture as the gold standard compared
to TB-MBLA positivity at this stage of treatment. To assess
the effect of baseline BL on the resolution of TB symptoms
during treatment, we computed the median BL at baseline
and stratified the patients into “High BL for those with
BL greater than the median value and “Low BL’ for those
with BL below the median value. Additionally, we stratified
patients based on HIV status to determine if HIV has an
impact on the resolution of TB symptoms. The average percent
positivity of the most sensitive bacteriological tests, MGIT
culture, and TB-MBLA were used to calculate the bacteriological
positivity score.
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485 presumptive cases

415 Screened out
303 clinically diagnosed

11 Eligible but were not enrolled
6 Very sick patient

112 Xpert MTB/RIF negative

5 Far from the health facility

59 patients enrolled

7 Withdraws
2 Deaths

6 excluded in the final analysis
4 Xpert MTB/RIF test negative at MMRC

2 Transferred out of area
3 Loss to follow up

2 TB-MBLA not performed at baseline

46 patients

Treatment outcomes based
on culture

Treatment outcomes based
on TB-MBLA

Outcomes by month 6
44 Cured
2 Failure

Programmatic
outcomes by month 5
44 Cured

2 Failure

FIGURE 1

Programmatic outcome Outcomes by month 6

by month 5 42 Cured
44 Cured 4 Failure
2 Failure

Screening workflow, enrollment, follow-up, and final outcomes. Three hundred and three patients were screened out because they were
bacteriological test negative at diagnosis and were treated clinically. Of the 59 enrolled patients, seven patients withdrew from the study (two
died, three transferred out of the area, and three were lost to follow-up). Six patients were excluded from the final analysis (four due to
inconsistent Xpert MTB/RIF results at the health facility and confirmatory Xpert MTB/RIF test at the NIMR-MMRC testing laboratory and two
patients had low sputum volume for TB-MBLA at baseline). Three patients were lost to follow-up and two patients who were HIV positive died.

Statistical analyses

Data were analyzed using STATA software (version 14) and
GraphPad Prism version 9.3.1 (GraphPad Software, La Jolla,
CA, USA). Multivariate hazard ratio was used to estimate the
association between baseline BL and time to the resolution of
TB symptoms from the start of TB therapy. Cox proportion
hazard ratio was used to determine the association between
the median time to the resolution of TB symptoms stratified
by baseline BL or HIV status. Fischer exact test was used to
assess the association of TB symptoms with bacteriological tests
at week 8, exploring whether TB symptoms may be used to
inform treatment continuation phase as for standard culture and
SM. Kaplan-Meier curves were used to calculate the probability
of TB bacillary load clearance at weeks 8 and 26 of treatment
and Kappa statistics to assess percentage agreement between TB
symptoms and bacteriological tests. All statistical analyses were
considered significant at a p-value of less than 0.05.
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Results

Patients’ characteristics

Figure 1 depicts the flow of screened patients, enrollment,
and follow-up. Of the 485 presumptive patients screened, 59
(12.8%) were enrolled in the study and 13 (22.03%) were
excluded from the analysis because they either did not complete
follow-up or their initial Xpert MTB/RIF Assay result at the
health facility was discordant with the second confirmatory
MTB/RIF Assay test performed NIMR-MMRC. As a result,
46 patients with a total of 230 serial samples collected
longitudinally during the 6 months of standard treatment period
were analyzed. Median age (range) was 37 years (18-65), 60.9%
(28/46) were male subjects, 39.1% (18/46) were HIV positive,
and 13% (6/46) were re-treatment cases (Table 1). Using the
WHO definition of cure, 4.3% (2/46) each at months 5 and 6
were MGIT culture positive and considered as treatment failure.
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TB-MBLA concurred with MGIT at month 5 detecting 4.3%
(2/46) patients but two more at month 6, 8.6% (4/46). All 46
(100%) patients were phenotypically susceptible to the first-line
H-Z-R-E regimen determined by the BD BACTEC MGIT 960
Culture Systems.

Resolution of tuberculosis symptoms
compared to bacteriological tests
positivity throughout treatment

The overall patients with detectable TB symptoms at
diagnosis were 97.8, 80.4, 86.9, 76, and 100% for cough,
chest pain, sweats, loss of appetite, and sputum production,
respectively, and matched with bacteriological positivity of 84.8,
84.7, 93.5, and 100% by SM, LJ culture, MGIT culture, and
TB-MBLA, respectively. The proportion of patients with three
clinical symptoms, such as night sweats, loss of appetite, and
chest pain declined sharply to 9.1, 6.8, and 30.8%, respectively,
by week 8 of treatment compared to bacteriological test
positivity of 8.6, 17.4, 28.3, and 60.9% by sputum SM, LJ
culture, MGIT culture, and TB-MBLA, respectively. No patients
reported sweats at week 26 of treatment and only 13.3 and
4.4% had chest pain and loss of appetite, respectively. In
contrast, cough resolution was slower than both MGIT culture
and TB-MBLA (Figure 2) or average bacteriological positivity
throughout treatment (Figure 3), except at week 8 with 50%

TABLE 1 Baseline characteristics of the patients (N = 46).

Age in years, median (range) 37 (18-65)
Sex

Male, n (%) 28 (60.9)
Re-treatment, n (%) 6(13.0)
HIV status

HIV positive, n (%) 18 (39.1)
HIV negative, n (%) 25 (54.3)
Unknown HIV status, n (%) 3(6.5)
Bacteriological tests

Xpert MTB/RIF Assay, n (%) 46 (100)
Sputum smear microscopy, 7 (%) 39 (84.8)
Liquid culture in MGIT, n (%) 43 (93.5)
Solid culture in L], n (%) 39 (84.7)
TB-MBLA, n (%) 46 (100)
TB clinical symptoms

Cough, n (%) 45 (97.8)
Chest pain, 1 (%) 37 (80.3)
Sputum production, 7 (%) 46 (100)
Sweats, 1 (%) 40 (86.9)
Loss of appetite, n (%) 35 (76.1)

HIV, human immunodeficiency virus; L], Lowenstein-Jensen media; MGIT,
mycobacterium growth indicator tubes; TB, tuberculosis; TB-MBLA; tuberculosis
molecular bacterial load assay.
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positivity cough compared to 60.9% of TB-MBLA. Similar
to cough, sputum production resolved more slowly than all
bacteriological tests except TB-MBLA clearance at weeks 2 and 8
with a positivity of 89.1 and 60.9% compared to 82.6 and 56.8%
for sputum production, respectively. A total of seven (15.2%)
and 10 patients (21.7%) were coughing and producing sputum
at week 26 of treatment, respectively, compared to four (8.6%)
patients with TB-MBLA and two (4.3%) patients with MGIT
positive. Only two out of the seven coughing patients at week
26 were among the six patients who were treatment failures.

Agreements between clinical
symptoms and bacteriological
measures

At the time of diagnosis, there was more than 70%
agreement between TB-MBLA, other bacteriological measures,
and clinical symptoms. Cough, loss of appetite, and sputum
production were 100% in agreement with TB-MBLA. Apart
from cough and sputum production that was over 70% in
agreement with TB-MBLA by week 2 of treatment, chest pain,
sweats, and loss of appetite had significantly resolved, which
increased discordance with TB-MBLA by over 60% (Table 2).
Resolution of cough was consistent with bacteriological
positivity score with a SLOPE of —3.2 and —3.5%, respectively,
per week. The lowest agreement of TB-MBLA with clinical
symptoms and other bacteriological tests was at week 8 between
32-44 and 45-59%, respectively, and increased to 71-87 and 82—
89%, respectively, by the end of treatment week 26 (Table 2).
Bacteriological positivity was not associated with the presence of
TB symptoms at week 8 of treatment, p > 0.05 (Supplementary
Table 1).

Effect of bacillary load on tuberculosis
symptoms and bacteriological test
positivity

The median BL at baseline was 7.46E+05 eCFU/ml. A total
of 23 patients (50%) had high BL above the median value
(Table 3). Chest pain, night sweats, and loss of appetite resolved
rapidly in response to treatment irrespective of baseline BL,
p > 0.05. Cough resolved slowly and independently of the pre-
treatment BL, p = 0.95. In contrast to cough, sputum production
resolved more slowly in patients with low BL than those with
high BL, p = 0.04. In a multivariate analysis, there was no
association between low or high BL with the resolution of
cough [AHR, 0.85 (0.42-1.73); p = 0.65], sputum production
[AHR, 1.77 (0.90-3.47); p = 0.09], and chest pain [AHR, 1.25
(0.60-2.59); p = 0.55] after adjustment for HIV, age, and sex
(Supplementary Table 2).
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FIGURE 2

Relationship of TB clinical symptoms clearance with bacteriological tests. Clinical symptoms resolved rapidly during TB therapy with the
exception of cough and sputum production which resolved slowly than culture, microscopy, and TB-MBLA. Data are presented as the
percentage (%) of patients with clinical symptoms and bacteriological positivity over the time in treatments (weeks).
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Average bacteriological positivity compared to clinical symptoms clearance. Relationship of clinical symptoms clearance compared to average
bacteriological positivity of TB-MBLA and culture. Clinical symptoms (sweats, loss of appetite, and chest pain) resolved more rapidly than the
average bacteriological positivity. Resolution of cough was slow matching the resolution of average bacteriological positivity, while sputum
production resolved more slowly than average bacteriological positivity. Data are presented as the percentage (%) of patients with clinical
symptoms and average bacteriological positivity over the time in treatments (weeks). The average bacteriological positivity (SD) was

96.7 £ 46,826 £9.2,44.6 £ 23.1, 43 + 0, and 6.5 &+ 3.04 at baseline (week 0), weeks 2, 8, 22, and 26, respectively.
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The median time to sputum smear and L] culture
conversion-to-negative was shorter than the time for MGIT
culture negative, while TB-MBLA had the highest median time
to a negative result for patients with both low and high BL
(Table 3). Unlike SM and MGIT culture, patients with low
BL had a significantly shorter median time for conversion-to-
negative, 2 weeks versus 8 weeks in patients with high BL,
p = 0.03. Patients with low BL were more likely to clear TB
bacillary load at weeks 8 and 26 of treatment, HR 5.6, p = 0.003
and HR 3.2, p = 0.014, respectively (Figure 4).
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Effect of HIV status on tuberculosis
symptoms and bacteriological test
positivity

The prevalence of HIV was 39.1%. Chest pain, night sweats,
and loss of appetite resolved rapidly in response to treatment
and there was no difference in the median time to the resolution
of TB symptoms between patients with HIV positive and
negative, p > 0.05 (Table 4). Overall, the median time to the
resolution of cough and sputum production was slightly higher
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in patients with HIV positive than HIV negative, p > 0.05. positive and negative, p > 0.05. Overall, TB-MBLA had the
For bacteriological tests, with the exception to SM, the median highest time to BL clearance among patients with HIV positive
time to MGIT and LJ culture conversion from positive to and negative compared to smear and culture tests, p > 0.05
negative was not statistically different among patients with HIV (Table 4).

TABLE 2 Percentage (%) agreement of clinical symptoms with bacteriological tests.

Agreement (%) throughout treatment

Variable Baseline Week 2 Week 8 Week 22 Week 26
Smear Cough 86.96 41.30 53.49 68.29 86.67
Chest pain 80.43 50.00 69.77 90.00 86.67
Sweats 76.09 56.52 90.70 95.00 97.78
Loss of appetite 73.91 63.04 86.05 87.50 97.78
Sputum production 86.96 52.17 40.00 60.00 77.78
LJ culture Cough 86.96 43.48 41.86 68.29 82.22
Chest pain 80.43 43.48 53.49 90.00 82.22
Sweats 80.43 58.70 72.09 95.00 93.33
Loss of appetite 80.43 54.35 67.44 87.50 93.33
Sputum production 86.96 36.96 33.33 60.00 73.33
MGIT culture Cough 93.48 86.96 73.26 70.73 88.89
Chest pain 78.26 34.78 55.81 87.50 84.44
Sweats 82.61 34.78 72.09 92.50 91.11
Loss of appetite 76.09 28.26 62.79 85.00 91.11
Sputum production 93.48 67.39 62.79 62.50 75.56
TB-MBLA Cough 100 82.61 44.19 65.85 75.56
Chest pain 84.78 39.13 32.56 82.50 80.00
Sweats 89.13 32.61 39.53 87.50 86.67
Loss of appetite 100 30.43 34.88 80.00 86.67
Sputum production 100 71.74 37.78 62.50 71.11
Smear 86.96 54.35 45.65 88.37 88.89
LJ culture 86.96 56.52 54.35 88.37 86.67
MGIT culture 93.48 82.61 58.70 90.70 82.22

The percentage agreement between TB-MBLA with other bacteriological measures and clinical symptoms was over 80% at the time of diagnosis. Cough, loss of appetite, and sputum
production were 100% in agreement with TB-MBLA. The percentage agreement decreased between treatment weeks 2 and 8, then increased between treatment weeks 22 and 26. The
lowest agreement of TB-MBLA with all clinical symptoms and other bacteriological measures was at week 8 of treatment.

TABLE 3 Time to the resolution of clinical and bacteriological measures stratified by bacterial loads.

Median time to resolution of clinical symptoms (weeks)

Clinical symptoms All patients (n = 46) High-bacterial load (n = 23) Low-bacterial load (n = 23) P-value
Cough, n (IQR) 17.9 (8.0-23.9) 17.9 (8.0-20.5) 19.8 (8.0-23.9) 0.95
Sputum production, n (IQR) 19.4 (8.0-21.8) 8.1 (2.0-19.9) 19.9 (8.0-23.9) 0.04
Chest pain, n (IQR) 2.1(2.0-19.8) 2.0 (2.0-11.5) 2.4 (2.0-19.9) 0.39
Sweats, n (IQR) 2.0 (2.0-8.0) 2.0 (2.0-8.0) 2.0 (2.0-6.0) 0.33
Loss of appetite, n (IQR) 2.0 (2.0-6.0) 2.0 (2.0-8.0) 2.3(2.0-6.0) 0.58
Smear microscopy, n (IQR) 7.8 (2.0-8.0) 2.1(2.0-8.0) 8.0(2.0-8.0) 0.67
LJ, n (IQR) 7.8 (2.0-8.1) 8.0 (2.8-18.4) 2.0 (2.0-8.0) 0.03
MGIT, n (IQR) 8.0 (7.8-18.0) 8.0 (7.8-18.4) 8.0 (7.8-8.0) 0.83
TB-MBLA, n (IQR) 19.8 (8.0-19.9) 19.9 (11.7-19.9) 8.1(7.8-19.9) 0.39

Cox proportion hazard ratio for the association between median time to the resolution (in weeks) of TB clinical symptoms stratified by the baseline bacterial load. IQR, interquartile range;
LJ, Lowenstein-Jensen media; MGIT, mycobacterium growth indicator tubes; TB-MBLA; tuberculosis-molecular bacterial load assay.
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FIGURE 4

Bacillary load clearance during treatment in relation to baseline
bacterial loads. Kaplan—Meier curves show TB-MBLA bacillary
load clearance by week 8 of treatment (A) and by the end of
treatment week 26 (B) among patients with high and low
baseline bacterial load. Low baseline bacterial load patients were
more likely to clear bacillary load at week 8, HR 5.6, p = 0.003
and at week 26 of treatment, HR 3.2, p = 0.014 than high
baseline bacterial load patients.

Discussion

Using the data from this clinical study, we have
demonstrated that the concordance of symptoms and
bacteriological tests is high before and low after treatment
initiation. The strong pre-treatment agreement is in line with
a recent report from South Africa (11). While other symptoms
improved rapidly in the first 2 weeks of treatment, cough
and sputum production improved slowly than bacteriological
tests, as previously reported (13, 14). The rapid resolution of
symptoms such as chest pain, night sweats, and loss of appetite
seems to reflect the early bactericidal activity of anti-TB therapy.
Studies have shown that most actively growing bacilli are killed
within the first 2 weeks of treatment leaving the dormant (hard
to clear) bacilli to persist longer on treatment course (23, 37).

Cough resolution followed closely that of bacillary load
measured by TB-MBLA. The cough-TB-MBLA resolution
relationship observed was more pronounced than the
relationship with standard culture and sputum SM. Early
clinical trials have demonstrated an association of TB symptoms
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with bacteriological tests during treatment (14, 38). Most
importantly, analysis of the data from four clinical trials showed
that TB symptoms (fever and sweats) resolved rapidly in the
first 8 weeks of treatment whereas cough resolved slowly and
was present in 20% of patients at the end of treatment (14).
This finding is consistent with our study in which 20 and 15%
of patients were coughing at weeks 22 and 26 of treatment,
respectively, of whom four out of seven patients (57%) were HIV
positive. A total of 14.2% of the coughing patients at week 26
were TB-MBLA positive. The presence of residual inflammation
or other ailments arising as TB bacteria are cleared may explain
the high positivity of cough at the end of treatment.

Interestingly, patients with low baseline BL took longer time
to resolve sputum production than those with high BL. Further
analysis of these patients revealed that 44% were HIV positive,
an indication that the persistent sputum production could be
driven by other opportunistic ailments and not underlying
TB bacillary load. It is long established that HIV infection
increases the risk of infection with other respiratory pathogens
that may exacerbate and prolong symptoms such as cough and
sputum production (39, 40). Thus, this interpretation and the
overall relationship of clinical symptom clearance in TB/HIV-
coinfected patients including those with low bacillary load
warrants further investigation in a large cohort of HIV/TB-
coinfected patients.

We further compared our results with a clinical trial for
shortening the treatment of patients with drug-sensitive HIV-
negative PTB conducted in Uganda, Brazil, and the Philippines.
The study revealed that clinical symptoms declined rapidly by
week 8 of treatment and that symptoms including fever, cough,
and chest pain were more common among patients who had
culture positive during follow-up (13). In contrast, the presence
of TB symptoms at week 8 of treatment was not associated
with bacteriological positivity in our study. Most patients with
TB symptoms such as cough and sputum production at week
8 were negative by culture and sputum smear tests. Moreover,
bacteriological tests were positive in some patients who had no
TB symptoms at week 8 of treatment. At week 26, two patients
who had no TB symptoms would have been declared clinically
well and discharged from treatment in the absence of culture
as the case in resource-poor countries. The novel TB-MBLA
demonstrated highest positivity rate among patients with and
without TB symptoms including those who were culture and
smear negative. This discrepancy may be explained by the low
sensitivity of SM, which is limited to 10,000 CFU/ml (6, 17),
the effect of chemical decontamination on viable TB bacilli, and
the presence of non-culturable bacteria, which do not grow in
routine culture media (17, 21).

It is important to note that both clinical and bacteriological
measures responded to treatment, falling to less than 20%
positivity except for sputum production which was slightly
above 20% positivity. The discordance could be due to the
limitation of sputum-based tests as they only capture a
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TABLE 4 Time to the resolution of TB symptoms and bacteriological tests stratified by HIV status.

Median time to resolution of clinical symptoms (weeks)

Clinical symptoms All patients (n = 46) HIV positive (n = 23) HIV negative (n =23) P-value
Cough, 1 (IQR) 17.9 (8.0-23.9) 19.9 (9.8-23.9) 8.0 (7.8-23.9) 0.33
Sputum production, n (IQR) 19.9 (8.0-23.9) 19.9 (8.1-23.9) 8.0 (8.0-21.8) 0.67
Chest pain, # (IQR) 2.0 (2.0-11.5) 8.0 (2.0-19.9) 2.0 (2.0-8.0) 0.09
Sweats, 1 (IQR) 2.0 (2.0-8.0) 2.0 (2.0-11.5) 2.0 (2.0-2.8) 0.07
Loss of appetite, n (IQR) 2.0 (2.0-8.0) 2.0 (2.0-6.0) 2.0(2.0-8.0) 0.52
Smear microscopy, n (IQR) 8.0 (2.0-8.0) 2.1(2.0-8.0) 8.0(2.0-8.0) 0.60
LJ, n (IQR) 6.0 (2.0-8.1) 2.0 (2.0-17.9) 8.0 (2.0-8.0) 0.60
MGIT, n (IQR) 8.0 (7.8-18.0) 8.0 (7.8-17.9) 8.0 (7.8-8.0) 0.84
MBLA, 1 (IQR) 19.8 (8.0-19.9) 18.4 (8.0-19.9) 19.8 (8.0-19.9) 0.86

Cox proportion hazard ratio shows the association between median time to resolution (in weeks) of TB clinical symptoms stratified by HIV status. n (IQR), number of weeks (interquartile
range); L], Lowenstein-Jensen media; MGIT, mycobacterium growth indicator tubes; TB-MBLA; tuberculosis-molecular bacterial load assay.

proportion of bacilli in the lungs and only those that can
growth in culture (41). This may explain why TB-MBLA
which measures total RNA reflecting both actively growing and
dormant bacilli is more sensitive and appears more consistent
with the resolution of cough. Moreover, clinical symptoms are
not specific and can be caused by any other respiratory disease.
For example, cough and chest pain are some of the most
common symptoms of COVID-19 (42).

Our study has several limitations. Screening and enrollment
were based on the presence of TB symptoms at diagnosis
and a positive Xpert MTB/RIF Assay result. This approach
selectively included only patients who had symptoms of active
PTB and increased the chance of those patients being positive
by bacteriological tests at diagnosis and a higher percentage
agreement than in treatment follow-up visits. Secondly, we
enrolled a low number of patients with 6-month follow-up
visits and we were not able to establish if treatment failure was
due to relapse or re-infections. Because of the small number
of patients, we were unable to find a difference in time to
the resolution of TB symptoms or bacteriological positivity in
relation to baseline BL and HIV status. Clinical studies involving
larger number of patients and longer follow-up past the current
6 months of TB therapy in healthcare settings are underway and
will shed more light on the long-term relationship of clinical
symptoms particularly cough with bacteriological tests and final
outcomes. Such studies will further help to understand the
clinical relevance of TB positive results by TB-MBLA when
routine standard bacteriological tests, culture, and microscopy
are negative and provide additional data about the causes of
recurrent tuberculosis after successful treatment.

Conclusion

We showed a high percentage agreement of clinical
symptoms with bacteriological positivity for TB at diagnosis

Frontiers in Medicine

which weakens rapidly during the early weeks of anti-TB
therapy. Our findings provide new evidence that relying solely
on TB symptoms for diagnosis or monitoring may mislead
treatment decisions of some patients and final treatment
outcomes. Our findings advocate for more investments in
bacteriological tests to improve the accuracy of TB diagnosis and
treatment monitoring in routine healthcare settings.
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Introduction: T cells are crucial for pathogenesis as well as control for
tuberculosis (TB). Although much is known about the signaling pathways
which are required for the activation of T cells during acute infection but the
way these cells respond during persistent of infection still remained elusive.
Therefore, it is rationale to understand T cell activation during tuberculous
pleural effusion (TPE), which is similar to bacterial persistency system.

Methods: Herein, we will employ T cell receptor (TCR) based approaches
for studying events of T cell activation pathways in cells of blood and
pleural fluid among patients with TPE. We performed spectrofluorimetric
analysis to study effect of M. tuberculosis antigens, ESAT-6 and Ag85A
stimulation on intracellular calcium levels, Phosphorylation levels of ZAP-
70 (Zeta-chain-associated protein kinase 70), PKC-6 (Protein kinase C theta),
Erk1/2 (Extracellular signal-regulated kinase 1 and 2) and p-38 two important
members of MAPKs (Mitogen activated Protein kinases) in CD3 and CD28
induced cells of blood and pleural fluid of same patients with TPE by western
blotting. Patients with non-TPE were also included as matching disease
controls in this study.

Results: We observed significantly higher intracellular calcium levels,
Phosphorylation levels of ZAP-70, Erk1/2 and p-38 in CD3 and CD28 induced
cells of pleural fluid as compared to the blood cells of same patients with TPE.
Alteration in the activation of these events has also been noted after stimulation
of ESAT-6 and Ag85A.
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Discussion:

10.3389/fmed.2022.983605

Present study demonstrated up-regulated activation of TCR

mediated T cell signaling events at local disease site (Pleural fluid) as compared
to the blood sample of TB pleurisy patients which could be involved in T-
cell dysfunctioning during the progression of the disease and also could be
responsible for Th 1 dominance at local disease site in patients with TPE.

tuberculous pleural effusion, T-cell receptor, cytokines, activation, T-cell signaling

Introduction

Globally, an estimated 10 million people fall ill with
tuberculosis (TB) worldwide and a total of 1.5 million people
die from TB (1). TB remains the leading cause of death globally
triggered from a single pathogen, and this TB-related problem is
even exacerbated by the human immunodeficiency virus (HIV)
infection. Mycobacterium tuberculosis (M. tuberculosis) elicits
an immune response in the host, and the immune cells are
activated against the bacteria. Despite activation, the immune
system is not capable enough to eliminate bacteria from the
body. This goes to prove that M. tuberculosis is proficient in
altering the immune response for its own survival, leading
to disease or latent infection. The molecules and mechanisms
utilized to accomplish the survival of bacteria inside the host
are not fully understood. The host-pathogen interactions in TB
should be analyzed at the disease site because M. tuberculosis is
predominantly contained in the local tissue lesions. Active TB is
characterized by the expansion of M. tuberculosis-specific T cells
at the site of infection. A very low proportion of M. tuberculosis-
specific effector T cells are found in the blood compared with the
infected tissue, and thus, considerable differences in the cellular
immune response and regulatory mechanisms are induced
in these diverse compartments. Therefore, it is important to
study the immune responses at the local site of infection to
improve the understanding of the immunological mechanisms
that are involved in the containment and progression of
TB. Tuberculous pleural effusion (TPE) is the second most
common type of extrapulmonary TB, which is caused by a
severe delayed-type hypersensitivity reaction in response to
the rupture of a subpleural focus of M. tuberculosis infection
(2). An accumulation of lymphocytes, in TPE, has been well
documented (3-7), which is involved in the pathogenesis of TB
pleurisy. The profusion and easy accessibility of pleural fluid
mononuclear cells (PFMCs) in the TPE make it a good model
to study the M. tuberculosis-specific T-cell responses at the local
disease site. The signaling pathways triggered by M. tuberculosis
in human T cells have not yet been studied in a relevant
physiological system, hence requiring further investigation. The
modulations in T-cell receptor (TCR)-mediated cell signaling
mechanism are not completely elucidated to date. It was
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previously observed that T cells from human TB patients showed
a decreased expression of CD3-t, a key signaling domain of
the TCR/CD3 complex (8). Wang et al. showed that the potent
T-cell antigen ESAT-6 can directly suppress interferon-gamma
(IFN-y) production in CD4+ T cells (9). Mahon et al. (10)
reported that M. tuberculosis cell wall glycolipids directly inhibit
polyclonal murine CD4+ T-cell activation by blocking ZAP-70
phosphorylation. Later, they extended their study by reporting
on mannose-capped lipoarabinomannan (ManLAM)-induced
inhibition of the TCR signaling by interfering with ZAP-70
(zeta-chain-associated protein kinase 70), Lck (lymphocyte-
specific protein tyrosine kinase), and LAT (linker for activation
of T cells) phosphorylation in antigen-specific murine CD4+
T cells and primary human T cells (11). Palma-Nicholas
(12) reported T-cell downmodulation of the mitogen-activated
protein kinases—extracellular signal-regulated kinase 1 and 2
(MAPK-ERK1/2) pathway in total spleen cells from naive
BALB/c mice by the cell-surface lipid di-O-acyl-trehalose
(DAT). Recently, the regulation of interferon-gamma (IFN-vy)
production by the ERK and p38 MAPK signaling pathway
and through CD150 signaling lymphocytic activation molecule
(SLAM) co-stimulation has been suggested to take place in
TB (13). The inhibition of IFN-y production through the p38
MAPK pathway by ESAT-6 has been reported in T cells from
healthy individuals (14). We also reported modulations in T-
cell signaling events in Jurkat T cells and TB patients (15,
16) in earlier studies. The signaling pathways triggered by M.
tuberculosis in human T cells have not yet been studied at a
local disease site, but there is a previous study that showed that,
among pleural fluid lymphocytes, natural killer (NK) cells are
a major source of IFN-y production in a mechanism enhanced
by interleukin 12 (IL-12), dependent on calcineurin, p38, and
the ERK pathways and these cells can directly recognize M.
tuberculosis antigens (17). One more study by Chen et al.
showed that Toll-like receptor 2 (TLR2) ligand activity was also
significantly higher in the tuberculous pleural fluid (TPF) than in
the serum. They also observed that M. tuberculosis TLR2 ligands,
19-kDa lipoprotein, and live Bacillus Calmette Guerin (BCG) all
modulated cytokine production by CD4+ T cells isolated from
pleural fluid and activated with anti CD3 and anti CD28 (18).
However, there is yet no study on TCR-mediated modulation in
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T-cell activation in pleural fluid (PF) and peripheral blood (PB)
of patients with TB pleurisy. Although very few reports on the
alterations of signaling molecules of T-cell activation in patients
with TB are available in India. Previously, our study found that
the phosphorylation of MAPKs, ERK1/2, and p38 was curtailed
by M. tuberculosis antigens in patients with TB, whereas, in
purified protein derivative (PPD)-+ve healthy individuals, only
ERK1/2 phosphorylation was inhibited. In addition to this
development, we also observed that the binding of transcription
factors, such as the nuclear factor of activated T cells (NFAT)
and nuclear factor kappa B (NF-kB), was also altered by M.
tuberculosis antigens (15). The effect of the secretory protein
ESAT-6 of M. tuberculosis on the modulation of macrophage
signaling pathways has been studied (19). Still, there is yet no
study to demonstrate whether the mechanisms and molecules
were involved in the production of IFN-y and interleukin 2 (IL-
2) (two crucial cytokines for immune responses against TB) by
activated T lymphocytes on M. tuberculosis stimulation, using
any relevant biological model. At the site of the active M.
tuberculosis infection, as opposed to other forms of TB, PEMCs
are readily accessible and provide an opportunity to study the
aspects of TB pathogenesis on cells from the local disease site.
Thus, it is important to evaluate the immune responses at the
local site of infection and in peripheral blood, to improve the
understanding of the immunological mechanisms involved in
the containment and progression of TB.

Methodology

Patient selection

The study protocol was approved by the Institutional
Human Ethics Committee of ICMR-National JALMA Institute
for Leprosy and Other Mycobacterial Diseases, Agra (India).
Informed written consent was obtained from all study subjects.
Blood samples and pleural fluid samples were collected from
pleurisy patients (n = 22) who were aged between 18 and 60
years. Pleural effusions were classified into tuberculous pleural
effusion (TPE) (n = 15) and non-tuberculous pleural effusion
(non-TPE) (n = 7) groups. Matching disease controls/patients
with non-tuberculous pleural effusion (non-TPE), such as
parapneumonic effusion, empyema, and malignancies, were
included in the non-TPE group. All patients involved in the
study were those who attended the Outpatient Department
(OPD) of the Department of Tuberculosis and Chest Diseases,
Sarojni Naidu Medical College (S.N.M.C), Agra. We also noted
their BCG vaccination status and their PPD status, with data
shown in Table 1. The effusions were classified as exudates
according to at least one of the criteria of Light et al. (20).
All patients provided a detailed medical history and underwent
a detailed physical examination. The diagnosis of TPE was
confirmed on the basis of: medical history, chest X-ray, physical
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TABLE 1 Demographic data of the study population.

Characteristics TPE Non-TPE

Patients (n)=22 15 (68.18%) 7 (31.82%)

Age
Median 43 40
(32.84-47.16)

Range (Lower-Upper) (28.54-52.89)

Sex

Men 11 (73.33%) 4(57.14%)
Women 4 (26.66%) 3 (42.86%)
BCG

Vaccinated 11 (73.33%) 5(71.43%)
Non-vaccinated 4(26.66%) 2 (28.57%)
PPD status

Positive 7 (46.67%) 3 (42.86%)
Negative 8(53.33%) 4(57.14%)

TPE, Tuberculous pleural effusion; Non-TPE, Non-tuberculous pleural effusion.

examination, and isolation of M.tuberculosis in a positive
mycobacterial culture, a smear positive for acid-fast bacilli from
the pleural fluid. None of the subjects received anti-tuberculous
or steroid therapy at the time of the study. The exclusion criteria
included a positive test for human immunodeficiency virus, a
pregnant woman, and the presence of concurrent infectious
diseases. The diagnosis of tuberculosis was confirmed in all cases
by a microscopic examination and culture of M. tuberculosis
from pleural fluid specimens.

Thoracentesis and mononuclear cells

Blood samples and pleural fluid samples were collected at
the time of therapeutic thoracentesis. Briefly, pleural fluid (PF)
(~50ml) and peripheral blood (10 ml) were obtained from the
patients during diagnostic thoracentesis before the initiation
of chemotherapy. As much as >50ml of PF was aspirated
under sterile conditions, using 18-gauge needles, collected in
heparinized vials and kept in ice during transportation. Blood
samples were also collected in heparinized vials and kept at
room temperature. Pleural fluid (PF) and blood were obtained
simultaneously. Peripheral blood mononuclear cells (PBMCs)
and pleural fluid mononuclear cells (PFMCs) were isolated from
heparinized blood and pleural fluid (PF) using the standard
Ficoll-Hypaque density gradient centrifugation method and
suspended in RPMI (Roswell Park Memorial Institute) 1,640
tissue culture medium (Sigma, USA) supplemented with 2 mM
L-glutamine, antibiotic-antimycotic solution (Sigma, USA),
and 10% heat-inactivated human AB serum (MP Biomedicals,
India). Cell cultures were maintained in a humidified 5% CO2
incubator at 37°C. Cell viability >95% was determined by the
trypan blue exclusion test.
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Chemicals and antigens

Mouse immunoglobulin G (IgG) anti-human pure CD3
(clone UCHTI), ionomycin, goat anti-mouse-IgG (GAM),
sodium fluoride (NaF), sodium orthovanadate, anti-protease
cocktail and Bradford reagent were purchased from Sigma,
USA. Fura-2-acetoxymethyl ester (Fura-2/AM) was procured
from Calbiochem, USA. Cell lysis buffer was purchased
from Invitrogen, USA. Anti-human CD3 (clone OKT-3)
and anti-human CD28 (clone CD28.2) were procured from
eBioscience, USA. Phosphorylated ZAP-70, phosphorylated
ERK1/2, phosphorylated p38 MAPK, phosphorylated protein
kinase C theta (PKC-6), B-Actin and goat polyclonal IgG
anti-mouse peroxidase-conjugated antibodies were procured
from Cell Signaling Technology (CST), USA. Enhanced
chemiluminescence (ECL) reagents were procured from
Millipore, USA. Lyophilized M. tuberculosis antigens (ESAT-6
and Ag85A) were procured from the BEI Research Resources
Repository funded by the National Institute of Allergy and
Infectious Diseases and managed by ATCC, USA. PPD RT-49
(Research Tuberculin) was procured from Statens Serum
Institut, Denmark. All antigens were dissolved in filtered
phosphate-buffered saline (PBS) at 7.4 pH to make a 1

mg/ml concentration.

Quantification of transmembrane Ca2+
mobilization

Peripheral blood mononuclear cells (PBMCs) and PFMCs
(5 x 10%/ml) were rested at least for 2h in a 37°C CO,
incubator before stimulation with appropriate doses of M.
tuberculosis antigens. Cells were stimulated with 5pug/ml Ag85A
and 10pg/ml of ESAT-6 for 4h in a 37°C CO; incubator.
After incubation, the cells were washed with PBS, pH 7.4. Cells
were incubated with Fura-2/AM at 1 uM for 30 min at 37°C
in loading buffer [(in mM): NaCl, 110; KCI, 5.4; NaHCO3,
25; MgCly, 0.8; KH,PO4, 0.4; HEPES, 20; NayHPOA4, 0.33;
CaClp, 1.2. pH 7.4]. After loading, cells were washed three times
(500xg for 5min) and remained suspended in an identical
buffer. [Cat]i was measured, as reported elsewhere (21, 22).
Fluorescence intensities were measured in ratio mode using a
Varian ECLIPSE spectrofluorometer equipped with fast filter
accessory (Varian Incorporation, St. Helens, Australia) at 340
and 380 nm (excitation filters) and 510 nm (emission filter). Cells
were stirred continuously throughout the experiment. For anti-
CD3-stimulated calcium studies: after stabilization of the basal
levels of cytosolic calcium, 10 pg/ml of pure anti-CD3 (Clone
UCHT1) was added to the cuvette. For the measurement of
Fmax, ionomycin 5uM was added to the cuvette and for Fmin,
MnCl, 2mM was added to the cuvette.
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The intracellular concentrations of free Ca™ [Ca2+]i were
calculated by using the following equation: [Ca®*]i = Kd x
(R - Rmin)/(Rmax - R) x (Sf2/Sb2). A value of 224 nM for
Kd was added to the calculations. Rmax and Rmin values were
obtained by the addition of ionomycin (5puM) and MnCl,
(2mM), respectively. All experiments were performed at 37°C.

Treatment and activation of cells

Peripheral blood mononuclear cells (PBMCs) and PFMCs
(5 x 10%/ml) were stimulated with appropriate doses of M.
tuberculosis antigens: 5 jLg/ml of Ag85A and 10 pg/ml of ESAT-6
for overnight hours in a 37°C CO; incubator, and few cells were
left unstimulated. After overnight stimulation with antigens,
the cells were activated with plate-bound anti-CD3 and anti-
CD28 (clones OKT3 and CD28.2 at 2 pg/ml each procured from
eBiosciences). The antibody-coated plates were prepared by
coating the wells with goat anti-mouse IgG for 1 h at 37°C; then,
the plates were washed and then coated with both anti-CD3
and anti-CD28 also for 1h at 37°C in a humidified atmosphere
of 5% CO,. The antigen-stimulated cells were then added to
the antibody-coated wells and incubated overnight at 37°C
in a humidified atmosphere of 5% CO;. Few cells were left
unstimulated with antigens and also untreated with CD3 and
CD28 antibodies.

Western blot analysis of MAPK activation

Antigen-stimulated and anti-CD3 and CD28-activated cells
were treated with chilled PBS and then lysed with 50 pl of
cell lysis buffer (with freshly added 1 mM phenylmethylsulfonyl
fluoride (PMSF) and 2mM anti-protease cocktail). After
centrifugation (13,000xg for 5min), cell lysates were used
immediately or stored at —80°C. The protein contents were
determined with the Bradford reagent. Denatured proteins (35
ng) were separated by sodium dodecyl sulfate-polyacrylamide
(SDS-PAGE) (10%) and transferred to polyvinylidene difluoride
(PVDF) membrane. Immunodetection of phosphorylated forms
of ZAP-70, PKC-6, Erk1/2, and p38MAPK was performed using
1:1,000 dilution of phospho-specific antibodies for ZAP-70,
PKC-0, Erk1/2, and p38 MAPK in 5% bovine serum albumin
Tris-buffered saline (BSA TBS) for overnight incubation at 4°C.
After washing with TBST (TBS with 0.05% Tween 20), the PVDF
membranes were treated with peroxidase-conjugated secondary
antibodies, and the peroxidase activity was detected with ECL
reagents. Equal loading of the proteins was confirmed after
stripping the blot and reprobing for total forms of B-Actin.
Densitometric analysis of bands was performed using Quantity
OneTM software (Bio-Rad, Hercules, USA).
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FIGURE 1
Modification in CD3 (cluster of differentiation 3)-induced free intracellular calcium concentration in blood and pleural fluid after M. tuberculosis
antigens (ESAT-6 and Ag86A) stimulation: The Fura-2-acetoxymethyl ester (Fura-2/AM)-loaded cells peripheral blood mononuclear cells
(PBMCs) and pleural fluid mononuclear cells (PFMCs) were used to study intracellular calcium levels and fluorescence intensities were measured
in ratio mode using a Varian ECLIPSE spectrofluorometer, as described in materials and methods section. Bar diagrams show changes in
intracellular calcium levels in CD3-treated cells. The effect of M. tuberculosis antigens on CD3-stimulated calcium influx is shown in graphs in
blood and pleural fluid of patients with tuberculous pleural effusion (TPE) (A), while graph (B) is showing the effect of M. tuberculosis antigens
on blood and pleural fluid of non-TPE patients. The bar is showing the mean + SEM. *P < 0.05; **P < 0.005; ***P < 0.0005.

Statistical analysis

Data were presented as mean £+ SEM and comparisons
of paired PB and PF samples and different treatments
of the same sample were performed using the non-

parametric ~ Wilcoxon  paired  t-test.  Analysis = was
done with Prism 5.0 software (GraphPad, La Jolla,
USA) and p-values <0.05 were considered to indicate

statistical significance.

Results

TCR triggered intracellular calcium
mobilization in pleural fluid and blood
samples of TPE patients and matching
disease controls and M. tuberculosis
antigens differentially altered intracellular
calcium mobilization

To find out the difference between intracellular calcium
mobilization in the blood and the pleural fluid and the effect of
M. tuberculosis antigens on intracellular calcium mobilization,
we measured the intracellular calcium concentration with a
spectrofluorometer. We assessed the TCR-triggered calcium
mobilization by adding anti-CD3 antibodies on cells from
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the blood and the pleural fluid pretreated with optimum
doses of M. tuberculosis antigens (Ag85A and ESAT-6). We
noticed a significantly higher intracellular level of calcium
in cells from the pleural fluid of patients with TPE, as
compared to the intracellular calcium levels in their blood
after the addition of anti-CD3. We also observed significantly
reduced intracellular levels of calcium in ESAT-6 and Ag85A
pretreated cells after the addition of anti-CD3 in the blood
and the pleural fluid. Interestingly, the reduction was more
in blood as compared to the pleural fluid of patients with
TPE (Figure 1A). Diminished levels of intracellular calcium
were also noted in blood and pleural fluid cells of non-
TPE patients, but they were not significant and there was
no significant difference between the intracellular calcium
levels of blood and pleural fluid of non-TPE patients
(Figure 1B).

TCR-induced ¢-chain-associated 70-KDa
tyrosine phosphoprotein (ZAP-70)
activation in pleural fluid and blood
samples of TPE patients

To determine whether there is any difference in TCR/CD28-
induced ZAP-70 activation in the blood and the pleural fluid
of patients with TPE and whether M. tuberculosis antigens
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FIGURE 2

TCR/CD28 (T-cell receptor/cluster of differentiation 28)-induced phosphorylation of zeta-chain-associated protein kinase 70 (ZAP-70) before
and after Mycobacterium tuberculosis antigen stimulation in blood and pleural fluid of patients with tuberculous pleural effusion (TPE) (A,B)
non-tuberculosis (hon-TB) pleurisy patients. Peripheral blood mononuclear cells (PBMCs) and pleural fluid mononuclear cells (PFMCs) from
blood and pleural fluid were activated with CD3 (cluster of differentiation 3) with CD28 antibodies after pretreatment with M. tuberculosis
antigens, and few cells were left unstimulated and untreated with antibodies as a negative control, and few cells were only activated without any
antigen stimulation, and western blotting was done as mentioned in materials and methods. -Actin antibody was used to conform to equal
loading. (A) Densitometric analysis of the phosphorylation of ZAP-70 in blood and pleural fluid of patients with TPE. Relative band intensity
values are expressed as mean+SEM in bar diagrams. A representative blot of one experiment with phosphorylated Zap-70 and B-Actin is shown,
where Lane 1 is showing Control in blood, Lane 2 is showing anti-CD3 + anti-CD28 activated cells in the blood, Lane 3 is showing anti-CD3 +
anti-CD28 activated cells of blood with pretreatment with ESAT-6, Lane 4 is showing anti-CD3 + anti-CD28 activated cells of blood pretreated
with Ag85A, Lane 5 is showing Control in pleural fluid, Lane 6 is showing anti-CD3 + anti-CD28 activated cells in pleural fluid, Lane 7 is showing
anti-CD3 + anti-CD28 activated cells of pleural fluid with pretreatment with ESAT-6, and Lane 8 is showing anti-CD3 + anti-CD28 activated
cells of blood pretreated with Ag85A. (B) Densitometric analysis of phosphorylation of zeta-chain-associated protein kinase 70 (ZAP-70) in
blood and pleural fluid of non-TPE (tuberculous pleural effusion) patients. Relative band intensity values are expressed as mean+SEM in bar
diagrams. A representative blot of one experiment with phosphorylated Zap-70 and B-Actin is shown, where Lane 1 is showing Control in blood,
Lane 2 is showing anti-CD3 + anti-CD28 activated cells in the blood, Lane 3 is showing anti-CD3 + anti-CD28 activated cells of blood with
pretreatment with ESAT-6, Lane 4 is showing anti-CD3 + anti-CD28 activated cells of blood pretreated with Ag85A, Lane 5 is showing Control in
pleural fluid, Lane 6 is showing anti-CD3 + anti-CD28 activated cells in pleural fluid, Lane 7 is showing anti-CD3 + anti-CD28 activated cells of
pleural fluid with pretreatment with ESAT-6, and Lane 8 is showing anti-CD3 + anti-CD28 activated cells of blood pretreated with Ag85A.
Densitometric analysis was done and the ratios of phosphorylated ZAP-70 to B-Actin protein expression were expressed as arbitrary units.
Statistical significance was determined using Mann—Whitney *P < 0.05.

modulate TCR and TCR/CD28-induced ZAP-70 activation,
we measured the phosphorylation of ZAP-70 by Western
blot. Phosphorylation of ZAP-70 was studied in Ag85A
and ESAT-6-stimulated PBMCs and PFMCs of blood and
pleural fluid of patients with TPE. We observed significantly
higher levels of phosphorylation of ZAP-70 in pleural fluid,
as compared to the blood samples of patients with TPE
(n = 10). After stimulation with M. tuberculosis antigens,
altered activation of ZAP-70 was observed both in the blood
and the pleural fluid (Figure2A), whereas a significantly
increased level of phosphorylated ZAP-70 was observed
only in blood after Ag85A stimulation. However, a lower
degree of phosphorylation of ZAP-70 was observed in the
blood of non-TPE patients (n = 5), but not significantly
(Figure 2B).
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TCR-induced protein kinase C-theta
(PKC-@) activation in the pleural fluid
and the blood samples of patients with
TPE and M. tuberculosis
antigens-induced alterations

To determine the differences in TCR/CD28-induced PKC-
0 activation in the blood and the pleural fluid of patients with
TPE and to study the effect of M. tuberculosis on TCR/CD28-
induced PKC-6 activation, we measured the phosphorylation
of PKC-6 by Western blot. We observed significantly higher
levels of phosphorylated PKC 6 in pleural fluid, as compared to
the blood samples of TPE patients (n = 10). After stimulation
with M. tuberculosis antigens, a significantly altered activation
was observed both in the blood and the pleural fluid. ESAT-6
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FIGURE 3

TCR/CD28 (T-cell receptor/cluster of differentiation 28)-induced phosphorylation of protein kinase C theta (PKC-6) before and after M.

tuberculosis antigen stimulation in blood and pleural fluid of patients with tuberculous pleural effusion (TPE) (A,B) non-TB (non-tuberculosis)
pleurisy patients. Peripheral blood mononuclear cells (PBMCs) and pleural fluid mononuclear cells (PFMCs) from blood and pleural fluid were
activated with CD3 (cluster of differentiation 3) with CD28 antibodies after pretreatment with M. tuberculosis antigens, and few cells were left
unstimulated and untreated with antibodies as the negative control, and few cells were only activated without any antigen stimulation, and
western blotting was done as mentioned in materials and methods. B-Actin antibody was used to conform to equal loading. (A) Densitometric
analysis of phosphorylation of PKC-6 in blood and pleural fluid of patients with TPE. Relative band intensity values are expressed as mean+SEM
in bar diagrams. A representative blot of one experiment with phosphorylated PKC-6 and B-Actin is shown, where Lane 1 is showing Control in
blood, Lane 2 is showing anti-CD3 + anti-CD28 activated cells in the blood, Lane 3 is showing anti-CD3 + anti-CD28 activated cells of blood
with pretreatment with ESAT-6, Lane 4 is showing anti-CD3 + anti-CD28 activated cells of blood pretreated with Ag85A, Lane 5 is showing
Control in pleural fluid, Lane 6 is showing anti-CD3 + anti-CD28 activated cells in pleural fluid, Lane 7 is showing anti-CD3 + anti-CD28
activated cells of pleural fluid with pretreatment with ESAT-6, and Lane 8 is showing anti-CD3 + anti-CD28 activated cells of blood pretreated
with Ag85A. (B) Densitometric analysis of phosphorylation of PKC-6 in blood and pleural fluid of non-TPE patients. Relative band intensity values
are expressed as mean+SEM in bar diagrams. A representative blot of one experiment with phosphorylated PKC-6 and B-Actin is shown, where
Lane 1 is showing Control in blood, Lane 2 is showing anti-CD3 + anti-CD28 activated cells in the blood, Lane 3 is showing anti-CD3 +
anti-CD28 activated cells of blood with pretreatment with ESAT-6, Lane 4 is showing anti-CD3 + anti-CD28 activated cells of blood pretreated
with Ag85A, Lane 5 is showing Control in pleural fluid, Lane 6 is showing anti-CD3 + anti-CD28 activated cells in pleural fluid, Lane 7 is showing
anti-CD3 + anti-CD28 activated cells of pleural fluid with pretreatment with ESAT-6, and Lane 8 is showing anti-CD3 + anti-CD28 activated
cells of blood pretreated with Ag85A. Densitometric analysis was done and the ratios of phosphorylated PKC-6 to B-Actin protein expression

were expressed as arbitrary units. Statistical significance was determined using Mann—-Whitney *P < 0.05.

significantly reduced the phosphorylation of PKC 6 and Ag85A
significantly increased phosphorylated PKC 6 levels both in
the blood and the pleural fluid. The activation of PKC 6
was more in pleural fluid as compared to the blood before
and after stimulation with M. tuberculosis antigen stimulation
(Figure 3A). A higher activation of PKC 6 was also observed in
non-TPE patients (n = 5) but not significantly (Figure 3B).

Differences in TCR-induced
mitogen-activated protein kinases
(MAPKSs) activation in pleural fluid and
blood samples of patients with TPE and
M. tuberculosis antigens-induced
alterations

To determine the differences in TCR/CD28-induced MAPK
activation in blood and pleural fluid of patients with TPE and
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to study the effect of M. tuberculosis on TCR/CD28-induced
MAPKs activation, we measured the phosphorylation of Erk %
and p38 by Western blot. The phosphorylation of MAPKs was
studied in Ag85A and ESAT-6-stimulated PBMCs and PFMCs.
We observed significantly higher levels of phosphorylation of
Erk % in pleural fluid as compared to the blood of patients
with TPE (n = 12), and after stimulation with M. tuberculosis
antigens, altered activation of Erk % was observed both in th4
blood and pleural fluid. Increased phosphorylation of Erk ¥
was observed in blood after M. tuberculosis antigen stimulation
Ag85A significantly increased, while it was not significant after
ESAT-6 stimulation in blood. On the other hand, in pleural
fluid, significantly increased phosphorylation was observed
after ESAT-6 stimulation but not significantly with Ag85A
stimulation (Figure 4A). Altered levels of phosphorylated Erk¥s
were also observed in the blood and the pleural fluid of non-TPE
patients (n = 5), but not significantly (Figure 4B). We observed
significantly increased phosphorylation of p38 in pleural fluid
and blood of patients with TPE (n = 12), and after stimulation
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FIGURE 4

TCR/CD28 (T-cell receptor/cluster of differentiation 28)-induced phosphorylation of Erk1/2 before and after M. tuberculosis antigen stimulation
in blood and pleural fluid of patients with tuberculous pleural effusion (TPE) (A,B) non-TPE patients. Peripheral blood mononuclear cells
(PBMCs) and pleural fluid mononuclear cells (PFMCs) from blood and pleural fluid were activated with CD3 with CD28 antibodies after

pretreatment with M. tuberculosis antigens, few cells were left unstimulated and untreated with antibodies as the negative control, and few cells
were only activated without any antigen stimulation, and western blotting was done as mentioned in materials and methods. g-Actin antibody
was used to conform to equal loading. (A) Densitometric analysis of phosphorylation of Erk1/2 in blood and pleural fluid of patients with
tuberculosis (TB) pleurisy. Relative band intensity values are expressed as mean+SEM in bar diagrams. A representative blot of one experiment
with phosphorylated Erk1/2 and B-Actin is shown, where Lane 1 is showing Control in blood, Lane 2 is showing anti-CD3 + anti-CD28 activated
cells in the blood, Lane 3 is showing anti-CD3 + anti-CD28 activated cells of blood with pretreatment with ESAT-6, Lane 4 is showing anti-CD3
+ anti-CD28 activated cells of blood pretreated with Ag85A, Lane 5 is showing Control in pleural fluid, Lane 6 is showing anti-CD3 + anti-CD28
activated cells in pleural fluid, Lane 7 is showing anti-CD3 + anti-CD28 activated cells of pleural fluid with pretreatment with ESAT-6, and Lane 8
is showing anti-CD3 + anti-CD28 activated cells of blood pretreated with Ag85A. (B) Densitometric analysis of the phosphorylation of Erk1/2 in
blood and pleural fluid of non-TB (non-tuberculosis) patients with TB pleurisy. Relative band intensity values are expressed as mean+SEM in bar
diagrams. A representative blot of one experiment with phosphorylated Erk1/2 and p-Actin is shown, where Lane 1 is showing Control in blood,
Lane 2 is showing anti-CD3 + anti-CD28 activated cells in the blood, Lane 3 is showing anti-CD3 + anti-CD28 activated cells of blood with
pretreatment with ESAT-6, Lane 4 is showing anti-CD3 + anti-CD28 activated cells of blood pretreated with Ag85A, Lane 5 is showing Control in
pleural fluid, Lane 6 is showing anti-CD3 + anti-CD28 activated cells in pleural fluid, Lane 7 is showing anti-CD3 + anti-CD28 activated cells of

pleural fluid with pretreatment with ESAT-6, and Lane 8 is showing anti-CD3 + anti-CD28 activated cells of blood pretreated with Ag85A.
Densitometric analysis was done and the ratios of phosphorylated Erk1/2 to B-Actin protein expression were expressed as arbitrary units.
Statistical significance was determined using Mann-Whitney ** P < 0.005; *** P < 0.005.

with M. tuberculosis antigens, altered activation was observed
both in the blood and the pleural fluid, but not significantly.
p38 phosphorylation was more significantly increased in the
pleural fluid than in the blood after stimulation with Ag85A; on
the other hand, decreased phosphorylation of p38 was observed
after ESAT-6 stimulation but it was not significant (Figure 5A).
We also observed reduced p38 phosphorylation in the pleural
fluid of non-TPE patients as compared to blood (1 = 5) but not
significantly (Figure 5B).

Discussion
TB pathogenesis is driven by a complex interplay between

the host immune system and the survival strategies of M.
tuberculosis. The inflammatory response to M. tuberculosis
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infection is tightly regulated by both the host and the pathogen
and the protection against TB is based on cell-mediated immune
responses. A consistent feature in TB patients has been the in
vitro dysfunction of circulating T lymphocytes and mononuclear
cells, especially at chronic stages of the disease (23). The real
progress requires more detailed knowledge of the host immune
responses. Mycobacterial species are well adapted to the hostile
environment of phagocytic cells, and they use several strategies
for survival within the host cells that are not seen in other
bacteria. Our understanding of the mechanisms of interaction
between mycobacteria and host cells, and of the consequent
changes that are induced by mycobacteria in the host signaling
machinery, is still incomplete.

T-cell activation and proliferation require the binding of
the TCR complex and CD4 or CD8 (cluster of differentiation
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FIGURE 5

TCR/CD28 (T-cell receptor/cluster of differentiation 28)-induced phosphorylation of p38 before and after M. tuberculosis antigen stimulation in
blood and pleural fluid of patients with tuberculous pleural effusion (TPE) (A,B) non-TPE patients. Peripheral blood mononuclear cells (PBMCs)
and pleural fluid mononuclear cells (PFMCs) from blood and pleural fluid were activated with CD3 (cluster of differentiation 3) with CD28
antibodies after pretreatment with M. tuberculosis antigens, and few cells were left unstimulated and untreated with antibodies as a negative
control, and few cells were only activated without any antigen stimulation, and western blotting was done as mentioned in materials and
methods. B-Actin antibody was used to conform to equal loading. (A) Densitometric analysis of phosphorylation of p38 in blood and pleural fluid
of patients with TPE. Relative band intensity values are expressed as mean+SEM in bar diagrams. A representative blot of one experiment with
phosphorylated p38 and B-Actin is shown, where Lane 1 is showing Control in the blood, Lane 2 is showing anti-CD3 + anti-CD28 activated
cells in the blood, Lane 3 is showing anti-CD3 + anti-CD28 activated cells of blood with pretreatment with ESAT-6, Lane 4 is showing anti-CD3
+ anti-CD28 activated cells of blood pretreated with Ag85A, Lane 5 is showing Control in pleural fluid, Lane 6 is showing anti-CD3 + anti-CD28
activated cells in pleural fluid, Lane 7 is showing anti-CD3 + anti-CD28 activated cells of pleural fluid with pretreatment with ESAT-6, and Lane 8
is showing anti-CD3 + anti-CD28 activated cells of blood pretreated with Ag85A. (B) Densitometric analysis of phosphorylation of p38 in blood
and pleural fluid of non-TPE patients. Relative band intensity values are expressed as mean+SEM in bar diagrams. A representative blot of one
experiment with phosphorylated p38 and B-Actin is shown, where Lane 1 is showing Control in the blood, Lane 2 is showing anti-CD3 +
anti-CD28 activated cells in the blood, Lane 3 is showing anti-CD3 + anti-CD28 activated cells of blood with pretreatment with ESAT-6, Lane 4
is showing anti-CD3 + anti-CD28 activated cells of blood pretreated with Ag85A, Lane 5 is showing Control in pleural fluid, Lane 6 is showing
anti-CD3 + anti-CD28 activated cells in pleural fluid, Lane 7 is showing anti-CD3 + anti-CD28 activated cells of pleural fluid with pretreatment
with ESAT-6, and Lane 8 is showing anti-CD3 + anti-CD28 activated cells of blood pretreated with Ag85A. Densitometric analysis was done and
the ratios of phosphorylated p38 to B-Actin protein expression were expressed as arbitrary units. Statistical significance was determined using

Mann-Whitney *P < 0.05.

8) receptor to specific major histocompatibility complex
(MHC) bound antigens. Co-stimulatory signals delivered by
the interaction of T-cell membrane molecules and antigen-
presenting cells (APCs) also play an important role in the
complete activation of a T cell. After the activation, the
intracellular calcium level rises and cytoplasmic kinases also get
activated, which further leads to the translocation of nuclear
transcription factors. The Lck binding acts as a docking site for
ZAP-70, which converts the TCR to an active protein tyrosine
kinase that is able to phosphorylate, leading to the generation of
downstream signals, and the resting T cell enters the cell cycle,
inducing various genes to produce cytokines and further go for
differentiation and apoptosis (24). Any impairment in the T-cell
signaling cascade leads to defects in cellular responses. There
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are many stages in the T-cell activation pathway, which have
not been thoroughly explored in the case of TB. The effect of
M. tuberculosis infection leads to a modulation in the T- cell
activation pathway, which should be investigated to understand
the pathogenesis of M. tuberculosis completely.

We proposed that, to explore pathogenesis of TB with the
aim to develop new strategies for prevention and treatment,
host-pathogen interactions should be studied at the local site
of M. tuberculosis infection. TPE is of particular immunological
interest and the study of T-cell activation mechanism in TPE
provides an opportunity to evaluate a component of the human
immune response at the infection site that is probably involved
in mediating the containment of M. tuberculosis in vivo. The
signaling pathways triggered by M. tuberculosis in human T cells
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(A) Schematic illustration of Compartmentalization of different immune cell subsets at the local site/tuberculous pleural effusion (TPE) of
Mycobacterium tuberculosis infection. High frequencies of in vivo-activated M. tuberculosis-specific T cells at local disease site as compared to
peripheral blood, showing a snapshot of a specific temporal window of tuberculosis disease (B). Regulation of T-cell receptor (TCR)-mediated
T-cell activation mechanism. The figure depicts the activation of various enzymes and adaptor molecules upon engagement of TCR with the
major histocompatibility complex (MHC) antigenic peptide complex. The red-circled molecules are the molecules whose activation is being
studied. (C) A shift in the local immune response not only tips the balance toward suboptimal immunity and impaired control of tuberculosis
disease but also results in excessive cellular immunity and tissue destruction.

have not yet been studied in a relevant physiological system. The
presence of mycobacterial antigens in the pleural space elicits
an intense cellular immune response, resulting in lymphocyte-
predominant exudative effusions (3, 25) making this biological
sample a physiologically relevant model of human tuberculosis
infection. We used the pleural fluid of the patient with TPE as
a sample from the local disease site and a blood sample as the
sample from systemic circulation.

The signaling pathways triggered by M. tuberculosis in
human T cells have not yet been studied in a relevant
physiological system like TPE. One previous study showed that,
among pleural fluid lymphocytes, natural killer (NK) cells are
a major source of IFN-y production in a mechanism enhanced
by IL-12, dependent on calcineurin, p38, and Erk1/2 pathways,
and these cells can directly recognize M. tuberculosis antigens
(17). One more study by Chen et al. showed that TLR2 ligand
activity was also significantly higher in the tuberculous pleural
fluid than in the serum. They also observed that M. tuberculosis
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TLR2 ligands, 19-kDa lipoprotein, and live BCG all modulated
cytokine production by CD4+ T cells isolated from pleural
fluid and activated with anti-CD3 and anti-CD28 (18). However,
no study is available for TCR-mediated modulation in T-cell
activation in the pleural fluid and the peripheral blood of
patients with TPE.

Herein, we employed TCR-based approaches for studying
events pertaining to T-cell activation pathways in cells of
blood and tuberculous pleural fluid among patients with
TPE. In the present study, we hypothesized that the T
cells in tuberculous pleural effusion can directly recognize
M. tuberculosis antigens and can be activated more rapidly
in comparison to the cells from peripheral blood in a
mechanism dependent on TCR-mediated activation pathway
involving TCR-induced intracellular Ca™2 mobilization, ZAP-
70 activation, PKC-0 activation, and MAPKSs activation that
regulates the transcription of IFN-y and IL-2. As shown in
Figure 6, a pictorial representation of the hypothesis. Host

frontiersin.org


https://doi.org/10.3389/fmed.2022.983605
https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org

Sharma et al.

defense against TB infection involves T-lymphocyte-mediated
cellular immune responses, and to understand TB pathogenesis,
signaling pathways induced by mycobacteria have long been a
subject of interest.

The intracellular Ca?* signaling is critical to T-cell
activation as a means of rapidly activating and integrating
numerous signaling pathways to generate widespread changes
in T-cell gene expression and function. Ca?* is a second
messenger that functions by binding to and altering the function
of key proteins leading to pleiotropic changes in cell function.
Binding of antigen to the TCR triggers the mobilization of
CaZt and is needed for effective T-cell activation, anergy,
gene expression, motility, synapse formation, cytotoxicity,
development, and differentiation of T cells (26). ZAP-70 is a
cytoplasmic protein tyrosine kinase that plays a critical role
in the events involved in initiating T-cell responses by the
antigen receptor. Protein kinase C theta (PKC-0) is a key
kinase in mediating TCR signals. PKC-6 activated by TCR
engagement translocates to immunological synapses (ISs) and
regulates the activation of transcriptional factors NF-«kB, AP-
1, and NFAT. These transcription factors then activate target
genes such as IL-2 and IFN-y. Activation of mitogen-activated
protein kinases (MAPKs) further downstream to calcium/PKC
is an important event for both cytokine production and cell
activation. Serine/threonine protein kinases-MAPKs comprise
a family of protein kinases, including extracellular signal-
regulated kinases 1 and 2 (Erk1/2), p38 MAPK, and c-Jun N-
terminal kinase (JNK), which have been implicated as important
cellular signaling molecules activated by mycobacteria (26).
CD4+ T cells play a central role in the containment of M.
tuberculosis infection by secreting IFN-y and IL-2 (27). The
modulations in the TCR-mediated cell signaling mechanism are
not completely elucidated to date. Although very few reports of
alterations in signaling molecules are available so far, this study
used Jurkat T cells, peripheral blood either from humans or from
mice (10-12, 15, 16).

In the present study, significantly higher CD3-induced
Ca?t levels were observed in pleural fluid as compared to
blood and we also noted modulation in the Ca?T level after
M. tuberculosis antigen stimulation in blood and pleural fluid
of patients with TPE. In a previous study, we observed
that ESAT-6 significantly downregulated intracellular Ca®* in
the blood of pulmonary TB patients (15). We also noted
the same observation in this study and our finding showed
that ESAT-6 reduced intracellular Ca®t in blood and pleural
fluid of TPE patients. Direct inhibitory mechanisms of T-cell
activation has until now not been extensively studied. It was
previously observed that T cells from human TB patients had
decreased expression of CD3-, a key signaling domain of the
TCR/CD3 complex (8). Mahon et al. found that M. tuberculosis
bacilli directly inhibited CD4+ T-cell activation. Mahon et al.
(10) reported that M. tuberculosis cell wall glycolipids directly
inhibit polyclonal murine CD44 T-cell activation by blocking
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ZAP-70 phosphorylation and later they extended their study by
reporting that ManLAM induced inhibition of TCR signaling
by interfering with ZAP-70, Lck, and LAT phosphorylation in
antigen-specific murine CD4+ T cells and primary human T
cells (11). In the present study, we studied ZAP-70 activation
in blood and pleural fluid of anti-CD3 and CD28-activated
cells after being pretreated with M. tuberculosis antigen. We
observed the increased activation of ZAP-70 in pleural fluid, as
compared to blood in TPE patients. We observed significantly
higher levels of phosphorylation of ZAP-70 in pleural fluid, as
compared to blood samples of TPE patients. After stimulation
with M. tuberculosis antigens, altered activation was observed
both in blood and pleural fluid, whereas the significantly
increased level of phosphorylated ZAP-70 was observed only in
the blood after Ag85A stimulation. On the other hand, lesser
phosphorylation of ZAP-70 was observed in non-TPE patients
but not significantly. The ZAP-70 activation regulates further
activation of other downstream signaling molecules, so we
further studied the activation of PKC-6. PKC-0 is the first PKC
family member described to be recruited to the immunological
synapse (IS) (28). It plays an integral role in activating a range
of signaling cascades that ultimately result in a transcriptional
network in T cells. PKC includes a large family of homologous
serine/threonine protein kinases that are widely conserved in
eukaryotes (29). We observed significantly higher levels of
phosphorylated PKC 6 in pleural fluid, as compared to blood
samples of TPE patients. After stimulation with M. tuberculosis
antigens, significantly altered activation was observed in blood
and pleural fluid both. Higher activation of PKC 6 was also
observed in non-TPE patients but not significantly. We also
observed the activation of MAPKs and higher activation of
Erk1/2 and p38 in pleural fluid as compared to blood samples
and alteration in the activation of these MAK molecules was also
noted after stimulation with ESAT-6 and Ag85A. We did not find
any significant change in the activation of MAPKs in blood and
pleural fluid samples of non-TPE patients. The earlier studies
of the T-cell activation mechanism in TB have investigated
various events of T-cell signaling. Wang et al. showed that
the potent T-cell antigen ESAT-6 can directly suppress IFN-y
production in CD4+ T cells (9), Palma-Nicholas (12) reported
T-cell downmodulation of the MAPK-ERK1/2 pathway in total
spleen cells from naive BALB/c mice by the cell-surface lipid
di-O-acyl-trehalose (DAT). The regulation of IFN-y production
by the ERK and p38 MAPK signaling pathway, through SLAM
co-stimulation, had been studied in TB (13). Inhibition of IFN-
y production through the p38 MAPK pathway by ESAT-6 was
reported in T cells from healthy individuals (14). The effect of the
secretory protein ESAT-6 of M. tuberculosis on the modulation
of macrophage signaling pathways was also studied earlier
(19). Our previous study showed that the phosphorylation
of MAPKs-Erkl/2 and p38 was curtailed by M. tuberculosis
antigens in patients with TB, whereas in PPD+ve healthy
individuals only Erkl/2 phosphorylation was inhibited, the
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inhibitory effect of secretory antigens of M. tuberculosis on the
modulation of T-cell signaling pathways was also observed in
this study (15).

M. tuberculosis is capable of establishing infection in the host
by altering the different cell machineries. It modulates the cell
processes according to itself for the survival inside the host. The
modulation in T-cell signaling is not explored enough, but M.
tuberculosis is strongly thought of to cause changes in the signal
transduction pathway. This study explored the mechanisms
in M. tuberculosis infection, which are used to destabilize the
host’s T-cell response, besides what are already established.
Although previous studies of cell signaling pathways in TB have
contributed to marked advances in our knowledge about their
role in host protective immune responses, a number of critical
questions are still unstated. Research into the development
of TB vaccines and immunodiagnostics has focused on the
proteins released by M. tuberculosis, because these antigens
are thought to induce protective cell-mediated immunity and
immune responses of diagnostic value. Ag85A and ESAT-6
are widely studied for their potential to trigger effective host
immune responses against TB, but our knowledge regarding
their role in the T-cell signaling mechanisms underlying
proinflammatory cytokine secretion by T cells is not well
established. Presently, follow-up studies are also needed to
determine whether such alterations in the activation mechanism
revert after successful treatment and also whether these can be
modulated by immunotherapy. It is also of interest to know
the variations in different forms of TB and to determine the
relationship with the activation of different cytokines. These
observations of molecular and functional characteristics in TB
may provide new tools to analyze and monitor patients, to reveal
how these characteristics affect the development of immune
dysfunction, and to study new pathways to block suppressor
mechanisms. This endeavor enhances our knowledge of disease
pathogenesis, contributing to a better understanding of the
immune response to M. tuberculosis. It provides insight into
the specific immune responses to M. tuberculosis at the site of
infection, which may differ from those in blood. Hence, a study
of these T-cell activation pathways in pleural fluid and blood
from the same patient with TPE would be able to reveal the role
of these events in the dominance of the TH1 profile in TPE.
The understanding of human local immune responses to M.
tuberculosis may facilitate the evaluation of the efficacy of new
anti-TB vaccines. Further investigations may unravel the critical
targets for therapeutic intervention in chronic inflammatory
diseases.
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Objectives: As a closed gathering place, prison is the cradle of tuberculosis (TB)
outbreak. Therefore, the analysis of the prevalence rate and risk factors of latent
tuberculosis infection (LTBI) in prison will be a necessary measure to intervene in the
spread of tuberculosis.

Methods: In this study, we consecutively recruited 506 adult prisoners in Qingdao to
carry out this cross-sectional study. TB and LTBI were screened by IGRA, X-ray, X-pert,
sputum smear and culture.

Results: A total of 17TB, 101 LTBI and 388 HC were identified, with an infection
rate of 23.32% (118/506) and a TB incidence rate of 3282/100,000 population.
Age, malnutrition and inmates living with TB prisoners were risk factors for LTBI.
Additionally, most TB cases (70.59%, 12/17) were subclinical tuberculosis (STB),
contributing significantly to TB transmission.

Conclusion:  Our results demonstrate that the transmission efficiency of
asymptomatic patients is not essentially different from that of symptomatic
patients, indicating that TB transmission occurs during the subclinical period. Our
findings highlight the need to strengthen active case-finding strategies to increase
TB case detection in this population.

tuberculosis, incarcerated population, transmission, subclinical period, cross-sectional study

Introduction

Mycobacterium tuberculosis (MTB) is one of the leading causes of death due to a
single infectious agent, accounting for an estimated 1.6 million death in 2021 (1). As an
airborne-transmitted disease, MTB is majorly transmitted by inhaling droplet nuclei carrying
viable bacilli. Although early clearance of MTB by innate immunity in the majority of cases,
infection occurs in a substantial proportion of susceptible individuals, either leading to a
dormant state of the bacilli or developing active tuberculosis (ATB) disease (2). It is estimated
that approximately one-quarter of the worlds population has been infected with tubercle
bacilli (1). The LTBI is the major contributor to the pool of active tuberculosis cases, thereby
constituting a pivotal barrier to TB elimination (3).

Prisons have consistently been recognized as high-risk environments for TB transmission
due to overcrowded locations with poor ventilation (4). The estimated prevalence of infection
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in prisons is reported to be much higher than that in the general
population (5). In a survey on TB control in Europe, it was
estimated that European prions counted on average 17 times higher
incidence than the general population (6). This is also true for low-
income, high-burden countries, with more than 40 times higher
TB prevalence rates in prions than in the general population (5).
Given that infectious TB in prison inmates can be transmitted to
the community after prisoners are released, prions have emerged
as a threat to TB control; prisoners should be chosen as a priority
population for intervention (7).

China has the second-highest TB burden in the world. Notably,
the prevalence of bacteriologically positive TB exhibits significant
geographic diversity across this country, varying from high in
western China (212/100,000 population) to fewer than 66/100,000
population in eastern China (8). Qingdao is an eastern coastal
city in China, with an incidence rate of 26.82/100,000 population,
which is remarkably lower than the national average level (9).
Despite significant achievements during past decades, prisons are
neglected reservoirs of TB control in this region, majorly attributed
to inadequate provision of health services (10). More importantly,
international guidelines and national tuberculosis programmes focus
on case detection and preventive interventions for certain high-
risk groups (such as people living with HIV and family contacts
with diagnosed TB patients), but relatively little attention is paid
to incarcerated populations, thus hampering the formulation and
implementation of effective policies for these individuals living in
the risk environment (11). To address this concern, we undertook
a cross-sectional study to determine the prevalence of active TB and
risk factors of LTBI in a prison population.

Methods
Study design and participants

In 2022, we conducted cross-sectional screening for tuberculosis
in prison in Qingdao, China. HIV/AIDS, TB and LTBI screening were
carried out at the beginning of everyone’s admission; HIV-positive,
TB and LTBI prisoners were held incommunicado in different wards
and excluded from this study. Finally, a total of 506 prisoners
aged >18 were included. Demographic information was collected
through a questionnaire, and preliminary TB screening was carried
out. Further laboratory tests will be carried out on the screened TB
patients (Figure 1).

Ethical approval
This study was approved by the Ethics Commission of the
Municipal Center of Disease Control and Prevention of Qingdao,

and written informed consent was obtained from each participant
before enrollment.

TB screening

We collected the clinical symptoms of all participants. All
participants underwent chest radiographs to diagnose tuberculosis
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in accordance with international standards and guidelines (8).
Professional medical workers used BD Vacutainer Venous Blood
Collection Tubes (Becton Dickinson, Sunnyvale, CA, USA) to
collect venous blood while checked Mycobacterium bovis BCG
vaccine scars.

The collected blood was centrifuged within 2h at 2,500 rpm
for 5min. Then collect the upper serum, and next detected for
IGRA through QuantiFERON-TB Gold Kit (QIAGEN, https://www.
qgiagen.com). Suspected TB (IGRA seropositive with X-ray positive)
sputum samples were collected for smear, bacterial culture and X-
pert detection [J Sputum smear was examined under a microscope
after acid-fast staining. >1 acid-fast bacilli/100 visual fields were
found in both examinations, which was defined as positive. [
The bacteria are cultured on Lowenstein-Jensen (L-J) medium,
incubated at 37°C with daily examinations for 8 weeks until the
sample isolates at most minuscule one Mycobacterium tuberculosis
complex colony, which is defined as positive. [ After adding the
corresponding reagent of GeneXpert MTB/RIF (Xpert, Cepheid,
Sunnyvale, CA, USA), the sample was processed according to the
manufacturer’s instructions, and finally put into the machine to read
the results (12).

Definitions

We defined the population of IGRA (-, negative) with
X-ray (-) as Health control (HC); IGRA (-) with X-ray (+,
positive) participants as LTBI. And performed a series of
laboratory tests, and X-
pert, on IGRA (+) with X-ray (4) participants. People who

including sputum smear, culture,
were positive in any of the laboratory tests were immediately
defined as having TB, and the chest X-ray of all negative samples
were re-read by medical imaging expert panel to determine
whether it was TB (8). Patients with negative chest X-rays
after re-read were included in the LTBI cohort. The positive
population and the previous TB were defined as ATB and STB
(Table 3), according to clinical symptoms (cough, expectoration,
hemoptysis, etc.,).

Statistical analysis

This study, the x> test was used to analyze the transition
relationship between LTBI and HC. The risk factors from HC
to LTBI were counted by multivariate logistic regression, and the
corrected OR and 95% CI were calculated. The difference was
considered statistically significant when P < 0.05. All calculations
were performed using SPSS 22.0 software for Windows (SPSS Inc.,
Chicago, IL, United States).

Result

Study population
A total of 506 participants included 17 TB, 101 LTBI and 388

HC of which 17TB were screened from 25 IGRA seropositive
with X-ray positive participants using smear, culture, GeneXpert
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Adult prisoners in Qingdao
were selected for the study

Exclusion of HIV infection, TB

and LTBI history

IGRA and Chest X-ray

|

)
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without X-ray positive
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with X-ray positive

IGRA seronegative
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Laboratory test
(Smear Culture X-pert)

'
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chest X-ray

'
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Latent Tuberculosis infection Active Tuberculosis
(101) (5)

FIGURE 1

LTBI, Latent Tuberculosis infection.

The workflow of this study is to classify different groups of prisoners with different health status. HIV, human immunodeficiency virus; TB, tuberculosis;

Subclinical Tuberculosis Health control
(12) (388)

and rechecked chest X-ray, and a pulmonary TB incidence of
3,373 cases/100,000 persons (Table 1). Almost all of them were
male (504/506, 99.60%), and only two females were LTBI and HC,
respectively. The average age of the participants was 40 years old
(range 18-78). Junior high school education accounted for 40.12%
(203/506), followed by 38.34% (194/506) with high school education
or above, and 21.54% (109/506) with primary school education.
Most of the participants were non-local population, and only
15.42% (78/506) of the participants were local registered residents.
84.58% (428/506) of the participants were employed before being
jailed. As of the time of information collection, the duration of
incarceration was from 1 to 214 months (median term 2 months),
and nearly half of the participants exceeded 2 months in jail
(262/506, 51.78%).

According to the WHO standard, 13.04% (66/506) of people
were malnutrition (BMI <18.5) (13, 14). 15.61% (79/506) of the
participants had a history of close contact with TB (family member
with a TB history and history of close contact with a TB patient).
Surprisingly, only 10.67% (54/506) of people with the BCG vaccine
(Mycobacterium bovis BCG scar). 19.37% (98/506) of participants had
complications. After screening, 30.63% (155/506) of them were found
to share a room with TB inmates.

Frontiersin Public Health

Characteristics between LTBlI and HC

Preliminary tests showed that 19.96% (101/506) of the prisoners
changed from HC to LTBI during their incarceration. Therefore, we
compared the characteristic frequencies of LTBI and HC (Table 2).
In terms of age, most people with LTBI were >45 years old (45.54%,
46/101). The IGRA-seropositive was proportional to age, and the risk
of becoming LTBI increases (P < 0.05). In addition, malnourished
prisoners were at greater risk and had a higher incidence (P =
0.045, 95% CI: 1.024-7.091). Remarkably, there was a significant
relationship between the high incidence of LTBI and the cohabitation
of the TB population we had identified (P < 0.001, up to 50-60
people per cell), and it was an inextricable risk factor (P < 0.001, 95%
CI: 0.010-0.042).

In addition, the sentence length and place of origin were not
related to the incidence of LTBI in this study (P = 0.652, 0.107).
Participants with a history of close contact with TB had a higher
incidence (P =0.003), but did not affect the conversion of HC to
LTBI (P = 0.892, 95% CI: 0.467-1.939). However, the incidence of
LTBI was not statistically significant in terms of education level, pre-
prison work, excess nutrition, complications, and BCG vaccination
(P > 0.05).
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TABLE 1 Comparison of characteristics in prisoners, Qingdao, China.

Characteristics TB LTBI HC P-value by x? test
n=17 n=101 n = 388
(100.0%) (3.36%) (19.96%) (76.68%)
Sex
Male 504 (99.60%) 17 (100.00%) 100 (99.01%) 387 (99.74%) 0.304
Female 2 (0.40%) 0 (0.00%) 1(0.99%) 1(0.26%)

Age (years)

<25 39 (7.71%) 4(23.53%) 4(3.96%) 31 (7.99%) 0.049
25-34 154 (30.43%) 6 (35.29%) 26 (25.74%) 122 (31.44%)
35-44 141 (27.87%) 3 (17.65%) 25 (24.75%) 113 (29.12%)
>45 172 (33.99%) 4(23.53%) 46 (45.54%) 122 (31.44%)

Education level

Primary school 109 (22.33%) 4(23.53%) 28 (27.72%) 77 (19.85%) 0.229
Middle school 203 (41.11%) 4(23.53%) 38 (37.62%) 161 (41.49%)

High school 194 (38.74%) 9 (52.94%) 35 (34.65%) 150 (38.66%)

Residence

Local 364 (71.94%) 13 (76.47%) 66 (65.35%) 285 (73.45%) 0.107
Migrant 142 (28.06%) 4(23.53%) 35 (34.65%) 103 (26.55%)

Employment

No 78 (15.42%) 3 (17.65%) 21 (20.79%) 54 (13.92%) 0.088
Yes 428 (84.58%) 14 (82.35%) 80 (79.21%) 334 (86.08%)

Malnutrition (BMI1<18.5)

No 440 (86.96%) 14 (82.35%) 94 (93.07%) 332 (85.57%) 0.045

Yes 66 (13.04%) 3 (17.65%) 7 (6.93%) 56 (14.43%)

Contact history

No 431 (85.18%) 13 (76.47%) 77 (76.24%) 341 (87.89%) 0.003

Yes 75 (14.82%) 4(23.53%) 24 (23.76%) 47 (12.11%)

Concurrent condition

No 408 (80.63%) 14 (82.35%) 76 (75.25%) 318 (81.96%) 0.430

Yes 98 (19.37%) 3 (17.65%) 25 (24.75%) 70 (18.04%)

Mycobacterium bovis BCG scar

No 452 (89.33%) 15 (88.24%) 89 (88.12%) 348 (89.69%) 0.648

Yes 54 (10.67%) 2 (11.76%) 12 (11.88%) 40 (10.31%)

Current duration of incarceration, month

<2 244 (48.22%) 2 (11.76%) 52 (51.49%) 190 (48.97%) 0.652

>2 262 (51.78%) 15 (88.24%) 49 (48.51%) 198 (51.03%)

Living in the same room as TB inmates

No 351 (69.37%) 0(0.00%) 18 (17.82%) 333 (85.82%) <0.001

Yes 155 (30.63%) 17 (100.00%) 83 (82.18%) 55 (14.18%)

TB, tuberculosis; LTBI, Latent tuberculosis infection; HC, Health control; BCG, Bacillus Calmette Guerin; BMI, body mass index; OR, odds ratio; CI, confidence interval.

Subclinical tuberculosis transmission ablllty of TB were in the subclinical tuberculosis (STB) state; there were no

clinical symptoms of tuberculosis such as cough and expectoration.

We further improved the demographic, clinical symptoms and ~ Even half of the cells had only STB prisoners, but it still caused HC

laboratory testing information of 17 TB (Table 3). It was found that  in the same room to be infected with LTBI (Figure 2). This indicated
this TB was mainly concentrated in four cells. And 70.59% (12/17)  that STB still has a solid ability to spread tuberculosis.
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TABLE 2 Factors associated with LTBl among prisoners, Qingdao, China.

OR (95% Cl)

Factor P-value by
multivariable

regression

Age (years)

<25 Referent 0.044
25-34 4.809 (1.309-17.665)

35-44 1.759 (0.869-3.563)

>45 2.110 (1.031-4.318)

Malnutrition (BM1<18.5)

No Referent 0.045
Yes 2.694 (1.024-7.091)

Contact history

No Referent 0.892
Yes 0.952 (0.467-1.939)

Living in the same room as TB inmates

No Referent <0.001
Yes 0.952 (0.467-1.939)

TB, tuberculosis; LTBI, Latent tuberculosis infection; OR, odds ratio; CI, confidence interval.

Discussion

Prisons are regarded as a hotspot for TB disease and transmission,
emphasizing that prevention strategy must focus on this hotspot
to achieve the global target of ending TB (11). In the present
study, we confirm the prediction of a significant burden of TB in
an incarcerated population in Qingdao, where 3.36% of inmates
had pulmonary TB. The prevalence of TB found in our study
was six times higher than the estimated prevalence for the general
population (0.5% in 2010) (8). This prevalence corroborated that
in Cameroon (3.3%) (5) and Zambia (4.0%) (15), although it
is lower than that in Ethiopia (10.4%) (16), and South Africa
(7.5%) (17), and higher than that in Malawi (0.7%) (18). The
cause for this discrepancy is majorly due to different sampling
strategies, screening methodologies, and case definitions across
studies (17). Indeed, several of the studies mentioned above registered
only prisoners with typical symptoms and chest radiographs as
having smear-positive pulmonary TB, which leads to a possible
underestimation of the rate of pulmonary TB. The high prevalence
of active TB in incarcerated populations calls for urgent strategies
to address this concern, considering that it is not only a risk
to other prisoners and prison staff; it also has the potential to
put the communities in danger of TB disease after their release
from prison.

By employing the active case-finding strategy, 17 cases of active
pulmonary TB were detected in our cohort, of which 5 had
clinical symptoms suggestive of active TB and 12 were declared
free of symptoms, demonstrating that about two-thirds of patients
were subclinical diseases. By reviewing data from TB prevalence
population surveys, Frascella and colleagues found that the median
percentage of subclinical TB cases was 50.4 and 56.4% in African and
Asian countries, respectively (19). Existing data are increasingly clear
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that subclinical TB accounts for a substantial fraction of prevalent
disease in the general population, as well as in the incarcerated
population, suggesting the heterogeneity in the natural history of
TB. In the subclinical period, the absence of symptoms indicating
active TB challenges the passive case-finding strategy for diagnosing
TB in most low-income countries, where chest radiography is
conducted only for cough of 2 or more weeks’ duration, undoubtedly
resulting in subclinical TB patients without clinical symptoms are
missed. This could be intensified by the fact that prisons are
often underfunded and without mandate to provide comprehensive
healthcare services (7). Thus, our findings highlight the need to
strengthen active case-finding strategies to increase TB case detection
in this population.

Our finding of a great proportion of subclinical TB inmates
raised the very interesting question of whether TB transmission
occurred during the subclinical period. Traditionally, it is well known
that TB transmission is caused by the aerosolization of infectious
droplet nuclei, which are majorly generated by coughing (20). A
previous household study in Uganda demonstrated that cough-
expelled aerosols with tubercle bacilli were a much stronger predictor
of recent infection (21). However, our results supported the opposite
notion, that the transmission efficiency of asymptomatic patients
was not essentially different from that of symptomatic patients. One
possible explanation for the infectivity of asymptomatic patients
is that respiratory droplets can produce during routine activities
such as talking and breathing (22). In line with our hypothesis,
multiple recent studies by analyzing MTB DNA from face masks
worn by individuals with active TB found no association between the
quantity of exhaled MTB and cough frequency or sputum positivity
(23). Despite exhibiting no disease symptoms, people can still have
varying bacterial loads contributing to further transmission. Similar
results were reported in COVID-19-infected patients that symptom
expression was not always positively correlated with virus load. This
phenomenon may reflect that clinical symptoms are determined by
an intricate balance between the immune system of the host and
the virulence of tubercle bacilli. It also underlines the fact that the
majority of individuals are highly susceptible to TB because of the
limited protective efficacy of the BCG vaccine; thus infection with
MTB can occur even after exposure to small numbers of viable
bacilli (23).

We also explored potential risk factors for TB infection in an
incarcerated population. As expected, the inmates exposed to hospital
roommates with active TB disease were the most significant factor for
TB infection. This could be explained by the nature of the cells shared
by the inmates, including high-density crowds and poor ventilation.
In addition, we found a trend toward low BMI being associated with
an increased risk of TB infection. An observational study concerning
the influence of BMI on immune response indicated that low BMI
was related to the impairment of cell-mediated immunity functions
(24), which is essential for MTB clearance in host. Moreover, Han
and colleagues found that white adipose tissue provided a niche for
the long-term maintenance of pathogen-specific memory T cells (25).
Therefore, impaired T cell immunity is a potential major contributor
to an increased risk of TB infection in individuals with low BMIL.

This study had several limitations. First, the major limitation
of the present study was the small number of inmates, which may
limit the overall significance of our conclusion. Second, due to the
cross-sectional nature of this study, we did not conduct intensive
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TABLE 3 Information of prisoners with tuberculosis.

Patient Room Demographic information Clinical symptoms Laboratory testing
= (UMBEE Age Sex Employment Resistance Cough Cough Hemoptysis Chest Night Weakness Smoking History of Smear Culture Xpert
pain  sweat history  tuberculosis
1 1 41 M ° . o o o o o . . o o o o
2 23 M ° o o o o o o . o o o o o
3 28 M . . o o o o o . . o o o o
4 32 M ° . o o o o o . o o o o o
5 2 25 M o o o o o o o o . ° o o o
6 31 M ° . o o o o o o o o o o o
7 3 60 M ° o . o o o o o o o o o o
8 33 M . . . o o o o o o o o o o
9 18 M ° . . o o o o o o o o o o
10 43 M . . o o o o o . o . o o o
11 42 M ° . o o o o o o . o o . o
12 4 53 M o . o o o o o o . o o o °
13 23 M ° . o o o o o o o o o . .
14 21 M o . . o o o o . o o o . .
15 56 M ° . . o o o o o . ° o o o
16 45 M ° o o o o o o o o o o o o
17 28 M ° . o o o ) o o o o o o o

o Indicate no/negative; o Indicate yes/positive; M, male.
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FIGURE 2
Composition of the health status of prisoners living with tuberculosis. ATB, Active tuberculosis; STB, Subclinical tuberculosis; LTBI, Latent Tuberculosis
infection; HC, Healthy control.

follow-ups on individuals with evidence of recent infection. Third,
a recent modeling study demonstrated that the sensitivity of chest
X-rays for asymptomatic individuals might be lower than 88% (23),
indicating that the burden of subclinical TB in our cohort may
be underestimated. In addition, further laboratory testing of the
cases with IGRA or CXR negative cohorts may help to find hidden
TB or LTBL Finally, only a small number of patients had positive
cultures, hampering us to perform molecular genotyping analysis,
and identifying the timing and directionality of disease transmission.

To conclude, we confirm the prediction of a large burden
of TB in an incarcerated population in Qingdao, where 3.3%
of inmates had pulmonary TB. About two-thirds of patients are
subclinical diseases without symptoms indicating active TB. In
addition, our results demonstrate that the transmission efficiency
of asymptomatic patients is not essentially different from that
of symptomatic patients, indicating that TB transmission occurs
during the subclinical period. The inmates exposed to hospital
roommates with active TB disease and low BMI are great risk factors
for TB infection. Our findings highlight the need to strengthen
active case-finding strategies to increase TB case detection in
this population.
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Background: Tracheobronchial stenosis, particularly central airway stenosis, which
frequently results in severe complications such as lung damage, occurs in patients
with tracheobronchial tuberculosis (TBTB).

Objectives: To analyze the clinical characteristics of patients with central airway
stenosis due to tuberculosis (CASTB).

Methods: Retrospective analysis was performed on the clinical features, radiological
features, bronchoscopic features and treatment of 157 patients who were diagnosed
with CASTB in two tertiary hospitals in Chongging, China, from May 2020 to May 2022.

Results: CASTB mostly occurs in young patients and females. Patients with CASTB
exhibited different symptoms repeatedly during the disease, especially varying
degrees of dyspnea, prompting many patients to undergo bronchoscopic intervention
and even surgery. Patients with cicatricial strictures constituted the highest proportion
of the TBTB subtype with CASTB and 35.7% of the patients with CASTB were found
to have tracheobronchomalacia (TBM) under bronchoscopy. CASTB and TBM mainly
involved the left main bronchus. Patients with lower levels of education had higher
rates of TBM. Patients with TBM manifested shortness of breath more frequently
than patients without TBM. Patients with TBTB who had undergone bronchoscopic
interventions have a higher rate of TBM.

Conclusions: Despite mostly adequate anti-tuberculosis chemotherapy, patients with
TBTB can present with CASTB involving severe scarring stenosis, bronchial occlusion,
tracheobronchomalacia and even destroyed lung.

KEYWORDS

tracheobronchial tuberculosis, central airway
tracheobronchomalacia, clinical characteristics

stenosis, bronchoscopic findings,

1. Introduction

The global tuberculosis report 2022 points out that tuberculosis (TB) is still ranked in the
top 10 causes of death worldwide. According to the latest World Health Organization statistics,
there are approximately 10.6 million people with TB disease, and 1.6 million deaths were due to
TB in 2021 (1).

Tracheobronchial tuberculosis (TBTB) is a special type of TB infecting the tracheobronchial
tree that could affect any portion or layer of the tracheobronchial wall (2). Published
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evidence suggests that TBTB may be present in as many as 40% of
patients with pulmonary tuberculosis (PTB) (3-5). The incidence
of airway stenosis associated with TBTB can be as high as 68%
during the first 4-6 months of illness (6). However, due to the lack
of specific symptoms and the lack of attention from patients and
medical staff, some cases of early reversible airway stenosis may
progress gradually and eventually result in permanent cicatricial
stenosis. If the stenosis occurs in the central airway, it is called
central airway stenosis due to tuberculosis (CASTB), which is
the most severe type because it can lead to varying degrees of
respiratory distress, recurrent respiratory infections, and even death
from asphyxia (7-9).

However, the clinical characteristics of CASTB are relatively
rarely reported in the literature. Consequently, we aimed to
retrospectively analyze the clinical characteristics of patients with
CASTB to increase physician awareness of the clinical features and
harmfulness of the condition.

2. Materials and methods

2.1. Law and ethics

This study is a retrospective case study approved by the
Medical Ethics Committee of the First Affiliated Hospital of
Chongqing Medical University (No. 20188501) without the need for
participants’ explicit consent. The institutional review board of each
hospital approved the analysis of patients’ clinical, radiological, and
bronchoscopic data.

2.2. Study design

We performed a retrospective analysis of patients with CASTB
treated at the First Affiliated Hospital of Chongqing and the
Public Health Medical Center (PHMC) from May 2020 to May
2022. The inclusion criteria were as follows: (1) patients diagnosed
with TBTB based on positive acid-fast bacilli smear or culture of
Mycobacterium tuberculosis (Mtb) or histopathologically and with
endoscopic findings suggestive of TBTB (9); (2) patients with proven
TBTB with endoscopic findings of central airway stenosis (including
trachea, right and left main bronchi and right middle segment
bronchi) (10, 11). The exclusion criteria were as follows: (1) patients
with tracheobronchial stenosis secondary to etiologies other than
TB; (2) patients with incomplete clinical data; (3) patients diagnosed
with life-threatening cardiovascular, hepatic, hematopoietic, or other
serious diseases.

According to the Chinese guidelines for the classification of
TBTB (9), bronchoscopic subtypes of TBTB may be classified
as inflammatory infiltration, ulceration necrosis, granulation
cicatricial stricture, tracheobronchomalacia and
Endobronchial
comparing the decrease in cross-sectional area and grade under
bronchoscopy as follows: Grade I (<50%); Grade II (51-70%);
Grade III (>70%) (12). Clinical case notes and electronic medical

hyperplasia,

lymphatic fistula. stenosis was evaluated by

records of all patients were reviewed. Demographic information,
symptoms, radiological features, bronchoscopic findings, and
treatment were recorded.
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2.3. Statistical analysis

Statistical analyses were performed using SPSS version 26.0 (SPSS
Inc, Chicago, IL, USA), with P < 0.05 being statistically significant (all
P-values are from two-sided tests). Normality was tested using the
Shapiro-Wilk test separate parametric and non-parametric variables.
The continuous variables of normally distributed data are expressed
as means + standard deviation and differences between any two
groups were assessed by an unpaired t-test. Categorical data are
expressed as numbers (percentage), and comparisons for testing
statistically significant differences were made using the x?2-test
(minimum expected values >5) or Fisher’s exact test (minimum
expected values <5).

3. Results
3.1. Characteristics of patients with CASTB

The study included 157 patients. Of the patients diagnosed
with CASTB (mean age 32.5 years, range 17-64 years), 132
were female (84.1%, median age 32.4 years) and 25 were male
(15.9%, mean age 33.4 years). The proportion of patients aged
20-29 years diagnosed with CASTB was significantly higher than
that of other age groups, followed by the 30-39 age group of
patients. Thirty-three patients diagnosed with CASTB (21.0%) were
underweight (BMI < 18.5 kg/m?), 14 (8.9%) were the national
minority, 36 (22.9%) lived in rural areas, 99 (63.1%) had high
school or lower education level, 104 (66.2%) were married, 7 (4.5%)
had smoking history, 3 (1.9%) had diabetes, 40 (25.5%) had a
history of PTB, 14 (8.9%) had drug resistance and 18 (11.5%) had
irregular anti-TB treatment. The common symptoms of CASTB
included cough (132/157, 84.1%), expectoration (118/157, 75.2%),
shortness of breath (91/157, 58.0%), hemoptysis (29/157, 18.5%)
and weight loss (40/157, 25.5%). One hundred and twenty-three
patients (78.3%) underwent bronchoscopic intervention (including
cryotherapy, electric coagulation, balloon dilatation, and stent
insertion) and 2 of them underwent surgery. The remaining 34
patients were conservatively managed (Table 1).

3.2. Chest CT and bronchoscopy

The results of chest CT and bronchoscopy are presented
in Table2. Based on chest CT, 51 (32.5%) patients showed
thickening, 136  (86.6%)
tracheobronchial stenosis, 33 (21.0%) patients showed mediastinal

tracheobronchial ~ wall showed
nodes increase, 34 (21.7%) patients showed mediastinal nodes
calcification and 19 (12.1%) patients showed cavities. Of all the study
patients, 5 (3.2%) had destroyed lung and two of them underwent
a surgical operation. The results of bronchoscopy indicated 101
(64.3%) cases of cicatricial strictures, 7 (4.5%) cases of TBM, and
49 (31.2%) mixed cicatricial strictures and TBM. The lesions were
mainly located in the left main bronchus (58.0%), followed by
the right bronchus (30.6%), the left upper lobe bronchus (26.8%),
and the right upper lobe bronchus (23.6%). Patients with multiple
lesions under bronchoscope constituted 77.1%. A total of 56
(35.7%) of the 157 patients with CASTB manifested TBM and the
highest proportion of TBM lesions was the left main bronchus
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TABLE 1 Demographic and clinical characteristics of 157 patients
diagnosed with CASTB.

‘ Patients (n = 157)

Age [mean (SD)] ‘ 32.5(11.41)
Age categories (y)

<20 10 (6.4%)
20-29 73 (46.5%)
30-39 32 (20.4%)
40-49 24 (15.3%)
50-59 15 (9.6%)
>60 3(1.9%)
BMI [mean (SD)] 20.93 (3.12)

BMI (kg/m?)

<18.5 (underweight) 33 (21.0%)

18.5-24.9 (normal weight) 113 (72.0%)

25.0-29.9 (overweight) 9 (5.7%)
>30.0 (obese) 2(1.3%)
Gender

Male 25 (15.9%)
Female 132 (84.1%)

National minority

Yes 14 (8.9%)
No 143 (91.9%)
Residence

Urban 121 (77.1%)
Rural 36 (22.9%)
Education

College or above 58 (36.9%)

High school or less 99 (63.1%)

Marital status

Married 104 (66.2%)

Spinsterhood 53 (33.8%)

Smoking history

Never-smoker 150 (95.5%)
Former or current smoker 7 (4.5%)
Diabetes

Yes 3(1.9%)
No 154 (98.1%)
History of PTB

Yes 40 (25.5%)
No 117 (74.5%)
Drug resistance

Yes 14 (8.9%)
No 85 (54.1%)

Irregular anti-tuberculosis treatment

(Continued)
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TABLE 1 (Continued)

Patients (n = 157)

Yes 18 (11.5%)

No 139 (88.5%)

Symptoms at presentation

Cough
Yes 132 (84.1%)
No 25 (15.9%)

Expectoration

Yes 118 (75.2%)

No 39 (24.8%)

Shortness of breath

Yes 91 (58.0%)
No 66 (42.0%)
Hemoptysis

Yes 29 (18.5%)
No 128 (81.5%)
Weight loss

Yes 40 (25.5%)
No 117 (74.5%)

Treatment methods

Bronchoscopic intervention 123 (78.3%)

Cryotherapy 120 (76.4%)
Electric coagulation 94 (59.9%)
Balloon dilatation 104 (66.2%)
Stent insertion 13 (8.3%)
Surgical operation 2 (1.3%)

Data are expressed as numbers (percentages). CASTB, central airway stenosis due to
tracheobronchial tuberculosis; BMI, body mass index.

(37/56, 66.1%). Of these patients including all lesions detected
bronchoscopically, 20 (12.7%) were mild stenosis, 56 (35.7%) were
intermediate stenosis, and 81 (51.6%) were severe stenosis.

3.3. Comparison of TBM group vs. non-TBM
group

Patients with lower levels of education exhibited a higher
incidence of TBM compared with patients with higher levels of
education (p = 0.008; Table 3). A greater percentage of patients with
TBM experienced shortness of breath (73.2 vs. 49.5%, p = 0.004)
than patients without TBM. Not only that, a greater percentage of
patients with TBM had modified Medical Research Council (mMRC)
dyspnea scores > 2 (30.4 vs. 12.9%, p = 0.008) than patients without
TBM. A larger proportion of patients with TBM had ever undergone
bronchoscopic interventions (92.3 vs. 70.3%, p = 0.001) than patients
without TBM. No statistically significant difference was found in
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TABLE 2 Chest CT and bronchoscopy features of 157 patients with CASTB. TABLE 3 Comparison of TBM group (n = 56) vs. non-TBM group (n = 101).

| Patients (n = 157) Non-TBM p-

(n=101) value
Chest CT features
Age[mean (SD)] 32.52 (1.56) 32.63 (1.13) 0.952
Tracheobronchial wall thickening 51 (32.5%)
BMI [mean (SD)] 21.18 (0.43) 20.79 (0.31) 0.456
Tracheobronchial stenosis 136 (86.6%)
Gender 0.160
Mediastinal nodes increase 33 (21.0%)
Male 12 (21.4%) 1,312.9 (%)
Mediastinal nodes calcification 34 (21.7%)
Female 44 (78.6%) 88 (87.1%)
Cavity 19 (12.1%)
Residence 0.950
Destroyed lung 5(3.2%)
) Urban 43 (76.8%) 78 (77.2%)
Bronchoscopic features
Rural 13 (23.2%) 23 (22.8%)
Type of TBTB
Education 0.008
Cicatricial stricture 101 (64.3%)
College or above 13 (23.2%) 45 (44.6%)
Tracheobronchomalacia 7 (4.5%)
High school or less 43 (76.8%) 56 (55.4%)
Cicatricial stricture 4+ Tracheobronchomalacia 49 (31.2%)
: . Symptoms
Site of lesions
Cough 0.970
Trachea 29 (18.5%)
Yes 47 (83.9%) 85 (84.2%)
LMB 91 (58.0%)
No 9 (16.1%) 16 (15.8%) 0.973
RMB 48 (30.6%)
Expectoration
RBI 33 (21.0%)
Yes 42 (75.0%) 76 (75.2%)
LULB 42 (26.8%)
No 14 (25.0%) 25 (24.8%)
LLLB 23 (14.6%)
Hemoptysis 0.254
RULB 37 (23.6%)
Yes 13 (23.2%) 16 (15.8%)
RMLB 15 (9.6%)
No 43 (76.8%) 85 (84.2%)
RLLLB 15 (9.6%)
. . Shortness of breath
Number of lesions involved
Yes 41 (73.2%) 50 (49.5%) 0.004
Single 36 (22.9%)
No 15 (26.8%) 51 (50.5%)
Multiple 121 (77.1%)
. . Weight loss 0.296
Site of TBM lesions
Yes 17 (30.4%) 23(22.8%)
Trachea 5(3.2%)
No 39 (69.6%) 78 (77.2%)
LMB 37 (23.6%)
mMRC dyspnea scores >2 0.008
RMB 10 (6.4%)
Yes 17 (30.4%) 13 (12.9%)
RMI 8(5.1%)
. No 39 (69.6%) 88 (87.1%)
Grade of tracheobronchial
o ) . Treatment methods
Stenosis (including all bronchi)
Bronchoscopic 52(92.3%) 71 (70.3%) 0.001
Grade 1 20 (12.7%) intervention
Grade 2 56 (35.7%) Cryotherapy 51 (91.1%) 69 (68.3%) 0.001
Grade 3 81 (51.6%) Electric coagulation 39 (69.6%) 55 (54.5%) 0.063
Data are expressed as numbers (percentages). CASTB, central airway stenosis due to Balloon dilatation 45 (80.4%) 59 (58.4%) 0.005
tracheobronchial tuberculosis; CT, computed tomography; LMB, left main bronchus; RMB, right
main bronchus; RBI, right bronchus intermedius; LULB, left upper lobe bronchus; LLLB, left Stent insertion 5 (8.9%) 8 (7.9%) 0.826
lower lobe bronchus; RULB, right upper lobe bronchus; RMLB, right middle lobe bronchus;
RLLB, right upper lobe bronchus; TBM, tracheobronchomalacia. Surgical operation 1(1.8%) 1(1.0%) 0.670
Number of lesions involved under bronchoscope 0.211
Single 16 (28.6%) 20 (19.8%)
the number of lesions and degree of stenosis under bronchoscope
Multipl 40 (71.4% 81 (80.2%
between the two groups (P > 0.05; Table 3). whpe (71.4%) (80-2%)
(Continued)

Frontiers in Public Health 93 frontiersin.org


https://doi.org/10.3389/fpubh.2023.1115177
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org

Zhuang et al.

TABLE 3 (Continued)

TBM Non-TBM P-
(n = 56) (n=101) value
Grade of tracheobronchial stenosis (including all bronchi) 0.118
Grade 1 3 (5.4%) 17 (16.8%)
Grade 2 22 (39.3%) 34 (33.7%)
Grade 3 31 (55.4%) 50 (49.5%)

Continuous data are expressed as means + standard. Differences between the 2 groups were
tested by the unpaired t-test for normally distributed continuous variables. Categorical data
are expressed as numbers (percentage), and comparisons for testing statistically significant
differences were made using the x? test (minimum expected values >5) or Fisher’s exact test
(minimum expected values <5). TBM, tracheobronchomalacia; BMI, body mass index; mMRC,
Medical Research Council; LMB, left main bronchus; RMB, right main bronchus; RBI, right
bronchus intermedius.

4. Discussion

This study was the first dual-center, retrospective report analyzing
the clinical characteristics of CASTB. This study found that
CASTB mostly occurs in young patients and females. Patients with
CASTB manifested different symptoms repeatedly during the disease,
especially varying degrees of dyspnea, prompting many patients to
undergo bronchoscopic intervention and even surgery. The TBTB
subtypes of patients with CASTB which accounted for the highest
proportion were cicatricial strictures and 35.7% of the patients with
CASTB were found to have TBM under bronchoscope. The left main
bronchus was more prone to be involved in patients with CASTB
and TBM. Patients with lower levels of education had higher rates
of TBM. Patients with TBM experienced shortness of breath more
frequently than patients without TBM. Patients with TBTB who had
undergone bronchoscopic interventions had a higher rate of TBM. Of
the 157 patients with CASTB, 68.8% had cicatricial stricture, 35.7%
had tracheobronchomalacia and 3.2% had destroyed lung.

CASTB is seldom reported. In 2018, a large-scale prospective
study (13) enrolled 392 patients with scarring airway stenosis from
18 tertiary hospitals. It reported that TBTB was the most common
cause of scarring airway stenosis in Chinese adults with a high
rate of incidence in young women. Similar sex- and age-related
preponderance was observed in our study of CASTB. In the present
study, nearly half of the patients were aged between 20 and 29
years probably due to the stronger immunity and inflammatory
response to the disease, which may increase the risk of airway injury,
even leading to permanent scar stenosis. The study found a higher
proportion of females in patients with CASTB, which was consistent
with previous reports (4, 14, 15). The bronchi were smaller and
thinner in adult women than in men, and sputum retention promoted
chronic infection of the bronchial lumen with Mtb (15). In addition,
Gan et al. (16) suggested that estradiol may play an important role in
the pathogenesis of TBTB by binding to estrogen receptor o (ERa)
and affecting Mtb proliferation in bronchial epithelial cells. Estrogen
is known to increase the levels of transforming growth factor p1
(TGF-P1) and fibronectin, which affects the wound healing response
(17, 18). This may also explain the occurrence of severe cicatricial
strictures in TBTB mostly in younger women.

In 2018, a large prospective study in southern China found that
the proportion of retreated patients was 13.2% of the 1,442 patients
with PTB, while this proportion was 10.7% among patients with
TBTB (4). However, our study indicated that 25.5% of patients with
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CASTB had a history of PTB probably due to the significantly reduced
cellular immune function in patients with retreated PTB than in
newly treated patients (19).

During the disease, 21% of patients with CASTB were
underweight and 25.5% of patients manifested symptoms of weight
loss. TB itself is a wasting disease. However, changes in weight
which may reflect disease activity, are not often the focus of
outpatient consultations. Patients with CASTB manifested different
symptoms during the disease, especially varying degrees of dyspnea,
which was the main reason why patients underwent bronchoscopic
interventions and even surgery. Most patients symptoms were
relieved after active treatment. However, patients with severe scarring
stenosis, bronchial occlusion, malacia, and even lung damage, were
still detected.

Our findings showed that the highest proportion of TBTB
subtypes was cicatricial strictures (64.3%). The proportion of patients
who had multiple lesions under bronchoscopy was as high as
77.1%, suggesting that the study patients had severe and extensive
tracheobronchial lesions during the disease. The higher frequency
of left bronchial involvement with CASTB and TBM is also
consistent with previous studies (4, 13, 20). This finding may be
explained by the location of the left main bronchus anatomically
adjacent to the aortic arch and vulnerability to compression,
increasing the risk of endobronchial infection of the left main
bronchus (2).

This study found that 35.7% of the patients with CASTB had
TBM and patients with lower levels of education had higher rates
of TBM, which might be related to the fact that patients with lower
levels of education had poorer compliance with standardized anti-
tuberculosis treatments. Compared with patients without TBM, those
with TBM were more likely to experience dyspnea because of the
weakening of the airway wall and dynamic collapse of the airway
lumen during respiration (21). Our analysis also found that patients
with previous bronchoscopic interventions had a higher rate of TBM.
There are two possibilities to be considered. One explanation is that
this is an accidental phenomenon. Another possible explanation is
that bronchoscopic intervention as a type of surgical procedure may
damage cartilage or normal structures further contributing to the
development of TBM. The impact of bronchoscopic interventions in
the longer term is less predictable although it is a logical approach
to relieve symptoms. Additional studies are needed to investigate the
outcomes of bronchoscopic interventions, both immediate and in the
longer term.

Some limitations of this study should be noted. First, this
study was a retrospective study with a relatively small sample size,
suggesting the possibility of bias. Second, lesions were graded based
on the results of bronchoscopic examinations. It was possible that
lesions were over or underestimated due to the subjective judgment of
the physicians performing bronchoscopy despite similar evaluation
criteria. Third, this study could not identify the predictors of TBM in
patients with CASTB definitively. Further prospective, multicenter,
and large-scale studies are needed to establish the incidence and
predictors of CASTB and TBM in patients with TBTB.

5. Conclusion

Despite mostly adequate anti-tuberculosis chemotherapy,

patients with TBTB can present with CASTB involving severe
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scarring stenosis, bronchial occlusion, tracheobronchomalacia,

and even  destroyed lung.  Future studies  should
focus on the pathogenesis of bronchial fibrosis and
bronchomalacia to prevent tracheobronchial stenosis at an

early stage.
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