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Abstract: Tuberculosis (TB) is an infectious disease caused by the bacterium Mycobacterium
tuberculosis (MTB) and it represents a persistent public health threat for a number of complex
biological and sociological reasons. According to the most recent Global Tuberculosis Report (2019)
edited by the World Health Organization (WHO), TB is considered the ninth cause of death worldwide
and the leading cause of mortality by a single infectious agent, with the highest rate of infections and
death toll rate mostly concentrated in developing and low-income countries. We present here the
editorial section to the Special Issue entitled “Mycobacterium tuberculosis Pathogenesis, Infection
Prevention and Treatment” that includes 7 research articles and a review. The scientific contributions
included in the Special Issue mainly focus on the characterization of MTB strains emerging in TB
endemic countries as well as on multiple mechanisms adopted by the bacteria to resist and to adapt
to antitubercular therapies.

Keywords: M. tuberculosis; tuberculosis; host-pathogen interactions; immune response; antitubercular
drug discovery; antitubercular treatments

Editorial

Tuberculosis (TB) is an infectious disease caused by the bacterium Mycobacterium tuberculosis
(MTB) and it represents a persistent public health threat for a number of complex biological and
sociological reasons. According to the most recent Global Tuberculosis Report (2019) edited by the
World Health Organization (WHO) [1], TB is considered the ninth cause of death worldwide and the
leading cause of mortality by a single infectious agent, with the highest rate of infections and death toll
rate mostly concentrated in developing and low-income countries. TB is also considered an impairing
factor for economic growth and for the improvement of the general public health in those countries,
as it drains human and financial resources that would otherwise be invested in the economy [2].
Hence, there is a pressing need to study and develop new prevention protocols and treatments for TB.
Public health policy makers, supranational organizations and governing bodies are currently joining
efforts in raising awareness in the general population regarding MTB contagion and in establishing
guidelines and protocols for fighting TB [3]. At the same time, pharmaceutical companies research new
therapies and approaches for finding new antitubercular diagnostics and treatments, the commercial
sustainability of which should not be overlooked in order to make antitubercular treatments accessible
and inclusive [4].

Research articles and the review published in this Special Issue entitled “Mycobacterium tuberculosis
Pathogenesis, Infection Prevention and Treatment” mainly focus on the characterization of MTB
strains emerging in TB endemic countries as well as on multiple mechanisms adopted by the bacteria
to resist and to adapt to antitubercular therapies. The work of Mupfumi L. et al. investigates the
dynamics of the host immune response during MTB infection in HIV/TB co-infected patients, defining

Pathogens 2020, 9, 385; doi:10.3390/pathogens9050385 www.mdpi.com/journal/pathogens1
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the functional, activation, and differentiation profile of MTB-specific T-cells during antiretroviral
treatment [5]. The research article by Fursov et al. [6] investigates the genetic and phenotypic
profile of the MTB strain Rostov, belonging to the Central Asia Outbreak Clade (CAO) of the Beijing
genotype. This strain has been attributed to the pre-extensively drug-resistant (XDR) tuberculosis
group. In particular, the authors analyzed the growth rate and virulence of the Rostov strain in mice
models, and the experimental outputs were compared with the same characteristics of the MTB H37Rv
strain. However, mice infected with the Rostov strain did not show the formation of pulmonary
infiltrates, suggesting a lower activation of the host defense mechanisms compared with the response
to the infection caused by H37Rv strain.

The emergence and global spread of multidrug-resistant (MDR) as well as XDR MTB strains
requires the early detection of drug resistance to ensure a functional patient management. In this
context, Mogashoa and co-authors contribute to the Special Issue by presenting an evaluation of the
second line drug resistance among drug resistant MTB isolates in Botswana [7]. The study analyzed
57 clinical isolates demonstrating that 33 (58%) were MDR strains, 4 (7%) were additionally resistant to
flouroquinolones, and 3 (5%) were resistant to both fluoroquinolones and second-line injectable drugs.
Moreover, they detected the most conserved mutation conferring he resistance to fluoroquinolone
treatments, located on the gyrA gene with the alanine at position 90 mutated into valine (A90V).

For a definitive solution to the clinical management of drug-resistant tuberculosis, other innovative
drugs targeting alternative pathways are urgently needed taking into account the genes that are
essential for growth and survival of the bacilli in vitro [8], in macrophages [9] and in animal models
of infection [10]. Among these, alternative validated target pathways include DNA transcription,
targeted by rifampicin, protein synthesis, which is inhibited by oxazolidinones [11] and ATP synthesis
by Q203 [12] and bedaquiline [13]. Although the DNA metabolic pathway plays a key role in
mutagenesis events conferring bacterial drug resistance, a limited number of approved TB drugs target
DNA metabolism [14], which includes key enzymatic steps involved in nucleotides synthesis [14–18],
DNA replication [19] and repair [20,21]. As described by Uddin R. and collaborators [22], innovative
targets could be identified also by the computational subtractive genomics methods; indeed, the authors
presented a prioritized list of possible targets for drug discovery studies against Mycobacterium avium
sub. hominissuis. In addition to drug-resistance, research efforts should take into account alterations
of the metabolic profile occurring to MTB bacilli during anti-tubercular treatments. To this end,
the work of Bespyatykh et al. [23] demonstrates the occurrence of changes in bacterial metabolism
during TB therapy using multi-omics analysis of three consecutive MTB isolates from the same
patient. In particular, they observed a stepwise accumulation of polymorphisms related to phenotypic
resistance to fluoroquinolones and isoniazid and variations at the proteomic and transcriptomic
levels, in the loci associated with drug-resistance and virulence, that only partly can be explained by
mutagenic events on target genes. In support of this hypothesis, the work of Maslov D.A. showed
that mutations on a transcriptional regulator gene (MSMEG_1380) indirectly confer resistance to
tetrazines by inducing the overexpression of the mmpS5-mmpL5 operon that regulates drug efflux in
Mycobacterium smegmatis [24].

MTB pathogenicity is mainly based on (i) the capability of the bacilli of reprogramming host
macrophages after primary infection, preventing its own elimination; (ii) the formation of granulomas,
in which the pathogen survives in equilibrium with the host defense and (iii) the slowing control
of bacterial central metabolism and replication, characterizing the so called dormant state in which
MTB is resistant to host defenses and therapy. Since dormant bacilli could also reside in bone marrow
mesenchymal stem cells, as observed in post-chemotherapy mice models and clinical subjects, the paper
of Garhyan J. et al. [25] presents innovative bone-homing PEGylated liposome nanoparticles which
actively target the bone microenvironment leading to MTB clearance and reducing the relapse rate.
Concerning the macrophages reprogramming capability, Abdalla A.E. and co-authors contribute to the
Special Issue with a review discussing the multiple mechanisms adopted by MTB to interfere with
macrophage apoptosis [26]. In particular, they describe the anti-apoptotic determinants, listing the
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mechanism of action and the main molecular outcome. Moreover, the authors focus on the bacterial
capability to selectively regulate both the release of anti-apoptotic cytokines and the expression of
microRNAs whose up-regulation is related to apoptosis blocking.

The articles published in this Special Issue deal with different aspects of TB pathogenesis and
reflect the complexity of the disease management that demands a multi-disciplinary approach aimed
at the understanding of each step of the infection cycle. The scientific papers that contribute to the
Special Issue represent a part of the research efforts engaged in fighting TB that include a huge area of
investigation with thousands of active researchers working in many complementary directions.
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Abstract: The emergence and transmission of multidrug resistant (MDR) and extensively drug
resistant (XDR) Mycobacterium tuberculosis (M.tb) strains is a threat to global tuberculosis (TB) control.
The early detection of drug resistance is critical for patient management. The aim of this study was
to determine the proportion of isolates with additional second-line resistance among rifampicin
and isoniazid resistant and MDR-TB isolates. A total of 66 M.tb isolates received at the National
Tuberculosis Reference Laboratory between March 2012 and October 2013 with resistance to isoniazid,
rifampicin or both were analyzed in this study. The genotypes of the M.tb isolates were determined
by spoligotyping and second-line drug susceptibility testing was done using the Hain Genotype
MTBDRsl line probe assay version 2.0. The treatment outcomes were defined according to the
Botswana national and World Health Organization (WHO) guidelines. Of the 57 isolates analyzed, 33
(58%) were MDR-TB, 4 (7%) were additionally resistant to flouroquinolones and 3 (5%) were resistant
to both fluoroquinolones and second-line injectable drugs. The most common fluoroquinolone
resistance-conferring mutation detected was gyrA A90V. All XDR-TB cases remained smear or culture
positive throughout the treatment. Our study findings indicate the importance of monitoring drug
resistant TB cases to ensure rapid detection of second-line drug resistance.

Pathogens 2019, 8, 208; doi:10.3390/pathogens8040208 www.mdpi.com/journal/pathogens5
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1. Background

In 2017, 10 million people fell ill with tuberculosis (TB) and 1.6 million people died of TB [1].
In the same year, an increase in cases of rifampicin monoresistant and multidrug resistant TB (MDR-TB
defined as TB that is resistant to rifampicin and isoniazid) from 490,000 in 2016 to 558,000 in 2017 was
observed [1]. The increasing numbers of rifampicin and MDR-TB cases poses a risk to TB control
programs throughout the world [2]. Rifampicin monoresistance is considered to be a precursor
to MDR-TB and there are often concerns about rifampicin monoresistant TB patients acquiring
MDR-TB [3,4]. The standardized World Health Organization (WHO) MDR-TB treatment regimen
recommends the use of second-line injectable drugs (SLIDs) in combination with flouroquinolones as
part of the standardized MDR-TB treatment regimen [2]. The resistance to a fluoroquinolone and a
SLID negatively impacts treatment outcome and has been defined as extensively drug resistant TB
(XDR-TB) [5–7]. MDR-TB in combination with resistance to either a fluoroquinolone or a SLID has
been termed Pre-XDR-TB.

The resistance to fluoroquinolones is usually caused by point mutations in the quinolone resistance
determining region (QRDR) of the gene encoding subunit A or B of the deoxyribonucleic acid (DNA)
gyrase gene (gyrA or gyrB) [8–10]. In the gyrA gene, the resistance mutations are commonly found in
codons 85 to 96, whereas for the gyrB gene, they are found in codons 472 and 510 [5,6]. The mutations
between codon 1400 and 1500 in the rrs gene are often associated with resistance to SLIDs such
as capreomycin, kanamycin and amikacin [5]. The timely detection of resistance to SLIDs remains
critical for optimizing treatment to improve the treatment outcome as well as directing infection
control measures to halt the transmission of drug resistant TB [7,11]. Diagnostic assays, such as the
Hain GenoType MTBDRsl line probe assay (Hain Lifescience, Germany), have been endorsed by
WHO for the rapid detection of second-line drug resistance [11]. The MTBDRsl test is based on the
DNA strip technology which has three steps: DNA extraction, multiplex polymerase chain reaction
(PCR) amplification and reverse hybridization [12]. This assay has proven to be reliable for rapidly
detecting resistance to second-line drugs [13] and has been implemented in 28 countries in Africa [14].
Monitoring drug resistance with the help of such assays and evaluating treatment outcomes may help
improve management of TB [15,16].

This study sought to determine the level of resistance to second-line drugs among rifampicin
monoresistant, isoniazid monoresistant and multi-drug resistant TB cases in Botswana using the Hain
genotype MTBDRsl Version 2.0 and to assess patient treatment outcomes.

2. Methods

2.1. Design and Study Population

This was a retrospective, cross-sectional study utilizing M.tb isolates from the Botswana National
Tuberculosis Reference Laboratory (NTRL) bio-repository which were collected as part of routine
clinical care between 2012 and 2013. The study was approved by the University of Botswana Ethics
Institutional Review Board and Health Research and Development Committee (HRDC) at the Ministry
of Health and Wellness (Reference No: HPDME: 13/18/1 Vol. XI (140)). Sixty-six M.tb isolates were
selected. The selected isolates were isoniazid (H) or rifampicin (R) monoresistant or resistant to both
(MDR) based on first-line culture-based drug susceptibility testing (DST). The isolates included in this
study are part of a previously described larger study and culture-based drug susceptibility testing
for first-line drugs was done as previously described [17]. The clinical treatment outcome data was
obtained from the Botswana National Tuberculosis Program (BNTP) patient database. At the time
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of the study, the standardized MDR-TB treatment regimen in Botswana consisted of pyrazinamide,
amikacin, levofloxacin, ethionamide, cycloserine, P-aminosalicylic acid (PAS) [18].

2.2. Treatment Outcome Definitions

Treatment outcomes were defined according to the Botswana national guidelines. Briefly, “cured”
was defined as a patient whose smear or culture sample was positive at the start of treatment but
either converted to smear negative or had two consecutive negative cultures, one during treatment
and the other at the end of treatment; “failed” was defined as a patient whose smear or culture was
positive five months or later during treatment; “loss-to-follow-up” was defined as a patient whose
treatment was interrupted for more than 30 consecutive days; “not evaluated” referred to patients
whose treatment outcome could not be assigned since treatment conclusion has not been reported
to the national TB program; treatment “completed” referred to patients who completed treatment
but did not have a negative smear or culture result in the last month of treatment [18]. In bivariate
comparisons, treatment outcomes were combined: “failed treatment” (i.e. remaining smear or culture
positive throughout treatment), “loss-to-follow-up”, death, “not initiated on treatment” and “not
evaluated” as “unsuccessful treatment outcome” and “completed treatment”, “cured” as “successful
treatment outcomes”.

2.3. DNA Extraction

DNA was extracted from the BD MGIT960 cultures (BD Biosciences, Sparks, MD, USA) using the
GenoLyse DNA extraction kit version 1.0 (Hain LifeScience, GmBH, Nehren, Germany) following the
manufacturer’s instructions [19].

2.4. Genotyping

2.4.1. Spoligotyping

The genotypes of the isolates were determined by spoligotyping as previously described by
Kamerbeek et al. [20] and Mogashoa et al. [17]. The M.tb families and lineages of the isolates were
assigned based on the spoligotyping results.

2.4.2. Hain Genotype MTBDRsl Version 2

The second line drug resistance profiles were determined by using the Hain GenoType
MTBDRsl assay (Hain Lifescience, Germany). The steps were performed as per the manufacturer’s
instructions [12]. The culture based second line phenotypic DST was not performed for this study
since the test was unavailable at the reference laboratory.

2.4.3. Data Analysis

Fischer’s exact test was used to determine if there was an association between second line drug
resistance and M.tb family, the patients’ age, HIV status and sex. The factors were examined for a
favorable treatment outcome using logistic regression techniques. A p-value of <0.05 was considered
statistically significant. STATA version 14 (Stata Corp, College Station, TX, USA) was used for
statistical analysis.

3. Results

A total of 57 out of 66 (86%) isolates (one isolate per patient) were successfully genotyped and
tested for resistance to first-line drugs (culture-based phenotypic DST) and second-line drugs (line
probe assay MTBDRsl). Of these 57 isolates, 27 (47.4%) were from the southern region, 24 (42.1%) were
from the central region, 5 (8.8%) from north west and 1 (1.8%) from south west region. The median age
of the patients was 34 years [Q1, Q3: 13,59] with half (50%) being in the 20–39 years age group. For
those patients with a known HIV status, 31 (54.4%) were HIV positive, 15 (26.3%) were HIV negative
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and 11(19.3%) had an unknown HIV status. The M.tb lineages identified among the DR-TB isolates
were Lineage 4 (66.7%), Lineage 2 (19.3%), Lineage 1 (12.3%) and unknown lineage (1.8%) (Table 1).

Table 1. Demographic characteristics of patients included in the study (n = 57).

n %

Sex

Male 29 50.9
Female 28 49.1

Age in years

<20 years 9 16.1
20–39 years 28 50.0
40–59 years 16 28.6
>60 years 3 5.4

HIV status

Negative 15 26.3
Positive 31 54.4

Unknown 11 19.3

Specimen type

Extra-pulmonary 1 1.8
Pulmonary 55 96.5
Unknown 1 1.8

Smear results

Negative 12 21.1
Positive 45 79

Drug resistance profile

Rifampicin
monoresistant 11 19.3

Isoniazid
monoresistant 6 10.5

Multi-drug resistant
(MDR) 33 57.9

Pre-XDR* 4 7.0
XDR** 3 5.3

Region

Central 24 42.1
South West 1 1.8
North West 5 8.8

Southern 27 47.4

Lineage

Lineage 1 7 12.3
Lineage 2 11 19.3
Lineage 4 38 66.7
Unknown 1 1.8

*Pre-XDR: Pre-extensively drug resistant. **XDR: extensively drug resistant.
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Among the 57 drug resistant isolates, the first and second-line DST results showed that 19% of
the cases were resistant to rifampicin only, 11% were resistant to isoniazid only, 58% were resistant
to both isoniazid and rifampicin (MDR), 7% of the MDR isolates showed additional resistance to
flouroquinolones (pre-XDR) while 5% of the MDR isolates were resistant to flouroquinolones and
SLIDS (XDR). This study did not find any pre-XDR isolates with SLID resistance. The treatment was
successful in 75% of the pre-XDR-TB cases, whereas all XDR-TB cases had unsuccessful treatment
outcomes. All isoniazid monoresistant cases had unsuccessful treatment outcomes; 55% of the
rifampicin monoresistant cases had unsuccessful treatment outcomes; among the MDR-TB cases,
73% had successful treatment outcomes (Figure 1). No statistically significant association was found
between the second line drug resistance or the treatment outcome with HIV status, age, sex and M.tb
family (Table 2). Table 3 shows characteristics and treatment outcomes of pre-XDR and XDR-TB cases
in the study. The treatment outcomes for the rest of the cases are shown in supplementary Table S1.
When evaluating the MTBDRsl results, it was found that the most common fluoroquinolone-resistance
conferring mutation detected was gyrA A90V (found in 7% of the cases). The mutation gyrA G88A/G88C
was only detected in one isolate. Among the pre-XDR-TB and XDR-TB cases, the second line injectable
drug resistance was caused by the mutation rrs A1401G. Of the 7 pre-XDR and XDR-TB patients, the
HIV status was not known for two patients, while the other five patients were HIV positive. Some
patients with known HIV status had the same hybridization pattern, drug resistance profile, M.tb
lineage and spoligo family as patients with unknown HIV status (Table 3).

Figure 1. Treatment outcomes of patients with different drug resistance profiles.
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Table 2. Factors associated with second line drug resistance.

MDR
N = 50

2nd Line Drug Resistance*
N = 7

p-value

Sex n (%) n (%) 0.253

Male 27 (54) 2 (29)
Female 23 (46) 5 (71)

Age in years 0.833

<20 years 8 (16) 1 (14)
20–39 years 23 (47) 5 (71)
40–59 years 15 (31) 1 (14)
>60 years 3 (6) 0 (0)

HIV status 0.226

Negative 15 (30) 0 (0)
Positive 26 (52) 5 (71)

Unknown 9 (18) 2 (29)

Smear results 0.630

Negative 10 (20) 2 (29)
Positive 40 (80) 5 (71)

Region 0.866

Central 20 (40) 4 (57)
South West 1 (2) 0 (0)
North West 24 (48) 0 (0)

Southern 5 (10) 3 (43)

Lineage 0.066

Lineage 1 4 (8) 3 (43)
Lineage 2 11 (22) 0 (0)
Lineage 4 34 (68) 4 (57)
Unknown 1 (2) 0 (0)

*Second-line drug resistance includes pre-XDR and XDR-TB patients.

R- Rifampicin; H- isoniazid; MDR-TB- Multi-drug resistant TB; Pre-XDR-TB- Pre-extensively
drug resistant tuberculosis; XDR-TB-extensively drug resistant tuberculosis. “Successful treatment”;
includes patients who completed treatment and those who were cured; “Unsuccessful treatment”;
includes patients who failed treatment, patients who are deceased, loss to follow up, defaulted, not
evaluated and not initiated into treatment.
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4. Discussion

In this retrospective analysis of drug resistant isolates from Botswana, it is shown that there is a
high proportion of rifampicin (R) and isoniazid (H) monoresistance posing an increased risk of the
development of MDR-TB [21,22]. It was observed that 7% (4/57) of the isolates were pre-XDR-TB.
These isolates had resistance to fluoroquinolone only while 5% (3/57) were XDR-TB. The majority, 88%
(50/57) of the isolates did not have any resistance to second-line drugs. It is interesting to see that
in this sample, set SLID resistance occurred after fluoroquinolone resistance and not the other way
around. Fluoroquinolones are used to treat other bacterial infections other than TB which could play
a role in the increasing levels of resistance to this class of drugs in M.tb (in both pre-XDR and XDR
cases) [5]. The introduction of Pretomanid, recently approved by the Food and Drug Administration
(FDA) for the treatment of R resistant TB, has greatly shortened treatment and has been seen to improve
treatment success [23,24]. However, Pretomanid is not yet available in Botswana. The presence of both
pre-XDR-TB and XDR-TB cases are indicators that there are gaps in the control of TB. The genotyping
methods used in this study are not sufficiently discriminatory to investigate transmission, and whole
genome sequencing has not been done on these strains. However, the possibility exists that patient
to patient transmission exists as there were 2 patients who were infected with a strain of the same
spoligotype and second-line drug resistance pattern. Further analysis would however be needed to
investigate TB transmission in this population.

The GenoType MTBDRsl assay can detect mutations in the quinolone resistance determining region
(QRDR) of the genes gyrA and gyrB. The most common gyrA mutation detected by the MTBDRsl among
the pre-XDR and XDR cases was A90V (57%). This mutation confers resistance to levofloxacin and is
associated with low level resistance to moxifloxacin [8]. Some resistance mutations are characterized
by the absence of hybridization at the respective wild type probes [25]. The absence of the wild type
bands in the line probe assay can be used to infer that there could be resistance to flouroquinolones but
it does not allow the determination of the genotypic changes and the resulting phenotypic resistance to
specific drugs. The targeted sequencing is therefore required to identify the specific drug resistance
mutations. For example, in our cohort, there were two isolates which had an undefined mutation
shown by the absence of both the wild type (gyrA WT3) and the mutation band in the gyrA gene. In this
case, resistance to fluoroquinolones, particularly levofloxacin, can only be inferred since the specific
mutation is not known [25]. This information can nevertheless help select a treatment regimen that
could be more beneficial to the patients (e.g., excluding fluoroquinolones). The future implementation
of new drugs, such as Bedaquiline and Pretomanid, could change the genetic drug resistance patterns
observed in this study. The pre-XDR and XDR-TB patients with drug resistance patterns described in
this study could still be successfully treated with these drugs, thereby reducing the spread of these
M.tb strains. The genotypic drug resistance patterns therefore need to be closely monitored to be able
to adapt treatment guidelines if required.

This study found that all the XDR-TB patients had unsuccessful treatment outcomes. These
strains being XDR probably resulted in (almost) none of the prescribed drugs being efficient in
killing the bacteria. The pre-XDR and XDR-TB patients in this study were managed with regimens
which contained levofloxacin. Previous studies have shown that in cases of levofloxacin resistance,
moxifloxacin may be the preferred drug of choice since gyrA A90V mutation has a smaller effect on
moxifloxacin activity [8,26]. Therefore, these patients could have benefited from a regimen containing
Moxifloxacin if the specific resistance markers had been determined timely. Among the pre-XDR
isolates and MDR-TB isolates, 75% and 73% of the patients had successful treatment outcomes
respectively, however all isoniazid monoresistant and 55% of the rifampicin monoresistant patients
had unsuccessful treatment outcomes. Previous studies have shown that isoniazid monoresistance is
associated with poor treatment outcomes [3,27].
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There were no mutations detected in the gyrB gene in any of the isolates in this study. The
mutations in the gyrB gene are usually associated with low level resistance to fluoroquinolones and
are not as common as those in the gyrA gene [2]. The rrs MUT1 A1401G mutation which leads to a
high level second-line injectable drug resistance was detected among 5% of the MDR-TB isolates. This
mutation causes high level resistance to KAN and cross resistance to AM and CAP [6]. The presence
of these mutations shows that there is a need to routinely test for second-line drug resistance among
MDR-TB cases in Botswana. In this study, gene mutations that are associated with low level drug
resistance induced by mutations in the promoter area of the eis gene were not detected. There was no
association between the drug resistance profile and HIV status. The data on HIV viral load and CD4
cell counts were not available for this study and their association with drug resistance could therefore
not be analyzed. However, previous studies have shown that there is an association between drug
resistance and HIV status [28–30]. Haar et al. and Fenner et al. have shown that patients with high viral
loads are more likely to have multi-drug resistant TB than those who are virally suppressed [31,32].

Even though this study is informative and provides data on the genetic mutations that are
associated with second-line drug resistance in Botswana, it had some limitations. The small sample
size may not reflect the true burden of second-line drug resistance in the entire country and there is
limited statistical power to detect other drug resistance mutations within the population. Due to the
small sample size, there is insufficient statistical power to fully address the association with various risk
factors and treatment outcomes. This was a retrospective study therefore, there may be other unknown
confounding factors. One of the limitations of the line probe assays (LPAs) is that there may be a false
detection of resistance due to some synonymous mutations. Some studies have reported synonymous
mutations which can result in false-positive results (false detection of resistance). However, in such
instances, appropriate confirmatory testing should be done promptly [33]. The lack of hybridization
of the wild type probes is not a reliable indication of phenotypic resistance, hence these kinds of
hybridization patterns need to be verified with phenotypic DST [7]. There were some mutations that
were undefined in our study therefore, other mechanisms of fluoroquinolone resistance need to be
investigated further using techniques, such as whole genome sequencing or targeted gene sequencing.
The identification of gyrase mutations can aid in predicting fluoroquinolone resistance as well as
estimating the levels of resistance to various flouroquinolones. This may assist clinicians to determine
the most effective dose of fluoroquinolones [34]. There is also a need to carry out this study in a larger
population in order to determine the association of several risk factors with treatment outcomes as
well as to determine the prevalence of second-line drug resistance in Botswana.

5. Conclusions

Our study shows that there is second-line drug resistance and the majority of cases had gyrA
A90V, rrs A1401G mutation. Our results show that monitoring and further investigations with more
discriminatory methods are required to determine whether these strains are transmitted or if second-line
drug resistance is acquired during treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/8/4/208/s1,
Table S1. Clinical characteristics and treatment outcomes of the drug resistant isolates in the study.
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Abstract: The Central Asia Outbreak (CAO) clade is a growing public health problem for Central Asian
countries. Members of the clade belong to the narrow branch of the Mycobacterium tuberculosis Beijing
genotype and are characterized by multidrug resistance and increased transmissibility. The Rostov
strain of M. tuberculosis isolated in Russia and attributed to the CAO clade based on PCR-assay and
whole genome sequencing and the laboratory strain H37Rv were selected to evaluate the virulence on
C57Bl/6 mice models by intravenous injection. All mice infected with the Rostov strain succumbed to
death within a 48-day period, while more than half of the mice infected by the H37Rv strain survived
within a 90-day period. Mice weight analysis revealed irreversible and severe depletion of animals
infected with the Rostov strain compared to H37Rv. The histological investigation of lung and liver
tissues of mice on the 30th day after injection of mycobacterial bacilli showed that the pattern of
pathological changes generated by two strains were different. Moreover, bacterial load in the liver
and lungs was higher for the Rostov strain infection. In conclusion, our data demonstrate that the
drug-resistant Rostov strain exhibits a highly virulent phenotype which can be partly explained by
the CAO-specific mutations.

Keywords: Beijing genotype; Central Asia Outbreak; murine infection model; Virulence; pre-XDR-TB

1. Introduction

Worldwide, tuberculosis (TB) is a major public health problem. Despite a slight decrease in TB
incidence rates in recent years (1.6% per year in the period 2000−2018 and 2.0% between 2017 and
2018), the situation remains extremely tense. A total of 1.5 million people died from the disease and
more than 9 million new cases were detected in 2018 worldwide [1]. Currently, seven lineages
of Mycobacterium tuberculosis are described, which can cause disease and demonstrate specific
phylogeographic patterns [2]. Of them, lineage 2 and lineage 4 are the most widely dispersed,
affecting humans across the world. Lineage 2 (or East Asian lineage) is arguably the most widespread
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and the Beijing genotype family is its major component (13% of global M. tuberculosis population;
predominant in East Asia and Northern Eurasia) [3,4].

Multiple clinical and epidemiological studies demonstrated a strict association of Beijing genotype
members with a high level of drug resistance combined with a large number of compensatory mutations,
as well as enhanced pathogenicity, which lead to increased transmissibility and rapid progression
of infection [5–7]. However, virulence studies provide less conclusive results, showing a variety
of phenotypes. The latter is confirmed in animal models [8,9] and in vitro models of macrophage
infection [10,11]. This is due to the fact that hypervirulence is not a characteristic feature of the Beijing
genotype, but is specific only for certain genetic sublineages, often associated with disease outbreaks
in some regions [12,13]. One of the most detailed examples is the spread of the virulent M. tuberculosis
Beijing B0/W148 cluster in the Russian territory [14].

Phylogenetically, members of lineage 2 may be assigned to at least two large branches,
termed ancient and modern sublineages, and 11 populations belong to these branches [15].
Modern Beijing sublineage strains are prevalent worldwide, leading to speculation that this sublineage
has hypervirulent features [16]. In the present study, we aimed to investigate a strain belonging to a
more homogenous group within modern Beijing called Central Asia Outbreak (CAO) clade. This clade
is a part of the Central Asian population. The latter was initially designated as CC1 or Central
Asian [6] and then as East Europe 1 [17] and Central Asian and Russian [18]. It largely correlates
with the 94-32 cluster and M2 subtype according to multilocus variable-number tandem-repeat
analysis (MLVA) and mycobacterial interspersed repetitive unit (MIRU) typing, respectively [19,20].
The members of the population are characterized by a high level of drug resistance and comprise about
one-fourth of the pathogen population in Uzbekistan, Tajikistan, Kyrgyzstan, and Kazakhstan [21–23].
Additionally, these strains distributed in Russia and other former Soviet Republics [7]. It should be
noted, that this population is heterogeneous and includes at least two large clades: CladeA and the
previously mentioned CAO. CladeA strains are prevalent in Russia. In turn, CAO isolates are not often
identified in Russia and are usually associated with the spread of resistant TB forms in the former
Soviet Central Asia [7,21].

In the current study, we examine genetic and phenotypic characteristics of the Rostov strain of
M. tuberculosis belonging to the CAO clade of the Beijing genotype. This strain was attributed to the
pre-extensively drug-resistant (XDR) tuberculosis group. The growth rate and virulence for mice of the
Rostov strain were compared with the same characteristics of the M. tuberculosis H37Rv strain.

2. Results

2.1. Genetic and Phenotypic Characteristics of the Strain

The Rostov strain of Mycobacterium tuberculosis was isolated in the South Federal District of Russia
in 2013 from a patient with pulmonary tuberculosis.

The Beijing genotype (SIT1) was confirmed by spoligotyping. The assignment of the strain
to a CAO clade of the Central Asian and Russian Beijing population (Beijing 94-32 cluster) was
revealed by PCR assays as in [18,23], respectively. The next generation sequencing analysis on Ion
Torrent additionally confirmed that the strain belongs to the CAO clade of the Beijing genotype and
carries all previously described CAO-specific single nucleotide polymorphisms (SNPs) [21]. 24-locus
MIRU-variable-number tandem-repeat (VNTR) typing scheme revealed 223325153533424682254423
profile which is designated 9358-25 in the international MIRU-VNTRplus database. This profile is
closest to the 94-32 and has two different loci, as shown in Figure S1.

According to the drug susceptibility testing and genome analysis, the strain belonged to pre-XDR
tuberculosis and was resistant to streptomycin, isoniazid, rifampicin, ethambutol, kanamycin, amikacin,
and capreomycin, as shown in Table 1. Additionally, a putative compensatory mutation in the rpoC
gene (g764363a; G332S) was revealed.
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Table 1. MIC distribution of the Rostov strain of Mycobacterium tuberculosis for antibiotics and drug
resistance markers.

Antibiotic MIC, mg/L Interpretation Drug Resistance Marker

Isoniazid (INH) >1 R KatG (S315T)
Rifampicin (RIF) >40 R RpoB (S450L)

Streptomycin (STR) >10 R RpsL (K43R)
Ethambutol (EMB) >5 R EmbB (M306V)
Amikacin (AMK) >30 R rrs (a1401g)

Kanamycin (KAN) >30 R rrs (a1401g)
Capreomycin (CAP) >30 R rrs (a1401g)

Ofloxacin (OFX) ≤3 S -

Note: MIC—minimal inhibitory concentration; R—resistance; S—sensitivity.

To compare the growth rate between the Rostov and H37Rv strains we determined a growth index
and Cmax value, as shown in Figure 1. Growth index reflects that the Rostov strain grew faster than the
H37Rv strain throughout the experimental period (p < 0.05), as shown in Figure 1A. The Rostov strain
showed a higher Cmax than the H37Rv strain (p < 0.05), as shown in Figure 1B. Cmax for the Rostov
strain was reached on the 25th day, whilst Cmax for the H37Rv strain was reached on the 30th day.

 
(A) (B) 

Figure 1. Growth of H37Rv and Rostov strains of M. tuberculosis in 7H9 broth. (A)—Growth index
(calculated by the colony-forming unit (CFU) at each time point divided by the CFU at initial time
point); (B)—Comparison of Cmax (a maximum point on the growth curve); *—values of p < 0.05.

2.2. Mice Survival Rate and Bodyweight Dynamic

The model of M. tuberculosis infection of C57BL/6 mice was used for the comparison of the virulence
of the Rostov clinical strain and the reference virulent strain H37Rv. Animals were intravenously injected
with 5 × 106 CFU/mice of each strain (nine mice per strain, n = 18). Additionally, as a negative control,
a group of uninfected animals (n = 9) was used. The patterns of animal survival were observed from the
first to 90 days post-infection (p.i.). In each group of mice, weight control was performed. Figure 2 shows
that mice infected with the Rostov and H37Rv strains started to die after 18 and 36 days of infection,
respectively. All mice of the group infected with the Rostov strain succumbed to death within a 47-day
period, while ~56% of mice infected by the H37Rv strain survived within a 90-day p.i. period. Mice weight
analysis showed irreversible and severe depletion of animals infected with the clinical Rostov strain
compared to animals infected with the laboratory H37Rv strain, as shown in Figure 3.
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Figure 2. Comparison of the survival curves of C57BL/6 mice infected by M. tuberculosis strains.
Data were analyzed by the Gehan–Breslow–Wilcoxon test. The value of p < 0.05 was taken as
statistically significant.

Figure 3. Comparison of the weight changes curves of C57BL/6 mice infected by M. tuberculosis strains.
The value of p < 0.05 was taken as statistically significant.

2.3. Investigation of Tuberculosis Process on the 30th Day of Infection

To further define, the virulence of the studied strains, we investigated the tuberculosis process in
the C57BL/6 mice models on the 30th day after pathogen injection, when all mice infected by the H37Rv
strain were alive, and about 50% of mice infected by the Rostov strain were dead. The pathological
processes provided by two M. tuberculosis strains were very different. Animal appearance after infection
by the H37Rv strain was characterized by mild depletion and smooth fur, but after infection by the
Rostov strain—by extremely emaciated and “ruffled” fur. The differences in survival times were
associated with differences in the macroscopic appearance of lungs and liver harvested on the 30th day
of infection, when more than 50% of mice infected with the Rostov strain were dead. It was shown that
the lungs of mice infected by the Rostov strain were different from those in the H37Rv-infected mice,
which appeared in increased lungs volume, intensively hyperemic, and no visible nodules; in turn,
the lungs of mice infected by the H37Rv strain were pale pink colored with pale mass inclusions.
The similar picture was obtained in the liver: Rostov-infected mice livers were dark brown with
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multiple nodules and the fatty degeneration was visible, while the livers from H37Rv-infected mice
were smooth, dark brown, and normal volume, as shown in Table 2.

Table 2. Comparative characterization of the mortality, animal appearance and morphological description
of internal organs of C57Bl/6 mice infected by the H37Rv and Rostov strains of M. tuberculosis.

Strain
The Mortality

Rate on 30th p.i.
Day, %

Animal
Appearance

Lungs Liver

H37Rv 0 Mild depletion,
smooth fur

 
Pale pink colored with
pale mass inclusions

 
Smooth, intense brown,

normal volume

Rostov ~50%

Extreme
emaciated,

hunched posture,
“ruffled” fur,

reduced
movement  

Intensively hyperemic,
no visible nodules

 
Dark brown with

multiple nodules, fatty
degeneration

The histological investigation of the C57Bl/6 mice infected intravenously by the H37Rv strain of
M. tuberculosis at a dose of 5 × 106 CFU/animal showed a typical picture for TB mice models in the
lungs: the small granulomas composed of numerous macrophages with abundant cytoplasm form;
there are some lymphocytes between macrophages; dense perivascular lymphocytic infiltrates form
in the lungs in addition to granulomas, as shown in Figure 4A. A single infiltrate consisting of few
lymphocytes was found in histological sections of the liver, as shown in Figure 4C.

In contrast, when the C57Bl/6 mice were infected by the Rostov strain of M. tuberculosis, the pattern
of pathological changes was different. Diffuse thickening of the alveolar septum due to an increased
number of macrophages occurred in certain parts of the lungs. Lymphocytic infiltrates were not
observed, as shown in Figure 4B. Microscopy of histological sections of the liver showed the presence
of nodules consisting of focal cell accumulations in the parenchyma. Cellular infiltrates are composed
of few typical macrophages and a large number of polymorphonuclear leukocytes, that indicate
intensive pathogen multiplication and the increased development of a pathological inflammatory
process, as shown in Figure 4D.

Bacterial load in the lungs and liver of mice infected with the Rostov and H37Rv strains was
measured on day 30 p.i. According to the data presented in Figure 5, the clinical Rostov strain more
actively proliferate in the parenchymatous organs of experimental animals than the H37Rv strains.
The overall bacterial load in the lungs was higher than in the liver for both strains.
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Figure 4. Histology of lungs and livers of C57Bl/6 mice on the 30th day after intravenous inoculation
by the M. tuberculosis strains H37Rv (A—lungs, C—liver) and Rostov (B—lungs, D—liver). 1, 2, 3
and 4—×4, ×10, ×20 and ×40 magnification, respectively. The arrow indicates the specific mice cells
(A4, B4—macrophages; C4—lymphocytes; D4—polymorphonuclear leukocytes).

Figure 5. M. tuberculosis cells loads of the C57Bl/6 mice lungs and liver on the 30th day after the
inoculation of bacteria; *—values of p ≤ 0.05; **—values of p ≤ 0.01.
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3. Discussion

In order to better understand the virulence properties of CAO strains, we focused on the clinical
Rostov strain belonging to the clade. The strain was resistant to seven antituberculosis drugs and
contained well-known resistance-associated mutations, as shown in Table 1. Resistance to OFX was
not detected for the strain that correlates with a study of Merker et al. [21] in which the frequency of
resistance to fluoroquinolones was low among CAO isolates. Besides the drug resistance-associated
mutations, the strain carried a compensatory mutation in the rpoC gene (g764363a; G332S), which was
previously described [7,24]. We suggest that this mutation could affect the fitness and lead to an
increased growth rate of the strain compared to the reference H37Rv strain shown in Figure 1, in contrast
with data published for 3 strains of lineage 2, that had decreased growth rate compared to the same
reference strain [25].

According to 24-locus MIRU-VNTR typing M. tuberculosis, Rostov belonged to the 9358-25 cluster
and differed from the 94-32 cluster by two loci, as shown in Figure S1. Although this cluster was
not described earlier, the phylogenetic analysis using the MIRU-VNTR-plus database revealed a
clusterization with the 94-32 type and according to MIRU typing, it belongs to the M2 cluster that is
specific to Central Asia population [18].

Analysis of cluster-specific SNPs revealed one significant point mutation (a2321369g; N105D) in
the Rv2063a (MazF7) gene related to virulence, detoxification and adaptation category according to
Mycobrowser database (https://mycobrowser.epfl.ch/) and Forrellad et al. [26]. The second specific SNP
was identified in the fadE29 gene resulting in an amino acid substitution Ile288Val. Such substitution
did not provide the significant changes in protein structure, accordingly to BLOSUM62 Matrix [27]
(Table S1). It was reported previously that the MazEF toxin–antitoxin system is very important for
stress adaptation, drug tolerance, and virulence of M. tuberculosis, and required for persistence in vitro.
The deletion of MazF reduced the pathogen virulence for guinea pigs and decreased the bacterial load
in organs [28]. All other polymorphisms presented in the Table S1 are not specific for the CAO clade,
but their role is likely to be important for successful spread of the Beijing genotype in the world.

Survival studies showed that mice infected with Rostov strain succumbed to death within
18–47 days p.i., whereas a large proportion of mice infected with H37Rv maintained viability up to
90 days p.i., as shown in Figure 2. Similar mortality rates were detected for Beijing M. tuberculosis
strains; conversely, the strains belonging to other M. tuberculosis families—Canetti, Haarlem and Somali
clades—displayed intermediate or low virulence according to Lopez et al. [9].

Analysis of the specific pulmonary lesions in mice with experimental tuberculosis on day 30
showed that both strains had characteristic pathogenic properties, i.e., were able to cause the tuberculosis
process, but patterns of pathological changes in lungs and livers were different for two strains, as
shown in Figure 4. Our results are in agreement with Ribeiro et al. [29], according to which the H37Rv
strain had the least virulent properties with respect to the Beijing genotype. The obtained data indicate
that infection of mice with the clinical Rostov strain of M. tuberculosis leads to changes in the lungs.
These changes consist of a small increase in the number of macrophages in some interalveolar septums.
At the same time, macrophages have a relatively narrow cytoplasm, in contrast to wide-plasma
macrophages that infiltrate lung tissue when mice are infected with the H37Rv strain of M. tuberculosis.
The absence of pulmonary infiltrates in mice infected with the Rostov strain may indicate that this
strain did not activate the host defense mechanisms, compared with the response to the infection
caused by the H37Rv strain, as shown in Figure 4.

In conclusion, our study showed that pre-XDR Rostov strain belonging to the CAO clade of M.
tuberculosis Beijing genotype is characterized by high virulence for C57Bl/6 mice when compared with
the laboratory H37Rv strain. We propose that characteristic alterations of the CAO clade favor the
selection of highly virulent bacteria.
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4. Materials and Methods

4.1. M. tuberculosis Strains

The Rostov strain of M. tuberculosis was initially isolated from a clinical sample of sputum collected
from a 35-year-old man hospitalized in the South Federal District of Russia in 2013 and deposed into the
State Collection of Pathogenic Microorganisms “SCPM-Obolensk” (ID B-7601). The virulent laboratory
H37Rv strain of M. tuberculosis was obtained from the “SCPM-Obolensk” collection (ID B-4825).

Frozen stocks of bacterial cells (1 × 105 CFU) were inoculated into 30 mL Middlebrook 7H9 broth
with OADC supplement (BD, Franklin Lakes, NJ, USA), and 0.05% Tween 80, in three biological
replicates, incubated at 37 ◦C under static conditions (i.e., without agitation) in flask cell culture 250 mL
(Greiner AG, Kremsmünster, Austria) for 30 days to estimate the growth rate. Every five days the
aliquots of 0.1 mL were taken for CFU enumeration by plating the serial 10-fold dilutions in triplicates
onto Middlebrook 7H11 agar (BD, Franklin Lakes, NJ, USA) enriched with OADC. Bacterial colonies
were counted on the plates after incubation for three weeks at 37 ◦C. To compare the growth rate
amongst strains, we determined a growth index, calculated from the log10 of the number of CFU at
each time point divided by the log10 of the number of CFU at the initial time point. Additionally, we
used Cmax to compare the growth of the strains. This index means the peak point on the bacterial
growth curve [25].

4.2. Antibacterial Susceptibility

M. tuberculosis drug susceptibility testing (DST) of the Rostov strain to isoniazid 1.0 mg/L (INH),
rifampin 40.0 mg/L (RIF), streptomycin 10.0 mg/L (STR), ethambutol 5.0 mg/L (EMB), amikacin
30.0 mg/L (AMK), kanamycin 30.0 mg/L (KAN), capreomycin 30.0 mg/L (CAP), and ofloxacin 3.0
mg/L (OFX) was carried out using the method of absolute concentrations on solid Lowenstein–Jensen
medium [30]. In addition, DST was performed by the BACTEC MGIT 960 system (BD, Sparks, MD,
USA) according to the manufacturer’s instructions.

4.3. Genomic Analysis

Genomic DNA was isolated from the Rostov strain of M. tuberculosis using a standard extraction
method [31].

Spoligotyping and 24 MIRU-VNTR typing were performed as described in references [32,33],
respectively. Verification of the presence of SNP in the sigA gene and CAO-specific IS6110 insertion in
the Rv1359-Rv1360 intergenic region was performed by PCR as described previously [18,34].

Whole genome sequencing was performed on Ion Torrent PGM (Life Technologies, Camarillo,
CA, USA) with Ion 318 chip and Ion PGM™ Sequencing 200 Kit v2 (Life Technologies, Camarillo, CA,
USA). Raw sequence data were submitted to the NCBI under the project PRJNA269675. The genome
was assembled using Newbler GS de novo assembler 2.5 (Roche, Branford, CT, USA) with standard
parameters for Ion technology. SNPs were detected with Snippy v.4.3.6 (https://github.com/tseemann/
snippy) pipeline with a minimum coverage depth of 10 and an alternate fraction of 0.9. A comprehensive
list of drug-resistance mutations to first- and second-line drugs was used to determine genetic resistance
of the strain [35]. Functional categories and virulence factors were defined according to Mycobrowser
(https://mycobrowser.epfl.ch/) and [27].

4.4. Bioethical Requirements

All animal experiments were carried out in full accordance with the European Convention
for the Protection of Vertebrate Animals, used for experimental and other scientific purposes
(Directive 2010/63/EU of the European Parliament and of the Council of 22 September 2010 on
the protection of animals used for scientific purposes), and the requirements of Sanitary Regulations
1.3.2322-08 “Safety of work with microorganisms of the III-IV pathogenicity groups and pathogens of
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parasitic diseases”, and Veterinary Protocol No. VP-2016/8 were approved by bioethics of the State
Research Center for Applied Microbiology and Biotechnology.

4.5. Mice Infection

Specified pathogen-free female C57BL/6 mice (n = 51) were obtained from Shemyakin and
Ovchinnikov Institute of Bioorganic Chemistry RAS (Moscow, Russia). All mice were used at 7–8 weeks
of age and 20–22 g in weight. Randomization was used to allocate three experimental groups: control,
M. tuberculosis H37Rv, and M. tuberculosis Rostov.

M. tuberculosis strains were grown to mid-logarithmic phase (OD600 = 1.0), cells were collected by
centrifugation, and washed with PBS containing 0.05% Tween-80. Mice were intravenously injected
into the lateral tail vein with 5 × 106 CFU/mice (in 0.1 mL of 0.9% NaCl) of the H37Rv strain and of the
Rostov strain. All animals were weighed each day after infection. Animals were observed for 90 days;
the physical appearance and behavior of animals were estimated; the daily animal weight loss and
mortality were calculated.

On the 30th day after M. tuberculosis injection, six mice were euthanized by CO2 gas in each
experimental group. Lungs and livers tissues were examined for mycobacterial load and pathology.
The M. tuberculosis bacillary burden in lungs and livers was counted by homogenates plating onto
Middlebrook 7H11 agar. Some samples of lungs and livers were fixed in 10% formalin (BioChem-NN,
Nizhny Novgorod, Russia), graded concentrations of ethanol and butanol were used for dehydration,
embedded in paraffin, and serial sections (5 μm width) were prepared with the Ultracut microtome
(Reichert-Jung, Bensheim, Germany). Sections were deparaffinated and stained with hematoxylin
and eosin. All slides were examined with a Nikon Eclipse 80i microscope and a Nikon DS-U2digital
camera (Nikon, Tokyo, Japan).

4.6. Statistical Methods

Analysis of data was conducted using GraphPad Prism version 8.0.1 for Windows
(GraphPad Software, La Jolla, CA, USA, www.graphpad.com). Statistical analysis between groups
was performed using the analysis of variance (ANOVA) test. Survival data were analyzed using the
Gehan–Breslow–Wilcoxon test. The growth index and Cmax were compared amongst the H37Rv and
Rostov strains using the unpaired t-test at each time point. A value of p< 0.05 was considered significant.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/5/335/s1,
Figure S1. MIRU-VNTRplus cluster analysis of M. tuberculosis Rostov strain, Table S1. Sublineage-specific nsSNPs
in the virulence genes.
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Abstract: The performance of host blood-based biomarkers for tuberculosis (TB) in HIV-infected
patients on antiretroviral therapy (ART) has not been fully assessed. We evaluated the immune
phenotype and functionality of antigen-specific T-cell responses in HIV positive (+) participants with
TB (n = 12) compared to HIV negative (−) participants with either TB (n = 9) or latent TB infection
(LTBI) (n = 9). We show that the cytokine profile of Mtb-specific CD4+ T-cells in participants with TB,
regardless of HIV status, was predominantly single IFN-γ or dual IFN-γ/TNFα. Whilst ESAT-6/CFP-10
responding T-cells were predominantly of an effector memory (CD27−CD45RA−CCR7−) profile,
HIV-specific T-cells were mainly of a central (CD27+CD45RA−CCR7+) and transitional memory
(CD27+CD45RA+/−CCR7−) phenotype on both CD4+ and CD8+ T-cells. Using receiving operating
characteristic (ROC) curve analysis, co-expression of CD38 and HLA-DR on ESAT-6/CFP-10 responding
total cytokine-producing CD4+ T-cells had a high sensitivity for discriminating HIV+TB (100%,
95% CI 70–100) and HIV−TB (100%, 95% CI 70–100) from latent TB with high specificity (100%,
95% CI 68–100 for HIV−TB) at a cut-off value of 5% and 13%, respectively. TB treatment reduced the
proportion of Mtb-specific total cytokine+CD38+HLA-DR+ CD4+ T-cells only in HIV−TB (p = 0.001).
Our results suggest that co-expression of CD38 and HLA-DR on Mtb-specific CD4+ T-cells could
serve as a TB diagnosis tool regardless of HIV status.

Keywords: immune activation; HLA-DR; CD38; treatment response

1. Introduction

Tuberculosis (TB) results in an estimated 1.5 million deaths each year, making it the number one
cause of death by a single infectious organism [1]. The burden of TB is disproportionately higher in
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Africa, where the co-infection rate with HIV is also the highest; more than 50% of the TB cases are HIV
positive (+) [1]. The risk of active TB increases up to 30 times with HIV infection, with an annual risk of
15% compared to a 10% lifetime risk in HIV-uninfected participants [2]. Although antiretroviral therapy
(ART) significantly reduces this risk [3], the incidence of TB while on ART remains higher than that in
HIV-uninfected individuals [4,5]. HIV also specifically targets Mycobacterium tuberculosis (Mtb)-specific
CD4 T-cells, resulting in impaired immune responses to TB in co-infected individuals [6,7].

Untreated HIV infection induces changes in the activation, memory, and functional profile of
both CD4+ and CD8+ T-cells, with a decrease in naïve cells, and accumulation of highly differentiated
cells [8]. It is hypothesized that this depletion of memory cells sustains the incidence of opportunistic
infections in participants with advanced HIV. Uncontrolled replication of Mtb is associated with loss of
CD27 expression [9], probably related to increased cellular homing to sites of disease. Recently, a ratio
based on CD27 median fluorescent intensity (MFI) on CD4+ T-cells compared to that on IFN-γ+CD4+
T-cells has been shown to differentiate active disease from infection [10]. However, whether this
approach has good diagnostic potential in HIV+TB remains to be determined.

Studies have also shown that activated effector Mtb-specific CD4+ T-cells characterized by
the phenotype CD38+HLA-DR+ effectively distinguish latent TB infection (LTBI) from active TB
cases [11–13] Furthermore, the frequency of Mtb-specific CD4+ T-cells expressing CD38 and HLA-DR
declined rapidly within the first month of anti-tuberculosis treatment (ATT) [11,14]. CD38 expression
on bulk CD8+ T-cells has long been recognized as a marker for disease progression in HIV-infected
participants [15]. In addition, activated HLA-DR+ bulk and antigen-specific CD4+ T-cells have
been shown to be a risk factor for TB progression in BCG-vaccinated infants [16] and to effectively
discriminate latent from active TB in adults, respectively [13,14]. However, these studies were
conducted predominantly in HIV− or HIV+ART naïve individuals. It remains unclear what the impact
of combined ART and ATT on the activation profile of Mtb-specific T-cells is.

ART seems to partially correct the HIV-induced T-cell defects and the activation profile of bulk
T-cells from patients on ART is higher than that in HIV-uninfected individuals [17]. In a study
of HIV-infected women who were followed up for a year post ART initiation, viral suppression
and CD4+ T-cell increase did not lead to a concomitant decline in early (CD27+CD45RO+) and
terminally differentiated (CD27−CD45RO+) memory CD4+ T-cells [17]. Since the memory phenotype
determines the extent to which pathogen-specific responses are restored while on ART, persistent
defects in the memory subsets of Mtb-specific CD4+ T-cells could account for the risk of active TB
while on ART [18]. Therefore, it remains unclear how long-term ART affects the normalization of
Mtb-specific T-cell memory phenotypes. Thus, in order to understand the dynamics of Mtb-specific
T-cells during combined ART and ATT, we assessed the functional, activation, and differentiation
profile of Mtb-specific T-cells in HIV/TB co-infected participants on ART compared to HIV− active
TB. We also assessed whether the effects of ATT on immune responses were restricted to Mtb-specific
T-cells by adding a Gag stimulation condition as a control for HIV-specific responses.

2. Results

2.1. Cohort Characteristics

We restricted analysis to participants who had samples at TB diagnosis and two months post
ATT to allow the determination of changes in the activation and functional phenotype of Mtb-specific
T-cells due to ATT. We enrolled 43 participants with pulmonary TB and excluded samples from 14
participants due to poor specimen viability (n = 6) and technical (instrument/processing) errors (n = 8,
Figure 1). A total of 30 samples were analyzed: 12 HIV positive (HIV+TB), 9 HIV negative (HIV−TB)
and 9 HIV-LTBI. HIV+TB participants had a median age of 39 years (Q1, Q3: 33, 48) and had been on
ART for a median of 1.3 years (Q1, Q3 0.2, 6, Table 1). All participants reported a cough at baseline and
had culture negative results after two months of ATT.
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Figure 1. Study flow diagram. Samples were excluded for the following reasons: no follow-up sample
available (n = 7), poor sample viability (n = 6), or technical errors (n = 8).

Table 1. Baseline characteristics of the study participants.

Characteristic HIV+TB (n = 12) HIV−TB (n = 9) LTBI (n = 9)

Age, median years (Q1, Q3) 39 (33, 48) 28 (25, 40) 31 (28, 36)
Female (%) 7 (58) 2 (22) 4 (44)

Previous TB diagnosis 2 (17) 0 0
Cough duration (%) N/A

<1 m 8 (67) 0
1–2 3 (25) 4 (44)
2–3 1 (8) 3 (33)
>3 m 0 2 (22)

CD4 T-cell count, median (Q1, Q3) 288 (172, 357) N/A N/A
CD4:CD8 ratio, median (Q1, Q3) 0.77 (0.4, 1.12) N/A N/A

Viral load, copies/mL 1 median (Q1, Q3) 317,212 (76, 327,725) N/A N/A
ART duration, median years (Q1, Q3) 1.3 (0.2, 6) N/A N/A

1 Viral load results for three participants with detectable viral load at baseline; one had been on ART for 1.9 years
and two were not on ART at the time, but were initiated on Dolutegravir (DTG)-based ART two weeks after ATT.
By the two-month study visit, all patients had viral load results below 40 copies/mL.

2.2. Single IFN-γ and Dual IFN-γ/TNFα Response Characterizes Active Tuberculosis Regardless of HIV Status

We compared the magnitude of cytokine responses between TB and LTBI participants.
Representative dot plots of the cytokine response to the four stimulation conditions are shown
in the top panel of Figure 2A. At the time of TB diagnosis, IL-2−IFN-γ+TNFα+CD4+ T-cell responses
to ESAT-6/CFP-10 stimulation were significantly higher in TB compared to LTBI but did not differ by
HIV status (Figure 2B).

In a similar manner, single IFN-γ+ responses were higher for both HIV+TB (p = 0.01) and
HIV−TB (p = 0.001) compared to LTBI (Figure 2). There was no difference in the frequencies of
polyfunctional (p = 0.12) or single IFN-γ responses between HIV+TB and HIV−TB (p = 0.33). This was
also reflected in the combinatorial polyfunctionality analysis of antigen-specific T-cells (COMPASS)
heatmap (Figure 3A), which showed similar probabilities for the polyfunctional and dual expression
of IFN-γ/TNFα for both TB groups. We compared the polyfunctionality score (PFS) across groups,
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which summarizes the functional profile of each participant by calculating the posterior probabilities
of antigen-specific responses [19]. There was no difference in the polyfunctional scores (PFS) by
either TB or HIV status (p = 0.07, Figure 3B). Interestingly, when we analyzed Gag stimulated
CD8+ T-cells, no polyfunctional responses were observed, instead, responses were characterized
by single IFN-γ expression (Supplementary Figure S2A). We also found an increase in the PFS of
ESAT-6/CFP-10-stimulated CD4+ T-cells at 2 months post ATT only in the HIV+TB (p = 0.02 compared
to baseline PFS, Figure 3C), but not in HIV−TB (p = 0.72, Figure 3D). We did not observe any other
differences in the cytokine profile between the baseline and two-month timepoint (results not shown).
These data suggest that the frequency of polyfunctional Mtb-specific T-cells may not immediately
reflect the reduction in mycobacterial burden due to TB treatment.

Figure 2. Comparison of the polyfunctional capacity of ESAT-6/CFP-10 CD4+ T-cells between
HIV+TB, HIV−TB, and LTBI. (A) Representative plot of the expression of IL-2, IFN-γ, and TNFα
in an HIV+TB participant. NS = unstimulated, ESCF = ESAT-6/CFP-10, MtbLy = Mtb-Lysate,
PHA = Phytohemaglutinin. (B) Frequencies of CD4+T-cells producing any of the possible combinations
of IL-2, IFN-γ, and TNFα in response to ESAT-6/CFP-10 stimulation. Horizontal bars show the median
and first and third quartile (Q1, Q3). Only statistically significant differences by the Kruskal–Wallis test
with Dunn’s correction for multiple comparisons are shown on the graph.

We also compared CD4 responses in the HIV+TB participants across stimulation conditions and
observed that the relative proportions of polyfunctional and single TNFα response were highest on
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Mtb-Lysate-stimulated cells compared to Gag (p = 0.03; Figure 4A). In addition, dual IFN-γ/TNFα was
higher on Mtb-Lysate (p = 0.002) and ESAT-6/CFP-10 (p = 0.05) compared to Gag-stimulated CD4+
T-cells (Figure 4B). This was also reflected on the COMPASS heatmap that showed similar PFS with no
distinct cytokine patterns separating the groups analyzed (Supplementary Figure S2B). We further
analyzed the functional profile of Mtb-specific CD4+ T-cells by comparing the MFI of TNFα on total
cytokine+ cells. While the TNFα MFI on ESAT-6/CFP-10 stimulated CD4+ T-cells did not differ by HIV
or TB status (p = 0.15, results not shown), we observed a decline at two months of TB treatment in
HIV−TB (p = 0.02) but not HIV+TB (p = 0.27) (Supplementary Figure S3).

Figure 3. Polyfunctionality analysis of ESAT-6/CFP-10 specific CD4+ T-cell responses (A) Heatmap of
combinatorial polyfunctionality analysis of antigen-specific T-cells (COMPASS) posterior probabilities
of the distribution of responses in ESAT-6/CFP-10 stimulated CD4+ T-cells. Columns correspond to the
different cell subsets modeled using the COMPASS package in R [19], color coded by the cytokines they
express (white = “off”, shaded = “on”, grouped by color = “degree of polyfunctionality”) ordered by
degree of functionality from one function on the left to all three functions on the right (shaded from light
blue to green on the bottom). Rows correspond to participants; one on each line, the color of each cell
represents the probability (range 0–1) that the cell subset exhibits an antigen-specific response. Each cell
of the heatmap shows the probability that a given cell-subset (column) has an antigen-specific response
in the corresponding participant (the groups are coded on the right of the heatmap; pink = HIV+TB,
blue = HIV−TB, and green = LTBI). Plots of polyfunctional scores (PFS) stratified by patient group (B)
and timepoint for HIV+TB (C) and HIV−TB (D). Red dots represent HIV+TB, blue dots HIV−TB,
and black dots LTBI. Differences between groups were compared using the Kruskal–Wallis test with
Dunn’s correction for multiple comparisons are shown on the graph. We assessed differences between
timepoints using the Wilcoxon signed-rank test.
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Figure 4. Functional analysis of HIV+TB. The functional profile of CD4+ T-cells specific for different
antigens was assessed for CD4+ T-cells from HIV+TB patients at the time of TB diagnosis. (A) Each
slice of the pie corresponds to a distinct combination of cytokines shown in (B) and defined by
Boolean analysis in FlowJo. A key to the colors used for the arcs in the pie charts is shown on the
top right. Pie charts were compared using the SPICE permutation test with p < 0.05 considered
significant. (B) Frequency of cells producing any possible combination of IFN-γ, IL-2, or TNFα in
response to the different stimulations. Horizontal bars represent median and interquartile range (IQR).
Statistical comparisons were made using Kruskal–Wallis with Dunn’s test for multiple comparisons.
MtbLy =Mtb-Lysate; ESCF = ESAT-6/CFP-10.

2.3. Frequencies of CD38+HLA-DR+CD4+ T-cells Are Elevated in Active TB Participants Regardless of HIV
Status and Decline after Two Months of TB Treatment

We hypothesized that the activation profile of Mtb-specific CD4+ T-cells might differ by HIV status.
We evaluated the expression of CD38, HLA-DR, and Ki67 alone or in combination on ESAT-6/CFP-10,
Mtb-Lysate, and Gag-stimulated total cytokine+CD4+T-cells. Representative dot plots of the expression
of CD38, HLA-DR, and Ki67 on total cytokine CD4+ T-cells are shown in Figure 5A. All individuals
tested had a positive CD4+T-cell response to Mtb-Lysate while 9/12 (75%) HIV+TB and 8/9 (89%) LTBI
individuals had responses to ESAT-6/CFP10. We observed on ESAT-6/CFP-10-stimulated CD4+ T-cells
that the triple expression of CD38+HLA-DR+Ki67+was associated with active TB only in HIV+TB
participants when compared to LTBI (p = 0.01), although there was no difference between HIV+TB
and HIV−TB (p = 0.12; Figure 5B). On Mtb-Lysate stimulated cells, differences in the expression
of CD38+HLA-DR+KI67+ CD4+ T-cells were observed between HIV+TB and LTBI (p = 0.002) and
HIV−TB and LTBI (p = 0.04, Figure 5C).

In addition, the predictive ability of the triple activation profile in discriminating active from
latent TB was high only in HIV+TB (AUC = 0.86, 95% CI 0.68–1.00, p = 0.01, Figure 6A), corresponding
to a sensitivity of 78% (95% CI 45–96) and a specificity of 75% (95% CI 41–96) at a cut-off of 1.8%.
The sensitivity in HIV−TB was low at the same cut-off (33% vs. 78%) with comparable specificity (75%)
and an AUC = 0.68 (95% CI 0.42–0.96, p = 0.19, Figure 6B). Sensitivity improved with Mtb-Lysate
stimulation to 100% (95% CI 74–100) for HIV+TB with similar specificity (80%, 95% CI 38–99)
at a cut-off value of 0.30 (results not shown). In contrast, CD38+HLA-DR+Ki67− expression on
ESAT-6/CFP-10-stimulated CD4+ T-cells had a high sensitivity for both HIV+TB (100%, 95% CI 70–100)
and HIV−TB (100%, 95% CI 70–100) and modest specificity (63%, 95% CI 31–86 for HIV+TB and 88%,
95% CI 53–99 for HIV−TB) at a cut-off value of 5% and 13%, respectively. The corresponding ROC
curves are shown in Figure 6C,D. On Gag-stimulated CD4+ T-cells of HIV+TB, the dominant activation
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profile was CD38+HLA-DR−Ki67−, similar to bulk CD4+ T-cells (results not shown) while CD8+ T-cells
showed both CD38+HLA-DR+Ki67− and CD38+HLA-DR−Ki67− phenotypes (results not shown).
When we evaluated the effect of TB treatment on the activation profile of ESAT-6/CFP-10-stimulated
CD4+ T-cells, we observed significant declines in the proportion of CD38+HLA-DR+ CD4+ T-cells
of HIV−TB (p = 0.001, Supplementary Figure S4A). In HIV+TB, only the CD38+HLA-DR+Ki67+
phenotype on ESAT-6/CFP-10 stimulated CD4+ T-cells declined at two months (p= 0.04, Supplementary
Figure S4B). On Gag stimulated total cytokine+ CD8+ T-cells, we did not observe significant declines
in the frequencies of cells expressing the CD38+HLA-DR+Ki67− (p = 0.69) or CD38+HLA-DR−Ki67−
(p = 0.78) phenotypes (Supplementary Figure S4C).

A

Figure 5. Comparison of the activation profiles of Mtb-specific CD4+ T-cells between HIV+TB, HIV−TB,
and LTBI participants. (A) Representative dot plots of the activation profile on CD4+ T-cells of
an HIV+TB patient in response to ESAT-6/CFP-10 stimulation. The proportion of each subset on
ESAT-6/CFP-10 (B) and Mtb-Lysate (C) stimulated total cytokine+CD4+ T-cells. Statistical comparisons
were made using the Kruskal–Wallis with Dunn’s test for multiple comparisons. We used Boolean
gates to derive all possible combinations of the co-expressed markers.
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Figure 6. Receiver operating characteristics (ROC) curve analysis of the activation phenotype on total
cytokine producing CD4+ T-cells for discriminating between TB and LTBI. Phenotypic analysis was
only conducted in participants with a positive ESAT-6/CFP-10 response defined by a false discovery rate
(FDR) < 0.05 using mixture models for single cell assays (MIMOSA) analysis: HIV+TB (n = 9); HIV−TB
(n = 9); LTBI (n = 8). Comparison of the area under the curve for the phenotype CD38+HLA-DR+Ki67+
(top panel, A,B) and CD38+HLA-DR+Ki67- (bottom panel, C,D) in HIV+TB (red) and HIV−TB (blue).
ROC curve analysis was done in Prism. The area under the curve (AUC) and p-values are shown. The
dotted lines represent an AUC of 0.5.

2.4. A High CD27MFI Ratio Discriminates Active TB from Latent TB and Declines after Two Months of TB Treatment

To assess the effect of active disease on the memory phenotype of Mtb-specific CD4+ T-cells,
we analyzed the Boolean combination of CD27, KLRG1, CD45RA, and CCR7 (Figure 7A shows
representative dot plots). However, KLRG1 added no further information to the classification of memory
subsets, therefore we used CD27, CD45RA, and CCR7 to define the memory phenotype. In agreement
with previous reports, CD27 expression was downregulated on ESAT-6/CFP-10-stimulated CD4+ T-cells
with an effector memory phenotype characterized by a high proportion of CD27−CD45RA−CCR7−
within the total cytokine+ compartment (p < 0.001 for HIV−TB vs. LTBI and p = 0.02 for HIV+TB vs.
LTBI, Figure 7B). In contrast, Gag-stimulated CD4+ T-cells were predominantly of a central memory
phenotype (CD27+CD45RA−CCR7+; Supplementary Figure S5) with a dominant transitional memory
phenotype (CD27+CD45RA+/−CCR7−; results not shown) observed on CD8+ T-cells. We did not
observe statistically significant differences when we assessed the effect of TB treatment on the memory
phenotype of ESAT-6/CFP-10-stimulated T-cells (Figure 7C,D).
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Figure 7. Comparison of the memory phenotype of ESAT-6/CFP-10-stimulated CD4+ T-cells between
active TB and LTBI participants. (A) Representative plot of the total cytokine production in the memory
compartment in response to ESAT-6/CFP-10 stimulation at baseline and two months (fu) timepoints.
(B) Comparison of the memory phenotype of ESAT-6/CFP-10 stimulated total cytokine+CD4+cells
between HIV+TB and HIV−TB. Changes in the memory phenotype between baseline and two months
of TB treatment in HIV+TB (red, (C)) and HIV−TB (blue, (D)). Statistical comparisons were made
using Kruskal–Wallis with Dunn’s test for multiple comparisons. Differences between time points were
assessed using the Wilcoxon signed rank test.

We next evaluated CD27 expression as a ratio of the MFI of CD27 on CD4+T-cells to that of CD27 on
total cytokine+ CD4+ T-cells, using a modification of the calculation as suggested by Portevin et al. [10].
We observed that a high ratio was associated with active TB on ESAT-6/CFP-10 (p = 0.01 for HIV−TB vs.
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LTBI and p = 0.05 for HIV+TB vs. LTBI, Figure 8A), but not the Mtb-Lysate stimulated CD4+ T-cells
(p = 0.10; results not shown). Significant declines in the ratio on ESAT-6/CFP-10-specific CD4+ T-cells
were observed at two months of treatment in both HIV+TB (p = 0.02, Figure 8B) and HIV−TB (p = 0.004,
Figure 8C). This decline was also observed on Gag stimulated CD8+T-cells of HIV+TB (p = 0.03,
Figure 8D). We then assessed the diagnostic accuracy of using the CD27 MFI ratio on ESAT-6/CFP-10
stimulated CD4+ T-cells and found comparable sensitivity in HIV−TB (67%, 95% CI 35–88) and HIV+TB
(63%, 95% CI 31–86) at a cut-off of 1.4. The corresponding ROC curves are shown in Figure 8E,F.
Overall, our results suggest that an approach using the CD27MFI ratio on ESAT-6/CFP-10-specific total
cytokine+ CD4+ T-cells could be used to discriminate between disease and infection in HIV-uninfected
individuals and monitor treatment response during active TB, regardless of HIV status.

Figure 8. Sensitivity of the CD27MFI ratio on ESAT-6/CFP-10-specific CD4+ T-cells to detect active TB.
(A) Comparison of the CD27MFI ratio between active TB and latent TB. CD27MFI ratio was calculated
as the CD27MFI on bulk CD4 T-cells divided by CD27MFI on total cytokine+ CD4+ T-cells. Change in
the CD27 MFI ratio of total cytokine+CD4+ T-cells between baseline and two months of TB treatment
in (B) HIV+TB, (C) HIV−TB, and Gag-stimulated total cytokine+CD8+T-cells (D). Differences between
time points were assessed using the Wilcoxon signed rank test. (E) and (F) show the receiver operating
characteristics (ROC) curves of the CD27 MFI ratio in HIV−TB (blue) and HIV+TB (red), respectively,
as assessed by the ROC curve analysis in Prism. The dotted lines represent an area under the curve
(AUC) of 0.5.
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3. Discussion

Our results show that the activation and memory phenotype of Mtb-specific CD4+ T-cells can
be used to discriminate between active TB and LTBI as well as to monitor declines in mycobacterial
burden after two months of ATT. These findings extend the results previously reported in ART naïve
participants [12,13,20] to individuals on ART.

Conflicting reports on the assessment of the functional profile in HIV+TB have been published,
reflecting the challenges of relying on cytokine profiles as biomarkers of TB. While some studies have
shown that in active TB there is a depletion of single IFN-γ expression [21–23] accompanied by a
dominant TNFα profile [24], others have reported that a polyfunctional profile is associated with
HIV+TB cases [25]. We observed dominant single IFN-γ and dual functional IFN-γ+TNFα+ CD4+
T-cells in response to ESAT-6/CFP-10 and Mtb-Lysate stimulation consistent with reports from South
African cohorts [12,13]. Whether these inconsistencies are due to differences in demographics of the
study cohorts, study design, or flow cytometry technical differences is not very clear. More useful than
the polyfunctional profile was the PFS that increased in response to ATT in HIV−TB, although there was
no difference in scores between HIV+TB and HIV−TB. Therefore, using functional profiles as assessed
by COMPASS may be a better measure of response to treatment. Stimulation with Mtb-Lysate also
revealed a dominant single TNFα response that had not been evident on ESAT-6/CFP-10 CD4+ T-cells.
In addition, all participants responded to Mtb-Lysate, which suggests that this antigen formulation may
offer advantages for detecting responses in participants who are unresponsive to ESAT-6/CFP-10 [13].
This is because Mtb-Lysate detects mycobacterial responses induced by Mtb, BCG vaccination, and/or
exposure to environmental mycobacteria, [13] which could be a drawback on the specificity of the
responses obtained.

HIV is a major risk factor for TB, with deficiencies in Mtb-specific CD4+T-cells possibly contributing
to the risk of active TB prior to declines in peripheral blood CD4+ T-cells [26]. While ART-induced
immune reconstitution is well described, the impact of ART on co-pathogen specific CD4+ T-cell
responses is poorly understood [17,27]. For example, although ART induced declines in bulk CD4+
and CD8+ T-cells co-expressing CD38 and HLA-DR after a year of ART, the activation was still higher
than on T-cells from HIV-uninfected individuals [18]. Since the activation level of T-cells is one of
the factors influencing the extent of immune restoration [18], the use of blood-based markers may be
an effective tool to assess the risk of active TB prior to ART initiation. In our cohort of participants
who had been on ART for a median of one year, we found that the immune activation in HIV+TB,
measured as a proportion of CD38+HLA-DR+totalcytokine+ ESAT-6/CFP-10-responding CD4+ T-cells,
was comparable to HIV−TB but higher than LTBI at the time of TB diagnosis. In addition, significant
declines in activation at two months post-ATT were observed only in HIV−TB. This could indicate that
we needed a longer follow-up period and a larger sample size to observe a decline in response to TB
treatment in the HIV+TB group.

Prior studies have shown that the activation profile of Mtb-specific CD4+ T-cells defined by CD38,
HLA-DR, and Ki67 in combination [11–13] or alone [14] can distinguish latent from active TB with
high sensitivity. Our results of a high sensitivity for the co-expression of CD38 and HLA-DR on
Mtb-specific CD4+ T-cells as reflected by the ROC curve analysis agree with reports from Riou et al. [13]
and Wilkinson et al. [12], in our analysis, the co-expression of CD38, HLA-DR, and Ki67 had poor
sensitivity for TB diagnosis and the proportion of cells expressing this phenotype did not change after
two months of TB treatment. The expression of Ki67 has also been shown to be a less robust marker
for differentiating active disease from LTBI in a study of HIV infected participants who were not on
ART [12].

The chronic antigen exposure that occurs in active TB disease drives the maturation of Mtb-specific
CD4+ T-cells toward a late differentiated phenotype [28]. CD27 loss has been shown to differentiate
active TB from LTBI [9,10,13,28] and associates with clinical disease severity and lung tissue damage in
active TB [29]. Consistent with these reports, Mtb-specific CD4+ T-cells in response to ESAT-6/CFP-10
stimulation from active TB cases, regardless of HIV status, had a dominant effector memory phenotype
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compared to the central memory phenotype on LTBI. In contrast, Gag stimulated CD8+ T-cells had
a dominant transitional memory phenotype that has been associated with HIV virologic control in
participants not on ART and reduced immune activation [30].

Recently, a T-cell-activation marker-tuberculosis (TAM-TB) assay that measures the CD27
phenotype of IFN-γproducing cells was shown to have good performance characteristics in children [10].
We extended the analysis of the CD27 MFI ratio (measured as CD27 MFI on CD4+ T-cells divided
by CD27 MFI on IFN-γ+CD4+ T-cells), suggested by Portevin et al. [10], to total cytokine+CD4+
T-cells, as recently reported [9]. We added new information regarding the CD27 MFI ratio in HIV+TB
participants and showed that the ratio was highest on ESAT-6/CFP-10 responding total cytokine+
CD4+ T-cells in active TB participants regardless of HIV status. Previously, CD27 was analyzed as a
% or MFI on IFN-γ+CD4+ T-cells of HIV+TB who were not on ART also showed good sensitivity in
distinguishing active disease from infection [13]. In our analysis, TB treatment also caused declines in
the CD27 MFI ratio in the HIV−TB participants. An increase in CD27 expression on Mtb-specific T-cells
has also been shown to correlate with the conversion of sputum culture and lung repair measured as
the reduction in lung tissue destruction on radiological examination at two months of ATT [29].

Our results should be interpreted in light of some limitations to the analyses. The sample size of
our study groups was very small and was limited by studying participants with paired samples to
detect early changes during ATT. This further reduced the sample sizes and may have possibly masked
some differences and limited our ability to detect changes in certain phenotypes. Larger cohorts would
be required to extend our findings. Whilst biomarkers for early treatment monitoring are important for
identifying patients that are likely to respond well to shorter treatment regimens [31], the lack of an end
of treatment timepoint and the fact that all patients had culture negative results at two months, limits
our ability to comment on whether changes in the biomarkers are associated with favorable responses
to ATT. Nonetheless, our results show that although TB treatment generally lasts six months, there are
a number of patients that will culture convert by the end of the intensive phase of ATT. In addition,
the inclusion of Gag stimulation allowed us to observe that these changes in T-cell activation appeared
to be specific to the reduction of Mtb load during ATT because Gag-specific cells remained unaffected.
However, the functional impact of the divergence in the memory phenotypes observed between Mtb
and HIV-specific T-cells could not be determined due to the nature of the study design. Furthermore,
we did not include HIV+ participants without TB as a control, which limits our ability to comment on
the specificity of such responses.

Overall, our results show that CD38 and HLA-DR co-expression on Mtb-specific T-cells has good
performance characteristics for active TB regardless of HIV status and has potential for early treatment
monitoring in HIV+TB individuals on ART. The CD27 MFI ratio performed well on ESAT-6/CFP-10
responding total cytokine+CD4+T-cells in HIV−TB and needs further validation in large, well-powered
cohorts to define its potential in monitoring early treatment responses in HIV+TB.

4. Materials and Methods

4.1. Study Participants

Participants with a diagnosis of pulmonary TB were recruited from 10 primary health clinics in
Gaborone, Botswana during the period December 2017 to August 2018. Participants were recruited on
the day of TB diagnosis or within five days thereof, prior to anti-TB treatment (ATT). All participants had
a confirmed TB diagnosis by either smear microscopy or X-pert MTB/RIF (Cepheid, Inc., Sunnyvale, CA,
USA). Sputum samples were collected at the time of diagnosis and cultured using Lowenstein–Jensen
media, and phenotypic drug susceptibility testing was conducted. We collected samples from 10
healthy participants with no symptoms or previous history of TB, with a positive Quantiferon Gold
Plus test (QIAGEN, Hilden, Germany) to serve as a comparison group. Blood samples were collected
from all participants in sodium heparin tubes for peripheral blood mononuclear cell (PBMC) isolation.
Participants with TB had study visits at 1- and 2-months post ATT, with sputum samples for culture and
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blood for PBMC processing collected at each visit. Samples for CD4 and viral load testing were collected
at the baseline and two months and processed on the FACSCalibur (BD Biosciences, San Jose, CA, USA)
and Abbott m2000sp/rt (Abbott, Chicago, IL, USA) instruments, respectively, at the ISO-accredited
Botswana Harvard HIV Reference Laboratory (BHHRL).

4.2. Laboratory Methods

4.2.1. Cell Activation

PBMCs were isolated using the Ficoll–Hypaque density gradient method (GE Healthcare, Chicago,
IL, USA) and stored in liquid nitrogen before shipping to the South African Tuberculosis Vaccine
Initiative (SATVI) for processing. Cryopreserved cells were thawed and rested for two hours in Roswell
Park Memorial Institute RPMI 1640 media containing 10% heat-inactivated fecal bovine serum (FBS)
prior to antigen stimulation. We stimulated cells with a pool of early secretory antigen (ESAT-6) and
culture filtrate protein (CFP-10, peptide pool referred to as ESCF) consisting of 17 and 16 peptides,
respectively, overlapping by 10 amino acid sequences (1 μg/mL, GenScript, Piscataway, NJ, USA); Mtb
cell lysate (MtbLy) (H37Rv; 10 μg/mL, BEI Resources, Manassas, VA, USA), and HIV-1C Gag 15 mers
overlapping by 10 amino acids (2 μg/mL, BEI Resources, Manassas, VA, USA). Phytohemagglutinin
antigen (PHA; 2 μg/mL) was used as a positive control. A negative control without stimulation (NS)
was also included. Stimulations were performed for two hours in a 37 ◦C CO2 incubator, after which
Brefeldin A (5 μg/mL, Sigma-Aldrich, St. Louis, MO, USA) was added and cells were further stimulated
for four hours. All stimulations were conducted in the presence of the co-stimulatory antibodies,
anti-CD28 and anti-CD49d (1 μg/mL, BD Biosciences, San Jose, CA, USA) for a total of six hours.

4.2.2. Cell Staining

After stimulations, cells were washed, stained with phycoerythrin (PE)-conjugated chemokine
receptor antibody CCR7 (BD Biosciences, San Jose, CA, USA), and subsequently surface stained
with the following antibodies: Brilliant violet (BV) 650-conjugated CD3 (BD Biosciences, San Jose,
CA, USA); CD4-BV785 (BD); CD45RA-BV570 (BioLegend, San Diego, CA, USA); CD27–BV510 (BD
Biosciences, San Jose, CA, USA); Fluorescein Isothiocynate (FITC)-conjugated HLA-DR (BioLegend,
San Diego, CA, USA); Phycoerythrin (PECy5)-conjugated CD38 (BD Biosciences, San Jose, CA, USA);
Peridinin-chlorophyll-protein complex (PerCP_eFluor710)-conjugated Killer Lectin-like receptor G
(KLRG1, Invitrogen, Carlsbad, CA, USA); and LIVE-DEAD-Far Infrared (IR, Invitrogen, Shenzhen,
China). The antibody panel including clone and catalog number in accordance with the MIFlowCyt
guidelines [32] is shown in Supplementary Table S1. Cells were then fixed and permeabilized
using Cytofix/Cytoperm buffer (BD Biosciences, San Jose, CA, USA) and stained with the antibodies
Allophycocyanin (APC)-conjugated Interleukin (IL)-2 (BD Biosciences, San Jose, CA, USA); interferon
gamma (IFN-γ)-AlexaFluor700 (BD Biosciences, San Jose, CA, USA); tumor necrosis factor (TNF)-α
-PeCy7 (BioLegend, San Diego, CA, USA); and Ki67-BV421 (BD Biosciences, San Jose, CA, USA). Cells
were fixed in 1% paraformaldehyde and acquired on a BD LSRII flow cytometer within one hour of
fixation at the South African Tuberculosis Vaccine Initiative (SATVI). FACS data were analyzed in
FlowJo (BD Biosciences, San Jose, CA, USA) and Boolean combination gating was used to calculate
frequencies corresponding to eight and sixteen different combinations of cytokines and memory
markers, respectively. The gating strategy is shown in Supplementary Figure S1.

4.3. Statistical Analysis

In order to compare the functional, activation, and memory profile of Mtb-specific CD4+ T-cells
between antigen conditions or patient groups, we used the Wilcoxon rank sum, and Kruskal–Wallis
with Dunn’s tests for multiple comparisons as appropriate. Cytokine combinations were assessed
using SPICE (simplified presentation of incredibly complex evaluations) software and data are reported
after background subtraction [33]. Differences in the functional, activation, and memory profile of
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Mtb-specific CD4+ T-cells between baseline and two months were analyzed using the Wilcoxon signed
rank test. Receiver operating characteristics (ROC) curve analysis was used for single marker analysis.
COMPASS (combinatorial polyfunctionality analysis of antigen-specific T-cells) and MIMOSA (mixture
models for single cell assays) analysis was conducted in R (v1.1.463, The R Foundation for Statistical
Computing, Vienna, Austria) using the packages as described previously [19]. To reliably measure
the expression of phenotypic markers on antigen specific cells, we first determined whether the
immune response to antigen stimulation was significantly higher when compared to non-specific
cytokine production detectable in unstimulated samples. To do this, we applied MIMOSA analysis
and defined antigen responders as participants with a false discovery rate (FDR) < 0.05 from this
analysis. COMPASS utilizes a Bayesian hierarchical mixture model to identify antigen-specific changes
simultaneously across all possible T-cell subsets [19]. Such an approach has a higher sensitivity and
specificity for detecting true responses over alternative approaches such as basic log fold change [19].
A Markov Chain Monte Carlo algorithm computes posterior probabilities resulting in two scores;
functionality and polyfunctionality that can be correlated with any outcome of interest. We analyzed
data using STATA (v14.2; StataCorp, College Station, TX, USA) and GraphPad Prism (v8.1; GraphPad
Software, La Jolla, CA, USA). A p-value < 0.05 was considered statistically significant and we adjusted
for multiple comparisons where needed.

4.4. Ethical Considerations

This work received ethical approval from The University of Botswana IRB and the Human
Research Development Committee (IRB of the Botswana Ministry of Health and Wellness, No: HPDME
13/18/1). All participants provided written informed consent.
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Abstract: The emergence and spread of drug-resistant Mycobacterium tuberculosis strains (including
MDR, XDR, and TDR) force scientists worldwide to search for new anti-tuberculosis drugs. We have
previously reported a number of imidazo[1,2-b][1,2,4,5]tetrazines–putative inhibitors of mycobacterial
eukaryotic-type serine-threonine protein-kinases, active against M. tuberculosis. Whole genomic
sequences of spontaneous drug-resistant M. smegmatis mutants revealed four genes possibly involved
in imidazo[1,2-b][1,2,4,5]tetrazines resistance; however, the exact mechanism of resistance remain
unknown. We used different approaches (construction of targeted mutants, overexpression of the
wild-type (w.t.) and mutant genes, and gene-expression studies) to assess the role of the previously
identified mutations. We show that mutations in MSMEG_1380 gene lead to overexpression of the
mmpS5-mmpL5 operon in M. smegmatis, thus providing resistance to imidazo[1,2-b][1,2,4,5]tetrazines
by increased efflux through the MmpS5-MmpL5 system, similarly to the mechanisms of resistance
described for M. tuberculosis and M. abscessus. Mycobacterial MmpS5-MmpL5 transporters should
be considered as an MDR-efflux system and they should be taken into account at early stages of
anti-tuberculosis drug development.

Keywords: Mycobacterium smegmatis; imidazo[1,2-b][1,2,4,5]tetrazine; MmpS5-MmpL5; efflux; drug
discovery; drug resistance; tuberculosis

1. Introduction

Tuberculosis (TB), caused by Mycobacterium tuberculosis, is currently the leading killer among the
infectious diseases caused by one infectious agent, responsible for an estimate of 1.2 million deaths in
2018 [1]. According to WHO, 1.7 billion people globally are infected with M. tuberculosis, and thus are
at risk of developing the disease [1]. The emergence and spread of multidrug resistant TB (MDR-TB,
defined as TB resistant to rifampicin and isoniazid), extensively drug-resistant TB (defined as MDR-TB
with resistance to the fluoroquinolones and second-line injectables) and totally drug-resistant TB
(TDR-TB) is a global threat to world-wide TB control [2–5]. Long treatment times (six months for
drug-susceptible TB and up to two years for DR-TB) often lead to bad patient compliance, which is
one of the causes of drug resistance development and results in worse treatment outcomes. Thus,
researchers are forced to search for novel anti-TB drugs and shorter regimens [6].

Eukaryotic-type serine-threonine protein-kinases (ESTPKs) play a key role in M. tuberculosis life
cycle regulation, controlling some of its vital aspects such as cell division and survival within host
macrophages, and, therefore, they represent attractive targets for drug development [7,8]. We have
previously described a number of imidazo[1,2-b][1,2,4,5]tetrazines with a promising antibacterial
activity on M. tuberculosis and M. smegmatis [9]. Most of these compounds showed activity as potential
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ESTPK inhibitors in the original M. smegmatis aphVIII+ test-system [10,11], and two of them were able
to bind to the M. tuberculosis PknB adenine-binding pocket according to docking studies [10]. Despite
the predicted activity as ESTPK-inhibitors, both the exact mechanism of action and the mechanism of
resistance to these compounds are still unknown.

We were able to obtain spontaneous M. smegmatis mutants resistant to four imidazo[1,2-b][1,2,4,5]
tetrazines (3a, 3c, 3h and 3n, Figure 1), which had cross-resistance among them, suggesting a
common mechanism of drug-resistance [9]. Whole-genomic sequencing and comparative genomic
analysis revealed mutations in MSMEG_0641 (binding-protein-dependent transporters inner membrane
component) in 1 mutant, in MSMEG_1601 (hypothetical protein) in seven mutants, in MSMEG_2087
(transporter small conductance mechanosensitive ion channel (MscS) family protein) in one mutant [12],
while all the mutants carried different mutations in MSMEG_1380 (AcrR/TetR_N transcriptional
regulator) – 1 nonsynonymous SNP, 2 insertions leading to a frameshift, 2 duplications (6 and 501 base
pairs-long) and one deletion [13].

3a 3c

3h 3n
Figure 1. Chemical structures of imidazo[1,2-b][1,2,4,5]tetrazines [9].

In this article we describe the investigation of these mutations’ role in mycobacterial drug
resistance to imidazo[1,2-b][1,2,4,5]tetrazines by different approaches: construction of targeted mutants,
overexpression of the wild-type (w.t.) and mutant genes, and gene-expression studies.

2. Results

2.1. Mutations in MSMEG_1380 Gene Lead to Imidazo[1,2-b][1,2,4,5]tetrazines Resistance in M. smegmatis

The list of nonsynonymous mutations found in spontaneous drug-resistant M. smegmatis mutants
used in this study is presented in Table 1. We were able to construct targeted M. smegmatis mutants
harboring each mutation in genes MSMEG_0641, MSMEG_1601, and MSMEG_2087, as well as five
mutations found in MSMEG_1380 gene using the p2NIL/pGOAL19 suicide system [14] for homologous
recombination (Table 1).

We examined the minimal inhibitory concentrations (MICs) of the four compounds on the recombinant
M. smegmatis strains and found that mutations in MSMEG_1380 gene lead to elevated MICs as compared
to the w.t. strain (4×MIC for the compound 3a, at least 2×MIC for the compound 3c, at least 2×MIC
for the compound 3h, and 4×MIC for the compound 3n), while recombinants harboring mutations in
genes MSMEG_0641, MSMEG_1601, and MSMEG_2087 had the same MICs as the w.t. strain (Table 2).
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Table 1. Bacterial strains used in the study.

Bacterial Strains

Name Comment Origin

M. smegmatis mc2 155 Wild-type (w.t.) strain

M. smegmatis atR1 Spontaneous mutant of mc2 155. Mutations: Y52H (TAC>CAC) in MSMEG_1601;
del LLA41-43 (del GCTGCTCGC480-488) in MSMEG_1380. [9]

M. smegmatis atR2 Spontaneous mutant of mc2 155. Mutations: Y52H (TAC>CAC) in MSMEG_1601;
ins GC425-426 (frameshift) in MSMEG_1380. [9]

M. smegmatis atR9 Spontaneous mutant of mc2 155. Mutations: Y188C (TAC>TGC) in MSMEG_2087;
ins C8 (frameshift) in MSMEG_1380. [9]

M. smegmatis atR10 Spontaneous mutant of mc2 155. Mutations: R233S (CGT>AGT) in MSMEG_0641;
ins C8 (frameshift) in MSMEG_1380. [9]

M. smegmatis atR14 Spontaneous mutant of mc2 155. Mutations: Y52H (TAC>CAC) in MSMEG_1601;
ins G448 (frameshift) in MSMEG_1380. [9]

M. smegmatis atR19 Spontaneous mutant of mc2 155. Mutations: Y52H (TAC>CAC) in MSMEG_1601;
T52V (ACG>GTG) in MSMEG_1380. [9]

M. smegmatis atR33 Spontaneous mutant of mc2 155. Mutations: ins VG52-53 (ins GTGGGC154-159)
in MSMEG_1380. [9]

M. smegmatis atR37 Spontaneous mutant of mc2 155. Mutation: del C 662 (frameshift) in MSMEG_1380. [9]

M. smegmatis atR1c Recombinant strain, mutation: del LLA41-43 (del GCTGCTCGC480-488)
in MSMEG_1380. This study

M. smegmatis atR2c Recombinant strain, mutation: ins GC425-426 (frameshift) in MSMEG_1380. This study
M. smegmatis atR9c Recombinant strain, mutation: ins C8 (frameshift) in MSMEG_1380. This study

M. smegmatis atR14c Recombinant strain, mutation: ins G448 (frameshift) in MSMEG_1380. This study
M. smegmatis atR33c Recombinant strain, mutation: ins VG52-53 (ins GTGGGC154-159) in MSMEG_1380 This study
M. smegmatis 0641c Recombinant strain, mutation: R233S (CGT>AGT) in MSMEG_0641. This study
M. smegmatis 1601c Recombinant strain, mutation: Y52H (TAC>CAC) in MSMEG_1601 This study
M. smegmatis 2087c Recombinant strain, mutation: Y188C (TAC>TGC) in MSMEG_2087 This study

Table 2. Imidazo[1,2-b][1,2,4,5]tetrazines MICs on M. smegmatis strains in liquid medium.

Compound
M. smegmatis Strains MICs, μg/mL

mc2 155 atR1c atR2c atR9c atR14c atR33c 0641c 1601c 2087c

3a 128 512 512 512 512 512 128 128 128
3c 64 >128 * >128 * >128 * >128 * >128 * 64 64 64
3h 128 >256 * >256 * >256 * >256 * >256 * 128 128 128
3n 64 256 256 256 256 256 64 64 64

* The compounds were not soluble at higher concentrations; bacterial growth was observed at the stated concentrations.

Thus we have shown that only the mutations in MSMEG_1380 are responsible for imidazo[1,2-b]
[1,2,4,5]tetrazines resistance in M. smegmatis.

2.2. W.t. MSMEG_1380 Overexpression Increases M. smegmatis Susceptibility to
imidazo[1,2-b][1,2,4,5]tetrazines

In order to investigate further the role of MSMEG_1380 in M. smegmatis resistance to imidazo[1,2-b]
[1,2,4,5]tetrazines, we cloned the w.t. MSMEG_1380 gene and two of its mutant variants in the
tetracycline inducible plasmid pMINDKm- [15].

We used the paper-disc assay to assess the drug susceptibility of M. smegmatis strains to
imidazo[1,2-b][1,2,4,5]tetrazines and found that the overexpression of the w.t. MSMEG_1380 gene
increases M. smegmatis susceptibility to the tested compounds, while the overexpression of its mutant
variants had no effect on the phenotype (Table 3), thus suggesting that the disruption of MSMEG_1380
protein’s function leads to the drug-resistant phenotype.
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Table 3. Growth inhibition halos, produced by imidazo[1,2-b][1,2,4,5]tetrazines on M. smegmatis strains.

Compound
Concentration,

nmole/disc

Growth Inhibition Halo, mm

M. smegmatis Transformants

pMINDKm- pMINDKm-:msmeg_1380 pMINDKm-:msmeg_1380-19 pMINDKm-:msmeg_1380-33

3a 300 9.8 ± 1.5 17.0 ± 3.6 8.8 ± 0.8 8.2 ± 0.6
3c 300 7.0 ± 0.8 15.0 ± 2.9 6.3 ± 0.5 6.3 ± 0.5
3h 40 6.7 ± 0.5 11.5 ± 0.4 6.3 ± 0.5 6.5 ± 0.4
3n 100 9.7 ± 2.4 16.0 ± 0.8 9.2 ± 1.3 9.3 ± 1.2

2.3. MSMEG_1380 Represses the Expression of the mmpS5-mmpL5 Operon in M. smegmatis

MSMEG_1380 gene lies 179 b.p. upstream the mmpS5-mmpL5 operon (genes MSMEG_1381-
MSMEG_1382) in the M. smegmatis genome and is transcribed in the opposite direction (Figure 2).
The structure of this operon is conserved in different mycobacterial species: the mmpS5-mmpL5 genes
are controlled by a TetR-family transcriptional repressor, encoded by a gene located upstream the
operon. Mutations in genes encoding the TetR-repressor, which lead to the upregulation of the
mmpS5-mmpL5 genes, are involved in M. abscessus resistance to the derivatives of thiacetazone [16],
as well as in cross-resistance of M. tuberculosis to bedaquiline and clofazimine [17]. We have also
identified a possible operator sequence in the 5′-untranslated region of MSMEG_1381, similar to the
one described in [16]: 5′-AAGCGGATTGACCTTATCCACTT-3′.

179 bp

tetR
MSMEG_1380

mmpS5
MSMEG_1381

mmpL5
MSMEG_1382

5’-TGAAAGCGGATTGACCTTATCCACTTATGC-3’

Figure 2. Schematic representation of the mmpS5-mmpL5 operon structure in M. smegmatis genome.
The putative operator sequence is shown in red.

To test the hypothesis that resistance to imidazo[1,2-b][1,2,4,5]tetrazines in M. smegmatis has
a similar origin to the ones described for M. tuberculosis and M. abscessus [16,17], we analyzed the
expression of MSMEG_1380 gene and mmpL5 (MSMEG_1382) genes in different conditions.

All the spontaneous M. smegmatis mutants had increased mmpL5 expression (54.16–80.45 times)
as compared to the w.t. M. smegmatis mc2 155 strain (Figure 3A). The overexpression of the w.t.
MSMEG_1380 gene, cloned into the pMINDKm- plasmid led to a 7.90-fold repression of the mmpL5
gene expression (p < 0.001, Figure 3B), confirming that MSMEG_1380 encodes the repressor of the
mmpS5-mmpL5 operon, and explaining the drug-susceptible phenotype, observed in the MSMEG_1380
overexpressing strain. On the contrary, the expression of MSMEG_1380 was upregulated in the mutant
strains (Figure 3A), indicating that this transcriptional repressor is self-regulatory and that mutations
lead to the loss of its function.

We also observed that the addition of subinhibitory concentrations of the compound 3a upregulated
the expression of mmpL5 in a dose-dependent manner (Figure 3C).
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Figure 3. Relative expression levels of mmpS5-mmpL5 operon genes in different conditions: expression
levels of MSMEG_1380 and mmpL5 genes in spontaneous M. smegmatis imidazo[1,2-b][1,2,4,5]
tetrazine-resistant mutants (A); expression levels of MSMEG_1380 and mmpL5 genes in M. smegmatis
pMINDKm-:msmeg_1380 (B); expression levels of the mmpL5 gene after the addition of different
concentrations of the compound 3a (shown on the X-axis) (C). Error bars represent standard deviations
from triplicates.

3. Discussion

Deorphaning phenotypic screening hits, that is determining their mechanism of action and/or
resistance, is a key part in the early-stage anti-TB drug development [18]. Here we determine
the mechanism of M. smegmatis imidazo[1,2-b][1,2,4,5]tetrazines resistance based on the previously
obtained whole-genome sequencing data for 12 spontaneous mutants with cross-resistance to four
compounds [9,13].

The construction of targeted mutants showed that only mutations in MSMEG_1380 are responsible
for drug resistance. In M. smegmatis, MSMEG_1380 encodes a TetR-family transcriptional repressor,
which controls the mmpS5-mmpL5 operon, encoding transmembrane transporters, conserved throughout
mycobacterial species. Mutations occurring in MSMEG_1380 led to the upregulation of the
mmpS5-mmpL5 operon and increased efflux of the drug-candidates from the cells, similarly to
the mechanisms described for M. tuberculosis and M. abscessus [16,17]. Overexpression of the w.t.
MSMEG_1380 led to the repression of the mmpS5-mmpL5 operon and expectedly to an increased
drug susceptibility phenotype. Interestingly, we observed a dose-dependent upregulation of the
mmpS5-mmpL5 operon upon the addition of one of the compounds, which may indicate the ability of
this compound to bind to the MSMEG_1380 protein, inhibiting its affinity to the operator sequence;
however, this needs to be examined in vitro in future studies.

The tested compounds showed activity as ESTPK inhibitors [9,11]; however, we have not
observed any mutations in ESTPK genes. One or more ESTPKs might still be the biotargets of
imidazo[1,2-b][1,2,4,5]tetrazines but determining them by spontaneous mutagenesis might be difficult:
some of the ESTPKs may fulfill the functions of others in the situation when they might be inhibited [8],
and there is a possibility that more than one mutation might be required.

The primary biological role of the MmpS5-MmpL5 system consists in siderophore transport,
which is crucial for M. tuberculosis survival under low-iron conditions within macrophages [19]. Yet, this
efflux system has also shown itself to be an important factor of drug resistance: besides the mentioned
efflux-mediated resistance to thiacetazone derivatives, bedaquiline and clofazimine [16,17], it has also
been reported to provide M. tuberculosis resistance to azoles [20]. We can expect that M. tuberculosis strains
resistant to bedaquiline and clofazimine might also be resistant to imidazo[1,2-b][1,2,4,5]tetrazines;
however, a 36% mismatch in the amino acid sequences of the MmpL5 proteins in M. smegmatis and
M. tuberculosis may affect the drug-specificity of the transporter, and this should be additionally
examined in future studies. Still, the MmpS5-MmpL5-mediated resistance mechanism needs to be
considered during early stages of anti-TB drug development, and convenient in silico and in vitro
test-systems for rapid analysis should be developed.
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4. Materials and Methods

4.1. Bacterial Strains and Growth Conditions

M. smegmatis strains described in this study are presented in Table 1. Middlebrook 7H9 medium
(Himedia, India) supplemented with OADC (Himedia, India), 0.1% Tween-80 (v/v), and 0.4% glycerol
(v/v) was used as liquid medium, while the M290 Soyabean Casein Digest Agar (Himedia, India)
was used as solid medium. Escherichia coli DH5α was used for plasmids propagation. Cultures in
liquid medium were incubated in the Multitron incubator shaker (Infors HT, Switzerland) at 37 ◦C and
250 rpm.

4.2. Targeted M. smegmatis mutants’ Construction

Targeted M. smegmatis mc2 155 mutants were constructed by homologous recombination using the
p2NIL/pGOAL19 suicide vector system [14]. Briefly, genes MSMEG_0641, MSMEG_1380, MSMEG_1601,
and MSMEG_2087 with adjacent 1-1,5 kb fragments were amplified from genomic DNA, isolated from
respective mutants by phenol-chloroform/isoamyl alcohol extraction after enzymatic cell lysis [21], with
Phusion High-Fidelity DNA Polymerase (Thermo Scientific, USA) using the following primers, picked
with primer-BLAST [22]: pN_0641_f 5′- TTTTCTGCAGCCAACAACGATCCAGATGTCCGT-3′ and
pN_0641_r 5′- TTTTAAGCTTCAATGGCGGCGTCTTCATTCTG-3′ for MSMEG_0641; pN_1380_f 5′-
TTTTAAGCTTGTACTACTCGCTGGTGGCGTC-3′ and pN_1380_r 5′- TTTTGGATCCTGCTGCACGTG
TTCGGTGTC-3′ for MSMEG_1380; pN_1601_f 5′- CCCATGACGGGCATCATCAACC-3′ and
pN_1601_r 5′- TTTTTTAATTAACGACGATCAGCACGTCCACAC-3′ for MSMEG_1601; pN_2087_f
5′- TTTTAAGCTTCCAGAAGGTCACCAGCGATCTG-3′ and pN_2087_r. The amplified products
were digested with respective restriction enzymes (Thermo Scientific, USA) and ligated in the p2NIL
plasmid. The cassette from pGOAL19 was subsequently cloned in the obtained plasmids at the PacI
restriction site. The plasmids were electroporated in M. smegmatis mc2 155 cells as described in [23] and
plated on M290 plates supplemented with kanamycin (50 μg/mL), hygromycin (50 μg/mL), and X-Gal
(50 μg/mL); blue single-crossover colonies were selected. Blue colonies were grown overnight in liquid
7H9 medium with ADC, and serial 10-fold dilutions were plated on M290 plates supplemented with
X-Gal (50 μg/mL) and sucrose (2% w/v); white double-crossover colonies were selected and tested for
Km susceptibility. Target genes were then Sanger-sequenced for a final confirmation of the mutation.

4.3. MIC Determination

MICs of the studied compounds on M. smegmatis were determined in liquid medium. M. smegmatis
strains were cultured overnight in 7H9 medium, then diluted in the proportion of 1:200 in fresh medium
(to approximately OD600 = 0.05). 196 μl of the diluted culture was poured in sterile nontreated 96-well
flat-bottom culture plates (Eppendorf, Germany) and 4 μL of serial two-fold dilutions of the tested
compounds in DMSO were added to the wells. The plates were incubated at 37 ◦C and 250 rpm
for 48 h. The MIC was determined as the lowest concentration of the compound with no visible
bacterial growth.

4.4. MSMEG_1380 Cloning, Expression and Drug-Susceptibility Testing

MSMEG_1380 genes from respective strains were amplified by Phusion High-Fidelity DNA
Polymerase (Thermo Scientific, USA) using primers pM_1380_f 5′-GACACATATGGGAGGAAATGT
TGTGAGTGCCCCCGAGACG-3′ and pM_1380_r 5′-TTTTACTAGTTCAGGTGGCGCAGGGCG-3′
picked with primer-BLAST [22] and cloned in the pMINDKm- plasmid [15], a modification
of pMIND [24] lacking the kanamycin resistance gene, at the NdeI and SpeI restriction sites,
to obtain the following plasmids: pMINDKm-:msmeg_1380, pMINDKm-:msmeg_1380-19, and
pMINDKm-:msmeg_1380-33, containing, respectively, the w.t. msmeg_1380 gene as well as its mutant
variants from strains atR19 and atR33. The resulting plasmids were electroporated in M. smegmatis mc2
155 cells as described in [23].
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M. smegmatis transformants were grown in Middlebrook 7H9 broth supplemented with hygromycin
(50 μg/mL) and tetracycline (10 ng/mL) to midexponential phase (OD600 = 1.2). Afterwards the cultures
were diluted in the proportion of 1:9:10 (culture:water:M290 medium) and 5 mL were poured as the top
layer on Petri dishes with agarized M290 medium. Both top- and bottom-layers were supplemented
with hygromycin (50 μg/mL) and tetracycline (10 ng/mL). The plates were allowed to dry for at least
30 min, afterwards sterile paper discs with impregnated imidazo[1,2-b][1,2,4,5]tetrazines were plated.
The plates were incubated for 2–3 days at 37 ◦C, until the bacterial lawn was fully grown. Growth
inhibition halos were measured to the nearest 1 mm. The experiments were carried out as triplicates;
the average diameter and standard deviation (SD) were calculated.

4.5. Mycobacterial RNA Isolation and Real-Time qPCR

M. smegmatis strains were grown overnight in Middlebrook 7H9 broth to midexponential
phase (OD600 = 1.0–1.2); cells from 10 mL culture were harvested by centrifugation for 10 min
at 3000× g and washed by 1 mL of RNAprotect Bacteria Reagent (Qiagen, USA). Total RNA
was extracted by homogenization in Trizol solution (Invitrogen, USA) [25], followed by phenol
(pH = 4.5)-chloroform/isoamyl alcohol (25:24:1) purification and precipitation in high salt solution
(0.8 M Na citrate, 1.2 M NaCl) with isopropanol. Remaining genomic DNA was removed by DNAse
I, Amplification grade (Invitrogen, USA). 50 ng of total RNA was used for cDNA synthesis by
iScript Select cDNA Synthesis Kit (Bio-Rad, USA). 1 ng of cDNA was used for real-time qPCR
with the qPCRmix-HS SYBR kit (Evrogen, Russia) on a CFX96 Touch machine (Bio-Rad, USA).
CFX Manager V 3.1 (Bio-Rad, USA) was used to analyze the qPCR results: relative normalized
expression of three biological replicates was calculated as ΔΔCq and genes sigA and ftsZ were
used as reference. The following primers were picked by primer-BLAST [22] for qPCR: q1380-f
5′-CTGCTCGACGAACCATGCGAAAC-3′ and q1380-r 5′-AAGGGTCTTGAGCCGAATCTCAACG-3′
(MSMEG_1380), q1382-f 5′-ACCACGCAGATCATGAACAACGACT-3′ and q1382-r 5′-GAAATCGT
CGAAGTCCGCCAGATGA-3′ (MSMEG_1382), qsigAs-sm-f 5′-CGAGCTTGTTGATCACCTCGAC
CAT-3′ and qsigAs-sm-r 5′-CTCGACCTCATCCAGGAAGGCAAC-3′ (sigA), qftsZs-sm-f 5′-AG
CAGCTCCTCGATGTCGTCCTT-3′ and qftsZs-sm-r 5′-GCCTGAAGGGCGTCGAGTTCAT-3′ (ftsZ).
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Abstract: Tuberculosis, caused by Mycobacterium tuberculosis complex bacteria, remains one of
the most pressing health problems. Despite the general trend towards reduction of the disease
incidence rate, the situation remains extremely tense due to the distribution of the resistant forms.
Most often, these strains emerge through the intra-host microevolution of the pathogen during
treatment failure. In the present study, the focus was on three serial clinical isolates of Mycobacterium
tuberculosis Beijing B0/W148 cluster from one patient with pulmonary tuberculosis, to evaluate
their changes in metabolism during anti-tuberculosis therapy. Using whole genome sequencing
(WGS), 9 polymorphisms were determined, which occurred in a stepwise or transient manner during
treatment and were linked to the resistance (GyrA D94A; inhA t-8a) or virulence. The effect of the inhA
t-8a mutation was confirmed on both proteomic and transcriptomic levels. Additionally, the amount
of RpsL protein, which is a target of anti-tuberculosis drugs, was reduced. At the systemic level,
profound changes in metabolism, linked to the evolution of the pathogen in the host and the effects
of therapy, were documented. An overabundance of the FAS-II system proteins (HtdX, HtdY) and
expression changes in the virulence factors have been observed at the RNA and protein levels.

Keywords: omics analysis; TB treatment; system analysis; Beijing B0/W148

1. Introduction

Mycobacterium tuberculosis bacteria are among the deadliest microbial pathogens in the world.
Over 10 million new cases and 1.3 million lethal cases are registered annually [1]. Despite the reduction
in the total tuberculosis (TB) incidence rate, the situation remains extremely tense due to the distribution
of resistant forms. Among them, the multidrug-resistant- (MDR, resistance to at least isoniazid (INH)
and rifampicin (RIF)) and extensively drug-resistant- (XDR, MDR phenotype with additional resistance
to any fluoroquinolone (FQ) and at least one of the second-line injectable drugs capreomycin (CAP),
kanamycin (KAN) or amikacin (AM)) tuberculosis pose a serious challenge for global TB control and
makes successful treatment difficult or impossible [2].

Directly observed treatment (DOT) and DOT plus are the current standards of treatment strategies for
the drug-susceptible and resistant forms of tuberculosis, respectively [3]. Although these protocols show
high efficiency, the emergence and fixation of resistance to new antibiotics have been observed all over
the world [4–6]. There are many reasons for this and not all of them have been fully elucidated, but it is
worth mentioning that pathogen resistance develops in the patient, as the bacterium is a human obligate
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parasite. Treatment-driven positive selection leads to: the emergence of resistant clones within a population,
their growth in a heteroresistant state and further ultimate fixation of a drug-resistant variant [7].

In recent years, multi-omics technologies have been increasingly used to understand the processes
taking place in bacterial cells during the formation of resistance. For instance, the whole genome
sequencing allows not only to undoubtedly distinguish mixed and unmixed infections in the patient,
but also to define heterogeneity within one population [8–10]. The latter is often associated with the
acquisition of certain drug resistance-conferring mutations, which occur independently in multiple
clones and have different fitness costs, and, as a consequence, different probabilities of fixation.
Apart from this, novel genetic variants may be fixed in the population by the mechanism of hitchhiking
or independently [10]. A comprehensive review of these mutations has been recently published and
demonstrated that most of these variants occurred in the genes, associated with the compensatory
mechanisms, virulence, or relapse and survival, but their consequences remain unclear [11].

At the same time, commonly revealed mutations do not reflect all changes occurring in the cell [12].
Recently, a total of 139 genes were shown to be differentially expressed among serial isolates, while only
15 mutations were different between the strains [10]. In another work, the abundance of 46 proteins
differed between resistant and sensitive strains. [13]. The in vitro experiments studying the effect of
anti-tuberculosis drugs on bacteria have shown changes in the abundance of proteins related to amino
acid, carbohydrate, and nucleotide metabolism [14].

In the present study, for the first time the author provided multi-omics analysis of three consecutive
M. tuberculosis isolates from the same patient, to evaluate the changes in bacterial metabolism during
anti-tuberculosis therapy. Based on whole genome sequencing (WGS) data, a stepwise accumulation
of polymorphisms, explaining the occurrence of phenotypic resistance to fluoroquinolones and high
concentrations of isoniazid, was determined. Moreover, at the proteomic and transcriptomic levels,
changes were found in the loci associated with drug-resistance and virulence that only partly can be
explained by mutations in the corresponding gene regions.

2. Results and Discussion

2.1. Clinical Isolates Characteristic

Three isolates from the patient with pulmonary tuberculosis have been subjected to multi-omics
analysis. The first sample, RUS_B0, was isolated in 2008 before receiving TB chemotherapy.
The second one, isolate 3955, was obtained one year after the treatment with high-doses of isoniazid,
para-aminosalicylic acid (PASK), capreomycin, cycloserine, levofloxacin, pyrazinamide, azithromycin,
clarithromycin, and amoxicillin with clavulanic acid. The 2093 sample was isolated after three years of
treatment (surgery and chemotherapy according to the individual regimen).

Drug-susceptibility testing (DST) analysis has shown that the RUS_B0 isolate was MDR, while both
3955 and 2093 isolates were XDR. Phenotypic resistance to FQ evolved in the 3955 isolate after a year
of treatment and was retained in the isolate 2093. Additionally, the 2093 isolate showed resistance to
higher doses of isoniazid (10 mg/L).

Based on genotyping analysis, strains under study belonged to the Beijing B0/W148 cluster.
Both IS6110 RFLP and 24-loci MIRU-VNTR typing have not revealed any changes in 3955 and
2093 strains relative to RUS_B0.

2.2. Intra-host Genome Evolution of M. tuberculosis Serial Isolates

Three isolates of M. tuberculosis from a single patient, collected during different time points of
treatment, were sequenced at a median depth of 383x coverage. Allele frequency of > 25% was taken
as a threshold for sub-populations differentiation. In comparison to H37Rv, nine single nucleotide
polymorphisms (SNPs) were variable among selected serial isolates, and seven of them were fixed in
the last sample (Figure 1, Table S1).
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Figure 1. M. tuberculosis genome evolution within the patient. Sample collection time points are
indicated by the numbers above the arrow. Circles and hexagons represent mutations in genes and
promoter regions, respectively. Variant allele frequency is shown by the numbers beside circles.

The initial isolate RUS_B0 consisted of two populations carrying specific polymorphisms.
The dominant population (72% of reads) carried synonymous SNP in the mmpL2 gene (pos. 598098c-t;
I300I), while the minor population had a substitution P287S in the NadA protein (pos. 1795614c-t).

On the second time point (12 weeks, isolate 3955), the predominant population has been ultimately
fixed (all reads had a mutation in mmpl2) in the sample, as well as additional polymorphisms appeared:
3427440g-t (P66P) and 7582a-c (D94A) in the cstA and gyrA gene, respectively. As in the first case,
the isolate 3955 consisted of two populations. One of them (49% of reads) had a 2102714g-a mutation
in the ndh gene, leading to the T110I substitution. Of note, another substitution in this codon, T110A,
was previously described as associated with isoniazid resistance, but it was found only in addition to
the ahpC mutation [15]. Although the presence of this mutation did not affect the isoniazid resistance of
the 3955 isolate, it was assumed that it was caused by the high-doses of INH used during the treatment.

It was also observed that the sub-population with a mutation in the ndh gene has not been
fixed in the patient and in the third time point, isolate 2093, all reads corresponded to the reference.
Nevertheless, a novel mutation (inhA t-8a), associated with resistance to INH, has emerged in this
isolate. In addition to the drug resistance-associated mutations, isolate 2093 carried SNPs in Rv1129c
(1253465c-t; S357N) and whiB6 (4338344a-g; W60R) genes, as well as in the promoter region of the espR
gene (c-90t).

2.3. Analysis of Drug Resistance Genes on Multi-omics Level

To evaluate the changes in bacterial metabolism during anti-tuberculosis therapy, multi-omics
analysis of the serial strains was performed. The transcriptomic analysis resulted in the identification
and quantification of 3889, 3894, and 3855 transcripts (TPM ≥ 1) in the RUS_B0, 3955, and 2093 strains,
respectively (Table S2). According to the proteome analysis, 1941, 1728, and 1989 proteins were
identified for the RUS_B0, 3955, and 2093 strains, respectively (Table S3). For quantitative proteomic
analysis, 1358 proteins identified in all three strains were used. Over- and underrepresented proteins
for each pair of strains are presented in Table S4.

According to DST results, all strains had the same following drug resistance-associated mutations:
STR (RpsL: K43R), INH (KatG: S315T), RIF (RpoB: S450L), EMB (EmbB: Q497R), ETH (ethA: 110delA),
KAN, CAP, AM (rrs: a1401g), PZA (pncA: t-11c) (Table 1). On the transcriptomic and proteomic levels,
differences in the rpoB, pncA, embB genes and related proteins, as well as in the rrs gene, were not
observed between the strains. Proteomic analysis revealed that in 2093 samples, abundance of RpsL
and seven other ribosome proteins (Rv0055, Rv0714, Rv0720, Rv0722, Rv0979A, Rv1298, and Rv2412)
was lower compared to the parental strains. This finding may be related to the fact that ribosomal
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proteins can be targeted by anti-tuberculosis drugs [16], and, particularly, by pyrazinamide, which was
used for the treatment.

Table 1. Results of phenotypic and genetic drug susceptibility for serial strains.

Drug* (Resistance
Associated Gene/Protein)

Clinical Isolates

RUS_B0 3955 2093

STR (Rpsl) R (K43R) R (K43R) R (K43R)

INH (KatG)
(inhA) R (S315T) R (S315T) R (S315T)

R+** (t-8a)

RIF (RpoB) R (S450L) R (S450L) R (S450L)

EMB (EmbB) R (Q497R) R (Q497R) R (Q497R)

ETH (ethA) R (110delA) R (110delA) R (110delA)

FQ (GyrA) S R (D94A) R (D94A)

KAN, CAP, AM (rrs) R (a1401g) R (a1401g) R (a1401g)

PZA (pncA) R (t-11c) R (t-11c) R (t-11c)

*STR - streptomycin, INH - isoniazid, RIF - rifampicin, EMB - ethambutol, ETH - ethionamide, FQ - fluoroquinolone,
KAN - kanamycin, CAP - capreomycin, AM- amikacin, PZA - pyrazinamide; R - resistant, S - susceptible. **high-dose
resistance (MIC=10mg/L).

For the ETH resistance-associated gene ethA carrying a frameshift mutation in the coding sequence,
a reduction in gene expression during the treatment was found. Previously, the author has shown
an increased level of ethA transcripts in the RUS_B0 (almost eight times) compared to the H37Rv.
Its open reading frame contains numerous frame-shifts and stop codons precluding protein synthesis.
The author hypothesized that MymA (Rv3083) can partly substitute the function of the inactivated
gene [17]. In the present study, an up-regulation of mymA gene in 3955 strain compared to RUS_B0
was detected.

Starting from the second time point, the studied isolate 3955 acquired a D94A substitution in
GyrA, which was also found in the 2093 isolate (Figure 1, Table 1). This mutation linked with resistance
to FQ and, thus, correlates with the DST results. According to the RNA-seq and proteomics data,
the levels of the gyrA transcript and correspondent protein were the same in all the strains. However,
another gyrase subunit, GyrB, was overrepresented in the 2093 isolate.

The isoniazid-resistant strains carrying the S315T substitution in the KatG have acquired
an additional mutation in the promoter region of the inhA gene (isolate 2093) (Figure 1, Table 1).
Recently, it was shown that combination of KatG S315T and inhA c-15t is associated with high-level
resistance (MIC ≥ 19.2 mg/L) to INH [18]. According to our study, the isolate 2093, harboring KatG
S315T and inhA t-8a, was also resistant to the high drug concentrations (MIC=10 mg/L). In turn,
the whole transcriptome analysis of the mabA – inhA operon revealed an increased level (7-fold)
of corresponding gene transcripts in the 2093 isolate compared to the RUS_B0. It is known that
INH resistance is associated with hyperproduction of the target InhA protein [19]. However, at the
proteomic level, only an overabundance of MabA protein was found (changes in InhA were not
detected). As mentioned above, the 2093 strain was resistant to higher concentrations of isoniazid
than the RUS_B0 and 3955. InhA and MabA are both functionally and structurally related. Thus,
MabA activity is also inhibited by isoniazid [20]. All of this may be evidence of high resistance of the
bacterial cells.

Previously, significant differences in the levels of the katG and hspX transcripts in the INH-resistant
and susceptible strains have been shown [13]. According to our data, the level of katG transcript was
the same, while the expression of the hspX was higher in the 2093 and 3955 strains, compared to the
RUS_B0. The abundance of KatG protein was the same after one year of therapy, but increased in
the 2093 strain, which is consistent with the data, previously obtained for the INH-resistant Beijing
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isolates [13]. Regarding the HspX protein, its increased representation in the 3955 strain compared to
RUS_B0, which went down in the strain 2093, was observed. Previously, it was proposed that HspX
can be used as a marker of the disease, including its latent form [21,22]. A reduced representation of
this protein in the resistant strain casts doubts on its usefulness.

2.4. Non-Specific Bacterial Response to Anti-tuberculosis Therapy

A number of studies have shown that mutations, acquired during treatment, do not reflect all
metabolic changes occurring in the cell [10,12]. In our study, an increased level of the Rv2971 protein in
the 2093 strain compared to the RUS_B0 and 3955 was determined. This protein is an oxidoreductase
that is necessary for the growth of mycobacteria and has a potential role in detoxification of toxic
metabolites. Previous studies have shown that this enzyme was differentially represented between
INHr and INHs strains [23,24] and for STR [25]. In the present study, higher transcript levels of Rv2971
in the 2093, compared to other strains, were detected. Taken together, these may reflect the strain’s
resistance to high-doses of isoniazid.

Previously, the author documented an increased abundance of proteins involved in lipid
metabolism, in particular, those responsible for the biosynthesis of long-chain fatty acids, in strains
recovered after anti-TB treatment [26]. Another study has identified differences in the abundance of
Rv0241 (HtdX) and Rv3389 (HtdY) that belongs to the FAS-II system, and Rv0242c (FabG4) related
to FAS-I in the INH-resistant and susceptible strains [13]. Here, the increased representation of both
FAS-II system proteins in the 2093 strain, as compared to the RUS_B0, is demonstrated. However,
no changes in the abundance of the FabG4 fatty acid synthase were detected. Increased representation
of the Rv0469 (UmaA) protein, which is responsible for the synthesis of mycolic acids, may facilitate
the formation of the cell membrane. This can prevent penetration of the anti-TB drugs, lowering their
intracellular concentration and, thus, establishing favorable conditions for the survival of the pathogen
and subsequent development of drug resistance. It has been frequently suggested that enzymes of the
lipid metabolism play an important role in the positive selection of mycobacteria [11], and fatty acids
can be considered as virulence factors of these pathogens [17,26].

2.5. Variability in the Virulence Factors Representation

It is well known that the DosR system is involved in the response of mycobacteria to the action
of the host cell immune system and to the changing environmental conditions [27,28]. The author
has previously shown that under normal growth conditions the DosR regulon proteins were poorly
represented in the Beijing B0/W148 cluster strains compared to the H37Rv. This is correlated with
an increased abundance of the same proteins and corresponding transcripts in cluster strains under
stress conditions [17]. In the present study, a statistically significant increase in the transcription levels
of the DosR regulon genes on the background of anti-tuberculosis therapy was observed (Figure 2).
The level of all DosR regulon genes has increased in the 3955 and 2093 compared to the RUS_B0 strain,
except for the Rv1734c and Rv1812c genes, of which transcription levels were lower in the 3955 strain.

A mutation in the promoter region of espR was only detected in the 2093 strain. It has led
to a decrease in the protein abundance and transcript level (albeit, not statistically significant).
The virulence phenotype of bacteria is often implemented through protein hyperproduction in vivo [29],
which is mediated by some intermediate activators. This also explains the low representation of the
EspR and EspC proteins in the analyzed strain.

In the present study, a low abundance of the PtpA protein after the anti-TB therapy in the
2093 strain was observed. According to the transcriptome analysis, expression of the ptpA was
higher in the 2093 strain. Concordantly, representation of the bifunctional protein Rv2228c, which is
associated with PtpA, was higher. At the same time, the level of the Rv2228c transcript was higher
in the 3955 strain, compared to the RUS_B0. It is known that PtpA (Rv2234) and PtpB (Rv0153c) are
secreted proteins, which play an important role in the pathogen interaction with the host cell [30] and
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have orthologs among other pathogenic pro- and eukaryotes [31]. Rv2228c is presumably involved in
bacterial replication, as it is only authenticated RNase HI in M. tuberculosis.

Figure 2. DosR regulon expression. Bars indicate fold changes in gene expression in 3955 (blue bars)
and 2093 (light blue bars) strains compared to the RUS_B0 strain. Error bars depict standard error of
the mean from three independent experiments.

3. Materials and Methods

3.1. Mycobacterium Tuberculosis Strains and Growth Conditions

Three strains (RUS_B0, 3955, 2093) of Mycobacterium tuberculosis Beijing B0/W148 cluster from the
same patient were used. Strains were grown in liquid Middlebrook 7H9 medium with Oleic Albumin
Dextrose Catalase (OADC) supplement (Becton Dickinson, Franklin Lakes, USA). The cultures (90 mL)
were grown in three biological replicates per strain in a cell culture flask (T175, Eppendorf, Germany) in
a horizontal position. M. tuberculosis strains were incubated at 37◦C for 12 days with constant shaking
(5 rpm) until OD600 was reached to 0.4 [32]. The bacterial suspension from each flask was immediately
aliquoted in a sterile 50 mL (for transcriptome and proteome analysis) and 15 mL (for WGS) tubes at
room temperature (RT).

For WGS, an aliquot (10 mL) was centrifuged at 3200g for 10 min (RT) and the pellet was stored at
-20 ◦C. Samples (40 mL) for transcriptomic analysis were centrifuged at 3200g for 10 min (RT) and cells
pellet was frozen in liquid nitrogen and stored at −80 ◦C until use. For proteomic analysis, cells (40 mL
of culture) were harvested by centrifugation at 3500g, 4◦C for 5 min and washed with Tris-HCl and 2%
Triton-X100 (pH 7.5–8). Cells were precipitated by centrifugation at 4500g, 4◦C for 15 min. The pellet
was frozen in liquid nitrogen and stored at −80 ◦C until required.

The susceptibility testing was done using the BACTEC MGIT 960 Culture system (Becton
Dickinson) following the manufacturer’s protocol.

3.2. Genomic Analysis

Genomic DNA was isolated from the strains using standard extraction methods [33]. To verify
that the strains belong to a Beijing B0/W148 cluster, the PCR assay was performed as described
previously [34]. Spoligotyping, IS6110-RFLP and 24-MIRU-VNTR typing were performed as described
in [35], [33], and [36], respectively.
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Whole genome sequencing of the strains was performed on Illumina HiSeq 2500 Sequencing
Platform according to the manufacturer’s instructions. Raw data were deposited in the NCBI Sequence
Read Archive under accession number PRJNA421323. The circular genome of RUS_B0 strains was
assembled and deposited in the NCBI earlier (CP030093.1) [37]. WGS reads were aligned to the
M. tuberculosis H37Rv (NC_000962.3) and RUS_B0 (CP030093.1) genome sequences using Bowtie
2 [38]. SAMtools (v.0.1.18) [39], FreeBayes (v.1.1.0) [40] and Snippy (v.4.3.6) [41] were used for
variant calling [39,42]. For FreeBayes and Snippy SNPs with a minimum mapping quality of 20,
minimum coverage of 10 and alternate fraction of 0.9 were taken.

A comprehensive list of drug-resistance mutations to first- and second-line drugs were used to
determine genetically resistant strains [43]. The identification of IS6110 integration sites was carried
out using ISMapper pipeline [44].

3.3. Transcriptomic Analysis

3.3.1. RNA Extraction

Total RNA was isolated from all M. tuberculosis cultures as previously described [32]. In brief,
bacteria were re-suspended in 1 mL Trizol (Invitrogen) and added to a 2-mL Lysing Matrix B (MP Bio,
USA). Cells were disrupted by bead-beating twice for 1 min with a 2-min interval on ice. The suspension
was then transferred to a new tube, where chloroform extraction was performed. RNA was precipitated
by adding 0.7 volume of isopropanol and washed with 70% ethanol, air-dried and re-suspended in
100 μL DEPC-treated water.

DNase treatment was carried out with TURBO DNA-free kit (Thermo Fisher Scientific) in
volumes of 100 μL and further with the RNase-Free DNase Set (Qiagen, Germany) according to the
manufacturer’s protocol. RNA cleanup was performed with the RNeasy Mini Kit (Qiagen) according
to the RNA Cleanup protocol and stored at −70◦C until further use. DNA contamination was
evaluated by PCR, using primers for amplification of the IS6110 fragment (PolyTub, Lytech, Russia).
The concentration and quality of the total extracted RNA were checked by using the Quant-it RiboGreen
RNA assay (Thermo Fisher Scientific) and the RNA 6000 pico chip (Agilent Technologies), respectively.

3.3.2. RNA-seq and Analysis

Total RNA (1 - 2.5 μg) was used for library preparation. Ribosomal RNA was removed from the
total RNA and libraries were prepared using the ScriptSeq Complete kit (Epicentre/Illumina, Madison,
USA), according to the manufacturer’s protocol. Subsequently, RNA cleanup was performed with the
Agencourt RNA Clean XP kit (Beckman Coulter, Brea, USA). The library underwent a final cleanup
using the Agencourt AMPure XP system (Beckman Coulter) after which the libraries’ size distribution
and quality were assessed using a high sensitivity DNA chip (Agilent Technologies). Libraries were
subsequently quantified by Quant-iT DNA Assay Kit, High Sensitivity (Thermo Fisher Scientific).
Finally, equimolar quantities of all libraries (12 pM) were sequenced by a high throughput run on the
Illumina HiSeq using 2×125 bp paired-end reads and a 5% Phix spike-in control. Before loading the
cBot system, the libraries were incubated at 98◦C for 2 minutes and then cooled on ice to improve
the hybridization of the GC-rich sequences. In total, 114 and 110 million paired reads were obtained
corresponding to 14 and 13 billion nucleotide bases for H37Rv and RUS_B0, respectively. The dataset
of RNA-Seq analysis was deposited to the NCBI with the project name PRJNA421323.

Adaptors were trimmed with the Trimmomatic v0.33 tool [45]. Quality control on raw reads
was carried out with FASTQC v0.11.5 [46]. The Kallisto v0.46.0 [47] software was used for the reads
mapping and abundance estimation. Differential expression analysis was performed using edgeR
v3.26.8 [48] package, integrated in the Degust v4.1.1 [49] web-tool. Only genes with count per million
(CPM) ≥ 1 were analyzed further. Genes were filtered based on false discovery rate cutoff (FDR) ≤ 0.05
and minimum expression fold change (FC) ≥ 2. The plots were generated using the ggplot2 package
in R.
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3.4. Proteomic Analysis

3.4.1. Protein Extraction and Trypsin Digestion

The bacterial pellet was lysed and protein was extracted as described previously [17].
Protein concentration was measured by the Bradford method [50] using the Bradford Protein Assay
Kit (Bio-Rad, Hercules, USA).

Proteolytic in-gel digestion was performed in three biological and two technical replicates: 1)
sample, fractionated into 6 parts; 2) total load sample as described previously [51]. Peptides were
cleaned using C18 Sep-Pak columns (Waters, Milford, USA) [17].

3.4.2. LC-MS/MS Analysis

Peptides were separated with high-performance liquid chromatography (HPLC, Ultimate 3000
Nano LC System, Thermo Fisher Scientific,) in a 15-cm long C18 column with a diameter of 75 μm
(Acclaim®PepMap™ RSLC, Thermo Fisher Scientific). The peptides were eluted with a gradient from
5% to 35% of buffer B (80% acetonitrile, 0.1% formic acid) over 115 min at a flow rate of 0.3 μl/min.
Total run time including 15 min to reach 99% buffer B, flushing 10 min with 99% buffer B and 15 min
re-equilibration to buffer A (0.1% formic acid) amounted to 65 min. Further analysis was performed
with a Q Exactive HF mass spectrometer (Q ExactiveTM HF Hybrid Quadrupole-OrbitrapTM Mass
spectrometer, Thermo Fisher Scientific). Mass spectra were acquired at a resolution of 60,000 (MS) and
15,000 (MS/MS) in a range of 400-1500 m/z (MS) and 200-2000 m/z (MS/MS). An isolation threshold
of 67,000 was determined for precursor selection, and up to the top 25 precursors were chosen for
fragmentation with high-energy collisional dissociation (HCD) at 25 V and 100 ms activation time.
Precursors with a charged state of +1 were rejected and all measured precursors were excluded from
measurement for 20 s. From 2 to 4 technical runs were analyzed for each sample.

3.4.3. Protein Identification and Quantitation

Raw data was captured from the mass spectrometer and converted to MGF (Mascot Generic
Format) files using ProteoWizard with the following parameters: peakPicking true 2, msLevel 2,
zeroSamples removeExtra [52]. For thorough protein identification, the generated peak lists were
searched with the MASCOT (v 2.5.1, Matrix Science Ltd, UK) and X! Tandem (VENGEANCE, 2015.12.15,
The Global Proteome Machine Organization) search engines. Database-searching parameters were as
follows: tryptic hydrolysis, no more than one missed site, the precursor and fragment mass tolerance
were set at 20 ppm and 50 ppm, respectively. Oxidation of methionine was set as a possible modification,
carbamidomethylation of cysteine as a fixed. For X! Tandem, parameters that allowed a quick check
for protein N-terminal residue acetylation, peptide N-terminal glutamine ammonia loss or peptide
N-terminal glutamic acid water loss were selected. Resulting files were submitted to the Scaffold
4 software (v 4.2.1, Proteome Software, Inc, USA) for validation and further analysis. For protein
identification, the proteomic databases for the RUS_B0 (RefSeq: CP030093.1) and reference strain H37Rv
(RefSeq: NC_000962.3) genomes were used. Additionally, in proteome searching database peptides
containing strain-specific single amino acid polymorphisms were added according to the approach
described earlier [51]. The local false discovery rate scoring algorithm with standard experiment-wide
protein grouping was used. A 1% FDR threshold was applied to search results from individual datasets.
For all detected proteins, functional categories (TubercuList v 2.6 (http://tuberculist.epfl.ch/)) and
subcellular localizations (PSORTdb v 3.0 (http://db.psort.org/)) were established.

For label-free quantitation, raw MS data files (.wiff files) were imported and processed in
Progenesis LC-MS software v.4.1 (Nonlinear Dynamics, Newcastle, UK). The results of peptide
quantitation were normalized using an iterative median-based normalization as implemented in the
Progenesis software. Differences in the abundance of a protein between the three biological replicates of
all strains were evaluated using a two-sided unpaired Student’s T-test. P-values < 0.05 were considered
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statistically significant. Adjusted p-values for multiple tests (q-values) were generated using the
Benjamini–Hochberg method [53].

4. Conclusions

This is a first report of the system omics analysis of M. tuberculosis Beijing B0/W148 cluster
strains isolated from one patient at different stages of TB therapy. A clear correlation between
genetic and phenotypic resistance to the antibiotics was demonstrated, documenting changes in the
lipid metabolism, and production of virulence factors on the proteomic and transcriptomic levels.
These changes imply that the anti-tuberculosis therapy play a crucial role in the regulation of bacterial
biochemical pathways.

We show that integrating various approaches can advance our knowledge of the role and
significance of microevolution in M. tuberculosis infection.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/2/131/s1.
Table S1: Variable SNPs among tree clinical isolates. Table S2: List of identified and quantified transcripts for
RUS_B0, 3955 and 2093 strains. Table S3: Proteins and peptides identified in RUS_B0, 3955 and 2093 strains.
Table S4: Quantitative proteomic analysis of RUS_B0, 3955 and 2093 strains.

Author Contributions: Conceptualization, J.B. and E.S.; methodology, J.B., E.S., K.K., M.D. and V.V.; software,
D.B., A.G., and G.A.; formal analysis, D.B., A.G., G.A., K.K., M.D. and V.V.; investigation, J.B., E.S.; resources, V.Z.,
E.I. and V.G.; data curation, J.B., E.S. and V.Z.; writing – original draft preparation, J.B. and E.S.; writing – review &
editing, J.B, E.S. and D.B.; supervision, E.I.; project administration, V.G.; funding acquisition, J.B. All authors have
read and agreed to the published version of the manuscript.

Funding: This work was supported by Russian Foundation for Basic Research (project 18-34-00168).

Acknowledgments: We acknowledge the IBMC “Human Proteome” Core Facility for assistance with the generation
of mass spectrometry data. We thank the Center for Precision Genome Editing and Genetic Technologies for
Biomedicine, Federal Research and Clinical Center of Physical-Chemical Medicine of Federal Medical Biological
Agency for providing the WGS platform.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. WHO. Weekly Epidemiological Record; WHO: Geneva, Switzerland, 2020; Volume 95, pp. 1–12.
2. WHO. Weekly Epidemiological Record No 45; WHO: Geneva, Switzerland, 2006; Volume 81, pp. 425–432.
3. WHO. Treatment of TB: Guidelines for National Programmes; WHO/TB/97.220; WHO: Geneva, Switzerland,

1997.
4. Calver, A.D.; Falmer, A.A.; Murray, M.; Strauss, O.J.; Streicher, E.M.; Hanekom, M.; Liversage, T.; Masibi, M.;

Van Helden, P.D.; Warren, R.M.; et al. Emergence of increased resistance and extensively drug-resistant
tuberculosis despite treatment adherence, South Africa. Emerg. Infect. Dis. 2010, 16, 264–271. [CrossRef]
[PubMed]

5. Dye, C. Doomsday postponed? Preventing and reversing epidemics of drug-resistant tuberculosis. Nat. Rev.
Microbiol. 2009, 7, 81–87. [CrossRef] [PubMed]

6. Müller, B.; Borrell, S.; Rose, G.; Gagneux, S. The heterogeneous evolution of multidrug-resistant Mycobacterium
tuberculosis. Trends Genet. 2013, 29, 160–169. [CrossRef] [PubMed]

7. Didelot, X.; Walker, A.S.; Peto, T.E.; Crook, D.W.; Wilson, D.J. Within-host evolution of bacterial pathogens.
Nat Rev Microbiol. 2016, 14, 150–162. [CrossRef]

8. Sun, G.; Luo, T.; Yang, C.; Dong, X.; Li, J.; Zhu, Y.; Zheng, H.; Tian, W.; Wang, S.; Barry, C.E.; et al.
Dynamic population changes in Mycobacterium tuberculosis during acquisition and fixation of drug resistance
in patients. J. Infect. Dis. 2012, 206, 1724–1733. [CrossRef]

9. Merker, M.; Kohl, T.A.; Roetzer, A.; Truebe, L.; Richter, E.; Rüsch-Gerdes, S.; Fattorini, L.; Oggioni, M.R.;
Cox, H.; Varaine, F.; et al. Whole genome sequencing reveals complex evolution patterns of multidrug-resistant
Mycobacterium tuberculosis Beijing strains in patients. PLoS ONE 2013, 8, e82551. [CrossRef]

10. Eldholm, V.; Norheim, G.; von der Lippe, B.; Kinander, W.; Dahle, U.R.; Caugant, D.A.; Mannsåker, T.;
Mengshoel, A.T.; Dyrhol-Riise, A.M.; Balloux, F. Evolution of extensively drug-resistant Mycobacterium
tuberculosis from a susceptible ancestor in a single patient. Genome Biol. 2014, 15, 490. [CrossRef]

61



Pathogens 2020, 9, 131

11. Ley, S.D.; de Vos, M.; Van Rie, A.; Warren, R.M. Deciphering Within-Host Microevolution of Mycobacterium
tuberculosis through Whole-Genome Sequencing: The Phenotypic Impact and Way Forward. Microbiol. Mol.
Biol. Rev. 2019, 83, e00062-18. [CrossRef]

12. Davies, A.P.; Billington, O.J.; McHugh, T.D.; Mitchison, D.A.; Gillespie, S.H. Comparison of phenotypic and
genotypic methods for pyrazinamide susceptibility testing with Mycobacterium tuberculosis. J. Clin. Microbiol.
2000, 38, 3686–3688. [CrossRef]

13. María Nieto, L.R.; Mehaffy, C.; Dobos, K.M. Comparing isogenic strains of Beijing genotype Mycobacterium
tuberculosis after acquisition of Isoniazid resistance: A proteomics approach. Proteomics 2016, 16, 1376–1380.
[CrossRef]

14. Danelishvili, L.; Shulzhenko, N.; Chinison, J.J.J.; Babrak, L.; Hu, J.; Morgun, A.; Burrows, G.; Bermudeza, L.E.
Mycobacterium tuberculosis proteome response to antituberculosis compounds reveals metabolic “escape”
pathways that prolong bacterial survival. Antimicrob. Agents Chemother. 2017, 61, e00430-17. [CrossRef]
[PubMed]

15. Lee, A.S.G.; Teo, A.S.M.; Wang, S.Y. Novel mutations in ndh in isoniazid-resistant Mycobacterium tuberculosis
isolates. Antimicrob. Agents Chemother. 2001, 45, 2157–2159. [CrossRef] [PubMed]

16. Finken, M.; Kirschner, P.; Meier, A.; Wrede, A.; Böttger, E.C. Molecular basis of streptomycin resistance
in Mycobacterium tuberculosis: Alterations of the ribosomal protein S12 gene and point mutations within
a functional 16S ribosomal RNA pseudoknot. Mol. Microbiol. 1993, 9, 1239–1246. [CrossRef] [PubMed]

17. Bespyatykh, J.; Shitikov, E.; Butenko, I.; Altukhov, I.; Alexeev, D.; Mokrousov, I.; Dogonadze, M.; Zhuravlev, V.;
Yablonsky, P.; Ilina, E.; et al. Proteome analysis of the Mycobacterium tuberculosis Beijing B0/W148 cluster.
Sci. Rep. 2016, 6, 28985. [CrossRef]

18. Lempens, P.; Meehan, C.J.; Vandelannoote, K.; Fissette, K.; De Rijk, P.; Van Deun, A.; Rigouts, L.; De
Jong, B.C. Isoniazid resistance levels of Mycobacterium tuberculosis can largely be predicted by high-confidence
resistance-conferring mutations. Sci. Rep. 2018, 8, 3246. [CrossRef]

19. Banerjee, A.; Dubnau, E.; Quemard, A.; Balasubramanian, V.; Um, K.S.; Wilson, T.; Collins, D.; De Lisle, G.;
Jacobs, W.R. inhA, a gene encoding a target for isoniazid and ethionamide in Mycobacterium tuberculosis.
Science 1994, 263, 227–230. [CrossRef]

20. Ducasse-Cabanot, S.; Cohen-Gonsaud, M.; Marrakchi, H.; Nguyen, M.; Zerbib, D.; Bernadou, J.; Daffé, M.;
Labesse, G.; Quémard, A.A. In Vitro Inhibition of the Mycobacterium tuberculosis-Ketoacyl-Acyl Carrier
Protein Reductase MabA by Isoniazid. Antimicrob. Agents Chemother. 2004, 48, 242–249. [CrossRef]

21. Castro-Garza, J.; García-Jacobo, P.; Rivera-Morales, L.G.; Quinn, F.D.; Barber, J.; Karls, R.; Haas, D.; Helms, S.;
Gupta, T.; Blumberg, H.; et al. Detection of anti-HspX antibodies and HspX protein in patient sera for
the identification of recent latent infection by Mycobacterium tuberculosis. PLoS ONE 2017, 12, e0181714.
[CrossRef]

22. Dhiman, A.; Haldar, S.; Mishra, S.K.; Sharma, N.; Bansal, A.; Ahmad, Y.; Kumar, A.; Sharma, T.K.; Tyagi, J.S.
Generation and application of DNA aptamers against HspX for accurate diagnosis of tuberculous meningitis.
Tuberculosis 2018, 112, 27–36. [CrossRef]

23. Jiang, X.; Zhang, W.; Gao, F.; Huang, Y.; Lv, C.; Wang, H. Comparison of the proteome of isoniazid-resistant
and -susceptible strains of Mycobacterium tuberculosis. Microb. Drug Resist. 2006, 12, 231–238. [CrossRef]

24. Phong, T.Q.; Ha, D.T.T.; Volker, U.; Hammer, E. Using a Label Free Quantitative Proteomics Approach to
Identify Changes in Protein Abundance in Multidrug-Resistant Mycobacterium tuberculosis. Indian J. Microbiol.
2015, 55, 219–230. [CrossRef] [PubMed]

25. Sharma, P.; Kumar, B.; Gupta, Y.; Singhal, N.; Katoch, V.M.; Venkatesan, K.; Bisht, D. Proteomic analysis of
streptomycin resistant and sensitive clinical isolates of Mycobacterium tuberculosis. Proteome Sci. 2010, 8, 59.
[CrossRef] [PubMed]

26. Bespyatykh, J.; Shitikov, E.; Zgoda, V.; Smolyakov, A.; Zamachaev, M.; Dogonadze, M.; Zhuravlev, V.; Ilina, E.
Changes in metabolism of Mycobacterium tuberculosis Beijing B0/W148 cluster against the background of
anti-tuberculosis therapy. FEBS J. 2017, 284 (Suppl. 1), 347–347.

27. Dasgupta, N.; Kapur, V.; Singh, K.K.; Das, T.K.; Sachdeva, S.; Jyothisri, K.; Tyagi, J.S. Characterization of
a two-component system, devR-devS, of Mycobacterium tuberculosis. Tuber. Lung Dis. 2000, 80, 141–159.
[CrossRef] [PubMed]

62



Pathogens 2020, 9, 131

28. Converse, P.J.; Karakousis, P.C.; Klinkenberg, L.G.; Kesavan, A.K.; Ly, L.H.; Allen, S.S.; Grosset, J.H.;
Jain, S.K.; Lamichhane, G.; Manabe, Y.C.; et al. Role of the dosR-dosS two-component regulatory system in
Mycobacterium tuberculosis virulence in three animal models. Infect. Immun. 2009, 77, 1230–1237. [CrossRef]

29. Cao, G.; Howard, S.T.; Zhang, P.; Hou, G.; Pang, X. Functional analysis of the EspR binding sites upstream of
espR in Mycobacterium tuberculosis. Curr. Microbiol. 2013, 67, 572–579. [CrossRef]

30. Koul, A.; Choidas, A.; Treder, M.; Tyagi, A.K.; Drlica, K.; Singh, Y.; Ullrich, A. Cloning and characterization
of secretory tyrosine phosphatases of Mycobacterium tuberculosis. J. Bacteriol. 2000, 182, 5425–5432. [CrossRef]

31. Kraeva, N.; Leštinová, T.; Ishemgulova, A.; Majerová, K.; Butenko, A.; Vaselek, S.; Bespyatykh, J.;
Charyyeva, A.; Spitzová, T.; Kostygov, A.Y.; et al. LmxM.22.0250-Encoded Dual Specificity Protein/Lipid
Phosphatase Impairs Leishmania mexicana Virulence In Vitro. Pathogens 2019, 8, 241. [CrossRef]

32. Benjak, A.; Sala, C.; Hartkoorn, R.C. Whole-transcriptome sequencing for high-resolution transcriptomic
analysis in Mycobacterium tuberculosis. Methods Mol. Biol. 2015, 1285, 17–30.

33. Van Embden, J.D.; Cave, M.D.; Crawford, J.T.; Dale, J.W.; Eisenach, K.D.; Gicquel, B.; Hermans, P.; Martin, C.;
McAdam, R.; Shinnick, T.M. Strain identification of Mycobacterium tuberculosis by DNA fingerprinting:
Recommendations for a standardized methodology. J. Clin. Microbiol. 1993, 31, 406–409. [CrossRef]

34. Mokrousov, I.; Vyazovaya, A.; Zhuravlev, V.; Otten, T.; Millet, J.; Jiao, W.W.; Shen, A.D.; Rastogi, N.;
Vishnevsky, B.; Narvskaya, O. Real-time PCR assay for rapid detection of epidemiologically and clinically
significant Mycobacterium tuberculosis Beijing genotype isolates. J. Clin. Microbiol. 2014, 52, 1691–1693.
[CrossRef] [PubMed]

35. Bespyatykh, J.A.; Zimenkov, D.V.; Shitikov, E.A.; Kulagina, E.V.; Lapa, S.A.; Gryadunov, D.A.; Ilina, E.N.;
Govorun, V.M. Spoligotyping of Mycobacterium tuberculosis complex isolates using hydrogel oligonucleotide
microarrays. Infect. Genet. Evol. 2014, 26, 41–46. [CrossRef] [PubMed]

36. Supply, P.; Allix, C.; Lesjean, S.; Cardoso-Oelemann, M.; Rüsch-Gerdes, S.; Willery, E.; Savine, E.; de Haas, P.;
van Deutekom, H.; Roring, S.; et al. Proposal for standardization of optimized mycobacterial interspersed
repetitive unit-variable-number tandem repeat typing of Mycobacterium tuberculosis. J. Clin. Microbiol. 2006,
44, 4498–4510. [CrossRef] [PubMed]

37. Bespyatykh, J.; Shitikov, E.; Andrei, G.; Smolyakov, A.; Klimina, K.; Veselovsky, V.; Malakhova, M.; Georgij, A.;
Dogonadze, M.; Manicheva, O.; et al. System OMICs analysis of Mycobacterium tuberculosis Beijing B0/W148
cluster. Sci. Rep. 2019, 9, 1–11. [CrossRef] [PubMed]

38. Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359.
[CrossRef] [PubMed]

39. Ramirez-Gonzalez, R.H.; Bonnal, R.; Caccamo, M.; Maclean, D. Bio-samtools: Ruby bindings for SAMtools,
a library for accessing BAM files containing high-throughput sequence alignments. Source Code Biol. Med.
2012, 7, 6. [CrossRef] [PubMed]

40. Garrison, E.; Marth, G. Haplotype-based variant detection from short-read sequencing. arXiv 2012,
arXiv:1207.3907.

41. Seemann, T. GitHub-Tseemann/Snippy: Rapid Haploid Variant Calling and Core Genome Alignment. 2015.
Available online: https://github.com/tseemann/snippy (accessed on 23 January 2020).

42. Nurk, S.; Bankevich, A.; Antipov, D.; Gurevich, A.; Korobeynikov, A.; Lapidus, A.; Prjibelsky, A.; Pyshkin, A.;
Sirotkin, A.; Sirotkin, Y.; et al. Assembling Genomes and Mini-Metagenomes from Highly Chimeric Reads; Springer:
Berlin/Heidelberg, Germany, 2013; pp. 158–170.

43. Schleusener, V.; Köser, C.U.; Beckert, P.; Niemann, S.; Feuerriegel, S. Mycobacterium tuberculosis resistance
prediction and lineage classification from genome sequencing: Comparison of automated analysis tools.
Sci. Rep. 2017, 7, 46327. [CrossRef]

44. Hawkey, J.; Hamidian, M.; Wick, R.R.; Edwards, D.J.; Billman-Jacobe, H.; Hall, R.M.; Holt, K.E. ISMapper:
Identifying transposase insertion sites in bacterial genomes from short read sequence data. BMC Genom.
2015, 16, 667. [CrossRef]

45. Bolger, A.M.; Lohse, M.; Usadel, B. Trimmomatic: A flexible trimmer for Illumina sequence data. Bioinformatics
2014, 30, 2114–2120. [CrossRef]

46. Andrews, S. FastQC: A Quality Control Tool for High Throughput Sequence Data. Babraham Bioinform.
Available online: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 24 January 2020).

47. Bray, N.L.; Pimentel, H.; Melsted, P.; Pachter, L. Near-optimal probabilistic RNA-seq quantification.
Nat. Biotechnol. 2016, 34, 525–527. [CrossRef] [PubMed]

63



Pathogens 2020, 9, 131

48. Robinson, M.D.; Mccarthy, D.J.; Smyth, G.K. edgeR: A Bioconductor package for differential expression
analysis of digital gene expression data. Bioinformatics 2010, 26, 139–140. [CrossRef] [PubMed]

49. Powell, D.R. Degust: Interactive RNA-seq Analysis. Available online: http://victorian-bioinformatics-
consortium.github.io/degust/ (accessed on 20 January 2020).

50. Bradford, M.M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing
the principle of protein-dye binding. Anal. Biochem. 1976, 72, 248–254. [CrossRef]

51. Bespyatykh, J.; Smolyakov, A.; Guliaev, A.; Shitikov, E.; Arapidi, G.; Butenko, I.; Dogonadze, M.;
Manicheva, O.; Ilina, E.; Zgoda, V.; et al. Proteogenomic analysis of Mycobacterium tuberculosis Beijing
B0/W148 cluster strains. J. Proteom. 2019, 192, 18–26. [CrossRef] [PubMed]

52. Kessner, D.; Chambers, M.; Burke, R.; Agus, D.; Mallick, P. ProteoWizard: Open source software for rapid
proteomics tools development. Bioinformatics 2008, 24, 2534–2536. [CrossRef] [PubMed]

53. Benjamini, Y.; Hochberg, Y. Controlling the False Discovery Rate: A Practical and Powerful Approach to
Multiple Testing. J. R. Stat. 1995, 57, 289–300. [CrossRef]

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

64



pathogens

Article

Genome Subtraction and Comparison for the
Identification of Novel Drug Targets against
Mycobacterium avium subsp. hominissuis

Reaz Uddin 1,*, Bushra Siraj 1, Muhammad Rashid 1, Ajmal Khan 2, Sobia Ahsan Halim 2 and

Ahmed Al-Harrasi 2,*

1 Dr. Panjwani Center for Molecular Medicine and Drug Research, International Center for Chemical and
Biological Sciences, University of Karachi, Karachi 75270, Pakistan; bushrasiraj52@gmail.com (B.S.);
m.rashid@iccs.edu (M.R.)

2 Natural and Medical Sciences Research Center, University of Nizwa, P.O. Box 33, Birkat Al Mauz,
Nizwa 616, Sultanate of Oman; ajmalkhan@unizwa.edu.om (A.K.); sobia_halim@unizwa.edu.om (S.A.H.)

* Correspondence: mriazuddin@iccs.edu (R.U.); aharrasi@unizwa.edu.om (A.A.-H.);
Tel.: +92-21-34824930 (R.U.); +96825446328 (A.A.-H.)

Received: 10 February 2020; Accepted: 26 April 2020; Published: 12 May 2020

Abstract: Mycobacterium avium complex (MAC) is a major cause of non-tuberculous pulmonary and
disseminated diseases worldwide, inducing bronchiectasis, and affects HIV and immunocompromised
patients. In MAC, Mycobacterium avium subsp. hominissuis is a pathogen that infects humans and
mammals, and that is why it is a focus of this study. It is crucial to find essential drug targets to
eradicate the infections caused by these virulent microorganisms. The application of bioinformatics
and proteomics has made a significant impact on discovering unique drug targets against the deadly
pathogens. One successful bioinformatics methodology is the use of in silico subtractive genomics.
In this study, the aim was to identify the unique, non-host and essential protein-based drug targets
of Mycobacterium avium subsp. hominissuis via in silico a subtractive genomics approach. Therefore,
an in silico subtractive genomics approach was applied in which complete proteome is subtracted
systematically to shortlist potential drug targets. For this, the complete dataset of proteins of
Mycobacterium avium subsp. hominissuis was retrieved. The applied subtractive genomics method,
which involves the homology search between the host and the pathogen to subtract the non-druggable
proteins, resulted in the identification of a few prioritized potential drug targets against the three
strains of M. avium subsp. Hominissuis, i.e., MAH-TH135, OCU466 and A5. In conclusion, the current
study resulted in the prioritization of vital drug targets, which opens future avenues to perform
structural as well as biochemical studies on predicted drug targets against M. avium subsp. hominissuis.

Keywords: Mycobacterium avium; tuberculosis; unique metabolic pathways; subtractive genomics;
drug target; uncharacterized proteins

1. Introduction

Mycobacterium species that do not cause tuberculosis are referred to as non-tuberculous
mycobacteria (NTM) and are ubiquitous in nature. NTM cause pulmonary diseases in which
organisms of Mycobacterium avium complex (MAC) are widely distributed [1]. The incidence rate
of infection caused by M. avium is found to be higher than that of the other Mycobacterium species.
For example, a literature survey showed that the pulmonary infection rate in Japan is sevenfold greater
by M. avium than any other Mycobacterium species [2]. MAC consists of two closely linked species,
M. intracellulare and M. avium [3]. Furthermore, M. avium is comprised of four subspecies: M. avium
subsp. paratuberculosis (MAP), M. avium subsp. avium (MAA), M. avium subsp. silvaticum (MAS) and
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M. avium subsp. hominissuis (MAH); and each one is host specific. The first two subspecies cause
avian infection, while the third causes diseases in wild livestock and the last one is the most common
pathogen in humans and other mammals, including pigs, and therefore has huge economic impact [4].

Opportunistic MAH is responsible for causing disseminated and pulmonary infections that
affect immunocompromised patients who are suffering from AIDS, leukemia, lung diseases or
chemotherapy [5,6]. The bacterial virulence factor and host-related risk factor contribute to MAC
pulmonary diseases. The prevalence of the disease is relatively high in women; however, much of
the information about the bacterial virulence factor is still unknown [7]. Environmental risk factors
also arise when patients with MAC pulmonary disease are exposed to soil at home or in soil pots [8].
The disease is characterized by adherence to the respiratory mucosa, formation of biofilms [9] and
lesions in the linings of epithelial cells of the lungs [7].

MAC pulmonary diseases are controlled by treatment with antibiotics that include macrolide-based
multidrug therapy, comprising macrolides (clarithromycin or azithromycin) in combination with
rifampin, ethambutol, aminoglycosides (streptomycin or amikacin) and ciprofloxacin [10,11]. However,
emerging virulent strains are found to be resistant to these antibiotics [12]. Consequently, these
life-threatening microbial pathogens pose an alarming threat for scientists to combat emerging
antibiotics resistance. In fact, the emerging strains are capable of becoming more virulent and tolerant
to existing drugs [13]. However, the application of genomics has brought about a revolution in the
field of drug discovery by providing increased information about the microbial as well as the human
genome [14]. This genomic information unveils the mechanism through which pathogens cause the
infection. Finding novel and unique drug targets is one of the possible and alternative approaches to
overcoming the infections caused by such drug-resistant pathogens. Similarly, finding therapeutic
drugs to combat infections of lethal organisms is the most widely applied method albeit with limited
success with respect to drug-resistant pathogens [15]. In this scenario, advancements in the fields
of computational biology and bioinformatics tools paved the way to propose new and unique drug
targets using the subtractive genomics strategy. In the subtractive genomics approach, the genomes of
the host and the pathogen are compared, and the non-host pathogen’s unique and essential proteins
are proposed as drug targets that are vital to the pathogen’s survival [16,17]. This strategy recognizes
genes that are absent in the host, so called “non-host” genes; however, these genes must be present
in the pathogen for its survival, replication and sustainability. Additionally, these non-host genes
play crucial roles in unique metabolic pathways and mechanisms. Therefore, when the pathogen’s
metabolic targets are ideally hit by therapeutic compounds, the therapy must affect the function of
the pathogen without altering the host biology [18,19]. The disruption of the essential genes will
eventually overcome the pathogen’s infection. Recently, several studies applied the same approach
for the identification of potential drug targets of Acinetobacter baumannii [20], Helicobacter pylori [21],
Mycobacterium species [22], Pseudomonas aeruginosa [23] and others [24–28]. Such computational studies
help to minimize experimental efforts with high-speed performance for the prioritization of drug
targets. For example, by using the information retrieved from such computational studies, a life
scientist can express only the prioritized target gene (which is predicted as a potential drug target),
resulting in saving the cost of extra experiments and fostering the research.

2. Results and Discussion

With the aim to identify unique and potential druggable targets of M. avium subsp. hominissuis
(MAH), the subtractive genomics method was used, which is the most applicable approach to prioritize
potential drug targets [18,29–31].

2.1. Removal of Duplicate Sequences after Proteome Retrieval

Three strains of MAH, i.e., MAH-TH135, OCU466 and A5, were selected from the available
non-redundant strains of M. avium subsp. hominissuis in the UniProt database. Their complete
proteomes were downloaded in FASTA format in February 2019. On applying CD-HIT algorithm
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with 80% identity, 20 sequences were identified as paralogous out of 4614 proteins in MAH-TH135,
54 out of 5165 in MAH-OCU466 and 14 out of 4502 proteins of A5 strain. The CD-HIT clustered the
paralogous sequences and, hence, reduced the total number of sequences of each strain. The sequence
dataset was comprised of 4596, 5111 and 4488 protein sequences for the MAH-TH135, OCU466 and A5
strains, respectively.

2.2. Searching of Essential, Non-Homologous and Druggable Proteins

In this step, protein sequences that were only present in the pathogens were segregated. Thus, by
applying a subtractive approach, sequences were excluded that showed similarity to the human host.
The remaining orthologous sequences, retrieved from the previous step, were subjected to BLASTp
against the complete human proteome, and the resultant file was parsed. The only sequences that were
retained were those that showed “no hits found”, and a total of 3151, 3619 and 3072 non-homologous
sequences were found in the MAH-TH135, OCU466 and A5 strains, respectively.

The Database of Essential Genes (DEG) provides information on essential genes of Gram-positive
and Gram-negative bacteria determined from experimental methods (http://www.essentialgene.org/).
Homology with the sequences found in the DEG database is the basis of essentiality of non-homologous
proteins. To do this, the parsed results of each strain from the last step were subjected to BLASTp
against the DEG with a 10−5 threshold. The BLASTp results depict 1360, 1451 and 1352 essential
protein sequences in MAH-TH135, OCU466 and A5, respectively. These identified sequences were
considered viable for the pathogen’s life cycle. These sequences include functional, non-functional
or uncharacterized proteins, and they were dealt with using different bioinformatics tools for
further characterization.

2.3. Characterization of Essential Non-Homologous Proteins

2.3.1. Subcellular Localization

The tracing of the location of essential proteins is an important facet to understand the functions
of proteins in their suitable cell compartments. It is important to know the localization of a drug target
in order to optimize the mode of action of the drug for its specific target. The prediction of sub-cellular
localization of the essential non-homologous protein sequences was achieved by a computational tool
called PSORTb. The results depict that approximately 48% of proteins resided in the cytoplasm of each
strain. A proportion of 23% was distributed in the cytoplasmic membrane. The rest of the proteins
were present in different regions, including ~1% of proteins in the extracellular region, >1.5% proteins
in the periplasm and very few proteins in the outer membrane of each of the strains. Despite these
results, some fractions were considered “unknown” due to the tool’s prediction of proteins in multiple
sites simultaneously. The distribution of proteins by PSORTb is graphically shown for each strain in
Figure 1.
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Figure 1. Sub-cellular localization of non-homologous essential proteins. The outermost circle refers to
strain MAH-TH135, the middle circle represents strain OCU-466 and the inner circle denotes strain A5.

2.3.2. Functional Family Classification

The functional families of protein sequences were also determined using the Support Vector
Machine of Proteins (SVM-Prot) tool. Only the sequences whose functions were not known earlier were
submitted to this tool. Hence, only uncharacterized sequences were retrieved from the non-homologous
essential proteins’ sequences. About 193, 119 and 187 uncharacterized sequences of TH135, OCU466
and A5 strains, respectively, were predicted by the SVM-Prot method. The results of the SVM-Prot tool
are depicted in Figure 2. The proteins were broadly classified based on their molecular and biological
functions and were further sub-divided into several protein classes, i.e., enzymes, transporters,
trans-membranes, zinc or magnesium binding or other elements, DNA condensation, repair, etc.
Complete information on classes with their strains is summarized in Supplementary Table S1.
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Figure 2. Functional family prediction of M. avium subsp. Hominissuis (MAH) strains by the SVM-Prot
method. The x-axis reports the frequency of each protein family.

2.3.3. Metabolic Pathway Analysis via KEGG

The KEGG database provides a network of metabolic pathways with their complete annotation.
It helps to predict which protein sequences are essential in playing a unique role in metabolism.
This step predicts the potential drug target based on the pathogen’s unique metabolism. Metabolic
pathways analysis was carried out for the essential protein sequences using the KEGG database.
The DEG’s results were subjected to the KEGG database via the KEGG Automated Annotation Server
(KAAS). Briefly, out of 675 protein sequences of the MAH-135 strain, 72, 70, 29, 16 and 103 proteins
were found to take part in carbohydrate metabolism, energy metabolism, lipid metabolism, nucleotide
metabolism and amino acid metabolism, respectively. For OCU-466, 76 were involved in carbohydrate
metabolism, while 69, 30 and 15 took part in energy metabolism, lipid metabolism and nucleotide
metabolism, respectively, whereas the A5 strain possessed 93 proteins that majorly contributed to amino
acid metabolism. The distribution of proteins in different metabolisms is presented in Figure 3a–c.
Details are provided in Supplementary Tables S2–S4.
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Figure 3. Cont.
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Figure 3. Percent distribution of non-homologous essential proteins involved in different metabolic
pathways of the (a) MAH-TH135, (b) MAH-OCU466 and (c) MAH-A5 strains.

2.4. Discussion of Significant Unique Metabolic Pathways (UMPs) of the Pathogens

Bacterial metabolism refers to the collection of the biochemical reactions required for bacterial
survival and growth, which mainly includes respiration (aerobic and anaerobic) and fermentation.
Bacteria, as a pathogen to humans, conduct all the same types of basic biochemical reactions a human
cell performs. However, bacteria may have several types of energy generating metabolisms that do
not exist in human or eukaryotic cells. This diversity of energy generation and metabolism allows
bacteria to survive in a variety of habitats and flourish in otherwise not-suitable conditions. On the
other hand, these differential metabolic pathways make bacteria susceptible by serving as an ideal
target for antibiotics. Metabolic pathways that exist only in pathogens are called unique metabolic
pathways (UMP). These UMPs are listed in Supplementary Table S5. We provide brief information on
some bacterial UMPs and their significance as an antibiotic target.

2.4.1. Energy Metabolism

Energy is a potential, needed to perform work and maintain life, usually acquired by breaking a
chemical bond and stored by making another chemical bond, very often in the form of ATP. Methane
metabolism is one of the UMPs by which bacteria can obtain energy by oxidizing one-carbon compounds
(e.g., methanol, methane). Methanotrophic bacteria are generally considered environmentally friendly
organisms, as they contribute to oxidizing environmental methane, thereby mitigating the effects
of global warming [32]. Methane monooxygenases are the main enzymes to catalyze methane
oxidation [33]. There are several UMPs in bacteria, which are related to photosynthesis and carbon
fixation and can be exploited for the purpose of drug target identification.

2.4.2. Biosynthesis of Secondary Metabolites

Secondary metabolites are molecules not essentially required for the survival of an organism.
A large portion of bacterial metabolism deals with the biosynthesis of secondary metabolites. However,
these pathways have a minimal role in bacterial growth and viability and are not considered a suitable
target for antibiotics. Even though secondary metabolites are not considered to be ideal as drug targets,
many of these pathways are manipulated by researchers for valuable purposes such as penicillin and
cephalosporin biosynthesis, carbapenem biosynthesis and streptomycin biosynthesis.
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2.4.3. Amino Acid Metabolism

Amino acid metabolism in bacteria is diverse in nature and performs a pivotal role in maintaining
bacterial growth. Amino acid metabolism has emerged as a potential target for new antibiotics, and a
number of new drug targets have been proposed in recent years [34–37]. Some of these drug targets
have shown promising results. Lysine biosynthesis, an essential pathway in bacteria for survival and
growth, is reported to be a potential target for antibiotics [38,39]. Similarly, D-alanine metabolism is
a significant target; an antibiotic D-cycloserine targeting D-alanine metabolism is already in clinical
use against Mycobacterium tuberculosis [40,41]. The heterogeneity of amino acid metabolism implies an
enormous scope for discovering new antibiotic targets using modern computational tools.

Other types of metabolic activities in bacteria, such as terpenoids and polyketides, glycan
biosynthesis and drug resistance, also perform supportive functions for bacterial growth and survival;
however, these metabolic routes are not prioritized targets for anti-bacterial drugs. Rather, these
metabolic routes are often manipulated for advantageous purposes [42].

2.5. Shortlisting of Proteins Sequences as Druggable

The potential drug targets were shortlisted based on obtained information from earlier successful
literature reports. The druggability of non-host uncharacterized protein sequences was determined
by performing BLASTp against the druggable protein sequences present in the DrugBank Database.
For this purpose, the earlier shortlisted, non-host, uncharacterized proteins, which are essential in
metabolic pathways, were analyzed for druggability by comparing their sequences with the DrugBank
Database. In this search, only one protein was prioritized in TAH-135, whereas four and seven potential
drug targets emerged with the OCU-466 and A5 strains, respectively (Table 1). All these potential
drug targets were similar to the FDA-approved drug target sequences in the DrugBank Database,
including the DNA polymerase III subunit ε of the TH-135 strain, Inter-α-trypsin inhibitor heavy
chain H4, exopolyphosphatase, DNA polymerase III subunit ε, mannoside ABC transport system and
sugar-binding protein of the OCU-466 strain. In addition to all the proteins from the OCU-466 strain,
diacylglycerol acyltransferase/mycolyltransferase, Ag85C and nickel-binding periplasmic protein were
found for the A5 strain.

Table 1. Protein drug targets of M. avium subsp. hominissuis.

UNIPROT STRAIN ID MAH-TH135

S. No. Protein ID DrugBank target name DrugBank ID Localization Site

1. T2GUW6 DNA polymerase III subunit
epsilon (DB01643) P03007 Cytoplasmic

UNIPROT STRAIN ID MAH-OCU466

S. No. Protein ID DrugBank target name DrugBank ID Localization Site

1. A0A2A3L1J8

Inter-alpha-trypsin inhibitor
heavy chain H4 (DB01593;

DB14487; DB14533)

Inter-alpha-trypsin inhibitor
heavy chain H4 (DB01593;

DB14487; DB14533)

Q14624

Q06033

Cytoplasmic

2. A0A2A3L805 O67040 Exopolyphosphatase
(DB03382) O67040 Cytoplasmic

3. A0A2A3L3Y2 DNA polymerase III subunit
epsilon (DB01643) P03007 Cytoplasmic

4. A0A2A3LDY9
Mannoside ABC transport

system, sugar-binding protein
(DB01942)

Q9X0V0 Unknown
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Table 1. Cont.

UNIPROT STRAIN ID MAH-A5

S. No. Protein ID DrugBank target name DrugBank ID Localization Site

1. A0A0E2W125 Exopolyphosphatase (DB03382) O67040 Cytoplasmic

2. A0A0E2W9K2

Inter-alpha-trypsin inhibitor
heavy chain H4 (DB01593;

DB14487; DB14533)

Inter-alpha-trypsin inhibitor
heavy chain H4 (DB01593;

DB14487; DB14533)

Q14624

Q06033

Cytoplasmic

3. A0A0E2W6U1
Diacylglycerol

acyltransferase/mycolyltransferase
Ag85C (DB02811; DB08558)

P9WQN9

Unknown
(This protein may

have multiple
localization sites.)

4. A0A0E2W8I5
Diacylglycerol

acyltransferase/mycolyltransferase
Ag85C (DB02811; DB08558)

P9WQN9 Extracellular

5. A0A0E2W8U0 DNA polymerase III subunit
epsilon (DB01643) P03007 Cytoplasmic

6. A0A0E2WAR7

Mannoside ABC transport
system, sugar-binding protein

(DB01942)

Nickel-binding periplasmic
protein (DB03374)

Q9X0V0

P33590

Unknown

7. A0A0E2WQA2

Mannoside ABC transport
system, sugar-binding protein

(DB01942)

Nickel-binding periplasmic
protein (DB03374)

Periplasmic
oligopeptide-binding protein

(DB07365)

ABC transporter, periplasmic
substrate-binding protein

(DB02078)

Q9X0V0

P33590

P06202

Q5LRQ9

Periplasmic

It is noteworthy that all the proposed drug targets could be analyzed for 3D structural information
to prioritize novel drug targets against pathogens. Therefore, BLASTp was performed for the target
proteins against the Protein Data Bank (PDB) database, which revealed that 12 protein sequences had
no 3D structure available yet in the PDB. Therefore, this study offers those 12 proteins’ sequences to not
only consider as a potential druggable genome, but also for future studies of 3D structure determination
either by homology modeling (template-based) or by ab initio (template-free) methods [43].

3. Materials and Methods

An overview of the subtractive genomics approach is illustrated in Figure 4.
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Figure 4. Workflow of the subtractive genomics approach.

3.1. Extraction of the Host–Pathogen Proteome

The whole proteome of the host, i.e., Homo sapiens, and pathogen, i.e., Mycobacterium avium
subsp. Hominissuis, were downloaded from the UniProt KB database [44] to retrieve protein sequences.
The drug target identification approach was carried out on the pathogenic MAH-TH135, MAH-OCU466
and A5 strains.

3.2. Grouping of Common Proteins in All Strains

The CD-HIT tool [45] clusters the protein or nucleotide sequences and reduces redundancy and
manual efforts in sequence analysis. This tool was used as a standalone command line tool to remove
paralogous or duplicated sequences of all strains with a threshold value of 80%. The remaining set of
proteins was grouped as orthologous sequences.

3.3. Identification of Non-Homologous Proteins

Standalone BLAST version 2.8.1 was downloaded from the NCBI FTP server [46]. The orthologous
sequences were subjected to BLASTp against the H. sapiens database with an expectation value
(e-value) of 10−3 [47]. The output was obtained with keywords of “no hits found” for unique proteins
and “significant alignments” for the sequences having similarity with the human (host) proteome.
The results were analyzed, and only protein sequences “with no homology with the human host”
were retained, while the rest were removed. Those proteins were further labelled as non-homologous
proteins, and finally, they were extracted using our in-house scripts.
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3.4. Finding of Essential Genes

The genes required to sustain the life cycle of bacteria are called essential genes. The Database of
Essential Genes (DEG) contains lists of genes with their corresponding sequences, which are essential
for the survival of bacterial life. [48]. Therefore, the DEG was used to find the sequences that are
essential to the bacterial pathogen studied here (i.e., M. avium subsp. hominissuis). The non-homologous
proteins were aligned with the DEG database using BLASTp, and the expectation value was set to 10−5.
As a result, the non-homologous essential genes, which may have hypothetical or uncharacterized
proteins, were obtained.

3.5. Information about Metabolic Pathways

The metabolic pathways of the identified non-homologous essential proteins were searched in the
Kyoto Encyclopedia of Genes and Genomes (KEGG) [49] through the KAAS server. KAAS [50] uses
BLASTp for the comparison of query proteins against the KEGG database and annotates functions.
KAAS provides the KEGG Orthology (KO) identifiers and information on the metabolic pathways of
the proteins.

3.6. Annotation of the Curated Proteins

Annotation of proteins includes information about the location of proteins in various regions
of the cell and the family to which it belongs. PSORTb version 3.0 [51] is well known to predict
the subcellular localization (SCL) of proteins. The SCL includes different compartments, such as
cytoplasmic membrane, cytoplasm, cell wall and extracellular and unknown regions of the cell where
the proteins reside. All the non-homologous essential, as well as hypothetical, proteins were subjected to
the protein databases with known functions using SCL BLAST by the web-based server. SVM-Prot [52]
is an online tool for the classification of protein functional families. It applies the machine-learning
method and predicts a diverse set of molecular and biological functions covering all major classes
of enzymes, channels, transporters, receptors, DNA/RNA binding proteins, etc. and covering 192
functional families of proteins. Those proteins whose functions are still unknown were labeled as
non-homologous, hypothetical/uncharacterized proteins and passed through the server of SVM-Prot
to classify them into functional families.

3.7. Druggability of the Shortlisted Sequences

In order to detemine the novel drug targets, standalone BLASTp was run between hypothetical
non-homologous essential proteins, and drug target sequences were taken from the DrugBank
Database [53] with an e-value cutoff 10−3. The DrugBank Database provides detailed information on
drugs and drug targets. A large database shows up to 8261 drugs, including FDA-approved drugs;
experimental and nutraceutical drugs are available in the DrugBank Database.

4. Conclusions

Different bioinformatics tools were applied in this study to identify vital drug targets of
Mycobacterium avium subsp. hominissuis. Protein sequences of M. avium subsp. hominissuis were parsed
using multiple steps of the subtractive genomics approach, and a few of them were shortlisted as
possible drug targets because they fulfilled the druggability criteria. The shortlisted sequences were
non-homologous to the human host; thus, these can be proposed as ideal drug targets. All the identified
drug targets of different strains of MAH have never been characterized before as drug targets, and we
proposed them here as potential drug targets against which new drug compounds can be designed.
Therefore, the study is significant to the scientific community, as it provides a prioritized list of possible
drug targets sorted by the computational subtractive genomics method, and it has the potential to lead
to the discovery of new and novel drug targets against M. avium subsp. hominissuis.
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Abstract: A thorough understanding of the processes modulating the innate and acquired immune
response to Mycobacterium tuberculosis (M.tb) infection in the context of gene expression is still a
scientific and diagnostic problem. The study was aimed to assess IL-18, IL-18 binding protein
(IL-18BP), IL-18R, IFN-γ, and IL-37 mRNA expression in patients with active tuberculosis (ATB) and
healthy volunteers with latent M.tb-infection (LTB) or M.tb-uninfected healthy controls (Control).
The relative mRNA expression was assessed in the buffy coat blood fraction using the qPCR method.
In total, 97 BCG-vaccinated Polish adults were enrolled in the study. The relative expression of IL-18
and IL-18BP mRNA was significantly elevated in the ATB and LTB groups. In ATB, but not LTB
individuals, the overexpression of IL-18 and IL-18BP, as well as a significant increase in IFN-γ mRNA
expression, might be considered as a manifestation of active tuberculosis disease. No statistically
significant differences were observed in the IL-37 mRNA expression among the studied groups.
Particularly noteworthy is the outstanding reduction in the relative expression of IL-18R mRNA in
the LTB group as compared to the ATB and Control group. Reduced expression of IL-18R in LTB
group may, at least partially, prevent the development of a pathological inflammatory reaction and
promote the maintenance of homeostatic conditions between host immunity and M.tb.

Keywords: tuberculosis; IL-18; IL-18BP; IL-18R; gene expression

1. Introduction

Tuberculosis (TB) is the leading global cause of death from an infectious agent, Mycobacterium
tuberculosis (M.tb). TB affects about 10-million people in the world and is a cause of two-million deaths
annually, according to the estimates of the World Health Organization [1]. One-third of the world
population carries an asymptomatic M.tb infection. These individuals have developed an efficient
immune response that allows them to block the metabolic activity of the pathogen, but it does not
provide its eradication. People with a latent TB infection (LTB) represent a reservoir of potential
progress to disease, because about 5–10% of them will develop active TB disease, if not treated.

The antigen-specific, as well as non-specific, response of the immune cells to M.tb infection
is modulated by mRNA expression, which results in the production of cytokines and other
proteins activating numerous cell populations. Among these, interleukin (IL)-18plays an important
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role—it induces NK cell cytotoxic activity and promotes the development of Th1 cell response.
This mechanism is associated with the production of interferon (IFN)-γ, which is a key element in
anti-mycobacterial protection. IL-18 was first described in 1989 as an “IFN-γ inducing factor” [2–4].
Similarly to IL-1β, IL-18 is constantly synthesized as an inactive precursor, and the cysteine protease
(caspase-1) is involved in its maturation. In a mouse model, increased susceptibility to infection with
M.tb was found in animals that were not able to produce IL-18 [5]. Moreover, IL-18 increases the
expression of adhesion molecules, the synthesis of enzyme nitric oxide synthase, and the production of
chemokines. In addition to inducing a T helper (h) type 1 (Th1) cellular response, IL-18, together with
IL-2, leads to a Th2 type cell response and the production of IL-4 and IL-13 [6]. In humans, the gene
encoding IL-18 is located on chromosome 11 at position 11q22.2–q22.3 and it consists of six exons.
There are several common polymorphisms in the promoter region of IL-18 than affect the transcription
factor binding sites and, in turn, might be expression quantitative trait loci (eQTLs) for IL-18. Therefore,
these genetic variants may predispose to TB by affecting the expression of the cytokine itself, followed by
the development of the IFN-γ-mediated Th1 response [7].

The IL-18 levels are also regulated by soluble IL-18 binding protein (IL-18BP), which is a natural
inhibitor of IL-18. Under physiological conditions, the concentration of plasma IL-18BP is ~20 times
higher than that of IL-18, which prevents IL-18 from binding to its cellular receptor. The gene coding
for IL-18BP is located on chromosome 11 at position 11q13.4. The mRNA promoter region contains
two response elements (RE), regulatory sequences sensitive to IFN-γ attachment, which results in
increased gene expression and protein production [8,9].

Cell activation by IL-18 occurs via the IL-18R receptor, which belongs to the IL-1 family, the members
of which show structural and functional similarity. IL-18R is expressed on many cells, such as
macrophages, NK cells, neutrophils, epithelial cells, and smooth muscle. The IL-18R receptor is a
heterodimer that is composed of two polypeptide chains: IL-18Rα and IL-18Rβ. The IL-18Rα chain
is responsible for ligand binding. However, it binds to IL-18 with low affinity. On the other hand,
the IL-18Rβ chain functions as a co-receptor, which enhances the strength with which the receptor
binds IL-18 and transmits the signal to the inside of the cell [10–12]. The genes encoding the receptor
are located on chromosome 2 at position 2q12.1 There are known genetic variants in the regulatory
regions of IL-18R associated genes, which may affect its and functionality [13].

A new member of the IL-1 family, IL-37, has gained increasing attention in recent years. IL-37,
to which IL-18BP also has a high affinity, was found to be an important regulator of inflammation [14,15].
IL-37 is also able to bind to IL-18Rα, but with much lower affinity than IL-18 [16]. IL-18BP and IL-37
act to reduce the production of inflammatory cytokines; however, the anti-inflammatory properties of
IL-37 depend on the concentration of IL-18 binding protein. The human IL-37 gene cluster is located
on chromosome 2 at position 2q14.1 [17].

IFN-γ is a cytokine that is known to be crucial in regulating the immune response to M.tb infection.
This cytokine is mainly produced by activated CD4 (+) Th1 T lymphocytes, and it also has a key role in
inducing nitric oxide (NO)-dependent apoptosis of mycobacteria infected macrophages. IFN-γ was
shown to increase the expression of major histocompatibility complex (MHC) class I and II surface
molecules and promote differentiation towards Th1 response. Deleterious mutations in the gene
encoding the IFN-γ receptor predispose to the acute course of mycobacterial infection [3,18]. The human
immune interferon gene is located on chromosome 12at position 12q15 [19]. The expression levels of
these cytokines, as well as their mutual relations in sera, as well as in cultures stimulated, were found
to be informative of M.tb infection status [20,21]. This work aims to assess the level of expression of
IL-18, IL-18BP, IL-18R, as well as IFN-γand IL-37 genes in patients with active pulmonary tuberculosis
(ATB), healthy individuals with latent M.tb infection (LTB), and healthy uninfected controls (Control).
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2. Materials and Methods

2.1. Study Subjects

A study group consisted of 97 adults that were vaccinated with M. bovis BCG in childhood,
including 51 patients with active pulmonary ATB (40 males, 11 females) aged 23–80 years, hospitalized
and diagnosed in the Regional Center Hospital for Tuberculosis, Lung Diseases, and Rehabilitation in
Lodz, Poland, 24 healthy volunteers, eight males, 16 females, with LTB (25–65 years old), and 22 healthy
uninfected Controls (five males, 17 females), aged 18–66 years (Table 1). Active pulmonary TB was
diagnosed by chest radiography and standard clinical examination—by Ziehl–Neelsen staining of
sputum smears and M.tb culture as a gold standard. The Ethics Committee of the University in
Lodz, Poland approved the study (ethical approval number 17/KBBN-UŁ/II/2016; date 2016/11/10).
Informed consent to use blood for research purposes was signed by all participants.

Table 1. Patient characteristics.

ATB LTB Control

N 51 24 22
Sex M/F 40/11 * 8/16 5/17 *
Ethnicity Caucasian Caucasian Caucasian

Age
median 54 51 37
range 23–80 25–65 18–66

years (IQR) 42–63 45–57 27–42

BCG vaccination 100% 100% 100%

QFT result, N (%)
positive 22 (43%) 24 (100%) 0 (0%)
negative 28 (57%) 0 (0%) 22 (100%)

Abbreviations: ATB—active tuberculosis patients; LTB—latently M.tb infected individuals; Control—M.tb-uninfected
healthy controls; QFT—QuantiFERON TB Gold test. * The proportion of men in the ATB group was significantly
higher than in the Control group (p < 0.05).

2.2. RNA Isolation

RNA isolation from the buffy coat obtained after centrifugation (150 g, 4 ◦C, 10 min.) was
performed by the use of a commercial QIAamp® RNA Blood Mini set. Genetic material was isolated
from 3.5 mL of peripheral blood obtained from all volunteers using EDTA tubes and the BD Vacutainer®

Blood Collection system. The isolation process was fully compliant with the manufacturer’s guidelines.
The isolation process was extended by an additional purification step using the RNase-Free DNase Set
to obtain the purest product free of any genomic DNA. All of the procedures were carried out within
no more than 2 h from the collection of a blood sample. Part of extracted RNA was used to visualize a
product and obtain cDNA immediately after the isolation process; the rest of the genetic material was
stored at −80 ◦C until analyzed.

2.3. Spectrophotometric Evaluation of Isolated RNA and Gel Visualization

At the end of the isolation procedure, 1.5 μL of each sample was pipetted into a sterile Eppendorf
tube, which was then placed in an ice block, in order to assess the quality and quantity of RNA
obtained. An additional water-containing blank was prepared to calibrate the device (NanoDrop),
which was used for RNA elution in the final isolation step. For visualization of RNA, 1.2% agarose gel
was prepared based on TAE buffer. Agarose gel was enriched after cooling with 10 μL of 5 mg/mL
ethidium bromide. Each sample of RNA in a volume of 3.5 μL was heated to 70 ◦C in a water bath for
1 min. and then cooled on ice for another minute. An equal amount of loading buffer was then added
to each of the samples, and the mixture was then loaded to the gel. The GeneRuler Plus DNA Ladder
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size 100 bp from ThermoFisher was used as the size standard. Electrophoresis was carried out at 90 V
for 60 min. Subsequently, to visualize the obtained product, the gel was transferred to a Gel-Doc 2000
apparatus that was connected to a computer with Quantity One software. The analysis of the obtained
gel allowed a clear distinction between the two isolated RNA fractions: 18S RNA and 28S RNA.

2.4. Reverse Transcription

cDNA was synthesized according to the manufacturer’s instructions of the iScript™ cDNA
Synthesis Kit (Bio-Rad). In the first stage of the reverse transcription reaction, 1 μg matrix RNA
previously tested for quality and integrity was transferred from an isolated sample to 0.2 μL Eppendorf
tubes, followed by the addition of reagents that are necessary for the cDNA synthesis process according
to the manufacturer’s proportions, which results in a mixture with a final volume of 20 μL. The reverse
transcription reaction was carried out in a Biometra UNO II thermal cycler under conditions following
the manufacturer’s guidelines. The resulting cDNA was stored at −20 ◦C until analyzed.

2.5. qPCR Reaction

qPCR was performed in a CFX96 Real-Time PCR Detection System (Bio-Rad). The reaction mixture
(10 μL) contained 5 μL of iTaq universal SYBR Green Supermix, 0.5 μL of each primer (10 μM), 1 μL of
cDNA, and 3 μL of nuclease-free water. Amplifications were performed using the following cycling
profile: an initial activation step (95 ◦C for 3 min.) followed by 40 cycles of denaturation at 95 ◦C for
10 s, annealing at a temperature appropriate for selected starters (Table 2) for 10 s, and extension at
72 ◦C for 20 s. For melting curve analysis, a dissociation step cycle (60 ◦C for 5 s, and then 0.5 ◦C for 5 s
until 95 ◦C) was added. All of the qRT-PCR experiments were performed in three technical replicas.

Table 2. Starters and temperatures of annealing selected for expression analysis.

Sequence Temperature of Annealing Source

IL-18
forward 5’-GCTTGAATCTAAATTATCAGTC-3’

55 ◦C [22]
reverse 5’-GAAGATTCAAATTGCATCTTAT-3’

IL-18BP
forward 5’-CAACTGGACACCAGACCTCA-3’

64 ◦C [23]
reverse 5’-AGCTCAGCGTTCCATTCAGT-3’

IL-18R
forward 5’-GGACTCCATGAAGCATTGGT-3’

58 ◦C [24]
reverse 5’-AGACTCGGAAAGAACAGGCA-3’

IFN-γ forward 5’-CTCTTGGCTGTTACTGCCAGG-3’
60 ◦C [25]

reverse 5’-CTCCACACTCTTTTGGATGCT-3’

IL-37 Sino Biological INC. 60 ◦C -

Analysis of gene expression was done through a comparative method (ΔΔCt) in order to determine
the relative level of expression of selected mRNAs. This method is based on calculating the differences
in the level of expression of the test gene and the reference gene. The calculations use the threshold
cycle (Ct) values of the qPCR reaction. Ct values were determined for both the test and reference genes
in both the test and control samples, for which the differences between the individual Ct values (ΔCt)
were then calculated.

2.6. Statistical Analysis

The expression of genes between the study groups was compared using Kruskal–Wallis’
non-parametric diagnostic test. A p-value < 0.05 was considered to be statistically significant.
Statistical analyses were done using MedCalc (MedCalc Software, Ostend, Belgium) and GraphPad
Prism 8 (GraphPad Software, La Jolla, CA, USA) software.
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3. Results

3.1. Selection of Reference Genes

We had chosen to use the Reference Gene qPCR Panel BioRad with primers being designed and
coated on the plate in lyophilized form for selected reference genes adequate for the analyzed material
obtained from volunteers [26]. The housekeeping genes were: ACTB, RPL13A, B2M, RPLP0, G6PD,
RPS18, GAPDH, TBP, GUSB, TFRC, HMBS, YWHAZ, HPRT1, PGK1, and IPO8. Additionally, the panel
contained several internal controls ensuring the most reliable results. After the RT-PCR reaction,
the analysis of the melting curves for the obtained amplicons was carried out in order to determine
the quality of the reaction. In the next stage, the Ct values that were detected for individual genes
were used for further analyses, which were carried out using the BioRad program (CFX Manager™
Software), and the GeNorm program. As a consequence of the analysis, we decided to use the following
reference genes: GADPH, HPRT1, and TBP. These genes had the lowest M value corresponding to the
most stable gene expression in the sample tested. The analysis of Ct values using the geNorm program
allowed for further refinement of this gene list and, in turn, only HRTP1 and GAPDH were used as the
reference panel, as shown in Figure 1.

Figure 1. Chart showing the most (lowest M value) and least stable (highest M value) reference genes
indicated by the program GeNorm.

Melt peak analysis demonstrated a single homogenous peak for all primer sets, including selected
reference genes (Figure 2).

3.2. IL-18, IL-18BP, IL-18R, IFN-γ, and IL-37 Gene Expression in the Studied Groups

A significantly higher relative level of IL-18 mRNA expression was observed in LTB individuals
as compared to healthy controls without M.tb infection (p = 0.023). A similar increase in the relative
IL-18 expression level was observed among ATB patients; however, the difference in values for the
group ATB and group Control group was not significant (p = 0.082) (Figure 3A).

The relative level of IL-18BP mRNA expression was significantly higher in ATB patients (p < 0.001)
and healthy LTB individuals (p = 0.006) than in Control group volunteers (Figure 3B).

There were major significant differences between the three groups in the IL-18R mRNA expression.
In the LTB groups, the relative level of IL-18R mRNA was much lower than in the ATB patients
(p < 0.001) and individuals from the Control group (p < 0.001) (Figure 3C).

The level of relative expression of IFN-γ mRNA was significantly higher in active TB patients
(p = 0.002) and LTB individuals (p = 0.029) than in the Control group (Figure 3D).

83



Pathogens 2020, 9, 451

No statistically significant differences were observed in the levels of relative expression of IL-37
mRNA among the studied groups (Figure 3E).

Figure 2. Melt peak analysis of reference genes HPRT1 (light grey) and GAPDH (dark grey).
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Figure 3. Relative expression of IL-18, IL-18BP, IL-18R, IFN-γ, and IL-37 mRNA in studied groups.
Dot plot with mean (horizontal line), and standard deviation (whiskers), IL-18 (A), IL-18BP (B),
IL-18R (C), IFN-γ (D), IL-37 (E) in the groups of healthy volunteers (Control), patients with active
tuberculosis (ATB), and latently infected individuals (LTB).

4. Discussion

A unique feature of M.tb is the ability to persist in the host for a long time, despite functioning
mechanisms of acquired immunity. In turn, approximately 2.3 billion individuals have latent
tuberculosis infection without evidence of the clinical manifestation of active TB. It is hypothesized
that active TB is usually caused by the reactivation of endogenous infection and untreated LTB is a
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major source of new active TB infections and transmission. The risk for severe active tuberculosis
reactivation is increased several times among the immunocompromised individuals, diabetics,
organ transplantation recipients, patients with hematologic malignancies, or HIV-infected subjects.
Several treatment regimens of LTB are recommended, between isoniazid monotherapy for six months,
rifampicin plus isoniazid for three months or rifapentine plus isoniazid for three months [27]. Currently,
interferon-gamma release assays (IGRA) are used to test LTB based on the production of IFN-γ by
Th1 cells responding to specific M.tb antigens, although the IGRA’s accuracy in immunocompromised
individuals is still limited. Moreover, the definition of active tuberculosis infection might not be
accurate using IFN-γ responses to M.tb antigens even in combination with tuberculin skin test [28].
At the same time, neither the IGRA test nor the tuberculin skin test can distinguish between latent and
active TB infection. Strategies for rapid differentiation of patients with active TB and people with LTB
and prevention of tuberculosis reactivation in LTB individuals are urgently needed.

To meet such needs, we compared the expression of genes of the IL-18 pathway, functional receptor
of this cytokine IL-18R, and IFN-γ, as well as the expression of IL-18BP and IL-37 genes in groups of
patients with active TB, healthy individuals with LTB and healthy controls without M.tb infection.

Our results for the first time showed a significant increase in the relative expression of IL-18 and
IL-18BP mRNA in the group of patients with active TB and LTB individuals when compared to healthy
controls, according to available literature data. It might suggest a permanent activation of the immune
cell signaling pathways in the course of M.tb infection either in the control or progression to active TB
disease. Moreover, no significant differences in relative IL-18 and IL-18BP mRNA expression were
observed between active TB patients and LTB individuals. Pechkovsky et al. demonstrated an increased
expression of IL-18 mRNA in type II lung epithelial cells obtained from patients with pulmonary
TB. Pneumocytes that were cultured in the presence of M.tb cell lysate showed an increased IL-18
mRNA expression in comparison with unstimulated cells and pneumocytes stimulated with PPD or
LPS [29]. Higher levels of IL-18 mRNA expression were observed in monocytes responding to M. leprae
antigens [30]. Corbaz et al. showed significantly higher levels of IL-18 and IL-18BP mRNA expression
in the intestinal mucosa of patients with Crohn’s disease as compared to healthy controls. We detected
a similar increase in IL-18 and IL-18BP mRNA expression in the group of patients with active TB
and healthy LTB individuals. These results are somewhat out of line with our earlier definition of a
simultaneous increase in serum IL-18 and IL-18BP protein expression, which might be treated as a
discriminatory biomarker of active tuberculosis and LTB. Yet, it is worth noting that only the complex
co-expression of serum IL-18BP and IL-37, IP-10, and IFN-γ were identified as the most accurate
discriminative biomarker set for diagnosis of active TB [21].

Our study allowed for the discovery of a novel relation—the significantly lower expression of
functional IL-18R receptor mRNA in the LTBI group as compared to the active TB and healthy controls.
This low expression of IL-18R mRNA in LTB individuals was accompanied by IFN-γ mRNA expression
at the ’baseline’ level, characterizing healthy individuals without M.tb infection. Similarly, Taha et al.
pointed out that the expression of IFN-γ genes was significantly higher in the group of patients with
active TB as compared to those who were infected but did not develop active TB [31].

Among many possible mediators of host response to M.tb is the activity of the indoleamine
2,3-dioxygenase-1 (IDO1), the enzyme of tryptophan metabolism, which leads to the formation of
tryptophan metabolites, including quinolinic and picolinic acids [32]. In animal models, increased IDO-1
expression and the activation of the tryptophan-kynurenine pathway were indicated to play a crucial
role in M.tb pathogenesis [29,30,33,34]. The depletion of tryptophan, which is required for microbial
growth, as well as the accumulation of biologically active tryptophan metabolites, impaired effective
anti-mycobacterial immune response and, thus, favoured survival and persistence of the pathogen [32].
In M.tb-infected mice, IFN-γ receptor-deficiency in nonhaematopoietic cells led to a lack of IDO-1
expression and it was associated with exuberant neutrophil recruitment and increased mortality [33].
In macaques, the suppression of IDO activity led to the reduction of the bacterial burden and clinical
symptoms of active TB that was accompanied by increased lung T cell proliferation, the induction of
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inducible bronchus-associated lymphoid tissue, and the relocation of effector T cells to the center of the
granuloma [34]. Mehra et al. demonstrated that IDO induction in the periphery of the granuloma
correlated with active TB disease [30]. A few studies have investigated IDO-mediated tryptophan
metabolism and its metabolites in humans in the context TB. Li et al. demonstrated increased IDO
expression and activity in the pleural fluid from TB patients [35]. Almeida et al. found significantly
higher expression levels of immune-suppressive mediators, including IDO-1, in patients with active
pulmonary TB as compared to patients with other infectious lung diseases and healthy volunteers [36].
The authors suggested that the increased levels of immunosuppressive mediators may render the
immune activation and counteract the development of Th1-type immune response against M.tb.
The IDO levels were elevated at the time of TB diagnosis and declined after TB treatment, which serves
as evidence that IDO expression might be both: a useful diagnostic marker of active TB as well
as prognostic factor in TB treatment of HIV-negative patients [36]. Additionally, Adu-Gyamfi et al.
showed that plasma IDO expression is a potential biomarker of active TB in HIV-positive patients [37],
while Shi et al. confirmed that IDO activity might have an auxiliary diagnosis value for the early
discrimination of multi-drug resistant TB patients [38]. The increase in IDO activity was noticed
in both HIV-infected and uninfected active TB patients as compared with individuals with latent
TB infection [36,37,39]. In relation to this statement, the simultaneous reduction of IL-18R mRNA
expression together with significant overexpression of IL-18 mRNA observed by us in the LTB group is
of particular interest.

The presented results entitle us to hypothesize that: the increase in IL-18 gene expression, the lack
of increase in IFN-γ gene expression, and the remarkably reduced expression of IL-18R gene may be
a novel set of conditions that partially describe the homeostasis between M.tb and host-immunity
in latent tuberculosis infection. As an obligate intracellular pathogen, M.tb has numerous adaptive
mechanisms of modifying cellular processes in the fight against the host immune response. In latent TB
infection, M.tb bacilli benefit from epigenetic changes that occurred in the host immune system under
mycobacterial infection [40]. These changes make the M.tb favorable environment in the host cells and
promote mycobacterial survival, growth, and latency. In a study that was conducted among Chinese
patients with pulmonary TB and healthy controls, single nucleotide polymorphisms in the IL-18R
promoter were associated with genotype-specific methylation status and genotype-specific IL-18R
expression [41]. In the author’s opinion, the relationship between decreased mRNA expression of
IL-18R that is caused by an SNP and increased DNA methylation can partially mediate the susceptibility
to TB risk. No statistically significant differences were observed in the relative mRNA IL-37 expression
among the groups in our study. IL-37 is a new member of the IL-1 family, which reduces systemic and
local inflammation. IL-37 is expressed in various cells and tissues and it is regulated by numerous
inflammatory stimuli and cytokines via different signal transduction pathways [42]. Mannose-capped
lipoarabinomannan purified from M.tb induces IL-37 production via enhancing TLR2 expression
in human type II alveolar epithelial cells; this process might contribute to the persistence of M.tb
infection [43]. Zhao et al. indicated that IL-37 is also a negative regulator of immune responses in
Listeria monocytogenes infection due to reduced production of colony-stimulating factors and increased
macrophage apoptosis [44]. In our earlier studies, the serum concentration of the IL-37 protein was
similar in the group of patients with active pulmonary TB and healthy individuals with or without
latent M.tb infection [21]. However, the complex co-expression between the two IL-18 inhibitors,
IL-18BP and IL-37, was identified as the strongest discriminative biomarker of active TB disease.

5. Conclusions

The role of IL-18, its binding protein IL-18BP, and IFN-γ in the development of the immune
response against mycobacteria was confirmed by observing the increased level of the expression of
these genes in the group of patients with active pulmonary TB. The reduced expression of IL-18R gene
in healthy individuals with latent TB infection can, at least partially, prevent the development of a
pathological inflammatory reaction and promote the maintenance of homeostatic conditions between
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host immunity and M.tb infection. In our future studies, we plan to test the expression of other genes
that are tightly co-regulated with the IL-18 pathway.
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Abstract: One-third of the world’s population is estimated to be latently infected with Mycobacterium
tuberculosis (Mtb). Recently, we found that dormant Mtb hides in bone marrow mesenchymal
stem cells (BM-MSCs) post-chemotherapy in mice model and in clinical subjects. It is known that
residual Mtb post-chemotherapy may be responsible for increased relapse rates. However, strategies
for Mtb clearance post-chemotherapy are lacking. In this study, we engineered and formulated
novel bone-homing PEGylated liposome nanoparticles (BTL-NPs) which actively targeted the bone
microenvironment leading to Mtb clearance. Targeting of BM-resident Mtb was carried out through
bone-homing liposomes tagged with alendronate (Ald). BTL characterization using TEM and DLS
showed that the size of bone-homing isoniazid (INH) and rifampicin (RIF) BTLs were 100 ± 16.3 nm
and 84 ± 18.4 nm, respectively, with the encapsulation efficiency of 69.5% ± 4.2% and 70.6% ± 4.7%.
Further characterization of BTLs, displayed by sustained in vitro release patterns, increased in vivo
tissue uptake and enhanced internalization of BTLs in RAW cells and CD271+BM-MSCs. The efficacy
of isoniazid (INH)- and rifampicin (RIF)-loaded BTLs were shown using a mice model where the
relapse rate of the tuberculosis was decreased significantly in targeted versus non-targeted groups.
Our findings suggest that BTLs may play an important role in developing a clinical strategy for the
clearance of dormant Mtb post-chemotherapy in BM cells.

Keywords: BM-MSCs; Mtb; bone-homing; stem cell niche; latent tuberculosis; relapse; liposomes

1. Introduction

Tuberculosis (TB) remains one of the most common human diseases today, causing nearly two
million deaths per year [1]. One-third of the global population is estimated to be latently infected
with Mycobacterium tuberculosis, which is attributed to the ability of the tubercle bacillus to remain
dormant in its protective niche unrecognized by the host immune system [1–6]. In post-chemotherapy
patients, the recurrence of TB is very common due to endogenous reactivation leading to death [5,7–10].
It is imperative to find strategies that could effectively target and facilitate dormant Mycobacterium
tuberculosis (Mtb) clearance to avert disease reactivation and associated mortality.
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CD271+bone marrow mesenchymal stem cells (BM-MSCs) serve as a novel host and a protective
niche for non-replicating dormant Mycobacterium tuberculosis [11–14]. Mycobacterial bacilli remains
intracellularly protected by standard anti-Tb drug treatment in mesenchymal stem cell populations,
as shown in murine models and post-chemotherapy TB patients [11,13–15]. Das et al. demonstrated
that in post-DOT (direct observed treatment) patients, a specific population of MSCs with CD271+
surface marker, harbor live nonreplicating Mtb bacilli [12]. The residual dormant Mtb population
post-drug treatment may lead to endogenous reactivation and develop resistant forms [5,6,10,16–18].
We and others have shown that in murine models, prolonged anti-Tb drugs at standard dosages fail to
clear the Mtb population inside CD271+BM-MSCs [13,14,19]. More importantly, despite 90 days of
anti-Tb drug treatment in mice, CD271+BM-MSC-resident Mtb reactivates and leads to relapse [14].
We hypothesized that a BM-directed approach where anti-Tb drugs are delivered specifically to the
bone microenvironment, can target Mtb inside BM-MSCs and reduce the relapse rate.

We and others have shown that generic nanoparticle formulations impart protection and provide
countermeasures against various infections [20–26]. Currently, to reduce off-target toxicity and
enhance effective tissue treatment, organ-homing nanoparticles (NPs) are being used as drug-delivery
vehicles [27–31]. Among other NPs, liposomes are the most versatile and are widely used in clinical
settings because of their biocompatibility and controlled release profile [21,27,30,32]. Recent studies
show that the bone microenvironment could specifically uptake surface-modified liposomes and PLGA
NPs (poly (lactic-co-glycolic acid)) compared to other organs [33–35]. Although for TB infections,
tissue-specific liposomes have been reported previously [22,36–41], a novel approach of bone homing
liposomes has not been addressed yet. In this study, we employed a biphosphate molecule, alendronate
(Ald) as target moiety and PEG to formulated bone-homing liposomes in order to deliver the standard
anti-Tb drugs rifampicin (RIF) and isoniazid (INH) right to the bone microenvironment. We propose
that drug encapsulated bone-homing PEGylated liposome (BTL) nanoparticles can clear the Mtb bacilli
residing in CD271+BM-MSCs and reduce the relapse rate.

2. Results

2.1. Designing of Alendronate BTL-NPs and Their Characterization

Alendronate tagging of PEG-PE was carried out for formulating Alen-PEG-PE as illustrated
(Supplementary Figure S1). Resulting Alen-PEG-PE was used for the synthesis of BTL liposomes using
additional PE-PEG and PC (Figure 1A,B). INH, RIF and Coumarin6 (fluorescent marker C6) were
separately encapsulated in BTLs to formulate three separate BTLs: INH BTL, RIF BTL and C6 BTL
followed by characterization (Figure 2). C6 BTLs were used for bone affinity experiments (Figure 3),
cellular uptake (Figure 4) and tissue uptake studies (Figure 5C). Transmission electron microscopy
results showed that all liposomal formulations consist of unilamellar vesicles in the size range of 80 to
110 nm having a spherical morphology. Dynamic light scattering data showed that the mean diameter
of the prepared formulations, C6 BTLs, INH BTLS and RIF BTLs, were 109 ± 12.6 nm, 100 ± 16.3 nm
and 84 ± 18.4 nm in diameter, respectively. Zeta potential values were negative which facilitates the
long circulation of liposomes (Figure 2A–C). Average drug encapsulation efficiency determined for
C6 BTLs, INH-BTLs and RIF BTLs were 70% ± 3.7%, 69.5% ± 4.2% and 70.6% ± 4.7%, respectively
(Table 1). Non-targeted liposomes exhibited similar size range and drug encapsulation efficiency.
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Figure 1. Designing of alendronate bone-homing PEGylated liposome (BTL) nanoparticles. (A) Alendronate
and PE-PEG undergo chemical reactions for the binding of alendronate to form alendronate PE-PEG.
Alendronate-PE-PEG is attached to the surface of liposomes. (B) Schematic of isoniazid (INH) and
rifampicin (RIF) encapsulated alendronate PEG BTL-NPs. PC = Phosphatidyl-choline, CH2CH2N+(CH3)3;
PE = Phosphatidylethanolamine, CH2CH2NH3

+.

Figure 2. Characterization of liposomal formulations (TEM and size distribution of BTLs). Transmission
electron microscopy (JEOL 2100F) images of all the three BTLs encapsulating C6, INH and RIF were
performed. Dynamic light scattering and zeta potential were measured using Malvern Zetasizer.
The above figure is a representative image for each liposomal formulation.
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Table 1. Size and drug encapsulation efficiency of BTL-NPs.

Nanoparticle (NP) NP Size (nm) % Encapsulation

C6 BTL-NP 109 ± 12.6 70 ± 3.7
INH BTL-NP 100 ± 16.3 69.5 ± 4.2
RIF BTL-NP 84 ± 18.4 70.6 ± 4.7

2.2. Binding Assay of Alendronate BTL-NPs

Alendronate has a natural affinity toward the calcium component of Hydroxyapatite (HA) crystal.
To investigate the affinity of engineered BTLs for BM, bone-chip binding and HA binding experiments
were performed. In order to visualize qualitative binding, C6 (a fluorescent marker)-loaded BTLs
were used. Alen-tagged BTLs showed a high fluorescence signal (green), whereas the non-targeted
liposomes did not show any binding (Figure 3A), proving the high affinity of BTLs for mice bone
fragments (femur). In the second binding assay, HA microparticles were allowed to bind with alen BTLs
and non-targeted liposomes. TEM imaging results showed that HA binds to alen BTLs with greater
affinity while non-targeted liposomes did not show any affinity to HA microparticles (Figure 3B).
Overall, these results confirmed that BTLs exhibited a strong affinity to bone HA and therefore may
possess bone-homing capabilities.

Figure 3. (A) Bone-chip binding assay of BTL-NPs. Bone fragments from femur were washed and
incubated with alendronate BTLs encapsulating Coumarin6 (alen BTL C6) and non-targeted liposomes
C6 (NT liposomes C6) for 30 min followed by washing and visualization through a confocal microscope
(scale bar = 0.1 mm). (B) BTL’s affinity to Hydroxyapatite (HA). For HA binding assay of BTL-NPs, HA
microparticles were incubated with BTLs or NT liposomes. A 200 μL volume of 0.05 mg/mL HA was
incubated with 40 μL of BTL or NT followed by rotation for 30 min at room temperature. The samples
were washed 3 times gently and loaded on a TEM grid followed by staining and visualization with
TEM (JEOL 2100F). Black rods are cylindrical HA microparticles and round nanoparticles around the
HA are liposomes; scale bar = 100 nm HA + BTL (left panel), HA + NT (right panel).
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2.3. Cellular Uptake of Alendronate BTL-NPs by CD271+BM-MSCs

To assess the cellular uptake efficiency of BTLs, two different cells were investigated: macrophages
(RAW 264.7 cell line murine macrophages) and freshly isolated murine CD271+BM-MSCs. Using live
cell imaging, RAW 264.7 cell uptake was observed from 5 min to 30 min after the addition of BTL.
Figure 4A indicates the successful uptake of BTLs by macrophages. Next, mice CD271+BM-MSCs
were incubated with alen BTLs which exhibited similar uptake patterns showing localization inside
the cells at 30 min (Figure 4B).

 

Figure 4. Confocal microscopy of C6BTLs uptake by CD271+BM-MSCs. Cells were incubated with
C6BTL followed by live cell imaging to evaluate the time-bound uptake of BTLs by cells. (A) RAW
246.7 cells capture every 5 min up till 30 min after the addition of C6BTL. (B) CD271+BM-MSCs
incubated with C6BTLs, fixed and imaged after 30 min.

2.4. In Vitro Drug Release Profile of INH and RIF BTL-NPs and Tissue Uptake

In vitro drug release profile was enumerated by an in vitro dialysis method. The INH-encapsulated
alen BTLs and RIF-encapsulated alen BTLs showed sustained slower release till 72 h in comparison to
their counterpart non-targeted NPs as indicated by % cumulative drug release pattern (CDR%). Notedly,
INH-BTLs showed faster release compared to RIF BTLs (Figure 5A,B). Nevertheless, both targeted NP’s
cumulative drug release was slow and sustained. Further, we investigated the bone uptake of BTLs,
where mice were injected with C6 loaded alen BTLs, C6 non-targeted (NT) liposomes or C6 PBS. Pairs
of femur and tibia were excised followed by C6 extraction with chloroform: methanol. Fluorimetric
analysis was carried out for determining the percentage of C6 dose injected, recovered from both
bone pairs. We found that there was an approximate eight times increase in the homing of C6BTLs in
comparison to C6NT liposomes (Figure 5C) demonstrating the bone-seeking nature of BTL-NPs.
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Figure 5. (A) Schematic of in vitro drug release. (B) Cumulative drug release pattern (CDR%) of targeted
(BTLs) versus non-targeted (NT) for INH and RIF. A 500 μL volume of INH- and RIF-encapsulated
BTLs and NTs were suspended in dialysis bags and stirred for 72 h in 25 mL of 1× PBS (pH 7.4). At each
time point, 500 μL was aliquoted from a 25 mL reservoir for drug release assay. Data represents mean
CDR% ± SEM (n = 3). (C) Tissue uptake of targeted (C6 BTL) versus non-targeted (C6 NT). Data are
presented as % of C6 injected recovered per g of organ (organ = pair of tibia and femur). SEM (n = 3),
** p < 0.001 vs. C6NT.

2.5. Efficacy of INH and RIF BTL-NPs in H37Rv Infected Mice

For evaluating the efficacy of INH and RIF alendronate BTLs, standard Cornell model of persistent
Mtb was followed (Figure 6A): Mice infected with pathogenic strains of Mtb H37RV were administered
standard INH and RIF dosage for 90 days as a result of which all organs except for bone marrow
were free of bacilli load [11,13]. After one week of the above regimen, animals were treated with
the drug-loaded BTLs/NT NPs for 12 weeks, twice per week, with an effective concentration of
INH = 4 mg/kg and RIF = 3 mg/kg. Appropriate controls were used. Animal health and weight
were monitored for four months followed by CFU enumeration of CD271+BM-MSCs. A significant
reduction of Mtb CFU in CD271+BM-MSCs was observed (Figure 6B). Notedly, Mtb culture from lungs
was found negative in all experimental groups.

Relapse studies were carried out on Mtb-infected mice as illustrated in Figure 7A. Mice were
monitored up to four months for relapse post-dexamethasone administration (10 mg/kg/ four weeks).
Gross pathology inspection of the lung lobes was carried out for granuloma formation and the
remaining portion of the lung was homogenized and cultured to score positive or negative Mtb load
(Figure 7). Appropriate controls were included for relapse study viz. only vehicle and empty BTLs.
All untreated mice succumbed to death within two months of infection. The relapse rate was 11% for
the BTL group while the other experimental groups showed a higher relapse rate (Figure 7).
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Figure 6. Mycobacterium tuberculosis (Mtb) load from CD271+BM-MSCs post-INH and RIF BTLs treatment.
(A) Schematic of in vivo treatment. (B) C57bl/6 mice were infected with H37Rv, administered with standard
anti-Tb drugs and next administered with drug-loaded BTL or NTs for 12 weeks/twice a week/intravenously.
The effective dosage of INH and RIF was maintained at 4 mg/kg and 3 mg/kg, respectively, for all drug groups.
Mtb CFU were enumerated by plating CD271+ BM-MSCs population obtained from immuno-magnetic
sorting. n = 3, data expressed as mean CFU = +/− SEM per 107 cells. ** p < 0.001.

Figure 7. Relapse rate for INH and RIF BTLs versus NT liposomes. (A) Schematic of in vivo treatment
for relapse. (B) Relapse % for targeted liposomes. Mice from each group were monitored for 4 months
for signs of relapse. Animals were sacrificed for relapse signs: positive culture from lungs and gross
lung pathology/granuloma formation. Data expressed as mean = +/− SEM. ** p < 0.001.
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3. Discussion

We and others have shown that CD271+BM-Mesenchymal stem cells are natural reservoirs for
dormant Mtb [11,13,14]. In this study, we engineered bone-homing liposomes decorated with Ald
and PEG to actively target Mtb in its novel niche. Our BTL-NPs showed significant bone binding
capabilities and resulted in the decreased Mtb load of CD271+BM-MSCs. Although bone-homing
liposomes have been reported earlier [42,43], this is the first study to formulate and test alen-conjugated
PEG liposomes to target BM-resident Mtb. Multiple functions were kept in mind and were incorporated
into the engineering of BTL-NP: (1) bone-homing capability, (2) stealth properties by PEG and (3) size.
For bone-homing, alendronate, a biphosphate was attached to the liposome surface resulting in high
affinity and homing of BTLs to the bone microenvironment. Alendronate belongs to the bisphosphonate
family of drugs and is generally used for cancer therapy. Previous studies show that alendronate has no
cytotoxic effects and it does not alter the differentiation or self-renewal properties of stem cells residing
in the bone marrow [35,43–45]. It is known that alendronate treatment can be helpful in the treatment
of bone disease, especially bone cancer [46]. Alendronate, 5 or 10 mg/d, may increase the bone
mineral density in women (postmenopausal) and men with primary osteoporosis [47]. Alendronic
acid, administered at a 70 mg once weekly or 35 mg twice weekly dose, has shown to increase BMD
(bone mineral density) as 10 mg/d and is already used clinically in the treatment or prevention of
osteoporosis [48]. While alendronate on systemic administration homes to the bone microenvironment,
PEG improves the systemic circulation of liposomes [34,49]. High circulation time owing to PEGylation,
high bone-homing capability of BTL-NPs due to alendronate and optimal size in our study may have
rendered them effective for clearance of CD271+BM-MSCs resident Mtb.

Our in vivo data indicates that BTL-NPs may have increased the available intracellular RIF and
INH leading to Mtb clearance inside BM-MSCs. We also speculated that the PEG-modification of
BTLs passively increased the bone marrow selectivity by inhibiting the hepatic uptake, resulting in
BTL-NPs to target BM macrophages [35,50]. Moreover, it is possible that after getting trapped in
macrophages, BTL-NPs gradually get digested by lysosomal enzymes leading to controlled drug
release from macrophages to the surrounding BM tissue, further increasing intracellular drug. While
MSCs are known to have drug efflux pumps that gradually efflux out drugs/antibiotics to protect the
cells from cytotoxicity, our data suggest that the BTL-NPs may be delivering the drugs at a faster pace
in comparison to their efflux rate. In aggregate, it is possible that BTL-NPs may increase the available
intracellular drugs, rendering them more effective in Mtb killing compared [51] to free drugs or NT
NPs. However, we acknowledge that this speculation requires further investigation.

Lung-homing liposomes targeting Mtb lowers treatment duration and hepatotoxicity in pulmonary
tuberculosis [40,52,53]. Swami et al. recently showed that PLGA nanocarriers could be used for
the targeted delivery of drugs to bone cancer [35]. These two studies taken together led to the
hypothesis that BM-homing liposomes could aid in clearing tubercle bacilli present in the BM cells
with reduced off-target toxicity. We acknowledge that, although the entire Mtb population from BM
cells was not cleared leading to relapse in very few mice, a decrease in relapse rate is of considerable
clinical significance. Few Mtb cells remaining in CD271+BM-MSC (Figure 6B) despite BTL treatment,
indicate that there might be some subpopulation of Mtb which (a) may be pushed into deeper stage
dormancy, (b) may have developed into drug resistance variants or (c) were present in an unreachable
compartment of CD271+BM-MSCs. Any of these three possibilities require further investigation as
deeper understanding may lead to complete clearance in BM cells. Nevertheless, currently, there is
no treatment/drug which targets BM-MSCs resident Mtb and since alendronate is already in clinical
use for bone strengthening, alendronate-based bone targeting may be of clinical significance. Once
clinically investigated, BTLs may be used to reduce the relapse rate in post-chemotherapy patients.
Overall, our study demonstrates that BTL-NPs can be used for the effective delivery of existing anti-TB
drugs to bone microenvironment through specially formulated liposome carriers.
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4. Materials and Methods

4.1. Alendronate Tagging of DSPE-PEG

First, 23 mg of DSPE-PEG (2000)-carboxylic acid (1,2-distearoyl-sn-glycero-3-phosphoethanolamine
-N-[carboxy(polyethylene glycol)-2000]ammonium salt(Avanti lipids polar, Inc., USA, Cat Number
880125P) was dissolved in 5 mL of acetone. Next, 4.2 mg N,N-Dicyclohexylcarbodiimide (DCC) and
2.4 mg N-hydroxy succinimide (NHS) were added for activation overnight at RT. Syringe assisted
removal of insoluble by-product (Dicyclohexylurea ) was carried out. Following this drying of lipids
was carried out for 2 h through nitrogen. For alendronate tagging, activated lipid and 2 mg alendronate
sodium trihydrate (Ald, A-4978, Sigma-Aldrich, St. Louis, MO, USA) were dissolved in a mixture of
DMSO and water for 24 h. This was followed by 24 h dialysis against water and subsequent drying
under nitrogen.

4.2. Preparation of PEG Liposome and BTL PEGylated Liposome NPs with Ald Tagged PEG-PE and PC
(with INH and RIF Encapsulation)

Liposome NPs were prepared as described previously [21,54,55]. In brief, Egg-PC and Egg-PE
in a molar ratio of 8:2 were mixed in a 100 mL round bottom flask in chloroform and rotated under
vacuum at 37 ◦C until a thin lipid layer is formed followed by desiccation for 2 h. For alendronate
PEGylated liposomes a.k.a. BTLs, PC (2% of total lipids) +Ald-PE-PEG2000 (2.5% of total lipid content)
+ PE-mPEG2000 (2.5% of total lipid content) ratio was used. The resultant dry lipid was vortexed with
PBS until complete lipid dispersion. For RIF-encapsulated BTL-NPs, Rifampicin (M.P Biomedicals,
CAS #13294-4-1, Irvin, CA, USA) was dissolved in chloroform, and for INH-encapsulated BTL-NPs,
isoniazid (Sigma-Aldrich, CAS #54-85-3, St. Louis, MO USA) was dissolved in saline at appropriate
concentrations. Next, liposomal dispersion was centrifuged at 50,000 rpm (60 min) at 4 ◦C. This step
was done to get rid of un-encapsulated drugs. The pellet obtained was resuspended and centrifuged
twice to remove the traces of un-encapsulated drugs. For equal size and decreased variation, the
final suspension obtained after three washing was extruded sequentially through 3 membrane filters.
The liposomal suspension was assayed spectrophotometrically for the presence of RIF and INH,
according to the modified method described [56]. Millipore membrane filters used were of Type RA
from Millipore Corp., Bedford, MA, USA.

4.3. TEM and Size Distribution

The liposomal suspension was diluted in distilled water and placed upon 300-mesh carbon-coated
copper grids and air dried for analysis [21,54]. The liposomes were visualized under a transmission
electron microscope (JEOL 2100F). Zetasizer Nano ZS (ZEN 3600; Malvern Instruments, Worcestershire,
UK) was used to measure NP size and zeta potential. Detailed NP characterization was performed as
previously described by Rajendran et al. [55]. Briefly, NPs were diluted 1000-fold in water in order to
make homogenous suspension (scatter angle = 90 ◦C, temperature = 25 ◦C) and analyzed by placing in
a zeta cell (DTS-1060C).

4.4. Drug Concentration Estimation and Encapsulation Efficiency

Drug encapsulated liposomes were lysed by vortexing in 70% ethanol and incubated at 60 ◦C.
Drugs (INH and RIF) were quantified by spectrophotometric absorbance method against a free drug
standard curve at 263 nm and 479 nm, respectively [56].

Encapsulation efficiency = (Drug concentration in eluent/drug concentration loaded) × 100
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4.5. Cellular Uptake by Mouse CD271+ BM-MSCs

Briefly, 2 × 103 CD271+BM-MSCs and RAW 246.7 cells were seeded in 8-well glass-bottom
chambered slide (Ibidi) in D-MEM/F-12 medium with GlutaMAX™-I and DMEM (Thermo Fisher
Scientific, Cat. Number 10565018, Cat. Number 12100046, Waltham, MA, USA) serum supplemented
media, respectively. After 4–5 h of seeding, prior to imaging, Coumarin6 NP (effective C6
concentration = 2 μg/mL) was added. Live cell imaging was carried out to monitor time lapsed uptake
of engineered BTL with Coumarin6 using Nikon Camera Nikon Real-Time Laser Scanning Confocal
Microscope, Model A1R. Notedly, C6 is a common fluorescent model drug used for tracking NP
uptake [57].

4.6. NP Binding Assay with Bone Chips

Mice were sacrificed to the excise femur bone. Next, bone chips from femur were washed with
1× PBS, incubated with alendronate BTLs encapsulating Coumarin6 (alen BTL C6) or non-targeted
liposomes C6 (NT liposomes C6) for 30 min followed by washing. The whole procedure was carried
out in 8-well glass-bottom confocal slides. Lastly, each well was added with PBS for visualization
through a confocal microscope (Nikon Camera Nikon Real-Time Laser Scanning Confocal Microscope,
Model A1R) for the binding of C6 NPs with mouse femur bone chips obtained [35].

4.7. In Vitro Release from BTL-NPs and Tissue Uptake

For in vitro release assay 500 μL of NPs suspension in phosphate-buffered saline (PBS) were added
to a dialysis bag (MWCO 12,000–14,000; Sigma-Aldrich, St. Louis, MO, USA). The dialysis bag was placed
into 25 mL of PBS (pH 7.4) taken in a dissolution vessel at 37 ◦C and stirred at 50 rev min−1. At periodic
intervals, 500 μL samples were aliquoted from the dialysate and then an equal volume of PBS (pH 7.4) was
added. INH and RIF were quantified by measuring absorbance against the free drug standard curve at
263 and 479 nm, respectively. The modified procedure described previously [58] was performed for tissue
uptake assay. Briefly, after 8 h of administration of C6 BTL, C6 NT or C6 PBS intravenously, femur and
tibia pair were excised followed by chloroform: methanol extraction. The same effective concentration
of C6 (150 mg/kg) was administered to all three mice groups. Fluorescence of resulting suspension
was determined using Cary Eclipse Fluorescence Spectrophotometer (Agilent) in a quartz cuvette at the
emission/excitation of 460/525 nm. The concentration of C6 in the suspension was determined by using
the standard curve of C6. % injected a dose of C6 = Conc. of C6/Total injected C6) × 100 per g of organ.
Data were represented as % dose injected per organ (per organ in biodistribution study = a pair of tibia
and femur from single mice).

4.8. In Vivo Administration and Assessment of BTL-NPs Efficacy

Pathogen-free, 6 weeks female C57bl/6J mice were obtained from the National Institute of Nutrition
(Hyderabad, India). Animals were housed and fed according to the standard norms of Animal biosafety
level 3 (ABSL3) at Jawaharlal Nehru University, New Delhi. All studies were carried out post-approval
from Institution of Animal Ethics Committee (IAEC) and the Institution of Biosafety Committee (IBSC)
at Jawaharlal Nehru University, New Delhi.

Mice infections were performed as previously described [13]. Briefly, C57bl/6J female age
6 weeks were infected with H37Rv 2 × 106 CFU through tail vein and followed by anti-TB drug
therapy (RIF = 0.1 g/L, INH = 0.25 g/L) for 90 days to achieve a status where only Mtb survives in
CD271+BM-MSCs while other organs are rendered sterile [11,13]. This model known as the Cornell
model has been known for decades where animals treated with anti-Tb drugs wipe out Mtb from lung,
liver and spine rendering them sterile, however for no clear reason the disease is relapsed [7,59,60].
It has been shown in mice that this relapse could be due to Mtb present in a novel host cell namely
CD271+BM-MSCs [13]. It is postulated that Mtb mesenchymal stem cells may travel from BM to
the lung via blood circulation and may cause a relapse of pulmonary TB [11,13]. We have used
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this Cornell model for targeting Mtb in BM-MSCs. Animals were treated with various treatments
including free drugs or BTL-NPs intraperitoneally. The concentration of INH and RIF remained
under the safe limits which are 10 mg/kg (standard) for both the drugs [61]. Briefly, INH and RIF
average concentrations fell in the range of 2–2.3 mg/mL and 2.66–3.1 mg/mL for their respective NP
suspensions (BTL or NT). All liposomes and free drug solutions were diluted to the effective dosage of
3 mg/kg (RIF) or 4 mg/kg (INH) per mice in 150 μL. To be noted, NPs were freshly prepared for each
administration and concentrations of drug in each formulation was determined using a standard curve
for each drug as mentioned in method Section 4.4. At the end of the regimen, mice were sacrificed
and Mtb CFU from CD271+ BM-MSCs sorted cells were enumerated by plating on 7H11 agar plates
supplemented with 10% Middlebrook OADC.

4.9. Enumeration of Mtb CFU from CD271+BM-MSCs

The assay was performed as previously described [11–13]. BM cells were aseptically obtained
from each group followed by magnetic sorting CD271+ BM-MSCs as described previously [13]. Briefly,
an average 4 × 107 bone marrow cells were obtained from a femur pair per mice after RBC lysis.
BM cells were then used for performing CD271+ BM-MSCs selection by magnetic sorting (Cat. Number
S10467, Life Technologies, Carlsbad, CA, USA; Cat. Number 18554, Stem Cell Technologies, Vancouver,
BC, Canada). Sorted cells were lysed followed by plating on 7H11 plates supplemented with 10%
Middlebrook OADC.

4.10. TB Relapse Assay

A similar experiment as described in the assessment of BTL-NPs Efficacy (Section 4.8) was carried
out. NP treatment regimen was followed by steroid administration (glucocorticoid dexamethasone,
intraperitoneal injections of 200 μL of dexamethasone at 10 mg/kg of body weight every 2 days for
4 weeks) and were sacrificed after 4 weeks to look for signs of reactivation. Signs for relapse were
(a) granuloma formation in lungs by gross pathology and (b) culture-negative or culture-positive for
lungs. Relapse percentage was calculated as follows:

Relapse % = (No. of mice with culture-positive relapse/total No. of mice) × 100

4.11. Statistical Analysis

Experimental data were analyzed by GraphPad Prism. Student’s t-test was performed to compare
two groups. Data are expressed as means = +/− SEM; ** p < 0.001.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-0817/9/5/372/s1,
Figure S1: Schematic for synthesis of Alendronate conjugation of DSPE-PEG(2000) from DSPE-PEG(2000)
Carboxylic Acid and alendronate sodium trihydrate.
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Abstract: Macrophages are one of the first innate defense barriers and play an indispensable role in
communication between innate and adaptive immune responses, leading to restricted Mycobacterium
tuberculosis (Mtb) infection. The macrophages can undergo programmed cell death (apoptosis), which
is a crucial step to limit the intracellular growth of bacilli by liberating them into extracellular milieu
in the form of apoptotic bodies. These bodies can be taken up by the macrophages for the further
degradation of bacilli or by the dendritic cells, thereby leading to the activation of T lymphocytes.
However, Mtb has the ability to interplay with complex signaling networks to subvert macrophage
apoptosis. Here, we describe the intelligent strategies of Mtb inhibition of macrophages apoptosis.
This review provides a platform for the future study of unrevealed Mtb anti-apoptotic mechanisms
and the design of therapeutic interventions.

Keywords: Mycobacterium; macrophage; apoptosis; effector; cytokine; microRNA

1. Introduction

Tuberculosis (TB) is a chronic infectious disease caused by Mycobacterium tuberculosis (Mtb), which
affects 10 million people globally. It was one of the top 10 infectious diseases in 2017, with an estimated
1.6 million deaths worldwide, which dropped to 1.5 million in 2018 [1]. Mtb is considered a sinful
intercellular pathogen that is capable of surviving and replicating within the hostile microenvironment
of macrophages and other cellular niches [2]. Macrophages are at the frontline of the innate defense,
encounter the pathogens, and play a critical role in the containment of bacilli infection through
triggering inflammation, digestion of bacilli, and inducing adaptive immune responses [3]. However,
Mtb can subvert macrophage responses such as apoptosis in order to establish a persistent lifestyle [4].
Thus, understanding the underlying mechanisms behind Mtb manipulation of macrophages apoptosis
is decisive for treatment interventions and TB vaccines.

Apoptosis is a highly coordinated and regulated process of the programmed cell death form in
which dying cell components and Mtb are enclosed within cytoplasmic membranes and liberated
from the cell called apoptotic bodies [5]. The apoptosis of macrophages is a crucial part of the innate
host defense against Mtb through restricting the intracellular growth of bacilli. The Mtb infected
macrophage undergoes apoptosis in order to release the Mtb into the extracellular milieu, thereby
leading to the activation of dendritic cells and triggering of robust adaptive immune responses [6,7].
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Nevertheless, Mtb has evolved multiple mechanisms to revoke macrophages apoptosis, which are
discussed in the current review.

2. Anti-Apoptotic Determinants of Mycobacterium

Mtb has a wide variety of effector molecules that actively block macrophage apoptotic pathways.
In this context, cell wall-associated glycolipids, such as lipoarabinomannan (LAM) and mannosylated
LAM (ManLAM), are important virulence determinants that have been found to modulate macrophages
apoptosis [8,9]. ManLAM can thwart Mtb mediating B10R macrophage apoptosis by inhibiting calcium
influx and its intracellular signaling. Ablation of calcium-signaling leads to the inhibition of caspase-1
activity, alteration of mitochondrial membrane permeability, as well as induced upregulation of
anti-apoptotic, namely, B-cell lymphoma 2 (Bcl2) (Table 1) [8]. LAM can also block human leukemia
monocytic cell (THP-1) apoptosis by activating phosphatidylinositol 3-kinase (PI3K), which in turn
activates serine/threonine kinase (Akt) that suppresses pro-apoptotic factor Bad (Table 1) [9].

Mtb tyrosine phosphatase (PtpA) is a secreted protein that plays a decisive role in the pathogenesis
and survival of Mtb within macrophages via interplay with multiple host signaling pathways [10].
PtpA knockout Mtb strain induces a high level of caspase-3 expression and promotes its activity
in THP-1 macrophages when compared with wild Mtb strains. PtpA can block caspase-3 activity
by dephosphorylation of human glycogen synthase kinase 3 (GSK3) (Table 1) [11]. Similarly, PtpA
can attenuate differentiated U937 macrophages apoptosis in response to Bacillus Calmette–Guérin
(BCG) strain infections. PtpA can abolish the ubiquitin ligase of the tripartite motif-containing (TRIM)
protein activity, which is required for pro-caspase-3 cleavage [12]. Noticeable, another Mtb secreted
tyrosine phosphatase (MptpB) is a decisive virulence factor that can modulate macrophage responses
and enhance Mtb intracellular survival. RAW264.7 cells expressing MptpB displayed much less
apoptosis than the control cells when infected with BCG strains. Furthermore, interferon-gamma
(IFN-γ)-stimulated RAW264.7 cells expressing MptpB show a high viability rate and low levels of
cleaved caspase-3 in response to BCG infection when compared RAW264.7 cells-harboring empty
vector [13]. Taken together, the anti-apoptotic mechanisms of Mtb tyrosine phosphatases are dependent
on the inhibition of caspase-3 activation (Table 1).

Mtb has 11 types of serine/threonine protein kinases (PknA through PknL) that play a significant
role with respect to bacterial adaptation in hostile environments, both in vivo and in vitro [14]. Among
them, pknE has anti-apoptotic activity and is indispensable for Mtb survival inside the macrophage.
PknE deleted Mtb strains induce higher levels of THP-1 macrophage apoptosis than the wild type
strains and can suppress oxidative stress-inducing cellular apoptosis [15,16]. PknE can modulate
the expression of multiple apoptotic molecules and reduce the expression of pro-apoptotic factors,
including P53, Bax, and TNF-α, while increasing the expression of anti-apoptotic factor Mcl-1 (Table 1).
Furthermore, pknE can promote the phosphorylation of Akt [16], which in turn suppresses the
pro-apoptotic factor, i.e., Bad protein [9].

Mtb NADH-ubiquinone oxidoreductase subunit G (nuoG), a subunit of type-1 NADH
dehydrogenase (NADH-1), was demonstrated to suppressed THP-1 and murine bone marrow-derived
macrophages (BMDMs) apoptosis and promoted the pathogenesis of bacilli in a mice infection
model [17]. NuoG knockout Mtb strains were less virulent and lost their ability to abrogate macrophage
apoptosis in comparison with control strains. The ability of nuoG deleted Mtb strains to provoke
macrophage apoptosis was significantly reversed upon treatment with caspase-3 and caspase-8
inhibitors, or through the ablation of TNF-α signaling. NuoG can suppress NADPH oxidase
(NOX2)-inducing of ROS production leading to inhibition of TNF-α secretion (Table 1) [18]. A recent
study demonstrates that the deletion of Mtb TNF-α-suppressing genes results in increased macrophage
apoptosis and promotes a cell-mediated immune response [19]. Therefore, targeting nuoG might
improve the immune responses and control the intracellular growth of Mtb.

Mtb nucleoside diphosphate kinase (Ndk) acts as a small GTPase inhibitor that can deactivate
GTPase Rac1 and, subsequently, inhibit NOX2 assembly and ROS production. Ndk has been
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demonstrated to block murine macrophage apoptosis by abolishing ROS-mediated caspase-3 cleavage
(Table 1) [20].

Mtb isocitrate lyase (Icl) is crucial for bacilli viability during latent infection [21]. The recombinant
M. smegmatis-expressing IcI enhances survival within RAW264.7 murine macrophages and inhibits
apoptosis in comparison with M. smegmatis-harboring empty vector [22]. Nevertheless, the underlying
mechanisms by which IcI subverts macrophage apoptosis are yet be determined.

Mtb PE_PGRS family proteins are the most abundant cell wall anchored proteins that are implicated
in bacilli adhesion, invasion, and survival within macrophages and dendritic cells [23]. PE_PGRS62,
PE_PGRS41, and PE_PGRS18 contribute actively to revoke macrophage apoptosis [24–26].

The ectopic expression of PE_PGRS62 in M. smegmatis enhances its survival within THP-1
macrophages and reduces cell apoptosis. It has been observed that PE_PGRS62 can inhibit the
endoplasmic reticulum (ER) stress response (Table 1) by downregulating C/EBP homologous protein
(CHOP) and the 78-kDa glucose-regulated protein (GRP78/Bip), which are essential pro-apoptotic
factors in response to stress conditions [25]. Likewise, M. smegmatis-expressing PE_PGRS41 induces
much lower THP-1 macrophage apoptosis than the M. smegmatis expressing vector. PE_PGRS41 can
decrease the cleavage levels of caspase-9 and caspase-3 (Table 1) [24]. PE_PGRS18 also inhibits THP-1
apoptosis. However the underlying molecular mechanisms are still unknown [26].

Mtb secreted proteins encoded by Rv3654c and Rv3655c genes express within the cytoplasm of
Mtb-infected macrophages, suggesting that they may have a role in Mtb interplays with host cell
signaling [27]. These proteins abrogate the extrinsic pathway-mediated U937 cells apoptosis during
Mtb infection. They interact and cleave the polypyrimidine tract binding Protein-associated Splicing
Factor (PSF) result in the deactivation of caspase-8 (Table 1) [27]. Similarly, Rv3033 is a secreted
protein that is crucial for Mtb viability within macrophages [28]. Rv3033 has potent anti-apoptotic
activity by suppressing the intrinsic apoptotic pathway. M. smegmatis expressing Rv3033 inhibits
murine BMDM apoptosis compared with control strains. Rv3033 can actively block the translocation
of pro-apoptotic Bax protein into mitochondria and cytochrome c into cytoplasm, thereby leading to
suppress the caspase-9 activation (Table 1) [29]. Likewise, Rv3365c is another hypothetical protein that
is an important Mtb anti-apoptotic effector. The deletion of Rv3365c significantly reduces the ability
of Mtb to suppress U937 cells apoptosis in comparison with wild type strains. Rv3365c can revoke
cellular apoptosis by interacting and inhibiting host cell membrane-bound serine protease cathepsin G
and its downstream activation of caspase-1(Table 1) [30].

Mtb enhanced intracellular survival (Eis) protein is an important modulator of macrophage
apoptosis, autophagy, and inflammatory cytokines production. In the context of apoptosis, Eis
knockout Mtb strain significantly increases the murine BMDM when compared with wild type
or complemented strains. Eis can repress JNK signaling leading to inhibition of ROS production
(Table 1) [31].

Mtb stress response proteins play a significant role in bacterial resistance to the harsh milieu in both
in vitro and in vivo [32,33]. Mtb SigH is a stress response regulon that controls the expression of multiple
Mtb genes in response to oxidative and heat-stressors, as well as to host microenvironments [34,35].
Lower apoptosis of primary rhesus macaque bone marrow-derived macrophage (Rh-BMDM) was
observed upon infection with SigH knockdown Mtb strains compared with wild Mtb strains [33].
SigH regulon can abolish cellular apoptosis through boosting prostaglandin synthetase 2 (PTGS2)
expression, which in turn inhibits the P53-dependent apoptotic pathway (Table 1) [33].

Mtb Cpn60.2 (GroEL2) is a member of heat shock proteins found in the secreted form within the
cytosol of macrophage [32]. Cpn60.2 can revoke THP-1 macrophage apoptosis through interacting
with, and enhancing the stability of human mitochondrial Hsp70, which is (Table 1) an important
anti-apoptotic factor [32] also known as mortalin [36].

Mtb acpM is a meromycolate extension acyl carrier protein involved in cell wall mycolic acid
biosynthesis and a crucial drug target to eradicate multi-drugs-resistant Mtb strains (MDR) [37].
M. smegmatis expressing-acpM (Msm-acpM) can enhance the viability of BMDM in comparison with
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cells infected with M. smegmatis, harboring an empty vector. AcpM reduces ROS production by
suppressing c-Jun N-terminal Kinase (JNK) signaling (Table 1) [38].

Mtb LpqT is a cell wall anchored lipoprotein that modulates macrophage responses by engaging
with Toll-Like Receptor-2 (TLR-2) [39]. LpqT deleted M. smegmatis strains significantly induce higher
levels of RAW264.7 macrophage apoptosis compared with control strains. LpqT could decrease the
cleaved levels of caspase-3 by blocking the TLR-2 signaling pathway (Table 1) [39]. However, the
previous study demonstrated that LpqT could increase the apoptosis of THP-1 macrophage and
monocyte-derived macrophages (MDM) via agonist TLR-2 signaling [40]. Therefore, the exact role of
Mtb LpqT in the regulation of macrophage apoptosis in the context of its interaction with TLR-2 remains
controversial. It has been demonstrated that lipoprotein MPT83 can induce protective immunity
against Mtb infection via promoting macrophage apoptosis [41].

EspR is an Mtb specific protein and a key regulatory protein of the ESX-1 secretion system
and many other genes that are involved in Mtb pathogenesis [42]. Enforced expression of EspR
in RAW264.7 macrophage leading to suppressed BCG mediating apoptosis. EspR can significantly
decrease the cleavage of both caspase-3 and caspase-8 (Table 1) when compared with RAW264.7
harboring empty-vector. The mechanisms underlying caspase inhibition was due to EspR interfering
with TLRs signaling by directly interacting with myeloid differentiated protein-88 (MyD88) [43].

Table 1. Anti-apoptotic effectors of Mycobacterium.

Effector Cell Model Mechanisms Outcome References

ManLAM B10R Blocks Ca+2 influx to the cells.

Inhibition of caspase-1
cleavage, alter mitochondrial
membrane permeability and

upregulate Bcl-2

Rojas et al., 2000

LAM THP-1 Activation of PI3K signaling Suppression of Bad Maiti et al., 2001

PtpA THP-1 Dephosphorylation of GSK3 Inhibition of caspase-3
cleavage Poirier et al., 2014

U937 Suppress ubiquitin ligase
activity of the TRIM protein

Inhibition of caspase-3
cleavage Wang et al., 2016

MptpA RAW264.7 Reduction of P53 levels Inhibition of caspase-3
cleavage Fan et al., 2018

PknE THP-1

Phosphorylation of Akt Inhibition of Bad

Kumar and
Narayanan et al.,

2012

Inhibit the expression of
pro-apoptotic factors,

including P53, TNF-α and Bax

Inhibition of caspase-3
activation

Promote the anti-apoptotic
factor Mcl-1 expression

Block Bax mitochondrial
translocation

NuoG THP-1 and
BMDM

Blocks of NADPH oxidase
mediating ROS production

Inhibition of TNF-α
production Miller et al., 2010

Ndk RAW264.7 Inhibit NOX2 assembly and
ROS production

Inhibition of caspase-3
activation Sun et al., 2013

Icl RAW264.7 Unknown Unknown Li et al., 2008

PE_PGRS62 THP-1

Suppression of pro-apoptotic
stress-response genes

expressions such as CHOP
and GRP78/Bip

Inhibit endoplasmic
reticulum (ER) stress

response
Long et al., 2019

PE_PGRS41 THP-1 Uncertain Reduction the cleavage level
of caspase 3 and 9 Deng et al., 2017

PE_PGRS18 THP-1 Unknown Unknown Yang et al., 2017
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Table 1. Cont.

Effector Cell Model Mechanisms Outcome References

Rv3654c
Rv3655c U937 Degrade the polypyrimidine

tract binding PSF
Suppression of caspase-8

activation
Danelishvili et al.,

2010

Rv3033 RAW264.7 and
murine BMDM

Abolish translocation of Bax
into mitochondria and

cytochrome c into cytoplasm

Suppression of caspase-9
activation Zhang et al., 2018

Rv3365c U937 Inhibit serine cathepsin G Suppression of caspase-1 Danelishvili et al.,
2012

Eis Murine BMDM Block the JNK signaling Inhibition of ROS
production Shin et al., 2010

SigH Rh-BMDM Promote prostaglandin
synthetase-2 expression

Inhibition P53 dependent
pathway Dutta et al., 2012

AcpM Murine BMDM Suppress JNK signaling Reduction of ROS
production Paik et al., 2019

LpqT RAW264.7 Antagonized TLR-2 signaling Inhibition of caspase-3
cleavage Li et al., 2018

EspR RAW264.7 Block TLR signaling Inhibition of caspase-8 and 3
cleavage Jin et al., 2019

PI3K, phosphatidylinositol 3-kinase; GSK3, glycogen synthetase-3; TRIM, tripartite motif; CHOP, C/EBP homologous
protein; GRP78/Bip, 78-kDa glucose-regulated protein; PSF, Protein-associated Splicing Factor; TLR, Toll-Like
Receptor; JNK, c-Jun N-terminal Kinase; BMDM, bone marrow-derived macrophages; Rh, Rhesus.

3. Mycobacterium Thwarts Macrophage Apoptosis by Inducing Anti-Apoptotic Cytokines

Cytokines are inducible, soluble immune mediators responsible for orchestrating various and
complex immunological processes, including immune cells crosstalk and apoptosis [44]. Mtb can
differentially induce cytokines secretion to manipulate macrophage apoptosis. An earlier study showed
that Mycobacterium could inhibit macrophage apoptosis by robust inducing interleukin-10 (IL-10)
production, leading to the increased expression of Bcl2 and decreasing pro-apoptotic factors such as
cleaved caspase-1, P53, nitric oxide (NO), and TNF-α production (Figure 1) [45]. Transgenic mice
expressing human IL-10 in antigen-presenting cells (APCs) infected with M. avium displayed lower levels
of macrophage apoptosis, which was accompanied by decreased TNF-α and NO production [46]. IL-10
also inhibits Mtb inducing alveolar macrophages (AM) apoptosis by abolishing TNF-α production.
In this regard, IL-10 can increase the levels of B-cell lymphoma 3 protein (Bcl-3), which in turn
antagonizes TNF-α production via deactivating NF-kappaB nuclear signaling [47].

IL-17A, a cytokine secreted in high amount by T helper-17 (Th17) in response to Mtb infection and
actively contributes to TB pathogenesis [48]. It has been shown that the exogenous addition of IL-17A
can significantly enhance BCG strains and Mtb viability within murine BMDM when compared with
bacterial intracellular growth in the absence of IL-17A. This cytokine can blockade BMDM apoptosis
upon BCG infection by suppression of intrinsic apoptotic pathway through interfering with nuclear
translocation of P53, thereby leading to the upregulation of Bcl2 expression and downregulation of Bax
expression, as well as abolishing cytochrome c released and caspase-3 activation (Figure 1) [49].

Epstein–Barr virus-induced gene 3 (EBI3), is a subunit of anti-inflammatory cytokines, namely IL-27
and IL-35. It was found that EBI3 is produced in a significant amount in CD14+macrophages isolated
from TB patients compared to cells from healthy donors. Furthermore, it has been demonstrated
that EBI3 production and accumulation were markedly increased upon the challenge of murine
peritoneal macrophages with Mtb, suggesting that it may contribute to the immunoevasion of
macrophage responses. Mtb and BCG strains shown to induce significant apoptosis of murine EBI3
deleted macrophages in comparison with the deaths of wild type cells. EB13 abrogates the extrinsic
apoptotic pathway via suppression of the cleavage of caspase-3 and caspase-8 (Figure 1) [50]. Taken
together, Mtb can stimulate IL-10, IL-17A, and EBI3 secretion to frustrate macrophage apoptosis. Thus,
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complementary to antibodies blocking the action of these cytokines, anti-tuberculous drugs can hasten
the eradication of bacilli and shortage of treatment regimens.

 

Figure 1. Mycobacterium evades macrophage apoptosis by induction of anti-apoptotic cytokines and
miRNAs expression. Three cytokines, namely, IL-10, IL-17A, and EBI3, were demonstrated to play
an anti-apoptotic role during Mtb infection. IL-10 can mediate the expression of anti-apoptotic Bcl2
and Bcl3 protein and suppresses the production of pro-apoptotic factors, including TNF-α, nitric oxide
(NO), and P53. IL-17A signaling leads to suppression of P53 mediated Bax mitochondrial translocation.
EBI3 can directly inhibit caspase-8 and caspase-3 activation. Nine anti-apoptotic miRs were found
selectively regulated by Mtb. Has-let-7b-5p can target Fas leading to inhibition of downstream activation
of caspase-3. Let-7a and miR-29a are targeting caspase-3 and caspase-7, respectively. MiR-155 can
abolish expression of SH2 domain-containing inositol 5-phosphatase 1(SHIP1), leading to activation of
phosphatidylinositol 3-kinase (PI3K) signaling-mediated inhibition of pro-apoptotic factors including
Bad, FOXO-1 and 3. In addition, miR-155 can directly targeting and suppressing the expression of
FOXO-3. MiR-582-5p can target the mRNA of FOXO-1 and block its expression. MiR-20a-5p can
abrogate the activation of pro-apoptotic factor Bim by targeting the JNK-2 signaling pathway. However,
miR-20b-5p can enhance the expression of anti-apoptotic factor Mcl-1, which can mediate block Bax
mitochondrial translocation. The role of miR-21 in regulating anti-apoptotic Bcl-2 remains controversial.

4. Mtb can Suppress Apoptosis by Regulating microRNAs Expression

MicroRNAs (miRs) are small noncoding RNAs that play an indispensable role in posttranscriptional
regulation of genes expression that involved in various cellular biochemical pathways, including
immune signaling pathways in response to pathogenic infections such as Mtb [51].

Mtb can selectively regulate miRs expression to defeat macrophages apoptosis in order to enhance
its intracellular viability and growth. Consistently, miR-582-5p has been significantly more upregulated
in monocytes obtained from active TB patients than the cells from healthy controls. The transfection of
THP-1 monocytic cells with miR-582-5p mimics leads to the blocking of apoptosis when compared
cells transfected with the negative control. MiR-582-5p can inhibit monocytes apoptosis by directly
targeting forkhead box O1 (FOXO1) mRNA and suppressing its translation (Figure 1) [52].

MiR-155 expression significantly upregulated in the peripheral blood monocytes (PBMCs) obtained
from patients with active TB disease than the cells from healthy control [53]. The apoptosis of CD4+
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monocytes was significantly decreased in active TB patients compared with healthy control, suggesting
that miR-155 may abolish cellular apoptosis. The ectopic expression of miR-155 in THP-1 macrophages
leading to abrogate BCG-inducing apoptosis via downregulating FOXO3 expression (Figure 1) [53].
Furthermore, Mtb infected miR-155 knockdown murine macrophages exhibited a higher level of
apoptosis when compared with wild type macrophages infected with Mtb [54]. MiR-155 can target
the mRNA of SH2 domain-containing inositol 5-phosphatase 1(SHIP1), which was confirmed by
increased protein levels in miR-155 deleted macrophages. Increased levels of SHIP1 can result in
reduced phosphorylation of Akt, thereby leading to the enhanced activation of Bad, FOXO-1, 3, and
caspase-3 (Figure 1) [54].

MiR-223 is expressed significantly more in peripheral macrophages harvested from active TB
patients compared with cells from healthy controls and upregulated during the in vitro Mtb infection
of human macrophages. The forced expression miR-223 in human macrophages significantly reduced
the rate of apoptosis in comparison with macrophages transfected with control miR-223 mimics.
Mechanistically, miR-223 blocks macrophage apoptosis by targeting FOXO3 and markedly reducing its
protein expression (Figure 1) [55].

Let-7e and miR-29a are highly expressed in human monocyte-derived macrophages in response
to M. avium infection. They block macrophages apoptosis by repressing the expression of caspase-3
and 7, which are direct targets for let-7e and miR-29a, respectively (Figure 1) [56].

MiR-21 expression was upregulated by NF-κB signaling in RAW264.7 murine macrophage
triggered by Mtb mpt68 protein. It has been demonstrated that miR-21 could inhibit murine macrophage
apoptosis by positively regulating anti-apoptotic Bcl-2 expression (Figure 1) [57]. However, recent
studies have demonstrated that miR-21 enhances macrophages apoptosis in response to mycobacterium
infection by negatively regulating the expression of Bcl-2 [58,59]. Therefore, the role of miR-21 in
regulating macrophage apoptosis and Bcl-2 expression remains ambiguous.

MiR-20a-5p expression was found to be downregulated in CD14+ monocytes from active
pulmonary TB patients, while it is pronouncedly upregulated by successful anti-TB treatment.
The downregulation of miR-20a-5p expression also observed during the Mtb infection of THP-1
human macrophages. Blockade of miR-20a-5p expression can accelerate THP-1 macrophage apoptosis
and promote mycobacterium survival. MiR-20a-5p ectopically expressed in THP-1 cells led to the
decreased expression of pro-apoptotic gene Bim through targeting and abolishing the expression
of JNK2 signaling (Figure 1) [60]. Recently, the downregulation of miR-20b-5p expression has been
reported upon the Mtb infection of RAW264.7 macrophages. The overexpression of miR-20b-5p can
promote bacilli survival and cell apoptosis [61]. In this regard, miR-20b-5p can increase macrophage
apoptosis by targeting and suppressing the expression of the anti-apoptotic Mcl-1 gene (Figure 1) [61],
which is a member of the Bcl-2 protein family.

Hsa-let-7b-5p was significantly upregulated in Mtb infected THP-1 macrophages, leading to
the subversion of apoptosis. Mechanistically, hsa-let-7b-5p negatively regulates the expression of
Fas by directly targeting its mRNA, which can lead to blocking pathways of caspase-3 activation
(Figure 1) [62].

5. Conclusions

Macrophages are the first line of innate defense against Mtb infection, and the subversion of
macrophage apoptosis is considered a hallmark of Mtb pathogenesis. Mtb is a mystery pathogen that
utilizes multiple strategies to abolish apoptotic signaling pathways in order to establish persistent
infection. The impairment of macrophage apoptosis leads to the enhanced intracellular survival
of bacilli and compromises the cell-mediated immune response. Mtb has a broad spectrum of
anti-apoptotic effector molecules that direct targeting cellular pro-apoptotic factors or block the
signaling that regulates their expression. Some Mtb anti-apoptotic effectors, including PE_PGRS18 and
IcI, impaired macrophage apoptosis by unrecognized mechanisms. Moreover, the role of Mycobacterium
lipoprotein (LpqT) in modulating macrophage apoptosis needed to be clarified. Future studies are
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needed to identify unrevealed mechanisms of Mtb anti-apoptotic effectors and to develop methods
able to hamper Mtb effectors’ capability to abrogate macrophage apoptosis.

Mtb can also manipulate macrophage apoptosis by selectively regulating cytokines and miRs
expression. It is also important to understand how Mtb selectively regulates anti-apoptotic cytokines and
miRs expression. The mechanisms by which cytokines and miRs enhance the viability of macrophages
are dependent on the aberrant activity of key pro-apoptotic regulators, including P53, TNF-α, Fas,
FOXO, and Bad. They promote the activity of anti-apoptotic regulators such as SHIP, Bcl-2, and Mcl-1.
Taken together, these insights into the intelligent subversion mechanisms of macrophage apoptosis by
Mtb elucidate promising and novel therapeutic targets to eliminate the intracellular survival of bacilli
and promote an adaptive immune response.
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