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With an incidence of ten million cases and between one and two million deaths each year, Mycobacterium
tuberculosis is the deadliest infectious agent currently. In this entry, the general physiopathology of tuberculosis is
described, as well as the drugs constituting the first- and second-line treatments. The potential of nanosized drug

delivery systems for the treatment of tuberculosis is also highlighted.
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| 1. Tuberculosis Physiopathology

Rethinking and optimizing the treatment of TB requires a general understanding of its physiopathology. Before
focusing on the behavior of the pathogen at the cellular level, it is necessary to comprehend how Mtb operates at
the level of the entire organism. TB is transmitted by airborne droplets emitted by an individual suffering from an
active form of the disease. During infection, the subject inhales bacilli, most of which are mechanically retained by
mucus in the upper respiratory tract (usually with diameters higher than 5 pm) &, However, a small fraction (around
10%) reaches the lungs, bronchioles and alveoli, where alveolar macrophages then capture the bacteria [2. At this
stage, around 70% of subjects manage to eliminate the pathogen through the innate immune response. Otherwise,

alveolar macrophages cross the lung epithelium to reach the interstitium 1.

In order to contain the infection, a characteristic cellular structure is then formed, typical of TB: the granuloma. The
granuloma is a complex set of immune and inflammatory cells (such as macrophages, neutrophils, fibroblasts, T
lymphocytes, B lymphocytes) that surrounds the infectious site and produces various cytokines and chemokines in
order to maintain macrophage activation 48, The purpose of the granuloma is not only to contain the proliferation
of Mtb, but also to prevent its dissemination to other organs. What happens next is determined by the subject’s

immunocompetence (Figure 1):
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Figure 1. Evolution of the different clinical stages of tuberculosis (TB), from primary infection to miliary TB. Mtb:

Mycobacterium tuberculosis.

* In 90% of cases, the granuloma, acting as a physical and immunological barrier will succeed in stemming the
infection. The pathogen will be contained in necrotic areas within granulomas located in the lungs 8. Fibrous
lesions will develop, and TB will evolve towards a latent form. This explains the fact that almost a third of the
world’s population carries the pathogen, but that not more than ten million cases of active TB are diagnosed
every year. Thus, most subjects that are latent cases (90%) will carry Mtb for decades, but will not show

symptoms or infect other individuals 2.

» In 10% of cases, most often in very young, elderly, or immunocompromised subjects, the granuloma will fail to
contain Mtb. This phenomenon can also occur after the reactivation of dormant bacilli (which happens in 10% of
latent cases) or with a novel inhalation of bacilli. The adaptive immune response will attempt to eliminate
bacteria multiplying and escaping macrophages, but in doing so, will cause the destruction of lung tissue [l
This will lead to the formation of caseous lesions and cavities, within which the growth of Mtb will no longer be
controlled. TB will then evolve towards an active form. In certain cases, the pathogen will spread to other
organs (brain, bones, liver, spleen, kidneys), and, in the most serious cases, the disease will evolve towards a

miliary form, involving the massive lymphohematogenous dissemination of bacteria 2.

There is thus a balance between the latent form of TB, where the host’s immune system protects the subject while
Mtb remains dormant within granulomas; and the active form, where Mtb proliferates to the detriment of its host.
Thus, Koch'’s bacillus is the “perfect” pathogen, in the sense that it preserves its host long enough for its own
persistence while spreading through the population. In order to fully understand the success of Mtb’s “strategy”, it is
necessary to study its behavior at the intracellular level. As previously said, after the inhalation of bacilli, the latter
are phagocytosed by alveolar macrophages. Under physiological conditions, phagocytosis involves the acidification

of the intracellular vesicle and its fusion with the lysosome (which allows its content to be degraded).
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However, Mtb escapes the immune system by secreting various proteins which hinder the different stages of
phagosomal maturation. Of note, it prevents the recruitment of GTPases and v-ATPases to the phagosomal
membrane BB, |t also possesses a secretion system (ESX-1) that damages and permeabilizes the phagosomal
membrane, which, in some cases, allows it to escape into the cytosol 29 Thus, Mtb hijacks the defenses of its
host to establish a niche inside of which it can either remain dormant or replicate, until causing the apoptosis or

necrosis of the cell to disseminate germs and infect other cells 121,

| 2. Tuberculosis Treatment

Thanks to the effectiveness of the innate immune response, there have always been survivors of TB. However, the
introduction of antibiotics to the market was a revolution which considerably reduced mortality rates over time 131,
As mentioned in the introduction, the discovery of the four first-line antitubercular antibiotics dates back more than

half a century. Here presents their mechanisms of action (Figure 2):
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Figure 2. Schematic representation of the targets and mechanisms of action of the main antitubercular drugs.
First-line drugs are represented in red (INH: isoniazid; RFP: rifampicin; PZA: pyrazinamide; EMB: ethambutol).
New drugs, either newly discovered or repurposed, are represented in orange (ETH: ethionamide; LZN: linezolid;
BDQ: bedaquiline; DLM: delamanid; PMD: pretomanid).

« INH is a prodrug activated by a bacterial enzyme (KatG) 14. The activation of the molecule produces an
inhibitor of another bacterial enzyme, InhA, which results in the inhibition of mycolic acid synthesis, and

therefore of the bacterial wall.

« RFP is an inhibitor of the bacterial RNA polymerase, and thus acts by preventing protein synthesis 22!, It inhibits

the elongation of bacterial RNA once it reaches two to three nucleotides in length.

« PZAis a prodrug metabolized by a bacterial enzyme (pyrazinamidase) to become pyrazinoic acid 1€, The exact

mechanism of action of pyrazinoic acid is still only partially elucidated, but the molecule is thought to act
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simultaneously on membrane energy production, the ribosomal protein RpsA, and other yet unidentified
bacterial targets.
» EMB targets arabinosyl transferase (a bacterial enzyme), thereby inhibiting arabinogalactan and bacterial wall

synthesis 271 EMB is also thought to exert a synergistic effect on INH activity.

The first-line treatment of TB is so effective that, in the case of a non-resistant strain and a therapy followed to
completion, the risk of relapse is only 5%—8% (1819 Associated with INH, RFP reduces the duration of the therapy
from eighteen to nine months. Taken for the first two months, PZA further reduces its duration by three months,
leaving it at six months. EMB, finally, is used as an additional precaution in the event of unidentified resistance to
one of the three main antibiotics. Thus, the treatment begins with a two-month induction phase involving the daily
oral intake of the four antitubercular drugs. At the end of this phase, for most patients, no cultivable bacteria can be
found in the sputum. The induction phase is followed by a four-month consolidation phase involving only INH and
RFP to avoid possible relapse. Although there is considerable evidence of this treatment’s effectiveness, it can be

prolonged and become more complex in the case of drug-resistant strains 22,

Drug resistance is a complex phenomenon involving an interplay of clinical, biological and microbiological
processes 21l In addition to the intrinsic resistance of bacteria, the lack of treatment adherence of patients also
leads to the emergence of genetic resistance. Moreover, the complexity of granulomas is a barrier to the effective
distribution of drugs, and therefore restrains their adequate supply. All this limits the use of first-line drugs and
requires new antibiotics for therapy. There is a wide variety of drugs, usually used in combination, to treat cases of
antibiotic-resistant TB. However, in the last twenty years, only four new drugs have been approved for this purpose:
linezolid (LZN), bedaquiline (BDQ), delamanid (DLM) 21122l and more recently, pretomanid (PMD) 23 (Figure 3).
The mechanisms of action of some second-line drugs are described below (Figure 2):
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Figure 3. Dates of the first clinical trials for drugs recommended by the World Health Organization (WHO) for the
treatment of tuberculosis (TB). The year of approval (or recommendation) for the use against Mycobacterium
tuberculosis or against bacteria of the Mycobacterium genus is indicated next to the drug’'s name. Isoniazid was
accepted for prescription shortly after its first clinical trials. Some drugs, such as linezolid or moxifloxacin, were
approved as broad-spectrum antibiotics, although specific clinical trials against TB occurred later. EMA: European

Medicines Agency.

« Ethionamide (ETH) is a thioisonicotinamide with a structure similar to that of INH 24 ETHis a prodrug that, like
INH, must be activated in order to inhibit mycobacterial fatty acid synthesis (by inhibiting enoyl-ACP reductase),

which is essential for the production and repair of the bacterial cell wall.

« LZN is a synthetic antimicrobial drug of the oxazolidinone class 2. By binding to the rRNA on the 50S and 30S

ribosomal subunits, it blocks the synthesis of bacterial proteins.

« BDQ is the only FDA-approved antitubercular drug that targets the production of ATP 28] BDQ inhibits the
proton pumping mechanism by binding to the ¢ subunit of the ATP synthase complex. It has also been observed

that BDQ is able to act on the € subunit of the enzyme.

« DLM is a prodrug that, like INH, prevents the synthesis of mycolic acid in the bacterial cell wall 22, DLM inhibits

the synthesis of methoxy- and keto-mycolic acid by acting on the mycobacterial F420 system.
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« PMD is also a prodrug that acts under different mechanisms [28. Under aerobic conditions, PMD inhibits protein
and lipid synthesis by decreasing the availability of keto-mycolic acids through the inadequate oxidative
transformation of the hydroxymycolate precursor. Under anaerobic conditions, PMD generates desnitro
metabolites and provokes the release of nitric oxide, which inhibits cytochrome ¢ oxidase and leads to a

significant reduction in the amount of ATP present in bacteria.

In December 2022, the WHO released an update for the treatment of drug-resistant TB 22, However, before
addressing the new recommendations, it is necessary to define certain types of TB that are mentioned in the

guidelines:

Multidrug-resistant TB (MDR-TB) is defined as TB with an RFP-resistant (RR-TB) and INH-resistant strain.

e MDR/RR-TB stands for either MDR-TB or RR-TB.

» Pre-extensively drug-resistant TB (pre-XDR-TB) is defined as MDR/RR-TB with resistance to at least one

fluoroquinolone (either levofloxacin (LVX) or moxifloxacin (MOX)).

o Extensively drug-resistant TB (XDR-TB) is defined as MDR/RR-TB with resistance to at least one
fluoroquinolone (either LVX or MOX) and to at least one of the following two drugs: LZN and BDQ.

Thus, the updated recommendations are as follows:

« For an INH-resistant only strain, the treatment is continued with RFP, PZA and EMB for a period of six months.
INH is replaced by LVX.

e For MDR/RR-TB and pre-XDR-TB:

o Firstly, the WHO suggests adopting a six-month regimen (BPaLM) comprising LZN, BDQ, PMD and MOX (in
the absence of a MOX-resistant strain). It is urged to use this new regimen instead of the nine-month or

longer regimens for MDR/RR-TB, since BPaLM provides superior results in a shorter period.

o Secondly, for MDR/RR-TB without a resistance to fluoroquinolones, the WHO recommends using a nine-
month regimen rather than longer (eighteen-month) regimen. This regimen consists of BDQ (for six months)
in combination with a fluoroquinolone (LVX or MOX), INH, PZA, EMB, ETH and clofazimine (CFZ) (for four
months, with the possibility of extending this period to six months if the patient remains sputum smear-
positive after four months), and then, a fluoroquinolone (LVX or MOX), PZA, EMB and CFZ (for five months).

Two months of LZN might be used as an alternative to ETH.

» For XDR-TB, the complementary molecules mentioned above constitute the core of the treatment.
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Although the treatment of TB is theoretically effective, it is long, constraining and costly, even more in the case of
antibiotic resistance (which concerns 20%—25% of clinical cases) Y. However, it is precisely the complexity of the
therapy that impedes patient compliance, and ultimately favors the emergence of resistant strains. In general,
antitubercular drugs have low solubility, low metabolic stability, and low tissue penetration 21, The challenge is to
achieve therapeutic concentrations at the site of infection. The case of TB is troublesome, since multiple biological
barriers stand in the way of active substances. Not only must the latter be directed towards the organ of interest
(most often the lungs), but they must also cross the granulomas, the host cell membranes, and finally, the cell

membranes of the pathogen hidden within infected cells 221,

Since the treatment is administered orally and diffuses systemically in the organism, high doses are required to
reach sufficient concentrations at the site of infection. However, this therapy generates a strong accumulation of
active molecules in non-targeted organs, and thus increases the side effects associated with these molecules. In
2019, Prasad et al. listed the side effects of antitubercular drugs, on the basis of more than a hundred articles and
studies 23], The first finding is that toxicity is more likely to occur during the induction phase rather than during the
consolidation phase (which is expected, since the former involves more active molecules than the latter). The
second finding is that first-line antibiotics present less toxicity (prevalence in 8%—-85% of clinical cases) than
second-line antibiotics (prevalence in 69%—-96% of clinical cases). The third observation is that most of the side
effects (gastrointestinal disorders, hepatotoxicity, peripheral neuropathy, optic neuritis, ototoxicity, nephrotoxicity,
and skin reactions) are minor if they are managed at an early stage. However, poor patient monitoring can lead to
irreversible damage, resulting in the interruption of the treatment, the selection of resistant strains, and finally, in a

longer, more complex and more toxic treatment.

Based on the aforementioned observations, there is a clear challenge to optimize TB treatment. The hypothesis of
the discovery of new active molecules which would surpass all pre-existing ones is unlikely. Both the scientific and
medical communities are well aware that research has been going through a discovery void for the past decades.
Indeed, the discovery of new molecules has considerably slowed down during this phase compared to the golden
age of antibiotics. Optimizing the potential of current drugs would enable one to overcome many of the previously
mentioned constraints. In this context, nanosized drug delivery systems (DDSs) have the potential to optimize the
treatment’s efficiency while reducing its toxicity. Hundreds of publications illustrate the growing interest in this field.
DDSs are used for the (co-)encapsulation of both first- and second-line drugs. DDSs could simultaneously (i)
optimize the therapy’s antibacterial effects; (ii) reduce the doses; (iii) reduce the posology; (iv) diminish the toxicity;

and as a global result, (v) mitigate the emergence of resistant strains.
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