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Recent advances have enabled the use of shorter TB treatment regimens. Key changes in the management
of TB are: 1-month preventive treatment with rifapentine and isoniazid; 4-month treatment for
paucibacillary TB in children; 4-month treatment for PTB in adults based on rifapentine; and 6-month
treatment for MDR/RR-TB with bedaquiline, pretomanid, linezolid and moxifloxacin (BPaLM). However,
the history of TB drug resistance, and limited capacity worldwide for DST, are cause for caution.

Introduction
TB is a preventable and treatable infectious disease. According to the latest estimates from the
WHO [1], more than 85% of patients affected by TB achieve a successful outcome with
anti-TB therapies. Presently there are 21 medicines from several drug classes available for the
treatment of TB [2].

Until 2022, the standard duration of anti-TB therapies was 6 months for adults and children
with pulmonary disease and 18 months for those affected by RR-TB or MDR-TB [3, 4].
Recently, important achievements have been made for effective, safe and shorter treatment
regimens for patients affected by drug-susceptible TB (DS-TB) and by DR-TB, which have led
to revisions of WHO treatment recommendations [5–7]. With 19 compounds in clinical phase 1
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and 2 of drug development as of the first quarter of the year 2023 and several ongoing clinical
trials evaluating novel combinations of medicines in different regimens, there is prospect for
even shorter, safer and more effective treatments in the near future [8]. However, emergence of
Mycobacterium tuberculosis drug resistance is challenging the success of anti-TB therapies [9].
Recent history teaches us that soon after the marketing of novel anti-TB medicines
drug-resistant strains of M. tuberculosis can be found [10, 11]. In this chapter we present a brief
history of the treatments against TB, we inform about drugs and their mode of action and we
review current treatment recommendations against DS-TB and DR-TB.

History of the medical treatment of TB
The sanatorium movement, from the Latin word sanare, “to heal”, started decades before the
discovery of M. tuberculosis by Robert Koch in 1882 (figure 1). In 1840, George Bodington, a
British physician, published an essay entitled “On the Treatment and Cure of Pulmonary
Consumption” in which he advocated for a treatment based on fresh air and a balanced
diet [12]. In 1862, Hermann Brehmer inaugurated the first high-altitude sanatorium specifically
dedicated to PTB patients at Görbersdorf (now Sokołowsko in Poland) [13]. Though the
pathophysiology of TB was not yet understood at that time, a physiological substratum could be
found in bed rest. Gravity indeed affects the distribution of ventilation and blood flow in the
lung. Lying in a horizontal position could help by reducing oxygen tension in the apices and
therefore the multiplication of the TB bacilli. This process would specially be emphasised at
high altitudes given the low amount of oxygen in the air [14].

With the advent of the sanatorium era, several therapeutic protocols were introduced to treat TB
[15, 16]. In 1881, Professor Jaccoud (France) published “The Curability and Treatment of
Pulmonary Phthisis”, in which he described the most popular TB treatments at that time [17].
Associated with hygienic measures, Jaccoud mentioned among others the use of chest massages,
salts of iron, cod liver oil, arsenic, antimony, quinine salts and inhalations of carbolic acid, iodine,
creosote and turpentine [18]. TB treatment by gold compounds became popular in the 1920s based
on the fact that gold cyanide was found effective in vitro against cultures of TB bacilli, despite its
absence of effectiveness in vivo [19]. Medical treatments were also supported by surgical
procedures. These included, for instance, artificial pneumothorax proposed by Forlanini since 1882,
lung resection since Block’s works in 1883, thoracoplasty first performed by De Cérenville in 1885
and phrenic nerve crush proposed by Stuertz in 1911 [20]. Though frequently used in selected
patients, none of these interventions was ever properly evaluated to assess their efficacy.

Overall, no scientific evidence exists that sanatorium treatment had any efficacy against TB, and
with the discovery of effective antibiotic therapies, sanatoria became progressively obsolete
[21, 22]. In 1943, streptomycin, purified from Streptomyces griseus, was isolated in the laboratory
of Selman Waksman at Rutgers University (USA) [23]. In 1944, a TB patient was declared
cured after a streptomycin treatment, soon followed by other case series [24, 25]. In 1948, the
British Medical Research Council conducted the first large-scale clinical trial to assess the
efficacy of streptomycin [26]. The results showed efficacy at 6 months (7% mortality rate in the
streptomycin arm compared to 27% in the “bed rest” arm), but not after a 5-year follow up
(58% in the streptomycin arm compared to 76% in the “bed rest” arm), and the majority of
M. tuberculosis strains from streptomycin-treated patients developed streptomycin resistance [27].

Available anti-TB medicines
Streptomycin discovery and development was soon followed by the advent of several anti-TB
drugs in the late 1940s and 1950s [28]. Researchers rapidly demonstrated the benefits of
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FIGURE 1 TB sanatorium treatment in the pre-antibiotic era.
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combination therapy to prevent selection of drug resistance and relapse due to persisting
bacilli [29]. The development of rifampicin was a major breakthrough because it allowed
treatment duration to be shortened to 9 months. The discovery of ethambutol in the 1960s and
the introduction of pyrazinamide at a lower dose led to the currently used 6-month regimen.
Table 1 summarises the main advances in shortening treatment duration.

Currently, there are 21 drugs from several classes available for the treatment of TB. Figure 2
presents the mechanisms of action of the currently used anti-TB drugs. Rifamycins (rifampicin,
rifabutin, rifapentine) block the RNA polymerase enzyme and thus inhibit gene transcription of
mRNA [32]. Unlike rifamycins which are used to treat other bacterial infections, the
antimicrobial spectrum of isoniazid is selective for mycobacteria. Isoniazid’s exact mechanism
of action is not completely understood yet. It blocks cell wall synthesis by interfering in
mycolic acid synthesis. Isoniazid is converted by a catalase peroxidase within M. tuberculosis
into an active metabolite able to inhibit inhA, an enzyme necessary to bacterial survival [33].
Thioamide drugs, ethionamide and prothionamide also seem to inhibit inhA [34]. Pyrazinamide
interferes with multiple mechanisms such as energy production, intracellular acidification and
plasma membrane disruption [28, 35]. Ethambutol blocks arabinosyltransferases embA, embB,
and embC, enzymes involved in the generation of arabinogalactan, a mycobacterial cell wall
constituent [18].

Fluoroquinolones (levofloxacin and moxifloxacin) increase levels of DNA breaks produced by
M. tuberculosis DNA gyrase, a type II topoisomerase necessary to shape double-stranded DNA
[36]. Aminoglycosides (amikacin, capreomycin, kanamycin, streptomycin) and oxazolidinones
(linezolid) bind to the mycobacterial ribosome and inhibit protein synthesis [37, 38].
Para-aminosalicylic acid (PAS) disrupts folate metabolism through competitive binding with
dihydrofolate reductase, thus stopping the growth of M. tuberculosis [39]. Bedaquiline inhibits
the mycobacterial adenosine 5′-triphosphate (ATP) synthase [40]. Delamanid interferes in the
synthesis of methoxymycolate and ketomycolate [41]. Pretomanid inhibits the oxidation of
hydroxymycolate to ketomycolate [42]. Terizidone and cycloserine inhibit L-alanine racemase
and D-alanine ligase involved in cell wall synthesis [43]. Clofazimine affects intracellular redox
cycling and membrane destabilisation [44]. Carbapenems, though weak substrates for
M. tuberculosis β-lactamase, are efficient when associated with clavulanate which inactivates the
β-lactamase encoded by the blaC gene [28, 45].

TABLE 1 Main steps in the development of treatment protocols for drug-susceptible TB

Year [Ref.] Drug(s) Consequence

1948 [26] Streptomycin First anti-TB antibiotic therapy
[29] Monotherapy leads to drug resistance

and relapses
1951 [29] Streptomycin+PAS>streptomycin Drug combination prevents drug resistance
1962 [30] Isoniazid+streptomycin+PAS First anti-TB regimen: 18 months’ treatment
1970s [30] Isoniazid+rifampicin+ethambutol Treatment length divided by 2: 9 months
1980s [30] Isoniazid+rifampicin+pyrazinamide

+ethambutol
Current treatment of drug-susceptible

TB: 6 months
2021 [31] Isoniazid+rifapentin+moxifloxacin

+pyrazinamide
4-month regimen

PAS: para-aminosalicylic acid.
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FIGURE 2 Mechanisms of action of the currently used anti-TB medicines. ATP: adenosine 5’-triphosphate; mRNA: messenger ribonucleic acid. Created with BioRender.com.
Reproduced and modified from [28] with permission.
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Treatment against DS-TB in children and adults
The traditional regimen for treating adults with TB caused by organisms that are not known or
that are suspected to be drug-resistant consists of a 2-month intensive phase with isoniazid,
rifampicin, pyrazinamide and ethambutol, followed by a 4-month continuation phase with
isoniazid and rifampicin (table 2) [46–48]. However, it is advised to continue the quadruple
therapy if acid-fast bacilli are still detectable from sputum at the end of the second month until
drug susceptibility to isoniazid and rifampicin is confirmed or until acid-fast bacilli are no
longer detectable in a sputum specimen.

Patients with extensively advanced or cavitary disease and/or those with a delayed culture
conversion may benefit from prolongation of the continuation phase to reduce the chance of a
relapse. It has been recommended to extend the continuation phase of treatment for at
least 4 months beyond the time when acid-fast bacilli become undetectable from sputum
specimen [49].

Approximately 85% of patients achieve a successful treatment outcome with this regimen,
which has been widely used worldwide for decades [1]. These recommendations also apply to
patients with EPTB, except for central nervous system disease and bone and joint disease, for
which longer treatment durations are recommended by some expert groups. Whenever feasible,
fixed-drug combination tablets are preferred over separate drug formulations [50]. Daily therapy
is favoured over intermittent therapy since it provides higher cure rates and a lower risk of
disease relapse and drug-acquired resistance than thrice-weekly or twice-weekly dosing
regimens [51–57]. Dosagesof different medicines are shown in table 3. An open-label,
randomised controlled trial in 2021 indicated that a 4-month regimen with rifapentine,
moxifloxacin, isoniazid, and pyrazinamide was non-inferior to the standard 6-month regimen in
terms of efficacy and safety [58]. Consequently, the WHO endorsed this 4-month regimen as a
treatment option for nonpregnant patients aged ⩾12 years with body weight ⩾40 kg, with
drug-susceptible PTB [5]. This shorter treatment regimen has the potential to reduce the burden
on healthcare systems, increase treatment adherence and allow faster cure. However,
implementation and uptake are hampered by the limited availability of rifapentine. As of March
2020, rifapentine has been registered only in 13 countries worldwide [59]. A recent survey
within the TB Network European Trials group (TBnet) showed that by October 2021,

TABLE 2 Treatment regimens for drug-susceptible PTB

Regimen Intensive phase Continuation phase Comment

Drugs Duration,
months

Drugs Duration,
months

Regimen 1 H R Z E 2 H R 4 Traditional regimen
Regimen 2 H Rpt Z Mfx 4 Endorsed for nonpregnant patients

aged ⩾12 years with body weight
⩾40 kg with drug-susceptible PTB by
the WHO

Regimen 3 H R Z (E) 2 H R 2 Endorsed for children and adolescents
between 3 months and 16 years of
age with presumed drug-susceptible
non-severe disease by the WHO

H: isoniazid; R: rifampicin; Z: pyrazinamide; E: ethambutol; Rpt: rifapentine; Mfx: moxifloxacin.
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TABLE 3 Dosage for drugs used in TB regimens for adults and children

Drug Age Daily dose Maximum
dose

Comments

Amikacin ⩾15 years 15–20 mg·kg−1 1000 mg Amikacin may be included in the treatment of MDR-/RR-TB patients aged
⩾18 years on longer regimens when susceptibility has been
demonstrated and adequate measures to monitor for adverse reactions
can be ensured. If amikacin is not available, streptomycin may replace
amikacin under the same conditions.

<15 years 15–20 mg·kg−1 1000 mg

Bedaquiline ⩾15 years 400 mg once daily for 2 weeks, then
200 mg M/W/F for 22 weeks

400 mg Bedaquiline should be included in longer MDR-TB regimens for patients
aged ⩾18 years. (Strong recommendation, moderate certainty of
evidence.)

Bedaquiline may also be included in longer MDR-TB regimens for patients
aged 6–17 years. (Conditional recommendation, very low certainty of
evidence.)

In children with MDR-/RR-TB aged <6 years, an all-oral treatment with
bedaquiline may be used.

<15 years >29 kg: 400 mg once daily for 2 weeks,
then 200 mg M/W/F for 22 weeks

15–29 kg: 200 mg once daily for 2 weeks,
then 100 mg once daily M/W/F for
22 weeks

Clavulanic acid ⩾15 years 125 mg as amoxicillin/clavulanate
500/125 mg

Clavulanic acid should not be included in the treatment of MDR-/RR-TB
patients on longer regimens.

Only to be used with carbapenems. Given orally 30 min before each
infusion.

<15 years 62.5 mg as amoxicillin/clavulanate
250/62.5 mg

Clofazimine ⩾15 years 100 mg 100 mg Clofazimine may be included in the treatment of MDR-/RR-TB patients on
longer regimens.<15 years 2–5 mg·kg−1 100 mg

Cycloserine ⩾15 years 10–15 mg·kg−1 1000 mg Cycloserine may be included in the treatment of MDR-/RR-TB patients on
longer regimens.<15 years 15–20 mg·kg−1 1000 mg

Delamanid ⩾15 years 100 mg twice daily 200 mg Delamanid may be included in the treatment of MDR-/RR-TB patients aged
⩾3 years on longer regimens.

In children with MDR-/RR-TB aged <3 years delamanid may be used as
part of longer regimens.

<15 years 3–5 years: 25 mg twice daily;
6–11 years: 50 mg twice daily;
12–17 years: 100 mg twice daily

200 mg

Ethambutol ⩾15 years 15–20 mg·kg−1 Ethambutol may be included in the treatment of MDR-/RR-TB patients on
longer regimens.<15 years 15–25 mg·kg−1

Ethionamide ⩾15 years 15–20 mg·kg−1 Ethionamide may be included in the treatment of MDR-/RR-TB patients on
longer regimens only if bedaquiline, linezolid, clofazimine or delamanid
are not used, or if better options to compose a regimen are not
possible.

<15 years 15–20 mg·kg−1

Continued
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TABLE 3 Continued

Drug Age Daily dose Maximum
dose

Comments

Imipenem–cilastatin ⩾15 years 1 g/1 g twice daily Imipenem–cilastatin may be included in the treatment of MDR-/RR-TB
patients on longer regimens.<15 years Not used in patients aged <15 years

Isoniazid ⩾15 years Standard dose: 4–6 mg·kg−1 300 mg Pyridoxine is given with isoniazid in patients at risk (e.g. those with HIV or
malnutrition).High dose: 10–15 mg·kg−1

<15 years 7–15 mg·kg−1 300 mg
Levofloxacin ⩾15 years ⩽45 kg: 750 mg

>45 kg: 1000 mg
1500 mg Levofloxacin should be included in the treatment of MDR-/RR-TB patients

on longer regimens.
<15 years 10–15 mg·kg−1 1500 mg

Linezolid ⩾15 years 600 mg 1200 mg Linezolid should be included in the treatment of MDR-/RR-TB patients on
longer regimens.<15 years 1–15 kg: 15 mg·kg−1

>15 kg: 10–12 mg·kg−1
600 mg

Meropenem ⩾15 years 1 g three times daily or 2 g twice daily Meropenem may be included in the treatment of MDR-/RR-TB patients on
longer regimens. Must be administered with clavulanic acid (only
available in combination with amoxicillin or ampicillin).

<15 years 20–40 mg·kg−1 three times daily

Moxifloxacin ⩾15 years Standard dose: 400 mg 400 mg Moxifloxacin should be included in the treatment of MDR-/RR-TB patients
on longer regimens.High dose: 600–800 mg 800 mg

<15 years ⩾6 months: 10–15 mg·kg−1

<6 months: 10 mg·kg−1
400 mg

Para-aminosalicylic
acid

⩾15 years 8–12 g per day in 2–3 divided doses 12 g Para-aminosalicylic acid may be included in the treatment of MDR-/RR-TB
patients on longer regimens only if bedaquiline, linezolid, clofazimine or
delamanid are not used, or if better options to compose a regimen are
not possible.

<15 years 200–300 mg·kg−1 in 2 divided doses

Pretomanid ⩾15 years 200 mg 200 mg Pretomanid is the newest anti-TB drug on the market and is part of the
BPaL(M) regimen. Clinical experience is as yet limited.<15 years Not recommended

Protionamid ⩾15 years 15–20 mg·kg−1 1000 mg Prothionamide may be included in the treatment of MDR-/RR-TB patients
on longer regimens only if bedaquiline, linezolid, clofazimine or
delamanid are not used, or if better options to compose a regimen are
not possible.

<15 years 15–20 mg·kg−1

Pyrazinamide ⩾15 years 20–30 mg·kg−1 Pyrazinamide may be included in the treatment of MDR-/RR-TB patients on
longer regimens.<15 years 30–40 mg·kg−1

Continued
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TABLE 3 Continued

Drug Age Daily dose Maximum
dose

Comments

Rifampicin ⩾15 years 8–12 mg·kg−1 600 mg High-dosage rifampicin therapy is currently evaluated to reduce the
duration of anti-TB therapy.<15 years 10–20 mg·kg−1 600 mg

Rifapentin ⩾15 years 1200 mg Rifapentin-based regimens can reduce the duration of therapy for TB
prevention to 1 month (rifapentin and isoniazid) and active TB to
4 months (rifapentin, isoniazid, moxifloxacin and pyrazinamide
(pyrazinamid for 2 months only)).

<15 years 1200 mg (>12 years of age)

Streptomycin ⩾15 years 12–18 mg·kg−1 1000 mg Streptomycin may replace amikacin if amikacin is not available in the
treatment of MDR-/RR-TB for patients aged ⩾18 years on longer
regimens when susceptibility has been demonstrated and adequate
measures to monitor for adverse reactions can be ensured.

<15 years 20–40 mg·kg−1 1000 mg

Terizidon ⩾15 years 10–15 mg·kg−1 1000 mg Terizidone is a condensation product of two cycloserine molecules.
Terizidone may be included in the treatment of MDR-/RR-TB patients on
longer regimens.

<15 years 15–20 mg·kg−1 1000 mg

M/W/F: Monday/Wednesday/Friday; BPaL: bedaquiline, pretomanid and linezolid; BPaLM: bedaquiline, pretomanid, linezolid and moxifloxacin. Data from [46] and [58].
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rifapentine was available in only 6 (14%) out of 43 participating countries of the WHO
European region [60]. In March 2023, the TRUNCATE-TB trial demonstrated that a treatment
strategy with an 8-week intensified treatment regimen of bedaquiline (400 mg once daily for
2 weeks, then 200 mg three times a week), linezolid (600 mg), isoniazid, pyrazinamide, and
ethambutol and treatment extension only in patients with persistent clinical disease was
non-inferior to standard treatment for rifampicin-susceptible PTB with respect to clinical
outcomes [61]. These promising results document that shorter treatment durations are possible
for many patients. For paediatric patients, the 6-month regimen has been the standard of care
[46–48]. In 2022, the open-label, randomised controlled SHINE trial showed that 6 months of
anti-TB treatment with isoniazid, rifampicin and pyrazinamide, with or without ethambutol was
non-inferior to 6 months of treatment in children younger than 16 years weighing ⩾3 kg with
drug-susceptible, non-severe, smear-negative TB [62]. Non-severe TB was defined as
non-cavitary PTB confined to one lobe without a miliary patern or complex pleural effusion,
intrathoracic lymph node TB without airway obstruction, and peripheral lymph node TB. The
WHO conditionally endorsed this shortened treatment regimen for children and adolescents
between 3 months and 16 years of age with presumed drug-susceptible non-severe disease [5].
The use of ethambutol is recommended in settings with a high prevalence of isoniazid
resistance as defined by the national TB programmes, or a high HIV prevalence (defined as
⩾1% among adult pregnant women or ⩾5% among TB patients) [46, 63]. In other settings,
patients receiving the shortened regimen may be treated with a three-drug regimen for the first
2 months without ethambutol, if M. tuberculosis susceptibility to isoniazid and rifampicin is
ensured by rapid molecular testing [64].

Treatment for rifampicin-susceptible, isoniazid-resistant TB
A recent meta-analysis comprising 5418 patients with rifampicin-susceptible, isoniazid-
resistant TB suggests that the addition of a fluoroquinolone is linked to improved treatment
success [65]. Therefore, 6-month treatment with rifampicin, ethambutol, pyrazinamide, and
levofloxacin is recommended in patients with confirmed rifampicin-susceptible, isoniazid-resistant
TB (table 4) [46]. Levofloxacin is generally the fluoroquinolone of choice since it has frequently
been used in studies and has fewer drug interactions than other fluoroquinolones. For example,
moxifloxacin plasma concentration significantly decreases when combined with rifampicin [66].
In cases of noncavitary disease, low disease burden, or pyrazinamide toxicity, the American
Thoracic Society (ATS), US Centers for Disease Control and Prevention (CDC), European
Respiratory Society (ERS), and Infectious Diseases Society of America (IDSA) suggest that
treatment with pyrazinamide may be reduced to 2 months [48]. Patients with fluoroquinolone
resistance or contraindications for fluoroquinolone treatment are generally recommended to be
treated with 6 months of rifampicin, ethambutol, and pyrazinamide [46]. The use of high-dose
isoniazid is not recommended in geographic regions where isoniazid resistance is based on katG
mutations in the great majority of patients, e.g. the WHO European region [9, 67]. When
additional drug resistance is suspected or confirmed, individual treatment regimens need to
be designed.

TABLE 4 Treatment regimen for rifampicin-susceptible, isoniazid-resistant PTB

Drugs Duration months

R Lfx Z E 6

R: rifampicin; Lfx: levofloxacin; Z: pyrazinamide; E: ethambutol.
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Treatment for MDR-/RR-TB, pre-XDR-TB and XDR-TB
For the past decades, treatment against DR-TB was recommended for a duration of at least
18 months with a combination of at least four active compounds [3, 68], was associated with a
high rate of adverse drug events [69] and high costs [60], and resulted in not more than 60%
treatment success overall [1].

The outcome of the Nix-TB trial changed the prospect for the treatment of patients with DR-TB
substantially in 2020. The Nix-TB trial was an open-label, single-group phase 3 study in which
the safety and efficacy of an all-orally available drug regimen with three compounds:
bedaquiline at a dose of 400 mg once daily for 2 weeks followed by 200 mg three times a week
for 24 weeks; pretomanid at a dose of 200 mg daily for 26 weeks; and linezolid at a dose of
1200 mg daily for up to 26 weeks (BPaL), was evaluated [70]. Patients with XDR-TB or those
who failed MDR-TB regimens were included. At the end of 6 months of treatment 98 patients
(90%; 95% CI 83–95%) had a favourable outcome. However, 81% of patients developed
peripheral neuropathy and 48% developed anaemia and/or thrombocytopenia, adverse events
that were attributed to the high dose of linezolid.

Subsequently, results from two phase 2–3 trials have been published aiming to confirm the
efficacy of the BPaL regimen and to find the optimal dosage of linezolid with the best efficacy/
toxicity balance [71, 72]. In the ZeNiX-TB trial, published 2022 [71], patients with MDR/
RR-TB were randomly assigned to receive bedaquiline for 26 weeks (200 mg daily for 8 weeks,
then 100 mg daily for 18 weeks), pretomanid (200 mg daily for 26 weeks), and daily linezolid
at a dose of 1200 mg for 26 weeks or 9 weeks or 600 mg for 26 weeks or 9 weeks. There was
no internal control arm. Among 181 participants who received BPaL with linezolid at a dose of
1200 mg for 26 weeks or 9 weeks or 600 mg for 26 weeks or 9 weeks, 93%, 89%, 91%, and
84%, respectively, had a favourable outcome. Peripheral neuropathy occurred in 38%, 24%,
24%, and 13%, respectively and myelosuppression occurred in 22%, 15%, 2%, and 7%,
respectively. Although the trial was not powered to draw conclusions on the comparison
between arms, the overall risk–benefit ratio seemed to favour the group that received BPaL with
linezolid at a dose of 600 mg for 26 weeks, with a lower incidence of adverse events reported
and fewer linezolid dose modifications.

The TB PRACTECAL trial, also published in 2022 [72], was a multicentre, randomised,
controlled, non-inferiority multi-arm multi-stage trial evaluating the efficacy and safety of three
24-week, BpaL-based treatment regiment with linezolid at a daily dosage of 600 mg for
16 weeks, followed by linezolid at 300 mg for 8 weeks. In the second stage of the trial, a
24-week regimen with BPaL plus moxifloxacin (BPaLM) was compared to a 9–20-month
standard-of-care arm. 89% of the patients in the BPaLM arm and 52% of patients in the
standard-of-care arm experience treatment success. The incidence of adverse events of grade 3
or higher or serious adverse events was significantly higher in the standard-of-care arm (59%
versus 19%) than in the BPaLM arm.

In 2022, the WHO summoned a guideline development group of international experts to
independently review data from the ZeNix-TB and TB PRACTECAL trials. As a result of this
process, the WHO issued a rapid communication in May 2022 with key changes for the
treatment of DR-TB [6]. These recommendations were further consolidated in official WHO
guidelines on DR-TB in December 2022 [46], recommending the BPaLM regiment as the
preferred regimen for patients with MDR/RR-TB. This is a revolution for the management of
DR-TB [73, 74].

https://doi.org/10.1183/2312508X.10024622 127

TREATMENT OF DS-TB AND DR-TB | C. LANGE ET AL.

https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/25
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/25
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/25
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/57
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58


The current recommendations for the selection of treatment regimens for patients affected by
MDR-/RR-TB, pre-XDR-TB and XDR-TB are (table 5) [75]:

1. BPaLM regimen (6 months all-oral treatment regimen of bedaquiline, pretomanid, linezolid
and moxifloxacin): In patients with MDR-/RR-TB where fluoroquinolone susceptibility is
presumed or documented this regimen should be the treatment of choice. It is possible to
omit moxifloxacin and continue with the BPaL regimen for MDR-/RR-TB patients with
confirmed fluoroquinolone resistance (based on the results of the ZeNiX-TB [71] and TB
PRACTECAL [72] trials). When the regimen is BPaL from the start or is changed to BPaL,
it can be extended to a total of 39 weeks (counting from the start of the therapy with
BPaLM/BPaL). This extension is justified in cases of failure to convert culture between
months 4 and 6 while on treatment; alternatively, it can be based on the clinical judgement
of the treating physician. Up to 1 month can be added to the overall treatment duration if
there is a need to make up the missed doses [75].

2. For those who are not eligible for the shorter BPaLM/BPaL regiments (table 5): 9-month
all-oral treatment regimen consisting of bedaquiline (used for 6 months), in combination with
levofloxacin/moxifloxacin, ethionamide, ethambutol, isoniazid (high-dose), pyrazinamide and
clofazimine (for 4 months, with the possibility of extending to 6 months if acid-fast bacilli
are still detectable in the patient’s sputum at the end of 4 months), followed by treatment
with levofloxacin/moxifloxacin, clofazimine, ethambutol and pyrazinamide (for 5 months).

TABLE 5 Factors to be considered for selection of treatment regimens for patients with MDR-/RR-TB

Regimen MDR-/RR-TB
fluoroquinolone

susceptible

Pre-XDR-TB XDR-TB Extensive
PTB

EPTB Age
<14 years

6-month BPaLM/
BPaL

Yes (BPaLM) Yes (BPaL) No Yes Yes – except TB
involving CNS,
miliary TB and
osteoarticular
TB

No

9-month all-oral Yes No No No Yes – except TB
meningitis,
miliary TB,
osteoarticular
TB and
pericardial TB

Yes

Longer
individualised
18-month

Yes#/No Yes#/No Yes Yes Yes Yes

Additional
factors to be
considered if
several
regimens are
possible

Drug intolerance or adverse events
Treatment history, previous exposure to regimen component drugs or likelihood of drug

effectiveness
Patient or family preference

Access to and cost of regimen component drugs

BPaL: bedaquiline, pretomanid and linezolid; BPaLM: bedaquiline, pretomanid, linezolid and moxifloxacin; CNS:
central nervous system. #: when 6-month BPaLM/BPaL and 9-month regimens cannot be used. Reproduced and
modified from [75] with permission.

128 https://doi.org/10.1183/2312508X.10024622

ERS MONOGRAPH | THE CHALLENGE OF TB IN THE 21ST CENTURY

https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/155
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/155
https://reader.ersjournals.com/docgoto/the-challenge-of-tuberculosis-in-the-21st-century/58


Ethionamide can be replaced by 2 months of linezolid (600 mg daily). Patients with MDR-/
RR-TB are eligible for this regimen if resistance to fluoroquinolones has been excluded
(based on operational data from South Africa [46]).

3. Longer individualised regimens: for patients with MDR-/RR-TB who are not eligible for or
had no favourable treatment outcome using the above 6-month or 9-month regimens, have
TB disease caused by M. tuberculosis strains with extensive drug resistance (e.g. XDR-TB)
or have intolerance to key components of the above-mentioned regiments (table 5). These
regimens have a duration of at least 18 months and are individually designed based on a
hierarchical grouping of second-line TB medicines, the drug-resistance profile and the
patient’s medical history (based on the results of an individual patient data analysis [76]).

Patients with XDR-TB or those who have failed treatments with MDR-/RR-TB therapies should
be managed in referral centres. The management of difficult-to-treat patients should be
discussed in interdisciplinary boards (consilia).

Anti-TB medicines in clinical evaluation
Currently the pipeline of new TB drugs candidate is flourishing like never before. Thus, 19 new
or repurposed compounds for treatment of DS-TB and DR-TB are at present in phase 1 or 2
clinical trials (table 6). Of these new drugs, 10 are of new classes or with a new mechanism of
action. Particularly these new medicines target QcrB cytochrome complex (an essential
components of the respiratory electron transport chain required for ATP synthesis), DprE1 and
MmpL3 (enzymes important for cell wall synthesis), LeuRS (enzyme involved in protein
synthesis), gyrB (a gyrase taking part in DNA replication), and cholesterol catabolism
(nospecific target fully determined yet) [77–81].

Apart of the conceptually novel drugs, the pipeline of TB compounds in clinical development
includes four oxazolidinones (delpazolid, sutezolid, tedizolid, TBI-223), three diarylquinoline
(TBAJ-587, TBAJ-876, Sudapyridine) and one riminophenazine (pyrifazimine), of interest as
potential effective alternatives to the existing TB drugs such as linezolid, bedaquiline and
clofazimine respectively [82].

Novel compounds are evaluated in phase 2a clinical trials to demonstrate the potential for these
medicines to be components of simpler TB treatment regimens in the future [83]. GSK-656 in
particular showed early bactericidal activity with a low, once-daily oral dose after 14 days of
treatment in participants with drug-susceptible PTB [84]. Treatment was generally well tolerated
with no serious adverse events identified. Similarly, Telacebec and BTZ-043 demonstrated good
dose-dependent early bactericidal activity, with increasing doses of the drug associated with
greater reductions in viable TB bacteria measured in sputum and reported acceptable
adverse-event rates [85, 86]. In addition, a phase 2b study on sutezolid (SUDOCU) has been
completed and reporting of its results is expected.

The new TB drugs in clinical development are oral formulations: this is particularly relevant for
further design of full-oral TB treatment regimens which usually are preferred by doctors and
patients and ensure better adherence [7].

Drugs that have new targets and/or mechanisms of action are important for constructing effective
regimens and to overcome emerging drug resistance. However, despite the unprecedented recent
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advances, the overall process of TB drug development is relatively slow in view of the
therapeutic needs and speed of the drug resistance emergency. Thus, no new drugs have reached
phase 3 trials or been approved for market regulation since the approval of pretomanid in 2019.
Acceleration of clinical assessment of novel TB drugs is expected in the coming years as a result
of new clinical trial platforms such as UNITE4TB and PAN-TB [87, 88].

Ongoing clinical trials
The global pipeline of clinical research on TB treatment is evolving [89, 90]. The majority of
trials aim to show non-inferiority of an experimental regimen with a shorter treatment duration
compared to a control, which is usually standardised for DS-TB and individualised for RR-TB.

For DS-TB, ongoing trials (table 7) focus on different approaches. A few trials implement
high-dose rifampicin, with or without a fluoroquinolone (OptiRiMoxTB, and RIFASHORT and
Hi-DoRi-3, respectively), building on growing evidence on rifampicin dose [91–95]
optimisation. A high-dose rifampicin-based regimen, if non-inferior to the standard of care,
could be more readily accessible than the current WHO-recommended 4-month
rifapentine-based regimen [75], given rifapentine access and pricing issues [60, 96, 97]. Other

TABLE 6 Novel anti-TB medicines in phase 1 and 2 clinical development

Class Mechanism of action Trial phase

Phase
1A

Phase
1B

Phase
2A

Phase
2B/C

Diarylquinolines Inhibits ATP synthase and
bacterial respiration

TBAJ-587
TBAJ-876

Sudapyridine (WX-081)
Riminophenazine Inhibits ion transport and

bacterial respiration
Pyrifazimine (TBI-166)

Oxozalidone Inhibits protein synthesis
(23S ribosome)

Delpazolid
(LCB01-0371)
Sutezolid

(PNU-100480)
Tedizolid

TBI-223
Carbapenem Inhibits cell wall synthesis Sanfetrinem
Amido-piperidine Inhibits cell wall synthesis

via boosting ethionamide
BVL-GSK098

DprE1 inhibitors Inhibits cell wall synthesis BTZ-043
Macozinone (PBTZ169)

OPC-167832
TBA-7371

QcrB inhibitor Inhibits ATP synthesis Telacebec
(Q203)

MmpL3 inhibitor Inhibits cell wall synthesis SQ109
GyrB inhibitor Inhibits bacterial

DNA synthesis
SPR720

Cholesterol
catabolism
inhibitor

GSK-286

LeuRS inhibitor Inhibits protein synthesis GSK-656

ATP: adenosine 5’-triphosphate.
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TABLE 7 Main ongoing and planned phase 2/3/4 TB therapeutic clinical trials

Trial Phase Control
arm

Country Experimental treatment regimen(s) Experimental
treatment

duration, months

Notes ClinicalTrials.gov
identifier

Rifampicin-susceptible TB
Beijing Chest
Hospital

4 Yes China Isoniazid, rifampicin, pyrazinamide,
ethambutol, and levofloxacin for
the full course; or isoniazid, rifampicin,
pyrazinamide, and ethambutol for
the full course

4.5 NCT02901288

CLO-Fast
(ACTG 5362)

2 Yes Multicountry Clofazimine, ethambutol, isoniazid,
pyrazinamide, and rifapentine for
8 weeks, followed by clofazimine,
isoniazid, pyrazinamide, and
rifapentine for 8 weeks

3 NCT04311502

Hi-DoRi-3 3 Yes South Korea Isoniazid, rifampicin 30 mg·kg−1, and
pyrazinamide

3 months
after culture
conversion

Treatment duration based on
sputum culture conversion

NCT04485156

OptiRiMoxTB 3 Yes Multicountry Ethambutol, isoniazid, pyrazinamide, and
rifampicin 35 mg·kg−1, or isoniazid,
moxifloxacin, pyrazinamide, and
rifampicin 35 mg·kg−1

4 NCT05575518

ORIENT 3 Yes China Isoniazid, moxifloxacin, and
pyrazinamide, plus: rifapentine
600 mg·day−1, or rifapentine
1200 mg·day−1, or rifapentine
1800mg·day−1

4–6 Multi-arm, multi-stage
clinical trial

NCT05401071

PredictTB 2 Yes Multicountry 2 months of isoniazid, rifampicin,
pyrazinamide, and ethambutol,
followed by 2 months of isoniazid
and rifampicin

4 Strategy trial; only
participants with moderate
disease are randomised

NCT02821832

PRESCIENT 2 Yes Multicountry Bedaquiline, clofazimine, delamanid, and
pyrazinamide

2 NCT05556746

Continued
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TABLE 7 Continued

Trial Phase Control
arm

Country Experimental treatment regimen(s) Experimental
treatment

duration, months

Notes ClinicalTrials.gov
identifier

RIAlta 2 No Multicountry Rifampicin (35 mg·kg−1 per day),
isoniazid, pyrazinamide and
ethambutol

6 Comparison to historical
controls

NCT04768231

RIFASHORT 3 Yes Multicountry Standard regimen with rifampicin at
1200 mg·day−1; or standard regimen
with rifampicin at 1800 mg·day−1

4 NCT02581527

SimpliciTB 2/3 Yes Multicountry Bedaquiline, pretomanid, moxifloxacin,
and pyrazinamide

4 Includes a non-randomised
arm with RR-TB patients

NCT03338621

TRUNCATE-TB 2/3 Yes Multicountry Isoniazid, high-dose rifampicin,
pyrazinamide, ethambutol, and
linezolid; isoniazid, high-dose
rifampicin, pyrazinamide, ethambutol,
and clofazimine; isoniazid, rifapentine,
pyrazinamide, levofloxaxin, and
linezolid; bedaquiline, isoniazid,
pyrazinamide, ethambutol,
and linezolid

2 Multi-arm, multi-stage
clinical trial

NCT03474198

RR-TB
ACTG A5356 2 No Multicountry Bedaquiline, clofazimine, delamanid, plus

linezolid at different dosages
6 NCT05007821

BEAT
Tuberculosis

3 Yes South Africa Bedaquiline, delamanid, and linezolid,
plus levofloxacin or clofazimine

6 Strategy trial; experimental
regimen adapted according
to rapid molecular testing

NCT04062201

DRAMATIC 2 No Multicountry Levofloxacin, bedaquiline, linezolid,
delamanid, and clofazimine

4–9 Duration-randomised
clinical trial

NCT03828201

Continued

132
https://doi.org/10.1183/2312508X.10024622

ERS
M
O
N
O
G
RAPH

|
TH

E
CH

ALLEN
G
E
O
F
TB

IN
TH

E
21ST

CEN
TU

RY



TABLE 7 Continued

Trial Phase Control
arm

Country Experimental treatment regimen(s) Experimental
treatment

duration, months

Notes ClinicalTrials.gov
identifier

endTB 3 Yes Multicountry Bedaquiline, moxifloxacin, linezolid, and
pyrazinamide; or bedaquiline,
clofazimine, levofloxacin, linezolid, and
pyrazinamide; or bedaquiline,
delamanid, levofloxacin, linezolid,
and pyrazinamide; or delamanid,
clofazimine, levofloxacin, linezolid, and
pyrazinamide; or delamanid,
clofazimine, moxifloxacin, and
pyrazinamide

9 Trial implementing Bayesian
adaptive randomisation

NCT02754765

GRACE-TB NS Yes China Individualised regimens NS Individualised regimen
guided by rapid molecular

tests

NCT03604848

InDEX 4 Yes South Africa Individualised regimens NS Gene-derived individualised
regimen

NCT03237182

PROSPECT 4 No China Clofazimine, cycloserine, levofloxacin,
linezolid, and prothionamide; or
bedaquiline, clofazimine, cycloserine,
levofloxacin, and linezolid

6 (first regimen),
9 (second
regimen)

NCT05306223

TB-TRUST 3 Yes China Levofloxacin, linezolid, cycloserine, and
pyrazinamide (or clofazimine if
resistant to pyrazinamide)

6–9 NCT03867136

Rifampicin-resistant, fluoroquinolone-resistant tuberculosis
endTB-Q 3 Yes Multicountry Bedaquiline, clofazimine, delamanid, and

linezolid
6–9 Strategy trial; duration

adapted to extent of disease
and treatment response.

NCT03896685

mBPaL 3 No India Bedaquiline, pretomanid, and linezolid at
different dosages

6 NCT05040126

NS: not stated. Reproduced and modified from [8] and [82] with permission. Data from [91].
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trials aim to optimise the successful TBTC S31/ACTG 5349 regimen [31] by identifying the
optimal dosageof rifapentine (ORIENT) or by adding clofazimine (CLO-Fast). Another common
design is testing experimental regimens that include new/repurposed drugs in combination with
fluoroquinolones and first-line drugs (PRESCIENT, SimpliciTB, TRUNCATE-TB). Finally, one
trial adds a fluoroquinolone to the standard regimen (NCT02901288), similarly to previous
trials which failed to show non-inferiority [98]. Overall, the duration of the experimental
regimens in these trials ranges from 2 to 4 months. The trial design is conventional in most
cases, with a few exceptions including Phase 2C (CLO-FAST, PRESCIENT) [99], and
multi-arm multi-stage designs (TRUNCATE-TB).

Ongoing trials on DR-TB (table 7) enrol all patients with rifampicin-resistance (i.e. A5356) or
only those with susceptibility to fluoroquinolones (i.e. endTB). Another approach, exemplified
by BEAT TB, is to include all RR-TB patients and adapt the regimen to results of rapid
molecular testing for fluoroquinolone resistance. Almost all experimental regimens include a
bedaquiline–linezolid backbone, with the possible addition of a nitroimidazole (delamanid or
pretomanid), clofazimine, a fluoroquinolone, and/or pyrazinamide. Tested durations range
between 4 and 9 months. Novel trial designs are increasingly frequent, including Bayesian
adaptive [100, 101] (endTB) and duration-randomised designs (DRAMATIC) [102, 103]. Two
trials (GRACE-TB and InDEX) compare individualised treatment guided by next-generation
sequencing to a control. Concerningly, clinical research on the most advanced forms of DR-TB
is lacking. No more than a couple of trials specifically target pre-XDR-TB, only one including
an internal control arm [104]. To date, no trials are ongoing/planned on XDR-TB.

Overall, a wealth of clinical trial results will be available in the coming years. Further
innovations in trial methodology [105], increased resources [106], and harmonisation of trial
conduct, implementation, and assessments [107, 108], will optimise the impact of future clinical
research.

Conclusion
Recent years have seen much-awaited improvements in TB treatment. The historical paradigm
of the 6-month “short course” treatment for DS-TB has fallen [31] and treatment duration for
RR-TB has been reduced to one-third of the previous time [71, 72, 109]. In addition, recent
reports suggest that further treatment shortening may be possible [61]. This news has been
welcomed by the scientific community with understandable excitement. However, a few reasons
for concern exist. History has shown how quickly new TB drugs can be followed by the
emergence of drug resistance [110]. By introducing new regimens with scarce global capacity
for DST, past mistakes are being repeated [74]. Furthermore, implementation of conditional
recommendations based on very low certainty of evidence, like the recent WHO DR-TB
guidelines, should be performed carefully and considering patient choice among treatment
options [46]. Finally, access to new drugs and regimens is a global emergency that requires
commitment and adequate investments. Future efforts should be directed to protect these recent
advances, while striving for further breakthroughs.
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