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Abstract. Regimens containing bedaquiline were administered for up to 11 months and 24
months in shorter and longer regimen to treat patients with drug-resistant tuberculosis (DR-TB),
respectively. Pre extensively drug resistant (Pre XDR) and extensively drug TB (XDR-TB) are
highly DR-TB with a lower success treatment than multi drug resistant TB (MDR-TB). Therapy
for highly DR-TB with fewer drugs and shorter treatment is required to increase success
treatment. Bedaquiline-pretomanid-linezolid (BPaL) is considered to be used for highly DR-TB.
This was a narrative review summarize the efficacy and safety of the BPalL regimen to manage
patients with highly DR-TB. The 26-week of BPaL regimen was reported to provide favorable
outcomes in two previous trials, Nix and Zenix TB. BPaL offers treatment success, especially in
highly drug-resistant tuberculosis compared to standard regimens containing bedaquiline.
Nonetheless, adverse effects, such as hematologic toxicity or myelosuppression, peripheral
neuropathy, and optic neuritis were more common in BPaL regimens than in standard regimens.
The incidence QT prolongation was lower with BPalL regimens compared with standard
regimens. Adding pretomanid to the bedaquiline-linezolid regimen prevents TB bacteria that are
resistant to bedaquiline. It is necessary to periodically monitor adverse effects associated with
linezolid in BPaL regimen and how to manage them accordingly. This review concludes that the
BPaL regimen provides favorable outcomes, reduces pill burdens, and shortenes treatment.
Health facilities should prepare for the implementation of BPaL to manage DR-TB patients.
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INTRODUCTION

The rise in Mycobacterium tuberculosis (M.Tb), which resistant to the two main TB drugs,
rifampicin and isoniazid, is a serious threat worldwide. Tuberculosis (TB) is a highly infectious
disease with low cures rate worldwide (Panford et al., 2022). DR-TB is more common in patients
who previously treated with antitubercular drugs (Farghaly et al., 2021). The success rate in DR-
TB using second-line injection drugs was less than 50% (Indarti et al., 2022; Soeroto et al., 2022).
WHO recommended a full oral regimen containing bedaquiline to treat DR-TB patients (WHO,
2020). Bedaquiline, a novel antituberculosis drug, resulted promising results in DR-TB patients
with shortened treatment time, improved adherence, increased cure, and reduced mortality rates
(Saravu & Pai, 2019). It has high activity antimycobacterial, especially in resistant strain by
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inhibiting of ATP synthase and thus depleting energy of M. tuberculosis both in in active and
dormant phase (Lyons, 2022). It was considered as a core drug due to high bactericidal and
sterilizing activity (van Deun et al., 2018). Patients with MDR-TB who received regimens
containing bedaquiline, the culture conversion was higher and the mortality rate was lower
compared to those without bedaquiline (Wang et al., 2021).

Adding bedaquiline in DR-TB treatment increases intracellular killing activity against M.Tb
(Giraud-Gatineau et al., 2020). Bedaquiline has been included in a fully oral regimen either for
shorter treatment or individual longer treatment (WHO, 2020). Theoretically, an increase of
bedaquiline use without drug-susceptibility testing (DST) will face of high frequency of acquired
resistance to bedaquiline. However, resistance rates of bedaquiline appeared to be low in the
bedaquiline treatment-naive MDR-TB patients, ranging from 0.4%-0.6% (Jain, 2022). Although
regimens containing bedaquiline have shown high success rates, the long duration of treatment can
be a challenge. Shorter treatment regimens are administered for 9-12 months with seven all oral,
while individual longer regimens are given for 18-24 months with five drugs. Thus, medication
adherence is a crucial factor related to treatment success. Furthermore, patients with XDR-TB are
a challenge due to limited therapeutic options and a lower therapy success rate than those with
MDR-TB (Atif et al., 2022). Patients with XDR-TB have thicker walls and a larger size of lung
cavities compared with MDR-TB patients and it is a significant risk factor to develop XDR-TB
(Cheng et al., 2021).

Therefore, a safe and effective regimen with fewer drugs and a shorter treatment is needed to
simplify administration and increase patient adherence. In the Nix-TB trial, patients with highly
DR-TB, after administration of regimen containing bedaquiline, pretomanid, and linezolid (BPaL)
for twenty-six weeks, 90% of them had a treatment success. However, adverse events were
relatively high associated with linezolid, such as neuropathy and myelosuprresion (Conradie et al.,
2020). In August 2019, the U.S Food and Drug Administration (FDA) approved BPaL regimen
for patients with XDR-TB or patients who are intolerant or unresponsive to standard MDR-TB
regimens and who have not previously been treated with bedaquiline and/or linezolid, or those
who receive bedaquiline or linezolid not more than 4 weeks prior to first dose of BPaL.

Pretomanid should be administered only in combination with bedaquiline and linezolid.
Pretomanid has a different mechanism from bedaquiline. Deaflazin-dependent nitroreductase
(ddn) activates pretomanid to intermediate products of nitric oxide and nitrous acid, inhibiting the
synthesis of methoxy mycolic acid, a vital component that responsible for the survival of M.Tb
either actively replicating or dormant (Stancil et al., 2021). Inhibition of mycolic acid potently
disrupts the cell wall of M.Tb and reduces inflammatory cell infiltration as a result of interaction
to the host. Furthermore, desnitro derivatives of pretomanid lead to respiratory poisoning of M.Tb
(Pardeshi et al., 2022). A systematic review by Gils et al. reported 91% of rifampicin resistant TB
(RR-TB) patients had favorable outcome after administration a regimen containing pretomanid.
Meanwhile, in highly resistant TB, favorable outcome was 90% at six months after treatment (Gils
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et al., 2022).

Linezolid has shown potent activity against MDR and XDR-TB cases. Linezolid is one of the
essential drugs in the MDR-TB regimen and it is classified into group A according to WHO
recommendation (WHO, 2020). Linezolid demonstrates weak early bactericidal activity (EBA)
and only slightly extended EBA activity (2-7 days). It indicates that linezolid has a small role in
the sterilization effect. The efficacy of linezolid depends on the AUC/MIC ratio. A linezolid
AUC/MIC ratio of more than 100 is required to prevent resistance together with companion drugs.
Linezolid is licensed for individual longer treatment. A meta-analysis reported in regimens
containing linezolid, 83% of DR-TB patients had favorable outcome including cure and treatment
completion and 89% had culture conversion at the end of treatment (X. Zhang et al., 2015). In
addition to efficacy, drug safety is an important factor in managing DR-TB patients. In the NixTB
trial, patients were found to have myelosuppression and peripheral neuropathy associated with
linezolid. Therefore, it is important to consider safety before implementing a BPaL regimen into
programmatic use for highly DR-TB. Based on this description, we tried to review the efficacy
and safety of the BPaL regimen compared to existing regimens to treat patients with highly DR-
TB.

METHOD

This was a narrative review to summarize the efficacy and safety of the BPaL regimen to
manage patients with highly DR-TB. We used secondary data from articles published from 2019
to December 2022 in Pubmed and Science Direct databases reporting on the safety and efficacy or
effectiveness of bedaquiline/pretomanid/linezolid (BPaL) regimens containing bedaquiline and
delamanid in patients with drug resistant tuberculosis. The search terms were: “drug-resistant
tuberculosis” (DR-TB), “pre-XDR-TB”, “XDR-TB”, “MDR-TB”, “bedaquiline”, “pretomanid”,
“linezolid”, “BPal”, “efficacy”, “effectiveness”, and “safety”. Boolean operators with “OR”,
“AND”, and “NOT” were used to combine these terms to search articles more specific. The
inclusion criteria to conduct this review were (a) articles written in English; (b) articles as original
articles with randomized controlled trial (RCT), cohort, cross-sectional, or case-control study
designs; patients diagnosed with drug resistant tuberculosis including MDR-TB, pre XDR-TB, and
XDR-TB; (c) reporting success rate with smear sputum and or culture conversion and safety during
24 week of treatment, and (d) DR-TB patients aged > 18 years old. The exclusion as following:
article was written as a review, letter to the editor, animal studies, and abstract proceeding or
conferences. Articles in full text that meet the inclusion criteria will be summarized as descriptive.

RESULTS AND DISCUSSION
Efficacy of BPaL regimen

BPaL regimen should be administered orally including 400 mg of bedaquiline for initial
two weeks then 200 mg thrice weekly for twenty-four weeks, with a total of 26 weeks, with a
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combination of 200 mg of pretomanid once daily, and 1200 mg of linezolid once daily for 26
weeks as reported in Nix TB trial. The administration of BPaL should be accompanied by
individual informed consent with adequate counseling of potential risks and benefits and active
monitoring and management of adverse effects.

Thirty-eight and seventy-one patients with MDR-TB and XDR-TB, respectively, were
enrolled in the Nix TB trial. Overall, 98/109 patients (90%) had culture conversion at 26 weeks
with the detail 63/71 (89%) patients with XDR and 35/38 (92%) patients with MDR-TB.
Meanwhile, 8/71 (11%) and 3/38 (8%) patients with pre-XDR and XDR-TB had unfavorable
outcome, respectively (Conradie et al., 2020). XDR-TB is case of DR-TB with additional
resistance to fluoroquinolones and at least one drug from class A (bedaquiline and linezolid)
(WHO, 2020). Patients with XDR-TB were 4.7 times more likely to have unfavorable outcome
than those with MDR-TB. Linezolid was used more frequently in XDR-TB group compared with
the MDR-TB group. (Bhering et al., 2019) Patients with pre-XDR and XDR-TB who received
regimen containing bedaquiline and delamanid, 22/32 (69%) had negative culture before 24
weeks.(Das et al., 2020) A study by Huerga et al, demonstrated that 358/458 patients (78.0%) had
favorable outcome in regimen containing bedaquiline-delamanid (Huerga et al., 2022).

In individual regimen, for pre-XDR or XDR-TB patients, one or more drugs from class C,
such as ethambutol, delamanid, and pyrazinamide can be added to the regimen to retain five
effective drugs. Several studies have reported the excellent efficacy of the regimen containing
bedaquiline and/or delamanid either for MDR or XDR-TB patients. However, the use of this
regimen is limited due to potential risk of QTc prolongation. QTc prolongation of bedaquiline and
delamanid is related to their primary metabolites, M2 and DM-6705, respectively (Tanneau et al.,
2022).

Favorable outcome was defined as sputum conversion at least for 24 weeks (six months)
after initial and/or treatment completion. GeneXpert has a higher diagnostic value compared with
Ziehl Neelsen smear to diagnose DR-TB and it provides a faster diagnosis than culture and detects
rifampicin resistance (Abd et al., 2021). Sputum culture conversion is the most commonly method
to evaluate the effectiveness after administering of antituberculosis drugs. Sputum culture
conversion was significantly associated with treatment outcomes. The study by Javaid et al.
reported that to estimate cure, sputum culture conversion at six months had sensitivity and
specificity of 97.6% and 44.4, respectively (Javaid et al., 2018). Furthermore, cure rate was
significantly associated with culture conversion at sixth month (OR=32.10) than at four months
(OR 14.13). Another study by Meyvisch et al. demonstrated that sputum cultures conversion at
twenty-four weeks provided better predictive for the clinical outcome than culture conversion at
eight weeks when assessing the effect of adding a new drug for the DR-TB regimen (Meyvisch et
al., 2018).

However, the limitation of Nix TB trial should be considered before implementing into
programmatic use. Since the non-randomized study with no controlled group, we could not
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compare the efficacy between BPal and conventional regimen containing bedaquiline and
linezolid. In addition, the study was only conducted in one country. Therefore, the results are not
fully applicable to the general population in different countries. Furthermore, the relapse incidence
after treatment completion was not reported in that study. Study to explore the efficacy of linezolid
with a dose lower than 1200 mg with shorter duration was confirmed in Zenix TB trial. The study
enrolled 75 patients (41%) with XDR TB, 85 with pre-XDR TB (47%), and 21 with RR-TB (12%).
Patients receiving BPaL regimen with linezolid with a dose of 1200 mg or 600 mg for twenty-four
or nine weeks, 93%, 89%, 91%, and 84%, respectively, had a treatment success. 3/44 (7%), 5/45
(11%), 4/45 (9%), and 7/44 (16%), respectively, had unfavorable outcome for those in linezolid
with a daily dose of 1200 mg or 600 mg for twenty-four or nine weeks (Conradie et al., 2022).

Pretomanid increased bactericidal activity when added to bedaquiline and linezolid. In TB-
infected mice, concomitant administration of pretomanid with bedaquiline and linezolid was
significantly associated with a reduction of bacterial burden after 1 and 2 months. Combination of
BPaL in a mouse tuberculosis model, demonstrating good efficacy. In addition, the BPaL regimen
had a significantly lower relapse rate than those without pretomanid. Furthermore, pretomanid also
prevents the occurrence of M.Tb which is resistant to bedaquiline (Xu et al., 2019).

In addition to pretomanid, delamanid has capability to prevent relapse. In mouse
tuberculosis model, Pieterman et al. (2021) reported that negative cultures were obtained after
eight and 20 weeks of bedaquiline/delamanid/linezolid (BDL) and
isoniazid/rifampicin/pirazinamid/ethambutol (HRZE) administration. After 14 weeks of treatment,
only one mouse from the BDL group was found to have a relapse, whereas, in the HRZE group, it
was still observed until the 24th week. It can be used to indicate that delamanid and pretomanid
may replace each other. Nonetheless, further studies are urgently needed in DR-TB patients to
compare BPaL regimens with bedaquiline-delamanid-linezolid. The safe and effective daily dose
of linezolid for DR-TB patients is not fully understood. For longer individual regimen, a daily for
up to 600 mg of linezolid was administered either in intensive or continuation phase with a total
duration of 18-24 months.

Several studies reported that daily dose of 600-1200 mg of linezolid can be used for DR-
TB patients (Singh et al., 2019). Nonetheless, 600 mg of linezolid twice daily achieves a
cumulative fraction ratio (CFR) > 90% for optimal eradication of M.Tb and prevents the
emergence of resistance. Linezolid doses lower than 1200 mg provide an excellent treatment
outcome. Drugs that potentially shorten TB therapy are associated with sterilizing activity. Area
under curve (AUC)0-24 with minimum inhibitory concentration (MIC) of 119 is the ideal ratio to
provide a sterilizing effect. This ratio can be achieved at a dose of linezolid 600 mg daily (Yew et
al., 2019). A case study by Haley ef al. reported that in XDR-TB patient with no resistance to
bedaquiline and linezolid, administration of a BPaL regimen with a daily dose 600 mg of linezolid
for six months provided a favorable outcome without recurrence at nine months after therapy
completion (Haley et al., 2021).
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Pulmonary lesions in TB patients are a hypoxic condition characterized by induction of
hypoxia inducible factor-1a (HIF-1a) and synergistically increases collagenase activity leading to
destruction and lung cavities. DR-TB patients with relapse cases have more lung lesions or cavities
compared to those with new case. Although delamanid demonstatred higher potency than
pretomanid in vitro against MDR and XDR-TB isolates, the two drugs had the same resistance
frequency and comparable plasma concentrations (Prosser et al., 2017). Like delamanid,
pretomanid is active against both replicating and dormant TB bacteria (Stancil et al., 2021). They
become dormant through decreased metabolism in hypoxic conditions, one of the factors for
resistance. A daily dose of pretomanid attained 73% of early bactericidal activity (Bigelow et al.,
2020). Recently, it was discovered that competence-inducing gen A (cinA) is responsible for the
emergence of drug-resistant TB bacteria through pyrophosphatase activity and disrupts the
bactericidal effect of antituberculosis drugs. In-vivo, deletion of cind enhances the killing activity
of BPaL by blocking cleavage of NAD-drug aducts (Kreutzfeldt et al., 2022).

A study comparing the efficacy of a BPal regimen with an individualized regimen
containing bedaquiline-linezolid in XDR-TB patients was reported the study demonstrated that the
BPaL regimen had a significantly higher favorable outcome than the individual regimen for 18—
24 months containing bedaquiline-linezolid, 98/109 (89.9%) vs. 56/86 (65.1), respectively
(Oclofse et al., 2021). In addition, the BPaL. regimen produced a lower unfavorable outcome,
11/109 (10.1%) than the individual regimen, 36/102 (35.3%). However, the study was conducted
at a different time from the Nix TB trial and the results from the Nix TB trial were taken
retrospectively. Furthermore, the number of patients by Oelofse ef al. who received linezolid was
84%, whereas in the Nix TB trial, all patients received linezolid. The dose of linezolid in the Nix
TB trial was 1200 mg or 600 mg twice daily, whereas in Oelofse et al. the dose of linezolid was
600 mg daily. Therefore, further controlled studies are needed to clarify these findings. Besides
effectiveness and safety, the cost is also an aspect that needs attention in patient care. Affordable
medical prices will provide easy access for patients to get their medicine. The study by Mulder et
al. reported that the six-month BPaL regimen was more cost-effective than the standard regimen
(Mulder et al., 2022). Therefore, this regimen may save the government's budget for treating DR-
TB patients.

Safety of BPaL regimen

In Nix-TB trial, 88 patients (81%) had peripheral neuropathy, although the symptom were
mild to moderate and occurred after administration for three months. Twelve (11.0%) and eleven
(10.1%) patients from 109 patients had elevation of alanine aminotransferase (ALT) and amino
aspartate aminotransferase (AST) more than three times from upper normal limit. A maximum
increase of QTc interval was 10 ms at week 16 and no patients had QTc more than 480 ms.
Furthermore, 40 patients had myelosuppression including anemia and occurred after two months
of treatment, either those receiving linezolid at a dose of 1200 daily or 600 mg twice daily.
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However, these adverse events were manageable by interrupting and or reducing the linezolid dose
(Conradie et al., 2020).

In Zenix-TB trial, patients who received 1200 mg of linezolid for nine and twenty-six
weeks, 4/46 patients (9%) and 9/45 (20%) had hemoglobin < 25% below baseline level,
respectively. Meanwhile, patients who received 600 mg of linezolid, no patients had hemoglobin
< 25% below baseline level. Neuropathy optic occurred in 4/45 patients (9%) receiving 1200 mg
of linezolid for twenty-six weeks. Meanwhile, incidence of peripheral neuropathy occurred in
17/45 (38%), 11/46 (24%), 11/45 (24%), and 6/45 (13%) for 1200 mg and 600 mg of linezolid,
twenty-six or six weeks, respectively. QTc interval of 500 ms was observed in 4% and 2% for
1200 mg and 600 mg of linezolid, respectively. A total 3 of 181 patients (2%) had liver-related
serious adverse event (Conradie et al., 2022). Interruption of linezolid including dose reduction or
discontinuation was higher in linezolid at dose of 1200 mg compared at dose of 600 mg.

Compared with the standard regimen containing bedaquiline, QTc interval prolongation of
more than 500 ms was found to be higher, between 6.2% and 25.6% (Gao et al., 2021; Li et al.,
2021). A standard regimen includes fluoroquinolones (levofloxacin, moxifloxacin), clofazimine,
and delamanid, potentially causing QT interval prolongation. Several studies have shown,
although bedaquiline was associated with QTc prolongation, however the grade of severity was
low or middle, and no Torsade de Pointes (TdP) or death related cardiac arrythmia was found. QT
prolongation is associated with phospholipidosis. Although the M2 metabolite is found in lower
concentrations than bedaquiline, this metabolite contributes significantly to prolonging the QT
interval. M2 intracellular affinity for cardiac muscle is more potent than bedaquiline, and it is
highly suspected to cause QT interval prolongation (Ngwalero et al., 2021).

Myelosuppression and neuropathy are considered of the important causes of temporally or
permanently discontinuation of linezolid in a regimen. Hematologic toxicity due to linezolid was
associated with mitochondrial disruption. M.Tb damages mitochondrial permeability transition
pore complex (mPTPC) and leads to mitochondrial disruption. Initially, linezolid and M.Tb
inhibited mitochondrial protein biosynthesis, reduced precursor cell ATP synthesis in the spinal
cord, and resulted in myelosuppression, including anemia, neutropenia, and thrombocytopenia.
Furthermore, linezolid interferes with the phosphorylation process of myosin light chain 2 in
megakaryocyte cells. It binds to membrane glycoprotein IIb/Illa, resulting in the inhibition of
platelet formation (Oehadian et al., 2022). Therefore, WHO recommends hematologic monitoring
during linezolid treatment including complete blood count (platelet, hemoglobin, neutrophil) in
two weeks initial treatment and then monthly until treatment was complete. Linezolid induces
neuropathy by inhibiting the survival and autophagy flux of Schwann cell, indirectly leading to
neuron cell damage. In addition, linezolid upregulated P-AKT and P62, and downregulated LC3B,
thus inhibiting the proliferation of Schwann cell (Yuan et al., 2022). The incidence of neuropathy
was associated with serum concentration of linezolid. A cut-off > 2 mg/L serum concentration of
linezolid was associated with neuropathy. MDR-TB patients with serum concentration > 2 mg/L,
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peripheral and optic neuropathy was more frequent than that of <2 mg/L (P. Zhang et al., 2022).

Compared to the study by Huerga et al. DR-TB patients who received linezolid for
individual regimen, the incidence of myelosuppression, peripheral neuropathy, and optic neuritis
was 6.0%, 26.4%, and 3.1%, respectively (Huerga et al., 2022). Furthermore, Gao et al. reported
adverse events related to linezolid in MDR and XDR-TB were peripheral neuropathy (4.5%),
thrombocytopenia (4.5%), neutropenia (4.0%), and optic neuritis (1.1%). (Gao et al., 2021)
Anemia and peripheral neuropathy were found to be significantly more common in patients who
interrupted linezolid than in those who continued linezolid (Dayyab et al., 2021). Level of
hemoglobin when decrease more than 10% after administration of linezolid for four weeks confers
sensitivity and specificity, 82% and 84%, respectively, to predict severe anemia. Reducing the
dose of linezolid until 600 mg daily can prevent up to 60% of severe anemia (Imperial et al., 2022).

The most common side effects after administration of pretomanid were GI disturbance
(28,4%), liver disorders (25,5%), connective tissue disorders (16.6%), and headaches (11.0%).
QTec prolongation was not observed during the pretomanid administration (Nedelman et al., 2020).
Although pretomanid and delamanid are belong to the nitroimidazole groups, pretomanid does not
cause QT prolongation like delamanid. DM-6705, the primary metabolite of delamanid, is
responsible for prolonging the QT interval. Pretomanid is metabolized in the liver by CYP3A4 to
the trifluoromethoxy-benzoic acid glycine conjugate. Furthermore, pretomanid was excreted in the
urine and feces of about 53% and 38% of the total dose, respectively (Stancil et al., 2021). Liver
toxicity is a potential side effect associated with pretomanid. Patients should avoid using other
potentially hepatotoxic drugs or concurrent use with alcohol. Monitoring of liver function,
including ALT and AST is recommended for the initial two weeks, then monthly until therapy is
finished (Occhineri et al., 2022).

Although two primary studies, Nix TB and ZeniX TB, have shown a good efficacy of the
BPaL regimen for treating DR-TB patients, the readiness of healthcare providers is needed to
implement BPaL into TB programs. Active surveillance of safety and side effect management is
crucial for the safety of linezolid. A study by van de Berg et al. demonstrated that the
implementation of BPaL regimen was acceptable and feasible among stakeholders in the three
countries with the highest TB burden, Indonesia, Kyrgyzstan, and Nigeria(van de Berg et al.,
2021).

The limitation of this review is the data regarding the efficacy and safety of the BPaL
regimen were only obtained from two trials without a control group. In addition, studies that
directly compare BPaL regimens with standard regimens have yet to be made available. Therefore,
prospective studies comparing head-to-head BPaLL regimens with standard regimens with many
patients are urgently needed to obtain more valid findings.

CONCLUSION
This review concludes that the BPaLL regimen provides favorable outcomes in 26 weeks by
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reducing pill burdens and shortening treatment. BPaL regimens generally are relatively safe with
a tolerable linezolid-related side effect profile. Early detection of adverse events including optic
neuropathy and myelosuppression (moderate to severe anemia) can be used to modify therapy by
adjusting the dose or temporarily discontinuing linezolid.
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