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Introduction
The twentieth edition of the World Health Organization’s 
Global Tuberculosis (TB) Report describes a disease that con-
tinues to bring about a startling amount of death and dys-
function.1 In 2014, 9.6 million people developed active TB, 
and 1.5 million people died of the disease. Though there have 
been significant declines in TB prevalence and mortality rates 
in recent decades, these gains have been threatened by the 
rampant emergence of drug-resistant strains of Mycobacterium 
tuberculosis in several areas of the world.1,2 It is estimated that 
in 2014, among all cases of TB globally, 3.3% of new cases 
and 20% of previously treated cases were due to multidrug-
resistant (MDR) strains of M. tuberculosis, which are resis-
tant to both isoniazid and rifampin. The countries of Eastern 
Europe and Central Asia bear a particularly high burden of 
MDR-TB, with approximately one-quarter to one-third of 
new TB cases and one-half to two-thirds of previously treated 
TB cases estimated to represent MDR disease. Extensively 
drug-resistant (XDR) strains of M. tuberculosis, which harbor 
resistance to at least one fluoroquinolone and one second-line 
injectable agent in addition to isoniazid and rifampin, are 
becoming increasingly problematic, and in 2014, 49 countries 
and territories reported treating individuals with laboratory-
confirmed XDR-TB.1 Totally drug-resistant (TRD) TB has 
also been reported, which poses a serious threat to TB control 
wherever it is found.3,4

Multidrug resistance presents a major challenge to TB 
treatment and control. Even in the setting of pan-sensitive 

disease, TB management places a significant burden on patients 
and health systems, requiring the use of multiple medica-
tions, each with significant toxicities, for durations of at least 
six months.5–7 In the setting of multidrug resistance, both the 
number of drugs and the duration of treatment need to be sub-
stantially increased.4 The most recent World Health Organiza-
tion guidelines recommend that at least five drugs, including 
an injectable agent, be utilized for the management of MDR-
TB, with a total length of treatment expected to be at least 
20 months.8 Despite the intensity of therapy, treatment failure 
is woefully common. When treating MDR-TB in a program-
matic setting, cure is achieved in only 62% of cases overall, and 
in only 40% of the subset of patients with XDR-TB.9

Effective management of drug-resistant TB depends on the 
availability of effective therapeutics. Experience with MDR-TB 
has suggested that the use of additional drugs leads to improved 
outcomes, suggesting that developing a successful therapy may 
have more to do with increasing the number of effective drugs 
used than on extending the duration of treatment.10–12 For 
the effective management of drug-resistant TB, it is therefore 
imperative that the universe of TB drugs be expanded and that 
shorter, effective treatment regimens become available.13

One of the great achievements in TB management over the 
past 15 years has been the development of new antimycobacterial 
drugs. These new agents (summarized in Table 1) provide hope 
that future treatment regimens for drug-resistant TB will be more 
effective and more efficient than the current programs. Since there 
is a great need to fold new TB drugs into practice, this review 

Novel Treatments for Drug-Resistant Tuberculosis

Jeremy M. Clain1,2 and patricio escalante1–3 
1Mycobacterial and Bronchiectasis Clinic, Division of Pulmonary and Critical Care Medicine, Mayo Clinic, Rochester, MN, USA. 2Olmsted 
County Public Health Tuberculosis Clinic, Rochester, MN, USA. 3Mayo Clinic Center for Tuberculosis, Mayo Clinic, Rochester, MN, USA.

AbstrAct: Drug resistance has emerged as a major obstacle to global control of tuberculosis (TB). Treatment with currently available medications 
requires prolonged courses of numerous drugs, many of which are associated with significant adverse effects. New drugs are urgently needed to meet the 
challenge posed by drug-resistant TB, in order to relieve the burden that drug resistance has placed on individual patients and health systems. Fortunately, 
many new drugs have been developed for the treatment of drug-resistant TB in recent years. The new antimycobacterial agents are derived from various 
medication classes, work by means of an assortment of mechanisms of action, and are at differing phases of development. This review provides a survey of 
the most promising new agents, in order to promote familiarity with these emerging drugs and compounds.

Keywords: tuberculosis, drug resistance, tuberculosis, multidrug-resistant, antitubercular agents, novel drugs

CiTaTioN: Clain and escalante. novel treatments for drug-resistant tuberculosis. 
Clinical Medicine Insights: Therapeutics 2016:8 21–28 doi: 10.4137/CMt.s18560.

TYPE: review

RECEivED: February 05, 2016. RESubmiTTED: March 09, 2016. aCCEPTED foR 
PubliCaTioN: March 11, 2016.

aCaDEmiC EDiToR: garry M. Walsh, editor in Chiefpeer 

REviEw: two peer reviewers contributed to the peer review report. reviewers’ 
reports totaled 242 words, excluding any confidential comments to the academic 
editor.

fuNDiNg: authors disclose no external funding sources.

ComPETiNg iNTERESTS: Authors disclose no potential conflicts of interest.

CoRRESPoNDENCE: clain.jeremy@mayo.edu

CoPYRighT: © the authors, publisher and licensee libertas academica limited. this is 
an open-access article distributed under the terms of the Creative Commons CC-BY-nC 
3.0 license.

 paper subject to independent expert blind peer review. all editorial decisions made 
by independent academic editor. upon submission manuscript was subject to anti-
plagiarism scanning. Prior to publication all authors have given signed confirmation of 
agreement to article publication and compliance with all applicable ethical and legal 
requirements, including the accuracy of author and contributor information, disclosure of 
competing interests and funding sources, compliance with ethical requirements relating 
to human and animal study participants, and compliance with any copyright requirements 
of third parties. this journal is a member of the Committee on publication ethics (COpe). 
provenance: the authors were invited to submit this paper.

 published by libertas academica. learn more about this journal.

http://www.la-press.com/clinical-medicine-insights-therapeutics-journal-j133
http://www.la-press.com
http://dx.doi.org/10.4137/CMT.S18560
mailto:clain.jeremy@mayo.edu
http://www.la-press.com
http://www.la-press.com/clinical-medicine-insights-therapeutics-journal-j133


Clain and Escalante

22 CliniCal MediCine insights: therapeutiCs 2016:8

intends to provide an overview of these new agents, including 
descriptions of their mechanisms of action, evidence for their effi-
cacy and safety, and highlights of their pending investigations.

bedaquiline
On December 31, 2012, the United States Food and Drug 
Administration (FDA) granted accelerated approval of beda-
quiline for use in MDR-TB, making bedaquiline the first 
new TB drug to be approved by a major regulatory agency 
in over 40 years.14 In March 2014, the European Medicines 

Agency (EMA) also provided conditional approval for 
bedaquiline.15 Bedaquiline is a diarylquinoline, a new class 
of antimicrobials that target mycobacterial ATP synthase 
and exhibit bactericidal activity.16 The target of bedaquiline’s  
antimycobacterial activity, and that of the other new agents, 
is represented schematically in Figure 1. The discovery of the 
anti-TB properties of diarylquinolines was hailed with “con-
siderable excitement and optimism” and hope of a “quantum 
therapeutic leap” that would radically change TB treatment –  
potentially reducing the number of drugs and the duration of 

Table 1. summary of new drug candidates for the treatment of M. tuberculosis.

DRug DRug ClaSS mEChaNiSm of  
aCTioN

STuDY  
PhaSE

DEmoNSTRaTED EffECTS majoR obSERvED 
ToxiCiTiES

Bedaquiline diarylquinoline inhibits  
mycobacterial 
atp synthase

3 reduced time to culture conversion  
and increased cure rate in Mdr-tB  
when added to standard drug  
regimen for 2 months

unexplained increased 
mortality; Qt-prolongation; 
drug-drug interactions 
due to cytochrome 
p450 metabolism 

delamanid nitro-dihydro- 
imidazooxazole

disrupts  
mycobacterial 
cell wall via  
inhibition of 
mycolic acid 
biosynthesis

3 increased rate of sputum culture  
conversion at 2 months when added  
to standard drug regimen in Mdr-tB; 
increased rate of favorable outcome  
in Mdr-tB when used for at least  
6 months

Qt-prolongation

pretomanid nitroimidazo- 
oxazine

generates  
reactive nitrogen  
species leading 
to mycobacterial  
atp depletion; 
disrupts  
mycobacterial 
cell wall via  
inhibition of 
mycolic acid 
biosynthesis

3 In combination with moxifloxacin  
and pyrazinamide, enhanced early  
bactericidal activity in pansensitive-tB  
compared to standard therapy, with  
early bactericidal activity maintained  
in Mdr-tB

Qt-prolongation

sutezolid Oxazolidinone inhibits bacterial 
protein synthesis 
by impairing 50s  
ribosomal 
subunit

2 Bactericidal activity in sputum and  
whole blood observed when  
administered to patients with  
pansensitive-tB for 14 days 

Well tolerated in early 
experience

sQ109 1, 2-ethylenediamine interferes with 
mycobacterial  
cell wall  
assembly by 
targeting the 
transport  
molecule Mmpl3

2 Favorable in vitro effects when used  
in combination with bedaquiline and  
sutezolid

Well tolerated in early 
experience

aZd5847 Oxazolidinone inhibits bacterial 
protein synthesis 
by impairing 50s  
ribosomal 
subunit

2 in in vitro studies, bactericidal  
activity preserved against Mdr  
and Xdr strains of M. tuberculosis

Well tolerated in early 
experience

Q203 imidazopyridine inhibits  
mycobacterial 
growth by  
targeting the 
respiratory  
cytochrome bc1 
complex

1 in in vitro and murine studies, highly  
potent activity against M. tuberculosis,  
including Mdr and Xdr strains

no published experience

BtZ043 Benzothiazinone provokes  
mycobacterial 
cell lysis  
by blocking  
synthesis of cell 
wall arabinans

preclinical in in vitro and murine studies, good 
activity against M. tuberculosis, 
including Mdr and Xdr strains

no published experience
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treatment required for effective therapy.17 However, clinical 
experience with bedaquiline, though generally favorable, has 
tempered this initial enthusiasm.

The US and European regulatory agencies provided con-
ditional approval for bedaquiline on the basis of the results 
from a phase 2 randomized, controlled trial, performed in two 
stages.18–20 A summary of the study is presented in Table 2. In 
the first stage of the study, 47 patients with newly diagnosed 
smear-positive MDR-TB were randomized to receive beda-
quiline (which at that time was referred to as TMC207) or 
placebo, in combination with a standard five-drug MDR-TB 
treatment regimen, for a period of eight weeks.18 The primary 
antimycobacterial efficacy endpoint was sputum culture con-
version, which at the end of eight weeks was achieved by 48% 
of those in the bedaquiline group versus 9% in the placebo 
group (P = 0.003). The study investigators later reported two-
year follow-up results of the same patient cohort, though it is 
important to note that the study drug (bedaquiline or placebo) 
had been administered only during the first eight weeks of 
their treatment.19 In longitudinal follow-up, patients in the 
bedaquiline group experienced increased rates of culture 
conversion at 24 weeks, with 81% of patients in the bedaquiline 
group having negative sputum compared with 65% of patients 
in the placebo group (P = 0.03). In addition, there was a trend 
toward reduced acquisition of additional resistance to accom-
panying drugs among patients who had received bedaquiline.

Subsequently, the second stage of the phase 2 trial was 
conducted, investigating a longer duration of bedaquiline 

therapy in a greater number of patients.20 In this second stage, 
160 patients with newly diagnosed smear-positive MDR-TB 
were randomized to receive bedaquiline or placebo, in combi-
nation with a preferred five-drug MDR-TB treatment regi-
men, for a period of 24 weeks. The patients were followed-up 
for 120 weeks. The primary efficacy endpoint was the median 
time to culture conversion, which was reduced in the beda-
quiline group as compared with placebo (83 versus 125 days; 
P , 0.001). Patients in the bedaquiline group achieved culture 
conversion at increased rates at 24 weeks (79% versus 58%; 
P = 0.008) and at 120 weeks (62% versus 44%; P = 0.04). 
Based on the World Health Organization’s outcome defini-
tions for MDR-TB, cure rates at 120 weeks were 58% in the 
bedaquiline group and 32% in the placebo group (P = 0.003).

Though the antimycobacterial effects of bedaquiline have 
been found to be generally favorable to the extent that they 
have been studied, treatment with bedaquiline has been asso-
ciated with an increase in sudden unexpected death.20 Though 
published experience with bedaquiline remains quite limited, 
in the phase 2 trial studying 160 patients who received either 
bedaquiline or placebo for 24 weeks, 13% of patients in the 
bedaquiline group died versus 2% in the placebo group, with all 
but one of the deaths occurring after completion of the 24-week 
exposure to the study drug.20 In light of this finding, the US 
FDA’s approval of bedaquiline includes a black box warning of 
an increase in all-cause mortality with the use of the agent.21 
In addition, bedaquiline has been associated with QT interval 
prolongation (which is also highlighted in an FDA black box 
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figure 1. targets of antimycobacterial activity of novel drugs for the treatment of tuberculosis.
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warning), hepatic toxicity, nausea, headache, and arthralgia.21 
Potential drug interactions are also a concern, as bedaquiline is 
metabolized by the cytochrome P450 system.22

In light of concerns regarding increased mortality associ-
ated with its use, the current role of bedaquiline in the treat-
ment of MDR-TB remains rather limited, and primarily driven 
by necessity due to resistance to other drugs.21 The duration of 
bedaquiline therapy should be limited to 24 weeks, dosed at 
400 mg daily for the first 2 weeks, followed by 200 mg three 
times weekly for the remaining 22 weeks – in line with published 
experience, regulatory agency guidelines, and expert opinion. 
Additional phase 2 and 3 trials investigating bedaquiline-con-
taining treatment regimens are planned or underway, and with 
the accumulation of knowledge, it is expected that the role of 
bedaquiline in the treatment of MDR-TB will change. For now, 
bedaquiline appears to be a useful new agent for use in MDR-
TB, but has not yet lived up to the initial hopes of becoming a 
game-changing medication in the global fight against TB.

delamanid
On April 28, 2014, the EMA granted delamanid conditional 
approval for use in MDR-TB, making delamanid the second 
(and most recent) novel TB drug to be approved by a major 
regulatory agency in the past 40 years.23 To date, delamanid 
has received regulatory approval in Japan and South Korea, 
along with the European nations governed by the EMA, but 
it has not been approved by the US FDA.

Delamanid is derived from the nitro-dihydro-
imidazooxa zole class of compounds. It exerts its antimyco-
bacterial action by inhibiting mycolic acid biosynthesis, which 
leads to disruption of the mycobacterial cell wall and produces 
bactericidal activity.24,25 As with bedaquiline, the best cur-
rent evidence to support the use of delamanid in MDR-TB is 

limited to phase 2 clinical trials. The first reported evidence 
on the effectiveness of delamanid derives from a randomized, 
placebo-controlled, multinational trial of 481 patients with 
MDR-TB, which remains the largest published study investi-
gating the drug.26 In this trial, all the patients received a stan-
dard MDR-TB treatment regimen and were randomized to 
receive one of the three study medications: delamanid dosed 
at 100 mg twice daily, delamanid dosed at 200 mg twice daily, 
or placebo. The study drug was continued for two months, 
and the primary efficacy endpoint was the rate of sputum cul-
ture conversion at the end of those two months. Those who 
had been administered delamanid achieved sputum culture 
conversion at two months at increased rates as compared 
with those who had been administered placebo, with 45.4% 
of those having received delamanid 100 mg twice daily and 
41.9% of those having received delamanid 200 mg twice daily 
achieving sputum conversion, compared with 29.6% of those 
having received placebo (P = 0.008 for delamanid 100 mg 
twice daily compared with placebo; P = 0.04 for delamanid 
200 mg twice daily compared with placebo). In an open-label 
extension of this trial-investigating treatment outcomes at 
24 months, patients who received delamanid for 6 months or 
more were compared with those who received the drug for 
two months or less, and those who had received at least six 
months of delamanid were observed to have achieved higher 
rates of favorable outcomes (75% versus 55%; P , 0.001) and 
lower rates of mortality (1% versus 8%; P , 0.001).27 Early 
experience also indicates that delamanid may have a role in 
the management of XDR-TB.28

In the randomized, controlled trial, delamanid was found 
to be well tolerated, though asymptomatic prolongation of the 
QT interval was more frequent among patients receiving dela-
manid as compared with those receiving placebo.26 In light of 

Table 2. summary of key phase 2 study of bedaquiline, performed in two stages.

REPoRT STagE of 
STuDY

NumbER of 
PaTiENTS

TREaTmENT DuRaTioN of  
follow-uP

EffiCaCY 
ENDPoiNT

maiN EffiCaCY 
fiNDiNgS

oThER KEY  
fiNDiNgS

diacon, et al., 
200918

stage 1 47 Bedaquiline or  
placebo for 8 weeks, 
in combination with 
standard 5-drug 
Mdr-tB regimen

8 weeks sputum culture 
conversion at the 
end of 8 weeks of 
treatment

rates of sputum 
culture conversion 
increased with  
bedaquiline  
(48% vs 9%, 
P = 0.003) 

Bedaquiline  
associated  
with nausea and  
asymptomatic  
Qt-interval  
prolongation

diacon, et al., 
201219

stage 1 47 Bedaquiline or  
placebo for 8 weeks, 
in combination with 
standard 5-drug 
Mdr-tB regimen

104 weeks time to sputum 
culture conversion 
during the first  
24 weeks of 
treatment

use of bedaquiline 
reduced time to  
sputum culture  
conversion  
(hazard ratio 2.253, 
P = 0.031)

acquired  
resistance to 
companion drugs 
reduced in the  
bedaquiline group

diacon, et al., 
201420

stage 2 160 Bedaquiline or  
placebo for 24 weeks, 
in combination with 
standard 5-drug 
Mdr-tB regimen

120 weeks time to sputum 
culture conversion

use of bedaquiline 
reduced median time  
to sputum culture 
conversion  
(83 versus 125 days; 
P , 0.001)

increased cure rate  
at 120 weeks in the  
bedaquiline group
unexplained 
increase  
in mortality in the  
bedaquiline group
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Table 3. summary of ongoing trials investigating new treatment regimens.

STuDY NovEl REgimEN(S)  
bEiNg iNvESTigaTED

ComPaRaToR goal

streaM i57 Gatifloxacin, clofazimine, ethambutol,  
pyrazinamide, kanamycin, prothionamide, 
isoniazid

WhO-approved Mdr-tB 
regimen

shorten duration of 
Mdr-tB therapy

streaM ii58 (1)  Moxifloxacin, clofazimine, ethambutol 
pyrazinamide; kanamycin, prothionamide, 
isoniazid

(2)  Bedaquiline, clofazimine, levofloxacin, 
ethambutol, pyrazinamide, isoniazid, 
prothionamide

(3)  Bedaquiline, clofazimine, levofloxacin, 
pyrazinamide, isoniazid, kanamycin

WhO-approved Mdr-tB 
regimen

shorten duration of 
Mdr-tB therapy
provide all-oral 
regimen

stand59 Pretomanid, moxifloxacin, pyrazinamide (1)  For drug-susceptible 
tB: isoniazid, rifampicin, 
pyrazinamide, ethambutol

(2) For Mdr-tB: none

shorten duration of 
Mdr-tB therapy
provide all-oral 
regimen
simplify treatment

tB-praCteCal60 (1)  Bedaquiline, pretomanid, linezolid, 
moxifloxacin

(2)  Bedaquiline, pretomanid, linezolid, 
clofazimine

(3) Bedaquiline, pretomanid, linezolid

WhO-approved Mdr-tB 
regimen

shorten duration of 
Mdr-tB therapy
provide all-oral 
regimen
simplify treatment

endtB61 (1)  Bedaquiline, linezolid, moxifloxacin, 
pyrazinamide

(2)  Bedaquiline, linezolid, levofloxacin,  
pyrazinamide, clofazamine

(3)  Bedaquiline, levofloxacin, pyrazinamide, 
clofazamine

(4)  Delamanid, linezolid, moxifloxacin, 
pyrazinamide

(5)  Delamanid, linezolid, levofloxacin,  
pyrazinamide, clofazamine

(6)  Delamanid, levofloxacin, pyrazinamide, 
clofazamine

none shorten duration of 
Mdr-tB therapy
provide all-oral 
regimen
simplify treatment

next-trial62 Bedaquiline, linezolid, levofloxacin,  
pyrazinamide, and isoniazid or ethionamide  
or terizidone

WhO-approved Mdr-tB 
regimen

shorten duration of 
Mdr-tB therapy
provide all-oral 
regimen

a534329 (1) Bedaquiline + Mdr-tB regimen
(2) delamanid + Mdr-tB regimen
(3)  Bedaquiline + delamanid + Mdr-tB 

regimen

none evaluate drug-drug 
interactions

 

the finding of QT interval prolongation, care will need to be 
used when considering combining delamanid with other QT-
prolonging medications, including bedaquiline. A phase 2 trial 
has been proposed to investigate the safety and tolerability of 
delamanid and bedaquiline used in combination, with particu-
lar attention to the effects on QT interval prolongation.29 In 
addition, a phase 3 trial further investigating the safety and effi-
cacy of delamanid for six months in patients with MDR-TB is 
underway.30 At this point, delamanid appears to be a promising 
new agent for the treatment of MDR-TB, but ongoing clinical 
testing will reveal more about the benefits and risks of the drug, 
including the preferred dosing and duration of treatment.

Pretomanid
Pretomanid, formerly known as PA-824, is a nitroimidazo-
oxazine that exerts bactericidal activity against mycobacteria 
by means of two mechanisms as follows: by serving as a nitric 

oxide donor with consequent intracellular ATP depletion (akin 
to the effect of cyanide) and by inhibiting cell wall mycolic 
acid biosynthesis (similar to the effect of isoniazid).31,32 Pre-
tomanid has been found to exert antimycobacterial activity in 
both aerobic and anaerobic conditions, and in the setting of 
both replicating and nonreplicating mycobacteria, likely due 
to these disparate mechanisms of action.32

Though not yet approved for clinical use by any major 
regulatory agencies, pretomanid has yielded promising results 
in early studies. Perhaps the most intriguing results have come 
from studies investigating pretomanid as part of a novel TB 
regimen, comprising pretomanid, moxifloxacin, and pyrazi-
namide (abbreviated as PaMZ). The potential of PaMZ was 
first noted in a murine model of TB, in which mice treated 
with PaMZ were cured more rapidly than were mice treated 
with a standard regimen of isoniazid, rifampin, and pyrazi-
namide.33 Subsequently, a prospective, randomized, early 
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bactericidal activity study was performed in patients with 
treatment-naïve pulmonary TB to investigate a number of 
novel TB drug combinations and included the PaMZ regimen 
in one of the treatment arms.34 The PaMZ regimen was found 
to have the strongest early bactericidal effect among the novel 
drug combinations, with its effect being comparable with the 
standard combination of isoniazid, rifampicin, pyrazinamide, 
and ethambutol.

A phase 2 trial of bactericidal activity currently provides 
the most robust experience with the PaMZ regimen, and 
with pretomanid overall.35 In this multicenter, open-label, 
partly randomized clinical trial, 207 patients with drug-sus-
ceptible, smear-positive, pulmonary TB were randomized to 
receive eight weeks of one of the following three regimens:  
(1) PaMZ with pretomanid dosed at 100 mg daily (Pa100MZ);  
(2) PaMZ with pretomanid dosed at 200 mg daily (Pa200MZ); 
or (3) standard combination therapy with isoniazid, rifam-
picin, pyrazinamide, and ethambutol. Apart from this,  
26 patients with MDR-TB were nonrandomly assigned to 
receive Pa200MZ. Among the patients with drug-susceptible 
TB, Pa200MZ showed superior bactericidal activity as com-
pared with standard therapy. In addition, significantly more 
patients who received either of the PaMZ regimens achieved 
sputum culture negativity in liquid media at eight weeks, as 
compared with those who received standard therapy. Among 
the patients with MDR-TB, the Pa200MZ regimen also 
exhibited effective bactericidal activity, comparable with that 
achieved in the patients with drug-susceptible TB who received 
standard therapy. This final finding, suggesting that a novel 
regimen may prove effective for rapid treatment of MDR-TB, 
is tantalizing, but requires substantial further investigation.

The experience to date suggests that pretomanid is well 
tolerated at doses of 100–200 mg daily.35,36 As with bedaqui-
line and delamanid, pretomanid has been associated with QT 
interval prolongation. To date, pretomanid remains a promis-
ing new agent with the potential to change the approach to 
drug-resistant TB, particularly when used as a component of 
novel treatment regimens.35,37

sutezolid
Sutezolid is a novel oxazolidinone undergoing premarketing 
evaluation, which – similar to linezolid, itself a first-generation 
oxazolidinone – exerts bactericidal activity by inhibiting  
bacterial protein synthesis.38 Sutezolid has antimycobacterial 
activity, and in a murine model, it was found to be more potent 
than linezolid against M. tuberculosis.39 In in vitro studies, 
sutezolid has demonstrated better antimycobacterial activity 
than linezolid against isolates of MDR-TB and XDR-TB.40 
In phase 1 trials, sutezolid has been found to be safe and well 
tolerated, and sutezolid dosed at 600 mg twice daily has been 
found to have superior whole-blood bactericidal activity as 
compared what is achieved with standard linezolid doses.41,42

In the first study of sutezolid in patients with pulmo-
nary TB, sutezolid was administered to 50 patients with 

drug-sensitive pulmonary TB at doses of 600 mg twice daily 
or 1200 mg once daily for 14 days.43 Both dosing regimens 
were generally safe and well tolerated, and both resulted in 
readily detectable bactericidal activity in sputum and blood. 
The early experience with sutezolid suggests that it does not 
cause the myelosuppressive effect that can be seen with lin-
ezolid, but concern still remains for the potential development 
of periphe ral neuropathy with extended use.42,43

sQ109
SQ109 is a 1,2-ethylenediamine that was derived from the 
pharmacophore of ethambutol.44 However, SQ109 has a dis-
tinct mechanism of action from ethambutol, and it maintains 
activity against ethambutol-resistant strains of M. tuberculosis. 
SQ109 exerts antimycobacterial activity by interfering with cell 
wall assembly by targeting the transport molecule MmpL3.45,46 
Experience with SQ109 remains quite limited to date. The 
drug has shown favorable in vitro effects when used in combi-
nation with bedaquiline and sutezolid.47,48 In the first study of 
SQ109 in patients with pulmonary TB, SQ109 was adminis-
tered at variable doses up to 300 mg daily, with or without coad-
ministration of rifampicin for 14 days.49 SQ109 was found to be 
safe and generally well tolerated at the doses administered, with 
mild-to-moderate gastrointestinal complaints being the most 
frequent adverse event reported. However, plasma concentra-
tions of SQ109 remained below the MIC, and no bactericidal 
effect of SQ109 was observed, either alone or in combination 
with rifampicin. Further clinical studies of SQ109 are pending, 
including its use in the treatment of MDR-TB.

AZd5847
AZD5847 is, similar to sutezolid, a novel oxazolidinone 
currently under investigation, though the experience with 
AZD5847 is more limited. As with sutezolid and linezolid, 
the mechanism of AZD5847’s antimycobacterial activity 
appears to be mediated by the impairment of mycobacterial 
50S ribosomal subunit, with consequent inhibition of myco-
bacterial protein synthesis.50 In in vitro studies, AZD5847 
has demonstrated improved bactericidal activity against  
M. tuberculosis compared with that of linezolid and has 
demonstrated preserved activity against MDR and XDR 
strains.50,51 Results from a phase 2 study of the early bacte-
ricidal activity of AZD5847 in patients with pulmonary TB 
are pending.52

Q203
Q203 is a new imidazopyridine that has shown promise as a 
candidate drug for TB in preclinical studies. Q203 exerts anti-
mycobacterial activity by targeting the respiratory cytochrome 
bc1 complex, thereby blocking mycobacterial growth.53 In ini-
tial studies, Q203 demonstrated highly potent anti-TB activ-
ity, including in vitro growth inhibition against M. tuberculosis 
(including MDR and XDR strains) at low nanomolar drug 
concentrations, and efficacy in a murine model of TB at doses 
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btZ043
BTZ043 is the most advanced compound in a novel anti-
mycobacterial class of benzothiazinones. The benzothiazinones 
exert antimycobacterial activity by blocking synthesis of cell 
wall arabinans, thereby provoking mycobacterial cell lysis.55 In 
vitro, BTZ043 has been shown to have good activity against 
drug-susceptible, MDR, and XDR strains of M. tuberculosis, 
and it has been effective in a murine model of TB.55 There have 
not yet been any clinical trials involving BTZ043.

novel treatment regimens
The early experience with the novel agents suggests that it is 
unlikely that a single new drug will fundamentally change the 
course of drug-resistant TB. More likely, it will be new combi-
nations of medications, which may include one or more novel 
agents, which will provide new paradigms in the management 
of drug-resistant disease. We have already discussed the role of 
novel treatment regimens in the context of pretomanid, which 
has been studied most rigorously in the setting of the novel com-
bination treatment PaMZ.33–35 The importance of new combi-
nations of medications has been highlighted by early experience 
with the Bangladesh regimen, which has shown particular prom-
ise in terms of maintaining high therapeutic efficacy in the set-
ting of a reduced treatment course for MDR-TB.56 Many novel 
treatment regimens are currently being investigated, and key 
aspects of ongoing trials are summarized in Table 3.

summary
In recent decades, drug-resistant TB has emerged as a major 
challenge, greatly complicating TB management for the indi-
vidual patient and for health systems. In response to this chal-
lenge, several novel TB drugs have been developed. Though 
we are still in the early stages of this new era of TB drug 
development, the varied classes and mechanisms of action of 
the novel agents have generated hope that the great scourge of 
drug-resistant TB can be overcome. Two of the new agents, 
bedaquiline and delamanid, have achieved conditional regula-
tory approval and are starting to be used in a limited way in 
the treatment of drug-resistant TB. Other agents, including 
candidate drugs from multiple different classes of compounds, 
have shown considerable promise at various stages of preclinical 
and clinical studies. As more drugs become available, it will 
become possible to generate entirely new treatment regimens 
for TB, which could radically change the approach to drug-
resistant disease. In the future, as knowledge about these new 
agents accumulates, we may well find tools to meet the chal-
lenges of drug-resistant TB.
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