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Abstract

Tuberculosis (TB) is one of the oldest infections afflicting humans yet re-
mains the number one infectious disease killer worldwide. Despite decades
of experience treating this disease, TB regimens require months of mul-
tidrug therapy, even for latent infections. There have been important recent
advances in treatment options across the spectrum of TB, from latent in-
fection to extensively drug-resistant (XDR) TB disease. In addition, new,
potent drugs are emerging out of the development pipeline and are being
tested in novel regimens in multiple currently enrolling trials. Shorter, safer
regimens for many forms of TB are now available or are in our near-term vi-
sion. We review recent advances in TB therapeutics and provide an overview
of the upcoming clinical trials landscape that will help define the future of
worldwide TB treatment.
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FIGHTING AN AGE-OLD FOE

Tuberculosis (TB) is one of the oldest diseases affecting humans, and with 10.4 million cases
per year, it is the primary infectious disease killer worldwide (1). TB is caused by an airborne
bacterium, Mycobacterium tuberculosis (Mtb). Most people who inhale Mtb develop an immune
response that walls off the bacterium and prevents disease, so the primary determinants of illness
are exposure risk—that is, the extent of “shared air” between infected and noninfected persons—
and the immune system’s ability to control early infection and prevent reactivation. As a result,
the burden is primarily borne by people in heavily populated urban areas or crowded living
conditions; those with impaired immunity due to HIV, medications, diabetes, smoking, alcohol
use, or malnutrition; and those affected by poverty, which contributes to all other risk factors (2–5).

Treatment of people who are infected with Mtb but do not have TB disease, i.e., those with latent
tuberculosis infection (LTBI), is an important prevention strategy. LTBI treatment with isoniazid
preventive therapy (IPT), given for 6–9 months, reduces incidence of active TB by 65–75% (6), but
uptake is poor, with low treatment completion rates (7). In addition, each person with untreated
pulmonary TB generates 8–14 new secondary cases per year, underscoring the importance of
prompt recognition and treatment (8). Standard short-course therapy with isoniazid, rifampin,
pyrazinamide, and ethambutol given for the first two months in the intensive phase, followed
by four months of isoniazid and rifampin administered in the continuation phase, can rapidly
decrease the bacteria in a person’s lungs to reduce transmission and cures most people. The ability
of a drug to rapidly reduce the number of viable Mtb colonies in the sputum following treatment
initiation is known as its early bactericidal activity. Because Mtb survives in both metabolically
active and inactive semidormant states, effective treatments must combine drugs that have potent
bactericidal activity to reduce the bacterial burden quickly (e.g., isoniazid) with those that have
sterilizing activity to eradicate the semidormant bacteria that lead to later treatment failure or
relapse (e.g., rifampin and pyrazinamide) and those that prevent development of resistance (e.g.,
ethambutol). Successful population-level TB control requires LTBI treatment, active case finding,
and rapid evaluation and treatment of active TB with effective medicines (9).

Although first-line TB treatment is highly effective against drug-susceptible TB (DS-TB),
many challenges remain. Substantial resources (for both the patient and the healthcare system) are
needed to support the six months of treatment, especially given that drugs are provided, at least in
part, by directly observed therapy. In addition, even standard TB treatment is associated with risk of
liver toxicity, hypersensitivity reactions, and peripheral neuropathy, and it is complicated by drug-
drug interactions (e.g., interactions with antiretroviral agents to treat HIV). Finally, the emergence
of multidrug-resistant TB (MDR-TB), in which Mtb is resistant to both isoniazid and rifampin, is
a global health threat. MDR-TB treatment requires prolonged medical care (12–24 months) with
less effective, toxic medications, and there is a critical need for safer, shorter MDR-TB regimens.
In this article, we review recent therapeutic advances, including treatment of LTBI, treatment-
shortening trials for DS-TB, treatment of drug-resistant TB, new and repurposed TB drugs, and
trials evaluating so-called universal regimens that would treat both DS-TB and MDR-TB.

LATENT TUBERCULOSIS

It is estimated that one in four people worldwide are infected with Mtb, and in low-burden coun-
tries, reactivated LTBI represents the bulk of active TB (10, 11). Standard LTBI treatment, with
6–9 months of daily isoniazid, prevents progression to active TB; in persons with HIV infection,
IPT prevents both TB disease and death (6, 12–14). Even in high-burden settings with incident
infection rates as high as 8% per year, IPT substantially reduces progression to active TB (15,
16). Despite these benefits, uptake has been stymied by the prolonged treatment duration and
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concerns about side effects or acquired resistance if active disease is not satisfactorily excluded. In
addition, there is no guidance for prophylaxis after exposure to MDR-TB.

The World Health Organization (WHO) has issued two sets of recommendations for LTBI
management (17, 18). The 2018 update reaffirmed the recommendations to test people at high risk,
including close contacts of patients with active TB, health workers, prisoners, homeless persons,
immigrants from high-burden to low-burden settings, users of injection drugs, and those with risk
factors (such as HIV infection, anti–tumor necrosis factor therapy, dialysis, organ transplantation,
or silicosis). This includes a screening algorithm for active TB that includes cough, fever, weight
loss, and night sweats, plus chest radiography for people with HIV (in children, one substitutes
poor weight gain and a known TB contact for weight loss). This approach accurately rules out
active TB, with a negative predictive value of 98%, and performs well (18, 19). As a result, the
strategy of “screen, test, and treat” for LTBI is now recommended for those groups at highest risk
of progression from latent to active disease, especially children and HIV patients. To substantially
impact the epidemic, though, large prophylactic treatment campaigns are needed. These are most
feasible and cost-effective if they can target those with LTBI, who are most likely to progress
quickly to TB disease (incipient TB). Even among individuals with a positive tuberculin skin
test (TST) or interferon-gamma release assay (IGRA), over 95% of HIV-uninfected and 70% of
HIV-infected persons do not develop active TB (12, 20). Newly identified blood mRNA expression
signatures have demonstrated high specificity and sensitivity for incipient TB and may help identify
high-risk individuals who can benefit most from preventive therapy (21, 22).

Treatment Shortening

Completion rates for LTBI treatment range widely (6–94%) and are inversely proportional to
treatment duration (17). To improve uptake and adherence, it is important to reduce treatment
duration. In the 1990s, in trials employing two sterilizing drugs, rifampin and pyrazinamide, for
two months (2RZ), the combination was effective in HIV-infected patients but was associated with
three times the adverse event rate as isoniazid monotherapy (0.9 deaths and 2.8 hospitalizations
per 1,000 patients) in HIV-uninfected individuals (23–26). After 2RZ was shelved, a regimen of
four months of rifampin (4R) was tested and demonstrated noninferior to nine months of isoniazid
(9H), with better completion rates and safety (27). A longer-acting rifamycin, rifapentine, given
once weekly together with rifapentine for three months (3HP), was subsequently shown to be
noninferior to 9H in a large randomized phase III trial (28, 29) and can be given without directly
observed therapy as a WHO-endorsed treatment option for LTBI (30). More recently, results
were presented from a phase III randomized trial comparing an ultrashort LTBI treatment—one
month of daily rifapentine and isoniazid (1HP)—to 9H in HIV-positive adults and adolescents
(TST or IGRA evidence of LTBI not required) (31). 1HP was noninferior to isoniazid for the
prevention of active TB, death from TB, or death from unknown cause (0.69 versus 0.72 per 100
person-years). This regimen was also associated with improved treatment completion (97% versus
90%) and fewer serious adverse events than 9H (3.3 versus 5.1 per 100 person-years). Although not
yet recommended for clinical use, this regimen may represent a new standard for LTBI treatment
for some populations in the future.

Latent Tuberculosis Infection After Exposure to Multidrug-Resistant
Tuberculosis

Worldwide, 4.1% of new TB cases and 19% of previously treated TB cases are rifampin- or
multidrug-resistant, and 8.5% are isoniazid-monoresistant (1). In this context, LTBI treatment
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regimens are needed for people exposed to drug-resistant strains. Only two large studies have
investigated prophylactic regimens in this context. In one, ethionamide plus standard DS-TB drugs
substantially reduced the odds of active TB compared to no treatment in children (5% versus 20%)
(32). In the other, 20% of untreated contacts developed TB after MDR-TB exposure, compared
to none of those treated with a fluoroquinolone (given alone or with ethambutol or ethionamide)
(33). Three current trials are evaluating prophylaxis for close contacts of persons with MDR-
TB. These include placebo-controlled trials of six months of levofloxacin for adults (V-QUIN
MDR) and for children under five years of age (TB CHAMP) and a randomized trial of a new
oral nitroimidazole anti-TB prodrug, delamanid, versus isoniazid for six months (PHOENIx) in
adults and children (34–36). Until these studies are completed, there is no clear guidance for
management of close contacts of patients with MDR-TB.

SHORTER TREATMENT REGIMENS FOR DRUG-SUSCEPTIBLE
TUBERCULOSIS

Recent trials aimed at shortening treatment duration for DS-TB have been largely unsuccessful. In
three phase III trials featuring fluoroquinolone-containing experimental regimens, the treatments
did not successfully reduce treatment duration to four months, despite relatively promising phase
II clinical data (37–40). In the RIFAQUIN trial, participants were randomized to either standard
treatment or one of two experimental arms: (a) a six-month arm substituting moxifloxacin for
isoniazid during the intensive phase and using once-weekly moxifloxacin and rifapentine dur-
ing the continuation phase, or (b) a four-month arm with similar moxifloxacin substitution but
a shorter, twice-weekly moxifloxacin and rifapentine continuation phase (38). In that study, ad-
herence and early culture conversion rates were higher in the moxifloxacin arms than in the
standard therapy arms. However, while the six-month arm was noninferior to standard therapy,
the four-month arm was not (26.9% versus 14.4% unfavorable outcome), largely owing to more
relapses. The REMoxTB trial compared standard treatment with two four-month regimens: mox-
ifloxacin substituted for isoniazid or moxifloxacin substituted for ethambutol and given for four
months (39). Favorable outcomes were more frequent with standard treatment than with either
the ethambutol-containing or the isoniazid-containing regimens (92%, 80%, and 85%, respec-
tively). Finally, the OFLOTUB trial compared standard therapy to a four-month regimen that
included gatifloxacin instead of ethambutol (40). Unfavorable outcomes were more common with
the shorter regimen than with standard treatment (21.0% versus 17.2%), with higher associated
recurrence rates (14.6% versus 7.1%). Taken together, the studies to date have shown that four-
month fluoroquinolone-based regimens performed worse than standard therapy. In addition, they
highlighted the weakness of two-month culture conversion and time to culture conversion in phase
II studies as stand-alone predictors of the treatment-shortening potential of a regimen. In response,
novel trial designs have been developed that combine early microbiologic data and relevant clinical
outcomes (failure, relapse, death) to inform regimen selection for definitive trials (41).

Rifapentine, which is a rifamycin like rifampin but has a longer half-life and lower minimum
inhibitory concentration (MIC) against Mtb, is now being evaluated in a phase III treatment-
shortening trial, after pharmacokinetic-pharmacodynamic analyses of phase II data demonstrated
a clear exposure–response relationship and provided evidence for selection of a 1,200 mg dose (42,
43). Two four-month regimens are being compared to a standard six-month regimen with results
expected in 2020 (44).

It is also possible that the one-size-fits-all approach for treatment duration could be modified
in certain populations, such as children with paucibacillary disease, who may be overtreated with
the six-month regimen. The multinational SHINE trial is evaluating a four-month regimen for
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children with limited (not cavitary, nonsevere) disease (45). Stratified medicine (e.g., determin-
ing treatment duration on the basis of baseline and on-treatment characteristics) should also be
explored in adults because many are over- or undertreated with the current six-month regimen.

OPTIMIZING DOSES OF FIRST- AND SECOND-LINE DRUGS

In the absence of effective treatment-shortening regimens, more attention has been placed on
rifamycin dosing to maximize the effect of our most potent sterilizing drug class. The selection of
the standard rifampin dose of 10 mg/kg (or 600 mg) stemmed from manufacturing cost consider-
ations and the desire to treat as many people as possible with the lowest effective dose when the
drug was introduced in the 1960s (46). Since that time, dose-escalation trials have demonstrated
that doses up to 35 mg/kg are safe and well tolerated with better microbiological activity (47). One
multiarm, multistage trial tested various rifampin doses (along with substitution of moxifloxacin
and a novel anti-TB drug currently in development, SQ109) and found that 12-week culture con-
version was better in the arms with higher rifampin dosing (70.1%, 78.7%, and 79.9% for 10,
20, and 35 mg/kg, respectively) (48). Time to culture conversion was also shortened from 62 days
with 10 mg/kg to 48 days with 35 mg/kg. Whether regimens including high-dose rifampin can
shorten TB treatment duration to four months or less remains to be studied.

Optimizing rifamycin dosing, particularly for disease sites with poor drug penetration, is also
important. Weight-based dosing is typically required with drugs for which weight has a substantial
impact on clearance. This is not true for rifampin: Low-weight adults and malnourished children
consistently have lower drug exposures than other patients and should receive higher dosing
(49). In TB meningitis (TBM), for example, cerebrospinal fluid concentrations of rifampin barely
surpass its MIC against Mtb with the standard oral dose of 10 mg/kg. An observational study of
high-dose intravenous rifampin (13 mg/kg, equivalent to 30 mg/kg given orally) reduced TBM-
associated mortality by 53% in a small group of Indonesian patients (50). A more modest dose
increase of 15 mg/kg of oral rifampin, coupled with the addition of levofloxacin to standard
treatment, did not improve outcomes in a large trial in Vietnam, except in those patients later
found to have isoniazid-resistant (INH-R) TBM (50, 51). Put together, these data demonstrate
the importance of dosage, evidence-based weight banding, route of administration, and site of
disease in treatment recommendations.

This interest in dose optimization extends to other first-line and second-line drugs as well.
The phase II Opti-Q trial is an ongoing levofloxacin dose-ranging study among patients with
MDR-TB (52). The AIDS Clinical Trials Group trial A5312 is testing different doses of isoniazid
for patients with MDR-TB to see when and to what extent isoniazid resistance can be overcome
with dose increases (53).

EMERGING DRUG RESISTANCE AND RESISTANCE-SPECIFIC
THERAPY

Shortly after the introduction of effective multidrug TB therapy, resistance to those drugs
appeared. On a population level, the emergence of resistance largely follows a predictable pattern:
First comes resistance to isoniazid and then resistance to companion drugs including rifampin,
pyrazinamide, and ethambutol (54). Resistant strains can infect new hosts, and in South Africa,
70% of resistant TB represents transmitted rather than acquired resistance (55). To respond
to the threat of drug-resistant TB, including MDR-TB and XDR-TB (resistant to isoniazid,
rifampin, fluoroquinolones, and injectable agents), recent treatment guidelines have been updated
in tandem with the expansion of rapid molecular tests for resistance to the MDR-TB and
XDR-TB-defining drugs (56, 57).

www.annualreviews.org • Global Tuberculosis Therapeutics 109



ME70CH08_Dooley ARI 22 December 2018 8:33

Isoniazid Monoresistance

Isoniazid-monoresistant TB (resistant to isoniazid but sensitive to rifampin) represents ∼8.5% of
Mtb worldwide and is associated with higher rates of treatment failure, relapse, and acquired resis-
tance to other drugs than DS-TB (1, 58). In 2018, WHO issued its first guidelines for management
of INH-R-TB. In a commissioned meta-analysis of individual patient-level data from cohort stud-
ies, fluoroquinolone use was associated with improved odds of treatment success and lower odds of
mortality and acquired resistance (adjusted odds ratio of 2.8, 0.4, and 0.1, respectively) (56). The
recommended treatment includes rifampin, ethambutol, pyrazinamide, and levofloxacin, all for six
full months. This is a conditional recommendation based on low-quality evidence, highlighting
the need for controlled trials in this area. Levofloxacin is prioritized over moxifloxacin due to inter-
actions between moxifloxacin and rifampin. Pyrazinamide is continued for the entire duration—
rather than only the first two months—owing to an association between shorter pyrazinamide
treatment and worse treatment outcomes (adjusted odds ratio for success of 0.4). Liver function
testing is recommended given the prolonged therapy with rifampin and pyrazinamide (26). It is
not clear whether some forms of isoniazid resistance (e.g., resistance mediated by inhA gene muta-
tions resulting in partial enzyme function and only mild increases in MIC) could be overcome with
higher isoniazid dosing. An ongoing phase II dose-finding study is exploring this question (53).

Rifampin-Resistant and Multidrug-Resistant Tuberculosis

Rifampin is unique in its ability to kill semidormant and nonmetabolically active bacilli. Its
sterilizing activity allows a substantially shorter duration of treatment. Without it, treatment
regimens are long (18–24 months) and poorly efficacious; furthermore, they are quite toxic
(59). In India, 88% of patients with DS-TB who receive standard first-line therapy includ-
ing isoniazid and rifampin have a favorable outcome compared to 46% of MDR-TB patients
treated with a standardized regimen that does not include rifampin (60). Until recently, drug-
resistance testing was not provided in many settings due to limited global lab capacity. Gene
Xpert MTB/RIF, a closed polymerase chain reaction system that identifies Mtb and rifampin
resistance within hours, is now recommended by WHO (61). Newer versions of this test and
others identify resistance to the MDR-TB and XDR-TB-defining drugs (i.e., isoniazid, rifampin,
fluoroquinolones, and second-line injectables) with results available much faster than culture,
even in paucibacillary sites like cerebrospinal fluid (62, 63). As a result, treatment guidelines
have followed the diagnostics, lumping together rifampin-resistant TB and MDR-TB, to facili-
tate treatment decisions based on available clinical data. Treatment includes at least five drugs:
a fluoroquinolone, an injectable drug (amikacin, kanamycin, or capreomycin), two other core
drugs (ethionamide/prothionamide, cycloserine/terizidone, linezolid, or clofazimine), and add-on
agents that may be active (pyrazinamide, ethambutol, bedaquiline, delamanid, high-dose isoniazid,
para-aminosalicylic acid, imipenem-cilastatin, meropenem, and amoxicillin-clavulanate) (57). The
drugs are given for eight months, and then oral medications are continued to complete 20 months
of treatment (64). Common side effects include deafness or vertigo with injectable drugs, altered
mental status with cycloserine, nausea and vomiting with ethionamide, peripheral neuropathy with
linezolid, and skin discoloration with clofazimine, to name a few.

Treatment Shortening for Multidrug-Resistant Tuberculosis

Standard MDR-TB treatment is simply too long and too toxic. To address this problem, re-
searchers in Bangladesh developed sequentially shorter and more effective regimens, achieving
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relapse-free cure for 87.9% of MDR-TB patients with the use of 4–6 months of gatifloxacin,
clofazimine, pyrazinamide, ethambutol, kanamycin, prothionamide, and high-dose isoniazid, fol-
lowed by five months of gatifloxacin, clofazimine, prothionamide, pyrazinamide, and ethambutol
(65, 66). The efficacy of the Bangladesh regimen has been replicated in sub-Saharan Africa (with
moxifloxacin substituted for gatifloxacin and prothionamide removed from the continuation phase)
and confirmed in a multicountry analysis by WHO showing 89.9% success compared to 78.3%
with the standard regimen (57, 67–69). As a result, this 9- to 12-month short-course MRD-TB
regimen has been recommended by WHO for patients who harbor strains that are not (or are
unlikely to be) resistant to fluoroquinolones or pyrazinamide and who have not received second-
line treatment before. This regimen should, however, be used with caution in areas with high
background rates of drug resistance to the component drugs (70–74).

Because the data supporting this regimen come from observational studies, this regimen is
being tested in randomized trials (75, 76). In preliminary analyses of the STREAM Stage 1 trial,
in which participants were randomized to standard versus Bangladesh short-course treatment
regimens, treatment was successful in 78.1% of participants receiving the short-course regimen
and, surprisingly, 80.6% of patients in the standard therapy arm (77). Although this study did
not demonstrate superiority, noninferiority is likely sufficient for a regimen that can substantially
shorten MDR-TB treatment. This regimen has been adopted in many countries.

NEW AND REPURPOSED DRUGS FOR TUBERCULOSIS

Unfortunately, the story does not stop with MDR-TB. XDR-TB represents 6.2% of MDR-TB
cases, and totally drug-resistant TB is now circulating in several countries. There is a dire need
not only for new regimens but also for new drugs (1).

Bedaquiline

The first such drug, bedaquiline, was approved to treat MDR-TB in the United States in 2012
and in Europe in 2014 (78). Bedaquiline targets a specific mycobacterial ATP synthase, killing
Mtb by stopping ATP production and uncoupling ATP synthesis in nonreplicating bacteria. It has
demonstrated potent bactericidal and sterilizing activity (79).

Bedaquiline’s impressive activity was first shown in a phase IIb trial in patients with MDR-
TB on multidrug background treatment (MBT). Sputum culture conversion by eight weeks of
treatment occurred in 48% of patients on bedaquiline versus 9% of patients on placebo (80).
The same patients had higher six-month culture conversion rates with bedaquiline (81.0% versus
65.2%) (81). A subsequent placebo-controlled phase IIb trial of 160 MDR-TB patients confirmed
that the addition of six months of bedaquiline to standard therapy improved culture conversion
rates (79% versus 58% at 24 weeks, 62% versus 44% at 120 weeks) and improved cure rates (58%
versus 32%) (82). Based on these data, bedaquiline was approved as an orphan drug at a dose of
400 mg daily for two weeks followed by 200 mg three times weekly for 22 weeks, but this approval
came with a black box warning of both QT prolongation and an unexplained “mortality imbalance”
(10/79 in the bedaquiline arm and an unexpectedly low 2/81 in the control arm). Despite the black
box warning, bedaquiline has now been used in >70 countries and is associated with reduced—
rather than increased—mortality. Trial data from 233 patients in 11 countries confirmed sputum
conversion among 79.5% bedaquiline-treated patients at 24 weeks, cure among 61.0%, and only
6.8% mortality (83). Pending further review, WHO recommends bedaquiline be used as an add-
on drug to the standard-duration MDR-TB treatment regimen, with close treatment monitoring
and active pharmacovigilance (84).
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Delamanid and Pretomanid

In addition to bedaquiline, two bicyclic nitroimidazole prodrugs are being developed for MDR-
TB: delamanid (trade name Deltyba) and pretomanid. These prodrugs are activated by a my-
cobacterial cofactor F420-dependent nitroreductase enzyme. Once active, they inhibit mycolic acid
synthesis in replicating Mtb and generate toxic nitrogen radicals in nonreplicating Mtb, similar to
the toxic effect of cyanide (85).

Delamanid’s efficacy has been demonstrated in phase II studies. In one study of patients with
pulmonary MDR-TB taking MBT, those randomized to placebo, 100 mg delamanid twice daily,
or 200 mg delamanid twice daily had two-month culture conversion rates of 29.6%, 45.4%, and
41.9%, respectively (86). Patients recommended by site investigators for a second randomization
could then receive either 100 mg or 200 mg of delamanid twice daily for six months; prolonged
treatment of ≥6 months seemed to be associated with longer-term treatment success (74.5%
versus 55%) (87). As a result of these trials, delamanid was approved in Europe in 2013 and in
Japan in 2014, and it was incorporated into WHO guidelines. In compassionate-use programs now
active in multiple countries, the recommended dose is 100 mg twice daily for two months followed
by 200 mg daily for the next four months. In a subsequent phase III trial in which patients on
MBT were randomized to the addition of delamanid versus placebo, delamanid showed a modestly
shorter time to culture conversion, but there was no difference in treatment success at 30 months
(77.1% versus 77.6%), mortality (5.3% versus 4.7%), or six-month culture conversion (87.6%
versus 86.1%) (88). The role of delamanid in multidrug therapy is still being established as data
from this trial and others become public.

Pretomanid remains investigational. In one phase IIa study evaluating the early bactericidal
activity of multiple combination therapies (bedaquiline alone, bedaquiline with pretomanid, be-
daquiline with pyrazinamide, pretomanid with pyrazinamide, and pretomanid with moxifloxacin
and pyrazinamide) over two weeks, the combination of pretomanid, moxifloxacin, and pyrazi-
namide (PaMZ) was highly potent, exceeding the activity of standard first-line four-drug therapy
with isoniazid, rifampin, pyrazinamide, and ethambutol (89). PaMZ was also effective in an eight-
week phase IIb trial. PaMZ was subsequently tested in a phase III trial called STAND, which
was placed on temporary hold by the US Food and Drug Administration while the agency re-
viewed hepatotoxicity events among study participants. In the meantime, a different trial, NC-005,
demonstrated the exquisite activity of PaMZ plus bedaquiline, prompting this regimen to be stud-
ied in the soon-to-open SimpliciTB trial (90). Because this regimen does not include isoniazid or
rifampin, some refer to it as a universal regimen that, if effective, could treat patients with either
DS-TB or MDR-TB. To help those patients with the greatest unmet medical need, NixTB was
designed as a single-arm phase III trial of six months of therapy with bedaquiline, pretomanid, and
linezolid for patients with XDR-TB. This regimen has shown >80% six-month culture conversion
rates, with longer-term data not yet available, and may form the basis for a new drug application
in the United States (91).

Linezolid and Sutezolid

In the search for better MDR-TB treatments, interest has also turned to repurposing existing
antibiotics toward Mtb. Chief among these is linezolid, an oxazolidinone that has primarily been
used against gram-positive cocci. Linezolid first demonstrated efficacy against Mtb in a small trial
in which linezolid was added to a failing regimen in patients with XDR-TB, either at study entry
or two months later (92). Overall, 87% of patients receiving linezolid achieved sputum culture
conversion within six months of treatment. Unfortunately, the majority had treatment-limiting
adverse events requiring dose reduction (92, 93). The dose of linezolid that optimizes activity while
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minimizing toxicity is still being worked out. In addition to evaluating linezolid, other oxazolidi-
nones are being considered for TB. Sutezolid, like linezolid, inhibits protein synthesis, but it has
a higher inhibitory concentration than linezolid, suggesting a more favorable therapeutic margin
(94). Its development for TB stopped after early phase II work but may be revived soon (95, 96).

CURRENT LANDSCAPE

In addition to the trials described above, multiple currently enrolling trials are evaluating the safety
and efficacy of combinations of these new drugs (97, 98) (Table 1). One primary focus is on shorter,

Table 1 Ongoing clinical trials in tuberculosis

Study (Reference) Problem or goal Phase Treatment strategy

V-QUIN MDR (34) LTBI after MDR-TB
exposure

Phase III Levofloxacin versus placebo for LTBI

TB CHAMP (35) LTBI after MDR-TB
exposure

Phase III Levofloxacin versus placebo for LTBI in children

PHOENIx (36) LTBI after MDR-TB
exposure

Phase III Delamanid versus isoniazid for LTBI in adults and children

TBTC Study 31 (44) Treatment shortening for
DS-TB

Phase III Rifapentine and moxifloxacin for DS-TB

SHINE (45) Treatment shortening for
limited pediatric DS-TB

Phase III 4 versus 6 months of standard treatment

ACTG A5312 (53) Dose optimization Phase II Isoniazid dose ranging for TB with inhA mutations

Opti-Q (52) Dose optimization Phase II Levofloxacin dose ranging

LINEZOLIDE (102) Dose optimization Phase II Linezolid dose ranging

NCT01856634 (103) Safety, tolerability, and
pharmacokinetics

Phase I Pediatric delamanid dose finding

NCT01859923 (104) Safety, tolerability, and
pharmacokinetics

Phase II Pediatric delamanid dose finding

NCT02354014 (105) Safety, tolerability, and
pharmacokinetics

Phase II Pediatric bedaquiline dose finding

ACTG A5343 (106) Safety, tolerability, and
pharmacokinetics

Phase II MBT + bedaquiline, delamanid, or both for MDR-TB

TB-PRACTECAL
(98)

Treatment shortening for
MDR-TB

Phase II–III Bedaquiline, pretomanid, linezolid, clofazimine, and
moxifloxacin-based regimens versus MBT for MDR-TB

endTB (99) Injection-sparing
MDR-TB treatment

Phase III Multiarm injection-free trial including bedaquiline,
delamanid, clofazimine, levofloxacin, moxifloxacin, linezolid,
and pyrazinamide for MDR-TB

MDR-END (101) Injection-sparing
MDR-TB treatment

Phase II Injection-free regimen including delamanid, linezolid,
levofloxacin, and pyrazinamide versus MBT for MDR-TB

NEXT (100) Injection-sparing
MDR-TB treatment

Phase II–III Injection-free regimen including bedaquiline, levofloxacin,
linezolid, pyrazinamide and ethionamide/high-dose isoniazid
(INH) versus MBT for MDR-TB

NixTB (91) Injection-sparing
XDR-TB treatment

Phase III Bedaquiline, pretomanid, and linezolid for XDR-TB

(Continued )
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Table 1 (Continued )

Study (Reference) Problem or goal Phase Treatment strategy

STREAM (75) Treatment shortening for
MDR-TB

Phase III Bangladesh regimen versus standard treatment for MDR-TB

STREAM Stage 2
(107)

Injection-sparing
MDR-TB treatment

Phase III 9 months versus 6 months of injection-free MDR-TB
treatment

ZeNix (108) Injection-sparing
XDR-TB treatment

Phase III Dose-ranging injection-free regimen of bedaquiline,
pretomanid, and linezolid for MDR- and XDR-TB

SimpliciTB (90) Universal regimen Phase III Treatment-shortening trial of bedaquiline, pretomanid,
moxifloxacin, and pyrazinamide for MDR-TB and DS-TB

InDEX (109) Personalized treatment
for MDR-TB

Phase IV Personalized whole genome sequencing-based treatment for
MDR-TB

Abbreviations: ACTG, AIDS Clinical Trials Group; DS-TB, drug-susceptible tuberculosis; LTBI, latent tuberculosis infection; MDR-TB, multidrug-
resistant tuberculosis; MBT, multidrug background treatment; XDR-TB, extensively drug-resistant tuberculosis.

injection-free treatment regimens for MDR-TB (99–101), with the goal that such regimens could
reduce the toxicities common to many new or second-line drugs, such as QT prolongation. In
addition to the drugs described above, all of which are in middle to late development, there is
a modestly robust pipeline of drugs entering the clinical arena for testing in phase I and early
phase II studies, including newer versions of the recently developed new and repurposed drugs
that are optimized to increase efficacy or reduce toxicity (e.g., oxazolidinones, nitroimidazoles,
ATP synthase inhibitors), as well as compounds with novel mechanisms of action [inhibition of
the cell wall synthesis enzyme decaprenyl-phosphoryl-β-D-ribofuranose oxidoreductase (DprE1),
inhibition of protein synthesis via leucyl-tRNA synthetase (LeuRS), and alternative inhibitors of
energy metabolism]. It is a very exciting time in TB drug development.

CONCLUSIONS

In recent years, two new TB drugs have entered the market, and multiple compounds are in the
development pipeline. Short, highly effective, safe regimens for LTBI have been identified in
phase III trials and are ripe for broad-scale implementation to bring the burden of disease down.
Shorter-duration treatments effective for even the hardest-to-treat patients with DS-TB, though
more elusive, are in our sights. There is now a recommended regimen for isoniazid-monoresistant
TB (though trial data to support it are lacking), and WHO has recently sanctioned a significantly
shorter (9–12 months, as opposed to 18–24 months) regimen for MDR-TB. Yet the short-course
seven-drug MDR-TB regimen remains complex and poorly tolerated, and it includes months
of intramuscular injections. Safer, shorter, all-oral regimens for MDR-TB are being tested in
multiple well-controlled clinical trials, so there is hope for better treatments in this area as well.
Even XDR-TB, previously thought untreatable, has been effectively treated with a six-month,
three-drug regimen, albeit with notable (largely reversible) toxicities.
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