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Abstract
Introduction—In terms of human suffering, tuberculosis has a huge impact on global society,
making it arguably the most important infectious disease in history. Despite the devastating impact
on society, the tools to fight tuberculosis are very limited. Current standard therapy has been used
for over 40 years and threats, such as the HIV epidemic and drug-resistant strains, undermine
efforts to control the disease. New drugs are needed to address the challenges faced globally.

Areas covered—Current therapy is briefly reviewed in this paper and then new doses and
combinations of existing drugs are presented. New candidate drugs are also discussed, along with
the potential benefits and pitfalls of each of the compounds and approaches to therapy.

Expert opinion—Despite the need to develop new drugs, the ability of programs to deliver
existing therapies must not be neglected. Directly observed therapy and a standard basic level of
care for all patients with tuberculosis, regardless of where they reside, is imperative, and will
ensure that new drugs and regimens will have the greatest possible impact. New combination
regimens, including PA 824 and TMC207, in combination with existing drugs, are very exciting –
not only because of their ability to shorten treatment regimens in pan-susceptible cases, but also
because they can be used among drug-resistant strains. Although an effective vaccine will
probably be necessary to eliminate tuberculosis, new drugs and combination regimens have the
potential to save millions of lives before tuberculosis is finally eliminated.
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1. Introduction
The Plague is a dark and philosophical novel of a small town battling with an untreatable
epidemic. It is told from the perspective of a physician who is trying desperately to save the
members of the community who are afflicted with the disease [1]. Albert Camus gained
worldwide renown for this work and this should not be surprising. He was not only a very
talented author, but he also knew what it was like to suffer at the hands of an untreatable
disease. When Albert Camus was about to enter college, he was suffering with many of the
symptoms of tuberculosis. The inevitable diagnosis soon came and at the age of 17 he was
prescribed the best therapy that medical science could offer at the time: rest, red meat, and
therapeutic pneumothorax.
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In the nearly 100 years since young Albert was sent for treatment of his tuberculosis, tens of
millions have died of this disease. This despite the fact that midway through the twentieth
century, themodern era of chemotherapy for tuberculosis had begun. It is truly remarkable
that the majority of these deaths throughout the twentieth century have occurred after the
advent of effective chemotherapy for tuberculosis. Why is that? Why is it that in the decades
after the advent of effective chemotherapy, millions had limited access to therapy? Why is it
that despite the fact that more people than ever now have access to quality TB care, patients
with drug-resistant strains are still offered therapy that is no better, and may be worse, than
what was offered to Mr Camus nearly a century earlier?

Tuberculosis is a global plague and is arguably the most important infectious disease in
history. Over one-third of the world’s population either has evidence of previous
tuberculosis exposure or is harboring latent TB infection waiting for the right biological
circumstances to arise before developing active disease. With high incidence rates in the
most populous regions of the world, there are close to 10 million new cases of active
tuberculosis worldwide every year, and this results in just below 2 million deaths annually
(Figure 1). Although dramatic advances in the fight against tuberculosis have been made
over the last 10 years, these advances have come too late for those who have the least access
to high-quality care. Only a part of this high-quality care is related to specific medications.
There are a whole host of social, economic, and political factors that determine whether or
not somebody will be adequately treated for tuberculosis. How else can you explain millions
of deaths occurring annually six decades after the advent of effective prevention, treatment,
and cure?

Nothing has changed the face of the global tuberculosis epidemic like the emergence and
explosive distribution of HIV throughout the world, particularly in areas of high tuberculosis
incidence. The HIV epidemic has impacted all aspects of tuberculosis. It has not only
changed the epidemiology of tuberculosis; it has also changed the clinical presentation,
making it more difficult to diagnose TB in HIV-infected individuals. Patients with
tuberculosis have a substantially higher mortality from tuberculosis, especially those with
drug-resistant strains. Moreover, treatment of tuberculosis with standard rifampin-based
four-drug therapy is complicated in patients with HIV co-infection due to the numerous drug
interactions with antiretroviral therapy (ART) such as protease inhibitors [2]. Rifampin is a
potent inducer of hepatic CYP3A4, thus rendering protease inhibitors, which are
metabolized by these hepatic enzymes, ineffective when co-administered with rifampin
[3,4]. Furthermore, health systems in low-resource settings with a high HIV/TB co-infection
rate are ill equipped to individualize therapy for both infections, resulting in ineffective
therapy, increased toxicity, and poor adherence to therapy [5]. Thus there is a need to
develop new drugs for tuberculosis that can be co-administered with protease inhibitors and
other ART with increased effectiveness and less toxicity.

In developed countries with adequate infrastructure, drug supplies, and directly observed
therapy, cure rates for patients completing all of their therapy can exceed 95% [6,7]. This
requires the maintenance of a well-functioning public health program over many decades.
However, despite these achievements, stating that ‘a cure for TB’ has been available for
over 6 decades is something of an overstatement. Current treatment is cumbersome: it
requires multiple medications, it is associated with monitoring, and it is relatively expensive,
especially for developing countries. Because of the prolonged duration of therapy, protocols
are necessary to maintain adherence. Now, with the advent of drug resistance, plus more
frequently encountered complex drug interactions, current therapy is too challenging in
many parts of the world. Social factors, and not strictly the biology of the organism, make it
difficult to envision current therapy being able to stem the tide of active TB disease over the
next 50 years. There is a need for shorter regimens for susceptible tuberculosis disease that
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are at least not inferior to current therapy and more effective regimens for drug resistant
disease that are safe and relatively inexpensive, to allow patients in developing countries to
approach the cure rates enjoyed in developed countries. Although no disease in history has
ever been eliminated by the use of medications alone, new therapies for TB will have an
enormous impact on morbidity and mortality from this disease, one of the greatest killers of
the twentieth century.

2. Current TB therapy in 2012
When compared with the treatment of other medical conditions, including other infections,
there has been relatively little change in TB therapy over the last 40 years in developed
countries other than the widespread use of directly observed therapy. In developing
countries, there have been significant changes: the widespread availability of rifampin-based
regimens, as well as the wider use of directly observed therapy. The dissemination of TB
therapy has been a double-edged sword: in those areas where drug availability exceeded the
programs’ ability to monitor therapy and to ensure adherence, drug resistance soon
followed. Now, with an estimated 500,000 new cases of multidrug-resistant TB (MDR-TB)
worldwide every year, resistance threatens to undermine TB control efforts in many corners
of the globe [8]. Indeed, the explosion of drug resistance, particularly in the last 5 years, has
provided a strong stimulus for the development of alternatives to current therapy.

After the addition of ethambutol to the regimen to reduce the risk of drug resistance, no
changes have been made to the standard TB regimen for pan-susceptible organisms. The
standard recommendation remains initial therapy with four drugs (Table 1) including
isoniazid, rifampin, pyrazinamide, and ethambutol for the first 2 months, followed by 4
months of isoniazid and rifampin. This regimen has been shown to be effective when given
by directly observed therapy, curing up to 98% of individuals who complete therapy [7].
The most substantial change to standard TB therapy in the United States came in 1998,
when rifapentine was approved for TB by the US Food and Drug Administration. It was
approved to be given once weekly by directly observed therapy during the continuation
phase of treatment. However, when compared with the standard regimen of isoniazid and
rifampin given twice weekly, the once-weekly isoniazid and rifapentine regimen was
slightly less effective, especially in patients with a high burden of organisms as is seen in
cavitary pulmonary disease [9]. Furthermore, a high rate of rifamycin monoresistance was
identified in HIV-positive patients treated with once-weekly rifapentine in the continuation
phase of therapy [10]. For these reasons, rifapentine has not had a big impact on therapy for
active TB disease in the US to date.

Treatment of MDR-TB is a far more complicated matter. Treatment usually entails using at
least five drugs to which the organism is confirmed or likely to be susceptible. Table 2
summarizes regimens used in patients with various combinations of drug resistance. In the
US and other developed countries, susceptibility is confirmed either by growth-based
conventional susceptibility testing or, increasingly more common, by molecular studies
looking for specific gene mutations known to cause resistance. In developing countries, very
few patients with suspected MDR-TB will have individualized therapy based on confirmed
susceptibilities; rather, they will be treated with an empiric regimen based on the patient’s
history of previous TB treatment or prevalent resistant patterns in a given jurisdiction.
Further complicating the problem of drug resistance is the fact that only half of 1% of cases
of MDR-TB worldwide between 2000 and 2009 had access to high-quality medications for
MDR therapy [11]. When one considers the fact that so few patients with MDR-TB have
access to adequate care, the duration of therapy required to have a chance of curing MDR,
and the failure of the DOTS strategy alone to control TB where MDR is common, it is not
surprising that the current tools at our disposal will grow increasingly inadequate with time.
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3. Barriers to a solution
There are a number of barriers to developing new TB drugs. The most important of these
surround the cost of these medications and their administration in a well-functioning
program. Perhaps the most important of all of these challenges has been the high cost of
developing new drugs, which is estimated to be between $115 and $240 million for each
new drug [12]. Since tuberculosis is largely a disease of the developing world, or in poorer
populations in developed nations, there has traditionally been little economic incentive to
invest in new drugs for tuberculosis. Most TB programs in the developing world struggle to
provide therapy where a single patient can be cured for about $20. This leaves little room for
recovery of costs after the substantial investment necessary for research and development of
new medications. Because of the economic disincentive to the pharmaceutical industry,
governments, nongovernmental agencies, and private industry have established innovative
collaborations to increase the investment in TB drug research and development. Included
among these collaborations are the Centers for Disease Control and Prevention TB trials
consortium (TBTC), the Global Alliance for TB Drug Development, and the Critical Path to
TB Drug Regimens. These collaborations have led to an unprecedented optimism that new
and very powerful drugs and drug combinations will hit the market soon.

Another challenge is time. It often takes at least 8 years from the time that a potential drug
candidate is identified to the time it reaches market. With tuberculosis, this time may be
longer, because the current standard to assess the efficacy of anti-TB regimens in Phase III
clinical trials is the relapse rate after 2 years of effective therapy. Also tuberculosis, like
cancer, is treated with multiple drugs in various combinations and will require evaluating
efficacy for entire regimens. Also, contributing to the cost is a relative scarcity of clinical
trial sites in high-incidence countries that have the capacity to undertake Phase II and III
clinical trials. Developing these sites, and the inefficiency from inexperienced sites,
contributes significantly to the cost of developing new drug regimens, and affects the ability
to perform randomized clinical trials.

4. Potential solutions
4.1 Vaccine development

The global eradication of smallpox is the best example of what can be achieved when
vigorous efforts are directed to developing and disseminating an effective, safe, and
inexpensive vaccine. The translation of discoveries in the laboratory into an operational
public health context leading to the elimination of smallpox is frequently held up as the gold
standard by which all other global disease eradication programs are measured. In fact, many
investigators and policymakers feel that the path to achieve the World Health Organization’s
(WHO) goal of reducing TB rates globally to < 1 case per million population by 2050 will
be reached not by new drugs, but by an effective vaccine. There is good reason to hold such
a view. A brief look at childhood diseases, particularly in developed countries, gives ample
evidence for such optimism. But closer inspection tempers the enthusiasm behind any view
that a vaccine alone will be sufficient.

Over the last 10 – 20 years, there has been a considerable increase in funding for TB basic
science research, with much of this focused on developing a better understanding of the
immunogenicity of TB. This investment is bearing fruit. At the end of 2010, there were 11
candidate vaccines in clinical trials all over the world. But because of the complex
immunology of TB, it is uncertain whether any of these candidate vaccines will reach
clinical use. Over 2 billion people have evidence of latent TB infection, but only 10% of
these individuals will develop active TB disease. The quandary of latency is a formidable
barrier to developing an effective vaccine. Since 90% of those infected with latent TB do not

Lauzardo and Peloquin Page 4

Expert Opin Pharmacother. Author manuscript; available in PMC 2013 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



develop disease and presumably have lifelong immunity to reactivation of latent disease, the
goal for a new vaccine would be to induce this lifelong immunity in the 10% of those with
evidence of latent infection who currently develop active TB at some point during their lives
[13]. Even if establishing immunity is possible, maintaining that immunity will be very
difficult because of the many insults that can impair a sustained immune response to prevent
reactivation. Infections with other mycobacteria, co-infection with HIV, and helminth
infestation can modify the immune system’s ability to maintain cell-mediated immunity over
many years [14].

4.2 Modified dosing of rifampin
Rifampin is considered the most important drug in standard TB therapy. Its mechanism of
action occurs by binding to the beta subunit of RNA polymerase. This in turn inhibits RNA
transcription, shutting down protein synthesis in Mycobacterium tuberculosis. [15].
Rifampin is felt to be the most important drug in standard TB therapy because it has the
most potent sterilizing activity [16]. Sterilizing activity has been defined as the process of
killing organisms between the second day and the completion of the second month of
therapy; it is measured by the bacteriological response over the first 2 months of treatment
[17]. However, this definition is more of a surrogate marker for sterilizing activity.
Essentially, sterilizing activity is the ability of drugs to prevent post-treatment relapses. It is
this sterilizing activity that is most important to shorten therapy [18]. Unlike isoniazid,
where there appears to be a plateau in activity with increasing dosages, rifampin has no
detectable plateau. This has led various investigators to question: what is the ideal dose of
rifampin?

Early studies in mice showed that there was an increased sterilizing activity with increasing
dose in rifampin, and a human early bactericidal activity (EBA) study showed that the 2-day
EBA of rifampin is doubled if the dose is doubled [19,20]. Numerous subsequent studies in
humans showed that there was increased culture conversion at 2 months with an increased
dose of rifampin [21,22]. More recently, Goutelle et al. used Monte Carlo simulation to
model concentration of rifampin in plasma and airway epithelium lining fluid, and used the
model to assess the sterilizing activity of rifampin. They concluded that 1200 mg of rifampin
was associated with better results than conventional dosing with 600 mg of rifampin [23]. A
systematic review of randomized controlled trials that evaluate a range of rifampin doses
was recently published [24]. The study reviewed 14 trials with a total of 4256 participants.
Several trials were identified as increasing the likelihood of culture conversion among
patients receiving ≥ 900 mg of rifampin. Side effects were uncommon; however, an
increased incidence of flu-like syndrome was seen when doses > 900 mg were given
intermittently. The authors concluded that there was sufficient evidence to justify Phase II
and III clinical trials evaluating high-dose rifampin. Several clinical trials are now enrolling
patients to determine whether high-dose rifampin can shorten treatment durations. A series
of three clinical trials to be carried out in Africa have been designed and are currently
enrolling patients. These trials will include pharmacokinetic and the EBA assessments,
leading to larger, multicenter Phase IIb studies using the MTD [25].

4.3 Other rifamycins
Although rifapentine has not gained traction as a component of standard TB therapy in
combination with isoniazid and other first-line TB drugs, the potential of rifapentine to
shorten therapy and contribute to TB control remains great. Rifapentine has a longer half-
life than rifampin, and its Cmax of 10 – 30 µg/ml is slightly higher than rifampin’s [26]. Also
like rifampin, increased doses > 600 mg may have the potential to shorten TB treatment.
Murine studies have shown that when combined with moxifloxacin, increased sterilizing
activity is noted. The RIFAQUIN study, a Phase III study that began enrolling patients in

Lauzardo and Peloquin Page 5

Expert Opin Pharmacother. Author manuscript; available in PMC 2013 November 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2008, is designed to evaluate whether a rifapentine- and moxifloxacin-containing regimen
can reduce the duration of therapy. Where rifapentine will most rapidly have an impact in
TB control efforts is with latent TB infection. The PREVENT TB study, completed in 2011,
enrolled > 8000 patients in a noninferiority protocol and compared rifapentine 900 mg
versus isoniazid 900 mg once weekly in directly observed therapy for 12 weeks versus 9
months of isoniazid 300 mg daily self-administered therapy. This study showed that the
rifapentine-containing regimen was not inferior to 9 months of isoniazid [27].

Rifabutin is currently used mainly as a substitute for rifampin in standard TB regimens for
pan-susceptible disease in patients who have significant drug interactions, such as those
individuals who are on protease inhibitors. Although it has a longer half-life than either
rifampin or rifapentine, it has dose-related toxicities such as uveitis, polyarthralgia, and
hepatitis [28]. Therefore it is unlikely that any expanded role for rifabutin will be sought
beyond its roles as a selective substitute for rifampin.

5. New drugs
5.1 TMC207 (bedaquiline)

TMC207 is a new diarylquinoline formerly referred to as R207910 or the J compound. It is
an exciting new drug developed for TB that was discovered by high-throughput screening of
a library of 10,000 compounds [29]. Its mechanism of action is novel. Its biological target is
the F0 subunit of the ATP synthase encoded by atpE, and because of this novel mechanism
of action there is no cross-resistance with existing TB drugs [30,31]. It is metabolized by
CYP450 to an active M2 metabolite, but does so differently in mice compared with humans.
The expected 50% reduction of serum concentrations by rifampin, along with changes in the
concentrations of the long-lasting M2 metabolite, make the combined use of TMC207 and
rifampin problematic [32,33].

Important insights have been gleaned from studies in the mouse model. Ibrahim showed that
a 2-month regimen combining TMC207 with pyrazinamide (PZA) led to culture conversion
[34]. Also, it appears that TMC207 is more bactericidal than conventional therapy. When
TMC207 was given at 25 mg/kg, it was found to have a greater bactericidal effect than a
regimen of isoniazid, rifampin, and PZA [30]. This increased bactericidal activity has led to
hopes that a combination of TMC207 with PZA and rifampin, isoniazid, or moxifloxacin
will lead to curative regimens that can be substantially less than 6 months [35]. To take this
one step further, in another study conducted in the mouse model, TMC207 combined with
PZA and rifapentine sterilized markedly better than a regimen of isoniazid, rifampin, and
PZA, with relapse rates of 0 versus 100% after 2 months of therapy [36]. Human trials have
also been promising, but with some mixed results. An EBA study showed that TMC207
given daily at 400 mg has significantly less EBA than isoniazid or rifampin [32]. However,
it must be kept in mind that TMC207 has time-dependent bactericidal effects, and that if the
study is carried out longer or used in combination with PZA more rapid killing of organisms
would be observed. It is also important to consider that EBA studies may not be predictive
of sterilizing ability. Results of EBA studies for TMC207 and other agents discussed in this
paper need to be interpreted with this limitation in mind. PZA, for example, differs from
isoniazid in that it has a slow and steady EBA response; yet it is a very important sterilizing
drug.

A Phase II trial to investigate the use of TMC207 in patients with MDR-TB began in 2007.
The first stage of the study showed more rapid culture conversion and good tolerance when
TMC207 was added to a standard MDR-TB regimen versus placebo added to the same
regimen [37].
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In summary, TMC207 is an exciting new drug with a novel mechanism of action that not
only holds promise for MDR patients, but also has potential to shorten the regimen for those
with susceptible disease. There are a few concerns that will need to be further elucidated.
First, because of the better results seen with TMC207 when used in combination with PZA,
it is unclear how effective TMC207 will be in patients with PZA resistance, a potentially
common additional form of resistance in areas of high MDR-TB incidence. Secondly, in the
Phase II study mentioned above, QTc prolongation and gastrointestinal upset were seen
among patients. What the clinical significance will be is uncertain at this time. Nonetheless,
it is expected that TMC207 will continued to move along in clinical trials.

5.2 Nitroimidazole derivatives
5.2.1 PA 824—PA 824 is a nitroimidazole derivative that was developed from a series of
nitroimidazofurans originally investigated as radio-sensitizers for cancer chemotherapy [38].
The lead compound was found to be mutagenic, but it was found to have significant
bactericidal activity against replicating tuberculosis organisms in vitro [39]. PA 824 is a pro-
drug with a novel mechanism of action [40]. The active metabolite(s) probably attack M.
tuberculosis, but not other mycobacteria, by inhibiting ketomycolic acid synthesis and
protein synthesis, as well as possibly generating intracellular NO [35,41,42].

In vitro studies have shown that the MICs of PA 824 against susceptible and resistant strains
of TB are very low, in the range of 0.015 – 0.53 µg/ml, and that activity was concentration
dependent [40,43]. In the mouse model, PA 824 has bactericidal activity similar to that of
isoniazid and sterilizing activity comparable to rifampin [44]. Although the addition of PA
824 to regimens that contain rifampin showed no significant improvement in sterilizing
effect [45], the combination of PA 824 to moxifloxacin, and PZA cured mice more rapidly
[43] than the standard therapy regimen using isoniazid, rifampin, and PZA [46]. These data
suggest that there is a role for PA 824 to shorten regimens for TB, but in only those
regimens that do not contain isoniazid – or, more importantly, rifampin.

In a Phase I extended EBA study conducted in South Africa, sputum smear-positive patients
were investigated using escalating doses of PA 824 over 14 days. Although less bactericidal
activity was noted in the first 2 days compared with standard four-drug therapy with
isoniazid, rifampin, PZA, and ethambutol, significant and continued bactericidal activity
was noted throughout the 14 days of the trial [47]. No serious adverse effects have been
identified from the human studies conducted to date [48]. PA 824 is now in Phase II trials.

PA 824, with its narrow spectrum and novel mechanism of action, is a promising new drug
candidate for TB therapy among susceptible and resistant strains. However, some challenges
lie ahead. PA 824 is highly protein bound (94%), which could affect drug delivery into
certain types of tissues [49]. Also, despite the fact that no adverse effects have been noted in
small Phase I studies, recent animal studies suggest the possibility that ocular and male
reproductive toxicity may be a potential toxicity in humans [50].

5.2.2 OPC-67683 (delamanid)—OPC-67683 is a compound that is closely related to PA
824 and is also chemically related to metronidazole. It lacks the mutagenicity of the
compounds originally discovered in this class and has a very high potency both in vitro and
in vivo against drug-susceptible and -resistant strains of M. tuberculosis [40,51]. In fact,
although the mechanism of action of OPC-67683 is similar to that of PA 824, inhibition of
cell wall biosynthesis, it is ~ 20 times more potent than PA 824 and has a remarkably low
MIC of 0.006 – 0.024 µg/ml in vitro [51,52]. OPC-67683 requires intracellular activation by
M. tuberculosis and there is cross-resistance with PA 824 [53]. Mutations that occur within
the gene that encodes for ddn, the enzyme responsible for activation, causes resistance to
both OPC-67683 and PA 824 [54]. It is unclear whether mutations in other genes that confer
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resistance to PA 824 will also confer resistance to OPC-67683. Despite the likely cross-
resistance with PA 824, OPC-67683 does not show cross-resistance with other TB
medications. Other important characteristics include a relatively long half-life of ~ 8 h, no
significant activation of liver enzymes, and a very good post-antibiotic effect [51,52].

In a mouse model, 2 months of OPC-67683 in combination with rifampin and pyrazinamide
followed by 2 months of OPC-67683 and rifampin resulted in culture negativity faster than a
standard first-line regimen of isoniazid, rifampin, pyrazinamide, and ethambutol [51]. Phase
I studies have shown good tolerance among healthy volunteers in doses up to 400 mg with
no adverse effects being observed [38]. The initial EBA studies have shown low bactericidal
activity during the first 4 days. However, a recently completed study among patients with
smear-positive disease in South Africa revealed better results when the study extended over
14 days. Forty-eight patients with smear-positive tuberculosis (63% male; 54.7 ± 9.9 kg;
30.7 ± 10.8 years) were randomly assigned to receive OPC-67683 at doses of 100, 200, 300
or 400 mg daily for 14 days. Colony-forming units (cfu) of M. tuberculosis were counted on
agar plates from overnight sputum collections to calculate EBA, defined as fall in log10 cfu/
ml sputum per day. The EBA of OPC-67683 was monophasic and not significantly different
between dosages; however, more patients receiving 200 mg (70%) and 300 mg (80%)
experienced a response of ≥ 0.9 log10 cfu/ml sputum decline over 14 days than those
receiving 100 mg (45%) and 400 mg (27%). The authors concluded that OPC-67683 at all
dosages was safe, well tolerated and demonstrated significant exposure-dependent EBA over
14 days. Phase II studies continue to enroll patients, including MDR-TB, to further assess
efficacy and safety in human subjects [47].

In summary, the novel mechanism of action, high potency, and lack of induction of
metabolism by CYP enzymes has raised the hopes and expectations of this agent to be of use
not only in MDR-TB but also in patients receiving ART for HIV co-infection. The initial
EBA studies have given way to somewhat more promising data, encouraging hopes for this
drug’s usefulness in the long term.

5.3 SQ109
SQ109 is an ethylenediamine that was originally identified by screening a library of >
60,000 compounds related to ethambutol [55]. Although derived from ethambutol, it is
different enough molecularly to be considered as more than a second-generation ethambutol.
It exerts its mechanism of action on the cell wall, but its exact target is unknown [55–57].
Since the incidence of resistance to SQ109 in vitro is low, it is thought that multiple
mutations are necessary, suggesting the possibility of more than one target of SQ109 [53]. It
has an MIC of 0.11 – 0.64 µg/ml against resistant and susceptible strains of M. tuberculosis,
including ethambutol-resistant strains [57,58]. It appears to be bactericidal within
macrophages [59,60] and has an exceptionally long half-life of just over 60 h.

In animal studies, there is evidence of extensive tissue distribution and concentration
[55,57], probably due to the enhanced binding to tissue rather than plasma proteins [58]. In
daily doses given alone, SQ109 is similar in activity to ethambutol; but when used in
combination with isoniazid, rifampin, and pyrazinamide rather than ethambutol, SQ109
leads to increased bactericidal activity. Phase I studies have shown that the drug has been
well tolerated by healthy volunteers in single doses up to 300 mg [35].

Perhaps the most intriguing addition to TB therapy may be its remarkable synergistic effect
on other TB drugs. In vitro, there is synergy between SQ109 and rifampin and isoniazid, d
even below the MIC concentrations of SQ109; but no additive effect was noted when
combined with ethambutol and pyrazinamide [38]. In another study conducted in the mouse
model, after 2 months of therapy of SQ109 substituted for ethambutol in a regimen of
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rifampin and isoniazid with or without pyrazinamide, the M. tuberculosis load was 1.5 log10
lower than observed with a standard regimen of isoniazid, rifampin, pyrazinamide, and
ethambutol [61]. This synergistic effect is not limited to the first-line drugs. Reddy et al., in
a study funded by the maker of SQ109, found that when SQ109 and TMC207 were
combined in vitro with each other and with rifampin, the combination of SQ109 with
TMC207 improved the TMC207 MIC four- to eightfold, improved the bactericidal activity
of either drug alone, and enhanced the drug post-antibiotic effect by 4 h [62]. There is
significant optimism for SQ109, given its synergistic properties and mechanism of action. If
evidence surfaces that SQ109 is an efflux inhibitor, this will be significant, since there is
growing evidence that efflux pump inhibitors have the potential to improve the efficiency of
tuberculosis therapy [63]. Its entry into Phase II studies should further define its future role
in TB therapy. It has recently been licensed by its manufacturer for clinical use in Russia
[64].

5.4 Oxazolidinones
The oxazolidinones block protein synthesis in M. tuberculosis by interrupting the formation
of the ribosomal initiation complex [35]. The only drug in this class in clinical use today is
linezolid, a drug that is used off label to treat MDR-TB and extensively drug-resistant
(XDR)-TB. It has substantial in vitro activity against M. tuberculosis, with MIC90 values of
0.5 – 1.0 µg/ml [65]. Linezolid probably contributes to sputum culture conversion in many
cases of drug-resistant TB, and there is ample anecdotal and case-report evidence that this is
the case [66–68]. However, the relative contribution of linezolid to sputum conversion in
patients being treated for resistant TB is unknown. Furthermore, linezolid is associated with
substantial adverse effects that are more common in long-term use, as would be necessary to
treat TB. Myelosuppression, peripheral neuropathy, and optic neuropathy have all been
reported in case series of patients treated with linezolid [52,66,69,70]. Although adjusting
the dose frequency may reduce the incidence of myelosuppression, that may not be the case
for the incidence of neuropathy [71].

Despite the limitations of linezolid, the oxazolidinones are still a promising new addition to
the TB treatment armamentarium. Two new compounds that emerged as TB drug candidates
are PNU-100480 and AZD-5847, both of which are in Phase I studies (ClinicalTrials.gov
identifier NCT00990990 and NCT 01037725). PNU-100480 was first described over 15
years ago. When compared with linezolid in the mouse model, it had significantly greater
bactericidal activity [72]. More recently, investigators compared the combination of
PNU-100480, moxifloxacin, and pyrazinamide, which does not contain either rifampin or
isoniazid, and found that it was more active than rifampin, isoniazid, and pyrazinamide [73].
Wallis et al. studied 19 healthy volunteers receiving two escalating single oral doses of
PNU-100480 and eight subjects received four daily doses of 300 mg of linezolid. They
found that single doses of PNU-100480 up to 1000 mg were well tolerated and demonstrated
superior antituberculous activity compared with linezolid at 300 mg at steady state [74].
PNU-100480 also has favorable in vitro activity against M. tuberculosis when compared
with linezolid. In a study comparing the susceptibility of clinical tuberculosis isolates to
PNU-100480 and linezolid using the MGIT™ 960 culturing system (BD Diagnostic
Systems, Sparks, MD), the mean MIC for PNU-100480 was 3.2 times lower than that for
linezolid [75].

AZD-5847 is the other oxazolidinone that has entered Phase I. An ascending-dose study of
the pharmacokinetics, safety, and tolerance has been completed. This drug is being
developed by private industry and no other information is available at this time. The
oxazolidinones have excellent bioavailability and good activity against M. tuberculosis
isolates, but the issues related to tolerance during the longer duration of therapy necessary
for TB will need to be addressed definitively. Although frequently thought of as a drug to
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use in cases of drug-resistant TB, these new drug candidates may have a role in shortening
TB regimens.

5.5 Pyrrole derivative LL-3858
Several pyrrole derivatives were developed in the search for compounds with activity
against mycobacteria. LL-3858 is a pyrrole derivative being developed by Lupin Ltd. Its
mechanism of action is unknown, but an early study reported an MIC range of 0.06 – 0.5 µg/
ml independent of resistance to isoniazid and rifampin [76]. In that same study in the mouse
model, investigators found that addition of LL-3858 to a regimen of isoniazid, rifampin, and
pyrazinamide enhanced the sterilizing activity of the regimen [76]. Other than the report
from Arora et al., no other publications have been produced and no further information is
available publicly about its current status.

6. Alternate use of existing agents
6.1 Fluoroquinolones

The fluoroquinolones are broad-spectrum antibiotics that are widely used for a host of
bacterial infections other than tuberculosis. They exert their activity inhibiting bacterial
DNA gyrase, an enzyme critical to maintaining DNA supercoils during chromosomal
replication [77,78]. Because of their excellent bioavailability, side-effect profile, and activity
against M. tuberculosis the fluoroquinolones have become indispensible components of TB
care, especially in patients with MDR-TB or who are intolerant of one or more oral first-line
TB drugs. Second only to the rifamycins in terms of potency, there has been intense interest
in recent years to evaluate this class of drugs for their potential to shorten current therapy.

Of the five most commonly used fluoroquinolones, the most active against M. tuberculosis
are moxifloxacin and gatifloxacin, followed by levofloxacin, with ofloxacin and
ciprofloxacin being the least active. As a class, these drugs are bactericidal and studies are
underway to determine whether fluoroquinolones can be used to shorten treatment duration
[78,79]. They are distributed widely throughout the body, including the intracellular space,
which probably contributes to their efficacy [80]. Optimal dosing would require larger
doses; but, with the exception of levofloxacin, large increases in conventional dosing may
not be possible [50].

Studies in the mouse model have demonstrated that substituting moxifloxacin for isoniazid
leads to more rapid sterilization and a stable cure [81,82]. These and other studies provided
the basis for EBA studies that have further bolstered the contention that fluoroquinolones
have the potential to substantially decrease treatment duration. In one study, investigators
showed that 400 mg of moxifloxacin was similar to isoniazid 300 mg in early bactericidal
activity, with a log10 decrease in cfu of 0.209 versus 0.273 [83]. Another study showed the
relative parity in EBA across the three most active fluoroquinolones, dosed at gatifloxacin
400 mg, moxifloxacin 400 mg, and levofloxacin 1000 mg [84].

Several Phase II trials designed to determine whether the fluoroquinolones can shorten
treatment duration have been completed. The first of these was the TB Trials Consortium
Study 27, which showed that substitution of moxifloxacin for ethambutol in a standard four-
drug regimen resulted in a higher rate of sputum conversion at 4 and 6 weeks, but not at 8
weeks [85]. A study with a similar design conducted in Brazil found that a higher rate of
sputum conversion persisted through Week 8 of therapy [86]. A study by the OFLOTUB
group evaluated the substitution of ethambutol with moxifloxacin 400 mg, ofloxacin 800
mg, or gatifloxacin 400 mg. The use of ofloxacin was not associated with any improvement
in sputum colony counts, but the use of moxifloxacin and gatifloxacin was associated with
faster reductions in sputum colony counts [85]. The consistently encouraging aspect of these
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studies is that the quinolones have been safe and well tolerated in the wide range of
populations studied. Slightly discouraging, however, is that the results have been somewhat
mixed, or modest at best, in terms of shortening treatment.

Perhaps the most intriguing potential use of the fluoroquinolones is their use in completely
novel treatment combinations. In a recent study using the mouse model, investigators
conducted an experiment evaluating novel combinations composed of TMC207,
pyrazinamide, PA 824, moxifloxacin and rifapentine. TMC207 plus pyrazinamide plus
either rifapentine or moxifloxacin were most effective, curing 100 and 67% of mice,
respectively, in 2 months of treatment. Four months of the standard regimen did not cure any
mice, whereas the combination of TMC207, PA 824 and moxifloxacin cured 50% [87].
Extending the reach of quinolones in the treatment of MDR-TB is also an intriguing area of
inquiry. Investigators working in Bangladesh conducted an observational study over 10
years and evaluated the outcomes of 206 patients with laboratory-confirmed MDR-TB.
Patients were assigned to one of six standardized treatment regimens. The most effective
regimen substantially reduced the time of treatment from 18 – 24 months to a minimum of 9
months, with gatifloxacin as the cornerstone of therapy. A regimen of gatifloxacin,
clofazamine, ethambutol, and pyrazinamide supplemented by prothionamide, kanamycin,
and high-dose isoniazid during a 4-month intensive phase resulted in a relapse-free cure of
87.9% (95% CI, 82.7 – 91.6) [88].

The REMoxTB study is a multicenter international Phase III trial investigating two 4-month
regimens: 2 months of rifampin, isoniazid, pyrazinamide, moxifloxacin followed by 2
months of rifampin, isoniazid, moxifloxacin, or 2 months of ethambutol, moxifloxacin,
rifampin, and pyrazinamide followed by 2 months of rifampin and moxifloxacin
(ClinicalTrials.gov identifier NCT00864383). Also open is a separate Phase II randomized,
open-label trial of a rifapentine plus moxifloxacin-based regimen during the intensive phase
of therapy (ClinicalTrials.gov identifier NCT00728507). The RIFAQUIN trial is being
conducted by The International Consortium for Trials of Chemotherapeutic Agents in
Tuberculosis. This study is a randomized controlled international multicenter clinical trial to
evaluate high-dose rifapentine combined with moxifloxacin to treat pulmonary tuberculosis
[53].

Despite the momentum and excellent safety, tolerance, and bioavailability of the
fluoroquinolones, there are significant concerns regarding the widespread use of these
agents as first-line therapy. The foremost of these concerns is the development of resistance.
Resistance of M. tuberculosis to the fluoroquinolones is attributed to mutations in the gyrA
and gyrB genes that encode for the gyrase enzyme [89,90,91], and exposure to
fluoroquinolones among tuberculosis patients has been associated with the development of
resistance in relatively short periods of time. One study showed that 13% of patients
receiving fluoroquinolones for ≥ 10 days prior to their diagnosis of tuberculosis had TB
strains that were resistant to the fluoroquinolones [92]. Even patients for whom
documentation of previous exposure to fluoroquinolones is difficult have high rates of
fluoroquinolones resistance, particularly among MDR-TB patients. A recent study from
India showed that 15% of isolates from patients with susceptibility to first-line TB drugs
were resistant to the fluoroquinolones, as well as almost 40% of isolates with MDR-TB [93].
These studies document the risk of resistance to the fluoroquinolones with current practice.
However, the development of new agents such as PA 824 and TMC207, as well as the use of
fluoroquinolones with the rifamycins as first-line therapy, will lead to new combination
regimens. Drusano and colleagues sound a cautionary signal in a recent publication
regarding pharmacokinetic mismatching of drugs when used in novel combinations. To
maximize adherence, many programs and some clinical trials administer therapy 5 days per
week rather than 7 days per week. Using an in vitro pharmacokinetic model, these
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investigators showed that when drugs with different half-lives such as moxifloxacin and
rifampin were used in combination with a 5-day/week schedule, breakthrough resistance
was observed – concluding that the mismatched half-life led to functional monotherapy
during the sixth and seventh days of the week and hence the development of resistance [94].

Although as a class the fluoroquinolones are safe and relatively well tolerated, it must be
kept in mind that not all of the fluoroquinolones are similar in their side-effect profile.
Gatifloxacin has been associated with an increased risk of dysglycemia among elderly
patients, which eventually led to its being removed from the US market [95]. Moxifloxacin
has also been recently associated with significant adverse events. In 2008, Bayer submitted a
‘Dear Doctor’ letter in the US to warn physicians about severe hepatic and dermatologic
adverse events which, though rare, required monitoring. Lastly, moxifloxacin increases the
QTc interval to a small and probably insignificant degree, but it is uncertain what this effect
may be when moxifloxacin is used in combination with new drugs such as TMC207.

7. Expert opinion
It has frequently been said that tuberculosis is a social disease with medical implications.
Literally, tens of millions of people have died in the decades since effective chemotherapy
for tuberculosis has been developed. Currently available treatments resulting cure rates of 95
– 98%, but these rates are achieved only in the context of the right social, economic, and
political conditions to ensure that a prolonged complicated regimen is administered
appropriately. In areas of the world were these conditions exist, namely economically
advanced countries, tuberculosis rates have been declining despite the emergence of drug
resistance as well as HIV infection within known populations. So what we do? How do we
level the playing field to slow the inexorable climb of morbidity and mortality in high-
incidence areas, mostly within the developing world?

For many, the answer to that question has been to develop new drugs. If treatment regimens
were 4 or even 2 months in duration, rather than the current ≥ 6 months, there would be
fewer opportunities to fail. Certainly, new drugs with fewer side effects and drug
interactions would be a huge advantage over what is currently available, and would simplify
therapy for many countries grappling with the TB epidemic. However, although no one
would argue that new drugs are desperately needed in the battle against tuberculosis, it must
be remembered that tuberculosis, in many ways, is first a social disease before a medical
disease.

The cornerstone of tuberculosis care worldwide has been the use of directly observed
therapy (DOT), which has played a critical role in reducing the incidence of drug resistance.
Many national programs, primarily in the developed countries, credit the use of DOT with
stemming the tide of their resurgence of tuberculosis in the mid 1980s. In many parts of the
world, what is called ‘directly observed’ therapy is anything but. Because of limited
resources and other social and political barriers, true observation of all doses taken by the
patient is not the standard of care. Patients continue to receive medications delivered once a
week or given by a family member, but not truly as directly observed therapy as has been
studied and is the global standard of care. Although shortened regimens – as may be
possible with new agents being developed – are certainly welcomed, if these medications are
not properly administered and protected, drug resistance will develop just as easily as it has
previously with conventional first-line therapy. Now more than ever – especially in light of
the possibility of new TB drugs, and as TB combinations begin rolling out in high-
incidence, low-resource areas – we need to ensure that DOT is truly directly observed. High-
incidence countries that have low resources are many times capable, far beyond current
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expectations. It is time to end the subtle bigotry of reduced expectations and ensure that
patients worldwide receive the same basic standard of care, including DOT.

That said, there certainly is a great deal of excitement regarding the future of tuberculosis
therapy; and with good reason. For the first time since the advent of modern chemotherapy
for tuberculosis, there are a whole host of new medications available that will revolutionize
therapy. Also, it is clear that, especially in most countries besieged by the HIV epidemic,
current treatments and resources are not sufficient to stem the tide of the TB epidemic.
Further, the emergence of MDR- and XDR-TB in high-incidence areas virtually mandates
new drugs to reduce the burden of disease. In the short term, the approaches that use
modification of the dosing of rifampin as well as more widespread use of rifapentine will in
a very practical way offer the possibility of reducing treatment duration for uncomplicated,
non–HIV-infected patients. Of course, this will only be effective if one knows the strain
being treated is susceptible to rifampin. Fortunately, despite the emergence of drug
resistance throughout the world, the overwhelming majority of new cases of tuberculosis
remain susceptible to rifampin.

New combination regimens – including PA 824 and TMC207 in combination with existing
drugs – are very exciting, not only for their ability to shorten treatment regimens and pan-
susceptible cases, but also because they can be used amongst drug-resistant strains. PA 824
is particularly exciting because of its lack of liver enzyme induction and the potential for its
concurrent use with ART. The results of ongoing clinical trials should shed light on what the
immediate impact of these medications may be within the next 3 – 5 years.

More widespread use of the fluoroquinolones is also encouraging; however, it does have
significant drawbacks. The fluoroquinolones are the cornerstone of therapy for MDR
disease, and this approach has been widely implemented and used in the most difficult cases.
However, more widespread use of the fluoroquinolones in the treatment of pan-susceptible
disease will probably result in further resistance to the quinolones among new cases,
whether or not they have been previously treated. The drug interactions with new agents will
need to be watched very carefully as new regimens developed in combination with
moxifloxacin and other fluoroquinolones begin to be utilized more widely.

It must be remembered that although new medications and new combination regimens will
revolutionize therapy and reduce suffering for millions of people, the elimination of
tuberculosis will be possible only with the development of an effective vaccine. Reduction
of poverty and economic development is correlated with declining tuberculosis rates, and in
fact that is what is being seen in many parts of the world today. However, it will take more
than that. An effective and safe vaccine truly holds the most promise of achieving that most
elusive of goals, the elimination of tuberculosis. As we ponder the potential for such
elimination, we must bear in mind that increased access to highly effective treatment
regimens in the context of strong TB programs incorporating DOT should be the goal – not
just new and exciting drugs. If we fail to ensure that therapy is administered appropriately,
we will ultimately have little more at our disposal than what was offered to young Albert
Camus nearly a century ago.
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Article highlights

• Tuberculosis is a global plague and is arguably the most important infectious
disease in history.

• Over one-third of the world’s population either has evidence of previous TB
exposure or is harboring latent TB infection waiting for the right biological
circumstances to arise before developing active disease.

• When compared to the treatment of other medical conditions including other
infections, there has been relatively little change in TB therapy over the last 40
years in developed countries other than the widespread use of directly observed
therapy.

• There are substantial data from animal studies and some human studies to
suggest that modifying dosing of current standard TB drugs, especially rifampin,
may provide an opportunity to shorten existing regimens without losing
effectiveness.

• New combination regimens including PA 824 and TMC207 in combination with
existing drugs are very exciting not only because of their ability to shorten
treatment regimens in pan-susceptible cases, but because of their ability to be
used among drug-resistant strains as well.

• PA 824 is particularly exciting because of its lack of liver enzyme induction and
the potential for its concurrent use with antiretroviral therapy.

• Widespread use of the fluoroquinolones is encouraging; however, more
widespread use of the fluoroquinolones in the treatment of pan-susceptible
disease will probably result in further resistance to the quinolones among new
cases whether or not they have been previously treated.

• Now more than ever, especially in light of the possibility of new TB drugs and
combinations rolling out in high-incidence, low-resource areas, we need to
ensure that directly observed therapy (DOT) really is directly observed.
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Figure 1. Estimated TB incidence rates, 2010
Reproduced with permission from the World Health Organization, Global Tuberculosis
Control: WHO Report 2011 (http://www.who.int/tb/publications/global_report/en/
index.html (accessed 31 October 2011).
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Table 2

Potential regimens for the management of patients with drug-resistant pulmonary tuberculosis.

Pattern of drug
resistance Suggested regimen

Duration of
treatment (mo) Comments

INH (± SM) RIF, PZA, EMB (an FQN
may strengthen the regimen
for patients with extensive
disease)

6 In BMRC trials, 6-mo regimens have yielded ≥ 95% success rates
despite resistance to INH if four drugs were used in the initial phase

and RIF plus EMB or SM was used throughout.* Additional studies
suggested that results were best if PZA was also used throughout

the 6 mo (Rating BII),‡ fluoroquinolones were not employed in
BMRC studies, but may strengthen the regimen for patients with
more extensive disease (Rating BII). INH should be stopped in
cases of INH resistance (see text for additional discussion)

INH and RIF (±
SM)

FQN, PZA, EMB, IA ±
alternative agent

18–24 In such cases, extended treatment is needed to lessen the risk of
relapse. In cases with extensive disease. The use of an additional
agent (alternative agents) may be prudent to lessen the risk of
failure and additional acquired drug resistance. Resectional surgery
may be appropriate (see text)

INH and RIF (±
SM) and EMB or
PZA

FQN, (EMB or PZA if
active). two alternative agents

24 Use of first-line agents to which there is susceptibility.Add two or
more alternative agents in case of extensive disease. Surgery should
be considered (see text)

RIF INH, EMB, FQN,
supplemented with PZA for
the first 2 months (an IA may
be included for the first 2–3
months for patients with
extensive disease)

12–18 Daily and three times weekly regimens of INH, PZA and SM given

for 9 mo were effective in a BMRC trial§ (Rating BI). However
extended use of an injectable agent may not be feasible. It is not
known if EMB would be as effective as SM in these regimens. An
all oral-regiman for 12–18 mo should be effective (Rating BIII).
But for more extensive disease and/or to shorten duration (e.g., to
12 months), an injectable agent may be added in the initial 2 mo of
therapy (Rating BIII).

BMRC = British Medical Research Council: EMB = ethambutol; FQN = fluoroquinolone : IA = Injectable agent: INH = isoniazid; PZA =
pyrazinamide; RIF = rifampin; SM = streptomycin.

FQN = Fluoroquinolone; most experience involves ofloxacin, levofloxacin, or ciprofloxacin.

IA = Injectable agents = Ethionamide, cycloserine, (streptomycin, amikacin, or kanamycin) or the polypeptide capreomycin.

Alternative agents = Ethionamide, cycloserine, p-aminosalicylic acid, clarithromycin, amoxicillin-clavunate, linezolid.

*
Source; Mitchison DA, Nunn AJ. Influence of initial drug resistance to short-course chemotherapy of pulmonary tuberculosis Am Rev Respir Dis

1986; 133; 423–430.

‡
Source; Hong Kong Chest Service, British Medical Research Council. Five-year follow-up chemotherapy of pulmonary tuberculosis. Am Rev

Respir Dis 1986;133;423–430.

§
Source Hong Kong Chest Service, British Medical Research Council; controlled trial of 6-month regimens of daily and intermittent streptomycin

plus isoniazed plus pyrazinamide for pulmonary tuberculosis in Hong Kong. Am Res Dis 19977; 115; 727–735.
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