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Summary

Prior to the introduction of chemotherapy, tuberculosis
management relied upon aerotherapy, heliotherapy and
good nutrition. This “treatment”, exemplified by the re-
gimen applied in Swiss and other European mountain re-
sorts, is described by Thomas Mann in the book “The Ma-
gic Mountain”. Tuberculosis chemotherapy began in 1944
with the introduction of streptomycin and para-amino-sali-
cylic acid, later augmented by isoniazid. Early experience
taught physicians that treatment must be given with mul-
tiple drugs to prevent emergence of resistance and that pro-
longed treatment adherence for 18–24 months was needed
for a permanent cure of tuberculosis. Between 1970 and
1980 rifampicin was introduced and with pyrazinamide it
made “short-course” treatment possible. For 30 years, a
6-month directly observed treatment short-course (DOTS)
based on the three compounds isoniazid, rifampicin and
pyrazinamide was the foundation of tuberculosis control
strategies world-wide, and in recent years this was supple-
mented with ethambutol in view of increasing rates of iso-
niazid resistance. However, even 6 months of treatment is
too long to easily ensure the compliance necessary to per-
manently cure tuberculosis. The recent spread of the HIV/
AIDS epidemic has placed tuberculosis programmes un-
der severe pressure and is accompanied by an increase in
drug-resistance making tuberculosis virtually untreatable in
some instances. In 2004 the first of a new generation of
anti-tuberculosis drugs entered clinical evaluation. A series
of clinical trials, often conducted at sites in Cape Town,
South Africa, has shown them to be efficacious and hold
promise of being able to shorten tuberculosis treatment and
treat drug-resistant tuberculosis. Development and assess-
ment of these drugs is ongoing but there is renewed hope
that these new drugs and regimens will assist in finally con-
quering tuberculosis, preventing a return to Magic Moun-
tain where sunshine and fresh air was all that could be
offered to patients.
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Figure 1

History of drug discovery and development of treatment regimens
for tuberculosis. Compounds that are in the early-stage of
development, but for which there are no published human proof-of-
concept data, are not shown. Arrow with dashed line represents a
possible future regimen. Red dots represent when the drugs were
first reported. (From [51]: Ma Z, Lienhardt C, McIlleron H, Nunn AJ,
Wang X. Global tuberculosis drug development pipeline: the need
and the reality. Lancet. 2010;375(9731):2100–9. Copyright 2012,
with permission from Elsevier, Oxford, UK.)

Figure 2

Typical architecture of a tuberculosis sanatorium. All patient rooms
were supplied with balconies for prescribed doses of exposure of
patients to sunlight and fresh air, which was believed to be
beneficial at the time (Sanatorium Schatzalp, Davos, Switzerland).
(Copyright by Davos Tourismus, Switzerland [swiss-image.ch/
Christof Schuerpf], with permission.)
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It is now approaching 70 years since the introduction of
chemotherapy for the treatment of tuberculosis. However,
tuberculosis still remains to be one of the world’s most im-
portant health problems. At least 6 months of treatment are
required to treat most forms of tuberculosis and the spread
of drug resistance threatens our ability to successfully man-
age this devastating disease. Within the last 5 years a num-
ber of new drugs have been discovered and some have
already entered clinical evaluation. This paper reviews the
history of anti-tuberculosis chemotherapy and draws les-
sons from man’s experience in treating and managing this
formidable disease (fig. 1).
It must first be appreciated that, even in the absence of
chemotherapy, a proportion of tuberculosis patients will re-
cover. Thus in patients with sputum microscopy smear-pos-
itive pulmonary tuberculosis it was reported that, although
approximately 50% of patients would die within two years
of diagnosis, 25% would be chronically ill and 25% would

Figure 3

Mechanisms of action of new compounds in clinical development
for tuberculosis. (From [51]: Ma Z, Lienhardt C, McIlleron H, Nunn
AJ, Wang X. Global tuberculosis drug development pipeline: the
need and the reality. Lancet. 2010;375(9731):2100–9. Copyright
2012, with permission from Elsevier, Oxford, UK.)

Figure 4

First tuberculosis patient treated with TMC207. TMC207 was the
first of a series of new compounds to enter clinical testing. The
image shows the patient sitting among the study team that
dispensed TMC207 in Cape Town on 28 June 2005 for the first time
to a tuberculosis patient. In 2011 TMC207 became available for
compassionate use for patients with highly resistant tuberculosis.
(The patient has given written informed consent for publication.)

recover. With less serious forms and degrees of disease the
propensity to recover would be greater. Against this back-
ground it is not surprising that, before the age of the con-
trolled clinical trial, several forms of therapy were looked
upon as efficacious. Sancrysin, a form of gold therapy,
was, for example, used for a number of years before being
shown to be useless [1].
In the absence of chemotherapy, heliotherapy, aerotherapy,
bed rest and attention to nutrition were looked upon as be-
ing able to contribute to successful recovery from tuber-
culosis for decades. This approach created a sanatorium
industry located in mountain resorts where patients could
receive carefully titrated doses of sunlight, fresh air, bed
rest and exercise; the nurses’ cookbook and disciplined
adherence to the timetable was as important as any pre-
scription chart (fig. 2). The activities in such institutions
were graphically described by the winner of the Nobel Pr-
ize for literature Thomas Mann in his novel “The Magic
Mountain” [2]. Today it is believed that better nutrition
and gradual exposure to sunlight could have contributed to
restore vitamin D deficiency [3–5], which is essential for
macrophage function, and bed rest and moderate exercise

A

B

Figure 5

A The Magic Mountains. The promise for cure in the pre-
chemotherapy area was a stay in a sanatorium at altitude such as
the Sanatorium Schatzalp, which was set prominently atop Davos,
Switzerland, in this painting by tuberculosis sufferer Ernst Ludwig
Kirchner (Blick auf Davos, 1924. Courtesy of Bündner
Kunstmuseum Chur, Switzerland. Reprinted with permission).
B Today, drug research carried out at the foot of Table Mountain
carries the authors’ hopes for curbing the epidemic of drug resistant
tuberculosis.
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would improve perfusion to areas of the lung most affected
by cavitary tuberculosis [6–8].
The first indication of change came when the pioneering
work of Gerhard Domagk, assisted by chemists from Bayer
in Germany, discovered the sulphonamides [9]. Domagk
was later awarded the Nobel Prize for medicine. Some
sulphonamides and their derivatives where shown in vitro
and in vivo to inhibit and kill mycobacteria [10], and the
use of promizole, a sulphonamide derivative, in nine chil-
dren with miliary tuberculosis, usually considered fatal, led
to the recovery of six [11]. The path to acceptance of anti-
tuberculosis agents as a valid medical concept was a thorny
one, however, as antibiotic therapy was not a well estab-
lished concept at that time and prevailing medical wis-
dom considered tuberculosis a disease best approached by
modifying the host's immune response with agents such as
tuberculin. The story of the search for the cure for tuber-
culosis is graphically summarised in a documentary novel
entitled “The Greatest Story Never Told” [12].
Two researchers working in very different circumstances
were responsible for the discovery of the first two drugs
that had an undisputed effect in patients with tuberculosis
that was demonstrated in controlled clinical trials. Jorgen
Lehman was a Danish doctor working in Gothenburg,
Sweden. He already had some experience with competitive
inhibition of enzyme systems when in 1940 he received
from his friend Frederick Bernheim, who was working in
the USA, a paper published in Science detailing how the
oxygen uptake of the bacterium accelerated when salicyl-
ate was added to a culture of Mycobacterium tuberculosis
[13]. Lehman immediately saw the opportunity to design
a drug that would inhibit the relevant enzyme system. The
resulting para-aminosalicylic acid (PAS) was synthesised
with the help of the Swedish Ferosan pharmaceutical com-
pany and in October 1944 PAS was given to a patient with
severe pulmonary and abdominal tuberculosis [14]. It was
soon apparent that PAS was having a significant beneficial
effect in patients with tuberculosis [15] and later in 1950
the first placebo-controlled clinical trial conducted by the
Therapeutic Trials Committee of the Swedish National As-
sociation against Tuberculosis showed beyond any doubt
that PAS was efficacious in the treatment of tuberculosis
[16].
Simultaneously Selwyn Waksman, a soil scientist working
at Rutgers Agricultural College in New Jersey USA was
conducting research into the potential of soil microbes to
produce antibiotic substances. In 1944 Arnold Schatz, a
doctoral student with Waksman as supervisor, described
the discovery of streptomycin (SM) and noted its activity
against M. tuberculosis [17]. The anti-tuberculosis activity
of SM was confirmed in both animal experiments [18]
and in patients, and in 1948 the British Medical Research
Council [19] conducted a controlled clinical trial in which
the efficacy of SM was compared to that of hospitalisation
with bed rest. Although patients receiving SM recovered
more frequently than those receiving bed rest, a five-year
follow-up failed to demonstrate a significant difference
between the groups [20]. The main factor causing this un-
expected finding was the emergence of resistance to SM,
which occurred as early as one month after starting treat-
ment. The next important step was the combination of PAS

and SM and, although this did not eliminate the develop-
ment of resistance, it did control it to a significant degree.
At five year follow-up, 31% of SM patients had died as had
36% of the PAS patients but only 19% of the SM and PAS
patients [21].
The next important step forward was the discovery of the
anti-tuberculosis activity of isoniazid (INH). INH arose
indirectly from the earlier discovery of the thiosemicar-
bazone, thioacetazone (known initially as Conteben), by
Gerhard Domagk and his team of researchers [22, 23]. This
drug was not highly active, but proved to be a suitable com-
panion drug for more efficacious drugs, assisting in pre-
venting the emergence of resistance. Due to the risk of
severe Steven’s Johnson syndrome in HIV-infected patients
this drug is no longer freely available today. The discovery
of INH was reported in 1952 by three groups of research-
ers at the pharmaceutical companies of Bayer in Germany
and Hoffman La Roche and Squibb in the United States of
America [24, 25]. After initial scepticism INH proved to be
the most efficacious drug yet discovered and miraculous re-
sponses to treatment were enthusiastically reported by the
lay press and confirmed in various clinical trials. However
as with all other anti-tuberculosis drugs, INH rapidly eli-
cited resistance if given as monotherapy. Combining INH,
PAS and streptomycin resulted in the best regimen yet and
by 1952 this was established as the gold standard for anti-
tuberculosis treatment [26].
The main uncertainty was the length of treatment required
to ensure a permanent relapse-free cure. A treatment dura-
tion of 6 months for cavitary pulmonary tuberculosis was
followed by relapse in 62% of cases of pulmonary tuber-
culosis, after 12 months of treatment 19% relapsed and 4%
relapsed after 24–36 months of treatment [27]. Ultimately
many clinicians settled on a compromise of 18 months
treatment, but some experienced clinicians expressed the
opinion that at least two years treatment or even life-long
treatment was necessary [28].
Before the end of the 1950’s two critical facts had thus been
identified regarding tuberculosis chemotherapy: the emer-
gence of resistance to any drug was a serious threat in the
presence of overt or covert monotherapy and secondly, a
prolonged period of treatment was needed to ensure final
sterilisation of all tuberculosis lesions and to prevent re-
lapse. During this decade research into anti-tuberculosis
agents continued and a number of compounds were identi-
fied. These included pyrazinamide (PZA), which was later
to play an important part in short-course sterilising re-
gimens, viomycin, cycloserine and terizidone, kanamycin
from which amikacin was later developed, capreomycin
and the thioamides ethionamide and prothionamide. While
all these were shown to have anti-tuberculosis efficacy this
was not sufficiently strong to challenge the gold standard
of INH, streptomycin and PAS, or their dose was limited by
the existence of toxicity.
The manner in which unanticipated toxicity can limit the
action of a drug is well illustrated by ethambutol (EMB)
introduced by Lederle in 1961 [29]. Early studies found
good anti-tuberculosis efficacy, but optic toxicity was en-
countered which was shown to be dose related [30]. Conse-
quently the dose was eroded to the point where the efficacy
of EMB was severely compromised. EMB does not con-
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tribute to sterilisation of tuberculosis lesions [31] and its
use with INH in a 6-month continuation phase of treatment
led to worse results than a 4-month continuation phase with
INH and rifampicin (RMP) [32]; the role of EMB is now
limited to assisting in prevention of resistance in compan-
ion drugs.
In 1957 a new Streptomyces species, S. mediterranei (now
Amycolatopsis mediterranei), was isolated by Lepetit, Mil-
an, from a soil sample from a pine forest near St Raphaël,
France [33]. This bacterium produced a number of com-
pounds with good activity against a wide range of bacteria
including M. tuberculosis which were termed “rifamycins”
in analogy to the then fashionable film noir “Rififi” [34].
[28] Modification of these compounds produced an orally
active agent, RMP [35]. In animal experiments the out-
standing characteristic of RMP was exceptional sterilising
activity [36] and moderate bactericidal activity that was
dose-related [37, 38]; this sterilising activity was confirmed
in a brilliant series of clinical trials [39] and RMP is now an
essential element in modern short-course anti-tuberculosis
chemotherapy and one of 5 drugs identified by the World
Health Organization (WHO) as essential.
Possibly the most interesting of the agents developed in
the 1950’s was PZA, but in early clinical trials when given
at a dose of 50 mg/kg body weight in retreatment patients
hepatotoxicity was encountered and further research on the
drug was stopped for the time being. In vivo animal ex-
periments, however, showed that when given together with
INH sterilisation of lesions appeared to be achieved [40].
The use of PZA was re-examined by the East African and
British Medical Research Councils and when given with
INH and streptomycin low relapse rates were achieved, and
when PZA was combined with INH and RMP the relapse
rates following 6 months therapy fell even lower [39]. Con-
firmation of these findings was provided by further studies
conducted in Singapore and Hong Kong which culminated
in the acceptance of 6-month short-course chemotherapy as
the new standard of treatment [41, 42]. Following the ac-
claimed success of this “short-course” regimen [43], which
was equally effective when given to hospitalised or ambu-
latory patients, interest in tuberculosis drug research, and
indeed research into all aspects of tuberculosis, went in-
to decline along with the then extensive infrastructure for
stationary and ambulatory tuberculosis treatment and con-
trol. Scientific interest in tuberculosis was resuscitated only
in approximately 1990 under the impact of the devastating
interaction of HIV and tuberculosis. The consequences of
this “cursed duet” [44] caused an explosion in the incid-
ence of tuberculosis throughout the world which has over-
whelmed health services in developing countries. Rising
rates of drug resistance were also a reason for grave con-
cern. In 2008, 11.5 million people fell ill from tuberculos-
is, 1.9 million died and 0.44 million were resistant to INH
and RMP. More than 50 countries have reported cases of
extensively resistant tuberculosis that are also resistant to
fluoroquinolones and aminoglycosides, and thus are very
hard to cure with the remaining drugs that are relatively
toxic and ineffective.
Fluoroquinolones, which were developed as antibiotics for
other infections, unobtrusively entered the area of tubercu-
losis chemotherapy, at first as agents for the management

of drug-resistant tuberculosis [45]. Later studies of early
bactericidal activity showed fluoroquinolones, with the ex-
ception of ciprofloxacin, to have excellent bactericidal
activity [46, 47], while animal studies hinted at equally in-
teresting sterilising activity. A study from India found low
relapse rates following the addition of ofloxacin to a stand-
ard regimen of INH, RMP and PZA given for 4 or 5 months
[48]; a Cochrane review, however, concluded that the addi-
tion of fluoroquinolones to the usual standard regimens did
not confer any additional benefit [49].
In 2005 a new era dawned for tuberculosis chemotherapy
with the publication in Science of a report of the discovery
by researchers at the pharmaceutical company Tibotec, led
by Dr Koen Andries, of a new agent designated TMC207
(bedaquiline), an inhibitor of the mycobacterial ATP syn-
thase [50]. TMC207 was the first of a series of novel com-
pounds that have entered clinical evaluation. Other agents
include the nitroimidazoles PA-824 and OPC-67683
(delamanid), the ethylenediamine SQ109 (related to etham-
butol), and the oxazolidines PNU-100480 and AZD-5847
(fig. 3) [51]. During mouse studies many of these new
agents appeared to have good sterilising activity implying
that they may aid in shortening the treatment duration [52].
Conventional anti-tuberculosis drugs are also receiving re-
newed interest either for dose-optimisation (RMP, INH),
evaluation of different compounds within a drug class (ri-
fapentine, rifabutin, RMP) or as potential synergistic
agents when combined with novel compounds (PZA, RMP,
clofazimine).
The first clinical studies of these new agents evaluated their
early bactericidal activity over the first one or two weeks of
therapy and were conducted in Cape Town (fig. 4) [53–56].
Interestingly these ground breaking studies found several
of the new agents to have significant anti-mycobacterial
activity, but with a slow onset, as is the case with PZA.
Despite this slow onset of activity further studies in patients
with multidrug-resistant (MDR) tuberculosis over a longer
duration have provided confirmation of the good activity
of these new agents [57, 58]. There is every hope now that
it may be possible to construct totally new regimens for
the treatment of tuberculosis. Instead of testing each novel
compound separately, the current strategy relies on data de-
rived from a mouse model to identify the most promising
drugs and combinations, and these are then tested clinic-
ally over 2-weeks in dose-ranging studies that aid the se-
lection of the most appropriate doses and regimens [59];
these regimens can then be advanced to longer studies over
8 weeks guiding further evaluation and finally for the full
duration of treatment. Testing of combinations rather than
adding new drugs to old combinations, if successful, can
reduce the time required for registration of a new regimen
by many years. The underlying idea is to create new com-
bination regimens that are short and safe and composed
only of novel drugs to which natural resistance is virtu-
ally non-existent and that do not interfere with anti-retro-
viral agents. Such a “universal regimen” would be suitable
to treat all conventionally drug-sensitive or drug-resistant
tuberculosis patients alike, whether HIV-infected or not,
and thus obviate the need for susceptibility testing altogeth-
er.
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Threats to the successful control of tuberculosis in devel-
oping countries remain, perhaps the most important prob-
lem being dysfunctional health systems; the introduction of
new agents or regimens into control programmes that can-
not carry out directly observed treatment of tuberculosis
could rapidly lead to the loss of these agents through the
development of resistance. To control tuberculosis under
these circumstances will require not only new drugs and re-
gimens, but also dedication of health systems to continual
training, retraining and accurate documentation of results.
Our patients with extensively resistant tuberculosis, for
whom there are no effective treatment options, find them-
selves in a situation not dissimilar to that in the pre-anti-
biotic era. The idea of sanatoria has resurfaced as an aid
to prevent the further spread of such virtually untreatable
tuberculosis [60]. Despite the enormity of the task facing
tuberculosis control services and programmes, there is now
fresh hope that, with the help of new agents and renewed
efforts by the partnership of researchers and health ser-
vices, tuberculosis may be controlled and finally eliminated
as a serious health problem. Perhaps it is appropriate that
many of the most recent studies of these new anti-tuber-
culosis agents are being carried out at the Cape of Good
Hope; perhaps Table Mountain will prove to be the Ma-
gic Mountain of tuberculosis control in the 21st century
(fig. 5)?
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Figures (large format)

Figure 1

History of drug discovery and development of treatment regimens for tuberculosis. Compounds that are in the early-stage of development, but
for which there are no published human proof-of-concept data, are not shown. Arrow with dashed line represents a possible future regimen. Red
dots represent when the drugs were first reported. (From [51]: Ma Z, Lienhardt C, McIlleron H, Nunn AJ, Wang X. Global tuberculosis drug
development pipeline: the need and the reality. Lancet. 2010;375(9731):2100–9. Copyright 2012, with permission from Elsevier, Oxford, UK.)

Figure 2

Typical architecture of a tuberculosis sanatorium. All patient rooms were supplied with balconies for prescribed doses of exposure of patients to
sunlight and fresh air, which was believed to be beneficial at the time (Sanatorium Schatzalp, Davos, Switzerland). (Copyright by Davos
Tourismus, Switzerland [swiss-image.ch/Christof Schuerpf], with permission.)
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Figure 3

Mechanisms of action of new compounds in clinical development for tuberculosis. (From [51]: Ma Z, Lienhardt C, McIlleron H, Nunn AJ, Wang
X. Global tuberculosis drug development pipeline: the need and the reality. Lancet. 2010;375(9731):2100–9. Copyright 2012, with permission
from Elsevier, Oxford, UK.)

Figure 4

First tuberculosis patient treated with TMC207. TMC207 was the first of a series of new compounds to enter clinical testing. The image shows
the patient sitting among the study team that dispensed TMC207 in Cape Town on 28 June 2005 for the first time to a tuberculosis patient. In
2011 TMC207 became available for compassionate use for patients with highly resistant tuberculosis. (The patient has given written informed
consent for publication.)
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Figure 5

A The Magic Mountains. The promise for cure in the pre-chemotherapy area was a stay in a sanatorium at altitude such as the Sanatorium
Schatzalp, which was set prominently atop Davos, Switzerland, in this painting by tuberculosis sufferer Ernst Ludwig Kirchner (Blick auf Davos,
1924. Courtesy of Bündner Kunstmuseum Chur, Switzerland. Reprinted with permission).
B Today, drug research carried out at the foot of Table Mountain carries the authors' hopes for curbing the epidemic of drug resistant
tuberculosis.
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