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7.241 Introduction

The mycobacteria are responsible for more human disease than any other bacterial genus. There are 115 species f
mycobacteria currently recognized.! over 30 of which are capable of causing human discase. Mycobacteria
nonmotile, acid-fast, weakly Gram-positive bacilli, in the shape of slender, straight, or slightly curved rods.
are subdivided into facultative and obligate human pathogens, and further classified based on their growth rae
culture into rapid- and slow-growing species. The most pathogenic members of the genus are Mycobacterium tuberv
the species responsible for cuberculosis (TB), M. feprae, the agent that causes leprosy, and M. wlerans, the cause
Buruli ulcer, a devastating, necrotizing infection of the skin, highly prevalent in many tropical countries,
prominently in West Africa.
With the explosion of the AIDS epidemic over the past several decades, the global 'T'B epidemic has grown
spread. Disease due to mycobacteria other than TB (MOTT: also known as nontuberculous mycobacteria, atyp
mycobacteria, or environmental mycobacteria) has also become significantly more prevalent, as human immuno
ficiency virus (HIV)-infected individuals are particularly susceptible to a number of mycobacterial infe
including, for example, infecrions due to M. aoin intracellulare complex (MAC). This chaprer will focus primarily
drug therapy for TB, due to the exceptional global morbidity and mortality burden of the disease — both current drug
and novel compounds under development.

7.24.2 Disease State

Vorldwide, TB is the second-leading cause of death due to a single infectious agent, after AIDS. In 2003, the
estimated 1.7 million deaths due to TB and 8.8 million new cases, representing a 1% annual growth rate
Without modern anu ‘I'B chemotherapy, which began with the discovery of strepromyein by Schartz, Bugie, :
Waksman in 1944,% death rates duc to "T'B would be significantly higher. TB appears to have been present,
relatively rare, in the p]‘chl'sUJFIC cra in mammals and humans, and M. fwberculosis DNA has been |dcnt1ﬁc€l 1
Columbian mummies from Peru.* By the 1500s, 2 TB epidemic known as “T'he Great White Plague” had sprea
Europe. TB continued to spread and increase in incidence throughout Western Europe and North America
1600s to early 1800s, when approximately 25% of all deaths were due to TB. It remained a major cause of m
throughout the first half of the twentieth century in these parts of the world, causing an estimated 110000 d
year in the USA in the early 1900s, before its incidence began to decline. This decline is most convincingly a
toa wmbmatmn of improved living and sanitation standards, and perhaps the survival of a more TB-resistant
population.” Subsequently, the TB epidemic spread to Africa and Asia, primarily in the latter half of the
century. Today, the hlg_,ht:st morbidity and mortality burden due to 'I'B is found in sub-Saharan Africa, parts
the Russian Federation.”

Currently, one-third of the world’s population, approximately 2 billion people, is estimated to be inf
M. tuberculosis. Although the majority (over 90%) of M. tubercuivsis-infecred individuals remain lates
throughout their lives without experiencing any clinical symptoms or being infectious to others, this
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B and becoming capable of transmitting the infection to others; those who are HIV-infected or otherwise
nmunocompromised have an estimated 8% per year probability of developing active TB. Latent 'I'B infection (LTBI)
typically curable, bur requires a lengehy treatment with drugs having significant rates of toxicity,” and therefore
tment often is not provided to these clinically asymptomatic individuals.

4.2.1 Human Immunodeficiency Virus-Tuberculosis

‘The HIV and TB epidemics not only co-exist in most parts of the world today, but are synergistic. In individuals
tly infected with M. tubercutosis, HIV co-infection is estimated to increase the risk of progression to active TB by
Id on a yearly basis compared with those who are not infecred with HIV. The risk in these co-infected individuals
tivating their M. suberculosis infections appears to correlare with their degree of suppression of cellular immunity as
ured by CD4 -+ cell counts. Presentation of TB also correlates with CD4 -+ cell counts: patients with higher
nts present with typical pulmonary TB. whereas those with low CD4+ cell counts tend to present with
pulmonary TB, and more often have sputum smears and cultures negative for A7, tuberculosis, making their TB more
ult to diagnose. Approximately, 12 million individuals are currently co-infected with HIV and M. tubercutosis
_TB co-infected), and approximately 153% of AIDS patients globally die of TB.

ment of TB in AIDS patients is complicated by drug—drug interactions berween antiretroviral agents and anti-
ents, particularly HIV protease inhibitors and rifamycin derivatives, especially rifampicin (rifampin in the USA).
npicin induces hepatic microsomal enzymes, specifically cytochromes CYP1A2, CYP2CY, CYP2C19, and CYP3A4
“glycoprotein (P-gp), as well as weakly inducing 2D6. Rifampicin is also a substrate for P-gp. HIV protease
rs such as indinavir and nelfinavir are substrates for and inhibitors of CYP3A4 and P-gp. The most significant
f these interactions is that rifampicin decreases the serum half-lives of these antiretroviral agents. Rifabutin, a
cin analog, can be prescribed instead to patients on indinavir or nelfinavir, bur rifabutin is not entirely free of
interactions. HIV-infected patients also tend to have decreased exposures to standard TB drugs, most likely from
'ﬂ)’s"orplion. As a result, effective and safe co-administration of ‘T'B treatment and HAART (highly active
oviral therapy) requires careful monitoring of drug serum levels and is impractical in many endemic country
further compromising effective trearment of HIV-TB co-infected patients.

2 Multidrug Resistant-Tuberculosis (MDR-TB)

g resistant TB (MDR-TB) is increasing in prevalence, and threatens the ability of standard control measures
tain the global TB epidemic.” In TB, drug resistance is mostly a human-madc problem, resulting from
apriate prescribing, poor treatment adherence, irregular drug supply, andfor poor drug quality. The most recent
of the World Health Organization (WHO) Global Project on AntiTuberculosis Drug Resistance Surveillance
ug resistance in 74 of 77 settings tested from 1999 to 2002 and in all regions of the world. The highest levels of
IR-TB among newly diagnosed cases were found in countrics of the former Soviet Union, China, Ecuador, and Israel.
Iy ,a median of 1.1% of all newly diagnosed cases were found to be MDR (range: 0-14.2%): in previously treated
median of 7% were MDR (range: 0-58%). and a median of 18.4% demonstrated resistance to at least one of the
TB drugs (range: 0-82%).> Treatment of MDR-TB is significantly more costly, toxic, and complex than
of drug-sensirive TB, and relies on a battery of second-line drugs.

Disease Basis

‘many forms in the human host, but the most common is pulmonary discase, in which the bacilli are inhaled
generated, for example, by coughing, forceful breathing, or sneezing by a paticnt with active discase,
sosited on the alvealar surfaces of the lung in the terminal air sacs. There they are taken up by and
ithin macrophages, where they reside within a membrane-bound vacuole and inhibit maturation of the

al pattern of discasc has been described as occurring in four stages."” The first is the implantation
aled bacteria in alveoli, which occurs 3-8 weeks postinhalation. It is followed by dissemination through
circulation to the regional lymph nodes in the lung, forming the primary (or Ghon) complex. In
stage, which occurs over the ensuing approximate 3 months, the bacteria circulate through the bloodstream
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to other organs. Some parients suffer faral discase during this stage, known as ‘primary’ disease. The third stage
can oceur at any time up to 2 years following infection, and is typically marked by inflammation of the pleural
surfaces (pleurisy) and severe chest pain.'* The fourth and final stage consists of resolution of the primary
complex, and can take several years. In some cases, extrapulmonary disease can become manifest during chis
time. Before the HIV epidemic, approximately 5-10% of newly diagnosed cases were extrapulmonary.'™ In HIV-positive
individuals, however, over 50% of cases are extrapulmonary. Because extrapulmonary disease is significantly more
difficult to diagnose than pulmonary 'T'B, these figures arc estimations. As noted above, most immunocom-
petent, infected persons do not exhibit clinical disease, and remain latently infected throughour their lifetimes.
But postprimary or ‘reactivation’ disease oceurs in approximately 10% of these individuals at some point during.
their lives,

As nored above, the mycobacteria are intracellular pathogens, residing primarily within host macrophages. They
have a complex and unique cell wall, which has been elucidared through research extending back to the 1960s. This
research has been based on a combination of classic biochemical techniques with more modern genomics, nuclear
magnetic resonance, and mass spectral analysis. The cell wall structure is composed of a peptidoglycan core covalently
joined through a linker (L-Rha-n-GleNAc-P) to galactofuran, which itself is connected ro highly branched
arabinofurans, which are in turn attached to mycolic acids. The last form a lipid barricade, key to many aspects of
T'B pathogenesis.'® The mertabolic pathways involved in synthesis of these cell wall lipids have the potential to be
artractive drug targets once elucidated.

Other targets that will presumably be crucial to the development of drugs to shorten current therapy are thos
involved in the pathways essential to bacterial survival during the persistent state. Persistence is operationally define
here as the phenotypic bacterial state(s) that enable(s) M. ruberculosis to evade chemotherapy for prolonged periods,
thus is responsible for the extended duration of current ‘I'B treatment regimens. Genomic approaches have b
used to identify genes and pathways transcriptionally active during persistence.'” The pathologic hallmark of TB is tl
cascating granuloma. The host immune response and molecular mechanisms responsible for the formation of t

cascating granuloma are nort yet fully defined, but are likely to be the key, ultimarely, to understanding M. zub
persistence and latency.

7.24.4 Experimental Disease Models

Experimental disease models of TB, as in other disease areas, play a critical role in the development of effecti
diagnostics, vaccines, and therapeutic agents. Since the identification of M. tubercutosis as the etiological agent of TB
many forms of in vitro and in vivo modcls have been developed. TB is a complicated disease involving many diseas
forms and stages, and the mechanism by which M. fubercuiosis becomes persistent is still largely unknown.
validation of many of rthe disease models is difficult if not impossible, and the predictive value of these

continues to be the subject of debate. This section will focus on in vitro and in vivo models that are relevant to |
commonly used in TB drug discovery research.

7.24.41 In Vitro Drug Susceptibility Models

The most commonly used in vitro model is a drug suscepribility test thar measures the minimum inh
concentration (MIC) of a given drug or drug combination against M. tubercudosis in ics exponential growth phase.”
model is performed in a rich, highly oxygenated culture medium. There have been several new variations
suscepribility test described for rapid, high-throughput screening of drug susceptibilities.” Because of the rapid, |
throughput nature, the susceptibility tests are primarily used for confirming biochemical leads, developing s
activity relationships (SARs), and evaluating the microbial suscepribility or resistance to a given drug. Organisms
generally more susceptible to drugs during the exponential phase of growth under oxygen- and nutrient-rich con:
In an infected host, pathogens may adopt different physiological growth states, depending on the local
conditions. In cerrain loci such as inside a lung granuloma, pathogens adopt a slowly replicating or nonreplicatin
and arc extremely hard to eradicate. Therefore, susceptibility tests performed under nutrient- and
conditions may have limited value for predicting the efficacy against pathogens in an infected host.

To address the deficiency of the conventional suscepribility tests, many in vitro persistence models b
introduced.?! "The Wayne model is perhaps the most commonly used and cited persistence model: in this mod
persistent state is induced by slow oxygen depletion in capped tubes.?” The Wayne model appears to be most
predicting in vivo bacterial sterilizing activity against TB. However, this model has clear limitarions as a drug
tool due to its low throughput, long testing duration, and requirement for large amount of rest compounds.
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Another widely used susceptibility model is the ex vivo intracellular macrophage model.™ This model is supported
4 body of evidence demonstrating that macrophages are the predominantly infected cell type in TB** and may play
A0 important role in drug persistence and latent infections.

24,42 In Vivo Models for Acute, Chronic, and Latent Infections
Animal models have served an important function in the development of therapeutic agents against TB.2* The models
significantly depending on a number of parameters, including animal species, bacterial strains, and routes and
Stages of infection. It is crucial to use models that are relevant to the issues being addressed. For a lead optimization
program, the predictability, speed, throughpur, and sample size are important factors to be considered. Mouse models
have become the primary choice at this stage, in order to quickly screen a large number of compounds. After a drug

didate is sclected, models with the best predictive value for treatment results in human disease are the
for studying proper dose regimens and drug combinartions,
uld be considered. However,

best choices
In this instance, guinea pig, rabbit, or cven monkey models

to date, the best substantiated model for this purpose is the acrosol-infected mouse

Various mouse models have b

cen developed to mimic M. tuberculosis infections in the acute, chronic, or latent
ge 2 Compared with models i

n other animal species, the mouse madels are better characterized and have clear
idvantages in the lead optimization stage of a drug discovery program.

uickly screening a large number of compounds  and
armacodynamic paramerers, such as drug oral availability
With good cefficacy in the acute model can then |
ironic phase of infection. Mouse model
e to differences in the host immun
sproduce the human disease in all
tuberculosis infection.

‘The guinea pig and rabbit have also been used to develop
dvantages over the mouse model; in particular, the lung pathology from infected guinea pigs and rabbits resembles
0rc closely that from TB patients. Rabbits are the only nonprimate known to form caseating granulomas. These

pecies may therefore be better than mouse models for studying persistent and latent infecrians. However, additional

tudies arc clearly needed to validate this hypothesis. Both the guinea pig and rabbit models are more expensive and

quire a larger amount of test compounds than the mouse models. The monkey model may mimic human TB most
i
osely of all the animal models. ° However, economic and cthical concerns limit

"The acute infection model?”*® can be used for
assessing some of the imporant pharmacokineric/
and penetration into the infection locus, Compounds
. i . 29 X

be moved into the chronic infection model,2 to assess efficacy in the
s have played a key role in developing the current anti-TB agents. However,
¢ response to M. tubervudosss infection, mouse models are not expected to
aspects. Most notably, mice do not form caseating granulomas in response to

TB models. These models may have some specific

its value in drug development.

4.5 Clinical Trial Issues

& design of clinical trials to evaluate new TB drugs faces a number of key challenges. These include, first, that
cacy trials are of long duration — due to both the ability of the bacteria to evade ar |
emotherapeutic agents for a prolonged period (
kers that could sul

east the current
i.e., 6-month current treatment duration) and the lack of surrogate
bstitute reliably for the need to measure long-term relapse rates as a prima
Ie current state-of-the-art is the assessment of the efficacy of a treatment based on relapse rat
ore following completion of therapy. Although
gativity after 2 months of treacment is used in

ry efficacy endpoint.
es in the first year or
the percentage of patients converting their sputum to bacteriologic
early clinical trials as an indicator of the ability of a regimen to shorcen
atment duration, this endpoint is neither very sensitive nor rigorously validated at this
allenge for the design of TB treatment trials is that TB therapy

10 prevent development of resistance. Therefore, conventionally,
D

time. A second major
must consist of multiple drugs used in combination
one new drug under development is added to or
—8 years to evaluate each new drug in sequence, and
therefore potentially two or more decades to test an entirely new multidrug regimen.
The design of clinical trials for new MDR-TB treatments will be even more challenging,
1y receive an individualized trearment regimen based on
tubereulosis. Consequently,

stituted into the current regimen at a time, necessirating 6

as cach patient should in
the drug susceptibilities of that patient’s own strain of
itis difficult to devise appropriate conrrol groups for these trials, and therefore difficult to
ccurately assess the cfficacy of a new drug or regimen.

Lastly, trials of new trearments for LTBI require relatively
dpoint is development of acrive disease, which e
well as decades after the time of infection.®

large patient numbers and long duration times, as the
in occur, as noted previously, in a small number of infected patients
= Furcher complicating the design of these trials has been the lack of
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sufficiently specific diagnostic tool. ‘I'he tubereulin skin test, the standard tool for diagnosing infection with
M. tubercufosis, can be positive not only as a result of infection with M. fwbereudosic, but also from bacillus Calmertte-
Guérin (BCG) vaceination or exposure to mycobacteria other than TB. New-generation diagnostics recently introduced
and based on T cell responses to M. uberculsiz-specific antigens should be an improvement in this latter regard ™7
Another approach taken recently by some investigators ta streamline the clinical evaluation of new regimens for the
treatment of LTBI is to study populations at high risk of developing active disease, such as HIV-positive patiencs.”!
This approach limits the duration of follow-up needed to observe an adequatc number of clinical events for
achicvement of statistical power.

.24.6 Current Treatment

Currently, active TB is treated by combination therapics that consist of three or more drugs (four, most typically)
selected from more than a dozen known anti-I'B agents. Directly observed treatment, short course (DOTS), is
considered the regimen and treatment approach of choice for active TB, and has been recommended and promulgated
globally by the WHO. During the trearment, patients with active TB are typically administered isoniazid, rifampicin,
pyrazinamide, and cthamburol for 2 months (the intensive phase), followed by isoniazid and rifampicin for an
additional 4 months (the continuation phase). The initial intenrion of a combination therapy was to minimize the
development of resistance to streptomycin after that drug was first introduced. More recently, it has come to be
believed by many in the field that various drugs in the standard regimen act orchestrally against different populations of
M. tubercutosis™ Tsoniazid, a cell wall synthesis inhibitor, kills actively growing bacteria rapidly, and plays a key role i’
eradicating the replicating population. Rifampicin, an inhibitor of RNA synthesis, is active against both replicating and
slowly or nonreplicating bacteria. Pyrazinamide, presumably an inhibiror of proton motive force, appears to be actve
only under acidic conditions during the first 2 months of therapy. Rifampicin and pyrazinamide plaved a major role in
shortening the duration of therapy, from more than 24 months to 6 months currently. It is reasonable to believe that the
mechanism of action of cach individual agent dictates the role of this agent in I'B therapy. The more than one dozen
anti-T'B agents presently in the arsenal for the treatment and prevention of TB can be divided into six groups, based on
their mechanisms of action, as show in Figure 1. The mechanisms of action for some agents are not totally defined, an#
therefore what is indicated in Figure 1 for these agents must be treated as hypotherical at this stage.
Strepromycin was initially used intramuscularly in combination with first-line drugs to treart active discase, but due
to the inconvenience of parenteral delivery and concern about the transmission of HIV, it was later replaced by onallx-i
available cthambutol in the recommended regimen. LTBI is currently best treated by daily isoniazid for 9 month

DNA gyrase ]
Ciprofloxacin
Ofloxacin

Levofloxacin

RNA polymerase
Rifampicin i
Rifabutin

Rifapentine

Folic acid metabolism
p-Aminosalicylic acid

Cell wall synthesis Ribosome
Ethambutol Streptomycin
Cycloserine Kanamyein
Isoniazid (prodrug) Amikacin
Ethionamide (prodrug) o ) Capreomycin
Prothionamide (prodrug) Pyrazmolo geid Viomyein

Proton motive force?
Pyrazinamide (prodrug)

“Indicates a hypothetical mechanism

Figure 1 Schematic illustration of the sites of action for the available anti-TB agents.
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Table 1 The current anti-TB agents, their available dose form, year of discovery, source, and mechanism of action
Agent Dose forn lJ;ii'th_v'ﬁ Source Mechanism

Streptomyein IM 1944 Strepromyees griseus Inhibits ribosome/protein synthesis
p-Aminosalicyelic acid PO 19467 Synthetic Inhibits folic acid synthesis and iron metabolism
Viomycein ™ 1951 Streptomyees puniceus Inhibits ribosome/protein synthesis

[soniazid’ PO/IM 19527 Svnthertic Inhibits cell wall macolic acid synthesis
Pyrazinamide’ PO 19527 Synthetic Inhibits proton mortive force andfor cell wall synthesis
Cycloserin PO 1955 Streptontyees orchidacens  Inhibits cell wall peprtidoglycan synthesis
Ethionamide” PO 19567 Svnthertic Inhibits cell wall mycolic acid synthesis
Prothionamide” PO 19567 Synthetic Inhibits cell wall mycolic acid synthesis
Kanamycin IM/TV 1957 Strepromyees kanamyceticus  Inhibits ribosome/protein synthesis

Ethambutol PO 1961 Synthetic Inhibits arabinosyl transferase/cell wall synthesis
Capreomyein IM 1961 Streptomyees capreolus Inhibits ribosome/protein synthesis

Rifampicin PO/V 1966 Semisynthetic Inhibits RNA polymerase/RNA synthesis
Amikacin IM/TV 1972 Semisynthetic Inhibits ribosome/protein synthesis

Rifapentine PO 1976 Semisvnrhetic Inhibits RNA polymerase/RNA synthesis
Rifabutin PO 1979 Semisynthetic Inhibits RNA polymerase/RNA synthesis
Ofloxacin PO/TV 1982 Synthetic Inhibits DNA gyrase/translation and transeription
Ciprofloxacin POV 1983 Synthetic Inhibits DNA gyrase/translation and transcription
Levofloxacin POV 1987 Syntheric Inhibits DNA gyrase/translation and transcription

#IM, intramuscular; 1V, intravascular; PO, peroral.
"See Mearck Index, 13th edition.

“Parent compound is a prodrug.

“Listed as year of the first introduction for TB use.

The remaining agents are used ad hoc in combinations to treat MDR-TB and infections that have failed to respond to
first-line drugs., The treatment of MDR-TB infections cypically requires at least 18 months of therapy. The majority of
the known anti-T'B agents were introduced during the antibiotic golden era berween 1940 and 1960. The origins,
available dose forms, vears of discovery, and mechanisms of action of these anti-TB agents are summarized in Table 1.

7.24.6.1 Rifamycin Class

Rifamycins are broad-spectrum agents having a unique ansa structure (Figure 2). They were initially isolated from
Streptomyees mediteranel in 1957, The early members of the family are generally undesirable as therapeutic agents, due
primarily to poor potency, low solubility, poor bioavailability, or short half-life. Structural modification of the narural
ffamycins led to several derivatives that are highly potent and orally available. Currently, three semisynthetic
compounds, rifampicin, rifapentine, and rifabutin, are in clinical use. Rifampicin has become the cornerstone of the
current therapy, mainly responsible for reducing the treatment duration from 12 months to the current 6 months. "T'he
newer members, rifapentine and rifabutin, have demonstrated some advantages over rifampicin, including a longer half-
life, a reduced potential for drug-drug interactions, and/or activity against some rifampicin-resistant strains.

7.246.1.1 Sites and mechanisms of action

Rifamycins are potent RNA polymerase (RNAP) inhibitors. T'he detailed interactions berween rifampicin and RNAP
have been elucidated by high-resolution crystal scructure studies of the Thermus aguaticus core enzyme complexed with
rifampicin.** Rifampicin binds to a deep pocket of the B subunit within the RNA channel thar is about 12 A away from
the active center. The drug works by blocking the path of the elongating RNA when the transcript reaches two to three
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Rifamycin B —-OH —-OCH,COOH
Rifamycin O =0 =(1,3-dioxolan-4-on)-2-yl
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Rifamycin SV -OH -OH

Figure 2 Structures of scme early naturally occurring rifamycins and the rifamycin numbering system.
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Figure 3 Detailed interactions of rifampicin and RNAP from Thermus aquaticus. (Reproduced from Campbell, E. A.; Korzheva,
N.; Mustaey, A.; Murakami, K.; Nair, S.; Goldfarb, A.; Darst, S. A. Cell 2001, 104, 901-912, Copyright (2001), with permission from
Elsevier.)

nucleotides in length. Resistance to rifamycins can occur frequently, and is mainly due to point mutations in the
rifamycin-binding region of the B subunit of RNAP A single-step muration of one of the key residues in the binding
region generally leads to high-level resistance (Figure 3). The most commonly observed mutations among
M. mberculosis clinical isolates are 432, F433, H445, S450, and 1.452 residues (corresponding to Q393, F394, H406,
S411, and L413 positions of Thermus aguaticus, respectively). The S$450 and H445 mutations lead to high-level
rifampicin resistance.

7.24.6.1.2 Structure—activity relationships
Chemical modifications of the natural products have produced several clinically important semisynthetic rifamyeins
with improved pharmacological profiles. The SARs accumulated to date are highlighted in Figure 4.%
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C-1, C-8, C-21, and C-23 hydroxy groups

Essential for activity

= Modification of these groups leads to inactive compounds, with
exception of C-1 —OH to =0 conversion

» Modification of other positions that causes conformational changes
to these hydroxy groups also produce inactive compounds

C-16-C-19 and C-28-C-29 olefines

HO i
4 &= 17 ==—— Allow for saturation.
C-25 position Me” ~O i& e Leads to compounds with similar
Allows for deacetylation and Me potency to parent
maodification MeQ;,
¢ L eads to compounds with similar f
potency to parent P

s Can be used to modulate the
physicochemical properties
and drug uptake

C-3 and C-4 positions

C-11 position Allow large substitutions

Site for potential modifications e Important for improving physicochemical
properties and pharmacokinetic profiles

» Can be used to modulate the induction of
cytochrome P450 enzymes

Figure 4 Important SARs of the rifamycin class.

The four hvdroxy groups located at the C-1, G-8, C-21, and C-23 positions of the rifamycin scaffold are essential for
antibacterial activiry. Any modifications to these hydroxy groups, with the exception of the C-1 -OH w =0
conversion, led to compounds with reduced activity. Other modifications that changed the conformation of these
hydroxy groups also led to inactive compounds. Based on the co-crystal structure of rifampicin-RNAP, these hydroxy
groups directly interact with RNAP through hydrogen bonding. Any modification that interferes with such interactions
would lead to compounds with reduced binding affinity.

Saturation of one or more of the double bonds located at the C-16/C-17, C-18/C-19, and C-28/C-29 positions
generally leads to compounds with equivalent or slightly reduced acrivity compared with their parent compounds.
These modifications are not significant enough to have any major impact on potency, nor provide any advantage over
the parent compounds. The C-25 deacerylation products are often observed as the metabolites of rifamyeins. These
C-25 hydroxy merabolites are generally as potent as their parent. Other modifications of the aceryl group also led to
potent compounds with different physicochemical properties. However, any modifications to this position could be
‘temporary’ because the ester groups attached to this position are readily cleaved in vivo. The liability of the C-23 ester
linkage has been exploited as an advantage to develop a rifamycin-based “Trojan Horse’ that brings other impermeable
drug molecules into the cells.?” Siderophore scaffolds were also attached ro this position, and successfully transport
rifamyeins into Gram-negative bacteria.*®

The most important rifamycin derivatives are those with modifications at the C-3 and C-4 positions. Synthetically,
these positions are very accessible and easy to modify. Structurally, these positions point to the open space of the
RNAP-binding pocket, and allow for significant modifications. Modification at the C-3 and C-4 positions often yiclds
compounds with significantly improved physicochemical properties and pharmacokinetic profiles.” Structural
modification of 3-formyl rifamycin SV led to rifampicin, a more potent and orally active compound that has become
the cornerstone of modern anti-T'B therapy. Further modification of the rifampicin series produced rifapentine, a
eyclopentyl analog of rifampicin. Rifapentine has a longer hall-life than rifamycin, and therefore can be used as
intermittent therapy. Rifabutin was produced by bridging the C-3 and C-4 positions, to form a spiro structure. This
molecule- has the advantages relative to rifampicin of improved tissue penetration and reduced cytochrome P450
enzyme induction. Rifalazil is a newer member of the rifamycin family currently in clinical development for other
indications. This compound has a benzoxazino group fused ro the (3 and C4 positions, and has a long half-life of 61 h,
no substantial cytochrome P450 induction, and activity against certain rifampicin-resistant bacteria.™
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The co-crystal structure of rifampicin—RNAP  provides some insights into potential positions for future
modification.* The C-11 carbonyl group points to the open space of the rifampicin-binding pocket, and is a porential
site for modulating physicochemical properties and pharmacokinetics of the drug class.

7.24.6.1.3 Comparisons of available agents within the class
Currently, four agents in the rifamvcin class, rifampicin, rifapentine, rifaburin, and rifalazil (Figure 5), are in clinicd
use or in clinical development. Despite the structural similarities, these agents possess very distinet characteristies.
The main advantages and disadvantages of these analogs are compared in Table 2.

7.24.6.1.4 Limitations and future directions
Rifamycins are one of the few drug classes active against bacteria in both replicating and nonreplicating states, and a
mainly responsible for shortening T'B treatment from over 12 months to 6 months. However, the current members
the rifamycin family are optimized for activity against bacteria in the replicating state, which is not a good predictor
their efficacy for shortening therapy. By utilizing proper assavs against bacteria in the drug-persistent state, it
anticipated that a better rifamvein with optimized activity against persistent M. mberculosis and greater potential f
shortening therapy could be developed.

In addition to several of the intrinsic safery issues associated with the rifamyein class, two specific limicatio
are particularly important for modern 'T'B therapy. The first limitation is the high prevalence of rifampicin resista
among clinical isolates of M. mbereudosis. Although rifabutin and rifalazil are active against some rifampicin-resista
M. tuberculosis, cross-resistance is expected. New agents that overcome rifampicin resistance would be advantag
Second, rifampicin is a strong inducer of several cytochrome P450 enzymes. including CYP3A4, which leads
drug—drug interactions when co-administered with antiretroviral therapy, particularly HIV protease inhibitors
non-nucleoside reverse transeriptase inhibitors. This causes difficulties for the effective management of TB-
co-infections. Some progress has been made in this area, with the introduction of rifabutin and rifalazil ! New ag
that are free of drug-drug interactions would be highly desirable.

misbuin 3 Rifalazi K/N\)\Mé

Figure 5 Structures of rifampicin, rifapentine, rifabutin, and rifalazil. L
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Table 2 Comparisons

of riftampicin, rifapentine, rifabutin, and rifalazil as anti-TB agents

Compound (inrroduced)

Key adtvantage(s)

Key disacfoantage(s)

Current/potential use

Rifampicin (1966)

Rifapentine (1976}

Rifabutin (1979)

Rifalazil (1990)

Mainly responsible for
shortening 'I'B therapy
from 12 months to
6 months

Longer half-life than
rifampicin, slightly reduced
cytochrome P450 induction

Higher tissue level, reduced
cytochrome P450 induction
and active against some
rifampicin-resistant strains

Highly potent, no eytochrome
P450 induction, longer
half-life than rifapentine,
4CTive against some

Drug—drug interactions, and
drug resistance

Cross-resistance with
rifampicin, drug—drug
interaction, food effects

Partial cross-resistance with
rifampicin, low oral
availability

Partial cross-resistance with
rifampicin, skin
discoloration, flu-like
symploms

Key component of the
first-line regimen

Potenrtial agent for
intermittent therapy

Treatment of MAC.
Potential use in TB-TTTV

co-infections

Potential use for intermicrent
therapy and TB-HIV
co-infections

rifampicin-resistant strains

F24.6.2 Isoniazid and Related Compounds

Isoniazid, also called isonicotinic acid hydrazide, is a synthetic compound first prepared in 1912 The anti-T'B activity of
this compound was first reported in 1952 during the search for more potent derivatives of nicotinamide, an carly lead
against "I'B. Subscquent studics also identified ethionamide and prothionamide as having potent anti-T'B activities.

Isoniazid is one of the most widely used anti“I'B agents, and one of the key components of first-line therapy for
active disease. A 9-month isoniazid monotherapy is used for the rrearment of latent infections. Isoniazid is highly
effective against replicating M. fuberculosis, and is mainly responsible for the carly reduction of the bacterial load in the
initial phase of therapy. Ethionamide and prothionamide have limited applications, and are mainly used as second-line
agents to treat patients who have failed to respond to first-line therapy.

7.24.6.2.1 Sites and mechanisms of action

Isoniazid, cthionamide, and prothionamide are all prodrugs. Tsoniazid is activated by a catalase peroxidase enzyme
(KatG). Murations in KatG account for the majority of isoniazid resistance. ‘The active species of isoniazid appears to
have multiple cellular targets.”™ The primary target of isoniazid is believed to be InhA, a NADH-dependent enovl acyl
cartier protein reductase involved in the synthesis of mycolic acid. ™ The activated species, presumably an isonicotinic
aeyl radical, forms an adduct with the NAD radical. The resulting isonicotinic acvl-NADH adduct (INA) binds to InhA,
and inhibits the synthesis of mycolic acid, an essential cell wall component of M. mbercudosis (Figure 6).%

The erystal structure formed berween InhA isolated from M. suberculosis and INA indicated chat INA binds to InhA
in a competitive fashion with NADII (Figure 7), and mutations within the NADH-binding region of InhA confer
isoniazid resistance among clinical isolates.

The primary target of ethionamide is also believed to be InhA. However, this agent is activated by a different
enzyme, EthA. Prothionamide is presumed to have the same mechanism of action as ethionamide due to their
struccural similarity. Resistance to isoniazid, ethionamide, and prothionamide is mainly due to either mutation of the
activation enzymes (Kat(; or KthA) or their molecular targer (InhA).>® Therefore, cross-resistance berween isoniazid
and cthionamide/prothionamide is expected, but not common.

1.24.6.2.2 Structure-activity relationships

The discovery of isoniazid was a serendipitous event. Isoniazid was identified by pursuing derivatives of nicotinamide,
an carlier anti-TB lead. Optimization of nicotinamide directed by in vitro and in vivo anti<T'B assays produced two
distinct drugs with very different characteristics (Figure 8), isoniazid and pyrazinamide.” While pyrazinamide exhibits
4 similar biological profile and shows cross-resistance with nicotinamide, isoniazid is biologically and mechanistically
distinet from its parent. The discovery of isoniazid and pyrazinamide fully illustrated the advantages and potential risks
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Isoniazid Isonicotinic acyl radical

Figure 8 Activation of isoniazid and formation of isonicotinic acy-NADH.
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Requires groups that can be oxidatively activated to an acyl radical:
X =0; R' = NH,, N=CR?R?, NHCR?R?

X=8R=H
—_—
H
X N"Fﬂ
4
tTrlua istonicotin(i'glyl gbrot{tp ca? R4—: =
Qleraie aismatl subsliuen I\N/ The isonicotinoyl group is important for activity;

other aryl or heteroaryl groups are less active
Figure 9 Highlights of the SARs of the isoniazid series.

associated with the whole-cell-based approach for lead optimization. Lead optimization solely directed by whole-cell
activity can lead to compounds with ‘off-target’ mechanisms. In most cases, the off-target activities are nonselecrive
and unwanted. However, in cerrain instances, the off-target activities can lead to serendipitous discovery of useful
drugs, such as isoniazid.

Most of the medicinal chemistry on the isoniazid series was completed in the 1950s. There are two independent
tracks of SARs for this drug series, one governing the activation of the prodrug and another governing the interaction of
the active species with InhA. Many groups at the 4-position can be activated inside M. zuwbercutosis, and are possible
prodrug strucrures (Figure 9).°% After activation, the structural requirements for InhA binding appear to be very
stringent. Only the isonicotinoyl core structure is substantially active among many arvl and hereroaryl groups
explored.™ The isonicotinovl group could be substituted with lower alkyl groups while maintaining excellent activiry.

7.24.6.2.3 Comparisons of available agents within the class

As a first-line drug, isoniazid is by far the most commonly used agent within the class. Due to its relatively good efficacy
and safety, isoniazid has become one of the kev components of modern anti-T'B therapy. Echionamide and
prothionamide are mainly used as second-line drugs to treat MDR-TB and patients who cannot tolerate first-line
agents. Recently, isoniazid resistance has become a major problem in many parts of the world.® The majority of
isoniazid-resistant  clinical isolates have mutations in the acrivating enzyvme, KatG. Since ecthionamide and
prothionamide are activated by a different enzyme, EthA, these agents show little cross-resistance with isoniazid.
Both ethionamide and prothionamide are less tolerable compared with isoniazid.””

7.24.6.2.4 Limitations and future directions

There are two main limirations associated with the isoniazid class: the high prevalence of drug resistance and the low
efficacy against drug-persistent bacilli. In addition, the roxicity of this drug class, particularly ethionamide and
prothionamide, is a significant concern.™

Recent work in chis area mainly focused on overcoming isoniazid resistance. A new agent that directly targets InhA
without the need for KatG or EthA activation could potentially be effecrive against the majority of isoniazid-resistant
strains. InhA inhibitors that bind to a different binding site than isoniazid may be able to overcome the remaining cause
of resistance — InhA mutations.

A new member of the isoniazid family that is effective against isoniazid-resistant strains and is safer than isoniazid
will likely find utility in the treatment of MDR-TB. However, it is unclear whether an agent that targets cell wall
biosynthesis can play a major role in shortening therapy. The definite answer to this question will not be available, of
course, until such an InhA inhibitor is identified and its efficacy against persistent M. zuberculosis is tested in in vitro and
in vivo models, and eventually by clinical trials.

7.246.3  Pyrazinamide and Related Compounds

Pyrazinamide is a close analog of nicotinamide, and shares the same root with isoniazid (see Figure 8). Pyrazinamide is
Janother first-line agent, and one of the two agents that played a significant role in shortening the duration of therapy
from 12 months to 6 months.”’ Pyrazinamide appears to be active only under acidic conditions. The drug is more
efficacious in vivo than would be predicted by its in vitro potency.
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7.24.6.3.1 Sites and mechanisms of action

Pyrazinamide is a prodrug that requires activarion by pyvrazinamidase (PZase). The activation product is pyrazinoic acid,
which is believed ro be the active species. Mutations in PZase lead to loss of PZase activity, and are mainly responsible
for the development of pyrazinamide resistance. The same mutations show cross-resistance to nicotinamide, suggesting
that pyrazinamide and nicotinamide are activated by the same enzvme. Pyrazinoic acid, the active form of
pyrazinamide, remains sensitive to these mutants. No pyrazinoic acid-resistant mutants have been identified, and the
exact target of pyrazinoic acid is unelear. Although evidence based on an experiment done with 5-chloropyrazinamide, a
close analog of pyrazinamide, on M. smegmatis suggested that fatty acid biosynthesis 1 (FAS-T) is the potential targer of
pyrazinoic acid,” this hypothesis was later questioned.” Recently, a new mechanism of action for pyrazinamide was
proposed, suggesting that disruption of the proton motive force and energy production is the basis of its antibacterial
activity.”* According to this hypothesis. pyrazinoic anion, under acidic conditions, serves as a proton carrier that
transports protons from the outer membrane to the intracellular space. This process effectively depletes the proton
motive force and impacts energy production. This hypothesis helps to explain some of the unusual properties of
pyrazinamide, including its requirement for acidic conditions and its activity against persistent bacilli.

7.24.6.3.2 Structure-activity relationships
Oprimization of pyrazinamide was performed mainly in the 1950s as a follow-up to work on isonicotinamide. The SARs
of this serics have been extremely hard to clucidate since the series is essentially inactive under normal culture
conditions. Even under acidic conditions at pH 5.5, the potency of pyvrazinamide is in the range of 16pgml, " or
higher. Therefore. the SARs for pyrazinamide are mainly derived through in vivo animal studies, and the data that are
available for SAR analysis are very limited. One should take extra precautions when performing a SAR analysis for a drug
series whose mechanism of action is nor well defined. As an example, 5-chloropyrazinamide is a structural analog of
pyrazinamide, but appears to have a different mechanism of action.”? Therefore, 5-cloropyrazinamide should not be
included in the SAR analysis of the pyrazinamide series. Instead, this compound could serve as a potential lead fora
new series. 4

As prodrugs, the pyrazinamide scries also follows two independent SAR tracks, one for PZase activation and another
for target interaction by the resulting acid (Figure 10). The R' group serves two important functions. First, the active
species. pyrazinoic acid, is usually in its anionic form at physiological pH, and is not permeable or bioavailable. Tﬁﬁ:
R' group masks the acid group, and allows the drug to pass through cell membranes. Second, the killing effect of t Ic
active species is unlikely to be a selective process. The selective removal of the R' group by M. tubercudosis and other
bacterial species provides the desired selectivity. In principle, any structures that can be selectively removed
mycobacteria would be a good choice for the R' group. Esters, in addition to amides, have therefore been explored
prodrugs.”” T'he esters appeared to have a hroader spectrum of activity than amides, and did nor show cross-resista
with the corresponding amide, indicating that they are activated by different enzymes.”® Information regarding
structural requirements for the aromatic group is limited, and most of the relevant work was performed many vears
in the 1950s. In general, strucrures that lead to acids with a relatively lower pK, are more active than those that prod
acids with a higher pA,.. ‘Thus, pyrazinoic acid has better activity rhan nicotinic acid. The pK, of the active species.
be influenced by both the structures of the aromatic system and its substitution.

7.24.6.3.3 Comparisons of available agents within the class
Pyrazinamide is the only agent currently used clinically for the treatment of TB in this class. The initial
nicotinamide, was abandoned before reaching clinical development due to potential antagonism with isoniazid.

The best R' group is amide, a potential R’
group is an ester that could be activated by
bacterial esterase

O
e s X ;
Substitutions are oI R

~
generally not tolerated & >

i Pyrazinoyl (X = N) is better than nicotinoyl (X = CH);

other aryl or herteroaryl groups are less active

Figure 10 Highlights of the available SARs for the pyrazinamide series.
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compound resurfaced recently as a potential agent that might have dual activities against both TB and HIV.’
Pyrazinamide is more active borh in vicro and in vivo than nicotinamide against M. tuberculosis. In addition, nicotinamide
appears to show antagonism with isoniziad, while pyrazinamide docs not.

7.246.3.4 Limitations and future directions

‘The most obvious limitation of pyrazinamide is, in addition to its marginal safery profile, its narrow window of activity.
This agent is active only during the first 2 months of treatment and under acidic conditions. No evidence suggests that
pyrizinamide has any therapeutic benefit during the continuation phase of treatment after the initial 2 months of
therapy. Presumably. because pyrazinamide is only active under acidic conditions, it plays a limired role in preventing
the development of resistance to co-administered agents.*”

Due to its unique mechanism, pyrazinamide may serve as a useful tool for undersranding the biology of persistence.
Conversely, a berrer understanding of the mechanism of action of this agent may lead to new straregies to overcome
persistence.

To overcome the limitations of pyrazinamide, a safer compound active against both replicating and nonreplicating
bacterial populations is highly desirable. One can envision that a pyrazinamide analog with a dual mechanism of action
could achicve this goal. 5-Chloropyrazinamide, a compound that appears to target both FAS-T and the proton motive
force, might scrve as onc interesting lead.®®

72464  Aminoglycosides and Polypeptides

Aminoglycosides are widely used antibiotics with broad-spectrum activity. The first agent in the class, streptomyein, was
olated in the 1940s from Strepromyees griseus. Many additional aminoglycosides were later isolated or synthesized.
Currently, three agents in the class, streptomycin, kanamycin, and amikacin, are used for the treatment of TB (Figure 11).
Among these agents, strepromycein and kanamycein are natural products, and amikacin is a semisyntheric compound derived
from kanamycin. In 1948, the first recorded, randomized. placebo-controlled trial was conducted, its purpose being to
aluate the efficacy of strepromycin as an anritubercular agent.™ Aminoglycosides are not orally active, and have limited
cellular activity. In addition, nephrotoxicity, otoroxiciry, and other adverse reactions limit their use. Aminoglycosides
- used widely for the treatment of other infections, as discussed in other chapters. In this section. we will focus on the
nti-I'B applications of this drug class.

Polypeprides, capreomycin, and viomycin are structurally related compounds that possess similar mechanisms of
tion, pharmacokinetic, potency and toxicity profiles, to aminoglycosides (Figure 12). Capreomycin was isolated from
promyces capreolus in 1961, and viomyein, which is produced by various Strepromyees species, was first reported in
h 51 Both compounds are parenteral agents, and possess significant nephrotoxicity and ototoxiciry.
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11 Structures of aminoglycosides that have been used for the treatment of TB. Amikacin is a semisynthetic compound
from kanamycin.

713



714

Antimycobacterium Agents

H R oy o (", O NH,
) HoN,, N H A A~ NH
NH, O ol ol
NH  HN" O NH , HNTTO

HO" N7 NH N7 NH
H H

Viomycin Capreomycin 1A: R = OH
Capreomycin 1B: R=H

Figure 12 Polypeptide anti-TB agents.

7.24.6.4.1 Sites and mechanisms of action
At physiological pH, aminoglycosides are charged molecules. They have limited permeability across the lipid bilayers
cellular membranes. Aminoglycosides are transported into the cell by an energy-dependent drug transport system that
utilizes the proton gradient as its driving force.®” The proton gradient decreases in an anacrobic environment, and, 454
conscquence, the uptake of aminoglycosides is reduced, leading to a reduction in antibacterial activity.””
aminoglycoside class, therefore, may have limited activity against drug-persistent cell populations. Onee across tl
membrane, the drug is trapped and accumulares inside the hacteria, resulting in bactericidal events. Aminoglycos
inhibit protein synthesis by binding to the small subunit (30S) of the bacterial ribosome. High-resolution cr
structures of two aminoglycosides, streptomyein and paromomycin, complexed with the 308 ribosomal subunit from
Thermus thermophifus, have been elucidated.”” Based on the crystal structure, aminoglycosides hind to an area adjace
the decoding site in the 308 subunit of the ribosome, and cause decoding errors. Strepromyein binds to
nucleotides of 168 ribosomal RNA and a single amino acid of ribosomal protein S12. Paromomycin appears to int
with a slightly different binding site in the same general region. Mutations of the S12 protein and 168 ribosomal Rl
account for the majority of aminoglycoside resistance in M. tbercufosis, Interestingly, aminoglycoside-modif
enzymes commonly found in other bacterial species have not been found in M. tuderculosis.

Capreomyein and viomycin are also protein synthesis inhibitors, and appear to bind at the interface between the
and 508 subunits.”” Viemycin and capreomycin resistance are largely due to methylation or mutarion of ribosomes
Amikacin, kanamycin, capreomyein, and viomycin do not generally exhibit cross-resistance with strepromyein, and
currently being used for the trearment of MDRTB.”? There is significant genotypic overlap among the mur
responsible for resistance to amikacin, kanamycin, capreomyein, and viomycin.”* Cross-resistance among them is
therefore expected and is commonly observed.

7.24.6.4.2  Structure-activity relationships
Currently, there are approximately a dozen naturally occurring and semisynthetic aminoglycosides available ft
treatment of various bacterial infections. Among them, streptomycin possesses a unique strepridine group; all
aminoglycosides possess a 2-deoxystreptamine moicty. ‘The SARs for this drug class are insufficiently del
particularly against M. tubercutosis. As suggested by the cross-resistance data and the crystal structures of ribosomes
aminoglycosides, each aminoglycoside appears to have a slightly different binding site and mechanism of action.
promiscuous binding of this drug class has increased the difticulty of developing generalized SARs. Among
aminoglycosides, amikacin is slightly more potent against M. tuberculosis than strepromycin and kanamycin.
members of the class appear to have insufficient activity against M. ruberculosis. Knowledge of the SARs
polypeprtide family is torally lacking,

7.24.6.4.3 Comparisons of available agents within the class
All anti-T'B agents within the aminoglycoside and polypeptide families have similar potency, pharmacokinetic
toxicity profiles, with little variation between them. Strepromycin is used as a first-line agent, and resistance
common among clinical isolares. Streptomycin is the least nephrotoxic aminoglycoside; however, it is highly o
Cross-resistance between strepromyein and other aminoglycosides and polypeprtides is not common, and,
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yein, amikicin, capreomyein, and viomycin can be used as second-line agents to treat MDR-TB. One of the major
erences between capreomyein and aminoglyeosides is their anaerobic activity against M. twbercudosis. Capreomyein is
etive against M. ruberculosis under anaerobic conditions, while aminoglycosides show limited activity against this cell
population.” Differences in drug transport may explain this difference — aminoglyeosides require active uptake, which
down substantially under anaerobic conditions, while capreomycin may be transported via a different mechanism
t 15 still active under these conditions.

4.6.4.4 Limitations and future directions

e are a number of limitations for the aminoglycoside and polypepride classes. Lack of oral availability has limired
: use of these agents. Nephrotoxicity and ototoxicity are significant among members of these classes, and extra care
st be taken when these drugs are administered. In addition, resistance to streptomyein is common, and furcher
its its use. Cross-resistance berween the second-line aminoglycosides and polypeptides is common, and
nations of these agents are not recommended.

inoglycosides also lack activiey against intracellular mycobacteria and mycobacteria in their nonreplicating state.
efore, these agents have little role in eradicating mycobacteria after the initial phase of treatment and in
ening the duration of therapy. In this regard, the anaerobic activity of capreomyein is interesting and worth further
stigation. Understanding the mechanism of the anaerobic activity of capreomycin may give us some indication how
further improve this important property.

6.5  Quinolones

molones belong to one of the few classes of antimicrobial agents that are torally synthetic in origin.”® The first
olone, nalidixic acid, was introduced in the 1960s, and is a narrow-spectrum agent against Gram-negative
nisms. The coverage of this drug class was expanded significantly by the introduction of fluoroquinolones, as
nd-generation agents, in the 1980s. Certain second-generation fluoroquinolones, such as ciprofloxacin and
in, are active against M. fuberculosis, and widely used for the treatment of MDR-TB. The anti-TB activity of the
one class was further improved by the introduction of third-generation agents. exemplified by moxifloxacin and
n. The third-generation quinolones demonstrate potent sterilizing activity against M. rubercufosis in both the
ing and nonreplicating states. Both moxifloxacin and garifloxacin are currently being evaluared in clinical trials
ential therapies to treat TB. A brief history of the quinolone class is illustrated in Figure 13.
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A summary of the quinclone class.
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T'he safety of this drug class for long-term use has not been well defined. In addition. quinolone resistance has
become a serious problem among many pathogens, such as Escherichia coli and Staphylococcus aureus, and there is cong
whether relatively long-duration treatment with quinolones for TB will lead to development of resistance in comme
organisms. If quinolones become commonly used for TB, it will be important to monitor and evaluate the potenti
such resistance to become a clinical problem.

7.24.6.5.1 Sites and mechanisms of action
The molecular rargets of the quinolone class are DNA topoisomerases, bath topoisomerase 11, also known as DNA
gyrase, and topoisomerase [V. DNA gyrase is essential for DNA replication, transeription, and repair, and topoisom
IVis involved in the partitioning of chromosomal DNA during cell division. Therefore, DNA gvrase is thought to
more important target during the nonreplicating state. Quinolones are dual-action agents against organisms that re
both DNA gyrase and topoisomerase IV for viabilicy. In M. zuberculosis, DNA gyrase appears to be the only type
topoisomerase present, based on gencetic studies, and is likelv the sole target for the quinolone class.”” Because of
difference in molecular rargets, as well as cell wall structures, quinolones (Figure 14) exhibit different SARs ag
M. tuberculosis compared with other organisms (Table 3).7

Quinolone resistance among M. mubercufosis strains is not common, and is relatively less well defined. The
resistance mechanisms, as in other hacrerial species, are DNA gyvrase murations and drug effiux.
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Figure 14 Structures of selected reference quinolones.

Table 3 In vitro activities of selected quinolones against S. aureus, E. coli, and M. tuberculosis and inhibitory (ICso) and DN
cleavage (CCso) activities against M. tuberculosis DNA gyrase

Quinolones 8. aureus FE. coli M. tuberculosis M. tuberculosis DNA gyrase

MIC (ugmL ™) MIC (pgml. ) MIC (ugml. =) 1Cs (ugml ') CCso (ugml

Gatifloxacin 0.05 0.02 0.12 3 4
Moxifloxacin 0.03 0.015 0.5 4.5 4
Levofloxacin 0.12 0.008 0.5 5 12
Garenofloxacin 0.01 0.015 2 13 15
Gemifloxacin 0.01 0.13 4 11 6
"Trovafloxacin 0.03 0.02 16 15 25

#ICs0: drug concentration that inhibits DNA supercoiling by 50% compared with no drug control.
P ECyy drug concentration that induces 50% of the maximum DNA cleavage.
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4.6.5.2 Structure-activity relationships

Quinolones have been extensively optimized against many common pathogens, and a significant amount of SAR
wledge against these pathogens is available.” The general SARs and structure—toxicity relationships (STRs) of the
inolone class are summarized in Figure 15.7

The SARs against mycobacteria are much less well defined, and most of these studies are primarily focused on
ctivity against M. avium, M. fortuitum, or M. smegmatis. Positions that have significant impact on antimycobacterial
ity are the N-1, C-7, and C-8 positions. At the N-1 position, the order of potenecy from high to low is /~butyl,
lopropyl, 2,4-difluorophenyl, ethvl/cyclobutyl, and isopropyl. At the C-7 position, piperizine and pyrrolidine appear
have similar activity.® The contribution of the C-8 group is dependent on the structure at the N-1 position. When
N-1 substituent is a eyclopropyl group, the order of potency for the C-8 group from high to low is C-OMe, C-Br,
l, C-F/C—H/C-OEt, N, and C-CF3. When the N-1 group is -butyl, N is better than C—H.®' For M. tuberculosis, the
information s extremely limited, but indicates that the potency of the quinolone class against M. tuberculosis is
nly driven by DNA gyrase interactions, as evidenced by a good correlation between DNA gyrase inhibitory activity
MICs.”™ %% Similarly to other antimycobacterial SARs, structures at the N-1, C-7, and C-8 positions are important
anti-I'B activity. A potent anti-M. suberculosis quinolone generally has the following structural characteristics: a
eyclopropyl group ar the N-1 position, a pyrrolidine or piperazine group at the C-7 position, and an I C1, or OMe group

the C-8 position.

46.5.3 Comparisons of available agents within the class

second generation of quinolones, ciprofloxacin, ofloxacin, and levofloxacin, are currently in use as second-line TB
. These agents are slightly less active than rifampicin and isoniazid against M. muberculosis. Resistance to
oroquinolones is rare among clinical isolates of M. tuberculosis, so these agents are often useful for the treatment of
DR-TB.

‘Third-generation fluoroquinolones, moxifloxacin and garifloxacin, are more potent than the second-generation
ents. As more potent DNA gyrase inhibitors, moxifloxacin and gatifloxacin demonstrare significantly better sterilizing
fivity against persistent and rifampicin-tolerant M. fubercutosis® Preclinical and limited clinical data indicate that
ns containing these agents could potentially shorten the current 6-month therapy.**=*7 Currently, clinical studics
e ongoing to evaluate the potential of moxifloxacin and gatifloxacin as components of first-line anti-TB therapy.

246.54 Limitations and future directions
itc widespread use of quinolones in second-line treatment of TB, none of the available agents are truly oprimized
tivity against M. tuberculosis. The SAR divergence against M. ruberculosis and other pathogens (Table 3) illustrates

SAR: governs intrinsic activity
STR: influences genotoxicity
and phototoxicity

SAR: governs intrinsic activity
STR: influence safety

R® = CO,H
= J
H‘ ‘ l\'11 SAR: governs intrinsic activity
o - ,/ R' == STR: influences genotoxicity
SAR: governs intrinsic activity, and theophylline interactions
spectrum, and absorption,
distribution, metabolism,
and excretion (ADME) SAR: governs ADME and
STR: influences genotoxicity, anaerobic activity
theophylline and NSAID STR: influences genotoxicity
interactions and y-amino-butyric ~ @nd phototoxicity

acid binding
115 Highlights of the SAR and STR relationships for the quinclone class.”
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the need for a dedicated lead optimization program focusing on activity against M. tuberculosis. Quinolones oprimized
against M. fubercutpsis would hold great potential for shortening the duration of therapy. For the treatment of TB,
quinolones are generally given for a long period and in combination with other drugs. "T'he long-term safety and
potential for drug-drug interactions of this class have not been well characterized. Development of resistance to
quinolones is a concern, as discussed in Section 7.24.6.5 above, due to the high incidence of quinolone resistance
among many other pathogens, although the frequency in M. rubercutosis is still quite low.

There are two new series of DNA gyrase inhibitors on the horizon: non-fluoroquinolones (NFQs) and 2-pyridones or
quinolizinones. Members of the NFQ series were advanced to clinical development recently for other indicarions. This
series has a potency profile similar to that of the third-generation agents, and possesses a better safery/rolerability
profile. The 2-pyridones are potent 1DNA gyrase inhibitors, and more potent against Gram-positive and anaerobie
organisms than the third-generation compounds. Both the NFQ and 2-pyridone series are potential leads for furcher
optimization against M. ruberculosis.

7.24.6.6 Miscellaneous Agents: Ethambutol, Cycloserine, and p-Aminosalicylic
Acid (PAS)

7.24.6.6.1 Ethambutol
Ethamburol (N N-bis(1-hydroxymerthylpropyl)ethylenediamine) is a derivative of NV -diisopropylethylenediamine, the
initial lead identified by random screening.™ Ethambutol is a narrow-spectrum bacteriostatic agent against M. fubervulosts,
and has low activity against nonreplicating organisms. It contributes little, if any, to the shortening of TB therapy. The
main function of ethamburtol is to prevent the emergence of resistance to other agents in the combinarion therapy.

The precise mechanisms of action and resistance to ethamburtol are not fully defined. The primary targets of

ethamburol appear to be the arabinosyltransferase enzvmes encoded by the embA and embB genes, which are involved in
cell wall assembly.™

The interaction of ethamburol with its molecular target appears o be very stereospecific — only one of the four
enatiomers, (8.8)-cthambutol, is active against M. suberculosis (Figure 16). Further optimization of this series |
combinatorial synthesis produced a new compound, SQ-109, a highly lipophilic compound rthat appears to ha
different mechanism of action from ethamburol.”

The major limitation of ethamburol and the ethylene diamine series with respect to T'B treatment is their limil
role in shortening therapy. This limitation could be mechanism based. and further optimization of potency may
address the problem. Another cautionary note is that optimization of the series should be done with careful monito
of whole-cell activity in parallel to enzymaric activity, to avoid unwelcome off-target effecrs.

7.24.6.6.2 Cycloserine
Cycloserine is a natural producr, initially isolated from Streptomyces orchidaces in the 1950s.”" This compound is a bro
spectrum agent, active against both Gram-positive and Gram-negative organisms. Cycloserine is only marginally a
against M. ruberculosis, and is primarily used for the trearment of MDRZT'B. The use of cycloserine is limited due to it
weak activity and frequent adverse reacrions.

N,N’-diisopropyl Ethambutol
ethylenediamine

Me Me

H
MGW”NN

SQ-109

Figure 16 Structures of key ethylenediamine derivatives. B
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OH O-NH
Me N0 . 0
NHE NHZ
p-Alanine p-Cycloserine

igure 17 Structures of p-alanine and p-cycloserine.

COOH COOH SO,NHR
OH
NHz NHz NHz
p-Aminobenzoic p-Aminosalicylic Sulfonamide
acid acid

ure 18 Structures of p-aminobenzoic acid, PAS, and sulfonamides.

The primary target of cycloserine is b-alanine racemase, an enzyme responsible for the interconversion of alanine
- . . X < . 92 i~ . = =
ntiomers, and essential for the synthesis of the bacterial cell wall.”? Cycloserine is believed to act as a structural
milog of b-alanine, and covalently binds to the reactive center of the enzyme (Figure 17). The high-resolution crystal

tle evidence to suggest thar this agent would play any role in eradicating drug-persistent bacterial populartions.
thout significant improvement in potency and safety, this series will evenrually be replaced by other agents thar are
e potent and safer to use.

46.6.3 p-Aminosalicylic acid

inosalicylic acid (PAS), a synthetic compound. has been known for more than 100 years. Its anti-TB activity was
reported in the 1940s during the carly era of antibiotic discovery.” The use of PAS has declined significantly
because more potent and safer agents have become available. Currently, PAS is used only for the treatment of MDR-TB
then suscepribility to this agenr is known or expected.

PAS is considered a structural analog of p-aminobenzoic acid, and inhibits the synthesis of folic acid (Figure 18).

rent from sulfonamides in spectrum, PAS is only active against M. tuberculosts.

PAS has very limited utility for the treatment of TB due to its weak efficacy and low tolerability. Inhibition of folic
tid synthesis generally results in a bacteriostaric effect that subsides during the persistent phase of growth. Although a
sier and more efficacious agent in this class could be useful as second-line therapy. there is little evidence to suggest
It even more potent inhibition of folic acid biosynthesis would have significant effect on the duration of TB

tion and complexity dircctly contribute to the development of drug resistance and hamper the global public health
unity's ability to effectively control the TB epidemic, particularly in settings of high HIV prevalence. Key
orities for TB drug development are: (1) shorter, simpler regimens for effective treatment of active TB; (2) regimens
can be easily and safely administered simultaneously with highly active antiretroviral therapy (i.c., that do not
onstrate significant drug-drug interactions with commonly used antiretroviral agents); (3) regimens that are safe
efficacious against MDR strains of M. tuberculosis; and (4), a safe, short prophylactic regimen for use against LTBIL.
last priority, in conjunction with an effective vaccine to prevent infection, would ultimately have the greatest
pict in eliminating TB as a public health problem — by removing the currently vast reservoir of future patients with
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active disease. Improved trearment for LTBI also poses the greatest inherent challenge — to understand the underlying
mechanisms of latent infection well enough to identify key molecular targets for new drugs and to identify surrogate
markers to streamline clinical trials of novel preventive therapies.

7.24.8 New Research Areas

The last new drug to be incorporated in the current standard anti-TB regimen, rifampicin, was introduced about 40 vears
ago. Since then, very few new agents for TB have been developed because of the lack of marker opportunities. Recently,
however, we have observed a surge of research and development activities in the TB therapeutic area due to heightened
attention to and increased resources for this urgent, global, public health need. There are several new chemical series
that are currently being optimized against M. suberculusis. "These new scries are gencrally from one of three sources:
(1) existing anti-TB agents, (2) known antibiotic classes not yet approved for TB treatment. and (3) novel chemical
series. Examples of these three groups are shown in Table 4. Key factors to be considered when prioritizing the
development of new agents for ‘T'B are their ability to overcome drug persistence (to shorten therapy), their potential
cffectiveness in treating MDR-TB, and their appropriateness (ease of use and safery) for HIV co-infected patients.
Figure 19 illustrates the molecular targets of the new drug series thar are currently under investigation. Different
from the existing agents, the target pathways of the new series are believed to be more essential mechanistically to the

Table 4 Examples of new drug series that are currently under investigation

Group 1: existing anti-TB class Group 2: known antibiotic class not yet approved for TB Graoup 3: novel drug dass

Rifamycins Macrolides/ketolides Nitroimidazoles
Ethambutol series Pleuromurtilins Diarvlquinolines
Oxazolidinones Novel InhA inhibitors
1
Quinolones Novel 1CL inhibitors
PDF inhibitors Novel gyrase inhibitors
DNA gyrase
Quinolones
Novel gyrase inhibitors RNA polymerase
Persistence targets Rifamycins
ICL inhibitors
Others
Persistence
target
Multiple targets )
Nitroimidazooxazine? Reactive Ribosome (50S)
Nitroimidazooxazole? Species . Macrolides/Ketolides
7 Pleuromutilins
ADP . — Oxazolidinones
ATP synthase
Diarylguinolines® Peptide deformylase
Cell wall synthesis PDF inhibitors

Novel InhA inhibitors

@ The site of action is not completely defined

Figure 19 Schematic illustration of the sites of action of potential new anti-TB agents currently under investigation.
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monreplicating state, and therefore have a better chance to shorten treatment duration. Compounds derived from the
existing anti-1'B agents and known antibiotic classes have been discussed elsewhere. This section will focus primarily
on two novel compound series, nitroimidazoles and diarylquinolines. Other novel series will he discussed briefly.

24.8.1 Nitroimidazole Class: PA-824 and OPC-67683

¢ structural and mechanistic ancestor of the current nitroimidazoles is a natural product called azomycin
nitroimidazole), isolated from streptomyeete in the 1950s (Figure 20). Structural modification of azomycin led to
e introduction of metronidazole and several other first-generation compounds.” Metronidazole is widely used for the
tment of protozoan and anacrobic infections. Although active against M. subercudosis under anaerobic conditions,
etronidazole is inactive against M. tabercufosis under acrobic conditions. The compound appeared to be mutagenic
ed on Ames tests, and carcinogenic in mice and rats, CG1-17341 is a sccond-generation nitroimidazole with a
itroimidazooxazole structure. This compound showed potent activity against M. rubercufosis under both anacrobic
aerobic condirions. However, the development of CG1-17341 was abandoned due to the mutagenic potential of the
mpound.

[Further development of the nitroimidzole series led to the discovery of PA-824, a 4-nitroimidazooxazine compound
a larger substituent attached to the oxazine ring.”® PA-824 possesses all the beneficial attributes of CGI-17341.
h activity against M. mubercufosis under both acrobic and anacrobic conditions. This compound is active against
MDR-TB strains in vitro, indicating 4 novel mechanism of action. More importantly, PA-824 is not mutagenic, based
various in virro and in vivo studies. OPC-67683 is a more recent analog of CGI-17341, with the same
troimidazooxazole scaffold as CGI-17341 but with a larger substituent linked to a quaternary carbon of the oxazole
T OPC-67683 showed even better in vitro and in vivo potency than PA-824 against M. rubercufosis. "T'his compound
appears not to be mutagenic.”

48.1.1 Sites and mechanisms of action

oimidazoles arc prodrugs requiring bioreduction of the nitro group for antimycobacterial activity: however, the
targets of the bioreductive species are unknown. Most researchers believe thar the bioreductive species, which
highly reactive, damage various intracellular targets, leading to cell death, This killing mechanism is nonselective
d does not discriminate between eukaryotic and prokaryotic cells. The demonstrated selecrivity of  the
midazole class must therefore come from a selective drug activation process. It is known that M. mberculosis
many other anacrobic organisms possess certain electron transport systems with a reduction potential that is low
ah to reduce 4-nitroimidazoles.

noted previously, PA-824 and OPC-67683 arc active under both aerobic and anaerobic conditions. T'he activation
anism of these agents mav be different under these different conditions. Evidence suggests that under acrobic
tions, PA-824 is activated by an ['420-dependent glucose-6-phosphate dehydrogenase (Fgd). Mutations in the
encoding the F420 enzyme (fed) are responsible for some instances of PA-824 resistance identificd in vitro. Under
obic conditions, however, nitroimidazoles are porentially activated by a different reduction system. This
omenon has been observed in other bacterial systems. For example, Helicobacter pylori mutants that are resistant to
idazole under microaerophilic conditions demonstrate restored drug sensitivity when they are tested under
obic conditions.” Nitrofuran-resistant mutants of /. cofi also have restored drug sensitivity under anaerobic

Me
N -NO2 N-br Nﬁ‘/\o)_/
i O;N
<\:f‘|\|/H g\/N\/\ OH ’ _<\-’ N
O.N
Azomycin Metronidazole CGI-17341

=—0_ Me
N._-O OQNACF & 0
= N -

OCF,

PA-824 OCF3 OPC-67683 (@)

20 Structures of important nitroimidazoles.
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conditions."" These studies suggest thar the activation systems utilized under anaerobic conditions differ substantially
from those utilized under aerobic conditions.

Preliminary studies suggested that PA-824 inhibits both protein and lipid synthesis but does not affect nucleic acid
synthesis. Cell treatment with PA-824 results in accumulation of hvdroxymycolic acid, with a concomitant reduction in
ketomveolic acids, suggesting inhibition of an enzyme responsible for the oxidation of hydroxymycolate to
ketomycolare. PA-824 did not exhibit cross-resistance with other therapeutic agents when tested against MDR
clinical isolates. The frequency of resistance development is relatively low (10 7), and appears to be due mainly
mutation of drug activation ¢nzymes.

7.24.8.1.2 Structure—activity relationships

As to be expected for such a new series, the SARs for the nitroimidazole class are insufficient and incomplete. Figure 21
summuarizes the preliminary SARs and STRs for this series. It appears that the 4-nirroimidazole core is essential for
antibacterial activity, which is consistent with the mechanism of action discussed above. The nitroaromatic group is also
believed to be the source for mutagenicity. The substitution on the oxazine or oxazole ring is critical to many properties,
including porency, physicochemical properties, pharmacokinetic profiles, and mutagenicity. Substitution with a larger
group generally reduces or totally removes the potential for mutagenicitv. The absolute stereochemistry of the
substituent group is important for the 4-nitroimidazo-oxazine series (the (.S) configuration is more potent than the (R)
configuration) but has no effect on the 4-nitroimidazo-oxazole series.

7.24.8.1.3 Comparisons of compounds within the class

There are two compounds, PA-824 and OPC-67683, within the nitroimidazole class that are currently under
investigation as anti-1I'B agents. Preclinical data indicate that OPC-67683 is the more active compound both in vitro
and in vivo. However, therapeutic indices based on human clinical trials are not yer available for these agenrs.

7.2481.31 PA-824
PA-824 is a potent compound against a variety of drug-sensitive and MDR-TB isolates, with MICs in the range
of <0.015 10 0.25pugmL ' The activity is highly selective, with potent activity only against BCG and M. mberculosis
among the mycobacterial species tested, and without significant activity against a broad range of Gram-positive and
Gram-negative bacteria (with the exception of Helichacrer pylori and some anaerobes). Perhaps of even greater
significance is the finding in anacrobic culture that PA-824 has acrivity against nonreplicating bacilli, indicating its
potential for acrivity against persisting organisms and therefore for shortening the treatment duration. Longer term
mouse studies with PA-824 at 50 mgkg ™' day ' demonstrated a reduction in the bacillary lung burden similar to that
of isoniazid at 23mgkg  'day ' with all PA-824-treated mice surviving while all untreated control animals died by day
35. In a guinea pig aerosol infeetion model, daily oral administration of PA-824 ar 37 mgkg  'day ' for 35 days also
produced reductions of M. fubercufosis counts in lungs and spleens comparable to those produced by isoniazid.
When tested in the Ames assay, both with and without 59 activation, PA-824, unlike CGl-17341, demonstrated no
evidence of mutagenicity. Chromosomal aherration, mouse micronucleus, and mouse lvmphoma tests have all been
negative, demonstrating lack of genotoxic potential. PA-824 neither inhibits nor is metabolized by major Cytochrﬂm‘#

Oxazole/oxzine ring
SAR: important for aerobic activity

Nitroimidazole group H s . 1 2
: S ubstituent group (R' and R¢)
SAR: essential for activity; the redox N._-O 5 A G
potential governs the spectrum ¢—— O,N _@ ) n=0or1 SAR: governs intrinsic activity;
N =

i ici i harmacokinetic
STR: responsible for genotoxicity; —R? important for p ic:
(:arF1J be averted by properTy =1 = and physicochemical proper
Substitution STR: influences genotoxicity
(larger substituents reduce
tooicE
Sterochemistry genotaxicay)

SAR: important for the oxazine series:
no impact on the oxazole series
STR: not defined

Figure 21 Highlights of preliminary SAR and STR relationships of the nitroimidazole class.
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0 enzyme isoforms in vitro, importantly indicating a low potential for drug-drug interactions, including with
ently used AIDS anriretrovirals. Pharmacokinetic studies of PA-824 in the rat indicare excellent tissue penetration.
| exposure in various tissues as measured by AUC (area under the curve) is three- to eighefold higher than that in

.8.1.832 OPC-67683

A-nitroimidazo-oxazole OPC-67683 has potent in vitro antimicrobial activity against M. tubercudosis. MI1Cs against
tiple clinically isolated M. fuberculosis strains range from 0.006 to 0.024 pgmL !, As with PA-824, OPC-67683 shows
cross-resistance with any of the currently used first-line TB drugs. There are also no indications from preclinical
ing of mutagenicity or potential for cytochrome P450 enzyme-mediated drug-drug interactions. Based on their
ively similar chemical structure, it is likely that the mechanisms of action of PA-824 and OPC-67683 will prove to
the same. In a chronic infection mouse model, the efficacy of OPC-67683 is superior to that of the currently used
drugs. In these experiments, the effective plasma concentration was 0.100 pg mL ! which was achieved with an
dose of 0.625mgkg ' confirming the remarkable in vivo potency of this compound. In nonclinical in vitro and
1 vivo studies, OPC-67683 in combination with various first-line TB drugs shows synergistic, additive, or no
ciable interaction, but does not demonstrate any evidence of antagonistic activity.

8.1.4 Limitations and future directions

nitroimidazole class holds great potential for addressing several key issues in TB therapy. For the reasons stated
r, these agents could have a major impact on ‘T'B treatment by shortening therapy, and safely and efficaciously
iting both MDR-T'B and HIV=TB co-infections. However, the 4-nitroimidazole series appears to have divergent
for aerobic and anaerobic activities. Neither PA-824 nor OPC-67683 has been optimized against persistent

ig. Therefore, optimization of this drug class against nonreplicating M. mubercalosis is an important furure direction.
| also be important to gain a better understanding of the mechanisms underlying the muragenicity of some
ers and their relationship to chemical structures. The risk of a nitroimidazole for inducing muragenicity needs to
cher addressed.

8.2  Diarylquinolines

quinolines belong to a novel class of anti-T'B agents initially identified by a whole-cell-based screen against
wtis, Structural modification of the initial lead compound led to the discovery of TMC-207 (previously known
07910, Figure 22), which is currently under clinical dcvelopmcnt.“” TMC-207 possesses a novel mechanism of
. and is highly porent against both drug-susceptible and MDR M. ruberculosis. Preclinical animal studies indicate
he compound has the potential to shorten the duration of TB therapy.

R126470 R207319

> Structures of TMC-207 and analogs.
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7.24.8.21 Sites and mechanisms of action

Based on gene sequences of drug-resistant murtants, the mechanism of action of TMC-207 has been postulated to be
inhibition of the proton pump of ATP synthase. Point mutations that conferred resistance to TMC-207 were identified
in both M. gubercutosis and M. smegmaris. In three independent mutants, the only gene commonly affected encoded Arpk,
a part of the FO subunit of AT'P synthase. Furcher transformarion studies confirmed the importance of the a7pl gene in
the mechanistic pathway of IT'MC-207. Consistent with having a novel mechanism of action, TMC-207 showed porent
activity against M. suberculosis isolates resistant ro a variety of anti-TB agents.

7.24.8.2.2 Structure-activity relationships
Informarion regarding the SARs for this new drug class is very limited. T'he diarylquinioline series has two chiral centers
and four enantiomers. It appears that only onc enantiomer, (1R.28). is active against M. ruberculosis, clearly indicating
that the drug-binding site on the molecular target (likely ATP synthase) is highly stereospecific., 1
R126470 and R207319 (Figure 22) are two close analogs of TMC-207 that have anti-TB acrivity in vivo, !
R126470 has the same configuration as TMC-207. and a phenyl moicty, instead of a naphrhyl group, at the G
position. This compound showed a bacteriostatic effect in a mouse model. R207319 has a 3-fluorophenyl group
at the C-2 position, and showed weak bactericidal activity in the mouse model. TMC-207 was significantly mo
cfficacious than the other two analogs in the same mouse model. These results clearly indicate the imporrance of the
C-2 moiery. 1

7.24.8.2.3 Comparisons of compounds within the class
TMC-207 is the only agent in the class that is currently under clinical development. This compound is active in vi
against both drug-susceptible and drug-resistant strains of M. tuberculosis (MIC=0.06 ugml. '), Strains tes
included those resistant to a wide variery of commonly used drugs, including isoniazid, rifampicin, streptom
ethamburol, pyrazinamide, and the Huoroquinolones. While TMC-207 is active in vitro against other mycobacter
including M. smegmatis, M. fansasii, M. bovis, M. avium, and M. Jortuitwm, the compound is nor active against variety ¢
Gram-positive and Gram-negative organisms such as Nocardia astervides. . coli. 8. aureus, Enterococcus faecium,
Heaemophitus influenzae. Of note, two resistant M. smegmeatis isolates were not cross-resistant to a wide range of antib
including the Auoroquinolones.
Pharmacokineric studics in mice have shown rapid absorption, with extensive tissue distribution in liver, ki
heart, spleen, and lung. The halt-lives ranged from 28.1 to 92h in tissucs and from 43.7 to 64h in plasma.
contribution to the relatively long half-life appears to be slow redistribution from tissue compartments.
TMC-207 has also demonstrated significant in vivo activity in mouse models of both established and nonestabli
infections. In the nonestablished disease model, mice were treated for 4 weeks, beginning the day after inocula
this setting, a once-weekly dose of 12,5 mgkg ' was almost as efficacious 4s 6.3 mgkg ™' given five times per w
12.5 and 25 mgkg ', TMC-207 was more efficacious than isoniazid at 25 mgkg . In the established disease n
trearment was begun 12-14 days after inoculation. In combination studies in the mouse, the substitution of
for any of the three commonly used drugs (isoniazid, rifampicin, or pyrazinamide) had greater efficacy
standard regimen of isoniazid, rifampicin, and pyrazinamide. The combination of either TMC-207, isoni
pyrazinamide. or TMC-207, rifampicin, and pyrazinamide, resulted in negative spleen and lung cultures after 8
of therapy, while the standard therapy (rifampicin, isoniazid, and pyrazinamide) led to positive cultures both
(0.97 log CFU) and spleen (1.91 log CFU)
TMC-207 has also been tested in Phase 1 pharmacokineric and safety studies in healthy volunteers. Sir
administration of TMC-207 at doses ranging from 10 to 700 mg revealed the drug to be well absorbed, with peak
concentrations at approximarely 5 h post-dose. The pharmacokinerics were dose-proportional over the range s
multiple ascending dose study (once-daily doses of TMC-207 ar 50, 150, and 400 mgday ~" for 14 days) v
performed in healthy volunteers. Accumulation was observed with a doubling of the AUC on the 14th day,
with day L. Of note, the average observed AUCs were greater than those that achieved optimal activ
established infection in the mouse. Safety evaluations revealed only mild or moderate adverse events, with the i
considered only possibly related to the study drug.

7.24.8.2.4 Limitations and future directions
The diarylquinoline TMC-207 represents a novel drug class with excellent potential for the treatme
particularly in shortening cherapy and rreating MDRZTB. As with any other new series, the safery and effic
compound need to be evaluated thoroughly in clinical trials. A back-up program that focuses on add
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fety issues identified during clinical development is important. The diarylquinoline was identified and optimized
ed on acrivity against replicating bacteria. SARs for activity against bacteria in the nonreplicating state need to be
further elucidated.

1.24.8.3 Other Novel Classes: Pyrroles, Oxazolidinones, and Macrolides
(24831 Pyrroles

other class of compounds being investigated for 'T'B therapy is the pyrroles. First described in 1998 as having good
ntimycobacterial activity, the most potent compound was designated BM212 (Figure 23).""* MICs for BM212 ranged
between 0.7 and 1.5 ngml. ' against several strains of M. muberculosis. The MICs for strains resistant to the commonly
antitubercular drugs were similar to those for sensitive strains, indicating the compound most likely has a novel
anism of action. However, no mechanism of action has vet been elucidated for this class of compound. Some non-
mycobacterial strains also appeared to be sensitive to BM212, albeit with MICs higher than those for
L. tuberculosis.

A novel pyrrole compound. LL3858, is currently in Phase | clinical development for TB in India.'™ This compound
ub-micromolar MICs, and has been reported ro have significant efficacy in a mouse model of TB. In combinartion
currently used anti-T'B drugs, 1.1.3858 sterilized lungs and spleens of infected animals in a shorter timeframe than
entional therapy.

[248.3.2 Macrolides

rolides, a well-known antibiotic class, are initially isolated from Streptomyces erythrens in the 1930s, Macrolides are
nt inhibitors of protein synthesis, via binding to the 508 ribosomal subunit of bacteria at the pepridyl transferase
nter formed by 23S TRNA. Studies have suggested they also block the formation of the 305 subunit in growing cells.
lides could therefore add a novel mechanism of action to TB combination therapy, and thereby also hold out the
nise of being equally effective against MDRTB and drug-sensitive TB. The macrolides, known to be orally active,
Iso proven to be safe and well tolerated when used for non-T'B indications. Key for TB treatment, the macrolides
to exhibit high levels of intracellular activity and extensive distribution into the lungs. Macrolides have already
en to be clinically useful in the treatment of other myeobacterial diseases including MAC and leprosy.

e major challenge for chis class is its weak activity against M. tubercufosis, which needs to be further oprimized. In
tion, several members of the macrolide class are known inhibitors of cvtochrome P450 enzymes associated with

drug interactions. This class of antibiotics is currently undergoing optimization for potential "I'B therapy. 104

48.3.3 Oxazolidinones

lidinones, a relatively new class of antimicrobial agents, exert their antimicrobial effect by inhibiting protein
esis through binding to the 708 ribosomal initiation complex. They have a rciarivcly broad spectrum of activity,
mg anaerobic and Gram-positive aerobic bacteria as well as mveobacreria.'”” The first and thus far only
dinone to be approved is linezolid. Although not approved for use in TB, linczolid has in vitro activity against
erculosis. OFf the oxazolidinones that have been evaluated for their in vitro activity. the most acrive compound
 to be PNU-100480 (Figure 24). which demonstrates potency similar to thar of isoniazid or rifampicin.'””
:cause of the clinical availability of linezolid, it has been used anecdotally in patients with MDR-TB, and
trates biological activity, as evidenced by sputum culture conversion.'™ However, with relatively long-term use
DR-TB patients, there are emerging reports of peripheral and optic neuropathy.'”
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Structures of important pyrrole compounds.
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Figure 24 Structures of important oxazolidinones.

Even though the oxazolidinones have the potential to be a uscful addition to the armamenrtarium of anti-TB drugs,
there has never been a truly concerted effort to optimize their activity against M. tuberculosis. In the meantime, the
neuropathic side effects of linezolid, emerging with its long-term use, will require careful monitoring as this drug
becomes more commonly used in the treatment of MDR-TB. A lead optimization program focusing on improving
efficacy and safety of this drug class would be an important development.

7.24.8.4  Novel Drug Targets for Persistence

All the current anti-T'B agents were identified by their ability to kill or inhibic M. ubercudosis in the exponential phase of
growth in vitro, with the exception of pyrazinamide, whose antimycobacterial activity was discovered directly in vivo in
a mouse model. Most of these agents are highly potent against replicating M. ruberculosis but have limited activity
against M. tubercufosis in anacrobic or nutrient-depleted conditions in their nonreplicating state. This phenomenon is
largely due to the fact that in the nonreplicating state, the drug targets of these agents are inactive, and inhibiting
theses enzymes therefore has limited impact on the viability of the bacilli. Recently, significant progress has been made
in identifying M. muberculosis facrors believed to play an essenrial role in the ability of M. tuberculosis to adopt and/or
maintain a persistent state, Some of these factors are believed to be suitable drug rtargets for therapeutic
interventions.""™" Drugs targeting these enzymes are likely to have a significant impact on cell viability in the
persistent state, and therefore may shorten the duration of therapy.

There is significant disagreement, however, regarding how persistence is induced and maintained in the host,
Various in vitro conditions have been used to mimic the host environment and to identify putative persistence faccol‘&}‘
including oxygen depletion, nutrient depletion, and nitric oxide stress.!'” Whole-genome microarray experiments
conducted under various stress conditions suggest thar gene expression patterns under these various conditions have
lictle overlap.'"" The lack of correlation among gene expression parterns under different in vitro stress conditions
further illustrates the high risks involved with this approach. Without a clear understanding of the clinical relevance d?
these models, research should first focus on the small numbers of genes thar are commonly expressed under different
conditions. This group of genes may provide a better chance to identify true persistence factors. Another cavear
relevant to this approach is that these purartive persistence targets are often not essential under the normal growth
conditions used to assay drug suscepribility. Compounds that inhibit such rargers will have to be tested under spc(:’m!
conditions or directly in vivo. This requirement adds significantly to the challenge of the lead optimization proce:
Currently, most programs focused on agents active against persistent M. tuberculosis are in the rargert validation or
identification stages, the very early steps of a drug discovery program.

7.24.9 Conclusion

While current, standard, TB drugs can be effective, they necessitate lengthy and complex treatment regime
lessening rates of patient adherence. This lack of compliance in turn has created a significant drug resistance probles
and hampered control of the global TB epidemic. The lack of strong market opportunities has hindered tl
development of new I'B drugs until very recently. Currently, increased resources and public atcention have led t
resurgence in TB drug research and development activities, leading to optimism that shorter, simpler, and
treatment regimens will be developed and registered in the foreseeable future. Medicinal chemistry is playing, and
continue to play, a key role in this endeavor.
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