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7.24.1 Introduction

The mycobacteria are responsible for more human disease than any other bacterial genus There are 115 species of
mycobuacteria currently recognized.! over 30 of which are cupsble of causing human disease. Mycobacteria are
nonmotile, acid-fast. weukly Gram-positive bacilli, in the shape of slender, straight, or shightly curved rods. They
are subdivided into facultative and obligate human pathogens, and further classified bascd on their growth rate in
culture into rapid- and slow-growing specics. The most pathagenic members of (e genus arc Mycobacterivn tiberculoss,
the species responsible for whereulosis (T1), A4 fprar. the agent that causes leprosy, and AL wheraws, the cause of
Buruli uleer, o devastuting, necrotizing infeetion of the skin, highly prevalent in many tropical eountries, most
prominently in West Africa,

With the eaplosion of the AIDS epidemic over the past several decades. the global "T'I epidemic has grown and
spread. Disease due to myceobaeteria other thun TH (MOTT, also known as nontuberculous mycobaceeria, arypical
mycobacteria, or envionmencal mycobacteria) has also become significantly more prevalent, as human immunode-
feieney virus (111V)-infected individuais are particulurly susceptible 1o a number of mycobacrerial inlecrions,
including, for example, infections due to A4 aoivm intraceliulure complex {(MAC). This chupter will focus primarily on
drug cherapy tor TB. due to the exceptional global morhidity and mortality burden ol the diseuse — hoth current drugs
and aovel compoeunds under development.

7.24.2 Disease State

Worldwide, T is the second-leading cause of death due to 4 single infectious agent, alter AIDS. 1n 2003, there were an
estimated 1.7 million deaths due to T8 and 8.8 million new cases, representing a 1% annual growth rate globally
Without modern anni“T'B chemothesapy, which began with the discovery of streptomyein by Scharz. Bugie, aa
Waksman in 1944,% death rates duc 1o TB would be significantly higher. TB appears to have been present, althou
relatively rare, in the prehistoric era in mammals and humans, and A/, wberradnsis DNA has been idencified ia pre
Columbian mummies from Peru.? By the 15003, 2 TB epidemic known as “The Grea: Whice Plague’ had spread throu
Europe. TH continued o spread and increase in incidence throughout Western Europe and Norch America from th
1600s to carly 1800s, when approximacely 25% of all deaths were due to TB. It remained a major cause of moreali
throughout the first half of the twenrieth century in these pares of che world, causing an estimared 110000 deaths
yedr in the US\ in the early 1900s, hefore its incidence hegan to decline. This decline is most convingingly arrribut
o4 Lombmauon of improved living und sanitation stundards, and perhaps the survival of a more "TB-resistant hum
population.® Subsequently, the TH epidemic spread 1o Africa and Asia, primacily in the latter half of the tweatie
century. Today, the highust morbidity and mortality burden due ta T8 is found in sub-Salwran Afvica, parts of Asia, a
the Russian Federation.®

Currently one-third of the world’s population, approximately 2 hillion people, is csumuzed to he infected Wi
A twberenfosis. Mithough the majority (over 90%) of AL wmbercabasis-infected individuals remain latently 1nfcc
throughout their lives without experiencing any clinical svmptoms or being infectious to others, this popu
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epresents an cnormous reservoir of fulure cases of acrive, transmissilde discase. Among these latently infected
individuals. those with intact immune systems have 4 3-10% lifetime risk of developing active {ciinically symptomittic)
TB and becoming capable of transmitting the infection 1o others; those who are HIV-infected or othenvise
immunccompromised have an estimaced 8% per vear praluhilicy of developing active TB. Latent TB infeetion (LTBI}
is typically curable. but requires a lengthy treatment with drugs having significant rates of toxicity.” and therefore
wreatment often is not provided to these elinically asympromatic individuals.

7.2421 Human Immunodeficiency Virus-Tuberculosis

The 111V and TB epidemics not only co-exist in most parts of the world today, but are svnergistic. In individuals

lzrently infected with A/ supereutosis, 111V co-infection is estimared ro increase the risk ol progression to active TB by

50-fotd on 1 vearly basis compared with those whe are not infecied with HIV. "The risk in these co-infeeted individuals

of activating their A/ tuberrudasis inteetions appears to correlate with their degree of suppression of cellular immunity as

messured by CD4+ cell counts. Presentation of TB also correlates wirh G+ cell couns: patients with higher

“counts present with tvpical pulmonary TB. whercas those with low Ch4 4 cell counts tend to present with

extrapulmenary '8, and more often have sputum smears and cultures negative for M. tubercufosts, makimg their TR more

difficult 1o diagnose. Approximarely, 12 million individuals are currently co-infected with LY and AL twbercudoses
{HIV=TB co-infected}, and approximarcly 15% of AIDS patients glabally die of TR’

Trearmens of TB in A1DS paticnts is compliciied by drug—drug interaetions berween antiretroviral agents and anti-
agents, particularly 11TV proresse inhibivors and sifamyein derivagives, especially rifampicin (rifampin in the USA).
ifampicin induces hepatic microsomal enzymes, specifically cyrochromes CYP1A2, CYP2CY. CYP2ZC19. and CYT3A4
and P-glycoprotein (F-gp). as well as weakly inducing 2D6. Ritampicin is also a substrate for gy, |1V protcase
nhibitors such as indinavir and nelfinavir are substrutes for and inhibitors of CYP3A4 and Pgp. The most significant
result of these interactions is that rifampicin decreases the scrum half-lives of these antiretroviral agenis. Rifabutin, a
sfimpicin analog. can be prescribed instead to patients on indinavir or nelfinavic, but rifabutin is not entircly free of
these interacrions. [ [TV-infecred paticnts also tend 0 have decreased expasures ro standard TB drugs. mast likely from
or absorption. As a result. effective and safe co-administration of TB treaumenr and TIAART (highly active
titerroviral therapy) requires carefitl monitoring of diug serum levels and is impracrical 1 many endemic councry
grtings, further compromising effeciive treatment of 1IV-TB co-infected patients.

2422  Multidrug Resistant-Tuberculosis (MDR-TB}

ultidrug resiscant TB (MDR-TB) is increasing in prevalence, and threatens the abvility of standard conerol measures

contain the glohal TH epidemic.” In TB, drug resistance is mostly a humun-made probiem. resulting from
appropriate prescribing. poor treatment adherence, irregular drug supply. and/or poor drug quality. The most reeent
port of the World Health Organization {WHO) Global Prajece on Anti-Tuberculosis Drug Resistance Surveillance
und drug resistance in 74 of 77 serrings tested [rom 1999 to 2002 and in all regions of the world. The highest levels of
RTB among newly diagnosed cases were Tound in countrics of the former Soviet Union. Chinit. Feuador, and Israel.
obally, « median of 1.1% of all newly diagnosed cases were found to be MDR {range: 0-1+.2%); in previously treared
ses, 2 median of 7% were MDR (range: 0-58%), and a median of 18.4% demonstruted resistance to at least one of the
st-line TB drugs (range: (-82%).% Treatment of MDR-TH is significantly more costly, toxic, and complex thuan
ment of drug-sensitive T3, and relies on a hatierv of second-line drugs.

243  Disease Basis

gan tzke many forms in the human host, but the most common is pulmonary discase. in which the baeilli are inhuled
aerosols generated, for example. by coughing, forcetul breathing, or sneeziag by a pacient with active discase,
d are deposited on the alveolar surfaces of rhe lung in the terminal air saes. ‘I'here chey are taken up by and
ficate within macrophages, where rhev reside within 2 membrane-bound vacuole and inhibit maturation of the
ole. >

e typical pattern of discase has heen described as ogcurring in four stages.” The first is the implantarion
aled bacteriy in alveoli. which oceurs 3-8 weeks postinhalation. It is follewed by dissemination through
Ivmphatic circulation to the regional lvmph nodes in the lung, forming the primary (or Ghon} complex. In
second stage. which oceuss over the ensuing approximate 3 months, the bacieria circulate through the bloodstream
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to other organs. Some patients suffer fatal disease during this stage, known as ‘priman’ disease. The third stage
can oceur dr any time up 1o 2 years following infection, and is rypically marked by imflammation of the pleunl
surtaces (pleurisy} und scvere chest pain.”" The Tourch and final stage consists of resolution of the primary
complex, and ean ke several vears. In some cases, extripulmonary disease can become manilest during this
time. Before the HIV epidemic, approximately 3-10% of newly diagnosed cases were extrapuimonary.'? [n | [TV-positive
individuals, however. over 50% of cases are extrapulmonary. Because extrapulmonan discuse is significantly more
difficult o diagnose than pulmonan TB. chese figures are estimations. As nored above, most immunocom-
petent, infecred persons do not exhibic elinical disesse, and remain latently infected throughour their lifecimes.

But postprimary or ‘reactivation’ disease occurs in approximately 10% of these individuals ar some point Juring,
their lives.

As noted above, the mveobacteria are intracellular pathogens, residing primarily wirthin host macrophages. They
have a complex and unique cell wall, which has been elucidared through rescarch extending back to rhe 1960s. This
rescarch has heen based on a combination of classie hiochemical techniques with more modern genomics. nuelear
magnetic resonance. and mass spectral analvsis. The eell wall structure is composed of u pepridoglvean core covalently
joined through a linker (L-Rha-n-GleNAe-P) 10 galacrofuran, which itsell is connected 1o highly branched
arabinoiurans, which are in tumn attached to mveolic acids, The last Torm a lipid burricude, key to many aspects of
TB pachogenesis.” ‘I'he merabolic pathways involved in synchesis of these cell wall lipids have the porential to be
atrracrive drug ratgers once elucidared.

Orher targers that will presumably be crucial 1o the development of drugs to shorten current therapy are those
involved in rhe puthwavs essential to bacrerial survival during the persistent state. Persistence js operationally defined
here as the phenotypic hacterial stare(s) thar enuble{s) AL zubereidosis to evade chemorherapy for prolonged periods, and
thus is responsible for the exrended duration of current TB trearment regimens. GGenomie approaches have heen
used ro identify genes and pathways transcriptionally acrive during persistence.’” The parhologic hallmark of TB is the
caseating granuloma, The host immune response and molecular mechanmisms responsible for the formation of the

caseating grunuloma are not yer (ully defined, hue are likely to be the key, ultimately, o understanding A/, ruberculoss
persisrence and latency,

7.24.4  Experimental Disease Models

Experimental disease models of TR, as in other disease areas, play a cricical role in the development of effective
diagnostics. vaccines, and therapeutic agents. Since the identificarion of 1/, tubercufosis as the criological agent of TB.'®
many forms of in vitro and in vivo modcels have been developed. TR is a complicated disease involving muny disease
forms and stages, and the mechanism by whnch M. suberciiosis becomes persisient is still largely unknown. The
validation of many of the discase models is difficult if not impossible, and che predictive value of these models
continues to he the subjeet of debate. This scetion will focus on in viere and in vivo models thar are relevant o and
commonly used in TB drug discovery research.

7.24.4 1 In Vitro Drug Susceptibility Models

The most commonly used in virre mode! is g drug susceptivility rest that measures the minimum inhibiro
concentration {MIC) of & given drug or drug combination agamse A, suberendasis in 1ts exponential growth phase.'? Thi
model is performed in a rich, highly oxygenated culeure medium. There have been several new variations of T
susceptibility test described for rapid, high-throughput sereening of drug suscepribilities.2® Because of the rapid, high
throughpur nature. the susceptibility tests are primarily used for confirming biochemical leads. developing structure
activity relationships (SARs), and evaluating the microbial susceprihility or resistance o 1 given drug, Organisms @
generally more susceptible to drugs during the exponcntial phase of growth under oxygen- and nutrienc-rich eondition
In an infecicd host, pathogens may adopr different physiologica) growth siutes. depending on the local grow
conditions. In cerrain loci such as inside a tung granutoma, pathogens adopr a slowly replicating or nonreplicating sta
and are exeremely hard o eradicarc, Therefore, sascepribilisy tests performed under purdicnt- and oxvgen-ric
conditions may have limired value for predicting the efficacy against pachogens in an infected host.

‘lo address the deficiency of the conventional susceptibility tests, many in vito persistence models have be
introduced.?’ “I'he Wayne model is perhaps the most commonly used 4nd cited persistence madel: in chis model, ©
persistent state is induced by slow oxygen depletion in capped tubes.” The Wayne model appcears o be most usefu
predicting in vivo bacterial sterilizing acrivity against TB. | Towever, this model hus clesr limitacions as 4 drug discov
tool due to its low throughpus, long testing duration, and requirement for large amount of test compounds.
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Another widely used susceptibility medel is the ex vivo intracellular macrophage model.* This model 1s supported
by 2 body of evidence demonstraning char macrophages are the predominantly infected cell eype in TH and may play
&n importanc role in drug persisience and latent infections.

712442 In Vivo Models for Acute, Chronic, and Latent Infections

Animal models have served an im portant function in the development of therapeutic agents against ‘TB.% The models
vary significantly depending on a number of parameters, including animal species. bucrerial strding, and routes and
stages of infection. It 1s crucial to use models that are relevant to the issues being addressed. For a lead oprinmzation
ptogram, the predictability, specd, throughput. and sumple size are important facrors to be considered. Mouse maodels
have hecome the primary choice at chis stuge, in order to quickly screen a large number of compounds. After a drug
eandidare is selected, models with the best predicrive value for treatment results in human disease ate the best choices
for studying proper dose regimens and drug combinarions. In this instance. guinea pig, rahbit, or even monkev models
tould be considered. However, to date, the best substantaced model for this purpese is the aerosol-infecred mouse
mode!.

Various mouse models have been developed to mimic A7 subercutosis infections in che acute, chronic, or latent
stage.* Compared with models n ocher animal species, the mouse models are berter characrerized and have elear
advantages in the lead optimization stage of 1 drug discovery program, “T'he zeute infection model?7%8 can he used for
quiekly screening a latge number of compounds apd assessing some of rhe ymportant pharmacokinetic/
phirmacodynamic parameters, such as drug oral availabilicy and penetration into the infection locus. Compounds
with pood ¢fiicacy in the acute model can then be moved into the chronic infection model,® o assess efficacy in the
thronic phase of infection. Mouse models have played a key rale in developing the current anti TR agents. However,
gue to differcnces in the host immunc response to M. fwhercndsis infection, mouse models are not expected o
ieproduce the luman discase in all aspeets. Most notably, mice do net form cascating granulomas in response to
M wderoutosis infecuon,

The guinea pig and rabbit have also been used to develop 'I'B models. These modcls may have some specific
advanragcs over the mouse model; in particular, the lung pathology from infecred guinea pigs and rabhits resembles
more closely that from 1B pacents. Rabbics ure the only nonprimate known ro form cascating granulomas. Thesc
species may therefore he hetter than mouse models for studying persistent and latent infections. However, additional
studics are clearly needed to validare chis lypothesis. Both the guinea pig and rabbit models are more expensive and
fequire a larger amount of cest compounds than the mouse medels. The monkey model mav mimic buman T8 most
tloscly of all the animul modely.®® However, cconomic and cthical concerns limit is value in drug development.

1245 Clinical Trial Issues

The design of clinical trials to evaluare new TB drugs faces a numbher off key challenges. These include, first, chat
efficacy rmals are of long duration — due to both the ability of the bacteria to evade at least the current
themetherapeutic agents for 4 prolonged pened (ie., 6-month current treatment duration) and the lack of surrogare
markess that could substitute relably for the need to measure long-term relapse rates as a primary cfficacy endpoint.
The current stare-of-the st is the asscssment of the efficacy of a treacment based on relapse rares in cthe first year or
more following complerion of therapy, Alchough the percentage of patients converting their sputum 1o hacteriologic
negatvity after 2 nonchs of treatment is used i1 early elinical trials us an indicutor of the ability of a regimen to shorten
fieatment duracion, this endpoine is neither very sensitive nor rigorousty validared at this time, A sccond major
challenge for the design of TB treatment trials is that 'TB therapy must consist of multiple drugs used in combinarion
o prevent development of resistance. Therefore, convenrionally, one new drug under development 1s added to or
substituted into the currenc regimen at a time, neeessitating 68 vears to evaluate each new drug in sequenee, and
therefore potentially two or more decades to test an entirely new multidrug regimen,

The design of clinical trizks for now MDR-TB treatments will be even mare challenging, as cach patienr should 1n
theary reccive an individualized trearment regimen based on the drug susceprtibilicies of that patient’s own strain of
Al subervidosts. Consequently; ir is difficult ro devise appropriate control groups for these triuls. and therefore difficult to
accurately assess the efficacy of a new drug or regimen.

Lastly, tals of new rreatments for LTBI require relatively large patient numbers and long duration times, as the
endpoint is development ol active diseusc, which can gccur, as noced previousty, in @ small number of infected patients
as well as decades after the time of infection. > ~** Further complicaring the design of these trials has been the lack of a
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sufficiently specific diagnostic tgol. The tuberculin shin test, the standard tool for diagnosing infeetion with
AL tubercntosis, can be positive not only as a result of infection with M. swercudasis. bur also from bacillus Calmette.
Guérin (BCG) vacenation or exposure to mveobacteria othes than 'TB. New-generanon diagnostics recently introduced
and based on T eell responses to M. subercufosis-specific antigens should be an improvement i chis later regard.7
Another approach taken recently hy some investigarors to streumline the clinical evaluation of new regimens lor the
rreatment of LIBT is to study populations au high risk of developing active disease, such s | I\-positive patients. ™
This approach limits che durarion of (ollow-up nceded tw observe an adequare number of clinical cvents for
achicvement of staristical power.

7246 Current Treatment

Currently, active TB is treated by combination therapies that consist of three or more drugs (four, most typically)
seleeted from more than a dozen known anti’I'B agents. Dircerly obsened rreatment, short course (DOTS), is
considered the regimen and rrearment approach of choive for active TB, and has heen recommended and promulgared
globally by the WHO. During rhe treatment, parients with acrive TB are typically administered isoniazid, rifampicin,
pyrazinzmide, und erhambutol for 2 months (the intensive phase), followed by isoniazid and rifampicin for un
additionzl 4 months (the eontinuacion phase). The inital intention of a combination therapy was to minimize the
development of resisrance to strepromyein after that drug was first introduced. Morc reeently, it has come o be
belicved by man\ in the field thac various drugs in the standurd regimen act orchestrally against different populations of
A, tabercutosis™ 1soniazid, a cell wall synthesis inhibiror, kills sctively growing bacreria rapidly, and plavs a kev role in
cradicaring the repheating populacion. Rifampicin, an inhibitor of RN synthesis, is active against both replicating and
slowly ot nonreplicating bacteric. Pyrazinamide, presumably an inhibitor of proton motive foree. appears ro be actve
only under acidic conditions during the first 2 months of therapy. Rifampicin and pyrazinamide plaved a major rele in
shortening rthe duration of therapy, from more than 24 months ro 6 monchs currently. It is reasonable to believe rhar the
mechanism of acrion of each individual agenrt dicrates the role of this agent in TB therapy. The mere than one dozen
anti-1'B agents presently in the arsenal for the treatment and prevenrion of TB can be divided intp six groups, based gn
their mechanisms of action, as show in Figure 1 'I'he mechanisms of action for some agencs are not rotally defined, and
therefore what is indicared in Figure | for these agents musr be rreared ag hypothetical at chis stage.
Strepromyein was iniually used intramuscularly in combination with first-line drugs to creat active disease. bue due
to the inconvenience of parenreral delivery and conecern about the transmission of 11V it was larer replaced by orally
avarlable crthamburol in the recommended regimen. LTHI is currently best treared by dailv isoniazid for 9 months.

DNA gyrase

Ciprofioxacin

Ofloxacin

Levofloxacin RNA polymerases
Folic acid metabolism 1 Rifampicin

p-Aminosalicylic acid Rifabutin

Rifapentine

Dihydrofolic
7 acid
DNA

p-Aminotenzoic acid

Cell wall synthesis Ribosome
Ethambutol Streptemycin
Cycloserine —— Kanamycin
Isoniazid (prodrug) Amikagin
Ethionamide {prodrug) L . Capreomycin
Prothionamide {prodrug) Pyrazinoic acid Viomycin

Peptide

PZase

1

Proton motive force?
Pyrazinamide {prodrug)

?Indicates a hypothetical mechanism

‘Figure 1 Schematic ilustration of the sites of action for the avallable anti-TR agents.
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Table 1 The current antl-TB agents, their avaiiable dose form, year of discovery, source, and mechanism of action

Agent Dase forer’ Discosery” Source Mecharism

Sirepromyeiii 1M 1944 Serepronyces griseus Inhibits ribosome/prorcin svnthesis
s-Aminosahicyelic acid PO 19467 Bynthene Inhibits (clic acid svarhesis and iron metabolism
Viomyein IM 1651 Strepiomiyees puniens Inhibirs ribasome/protein synthesis

Asoniaric PO/ IM 1932¢ Svnrheric Inkibiis cell wall macolic acid synthesis
Pyrazinamide PO 1952¢ Syntherie Inhibics proton motive force andfor cell wall svnthesis
Cycloscrin PO 1955 Sereptonpyees orchidacens Inhibits cell wall peptidoglvean svnihesis
Ethionzmide® PO 19567 Swnthetic Inhibirs cell wall myeolic acid svnchesis
Prothienamidc” PO 19567 Synthetic [nhibits cell wall mycolic ucid synthesis
Kanamyein IV 1957 Streprommyces fanamycetics  lnhibits ribosome/protein synchesis

Ethambutol PO 1961 Svniheiic Inhibits arabinosy| transferasefcell wull synthesis
Capreomyein ™ 18961 Strepronyees capreotus Inhibits ribosome/protein synthesis

Rifampicin rroav 1966 Semisynthetic Inhibis RNA polymerase/RNA synthesis
Amikacin IM/TY 1972 Sermisvathetie Tnhibits riboseme/protein synthesis

Rifapentine PO 1976 Semisvnthenc Inhibits RN polvmerase/BNA svnrhesis
Rifabutin PO 1979 Semisynthetic Inhibits RNA polymerase/RNA svnthesis
Otloxacin PO/TV 1982 Syntheric [nhilnes DNA gerase/translation and transeription
Clprofloxacin POV 1983 Synthene Inhibits DINA gvrase/translarion and transeniption
Levofloxicin MOAV 1987 Synthetic Irhibits DINA gyrase/translation and transeriprion

“IM, intramuscular; 1V, intravascular; PC, peroral.
“See Merck index, 13th edition.

“Parent compound is a prodrug.

Listed as year of the first Intraduction for TB use.

The remaining agenrs are used ad hoc in combinations to treat MDR-TB and infectons thar have failed to respond e
first-line drugg. The creatment of MDR-TB infections typically requires ar least 18 months of therapy, The muajority of
the known anti-I'B agenes were introduced during the annibignie golden erz berween 1940 and 1960, 'The origins,
available dose forms, vears of discovery, and mechznisms of action of these anci”T'B agents ure summanzed in Table 1.

72461  Rifamycin Class

Rifammycing are broad-spectrum agenes having a unique ansy structure (Figure 2). They were initially isolared from
Streptomwes mediteranes i 1957, Uhe carly members of the family are generally undesirable as therapenne agents. duc
primarily to poor poteney, low solubility, poor biouvadabilicy, or shert half-life. Structural modilication of the natural
rifamveins led o scveral denvatives that are haghlv poatent and orally available. Currently. three sermisyntheric
compounds. nifampicin, nfapentine. and rifaburm, are in clinical use. Rilampicin has become the cornerstone of the
current therapy, mainly responsible for reducing the rreatmene duration from 12 months to the current 6 months. The
newer members. rilapentine and rifaburin, have demonstrated some advantages over ritampicin, meluding a longer half-
life, a reduced porential for drug—drug interactions, and/or activicy against some rifampicin-resistant strains.

7.24.61.1 Sites and mechanisms of action

Rifamycins are potent RNA polymerase (RNAP) inhibirors. The derailed interactions between nfampicin and RINAP
have been elucidated by high-resolution erystal srrucrure studies of the Thermis aquaricns core enzvme complexed with
rifampicin.** Rifampicin binds t a decp pocket of the f subunit within che RNA channel that is about 12A awav from
the agrive cenrer. The drug works by blocking the path of the elongaring RNA when the transcript reaches wo o three
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R’ R2
Rifamycin B -0H -QOCH,COOH
Rifamycin O =0 =(1,3-dioxolan-4-on)-2-yi
Rifamycin 3 =0 =0
Rifamycin SV -0H -0OH

Figure 2 Structures of some early naturally ocourring rifamycing and the rifamycin numbering system.

H406

1452 A @ 2 ) .
e |

G414

Figure 3 Detalled interactions of rifampicin and RNAP from Thermus aquaticus. (Reproduced from Campbell, E. A ; Korzheva,
N.; Mustaev, A, Murakami, K.; Nair, S.; Goldfarb, A.; Darst, 8 A. Caff 2001, 704, 901-912, Copyright (2001), with permission from
Elsevier,)

nucleortides in lengeh. Resistance 1o rifamycins can ocecur frequently, and is mainly duc to point mutations in the
rifamyein-binding region of the § subunit of RNADP A single-step mutacion of one of the key residues in the binding
region gencrallv leads to high-level resistance (Figure 3). The most commonly observed mutations among
M. mbercutosis clinical isolares are 432, F433, H445, $430, and 1,452 residues (corresponding ro 0393, F394, HH06,
S411, and 1413 posicions of Thermus aguaticis, respectively). The 5450 and H445 mutarions lcad to high-level
rifampicin resistance *°

7.24.6.1.2 Structure-activity relationships
Chemical modifications of the natural products have produced several clinically important semisvnthetic rifantyeins:
with improved pharmacological profiles. The SARs accumulated to date are highlighred in Figure 4.5
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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 cempounds, 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

5 E C-16-C-19 and C-28-C-29 olefines
O HO, 2 3 “&—  Allow for saturation.
C-25 position Me » | eads 1o compounds with similar
Allows for deacetylation and Me potency to parent
modification MeO,,
= L eads to compounds with similar '
potency to parent prieo.

« 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 polential modifications = Impaortant 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 hydrosy groups locared at the C-1, C-8. G-21, and C-23 positions ol the ritamycin scaffold are esscnrial for
antibacterial activite. Any modifications to these hvdroxy groups, with the exception of the C-1 -OH 0 =0
conversion, led o compounds with reduced activity, Other modifications that changed the conformation of these
hydroxy groups also led to inactive compounds. Rased on che co-crystal scructure of rifampicin-RNALD these hydroxy
groups directly interact with RNAP through hvdrogen hending. Any moedificaton that interferes with such interactions
would lead 1o compounds with reduced binding affinicy,

Saturanion of one or more of rhe double bonds locared atr the G-16/C-17. C-18/C-19, and G-28/C-29 positions
generally leads to compounds with equivalent or slightly reduced activity compared with their parent compounds.
These modifications arc not significant enough to have any major impacr on potency, nor provide any advanrage over
‘the parent compounds. The C-23 deacervlatuon products are ofien observed as the merabelires ol nfamyeins. These
C-25 hvdrexy metabolires are generallv as potent as their parent. Orher modificarions of the acervl group also led ro
potent compounds with different phvsicochermical propertes. However, any modilications to this position could be
‘temparany” because the ester groups attached to this position are readily eleaved in vivo. The Labilicy of the C-25 cster
linkage has been exploited as an advantage to develop a ntamycein-hased “Trofan Horse™ that brings ather impermeable
drug molecules inta the cells.*” Siderophore scaifolds were also attached to rhis position, and successfully transport
rifamycins into Gram-negative bacreria.™

The most impostant rilamyein derivatives are those with modificatnons ac the G-3 and G-+ positions. Synthetically,
these positions are very accessible and easy ro modify. Srructurally, these positions point to the open space of the
RNAP-binding pocket, and allew lor significant modificarions. Modification at the C-3 and G4 positions olten yiclds
compounds with significantly improved physicochemical properdes and pharmacokinetic profles.”” Strucrural
modification ol 3-formyl rifamycin 8V led ro rnfumpicin, a more potent and orally actve compound that has become
the cornerstone of modcrn anti1'B therapy. Further modification of the rifimpicin series produced ritapentine. a
eyclopentyl analog of rifampicin. Rifapentine has 1 longer hali“life than nfamycin, and thercfore can be used as
intermittent therapy. Rifabutin was produced by bridging the C-3 and C-4 positions, te form a spiro stuciure ‘This
molecule: has the advantages relative ta nlampicin of improved tissue pencrration and reduced eyrochrome P430
enzyme inducnion. Rifalazil is 1 newer member of the rifamycin family currently in clinical development for ether
indicarions. This compound has a benzoxazino group lused to the C3 and C4 positions, and has a long half-life of 61h,
00 substantial cytochrome P450 induction, and activiry against cerrain rifampivin-resistant bacreria.*
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The co-crystal scructure of nfampicin-BRNAP  provides some insights inte potential pesitions for future
modification.™ The C-11 carbonyl group points ta the open space of the nfampicin-binding pocket, and is a potentil
site [or modulating physicochemical propertics and pharmacokinetics of the drug class.

7.24.6.1.3 Comparisons of available agents within the class
Currently, lour agents in the rilamyein class, nfampicin, rifapentine, rifabutin. and nfalazil (Figure §), are n clomcal
use or in elinical development. Despire the structural similanitics, 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
Rilamycins are one of the few drug classes active against bucteria in both replicating and nonreplicating states, and aie
mainly responsible for shorcening TB treatment from over 12 months zo 6 monchs. However. the current members of
the rifamyein family are oprimized for acrivity against bagreria in the replicating state, which 1s not a good predieter of
their efficacy for shorrening therapv. By uridizing proper assavs against bacreria in the drug-persiszent state. it i§
anticipated that a better rifamyvein with optimized activity agminst pessistent . twbercadosis and greatec pozential for
shortening therapy could be developed.

In addition to several of che incrinsic safery issucs associated with the mifamyein class, two specifie limitations
are particularly important for modern T therapy. The first mitation 15 the high prevalence of rifampicin [esistance
amang clinical 1solates of A1 rubercutosis. Although nifebuuin and rifalazil are active against some rifampiein-resistant
M. rwbereutosrs, cross-resistance is expected. New agents that overcome rilampicin resistance would be advantageous,
Second, rifampicin is a strong inducer of several cviochrome P450 enzvmes, including CYP3A4. which leads t
drug—drug interactions when co-administered with antiretroviral therapy, particularly HIV protease inhibitors and
non-nucleoside reverse rranseriprase inhibitors. This causes difficulries for the elfecave management of TB-11i¥
co-infections. Some progress has been made i this area. with the imtreduction of nfabutin and nifalazil®' New agents
that are free of drug—drug interactions would be highly desirabie

Rifabutin i Rifalazil K/N"/]\Me

Figure 5 Structures of rifampicin, rifepentine, rifabutin, and rifalazil,
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Table 2 Comparsons of rifampicin, rifapentine, rifabutin, and nfalazil as anti-TR agents

Compound (introduced)

Key adloantage(s)

Key disadtvantage(s)

Cierrentiporentiai nse

Rifampicin {1966)

Rifupentine (1976)

Rifabutin (1979)

Rifalail (1990)

Matnlv responsible for
shorteming "I'B therapy
from i2 months to
6 monrhs

Loager half-lite than
rifampicin, slightly reduced
cytochrome 430 induction

INigher tssue level, reduced
cytachrome P430 induction
and acuve againsi some
Tilampicin-resistant strains

Highly porent. na cytochrome
450 mducrion, longer
half-lite than rfapentine,
actve against some

Drug—drug inteructions, and
drug resistance

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

Parual cross-resistance witl
rifampicin, low oral
availabilivy

Partial cross-resistance wicky
rifampiein, skin
diseoloration, flu-hke
SYMProms

key component of the
Hrse-line regimen

Potential agenc for
intermittent therapy

Trearment of MAC.
Porential use in TR-HIV
co-nfeetions

Potentiul use for intermictend
therapy and TB-11IV
co-infections

rifimpren-resistant strains

F24.6.2 Isoniazid and Related Compounds

Isoniazid. also called isenicotnic acid hydrazide, is a synrhetic compound first prepared in 1912, The anti<I'B activiry of
this compound was first reported in 1952 during the scarch for more porent denvanves of nicotinamide, an early lead
against TB. Subsequent studics also identified cthionamide and prorhignamide as having potent anti'TR activitics.

lsoniazid is one ol the most widely used anzi T agents, and ene of the key components of first-ling therupy for
acuve disease. A 9-month isoniazid manorherapy is used for the trearment of latent infections. lsoniazid is highly
effective against replicaung M. subpraulpsis, and is mainly responsible for the carly reducrion of the bacierial load in the
mitial phase of therapy. Lirhionamide and prathionamide have limited applications, and are mainly used as second-line
agents to treat patients who have failed to respond rto first-line cherapy.

7.24.6.2.1 Sites and mechanisms of action

Isoniazid, ethionamide, and prothionamide arc all prodrugs. Isanisrid is activated by 2 catalase peroxidase enzyme
{KatG). Murations in Kat{; account for cthe majority of 1soniazid tesistance. 'The actve speties of soniazid appears to
have multiple cellular targets.® T'he primary target of isonazid is believed o be InhA, a NADI [-dependent enov] acyl
cartier protein reductase involved in the synthesis of mycolic acid ¥ The activated species, presumably an 1sonicotinic
acyl radical, forms an adduet with che NAD radical. The resulting isonicotmic aeyl-NADH adduct (INA)Y binds 1o [nha,
and inhibits che synthesis of mycolic acid, un essential cell wall component of A fubereniosis (1figure 6).°°

The erystal structure formed berween InhA isolated from A7 mbercadosis and INA indicared thar INA binds to lnhA
in a compertitive [ashion with NADH (Figure 7), and murations within the NADH-binding region of InhA confer
isoniazid resistance ameong clinical isolares.

The primary targee of ethionamide is also believed to be InhA. Tlowever, this agent is activared by a different
enzyme. EthA. Prothionamide is presumed to have the same mechamism of action as ethionamide due to rheir
srructural similaniry Resistance to isoniazid, cthionamide, and prothionamide is mainly due o either mutarion of rhe
detivation enzymes (KarG or TthA) or their molecular warget (InhA).* Therefore, cross-resistance betweern isoniazid
and ethionamide/prothionamide is expected, but not common

7.24.622 Structure-activity relationships

The discovery of 1soniazid was a sercndipitous event. lsoniazid was identificd by pursuing derivatives of nicotinumide,
an carhier anti-TB lead. Opiimization of micotinamude directed by i vitro and in vivo anti-I'B assays produced two
distinet drugs with very different characteristics (Figure 8), isoniazid and pyrazinamide.” While pyrazinamide cxhiburs
a similur bivlogical profile and shows cross-resistance with nicorinamide, isoniazid 1s biologically and mechanistically
distiner [tom its parent. The discovery of isoniazid and pyvrazinmmude fully illustrazed the advantages and potential risks
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Figure 7 Structures of INA and the active site of InhA reveal key interactions based on the x-ray crystal structure (distancesin
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Requires groups that can be oxidatively activated o an acyl radical.
X = 0; R = NH,, N=CR?R® NHCR?R?

X=8 R=H
— M-
I

XN,
R

4

The iscnicotinoyl grecup can R4 =

tolerate a smali substituent ' “\N/ The isenicotinoyl group is important for actwity;

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 Jead optimization. Lead optinization solely diteered by whole-cell
activity €an lcad to compgunds with ‘off-target’ mechanigms. Tn most cases, the off-target dctivities are nonselective
and unwianred. However, in cernun instances, the off-targer activitics can lead to serendipitous discovery of useful
drugs, such as msoniazid.

Most of the medicinal chemistry on the 1soniazid series was complered in the 195ts. There are two indepandent
tracks of SARs for this drug senies, one governing the activation of the prodrug and another governing the interacrion of
the active species with [nhA, Many groups ac the +-position can be activated inside M. mwbercafosis. and are possible
prodrug structures (Figure 9).3% Alier activation, the struetural requirements for Inh\ binding appear (o be very
stringent. Only the isonicotiney] core structure s substanuially active amopng many anvl and heteroand groups
explored > The isontcotinoyl group could be substituted with lower alkyl groups wlile maintaining cxecllent activity,

7.24.6.2.3 Comparisons of available agents within the class

As a first-line drug, 1soniazid is by far the most commonlv used agent wichin the class. Due o its relatively good efficacy
and safety, isoniazid has become one of the kev components of medern anti-TB therapy. Echionamide and
prothionamide are mainly used as sceond-line drugs o trear MDR-TB and patients who cannor rolerate Arst-line
agents. Recently, isomazid resistance has ecome a major problem in many parts of the world.” The majority of
isoniazid-resistant clinical isolates have murations in rhe activaong cnzvme, KatG. Since ethionamide and
piothionamide are acrivared by a different enzyme. EthA, these agents show little cross-resistance with isoniazid.
Both cthionamide and prothionamide are less tolerable compared with soniazid.®

724.6.2.4 Limitations and future directions

There are two main limitations associated with the 1soniazid class the high prevalence of drug ressstance and the low
efficacy against drug-persistent bacilli. In addiden, the toxicity of this drug class, particularly echipnamide and
prathionamide, is a signiticant concern.™

Recent work in this area mainly focused on overcoming isoniazid resistance. A new agent rhat directly targets Inhi\
withour the need tor KatG or ErthA activation could porentially be effective against the majority of isoniazid-resistant
strains. fnhA inhibitors that bind ro a different binding site than isoniazid may be able to pvercome the remaining cause
of tesistance ~ InhA mutacions.

A new member of the isonmazid family that is cffective againse isoniazid-resistant seramns and is saler than isonazid
will likely find utility 1in the trearment of MDR-TB. tlewever, it is unclear wherher an agent that targers cell wall
bigsynthesis can play a major role in shortening therapy. The definize answer to this question will not be available, of
course, unsil such an Inh\ inhibiter 1s identfied and 1ty efficacy against persistent AL sberculosis 1s rested in in virro and
in vivo models, and cventually by clinical trials.

(.246.3 Pyrazinamide and Related Compounds

Pyrazinamide is a close analog of nicorinamide, and shares the same root with isoniazid (sec Figure 8). Pyrazinamide is
another first-line agent, and one of rhe rwo agents thar played a significant role in shortening the duration of therapy
from 12 months to 6 months.%' DPyvrazinamide appears to be acdve only under acidic conditions. The drug is mare
efficacious in vivo than wouid 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 uerivation by pyrazimamidase (I'Zase). The activation produet is pyrazinoic aeid,
which is believed 1o be the setive specics, Mutations in PZase lead to loss of PZase activity. and are mainlv responsible
for the development of pyrazinamide resistance. The same murarions show cross-resismnce 1o nicotinamide. suggesting
that pyrazinamide and nicotinamide are activared by the same cnzvme. Pyvrazinoic acid, the active form of
pyrazinamide, remains sensitive to these mutants. No prrazineic acid-resistant mutants bave heen identified, und the
exact turget of pyrazinoic acid is unclear. Alchough evidenee based on an experiment done with 5-chloropyrazinamide, a
close analog ol pyrazinamide. on AL swegnmeris suggested thar facry acid iosynthesis 1 (FAS-1) is the parential rarger of
pyrazinoie acid,® this hvpothesis was later questioned.™ Recenrly. a new mechanism of action for pyrazinamide was
proposed, suggesting thar disruprion of the proton motive force and energy production is the basis of its anribacterial
activity™ According to this hypothesis, pyraZinoic anjon. under acidie conditions, serves as a proton carrier that
transports protons from the euter membrane to the intracellular space. This process effectively depletes the proton
mative force and impaces encrgy production. This hypothesis helps ro cxplin some of the unusual properties of
pyrazinamide, including its requirement for acidie conditiens and its activiry ugainse persistent hacilli.

7.24.6.3.2 Structure-activity relationships

Optimization of pyrazinanude was performed mainly in the 1950s as a follow-up to work on isonicotinamide. The SARs
of this surivs have been extremely hard o elucidate since the series is essencially insetive under normal culturg
conditions. Even under acidic conditions at pll 5.5, the potency of pyrazinamide is in che range of 160g mL " or
higher. Theretore. the SARs for pyrazinamide are mainly derived through in vivo animal studies, and the dara thar are
available for SAR analysis are very limited. One should take exira precautions when performing a SAR analysis for 4 drug
series whose mechanism of action is not well defined. As an exampie, S-chloropyrazinaniide is u siructural analog of
pyrazinumide, bue appears to have a different mechanism of action.™ Thesclore, S-cloropyrazinamide should nor be
included in rhe SAR analysis of the pyrazinumide series. Instead. this compound could serve as a porential lead fora
new series.

As prodrugs, the pyrazinamide series also follows two independent SAR tracks, ane for P¥ase activation and another
for targes intesaction by the resulting acid (Figure 10). ‘The R' group serves two important functions. First, ehe active
species. pyrazineic acid. is usually in its anionie form at physiological pH. and is not permeable or bioavailable. The
R group masks the acid group, and allows the drug to pass through cell membranes. Second, the killing effect of the
active species is unlikely to he a seleetive process. The selective removal of rhe R' group by . suberrufasis and other
bacterial species provides the desired selectivity. In priaciple. anv structures thar can be sclecrively removed by
mycobacteria would he a good choice for the R' group. Esters. in addition 10 amides, have therefore been explored as
prodrugs.”® The esters appeared to have a broader spectrum of weriviry than amides. and did not show cross-resistance
" Information regarding the
struetural requirements for the aromarie group is limired, and most of the relevant work was performed many years ago,
in the 1930s. In general, strucrures that lead ro acids wirh a relatively lower p&, are more active than chose that produce
acids with 4 higher pA,. Thus, pvrazinoic acid has berter activity rhan nicotinie aciid. The pK, of the aciive species caif

with the corresponding amide. indicating that they are activated by different enzymes.

be nfluenced by borh rhe struetures of the aromaric system and its substiturion.

7.24.6.3.3 Comparisons of available agents within the class
Pyrazinamide is the only ugent currently used clinically for the rreatment of TB in cthis class. The initial lead,
nicorinamide. was abandoned before reaching chnical development due to potential antagonism with isoniazid. This

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

J

0
, X 1
Substilutions are o LN R
= R ‘ . .
generally not tolerated L = Pyrazinoyl (X = N) is betier than nicotinoyl (X = CH);
other aryl or herteroaryl groups are less aclive

Figure 10 Highlights of the avallable SARs for the pyrazinamide series.
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compound resurfaced recently as a potential agent thar might have dual uctivities against both TR and HIVY
Pyrazinumide is more active horh in vitro and i vive chan nicotinamide against V. saberenfosis. In addinon, nicotinamide
appears to show antagonism with isoniziad, while pyvrazinamide does not.

724634 Limitations and future directions
The most obwious limitation of pyrazinamide is, in addition ro its marginal saferv profile. its nurrow window ol activity.
This agent is active only during the first 2 months of treatment and under acidic conditions. No evidence suggests that

pyrizinumide has any therapeutic benefic during the continuation phase of trearment atter the initial 2 months of

therapy. Presumably. because pyrazinamde is only uetive under acidie conditions, it plays a limited role in preventing
the development of resistance to eo-administered agenes.””
Due 1o its unique mechanism, pyrazinamide muy serve us o useful ool for understanding the biology of persistence.

Convetsely, a bereer understanding of Uie mechanism of action of this agent may lead to new strategies to overcome
persistence,

To overcome the limitations of pyrazinamide, a saler compound active against both replicaring and nonreplicating:

hacterial popularions is highty desirahle. One can envision thar a pyrazinamide analog wirh a dual mechamism of action
coukd achieve this goal. 5-Chloropyrazinanude, 1 compound that appears to rarget both FAS-1 and rthe proton motive

force, might serve as onc inreresoing lead 8

72484  Aminoglycosides and Polypeptides

Aminoglycosides are widely uscd ancibiories with brosd-spectrum activity. T'he first agent in che class, strepromyein. was
isolated in the 19405 from Streprompees groens. Many additional sminoglyeosides were later 1solated or synthesized.
Cumrently, three agents in (he class, strepromyein, kanimyein. and amikacin. are used for the treatment of TB (Migure 11).
Among these agents, streptomyein and kanamyein are natural produets. and amikacin is a semisynthetie compound derived
from kanamyein, In 1948. the first recorded. randomized. placebu-conerolled trial was conducted. its purpose heing ro
evaluate the efficacy of strepromycin as an antitubercular agent.*2 Aminoglycosides ure not orally active, and have hmired
intracellular activicy, In addidon, nephrotoxicity. otoroxicity, and other adverse reactions limir their use. Aminoglycosides
are used wdely (or the crearment of orther infections, as discussed in orher ehaprers. In this section, we will focus on the
anti-TH applications of this drug class.

Polypeptides, capreomycin, and viomycin are situcturally related compounds thae possess similar mechanisms of
action, pharmacokineric, potency and woxicicy profiles. to aminoglyeosides (Figure 12). Capreomyein was isolated from
Streptoniyees capreshes in 1961, and viomvein. which is produeed by various Strepramyees species, was tirse reported in
1951. Bath compounds are parenteral agents, and possess signilicant nephrotoxicity and otoroxicity.
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Figure 11 Structures of aminoglycosides that have been used faor the treatrment of TB. Amikacin is a semisynthetic compaund,
denved from kanamycin
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Figure 12 Polypeptide anti-TB agents.

7.246.4.1 Sites and mechanisms of action
At physiological pl. aminoglycosides arc charged molecules. They have limited permeability across rhe lipid bilayers of
cellular membranes. Aminoglveosides are transported into che cell by an energy-dependent drug transport syscem tha
urilizes the proton gradient as s driving force 5 The proton gradient deereases in an anaerobic envirenment, and, 4s 4
consequence, the uptake of aminoglycosides is reduced, leading to a reduction in antibaccerial activity.”® The
aminogiveoside class, therefme, may have Timited activiry againse drug-persistent cell popularions, Qnee across the
membrane, the drug is trapped and accumulares inside e bacteria, resulting in hactericidal events. Aminoglycosrdes
inhibic protein synthesis by hinding to the small subunit (308) of the bacterial ribosome. High-resolution crvstal
structures ol two aminoglycosides, strepromyein and paremomvcin, complexed with the 308 ribosomal subunic from
Thernins thernigphilus. have heen elucidared.”’ Based on the crystal strucrure. aminoglycosides hind ro an area adjcent to
the decoding site in the 308 subunit of the ribosome, and cause deeoding errors Strepromycin binds to faur
nucleotides ol 165 rihosomal RNA and a single amino acid of ribosomal protein §12. Paromomyein appears to interac
with a slightly different hinding site in the same general region. Mutations of the 12 prorein and 168 ribosomal RNA
account for the majority of aminoglyceside resistance in M. rderodosic, Interestingly, aminoglycossde-modifying
enzymes commonly (ound in ather bacrerial species have not been found in Af wbercudasis.

Capreomyein and viemyein are also protein synthesis inhibitors. and appear to bind at the interface berween the 308
and 508 subunits. "2 Viemyein and capreomycin resistance are largely due to methylation or muration of ribosomes.
Amikacin. kanamyein, capreomycin, and viomvein do not generally exhibit cross-resisrance with streptomyein. and e
currently being used for the reeatment of MDRTB. Thete is significant genotypic overlip among the mutations
responsible for resistance to amikacin, kanamycin, capreomycin, and wiomvein.”™ Cross-resistance among them IS,
therefore expecred and is commonly observed.

7.24.6.42 Structure-activity relationships
Currently, there are approximately a dozen maurally occurning and semisynthetic aminoglycosides available for the
treatment of various bacterial infections. Among them, strepromycin possesses a unique streptidine group; afl other
aminoglycosides posscss a 2Z-deoxystrepramine moiety. The SARs for this drug elass ure insufficiently dt:f"m::d=
particularly against A/, therenfosis. As suggested by the cross resistance dura and the crystal structures of ribosames and
aminoglycosides. each aminoglycoside appears to have a slightly different binding site and mechanism of zction. Th
promiscuous hinding of this drug class has increased the difficulty of developing generalized SARs. Among all the
aminoglyeosides, amikacin is slightly more potent against AL, mibercutosts than steepromyein and kanamyein, Othe
members of the class appear w have insulficient activicy against M. uderrufoss. hnowledge ol the SARs for the
polypeptide family is rotally lacking,

7.246.43 Comparisons of available agents within the class
All anni’T'B agents within the amineglycoside and polypepride familics have similar potency, pharmacokinetic an
toxicity profiles. with little variation hetween them. Streptomyein is used as a first-line agent, and resistance to Ik |
common among ciinical isolates. Strepromyein is the least nephrotoxic aminoglycoside: however, it i highly otatoxi
Cross-resistance berween strepromycin and other aminoglycosides and polypeptides is not common, and, therefo
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kanamyein, amikicin, capreomyein, and viemyein can be used us second-line agents to treat MDR-TH. One of the major
lifferences berween capreomycin and amimoglycosides is their ancerobic activity against A . wuberentosis. Capreomycin is
active against A/, swderenfosis under anacrobic conditions, while aminoglycosides show limited activity agunse this cell
population.” Differences in drug rransport may explain this difference — aminoglveosides require active uptake, which
slows down substantiatly under anaerobic conditions, while capreomyein mav be transported via a different mechanism
thar is still acrive under these condirions.

724644 Limitations and future directicns
There are a number of limitarions for the aminoglveoside and polypeptide classcs. Lack of oral availahilicy has limited
the use of these agents. Nephrotoxicity and orotoxiciry are significant among members of rhiese classes, and extra care
must be taken when these drugs are administered. In addition, resistance to strepromyein is common. and furrher
I imits its use. Cross-resistanec berween the second-line aminoglyeosides and polypeptides is common, and

combinations of these agents are nor recommended.
Aminoglyeosides also lack setivity against intracellufar mycobacreria and mycobacreria in their nonreplicating srate.

Therefore, these agents huve lirtle role in eradicating mycobacteria after the inital phase of treatment and in
shortening the duration ol therapy. In chis regard, the anaerobic activity of capreomyein is interesting and worth further

investigarion. Understanding the mechanism of the anaerobic activity of capreomycin may give us some indication how

i further improve (his imporiant property.

71.246.5 Quinolones

Quinolones belong to one of the few classes of anrimicrabial agents that are totally synthertic in origin.”® The first
quinolene, nalidixic acid. was introduced in the 1960s. and s 4 narrow-spectrum agent against Gram-negative
organisms. The coverage of this drug cluss was expanded significantly by the inrroduction of Auoroquinclones, as
second-generation agencs, in the 1980s. Certain second-generation fluoroquinolones, such as ciprotloxacin and
afloxacin, are active against M. fbercwtosss, and widely used for the reatment of MDR-TR. The anti-TH acriviry of the
quinolone cluss was further improved by the intreduction of third-generation agents, excmiplified by moxilloxacin and
gatifloxacin. “I'he third-generation quinotones demonstrate potent sterilizing activity against M. fubereafosis in both the
mpiicating and nonreplicating states. Both moxifloxacin and gatifloxacin are currently being evaluated in clinical trials
as potential rherapies o rreat TB. A briel history of the quinolone class is illustrated in Figure 13.
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Me \, 0
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{First generation) (Second generation) {Thirg generation) Z N |
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Rg
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2-Pyridone

re 13 A summary of the guinclone class.
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Lheinolones S anrens . rolt M. tuberentfosis M. tuberctdosis DNA gyrase

The satety of this drug class for long-term use has not been well defined. In addirion, quinolone resistance his
becomu @ serious problem among many pathogens. such as Escherichia cofi and Staphylococens aureus. and there is concem
whether relatively long-duration treatment with quinolones far TB will [ead o development of resistance in eommensd
organisms. [ quinolones become commanty used for TR, it will be important ta manitor and evaluate cthe porential for
sueh resistanee 10 become a clinical problem.

7.24.851 Sites and mechanisms of action
The molceular tasgers of the quinolone class are DNA ropoisomerases, hoth topoisomerase 11, ulso known as DNA
gyrase, and topoisomerase 1N DINA gyrase is essential for IINA replication, rranscripsion. and repair, and topoisomerse
W15 involved in the partitioning of chromosomal DINA during cell division. Therelore. DNA gyrase is thought o hea
more important target during the nonreplicating state. Quinalones ure dual-action agents AgAINSC OrEganisms chat require
bath DNA gyrase and topoisomerase 1V for viabiliey. [n A mberenfosis, DNA gvrase appears 10 he the only tvpe Il
tapoisomerase present, bused on genctie siudies. and is likely the sole trger for the quinolone class.”” Because of the
dillesence in molecular turgets, as well as cell wall siruetures, quinolanes (Figure 14) exhibir different SARs apalngr
M. inbercelosts compared with ocher organisms (Table 3).7°

Quinolone resistance smong /. zubercufosis scrains is not common. and is relacively less well defined. The mag
resistance mechanisms, as in other hacterial species, are NDNA pyrase mutations and drug efflux.
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‘Garenofloxacin Gemifloxacin Trovafloxacin

Figure 14 Structures of selected reference quinolones.

Table 3 In vitro activities of selected guinolones against S. aureus, E. coli, and M. tuberculosis and innibitory {ICs0) and DNA
cleavage (CCsq} activities against M. tuberculosis DNA gyrase

MIC tugml. ™) MIC (ugml ™) AHC (ugml™)  ICsa fugml. ™' CCsy (gl

Gutifloxacin .05 0.02 012 3 4
Moxifloxacin 0.03 0.015 .5 15 4
Levotloxacin 0.12 0008 0.5 5 12
Garenotloxacin 0.01 0015 2 13 s
Gemifloxacin 001 013 4 L1 H
Trovatioxacin 0.03 0.02 16 15 25

EIC;,:, drug concentration that inhibits DNA supercoiling by 50% compared with no drug control.
PCCso: drug concentration that induces 50% of the maximum DNA cleavage.



124652 Structure—activity relationships
Quinolones have been extensively opiimized against many common pathogens. and a significant amount of SAR
knowledge against these pathogens is availzble.”® The general SARs and strucrure—toxiciry relationships (STRs) of the
guinalone class dare summarized in Figure 1577

The SARs ugainst mvcobacteria dre much less well defined. and most of these studies are primarily focused on
activity against AL gorm. M. fortuinen, or AL swegmatis. Positions that have significant impact on antimycobacterial
acevity are the N-1. C-7, and C-8 positions. At the N-1 position. the order of potency froms high to low is #burvl,
evelopropyl, 2.4-difluorophenyl. ethvl/evcloburyt. and isopropvl. At the C-7 position. piperizine and pyrrolidine appeur
1 have simitar actisitv® The contribution of the C-8 group is dependent on the structure ac the N-1 position. When
the N-1 substicuent is o cyclopropy! group. the order of potency for the C-8 group from high to low is C-OMle. C-Br,
C-Cl. C-F/C-H/C-Olir. N, and C-CF3. When the N-1 group is ~-butvl, N is beteer than C-H.2" Vor A4, zubercutusis. the
8AR information is extremely limited. bur indicates that the potency of the quinolone class againsy AL iubercdosis is
mainly driven by [JNA gyrase interactions, as evidenced by a good correlation berween DNA gyrase inhibitory activity
and M1Cs. 25 Similarly to orher antimveobacterial SARs. structures at the N-1. C-7. and -8 positions arc important
for anti-TB activine: A potent anti-A4 swdercntosis quinolone generally hus the following structural characteristics: o
eyclopropy! group ar the N-1 position. a pyrrolidine or piperazine group at the C-7 position, and an E Cl, nr OMe group
gt the C-8 position.

1246.53 Comparisons of available agents within the class

The second gencration ol quinolones, ciprofloxacin. otluxacin, and levoHoxacin, are currently in usc as second-line TB
dugs. These agents are slightly less active than rifampicin and isoniazid against M. twbervulosis. Resistance o
fluorequinolones is rare among ¢linical isolates of AL zubergulosis, so these agents are often usclul for the trearment of
~ MDR-TB,

Third-generation fluoroquinolones, moxifloxacin and gaufloxacin, are more potent than the sceond-gencrution
agents. As more petent IDINA gyrase inhibitors, moxifloxaein and gatitioxacin demaonstrate significantly better stenhzing
ativity against persistent and rifampiein-tolerant A rabervadosi® Preclinicad and limited elmical daty indicate that
fegimens containing these agents could potentially shorten the current 6-month therapv.® " Currently, clinical studics
e ongoing to evaluate the potential of moxifloxacin and gatitloxacin as compenents of tirst-line ann-TB therapw

7.246.5.4 Limitations and future directions
Despite widespread use of quinolones in secend-line treatment of TB. none of the available agents are truly optimized
for activity against AL ruberculosss. The SAR divergence against AL subercrtosis and other pathogens (Table 3) illustrates

SAR: governs intrinsic activity
STR: influences genotoxicity
and ghototoxicity

SAR: governs intrinsic activity
STR: influence safety

I SAR: governs intrinsic activity
R' ——=> gTR: influences genotoxicity

SAR: governs Intrinsic activity, and theophyliine interactions
spectrum, and absorption,
distribution, metabolism, ]
and excretion (ADME) SAR: governs ADME and
STR: influences genotoxicity, anaerobic activity
theophylline and NSAID STR: influences genotoxicity
inferactions and y-amino-butyric  @nd phototoxicity
acid binding

Figure 15" Highlights of the SAR and STR relationships for the quinolone class.™
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the need for a dedicated leud oprimization progrim focusing on activicy against M. adercuiosis. Quinolones optimized
against AL tubereulesis would hold grear potential for shortening the duration of therapy. For rhe treatment of TB,
quinolones are generally given for a long period and in combination with ocher drugs. The long-rerm safery and
potential for drug-drug interactions of this class have not been well eharacterized. Development of resistance o
quinolonus is a goncern. us discussed in Section 7.24.6.5 above, due to the high meidence of guinolone resistance
among many other pathogens. although rhe frequency in M. adberrudosis is still quite low.

There ure two new series of DNA gyruse inhibicors on the horizon: non- Avoroquinelones (NFQs) and 2-pyridanes or
quinolizinones. Members of the NFQ series were advanced to clinical development recently for other indications. s
series has @ poreney profile similar to that of the third-gencracion agents, and posscsses a betrer safery/tolerability
profile. The 2-pyridones arc potent DNA gyruse inhibitors. and more potent against Gram-posirive and anaerobic
organisms than the third-generation compounds. Both the NI and Z-pvridune series are potential leads for furthef
optimuzation againse A, subercudosis.

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

7.24.6.6.1 Ethambutol

Ethamburol (V. -bis(1-hydroxymethy lpl’O]}y!)LThyltﬂ.tdﬂnllne) is a denvative of VA -diisopropylethylencdiamine, the

initial lead identificd by randnm sereening.” Ethamburol is u NACTOW-SPUCTTUm hiCterios utic agent against AL, tuberrudass.

and has low uctivity against nonreplicating organisms, It concributes litrle, if any, to the shortening of T therapy. The

main function of ethambutol is 1o prevent che emergence of resistance to other agents in the comination therapy,
The precise mechanisms of action and resistance o ethamburol are not fully defined. The primary targers of

erhambutol appmt ro be the arabinosyliransferuse enzymes encoded by the ewb and emdB gencs, which are involved m
cell wall assembly,™

The interaction of erhambure! with its molecular targer appears to he very stercospecitic — only one of the four
enatiomers. (S.8)-ethambutol, is active against A/ suberiuiosis {Figure 16) Furiher optimization of this seces by
combinatorial synthesis produced a new compound. $Q-109, a highly lipophilic compound that appears to have #
different mechanism of action from echambutol *®

The major limitation of cthamburtol and the ethylene diamine series with respect to T treacment is cheir imited
role in shorrening therapy. This limitation could he mechanism based. and furcher oprimization of potency may net
address the problen, Another cautionary note is that oprimization of the series should be done with carceful monitoring
of whole-cell activity in parallel 10 enzymatic activity, to yvoid unweleome aff-rargec effecrs.

7.246682 Cycloserine
Cyeloserine is a natural produet, initially isolated from Streptomyces orehidacens in \he 19508.% This compound is a broad-
spectrum agent, active against both Gram-pusitive and Gram-negative vrganisms. Cycloserine is only marginally dctive
agwinst M. swbercudosis, and is primarily used for the trearment of MIDRTB. "I'he use of eyeloserine is limited due @ i
weak activity and frequent adverse reactions.

- L
Me)\ N Me Me \(\Me
Me

N N
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N N'-dilsopropyi ‘Ethambutol
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MBM\N/\/N
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5Q-109

Figure 16 Structures of key ethylenediamine dervatives.
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OH O-NH
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NH; NH,
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Figure 17 Structures of p-alanine and p-cyclosenne.

COOH COOH SO,NHRA
= OH
l P
NH, |{|H2 NH,
p-Aminobenzoic p-Aminosaicylic ‘Sulfonamide
acid acid

Fligure 18  Structures of p-amincbenzeic acid, PAS. and sulfonamides.

“The primary targer of cvclosenne is D-alanine racemase, an cnzyme responsible for rhe interconversion of alanine
gnantiomers, and essential for the synchesis of the bacrerial ceil wall.”? Cyeloscrine is believed to act as a structural
anlog of D-alanine, and covaiently hinds to the reuctive center of the enzyme (Figure 17). The high-resolution erystal
structure of D-alanine racemase from M. rberendosis, which recently beecame available, should help to define further the
mechanism of action of this agent.”

The main hmitation ot cyclosering, besides its relatively weak activiey, is ics toxicity profite. In addition, there is
little evidence 1o suggest chat this agent would plav any role in cradicating drug-persistent bucterial popuiations.

Withaue significant improvement in potency and safery. chis series will eventually be replaced by other agents that are
morc patent and saler to use,

724663 p-Aminosalicylic acid
fAminosalicylic acid (PAS). a synchene compound, has been known for more than LG years. 1ts anti-TB activity was
first reported in the 1940s during the eurly era of untibiotic discovery.™ The use of PAS has declined significantly
l decause more potent and safer agents have become availabiv. Currencly. PAS is used only for the treatment of MDR-TB,
“when suscepribility to this agenr is known or expected.
PAS is considered a structural analog of p-uminobenzoic zcid, and inhibics the synthesis of folic acid (Figure 18).
Differcnt from sulfonamides in specrrum, PAS is only active against AL wdercutosis.
PAS has very limited utility for the crearment of T1 due to its weak cfficacy and low tolcrability. nhibition of folic
aid synthesis generally results in 4 hacteriosraric effect that subsides during the persistent phase of growth. Although a
safer and more efficacious sgent in this class could be useful as second-iine therapy. there is little evidence to SUgEEsT

thar even more potent inhibition of folic acid biosynthesis would have signiticant effect on the durazion of TB
teatment.

7.24.7 Unmet Medical Needs

Aithough the current regimen for treating active TB {2 montlis of isoniazid. rifempicin, pyrazinamide. and ethamburol,
followed by 4 monchs of isoniazid and rifampicin) is efficacious when properly preseribed and adhered o, us long
Guration and complexity directly contribute to the development of drug resistance and hamper the global public health
tammunity's ability to effectively control the TR epidemuc. particularly in settings of high HIV prevalence. Key
priorities for T13 drug development are: (1) shorter, simpler regimens for ¢ffective treatment of active TH; (2) regimens
that can be easily and safely administered simulzaneously with highly active antiretroviral therapy (i.e., thar do not
demonstrate signiticant drug—drug interactions with commonly used antiretroviral agents); (3} regimens thar are safe
and efficacious against MDR scrains of AL mbercnfosisi and (4), a safe, short prophylactic regimen for use against LTBI.
This last prioricy, in conjunction with an effective vactine o prevent infection, would ultimately have the greatest
impact, in eliminating TH as a puhlic health problem — by removing the currently vast resenvoir of future patients with
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active discasc. Improved rreatment for LIBI alse poses the greacest inherent challenge — to underscand the underlying
mechanisms of latent infeerion well enough to identity kev molecular targets for new drugs and to identify surrogate
markers 10 streamling ¢linical rrials of novel preventive therapies.

7.24.8 New Research Areas

The last new drug to be incorporated in the current standard anaTB regimen, nfampicin, was introduced about 40 yeats
ago. Since then. verv few new agents for TH have been developed because of the lack of market opportuninies. Recently,
however, we have observed a surge of research and development activitics in the TR therspeutic areu due to heighrened
actention 10 and increased resources for this urgent. global. public health need. There ure several new chemical series
rhat are currently being optintized against AL sefervadosis. These new serics are geaerally rom one of three sources:
(1) existing anti-T'B agents. (2) known antibiotic elasses not ver approved for T'B rreatment, and (3) nowel chemical
series. Examples of these three groups are shown in Table 4. Key factors o be considered when prioritizing the
development of new agents tor TB are their ahility to overcome drug persistence (ro shorten therapy). their potental
effeetiveness i rreating MDR-TB, and theis sppropriateness (case of use and safery) tor TV eo-imfeeted patients.
Figure 19 illustrares the molecular targets of the new drug series that are eurrently under invesrigation. Different
from che existing agents. the targer pathways of the new series are believed to be more essential mechanistically o the

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

Group 1: existing anti-TH class Growp 2: Frnomn antibiotic dass vot vet approved for TR Group 3; rovel drug ddis

Rifamycins Muacrolidesfketolides Nitroimidazoles

Erhambutol series PPleuromuriling Dian fquinolines
Ohavolidinones Novel InhA inhibitors”
Quinolanes Novel ICL inhibitors

PDT inhibitors Novel gyrase mhibitors

DNA gyrase

Quinoiones

Novel gyrase inhibitors RNA polymerase
Persistence targets Rifamycins
ICL inhibitors : . — e
Others

Persistence
target

Muitiple targets g

Nitroimidazooxazine? y. Reactive : ! Ribosome (50S)

Nitroimidazooxazole? i Species . Macrolides/Ketolides
| H ¥’ Pleuromutiling

' Oxazolidinones

ATP synthase -
Diarylquinolines? Peptide deformylase
Cell wall synthesis PDF inhibitors

Novel InhA inhibitors

2 The site of acticn is ot comgplefely defined

Figure 19 Schematic ilustration of the sites of action of potentiai new anti-TB agents: currently under investigation,
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mnreplicating stare, and therefore have 1 betrer chance to shorten treutment duration. Compounds derived from the
existing anti-TB agents and known antibictic classes have heen discussed clsewhere. This scerion will focus primarily
un wo novel compound serigs, nitroimiduazoles and diarylquinolines. Other novel series wil! be discussed brefly.

72481 Nitroimidazole Class: PA-824 and OPC-67683:

The structural and mechanistic ancestor of the current nicroimidazoles is a naturai product called uzomycin
{Z-nitroimidazole). isolated from streptomycerte in the 1950s (Figure 20). Suuctural modilication of azomycin led o
the introduction of merronidazole und several other firsc-gencration compounds.” Metronidazole is widely used for the
weatment of protozoan and anacrobic infections. Although active against A/ mbervwlosis under anaerobic conditions,
metronidazole is inactive against Jf. rudervwfosis under aerobie conditions, The eompound appeared to he mutagenic
hased on Ames tests. and carcinogenic in mice and rats. CGI-17341 is o second-generucion nizroimidazole with a
dnitroimidazooxazale structure. This compound showed potent activiy against M. zubergnfosis under both anacrobie
and aerobic conditions. | lowever, the development of CG1-17341 was abandoned due to the mutagenic porential of the
tompound.

Further development of the nitroimidzole series led to the discovery of PA-824, a +-nitroimidazooxazine compound
with a larger substicuent atached to the oxazine ring.™ PA-824 possesses all the benchicial acrribures of CGL-17341,
with activity against A/ fubercufosis under both acrobic and anaerobic conditions. "I'his compound is active against
IDR-TB strains in vitro. indicaing d nevel mechanism of action. More importanily, PA-824 15 not mutagenic. based
n various i vitro and in vive studics. OPC-67683 is a more recent analog of CGL-17341, with the same
nitroimidazooxazole seaffold as CGI-17341 but wich a larger substituent linked o a yuatcrnary carbon of the oxazole
ing." OPC-67683 showed even better in virra and in vivo poteney chan PA-82-4 aguinst /. sbervatoss. 'This compound

also appears not to be muragenic,”

24.8.1.1 Sites and mechanisms of action

icoimidazoles are prodrugs requiring hioreducrion of the nitre group for antimycobacterial acrivity; however, the
gact targets of the bioreductive specics are unknown. Most researchers helieve that the bioreduetive species, which
fe highly reactive, damage various intracellular targets, leading ro ceil death. This killing mechanism is nonseleerive
d does nor discriminure between eukaryotie and prokaryoric cells. The demonsirated seleerivity of the
iroimidazole class must therefore come from a seleerive drug activation process. |t is known that A4 rubervnlosts
¢ manv other anacrabic organisms possess certain clectron rransport systems with o reduction potential thar is low
ough to reduce 4-nitroimidazoles

As noted previousiy, PA-824 and OPC-67683 are active under both aerobic and anaerohic eonditions. The activarion
gchanism of rhese agents mav be different under these different conditions. Evidenee suggests chat under aerohie
onditions. PA-B24 is activated by an F420-dependent glucose-6-phosphate dehwdrogenase (Fgd}. Mutations in the
ne encoding the F420 cnzyme (ff) are responsible for some instanees of PA-824 resistance identificd in virro. Under
naerobic condizions, however, nitroimidazoles are potentially activated by a different reduction system. This
hesemenon has been observed in other bacrerial systems. For example, Helwobeerer pyfors mutants that are resistant o
mronidazole under microacrophilic conditions demonstrare restored drug sensitivity when they are tested under
acrobic conditions.?® Nitrafuran-resistant mutants of /. o alsa have restored drug sensitivity under anaerobic
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20 Structures of important nitroimidazoles.
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conditions.'™ These stuclies suggest thar the activation svstems utilized under anuerohic condirions differ substantially
from those urilized under serobie condirions.

Preliminary studies suggesred thar PA-824 inhibits both protein and lipid svnthesis hur does not affect nucleie acid
synthesis. Cell rrearment with PA-824 results in secumulation of hvdroxvmycolic acid. with a concomitant reduction in
ketomycolic ucids, suggesting inhibition of un enzyme responsible for the oxidation of bydroxymyeolate to
keromyeolate. PA-824 did not exhibit cross-resistance with other therapeutic agents when rested against MDR
¢linical isolares. "T'he frequency of resistance development is relatively low (10 7), and appears 1o be duc mainly to
muration of drug activarion enzymes.

7.24.8.12 Structure-activity relationships

As to he expecred for such a new series, the SARs for the nitroimidazole elass are insufficient and incomplete. Figure 21
summarizes the preliminany SARs and 8TRs lor this scrivs. It appears that the 4-nirroimidazole core is essential for
antibacterial acnviey, which is consistent with the mechanism of action discussed above. The nitroaromauc group is also
believed to bu the source for mutagenicity. The substitution on the oxazine or oxazole ring is eritical to many properties,
including potency, physicochemical properties, pharmacokinetic profiles, and murageniciry. Substitution with a larger
group generally reduces or rorally removes the potential for mutagenicicy. The asbsolute stereochemistry of the
substituent group is important for the 4-mrroimidazo-oxazine scrics {the (%) conligurarion is more pocent than the (R)
configuration) but has no effect on the 4-nitroimidazo-oxazole scries.

7.248.1.3 Comparisons of compounds within the class

There are two compounds, PA-824 and OP'C-67683, within the nitroimidazole class thar are currently under
investigation as anti-T1 agents. Preelinical dara indicate thar OPC-67683 is the more active compound both in vitro
and in vive. However, therapeutic indices based on human chnical trials are not vet available for these agents.

7.24.8.1.3.1 PA-824
I'"A-824 is a potent compound agunst a varicty of drug-sensitive and MDR:TB isolares, with MICs in the range
of <0.015 ro 0.25pgmL ™" The activirv is lughly selective. with potent activity eniv aguinst BCG and AL rubwrenfosis
among the mycobacrenal species rested. and withour significant activity against a hroad runge of Gram-positive and
Gram-negarive bacteria (with the exceprion of flefichacter pylori and some anaerobes). Perhaps of even grearer
significance is the finding in anacrobic culture rhar PA-824 has aetivity against nonreplicating bucilli, indicating its
potential for activiry against persisting organisms and cherefore for shorening the treatment duration. longer term
mouse studies with [\-824 at 50mgkg ™' day ™' demonstrated a reduction in the baciliary lung burden similar to that
of isoniuzid at 23 mgkg ™' day ' with all PA-824-treared mice surviving while all untreated control animals died by day
35. In u guinea pig acrosol infeerion model. daily oral administration of PA-824 at 37 mgkg ™' day ™! for 35 days also
produced reductions of M. subercwlasis counts in lungs and splecens comparuble to these produced by isoniazid.
When tesred in the Simes assay, both with and withoutr 89 activarion, PA-824, unlike CGIl-17341. demonstrated no
evidence of murugeniciry. Chromasomal aberration, mouse mieronucleus, and mouse lvmphoma tests have all been
negative, demonstraring lack of genotoxic potennal. PA-824 acirher inhibits nor is merabolized by major cytochrome

Oxazole/oxzine ring
SAR: important for aercbic activity

Nitroimidazole group H . 1 2
. . Substituent group (R' and R<)
SAR: essential for activity; the redox 0O . AT i
potential governs !{he spectrum «—— QN N':]/ ) n=0of1 SAR: governs inifinsic SCHE .
§TR: responsible for genotoxicity; ; —Q\,N =i el pharmacokmet:g i
can he averted by proper R ? and physicochemical properties

substitution STR: influences genotoxicity
{larger substituents reduce

enotoxicit:
Sterochemistry 8 ity

SAR: important for the oxazine series;
ne impact on the oxazole series
STR: not defined

Figure 21 Highlights of preliminary SAR and STR relaticnsnips of the nitroimidazole class,
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P450 enzyme isoforms in virro, importancly indicating & low potential for drug—drug interactions, including with
nresently used AIDS antiretrovirals. Pharmacokhinetic studies of PA-H2Z4 in the rar indigate excellent tissue penetration
Toral exposure in various tissues as measured by AUC (urca under the eurve) is three- to cightfold higher than thar in
plasma.

7248132 OPC-67683

The 4-nitroimidazo-oxuzole OPC-67683 has porent in vitro antimicrobial uctiviey against A fuberculasis. MI1Cs against
multiple clinically isolated M. rberendosis strains range from 0.006 to 0.024 pg mL ' As with PA-824, OPC-67683 shows
no cross-Tesistance with any of the currently used firse-line TB drugs. There are also no indications from preelinical
testing of mutagenicity or potential for evtochrome I'450 enzyme-mediated drug—drug interactions. Based on their
selatively similar ehemacal stcructuce, it is likely that the mechanisms of action of PA-82-+ und OPC-67683 will prove to
be the same. In u chronic infection mouse model. the efficaey of OPC-67683 is superior to that of the currently used
TB drugs. In these experiments. the ctfective plasma concentration was 0.100 ugml.” ' which was achieved with an
oral dose of 0.625 mgkg ™' confirming the remarkabie in vivo poteney of this compound. In nenclinical n vitro and
it vivo srudies, OPC-67683 in combination with various first-line T drugs shows svnergistic, additive, or no
appreeiable interaction, but does not demonstrare uny evidence of antagonistic activity.

7.24.81.4 Limitations and future directions

The nitroimidazole class holds grear potential for addressing several kev issucs in 11 therapy. lor the reusons stated
garlier, these agents could lave a major impact on "R treatment by shertening therapy, and safely and elficaciously
treating hoth MDR:IB and [LIV-TH ce-infections. However, the 4-nitroimidazole series appears to have divergent
8ARs for acrobic and anaerobic serivitics. Neither PA-824 nor OPC-67683 has been opuimized against persistent
M. tberenfosis under anaerobic conditions, and SARs against this important populution of M. tubereulosis are totally
lacking, Therefore, optimization of this drug class against nonreplicating J/. raberculosis is an important future direction.
[t will lso be important to gain a better understanding of the mechanisms underlying the mutagenicity of some
members and their relationship to chemical structures. The risk of a nitceimidazole for inducing muragenicity needs to
be further addressed.

72482  Diarylquinclines

Diarylquinolines belong to a novel class of anti- TR agents initially identified by a whole-cell-based sereen against
M. smegmaris. Structural modification of the initial lead compound led to the discovery of TMC-207 (previously known
as R207910, Figurc 22). which is currently under elinical development.'® "FAC-207 possesses 1 novel mechanism of
action, und is highly potent against both drug-susceptible and MDR . sbereufosis. Preclinical unimal studies indicare
that the compound has the potential to shorten the duration of TR therapy.

R126470 R207319

wres22 Stryuctures of TMC-207 and analogs.
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7.24.82.1 Sites and mechanisms of action

Based an gere scquences of drug-resistant mutants, the mechanism of action of TAC-207 hus been postulated ro be
inhibition of the proton pump of ATP svnrhase, Poinr murtations thar conferred resistunce to TMC-207 were identified
in both M. mbercatusis and M. smegmars. In chree independent mutants, the only gene commonly affected encoded ArpE
a part of the FO subunit of A1'P synchase. Further rransformarion studies confirmed the importance of the /0 F gene in
the mechanistic pathway of I'MC-207. Consistent with having a novel mechamsm of acrion, TMG-207 showed porént
dctvity against AL rwberepdasis isolates resistanr ro a variecy of anti-TH agents.

+

7.24.82.2 Structure-activity relationships

Informartion regarding the SARs for this new drug class is very limited. The diarylquinioline scries has 1wo chiral censers
and four enantiomers. It appears that only one enantiomer. (LR.28), s acrive against AL smberaufusts, cleurly indicating
that the drug-binding site an the molecular rarget (likely ATD synchase) is highly stereuspecific.

RI126470 and R207319 ([fgure 22) are rwo close analogs of TNC-207 that have anti- TR activity in vivo, !
R126470 hus the same configuration as TMC-207. and a phenyl moicey, insread of a nuphehyl group, ar the C-2
posinion. This compound showed o bacteriosratic effect in « mouse mudel. R207319 has a 3-Huorophenyi group
at the €-2 position, and showed weak bacrericidal activity in the mouse model. TTMG-207 was significancly more

ctficacious than the other two analegs in the same mouse model. These results clearly indicate the importance of the
C-2 moierty.

7.248.2.3 Comparisons of compounds within the ciass
TMC-207 is the only agent in the class thar is curtencly under clinical development. ‘This compound is active in vitm
against both drug-susceprible and drug-resistant strains of Af. uderenfosi (MIC=006pgml.~ ). Scrains resred
included these resistant ro a wide variery of commanly vsed drugs. including isoniazid. rifampicin, strepromyein,
ethumbutol. pyrazinamide, and the Fuoroquinolones. While TMC-207 is active in vicro against other mycobacteri,
including M. smegararis, M. kausasii. M. boris, V. aomem, and A, fortuiomm, the compound 18 not active against a variety of
Gram-positive und Gram-negacive organisms such as Nocardia asteroides, E. rofi. S, anrens, Epterococcus facchon, 0F
Haemephilns inflrenzae, OF note. vwo resistant M. smeguariv isolares Were nor cross-resistant (o a wide range of antibwrics,
in¢cluding the Auoroquinolones.

Pharmacokineric studies in mice have shown rapid absorption, with cxtensive tissue distribution in liver, kidney,
heart, spleen, and lung. The half-lives ranged from 28.1 to Y21 in tissues wnd from 43.7 to 640 in piasma. One
coniribution to the relatively long half-life appears to be slow redistribution from Eis$LC COMPATTMENTS.

TMG-207 has also demonstrared significant in vivo gcuvity in mouse models of borh estabiished and nonestablished
infections. In the noncstublished discase model, mice were treated for 4 weeks, beginning the day after inocularion. [
rhis sceting, a once-weckly dose of 125 mgkg ™ ' was almosrt as cfficacious as 6.5 mgkg ™ ' given five rimes per week.
12.5 and Z5mgkg ', TNIC-207 was more efficacious than isoniazid at 25 mgkg ' In the estblished disease mode
rresement was begun 12-14 days after inoculation. 1n combinarion scudies in the mouse. the substitution of TMC-2
for any of the three commonly used drugs {isoniazid, tilampicin, or pyrazinamide) had greater efficacy than th
standard regimen of iseniazid, rifampicin. and pyrazinamide. The combinarion of either TMC-207, isoniazid. an
pyrazinamide, or TMC-207. rifampicin, and pvrazinumide, resulted in negative spleen and lung cultures after 8 wee
of therapy, while the srandard therapy (ritampicin, isoniazid, and pyrazinamide) led 1o pesitive cultures both in lu
(0.97 log CIU) and spleen (1.91 log CTL).

TMC-207 has also been rested in Phuse [ pharmacokinetic and safety studies in healrhy volunreers. Single @
adminiseration of TMC-207 ar doses ranging from 10 ro 700 mg revealed the drug to be well absorbed, wirlt peak ser
concentrations ar approximately 5 h post-dose. The pharmacokinetics were dese-proportional over the range studied,
multiple ascending dose study {once-daily doses of TMC-207 ar 30, 150, and 400 mgday ' tor 14 days} was €
perfarmed in healthy volunreers. Accumulation was observed with o doubling of the AUC on the 14ch day, eompan
with day L. OF note, the average observed AUCS were greater than rthose that achieved oprimal activity ia
established wfeetion in the mouse. Safery evaluations revealed oniv mild or modesate adverse events, with the majo
considered only possibly related to the study drug.

7.24.8.2.4 Limitations and future directions
The diarylyuineline TMC-207 represents a novel drug class with excellent potential for the rreatment of
particularly in shortening therapy and rreating MDR-TH As with any other new series, the safery and efficacy o
compound need to be evaluated choroughly in clinicat trials. A back-up program rhat focuses on addressing
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sefery issues identified during clinical develapment is important. The diarvlquineline was identificd and oprimized
based on activiry against replicating bacteria. SARs for activity against bacreria in the nonreplicating srate need o be
further elucidated.

7.24.8.3 Other Novel Classes: Pyrroles, Oxazolidinones, and Macrolides
124831 Pyrroles

Anothier class of compounds being mvestigated (or TR therapy is the pyrroles. First deseribed in 1998 as having good
antimyveohuctenial activity, the most potent compound was designated BAM212 (Figure 23)."" NHCs for BMZ12 ranged
between 0.7 und 1.5 pgmbL” " against several scraing of AL rubercudosis. The MICs for strains resistant o the commonly
used antitubercular drugs were similar to those for sensitive strains, indicating the compound must likely has a novel
mechanism of action. | lowever, no mechanism of uction has ver been elucidated for this elass of compound. Some non-
TB mycobacrerial strains alse appeared to be sensitive to BMZ12. albeir with ANCs higher thun those for
M. subereudosts.

A novel pyrrole compound. LL3858, is currently in Phase 1 clinical deveiopment for T in India. '™ "I'his compound
itas sub-micromolar MICs. and has heen reported to have significant efficacy in a mouse model of TB. In combination
with curtently used anti-TRB drugs, LL3858 sterlized lungs und spleens of infected animals in a shorter dmelrame than
conventiona! therpy.

724832 Macrolides
Macrolides, a well-known antibiotic ciass, are inttially isoluted (rom Strepromyees eryhrens in the 1930s Macrolides are
potent inhibitors of protein synthesis. via binding to the 308 ribosomal subunir ol bacreria ac the peptidv! transterase
cearer formed by 238 rRNA. Studies have suggested thev also block the formarion of the 508 suburit n growing cells.
Macrolides could therefore add u novel mechanism of acrion to TB combination therapy. iund thereby also hold out the
promise of being cqually effective against MDR-TB and drug-sensitive 'TB. The macrolides, known to be orally acrive,
have also proven to be sate and well wolerared when used for non-TB indications. Kev for T rreatment, the macrolides
tend to cxhibit high levels of inrracellular activity and extensive distribution into the lungs. Macrolides have already
praven to be clinically useful in the treatment of other mycobacterial diseuses including MAC and leprosy.

The major chullenge for this class is 1ts weak activity against A/ sberrufosis. which needs ro be further optimized. In
addition. several members of the macrolide cliss are known inhibitors of cvtochrome P450 enzymes associated with
dnsg—drug interactions. This class of antiviories is currently undergoing optimization for potential TB therapy.'™

724833 Oxazolidinones
The oxazolidinones. a relativelv new class ol antimicrohial agents, excrt their antimicrobial effect by inhibiting protein
sythesis through binding to the 708 ribosomul initiation complex. They have a relatively broad spectrum of activicy,
including anaerobic and Gram-positive acrobic bacteria as well as mveobacteria.'™ ‘I'he first and thus far only
oxazolidinene to he approved is linezolid. Aithough not approved for use in TB, linezolid has in vitro activity against
M. tbercufosis, OF the oxazolidinenes that have been evaluated for their in vitro acovity. the most active compound
appears o be PNLU-100480 (Figure 24), which demonstrates porencey sirmilar to that of 1seniuzid or ifampicin.'®
Beeause of the clinical availability of linezolid, it has been used anecdotslly 1n putients with MDR-TB, and
demonstrares bislogical activity, as evidenced by sputum culture conversion.'™ Howcever. with relatively long-rerm use

in MDRTB patients, there are emerging reports of pesipheral and optic neuropathy.'®?
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igure’23 Structures of important pyrrole compounds.
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Figure 24 Structures of important oxazalidinones.

Even though the oxazolidinones have the patential to be a useful addition to the armamentarium of anti-TB drugs,
there hus never been a truly concerted effort (o oprimize ctheir activity ugamse AL aderenlpsis, In the meantime, the
neuropathic side effeees of linezolid, emerging with its long-rerm use. will require caretul monitonng as rhis drug
beecomes more commonly used in the trearment of MDR-TB, A lead oprimizacion program focusing on improving
elficacy und safecy of this drug class would be an imporrant development.

7.24.8.4  Novel Drug Targets for Persistence

All the current anti-TB agents were identified by cheir ability ro kil or inhilyir A/, sbercnfosss in the exponential phase of
growth in vitre, with the exceprion of pyrezinamide, whose antimycobucterial activity was discovered directly in vivo in
a mouse model. Most of these agentes are highly potent against replicating A/, tadercudasis but have fimited activiry
against AL wdervwdosis in anaerobic or nurrient-depleted conditions in their nonreplicating state. This phenomenon i
largely due o the facr thar in the noarcplicating srate. the drug rargers of these agents are inactive, and inhibiting
theses enzvmes theretore has limired impact on the viabiliny of the haeilli, Recentlv. significant progress has heen made
in wdenutying A/, rdservudosis tactors helieved ta play an essential role in the abilivy of M. wderculosis to adopt andfor
maintain a persistent stare. Some of these fuctors wre believed to be suicable drug targets for therapeutic

intervencions. '

" Drugs targeting rhese enzymes ure likely to have a significant impact on cel! viability in che
persistent state, und therefore may shorten the duratian of therapy.

There is significant disagreement. however, regarding how persistence is induced and maintined in the hast.
Various in vicre conditions have been used to mimic che host environment and 1o identify purative persistence factors.
including oxvgen depletion. nutricnt depletion, and nitric oxide stress.''® Whole-genome microarray cxperiments
conductesd under various stress conditions suggest that gene expression patterns under chese various conditions have
lirtte overfap.'"" The lack of correlation among gene expression patterns under different in vitro stress condicons
further illustraces the high risks involved with this approsch. Without a clear understanding of the clinical relevance of
these models, rescarch should first focus on the smull numhers of genes that are commaonty cxpressed under different
eonditions. This group of genes mav provide a betrer chanee to identify true persistence facrars. Another cavear
relevant to rlus upproach is rhat these putative persistence rargers are often not cssential under the normal grawth
conditions used te assay drug suseepribility. Compounds that inhibit such targers will have to be resied under special
conditions or directly in vivo. This requirement adds significantlyv to the challenge of the lead optimization process.
Currently, most programs focuscd on agents acrive against persistent A/, cubervwipsis are in the targert validation or lead
identificarion stages, the very early sceps of a drug discoven program.,

7.249 Conclusion

While currenr, standurd, TB drugs can he effective. thev nceessitate lengthy and complex treatment regimens,
lessening rates of patient adherence. This lack of compliance in rurn has created a significant drug resistance problem
and hampered control of the global TB epidemic. The lack of srrong market opportunicies has hindered the
development of new TB drugs until very recently. Currently. increased resources and public atrention have led 1o 2
resurgence in TB drug research und development activities. leading to optimism that shortern simpler, and safer
treatment regimens will he developed and registered in the foreseenble future. Medicinal chemistry is playing, and will
continue to play, a kev role in this endeavor,
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