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Avant-propos

Les travaux présentés dans cette thése ont été¢ majoritairement réalisés a 1’unité INSERM

Ul177 (précédemment U761): «Médicaments et Molécules pour Agir sur les Systémes
Vivants - M2SV» dans le cadre d’une theése en cotutelle pendant trois ans (2012-2015) entre

I’Université Lille 2 Droit et Santé, France (7 mois par an) et 1’Université des Sciences

Médicales de Ho Chi Minh-ville, Vietnam (3 mois par an) avec I’aide financi¢re de I’ Agence

Universitaire de la Francophonie (AUF).

Ce travail a été réalisé en collaboration avec plusieurs équipes de chimistes, de biologistes et

d’analystes :

Toutes les réactions de la synthese ont été réalisées par moi-méme a 1’unité U1177

Le test TSA sur EthR et MabA ont été réalisé par le Dr. Martin Moune (Unit¢ INSERM
U1019)

L’évaluation des composés sur M. tuberculosis et macrophages infectés a été réalisée
par les équipes des Dr. Alain Baulard et Dr. Priscille Brodin (Unit¢é INSERM U1019)

Le criblage enzymatique sur MabA a été¢ dévelopé et réalis¢é par Dr. Marion Flipo
(U1177)

Le criblage in silico et I’étude de modalisation moléculaire ont été réalisé par moi méme
au département de chimie thérapeutique, faculté de Pharmacie —Université des Sciences
Médicales de HO Chi Minh ville.

La mesure des parametres physico-chimiques et pharmacocinétiques des composés a été
effectuée par la plateforme ADME de I'unité U1177 (Florence Leroux, Catherine

Piveteau et Sandrine Dassonneville)

La mesure de la solubilit¢ des fragments 3-D a été effectuée par moi-méme a la
plateforme ADME de I’unité U1177

Les analyses des spectrométrie de masse haute résolution ont été réalisées par Mme.

Catherine Piveteau, 1’ingénieur d’étude de la plateforme ADME

Les analyses RMN ont été réalisées au Laboratoire d’ Application RMN de 1’Université
de Lille 2.

Les analyses IR ont été réalisées par moi méme a I’Institut de chimie pharmaceutique
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Ce manuscrit est écrit en anglais et accompagné d’un résumé en francais.

Bonne lecture.
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Introduction

Tuberculosis (TB) is an infectious disease caused by the bacteria Mycobacterium
tuberculosis. Despite the variable protective efficacy of the bacillus Calmette-Guérin (BCG)
vaccine in TB prevention', this disease is curable by chemotherapy. In fact, combination of
the first-line TB drugs can help drug-susceptible TB patients to completely recover in six
months.” However, the principal problem in TB control is the long and complex drug regimen
which can result in non-adherence and consequently leads to undesired response (e.g. failure
and relapse). This may also allow the development of more problematic forms of TB, e.g.
drug-resistant (DR) strains. Treatment of DR-TB is more challenging and requires second-line
TB drugs. These medications are often more expensive and are responsible for severe and
frequent side effects.” Moreover, the World Health Organization (WHO) estimated that one
third of the world’s population is infected by latent TB bacteria, which can reactivate as an
airborne and transmittable disease.”

HIV/AIDS pandemic provoked the re-emergence of TB from middle 1980s. In 1993,
WHO declared TB as a global public health emergency. This alarm has stimulated many
efforts in order to decrease and eliminate this disease worldwide. In fact, global TB control
has been placed in the Millennium Development Goals. Importantly, WHO developed the
directly observed treatment short-course (DOTS), a multidrug therapy program which is
actually considered as the most efficient weapons against the global TB epidemic.’ However,
this infectious disease remains a major public health problem until now despite the significant
progress in the fight against TB worldwide over 20 years. WHO estimates that 9 million
people contracted the disease in 2013 and 1.5 million died in that year. TB is still a leading
cause of death from an infectious disease in many countries.’

For that reason, the need of new antitubercular drugs is very urgent. Recently, two new
compounds, bedaquiline and delamanid were approved in combination to the actual MDR-TB
chemotherapy.®’ Nevertheless, there is always the possibility that the tubercle bacillus can
quickly develop resistance related to the mechanism of action of these new drugs. Therefore,
the actual therapeutic arsenal must be strengthened by other TB drugs. These new
antituberculosis compounds are inspected to be able to shorten the treatment time, improve
patient safety and/or overcome drug resistance issues.

Among many strategies that are actually used in the drug development, fragment-based
drug discovery (FBDD) approach has emerged as a promising strategy which is resulting in
the quality, rather than the quantity, of hits and leads. This method relies on the screening of
small chemical entities that can probe biological targets more effectively than drug-like
molecules. Identified hits are then rapidly optimized using rational design to lead-like
compounds.® We believe that compounds developed from FBDD could be carefully
controlled in molecular size. Therefore, these new molecules with tuned physico-chemical
properties can easily penetrate the waxy and lipid-rich cell wall of M. tuberculosis in order to
reach to the intracellular targets.

These promising advantages have encouraged us to apply FBDD in our TB projects.

—1-



Introduction

Outline of the thesis:

This thesis comprises 4 chapters and an experimental section. The outline of the
manuscript is organized as follow:

In chapter I, we present an overview on TB disease and application of FBDD method
in drug development. Concerning the TB, we describe the epidemiology of TB, physiology
and pathogenesis of M. tuberculosis. Furthermore, we discuss on the actual diagnosis,
vaccination and chemotherapy which are currently used in TB management and their
development tendency in future. In this chapter, we also summarize the main principle of the
FBDD approach and their application especially in TB drugs development.

In chapter II, we report the first application of FBDD in development of new EthR
inhibitors. The work described in this chapter is a continuation of the research project which
was started during the thesis of Baptiste Villemagne.” This work aims to develop compounds
that can boost the activity of ethionamide, a second-line drug used to treat MDR-TB. The
transcriptional repressor EthR has been validated as a key element in the bioactivation of
ethionamide. EthR inhibitors were identified using a fragment-based approach and were
optimized to potentiate the activity of ethionamide in vitro. However, the low microsomal
stability of the lead compound has limited its use in vivo.” The metabolism study of the lead
compound and key structural modifications allowed a development of new potent EthR
inhibitors having acceptable pharmacokinetic and physico-chemical properties for in vivo
testing.

In chapter III, fragment-based approach is applied for the development of MabA
inhibitors. MabA is a mycobacterial B-ketoacyl-ACP reductase involved in the synthesis of
long-chain fatty acids, precursors of mycolic acids, which are major constituents of the
mycobacterial cell wall. This enzyme has been shown to be essential for the survival of the
bacteria but until now no inhibitor has been identified.'® In this chapter we present how we
can use a small fragment library in combination with several screening methods to discover
and develop new MabA inhibitors with activity in the micromolar range. In addition, we also
present in this chapter an in silico screening that was also developed to try to identify MabA
inhibitors.

In chapter IV, a design and synthesis of new fragments is described. The aim of this
project is to build a collection of original fragments showing a 3D-structure scaffold amenable
for rapid derivatization. Synthesis of new fragments that contain an original 2-isoxazoline
scaffold is presented. Furthermore, the conformational analysis of these structures and their
experimental solubility were also measured and are reported in this chapter. These new
fragments are suitable for the screening against new biological targets to help kick-start new
hit discovery programs.

Finally, the experimental section illustrates in detail all synthetic reactions and
biological procedures related to the works presented in chapter II, III and IV.



Chapter 1. Tuberculosis and fragment-based approach

Part A. A literature review on tuberculosis

1. A history of tuberculosis

Tuberculosis (TB) is one of the oldest human diseases, but not a disease of the past.3
The evidence of tuberculosis has been found in many ancient civilizations over the world.
Indeed, signs of the disease have been found in Egyptian mummies, in ancient eastern
civilization (e.g. China and India), in Africa and even in South American area as early as
many thousand years ago. The disease has gone by several names, e.g. phthisis (an archaic
name originated from classical Greece); consumption (because of the severe weight loss and
the way this disease appeared to “consume” the patient); the great white plague or the white
death (because of the extreme anemic pallor of those affected) and so on. In 1839, Johann
Lukas Schonlein used the name “tuberculosis” for this disease. This ancient disease has been
a scourge throughout human history and may have killed more persons than any other
microbial pathogen.''

Understanding of the tuberculosis pathogenesis began from the beginning of the 19™
century with the contribution of many researchers. These studies have led to the identification
of the tubercle bacillus by Robert Koch on March 24™ 1882. For that reason, the 24" of
March each year has been chosen as the World Tuberculosis Day until now. The discovery of
Mycobacterium tuberculosis as the etiologic agent of tuberculosis has accelerated research
and development of treatment and prevention of this disease. In 1921, the TB vaccine bacillus
Calmette-Guerin (BCG) was firstly used in clinics. After the discovery of streptomycin as the
first antituberculosis drug in 1944, many other antituberculosis drugs were then developed,
e.g. isoniazid, rifampicin, ethambutol and pyrazinamide. Consequently, quadri-therapy
regimen have been started for the treatment of TB in 1967."

The development of TB vaccines and effective TB drugs has led to a remarkably rapid
decrease of TB cases over the world. TB became curable and for that reason many people
have believed that this disease could almost be defeated. However, in the mid-80s, with the
epidemic of acquired immune deficiency syndrome (AIDS), TB has returned as one of the
most dangerous infectious diseases.'? Therefore, the World Health Organization (WHO)
declared TB as a global emergency from 1993. Today, TB remains one of the leading
infectious disease killers around the world. Unfortunately, TB that we face today is not
exactly the same as fifty years ago. Decades of widespread and uncontrolled application of
antibiotics in clinical has resulted in the emergence of drug resistant strains of M.

. 313
tuberculosis.”

2. Epidemiology

2.1. Global situation

Understanding of the TB epidemiology is critical for an effective control. According to
the recent Global Tuberculosis Report in 2014, there were an estimated 9.0 million incident
cases of TB globally, equivalent to 126 cases per 100 000 population. Among these new TB
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cases, an estimated 1.1 million (13%) were HIV-positive in 2013. Interestingly, this ratio
revealed that HIV/AIDS until now is not the main cause for the re-emergency of TB
worldwide.’

In addition, WHO also evaluated the global trends of TB from the period 1990-2014

(Figure 1). The data show a decrease of TB incidence at an average rate of about 1.5% per
year between 2000 and 2013. In addition, the TB mortality rate fell by an estimated 45%
between 1990 and 2013 and the TB prevalence rate fell by 41% during the same period. TB is
slowly declining each year. WHO estimates that 37 million lives worldwide were saved
between 2000 and 2013 through effective diagnosis and appropriate treatment. The world and
all of WHO’s six regions are on track to achieve the Millennium Development Goal target
that TB incidence rates should be falling by 2015.

Rate per 100 000 population per year

Incidence Prevalence Mortality
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Figure 1: Global trends in estimated rates of TB incidence, prevalence and mortality in the period 1990-2015
(adapted with permission from WHO for ref.’ )
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Figure 2: Percentage of new TB cases with multidrug-resistant tuberculosis worldwide (WHO, 2014)
(adapted with permission from WHO for ref.’ )

Despite a decline in mortality of TB each year from 2000 until now, the death toll from

the TB disease is still unacceptably high. In fact, WHO estimates that 1.5 million died from
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TB in 2013 (1.1 million deaths among people who were HIV-negative and 360 000 among
people who were HIV-positive).’

Among these TB deaths, there were an estimated 210 000 cases from multidrug-
resistant tuberculosis (MDR-TB), a relatively high ratio (44%) in comparison with 480 000
total incident cases of MDR-TB. Globally, 3.5 % of new TB cases are estimated to have
MDR-TB. According to the MDR-TB distribution world map (see Figure 2), MDR-TB has
been reported in nearly every country all over the world with substantial differences in the
frequency from one country to another. Especially, this proportion is highest in Eastern
Europe. Moreover, extensively drug-resistant TB (XDR-TB, defined as MDR-TB plus
resistance to any fluoroquinolones and any second-line injectable drug) has been reported by
more than 100 countries by the end of 2013.°

In addition, several TB strains that showed in-vitro resistance to all first and second line

drugs tested have been recently reported in some country (e.g. Italy'®, India'®, South Africa'®

17,18

and Iran ""). Some authors have named these strains as extremely drug resistant TB (XXDR-

TB) or totally drug resistant TB (TDR-TB). However, these terms have not yet been
recognized by the WHO until now.

2.2. Tuberculosis in France

In France, the number of notified TB cases and mortality ratio has been decreasing for
several decades (see Figure 3)."” With less than 10 new TB cases per 100 000 population
since 2004, France is now considered as a low incidence country according to WHO.? In the
recent Global TB report, WHO estimates that the prevalence rate of TB is 11 and the
incidence rate is about 8.8 per 100 000 population. The mortality of TB in France is very low
(about 0.52 per 100 000 population). However, 4939 TB cases were reported in this country
in 2013. Among the notified pulmonary TB cases, 15 patents were identified as MDR-TB.’ In

fact, France is also affected by the drug resistant TB as many others countries. Recently, a

surge of drug resistant TB have been observed in France.?'*
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Figure 3: Trends in estimated rates of TB prevalence and mortality in France
(adapted with permission from I’Institut de veille sanitaire InV'S for ref.”®)
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2.3. Tuberculosis in Viet Nam

Viet Nam is a country in South East Asia. The estimated total population of Viet Nam
was about 92 million in 2013. The current Viet Nam National Tuberculosis Control
Programme (NTP) is adopted from the principles of the DOTS strategy recommended by
WHO. The objective of the NTP in Viet Nam is to reduce TB morbidity, mortality and
transmission and to prevent emerging of TB drug resistance. Two years after the declaration
of WHO on TB re-emergence, Vietnamese government has announced TB control as a
national priority in 1995.> With many efforts from government policy in combination with
supports from WHO, TB prevalence, incidence and mortality in Viet Nam has decreased from
1990 until now (see Figure 4).°
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Figure 4: Estimated TB trends in Viet Nam during 1990-2013 (WHO, 2014)
(adapted with permission from WHO for ref.’ )

However, TB in Vietnam remains a serious concern. Indeed, WHO estimated that the
prevalence rate of TB is 209 TB cases per 100 000 population. The incidence rate is 144 cases
per 100 000 population while mortality is still high with 19 cases per 100 000 population.
According to WHO, Viet Nam is among the 22 high TB burden countries in the world and is
also listed in 27 high burden countries for MDR-TB. The incidence rate of MDR-TB is 4%
regarding new cases and 23% regarding re-treatment cases.’ Recently, Vietnamese
government has approved the National Strategy for TB control to 2020 in order to accelerate
the TB control program with a vision to 2030. This strategy is disseminated to all localities
and TB control facilities nationwide. The principal objective of this national strategy is to
reduce the prevalence rate in community to less than 131 cases per 100 000 population in
2020 and to less than 20 in 2030. Moreover, this strategy has also aimed to decrease the
MDR-TB rate to less than 5% among new TB cases in 2015.%*
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3.  Tuberculosis and Mycobacterium tuberculosis

3.1. The genus Mycobacterium

Mycobacterium tuberculosis 1s the main cause of TB. Moreover, there are also some
others species can cause TB in human which are classified in Mycobacterium tuberculosis
complex (MTBC). MTBC consists of M. tuberculosis, M. bovis, M. africanum, M. microti, M.
canettii, M. caprae and M. pinnipedii. M. bovis is the pathogen of tuberculosis in cattle
(known as bovine TB). This species can also cause tuberculosis in human via the
contaminated cattle’s milk. However, tuberculosis caused by M. bovis in developed countries
has largely been eliminated nowadays because of the introduction of pasteurized milk. Other
species in MTBC are not common worldwide. M. africanum is the most important TB cause
in some West African countries. M. canettii is rare and seems to be limited to the Horn of

Africa. M. caprae is a pathogen which has been recognized mainly in central Europe.?*°

M. tuberculosis and other species in MTBC belong to the genus Mycobacterium, a
family of small rod-shaped bacilli, which also comprise others pathogenic bacteria. Notably,
there are M. leprae and M. lepromatosis which cause leprosy (Hansen's disease) and some
others species which cause neither TB nor leprosy, but can cause pulmonary diseases
resembling tuberculosis, lymphadenitis, skin disease, or disseminated disease. These species

are known as nontuberculous mycobacteria (NTM).?"**

3.2. Characteristics of Mycobacterium tuberculosis

3.2.1. General properties

M. tuberculosis is a bacillus which have a rod-shaped with 0.3-0.5 pm in diameter and
between 2-4 um in length.*®

Acc.V  Spot Magn Det WD Exp
30.0 kV-30 15549x SE ‘74 0

Figure 5: A group of M. tuberculosis depicted by digitally-colorized scanning electron micrograph
(image courtesy of Janice Haney Carr and Ray Butler, CDC)

M. tuberculosis is an aerobic bacterium which requires high levels of oxygen to grow.
This bacillus can be cultured in nutrient-rich environments as Lowenstein-Jensen medium. M.
tuberculosis grows slowly with an average replication time of 22-24 hours. This division time
is extremely slow in comparison with other bacteria. The optimum for M. tuberculosis
growing is pH 6.8-7.2 at temperature 37-38°C. Besides, M. tuberculosis also tends to switch
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to a state of dormancy or steady-state when exposed to highly stress environments in the host.
This pathogenic bacillus is common and dangerous because of its ability to shirk the defense
mechanisms of host and adapt to unfavorable environments. However, under the influence of
direct sunlight and ultraviolet rays, M. tuberculosis is killed within a few minutes, and it is
also destroyed by boiling during 45 minutes.”®

=

Figure 6: A close-up of Mycobacterium tuberculosis culture
(image courtesy of Dr. George Kubica, CDC)

One special characteristic of M. tuberculosis is its unusual cell wall with high lipid
content. Because of the presence of mycolic acid, M. tuberculosis has a waxy coating on the
cell surface, which makes the cells impenetrable to Gram staining. Therefore, the Ziehl-
Neelsen staining, or acid-fast staining, is alternatively used. Acid fastness is a physical
property by which mycobacteria resist decolorization by mild acid or ethanol after staining
with Ziehl-Neelsen dye making it visible as bright red rods against blue background. Two

special characteristics of M. tuberculosis are its cell envelope and persistence.

3.2.2. Composition of the mycobacterial cell wall

M. tuberculosis has a lipid-rich cell envelope which is distinctive and associated with its
pathogenicity. The cell wall is extremely thick and multi-layered with varied hydrophobicity,
posing an effective obstacle for the entry of most chemical compounds and protects the
tubercle bacillus from human immune system.” A simple visual representation of the M.
tuberculosis cell wall is depicted in Figure 7. In detail, the cell wall is mainly composed of
three different covalently linked structures (e.g. peptidoglycan, arabinogalactan and mycolic
acids). The mycolic acids layer is hydrophobic with extremely low fluidity. This layer is also
named as the mycomembrane. The outer part of the mycomembrane contains various free
lipids. Most of these lipids are specific for mycobacteria. They include phenolic glycolipids,
phthiocerol dimycocerosates, cord factor or dimycolyltrehalose, sulpholipids and
phosphatidylinositol mannosides. These components are intercalated with the mycolic acids.
The outer layer, which is generally called the capsule, mainly contains polysaccharides
(glucan and arabinomannan).*® Mycolic acids are the major constituents of the mycobacterial
protective layer.”'
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Figure 7: Schematic representation of the cell envelope of M. tuberculosis
(adapted with permission from Nature Publishing Group for ref.*")

3.2.3. Mycolic acids

As defined by Asselineau and Lederer®”, mycolic acids are homologous series of Cgo-
Cyo long-chain alpha-alkyl, beta-hydroxy fatty acids. The chemical formula of these mycolic
acids usually differ by 28 Da (a two-carbon unit). In M. tuberculosis, mycolic acids are
characterized by very hydrophobic Css to Cgs fatty acids with Cy, to Cy4 alpha side chains.
The alpha-chain is functionalized by cyclopropyl, alpha-methyl ketone, or alpha-methyl
methyl ethers groups. There are three distinct structural classes of mycolic acids. They are
comprised of alpha-mycolic acids, methoxy-mycolic acids and keto-mycolic acids, as shown
in Figure 8.
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Figure 8: Chemical structures of mycolic acids from M. fuberculosis

Alpha-mycolic acid is the major form. The alpha-mycolic acid is a cis, cis-
dicyclopropyl fatty acid. There are two structural variations of this mycolic acid, depending
on the source. The variations appear in the length of the terminal alkyl group and the number
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of methylene groups between the cyclopropane rings and the carboxyl group. Both methoxy-
and keto-mycolic acids are found either in cis- or trans-configurations.”!

Mycolic acids possess unique characteristics essential for their physiological roles in
maintaining the cell wall structure of mycobacteria. The importance of the mycolic acids in
the formation of the cell wall permeability barrier was known long ago. Mycobacteria are
extremely impermeable to hydrophilic molecules, including antibiotics and nutrients such as
glucose and glycerol. This low permeability was correlated with the extremely hydrophobic
surface attributed mainly to the high amounts of mycolic acids in the cell wall (see Figure 7).
Mycolic acids can also be found in the form of arabinogalactan esters as well in the form of
trehalose-dimycolate (TDM). Arabinogalactan-mycolate is covalently linked to the cell wall
peptidoglycan via a phosphodiester bond located on the inner leaflet of the outer membrane.
TDM (formerly known as ‘‘cord factor’’) is the principal biologically active lipid of
mycobacteria which has been proven to protect the bacilli within macrophages by reducing
antibiotic effectiveness and inhibiting the stimulation of protective immune responses.”>=*
Moreover, mycolic acids have been found to constitute a scaffold for mycobacterial lipid
antigens stimulating CD1-restricted T cells, making these lipid antigens active players in the
immune recognition of this pathogen.™

3.2.4. Biosynthetic pathway of mycolic acids

The overall process of mycolic acid biosynthetic pathway is illustrated in the Figure 9

and has been proposed to involve five distinct stages™":

1) synthesis of Cy4 to Cyg straight-chain saturated fatty acids for alpha-alkyl branch®?
2) synthesis of the meromycolic acid chain to provide the main carbon backbone™
3) modification of this backbone to introduce other functional groups33

4) the final Claisen-type condensation step followed by reduction™

5) various mycolyltransferase processes to cellular lipids™

In this procedure, it has been noticed that mycolic acids are synthesized by at least two
discrete elongation systems in Mycobacteria - the type I and type II fatty acid synthases (FAS-
I and FAS-II, respectively). Firstly, FAS-I produces fatty acids with a bimodal distribution,
Ci6—Cis and Cy4—Cy6 acids, with the latter corresponding to the ‘‘alpha branch’ in mycolic
acids. Mycobacteria have a single FAS-I-encoding gene (fas, Rv2524c). The mycobacterial
FAS-I protein displays the seven distinct domains corresponding to the catalytic activities
required for the synthesis cycle. The fatty acids produced by FAS-I are long-chain acyl-CoAs
that subsequently participate, after carboxylation by ACCase, in mycolic acids biosynthesis
(see Figure 9). Secondly, the bacterial-like dissociated FAS-II composed of a series of
discrete soluble enzymes. FAS-II is responsible for the elongation of fatty acids at the origin
of the very long meromycolic chains. These two FAS system in M. tuberculosis share similar
reaction sequences with an iterative series of reactions built on successive additions of a two-
carbon unit from malonyl coenzyme A (malonyl-CoA) to a nascent acyl group. Malonyl-CoA
is produced by the carboxylation of acetyl-CoA, catalyzed by the acetyl-CoA carboxylase, a

key enzyme in most living organisms.*'**~*
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Figure 9: Biosynthesis, inhibition, and regulation of mycobacterial m;fcolic acids
(adapted with permission from the Biochemical Society for ref.’®)

The M. tuberculosis FAS-II system has a different property to other bacterial FAS-II
systems. In fact, it could not conduct de novo synthesis. Instead, mycobacterial FAS-II
elongates C;,—C;¢ acyl-CoA primers generated by FAS-I to a mixture of homologous fatty
acids of longer chain lengths (meromycolic acids). The synthesis proceeds through the
elongation of enzyme-bound intermediates, covalently linked to mycobacterial acyl carrier
protein (AcpM, Rv2244), by several iterative cycles, each comprising four steps. In the first
step, the malonate group is transferred to ACP by malonyl CoA-acyl carrier protein
transacylase (MtFabD, Rv2243) to form malonyl-ACP. Then, FAS-II is initiated by the
Claisen condensation of malonyl-ACP with acyl-CoA, catalyzed by MtFabH to form beta-
ketoacyl-ACP. Next, there are 4 enzymes that catalyze each stage of elongation: the B-keto
group is reduced by the nicotinamide adenine dinucleotide phosphate (NADP)-dependent 3-
ketoacyl-ACP reductase (MabA, Rvi483), and the resulting B-hydroxyl intermediate is
dehydrated by the heterodimer B-hydroxyacyl-ACP dehydratases (HadAB and HadBC,
Rv0635-Rv0636 and Rv0636-Rv0637, respectively) to an enoyl-ACP. The reduction of the
enoyl chain by the nicotinamide adenine dinucleotide hydrogen (NADH)-dependent trans-2-
enoyl-ACP reductase (InhA, Rv/484) produces an acyl-ACP. Additional cycles of elongation
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are initiated by the B-ketoacyl-ACP synthase (KasA or KasB, Rv2245 or Rv2246) that
elongates the acyl-ACP by two carbons to form a B-ketoacyl-ACP.*

Elongation finishes when the acyl-ACP attains the chain length required for the
meromycolic acids chain modification or condensation.”> The mycolic acids synthesis
involves, in addition to FAS-I and FAS-II, a condensation reaction between two activated
fatty acids, a key step leading to the formation of the ‘‘mycolic motif’’. The formation of a
new carbon-carbon bond by a Claisen condensation is a reaction shared by both fatty acid and
polyketide synthase biosyntheses and is catalyzed by condensing enzymes. The final stages in
the synthesis of the cell wall of M. tuberculosis are transport and attachment of newly
synthesized mycolic acids to the peptidoglycan-arabinogalactan complex of the cell wall and

the formation of TDM (trehalose dimycolate).*' >

Mycolic acids biosynthesis has been described as a target for many antitubercular drugs

e.g. INH, ETH. In addition, pyrazinamide was shown to inhibit fatty acid synthase type 1.*’

3.3. The complete genome of M. tuberculosis H37Rv

Recently, genomics has provided a valuable drug discovery resource by catalyzing
genetic manipulation in order to characterize many key enzymes participating in mycolic
acids biosynthesis. The outcomes allow an understanding of their role in the physiology of the
mycobacteria, and might lead to the identification of new drug targets.*®

In 1998, the complete genome sequence of Mycobacterium tuberculosis, H37Rv, has
been determined and analyzed. This genome comprises 4,411,529 base pairs, contains around
4,000 genes, and has a very high guanine and cytosine content. These results helped to
improve the understanding of this pathogen biology and contribute to the development of new
therapeutic interventions.* In 2008, the Tuberculosis Database (TBDB) was established. This
is an integrated database providing access to TB genomic data and resources, relevant to the
discovery and development of TB drugs, vaccines and biomarkers.*’

4.  Pathogenesis of tuberculosis

Following environmental exposure with M. tuberculosis, about 30% of individuals are
infected. In these cases, M. tuberculosis is transmitted into the lungs via aerosol. After
entering the lungs, the tuberculosis bacilli stagnate on bronchial and alveoli (often near the
pleura) where they will be taken up by alveolar macrophages once they reach the lung.
Macrophages will absorb the tubercle bacilli and destroy or inhibit the majority of them, but
some will survive and multiply inside the cell. The activation of macrophages and dendritic
cells induce an immune response which is initiated by secretion of cytokines and chemokines
that attract neutrophiles, monocytes, T cells, B cells and other alveolar macrophages, finally

leading to the formation of cellular structures called granulomas.**'

If the multiplication of M. tuberculosis is not controlled, the spread of bacilli will enter
to local lymph nodes. This tends to lymphadenopathy, a characteristic expression of primary
tuberculosis. Five to ten percent of the cases immediately develop active disease called
primary tuberculosis. On the contrary, 90-95% are considered latently infected and do not
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present any clinical symptoms. This latent TB infection can be reactivated later when there is

an imbalance between host immunity and bacterial virulence (see Figure 10).**

The risk of tuberculosis reactivation is about 10% for healthy adults, 20% for children
aged < 5 years, 30% for people with HIV infection and 40% for children aged < 2 years. In
addition, various other high-risk clinical situations (such as administration of biologic agents
or steroids, chronic renal failure, diabetes, and so on) could disrupt the balance between host
immunity and bacterial virulence, thus increasing the bacterial multiplication.”*
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Figure 10: Outcomes following exposure to M. tuberculosis in an individual
(adapted with permission from American College of Chest Physicians for ref.*)

5.  Symptoms

In general, symptoms in tuberculosis disease are fever (known as the most common
symptom), lack of appetite, weight loss, weakness, fatigue, or rarely sweating at night. In
addition, the symptoms of tuberculosis also depend on where the tubercle bacillus is located.
In fact, tuberculosis disease may have many forms, e.g. pulmonary tuberculosis,
extrapulmonary tuberculosis, or miliary tuberculosis. Among the forms mentioned above,
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pulmonary tuberculosis is the most common and poses a significantly infectious risk to the

community.***

Pulmonary tuberculosis

This is the tuberculosis infection that affects the lungs. Therefore, the additional
symptoms may contain a heavy cough that lasts more than three weeks. The initial cough may
be accompanied by yellow or green sputum that can rapidly become bloody. In addition,
patient may have breathlessness plus chest pain (pleuritic or retrosternal pain).*’

Extrapulmonary tuberculosis

The tuberculosis may have spread from the lung through the blood to any parts of the
body. Extrapulmonary tuberculosis is a type of tuberculosis that involves many organs of the
body outside the lungs, such as: kidneys, lymph nodes, bone, the membranes (brain,
abdominal cavity, and pericardium). Extrapulmonary tuberculosis is less common than
tuberculosis in lung. Because this tuberculosis type is related to many organs of body,
symptoms of extrapulmonary tuberculosis are varied and vague. The additional symptoms
may be: swollen glands, pain, abscess, loss of movement in an affected bone or joint,

headache, seizures and so on. >

Miliary tuberculosis is a life-threatening type of tuberculosis that was caused by the

spread of tubercle bacillus in the host bloodstream.***

Latent tuberculosis

Patient with latent tuberculosis may usually have no specific symptom.™*

6.  Diagnosis of tuberculosis

Diagnosis of active TB (including pulmonary and extra-pulmonary TB) is usually based
on several methods, e.g. clinical suspicion, diagnostic imaging, smears for acid-fast bacilli
(AFB), solid and liquid culture and molecular-based detection of tubercular nucleic acid in
clinical specimens.*® On the other hand, tuberculin skin test and interferon-gamma release
assay are widely used in diagnosis of latent TB infection.*® Until now, many reviews on TB

45,4748
d.

diagnostic methods were publishe In this section, we will point out a brief outline on

principal TB diagnostic methods.
6.1. Diagnostic imaging

The conventional chest X-ray is still now the most commonly imaging method. This
method is used for screening, diagnosis and following up of treatment responses in patients
with pulmonary tuberculosis and other pulmonary disease. Chest radiography can identify
calcified lesions in the parenchyma of the lungs indicating a granuloma. Furthermore, chest
computerized tomography scan (CT) is more sensitive than conventional chest X-ray to
identify early parenchymal lesions or mediastinal lymph node enlargements and to determine
disease activity in tuberculosis.”” Recently, serial pulmonary ['*F]-2-fluoro-deoxy-D-glucose
positron emission tomography (FDG-PET) has been investigated as a promising non-invasive
method to monitor disease activity and responses to anti-tuberculosis chemotherapy.®
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Although highly expensive, this technique could be useful and even be cost-effective for the
management of patients with MDR and XDR tuberculosis in some cases.*’

6.2. Microbiological diagnosis

A definitive diagnosis of tuberculosis can be only made by identification of M.
tuberculosis in a specimen from the patient. The most common specimen is sputum.
However, in patients who are incapable of producing a sputum sample, other alternative
specimens can be used (e.g. gastric washings, laryngeal swab, bronchoscopy and others). The
specimen is then examined by several methods including sputum smear examination by
microscopy, culture examination, and/or several recent molecular tests.>’

6.2.1. Sputum smear examination by microscopy

Microscopic examination of acid fast-stained sputum, with Ziehl-Neelsen (ZN) is one of
the easiest, inexpensive and rapid methods used in many developing countries. The recent
development in conventional tuberculosis microscopy is fluorescent microscopy.*’” Recent
reviews have confirmed the importance of specimen processing and fluorescence microscopy
in achieving optimal sensitivity for smear microscopy. On the other hand, concentration of
sputum (by centrifugation) increases the sensitivity of smear microscopy by 18%, while
fluorescence microscopy is on average 10% more sensitive than standard microscopy.™

6.2.2. Culture examination

Culture examination is a phenotypic method. Tuberculosis culture usually requires a
sputum decontamination step in order to prevent cultures from being overgrown by
contaminating others bacteria and fungi. The culture also allows species-specific
identification in order to distinguish between active TB and nontuberculous mycobacteria
(NTM). Culture of M. tuberculosis in clinical specimens is substantially more sensitive than
smear microscopy. This method is considered as the gold standard for TB diagnosis until
now. However, this method often requires a long time to confirm the results. Recently, a
modification of this technique is the liquid media. A systematic review demonstrates that
liquid cultures are more rapid and sensitive than solid medium cultures. Thus, WHO endorsed
the use of liquid tuberculosis culture and drug susceptibility testing for M. tuberculosis.
However, culture results are still frequently received too late to have an impact on clinical
management. The currently available culture methods are technically demanding and require
implementation of biosafety practices and equipment to prevent infection of laboratory
staff 47:5051

6.2.3. Molecular methods

Recently, many genotypic methods have been developed in order to determine and
confirm the presence of M. tuberculosis in the specimens.

The first genotypic method developed is Nucleic Acid Amplification Techniques
(NAAT). This method relies on the specific detection of M. tuberculosis DNA or RNA in
specimen. NAAT results can be available to the clinician within one day and can have
important implication for the management of TB patients. Furthermore, an advantage of

—-15-—



Chapter I.A. Tuberculosis : a literature review

NAAT is that this method can amplify regions specific to M. tuberculosis which are
potentially highly sensitive and may allow for rapid detection of mutations associated with
drug resistance. In patients with positive AFB sputum smears, the sensitivity of NAAT to
detect M. tuberculosis nucleic acid on these specimens is greater than 95%. In contrast, in
individuals with negative AFB sputum smears, the estimated sensitivity of NAAT for the
diagnosis of active tuberculosis is highly heterogeneous and is not consistently accurate
enough to be routinely recommended for the diagnosis of tuberculosis.*

Recently, GeneXpert MTB/RIF system has been developed and has been rapidly
considered as a major advance in TB diagnosis. This system is a fully automated sputum-
processing, DNA extraction and real-time PCR-based detection platform for TB which is able
to simultaneously detect the presence of TB in a sample and determine susceptibility to
rifampicin. It uses hemi-nested real-time PCR assay to amplify a specific sequence of the
rpoB gene, which is then probed with molecular beacons for mutations within the rifampin-
resistance determining region. Result can be obtained within only two hours. This method has
a detection of 100% of smear-positive and 72% of smear-negative cases and high specificity.
A large multicenter evaluation study is ongoing. The major advantage of this system is the
need for minimal operator training, suitability for decentralized models of TB diagnosis and

ability to rapidly detect both the presence of TB and rifampicin resistance.*>>

Despite the rapid development of molecular-based tests in TB diagnosis, these methods
could not replace microscopy and culture method until now. Alternatively, they are rather
used to confirm the presence of M. tuberculosis in positive sputum and non-sputum smears.*

6.3. Immunological diagnosis

The tuberculin skin test (TST) and interferon-y release assays (IGRA) evaluate in vivo
(TST) or ex vivo (IGRA) the presence of persistent mycobacteria-specific T cell responses.
These two methods are performed on peripheral blood of patient. However, they cannot
distinguish between individuals with LTBI, active tuberculosis or infect tuberculosis in the
past.

6.3.1. Mantoux tuberculin skin test (TST)

In 1934, a purification method of tuberculin was investigated and a protein precipitate
of antigens from metabolically active M. tuberculosis, namely purified protein derivatives
(PPD) was developed. Currently, PPD is used intradermally in the Mantoux technique to
diagnose TB. This method has remained the established screening method to identify persons
with LTBI. Moreover, TST is also frequently used in children as an adjunctive test to support
a diagnosis of active TB disease. However, TST is an imperfect marker for TB exposure as
the test reagent, purified protein derivative (PPD), is cross reactive and contains antigens
present in BCG vaccine and non-tuberculous mycobacteria. This leads to decrease of test
specificity and cause false-positive results. Most importantly, the sensitivity of TST is
reduced in individuals with advanced TB disease, malnutrition or HIV infection, leading to
false-negative results.”
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6.3.2. Interferon-gamma release assays

Interferon-gamma release assays (IGRAs) are a new set of diagnostics using M.
tuberculosis-specific antigens and reduce the risk of false positive due to cross-reaction with
other mycobacterial strains and BGC vaccine. This method detects the presence of circulating
T cells sensitized to TB-specific antigens by the release of IFN-y. The growing evidence
supports the use of IGRAs for the diagnosis of LTBI in adults. Studies have shown that
IGRAs have a reasonably high sensitivity for TB disease and correlate better with M.
tuberculosis exposure than TST. The only drawback of IGRAs is their inability to distinguish
between active and latent TB infection.”

Currently, two IGRAs formats have been officially approved worldwide:
QuantiFERON-TB Gold® assay (Cellestis Limited, Victoria, Australia) and T-SPOT.TB® test
(Oxford Immunotec, Oxford, UK). Both systems rely on host reaction to infection by
measuring interferon-y produced by T-cell responses to the M. tuberculosis-specific antigens.
IGRAs have several important advantages over the TST. The testing requires only one visit to
the diagnostic centre and since the assay is ex vivo, there is no boosting effect when tested
again like TST. Also, results can be obtained within one day. IGRAs are now approved for

: s o 50,51
use in several countries.”™

6.4. TB diagnosis in the future

In summary, all of the actual diagnostic methods presented above have some limitation
in TB diagnosis. Therefore, other biomarkers for tuberculosis disease status and diagnosis
should be discovered and developed. Moreover, the rise of many drug-resistant-TB types has
drawn attention to the need for rapid drug susceptibility testing for TB. Delay in diagnosis is
associated with unfavorable outcomes and an increased opportunity for transmission of
tubercular resistant strains.”’

7. TB vaccines and immunizations

Nowadays, vaccination has been considered as the most effective method for preventing
individuals from infectious diseases. In the case of tuberculosis, TB vaccine works by
stimulating the human immune system to develop adaptive immunity to tubercle bacilli in
order to prevent or ameliorate morbidity. Until now, the only approved vaccine against TB is
bacillus Calmette-Guérin (BCG). This vaccine can reduce the risk of getting TB in human.”
However, BCG vaccine has also several limitations, and research to develop other new TB
vaccines is ongoing.

7.1. Bacillus Calmette—Guérin vaccine

The current vaccine bacillus Calmette-Guérin (BCG) was developed by Albert Calmette
and Camille Guérin at the Pasteur institute in Lille, France. This vaccine is a live attenuated
strain of Mycobacterium bovis, obtained through many in vitro passages over 13 years-study
period. It was firstly administered as oral vaccine to an infant in 1921 and until now it is still
the only vaccine licensed to prevent TB.*

BCG is a pre-exposure vaccine which only reliably protects against tuberculosis in
newborn children but the protective efficacy of BCG against pulmonary TB and other
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mycobacterial diseases in adults is inconsistent.”® Several studies showed that BCG
vaccination has efficacy against childhood tubercular meningitis and miliary
tuberculosis.””>>° However, the major controversial aspect of BCG vaccination is the
variable efficacy which have been found in different clinical trials. Some systematic reviews
showed that vaccination with BCG significantly reduces the risk of tuberculosis by an average
of 50%,”" while the result from other meta-analysis study indicated that the protective
effect against miliary or meningeal TB ranges from 75% (in case control studies) to 86% (in
randomized controlled trials).” Nevertheless, a recent systematic review and meta-analysis on
the vaccinated and unvaccinated children under age 16 with known recent exposure to
patients with pulmonary tuberculosis indicated that the BCG vaccine reduced infection by 19-
27% and reduced progression to active TB by 71%.”> Some possible hypothesis for the
variable efficacy of BCG has been proposed. Firstly, it has been observed that there are many
different BCG vaccines produced around the world. Although all currently used vaccines
were derived from the original M. bovis strain, they differ in their characteristics when grown
in culture, for that reason they may not be bacteriologically identical, due to the biological
variability of the strains, with different genotypic and phenotypic characteristics. As a result,
depending on the strain, they have different viability, immunogenicity, and residual virulence.
Moreover, several other reasons should be cited such as genetic differences among human
populations, interference by environmental mycobacteria, and exposure to other bacterial
infections. But none of them have been proven.

In addition, the protection provided by BCG vaccine has been proven to decrease with

. . C e 60-62
time since vaccination.

The protective duration of BCG are inconsistent in many different
studies.®’ There is good evidence that BCG vaccination protection declines with time and that
protection can last for up to 10 years.” While a study conducted by Medical Research
Council in Great Britain revealed that protection decreased from 84% in the first five years to
59% between 10 and 15 years.®” Interestingly, a study® on the American Indians and Alaska
Natives who participated in a placebo-controlled BCG vaccine trial during 1935-1938 have
demonstrated that BCG vaccine efficacy persisted for 50 to 60 years. However, further studies
are required to exactly determine the duration of protection by BCG vaccination. ®* Moreover,
there is some evidence that a second dose of BCG vaccine does not increase its protective

efficacy.®*%

BCG is generally a safe vaccine in healthy infants. However this vaccination has
reported to cause TB infection in immune-compromised individuals. Different studies
revealed a risk of disseminated BCG disease in HIV- infected children, even if asymptomatic
at time of vaccination.®® This has led to changes in policy from the WHO Global Advisory
Committee on Vaccine Safety, recommending that BCG should not be used in HIV-positive
children.>®” Another concern BCG vaccination is that this vaccine may cause a false positive
reaction to a Tuberculin Skin Test (TST). A positive reaction to a TB skin test may be due to
infection with TB bacteria but also due to the BCG vaccine itself.

Nowadays, BCG vaccine was eventually accepted by 157 countries around the world®®,
especially in TB endemic countries (see Figure 11). It is routinely administered to newborn
children in many countries worldwide and provides significant protection against TB, mostly
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disseminating and meningeal forms. Moreover, BCG is recommended by WHO as part of
tuberculosis control and now in the WHO's List of Essential Medicines. However, there
remains about 23 countries have either stopped BCG vaccination due to a reduction in TB
incidence, or never recommended BCG immunization programme.®® The use of BCG vaccine
has been limited in these countries because of its variable efficacy in TB prevention, or may
be the low and declining prevalence of disease in these countries and the strategic choice to
treat latent tuberculosis infection. Alternatively, their policy focuses on selective vaccination

of TB “at risk’ groups.®®

BCG Recommendation Type
| unknown
| country currently has universal BCG vaccination program L4

Il country used to recommend BCG vaccination for everyone, but currently does not
I country never had universal BCG vaccination programs

Figure 11: Map displaying BCG vaccination policy by country
(adapted with permission from PLOS under Creative Commons Attribution License, ref.®®)

Despite nearly a century of use, BCG vaccine is clearly insufficient for worldwide TB
control. Due to its limited efficacy, this vaccine has not successfully eliminated the resurgence
of tuberculosis observed in the last decade of this century. For that reason, there is a strong
need to develop novel TB vaccines that not only have a superior ability to induce protective
immunity against TB, but also have a better safety profile compared to BCG. Specifically,
new vaccines that prevent adolescents and adults from developing tuberculosis disease would
be the greatest advance of the global TB control.

7.2. Novel vaccination strategies against tuberculosis

A significant progress in TB vaccine development has been observed after the
declaration of tuberculosis as a global health emergency by the World Health Organization in
1993. In fact, from a pipeline nearly empty of new TB vaccine candidates in the early 1990s,
the global pipeline of TB vaccine candidates in clinical trials is more robust than at any
previous period in history. There are currently 15 vaccine candidates in clinical trials (Figure
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12) which were developed by number of pharmaceutical companies and academic research
groups over the world.®”%%7°

Ad5 Ag85A Crucell Ad35 / MVAS8SA /Aeras-485 B M. Indicus pranii IT
McMaster University, Can Aerasd02 B  UOXF, AERAS Dpt of Biotechn (Gvt of
Sino Crucell, Aeras India), Cadila

(formerly Phllb)

ID93 + GLA-SE B VPM1002 P M72+ ASO1E B M. vaccae IT
IDRI, Aeras MPIIB, VPM, TBVI, 511 GSK, Aeras An Hui Longcom
MTBVAC P RUTI IT

UniZaragoza, Biofabri, TBVI Archivel Pharma

DAR-901 B HI+IC31 B
Dartmouth University, Aeras  SSI, TBVI, Intercell, EDCTP
ChAdOx1.85A B H56:1C31 B P priming vaccine
UOXF SSI, Intercell, Aeras B boosting vaccine
IT therapeutic vaccines
Crucell Ad35 — H4 :I1C31 B
MVASSA prime-boost 551, SP, Aeras
B
UOXF, Aeras, Crucell

Figure 12: Global clinical TB vaccine candidate pipeline until April 2015
(used with permission of Stop TB Partnership, ref.’")

TB vaccines under development are generally designed by many different strategies.®’
Firstly, novel vaccines can boost the initial effects of BCG (i.e. boosting vaccine). The aim of
boosting vaccines is to enhance the immune response of BCG vaccine. The combination
between these novel vaccines with BCG is also called the prime-boost strategy. Second,
another strategy was also developed which are known as priming vaccine. This strategy aims
to replace BCG with a safer and more long-lasting vaccine. These vaccines can be a
recombinant BCG strain or genetically attenuated M. tuberculosis. Two classes of TB vaccine
above are also known as pre-infection vaccine which prevent human from TB infection. In
addition, a post-infection vaccine strategy is suggested in order to prevent the reactivation of
TB in latent infection individuals. On the other hand, a therapeutic vaccine strategy can
improve the response to chemotherapy and reduce duration of TB therapy.®’

Despite an impressive progress, TB vaccine development has to face many significant
obstacles like other vaccine development. In fact, it has proven challenging to develop
vaccines against pathogens whose control depends on the cellular immune response. With
many other infectious diseases, scientists can rely on protective markers in the blood known
as correlates of protection to predict whether a vaccine will work. But in case of TB, the
mechanisms of protection against TB has not fully discovered. Therefore, no biomarker of
protection has been determined to predict whether these TB vaccines will have protective
efficacy in humans.®” As a result, clinical trials of TB vaccine likely need several years for

evaluation of its efficacy.’>’
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Recently, the most potential TB vaccine candidate MVAS5A with promising
immunogenic results in animal models and humans has failed to show effectiveness in a phase
IIb of clinical study in 2013. The results from this trial, involving 2 797 HIV-negative infants
previously vaccinated with BCG, showed that differences between the rates of TB in infants
vaccinated with MVASS5A and in the placebo group were not statistically significant. It means
that that MVAS5A was not effective in prevention of BCG-vaccinated infants from TB."
Despite the inadequate results, this trial could help researchers to learn more about the
mechanism on how the human immune response to TB and to determine biological markers
that predict risk of developing TB disease or protective ability of vaccine. Researchers believe
that the lessons learned from this study hopefully can be applied to improve the entire global
portfolio of TB vaccine candidates in future.

8.  Antitubercular chemotherapy

TB is curable by chemotherapy. Many TB drugs have been developed and actually used
in TB management. However, the current TB regimen also has some limitations. In order to
improve the actual TB chemotherapy, it is important to understand the -efficiency,
mechanisms of action of TB-drugs and mechanism of drugs resistance in M. tuberculosis.

8.1. Current antituberculosis drugs

There are more than twenty drugs that are currently used for the treatment of TB in
which only 14 TB-drugs were approved by the U.S. Food and Drug Administration (FDA).
According to WHO, anti-tuberculosis drugs are generally categorized into 5 groups based on

evidence of efficacy, potency, drug class and experience of use (Table 1).”>"°

8.1.1. First-line TB drugs (group 1)

Essential first-line anti-tuberculosis agents (also named as front-line TB drugs) are the
most effective agents in TB management. This group comprises isoniazid (INH), rifampicin
(RIF), ethambutol (EMB), pyrazinamide (PZA) and streptomycin (SM). These drugs are used
in the initial treatment of drug-susceptive TB (DS-TB). We present herein an overview of
these drugs with their mechanism of action and resistance in M. tuberculosis.

8.1.1.1. Isoniazid

isoniazid
Isoniazid (INH) is the most commonly used anti-tuberculosis drug since recognition of
its clinical activity in 1952. INH belongs to the nicotinamide family and appears to penetrate
host cells readily and diffuses across the M. tuberculosis membrane. This is a pro-drug,
requiring oxidative activation by the M. tuberculosis catalase-peroxidase enzyme KatG

leading to an INH-NAD adduct. This active adduct then binds to enzymes of the Fatty acid
synthesis type II cycle. The exact target of INH is still a contentious issue with evidence
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suggesting involvement of InhA, the enoyl-ACP reductase and KasA, the beta-ketoacyl
synthase. Consequently, INH blocks mycolic acid synthesis at meromycolic chain elongation
step. This leads to accumulation of C,4/Cys fatty acids, drastic changes in the cell wall
envelope followed by cell lysis. INH is the most potent mycobactericidal drug with an MIC of
0.2 ng/ml. Because of its significant bactericidal activity, it has become a critical component

of the first-line antituberculosis regimens.*”*

Table 1: Classification of drugs in treatment of tuberculosis according to WHO” "’

Groups Drug (year of discovery) Drug target (action)
Group 1 isoniazid (1952)@ InhA (inhibition of mycolic acid biosynthesis)
w (first-line oral pyrazinamide (1954)@ ribosomal protein S1 (unclear effect)
% agents) ethambutol (1962) arabinosyl transferases (inhibit arabinogalactan biosynthesis)
<'7I, rifampicin (1963)@ RNA polymerase (inhibition of transcription)
% RNA polymerase (inhibition of transcription)
RNA polymerase (inhibition of transcription)
Group 2 30S ribosomal subunit (inhibition of protein synthesis)
(injectable agents) | kanamycin (1957) 30S ribosomal subunit (inhibition of protein synthesis)
amikacin (1972) 30S ribosomal subunit (inhibition of protein synthesis)
capreomycin (1963)@ 30S+50S ribosomal subunit (inhibition of protein synthesis)
viomycin (1971) 30S+50S ribosomal subunit (inhibition of protein synthesis)
Y | Group 3 ofloxacin (1980) o
5 ) ) Target for all drugs in this group: DNA gyrase and
2. (fluoroguinolones) Ievofloxam‘n (1992) topoisomerase (inhibition of the relaxation of DNA
8 mo.)<|f|oxa.c|n (1999) supercoiling)
% gatifloxacin (1999)
Group 4 ethionamide (1961 )@ InhA (inhibit mycolic acid biosynthesis)
(oral bacteriostatic | prothionamide® InhA (inhibit mycolic acid biosynthesis)
second-line cycloserine (1955)@ D-Ala racemase and ligase (Inh of peptidoglycan synthesis)
agents) terizidone® D-Ala racemase and ligase (Inh of peptidoglycan synthesis)
p-aminosalicylic acid (1948)@ Dihydropteroate synthase (Inhibition of folate biosynthesis)
Group 5 clofazimine (1954) Guanine bases (inhibition of replication)
(agents with linezolid (1996) Inhibition of protein synthesis
unclear role in DR- | amoxicillin + clavulanate (1978) Inhibition of peptidoglycan synthesis /B-lactamase
TB treatment) thioacetazone (1980) cyclopropane mycolic acid synthases
E imipenem + cilastatin Inhibition of peptidoglycan synthesis /B-lactamase
EI high-dose of isoniazid -
% clarithromycin (1970) Large ribosomal subunit (inhibition of protein synthesis)
- meropenem Inhibition of peptidoglycan synthesis
un-classified bedaquiline (2012)@ ATP synthase
group delamanid (2014) Inhibition of mycolic acid biosynthesis

@ : approved by FDA ; Three drugs in italic are classified in these groups for specific reasons as described in the main text.

Because INH is the most commonly used antitubercular drug, resistance to INH occurs
more frequently among clinical drug-resistant strains. Mutations in INH-resistant clinical
isolates are most commonly detected in the katG gene, occurring in 50-80% of cases, thus
reducing the ability of the catalase-peroxidase to activate the INH pro-drug. Depending on the
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type of mutation, and the degree to which function of the KatG enzyme is preserved, the MIC
of isoniazid may change. Point mutations in katG are more commonly observed than other
types of mutations, and a single point mutation resulting in substitution of a threonine for a
serine at residue 315 (S315T) accounts for the majority of INH resistance among clinical
isolates. The S315T mutation results in a significant diminution in catalase and peroxidase
activity, and is associated with high-level of INH resistance (MIC = 5-10 pg/mL).>*

In addition, INH resistance may also arise from mutations in inhA4 gene, resulting in
reduced affinity of the enzyme for NADH without affecting its enoyl reductase activity or in
the promoter region of the mabA-inhA operon resulting in overexpression of the wild-type
enzyme. Generally, mutations in inhA or in the promoter region of its operon usually confer
low-level resistance (MIC=0.2—-1 mg/L). Importantly, mutations in inhA also cause resistance
to the structurally related second-line drug ethionamide. Furthermore, mutations in the ndh
gene, which encodes a NADH dehydrogenase, conferring resistance to INH and ethionamide
have been also detected in INH-resistant M. fuberculosis clinical isolates. Defective NADH
dehydrogenase could lead to an increased ratio of NADH/NAD', thereby interfering with
KatG-mediated peroxidation of INH, or by displacing the INH-NAD" adduct from the InhA
active site. Furthermore, mutations in kasA and ahpC genes have been associated with INH
resistance.”

8.1.1.2. Pyrazinamide

(@)
(o
o
N

pyrazinamide

Nowadays, the mechanism of action of PZA remains poorly understood. This drug has a
high bactericidal activity in vivo while in vitro activity requires acidic pH and or hypoxia.
This suggests activity against semi-dormant bacteria located inside cells and in anoxic or
hypoxic lesions in the lung. PZA is a prodrug which needs activation by the tubercular protein
PncA, a pyrazinamidase (PZase). Pyrazinamide activity is dependent on pyrazinoic acid
release, which causes intake of proton and dysfunction of the pH balance of the mycobacteria.
It has been recently shown that pyrazinoic acid targets the ribosomal protein S1, an essential
protein involved in the ribosome-sparing process of translation. There has been no clear
resolution of its mechanism of action since resistant mutants mostly carry mutations in the
activating PncA gene. Pyrazinamide (PZA) was approved as a potential TB drug in 1954. Its
introduction in the TB treatment in the 1980s was a great success as it allowed to shorten the
duration of the TB therapy from 9-12 months to 6-9 months.>

PZA resistance has been attributed primarily to mutations in the pncA gene encoding
PZase. Most mutations, including point mutations, deletions, and insertions, have been
reported in a 561-bp region of the open reading frame or in an 82-bp region of its putative
promoter. The relatively high degree of diversity in pnc4 mutations among PZA-resistant
clinical isolates has complicated the development of molecular assays for the rapid and
economical detection of PZA resistance. A small percentage of isolates with high-level PZA
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resistance contain no mutations in pncA or its promoter, suggesting alternative mechanisms of
resistance such as deficient uptake, enhanced efflux, or altered pncA regulation. The high
specificity of PZA for M. tuberculosis, with little or no activity against M. bovis and other
mycobacteria, is attributable to pnc4 mutations, which render PZase inactive in the latter
mycobacterial species.”

8.1.1.3. Ethambutol
\/( H oH
HO H/\/N/\‘)

ethambutol

Ethambutol belongs to the family of diamine analogues. This drug interferes with cell
wall synthesis as shown by the almost immediate destabilization of the cell envelope. Detailed
radiolabeling studies indicated that arabinogalactan synthesis was impaired at the level of
arabinosyl transferases. These enzymes were confirmed as the target of ethambutol.”

Resistance to ethambutol in M. tuberculosis is usually associated with point mutations
in the embCAB operon encoding for arabinosyl transferases. As the majority of ethambutol-
resistant clinical isolates contain mutations in the embB gene, EmbB is considered to be the
main target of ethambutol. More recently, the most commonly observed mutations in embB
codon 306 have been reported to be associated with variable degrees of ethambutol-resistance,
indicating that such mutations may be necessary but not sufficient for high-level of resistance.
Other potential mutations involved in ethambutol resistance include a GIn379Arg substitution
in M. tuberculosis embR, as well as mutations in the rmlD, rmlA2, and Rv0340 genes.5 4

8.1.14. Rifampicin and other rifamycins

The rifamycins are a group of natural products which were first isolated in 1957 from
Amycolatopsis mediterranei as part of an Italian antibiotic screening program. All rifamycins
contain an aromatic nucleus linked on both sides by an aliphatic bridge. The rifamycins easily
diffuse across the M. tuberculosis cell membrane due to their lipophilic profile and are potent
inhibitors of the mycobacterial activity.”*

rifampicin rifabutin rifapentine
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Rifampicin (or rifampin), a semi synthetic analogue of rifamycin B, is a broad-spectrum
antibiotic. This drug has been the most widely used to treat TB since 1963. It inhibits RNA
synthesis by binding to the beta-subunit of the prokaryotic DNA-dependent RNA polymerase.
This specific binding also prevents any toxic side effect on host cells because eukaryotic RNA
polymerases are inhibited only at concentrations about 10 fold above the MIC of rifampicin.
The incorporation of rifampicin in standard anti-tuberculosis regimen allowed reduction of the
duration of the treatment from 18 to 9 months. Nowadays, rifampicin is a key component of
first line drug treatment for TB. The main drawback of rifampicin is its inductive effect on
cytochrome P450 enzymes leading to rapid metabolism of certain AIDS drugs reducing
efficiency of anti-retroviral treatment in HIV co-infected individuals.*

Recently, some novel rifamycin analogs (e.g. rifabutin and rifapentine) have also been
considered as first-line drugs in special situations. Rifapentine stays in the body longer than
rifampicin and therefore may have the potential to shorten the treatment of active TB. A
clinical study showed that rifapentine can shorten latent TB treatment from nine months of
daily isoniazid to just 12 once-weekly doses combination of isoniazid and rifapentine. This
result can reduce the treatment time for TB patients. For active DS-TB, rifapentine is
attractive as a possible TB drug for shortening treatment, and for intermittent TB drug
treatment. Clinical trials are under way to confirm this hypothesis. Rifapentine has been
shown to allow for once (when given with moxifloxacin) or twice-weekly dosing in the
continuation phase of DS-TB treatment.”

The use of rifabutin is preferred in combination with HIV medicines, since it has fewer
drug-drug interactions than rifampicin. Rifabutin was approved for use in preventing M.
avium complex disease in patients with HIV infection. But this drug has not yet been
approved for TB disease. It is useful for treating TB disease in patients concurrently taking
drugs that interact with rifampicin (e.g., certain antiretroviral drugs). However, rifabutin is not
included in the WHO TB drug list because for most developing countries, it is impractically
expensive.”

In M. tuberculosis, resistance to rifampicin (RMP) occurs at a frequency of 10~ to 10°°.
Mutations in the rpoB gene coding for the RNA polymerase mostly confer resistance to
rifamycin groups. Mutations in a defined region of the 81 base pair (bp) region of the rpoB
are found in about 96% of RMP-resistant M. tuberculosis isolates. Mutations at positions 531,
526 and 516 are among the most frequent mutations in RMP-resistant strains. Mutations in
rpoB generally result in high-level resistance (MIC > 32 pg/ml) and cross-resistance to all
rifamycins. However, specific mutations in codons 511, 516, 518 and 522 are associated with
lower-level resistance to RMP and rifapentine, but retain susceptibility to rifabutin and

rifalazil.”®

8.1.1.5. Streptomycin

In 1944, streptomycin was the first compound used to treat TB. However, an increasing
prevalence of resistance to streptomycin in many regions of the world has decreased its
overall usefulness. Nowadays, this drug is no longer considered as a first line TB drug
because of the high rate of resistance.”
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Streptomycin sulfate

Streptomycin is a natural product which was first isolated from Streptomyces griseus.
The poor oral absorption of streptomycin led to an administration of this drug in form of
sulfate salt by a parenteral route. This amino-glycoside antibiotic is a protein synthesis
inhibitor. It binds to the small 30S subunit of the bacterial ribosome, interfering with the
binding of formyl-methionyl-tRNA to the 30S subunit. This leads to codon misreading,
eventual inhibition of protein synthesis and ultimately death of microbial cells. Streptomycin
is an antibiotic that inhibits both Gram-(+) and Gram-(-) bacteria and is therefore a useful

broad-spectrum antibiotic including M. tuberculosis.™

Resistance to streptomycin and the other aminoglycosides in M. tuberculosis usually
develops by mutation of the ribosome target binding sites. Mutations in the rpsL gene, which
encodes the ribosomal protein S12, account for approximately half of all streptomycin-
resistant clinical isolates with the K43R mutation predominating. In about 20% of
streptomycin-resistant M. tuberculosis clinical isolates, such resistance is associated with
mutations in the rrs gene. Generally, mutations in the rpsL and rrs genes confer high-level
(MIC>1000 mg/L) or intermediate-level (MIC=64—512 mg/L) of resistance to streptomycin.
On the other hand, mechanisms of low-level resistance to streptomycin (MIC=4-32 mg/L)
remain largely undefined but may be attributable to changes in the cell envelope permeability
or diminished drug uptake. More recently, it has been shown that mutations in gidB, which
encodes a conserved S-adenosyl methionine-dependent 16S rRNA methyltransferase, can
confer low-level resistance to streptomycin.**

8.1.1.6. Conclusion

All the medicine in the first-line group were discovered during the 1950’s and the 60’s.
Until now, these drugs stills remain the main components of the drug-susceptible TB
treatment. Despite the efficiency of the drugs alone, a significant improvement of the
treatment was obtained with combined therapy in order to limit the apparition of resistant
strains. The current regimen is the result from a comprehensive series of trials which was
conducted over 20 years that has led to a quadri-therapy in 6-months. This regimen consist of
a 2 month "intensive" treatment phase with rifampicin, isoniazid, pyrazinamide, and
ethambutol given daily and followed by a 4 month "continuation" phase with rifampicin and
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1soniazid. Until now, no new drug classes have succeeded in reducing the current regimen to a
shorter one.”

On the other hand, tubercle bacteria rapidly developed many mechanism of resistance to
all TB front-line drugs. Many lethal drug-resistant-TBs (DR-TBs) were observed. Multidrug-
resistant TB (MDR-TB) are TB strains which resist to at least isoniazid and rifampicin, two
cornerstones in the first-line group. Furthermore, when the tubercle bacilli is resistant to
1soniazid and rifampicin, plus any fluoroquinolone and at least one of three injectable second-
line drugs (i.e., amikacin, kanamycin, or capreomycin), it becomes extensively drug-resistant
(XDR-TB). In these cases, treatment of DR-TBs is more challenging and requires the use of
second-line drugs and/or “third-line” drugs.

8.1.2. Second-line and “third-line” groups

WHO categorized these drugs in 4 groups (2,3,4 and 5).

8.1.2.1. Group 2 (injectable agents)

TB drugs in group 2 consist of the aminoglycosides analogues (kanamycin, amikacin)
and polypeptides (viomycin, capreomycin). These drugs are delivered by injection. Although
belonging to two different antibiotic families, these drugs target the tubercle bacillus at the
level of protein translation. In fact, aminoglycosides (kanamycin and amikacin) target the
small subunit 30S of the ribosome and inhibit the protein synthesis as streptomycin. However,
amikacin and kanamycin are not approved by the FDA for the treatment of TB and can only
be used in treatment of TB disease caused by drug-resistant strain. On the other hand, cyclic
peptides (capreomycin and viomycin) target the ribosome machinery by binding to the
interface between the subunits. These drugs have the same side-effect in renal toxicity.
Therefore, regular monitoring of hearing and renal function is recommended during

treatment.“&54

Amikacin Kanamycin A

Amikacin and kanamycin are aminoglycosides that have a high level of cross-resistance.
Capreomycin is structurally unrelated to the aminoglycosides and can be used if resistance to
aminoglycosides is suspected. Resistance to these drugs is associated with changes in the 16S
rRNA (rrs). Several rrs mutations were observed, e.g. A1401G, C1402T, and G1484T.
Moreover, a kanamycin resistance TB strain has been identified with mutations in the
promoter region of the eis gene encoding aminoglycosides acetyltransferase, the enhanced
intracellular survival protein, Eis. Furthermore, resistance to capreomycin has also been
associated with mutations in #/y4 gene which encodes a putative 2’-O-methyltransferase

27—



Chapter I.A. Tuberculosis : a literature review

(TlyA) that has been suggested to methylate nucleotide C1402 in helix 44 of 16S rRNA and
nucleotide C2158 in helix 69 of 23S rRNA in M. tuberculosis.**>*
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8.1.2.2. Group 3 (fluoroquinolones)

Fluoroquinolones were introduced into clinical practice in the 1980s. Characterized by
broad-spectrum antimicrobial activity, they are recommended and widely used for the
treatment of bacterial infection of the respiratory, gastrointestinal and urinary tracts. In
mycobacteria, fluoroquinolones target the DNA gyrase (or Topoisomerase II) which
maintains DNA supercoils necessary for DNA replication. Resistance to fluoroquinolones is
attributed to stepwise mutations in the quinolone resistance determining region of GyrA and

GyrB genes which encode topoisomerases.”>*
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Although not approved by the FDA for TB treatment, fluoroquinolones have been also
found to have activity against M. tuberculosis and are currently part of the recommended
regimen as second-line drugs in the treatment of drug-resistant TB and are now also under
clinical study as first-line agents. Levofloxacin, moxifloxacin, and gatifloxacin are all active
in vitro and in a mouse model, resulting in the ability to shorten treatment to 4 months. Phase
IT trial results with fluoroquinolones have been inconsistent, but larger ongoing studies will
better define the contribution of this class of drugs. Fluoroquinolones do not have significant
drug-drug interactions with antiretroviral drugs, although adverse effects limit their use in
children and pregnant women. Moxifloxacin may also have overlapping toxicity with regard

to prolongation of the QT interval. Several studies with fluoroquinolones are ongoing.***'

8.1.2.3. Group 4

These drugs are used in the treatment of MDR-TB. Although they do not have strong
TB-killing activity, they can prevent the development of resistance to other drugs used in the
regimen.
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Thioamide analogues

S NH2 S NH,
® S
N/ | N/
ethionamide prothionamide

Ethionamide and prothionamide are isoniazid analogues. As isoniazid, they are
prodrugs and are bioactivated by EthA to lead to the formation of a NAD adduct that inhibits
mycolic acids biosynthesis through the inhibition of InhA. Two independent studies show that
EthA, a FAD containing monooxygenase, and its repressor EthR play an important role in its
activation and binding to InhA thus affecting mycolic acid synthesis.”* This will be further
detailed in chapter II.

p-Amino salicylic acid
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p-aminosalicylic acid

The mechanism by which p-amino salicylic acid inhibits M. tuberculosis growth is not
well understood even though thymidylate kinase and mycobactin synthesis pathways seems to
be implicated. The target of p-aminosalicylic acid is still the subject of investigations.>

Cycloserine and terizidone
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D-cycloserine, another cell wall inhibitor, was discovered in 1969. This drug
competitively inhibits two necessary enzymes (alanine racemase and alanine ligase) that
incorporate alanine into an alanyl-alanine dipeptide, an essential component of the
mycobacterial cell wall. Cycloserine is the most significant TB drug associated with central
nervous system (CNS) toxicity. Terizidone is a combination of two molecules of cycloserine.
Some clinicians found that the side effects associated with terizidone are less severe.*®

8.1.2.4. Group 5

Group 5 comprise all pharmaceutical agents whose very few clinical trials have been
carried out to evaluate their activity against drug resistant TB. In some case, this group was
also considered as the “third-line” TB drugs. The medications in this group are not
recommended by WHO for routine use in drug-resistant TB treatment because of their unclear
efficacy. They can be only used in cases where it is impossible to design adequate regimens
with the medicines from Groups 1-4, such as in patients with XXDR-TB or TDR-TB.”®
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8.1.3. Directly observed standardized short-course chemotherapy (DOTYS)

In 1990s, a new multidrug therapy program was developed by WHO. This regimen is
centralized around the direct supervision of drug intake by patients and was labeled as
“Directly observed standardized short-course chemotherapy” (DOTS). A key element of this
strategy was the supervision of drug intake. DOTS comprises five elements that constituted a
framework for effective TB control:®

1) Generating government commitment to mobilize sufficient resources for TB control.’

2) Case detection using sputum smear microscopy in patients with respiratory symptoms.”

3) Treatment using standard short-course chemotherapy regimens containing rifampicin,
administered under direct observation for at least the first 2 months of treatment.’

4) Securing a regular supply of essential anti-TB drugs.’

5) Establishing a reliable monitoring, recording and reporting system for supervision.’

DOTS became rapidly one of the most efficient weapon against the global TB epidemic.
This strategy is an effective treatment for drug susceptible tuberculosis disease with a cure
rate of up to 95%. However, DOTS alone may not work in areas where there is high incidence
of MDR-TB, where its cure rate is as low as 50%. In such situations, WHO recommends the
use of DOTS-Plus, which is DOTS plus second-line TB drugs for the treatment of MDR-TB.
However, treatment of MDR-TB with DOTS-Plus takes up to 30 months and is not only

costly but also has significant toxicity.**™

8.1.4. Drawbacks of the current TB treatment

Although DOTS can cure TB in most cases, some serious problems still remain. Firstly,
the treatment duration for TB is long in comparison with that of other infectious diseases. A
6-9 months treatment of DS-TB makes patient compliance very difficult. Moreover, treatment
regimen for MDR-TB or XDR-TB can last up to 30 months and consists of many drugs in the
second-line groups (including injectable agents) which usually have significant side effects.
This limitation of current regimen can result in non-adherence to treatment and consequently
leads to suboptimal response (e.g. failure and relapse), continuous spread of the disease and
the emergence of resistance.”* Many researchers have tried to find out the answer for why is
TB treatment so long and complex. They proposed that this persistence of M. tuberculosis
might be due to the physiologic heterogeneity of the bacteria in the tissues. Four different

populations of M. tuberculosis were found in the lesions™*®' :

1) Actively growing bacilli which can be killed by INH, EMB and RIF***!

2) Bacilli with spurts of metabolism which can be killed by RIF>**!

3) Bacilli with low metabolic activity (in acidic pH) which can be killed by PZA>*®!

4) Dormant bacilli which could not be killed by any existing drug/regimen. >**!

The actively multiplying bacilli are killed in the first 2 days. However, the remaining
dormant bacilli are sterilized very slowly by the existing anti-TB drugs and therefore the
treatment period need to be extended. Furthermore, the incapability of the host immune
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system to eliminate tubercle bacilli in the lesions could be another factor that leads to the
persistence of TB. Thus, development of new anti-TB drugs targeting non-replicating (or

dormant) bacteria is a main requirement to shorten the current therapy.”**'

The second reason for the urgent need of new TB-drugs development is a rapid and
lethal spread of drug-resistant TB. In fact, the first TB drug, streptomycin, was used in clinical
to treat TB in 1944 and shortly after that, streptomycin resistant strains of M. tuberculosis
were found. The following years showed tremendous promise in TB chemotherapy, each time
to be let down by the occurrence of drugs-resistant TB strains. Nowadays, mutations have
been found for almost every current TB drugs. Tubercle bacillus has an extraordinary ability
to survive the long periods of treatment. This together with the problem of low patient
compliance has led to the emergence of multiple drug resistant strains. Recently, the totally
drug-resistant (TDR-TB) is a generic term for tuberculosis strains that are resistant to a wider
range of TB-drugs.'>'”'® The increase of drug-resistant TB strains has led to a crucial need
for new TB drugs that have a new mechanism of action. Thus, it becomes more difficult for
the tubercle bacilli to develop a resistance mechanism.

Last but not least, another major difficulty is the high prevalence of TB amongst HIV
patients. It has been showed that many anti-TB drugs have clinical interactions with anti-HIV
drugs. For that reason, novel TB drugs is required not to be antagonistic to current anti-HIV

drugs. 548!

8.2. Development of novel antituberculosis drugs

The drawbacks of actual TB regimen described above have led to an urgent need for
research on new TB drugs. Nowadays, development of more effective drug regimens against
TB becomes a major public health emergency. In general, an ideal new TB drug should have
the following considerable characteristics:

v' A safety profile would reduce side effects and increase compliance in treatment
v Adequate and pharmacokinetic properties would shorten and simplify treatment
v A more potent activity than existing drugs on M. tuberculosis

v No drug interactions (with actual drugs used in treatment of HIV and TB)

v’ A potent activity on drug-resistant tuberculosis strains

Nowadays, there are 4 strategies which are routinely used in order to improve the actual
complex regimen and/or develop new drugs to treat the drugs-resistant TB strains (Figure 13).

First, new analogues of actual TB drugs could be developed with improved
pharmacokinetic properties and/or antimycobacterial activity. Second, other antibacterial drug
classes which are currently used in treatment of other infectious disease could be reconsidered
to be used in TB treatment. Third, a new booster agent could be developed to target the
resistance mechanism of M. tuberculosis in order to reactivate current antibiotics or TB drugs.

Finally, new chemical scaffolds with new mechanisms of action could be developed in
order to target the drug resistant strains.
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Figure 13: Current strategies in the development of new TB drugs

In addition, it has been observed that TB treatment always require multiple drugs due to
the resilient nature of M. tuberculosis. However, actual strategy in TB drug development
always requires that each new drug candidate need to be tested and approved separately, and
then be substituted into the combination with TB drugs. This process need to repeat until the
drugs in the existing regimen are replaced. It seems to be a very long paradigm in
development of new TB regimen. For that reason, some authors have suggested a new model
where the promising TB drug candidates can be tested together in clinical trial (Figure 14).
This combination strategy could accelerate the TB drug development in the future and rapidly
lead to a discovery of novel regimen.™*

‘ Current paradigm in development of TB regimen ‘

Drug candidate 1

Drug candidate 2 drug
2
Drug candidate 3 —

New
regimen
1+2+3

Trial regimen 1+2+3

New combination paradigm in TB regimen development

Drug candidate 1 New
Drug candidate 2 regimen
Drug candidate 3 1+2+43

Figure 14: New combination strategy in development of TB regimen

—-32—



Chapter I.A. Tuberculosis : a literature review

8.2.1. Novel analogues of actual TB drugs with improved properties

This strategy is used to shorten and simplify the actual TB regimen. Many derivatives of
existing TB drugs were developed in order to improve the antitubercular activity and/or

pharmacokinetic properties.®'**

Rifamycin derivatives

Rifampicin is actually considered as the most potent TB drug. This drug generally is
well tolerated in human. However, some adverse effects were also reported. Rifampicin
potently induces cytochrome P450 in liver and can cause a discoloration of body fluids. In
actual regimen for DS-TB, rifampicin must be given once daily in combination with other TB
drugs. For these reasons, many rifamycin derivatives have been synthesized to improve
antimycobacterial activity and pharmaco-kinetic properties. Rifapentine and rifabutin are two
semi synthetic rifamycin have been used in clinical with some specific indications.
Rifapentine is more lipophilic and has a serum half life about five times longer than
rifampicin with t;,= 10-15 hours (versus 2-3 hours for rifampicin). This allows once-weekly
dosing of rifapentine in TB treatment. While rifabutin is a less potent inducer of CYPs and
can be used in tuberculosis-infected HIV patients treated concurrently with protease

inhibitors. Nowadays, these two analogues are under clinical trial for some other indication in
83,86

TB treatment.

CGP-7040 rifametane rifalazil

Furthermore, others rifamycin derivatives, e.g. CGP-7040, rifametane (SPA-S-565) and
rifalazil (RLZ, KRM1648 or benzoxazinorifamycin) are also developed. Rifametane has been
found with a more favorable pharmacokinetic profile than rifampicin, while rifalazil have
proven to be more active than rifampicin against M. tuberculosis. This compound was
progressed into clinical trials. A preliminary safety study in humans showed that although
RLZ at doses of 10 mg and 25 mg was safe, a dose of >100 mg produced flu-like symptoms
and a transient dose-dependent decrease in white blood cell and platelet counts, and did not
show better efficacy than RIF. For that reason, the clinical trial of RLZ for the treatment of
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mycobacterial infections has been interrupted. Furthermore, RIF-resistant strains confer cross-
resistance to all rifamycins, including RLZ, limiting the use of RLZ and other rifamycin
derivatives in the treatment of RIF-resistant TB.***’

Ethambutol derivatives
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An effort to develop second-generation analogues of ethambutol was conducted in order
to increase antimycobacterial activity of this first line TB-drug. By screening a combinatorial
library based on the pharmacophore of ethambutol, diamine SQ-109 has been identified.
When tested in mice using a low-dose infection model of TB, SQ-109 at 1 mg/kg was as
effective as ethambutol at 100mg/kg. However SQ-109 did not show improved effectiveness
at higher doses (10mg/kg; 25mg/kg) and was clearly less effective than isoniazid.
Interestingly, SQ-109 has been found to be effective against drug-resistant strains of M.
tuberculosis, including those that are ethambutol-resistant, and that it targets different
intracellular pathways. For this reason it can be considered as a new TB drug and not simply
as an ethambutol analogue. Further study showed that this compound inhibits the trehalose
monophosphate transferase, a different target with ethambutol.®'

Pyrazinamide analogues

Several pyrazinoic prodrugs with increased lipophilic properties have demonstrated
potent activity against M. tuberculosis. Some substituted pyrazinoic esters demonstrated a
better activity than pyrazinamide against M. tuberculosis with a higher plasma stability. Other
pyrazinoic and quinoxaline esters derivatives were prepared and evaluated against M.
tuberculosis. The compounds 4-acetoxy-benzyl esters of pyrazinoic acid and 4’-
acetoxybenzyl-2-quinoxalinecarboxylate demonstrated MIC values of 1 - 6.25 pg/mL. The
use of the prodrug approach in order to obtain new esters prodrugs as pyrazinamide analogues
seems to be an important strategy for discovery of new drugs with improved pharmacokinetic
and pharmacodynamic properties.®

Isoniazid

In order to decrease the toxicity and prolong half-life of isoniazid, some micellar
systems of polyethyleneglycol-poly (aspartic acid) copolymer and N-methylene phosphonic
chitosan were used as carrier to obtain isoniazid prodrugs. The micellar prodrugs

demonstrated activity against M. tuberculosiss.*’

Another prodrug approach was by combining para-amino-salicylic acid (PAS), a second
line drug, with isoniazid. This association has a purpose to reduce gastrointestinal toxicity and
the extensive metabolism of PAS, reduce intestinal acetylation of isoniazid and increase the
duration of actions of both drugs.*
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In summary, many derivatives of actual TB-drugs have been developed. Modification of
existing TB drugs in order to improve the half-life, bioavailability, or drug delivery has led to
some application in TB treatment. However, these new compounds usually target the same
cellular processes as drugs currently in use. For that reason, this approach may have a cross-
resistance problem.®'

8.2.2. Repurposing of current antibacterial drug classes

Many antibiotics which are routinely used in other bacterial infections have never
undergone to clinical trials for TB treatment. These abandoned drugs should be repurposed in
more effective ways in TB treatment, at least in cases of drug-resistant TB treatment where
the first-line drugs are inactive. Nowadays, this approach has led to some antibiotics classes
which are now used as second-line TB drugs (e.g., aminoglycosides, fluoroquinolones, and
polypeptides) and identified other candidates for clinical trials. Furthermore, concerns over
toxicity and low therapeutic indexes might be overcome through chemical modifications.

Macrolides

Macrolides are important antibiotics group which inhibit bacterial protein synthesis by
binding to the 50S ribosomal subunit. Clarithromycin, a medication in this group, appear to
kill TB bacteria in laboratory settings. Several preclinical results have demonstrated that this
drug may reduce mortality associated with TB infection. However, no clinical studies
evaluating the efficacy of clarithromycin for the treatment of tuberculosis have been reported
to date. For that reason, clarithromycin is now in group 5 of TB drug list and can only be used

as off-label for DR-TB when few other treatment options remain. >

/ OH

clarithromycin

Other drug candidates from the macrolide class are in preclinical testing. Recently, a
study on the optimisation of anti-TB activity of the macrolide antibiotics through the
synthesis of additional chemically modified derivatives of erythromycin was conducted. More
than 200 derivatives have been synthesized and three series were identified with potent
antituberculosis activity superior to that of clarithromycin. This study can lead to some
promising results. However, a resistance mechanism of M. tuberculosis to currently available
macrolides was observed. The tubercle bacilli can rapidly induce resistance due to
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methylation of 23S rRNA by the erm37 gene product, which prevents macrolide binding to
the ribosome. This main constrain can limit the repurposing of macrolides as significant
potential drugs for DR-TB."”>*

Oxazolidinones

Oxazolidinones is a group of compounds with broad spectrum antimicrobial activity.
Some of them are currently used in clinic for the treatment of serious infections caused by
resistant gram-positive bacteria. The oxazolidinones antibiotics are protein synthesis
inhibitors. They disrupt the translation of mRNA into proteins in the ribosome and
consequently stop the growth and reproduction of the bacteria. The rate of emergence of
resistant strain with this group is low. Many studied showed that oxazolidinones are active on
M. tuberculosis. This class which includes linezolid, sutezolid (PNU100480) and posizolid
(AZD5847) are currently under clinical trials in patients with multidrug-resistant and
extensively drug-resistant TB. Nowadays, linezolid is listed in group 5 of WHO-TB drug
categories and should be used as off-label in the treatment of some DR-TB cases.”
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Nitroimidazoles

Nitroimidazoles is a drug class which is used to treat anaerobic bacteria and parasitic
infections. The representative medication of this class is metronidazole. An interesting feature
of nitroimidazoles relates to their original mechanism of action. These compounds inhibit host
defence strategies by producing microbicidal molecules, such as nitric oxide and other
reactive nitrogen intermediates. These intermediates will then damage multiple targets
including respiratory chain cytochrome oxidases. The target specificity of such a mechanism
of action is achieved through bioactivation of these prodrugs by flavin-dependent
nitroreductases, which are absent in mammalian cells but present other species including M.
tuberculosis. Therefore, several synthetic modifications have been introduced to this scaffold
in order to reduce the side-toxic effects and increase their antimycobacterial potential.
Nowadays, two candidates from this group, PA-824 and delamanid (OPC-67683), are under

clinical trial and should potentially shorten treatment duration.*™

PA-824 is a bicylic nitroimidazofuran analogue which is bioreduced intracellular. This
compound is active against tubercle bacillus in both aerobic and hypoxic conditions. Until
now, two mechanism actions of PA-824 are separately proposed. The first suggests that PA-
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824 can inhibit the biosynthesis of mycolic acid. The second mechanism lies on the formation
of the desnitro metabolite and concomitent release of NO in anaerobic conditions. This drug
candidate is now in phase II of clinical trial.”® Another clinical candidate in this group is
delamanid (OPC-67683). This is a structurally analogue of PA-824 that shares the same
mechanism of action.”® Recently, delamanid has obtained a conditional authorization from
European Medicines Agency (EMA) in treatment of multidrug-resistant pulmonary
tuberculosis.’
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8.2.3. Potentiation of current antibiotics by targeting resistance

M. tuberculosis has some intrinsic resistance mechanism to many antibiotics. In
addition, this special bacterium can also develop many acquired resistance mechanism to TB
drugs. Consequently, some antibiotics and TB-drugs have been underused or even abandoned
in TB treatment. For that reason, some authors tried to develop new compound that could
inhibit the known resistance mechanisms. These new compounds are able to decline the
growth of M. tuberculosis in the presence of sub-active doses of known antituberculosis
drugs. This will potentiate or restore the activity of abandoned drugs against TB and lower

their toxicity. These compounds are named as boosters or potentiators (Figure 15).”"2

ANTIBIOTIC . Re5|star:|ce Re5|st.ant
mechanism bacterium

ANTIBIOTIC

Resistarnice Susceptible
mzchanism bacterium

BOOSTER

Figure 15: Concept of drug potentiation by targeting resistance mechanism
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B-lactams and p-lactamase inhibitors

A typical example demonstrating the effectiveness of this method is the use of B-
lactamase inhibitors to reactivate the activity of B-lactams antibiotic in clinical practice. This
approach has extended the application of p-lactams in many years.”!

In M. tuberculosis, a BlaC-like B-lactamase was also discovered. A genetic knockout
study of blaC gene resulted in an improved sensitivity of the tubercle bacteria to B-lactams,
particularly carbapenems. The B-lactam/B-lactamase inhibitor combinations now become a
TB treatment option in groups 5 of TB drugs list and should be used only in case of DR-TB.
These combinations consist of “amoxicillinet+clavulanate”, “imipemen-cilastatin”
(synergistic effect in this case), and “meropenem+clavulanate”. Moreover, the combination of
meropenem and clavulanate effectively kills drug resistant M. tuberculosis strains as well as
the tubercle bacillus growing in anaerobic conditions. This suggests that a drug combination
may also be useful for treatment of latent TB. Furthermore, availability of structural and
mechanistic knowledge around BlaC will help researchers in designing more potent and M.
tuberculosis specific inhibitors to be used in combination with classical -lactam antibiotics.
In addition, the expression of BlaC is inducible by B-lactams and tightly regulated by the
transcriptional regulator Blal. So Blal regulator and related protein might be interesting

targets for the design of new booster of p-lactam.**' >

Ethionamide and EthR inhibitors

Targeting resistance mechanisms can also be used to boost the anti-TB activity of actual
anti-TB drugs. For example, ethionamide is used as a second-line TB antibiotic to treat MDR-
TB strains that are resistant to first-line drugs such as isoniazid or rifampicin. Ethionamide is
a prodrug that requires enzymatic activation in the cytoplasm of M. tuberculosis by EthA, an
intrinsic monooxygenase that converts ethionamide to ETH-NAD adduct. Unfortunately, the
expression of EthA is repressed by a transcriptional regulator, EthR, thus limiting the anti-TB
activity of ethionamide. Consequently, ethionamide must be used with high-dose in clinical
which can cause many serious side effects and limit its clinical application. Recent studies
demonstrate that EthR could be chemically inhibited by a specific ligand resulting in an over-
expression of EthA and then the re-activation of ethionamide. The synthesized EthR
inhibitors could be then used in association with lower doses of ethionamide in a regimen of
higher tolerance and improved efficacy.”>’> We were interested in this strategy in order to
improve the therapeutic index of ethionamide. A study on the development and optimization
of drug-like inhibitors of EthR is described in the chapter II of this thesis.

Sulfonamide and potentiators

Co-trimoxazole (sulfamethoxazole+trimethoprim) is the antifolate combination which is
based on the concept of potentiation. Sulfamethoxazole, which targets dihydropteroate
synthase (DHPS) in de novo folate biosynthesis, is synergized by trimethoprim that inhibits
dihydrofolate reductase (DHFR) required for the reduction of dihydrofolate. Antifolates were
regarded as promising anti-TB drugs many years ago. Indeed, early experiments using animal
models proved that sulfonamides are effective in curing TB. However this antibiotic group
has been forgotten due to the discovery of streptomycin and other more potent TB drugs.
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Recently, urgent need in the development of MDR-TB led to reconsider the synergy of
trimethoprim—sulfonamides in M. tuberculosis. However, it remains unknown why
trimethoprim does not work against M. tuberculosis. The result suggested that DHFR might
not be the major reductase responsible for the reduction of dihydrofolate to tetrahydrofolate in
M. tuberculosis. A recent paper reported the role of 5,10-methenyltetrahydrofolate synthase
(MTHEFS) Further studies should be conducted to identity the unknown reductases which is
responsible for this essential reaction, followed by the development of inhibitors and testing
their sulfonamides-potentiating activity. Moreover, recent studies showed that folate synthesis
is also targeted by other TB drugs like INH, ETH and PAS. Therefore, development of novel
cocktails regimen consist of sulfonamides and folate-targeting TB drugs such as INH, ETH

and PAS might hold exciting future discoveries.”"”?

8.2.4. New drug candidate and new targets in M. tuberculosis

Due to the increase of drug-resistant tuberculosis, it is important to develop new TB
drugs with new chemical scaffolds that inhibit novel targets of M. tuberculosis. In this
scenario, these novel compounds have the capacity to retain activity against the resistant TB
strains and may provide an important treatment option for drug-resistant TB patients.
Nowadays, this strategy is considered as the most potent approach in TB drug development.

The typical example of new TB drug which was successfully developed from a
phenotypic-based approach is bedaquiline (TMC207). It has a diarylquinoline scaffold.
Interestingly, this bactericidal TB drug is active against M. tuberculosis by a new mechanism
of action.”

bedaquiline

In fact, bedaquiline inhibits the proton transfer chain of the mycobacterial ATP
synthase and depletes cellular energy stones. Fortunately, this action does not impact on
human mitochondrial ATP synthase. The antimycobacterial activity of bedaquiline was
successively evaluated in vitro, in vivo efficacy in mice and in clinical studies.” In 2012,
bedaquiline was approved by FDA for the treatment of MDR-TB under an accelerated-
approval regulation for serious or life-threatening conditions although this drug candidate has
not yet completed clinical trials. Currently, bedaquiline is in phase III of clinical trials
(ID:NCT02333799) to assess the safety and efficacy of this drug in combination with PA-824
and linezolid. This study is estimated to be completed in 2018.*
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8.2.5. Current pipeline of new antituberculosis drugs

The TB drug development pipeline has begun to increase during the past decades.
Nowadays, the TB drug pipeline is being enriched with a range of novel drugs in preclinical
development and many drug candidates being assessed at all stages of clinical trials (Figure
16). Development of the tuberculosis drugs portfolio is being achieved using many strategies,
e.g. repurposing of old antibiotics, re-engineering of existing TB-drug structures, targeting
resistance mechanism and discovery of new scaffolds.

The development pipeline for new TB drugs, August 20142

Discovery Preclinical development Clinical development
Lead
optimization y
Cyclopeptides CPZEN-45 PBTZ169 AZD5847 D

Diarylquinolines BTZ043 TBA-354 Bedaquiline OPC-67683)
DprE Inhibitors DC-159a Q203 (TMC-207) Gatifloxacin®
InhA Inhibitor, Indazoles 5Q609 Linezolid Moxifloxacin®
LeuRS Inhibitors, Ureas 5Q641 Novel Regimens® Rifapentine
Macrolides, Azaindoles TBI-166 PA-824
Mycobacterial Gyrase Rifapentine

Inhibitors SQ-109
Pyrazinamide Analogs Sutezolid

Ruthenium(Il) (PNU-100480)

Complexes
Spectinamides SPR-

10199
Translocase-1 Inhibitors
Chemical classes: fluoroquinolone, rifamycin, oxazolidinone, nitroimidazole, diarylquinoline, benzothiazinone

2 Details for projects listed can be found at http://www.newtbdrugs.org/pipeline.php and ongoing projects without a lead compound series identified can be
viewed at http://www.newtbdrugs.org/pipeline-discovery.php

b Combination regimens; NC-001 -(J-M-Pa-Z), Phase lla, NCT01215851; NC-002-(M-Pa-Z), Phase Ilb, NCT01498419; NC-003-(C-J-Pa-Z), Phase lla, NCT01691534;
PanACEA-MAMS-TB-01-(H-R-Z-E-Q-M), Phase IIb, NCT01785186

¢ These trials have been completed and results published. See chapter text for further details.

Figure 16: Current global pipeline of new tuberculosis drugs
(adapted with permission from WHO for ref.%)

8.3. Conclusion and outlooks

Current TB treatments still have major drawbacks. In addition, the emergence of drug-
resistance TB strains stresses the need to find new alternatives. The increased number of
candidates reaching clinical phases is a positive response to this situation. However it will
take some time before some of these compounds are approved. Hope arisen recently with the
conditional approval by the FDA and EMA of the 2 new TB drugs, i.e. Sirturo™
(bedaquiline) and Deltyba™ (delamanid).®’ However, we are still far away from a global
solution for the treatment of all TB-patients as these two drugs have been granted exclusively
for the treatment of lung infections due to multidrug-resistant tuberculosis when alternative
treatments cannot be used due to resistance or intolerance. In conclusion, active compounds
that can be used safely, in combinations with first and second line drugs are still highly
required.
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1. Introduction to fragment based drug discovery

The concept of fragment-based drug discovery (FBDD) was first introduced by Abbott
Laboratories in 1996.”> Nowadays, this approach has become a remarkably efficient
alternative approach to high-throughput screening (HTS) in drug discovery. In fact, this
approach has been validated recently with the introduction of candidates in clinical trials from

196

various programs and the approval of Zelboraf® (vemurafenib) by FDA in 2011°° which is

considered as the first approved drug discovered using a fragment-based approach.’”’

In general, chemical space grows by increasing the content of heavy atoms. Therefore,
fragments occupy a smaller region of chemical space in comparison to conventional HTS
compounds because of their small size. However, FBDD has emerged as a promising and
focused strategy which is based on the quality, rather than the quantity, of hits and leads.®”**’
The main advantages of FBDD is that hits can be identified from a relatively small screening
fragment-library at the difference with HTS screening where larger libraries are used.'**'*! In
practical, the maximum size of a fragment-library does not exceed 10 000 molecules.
However, the main constraint of this approach is the requirement of a suitable screening
method that can reliably detect the weak binding and strategies for evolving the fragments

into larger lead compounds.'®

The fragment-based approach in drug discovery and development (as illustrated in

Figure 17) consists of three steps **'*":

Step 1: Design of a fragment screening library
Step 2: Identification and validation of fragment hit by suitable screening methods

Step 3: Elaboration of the fragment hit into drug-like lead compound

Library design>> Hit identification > Hit validation >> Fragment evolution

Screening
methods

primary hits

validated hit lead compound
Fragment library

Protein target

Figure 17: The principle components of a fragment-based approach in drug discovery

In the first stage, the constitution of a suitable fragment library is performed. The
fragment library may range from a focused set of about hundreds fragments to much more
substantial generic screening sets of around thousands fragments. Fragments, e.g. small
entities, have low potency for most targets, and therefore need to be screened at high
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concentrations. For that reason, it is very important that they are soluble and free from
inappropriate toxicities. To ensure that objective, fragments should be designed to comply
with “Rule of 3” (Ro3) proposed by Congreve et al. These authors suggested that fragments
should have molecular weights of less than 300, a ClogP less than 3, and contain no more
than 3 hydrogen bond (H-bond) donors and 3 H-bond acceptors.'” Furthermore, fragment
libraries may provide a good diversity with a relatively small number of compounds.'®*
Library design is the first stage and has been also considered as the most important
component of the FBDD process.'® (In this thesis, we discuss in detail in chapter IV how to

improve the quality of such fragments especially by incorporating 3D-structures).

Once a fragment library has been assembled, a screening method must be implemented.
Owing to their small size, fragments usually have a low chemical complexity. Therefore,
these small pieces only have a weak binding affinity to protein and consequently a low
activity (100 uM- 10mM). On the contrary, the fragments exhibit a high potency. Indeed,
when we consider the degree of binding affinity or activity per heavy atoms, fragments will
display a higher efficiency than larger elaborated drug-like ligands.'”® In general, fragment
screening techniques have some specific features in comparison to conventional HTS assays.
(In this thesis, analysis on the screening methods used to screen fragments is presented in
chapter III).

In the final step, fragment hits are then optimized with the aim of obtaining a highly
potent drug-like subtance.'”" Practically, there are several strategies for the optimization to a

lead compound starting from fragment hits (Figure 18):'*"'%7

(1) Fragment growing: initial fragments are expanded to larger and more complex

molecules that can bind the active site of the protein with additional interactions and
consequently increase the potency (affinity and activity). The main advantage of this
strategy is that the increase of molecule size can be carefully controlled.'”’

(2) Fragment linking: two or more fragments are identified at separate binding sites of the

target but are close enough to be linked together by a chemical linker. This strategy

always results in a larger molecule with higher-affinity and activity.'"’

(3) Fragment merging: incorporation of structural portions of overlapping molecules into
a final product, using structural information of other fragments, substrates, and known
ligands in complex with the protein. Trends in potency from different series can be used
to identify important binding motifs and interactions, and this information can be used

to produce a hybrid series.'”’

(4) Fragment self-assembly: two fragments connect to each other thanks to a chemical
107

reaction that uses the targeted protein as a catalyst (e.g. “click chemistry”).

In practice, there tends to be an overlap between these methods; for example, fragment
linking may also involve an element of fragment merging. In the chapter II of this thesis, we
describe how these strategies were applied in our laboratory to develop new fragment-based
inhibitors of EthR.
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Fragment growing Fragment linking Fragment merging Fragment self-assembly

/ / /ﬂ"’ \/\ ;‘ )

R = )
| T

I

Figure 18: Different strategies to be used for fragment evolution

(modified with permission from Nature Publishing Group, Ref. '°7)

2.  Application of FBDD in TB drug development

Fragment-based approach is now applied to a wide range of targets, including essential
proteins of M. tuberculosis. Until now, many success studies in tuberculosis drug discovery
starting from fragment have been reported. A summary of all these studies are presented in
Table 2.

In fact, the first application of fragment-based approach for the discovery of anti-TB

compounds was conducted by Manger et al in 2005.'"

These authors used fragments in
combination with natural substances to identify new inhibitors of M. tuberculosis protein
tyrosine phosphatase A (MptpA). This enzyme is a secreted virulence factor that act on
macrophage signaling pathways to promote tubercle bacillus survival in the infected host.
Moreover, MptpA inhibitors were also developed by Rawls and his co-workers in 2009 by
using a similar strategy. Inhibition activity was evaluated by enzymatic assay.'” In addition,
these authors also used this approach for the development of several inhibitors of MptpB, an

analogue of MptpA.'"?

Moreover, FBDD was also used to identify inhibitors of pantothenate synthetase. This
enzyme catalyzes the magnesium adenosine triphosphate (ATP) dependent condensation of
pantoate with B-alanine to form pantothenate. This is an important component for the survival
of M. tuberculosis. In this study, Hung et a/ have used several screening techniques (e.g.
thermal shift assay (TSA), WaterLOGSY-NMR, isothermal calorimetry (ITC), X-ray
crystallography and in silico docking) in combination with two fragment evolution strategies
(growing and linking) to develop a new low-molecular weight inhibitor of pantothenate

synthetase from a library of 1300 fragments.'"'

In 2010, Scheich et al have conducted a study on the development of new Ag85C
inhibitors. In M. tuberculosis, the Ag85 mycolyltransferases family is a promising target.
They catalyze the transfer of mycolates between trehalose monomycolate (TMM) and
trehalose dimycolate (TDM or cord factor). These authors started from a library of 5000
synthetic fragments. A protein-based NMR screening technique followed by a phenotypic
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assay on M. smegmatis allowed identifying fragment hits. Then, a growing strategy was
applied to improve the interaction and affinity of fragment hits. New Ag85C inhibitors were

also active on MDR-TB.!!?

Table 2: Application of fragment-based approach in TB drug development

Target Fragment Library Screening method Fragment Elaboration Ref
MptpA 20 000 compounds Spectroscopically - 108
from ChemBioNet enzymatic assay
MptpA 21 phenyl difluoro- Spectroscopically growing (analoging) 109
methylphosphonic acid | enzymatic assay
MPtpB Library of 140 O-aryl Spectroscopically growing, merging and 1o
phosphates enzymatic assay isostere replacement
pantothenate 1300 fragments TSA; WaterLOGSY- growing and linking "
synthetase NMR, ITC and X-ray
crystallography; in silico
docking
Mtb Ag85C a diverse library of '>N-HSQC NMR and growing "z
5000 synthetic whole cell M.smegmatic
fragments in pools of antibacterial testing; then
16 compounds each testing on Mtb-H37 and
MDR-Mtb.
Mtb CYP121 library of 665 TSA, ligand-observed merging 1a14
commercial fragments NMR, ITC and X-ray
crystallography
InhA NCI library virtual screening, - s
dehydroquinase 13 aryl-based in silico screening, growing e
Type |l fragments enzymatic assay
EthR 1250 fragments TSA, SPR, X-ray structural analogue and "
linking
EthR 1040 fragments TSA, X-ray growing, merging and e
linking

Another fragment-based study on new TB drug focused on cytochrome P450 CYP121.
This enzyme has been shown to catalyze an unusual intramolecular reaction between the
ortho-positions of two tyrosines in cyclodityrosine (cYY) to form mycocyclosin. These
compounds are believed to play important roles in M. tuberculosis infection, growth and
persistence. The researchers at University of Cambridge have screened a library of 665
commercial fragments with different methods, including TSA, ligand-observed NMR, ITC
and X-ray crystallography. Then, the hits were merged together to afford a triazolylphenol
analogue which inhibits CYP121."" Interestingly, the limitation of merging strategy have
been analyzed in this study. In addition, these authors have conducted further stepwise
structure modifications to overcome the conformational limitation of merged fragments in

order to obtain more potent CYP121 inhibitors.'*
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More recently, Tran et al. used in silico docking to design new fragment-based
inhibitors of type II dehydroquinase. These aromatic compounds were then optimized and

finally shown to inhibit the growth of M. tuberculosis in the low-micromolar range.''®

Surade et al. also used a structure-guided fragment linking strategy to discover new
inhibitors of mycobacterial transcription repressor EthR.''” At the same time, fragment-based
approach was also implemented in our laboratory to develop new EthR inhibitors.''® These

results are presented in more detail in chapter II of this thesis.

In summary, there is a significant increase of fragment-based studies in new TB drug
development. This trend can be explained by the major advantages of low molecular weight
compounds obtained from this approach. In fact, these small size compounds exhibit better
physicochemical properties, especially solubility, than HTS drug-like compounds. In case of
an intracellular pathogen like M. tuberculosis, these particular properties will help fragment-
based compounds to more easily penetrate the phagosomes of macrophages and even to go
through the waxy and thick cell wall of tubercle bacillus in order to bind to their target.
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Chapter I1. Development of novel EthR inhibitors with
improved pharmacokinetic properties

Part A. EthR-a validated target for ethionamide potentiation

1. Role of EthR in ethionamide bio-activation

Ethionamide (ETH), a thionamide analogue of isoniazid (INH), is used as a second line
antituberculosis drug. These two agents are known to target InhA, an important enzyme
involved in mycolic acids biosynthesis in M. tuberculosis.""*'*' However, only small cross-
resistance ratio between INH and ETH was observed among clinical isolates.'** Indeed, many
INH-resistant M. tuberculosis strains have been found to be sensitive to ETH, whereas some
other strains which were reported to resist ETH can be treated by INH. These observations
suggested a different bioactivation mechanism between INH and ETH. In 2000, a KatG-
independent bioactivation of ETH was discovered simultaneously by two research
groups.'?*'** The authors found that over-expression of ethd in M. smegmatis resulted in
substantially increased ETH sensitivity. This evidence suggested that the mycobacterial
mono-oxygenase EthA has an important role in the activation of the prodrug ETH in
mycobacteria.'” Subsequently, the understanding of the mechanism by which ETH is
bioactivated by EthA has attracted many researchers.'**'*” The results showed that ETH was
firstly transformed by EthA to reactive intermediates which are then combined with
nicotinamide adenine dinucleotide (NAD") to form ETH-NAD adduct. This active adduct can

bind to InhA and consequently inhibit the mycolic acid biosynthesis (Figure 19).'2"%®

In addition, a neighboring open reading frame of eth4 which is named ethR was also
determined. EthR protein was found homologous to transcriptional repressors of the TetR
family and controls the expression of ethA4 by binding to the ethA promoter located within the
intergenic region between ethR and ethA, thus preventing its transcription. Over-expression of
this gene led to ETH resistance, whereas chromosomal inactivation of this gene by
transposition led to ETH hypersensitivity. These data strongly suggested that EthR negatively
regulates the production of EthA and then control the bioactivation of prodrug ETH.'**1**

=

S7NH,

Ethionamide
(ETH)

Figure 19: Transcriptional regulator EthR control the bioactivation of ETH in M. tuberculosis

(adapted with permission from the American Chemical Society for ref.'?*)
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2. Structure of EthR

Two distinct crystal structures of EthR'**"*® were obtained in 2004. These structures
confirmed that EthR shares the same scaffold with other members of the TetR family of
proteins.'*! The overall EthR structure is a homodimer (see Figure 20). Each EthR monomer
is entirely helical with 9 o helices organized in two domains.'** The first three helices of each
EthR monomer form a three-helix bundle DNA binding domain. The classical helix-turn-helix
(HTH)-DNA binding motifs are represented in blue in the figure which contains a2 and a3,
stabilized by al. Meanwhile, the C-terminal domain of EthR (displayed in red) is composed
of six a helices and is involved in the dimerization of EthR. Dimerization occurs by coupling
one pair of a helices of each monomer of EthR to form a four-helix bundle composed of
helices of a8, a9 of the first, and a8’, a9’ of the second monomer. This interaction buries
1562 A? of surface area.'**!*?

Figure 20: Overall structure of the EthR homodimer

(adapted with permission from Elsevier for ref.'*?)

Helix-turn-helix (HTH) domain: a classical helix-turn-helix motif which also named
as DNA binding domain. This domain has an important role in the interaction between EthR
and DNA strand. Indeed, the double-stranded DNA was expected to bridge the two DNA-
binding domains of the dimer with the HTH-motif inserted into the major groove.129 Unlike
other TetR/CamR members, which typically bind 15 bp operators, EthR recognizes an
exceptionally long 55 bp region suggesting multimerization of the repressor on its operator.
Furthermore, surface plasmon resonance analyses showed that eight EthR molecules bind
cooperatively to the 55 bp operator, which represents a novel repression mechanism for a
TetR/ CamR member.'**'3*

Regulation domain: this domain contains a narrow tunnel-like cavity formed by
helices 4, 5, 7, and 8 that opens to the bottom of the molecule. The tunnel measures about 20
A in length and is lined predominantly by aromatic residues, with helices 5 and 7 constituting
the majority of side chains. The loop connecting helices 4 and 5 restricts the opening of the
hydrophobic tunnel, and the electron density in this loop is only poorly defined, indicating a
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certain degree of structural flexibility in the loop. This cavity may serve as the binding site for
a ligand."*? The two holo-structures of EthR were obtained with co-crystallized ligands. One
structure was characterized in the presence of hexadecyl octanoate in the core domain of each
monomer of EthR (PDB: 1U9N)"’, thus revealing the long linear ligand binding pocket of
this protein. The other revealed the presence of two dioxane molecules in the ligand binding
pocket of each monomer (PDB: 1T56)'*. Analysis of the EthR holo-form indicates that the
DNA recognition helices a3 and o3’ are separated by 52 A. This distance between the two
HTH domains is incompatible with the binding of the repressor on its operator, since it is 18A
longer for binding to two successive major grooves of the DNA double helix (with 34 A

repeat distance).'**

3.  Validation of EthR as therapeutic target

In M. tuberculosis, ETH action is limited due to a bioactivation requirement. This
process is controlled by EthR.'**'** Therefore, ETH has an unfavorable therapeutic index, as
the high dose necessary to kill M. tuberculosis generally causes serious adverse effects.
Administration of ETH at its recommended therapeutic dosage (750 mg/day) is frequently
associated to gastrointestinal side effects.'*> Because most of the side effects of ethionamide
are dose-related'”, it have been hypothesized that enhancement of bacterial bioactivation
would decrease ETH body circulating doses and then limit the dose-related toxicity.”!

Results obtained from the mycobacterial ETH bioactivation study have suggested two
possible strategies to boost ETH activity. Firstly, stimulation of EthA expression could be
used to enhance the bioactivation of ETH and its activity in M. tuberculosis. In fact, it has
been shown that over-expression of EthA led to higher susceptibility to ETH and deficient
mycolic acid synthesis in M.smegmatis.'> In the second strategy, inhibition of the
transcriptional repressor EthR activity should reactivate the EthA enzyme and consequently
increase ETH bioactivation.

EthR has been shown to impair the sensitivity of M. uberculosis to ETH.'> Indeed,
over-expression of ethR leads to reduced levels of intracellular EthA and specifically induces
ETH resistance.'* On the contrary, a knockout genetic technique was applied to remove ethR
gene in M. bovis BCG. The resulting strain was found to be extremely sensitive to ETH. This
result confirmed that a knock-out of ethR is able to increase bioactivation of ETH via
overproduction of EthA. Thus, any physiological condition down-regulating ethR or any
agent with the ability to block EthR may favor the production of EthA and lead to the
activation of substantial amounts of ETH. Consequently, the sensitivity of the tubercle bacilli
to ETH will increase.'* (Figure 21)

Interestingly, analysis of EthR holo-structures (PDB codes: 1U9N, 1T56)'%13°
suggested that the presence of either hexadecyl octanoate or dioxane is translated in structural
modifications of the DNA binding heads which keep these repressor in a configuration
incompatible with DNA binding. The structures of these ligands were considered as templates
to develop novel drug-like EthR inhibitors which can be also applied therapeutically as ETH
potentiators (or ETH boosters). The aim of this strategy was to decrease the ETH therapeutic
dose, consequently lower the side-effects and improve its therapeutic index.
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Potentiation (-) apo-EthR

no transcription

inhibited-EthR (—
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(inactive)
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* transcription
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EthA Q

ETH ETH-NAD InhA-ETH-NAD
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Figure 21: Potentiation of ethionamide by targeting EthR
Part B. EthR inhibitors and ETH boosting effect

Since the starting of our work on the validation of EthR as a drug target to boost the
activity of ethionamide, several research groups worldwide have also developed research
programs in this field. Until now, many series of EthR inhibitors were designed and
synthesized by scientists from BioVersys, a Swiss biotech company and also from academic
research groups at the University of Cambridge (UK).

1.  Development of EthR inhibitors by ligand-based approach

In 2008, Weber et al™*® applied a ligand-based approach to develop novel EthR
inhibitors. These authors supposed that esters which are known to be the main products of
EthA-catalyzed Baeyer—Villiger oxydation can inhibit EthR by a negative feedback-controlled
mechanism. This mechanism can be found frequently in nature.'®’ For that reason, a library of
hexadecyl-octanoate analogues was synthesized. With the integration of EthR into a synthetic
mammalian gene network, these authors have been able to identify 2-phenylethyl-butyrate
(Figure 22) as a potent inhibitor of EthR in M. tuberculosis which increases the sensitivity of
this pathogen to ETH."3¢!*%139

biotech company BioVersys. In this context, many amide and thioamide analogues of 2-
140

This promising result has attracted attention from a Swiss

phenylethyl-butyrate have been synthesized and tested in vitro.
o

s o
W/\AAM OJ\/\/\
hexadecyl-octanoate 2-phenylethyl-butyrate

Figure 22: EthR inhibitor 2-phenylethyl-butyrate developed by ligand-based approach
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2.  Development of EthR inhibitors by rational drug design

At the same time, a project aiming at discovering new EthR inhibitors was started at the
Pasteur institute of Lille in collaboration with the School of Pharmacy. A target-based drug
design approach was used to identify starting hits.

2.1. From phamacophore model to hit identification

As mentioned earlier, structure analysis of two liganded-EthR crystals (PDB codes:
1U9N, 1T56) showed that holo-protein conformations are unable to bind to DNA and thus to
repress transcription of ethA.'?*'*® The chemical structure of the ligands identified in these
holo-structures and physicochemical properties of the EthR ligand binding site inspired the
construction of a pharmacophore model. The putative EthR ligands were supposed to be a
low-molecular weight compound (MW < 500g.mol™) bearing two hydrophobic ends (H)
connected by a 4-6 A linkers (L), with hydrogen-bonding capabilities set to interact with
Asnl76 and Asnl179 (see Figure 23).'"!

Pharmacophore % N X
model 7 / N
O
Hit Hit-2-lead
. identification optimisatio|
Drug'llke 131 drug-like :> (o] \ p O
compound C ' N N 0
Ng

compounds N

library NS

BDM14500 BDM31343 BDM31381

Figure 23: Development of EthR inhibitors by rational drug design

In the next step, 131 compounds which are complying with the above pharmacophore
model were selected from the in-house library of drug-like molecules. The ability of these
ligands to inhibit the DNA-binding function of EthR was measured by surface plasmon
resonance (SPR). The screening led to the identification of a thiophen-2-yl-1,2,4-oxadiazole
family of inhibitors which was represented by BDM14500. The binding of this hit to the
ligand binding domain of EthR was confirmed by X-ray studies and the ETH boosting effect

of this compound was validated in vitro on agar plates.'*!

2.2. Hit to lead optimization process

Preliminary hit optimization led to the identification of two 1,2,4-oxadiazole analogues
(BDM31343 and BDM31381)."*""'** BDM31381 was the most potent booster of ethionamide
bioactivation in vitro but was rapidly cleared in mice resulting in a low systemic exposure. In
contrast, BDM31343 was a less active compound in vitro, but showed a more favorable
pharmacokinetic profile. Both compounds were evaluated in M. tuberculosis infected mice.
The result revealed that daily IP treatment with BDM31343 at 50 mg/kg was able to triple the

activity of ethionamide in the mice model of TB infection.'*"'*?

2.3. Lead optimization to preclinical candidate

During the hit-to-lead optimisation process, X-ray crystallography of EthR liganded by
the potent inhibitor BDM31381 demonstrated a new orientation in the ligand binding domain
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in comparison to the initial hit. This observation stimulated Willand and his colleagues to
optimize new EthR inhibitors via a protein-templated in situ click chemistry approach.
Unfortunately, the novel compounds developed from this approach could not improve the
EthR inhibition activity and ETH boosting effect of lead compound. However, the results has
led to a much better understanding of the target and the flexibility of the ligand binding
pocket of EthR.'*

Alternatively, these authors applied a structure-based approach to optimize lead-
compound BDM31343 in order to yield a candidate for preclinical trial.'?*'*>'*¢ Firstly, a
series of thiophen-2-yl-1,2,4-oxadiazole analogues was synthesized in order to optimize
BDM31343 structure by exploring the replacement of its piperidine core and cyanoacetyl
group.'”® Consequently, SAR study was performed by replacing either the thiophene or the

oxadiazole in N-(4,4,4-trifluorobutyryl)-piperidine series (Figure 24).'*°

BDM31343
N-Q

@/}{ ) 1C50=3300 nM
\_d N)\CN\(\CN ECsp = 4700 nM
Sol. =194 pg/mL
Clint (microsomes) = 11 ul/min/mg

AUC (mouse) = 82 pg.mL™.h

Thiophen-2yl-1,2,4-oxadiazole series

a CF,
O
N-g 0

Compound 42 (BDM41906)

|C50 =400 nM

ECSU =60 nM

Sol. = 410 pyg/mL

Clint (microsomes) = 15 pL/min/mg

AUC (mouse) = 98.6 yg.mL'.h

Figure 24: Optimisation of lead compound BDM31343 by a SAR study
(modified with permission from American Chemical Society for ref.'**!%%)

This modification led to the discovery of compound BDM41906 that revealed optimal
physicochemical and pharmacokinetic properties. Furthermore, this lead compound was able
to boost 10-fold ethionamide activity on M. tuberculosis infected macrophages at nanomolar
concentration (ECso = 60 nM). Notably, this compound revealed good systemic exposure
following oral administration at 20 mg/kg (AUC = 98.6 pg.mL '.h)."*> Encouraged by potent
pharmacodynamic and pharmacokinetic properties, BDM41906 was then evaluated in a
model of M. tuberculosis infection in mice. Results showed that, as BDM31343, an
equivalent boosting effect on the ETH activity is obtained with compound BDM41906 given
orally once per day, at 20 mg/kg, using beta-cyclodextrine as vehicule.'*’ Until now,
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BDM41906 is considerd as the best ETH booster candidate for preclinical assay. This result
opens new perspectives for the use of such combinations in humans.

3.  Development of EthR inhibitors by high-throughput screening

A back-up series of EthR inhibitors was also developed based on a phenotypic high-
throughput screening. This approach is believed to reveal new chemotypes that show both the
capacity to bind to EthR target and also to cross the complex mycobacterial envelope (Figure
25).

14640
cpds

M. smegmatis
HTS

—@—NI:D\HL()@ E:> :@rﬁj\ro\ds E> Q?’ BIZ.)32-

0
R3 R4 HJ\/O\@O\
ATm =6.4°C 960 compounds ATm =10.6 °C
ECs0>10 uM ECso = 210 nM
Figure 25: Development of EthR inhibitors by high throughput screening
(adapted with permission from American Chemical Society for ref. '*%)

Firstly, a screening of a chemical library of drug-like molecules (14640 compounds)
was performed using a whole mycobacterial phenotypic assay on M. smegmatis. This led to
the discovery of an N-phenylphenoxyacetamide family. The optimization of this series was
driven by the synthesis of a 960-member focused library that was screened on EthR using a
rapid thermal shift assay. The best compounds were synthesized on a larger scale and
confirmed as potent ethionamide boosters on M. tuberculosis-infected macrophages. Finally,
the cocrystallization of the best optimized analogue BDM31827 with EthR revealed an

unexpected reorientation of the ligand in the binding pocket.'**

4. Development of EthR inhibitors by fragment-based approach

In order to increase the chances of finding new low-molecular-weight EthR inhibitors
with suitable physicochemical properties that penetrate into the mycobacteria and bind to the
EthR target, a fragment-based approach was applied by two independent research groups in
order to investigate the design of novel fragment-based EthR inhibitors.

Recently, the scientists at the University of Cambridge conducted a structure-guided
fragment-based approach to develop allosteric inhibitors targeting the lipophilic binding site
of EthR (Figure 26). From a fragment library containing 1250 molecules, they have identified
the fragment [1] as hit compound via a screening process comprising thermal-shift assay
(TSA), surface plasmon resonance (SPR) and X-ray crystallography. The replacement of the
cyclopentyl by phenyl led to compound [S] with a similar activity. A fragment-linking
approach was then applied successfully to yield compound [9] with an improved inhibition
activity. In fact, it is worth noting that the ICsy of compound [9] is approximately 280-fold
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that of fragment [1] (Figure 26). However, the ethionamide MIC boosting activity of
compound [9] is similar to fragment [1] in the REMA (resazurin reduction microplate assay).

The reduction of the disulfide bond was hypothesized to explain this result.""”

AP = DD m DT T

Fragment [1] Compound [5] Compound [9]
ICo = 280 M IC5o =350 pM ICsq=0.97 uM

Figure 26: EthR inhibitors developed by a fragment-linking approach'"’

In parallel, a fragment-based strategy was simultaneously conducted in our research
group.”''® This study was started with the fragment BDM 15048 which was identified as a
weak EthR ligand (ATm = +0.1 °C, IC5o = 160 uM and ECsy >10 uM). Through three
fragment-based approaches, e.g. fragment growing, fragment linking and fragment merging
strategies, we optimized this fragment into potent ligands of EthR and ETH boosting activity
(Figure 27).

Firstly, the growing approach was started by an in silico screening of 976 sulfonamides
analogues to identify 10 hits. These hits were then tested in vitro to cellular assays and results
have pointed out BDM41329 as the most potent compound in this series. Interestingly, a
substitution of the isopentyl chain (BDM41329) by trifluoropropyl chain (BDM41956)
increased significantly the affinity (ATm = +8.5 °C) and by 20-fold the efficacy (ECsy = 0.29
uM, LE = 0.41). Furthermore, an optimization of the potency was obtained when replaced the
sulfonamide function by an amide linker. The BDM43266 showed gains in all activities (ATm
= +11.2 °C and ECsy = 80 nM) while keeping equal solubility (14.7 pg/mL). Secondly, a
fragment linking and fragment merging approaches were also used in order to optimize the
more potent ligand which can completely fit to EthR binding pocket. This led to potent EthR
inhibitors BDM44849 and BDM44853. However, a decrease of ligand efficiency and
solubility was observed in these compounds.

In summary, the “growing” strategy was particularly successful in this case leading to
an increase of the ligand efficiency. This increase is not usually observed in fragment-based
design. Compound BDM43266 was identified as the best candidate in this series with high
affinity to EthR (ATm = +11.2 °C), a potency in boosting ethionamide activity in the low
nanomolar range (ECso = 0.08 pM).'"® However, BDM43266 showed a poor in vitro
metabolic stability in mouse liver microsomes with t;, = 10 minutes and Cl,= 144
uL/min/mg.9 This compound was therefore not suitable to start in vivo assays. For that reason,
further optimization was performed in the course of my thesis.
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Figure 27: EthR inhibitors developed by fragment growing, linking and merging strategies''®
5.  Conclusion and outlook

In the context of Tuberculosis Drug Boost project at INSERM-U1177, many drug-
design approaches were applied to find drug-like EthR inhibitors (eg. click chemistry'*, high-

- . 128,141,145 118
, rational drug design *™"" ).

throughput screeening'** and fragment-based drug design
This procedure eventually led to the identification potent drug-like EthR ligands that boost in
vitro and in vivo ethionamide activity. We ended up with a family of compounds bearing an
acylated 1,2,4-oxadiazolylpiperidinyl scaffold which was developed by a structure-based
design approach. BDM41906, a representative of this series, has shown to be able to boost
ETH 4 times in an intravenously infected TB mice model and can be considered as the most
potent EthR inhibitor for preclinical assay. In addition, two distinct families as back-up series
were also developed. One serie contains N-phenylphenoxyacetamide motif (BDM31827)
developed by HTS approach and the other serie bearing a thiazole benzamide scaffold
(BDM43266) obtained from FBDD. However, the lead compound in fragment-based serie,
BDM43266, displays limited pharmacokinetic properties. Thus, further optimization was

considered.

—55—



Chapter Il.Development of novel EthR inhibitors with improved pharmacokinetic properties

Part C. Improving the microsomal stability of EthR inhibitors

In this context, we decided to develop novel EthR inhibitors based on the scaffold of
lead compound developed starting from fragment-based screening.''® Firstly, a study on the
metabolism of the most active compound BDM43266 was performed to determine the
influence of structural components on its stability in microsomes. Then, we performed key
structural modifications to improve microsomal stability of active analogues. These novel
EthR inhibitors are believed to have suitable pharmacokinetic propeties for in vivo
experiments.

1.  Metabolism study of the potent EthR inhibitor BDM43266

Our first hypothesis to explain the microsomal instability of BDM43266 was a possible
oxidation of the methyl group connected to the thiazole ring. We thought that this methyl
group could be oxidized by liver microsomes to an alcohol and then a carboxylic acid
derivative (Figure 28). For that reason, we synthesized these two hypothetic metabolites.

" 2 Y8 /"
)J\/>_©—<\ HO\)\% HOOC N 0]

/ BDM43266
Figure 28: Hypothetic metabolism of EthR inhibitor BDM43266

1.1.  Synthesis of two hypothetic metabolites of compound BDM43266

The synthetic pathway of the two compounds is summarized in Scheme 1.

0> C ZO, PTAP O:S C 20,
H Br HN

N\ f, DCEMeOH o
 50°C compound 1 3
(quantitative)
O (0] THF
’>—©—( . W2 [MeCN/ EtOH] />—®—/<
Br HN—\_ \/O\Y(gs reflux ~ \KH\
CF3 (@] CF3
compound 1 con;gcz):;l/:d 2
(0]
SN
>—< >—/< LiBH, >—< >—<
\/OW(L N HN— - HO\)\ HN—
CF3 0, CF3
) 0°C then rt
compound 2 compound 3
(92%)
ST\ 0
\K(‘\ 1) K2CO3 MeOH- Hzo reflux HOW(‘QN
HN HN
_\—CF 2) HCI 1N solution, rt 5 _\—CF3
compound 2 compound 4
(quantitative)

Scheme 1: Synthesis pathway of two hypothetic metabolites of BDM43266
The first reaction is a bromination of 4-acetyl-N-ethyl-N-[3,3,3-tris(fluoryl)propyl]-
benzamide using phenyl trimethyl ammonium tribromide (PTAP) in a mixture solvent of
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dichloroethane and methanol (DCE/MeOH). This reaction afforded the desired compound 1
in quantitative yield.

In the next step, the brominated compound 1 was then reacted with ethyl 2-amino-2-
thioxoacetate in a Hantzsch reaction to yield the desired thiazole 2. The mechanism of this

R H
H_@%SIH - . )/SI
(DI\H 07 “Ph ©C
Br K’H Br

R
_ Sy OHh KKOQH -
H-N OO )\
Ph R UH/_\B@ R

reaction is illustrated in Scheme 2.

H
H
RO(NH,  o7>p

h

H
-HBr S/gf
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Scheme 2: Mechanism of the Hantzsch thiazole synthesis

The thioamide is considered as a nucleophile reagent with its sulfur atom. The first step
is the substitution of the bromine atom of the bromoketone by the sulfur atom. The nitrogen
then reacts on the carbonyl group, activated through protonation. The intramolecular
arrangement leads to the formation of thiazoline. The reaction conditions then promote the
elimination of a water molecule that allows the formation of the expected thiazole. This
reaction was firstly conducted in tetrahydrofuran (THF) to give the thiazole with an average
yield (52%). However, we observed a by-product which was confirmed to be the
debrominated ketone (yield 11%). Unfortunately, by using different solvents (e.g. EtOH and
MeCN) we could not improve the yield of this reaction.

In the next step, the ester group was then reduced in alcohol 3 using LiBH4 with an
excellent yield (92%). On the other hand, the ester 2 was also saponified using K,COs to give
the carboxylic acid derivative 4 in a quantitative yield. It was noted that the carboxylic
derivative was unstable as we observed a partial decarboxylation of this compound during
purification by flash chromatography.

1.2. Metabolism study of BDM43266 in liver microsomes

Two synthesized derivative of BDM43266, the alcohol (compound 3) and the
carboxylic acid (compound 4), were then used as references in the microsomal stability assay.
Compound BDM43266 was mixed with liver female mouse microsomes in buffer at pH 7.4.
The mixture was then incubated at 37°C for 180 minutes. After that, microsomes were
denatured by acetonitrile. The mixture was then analyzed by LC-MS/MS in order to identify
the metabolites. Peaks attributed to metabolites were compared to the peaks of the two
hypothetical metabolites which were synthesized in section 1.1. The results confirmed our
hypothesis that the alcohol derivative (compound 3) was one of BDM43266 metabolites.
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However, no peak corresponding to carboxylic derivative (compound 4) was observed. The
detail results are presented in experimental section.

1.3. Biological activities of synthesized hypothetic metabolites of BDM43266

As commonly observed in drug discovery, an active metabolite could be also used as a
drug.'* We then decided to test these two derivatives in vitro. The assay was performed with
M. tuberculosis in the presence of subactive concentrations of ethionamide (0.1 pg/ mL of
ethionamide = MIC/10), which allows determination of a compound’s efficacy to boost

e