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Summary

Tuberculosis (TB) is a highly infectious airborne disease caused by
Mycobacterium tuberculosis (Mtb). An estimated 9.9 million people fell ill with TB in
2020 although only 5.8 million cases were diagnosed and reported. In addition, it is
estimated that 1.5 million people died from TB in the same year.

TB is treatable and curable. The standard treatment for active drug-susceptible
TB (DS-TB) includes the use of four anti-TB drugs for six months. This regimen has a
success rate of 85%. However, the inappropriate use of drugs for decades led to the
emergence of bacterial strains resistant to one or more of these anti-TB drugs. The
treatment of drug resistant forms of TB (MDR-TB) is more complex and with limited
options. It includes the use of second-line anti-TB drugs, which are associated with
severe side effects and longer times (treatment can be extended up to two years).
Moreover, patients might not have alternative treatment options if TB is caused by
bacteria that do not respond to the most effective second-line TB drugs; this is known
as extensively drug resistant (XDR-TB).

The increase of drug resistant strains, together with the limited protective
efficacy of the available BCG vaccine against pulmonary TB, make Mtb one of the most
infectious killers in the world. Therefore, shorter, safer, and simpler regimens to combat
drug susceptible and drug resistant TB are urgently needed.

Over the last decade, the discovery of new anti-TB drugs has increased the
clinical pipeline. As of December 2021, there were 23 drugs and various combination
regimens in clinical trials. Such as the study that aims to reduce the standard treatment
for DS-TB to four months using rifapentine and moxifloxacin instead rifampicin and
ethambutol. Or, for instance, the combination of bedaquiline-pretomanid-linezolid
administered for six months that was recently approved for operational research against
XDR-TB.

Despite these advances, there is a lack of understanding on how to properly
combine new compounds into optimal TB regimens. An initial step to this aim is in vitro
combination assays. However, such combination studies for old and new drugs against
Mtb is a nascent field. It is thus key to develop new methodologies to provide high
quality data able to feed the rational design of future anti-TB regimens.

This Thesis is divided into three chapters, which contain their own introduction
with specific concepts, as well as a final discussion of the results generated in them.

Chapter 1 deals with methodology development.



Summary

1. We first performed an in-depth study of currently available in vitro
methodologies to evaluate drug combinations against Mtb. We included
standard techniques as well as the recently published DiaMOND method. The
main limitations were: (i) their basis on growth inhibition, which very often
does not correlate with killing ability; (ii) their single-point measurements,
which leads to a loss of valuable information as the different combinations
show their maximum effect at different times, or (iii) their low throughput,
which significantly limits the capability of exploring new drug interactions.

2. In the second part of this chapter, we developed a new in vitro methodology
applied to the study of drug combinations against Mtb. This methodology,
named OPTIKA (Optimized Time Kill Assays), overcomes current limitations of
standard techniques such as the need of primary checkerboard assays based
on growth inhibition to select favourable pair-wise combinations and the
confirmation by technically cumbersome and low-throughput CFU-based time
kill assays. In addition to the enhanced throughput of OPTIKA comparing with
standard methods, its main advantage is that it allows to interrogate
hundreds of combinations of n drugs and select favourable interactions based
on killing activity in a unique assay.

In Chapter 2, we applied OPTIKA to study B-lactam containing drug combinations
against Mtb. We focused our study on these drugs because it is a large family of
antibiotics with exceptional records of clinical safety in humans and there has been a
recently growing interest on them in the TB field. We chose two sub-families of -
lactams (i.e. carbapenems and cephalosporins) to perform our in vitro combination
screenings based on bacterial killing. We screened B-lactams: (i) in combination with a
panel of commercially available drugs creating combinations up to three drugs, and (ii)
in combinations of up to five drugs from a set of drugs recently recommended by the
World Health Organization (WHO) treat drug-resistant forms of TB. After these
screenings, we robustly identified a clear favourable contribution of the B-lactams at
initial times of the experiments. In addition, we found some favourable and non-
favourable partners in high-order drug combinations containing B-lactams.

In Chapter 3, the study of B-lactam contribution to favourable drug combinations
was done from a mechanistic perspective. There, we focused our work on pair-wise drug
combinations containing rifampicin and cell wall inhibitors, such as B-lactams and the
first-line anti-TB drug ethambutol. Through transcriptomics, we found that bacteria
treated with multiple drugs were not able to mount the adaptative and protective
responses that are observed when they were exposed to single drugs.
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Resumen

La tuberculosis es una enfermedad infecciosa causada por Mycobacterium
tuberculosis. Es una enfermedad de transmision aérea y altamente contagiosa. Se
estima que 9.9 millones de personas enfermaron de tuberculosis en 2020 aunque
solamente 5.8 millones de casos fueron diagnosticados y notificados. Ademas, se calcula
gue 1.5 millones de personas murieron de tuberculosis en ese mismo afio.

Hoy en dia, la tuberculosis es una enfermedad tratable y curable. El tratamiento
estandar para las formas de tuberculosis activa sensibles a farmacos consiste en el uso
de cuatro antibidticos durante seis meses. La tasa de éxito de este tratamiento es de un
85%. Sin embargo, el uso incorrecto de estos farmacos a lo largo de los anos condujo a
la generaciéon de resistencias y, por tanto, a la existencia de cepas bacterianas
resistentes a uno o mas de estos farmacos antituberculosos. El tratamiento de las
formas de tuberculosis resistentes a farmacos es mas complejo y con opciones limitadas.
En estos casos, hay que recurrir al uso de farmacos antituberculosos de segunda linea,
los cuales se asocian a efectos secundarios graves y necesitan ser administrados durante
periodos de tiempo mads largos (el tratamiento puede prolongarse hasta dos afios).
Ademas, los pacientes pueden no tener opciones de tratamiento alternativas si la
tuberculosis esta causada por bacterias que no responden a los farmacos
antituberculosos de segunda linea mas eficaces; es lo que se conoce como tuberculosis
extremadamente resistente.

El aumento de cepas resistentes a farmacos, junto con la limitada eficacia
protectora de BCG, la vacuna disponible contra la tuberculosis pulmonar, hacen de M.
tuberculosis uno de los agentes infecciosos mas mortales a nivel mundial. Por lo tanto,
se necesitan urgentemente tratamientos mas cortos, mas seguros, mas simples y mas
eficaces frente a formas sensibles y resistentes de tuberculosis.

Durante la ultima década, el descubrimiento de nuevos compuestos con
actividad antituberculosa ha aumentado significativamente la lista de posibles farmacos
en desarrollo clinico. A fecha de diciembre de 2021, se estaban evaluando 23
compuestos y varios regimenes de combinaciones en ensayos clinicos, con el objetivo
de optimizar el uso de los farmacos recientemente descubiertos. Por ejemplo, el estudio
gue pretende reducir el tratamiento estandar de formas de tuberculosis sensibles a
farmacos a cuatro meses mediante el uso de rifapentina y moxifloxacina en lugar de
rifampicina y etambutol. O la combinacién de bedaquilina, pretomanid y linezolid
administrada durante seis meses que ha sido aprobada recientemente para ser utilizada
en el marco de actividades de investigacion operativa contra formas de tuberculosis
extremadamente resistentes a farmacos.

A pesar de estos avances, no se sabe cdmo combinar adecuadamente los nuevos
compuestos en regimenes éptimos contra la tuberculosis. Un primer paso para ello son
los ensayos de combinacién in vitro. Sin embargo, este tipo de estudios de combinacién
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Resumen

de farmacos antiguos y nuevos contra la tuberculosis es un campo incipiente. Por lo
tanto, es fundamental desarrollar nuevas metodologias que proporcionen datos de alta
calidad capaces de alimentar el diseio racional de futuros regimenes antituberculosos.

Esta tesis se divide en tres capitulos principales. Cada uno de los cuales contiene
su propia introduccidon con conceptos especificos asi como una discusion final de los
resultados presentados en ellos.

El Capitulo 1 trata del desarrollo de metodologia.

1. Primero realizamos un estudio en profundidad de las metodologias in vitro
actualmente disponibles para evaluar combinaciones de farmacos contra M.
tuberculosis. Incluimos tanto técnicas tradicionales como el método DiaMOND,
recientemente publicado. Como principales limitaciones hemos encontrado: (i)
su base en la inhibicidn del crecimiento, que muy a menudo no se correlaciona
con la capacidad de matar, (ii) sus mediciones en un solo punto, lo que conlleva
una pérdida de informacidn muy valiosa ya que las distintas combinaciones
presentan su maximo efecto a distintos tiempos, o (iii) su baja capacidad, que
limita significativamente la capacidad de explorar nuevas interacciones
farmacoldgicas.

2. En la segunda parte de este capitulo, desarrollamos una nueva metodologia
aplicada al estudio in vitro de combinaciones de farmacos frente a tuberculosis.
Esta metodologia, denominada OPTIKA, supera las limitaciones de las técnicas
actuales, como la necesidad de realizar ensayos primarios basados en inhibicién
de crecimiento para seleccionar las combinaciones favorables y la posterior
confirmacién de estas interacciones mediante las tradicionales curvas de muerte
basadas en contaje de colonias viables, experimentos técnicamente engorrosos
y de baja capacidad. Ademads de la mayor capacidad de OPTIKA en comparacién
con los métodos tradicionales, su principal ventaja es que permite ensayar
cientos de combinaciones de n farmacos y seleccionar las interacciones
favorables basandose en muerte celular y en un Unico ensayo.

En el Capitulo 2, aplicamos OPTIKA para llevar a cabo un estudio de las
interacciones farmacoldgicas de combinaciones que contienen B-lactamicos frente a M.
tuberculosis. Centramos nuestro estudio en los B-lactdmicos porque se trata de una gran
familia de antibidticos con registros excepcionales de seguridad clinica en humanos.
Ademas, recientemente ha habido un creciente interés en esta familia de fadrmacos en
el campo de la tuberculosis. Elegimos dos subfamilias de B-lactamicos (carbapenemsy
cefalosporinas) para llevar a cabo nuestros cribados in vitro de combinacién basados en
muerte celular. Hemos examinado los B-lactamicos: (i) en combinacién con un panel de
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Resumen

farmacos disponibles en el mercado creando combinaciones de hasta tres farmacos, y
(ii) en combinaciones de hasta cinco farmacos de un conjunto de farmacos
recientemente recomendados por la organizacion mundial de la salud para tratar las
formas de tuberculosis resistentes. Tras estos cribados, identificamos de forma robusta
una clara contribucién favorable de los B-lactamicos en los momentos iniciales de los
experimentos. Ademas, encontramos contribuciones favorables y no favorables de
determinados farmacos en combinaciones de mas de tres compuestos que contienen -
lactdmicos.

En el Capitulo 3, el estudio de la contribucion de los B-lactdmicos a las
combinaciones favorables de farmacos se realiza desde una perspectiva mecanicista. En
él, centramos nuestro trabajo en combinaciones de parejas de compuestos que
contienen rifampicina e inhibidores de la pared celular como los B-lactdmicos y el
farmaco antituberculoso de primera linea etambutol. A través de la transcriptémica,
descubrimos que las bacterias tratadas con multiples fdrmacos no eran capaces de
generar la respuesta adaptativa y protectora que se observa cuando se exponen a
farmacos unicos.
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History of tuberculosis

Tuberculosis (TB) is an ancient disease whose history has been closely related
with the history of humanity. Despite being one of the oldest infection diseases affecting
humans, today it still remains as a public health threat around the world [1].

Bone deformities found in fossils from the Neolithic period and Egyptian
mummies constituted the earliest evidence of TB in humans and animals [2, 3]. In the
ancient Greece, TB was well known. Hippocrates (460-370 BC) described a lung disease
with fever and cough, which he refers to as phthisis (from the Greek phthiein: to waste
away describing the progressive decay of the body of patients with pulmonary TB) or
consumption. He provided a remarkably accurate description of the clinical
characteristics of patients with pulmonary TB and recognized the predilection of young
adults for active tuberculosis [4, 5]. Phthisis was described as the commonest disease of
that period, usually culminating in death. The Hippocratic school considered it a
hereditary disease rather than an infectious disease, as it commonly occurred affecting
a whole family. Contrary to the general opinion at that time, Aristotle (384-322 BC)
believed in the infectious nature of phthisis [2, 6].

Not only the Greeks, but also the Indians and the Romans, described and studied
the disease, evidencing its wide prevalence. Reviewing its evolution over the course of
the history, it is clear that TB has been linked to the development of new urban areas
where people have been confined, such as the establishment of the cities of the Nile
Valley, the Greek polis and in Rome of the early imperial period [2].

During the Renaissance, the pathoanatomical basis of the disease began to be
investigated. In 1679, Sylvius de la Bbe was the first to mention tubercles as
characteristic lesions in the lungs and other organs of consumptives. However, it was
not until 1834 when Johann Lukas Schonlein coined the term tuberculosis [2, 6].

In the 18t and 19t centuries, TB caused an epidemic in Europe. At that time, it
received different names such as the robber of youth, the great white plague or the
white death (because of the paleness derived from the disease). Extra-pulmonary
tubercles were also observed although it was not known that Scrofula (the name given
to extra-pulmonary TB) was related with phthisis or consumption [6].

In 1865, the French military surgeon Jean-Antoine Villemin demonstrated the
infectious nature of TB. He also noticed an increased prevalence of TB in crowded urban
areas; and that in other areas, such as Australia or New Zeeland, TB had not been known
until the pioneers arrived [3, 7]. However, it was not until 1882 when Robert Koch
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identified and isolated the causative agent of TB, the tubercle bacillus, lately named
Mycobacterium tuberculosis (Mtb) [8].

Mtb belongs to the Mycobacterium tuberculosis complex (MTBC), which includes
several mycobacterial species (M. tuberculosis, Mycobacterium bovis, Mycobacterium
microti, Mycobacterium africanum, Mycobacterium pinnipedii and Mycobacterium
caprae). It is believed that all of them shared a common ancestor. Some studies
estimated that this common ancestor was present in East Africa three million years ago,
where it coexisted with early hominids [9]. In another model, it was proposed that
humans had been infected with MTBC for at least 70,000 years [10]. Nevertheless, it is
clear that MTBC has coevolved and globally disseminated within human population.

Historically, TB was considered an incurable disease. In the 19% century
Hermann Brehmer introduced the sanatoria [11]. People suffering from TB were isolated
from their regular environment and taken to sanatoria to be subjected to strict rest,
fresh air and good nutrition. Patients with minimal infection showed a good recovery
during sanatoria treatment. However, many patients with severe forms of the disease
still died. Overall, according to long-term results of an American study, there were
multiple cases in which TB appeared again some years after the sanatoria treatment. In
retrospect, this improvement on patients’ health could be explained as an active to
latent TB disease progression rather than a complete eradication of TB [2, 3].

A turning point in the prevention of TB in the 1900s was the creation of the live
attenuated BCG (bacilli Calmette-Guérin) vaccine developed by Albert Calmette and
Camille Guérin [12]. After 231 passages of an M. bovis strain, they obtained an
attenuated strain that was well tolerated and unable to produce the disease in several
animal models such as guinea pigs, cows, horses, hamsters, mice, rabbits, dogs, chicken
and non-human primates [13]. Immunization with this vaccine started in Paris in 1921
[2]. The original culture of BCG was rapidly sub-cultured and distributed to different
laboratories around the world. Until 1960, when the lyophilized methods appeared,
these laboratories maintained the strain by passaging on non-synthetic culture media
and used it for local vaccine production. This parallel passaging of the culture in different
media led to genetically different sub-strains of BCG still existing today [13]. To date,
BCG is the only available vaccine to be used against TB. It provides a strong effective
protection in children against disseminated forms of the disease, especially meningitis,
but it shows variable efficacy in the protection against pulmonary TB in adults [14].
Currently, several vaccines against TB are under development [15].

Another milestone in the fight against TB was the discovery of effective
antibiotics against Mtb (Figure 1.1). The first one was streptomycin (1944) [16]. In the
1940s and 1960s, more antibiotics were developed for the treatment of TB (i.e. para-
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aminosalicylic acid, isoniazid, pyrazinamide, cycloserine, ethionamide, kanamycin,
capreomycin, ethambutol and rifampicin) [17]. However, the administration of these
antibiotics alone rapidly produced the appearance of drug resistant strains (DR-TB) [18]
and it was soon acknowledged the need of treating TB in combination therapy.

Discovery of drugs for tuberculosis

1952 1955 1960 1963
Isoniazid Cycloserine Ethionamide Capreomycin
1954 1957 o 1996 2005
1943 Pyrazinamide Kanamycin Ethambutol 1982 Moxifloxacin Bedaquiline
Streptomycin Ofloxacin 1992 2000
1951 Gatifloxacin Pretomanid

1948 Thiacetazone 1963 2006
PAS Rifampicin Delimarid

T T T
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Figure 1.1. History of anti-TB drugs discovery and their mechanism of action. Upper panel:
Available drugs to treat TB disposed in a chronological order according to their discovery date.
Repurposed drugs (clofazimine, linezolid and meropenem) and drugs currently under
development in clinical trials (sutezolid and SQ109) are not included in the Figure. Adapted from
[19]. Lower panel: Mechanism of action of currently available anti-TB drugs. Adapted from [20].

Due to this initial success on treating TB, public health institutions devoted less
efforts and control resources on TB, which combined with an increase of immigrants
from high prevalence nations to developed ones, changes in social structure, and the
onset of the HIV/AIDS epidemic, produced a resurgence of the disease in the late 1980s
[2, 21, 22]. The number of TB cases dangerously increased and multi-drug resistant
forms of Mtb spread. Research was also disregarded and few anti-TB compounds were
added over those decades to the TB drug armamentarium.

In response to the resurgence of TB, in 1993 the WHO declared TB a global
emergency making it the first infectious disease to be declared as such [23]. Since then,
several TB control strategies aiming to reduce the global burden of TB have been
created. For example, in 1994, an international TB control strategy named DOTS (Direct
Observed Treatment, Short-course) was launched covering different points such as
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political commitment, diagnosis, standardized short-course chemotherapy, effective
drug supply system, a standardized system for surveillance and programme monitoring
[24]. In 2006, the WHO launched the Stop TB strategy focused on achieving universal
access to diagnosis and treatment for people with TB, reducing the socioeconomic
burden associated with TB, protecting vulnerable populations and supporting the
development and use of new tools [25].

In 1993 the funding situation and the research strategy of the scientific
community began to change [26, 27]. Small research groups became TB research units
and, eventually, large and interdisciplinary consortia including several members from
academic institutions and the industry were created, such as the TB alliance (Global
Alliance for TB Drug Development), a non-for-profit organization that was set to the
discovery and development of faster-acting and affordable drugs against TB [28], the
TBDA (TB Drug Accelerator), whose main goal is to discover new drugs to get a shorter,
safer and simpler regimen [29], or the ERA4TB (European Regimen Accelerator for TB)
Consortium, aiming to accelerate the development of new regimens against TB [30],
among others [26]. Research and development efforts across academia, pharmaceutical
companies and public-private partnerships led to the clinical development and the
regulatory approval of pretomanid, bedaquiline and delamanid during the last decade,
which meant a great progress in the fight against DR-TB [31].

Pathogenesis of tuberculosis

Tuberculosis is an airborne infectious disease in which humans are the unique
known reservoir. There are several forms of the disease affecting different parts of the
body, although most cases are pulmonary TB (Figure 1.2). When a person with active TB
coughs, speaks or sings, small drops containing the bacteria, also known as aerosols, are
disseminated into the air. People nearby may inhale these aerosols and become
infected. After inhalation, Mtb reaches the lower respiratory tract and, once in the lungs,
it encounters the alveolar macrophages, which are the predominant cell types that Mtb
infects. Mtb is an intracellular pathogen and it has developed strategies to overcome
the host defence mechanisms [32]. Once inside the macrophage, Mtb blocks the
phagosome fusion with the lysosome and disrupts the phagosomal membrane,
accessing to the cytosol, which favours its dissemination.

The progression of TB infection is fundamentally regulated by the integrity of the
immune system of the host [33, 34]. If the first line defence fails to eliminate the
bacteria, Mtb continues replicating and expanding to other macrophages and interstitial
tissue. Afterwards, it reaches the parenchyma, where a multicellular host response
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occurs. This multicellular response leads to the recruitment of other immune cells, such
as T cells and B cells and the formation of the granuloma.

The granuloma is the hallmark of the host response to contain the infection.
However, bacteria inside the granuloma might persist in a latent state instead of being
eliminated. This ability of Mtb to live in equilibrium with immune responses makes these
bacteria an extremely successful human pathogen. It can survive in this immune
microenvironment for years, causing few health problems for the most part of the
infected people. This phenomenon is known as latent TB infection. However, in
approximately 10% of patients, a reactivation of the disease occurs when the immune
system is compromised. Then, infected cells inside the granuloma die; this necrotic zone
leads to the breakdown of the granuloma and the subsequent dissemination of TB to
the lung and, thus, into the air through coughing [33, 35].
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Figure I.2. Transmission cycle of Mycobacterium tuberculosis. 1.Human to human transmission
of Mtb occurs airborne. 2. The disease progression depends on the immune system of the host
and, in most of the cases, the bacilli are contained in the granuloma and no symptoms are
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presented by infected individuals. This form of the disease is known as latent TB. 3. If the
immune system is compromised, the granuloma collapses. 4. In those cases, Mtb spreads and
active TB is developed. Adapted from [36].

Diagnosis of tuberculosis

Two immuno-based methods are widely available to detect latent TB infection,
i.e. the Tuberculin Skin Test (TST), also known as the Mantoux and the Interferon
Gamma Release Assay (IGRA). Both tests are acceptable but present low sensitivity in
immunocompromised population [37]. The TST consists of an intradermal injection of
tuberculin or the purified protein derivative (PPD). If the individual has developed cell-
mediated immunity to these antigens due to previous exposure to the pathogen, a
hypersensibility reaction is likely to occur in the next 72 hours. The main disadvantage
of TST is that it cannot distinguish between people actually infected with TB, other non-
TB mycobacteria or BCG-vaccinated people [38]. Quantiferon is based on IGRA and it
measures the interferon gamma released by T-cells after stimulation with some Mtb
antigens. This method allows to distinguish between Mtb infection and BCG vaccination,
but it cannot differentiate between latent or active TB [39].

Other technologies like imaging, microscopy, culture-based methods and
molecular tests are used to diagnose active TB. Chest X-rays are an established triage,
but a microbiological test is needed to confirm the diagnosis due to its low specificity.
The sputum smear microscopy is the most used technique in low and middle-income
countries. However, it presents low sensitivity in comparison with culture-based
methods, whose main limitation is the long time needed to obtain results. Some
molecular methods have been developed and implemented in high-burden countries
[40, 41].

To detect drug resistant forms of TB, culture-based drug susceptibility tests are
the gold standard methods. However, they are time-consuming and require well-trained
personnel and high biosafety-level laboratories, limiting its use in low-income and
middle-income countries. As an alternative, several molecular methods have been
developed (such as LPAs, Xpert MTB/RIF and Genedrive MTB/RIF ID among others).
However, some significant limitations are still present. First, most of them are focused
on a few genes, which implies that the same sample should be used for several tests to
its complete genome characterization. Second, not all of them are suitable to be used in
low-income and middle-income countries and, finally, far from being universal,
sensitivity and specificity can vary in different populations [42].
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Despite recent advances achieved in the field, an accurate and rapid method to
early diagnose and find people infected with TB is urgently needed not only to
administer the corresponding therapy before severe lung damage occurs, but also to
prevent the transmission of the bacteria to uninfected people.

Epidemics of the tuberculosis disease

Despite being preventable and treatable, TB is one of the deadliest infectious
diseases and the 13 leading cause of death in the world [43]. The WHO estimated that
nearly 10 million people developed TB in 2020, although only 5.8 million cases diagnosed
and reported. In the same year, 1.5 million people died from TB worldwide (including
214,000 people co-infected with HIV) [44].

These figures are strongly affected by the COVID-19 pandemic, which had a
devastating impact on the fight against tuberculosis [45]. The most evident sign is a huge
drop in the number of new cases of TB diagnosis reported. From 2019 to 2020 it dropped
an 18% (from 7.1 million to 5.8 million) reaching levels of 2012. This means a clear
reversal of progress achieved in previous years (Figure 1.3). The WHO estimated that in
the last year 4.1 million people fell ill with TB and were not diagnosed or officially
reported, a number far from the 2.9 million people estimated for 2019. This decrease
was concentrated in sixteen countries. The largest reduction in case reporting was
observed in those countries that had experienced major COVID-19 outbreaks and health
care service disruptions. This limitation to TB diagnosis and treatment access involved
an increase in TB deaths for the first time in over a decade. These impacts are forecast
to be worse in the coming years due to both: (i) the ongoing COVID-19 surges in low-
and middle-income countries and, (ii) an increased TB transmission, that is expected
after so many cases have been missed during the past two years [44, 46].
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Figure 1.3. Global trend of new TB cases notification. From [44]
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According to WHO estimations, about 1.8 billion people (i.e. around one quarter
of the world’s population), are latently infected with Mtb. However, among all people
infected with Mtb worldwide, only a small proportion of it (5-10%) will develop the
disease in their lifetime. TB can affect anyone, but most cases diagnosed in 2020 were
adults (56% men, 33% women and 11% children). In addition, TB is a disease linked to
poverty, since 90% of the cases diagnosed every year belong to 30 high TB-burden
countries, which are low-income and middle-income countries [14, 47]. The probability
of developing the disease drastically increases among people suffering from poverty,
undernutrition, HIV infection, diabetes, smokers or alcohol consumers [14].

The estimated incidence of TB in 2020 worldwide is shown in Figure 1.4. Areas
that accounted for most of the cases were South-East Asia, Africa, and the Western
Pacific. Eighteen countries accounted for more than 100,000 cases and only eight
countries i.e. Bangladesh, China, India, Indonesia, Nigeria, Pakistan, Philippines and
South Africa accounted for two thirds of the global cases [14, 48].
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Figure 1.4. Estimated tuberculosis incidence & countries with more than 100,000 estimated
cases of TB in 2020. Green colour scale represents the incidence of TB in 2020. Countries with
more than 100,000 estimated cases of TB are marked with orange circles. Labelled countries
accounted for two thirds of the global cases. Adapted from [44].

TB not only presents a high incidence, but also a high mortality. In 2019, before
the COVID-19 pandemic occurred, TB was the leading cause of death from a single
infectious agent, ranking even higher than HIV [14].

In 2020, 1.3 million people (HIV negative) were estimated to have died because
of TB. It is difficult to measure TB mortality among HIV positive people because deaths
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of people suffering from HIV are recorded as HIV deaths, and other contributory cases
are usually not recorded. However, 214,000 deaths were estimated in the same year
among HIV positive people.

A similar inequity for TB incidence is observed in mortality distribution (Figure
1.5). Globally, the number of deaths among HIV-negative is 17 per 100,000 population.
However, there is less than 1 death in most high-income countries; and more than 40
deaths per 100,000 population in many countries belong to Africa, Korea and Papua New
Guinea [14].
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Figure 1.5. Estimated TB mortality rates among HIV-negative people in 2020. High-income
countries show the lowest death rate. Most of the countries with the highest number of deaths
per 100,000 population belong to Africa, Korea and Papua New Guinea [14, 44].

Tuberculosis treatment and drug resistance

Drug treatment is the most effective therapy against TB, although it does not
have a 100% cure rate. The latest data show a global treatment success rate of 85% for
DS-TB, 59% for DR-TB and 77% for patients living with HIV [44].

Current treatment against DS-TB was developed decades ago (Figure 1.6). In
1950, only a few years after the discovery of p-aminosalicylic acid and streptomycin, a
clinical study demonstrated that the combination of both drugs was more effective and
reduced the acquired drug resistance. In 1952, isoniazid was discovered and its
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administration in combination with available anti-TB drugs at that moment was rapidly
evaluated in many trials. The triple therapy, which included isoniazid and p-
aminosalicylic acid for 18 to 24 months and pyrazinamide for the first six months,
showed predictable cures for 90-95% of patients and constituted the standard
treatment for TB for the next 15 years. In the 1960s, the substitution of p-aminosalicylic
acid by ethambutol resulted in an 18-months regimen, which was better tolerated. In
the 1970s, rifampicin was added to streptomycin, isoniazid and ethambutol, and the
regimen was reduced to 9-12 months. Finally, in the 1980s, the regimen duration was
reduced to six months by substituting streptomycin for pyrazinamide [19, 21, 49].

Discovery of drugs for tuberculosis
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Figure 1.6. History of DS-TB treatment development. Adapted from [19].

The standard treatment for patients with DS-TB currently recommended by the
WHO consists of an initial two-months intensive phase of isoniazid, rifampicin,
pyrazinamide and ethambutol followed by a dual therapy of isoniazid and rifampicin for
four months [44]. This regimen has not changed for decades, although a shorter regimen
composed of rifapentine, isoniazid, pyrazinamide and moxifloxacin for four months may
soon constitute an alternative according to recent WHO recommendations [50].

While this standard regimen presents a good success rate if taken as prescribed,
it implies that patients need to take an average of ten pills per day in the intensive phase.
It is a long regimen; it presents hepatic toxicity, and it is not well tolerated by a
considerable proportion of patients [51]. Moreover, poor adherence to treatment leads
to appearance of drug-resistant bacteria.
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A schema of TB drug resistance development is shown in Figure I.7. When a
latent TB infection is reactivated to active TB, the patient is treated with available drugs.
If the regimen is appropriate and completed, bacteria might be eradicated and the
patient cured. However, this progression does not occur in all cases; DS-TB treatment is
long and it includes at least four drugs with associate adverse effects, which calls for the
existence of structured programmes to improve adherence. Limitations of control
programmes are more common in places linked to poverty, high levels of people co-
infected with HIV and poor access to an appropriate treatment. Once patients start with
the treatment, the disease progresses form active to latent TB and symptoms disappear,
but bacteria have not been completely eradicated and the patient is not completely
cured. Uncompleted or unappropriated treatments lead to a higher probability of
developing disease relapse and drug resistance [52].
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Figure I.7. Mechanism of drug resistant development. Adapted from [52].

Drug resistant strains of Mtb are classified by the WHO into five groups [44, 53]:

e Isoniazid-resistant TB: strains of Mtb resistant to isoniazid.

e Rifampicin resistant TB (RR-TB): rifampicin resistant strains of Mtb.
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e Multi Drug Resistant TB (MDR-TB): Mtb strains resistant to at least
isoniazid and rifampicin, the cornerstone drugs for the treatment of TB.

e Pre-Extensive Drug Resistant TB (Pre-XDR-TB): Mtb strains that fulfil the
definition of MDR/RR-TB and are also resistant to any fluoroquinolone
(levofloxacin or moxifloxacin).

e Extensive Drug Resistant TB (XDR-TB): Mtb strains that fulfil the definition
of MDR/RR-TB, are also resistant to any fluoroquinolone (levofloxacin or
moxifloxacin) plus at least one of the drugs bedaquiline or linezolid.

Individuals suffering from drug resistant forms of TB cannot be treated with the
standard regimen. Treatment usually requires the use of second-line drugs for at least 9
months and up to 20 months, although an all-oral treatment of bedaquiline-pretomanid-
linezolid administered for six months (BPalL regimen) has been recently approved to be
used under operational research against XDR-TB [44].

DR-TB treatments need to be supported by counselling and monitoring for
adverse effects. In the absence of a DR-TB standard treatment, its design faces some
challenges. First, these regimens should be designed according to drug-susceptibility
testing, but traditional culture techniques take too much time and alternative molecular
techniques are not always available. Second, multidrug treatments for MDR- and XDR-
TB are long, and patients usually lose their income due to the duration of this treatment.
Third, previous medications taken by the patient, as well as the dose and duration, need
to be considered to design the proper regimen. Finally, DR-TB regimens often cost up to
25 times more than the standard treatment for DS-TB, which implies that some patients
are not able to cover the costs. All of these factors, together with severe side effects
associated with the drugs (i.e. ototoxicity, nephrotoxicity, hypothyroidism, psychiatric
disorders, epileptic episodes and gastrointestinal disturbance) contribute to the
inefficiency of the treatment and poor adherence rates [19, 52, 54]. Treatment can be
even more challenging in the case of XDR-TB, a form of the disease with even fewer
treatment options.

Recently, the WHO elaborated a guide to manage DR-TB. There, available drugs
for resistant forms of TB were grouped into three groups based on drug class and level
of certainty in the evidence of effectiveness and safety (Table I.1) [55].

Group A includes the fluoroquinolones (levofloxacin and moxifloxacin),
bedaquiline and linezolid. It is strongly recommended to include them in longer
regimens unless there are toxicity issues or drug resistance. These medicines showed
high efficacy in treatment outcomes and deaths reduction.

28



Introduction

Group B is formed by clofazimine and cycloserine or terizidone, drugs that were
effective in improving treatment outcomes but not so effective in reducing deaths.

Group Cincludes several drugs which are less effective than others from groups
A and B (ethambutol, delamanid, pyrazinamide, ethionamide, prothionamide and p-
aminosalicylic acid) or drugs with related toxicity or issues in the parenteral
administration (imipinem-cilastatin, meropenem-amoxicillin/clavulanic acid, amikacin,
and streptomycin).

According to the WHO most recent guidelines, a fully oral longer regimen is
preferred. However, agents should be chosen based on the resistance profile, patients’
known contraindications, drug-drug interaction, clinician preferences or operational
considerations among others.

Longer regimens should be initiated with four drugs; three of them from the
group A and one from the group B. Drugs from group C should be included in longer
regimens if they cannot be constituted with agents from groups A and B.

Levofloxacin (LVX) or

Moxifloxacin (MOX) Clofazimine (CFZ) Ethambutol (EMB)

Cycloserine (CS) or

Bedaquiline (BDQ) Terizidone (TRD)

Delamanid (DLM)

Linezolid (LZD) Pyrazinamide (PZA)

Imipenem-Cilastatin (IMP-CLN) or
Meropenem (MER)

Amikacin (AMK) or
Streptomycin (STR)

Ethionamide (ETH) or
Prothionamide (PTO)

p-aminosalicylic acid (PAS)

Table 1.1. Second line drugs for TB. Meropenem administered in combination with
amoxicillin/clavulanic acid. In addition to compounds included in this Table, clavulanic acid, high
dose of isoniazid and gatifloxacin are considered. Adapted from [55].

Drug discovery pipeline

Despite the global efforts made over the last two decades, finding new drugs for
TB remains a great challenge today. Recent advances done in the field of drug discovery
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have been driven by the increased knowledge of the biology of the pathogen and its
interaction with the human host [56]. From the development of the first successful
chemotherapy against TB in the 1960s to the development of the last approved drugs,
different approaches have been used in the drug discovery and development process
[57]:

1. Early chemotherapy: the progression of the first drugs (i.e. isoniazid,
rifampicin, ethambutol and pyrazinamide) was driven by the medical need.
No chemotherapy was available before these drugs were discovered. Their
anti-TB properties were assessed by in vitro assays followed by in vivo tests
in animal models and rapidly introduced into humans [57]. This fast clinical
progression is very different to current trials and regulatory processes, which
imply different clinical phases and several years to assess safety and efficacy
of the new drugs [58].

2. Modification of existing scaffolds: Multiple antibiotic candidates are
chemical molecules derived from drug classes which were discovered many
years ago [59, 60]. This approach identifies interesting chemical scaffolds of
natural products or drugs with good in vitro anti-TB activity but poor drug-
like properties. Molecules are redesigned to develop novel chemical entities
with better antimycobacterial properties. This approach not only allows to
find novel molecules which are more active against Mtb in contrast to the
parent compound, but also to design molecules with improved chemical
properties, such as better resistance profiles, safety, tolerability or
pharmacokinetic (PK) and pharmacodynamic (PD) properties, thus improving
the probability to be progressed into clinical phases. Following this strategy,
potent analogues of existing drugs were discovered:

e Nitroimidazole derivates: 5-nitroimidazole, an active molecule
against anaerobic bacteria, which was used to treat bacterial
infections affecting the gut. They served as the starting point of the
recently approved pretomanid and delamanid.

e Rifampicin derivates: rifabutin is a rifampicin derivate that shows
better compatibility with anti-HIV drugs.

e Ethambutol derivates: SQ-109 arose from a screening focused on
ethambutol analogues. It is currently in development in clinical trials.

3. Drugrepurposing: In some cases, existing antibacterial drugs with good anti-
TB properties are tested directly in TB clinical trials. Drug repurposing or
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repositioning is based on the identification of new uses for old, clinically
approved drugs. This strategy reduces the development risks because chosen
drugs have already gone through several phases of clinical trials and have
also been safety and pharmacokinetic profiled. This approach drastically
reduces development times because in vitro and in vivo testing, chemical
optimization or formulation development are in many cases completed. This
reduction in associated development risks, cost and time definitely facilitates
their way to the market [61].

Drug repurposing was applied to TB in the 1990s, after the global emergency
was declared, in order to introduce novel drugs against drug-resistant strains
in the pipeline. Several drug classes were added:

e Oxazolidinones: such as linezolid, currently in use against MDR
and XDR-TB, and others in clinical trials: posizolid, sutezolid,
delpazolid and contezolid [56, 62].

e [-lactams: meropenem, the broad-spectrum B-lactam, possesses
in vitro activity against Mtb and showed efficacy in an early
bactericidal activity TB study. It has been recently recommended
by the WHO to treat MDR-TB [55]. Chapters 2 and 3 of this Thesis
are focused on B-lactams against TB.

e Fluoroquinolones: several fluoroquinolones showed
antimycobacterial activity in vitro. A study performed in India
showed positive results of the inclusion of oxofloxacin in the anti-
TB regimen. Moxifloxacin is a member of this group and is
currently used to treat MDR-TB [63, 64].

4. Target-based screening: the sequencing of the Mtb genome in the late 1990s
allowed to identify new targets to drug candidates. However, hits identified
in target-based screenings failed to progress because of poor
physicochemical properties or because of its inability to penetrate the highly
impermeable bacterial cell wall. For many essential targets found by
genome-derived target-based approaches, specific inhibitors with drug-like
properties have not been identified [57, 59].

5. Phenotypic screening: whole cell-based screenings test the potency of
compounds against in vitro mycobacterial cultures. This approach has been
very successful along the years and not only serves to identify new drugs, but
also to characterize and progress potential drugs as it happened with most
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of the frontline drugs [65]. Current phenotypic screening methodologies
allow testing compounds under different environments such as replicating,
non-replicating, or physiological states. The recently approved drug
bedaquiline [66] (FDA approved it in 2012, becoming the first anti-TB drug
approved in 40 years) was developed following this approach, as well as
other drugs which currently are in late phases of clinical trials (BTZ043, Q203,
OPC-167832).

The first anti-TB drugs were discovered more than 50 years ago. However, its use
as monotherapy rapidly prompted to the appearance of resistance. Global efforts in the
drug discovery field in the last two decades led to substantial progress and new
compounds progressing in the clinical pipeline, but more drugs are needed to avoid drug
resistance and achieve shorter regimens. Similarly, the recognition of the need for
improved therapies for MDR-TB has led to an increase in the number of trials to identify
novel anti-TB therapies [67] (Figure 1.8).

Discovery Preclinical Development Clinical Development
r - \r A LN | L 1
Lead N\ . Regulatory
i Je b Approvals
PanD inhibitors JSF-3285* FNDR-20081* BVL-GSK098* Delpazolid
Indazole sulfonamides . o
. Moxifloxacin
Diaryithiazoles MPL-MG, 447* TB-47* GSK-286* S—UteZOIId Bedaqui|ine"‘//
DprE1 Inhibitors ”
Direct Inha Inhibitors  CPZEN-45%  GSK-839* TBAJ-587 BTZ-043 PZ:\ (Tni(h Bedaquiline*
regimen
—— NTB-3119*  OTB-658 TBAJ-876 TBA-7371*
P Truncate TB
. TZY-5-84 Sanfetrinem TBI-223 OPC-167832* (2-month regimens)
ycobacterial Gyrase

:‘::::;:.m““ MBX-4888A Macozinone*  GSK-656* (070) Rifapentine /

* » 5
Sl s, 13810] (PBTZ-169) $0-109¢ Telacebec* Moxifloxacin /
:r;;:;o:;;: = FNDR-10045* Pyrifazimine . i

. Lyritazimine SPR720 month regimen) .
Oxazolidinones FNDR-20364* (TBI-166) e Underline = updates
Bt since March 2021
'Ntw chormul flns:‘Known :hcm::::l:s:u '?r any indication are color coded: fl ! famycin, lid: diarylquinoline, g% W 0 R K | N G G RO U p
! _ ® ON NEW TB DRUGS

! New Molecular Entities not yet being for T8 or only for TB. Showing most advanced stage reported for each.
Details for projects listed can be found at http://www.newtbdrugs.org/pipeline/clinical www.newtbdrugs.org
Ongoing projects without a lead d series identified: http://www.newtbdrugs.org/pipeline/discovery Updated: October 2021

Figure 1.8 New TB drug pipeline. From [67]. Accessed on 29" Oct 2021.

Treatment of TB is rooted on combinations of drugs administered for enough
time to get non-relapsing cure and avoiding the selection of drug-resistant mutants.
However, the design of new regimens based on recently developed drugs is challenging
and needs to be rationally developed for several reasons. Firstly, it should be considered
that the contribution of a particular drug could be altered by other drugs in the
combination. Secondly, drug combinations should be designed with the purpose of
eradicating different bacterial subpopulations to achieve cure and prevent the
development of resistance. And finally, more effective, shorter, simpler, and safer
regimens are urgently needed to treat DS- and DR-TB [3, 19, 56, 57].
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Despite some advances done during the last decades, new anti-TB drugs are
urgently needed. Single agents are unable to eradicate the disease and, thus, new
regimens combining three or more new drugs are required. Drug discovery and
development in tuberculosis is particularly challenging for several reasons. First, due to
the nature of the disease, its pathology and the disease progression hinder the
development of new drugs to get shorter regimens with respect to other diseases. The
granuloma limits drug penetration and allows the co-existence of extracellular and
intracellular bacteria with different metabolisms and antibiotic susceptibility. Second,
Mtb is a slow-growing bacteria and, consequently, in vitro and in vivo assays can take
months, which leads to a slower progress compared to other areas. Finally, Mtb research
requires Biosafety Level 3 (BSL3) facilities with high level of containment and highly
trained personnel [68].

The challenge for the development of new regimens for TB is not just the
identification of new molecules. The need for combining three or more drugs in final
anti-TB regimens requires the inclusion of drug combination assays in pre-clinical
models [31, 69]. Traditional in vitro assays to evaluate drug combinations present low
throughput, which limits its practical use. New methodologies such DiaMOND have
overcome this limitation and allow the interrogation of a higher number of drug
combinations under different conditions mimicking different bacterial niches [70, 71].
However, although in vitro growth inhibition rates of compounds are widely accepted
as a determinant of response to treatment, it has been seen that, when integrating PK
and PD measures from late-stages of clinical trials, measurements of growth inhibition
are not optimal because they indicate inhibition of bacterial growth rather than bacterial
killing [72].

To date, available in vitro methodologies for the preliminary evaluation of drug
combination against TB are mainly based on drug inhibition assays. This Thesis describes
the development and practical application of a new in vitro technique to study drug
combinations against TB based on bacterial killing.
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Objetives

The main objective of this thesis is to explore more effective drug combinations
against tuberculosis. For this, the following specific objectives were considered:

1. To evaluate currently available in vitro methods to perform drug interaction
studies.

2. To develop a new in vitro method with enhanced throughput and based on
bacterial viability to evaluate drug combinations against Mycobacterium

tuberculosis.

3. To explore new drug combinations containing B-lactams against Mycobacterium
tuberculosis.

4. To understand the contribution of B-lactams in high order drug combinations.

5. To study the mechanism of action of favourable drug combinations in
mycobacteria.
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Chapter 1

Development of OPTIKA, a new technology
for drug combination kinetic studies against
Mycobacterium tuberculosis
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1.1 Introduction

Multidrug regimens to treat active TB were implemented in the 1950s as a need
to achieve cures and decrease antibiotic resistance emergence [49]. Today, the
development of anti-TB multidrug regimes to reduce disease relapse, antibiotic
resistance development and treatment duration remains a key principle of the third
pillar of the WHO END TB strategy, which calls for an urgent impulse in research
investments to develop new tools and make them available and accessible. [73].
Although drug combinations against TB have been used for more than 60 years [74],
there is no a gold standard method to perform in vitro interaction studies.

Checkerboard assays (CBA) are the standard method to evaluate in vitro pair-
wise drug interactions. They are typically performed in 96 or 384 multi-well plates in
which drugs are assayed in pair-wise combinations titrated in two-fold serial dilutions
along the X and the Y axes. Minimum Inhibitory Concentration (MIC) values (i.e., the
minimum drug concentration inhibiting at least 90% of bacterial growth) of the drugs
alone are thus measured together with the MIC of the combination (MICcombo). TO
quantify the degree of drug interaction, the Fractional Inhibitory Concentration (FIC) of
each drug is calculated by dividing the MIC of the drug in combination with the MIC of
the drug alone. Per drug combination, the Fractional Inhibitory Concentration Index
(FICI), the reference parameter to classify drug interactions, is calculated as the sum of
the individual FIC of the two drugs. The FICl is used as an indication of synergy (FICI <0.5),
antagonism (FICI >4) or no interaction (0.5< FICI <4) [75].

However, the main limitation of CBA is their low throughput. As an example, if
eight dilutions are included for each antibiotic, 68 wells will be needed per each pair-
wise combination. CBA can be applied to triple combinations by adding a fixed
concentration of the third drug to every well of the previously described checkerboard.
Each concentration of the third drug requires the evaluation of a completely new
checkerboard plate. These three-dimensional checkerboards are technically
cumbersome and impossible to be applied to more than three drugs, which definitely
restricts the applicability of CBA to pair-wise combination studies.

To overcome this issue, Berenbaum described a method that reduced the two-
dimensional dose response space to n+1 dose response curves, proposing to assay: One
dose response per single compound to determine the MIC value and one additional
“reference combination of n agents” dose response where all the compounds are 1/n
fold serially diluted and assayed together, being “n” the number of drugs tested [76].
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Results derived from in vitro drug susceptibility tests are influenced by the
physicochemical environment of the assays. An important source of variation of drug
susceptibility tests results is the preparation of an inappropriate bacterial inoculum. The
standardization of the bacterial inoculum is challenging because of the size, dispersion
and viability of organisms [77]. To overcome the inoculum size variation influence from
one experiment to another, Berenbaum emphasised the importance of repeating the
MIC determination of the compounds while the combination was being evaluated. In
addition, he also highlighted the need of including replicates to minimize technical
errors that could be easily detected in a traditional checkerboard layout.

More recently, Cokol et al applied the theoretical work of Berenbaum to a set of
nine first and second-line anti TB compounds, developing DiaMOND (diagonal
measurement of n-way drug interactions) [70]. DiaMOND gathered a great acceptance
and popularity in the TB drug discovery community because of its throughput and its
ability to interrogate high-order drug interactions, two key aspects in the case of TB, a
slow-growing microorganism that require BSL3 laboratories. However, DiaMOND relies
on MIC data, which constitutes a considerable limitation.

Briefly, DiaMOND requires previous determination of the activity of single drugs
to determine their inhibitory concentration, being these values defined as the Reference
MIC (MICgef). Drugs are then combined in an equipotent mixture of single drugs
regarding their individual MICs. A generic example of an experimental design to
determine the interaction of two drugs by DiaMOND is illustrated below, where blue
wells contain the desired mixture in terms of drug concentration (Figure 1.1). This
condition will be reached if the MIC values of drugs A and B in the combination assay
are the same than the MICges for both drugs determined beforehand. If this condition is
met, the diagonal of a squared checkerboard represents the most informative zone to
detect drug interactions.
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MICa= MIC per & MICg= MICg per

2X MIC, 2X MIC

MIC,

MIC,/2 MIC/2

MIC,/4 Mic/4

MIC,/8 MIC/8

MIC,/16 MIC/16

MIC,/32 | MIC/32

No drug | MICy/32 | MIC,/16 | MIC,/8 | MIC,/4 | MICy/2 | MIC, | 2XMIC,

Figure 1.1. Comparison of CBA and DiaMOND layouts. Drugs A and B are displayed in a squared
checkerboard layout with respect to their MICger. In this example, the maximum assay
concentration of the single drugs is set at twice the MICg.r. Green wells: dose response of drug
A. Yellow wells: dose response of drug B. Wells containing equipotent mixture of drugs A and B
are placed in the diagonal of the checkerboard (blue wells). In the case that ICso was considered
the reference value to determine the compound activity, MIC= ICso.

However, MIC determination assays entail intrinsic reproducibility issues due to
a %1 dilution factor variability [78]. This variability is assumed in standard single-drug
MIC determination assays and it does not impact the evaluation of pair-wise CBA,
because the whole array of concentrations allows the selection of the correct MIC values
and MICcombo, thus minimizing intrinsic variations between MICges and the experimental
MIC (MICexp).

Because of its dependence on MIC values, DiaMOND is strongly affected by inter-
experiment MIC variation. Two generic examples where the MICey, of one compound
varies in one dilution factor with regard to the MICges, either one dilution factor up, or
one down are illustrated in Figure 1.2 (Figure 1.2 left and Figure 1.2 right, respectively).
In these examples, the diagonal of the squared checkerboard would not contain the
equipotent mixture of drugs predicted by DiaMOND. As a consequence, wells of
maximum probability for drug interaction determination would not be assayed and,
therefore, drug interaction determination would lead to erroneous classifications.
Antagonism and synergy, for instance, are overestimated in the examples shown in
Figure 1.2, left and right, respectively.
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Figure 1.2. Equipotent mixture position variation in DiaMOND. Equipotent mixture of drugs A
and B position (dark blue wells) might change due to intrinsic experimental variation of MIC,
moving up or down in relation to their theoretical position (light blue wells). Left: example of
MICa varying in one dilution factor up with regard to the previously determined MICges (green
wells). Right: example of MIC, resulting in one dilution factor down with regard to the previously
determined MICger (green wells).

In this example only one dilution factor variation for one of the drugs was
considered. However, the real situation could be easily more complex if such variations
were to be observed for both drugs, or if they would vary in more than one dilution
factor.

Although several mathematical models have been discussed at large on how to
best define synergy [74, 79, 80], the biological relevance of such approaches for routine
clinical use has been questioned when it comes to predict clinical outcomes of drug
combination therapy [81]. One explanation for such discrepancies could be that both,
CBA and DiaMOND, are single time point assays that remain inherently rooted in the use
of the FICI, a measurement of growth inhibition, as the metric of drug activity rather
than bacterial killing [82]. This brings two major limitations when it comes to identify
combinations with a potential translational impact for TB therapy:

1. Growth inhibition measurements are dependent on the sensitivity of the growth
indicator used, i.e. optical density, redox indicators (such as MTT or resazurin),
or ATP-based luminescence readouts, each having a defined bacterial cell limit
of detection. For example, to get a positive growth signal when using optical
density, at least, a cell density of 108 cells/ml is needed. This threshold can be
lowered to 107 or 10° cells/ml when using redox or ATP-based growth indicators,
respectively [82]. Effectively, this limits the evaluation of the potential activity
that drugs alone or in combination might have below the set limit of detection.
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2. MiICdetermination against Mtb is typically read only once after five to seven days
of incubation. Effectively, this means that essential information is missed at early
and late time points of the growth curve since the longitudinal data (i.e. factoring
time) is not computed in the drug interaction assessment. This is clearly
exemplified in the case of B-lactam antibiotics, which displayed a rapid initial
bactericidal killing followed by cell regrowth. Such regrowth is due to the
stoppage of drug pressure due to thermal drug degradation (for example, B-
lactams are highly unstable in the 7H9 assay media) [83]. Considering drug
combinations, those drug interactions that produce a faster effect than the
related single drugs would be overlooked if the end point is taken after the
culmination of this transitory effect. The use of a single end point could be
misleading due to lack of activity or lack of drug interactions.

Any potential combination identified by FICI-based readouts would thus require
secondary validation by time kill assays (TKA) [81]. TKA are the most valuable assays in
static in vitro PK and PD studies that rely on Colony Forming Units (CFU) enumeration at
different time points (instead of a fixed time point as in the case of CBA or DiaMOND),
being the basis of mathematical modelling of antimicrobial drug action [84]. However,
this type of assays significantly and, in some cases, prohibitively increases the
complexity and duration of combination testing. In TB research, performing TKA is
cumbersome due to the slow growth of bacteria (which may take ca. 2-4 weeks to form
colonies) and the need of working in BSL3 laboratories. Under these conditions, TKA
throughput is typically limited to the working capacity of the technical operator (a
maximum of ca. 30 samples can be processed per experiment), which creates a barrier
to validate interactions of more than three drugs due to the large number of possible
combinations.

In 2015, Gold et al. described the Charcoal Agar Resazurin Assay (CARA) [85], a
methodology based on cell viability instead of growth inhibition that can be performed
in 96 multi well-plates. In CARA, MIC is determined in liquid medium in a 96-well plate
format followed by an outgrowth phase. From the liquid cultures, an aliquot is
transferred to a 96-well plate containing solid growth media supplemented with
activated charcoal. After a further incubation, cell viability is measured by the
fluorescence based resazurin assay, and the Minimum Bactericidal Concentration
(MBCoyg.9) is determined.

CARA was developed to classify compounds based on bacteriostatic or
bactericidal activity in both replicating and non-replicating conditions [85]. Building from
this assay, CARA was adapted as a tool to perform killing curve assays of drug
combinations in a 96-well plate format resulting in OPTIKA (Optimized Time Kill Assays).
OPTIKA allows to replace the tedious labour of manually diluting samples and CFU
counts by a resazurin-based fluorescence readout. Briefly, samples are grown in a
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standard 96-well plate, at different time points aliquots are taken and then inoculated
in CARA plates.

This Chapter describes the development process of OPTIKA for its use against M.

tuberculosis and its validation by comparison with standard CBA and DiaMOND
methodologies.
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1.2 Material and methods

1.2.1 Bacterial strain, growth conditions and reagents

M. tuberculosis H37Rv strain was used for all experiments in Chapter 1. Mtb cells
were routinely propagated at 37°C in Middlebrook 7H9 broth (Difco) supplemented with
10% Middlebrook albumin-dextrose-catalase (ADC) (Difco), 0.2% glycerol and 0.05%
(vol/vol) tyloxapol; or on Middlebrook 7H10 agar plates (Difco) supplemented with 10%
(vol/vol) oleic acid-albumin-dextrose-catalase (OADC) (Difco). An exponentially growing
Mtb liquid culture (ODesoo = 0.2-0.5) was aliquot, stored at -80°C and frozen stocks CFU
enumerated (5.75 x10° CFU/ml). Every experiment was started from a new aliquot.
Aliguots were thawed in the appropriate assay media volume (Middlebrook 7H9 broth
supplemented with 10% ADC and 0.2% glycerol) to reach the desired bacterial
concentration.

Stock solutions of drugs used in this Chapter were always prepared fresh on the
same day of plate preparation (10 mM in DMSO). The day before bacterial inoculation,
compounds were dispensed onto the corresponding assay plate using an HP D300e
Digital Dispenser, HP T8+ and D4+ Dispensehead Cassettes (Ref. FOL59A & FOL60A) and
stored at -80°C.

MTT solution was prepared dissolving 5 mg/ml of MTT (2-(3,5-diphenyltetrazol-
2-ium-2-yl)-4,5-dimethyl-1,3-thiazole; bromide) (Acros Organics, 158990050) in Milli-Q
water containing 20% vol/vol of Tween 80 (Sigma, P4780). Once dissolved, this solution
was filtered through a 0.2 um pore size, and aliquots were stored at -20°C until use.

Resazurin solution was prepared fresh on the same day of dispensation onto the
assay plate. One tablet of resazurin (Fisher Chemical, R/0040/79) was dissolved in 30 ml
sterile PBS (Sigma, SLCB4705) containing 5 % (vol/vol) of Tween 80. The solution was
filtered through a 0.2 um pore size.

1.2.2 Growth inhibition assays. MTT Readout

Duplicate two-fold dilutions of the compounds were dispensed onto clear, flat-
bottom 96-well plates (Costar 3599), or clear, flat-bottom 384-well plates (Greiner
781091). Plates were then inoculated with Mtb cells (180 ul/well or 50 pl/well in a 96-
well or 384-well plates, respectively, to obtain a final cell density of 10> CFU/ml) and
incubated at 37°C. Internal growth controls were always included, i.e. no drug as 100%
growth control and no cells as 0% growth control. After 6 days of incubation, 30 ul/well
(or 15 pl/well in 384-well plates) of the MTT solution were added and plates further
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incubated at 37°C for 24 hours. Plates were then equilibrated at room temperature for
30 min and sealed with adhesive films (Perkin Elmer, 6050185). Absorbance at 580 nm
was then measured with an EnVision Multilabel Plate reader (Perkin Elmer). Absorbance
raw data (Abssample) Was normalized to the percentage of growth (% Growthsample) using
the absorbance of positive and negative growth controls (Abs100% Growth control and Absoy
Growth control, respectively) and the following formula:

ADbS sample—ADbS oy, Growth control x 100 (Eq 11)

%G h =
0 GTOWLN sampie 1
P Abs 100% Growth control™ bs 0% Growth control

Minimum drug concentration inhibiting bacterial growth by at least 90% was
defined as the MIC. Similarly, minimum drug concentration inhibiting bacterial growth
by 50% was defined as Inhibitory Concentration of 50% (ICso).

1.2.2.1 Checkerboard assays

Drug interaction assays were performed in an 8x8 grid checkerboard format in
96-well plates. Compounds alone were placed in a two-fold dose response format in the
left column and bottom row of the array. The top concentration for each compound was
two-fold the MICgef value.

MIC for each partner alone was calculated as described in section 1.2.2. Similarly,
the optimal MIC of the combination (MICcombo) Was calculated as the minimum drug
concentration of both drugs inhibiting bacterial growth by 90%.

In order to quantify the degree of pair-wise drug interaction (combination of
drugs A and B), the FICI was calculated with the following formula:

FICIgoAB = FICgoA + FIC9oB (Eq. 1.2)

Here, the FIC for every single drug was calculated as:

Concentration of drug A in MICcompo

FICyyA =
20 Concentration of drug A alone inhibiting bacterial growth by 90% (MIC4)

(Eq.1. 3)

FIClso was similarly calculated using ICso instead of MIC.

Synergy was defined by a FICloois0) £ 0.5; antagonism by FIClggso) > 4, and no
interaction by 0.5 < FIClgg(so) < 4.
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1.2.2.2 Diagonal Measurement of n-way drug interactions
(DiaMOND) assay

From the layout of a checkerboard plate, two-fold serial dilutions of the single
drugs and wells constituting the diagonal of the squared checkerboard (equipotent
serial dilution of the mixture predicted by DiaMOND) were selected for DiaMOND
analysis using two approaches:

(i)  Dose Response Curve fitting analysis. The dose response of the single drugs and
the dose response of the equipotent mixture (see Figure 1.1) were fitted to a
four-parameter logistic model by the excel add-in XL fit version 5.5.0.5 (IDBS).
MIC (i.e. 1Cq0) and I1Cso values were interpolated in the fitted curve equation. FIClgo
and FIClso were calculated using equations (Eq. 1.2) and (Eq. 1.3). When MIC or
ICs0 was a higher concentration than the highest concentration assayed this was
manually replaced by the value determined in 1.2.2.1.

(ii)  Monotonically decreasing analysis: % growth was converted to a monotonically
decreasing curve. MIC or ICsg of single drugs and combinations were interpolated
from the corresponding linear drug concentration interval equation.

In both approaches drug combinations were classified as described by Cokol et
al.: synergy FIClgg(so) < 0.85; antagonism FIClggis0)> 1.1, and additive 0.85 < FIClgg(s0)< 1.1.

1.2.3 Bactericidal assays

1.2.3.1 CARA plates preparation

CARA plates (96-well Costar 3599) were prepared as previously described [86].
Briefly, Middlebrook 7H10 agar (Difco) was supplemented with 0.5% glycerol, 10%
(vol/vol) OADC (Difco), 0.4% (wt/vol) activated charcoal (Sigma, C9157) and 0.5%
(vol/vol) of Tween 80. Media was maintained at 50°C on a heating plate with constant
stirring. Then, 200 ul per well were dispensed with a multichannel pipette and plates
were left for 40 minutes in the biosafety cabinet, without their lids, for agar
solidification. CARA plates were stored in sealed bags at room temperature until use.

1.2.3.2 Minimum Bactericidal Concentration (MBC) assays

Bactericidal assays were coupled to growth inhibition assays as it is described in
the CARA assay [87]. Briefly, growth inhibition assay plates were inoculated with the
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bacterial culture and incubated at 37°C for six days. At this point, prior to MTT addition,
20 pl/well were transferred to CARA plates.

Inoculated CARA plates were placed in plastic bags and incubated at 37°C for
nine days. Then, 40 pl/well of resazurin solution were added to the CARA plate, placed
in plastic bags, and further incubated at 37°C for 24 hours. Plates were then equilibrated
to room temperature for 30 mins, sealed with adhesive films (Perkin Elmer, 6050185)
and top fluorescence (Aexc=530 NM Aemis=590 nm) was read with an EnVision Multilabel
plate reader. Fluorescence background was calculated using wells containing media
without inoculum. The MBCgg.9 was calculated as the lowest drug concentration showing
a fluorescence signal below the background.

1.2.3.3 Fractional Bactericidal Concentration Index (FBCI) assays

Similar to the MBC assays, the starting point was a 6-day-old plate from a growth
inhibition assay with drug combinations instead of single drugs. The CARA protocol was
followed as described for MBC determination in section 1.2.3.2.

In the case of combinations, the MBCag.9combo Was calculated as the combination
with the lowest concentrations of both drugs A and B maintaining a signal of
fluorescence below the background.

Similar to equations (Eq. 1.2) and (Eq. 1.3), the Fractional Bactericidal
Concentration (FBC) of each drug of the pair-wise combination was calculated as:

Concentration of drug A in MBC99.9¢combo

FBCg999A =
99.9 Concentration of drug A alone killing 99.9% of bacteria (MBC99.94)

(Eq. 1.4)

Fractional Bactericidal Concentration Index (FBCI) of the combination was
calculated as:

FBClyo9AB = FBCog9A + FBCo9 9B (Eq. 1.5)

1.2.4 CFU-based time kill assays

Frozen stocks of Mtb were thawed in 7H9 + ADC media to obtain a cell density
of ca. 10* CFU/ml and incubated at 37°C for three days for bacterial recovery and
exponential growth. This pre-inoculum (ca. 10° CFU/ml) was then distributed (10 ml) in
25 cm? tissue culture flasks, and freshly prepared drug solutions were added to the
cultures at the designated concentrations.
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At every time point cultures were homogenized, aliquots (50 ul) 10-fold serially
diluted up to the 10 or 10°® dilution in sterile PBS containing 0.1% of tyloxapol and
plated (50 or 100 pl, in duplicate) in 7H10 + OADC four compartments petri dishes. Agar
plates were incubated at 37°C for 2 weeks and colonies enumerated. Plates were
checked again after 3 and 4 weeks of incubation to account for late growers. Cell density
was reported as logio CFU/ml.

1.2.5 OPTIKA (OPtimized TIme Kill Assay) protocol

Compounds were dispensed onto 96-well plates (Thermo Scientific, 267427)
using a HP D300e digital dispenser. Unless indicated otherwise, sub-MIC (1/4x MIC), 1x
MIC and over-MIC (4x MIC) concentrations of single drugs were assayed in
guadruplicate. Combination assays were performed at these concentrations and
compared to the activity of single drugs.

e OPTIKA calibration curve:

An untreated Mtb culture with a known cell density (ODeoonm = 0.125
corresponding to 10’ CFU/ml) grown in 7H9 + ADC + 0.05% tyloxapol was 10-fold serially
diluted in PBS containing 0.1% tyloxapol, and 6-8 replicates of 20 ul/well were plated
onto CARA plates. The actual concentration of cells used for the calibration curves was
determined by duplicate CFU plating, i.e. 50 pl of the diluted inoculum into four
compartments petri dishes containing 7H10 agar supplemented with OADC.

Inoculated CARA plates with calibration curves were placed inside plastic bags
and incubated at 37°C for nine days. A resazurin solution (40 pl/well) was then added
and plates were placed in plastic bags for further 24 hours incubation at 37°C. Plates
were equilibrated at room temperature for 30 minutes, adhesive films placed and top
fluorescence (Aexc=530 NmM Aemis=590 nm) measured with an EnVision Multilabel plate
reader.

Fluorescence mean +/- standard deviation (SD) of 6-8 replicates vs logio CFU/ml
inoculated was plotted in GraphPad Prism version 6.07 (La Jolla, CA). Fluorescence
background and lower linear range of the calibration curve defined the limit of detection
for sample interpolation. The linear range of the calibration curve was fitted to a linear
regression.

e OPTIKA:

Frozen stocks of Mtb were thawed in 7H9 + ADC to a cell density of ca. 10*
CFU/ml and incubated at 37°C for three days to allow for bacterial recovery and
exponential growth. Assay plates were inoculated with 250 pl/well of this pre-inoculum
(ca. 10° CFU/ml) and incubated at 37°C. For the OPTIKA assay, 96-well edge plates 2.0
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(Thermo Scientific) were used to minimize the plate evaporation. At day 0, and every 7-
10 days, 0.7-1 ml of sterile water were added to the edge reservoirs to prevent from
well evaporation. These plates constituted the mother plates. They served to inoculate
CARA plates at different time points to measure the bacterial viability. Standard time
points in OPTIKA assays were day -3 (pre-inoculum), day O (bacterial culture used for
mother plates inoculation), day 1, day 2, day 4, day 7, day 14, day 21 and end point (ca.
day 50).

At selected time points during the time-kill assay, 20 ul/well from the mother
plates were transferred to CARA plates and CARA protocol was followed as described
above for the OPTIKA calibration curve.

Fluorescence units were converted to logio CFU/ml through data interpolation in
the calculated calibration curve equation of the corresponding time point. When the
calculated value was below the lower limit of detection, this was manually corrected to
the limit of detection. Values above the upper limit of detection were not corrected, as
absolute values of logio CFU/ml were not critical to draw conclusions.

1.2.5.1 Classification of combinations by OPTIKA

GraphPad Prism software was used to calculate the mean of logio CFU/ml of
every drug condition at every time point. The following five parameters of the time-kill
curve were selected to classify the combinations (Figure 1.3):

1) Bacterial killing rate. It was calculated as the mean logio CFU/ml at day 2 (D2)
minus the mean logio CFU/ml at day 0 (DO0), divided by 2. Graphically, this
value corresponded to the slope of the killing curve from day 0 to day 2 (Eq.
1.6).

D2 Mean log,0CFU/Mmlsgmpie—D0 Mean 1og,oCFU/Mlggmpe
2

D2 slopesampie = (Eq. 1.6)
This value was normalized by subtracting the slope of the untreated control,
calculated with (Eq. 1.7):

__ D2 Meanlog,oCFU/mlcontroi—D0 Mean log,oCFU/Mlcontrol

D2 SlopeControl - (Eq 17)
2

And lead to the normalized slope to untreated, calculated parameter (Egq.
1.8):

Normalized slope = D2 SlopeSample — D2 slope,, ..., (EQ- 1.8)
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In order to determine whether the combination killed faster than the fastest
single drug, normalized slope values of the combination were compared
with values of the respective single drugs. Based on this approximation,
combinations were classified as:

- Favourable Interaction (Fl): if this parameter was lower for the
combination than for the respective single drugs.

- Not determined (ND): if the limit of detection was reached at
day 2 by both the combination and, at least, one of the single
drugs.

- No Favourable Interaction (NFI): combinations were classified
as no favourable interaction if they were not classified as
favourable interaction or not determined.

Due to weak differences in killing rates at day 2 for some combinations and
the development of OPTIKA as a methodology focused on positive
interactions, antagonism was not defined according to killing rate at day 2.

2) Day 4 (D4) bacterial burden reduction. At day four, the bacterial burden of
the combinations was compared with that of the related single drugs.
Considering the generic pair-wise drug combination constituted by A and B,
log reduction of single drugs was calculated as:

(D4 log,o reduction), = (D4 mean log,, CFU/ml), — (D4 mean log,, CFU/ml) 4
(Eq. 1.9)

(D4 log,o reduction)y = (D4 mean log,, CFU/ml)g — (D4 mean log,, CFU/ml) 45
(Eq.1.10)

The minimum absolute value of log reduction of A and B was selected to
calculate the D4 log reduction of the combination, using the formula:

D4 log,o reduction = Min(ps 10g,,crumpap — (D4 mean log,o CFU/ml) 5 (Eq. 1.11)

Combinations were then classified according to the D4 logio reduction
parameter as:
- Favourable Interaction (Fl): if this calculated parameter
reached a value of 2 or more.
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- No favourable Interaction (NFI): if the reduction was lower
than 2-logio.

3) D7 Bacterial burden reduction. This parameter was calculated as described
for D4 log1o reduction, but with the data obtained from day 7.

4) D21 Regrowth. For single drugs and combinations, regrowth was a
categorical parameter, based on Yes or No answers, indicating whether the
bacterial load was above or within the limit of detection (LD). It was
calculated on Day 21 as:

D21 mean log,(CFU > D21,, =Yes

and,

D21 mean log,,CFU = D21;, = No (Eq. 1.13)

By comparison of the D21 regrowth of combinations and related single drugs:

- Favourable Interaction (FI) was attributed to combinations
that did not show regrowth (No), compared to the
corresponding single drugs (Yes).

- Antagonism (A) was defined in combinations that showed
bacterial regrowth (Yes), whereas single drugs bacterial load
was at the limit of detection (No).

- Not determined (ND), if regrowth was not observed in the
combination and in, at least, one of the single drugs.

- No Favourable Interaction (NFI) was a profile assigned to
combinations that did not fit in any of the classifications
described above i.e. FI, A and ND.

5) Dend Regrowth: this parameter was calculated as described for regrowth at

day 21, but for the last time point of the time kill assays (ca. Day 50, 7 weeks
of incubation).
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Figure 1.3. Parameters for OPTIKA analysis and classification of combinations. Interaction of

Untreated
Drug X
Drug Y
X+Y

combinations is determined by five parameters: slope at day 2, log reduction at days 4 and 7,

and bacterial regrowth at days 21 and ~50. To analyse the combinations, the killing profile of

combinations is compared with the killing profile of related single drugs. LD: Limit of detection.

Parameters described here were used to obtain a preliminary, fast classification

of the combinations. However, all the classifications were revised and manually curated,

if needed, by visual analysis of Graphpad killing curves, where the mean logio CFU/ml vs

time were plotted. It should be noted that SD was not included in killing curve plots for

figure clearness. Mean Log CFU/ml and SD values can be found at appendix Il of this

Chapter. Otherwise indicated, this applies to all figures of this Chapter containing killing

curves.
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1.3 Results and discussion

1.3.1 Comparison of checkerboard and DiaMOND
methodologies

DiaMOND layout allows a high throughput assay capacity to study drug
combinations by reducing the number of conditions typically assayed in a checkerboard
format to just the most informative wells in the diagonal of interaction. This reduction
in the number of wells needed to interrogate a pair-wise combination allowed to
increase the number of different drug combinations tested and, in consequence, the
assay capacity.

In order to replicate studies performed by Cokol et al., nine anti-TB drugs were
assayed in all possible pair-wise combinations by CBA, using the platemap illustrated in
Figure 1.1.

Prior to combination studies, the MIC of single drugs (Table 1.1) were
determined by the MTT assay [88], as described in section 1.2.2.

Drug name MIC (uMm)
Bedaquiline (BDQ) 0.11
Clofazimine (CFZ2) 0.31
Ethambutol (EMB) | 12.50
Ethionamide (ETH) 6.00

Isoniazid (INH) 4.00
Linezolid (LZD) 1.50
Moxifloxacin (MOX) 0.40
Pretomanid (PTD) 0.50
Rifampicin (RIF) 0.30

Table 1.1. MIC values of selected compounds.

The FICI of the 36 pair-wise combinations were calculated following different
methodologies:

- Traditional checkerboard assay (CBA): FIClg values were calculated
using the whole plate layout.

- DiaMOND: from our checkerboard assay plates, FIClsp values were
calculated by using only the dose response of single drugs and the diagonal of the
concentration array.
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One important difference between CBA and DiaMOND is the criteria for
combination classification. Although both methods use the FICI parameter, the CBA
classification done here follows Odds’ recommendations, which consider MIC variation
when establishing the FICI cut-off (FICI £ 0.5 synergy, FICI > 4 antagonism, and 0.5 < FICI
< 4 no interaction). However, DiaMOND is based on Loewe’s model, which is based on
the concept that an agent cannot interact with itself in a synergistic or antagonistic
manner [89]. In their work, Cokol et al. calculated the FICI of isoniazid combined with
itself. They obtained a FICI value ranging from 0.85 to 1.1 and, thus, pair-wise
interactions were classified as synergy if FICI < 0.85, antagonism if FICI > 1.1, or additive
if 0.85 < FICI < 1.1.

To simplify, in this work, no interaction and additive from CBA and DiaMOND,
respectively, were considered as equivalent parameters, and combinations with FICI
between synergy and antagonism cut-offs (0.5 < FICI < 4 for CBA and 0.85 < FICI < 1.1 for
DiaMOND) were labelled as no interaction.

The FICI values from traditional CBA analysis of the 36 pair-wise combinations
were correlated with those published by Cokol et al. (Figure 1.4). In addition,
combinations were classified as synergy, no interaction or antagonism according to their
respective FICI cut offs. If the classification of a particular interaction did not match by
CBA and DiaMOND, it was classified as no matching.

Three combinations (ethambutol-rifampicin, pretomanid-rifampicin and
clofazimine-rifampicin) were classified as synergy using both methods; CBA done here
and data published by Cokol et al. Similarly, five combinations (isoniazid-linezolid,
bedaquiline-pretomanid, clofazimine-pretomanid, isoniazid-pretomanid, and
clofazimine-linezolid) were classified as no interaction. In total, only eight out of 36
combinations showed the classification profile that was reported by Cokol et al., which
suggested that the profile of interaction of pair-wise drug combinations depends on the
methodology used to estimate drug interactions.

The correlation of absolute FICI values could be measured as the distance of a
particular dot to the perfect correlation line. As an example, from Figure 1.4 it could be
observed that the combination clofazimine-ethionamide (CFZ-ETH) showed a similar FICI
value in both assays. However, due to the FICI cut-off for combinations classification of
both methods, the interaction profile by DiaMOND and CBA did not match.
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Figure 1.4. Cokol et al. reported FIClso vs CBA FIClgo. Circle legends: green: synergy. Yellow: no
interaction. Blue: no matching combinations. Background zone legends: according to FICI cut off
of DiaMOND and CBA: Green: space for synergy combinations classified by both Cokol et al. and
CBA. Yellow: space for no interaction combinations. White: space for combinations classified
differently by both methods. Straight dotted line: perfect correlation zone (x=y). Bedaquiline
(BDQ), clofazimine (CFZ), ethambutol (EMB), ethionamide (ETH), isoniazid (INH), linezolid (LZD),
moxifloxacin (MOX), pretomanid (PTD), rifampicin (RIF).

1.3.2 In-depth comparison of checkerboard and DiaMOND
assays data analysis

Section 1.3.1. showed a low correlation between DiaMOND data reported by
Cokol et al. and data generated in this Chapter with CBA methodology. To determine
whether this low correlation was due to the use of a different analytical parameter
(FICIso vs FIClgo), the raw data internally generated from the 36 CBA plates was analysed
by DiaMOND (i.e. reducing the CBA plate to DiaMOND conditions, calculating FIClso and
using DiaMOND defined cut-off for interactions classification). An improved correlation
was observed between FIClso values reported by Cokol et al. (Cokol et al. FIClsp) and
FIClso from our CBA analysed following DiaMOND (FIClsp based on DiaMOND) (Figure
1.5). Sixteen combinations showed the same interaction profile in both assays when
comparing FIClso data from Cokol et al. with our internally generated data. However, a
low correlation was still observed between these two sets (R?=0.14), indicating that the
reduction of analysis differences between DiaMOND and CBA did not produce a good-
result correlation.
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Figure 1.5. Cokol et al reported FIClsp vs FIClsp internally generated based on DiaMOND
method. Circle legends: green: synergy. Yellow: no interaction. Red: antagonism. Blue: no
matching combinations. Background zone legends; green: space for synergy combinations
classified by both Cokol et al. and CBA; yellow: space for no interaction combinations; white:
space for combinations classified differently by both methods. Straight dotted line: perfect
correlation zone (x=y). Continuous line: correlation line between two sets of results (R>= 0.14).
Bedaquiline (BDQ), clofazimine (CFZ), ethambutol (EMB), ethionamide (ETH), isoniazid (INH),
linezolid (LZD), moxifloxacin (MOX), pretomanid (PTD), rifampicin (RIF).

It should be considered that the FIClso of combinations shown in Figure 1.5 were
calculated in a different manner:

1. Cokol et al. analysed the dose-response curves according to a monotonically
decreasing method (described in section 1.2.2.2 (ii)).

2. In our assay, dose-response curves were fitted to the standard equation fit
for in vitro dose-response assays [90] i.e. using a four-parameter logistic
regression model (described in section 1.2.2.2 (i)).

In order to assess whether FIClsp were comparable independently of the

calculation method, from our 36 pair-wise combinations data DiaMOND FIClsp was
calculated following the two methods described above (Figure 1.6).
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The good correlation of FICIsp shown in Figure 1.6 suggested that the lack of
correlation observed in Figure 1.5 could not be attributed to the calculation method. It
should be noted that linezolid-pretomanid and moxifloxacin-pretomanid were excluded
from this analysis because the ICso of pretomanid for those combinations was not
reached at the maximum assay concentration assayed.
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Figure 1.6. FIClsp by four-parameter logistic regression model vs FICls, by monotonically
decreasing. Circle legends: green: synergy. Yellow: no interaction. Red: antagonism. Blue: no
matching combinations. Background zone legends; green: space for synergy combinations
classified by both methods; yellow: space for no interaction combinations; white: space for
combinations classified differently by both methods. Straight dotted line: perfect correlation
zone (x=y). Orange line: correlation line between two sets of results (R = 0.88). Bedaquiline
(BDQ), clofazimine (CFZ), ethambutol (EMB), ethionamide (ETH), isoniazid (INH), linezolid (LZD),
moxifloxacin (MOX), pretomanid (PTD), rifampicin (RIF).

In order to understand these discrepancies between data reported by Cokol et
al. and our results additional identified differences of both methods, which are
summarized below, need to be considered (Table 1.2):

1. Use of detergent. Unlike our assay, Cokol et al. included tween 80, a
detergent, in the assay media. Detergent is usually added to reduce
aggregation of mycobacterial cultures. It modifies the permeability of the
cell wall, a fact that is manifested in an increased drug susceptibility [91].
Moreover, tween 80 could be used as a carbon source by mycobacteria,
it alters its central carbon metabolism, and it could interfere with the
antimycobacterial activity of some antibiotics [92].
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2. Readout. Optical density (OD) is a direct method based on turbidity
caused by bacterial growth while the MTT assay is an indirect method
that relies on a redox indicator and detects metabolically active viable
cells. Each readout for cell viability determination possesses its own
intrinsic limit of detection, being 108 for OD and 107 for MTT assay. This
could limit the ability to determine synergistic combinations [82].

3. Bacterial strain. Although the pantothenate and leucine auxotrophic
strain used by Cokol et al. seems to show a drug susceptibility profile
similar to the strain used in our work (i.e. H37Rv) [93], there are strong
evidences suggesting that drug interactions are specie and strain
dependant [94].

Cokol et al (DOI: 10.1126/sciadv.1701881) [70] This work
Mtb strain Panthotenate and leucine auxotrophic H37Rv H37Rv
Bacterial growth 7H9 + ADC + Tween 7H9 + ADC
Assay format 50 wl, 4-10° CFU/mI & 384 wells plate 180 pl, 10° CFU/ml & 96 wells plate
Incubation for readout 5 days 6 days
Assay readout ODegoonm MTT assay

Table 1.2. Experimental differences between Cokol et al. and our assay.

1.3.3 Impact of growth inhibition parameters in the FICI
calculation

Traditionally, the calculation of the FICI has been based on MIC values (i.e. 90%
growth inhibition). However, more recently, the work published by Cokol et al. used the
50% inhibition (ICsp) to calculate the FICI.

To determine whether the level of growth inhibition (i.e. MIC or ICs) influenced
the FICI and, therefore, the combination classification, both FIClgy and FIClsp were
calculated from the same dataset. In Figure 1.7 A, the FIClso (grey circles) and the FIClgo
(black circles) of every combination determined following the CBA methodology can be
observed. In general, FICIsp showed a larger value than FIClgo. Only two out of 36
combinations showed a FIClsp of 0.5 or lower, with the vast majority of the combinations
classified as no interaction.

The same profile was observed comparing FIClso and FIClgp calculated with
DiaMOND methodology (Figure 1.7 B). Due to the FICI cut-offs for interaction
classification of the DiaMOND method, antagonism was clearly overrepresented when
using FIClso.
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Considering this FICI reliance on the growth inhibition level, criteria for
interaction classification using low inhibition levels such as FIClso should be re-defined
to avoid the overestimation of antagonism.
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Figure 1.7. FIClso & FIClso comparison. Grey circles: FIClg. Black circles: FIClsp determined by (A)
CBA (B) DiaMOND methods. Green background: synergy. Yellow background: no interaction.
Red background: antagonism. Bedaquiline (BDQ), clofazimine (CFZ), ethambutol (EMB),
ethionamide (ETH), isoniazid (INH), linezolid (LZD), moxifloxacin (MOX), pretomanid (PTD),
rifampicin (RIF).
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1.3.4 CARA calibration

CBA and DiaMOND methods measure growth inhibition [82]. In order to explore
bacterial viability as a readout applied to drug interactions, CARA [85] was the chosen
assay.

First, we assessed whether the technique described by Gold et al. [85] could be
reproduced in our laboratory. For this, an untreated culture of Mtb exponentially
growing was tested using three different inocula, four different times of incubation for
bacterial growth in CARA plates and different times of incubation for resazurin
conversion (Table 1.3).

The signal to background (S/B) ratio of every condition was calculated as the ratio
of fluorescence of the most concentrated wells and the fluorescence of wells without
cells (Eq. 14).

Fluorescence eanpi i
S/B — m Dilution 0 (Eq. 14)

Fluorescence meangiank

Based on the S/B ratio and the standard deviation of blank, the chosen
parameters for the CARA assay were 20 pl/well, 7 to 11 days for bacterial outgrowth,
and 24 hours for resazurin conversion (Table 1.3).

Plate ID |Growth time (days) | Resazurin conversion time (hours) |Blank SD (%) |5 ul S/B|10 ul's/B |20 wls/B Comments
1_D4 1h 4 1 Saturated signal
2_D4 4h 4 4 8.2 1.4 2.0 2.4
3_D4 24h 4 24 13.4 1.3 1.7 2.2
4_D7 1h 7 1 Saturated signal
5_D7 4h 7 8.3 1.9 Saturated signal
6_D7 24h 7 24 6.2 3.4 4.4 4.6
7_D111h 11 1 16.9 8.4 11.4 13.4 | Diluted resazurin solution
8 D11 4h 11 4 9.5 3.7 7.2 14.4 | Diluted resazurin solution
9 D11 24h 11 24 4.9 5.5 5.7 6.9
10_D11 48h 11 48 6.1 3.5 4.8 5.9
11_D13 1h 13 1 27.5 7.2 11.8 14.2 | Diluted resazurin solution
12_D13 4h 13 4 9.8 4.7 12.8 24.5 | Diluted resazurin solution
13_D13 24h 13 24 8.5 4.9 5.5 7.4
14_D13 48h 13 48 9.1 3.0 2.8 7.3

Table 1.3: CARA calibration table. Chosen conditions are highlighted in red and blue. An
untreated culture of Mtb exponentially growing in 7H9 + ADC + 0.05% Tx (ODsoonm = 0.4) was 10-
fold serially diluted and three different inocula were plated (5, 10 and 20 pl/well) in triplicate.
Background fluorescence signal (blank) was calculated with 10 pl/well 7H9 + ADC. Per condition,
S/B and SD were calculated with the three replicates. Four different times of incubation for
bacterial growth in CARA plates were evaluated (4, 7, 11 and 13 days). For each time point,
different times of incubation for resazurin conversion were tested (1 hour, 4 hours, 24 hours,
and 48 hours for later growth incubation times). For 1h and 4h, the resazurin solution needed
to be 10-fold diluted because it caused saturated fluorescence signal when the plate was read.
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For the conditions highlighted in Table 1.3, the calibration curves were plotted
(Figure 1.8). Although more concentrated points would be needed to observe the upper
curve plateau, the linear-log profile described by Gold et al. [85] was reproduced in our
assay.

3.08810 °-
2.5%10 °- -- Day 11
2.0%10 °- - Day 7
1.5%10 -

1.09410 -

Fluorescence units

5.09410 ° -

Log CFU/mI

Figure 1.8: CARA validation curves. Fluorescence signal vs bacterial concentration. Fluorescence
mean & SD of three replicates. Background fluorescence signal was subtracted from the
fluorescence values to compare curves of two different times of incubation for bacterial growth:
7 days (red) and 11 days (blue).

1.3.5 Fractional Bactericidal Inhibitory Concentration Index as a
readout

CARA was explored as a readout to determine drug interactions. The original 36
pair-wise combinations already tested by CBA and DiaMOND were assayed with this
methodology.

As described in sections 1.2.3.2 and 1.2.3.3, 36 CARA plates were inoculated with
20 pl/well of the corresponding MTT plate. After the bacterial outgrowth, FBClgg g of
every combination was calculated, and the 36 combinations were classified not only
based on growth inhibition readout, but also on bacterial killing.
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FBClgg.o results are shown in Table 1.4. It should be noted that a bacteriostatic
profile was observed in single drugs or combinations for most of the cases. The FBClgg g
was then calculated using 2x maximum concentration assayed. If the MBCgg.9 was not
determined for both single drugs and the combination, the FBClgg o reached a value of 2.
If the MBCog.9 of one single drug and the combination was not determined, the FBClgg o
showed a value of 3.

Combination [MBCgg g A|MBCqg o B|CBA FBClgg| |Combination | MBCggg A | MBCogg B |CBA FBClgg
BDQ-CFZ |> 0.22 |> 0.62 2% EMB-INH |> 25.00 8.00 |< 0.75
BDQ-ETH |> 0.22 [> 12.00 2% EMB-LZD |> 25.00 |> 3.00 2%
BDQ-EMB |> 0.22 |> 25.00 2% EMB-MOX |> 12.50 |> 0.40 3*
BDQ-INH |[> 0.22 4.00 3% ETH-INH |[> 12.00 |[> 8.00 [< 0.25
BDQ-LzD |> 0.22 |> 3.00 2% ETH-LZD |[> 12.00 |> 3.00 2%
BDQ-MOX |> 0.22 0.80 3% ETH-MOX |> 12.00 > 0.80 1.5
BDQ-PTD |> 0.22 |> 1.00 2% ETH-PTD > 12.00 |> 1.00 2%
BDQ-RIF |> 0.22 [> 0.60 [ 0.50 ETH-RIF |> 12.00 [> 0.60 |< 0.13
CFZ-ETH |> 062 |> 12.00 2% INH-LZD 400 |[> 300 | 1
CFZINH [> 0.62 8.00 < 0.50 INH-MOX 400 |> 080 [< 08
CFZEMB |> 0.62 |> 25.00 2% INH-PTD [> 8.00 [> 1.00 2%
CFZ-1zD |> 062 |> 3.00 2% INH-RIF 400 |> 060 [< 0.50
CFZRIF |> 0.62 |[> 0.60 2% LZD-MOX |> 3.00 |> 0.80 2%
CFZ-MOX |> 0.62 |> 0.80 2% LZD-PTD |> 3.00 |> 1.00 2%
CFZ-PTD |[> 062 |> 1.00 2% LZD-RIF 1.50 |> 0.60 |< 0.60
EMB-PTD |> 25.00 > 1.00 [ 0.50 MOX-PTD 0.40 [> 1.00 3*
EMB-ETH |> 25.00 |> 12.00 2% MOX-RIF 0.80 [> 0.60 3%
EMB-RIF [> 25.00 [> 0.60 |[< 0.25 PTD-RIF 1.00 0.60 |< 0.50

Table 1.4: FBClggs results table. MBCgy9: Minimal Bactericidal Concentration. CBA FBClggo:
Factorial Bactericidal Concentration Index, calculated from checkerboard. Modulator (<) if
MBCaqs 9 Of single drugs or combinations is bigger than the highest concentration assayed. In
those cases, 2x highest concentration is used for calculations. FBClgg o= 2*: MBCgs.0A, MBCg9.9B
and FBClsso were no determined. FBClogs = 3*: MBCgs oA or MBCgsoB and FBClggs were not
determined. Bedaquiline (BDQ), Clofazimine (CFZ), Ethionamide (EHT), Ethambutol (EMB),
Isoniazid (INH), Linezolid (LZD), Moxifloxacin (MOX), Pretomanid (PTD), Rifampicin (RIF).

The FBClggo of the 36 pair-wise combinations were compared with the FIClsg
determined by DiaMOND (Figure 1.9). For 23 combinations (66% of the combinations
tested), the FIClsp and the FBClgg g could not be compared because a bacteriostatic
profile was observed and the FBClgg.g was not accurately calculated. Four combinations
were classified as favourable and one as no interaction with both methods. The seven
remaining combinations were classified differently depending on bacterial killing and
growth inhibition readouts.
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Figure 1.9. FIClso based on DiaMOND vs CBA FBCI. Circle legends: green: combinations classified
as synergy by both methods. Yellow: combination classified as no interaction by both methods.
Grey: combinations that did not reach 99.9% bacterial killing. Blue: no matching combinations.
Plot zone legends; green: space for synergy combinations classified by both methods; yellow:
space for no interaction combinations; white: space for combinations classified differently by
both methods. Bedaquiline (BDQ), clofazimine (CFZ), ethambutol (EMB), ethionamide (ETH),
isoniazid (INH), linezolid (LZD), moxifloxacin (MOX), pretomanid (PTD), rifampicin (RIF).

These observations highlighted again the dependence of the results on the
methodology and emphasized the need of a standard method based on a reliable
readout [82]. CARA was designed as a semi-quantitative method [85] and data shown in
this section confirms that its low sensitivity might not fit the needs to be applied to
obtain quantitative results.

1.3.6 CARA optimization and OPTIKA validation

CARA was discarded as an absolute methodology applied to study drug
interactions based on the MBC and the FBCI due to its low sensitivity. However, in this
Chapter, we have explored it as a tool to perform time kill assays of drug combinations
with an increased throughput. This new methodology was named OPTIKA (Optimized
Time Kill Assays) and previously to its validation, some optimizations described below
were performed.

1.3.6.1 Tween 80 addition to CARA plates

Tween 80 is a synthetic phospholipid routinely added to growth media of
mycobacterial cultures to increase the growth rate and reduce aggregation [95, 96]. In
order to improve the dynamic range of CARA, four different concentrations of tween 80
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in the solid assay media were evaluated: 0%, 0.05%, 0.5% and 2% (vol/vol). Four CARA
plates were inoculated from the respective growth inhibition plates. To assess that
tween 80 addition did not interfere in the characterization of the compounds, the MIC
and MBCao 9 of the standard bacteriostatic and bactericidal controls [85] (i.e. linezolid
and moxifloxacin, respectively) were also included in those plates.

Plates shown in Figure 1.10 A shared the same plate map design. Differences in
cell growth could be visually observed (Figure 1.10 A). As tween 80 concentrations were
increased (from 0% to 2%), cells grew more dispersed and a bigger area of the wells was
covered by the bacterial culture. Regarding the homogeneity of growth inside the well
and bacterial morphology, isolated colonies could be easily observed in the plate
containing 0% of tween 80, as well as in some wells with low bacterial growth in the
plate with 0.05% of tween 80. Plates containing higher concentration of tween 80
showed a uniform mass of bacterial culture instead of isolated colonies.

For each concentration of tween 80, the S/B was calculated with the ratio of
fluorescence of 100% growth and 0% growth controls (similar to section 1.3.4).
According to Figure 1.10 B, S/B was dependent on tween 80 concentrations. It was
higher as tween 80 concentrations were increased from 0% to 0.5 %. At 2%, a decrease
in the S/B was observed, which could be attributed to the toxic effect of tween 80 when
used at high concentrations [95].

The optimal concentration of tween 80 was 0.5% (vol/vol). To assess that this
concentration did not affect the compound profiling by CARA, the MIC, MBCg99 and
MBCg9.9/MIC ratio of moxifloxacin and linezolid were calculated from the CARA plate
containing 0.5% of tween 80. Compounds were assayed in triplicate following protocols
described in sections 1.2.2 and 1.2.3.2. Compounds were classified as bactericidal or
bacteriostatic according to the MBCgg.9/MIC ratio, following the same criteria described
by Gold et al. [85] (i.e. < 4 for bactericidal and > 4 for bacteriostatic compounds). The
expected profile was confirmed in both bactericidal and bacteriostatic controls, thus
validating the addition of 0.5 % (vol/vol) of tween 80 in the agar of CARA plates (Figure
1.10 C).
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Figure 1.10. Tween 80 addition to CARA plates. A: effect of tween 80 addition on bacterial
growth in CARA plates. All the plates shared the same plate map design, the only difference was
the concentration of tween 80 in the solid media. Columns 1 and 2, calibration curves: these
columns were empty in the MIC plate. In each column of the CARA plates, a serial dilution of an
untreated culture of Mtb exponentially growing (Starting ODgsoonm=0.14) was plated. Columns 3,
4 and 5, bactericidal control: MBCsss determination of moxifloxacin. CARA plates were
inoculated from a moxifloxacin MIC determination plate, in triplicate. Columns 6, 7 and 8,
bacteriostatic control: MBCqsg9 determination of linezolid. CARA plates were inoculated from a
linezolid MIC determination plate, in triplicate. Column 12, 0% (rows A-D) and 100% (rows E-F)
growth controls: no cells were included in the 0% growth control. An untreated inoculum of
growth inhibition plate was included in 100% growth control wells. B: tween concentration
determination according to S/B ratio. C: control compounds profiling in plate containing 0.5% of
tween 80. For LZD, 99.9% of bacterial killing was not reached at maximum drug concentration
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assayed; 2x maximum assay concentration was used for MBCso/MIC ratio calculation.
Moxifloxacin (MOX), linezolid (LZD).

1.3.6.2 CARA pre-moistening step removal

Gold et al. reccommend to moisten the CARA plates before the addition of the
rezasurin developing solution [85] to avoid concentration of the sample in a small area
(spot) in the agar of the CARA plates due to a rapid absorption of the solution by the
agar.

However, in our conditions, dryness was not visually observed in nine-day
incubated CARA plates. Before the moistening step removal, it was checked whether
results could be affected by this change of the protocol. For this, eight replicates of a 10-
fold serially diluted culture of Mtb were plated onto a CARA plate and incubated at 37°C.
After 9 days, 10 ul/well of sterile PBS were added to four of the eight replicates and 40
ul/well of resazurin solution were added to all replicates. CARA protocol was followed
as described in section 1.2.3.2. Figure 1.11 shows the fluorescence vs the bacterial
concentration of both assay conditions. Differences between linear range and fitted
equations of both conditions were minimum, thus validating the removal of the pre-
moistening step of the CARA assay.

Calibration curves

‘E ® With PBS

> ® Without PBS

(]

o

o Y =1.6e+006*X - 2.3e+006

§ R%0.98

m Y = 1.4e+006*X - 2.2e+006
R20.99

T 1
0 1 2 3 4 5 6 7 8
Log CFU/mI

Figure 1.11. Evaluation of pre-moistening step removal. Fluorescence vs Log CFU/ml curves. In
four replicates (red) the PBS moistening step prior to resazusin addition was performed, and in
four replicates (blue) this step was skipped and resazurin was directly added to CARA plates.
Similar linear range was observed with and without the pre-moistening PBS step.
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1.3.6.3 OPTIKA set up and assay validation against CFU counts, the
gold standard method for time kill assays

Once the CARA was adapted to our experimental needs, it was applied to
perform kinetic studies of drug combinations, leading to the foundations of the OPTIKA
assay. Figure 1.12 shows the OPTIKA protocol previously described in section 1.2.5.
Briefly, compound plates containing single drugs and combinations at a different
concentration were inoculated with an Mtb culture. These plates constituted the
mother plates and they were incubated at 37°C until the last time point included in the
experiment. At every time point, every mother plate was taken from the incubator, cells
were mixed with a multichannel pipete and an aliquot of each well was transferred to
an empty CARA plate. In parallel, a calibration curve was built with an untreated culture
of Mtb exponentially growing. The concentration of this culture was initially determined
by OD measurement and exactly quantified by CFU counting. For the calibration curve,
this culture was 10-fold serially diluted and plated in an empty CARA plate. Moreover,
internal 100% growth and 0% growth controls were always included in each CARA plate.
Inoculated CARA plates (those coming from the mother plates and the calibration curve)
were incubated for bacterial outgrowth and revealed with resazurin. Fluorescence linear
range of every calibration curve was fitted to a linear regression. Fluorescence of treated
samples was converted to logio CFU/ml with the calibration curve of the corresponding
time point. Finally, logio CFU/ml vs time of every drug combination and corresponding
single drugs were plotted for killing curves comparison.
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Table 1.5 compares OPTIKA versus traditional time kill assay based on CFU
counting. Main differences are summarized below:

1. While samples in traditional TKA are typically kept in 10-ml culture flasks,
OPTIKA uses 96-well plates. This allows a drastic increase of the assay
capacity.

2. In traditional TKA, the cultures need to be serially diluted to get an
acceptable number of CFU to be counted by the naked eye. This step also
dilutes the compound that is present in the original culture flask. This
tedious labour is removed in OPTIKA because the fluorescence-based
resazurin readout is much more sensitive than the human eye. In OPTIKA,
an aliquot of the treated culture is transferred directly to the agar plate
for the bacterial outgrowth. In order to avoid the interference of the carry
over compound, activated charcoal is added to the solid media to remove
the compound transferred to the CARA plates [85].

3. Traditional TKA relies on CFU counting and OPTIKA is a fluorescence-
based assay. To report data in traditional bacterial concentration units,
OPTIKA includes a calibration curve of an untreated bacterial culture at
every time point. The same protocol is followed for the calibration curve
plate and for the sample plates, allowing association of the relative
fluorescence units provided by the plate reader with the known bacterial
concentration inoculated. The use of this readout eliminates the tedious
and time-consuming CFU counting step and reduces the time to readout
and results generation.

TKA methods
CFU based OPTIKA
Volume 10 ml (typically on a flask) 250 ul (on 96-well plates)
Handling Serial 10-fold dilutions Transfer by multichannel

Manual seeding of chosen dilutions

Technical duplicates Biological quadruplicates
4-6 hours processing time 1-2 hours processing time
Reading Manual CFU counts Automated fluorescence (resazurin readout)

88 samples/plate (up to 25 plates)

Throughput ca.30samples ca. 2200 samples
15 unique conditions 550 unique conditions
Time to raw data ca. 3weeks 10 days

Table 1.5. Comparison of traditional time kill assays by CFU counts and OPTIKA methodologies.
Treated cultures are maintained in 96-well plates instead of flasks. Biological quadruplicates are
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assayed, and plates revealed by a resazurin-based assay. Throughput is drastically increased and
time to generate results reduced.

Validation of OPTIKA was done comparing killing curves of eight single drugs and
six combinations by the traditional CFU counting assay (section 1.2.4) and OPTIKA
(section 1.2.5). The set of calibration curves of this OPTIKA experiment is shown in Figure
1.13.

The linear range of calibration curves for all time points (Figure 1.13 A) showed
a window ranging from 4 log1oCFU/ml (day 21) to 6 log1o0CFU/ml (days 4, 7 and 14).
Goodness of fitness of experimental points to a linear regression was measured with the
R? index calculated with Graphpad prism (Figure 1.13 B). The equation of fitted line was
used to convert fluorescence units into log1oCFU/ml of all samples, and the lowest
bacterial concentration included in the fluorescence linear range was used as the limit
of detection of the corresponding time point.
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Figure 1.13. OPTIKA calibration curves. A: fluorescence units vs LogCFU/ml plots. Black line:
straight fitting line of the linear range. B: equations of fitted linear range, R? index and limit of
detection for all time points.

Figure 1.14 shows a head-to-head comparison of killing kinetic determinations
measured by traditional CFU-based and OPTIKA assays.

Rifampicin was tested at three concentrations: two sub-MIC and one over-MIC.
Only at 4x MIC it showed a significant bacterial reduction, with the other two sub-MIC
concentrations presenting similar growth with respect to the untreated control in both
traditional TKA and OPTIKA assays (Figure 1.14 B). Rifampicin combined with
ethambutol was included in this assay as a control of synergistic interaction, as
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previously described [83]. This favourable profile was confirmed in both assays (Figure
1.14 C). If rifampicin was combined with pretomanid, a possitive but moderate effect
was also visible in traditional TKA and OPTIKA (Figure 1.14 D) .

Single drugs and combinations showed bacterial growth similar to the untreated
control for the rest of the combinations. They were classified as no interaction by both
methodologies (Figures 1.14 E to 1.14 H).
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Figure 1.14. OPTIKA validation. Head-to-head comparison of killing kinetic determinations
measured by traditional CFU-based and the OPTIKA assays. (A) Drugs and MIC values used. (B
to H) Killing curve profiles by traditional TKA (left plot of every pair) and OPTIKA (right plot).

The good correlation of the killing curve profile under both experimental
conditions gave us the confidence to propose OPTIKA as a new methodology to perform
kill kinetic studies of drug combinations and was the basis for most of the following
actions of this Thesis.

1.3.7 OPTIKA data analysis

OPTIKA allows performance of TKA with an increased throughput compared to
the gold standard CFU-based counting assay. However, this implies the generation of
large amount of data sets that need to be efficiently processed to infer results. This
section describes a method developed to classify drug interactions and simplify data
analysis based on five calculated parameters.
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The classification of drug combinations is based on the comparison of the kill
kinetic curve profile of the combinations against the corresponding single drugs (see
section 1.2.5.1).

Interesting combinations were those that reached the limit of detection of
bacterial growth and prevented bacterial regrowth at the end point. This is in contrast
to single drugs that typically displayed different degrees of initial bacterial killing rates,
followed by bacterial regrowth.

Figure 1.15 illustrates examples of different profiles of killing curves of single
drugs and combinations obtained by OPTIKA.

1. End point synergy: the interaction of the combination isoniazid-rifampicin at
4x MIC (INH-RIF 4x MIC, Figure 1.15 A) could not be determined until day 21
because rifampicin showed the maximum reduction of the bacterial load at
shorter time points. However, this combination showed a favourable
interaction according to regrowth at day 21 and at the end point, because
both single drugs showed bacterial rebound, and the combination
maintained the bacterial growth under the limit of detection.

2. Fast Killing: in the case of isoniazid-rifampicin at 1x MIC (INH-RIF 1x MIC,
Figure 1.15 B), there was a favourable interaction according to slope at day
2 because the combination killed faster than both single drugs alone. The low
bacterial load reached by the combination was maintained until day 14.
However, this was followed by a rapid rebound starting on day 14 and no
difference was observed comparing the bacterial killing of the single drugs
and the combination at the end point.

3. Strong synergistic interaction: ethambutol combined with rifampicin is a
previously described example of synergy [83]. In our assay, this strong
favourable interaction was confirmed (EMB-RIF 1x MIC, Figure 1.15 C). The
limit of detection of bacterial killing was rapidly reached by the combination
and maintained without bacterial regrowth until the end of the experiment.
In contrast, respective single drugs assayed separately reached different
degrees of bacterial killing, but they did not reach the limit of detection at
any measured times.

4. Paradoxical antagonism: isoniazid-bedaquiline combination was an example
of slow interaction (INH-BDQ 1x MIC, Figure 1.15 D). Comparing single drugs
and the combination from day 0 to day 7, no positive interaction was
observed. This correlated with the antagonism proposed by Cokol et al. [70]

75



Chapter 1

because the combination showed less killing effect than isoniazid alone at

day 5, which is the end point of the DiaMOND method. However, looking at

the curve profile of the combination at longer times, it was observed that the

decrease in the bacterial load was maintained until day 14. At that point, the

limit of detection was reached, and no detectable bacterial load was

maintained until the last time point analysed, with the final outcome

classified as favourable interaction for this combination according to OPTIKA.

Comparing with single drugs, bedaquiline showed a slow killing profile and

the limit of detection was not reached at any time. In contrast, isoniazid

presented a fast-killing rate at shorter times, reaching the limit of detection

at day 4 and followed by a significant bacterial regrowth. Regarding the

mechanism of interaction, it could be hypothesised that the combination

may be preventing from the emergence of drug resistance, an important

benefit of drug combinations [97]. Killing kinetics of isoniazid against Mtb are

characterized by a fast-killing rate at early days, followed by a rebound of

bacterial growth mainly due to the emergence of isoniazid resistant mutants

[98-100]. The combination of isoniazid with bedaquiline could prevent from

the emergence of isoniazid resistant bacteria according to OPTIKA data.

shown in this work.
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Figure 1.15. Examples of killing curve profiles by OPTIKA. (A) Isoniazid-rifampicin (INH-RIF) 4x:
the interaction cannot be detected because maximum killing effect is reached by RIF alone until

day 14. From day 21, the combination is classified as favourable. (B) Isoniazid-rifampicin (INH-

RIF) 1x: a positive interaction is observed until day 14. (C) Ethambutol-rifampicin (EMB-RIF):

favourable drug interaction is maintained until the end of the experiment. (D) Bedaquiline-
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isoniazid (BDQ-INH) 1x: antagonism is observed until day 7, but synergy is observed from day 14
to the end of the experiment.

1.3.8 Definition of OPTIKA optimal indicators according to their
killing curves profiles

OPTIKA was performed as described in section 1.2.5 for the 36 pair-wise
combinations previously studied by Cokol et al.

Figure 1.16 shows the interaction classification of the combinations tested
according to the parameters previously described for every concentration (sub-MIC, MIC
and over-MIC). Combinations showed different profile classifications depending on the
parameter and the concentration chosen; this could be explained considering the
dynamic profile of the drug interactions.

First, a certain degree of interaction could be reached at shorter times and
reverted at longer times or vice-versa. This happened, for example, in clofazimine-
pretomanid (CFZ-PTD) at 1x MIC and bedaquiline-ethambutol (BDQ-EMB) at 1x MIC.

Second, considering only one parameter, combinations could display different
classifications depending on the concentration tested. For example, the slope of
moxifloxacin-isoniazid (MOX-INH) combination showed different classifications at sub-
MIC, MIC or over-MIC.
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Figure 1.16. 36 pair-wise DiaMOND combinations assayed by OPTIKA. Each triangle represents
the classification of the set of pair-wise combinations based on one OPTIKA parameter at one
determined concentration. Left column: combinations assayed at 1/4x MIC. Middle column:
combinations assayed at 1x MIC. Right column: combinations at 4x MIC. Rows represent
different parameters, from top to bottom: slope at day 2, log reduction at day 4, log reduction
at day 7, regrowth at day 21 and regrowth at day 49. Green: Favourable interaction. Yellow: No
favourable Interaction. Red: Antagonism. ND: Not determined. Bedaquiline (BDQ), clofazimine
(CFZ), ethambutol (EMB), ethionamide (ETH), isoniazid (INH), linezolid (LZD), moxifloxacin
(MOX), pretomanid (PTD), rifampicin (RIF).

The combination of ethambutol with isoniazid was chosen as an example to
explain in more detail this dynamic classification according to different parameters and
drug concentrations (Figure 1.17 A).

1. At the sub-MIC concentration (Figure 1.17 B), the combination did not

produce favourable interaction at any time point, and it was classified as no
favourable interaction.
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2. At the MIC concentration (Figure 1.17 C), ethambutol and isoniazid alone

showed different killing rates, however both showed bacterial regrowth from
days 7-14. This profile could be due to the development of resistant bacteria
to isoniazid or ethambutol. The combination presented a strong initial
favourable interaction, reaching a killing rate even faster than isoniazid at
day two. This combination was classified as no favourable interaction using
the log reduction parameter at day four and seven, because single drugs
caused a strong reduction in the bacterial load and the remaining dynamic
window was too little to allow for a two-log reduction by the combination.
However, in contrast to the single drugs, the maximum killing effect was
maintained until the last experimental time point, with bacterial load under
the limit of detection, resulting in a favourable interaction. As the
bedaquiline-isoniazid case shown in Figure 1.15 D, the combination of those
two drugs could prevent the emergence of resistant Mtb bacteria.

Finally, the over-MIC concentration (Figure 1.17 D) was the least
informative. Isoniazid showed the maximum detectable effect until day
seven. Ethambutol showed a slower killing rate at initial days but reached the
limit of detection at day four and maintained that killing level until the end
point. The combination showed the maximum killing effect during the
experiment. However, considering the asynchronous profiles of single drugs,
it was not possible to discriminate whether the effect was caused by the
combination or by the single drugs.
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Figure 1.17. Detailed OPTIKA classification for ethambutol-isoniazid (EMB-INH) combination.

A: Classification table. B: OPTIKA curves at sub-MIC concentration. C: OPTIKA curves at MIC
concentration. D: OPTIKA curves at over-MIC concentration.

In summary, all indicators taken together permitted us to describe the curve

profiling without a visual inspection of the killing curve plots. However, there was a need

to establish a single parameter to classify the combinations. To overcome limitations of

standard methods, long-term incubation was prioritized, being end point regrowth the
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chosen parameter. To simplify, 1x MIC was the selected concentration to categorize the
interactions, since it was the most informative concentration assayed for most of the
combinations.

1.3.9 Study of 36 reference pair-wise combinations by OPTIKA
and comparison with other methods

The interaction profile of the reference 36 pair-wise combinations by all methods
described in this Chapter (i.e. CBA FIClgo, DiaMOND FIClso, DiaMOND FIClgo, CBA FBCI,
and OPTIKA) is summarised in Table 1.6.

All synergistic interactions detected by the CBA FIClgo, the standard method for
drug combination evaluation, were classified as favourable by regrowth at the end point
of the new OPTIKA method (bedaquiline-ethionamide, clofazimine-rifampicin,
ethambutol-rifampicin, ethionamide-isoniazid, ethionamide-rifampicin and
pretomanid-rifampicin). In addition to these six combinations, OPTIKA identified 12
favourable pair-wise combinations, being five of them (bedaquiline-ethambutol,
bedaquiline-isoniazid, clofazimine-ethionamide, clofazimine-ethambutol and
clofazimine-pretomanid) slow interactions with similar profile than the example
described in Figure 1.15 D, only detectable by long term assays such as OPTIKA.

Slope was included in Table 1.6 as the OPTIKA parameter that could be initially
comparable to the FICI provided by CBA or DiaMOND, because it detected interactions
at initial time points. However, the low correlation observed could indicate that it was
not a good translational parameter.

Finally, two combinations were robustly classified as synergy by all methods

studied here. The well-known favourable combination of rifampicin and ethambutol and
the recently described [70] rifampicin plus pretomanid.
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Combination DiaMOND FICIg, by CBAFICly DiaMOND FIClsgin | DiaMOND FIClg in this CBA FBClog, OPTIKA slope day2 | OPTIKA regrowth end OPTIKA regrowth end
Cokol et al this work work g 1x MIC point 1x MIC point 4x MIC

BDQ-CFZ NI A A NI* NFI NFI
BDQ-ETH NI NI NI* NFI ND
BDQ-EMB A NI NI* NFI ND
BDQ-INH A NI A A NI* NFI ND
BDQ-LZD A NI A A NI* NFI A ND
BDQ-MOX A NI A A NI* NFI A ND
BDQ-PTD NI NI A A NI* NFI NFI ND
BDQ-RIF A NI A A NFI NFI ND
CFZ-ETH NI A NI NI* NFI

CFZ-INH NI NI NFI NFI NFI
CFZ-EMB NI A NI* NFI ND
CFZ-LZD NI NI NI NI* NFI NFI ND
CFZ-RIF NI* NFI

CFZ-MOX A NI NI NI NI* NFI NFI ND
CFZ-PTD NI NI A A NI* NFI

EMB-PTD NI A ND
EMB-ETH A NI A NI* ND
EMB-RIF ND
EMB-INH A NI A NI NI ND
EMB-LZD A NI A NI NI* NFI ND
EMB-MOX A NI NI NI NFI ND
ETH-INH NI NFI

ETH-L.ZD NI NI NI* NFI NFI ND
ETH-MOX A NI NI NI* ND
ETH-PTD NI A NI NI* NFI

ETH-RIF NI

INH-LZD NI NI A NI NI NFI NFI ND
INH-MOX A NI A NI NI NFI ND
INH-PTD NI NI A NI* NFI

INH-RIF A NI NI NFI

LZD-MOX A NI A A NI* NFI ND
LZD-PTD A NI A A NI* NFI ND
LZD-RIF A NI A NI NI NFI NFI ND
MOX-PTD A NI NI NI NI* NFI ND
MOX-RIF A NI NI A NI* NFI ND
PTD-RIF

Table 1.6. Combination classification summary table. DiaMOND FIClso in Cokol et al.: FIClso
reported in [70]. CBA FIClgo: FIClgo by checkerboard assay. DiaMOND FIClso in this work: FIClso of
our assay based on DiaMOND. CBA FBCI: FBClsg by checkerboard method. OPTIKA slope day 2:
classification according to slope at day 2 for 1x MIC combinations. OPTIKA regrowth end point
1x MIC: classification according to regrowth at end point at 1x MIC. OPTIKA regrowth end point
4x MIC: classification according to regrowth at end point at 4x MIC. Sy: synergy (FICI or FBCI <
0.5 for CBA. FICI < 0.85 for DiaMOND). A: antagonism (FICI or FBCI >4 for CBA. FICI > 1.1 for
DiaMOND). NI: no interaction (FICI or FBCI values between synergy and antagonism). NI*: in
those cases, MBCsg9Was not reached by the combinations and FBCl values were calculated with
2x the maximum assay concentration used in the assay. Fl: favourable interaction, NFIl: no
favourable interaction. ND: no determined. Bedaquiline (BDQ), clofazimine (CFZ), ethambutol
(EMB), ethionamide (ETH), isoniazid (INH), linezolid (LZD), moxifloxacin (MOX), pretomanid
(PTD), rifampicin (RIF).

1.3.10 OPTIKA applied to triple drug combinations

Ten triple drug combinations previously described by Cokol et al. [70] were
assayed by OPTIKA.

Tested combinations were all possible triple combinations of five drugs
(bedaquiline, clofazimine, isoniazid, pretomanid and rifampicin). Eight of them showed
favourable interaction by OPTIKA according to regrowth at the end point parameter, at
least in one of the three concentrations tested. In contrast, only two of them were
classified as synergy by Cokol et al. (Table 1.7).
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Cokol et al OPTIKA
Combination Classification according slope day 2 Log Reduction | Log Reduction | Regrowth day | Regrowth end
to FICls, day 4 day7 21 point

INH-PTD-RIF 1/4x MIC NFI NFI NFI NFI NFI

INH-PTD-RIF 1x MIC NI NFI NFI

INH-PTD-RIF 4x MIC ND NFI NFI
BDQ-CFZ-INH 1/4x MIC NFI NFI NFI NFI

BDQ-CFZ-INH 1x MIC NFI NFI NFI

BDQ-CFZ-INH 4x MIC NFI NFI NFI ND ND
BDQ-CFZ-PTD 1/4x MIC NFI NFI NFI NFI

BDQ-CFZ-PTD 1x MIC NI NFI| NFI

BDQ-CFZ-PTD 4x MIC NFI NFI ND ND
BDQ-CFZ-RIF 1/4x MIC NFI NFI NFI NFI

BDQ-CFZ-RIF 1x MIC NFI NFI

BDQ-CFZ-RIF 4x MIC ND NFI NFI ND ND
BDQ-INH-PTD 1/4x MIC ND NFI NFI NFI NFI
BDQ-INH-PTD 1x MIC NI NFI NFI NFI

BDQ-INH-PTD 4x MIC NFI NFI NFI ND ND
BDQ-INH-RIF 1/4x MIC

BDQ-INH-RIF 1x MIC NI

BDQ-INH-RIF 4x MIC
BDQ-PTD-RIF 1/4x MIC
BDQ-PTD-RIF 1x MIC NI
BDQ-PTD-RIF 4x MIC
CFZ-INH-PTD 1/4x MIC
CFZ-INH-PTD 1x MIC NI
CFZ-INH-PTD 4x MIC
CFZ-INH-RIF 1/4x MIC
CFZ-INH-RIF 1x MIC NI
CFZ-INH-RIF 4x MIC
CFZ-PTD-RIF 1/4x MIC
CFZ-PTD-RIF 1x MIC NI
CFZ-PTD-RIF 4x MIC

Table 1.7. Classification of triple combinations. Cokol et al: data reported in [70]. Slope day 2:

classification according to OPTIKA slope parameter. Log reduction days 4 and 7: classification
according to OPTIKA log reduction parameter at days 4 and 7, respectively. Regrowth at day 21
and end point: classification according to OPTIKA regrowth parameter at days 21 and 49
respectively. NI: no interaction. Sy: synergy. Fl: favourable interaction. NFl: no favourable
interaction. ND: no determined. Bedaquiline (BDQ), clofazimine (CFZ), ethambutol (EMB),
ethionamide (ETH), isoniazid (INH), linezolid (LZD), moxifloxacin (MOX), pretomanid (PTD),
rifampicin (RIF).

The evaluation of triple-drug and their respective pair-wise combinations
allowed us to determine the contribution of the pair-wise combinations. In the example
shown in Figure 1.18, it was possible to understand the favourable triple combination
that resulted from the mix of bedaquiline with isoniazid and rifampicin.

Analysing the curves of bedaquiline plus isoniazid, a positive drug interaction
from day 14 was observed similar to the profile in the triple combination from day 14 to
49. As in the example of ethambutol-isoniazid shown above, this favourable outcome of
the combination could be attributed to the prevention of isoniazid-resistant bacteria
generation. Another explanation could be that the bacterial metabolism reduced by the
effect of bedaquiline [101] could potentiate the bactericidal activity of isoniazid.
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The addition of rifampicin to this slow pair-wise interaction caused a favourable
faster interaction that produced the observed strong killing ability in the triple
combination from day 1 to day 14. This first part of the curve matched with the
corresponding part of the pair-wise combination formed by isoniazid plus rifampicin.

Finally, the combination of rifampicin with bedaquiline showed a positive but
weaker interaction.

In summary, it could be deduced that rifampicin contributed positively at shorter
time points, and bedaquiline with isoniazid contributed to the maintenance of the
strong killing ability until day 49.

BDQ-INH-RIF 1x MIC

-& Untreated
¥ BDQ 1x
= INH 1x

Ao e e

RIF 1x

Log CFU/mI

-H: BDQ-INH-RIF 1x

ok mow

0 5 10 15 20 25 30 35 40 45 50
Time (days)

BDQ-INH 1x MIC BDQ-RIF 1x MIC INH-RIF 1x MIC

-~ Untreated
- BDQ 1x
= INH 1x

-H- BDQ-INH 1x

-8~ Untreated
¥ BDQ 1x
- RIF 1x

-M- BDQ-RIF 1x

-&- Untreated
¥ INH 1x
& RIF 1x
- INH-RIF 1x

Log CFU/mI
Log CFU/mI
Log CFU/mI

ok N w s oo N @ o

0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50 0 5 10 15 20 25 30 35 40 45 50
Time (days) Time (days) Time (days)

Figure 1.18. Example of deconvolution of BDQ-INH-RIF triple drug combination. Top:
bedaquiline (BDQ) combined with isoniazid (INH) and rifampicin (RIF) resulted in a positive
interaction at short and long times. Bottom left: BDQ combined with INH was favourable from
day 14. Bottom centre: BDQ combined with rifampicin showed positive interaction from day 7
to day 21. Bottom right: INH combined with RIF showed a favourable profile until day 14.
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1.4 General discussion

Recent years have seen a resurgence of new drug-like chemical entities with anti-
mycobacterial activity, a number of which are progressing into clinical trials [67].
However, it is still unknown how to best combine these compounds into therapeutically
effective multidrug regimens against TB.

Traditional efforts to identify new potential drug combinations involve empirical
phenotypic screening for in vitro synergies at the microbiological level. This is typically
done by checkerboard assays, which allows interrogation of 2-way drug interactions, but
with limited power to identify 3-way or higher order drug interactions. A new technology
called DiaMOND has overcome this limitation by reducing the number of experimental
conditions that require testing, and vastly simplified the ability to identify favourable
combinations of three, four or even a higher number of drugs [70].

Both CBA and DiaMOND are based on the calculation of the FICI, an index based
on growth inhibition rather than bacterial killing, which remains unmeasured [82]. While
CBA have typically relied on MIC (i.e. 1Cs), DiaMOND uses ICso to define the FICI. In this
Chapter, we replicated the experiments described by Cokol et al. [70], where nine anti-
TB drugs were combined in 36 pair-wise combinations. We found that the specific
parameter used to describe in vitro drug interactions (i.e. 1Cso, ICoo or MBC) influences
the classification criteria of such drug combinations. Moreover, we found that the use
of ICsp values as an indicator of drug interactions artificially enriched the classification of
antagonistic combinations.

In addition, any synergistic combination identified by FICI-based readouts
requires secondary validation by time kill assays that significantly, and in some cases
prohibitively, increase the complexity and duration of combination testing [81]. TKA are
the most valuable assay in static in vitro PK-PD studies and rely on CFU enumeration at
different time points (instead of a fixed time point as in the case of CBA or DiaMOND).
TKAs are also the basis of mathematical modelling of antimicrobial drug action [84].
However, their low throughput creates a barrier when it comes to validate triple or
higher n-way interactions.

In this Chapter, we described the development of OPTIKA, an in vitro
methodology that allows facile interrogation of n-way drug interactions. These
measurements are dynamic and include direct measures of cidality. OPTIKA increased
the capacity of traditional TKAs in more than 30-fold. It is based on the CARA assay [85,
86], which replaces the use of CFU by a resazurin-based fluorescence readout. We
identified the critical parameters to define the degree of drug interaction by OPTIKA,
being these (i) the slope of killing curve at day 2; (ii) the CFU log reduction at days 4 and
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7, and (iii) bacterial regrowth (relapse) at days 21 and 50 (end point). The measurement
of several interaction parameters at different time points extended to all drug exposure
duration constitutes an indubitable added value of OPTIKA [98].

In-depth evaluation of different outputs from these parameters allowed us to
prioritize regrowth at the end point as the most informative parameter to classify the
interactions. Considering the long duration of OPTIKA and its roots in cell viability,
favourable combinations at end point should be prioritized for further preclinical
progression. Measurements around 50 days after drug exposure are not common in
standard in vitro assays, partly due to thermal degradation of compounds at 37 °Cin 7H9
media [102]. Although OPTIKA uses a static model, maintaining bacteria in the same
culture medium, and drugs are only added at the beginning of the experiment, some
combinations studied in this Chapter showed favourable drug interaction at the OPTIKA
end point. Two hypotheses could explain this phenomenon: (i) drug combinations would
be acting preventing the emergence of drug resistance to individual drugs, or (ii) the
OPTIKA end point would be detecting post antibiotic effect (PAE) of drug combinations,
as it was previously observed in other drug combinations against TB using traditional
CFU based TKA [103]. In both scenarios, favourable drug combinations would produce
irreversible damage to the bacteria in addition to the damage caused by single drugs,
which definitely inhibited the bacterial viability. As described in Chapter 3 of this Thesis,
transcriptomics is a valuable tool that could be applied to determine the mechanism of
action of favourable drug interactions identified by OPTIKA at the end point.

OPTIKA is a TKA performed in a throughput manner based on fluorescence
readouts. Similar to TKAs, it still presents some limitations:

First, experiments described here have been performed with a laboratory strain.
Results from different strains including different lineages and clinical isolates that
ensure genetically and drug susceptibility variability should be compared.

Second, all experiments described in this Chapter have been performed using
standard in vitro growth conditions. However, the co-existence of M. tuberculosis sub-
populations at distinct physiological states in patients with different drug susceptibility
is the main reason for the need of a multidrug regimen against TB [104]. Before
prioritizing favourable combinations identified by OPTIKA, this method should be
adapted to different experimental in vitro conditions mimicking these
microenvironments such as the carbon sources (i.e. glucose, cholesterol, fatty acids),
low pH or metabolic states, using the non-replicating model [85], or the M. tuberculosis
18b strain [104].
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Finally, PK-PD parameters such as the clinical achievable drug concentration or
the drug penetration into the infected tissue have not been considered when developing
OPTIKA. OPTIKA concentrations tested in this Chapter were selected based on the in
vitro potency of individual drugs. Alternative parameters for choosing the
concentrations for OPTIKA could be based on MBC instead of MIC readouts, or
considering other PK-PD parameters such as plasma-free drug concentrations, as it is
suggested in a recent study where several dose-response curve parameters have been
evaluated as better indicators of favourable drug combinations when translating results
from in vitro to in vivo [98, 105]. In addition, OPTIKA could be integrated with other in
vitro models mimicking caseum environment [106, 107]. These models measure the
drug concentration in necrotic granulomas and the acellular caseum. This could provide
valuable insight to understand data generated by OPTIKA and to rationally propose
effective new anti-TB regimens.

Regarding other potential applications, OPTIKA can robustly inform on the
development of new anti-TB regimens. Most TB drug discovery programs are based on
metrics of potency of static drug concentration assays such as the MIC values or the
killing rate obtained from CFU based TKA. These approaches lack essential information
such as the interaction of the drug, the microorganism, and the host. In addition, they
are based on static MIC values and hardly reflect the continually changing drug
concentrations to which the pathogen is actually exposed in in vivo systems [108]. In
recent years, several translational approaches and tools have been developed and
recoghnized as methods to efficiently progress anti-TB compounds [109, 110].
Translational PK-PD models are intended to reduce the high attrition rate of compounds
when translating from in vitro assays into clinical stages [111, 112]. They identify the
human dose that produces the exposure with a determined efficacy in an animal model.
Their purpose is to define a relationship between dose and response to identify the
optimal dosing to simulate alternate regimens. To successfully predict treatment
outcomes, the dynamic concentration of drugs under study is a critical parameter. To
simulate a desired PK profile, the Hollow Fiber System (HBS-TB) is a powerful tool [113].
This technology, which links in vitro data with simulation-based methods, has been
recommended by the European Medicine Agency. Using repetitive sampling for drug
concentrations and bacterial burden, the HFS-TB allows derivation of relationships
among drug exposure, microbial kill rates, frequency of resistance, and exposure needed
for resistance suppression for single drugs and drug combinations. Feeding from PK-PD
data, the model can predict, through in silico modelling and simulation approaches,
clinically relevant metrics (such as susceptibility breakpoints, target dosages, and
optimal drug combinations) to understand, evaluate, and optimize performance of
potential anti-TB regimens. However, HBS-TB presents a limited throughput. Drugs need
to be thoroughly selected to optimize resources and efforts dedicated to these assays.
According to the data presented in this Chapter, OPTIKA has demonstrated to be a valid
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methodology to select starting combinations to be tested by the HFS-TB model,
constituting a cell viability based-assay in contrast to standard growth inhibition-based
assays.
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1.5 Conclusions and future perspectives

In this Chapter, we developed OPTIKA, an in vitro methodology with capacity to
robustly interrogate up to 550 conditions of drugs and drug combinations against M.
tuberculosis in a single experiment. OPTIKA directly measures bacterial death and
provides longitudinal kinetic data, revealing key aspects of the killing kinetics of the
explored drug combinations, which fills the existing gap in the in vitro drug combination
studies in the TB field. Favourable combinations identified with OPTIKA should be
further profiled in other models to integrate pharmacokinetics and pharmacodynamics
of compounds. Finally, the mechanism of action of the selected combinations could be
further explored with other tools such as transcriptomics (as it has been done in Chapter
3 of this Thesis) or metabolomics.

Next steps in the optimization of OPTIKA are currently in progress. The work
described in this Chapter has constituted the basis of a new project where this assay is
being applied to evaluate drug interactions under different jn vitro conditions such as
glucose, cholesterol, fatty acids, low pH, non-replicating and different Mtb strains. Data
from this project will be integrated in the ERA4TB consortium [30], the biggest European
consortium focused on accelerating the development of new treatment regimens for
tuberculosis, becoming an in vitro assay with high probabilities of being part of the
current anti-TB drug discovery portfolio assays in the upcoming years.
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1.7 APPENDIX 1IlI: Chapter 1 Killing curves
supplementary tables

Supplementary table 1.1. Mean log CFU/ml * SD of data plotted in Figure 1.14,
OPTIKA assay.

Mean Log CFU/ml £ SD

Sample Day -3 Day 0 Day1 Day 2 Day 4 Day 7 Day 14 Day 21 Day 58
Untreated [4.08 +0.68|5.35+0.87|7.13+3.03(6.08 +1.01|7.44+1.04|7.28 +0.53|7.22 £ 0.52|6.31 + 0.88|6.39 £ 0.95
BDQ 1/4x NA NA 7.07 £0.26(6.97 £ 0.87(7.94 £ 0.70(7.29 £ 0.24|8.16 £ 0.81|6.58 £ 0.31|7.34 £ 0.57

BDQ-CFZ 1/4x NA NA 5.81+0.49(6.30 £ 0.30(6.95 £ 0.23(6.73 £ 0.45(8.21 £ 0.64|6.57 £ 0.70(7.28 £ 0.21
CFZ 1/4x NA NA 5.59+1.86(5.33+0.76(7.32+0.94({7.76 £ 0.67|7.26 £ 0.31|5.42 + 0.34|6.75 + 0.95
CFZ-INH 1/4x NA NA 6.15+ 0.58|6.90 + 0.60|7.46 + 0.60(7.46 + 0.32|7.96 + 0.46|6.72 + 0.40(6.78 + 0.63
CFZ-RIF 1/4x NA NA 5.51+1.88|6.14 +0.34|6.57 + 0.41{6.36 + 0.43|7.80 + 0.32|6.14 + 0.40(6.32 £ 0.90
EMB 1/4x NA NA 7.34+3.11|7.06 +£0.83|7.51 +0.68(6.87 +0.41|8.27 + 0.68|8.21 + 1.15|7.24 + 0.68
INH 1/4x NA NA 6.41+1.94|5.91+0.79|8.32+0.89(7.69 +0.57|7.26 + 1.25|5.47 + 0.65(|6.73 £ 0.63
INH-PTD 1/4x NA NA 6.60 + 0.24|6.55 £ 0.44|6.51 + 0.48(6.71 + 0.56|7.68 + 0.49|6.86 + 0.86|6.93 + 0.39
PTD 1/4x NA NA 7.28+0.33|7.20+0.34|7.12+0.51{7.17 £ 0.82|7.91 £ 0.35|7.15 £ 0.94|7.54 £ 0.58
PTD-RIF 1/4x NA NA 5.77 £0.81(3.46 £ 0.67(4.07 £ 0.24(3.24 £ 0.79(4.19 £ 1.23|3.87 £ 1.18|6.54 £ 0.56
RIF 1/4x NA NA 6.49 £ 0.90(6.08 £ 0.54|6.81 + 1.00(6.15 + 0.65(7.58 £ 0.56|7.34 £ 0.39(5.91 + 0.41
RIF 1/6x NA NA 4.70+0.97(5.90+ 0.61|6.35 + 0.58|6.03 + 0.49(6.84 + 0.26|7.07 + 0.98|6.64 + 0.61
RIF 4x NA NA 2.91+0.21|2.13 £0.05|2.25 + 0.07{2.00 + 0.04|2.07 £ 0.02|2.70 + 0.00|6.05 + 0.89
RIF-EMB 1/4x NA NA 4.58 +2.04(2.34+0.18|2.39+0.10{2.03 + 0.07(2.14 £ 0.01|2.70 + 0.00|5.77 + 0.73

Bedaquiline (BDQ), clofazimine (CFZ), ethambutol (EMB), isoniazid (INH), pretomanid (PTD),
rifampicin (RIF). NA: not applicable.

Supplementary table 1.2. Mean log CFU/ml * SD of data plotted in Figure 1.14,
CFU counts assay.

Mean Log CFU/ml + SD

Time (days) Day -3 Day 0 Day 1 Day 2 Day 4 Day 7 Day 14 Day 22 Day 58
Untreated 3.82+0.07|4.63+0.06/4.7+ 0.01|4.7+ 0.13 5.1+ 0.07|57+ 0.11| 6.5+ 0.04 | 6.8+ 0.11 | 6.8+0.07
BDQ 1/4x NA NA 4.6+ 0.00|4.6+ 0.04|5.2+ 0.02|5.6+ 0.09]| 6.4+ 0.03 | 6.6+ 0.09 NA
CFZ 1/4x NA NA 46+ 0.01|5.1+ 0.03|5.4+ 0.04 |55+ 0.12| 6.0+ 0.15 | 6.6+ 0.12 NA

CFZ-BDQ 1/4x NA NA 48+ 0.02|4.9+ 0.01|5.0+ 0.07|5.6+ 0.12| 59+ 0.11 | 6.5+ 0.12 NA

CFZ-INH 1/4x NA NA 49+ 0.06|4.9+ 0.03|/49+ 0.00|5.5+ 0.10| 6.4+ 0.01 | 6.5+ 0.10 NA

CFZ-RIF 1/4x NA NA 4.5+ 0.23 4.9* 49+ 0.00[4.8+ 0.04| 5.6+ 0.01 | 6.1+ 0.04 NA
EMB 1/4x NA NA 46+ 0.02/53+0.19|5.6+ 0.17[54+ 0.04| 59+ 0.01 | 6.7+ 0.04 NA
INH 1/4x NA NA 4.7+ 0.10 4.8+ 0.08|5.0+ 0.01|53+ 0.11| 59+ 0.08 | 5.9+ 0.11 NA

INH-PTD 1/4x NA NA 48+ 0.09|4.9+ 0.02|5.8+ 0.03|5.8+ 0.00| 6.6+ 0.12 | 6.3+ 0.00 NA
PTD 1/4x NA NA 4.8+ 0.09|5.1+ 0.00|5.2+ 0.04|5.3+ 0.05| 59+ 0.03 | 6.7+ 0.05 NA
PTD-RIF 1/4x NA NA 4.7+ 0.08|4.7+ 0.04|4.8+ 0.01|4.4+ 0.09| 4.7+ 0.02 | 5.5+ 0.09 NA
RIF 1/4x NA NA 4.8+ 0.05[4.8+ 0.10|5.3+ 0.06[5.6+ 0.19| 6.0+ 0.07 | 6.7+ 0.19 NA
RIF 1/6x NA NA 4.4+ 0.07 |52+ 023|149+ 0.03[55+ 0.16| 6.2+ 0.00 | 6.2+ 0.16 NA
RIF 4x NA NA 3.9+ 0.10|3.5+ 0.01 3.4+ 0.03|2.8+ 0.00| 5.3+ 0.04 | 3.7+ 0.00 | 6.8 +0.04
RIF-EMB 1/4x NA NA 4.7+ 0.01|4.4+ 0.02|4.2+ 0.17|3.7+ 0.02| 2.0+ 0.00 | 4.4+ 0.02 | 6.8 +0.06

Bedaquiline (BDQ), clofazimine (CFZ), ethambutol (EMB), isoniazid (INH), pretomanid (PTD),
rifampicin (RIF). NA: not applicable *:Data from one replicate.
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Supplementary table 1.3. Mean log CFU/ml + SD of data plotted in Figures 1.15

to 1.18.
Mean Log CFU/ml + SD

Sample Day -3 Day 0 Day 1 Day 2 Day 4 Day 7 Day 14 Day 21 Day 49
Untreated |5.17+0.46|7.90+1.01|5.93 + 1.55(5.93 £0.71|5.85 + 0.80|6.70 + 0.77|7.22 + 0.65|5.80 + 0.44|6.50 = 0.60
BDQ 1X NA NA 6.38+1.21|7.47 £ 0.57|5.42 + 1.08 - 5.19+2.86|5.18 +1.71|4.16 + 0.83
BDQ-INH 1X NA NA 7.17 £0.71|5.97 £+ 0.69|4.40 £ 0.15|3.81 £ 0.95|2.81 + 0.00|2.67 + 0.03|2.82 + 0.00
BDQ-INH-RIF 1x NA NA 3.30+0.20|1.75+ 0.16|2.64 + 0.00(2.60 + 0.00 - 2.64 +0.00|2.82 + 0.00
BDQ-RIF 1X NA NA 5.82+0.42|4.98 +1.02|2.83 +0.15(2.60 + 0.00{3.03 + 0.26|2.73 + 0.07|6.10 + 2.45
EMB 1/4X NA NA 4.41+0.28|6.38 + 1.36/5.65 £ 0.40|6.39 + 2.69|5.99 + 2.29|5.33 £ 0.33|5.77 £ 0.38
EMB 1X NA NA 6.38+1.14|7.17 + 0.48|3.75 + 1.08(3.95 + 1.96|3.63 + 1.63|5.42 + 0.77|7.10 + 0.46
EMB 4X NA NA 4.72 +1.31|3.15+ 1.30{2.64 + 0.00{2.60 + 0.00|2.81 + 0.00|2.64 + 0.00(2.82 + 0.00
EMB-INH 1/4x NA NA 6.46 £0.90(5.37 £ 0.92|6.02 £ 1.35(8.12 £ 0.79|8.02 + 0.35|6.70 £ 0.59(7.46 + 0.49
EMB-INH 1x NA NA 4.86+0.31/1.70 £ 0.24|2.64 + 0.00{2.60 + 0.00|2.81 + 0.00|2.64 + 0.00(2.82 + 0.00
EMB-INH 4x NA NA 3.00+0.00|1.58 + 0.03|2.64 + 0.00(2.60 + 0.00{2.81 + 0.00|2.64 + 0.00|2.82 + 0.00
EMB-RIF 1x NA NA 3.02+0.03|1.63 +0.08|2.64 + 0.00(2.60 + 0.00{2.81 + 0.00|2.64 + 0.00|2.82 + 0.00
INH 1/4X NA NA 7.28+0.60|7.03 + 0.66|6.75 + 0.96(8.01 + 1.00|7.63 + 0.26|6.79 + 0.44|7.52 + 0.47
INH 1X NA NA 5.44+0.69|3.28 + 0.83|2.68 + 0.05(3.26 + 1.32|4.88 + 2.77|4.62 + 2.29|7.43 + 0.80
INH 4X NA NA 4.04+0.86/1.82+0.12(2.88 + 0.48|2.64 + 0.08|3.37 +1.12|4.28 + 1.30(5.37 £ 1.71
INH-RIF 1x NA NA 3.06+0.11]|1.63+0.04|2.64 + 0.00(2.60 + 0.00{2.81 + 0.00|4.23 + 1.70|6.42 + 0.84
INH-RIF 4x NA NA 3.00+0.00|1.63 +0.04|2.64 + 0.00(2.60 + 0.00{2.81 + 0.00|2.64 + 0.00|2.82 + 0.00
RIF 1X NA NA 4.60+0.53|3.70 £ 1.01|3.68 + 0.88|5.97 + 2.39|6.24 + 2.29|6.26 + 0.86(6.66 * 1.92
RIF 4X NA NA 3.00+0.00(1.63+0.01|2.64 £ 0.00{2.60 + 0.00|2.81 + 0.00{3.01 + 0.45(5.46 + 1.35

Bedaquiline (BDQ), clofazimine (CFZ), ethambutol (EMB),
rifampicin (RIF). NA: not applicable -: Missing experimental data.

isoniazid (INH), pretomanid (PTD),
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of B-lactam synergistic partners against
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2.1 Introduction

In 1929, Alexander Fleming accidentally found that a strain of the mould
Penicillium produced an antibacterial agent which he named penicillin [114]. This was
the first observation of the antibacterial properties of B-lactams. He rapidly confirmed
that it was not toxic if administered to mice and rabbits and it was used as an antiseptic
for topical application. However, its antibacterial properties were not fully
demonstrated until 1940, when it was observed that injected penicillin was effective to
treat a lethal streptococcal infection in mice. The preparation of a stable form of
penicillin along with a large-scale production occurred during World War Il. Penicillin
was active against a broad spectrum of infections, including those commonly found in
military medicine. Before the 20t™ century, many soldiers died from bacterial infections
after being wounded in action. The development and production of penicillin during
World War Il greatly reduced combatants” mortality from infected wounds and its use
prevented widespread venereal disease epidemics in the post-war era, playing a critical
role in the early post-war recovery. In addition, penicillin was the first antibiotic
produced in an industrially manner. The pioneering techniques developed for large-
scale penicillin production, including fermentation, production and purification steps
constituted the basis of modern bioreactors [115].

Penicillin is regarded as the initiator of the era of the antibiotics for many
reasons: (i) it was the first successful chemotherapeutic agent produced by microbes,
(i) it is not destroyed in the body, and (iii) it is well tolerated by humans. In addition,
newer antibiotics were discovered and produced using medicinal science and
production methods created for the development of penicillin [116].

In 1940, the chemical structure of penicillin was determined. This molecule
contains a highly reactive 3-carbon and 1-nitrogen ring (B-lactam ring) that gives its
name to a large family of antibiotics, the B-lactams. This family includes several sub-
families based on the number of atoms in the central nucleus and their substituents
[115-118] (Figure 2.1):

1. Penicillins. Constituted by a nucleus of 6-aminopenicillanic acid and other
chains in the ringside. Penicillin G was the first clinically used penicillin. It was
approved in 1946 and it was mainly used to treat streptococcal and
staphylococcal infections. However, the selection of penicillin-resistant
staphylococci strains producing penicillinase, an enzyme that inactivates the
B-lactam ring of penicillin, prompted the development of new less
susceptible penicillins to the staphylococcal penicillinase, the semi-synthetic
penicillins.
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Cephalosporins. Containing a 7-aminocephalosporanic acid nucleus, and a
side chain formed of 3,6-dihydro-2H-1,3-thiazane rings. Cephalosporin C, the
first member of the now named cephalosporins, was discovered in 1953 and
its stability to penicillin B-lactamase was found as an attractive property
[119]. Many other cephalosporins were developed in the following years,
being classified in classes or generations sequentially named according to
their improved activity against gram-negative bacteria. The semi-synthetic
cephalosporins constituted the most important group of antibiotics at that
time.

Carbapenems. Similar to the penicillins, they contain an unsaturated five-
membered ring containing a carbon atom instead of sulphur fused to the -
lactam ring. Carbapenems were discovered in the mid-1970s, being their
stability to most of B-lactamases and their broad-spectrum potency
remarkable properties. As it happened for other B-lactam classes, derivative
compounds with improved potency and chemical stability were rapidly
developed.

Monobactams [120]: here, the B-lactam ring is not fused to another ring.
They were created by chemical synthesis and divided onto several classes
depending on the substituents, which also determine their chemical
reactivity.

B-lactamase inhibitors [121, 122]. Most of them contain the B-lactam ring in
their structure. In the 1970s, some B-lactamase inhibitors were produced,
such as clavulanic acid or sulbactam. Others such as tazobactam or avibactam
are newer and others are currently being developed [122-124]. B-lactamase
inhibitors display little antibiotic activity but are exceptional inhibitors of B-
lactamases. They are co-administered with other B-lactams susceptible to B-
lactamases.
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Figure 2.1 B-lactam subfamilies. Adapted from[118] and [122].

The mechanism of action of the B-lactams is inhibition of the cell wall formation
by blocking peptidoglycan synthesis. The peptidoglycan is a polymer present in all type
of bacteria. It forms a layer outside the cell membrane constituting the cell wall. The
core structure of the peptidoglycan is shared across bacteria; it is formed by
disaccharide strands (glycan) linked by short peptides. Cross-linking of the glycan strands
and whether this peptidoglycan layer is localized within the cell wall varies across
different type of bacteria [125, 126] (Figure 2.2).

e Gram-negative bacteria: the peptidoglycan is a thin structure comprised
by one or two layers and it is located between the two cell membranes.

e Gram-positive bacteria: a multilayer exoskeleton above the cell
membrane.

e Mycobacteria: they possess the most complex cell envelope formed by
mycolic acids, arabinogalactan and peptidoglycan, which represent a
giant macromolecule encasing the mycobacterial cell. Their
peptidoglycan is formed by several layers covalently bound to the
arabinogalactan, in turn bound to long-chain mycolic acids.
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Figure 2.2. Cell wall structure of gram-negative bacteria, gram-positive bacteria, and
mycobacteria. Adapted from [126].

The peptidoglycan is an essential molecule for bacterial survival, it provides a
protective function by acting as a barrier against physical, chemical, and biological
threats. In addition, it constitutes a scaffold for anchoring other cell envelope
constituents, and confers cell shape and architecture [127]. The peptidoglycan is a very
dynamic cell component that is constantly under remodelling in response to
environmental changes or bacterial needs. These processes are very complex and are
highly regulated by multiple and very specific interactions of cellular components [128,
129]. A major group of enzymes involved in the synthesis and remodelling of the
peptidoglycan layer are the Penicillin Binding Proteins (PBPs). All bacteria possess their
own family of PBPs, some of them are essential, but some others are not. PBPs are
classified according to their molecular mass and catalytic function and their name
reflects that they possess a great affinity for penicillin [130]. PBPs catalyse the final steps
of peptidoglycan synthesis i.e. the cross-linking of glycan chains by short peptide
bridges. There are several types of PBPs: (i) the most common D,D-transpeptidases
(DDTs) responsible of the 4->3 cross-links and, (ii) L,D-transpeptidases (LDTs), specially
important in mycobacteria and responsible of the 33 peptidoglycan cross-links [131]
(for more information on LDTs, see Chapter 3 Figure 3.3).

Figure 2.3 shows a schema of the formation of a 4 = 3 cross-link catalysed by a
PBP. There, a PBP nucleophilic serine residue attacks a pentapeptide on the donor
strand, forming a peptide and releasing D-alanine. From the acceptor strand of the
peptidoglycan, a second nucleophilic reaction occurs, in this example the L-lysine
residue reacts with the enzyme complex, forming a cross-link and releasing the PBP
enzyme.
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Figure 2.3. Mechanism of action of the PBP transpeptidase activity in the 4->3 peptidoglycan
cross-link formation. From [131].

The B-lactam ring of penicillin (or other members of the B-lactam family) mimics
the structure of the terminal D-Ala-D-Ala dipeptide in the nascent peptidoglycan of the
dividing bacteria The nucleophilic serine residue of the PBP enzyme attacks the
antibiotic B-lactam ring. The covalent PBP-B-lactam complexes are stable and produces
a loss of PBP activity and, therefore, cell lysis (Figure 2.4) [131-133]. The fact that
different PBPs are differentially inhibited by several B-lactams shows that this
interaction is quite specific [117].

ol

HHH

S
¢
O N\)\ R H
o : hif
o}

(@) B—H }'zJ
J

Ser

Ser acyl-enzyme
(PBP) complex (AEC)

Figure 2.4. Scheme of the acylation of the transpeptidase serine with a penicillin antibiotic.
From [131].

B-lactams is therefore one of the oldest and most successful family of antibiotics.
They are a very diverse group of molecules well validated in medical practice with known
PK-PD properties and possess great efficacy against a wide spectrum of gram-positive
and gram-negative bacteria.
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However, bacteria have acquired resistance to B-lactams through several
mechanisms. Gram-negative bacteria produce enzymes that hydrolytically destroy the
B-lactam, whereas the main mechanism of resistance of gram-positive bacteria is target
modification. This consists on introducing structural changes in the enzymes that are
targeted by the B-lactam, which makes these enzymes less reactive to these drugs [134].

In the context of TB, the situation is different. Historically, early B-lactams
showed little activity against TB. This was erroneously attributed to the low permeability
of the mycobacterial cell wall. Later, it was described that both low permeability of the
cell wall and the presence of a highly active genetically encoded B-lactamase (BlaC) that
inactivates B-lactams were the reason for their poor activity [135]. Different resistance
mechanisms have been described for other bacteria and could be considered as well for
mycobacteria [136] (Figure 2.5):

1. Changes in the population of porins or the characteristics of the outer
membrane would increase the diffusion of B-lactams from the outside of the
cell to the cytoplasm, decreasing the effective concentration of these drugs
in their general site of action, i.e. the periplasm or cell wall zone.

2. PB-lactams can be exported outside bacteria by multidrug efflux pumps, which
reduce the effective B-lactam concentration.

3. The production of B-lactamases that degrades B-lactams is another effective
mechanism to reduce the B-lactam activity.

4. Target site modification by introducing mutations in the PBPs would produce
less affinity of B-lactams with their targets thus reducing its activity.

5. The number of PBPs could be modified in response to the presence of B-
lactams. PBPs with low B-lactam affinity would be expressed as a mechanism
of evasion to B-lactams.
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Figure 2.5. Mechanisms of B-lactams resistance in mycobacteria. From [136] Left:

mycobacterial cell wall simplification includes the outer membrane (OM), the peptidoglycan

o

v

100



Chapter 2

layer (PG) and the cell membrane (CM). Right: schema of B-lactams resistance mechanisms:
modification of permeability of the outer membrane (1), increase of expression of efflux pumps
(2), B-lactamase increased production, (3) target site modification, (4) and expression of B-
lactam-refractory PBPs.

The activity of B-lactamases could be clinically reduced by the co-administration
of B-lactamase inhibitors [137], being clavulanate the most effective against Mtb due to
a stable inactivation of the enzyme [137, 138]. In 1983, an in vitro study demonstrated
bactericidal activity of amoxicillin combined with the B-lactamase inhibitor clavulanate
against 14 out of 15 clinical isolates of Mtb [139]. After this initial discovery, several
clinical trials were performed with conflicting observations. In 1998, a clinical study
evaluated the early bactericidal activity (EBA) of amoxicillin/clavulanate [140]. Patients
received isoniazid (300 mg, once daily), ofloxacin (600 mg, once daily) or
amoxicillin/clavulanate (1000 mg / 250 mg, three times a day) for seven days. Results
showed that all three regimens reduced Mtb in sputum, with isoniazid as the most
effective agent, and showed amoxicillin/clavulanate comparable activity to other
antitubercular agents. However, in 2001 a later study found contradictory results [141].
In this study, patients received either amoxicillin/clavulanate (3000 mg / 750 mg, once
daily) or no drugs for two days. The EBA of the two groups was compared and no
statistically significant differences were found. A possible reason underlying these
discrepant results could be the differences in the dosage of amoxicillin/clavulanate.
Although in both studies patients received 3 g of amoxicillin and 750 mg of clavulanate
daily, in the first study it was administered three times a day and, in the second one,
once a day. However, the authors of the latter study concluded that
amoxicillin/clavulanate was ineffective for the treatment of TB and it should be
exclusively used in those cases of multidrug-resistant TB with no other treatment
options.

Interest in B-lactams for the treatment of TB arose again some years later in the
midst of an outbreak of XDR-TB (first reported in 2006 in Tugela Ferry, KwaZulu-Natal
Province, South Africa) [142], when a report showed that carbapenems were poor
substrates of Mtb PB-lactamase and confirmed in vitro activity of
meropenem/clavulanate against drug susceptible and XDR-TB strains [143]. In 2016, a
clinical trial demonstrated that meropenem administered with amoxicillin/clavulanate
had similar efficacy than the standard treatment (isoniazid, rifampicin, pyrazinamide
and ethambutol). This, together with other mounting evidence [144-147], was an
inflexion point on B-lactams perception as an anti-TB treatment option [148]. Currently,
the WHO includes carbapenems in the list of recommended drugs to be used in longer
MDR-TB regimes. Meropenem and imipenem-cilastatin are the carbapenems included
in the latest group (group C), which contains drugs to be added to the regimen when
medicines from groups A and B cannot be used. Carbapenems have to be administered
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with the B-lactamase inhibitor clavulanic acid, which is available only in formulations
combined with amoxicillin [149].

These findings confirming the anti-TB properties of B-lactams are especially
encouraging because of a different mode of action than existing anti-TB therapies. Thus,
B-lactams should be minimally impacted by the development of resistance to other
therapies. Moreover, several types of PBPs have been described in Mtb. As in other
bacteria, sub-classes of B-lactams show different affinity for them, i.e., carbapenems
inhibit LDTs while penicillins and cephalosporins target DDTs [150]. The combination of
two sub-classes of B-lactams targeting different mycobacterial transpeptidases is
regarded as a possibility to effectively disrupt the peptidoglycan biosynthesis [151, 152].
Reported in vitro synergy between penicillins and carbapenems (amoxicillin and
meropenem, respectively) supports this hypothesis [153]. However, this is a field yet to
be explored.

In this Chapter, we studied the in vitro activity of B-lactams in combination with
an extended set of compounds against Mtb, as well as the B-lactam contribution in
higher order drug combinations. This Chapter is divided into two parts:

1. B-lactam synergy screening. We described an in vitro combination screening
against Mtb focused on B-lactams. Two B-lactams were chosen: meropenem,
because of its anti-TB activity properties already demonstrated [143, 148],
and cefadroxil, an oral cephalosporin that showed synergy with rifampicin
[83]. These two primary compounds were tested in combination with a panel
of 48 compounds with known mechanism of action against Mtb. This primary
screening was performed with standard methodologies, based on growth
inhibition assays. Compounds showing positive interaction with B-lactams
from this primary assay were confirmed and further characterized based on
bacterial killing using the OPTIKA assay described in Chapter 1. The improved
throughput of OPTIKA, compared with standard time kill assays, allowed us
to explore combinations up to three drugs and profiled their kinetics at
extended time points (up to 50 days).

2. Integration of B-lactams in current MDR-TB therapy. We evaluated the
contribution of B-lactams to drug combinations designed based on recent
recommendations to treat MDR-TB. In 2019, the WHO launched the
consolidated guidelines on drug-resistant tuberculosis treatment [149]. In
these guidelines, a new drug classification to manage RR- and MDR-TB cases
was included to achieve either a shorter regimen including injectable anti-TB
drugs or a longer all-oral treatment. For the longer regimen, the WHO
recommended to combine all three drugs belonging to group A
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(levofloxacin/moxifloxacin, bedaquiline and pretomanid) plus at least one
drug from group B (clofazimine or cycloserine/terizidone) for at least 18-20
months. These recommendations could be considered if there was no
resistance to any of the drugs in group A. If there was resistance to
fluoroquinolones (i.e., levofloxacin or moxifloxacin), clofazimine constituted
a valid alternative to them. When not possible to design a treatment with
drugs from groups A and B, drugs from group C (ethambutol, delamanid,
pyrazinamide, imipenem-cilastatin/meropenem, amikacin/streptomycin,
ethionamide/prothionamide and p-aminosalicylic acid) should be used.
Considering these recommendations together with data from previous meta-
analysis and observational studies, Caminero et al. [154] proposed a
multidrug regimen using new drugs based on moxifloxacin-bedaquiline-
linezolid or clofazimine-bedaquiline-linezolid for patients  with
fluoroquinolone resistant MDR-TB.

Our study was focused on a set of drugs chosen accordingly to the
recommendations cited above. It was done completely based on bacterial
killing, using OPTIKA, and following a different approach that allowed us to
understand the individual contribution of single drugs in combinations up to
five drugs at a time.

The main objective of Chapter 2 is to identify favourable partners to combine
with B-lactams against Mtb and understand its contribution when in multidrug anti-TB
regimens. For this, we first performed an in vitro combination screening focused on -
lactams. Later, we did a second study to characterize the in vitro contribution of -
lactams to a set of drugs recently proposed by the WHO for MDR-TB treatment.
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2.2 Material and methods

2.2.1 Bacterial strain, growth conditions, compound information
and reagents

The bacterial strain, glycerol stocks and assay media described in Chapter 1
section 1.2.1, were used in this Chapter.

7H9 media was supplemented with detergent (tyloxapol 0.05% v/v) only for
cultures used for OPTIKA calibration curves. Experiments including drugs were
performed with detergent-free assay media.

The compound library (n= 48) included commercially available and drugs with
known mechanism of action (secondary compounds, SC) (Table 2.1). The library was
screened in pair-wise combinations with two B-lactams (primary compounds, PC):
meropenem and cefadroxil against Mtb.

Stock solutions of compounds dissolved in their optimal solvent were always
prepared fresh on the same day of plate inoculation. Compounds were dispensed using

an HP D300e Digital Dispenser.

MTT and resazurin solutions were prepared as described in Material and
Methods of Chapter 1, section 1.2.1.
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Drug name Abbreviation li Class Target Application
Amikacin* AMK GSK-CS (KS202846-156A2) Aminoglycoside Protein synthesis 2nd line anti-TB
Bacitracin BAC GSK-CS (GDD/27938) Polipeptides Cell wall Topical. Skin infections
Bedaquiline BDQ GSK-CS (EC/11613) Diarylquinoline Respiration MDR-TB
Cefadroxil* CFX GSK-CS (KS202846-156B6) Cephalosporin (1st gen) Cell wall Oral. Broad- spectrum
Cefdinir CEF Sigma (C7118) Cephalosporin (3rd) Cell wall Oral. Broad- spectrum
Cefixime CFM GSK-CS (IM101056-009K0) Cephalosporin (3rd) Cell wall Oral. Broad- spectrum
Cefotetan CTT GSK-CS (ST/1302758) Cephamycin Cell wall Long ty, Broad-spectrum
Ceftriaxone CRO GSK-CS (U519/151/1) Cephalosporin (3rd) Cell wall Long ty/,. Broad-spectrum
Cephradine CFD GSK-CS (EXSB/56-5CEP) Cephalosporin (1st) Cell wall Oral. Broad- spectrum
Chloramphenicol CAM GSK-CS (M179/20/3) Nitrobenzene Protein synthesis Broad-spectrum. High toxicity
Clarithromycin CLA GSK-CS (EXSB/5645-31B) Macrolide Protein synthesis Broad-spectrum
Clindamycin CLl GSK-CS (0255Z81Y*A) Lincosamide Protein synthesis Narrow spectrum
Clofazimine CFz GSK-CS (H098750-035F3) Riminophenazine Multiple 2nd line MDR-TB
Cloxacillin CLX GSK-CS (EXSB/L-3146) Penicillin Cell wall Narrow spectrum
Dapsone DAP GSK-CS (U15717/98/80) Sulfonamide Folate biosynthesis M. leprae
Delamanid DLM ADOOQ (A12864) Dihydro-nitroimidazooxazole Cell wall MDR-TB
Ertapenem ETP Amatek Chemical (DM-0004) Carbapenem Cell wall Broad-spectrum
Ethambutol EMB GSK-CS (EC/5648) Aminoalcohol Cell wall 1st line anti-TB
Ethionamide ETH GSK-CS (EC11341) Thioamide Cell wall 2nd line anti-TB
Fidaxomicin FDX Selleckchem (S4227) Macrolide RNA polimerase C.difficile
Fosfomycin FOS GSK-CS (GDD/61052) Phosphonic acid derivate Cell wall Broad-spectrum
Fusidic acid FUS GSK-CS (EXSB/RIT-1427) Fusidane Protein synthesis Skin infections
GV110352-157A3 481 GSK-CS (GV110352-157A3) GSK set Trp -
Imipenem* IMP Ark Pharm (AK118710) Carbapenem Cell wall Broad-spectrum
Isoniazid INH GSK-CS (KS202846-158A7) Hydrazide Cell wall 1st line anti-TB
Ketoconazole KET GSK-CS (H09875-035P0) Imidazole Ergosterol synthesis Antifungal
Levofloxacin LVX GSK-CS (ST/1299957) Fluoroquinolone DNA replication MDR-TB Phasell
Linezolid LzZD GSK-CS (M183/95/1) Oxazolidinone Protein synthesis MDR-TB
Meropenem MER Combi-Blocks (ST-9229) Carbapenem Cell wall Broad-spectrum
Minocycline MIN GSK-CS (HO98750-035R1) Tetracycline Protein synthesis Broad-spectrum
Moxifloxacin MOX GSK-CS (IM101056-054C8) Fluoroquinolone DNA replication MDR-TB
N22692-27-A1 629 GSK-CS (N22692-27-A1) GSK set Leucyl tRNA synthese -
N23902-22-1 366 GSK-CS (N23902-22-1) GSK set THPP -
N28940-31-1 693 GSK-CS (N28940-31-1) GSK set InhA -
N33478-41-2 588 GSK-CS (N33478-41-2) GSK set DprE1 reversible -
N34945-11-2 150 GSK-CS (N34945-11-2) GSK set Spiro -
N6601-28-2 260 GSK-CS (N6601-28-2) GSK set InhA -
N9772-72-1 173 GSK-CS (N9772-72-1) GSK set MGI -
Nitrofurantoin NFT GSK-CS (U1895/10/2) Imidazolidine Multiple Urinary tract infections
p-amino salicilic acid PAS GSK-CS (U23919/187/1) Benzenoids Folate biosynthesis & mycobactin 2nd line anti-TB
Pretomanid PTD GSK-CS (ST/2496555) Nitroimidazole Cell wall MDR-TB
Prothionamide PTO GSK-CS (R13147/156/26) Thioamides Cell wall 2nd line MDR-TB
Retapamulin RET GSK-CS (SB-275833) Pleuromutilin Protein synthesis Skin infections
Rifampicin RIF GSK-CS (KS202846-159B5) Rifamycin RNA polimerase 1st line anti-TB
Spectinomycin SPC GSK-CS (ST/1302626) Aminocyclitol Protein synthesis Gram -
Sulfamethoxazole SMX GSK-CS (0474C 64W*B) Sulfonamide Folate biosynthesis Broad-spectrum
Sutezolid SzD Sigma (PZ0035) Oxazolidinone Protein synthesis DR-TB Phase Il
Tebipenem-Pivoxil TBP Amatek Sci (DM126) Carbapenem Cell wall Broad-spectrum. Oral
Thioacetazone THZ GSK-CS (FUSI/32/29/4) Thiosemicarbazole Cell wall 2nd line anti-TB
Trimethoprim TMP GSK-CS (UC/24304) Diaminopyrimidine Folate biosynthesis Broad-spectrum
Vancomycin VCM GSK-CS (ST/1302642) Glycopeptide Cell wall Gram +

Table 2.1. Drugs used in Chapter 2. GSK-CS: compound store of GSK. Compounds were dissolved
in DMSO except those marked with * (amikacin, cefadroxil and imipenem) that were dissolved
in 66% DMSO + 33% H,0.

2.2.2 Growth inhibition assays. MTT Readout

Drug susceptibility assays were performed in 384-well plates. MTT assay was
performed as described in Chapter 1 (section 1.2.2).

2.2.2.1 Drug interaction studies. FICI determination

The compound library was screened in pair-wise combinations with meropenem
and cefadroxil against Mtb. Two assay layouts were used for FICI determination in the
primary screening.

105



Chapter 2

(i) Primary Compound at sub-MIC concentration layout. The semi High

Throughput Synergy Screen described by Ramdn-Garcia et al [83] was used.

Briefly, three dose response curves were assayed per pair-wise combination:
two-fold dilutions of both single drugs and a third dose of mixed compounds. This was
designed so that a fixed sub-MIC concentration (ideally 1/4x MIC) of the primary
compound was assayed in combination with a two-fold serial dilution of the secondary
compound. To overcome the inter-experiment typical 2-fold MIC variation [78] already
mentioned in Chapter 1, several sub-MIC concentrations of the primary compound were
included. Once plates were revealed, combinations containing the actual 1/4x MIC were
used for FICI calculation.

Specifically, in the synergy screening described in this Chapter, three sub-MIC
concentrations of meropenem (i.e. 1/2x, 1/4x and 1/8x MICgef) and two sub-MIC
concentrations of cefadroxil (i.e. 1/8x and 1/16x MICgef) were assayed in combination
with the two-fold serial dilutions of all secondary compounds.

(ii) DiaMOND layout. As described by Cokol et al [70], two-fold dilutions of single
drugs and the equipotent serial dilution of the mixture were assayed per pair-wise

combination.

In both assay layouts, MICand MICcombo Were interpolated in the four-parameter
logistic model fitted curve equation. Curve fit of single drugs and combinations was done
with the excel add-in XL fit version 5.5.0.5 (IDBS).

If % growth did not show the typical dose response curve [90] and 90% of growth
inhibition was not observed, the next assay concentration would be used for calculations
(i.e., 2x Maximum assay concentration or 0.5x Minimum assay concentration). In these
cases, the corresponding modulator appeared in the result table.

If the typical curve profile was observed, but 90% of growth inhibition was not
determined by XL fit, the value was manually determined based on the shape of the
curve.

To quantify the degree of pair-wise drug interaction, the Fractional Inhibitory

Concentration Index (FIClgo) was calculated as described in Chapter 1 (section 1.2.2.1).
The combination classification was done as described in section 1.2.2.1.
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2.2.3 OPTIKA

OPTIKA was performed following the protocol described in Chapter 1 (section
1.2.5). Same drug concentrations were chosen (4x MIC, 1x MIC and 1/4x MIC). In the
case of CLX, 4x MIC was not assayed because its high MIC. Same time points (i.e. day O,
1,2,4,7,14, 21 and ca. 50) were taken.

It should be noted that, as in Chapter 1, SD was not included in killing curve plots
for figure clearness. Mean Log CFU/ml and SD values can be found at appendix Il of this
Chapter. Otherwise indicated, this applies to all figures of this Chapter containing killing
curves.

2.2.4 B-lactam synergy screening outline

The B-lactam synergy screening strategy used in this work follows a bottom-up
approach in which triple combinations were built based on identified pair-wise
interactions (Figure 2.6).

1. Meropenem (a carbapenem) and cefadroxil (a cephalosporin) were selected as
primary compounds and screened in pair-wise combinations against secondary
compounds of the compound library (see Table 2.1). This screening was based
on growth inhibition and performed in liquid media, following two
methodologies described above (section 2.2.2.1). Synergistic partners, i.e.
secondary compounds showing an FIClg <0.5 in any of the two methodologies
used were selected as hits.

2. Thelist of hits was refined based on literature revision. Favourable pair-wise drug
interactions of primary compounds and selected hits were confirmed by a
secondary screening based on bacterial killing using OPTIKA.

3. A focused OPTIKA triple drug combination screening was done. Triple
combinations were designed so that they contained the primary compound
combined with all possible pair-wise combinations of respective hits. Triple
combinations showing positive interaction according to relapse at end point
were selected and favourable interactions were confirmed by a second OPTIKA
assay.

4. To understand the single drugs contribution to the combinations, an in-depth
study of confirmed favourable triple interactions was done by OPTIKA,
comparing the killing curve profile of triple and related pair-wise combinations.
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Figure 2.6. B-lactam synergy screening. Box 1. Primary screening based on growth inhibition: 48

Secondary Compounds (SC) and 2 Primary Compounds (PC 1: meropenem & PC 2: cefadroxil)
were assayed in pair-wise combinations by two methodologies: Sub-MIC fixed concentration of
PC and DiaMOND. Combinations showing FIClgs <0.5 with any of the two methodologies were
selected and subsequently filtered by literature revision of SC. Box 2. Secondary screening based

on OPTIKA: synergistic combinations based on growth inhibition were confirmed based on
bacterial killing. Box 3. Focused OPTIKA triple combinations screening: every PC was assayed

with all possible pair-wise combinations of respective hits. Thirty triple combinations showing
favourable interaction according to relapse at end point were selected and confirmed by a
second OPTIKA assay. Box 4. Triple combinations deconvolution: contribution of single drugs to

the thirty selected triple combinations was evaluated by assaying all related pair-wise
combinations. Comparing curve profiles, seven novel triple combinations were identified. For
them, the positive effect according to relapse at end point was not visible in any of the related
pair-wise combinations. Seventeen triple combinations showed an enhanced positive
interaction comparing with their respective pair-wise, seven of them according to relapse at end
point and ten according to curve profile from day O to day 7.

2.2.5 Integration of B-lactams in current anti-TB therapy

To explore the B-lactam contribution to drug combinations proposed to treat
MDR-TB, a top-down approach (Figure 2.7) was followed. Opposite to the B-lactam
screening described above, where final triple-drug combinations were built by rational
subsequent addition of compounds, here a set of five-drug combinations was directly
assayed by OPTIKA. In order to understand the contribution of individual drugs to the
final combination, all related four-, three- and two-drug possible combinations were
assayed at the same time.

Combinations were designed considering the following key points:
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1. Five-drug combinations were designed because MDR-TB treatment typically
has an intensive phase with more than four drugs [155].

2. The five-drug combinations contained the nucleus recommended by
Caminero et al. constituted by moxifloxacin/clofazimine-bedaquiline-
linezolid.

3. In line with the main objective of this Chapter, B-lactams were included in
the combinations to explore their contribution to combinations containing
drugs already recommended to treat MDR-TB. Specifically, meropenem was
chosen because it is included in group C of the WHO classification and
cefadroxil was included as an oral cephalosporin.

4. Finally, delamanid was considered because it has been reported that it can
be effective against MDR-TB when used with bedaquiline, linezolid,
clofazimine and carbapenems [156].
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Figure 2.7. Integration of B-lactams in MDR-TB treatment screening outline. Seven anti-TB
compounds: meropenem (R), clofazimine (C), bedaquiline (B), linezolid (L), delamanid (D),
cefadroxil (X) and moxifloxacin (M) were combined so that four 5-drug combinations were
evaluated against TB directly based on bacterial killing. All related four-, three- and two-drug
combinations were assayed simultaneously to understand the individual drug contribution to
the initial 5-drug combinations.
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2.3 Results and discussion

2.3.1. B-lactam synergy screening outline

The B-lactam synergy screening was done following the bottom-up approach
described in section 2.2.4. Before the synergy screening, the MIC of the compounds was
determined by the MTT assay (section 2.2.2) to properly design subsequent experiments
(Chapter 2, appendix I). Results and discussion are merged in the following sections.

2.3.1.1 B-lactam primary synergy screening

Primary pair-wise assays of the compound library combined with B-lactams were
performed as described in section 2.2.2.1.

MICref of primary compounds were determined prior to the synergy screening,
with values of 20 uM and 128 uM for meropenem and cefadroxil, respectively. Thus,
sub-MIC concentrations chosen for the first approach of the synergy screening (fixed
sub-MIC of primary compound) were:

e 10 uM, 5 uM and 2.5 uM in the case of meropenem. The MIC of
meropenem was determined again in the screening assay, resulting in 40
KM. Combinations containing 10 uM of meropenem were used for FIClgg
calculation since they contained the primary compound at 1/4x MIC.

e In the case of cefadroxil, to avoid using too high drug concentrations, 32
MM and 8 uM were chosen for the synergy screening. In the screening
assay, the MIC of cefadroxil was 64 uM. FIClggp was calculated with
combinations containing 8 uM of cefadroxil (1/8x MIC) because 32 uM
would never produce FICI values below 0.5. As a consequence of this low
concentration of the primary compound, some drug interactions were
not detected.

FIClgo was calculated for all combinations (Chapter 2, appendix 1). Secondary
compounds of combinations showing a FIClg of 0.5 or lower in at least one method were
selected as hits (Table 2.2).

For meropenem, sixteen synergistic partners were identified; eleven of them
were selected by both methods. In the case of cefadroxil, eleven hits were identified,
with five of them selected with both methodologies. Tebipenem, rifampicin,
thioacetazone, fusidic acid, and fidaxomicin showed interaction with both B-lactams.
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Meropenem (MER) synergy screening Cefadroxil (CFX) synergy screening
Secondary compound Abbreviation FICIMER at 1i4x MIC FICI DiaMOND FICI CFX at 1/8x MIC FICI DiaMOND

Bacitracin BAC < 038 < 057
Cefdinir CEF 022 078 O MAXFICI (1.25)
Cefixime CFM 032 028 | @ Fcos
Cefotetan CTT 036 125 @ MINFICI (0.03)
Ceftriaxone CRO 040 025
Cephradine CFD 028 031
Clindamycin CLI 0.39 ] 020
Clofazimine CFZ 058 042
Cloxacillin CLX 044 026
Ethambutol EMB 042 037
Ethionamide ETH 050 028
Fidaxomicin FDX 046 038
Fusidic acid FUS 0.66 030
N23902-22-1 366 046 058
N6601-28-2 260 081 046
N9772-72-1 173 082 041
Pretomanid PTD 044 038
Retapamulin RET 017
Rifampicin RIF 044 036 015
Tebipenem-Pivoxil TBP 050 115 042 048
Thioacetazone THZ 042 07 £ 025 < 120
Vancomycin VCM

Table 2.2. B-lactam synergy screenings hits. For every primary compound, combinations
showing a FIClg of 0.5 or lower at least in one of the two methodologies were selected in this
primary assay. The modulator “< or 2” appeared if MIC of single drugs or combinations were not
determined with the assay concentrations range (See Chapter 2, appendix 1).

It has been previously hypothesised that the combination of different sub-
classes of B-lactams targeting different PBP enzymes would lead to a total inhibition of
the peptidoglycan metabolism and, thus, of the bacterial death [151, 152]. Here, synergy
was found among B-lactam sub-classes rather than among the same class of B-lactam.
Except tebipenem, which showed a borderline synergy with meropenem only in the
fixed sub-MIC approach, secondary compounds belonging to the carbapenems did not
show favourable interaction when they were assayed in combination with meropenem
(a carbapenem), and cephalosporins were not synergistic with cefadroxil (a
cephalosporin). However, all cephalosporins (cefdinir, cefixime, ceftriaxone and
cephradine) and one penicillin (cloxacillin) assayed in combination with meropenem
were selected as hits. Similarly, one carbapenem (tebipenem) and one cephamycin
(cefotetan) showed synergy with cefadroxil. Therefore, all this confirms that the
combination of different sub-classes of B-lactams has a favourable interaction inhibiting
the in vitro growth of Mtb.

The list of hits identified in the synergy primary assay was refined based on
literature revision. Some of the selected compounds are drugs currently in use against
TB (clofazimine, ethambutol, ethionamide, pretomanid and rifampicin). Others could be
considered potential anti-TB drugs based on previous work (cefdinir) [83] or having
family-related partners with good anti-TB properties (cloxacillin) [157]. Tebipenem was
considered because it showed positive interaction with both primary compounds and
belongs to the B-lactam family. Finally, thioacetazone was selected because it showed
synergy with the two B-lactams and it was formerly used against TB.
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Partners for meropenem were: ethambutol, clofazimine, pretomanid,
tebipenem, rifampicin, thioacetazone, ethionamide, cefdinir and cloxacillin. Partners for
cefadroxil were: tebipenem, rifampicin and thioacetazone.

In addition to these pair-wise combinations, the combination of meropenem
with cefadroxil was also included in future studies because meropenem showed
favourable interaction with other cephalosporins tested.

2.3.1.2 B-lactam synergy screening confirmation by OPTIKA

OPTIKA time kill assays were performed for meropenem and cefadroxil in pair-
wise combinations with their respective hits.

Based on the slope at shorter times (Table 2.3), all synergistic pair-wise drug
interactions selected in the primary assay were confirmed by OPTIKA. As it was
mentioned in Chapter 1, the slope at day 2 could be initially considered the parameter
to compare drug interactions observed in traditional combination assays based on
growth inhibition. Comparing with results of the set of compounds tested in Chapter 1,
here Logio reduction detected more positive interactions, meaning that drug
combinations included in this study showed a stronger interaction profile at shorter
times than combinations of Chapter 1.

Eight out of 13 combinations showed a favourable drug interaction at regrowth
at day 21. Considering the low stability of B-lactams in the assay media at 37°C [118],
this could be attributed to a post-antibiotic effect.

Finally, most pair-wise combinations showed bacterial regrowth at end point
(day 49), with only four of them maintaining bacterial load under the limit of detection.

Cephalosporins and carbapenems have been previously identified and
characterized as good partners for rifampicin against Mtb. As it was described by
Ramdn-Garcia et al [83], there is a strong in vitro interaction profile between rifampicin
and cephalosporins, while a weaker but still positive interaction exists between
rifampicin and carbapenems. These profiles were reproduced here by OPTIKA.
Rifampicin showed a strong interaction with cefadroxil (a cephalosporin), which was
maintained until the end point. Meropenem (a carbapenem) showed positive
interaction with rifampicin, but this was lost after day 21.
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Slope LogRed Day 4 LogRed Day 7 Regrowth day 21 Regrowth end point

1/4x MIC| 1x MIC|4x MICI 1/4x MIC| 1x MIC|4x MICI1/4x MIC| 1x MIC| 4x MICI 1/4x MIC[1x MIC| 4x MICI 1/4x MIC| 1x MIC|4x MIC
T

I
ND ! ND

CFX-TBP
CFX-RIF
CFX-THZ

Table 2.3. Pair-wise combinations classification by OPTIKA. Classification according to Slope,
Log reduction at days 4 and 7 and regrowth at days 21 and 49. Green: favourable, Yellow: No
favourable, “ND” no determined, “NA” not available (i.e. no tested). Grey: combinations

containing meropenem as primary compound. Blue: combinations containing cefadroxil as
primary compound. Cefadroxil (CFX), cefdinir (CEF), clofazimine (CFZ), cloxacillin (CLX),
ethambutol (EMB), ethionamide (ETH), meropenem (MER), pretomanid (PTD), rifampicin (RIF),
tebipenem (TBP), thioacetazone (THZ).

2.3.1.3 OPTIKA screening of B-lactam triple drug combinations

Compounds selected in the primary screening and confirmed by OPTIKA pair-
wise combination assay were tested in triple-drug combinations; designed so that
primary compounds (meropenem or cefadroxil) were screened with all possible pair-
wise combinations of their respective selected partners (i.e. cefadroxil, cefdinir,
clofazimine, cloxacillin, ethambutol, ethionamide, pretomanid, rifampicin, tebipenem
and thioacetazone for meropenem and rifampicin, tebipenem and thioacetazone for
cefadroxil). These combinations were then assayed by OPTIKA.

Figure 2.8 shows OPTIKA classification of 45 triple combinations containing
meropenem (grey) and three combinations containing cefadroxil (blue) as primary
compounds. This classification was done, as described in Chapter 1, comparing the
killing curves of each triple combination with their respective single drugs.

The interaction at short time points was observed in all cases. However, this
effect was not always maintained at the end point. All combinations containing
tebipenem showed positive interactions based on the slope at day 2, but only three of
them prevented from the bacterial regrowth at day 49. These three combinations
contained tebipenem, meropenem and either ethambutol, pretomanid or ethionamide.

In contrast, triple combinations containing meropenem-ethambutol or
meropenem-pretomanid were favourable combinations that maintained the interaction
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at longer time points with any of the compounds tested (based on regrowth at 4x MIC).
Positive drug interactions between ethambutol and B-lactams sub-families have been
previously described; i.e. with cefepime (a cephalosporin) against M. avium complex,
with amoxicillin-clavulanate (a penicillin) against drug susceptible [158] and drug
resistant [159] strains of Mtb, and finally with several carbapenems [83]. However, the
favourable interaction of meropenem with pretomanid against Mtb was firstly described
in this work.

Among all triple combinations containing cefadroxil as the primary compound,
only cefadroxil combined with tebipenem and rifampicin (CFX-TBP-RIF) showed positive
drug interaction at the end point. This triple combination presents some remarkable
characteristics: (i) it highlights the favourable profile of combinations containing two
sub-classes of B-lactams in this case, a cephalosporin (cefadroxil) and a carbapenem
(tebipenem); (ii) it confirms the already described favourable interaction of rifampicin,
the corner stone drug against TB, with B-lactams; and (iii) all the three drugs involved in
this combination are orally-administered antibiotics, an attribute of high importance in
the search of new regimens against TB.
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Figure 2.8. OPTIKA classification for triple combination screening. Each triangle represents the
classification of the set of triple combinations based on one OPTIKA parameter at one
determined concentration. Left column: combinations assayed at 1/4x MIC. Middle column:
combinations assayed at 1x MIC. Right column: combinations at 4x MIC. Rows represent
different parameters, from top to bottom: slope at day 2, log reduction at day 4, log reduction
at day 7, regrowth at day 21 and regrowth at day 49. Grey: combinations containing the primary
compound meropenem. Blue: combinations containing the primary compound cefadroxil.
Green: synergy. Yellow: no synergy. ND: no determined. NA: not available (i.e. no tested
combinations because they were not selected in primary screenings). Cefadroxil (CFX), cefdinir
(CEF), clofazimine (CFZ), cloxacillin (CLX), ethambutol (EMB), ethionamide (ETH), meropenem
(MER), pretomanid (PTD), rifampicin (RIF), tebipenem (TBP), thioacetazone (THZ).

In summary, thirty favourable triple combinations based on OPTIKA regrowth at
end point (either at 1x or 4x MIC) were selected for a second OPTIKA experiment.
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2.3.1.4 Triple-drug combinations secondary validation

Thirty favourable combinations were identified in the OPTIKA triple-drug
combination screening according to regrowth end point. They were retested for
confirmation by a second OPTIKA experiment. Figure 2.9 shows combinations
classification according to regrowth at end point in both experiments. All combinations
except meropenem-ethionamide-tebipenem at 4x MIC confirmed the classification
observed in the first assay.

First OPTIKA screening Confirmation screening
Regrowth end point 1x MIC Regrowth end point 1x MIC

MER-CFZ| | NA

MER-TBP MER-TBP

MER-RIF MER-RIF

MER-THZ MER-THZ | NA

MER-ETH MER-ETH | NA

IMER-CEF MER-CEF

MER-CLX MER-CLX | NA

CFX-RIF | NA | NA | NA | NA NA |NA |NA | NA CFX-RIF | NA | NA | NA |NA NA | NA | NA | NA

CFX|EMB|CFZ |PTD|TBP| RIF [THZ|ETH|CEF |CLX CFX|EMB|CFZ [PTD|TBP | RIF | THZ|ETH|CEF |CLX
Regrowth end point 4x MIC Regrowth end point 4x MIC
MER-CFX MER-CFX
MER-EMB| ND MER-EMB| ND

MER-CFZ MER-CFZ
MER-TBP
MER-RIF
MER-THZ
MER-ETH
MER- CEF
MER-CLX MER-CLX
CFX-RIF | NA|NA | NA | NA NA | NA | NA | NA CFX-RIF
CFX|EMB|CFZ |PTD|TBP| RIF | THZ| ETH| CEF |CLX

MER-RIF
MER-THZ
MER-ETH

NA | NA
NA | NA
ETH|CEF |CLX

PTD|TBP| RIF

Figure 2.9. OPTIKA triple combinations confirmation. Based on relapse at day 49, classification
of combinations at 1x MIC (top triangles) and 4x MIC (bottom triangles) of two independent
assays were compared. Grey: combinations selected from the meropenem primary synergy
screening. Blue: combination selected from the cefadroxil primary synergy screening. Green:
synergy. Yellow: no interaction. ND: no determined. NA: not available (i.e. these combinations
were not assayed because they were not selected in previous experiments). Cefadroxil (CFX),
cefdinir (CEF), clofazimine (CFZ), cloxacillin (CLX), ethambutol (EMB), ethionamide (ETH),
meropenem (MER), pretomanid (PTD), rifampicin (RIF), tebipenem (TBP), thioacetazone (THZ).
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2.3.1.5 In-depth analysis of triple combinations containing B-lactam

In vitro killing kinetics of B-lactams are characterized by a fast initial killing rate
followed by a bacterial rebound at different times depending on the concentration and
the B-lactam itself [160]. This profile was confirmed in our assays. As it can be observed
in the OPTIKA killing curve of meropenem in Figure 2.10 (blue curve), a rapid initial killing
rate was observed reaching the limit of detection at day 2, followed by a bacterial
regrowth starting on day 4. On the contrary, the killing curves of the other two single
drugs (pretomanid and thioacetazone, red and orange curves, respectively) showed a
bacterial growth similar to the untreated control at every time point. When compounds
not belonging to the B-lactam group were assayed together (purple curve of Figure
2.10), a favourable but slow interaction at short times was observed. Finally, similarly to
meropenem Kkilling kinetics, B-lactam containing pair-wise combinations and the triple
combination (pink, light blue and green curves of Figure 2.10, respectively) showed a
fast initial killing rate reaching the limit of detection at day two, suggesting that the fast
killing rate of the triple combination was due to meropenem contribution. This analysis
allowed us to understand the contribution of individual drugs to the triple combination
interactions.

MER-PTD-THZ 1x MIC

- Untreated
+

MER 1x
PTD 1x
THZ 1x

-e- PTD-THZ 1x
MER-THZ 1x
MER-PTD 1x

-%- MER-PTD-THZ 1x

0 5 10 15 20 25 30 35 40 45

Time (days)

Figure 2.10. B-lactam contribution to triple combination killing profile. Meropenem (MER)-
pretomanid (PTD)-thioacetazone (THZ) was classified as favourable by comparison of the killing
profile of the triple combination (green curve) with the respective single drugs (blue, red and
orange curves). The fast initial killing rate could be attributed to meropenem because the pair-
wise combination PTD-THZ showed a slower initial killing profile (purple curve).

Deconvolution analysis showed in the example above was done for all the
confirmed favourable triple combinations and it is discussed in the following section.

117



Chapter 2

2.3.1.5.1 Deconvolution focused on regrowth at end point

Considering regrowth at end point, seven triple combinations were identified as
favourable in contrast to their respective single drugs. As the favourable drug interaction
of these combinations was not observed in related pair-wise combinations, they were
denominated novel (Table 2.4).

Pretomanid, thioacetazone, cefdinir and rifampicin were identified as the best
partners for meropenem when they were combined with a third drug.

Regrowth at end point
A-B-C! A-B| A-C| B-C

MER-CFZ-CEF 1x
MER-PTD-CEF 1x
MER-PTD-RIF 1x
MER-PTD-TBP 1x
MER-PTD-THZ 1x
MER-RIF-THZ 4x
MER-THZ-CEF 1x

Table 2.4. Novel triple meropenem-containing combinations. Triple combinations were
classified according to relapse at end point and compared with the classification of related pair-
wise combinations. A, B & C: individual drugs of the triple combination: drug on the left, in the
middle and on the right position, respectively. Green: favourable interaction. Yellow: no
favourable interaction. Cefdinir (CEF), clofazimine (CFZ), meropenem (MER), pretomanid (PTD),
rifampicin (RIF), tebipenem (TBP), thioacetazone (THZ).

2.3.1.5.2 Deconvolution focused on meropenem addition to pair-wise
combinations

When meropenem was added to some pair-wise combinations, it caused a
drastic improvement at short-time interaction (general curve profile from day 0 to day
7) or at regrowth at end point. Table 2.5 shows a set of pair-wise combinations whose
interaction profile was enhanced by meropenem.
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Pair-wise combination Shorttime (D0-D7) Regrowth at end point

CFX-CEF 1x
CFX-EMB 1x
CFX-PTD 4x

CFZ-ETH 1x (& 4x)

CFZ-PTD 1x (& 4x)
CFZ-RIF 1x

CFZ-THZ 1x (& 4x)
EMB-CLX 1x
EMB-PTD 1x
EMB-TBP 1x
EMB-THZ 1x

PTD-ETH 1x (& 4x)
PTD-RIF 1x

PTD-THZ 1x (& 4x) (Only 4x)
RIF-THZ 1x

Table 2.5. Improved pair-wise combinations by meropenem. Meropenem enhanced
the killing profile of these pair-wise combinations at short times or at regrowth at day
49 (green check mark). Cefadroxil (CFX), cefdinir (CEF), clofazimine (CFZ), cloxacillin
(CLX), ethambutol (EMB), ethionamide (ETH), pretomanid (PTD), rifampicin (RIF),
tebipenem (TBP), thioacetazone (THZ).

Figure 2.11 shows an example of a favourable pair-wise combination improved
by meropenem. The combination of ethambutol-pretomanid (Figure 2.11 A) was, in
general, positive, but it showed a slow killing rate at short times. From day 14 and on, it
reached the limit of detection of bacterial growth and this killing effect was maintained
until the last experimental time point. When meropenem was added, the triple
combination of meropenem-ethambutol-pretomanid (Figure 2.11 B) was clearly
favourable reaching the limit of detection of bacterial growth at day 1 and maintaining
this effect until day 49.

Would this behaviour translate into the clinic, B-lactams could be included in
anti-TB regimens by administering them during the first days of treatment. Applying this
concept to the combination considered here, meropenem would be administered for
the first two weeks and the treatment would continue with EMB-PTD for longer times.

119



Chapter 2

EMB-PTD 1x MIC MER-EMB-PTD 1x MIC

10 10

9 9
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Figure 2.11. Example of meropenem effect in short time interaction of pair-wise combinations.
(A) Ethambutol-pretomanid showed a slower killing rate from day 0 to day 7. (B) This interaction
was improved if meropenem was added to the combination. Ethambutol (EMB), meropenem
(MER), pretomanid (PTD).

2.3.1.5.3 Deconvolution focused on ethambutol and meropenem

Among all drugs tested, only ethambutol showed favourable interaction at 1x
MIC with all compounds assayed in pair-wise combinations (Figure 2.12).

CFX-EMB 1x MIC CEF-EMB 1x MIC CLX-EMB 1x MIC
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Figure 2.12. Ethambutol containing pair-wise combinations. Low bacterial load was robustly
maintained in all pair-wise combinations containing ethambutol, although different killing rates
were observed depending on the other partner of the combination. It should be noted that the
last point of the MER-EMB killing curve was missing. However, according to other experimental
data showed in this thesis regarding the end point regrowth, this combination can be classified
as synergy. Cefadroxil (CFX), cefdinir (CEF), cloxacillin (CLX), ethambutol (EMB), ethionamide
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(ETH), meropenem (MER), pretomanid (PTD), rifampicin (RIF), tebipenem (TBP), thioacetazone
(THZ).

When meropenem was added this positive interaction was maintained in all
cases until the end of the experiment. As described above for pretomanid-ethambutol
(Figure 2.13 A), the addition of meropenem to the pair-wise combination produced a
triple-drug combination that showed a faster killing rate at short times maintaining the
low bacterial load at day 49. In other cases, such as cefadroxil-ethambutol, tebipenem-
ethambutol and cloxacillin-ethambutol (Figure 2.13 B), the bacterial regrowth showed
by the pair-wise combination was prevented by the addition of meropenem. Finally, in
the case of thioacetazone-ethambutol (Figure 2.13 C), both effects described above
were observed when meropenem was added.
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Figure 2.13. Triple-drug combinations where the interaction of ethambutol-containing
combinations was enhanced by meropenem. Meropenem (A) enhanced the slope at short
times, (B) reduced the bacterial regrowth, or (C) both effects when added to combinations
containing ethambutol. Cefadroxil (CFX), cloxacillin (CLX), ethambutol (EMB), meropenem
(MER), pretomanid (PTD), tebipenem (TBP), thioacetazone (THZ).
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2.3.2 B-lactams within currently recommended MDR-TB therapy

This study followed the top-down approach described in Figure 2.7, section
2.2.5. Selected five-drug combinations as well as all four-, three- and two-drug possible
combinations were assayed simultaneously by OPTIKA. The inclusion of all intermediate
combinations allowed us to understand individual drug contributions to final
combinations and propose new recommendations for future anti-TB regimes based on
in vitro killing activity.

Compounds were chosen based on the WHO [149] and other recommendations
[154, 156] to treat MDR-TB. Combinations were constituted by the core
moxifloxacin/clofazimine-bedaquiline-linezolid plus a B-lactam (meropenem/
cefadroxil) and delamanid.

2.3.2.1 Five-drug combinations killing ability

Five-drug combinations were assayed by OPTIKA at 1/4x MIC, MIC and 4x MIC
values of related single drugs.

With sub-MIC (1/4x) and over-MIC (4x) concentrations, no conclusions were
drawn. In the first case, all combinations showed similar growth levels than single drugs
and the untreated control. While in the second case, the effect of the combination could
not be distinguished from that of the single drugs, which reached the limit of detection.

At 1x MIC, different degrees of drug interaction were observed (Figure 2.14).
According to the general killing profile, the best five-drug combination was formed by
meropenem-clofazimine-bedaquiline-linezolid-delamanid. However, the favourable
interaction of this combination was not maintained at extended time points.

In contrast, a better killing profile was obtained in the B-lactam screening that
combined only three drugs. This suggests that triple combinations tested were properly
selected in the primary assays, proving thus the applicability of the methodology
followed in the first section of this Chapter.
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Figure 2.14. Five-drug combinations killing curves. At 1x MIC, five drugs combined (dotted
green curves) showed better killing profile than their respective single drugs (solid curves). This
effect was not maintained at longer time points. Bedaquiline (BDQ), cefadroxil (CFX), clofazimine
(CFZ), delamanid (DLM), linezolid (LZD), meropenem (MER), moxifloxacin (MOX).

2.3.2.2 Evaluation of delamanid (or B-lactam) contribution to triple
and four-drug combinations

The effect of delamanid or B-lactam (meropenem or cefadroxil) addition to the
proposed triple combinations (bedaquiline-linezolid plus moxifloxacin or clofazimine for
fluoroquinolones resistant strains) was evaluated by comparison of the curve profiles
(Figure 2.15).

Figure 2.15 A and Figure 2.15 C show killing curves of triple combinations and
their respective single drugs. In both cases, a weak positive interaction in the triple-drug
combination was observed. The addition of meropenem to these triple combinations
(blue curve of Figure 2.15 B and Figure 2.15 D) produced a significant reduction of the
bacterial load. This interaction became more positive at longer time points in the triple
combination when containing clofazimine instead of moxifloxacin.

Similar results were observed if cefadroxil was added to the triple combination
containing clofazimine (red curve of Figure 2.15 B). However, the addition of cefadroxil
to the triple combination containing moxifloxacin did not produce a significant change
(red curve of Figure 2.15 D).

Finally, the addition of delamanid (purple curve of Figure 2.15 B and Figure 2.15
D) did not produce any favourable effect on the killing ability of the triple combinations.
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Figure 2.15. Killing curves of triple combinations with B-lactam or delamanid addition. A: plot
of clofazimine-bedaquiline-linezolid and respective single drugs. Weak favourable effect was
observed when they were combined. B: effect of meropenem, cefadroxil or delamanid addition
to the triple combination. Four-drug combinations plotted in B show the positive effect caused
by meropenem or cefadroxil (blue and red dotted curves respectively) and no benefit of the
delamanid addition (purple dotted curve). A similar behaviour is observed in plots C and D,
where the initial triple combination contained moxifloxacin instead of clofazimine. Bedaquiline
(BDQ), cefadroxil (CFX), clofazimine (CFZ), delamanid (DLM), linezolid (LZD), meropenem (MER),
moxifloxacin (MOX).

A similar behaviour was observed when the B-lactam or delamanid was added
to four-drug combinations (Figure 2.16).

Considering the example shown in Figure 2.16 A (combination of meropenem-
clofazimine-bedaquiline-linezolid-delamanid), meropenem enhanced the killing profile
of clofazimine-bedaquiline-linezolid (blue curve in left plot of Figure 2.16 A). However,
when delamanid was added to this four-drug combination (green curve in left plot of
Figure 2.16 A), the new curve was superposed to the previous one and with no
additional effect. Delamanid thus did not produce any favourable effect to the
clofazimine-bedaquiline-linezolid combination (blue curve in right plot of Figure 2.16 A).
However, a better killing profile was observed when meropenem was added to this four-
drug combination.

In summary, the positive effect of the five-drug combination compared to the

triple combination lacking delamanid and meropenem was due exclusively to
meropenem. This effect was also reproduced with cefadroxil instead or meropenem
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(Figure 2.16 B). Our data also suggest that delamanid could be removed from the
combination with no negative consequences.

For the B-lactam or delamanid addition to combinations containing moxifloxacin
(Figure 2.16 C and Figure 2.16 D), the positive effect was weaker than in clofazimine
containing combinations, being this effect visible only in the slope at short times.
However, as it happened for combinations containing clofazimine, it was exclusively due
to the B-lactam contribution.
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Figure 2.16. Delamanid or B-lactam addition to four combinations. Red curves represent triple
combination lacking delamanid or B-lactam. Blue curves in plots of the left show the effect of B-
lactam addition to triple combinations, i.e. a general improvement in the killing profile especially
at short times. Green curves of plots on the left represent the addition of delamanid to the four-
drug combinations; here, the killing profile of four-drug combinations was not enhanced by
delamanid. Blue curves of plots on the right correspond to the killing profile of triple
combinations plus delamanid. In general, blue curves are superposed to red curves, showing no
additional effect in the killing profile. Green curves represent B-lactam addition to four-drug
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combination. In this case, the killing profile of the triple and four-drug combinations was
improved. Bedaquiline (BDQ), cefadroxil (CFX), clofazimine (CFZ), delamanid (DLM), linezolid
(LZD), meropenem (MER), moxifloxacin (MOX).

2.3.2.3 Negative effect of linezolid in five-drug combinations

A similar analysis to that of the section 2.3.2.2 was done to understand the
contribution of linezolid in five-drug combinations.

Figure 2.17 A (left plot) shows the killing profile of the core combination
clofazimine-bedaquiline-delamanid (red curve). When meropenem was added to this
triple combination (Figure 2.17 left plot, blue curve), there was a clear improvement in
the slope at shorter times. When linezolid was added to this four-drug combination (2.17
A left plot, green curve), the resulting curve superposed the previous one, showing no
improvement in the killing profile.

However, considering the same combination and changing the order of drugs
addition, if linezolid was added to the core triple drug combination (Figure 2.17 A right,
blue curve), the killing profile of the resulting four-drugs combination worsened. Finally,
when meropenem was added to this unfavourable four-drug combination (Figure 2.17
Aright, green line), the killing profile of the initial triple combination was recovered and
improved in slope at short time.

This effect was observed in other cases (Figure 2.17 B, Figure 2.17 C and Figure

2.17 D), where the presence of linezolid reduced the killing profile of the combination,
even increasing the total number of drugs in the final combination.

126



Chapter 2

A MER-CFZ-BDQ-LZD-DLM 1x MIC

Lag CFU/mi
CmmG ke~ D

T
iy

A AL A
0 5 10 15 20 25 30 35 40 45 50
Time {days)

CFX-CFZ-BDQ-LZD-DLM 1x MIC

Log CFUmI
-l

'{:

0 5 10 15 20 25 30 35 40 45 50
Time (days)

C

MER-MOX-BDQ-LZD-DLM 1x MIC

Lag CFU/mI
A L

- . .
A e -
A e aiedien

05 10 15 20 25 30 35 40 45 50
Time {days)

D CFX-MOX-BDQ-LZD-DLM 1x MIC

Log CEUmI
S b B n S @ D

0 5 4D 45 20 25 30 35 40 45 50

Time (days)

-+ Untreated
*. CFZ-BDQ-DLM 1x
-&- CFZ-BDQ-DLM + MER 1x
- CFZ-BDQ-DLM + MER + LZD 1x

-+ Unireated

-v. CFZ-BDQ-DLM 1x

-&- CFZ-BDQ-DLM + CFX 1x

»- CFZ-BOQ-DLM + CFX + LZD 1x

= Untraated

¥ MOX-BDO-DLM 1x

- MOK-BOQ-OLM + MER 1x

-m- MCX-BDOQ-DLM + MER + LZD 1x

=+ Untreated

- MOX-BOQ-DLM 1x
-&- MOX-BDQ-DLM + CFX 1x
m MOX-BDQ-DLM + CFX + LZD 1x

MER-CFZ-BDQ-LZD-DLM 1x MIC

[P =
-

b

Ll ereeeticn

og CFU/mI
S T R R

0 5 1D 15 20 25 30 35 40 45 50
Time (days)

CFX-CFZ-BDQ-LZD-DLM 1x MIC

g CFUim
B e

0 5 10 15 20 25 30 35 40 45 50
Time (days)

MER-MOX-EDQ-LZD-DLM 1x MIC

777 Lmitcrceection

T T
0 5 10 15 20 25 30 35 40 45 30

Time (days)

CFX-MOX-BDQ-LZD-DLM 1x MIC

_-ch

"I ekt detection

0 5 10 15 20 25 30 35 40 45 50

Time (days)

-+ Unireated
v CFZ-BDQ-DLM 1x
-&: CFZ-BDQ-DLM + LZD 1x
-u- CFZ-BDQ-DLM + LZD + MER 1x

-+ Untreated
*. CFZ-BDQ-DLM 1x
-&- CFZ-BDOQ-DLM + LZD 1x
-8- CFZ-BDQ-DLM +LZD + CFX 1x

e Unirested
-v- MOX-BDOQ-DLM 1x
-4 MOX-BDQ-DLM + LZD 1x
= MOX-BDQ-DLM + LZD + MER 1x

-+ Untreated

-%- MOX-BDQ-DLM 1x

~a- MOX-BDQ-DLM + LZD 1x

= MOX-EDQ-DLM + LZD + CFX 1x

Figure 2.17. Negative effect of linezolid in five-drug combinations. Red curves represent triple
combinations lacking linezolid or B-lactams. Blue curves in left plots show the effect of B-lactam
addition to triple combinations, i.e. a general improvement in the killing profile especially at
short times. Green curves of left plots represent the addition of linezolid to the four-drug
combinations, i.e. the killing profile of four-drug combinations was not enhanced by linezolid
being in some cases worse than the four-drug combination itself. Blue curves of right plots
correspond to the killing profile of triple combinations plus linezolid. In general, blue curves
show higher levels of bacterial concentrations than red curves, showing worse profile of killing
ability. Green curves represent B-lactam addition to the four-drug combinations. In this case,
the killing profile of the four-drug combinations was improved by the B-lactam, although the
killing profile of the triple combination was in some cases better than the five-drug combo.
Bedaquiline (BDQ), cefadroxil (CFX), clofazimine (CFZ), delamanid (DLM), linezolid (LZD),
meropenem (MER), moxifloxacin (MOX).
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2.3.2.4 Bedaquiline-pretomanid-linezolid (BPaL) deconvolution

A shorter all-oral regimen against MDR-TB composed of bedaquiline-
pretomanid-linezolid was developed by the TB Alliance and recently recommended by
the WHO under operational research conditions [149]. According to results from the NiX-
TB clinical trial, 90% of patients treated with this regimen for six months had a
favourable outcome [161], which can be comparable with the success outcome of DS-
TB patients treated with the standard of care in modern trials treatment [162-164].
These results were very encouraging to treat XDR-TB, a form of the disease that lacks a
standard regimen. Here, patients are typically treated with individualized regimens,
which includes up to seven drugs for two years or even more and with extensive side
effects, little success, and high mortality rate [149, 161].

The bacterial killing of this triple-drug combination and all related pair-wise
combinations were tested here by OPTIKA including sub-MIC, MIC and over-MIC
concentrations. However, as it was observed in previous combinations described in this
Chapter, only MIC concentration was useful to draw conclusions. (Figure 2.18).

The triple combination showed a weak favourable interaction from day 2 to day
7, reducing the bacterial load around 2-logs comparing with the single drugs and the
untreated control. This slight interaction was lost at longer times, showing the killing
curve of the combination similar concentration of viable bacteria than the untreated
control. An interesting profile was found when deconvoluting this triple combination by
the evaluation of the bacterial killing ability of related pair-wise combinations. The
combination of bedaquiline plus pretomanid showed a better interaction profile than
the triple combination, reaching a bacterial concentration close to the limit of detection
at day 21. This, in line with previous observations done in this Chapter, confirms the
negative effect of linezolid when added to in vitro favourable drug combinations.
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Figure 2.18. BPaL deconvolution. The combination of bedaquiline-pretomanid was the only
pair-wise combination that showed positive interaction reaching values close to the limit of
detection at day 21 and being followed by a fast rebound. None of the other combinations
showed favourable interaction at any time point. Bedaquiline (BDQ), linezolid (LZD), pretomanid
(PTD).
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2.4 General discussion and future perspectives

This Chapter aimed to identify favourable in vitro B-lactam containing drug
combinations against Mtb. Typically, due to the low throughput of standard cell viability
assays, in vitro synergy screenings are performed based on primary growth inhibition
assays and the most favourable drug interactions identified are confirmed by traditional
killing curves based on CFU [81, 82]. This approach is time and effort consuming and
implies missing favourable drug interactions because they could not be detected by
single-point growth inhibition assays or because the low throughput of CFU-based time
kill assays entails the selection of the most favourable drug interactions to be confirmed
based on cell viability. However, to evaluate drug combinations described here we used
our recently developed OPTIKA methodology (Chapter 1), which allowed us to
interrogate a large number of n-drugs combinations based on bacterial killing in
longitudinal assays. This would have been unfeasible using standard CFU-based TKA
methodologies.

In the first screening, we aimed to identify favourable partners in combination
with B-lactams using a focused bottom-up approach. Three-drug combinations were
progressively built by rational drugs addition to simpler favourable combinations. This
methodology allowed us to remove compounds with lower potential to be good
partners and to explore more variety of potentially interesting combinations. In order
to evaluate in-depth the drug interaction of B-lactams with other drugs, two different p-
lactams (i.e. primary compounds) belonging to different sub-classes were selected to be
assayed in combination with the same panel of secondary compounds. Specifically,
meropenem (a carbapenem) and cefadroxil (a cephalosporin) were chosen as primary
compounds.

Based on FIClgg in the primary screening, similar numbers of hits were selected
for both meropenem and cefadroxil. However, after a selection done based on literature
revision, nine compounds were progressed to be further evaluated by OPTIKA in
combination with meropenem, and three in the case of cefadroxil, making the
subsequent studies being focused mainly on meropenem.

The first outcome of our B-lactam containing synergy screening was the
improvement of the killing profile at short times of combinations containing
meropenem. Translation to a clinical application of our findings, B-lactams could be
added in new anti-TB treatments at the beginning of the therapy. For Mycobacterium
ulcerans, the causative agent of Buruli ulcer, the bacterial load at the beginning of the
therapy is closely related with the time to heal [165]. In line with the results shown here,
a recent study with M. ulcerans found synergistic interactions between B-lactams and
drugs currently recommended by the WHO to treat this disease, suggesting that the
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inclusion of B-lactams in that therapy would lead to a most effective and shorter
regimen [166]. Translating knowledge from these closely related mycobacteria, our
proposal of including meropenem at initial days of TB treatments would contribute to
get a shorter anti-TB regimen.

Another major finding after this combination screening was the robust
favourable interaction of meropenem combined with pretomanid. Pretomanid belongs
to the nitroimidazole family of drugs. It is a pro-drug that possesses a complex mode of
action. Once activated, it inhibits the mycolic acid biosynthesis and thus blocks the cell
wall formation in actively replicating bacteria. In addition, it acts as a nitric oxide (NO)
donor in anaerobic conditions, killing bacteria in non-replicating stages [167, 168]. It was
first identified in 1995 by PathoGenesis (now Novartis) and it was developed by the TB
Alliance [167, 169]. It presents good bioavailability data and is well tolerated by healthy
volunteers [28].

Pretomanid has been recently authorised by the US Food and Drug
Administration (FDA), the Drug Controller General of India (DCGI) and the European
Medicines Agency (EMA) to be used as part of the BPalL regimen against XDR-TB. It is
currently tested in combination with other anti-TB drugs under several phase Il and
phase lll clinical trials [14]:

e TB-PRACTECAL (ClinicalTrials.gov NCT02589782). This trial looks for a
shorter, effective and tolerable regimen for patients suffering from drug
resistant TB. Here, bedaquiline, pretomanid and linezolid are combined
with either moxifloxacin or clofazimine.

e APT Trial (ClinicalTrials.gov NCT02256696). It evaluates if the inclusion of
pretomanid in the first-line treatment for DS-TB could shorten the
standard regimen. Here, pretomanid is combined with isoniazid,
pyrazinamide and either rifampicin or rifabutin to determine whether it
can be used with rifamycins, key sterilizing first-line drugs against TB
[170].

e SimpliciTB (ClinicalTrials.gov NCT03338621). In this trial the efficacy,
safety and tolerability of the all-oral bedaquiline-pretomanid-
moxifloxacin-pyrazinamide regimen is evaluated. The treatment is
administered for four months to patients with DS-TB and six months to
patients with DR-TB.

e NiX-TB Trial (ClinicalTrials.gov NCT02333799). This recently completed
trial showed a positive outcome for MDR-TB. It consisted of combining
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bedaquiline (400 mg once daily for two weeks then 200 mg three times
per week) plus pretomanid (200 mf once daily) plus linezolid (1200 mg
once daily) administered for six months. After completion of this trial,
90% of patients treated with this regimen had a favourable outcome.
Despite of the effectiveness of this treatment, an important rate of
adverse events related to linezolid was observed [161].

e ZeNiX (ClinicalTrials.gov NCT03086486). Here the efficacy, safety and
tolerability of linezolid as well as its dose and treatment duration in
combination with pretomanid and bedaquiline is evaluated. This trial
arose from the linezolid-associated toxicity observed in the previous NiX-
TB trial when evaluating the all-oral triple regimen BPalL. Doses of
bedaquiline and pretomanid are maintained as in the BPaL regimen (100
mg and 200 mg daily, respectively), and four different administrations of
linezolid are evaluated: 1200 mg once daily for 26 weeks, 1200 mg once
daily for 9 weeks, 600 mg once daily for 26 weeks and 600 mg once daily
for 9 weeks.

The in vitro drug interaction between B-lactams and pretomanid found here has
not been reported before. It agrees with the previously described synergy between -
lactams and compounds targeting the cell wall formation such as ethambutol [83, 158,
159]. Pretomanid is used in combination regimens against TB. The work described here
suggests that the inclusion of B-lactams in those pretomanid-containing combination
regimens could enhance its antimycobacterial properties.

In the second screening described in this Chapter, we used the opposite strategy
to evaluate in vitro drug interaction, a top-down approach. Here, anti-TB drugs currently
proposed by the WHO to treat MDR-TB were tested along with B-lactams in
combinations up to five drugs. We assayed the most complex drug combinations and all
related simpler combinations simultaneously, which eliminated the experimental
inoculum-variation inherent to microbiological tests. Including all possible intermediate
combinations independently of the potential, positive or negative contribution allowed
us to deduce the contribution of single drugs or small combinations to the final five-
drugs combination.

Regarding the bacterial killing profile observed, tested combinations showed
weaker synergistic profile than combinations included in the B-lactams screening even
though combinations were formed by a higher number of drugs. Individual drug
contribution analysis revealed that delamanid could be removed from combinations
without negative effects. Moreover, this would reduce the cardiotoxicity associated to
the bedaquiline-delamanid combination previously described [171]. However, the in
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vitro contribution of B-lactams (meropenem or cefadroxil) was clearly favourable,
robustly increasing the killing rate at short times. On the contrary, when linezolid was
added, the killing ability of combinations was dismissed.

Linezolid is an oxazolidinone active against gram-positive bacteria [172]. It was
repurposed for the treatment of TB as an alternative to overcome emerging resistance
to other first-line drugs [173]. Linezolid inhibits the initiation of protein production by
binding to the bacterial ribosomal 50S subunit. The blocking of this early step of protein
production seems to be unique, which explains the lack of described cross-resistance
with other clinically approved anti-TB drugs. In addition, it possesses good
pharmacokinetic properties with excellent oral bioavailability [171]. Currently, linezolid
is being used in combination with other anti-TB drugs against MDR-TB [14]. Even though
positive outcomes of MDR-TB treatments including linezolid have being observed, its
toxicity is limiting its use. As an example, ZeNiX trial arose as a consequence of adverse
events related with linezolid observed in the original NiX-TB trial. The main objective of
the ZeNiX trial is to evaluate whether the efficacy of the BPaL regimen can be maintained
while reducing toxicity with a lower dose and duration of linezolid.

Taking together the already described good safety data of B-lactams and in vitro
drug interactions described in this Chapter, next steps in line with this work could be: (i)
the in vitro evaluation of five-drug proposed combinations changing linezolid by
pretomanid; (ii) the exploration of other sub-families of B-lactams aiming to include two
B-lactams in the final combination; or (iii) the evaluation of combinations of all-oral
drugs to build an injectable-free regimen. In this line, B-lactams offer a large family of
compounds, and many of them can be orally administered.

Nevertheless, it has to be considered that experiments performed in this Chapter
present some limitations.

1. They were performed at standard in vitro culture conditions of M.
tuberculosis. Favourable interactions identified here should be retested
under other in vitro conditions mimicking the different physiological
states of the bacteria during infection such as cholesterol, glucose,
acetate, low pH, fatty acids, stationary phase, non-replicating or
intracellular assays.

2. Time kill assays are static PK/PD models. In OPTIKA, drugs were only
added at the beginning of the assays and do not reproduce clinical
therapy. Favourable combinations could be assayed in dynamic PK/PD
models such as the hollow fibre system, where the posology and the
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length of treatment can be mimicked in vitro and might provide data with
higher prediction of clinical outcomes [113].

As an in vitro study, it has its inherent limitations. OPTIKA data of the BPalL
triple combination presented in this Chapter exemplifies confronting
data. This combination did not show a positive interaction in OPTIKA
when the three drugs were assayed together. In fact, the combination of
bedaquiline and pretomanid showed a more favourable profile than the
triple combination. In line with our data, another in vitro study based on
growth inhibition [105] classified this triple combination as antagonism
against an Mtb Erdman strain. However, there is strong evidence of a
positive bactericidal and sterilizing drug interaction described by several
in vivo assays [174-176] and little doubts about its clinical efficacy to treat
patients with MDR-TB [161]. Nevertheless, it should be considered that
results shown here are derived from a unique in vitro assay, which lacks
the role of the immune system that is present in in vivo models and
clinical trials [177]. In addition, OPTIKA assays performed in this Chapter
have only been done with the standard growth medium of Mtb. This
combination should be evaluated by OPTIKA under other carbon sources
such as glucose, cholesterol, valerate, butyrate, acetate or propionate to
get a more robust conclusion [178].

Screenings described here could serve as a proof of concept to initially test a

large number of combinations and extrapolate general guidelines to compound

combinations depending on their mechanism of action or chemical properties. Later,

more experiments could be designed using other systems with low throughput such us

the dynamic hollow fibre system where human PK profiles could be simulated.
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2.5 Conclusions

Novel regimens against MDR-TB are urgently needed. The recently approved
BPaL and other regimens under clinical development have shown promising results [47,
67]. One limitation of the BPalL regimen is the high rate of the reported adverse effects
of linezolid. The efficacy of the BPaL regimen lowing the dose of linezolid is being
evaluated in the ZeNiX trial [161]. However, new treatments replacing linezolid by other
drugs with better tolerability properties could also constitute valid options to get a
universal regimen.

B-lactams are one of the largest groups of antibiotics available today with an
exceptional record of clinical safety in humans [115]. Based on in vitro data using cell
viability as readout shown in this Chapter, B-lactams could be explored as potential
drugs to be included in the anti-TB treatment for several reasons.

First, it has been robustly observed that B-lactams produced a fast reduction of
the bacterial load at initial days, which allows us to suggest their use in early days of the
treatment. In addition, for many combinations including B-lactams, bacterial regrowth
was not observed at longer times.

Second, the favourable drug interaction between the B-lactam meropenem and
the recently approved anti-TB drug pretomanid suggested that this family of compounds
could be explored as part of multi-drug regimens against MDR-TB containing
pretomanid. Although the combination of pretomanid and the oral B-lactam cefadroxil
was not detected in this work, this may be due to the experimental design of the primary
combination screening. There, cefadroxil was tested at a too low concentration and, as
a consequence, only very strong favourable interactions were detected. In the same line,
bedaquiline (the third drug of the BPaL combination) was not selected as a synergistic
partner of meropenem or cefadroxil in primary combination screenings based on growth
inhibition. As a consequence, the combinations bedaquiline-meropenem and
bedaquiline-cefadroxil were not assayed by OPTIKA. Nevertheless, the slow killing
profile between bedaquiline and isoniazid shown in Chapter 1 suggested that this
favourable drug combination at long times would have not been detected based on
single-point standard assays. More experimental work is needed to confirm this
interaction profile between pretomanid and other B-lactams, such as cefadroxil and
between bedaquiline and B-lactams.

Third, comparing results from the first and second screenings described in this
Chapter, we could conclude that higher order drug combinations do not necessarily
produce a better in vitro killing profile than combinations rationally designed containing
only three drugs.
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Finally, favourable identified combinations following methodologies described
here should be confirmed using other carbon sources, dynamic PK/PD or in vivo models
to get a better prediction of clinical outcomes.
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2.7 APPENDIX II: Chapter 2 OPTIKA killing curves
supplementary tables

Supplementary table 2.1. Mean log CFU/ml + SD of data plotted in Figures 2.10
to 2.13.

Mean Log CFU/ml + SD

Sample Day -3 Day 0 Day1 Day 2 Day 4 Day 7 Day 14 Day 21 Day 49
Untreated 4,15+ 0.58|5.76 + 0.77|5.2+ 0.77|5.72+ 0.8|6.42+ 0.78|6.66+ 0.56/6.93+ 0.4|6.41+ 0.41|7.81+ 1.18
CEF 1x NA NA 2.41+0.01{2.03+0.02|2.03+0.02|2.80+0.00|3.85+1.52|3.29+1.54|6.79+1.23
CFX 1x NA NA 3.85+0.39(2.29+0.19|2.67 +0.67|3.39+0.35(7.55+0.31| 6.75+ 0.39| 8.06 + 1.03
CLX 1x NA NA 3.17£0.48(2.38+0.32|2.42+0.23|2.82+0.05(7.04 +0.17|6.25+ 1.16|8.43+ 1.18
EMB 1x NA NA 5.98+0.40|5.27+1.72|5.52+1.11|5.33+1.43(5.10+ 1.97|4.66+2.61|7.58 + 0.13
EMB-PTD 1x NA NA 5.09+0.25{4.21+0.50{4.46 + 0.22|3.43 £ 0.39(2.92 + 0.03| 2.51 £ 0.21 | 3.70 + 0.00
ETH 1x NA NA 5.36+0.49|3.08 +0.42|2.38+0.21|2.81+0.02{2.90+0.00|2.63 +0.40|4.13 + 0.86
MER 1x NA NA 2.85+0.17(2.09 £ 0.09|3.37+0.72|4.56 + 0.29|7.16 + 0.38| 6.20 £ 0.95 | 7.88 + 0.44
MER-CFX-EMB 1x NA NA 2.40+0.03{2.13+0.01|2.15+0.02|2.80+0.002.90 + 0.00| 2.40 £ 0.00 | 3.93 + 0.33
MER-EMB-CLX 1x NA NA 2.42 £0.05[2.05+0.02|2.12 +0.06 | 2.80 + 0.00|2.90 + 0.00| 2.40 + 0.00 | 3.70 + 0.00
MER-EMB-PTD 1x NA NA 2.37£0.05[2.05 £ 0.04| 2.05 +0.05| 2.80 + 0.002.90 + 0.00| 2.40 + 0.00 | 3.70 + 0.00
MER-EMB-TBP 1x NA NA 2.36 +0.03(2.00 + 0.00( 2.01 + 0.06 | 2.80 + 0.00|2.90 + 0.00| 2.40 + 0.00 | 3.70 + 0.00
MER-EMB-THZ 1x NA NA 2.39+0.05(2.02 £+ 0.02| 2.07 £ 0.03 | 2.80 + 0.00|2.90 + 0.00| 2.40 + 0.00 | 3.70 + 0.00
MER-PTD 1x NA NA 2.60+0.34/2.07 £ 0.03|2.45+0.42|2.80+0.00|3.03+0.27|2.45+0.06 | 7.75+ 1.70
MER-PTD-THZ 1x NA NA 2.49+0.04{2.06 £ 0.03|2.25+0.27|2.80+ 0.002.90 + 0.00| 2.40 + 0.00 | 3.70 + 0.00
MER-THZ 1x NA NA 2.33+£0.04{2.00 £ 0.00(2.00 + 0.06 | 2.80 + 0.003.01+0.14|3.17 £ 0.16 | 6.44 + 0.72
PTD 1x NA NA 6.53+0.23(6.55+0.97(7.10+0.30|7.11+1.00|7.99+ 0.27|6.78 £ 0.19 | 8.45 + 0.41
PTD-THZ 1x NA NA 5.33+0.65|5.14+0.55(3.70+ 0.11|2.83 + 0.07 [3.38 £+ 0.96/3.20+ 1.59 | 4.76 + 1.94
RIF 1x NA NA 5.17+0.07|4.43+0.58|6.29+0.89|5.92+0.74 |7.16 + 0.28| 5.94 + 0.20 | 7.06 + 0.67
TBP 1x NA NA 2.77 £0.09(2.12 + 0.05|4.08 + 0.36 | 5.66 + 1.21|7.33+ 0.34| 6.36 + 0.28 | 8.18 + 0.64
THZ 1x NA NA 6.16 £ 0.51|5.74 £ 0.54|6.92 + 0.15|6.52+0.70|7.53+ 0.27|6.63 £ 0.26 | 7.72 + 1.02
CFX-EMB 1x NA NA 3.16+0.42(2.19+0.07{2.43+0.13|2.82 £0.04 (2.90 + 0.00| 2.48 + 0.15| 4.59 + 1.79
EMB-CEF 1x NA NA 2.39+0.03{2.07 £0.01|2.16 £ 0.03 | 2.80 + 0.002.90 + 0.00| 2.48 £ 0.16 | 3.70 + 0.00
EMB-ETH 1x NA NA 4.92+0.17|2.54+0.26|2.21 + 0.06| 2.80 + 0.00 {2.90 + 0.00| 2.40 + 0.00 | 3.79 + 0.18
EMB-RIF 1x NA NA 2.49 +0.05(2.15 + 0.07|2.20+ 0.03 | 2.80 + 0.00|2.90 + 0.00| 2.40 + 0.00 | 3.70 + 0.00
EMB-TBP 1x NA NA 2.41+0.04{2.09 +0.01|2.30+0.10|2.80+0.00|2.90 + 0.00| 2.40 + 0.00 | 4.88 + 1.49
EMB-THZ 1x NA NA 5.74+0.41|5.42 +0.38|5.49+0.37|3.25+0.39(3.22 £ 0.42| 2.40 £ 0.00 | 5.63 + 2.55
EMB-CLX 1x NA NA 2.39+0.05(2.07 £0.02| 2.65+0.51|2.80+ 0.002.90 + 0.00| 2.40 £ 0.00 | 6.52 * 2.45
EMB-PTD 1x NA NA 5.09+0.25(4.21+0.50{4.46 £ 0.22|3.43+£0.39(2.92 +0.03| 2.51+ 0.21|3.70 + 0.00
MER-EMB 1x NA NA 2.42 +0.09(2.01 +0.01|2.05+0.01|2.80+0.00|2.90 + 0.00| 2.40 + 0.00 -

Cefdinir (CEF), cefadroxil (CFX), cloxacillin (CLX), ethambutol (EMB), ethionamide (ETH),
meropenem (MER), pretomanid (PTD), rifampicin (RIF), tebipenem (TBP), thioacetazone (THZ).
NA: Not applicable. -: Missing experimental data.
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Supplementary table 2.2. Mean log CFU/ml + SD of data plotted in Figures 2.14

to 2.18
Log CFU/ml + SD

Sample Day -3 Day 0 Day 1 Day 2 Day 4 Day 7 Day 14 Day 21 Day 49
Untreated 4.15+ 0.58|5.76 + 0.77|5.2+ 0.77|5.72+ 0.8|6.42+ 0.78|6.66 + 0.56/6.93+ 0.4|6.41+ 0.41|7.81+ 1.18
BDQ 1x NA NA 6.16 £0.38|4.79+1.14|/6.34+ 0.86[ 6.42 £ 1.44|7.14 £ 0.08| 6.83 + 0.74 [ 8.53 £ 0.66
BDQ-LZD 1x NA NA 5.76 £0.45|4.43+1.19|6.60 + 0.22[5.19+ 0.30|6.89 + 0.45|/5.30 + 0.15| 7.30 £ 0.24
BDQ-PTD 1x NA NA 4.84+0.39|4.76+1.21|/6.11+0.69[4.72 £ 1.05|4.32 +1.25| 2.69 + 0.33 [ 7.49 £ 0.28
BDQ-PTD-LZD 1x NA NA 4.28+0.99(|4.88+1.10{4.94+1.26|4.95+0.87|6.94 £+ 0.43|7.23+0.62|8.01 +£0.22
CFX 1x NA NA 3.85+0.39]2.29+0.19|2.67 £ 0.67[3.39+£0.35|7.55+0.31| 6.75 + 0.39| 8.06 + 1.03
CFX-CFZ-BDQ-DLM 1x NA NA 3.93+0.14|3.54+0.18|2.78 £ 0.43[2.86 £ 0.12|3.02 + 0.23| 2.47 + 0.14 | 4.61 £ 1.82
CFX-CFZ-BDQ-LZD 1x NA NA 4.21+0.46(3.63+0.17|3.31+0.64|3.16 £ 0.283.81 + 0.48|3.48 +0.74| 5.86 + 2.99
CFX-CFZ-BDQ-LZD-DLM 1x NA NA 4.05+1.14|3.65 +0.55/3.40+ 0.40[3.43 £0.68|4.23+1.07|3.98 + 1.14|5.41 £ 2.19
CFX-MOX-BDQ-DLM 1x NA NA 3.28+0.28|2.88+0.16|2.76 + 0.86[2.93 £ 0.26|3.30+ 0.38| 2.49 + 0.06 | 7.98 + 0.04
CFX-MOX-BDQ-LZD 1x NA NA 4.01+0.55|3.48+0.27|4.43+0.15(4.13+0.94|3.86+0.93/4.51+0.14|4.79 + 1.42
CFX-MOX-BDQ-LZD-DLM 1x NA NA 3.93+1.26|3.15+0.42|3.56 + 0.94 [ 3.65 £ 0.34|4.81 + 0.64| 4.30 + 0.54 [ 5.79 £ 2.09
CFZ 1x NA NA 6.41+0.67/6.83+1.10/8.21+0.37[6.40+1.49|7.80+0.31|7.35+0.18[8.10 £+ 0.65
CFZ-BDQ-DLM 1x NA NA 5.73+0.44|4.74+0.90|4.27 + 1.36[3.27 £ 0.54|3.38 + 0.46| 2.98 + 0.89 | 6.45 + 1.69
CFZ-BDQ-LZD 1x NA NA 4.08 £0.23]4.02 + 0.58|3.56 + 1.21 [ 4.55 £ 0.53|6.11+ 0.69|4.75 + 1.00 | 7.71 £ 0.30
CFZ-BDQ-LZD-DLM 1x NA NA 4.67 +0.60{4.60+0.47|4.12+1.60|4.98+1.36|5.71+0.39/4.55+1.12|8.26 + 1.17
DLM 1x NA NA 5.62+0.34|5.87 +0.67|7.66 + 0.38 6.81 £ 0.67|7.61 + 0.35| 6.82 + 0.43[8.19 £ 0.94
LZD 1x NA NA 6.09 £0.06|5.74 +0.52| 7.37 £ 0.20[ 6.93 £ 0.43 |7.66 + 0.62| 7.50 + 0.10 [ 8.41 + 0.99
MER 1x NA NA 2.85+0.17{2.09+0.09|3.37 £ 0.72|4.56 £ 0.29|7.16 £ 0.38| 6.20 + 0.95 | 7.88 + 0.44
MER-CFZ-BDQ-DLM 1x NA NA 2.82+0.22|2.67 +0.36/2.86 + 0.48 | 2.80 + 0.00 (2.90 £ 0.00| 2.40 + 0.00 | 6.34 + 1.24
MER-CFZ-BDQ-LZD 1x NA NA 2.94+0.17|3.07+0.32|3.23+0.41|3.01+0.19(3.27£0.43| 2.94 £ 0.54 | 5.74 + 2.42
MER-CFZ-BDQ-LZD-DLM 1x NA NA 2.98+0.61(2.79+0.43|2.94+0.63|2.97+0.21|2.99+0.10|2.68 + 0.50 | 5.82 + 2.56
MER-MOX-BDQ-DLM 1x NA NA 2.59+0.13|2.37+0.25/2.62 +0.38 | 2.81+ 0.01 |2.93+0.06| 2.46 + 0.08 | 7.35 + 0.62
MER-MOX-BDQ-LZD 1x NA NA 2.66+0.14|2.69+0.56/3.13+0.28|3.18+0.22 [4.71+£0.94|3.78 £+ 0.82 | 8.37 £ 0.34
MER-MOX-BDQ-LZD-DLM 1x NA NA 2.87+0.73|2.67+0.41|2.94+0.63|2.95+0.31|3.65+0.54|3.77+0.47 | 7.35+ 1.20

MOX 1x NA NA 6.80+0.71]6.39+0.30|/6.05+0.70| 7.23 £ 1.07|7.71+ 0.30| 6.14 + 0.29 -

MOX-BDQ-DLM 1x NA NA 4.94+0.42|4.77 £ 0.45|5.85+ 0.27[3.85 £ 0.49|3.65+ 0.79] 2.59 + 0.38 | 6.84 £ 0.35
MOX-BDQ-DLM 1x NA NA 3.33+0.41|3.09+0.29|3.06 + 0.89[3.37£0.72|5.33+ 0.88|3.20 + 0.57 [ 5.94 £+ 0.34
MOX-BDQ-LZD 1x NA NA 5.04£0.31{4.42+0.54|5.71+0.73[4.63£0.91|4.48+1.68|3.80+1.71|6.97 £1.22
MOX-BDQ-LZD-DLM 1x NA NA 5.51+0.57|5.04 +0.32|5.14 + 0.62 | 4.05+ 0.96|4.88+1.34/4.93+0.48|7.15 £ 2.04
PTD 1x NA NA 6.53+0.23|6.55+0.97|7.10+0.30(7.11£1.00|7.99 + 0.27| 6.78 + 0.19 | 8.45 £ 0.41
PTD-LZD 1x NA NA 5.11+0.25|4.47 £+ 0.81|6.85+0.29|6.26 £ 0.22|7.00 + 0.20| 6.32 + 0.45| 7.36 £ 0.30

Bedaquiline (BDQ), cefadroxil (CFX), clofazimine (CFZ), delamanid (DLM), linezolid (LZD),
meropenem (MER), moxifloxacin (MOX), pretomanid (PTD). NA: Not applicable. -: Missing
experimental data.
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Mechanism of action elucidation studies
of the rifampicin/B-lactam synergy in
mycobacteria
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3.1 Introduction

Rifampicin, the corner stone drug for TB treatment, shows in vitro synergy with
drugs that target the mycobacterial cell wall, such as ethambutol and B-lactams [83].
One hypothesis for the mechanism of action underlying this synergy is that the
destabilization of the cell wall by ethambutol and B-lactams could lead to an increased
uptake and higher intracellular accumulation of rifampicin [179]. However, levels of
intracellular accumulation of rifampicin were insufficient to explain the strong drug
interaction with these drug, especially in the case of cephalosporins [83].

The aim of this Chapter is to shed light through transcriptomics into the
mechanism of action of these synergistic combinations.

Traditional approaches for biological research were limited to the study of one
or a few genes at a time. However, with the emergence of high throughput approaches
and the development of bioinformatics, the study of the whole genome, transcriptome,
proteome, or metabolome of the organism of interest under a certain biological
condition is already a reality. The massive sequencing development, also known as next-
generation sequencing (NGS), led to the omics technologies onset.

Genomics is the field of biology that studies genes and genomes of organisms
sequenced with high-throughput technologies, and thanks to it, evolutionary
relationships between organisms can be established [180].

Proteomics and metabolomics use mass spectrometry and magnetic resonance
imaging to identify and quantify proteins or metabolites present in an organism. The
proteome and the metabolome provide information about its functioning and cell
responses to determined conditions [181].

Finally, transcriptomics analyses cellular gene expressions. RNA-Seq is the
method of choice to interrogate in a high-throughput manner the expression levels of
genes in the genome with enough sensitivity to perform transcriptome profiling. RNA-
Seq is typically used to understand transcriptomic variations with respect a control
under different conditions such as oxygen levels, carbon sources or drug exposure to
elucidate the biological mechanism behind them [182, 183].

In RNA-Seq studies, RNA samples are subjected to a complex process
summarized in Figure 3.1. Briefly, starting from total RNA, mRNA is purified, and then,
cDNA is synthetized, fragmented and sequenced. A quality process filters RNA-Seq data
where low-quality reads are discarded. Afterwards, it is aligned to the reference genome
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of the organism under study (if available and in our case M. bovis BCG). Finally, data is
normalized, and a differential analysis performed by comparison with a control sample.

Control Sample
(Untreated) (Single drugs or combination)

[ RNA sequencing (lllumina) }
[ Raw reads filtering (Trimmomatic) }
Aligning and annotation to genome
(bwa-mem & bedtools)

|

[ Differential expression analysis }

(DESeq2)

Figure 3.1. RNA-Seq and bioinformatic analysis schema. Extracted mycobacterial mRNA is
sequenced. Bioinformatic analysis includes removal of low-quality reads, alignment of the
sequenced data with the reference genome, determination of coding regions and finally
comparison of the gene expression of the sample versus the control to obtain differentially
expressed genes. Brackets indicate specific tools used in this Chapter 3.

The experimental design is of utmost importance when performing
transcriptomic studies to elucidate the mode of action of antimicrobial compounds.
Drug doses and the time of incubation need to be carefully defined before embarking
on costly RNA-Seq studies.

Ethambutol and two B-lactams (i.e. meropenem and cefadroxil) were chosen to
perform experiments described in this chapter for two main reasons: (i) all of them had
shown in vitro synergy with rifampicin and, (ii) they are cell wall inhibitors with different

molecular target.

The molecular target of all drugs included in this Chapter is shown in Figure 3.2.
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Rifampicin inhibits the RNA polymerase, blocking the bacterial RNA
synthesis. It acts in synergy with the first-line anti-TB drug ethambutol. In
addition, the synergy between B-lactams and rifampicin has been
described in several mycobacterium species and different clinical isolates
of M. tuberculosis [83, 184].

Ethambutol acts at the cell wall formation level, inhibiting the
arabinogalactan biosynthesis [185].

B-lactams, unlike ethambutol, bind to transpeptidases that catalyse the
peptidoglycan crosslinking and inhibit its biosynthesis. B-lactams
included in this Chapter are meropenem (a carbapenem) and cefadroxil
(a cephalosporin).

T

Arabinogalactan&
ETHAMBUTOL

Mmmm Peptidoglycan/
“Mmm \B-Iacta ms:

g MEROPENEM (Carbapenem)
Ptacderdcledi L cytoplasmic  CEFADROXIL (Cephalosporin)

AL AL AEAL LI AL SLLEALIALALALAL membrane

Transcription/

RIFAMPICIN

Figure 3.2. Rifampicin, ethambutol, meropenem and cefadroxil molecular targets. Adapted
from [186]. Rifampicin targets the transcription. Ethambutol inhibits the arabinogalactan
biosynthesis. B-lactams: meropenem (a carbapenem) and cefadroxil (a cephalosporin) alter the

peptidoglycan layer biosynthesis.

The peptidoglycan constitutes the bacterial exoskeleton. It encapsulates the
plasma membrane and gives rigidity to bacterial cells. Many molecules and cell wall
components such as arabinogalactans are linked to this peptidoglycan layer [152].

Most bacteria show 4->3 links in their peptidoglycan layer. However,
mycobacterial peptidoglycan is comprised by two different cross-links (Figure 3.3):
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e 4->3 cross-links constitute around 20% of mycobacterial peptidoglycan.
This cross-linking process is catalysed by serine D,D-transpeptidases, also
called PBPs. At least, four PBPs have been described for Mtb (PBP1-PBP4). In
general, PBP1 and PBP2 show high affinity with B-lactams. Nevertheless, two
cephalosporins, cephalotin (1%t generation) and cefoperazone (3™
generation), showed low affinity with PBP1 and PBP2. Most B-lactams show
great affinity with PBP3 and low affinity with PBP4 [187].

e 3->3 cross-links constitute an 80% of the branches in the peptidoglycan
layer. This process is catalysed by the lately discovered non-canonical
cysteine L,D- transpeptidases (LDTs). Five LDTs have been found in the M.
tuberculosis genome (Ldtmti - Ldtmis), four of which are strongly inactivated
by carbapenems [188]. Members of the Ldtme: family could be inactivated by
cephalosporins, but with 1,000-fold lower efficacy than carbapenems [189].

QO@OOOOQOQ

D-Ala

L,D-

Q Q
3 ‘L-Ala & @
T ‘ B
a Q | D-GIn ‘ §
g_ m-DAP e — % Q
2 | [ ‘ 353 2
© D-Al -
z ) =
D\

Q

@ Peptidoglycan layer i

T

Cytoplasmic membrane \\” H
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T

Figure 3.3. Mycobacterial peptidoglycan structure. Sugar chains of peptidoglycan are
comprised of N-acetylglucosamine (white hexagons) and N-acetylmuramic acid residues (blue
hexagons). Polypeptide chains are linked to these residues, and branches between these peptide
chains are introduced by transpeptidases. 43 and 3->3 cross-links are catalysed by D,D-
transpeptidases and L,D-transpeptidases, respectively. Figure from [152].

In the work described in this Chapter 3, we aimed to identify potential
mechanisms of action that could explain the robustly observed synergy between
rifampicin and B-lactams against mycobacteria. The global strategy is summarized as

follows:
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1. We used M. bovis BCG as a surrogate model of Mtb. The synergy
observed in the reference work [83] was reproduced in M. bovis BCG,
validating this strain for transcriptomic studies. Cultures were treated
with rifampicin in three pair-wise combinations with drugs targeting the
cell wall: ethambutol, meropenem and cefadroxil.

2. To detect bacterial adaptation in response to the antibiotic insult, cells
needed to be perturbed but the cell death needed to be avoided. Thus,
cells were treated at sub-inhibitory concentrations of the drugs for
extended times prior to RNA sequencing.

3. The transcriptomic analysis was performed using an untreated culture as
the control to analyse the differential gene expression. First, comparing
with the gene expression of the untreated control, we identified genes
differentially expressed in samples treated with single drugs and
combinations. Second, the comparison of the transcriptomes of cultures
treated with single drugs and those treated with drug combinations
allowed us to identify general drug-dependant bacterial responses.
Finally, our analysis was focused on the search of differentially expressed
genes, operons or biological pathways, always comparing single drugs
and combinations.
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3.2 Material and methods

3.2.1 Bacterial strain, growth conditions, compounds
information and reagents

M. bovis BCG (Pasteur 1173P2) strain was used for all experiments described in
Chapter 3. Mycobacteria were routinely propagated at 37°C in 7H9 supplemented with
10% ADC, 0.2% glycerol and 0.05% (vol/vol) tyloxapol. Inoculum concentration was
calculated with the standard relationship: ODgoo nm of 0.125 corresponds to 107 CFU/ml.

The stock solutions of drugs and assay plates used in this study were prepared
as described in previous Chapters (sections 1.2.1 and 2.2.1).

The MTT solution was prepared dissolving 5 mg/ml in Milli-Q water. Once
dissolved, this solution was filtered through a 0.2 um pore size, and aliquots were stored
at -20°C until use.

SDS (Sodium Dodecyl Sulphate. Sigma, L4509) was dissolved at 10% in milliQ
water, filtered through a 0.2 um pore size and stored at room temperature until use.

3.2.2 FICI determination. MTT assay

Traditional checkerboard methodology was used for FICI determination as
described in Chapter 1 (section 1.2.2.1) with small differences:

1. Drug interaction assays were performed in an 8x12 grid checkerboard layout in
384-well plates (Greiner 781091), so that one plate served to interrogate four
pair-wise combinations. Assay plates were inoculated with M. bovis BCG (50
ul/well) at designated bacterial density (i.e. ca. 10° or 10’ CFU/ml) and incubated
at 37°C.

2. After 7 days, 25 pl/well of the MTT solution were added and further incubated
at 37°C for 24 hours. Then, 25 pl/well of the SDS solution were added and
overnight incubated at 37°C. Plates were then equilibrated at room temperature
for 30 min and adhesive seals were placed. Absorbance at 580 nm was measured
with Spectramax M5 Plate reader (Molecular Devices).

Calculations and the combination classification were done as described in
Chapter 1 (sections 1.2.2 and 1.2.2.1).
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3.2.3 CFU-based time kill assays

Exponentially growing cultures of M. bovis BCG were used for TKA. This pre-
inoculum culture was distributed (10 ml) in 25 cm? tissue culture flasks and desired cell
concentration adjusted with fresh assay media (7H9 + Gly + ADC + Tx 0.01%). Drug
solutions were then added to the cultures at the designated final concentrations and
TKA were performed as described in Chapter 1 (Section 1.2.4).

It should be noted that, as in other Chapters, SD was not included in killing curve
plots for figure clearness. Mean Log CFU/ml and SD values can be found at appendix | of
this Chapter.

3.2.4 Mechanism of action studies / experimental design

Bacteria were exposed to sub-inhibitory concentration of antibiotics for two
days. Briefly, an exponentially growing culture of M. bovis BCG was split in 175 cm?
culture flasks (Corning 431080). Per sample, the bacterial density was adjusted to 107
CFU/ml with fresh media (7H9 + Gly + ADC + Tx 0.01%) in a final volume of 100 ml. Drugs
were added at the desired concentration according to Table 3.1. Flasks were incubated
in horizontal position at 37°C for two days.

Sample Treatment Drug & concentration (pg/ml)
1 Untreated NA
2 RIF 0.5x MIC RIF 0.064
3 EMB 0.5x MIC EMB 4
4 CFX 0.5x MIC CFX 8
5 MER 0.5x MIC MER 8
6 RIF-EMB 0.5x MIC RIF 0.064 - EMB 4
7  RIF-MER 0.5x MIC RIF 0.064 - MER 8
8 RIF-CFX 0.5x MIC RIF 0.064 - CFX 8

Table 3.1. Selected conditions for transcriptomic studies. MIC values correspond to 107
CFU/ml cell density. Cefadroxil (CFX), ethambutol (EMB), meropenem (MER), rifampicin
(RIF).

3.2.4.1 Mycobacterial RNA extraction

The total RNA was extracted from treated cultures after two days of drug
exposure following the protocol kindly provided by Jesus Gonzalo Asensio (UNIZAR)
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[190]. Briefly, cultures were pelleted by centrifugation. To protect RNA, pellets were
resuspended in 1 ml of RNA protect bacteria reagent (Qiagen), incubated at room
temperature for 5 minutes and then pelleted again by centrifugation.

Next steps of the protocol were performed on ice. Pellets resuspended on 400
ul of fresh lysis buffer (20 mM sodium acetate pH 5.5, 0.1 mM EDTA, 0.5% SDS in DEPC
water) and 1 ml of acid phenol:chloroform 1:1 was added and then transferred to a lysis
matrix tube. Cells were lysed using Fast Prep in three cycles of 15 seconds at speed 6.5.
Samples were incubated on ice 5 minutes between cycles.

The tubes were centrifuged and supernatants were transferred to the tubes
containing 900 pl of chloroform:isoamylalcohol 24:1. They were then carefully mixed by
inversion and centrifuged. Upper phases were transferred to cold tubes containing 900
pl of isopropanol and 90 pl of acid sodium acetate. Precipitated nucleic acids were
centrifuged. Pellets were washed with 1 ml of ethanol 70% and dried in a hood at room
temperature for 10 minutes. Finally, they were dissolved in 90 ul of DEPC treated water.

The DNA was removed with DNase (Ambion) by incubation at 37°C for 1 hour. 1
ml of acid phenol:clorophorm 1:1 was added, and tubes were centrifuged. Supernatants
were precipitated with 900 ul of isopropanol and 90 ul of cold acid sodium acetate.
Precipitated RNAs were collected by centrifugation and resuspended in 30 ul of DEPC
treated water. The RNA concentration in samples was determined with nanodrop and
the RNA integrity was assessed by agarose gel electrophoresis.

3.2.5 Transcriptomics

Both mRNA sequencing and the bioinformatic analysis were done by FISABIO
(Foundation for the Promotion of Health and Biomedical Research of Valencia Region).
Samples were sequenced in technical duplicates.

The RNA was sequenced through [Illumina system following the
recommendations of the supplier (Figure 3.1). Bioinformatic analysis included a filtering
by trimmomatric for the removal of low-quality leading and tailing reads and the drop
of reads below 40 bases long. Reads were aligned with bwa-mem and strand-specific
coverage annotation was performed with bedtools.

Differential expression analysis was done with DESeq2 package [191]. The
analysis of the differential expression of genes was performed considering untreated
control versus all different treatments. Log2FoldChange and p-adj parameters were
generated for each gene and drug condition.
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3.2.5.1 Selection of differentially expressed genes with statistical
significance. Volcano plots

Among all genes in the coding DNA sequence (CDS), those whose
Log2FoldChange showed a value of -1.5 or lower were selected as downregulated.
Similarly, genes with a Log2FoldChange value of 1.5 or higher were selected as
overexpressed. Statistically significant results were those showing an adjusted p-value
(p-adj) of 0.01 or lower.

These cut-off criteria for p-adj and Log2FoldChange parameters were maintained
for all analyses.

Volcano plots were built to visualize statistical differentially expressed genes. For
each gene, -LogioPadj vs LogzFold Change were plotted.

3.2.5.2 Functional category analysis

Functional classification of genes was done according to functional categories
described in Tuberculist (http://genolist.pasteur.fr/Tuberculist/).

Since Tuberculist is a database containing information of M. tuberculosis H37Rv
strain, M. bovis BCG genes were correlated with annotated M. tuberculosis H37Rv genes
to perform functional category analysis. Orthologous genomes of M. tuberculosis H37Rv
and M. bovis BCG were downloaded from MycolnDB (http://bif.uohyd.ac.in/mycoindb).
Orthologous genes missing in MycolnDB were obtained from https://www.genome.jp.

M. bovis BCG genome was divided into 13 categories, 11 of them described in
Tuberculist. Genes codifying ribosomal proteins according to M. bovis BCG annotation
in MycolnDB were considered an additional category. Finally, 40 M. bovis BCG genes not
annotated in M. tuberculosis H37Rv genome were categorized as empty. Most of them
were pseudogenes. The thirteen resulting categories are listed below:

Virulence, detoxification, adaptation.
Lipid metabolism.

Information pathways.

Cell wall and cell processes.

Stable RNAs.

Insertion seqs and phagues.

PE/PPE.

Intermediary metabolism and respiration.

O N U e WNPRE
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9. Unknown.

10. Regulatory proteins.

11. Conserved hypotheticals.
12. Ribosomal proteins.

13. Empty.

3.2.5.3 Enrichment analysis

The enrichment analysis was performed with selected sets of statistical
differentially expressed genes.

This analysis was done with BiNGO software [192]. BiNGO relies on the Gene
Ontology (GO) database [193], which includes gene biological annotations terms and
pathways.

M. bovis BCG is not a model organism with an annotation file available in BINGO.
The gene annotation file (gene_association.BCG) was downloaded and manually
enriched with information obtained from https://www.ebi.ac.uk/QuickGO/. This file
contains the whole list of genes of the organism of interest and each gene is associated

to the corresponding GO terms.

The ontology file (go-basic.obo) was downloaded from http://geneontology.org/

and links the gene ontology terms with their biological functions.

BiINGO provides biological pathways that are statistically overrepresented in a
set of genes. It performs singular enrichment analysis (SEA), which provides individual
annotated terms below the enrichment p-value threshold.

In this chapter, a hypergeometric test applying Benjamini & Hochberg False
Discovery Rate (FDR) correction with a significance level of 0.05 using whole annotation

as reference set was performed.

The results of the overrepresented biological pathways obtained from BiNGO
analysis were visualized with TIBCO® Spotfire® Analyst software.
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3.3 Results and discussion

3.3.1 Confirmation of drug interaction between rifampicin and
compounds targeting the cell wall in M. bovis BCG

Prior to the transcriptomic studies, synergistic interactions already described in
Mtb strains [83] were confirmed in the M. bovis BCG strain used in this Chapter 3. These
experiments validated the use of M. bovis BCG as a surrogate model of M. tuberculosis
H37Rv.

The isobologram in Figure 3.4 shows the synergy profile observed in all pair-wise
combinations selected at standard inoculum size conditions (i.e. 10> CFU/ml) by
traditional checkerboard methodology based on growth inhibition (see material and
methods section 3.2.2). As reported in the reference work [83] and confirmed here,
rifampicin showed the strongest synergistic interaction with cefadroxil, followed by
ethambutol and finally by meropenem.

—— Rifampicin-Cefadroxil
—— Rifampicin-Ethambutol

- Rifampicin-Meropenem

0.0 05 1.0
FIC 1

Figure 3.4. Fractional Inhibitory Concentrations isobologram. All combinations tested showed
a concave contour with all FICI determined points under the no interaction limit (straight dotted
line). Considering the curves’ distance to the origin, the most synergistic combination was
rifampicin-cefadroxil (red curve), followed by rifampicin-ethambutol (blue curve), and finally
rifampicin-meropenem (green curve).

To assess the killing profile of combinations, TKA of combinations and single
drugs were performed for three days by a traditional CFU counting assay (Figure 3.5).

Poor killing effect was observed at 1/4x MIC concentrations for single drugs or
combinations. A similar behaviour was observed for single drugs at 1x MIC. However, at
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1x MIC, all the combinations reached the limit of detection by day three. Rifampicin
combined with meropenem showed the fastest profile, with low bacterial levels since
day one. The rifampicin-ethambutol combination showed a slower profile, where the
limit of detection was reached at day two. Finally, rifampicin combined with cefadroxil
had the slowest effect and reached the limit of detection of bacterial growth at day
three. These results confirmed the killing interaction profile described in the reference
work [83] and validated the use of M. bovis BCG strain as a surrogate model of M.
tuberculosis H37Rv to perform transcriptomic studies.

Surprisingly, the combination with the strongest interaction based on growth
inhibition was the slowest one in terms of bacterial killing rate and vice-versa. This
highlights the importance of considering not only results based on growth inhibition, but
also killing ability and kinetics to prioritize combinations.

Rifampicin - Meropenem Rifampicin - Ethambutol
7 7
-~ Untreated -s- Untreated
6 -= RIF 1x MIC 6 - RIF 1x MIC
5 -0 RIF 1/4x MIC s <O RIF 1/4x MIC
= = MER 1x MIC =] = EMB 1x MIC
54 -4 MER 1/4x MIC &4 - EMB 1/4x MIC
23 - RIF-MER 1x MIC g3 == RIF-EMB 1x MIC
0= RIF-MER 1/4x MIC -0- RIF-EMB 1/4x MIC

Limit of detection Limit of detection

0 1 2 3 0 1 2 3
Time (days) Time (days)

Rifampicin - Cefadroxil

Untreated

RIF 1x MIC

RIF 1/4x MIC
CFX 1x MIC

CFX 1/4x MIC
RIF-CFX 1x MIC
RIF-CFX 1/4x MIC

FR R

w & 0 oo o~

Log CFU/mI

¢t t

- 0~

Limit of detection

0 1 2 3
Time (days)

Figure 3.5. Killing curves of selected combinations. Combinations enhanced the killing profile
of single drugs. The limit of detection was reached at 1x MIC of combinations at day 1 when
rifampicin (RIF) was combined with meropenem (MER); at day 2 when it was combined with
ethambutol (EMB) and after 3 days if it was combined with cefadroxil (CFX). MICgir = 16 ng/ml,
MICwmer = 250 ng/ml, MICevs = 4000 ng/ml, MICcrx = 8000 ng/ml.

TKA are usually performed at a starting inoculum of 10> CFU/ml. However, in
order to improve the efficiency of the RNA extraction protocol, experiments (i.e. MIC
and TKA) were repeated at a higher cell density (107 CFU/ml).

Cefadroxil is not soluble in DMSO and it was dissolved in DMSO:H,0 (1:1). This
caused dispensation issues in the HP digital dispenser when tested at high
concentrations. The MIC of cefadroxil at 107 CFU/ml could not be determined and the
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maximum concentration tested (16000 ng/ml) was used as the MIC. This could have an
impact on the experiment design because if the actual concentration was lower than
1/2x MIC, the effect on bacteria could be reduced or the killing kinetics may be slower
than desired.

The duration of drug treatment was chosen once drug interactions of the
selected pair-wise combinations were confirmed against M. bovis BCG. For this, bacterial
cells need to be collected before the bacterial death occurs, but after a sufficient period
of time to detect the drug effect.

Kill kinetics were also performed at high cell density (Figure 3.6). At day three,
some combinations already reached the limit of detection; according to our
transcriptomic strategy above described, this time point was too late since cells had
started to die. Consequently, cells were collected and RNA was sequenced at day two
(black arrow in Figure 3.6). This time point would allow us to detect transcriptional
changes due to drug effect just before cell death.

The combination containing cefadroxil showed a slower killing rate when
compared with the other combinations. In fact, at day two the difference between
treated and untreated samples was minimum, although a clear synergistic effect was
observed at day 30. This could be due to the already mentioned overestimation of the
MIC of cefadroxil. Nevertheless, day two time point was chosen for all drugs in order to
compared results afterwards.
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Figure 3.6. TKA at high cell density. Chosen drug concentrations presented the pursued effect
showing strong killing ability when they were combined and low killing ability when assayed
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alone at 0.5x MIC. Black arrow indicates the time point of cells collection for transcriptomics.
M|CR|F= 128 ng/ml, M|CMER= 16000 ng/ml, M|CEMB= 8000 ng/ml, M|Cc|:x= 16000 ng/ml

3.3.2 General transcriptomic profile analysis

RNA-Seq data was mined by Principal Component Analysis (PCA) in collaboration
with FISABIO. Each point in the PCA plot represents the general transcriptomic profile of
a particular condition. (Figure 3.7).

Transcriptomic responses were specific and combination dependent. Samples
treated with single drugs were clearly separated from each other and from the
untreated control. Cultures treated with drug combinations displayed far from the
respective single drugs, indicating that the general transcriptomic profile was different
and, therefore, bacterial response to treatment.

Samples treated with cefadroxil and rifampicin-cefadroxil were the closest to the
untreated control, correlating with the low effect on bacterial killing observed at day

two.

Interestingly, samples treated with rifampicin-ethambutol and rifampicin-
meropenem displayed together and far from their respective single drugs, indicating
that the transcriptional response of those combinations was very different from the

individual response of the single drugs.

CONTROL
@ SINGLE DRUG
COMBINED

PC2: 12% variance

20 io 0 10 20
PC1: 75% variance

Figure 3.7. Principal component analysis (PCA) plot. Transcriptomic profile of untreated
control, treatment with cefadroxil, ethambutol, meropenem, rifampicin, rifampicin-cefadroxil,
rifampicin-ethambutol or rifampicin-meropenem. Samples treated with single drugs showed
different transcriptional response. Combinations of rifampicin with ethambutol or meropenem
showed similar response. Samples treated with cefadroxil or rifampicin-cefadroxil showed little
transcriptional response comparing with the untreated control. In collaboration with Alvaro
Chiner (IBV-CSIC). Cefadroxil (CFX), ethambutol (EMB), meropenem (MER), rifampicin (RIF),
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rifampicin-cefadroxil (RIF-CFX), rifampicin-ethambutol (RIF-EMB), rifampicin-meropenem (RIF-
MER).

3.3.3 Analysis of gene differential expression

Statistically significant differentially expressed genes were selected according to
cut-offs defined in section 3.2.5.1 (i.e. p-adj <0.01 and Log2Fold Change >/< +1.5). Figure
3.8 displays volcano plots of all conditions used to represent the global transcriptomic
response at the single gene level. The most statistically significant and differentially
expressed genes were represented in the upper corners of the plots. The number of
statistically differentially expressed genes was different depending on the treatment
tested. All conditions showed more genes inhibited than overexpressed.

In line with the observation in the PCA plot, volcano plots of rifampicin-
meropenem and rifampicin-ethambutol (Figure 3.8 E and Figure 3.8 F) showed similar
profiles. For the cefadroxil and rifampicin-cefadroxil samples (Figure 3.8 D and Figure
3.8 G), genes were minimally differentially expressed comparing with the untreated
control, which correlated with results from the PCA plot, where these two samples were
placed close to the control. This observation could be related to the already mentioned
slower effect of these treatments and the little effect that they showed at day two. For
this particular case, the Log2Fold change cut-off could be lowered to a value closer to
+1. However, this would only allow selection of some genes in the case of rifampicin-
cefadroxil. Only one gene of the cefadroxil sample showed a Log2Fold Change < -1.2,
while all other genes were not differentially expressed above or below + 0.8. However,
changing the cut-off would imply the use of different criteria for different samples and
results may not be comparable.

Due to the large number of repressed and overexpressed genes of samples not

containing cefadroxil, instead of an individual gene analysis, a general transcriptomic
analysis was performed focused on cellular processes and pathways.
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Figure 3.8. Differential gene expression volcano plots. Genes are plotted based on their
differential expression and statistical significance under different treatments: (A) Rifampicin, (B)
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Meropenem, (C) Ethambutol, (D) Cefadroxil, (E) Rifampicin-Meropenem, (F) Rifampicin-
Ethambutol, (G) Rifampicin-Cefadroxil. Genes are coloured based on their classification: red for
overexpressed (Log2Fold Change > 1.5), green for downregulated (Log2Fold Change <-1.5), dark
grey for genes excluded because of low statistical significance (P-adj > 0.01) and light grey for
genes statistically significant (P-adj < 0.01) but not differentially expressed (-1.5 < Log2Fold
Change > 1.5).

Figure 3.9 shows the number of genes differentially expressed per drug
treatment grouped according to their functional category classification (section 3.2.5.2).

In the case of cefadroxil, no genes were selected applying filters of statistical
significance and differential expression. In the case of cefadroxil combined with
rifampicin, there were only nine genes. However, when comparing with rifampicin,
there was a clear reduction in the number of genes differentially expressed under
samples treated with rifampicin and those treated with rifampicin combined with
cefadroxil. This reduction allowed us to hypothesize that, in combination with cefadroxil,
the bacterial response to rifampicin was dominated by cefadroxil response, inducing
silencing of rifampicin transcriptional response.

For the rest of the samples, most of the genes differentially expressed belonged
to the conserved hypotheticals, cell wall and cell processes, and intermediary
metabolism and respiration categories. This was expected considering that most genes
in the M. bovis BCG genome were included in these three categories.

The following differences in bacterial response were identified:

1. Bacterial response to the single drugs rifampicin and ethambutol produced a
comparable number of genes differentially expressed in every category.
However, there were some differences to highlight:

a) Cell wall and cell processes: bacterial response to rifampicin
produced more overexpressed genes than ethambutol (22 vs 13),
whereas the response to ethambutol caused more downregulation
than rifampicin (96 vs 51) in genes belonging to this group.

b) Intermediary metabolism and respiration: similarly to cell wall and
cell processes, the bacterial response to rifampicin led to more genes
of this category overexpressed (21 vs 5), and response to ethambutol
produced more downregulated genes (83 vs 56).

159



Chapter 3

In the case of meropenem, a smaller number of genes were differentially
expressed compared to rifampicin and ethambutol.

Rifampicin-ethambutol and rifampicin-meropenem combinations showed a
very similar profile, confirming that the similarities observed in the PCA plot
between these two conditions were due to a similar bacterial response to
treatment.

Response to rifampicin-ethambutol and rifampicin-meropenem: genes
belonging to the cell wall and cell processes were less repressed than for
single drugs treatment. Similarly, genes of the information pathway category
were more downregulated comparing with single drugs.

In contrast to the response to rifampicin, bacteria exposed to rifampicin
combined with either ethambutol or meropenem showed a great inhibition
of genes belonging to the ribosomal protein category. This agrees with the
hypothesis that bacterial adaptation to rifampicin was supressed when
bacteria were exposed to rifampicin in combination with a synergistic
partner, i.e. ethambutol or meropenem in this case. The inhibition of gene
expression of ribosomal genes could be used as a biomarker, being an early
indicator of bacterial death.

RIF EMB MER CFX RIF-EMB RIF-MER RIF-CFX

51 @ 96 a3 12 a1 27 (3 30 £y 2
o1 19 147 (24) 29 2 68 10 65 @ 2
10 5 10 2 7 2 34 34
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Figure 3.9. Functional classification of differentially expressed genes under different drug

conditions. Statistically differentially expressed genes per drug treatment and category. Circle

size represents the number of genes. Per category, colour represents the expression: green for

downregulation, and red for overexpression. The total number of genes of each category in the

whole genome is shown in brackets, adjacent to the category name. Cefadroxil (CFX),

ethambutol (EMB), meropenem (MER), rifampicin (RIF), rifampicin-cefadroxil (RIF-CFX),

rifampicin-ethambutol (RIF-EMB), rifampicin-meropenem (RIF-MER).
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Figure 3.10 A shows a heat map of statistically significant expression of genes of
samples treated with rifampicin, ethambutol, meropenem, cefadroxil, rifampicin-
ethambutol, rifampicin-meropenem and rifampicin-cefadroxil. As in other plots already
shown in this Chapter, upregulation and downregulation in samples treated with
cefadroxil and rifampicin-cefadroxil was considerably lower than in the other samples.
A new heatmap was done excluding these samples.

Figure 3.10 B shows a heat map of statistically significant expression of genes of
samples treated with rifampicin, ethambutol, meropenem, rifampicin-ethambutol and
rifampicin-meropenem. In this case, 922 genes were selected and, similar to Figure 3.9,
it was observed an inversion in the level of expression of genes of samples treated with
drug combinations comparing with single drugs. This effect was especially notable in
two clusters, the PE/PPE and the ribosomal proteins genes (Figure 3. 10 C and Figure
3.10 D, respectively).

1. PE/PPE is a group of proteins exclusive of Mycobacteriaceae and actinobacteria
members. Structurally, these proteins present proline-glutamic acid or proline-
proline-glutamic acid residues at their conserved N-terminal domain,
denominated PE and PPE proteins, respectively [194]. Numerous studies in this
field [195-198] revealed different insights: (i) PE/PPE interact to act as
heterodimers, (ii) they are linked with Type VII secretion system, (iii) they are
implicated in nutrient transport across the cell wall and, (iv) they are involved in
mycobacterial virulence. Immunogenicity showed by some of PE/PPE proteins
suggested their potential as vaccine candidates against TB.

However, details on the molecular mechanism of some of these processes
remains unknown. The same happens with the regulation of the expression of
PE/PPE proteins, where it has been found that PE and PPE proteins are not
regulated as a group [199].

Figure 3.10 C shows the heatmap of PE/PPE genes statistically differentially
expressed under rifampicin, ethambutol, meropenem, rifampicin-ethambutol
and rifampicin-meropenem exposure. From 169 PE/PPE genes in the whole
genome, 43 of them were significantly differentially expressed under any of
these conditions. The different degree of expression observed among them
could be explained considering the already described independence of function
and regulation of genes in this category [199].

2. In the case of the ribosomal proteins cluster (Figure 3.11 C), 42 out of 60 genes
were significantly differentially expressed, being all of them slightly upregulated
in the presence of rifampicin or ethambutol and strongly downregulated in the
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162

presence of drug combinations. For meropenem, downregulation was observed
in all genes, but it was weaker than within the combinations. This inversion in
the response, depending on whether bacteria were treated with single drugs or
combinations, suggested that drug combinations produced a bacterial
perturbation that prevented the bacterial response observed when they were
exposed to single drugs, similar to what we have previously described in the
PE/PPE cluster. In other words, drug combinations would supress the bacterial
adaptation to single drugs:

e First, the overexpression of ribosomal proteins of bacteria treated with
rifampicin could constitute the bacterial adaptation to this drug.

e Second, the inhibition of almost the entire group of ribosomal proteins by
drug combinations could imply a general turn-off of the transcriptional
machinery.

e Finally, taking together the arguments exposed above, favourable drug
interactions between rifampicin and either ethambutol or meropenem
described by in vitro assays can be explained by the fact that bacterial
adaptation to rifampicin increases the expression of ribosomal proteins. This
adaptation is blocked in the presence of drug combinations, which leads to
bacterial death. This could constitute the transcriptional indicator of
bacterial death previously observed in whole cell time-kill assays.
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Figure 3.10 Heatmap of statistically significant genes. (A) Including cefadroxil. (B), (C), and (D):
excluding cefadroxil. (A): 196 genes selected with p-adj < 0.01 in all conditions. (B): 922 genes
selected with p-adj < 0.01 in all conditions containing RIF, EMB and MER. (C): 43 genes
significantly expressed belonging to the PE/PPE category. (D): 42 genes significantly expressed
belonging to the ribosomal protein category. Colour represents differential expression level; red
for overexpression and green for downregulation. In both cases, darker colours indicate
Log2Fold Change closer to 0 and lighter colours more differential expression. Cefadroxil (CFX),
ethambutol (EMB), meropenem (MER), rifampicin (RIF), rifampicin-cefadroxil (RIF-CFX),
rifampicin-ethambutol (RIF-EMB), rifampicin-meropenem (RIF-MER).
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3.3.4 Enrichment analysis of molecular pathways

Enrichment analysis in transcriptomic studies is used to identify biological
processes overrepresented in a set of genes. The study of biological processes, which
involves several genes instead of individual ones, enhances the predictive power of
transcriptomic studies. There are different methods and numerous tools to perform this
analysis [200].
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An enrichment analysis relies on the gene annotation in databases such as the
Gene Ontology annotation terms. It compares the distribution of genes included in a
determined set with their background distribution in the whole genome. Through
enrichment analysis, terms that are statistically overrepresented among genes included
in the selected set are identified and ranked by statistical significance, measured with
the calculated enrichment p-value [201].

In this work, a molecular pathway enrichment analysis was performed using the
BiINGO software (section 3.2.5.3). BiNGO is a tool that selects overrepresented
molecular pathways from a set of genes. In the analysis performed in this Chapter 3, per
drug condition, genes with statistical overexpression and downregulation (p-adj< 0.01
and Log2foldChange> 1.5 and <-1.5, respectively) were selected for BINGO analysis.

BiNGO analysis is based on previously annotated gene information. Nowadays,
term annotation is a live process, and it remains unfinished. Unfortunately, in the case
of M. bovis BCG, a considerable number of genes are not annotated with the
corresponding gene ontology term. This constitutes the main limitation of this analysis,
which produces a lack of information of biological pathways of those selected genes with
no information in the database. Table 3.2 shows the number of selected genes and the
number of these genes that BiINGO excluded from the analysis, per drug condition.

Underexpression Overexpression
Selected genes Genes with no information Selected genes Genes with no information

Table 3.2. Number of selected genes per condition used for BINGO analysis. Green and red
represent statistical differentially expressed genes selected with the cut-off: p-adj < 0.01 &
log2Fold Change <-1.5 and p-adj < 0.01 & log2Fold Change 21.5. In all cases, a considerable
number of genes did not have GO information annotated, and thus, they were excluded from
BiINGO analysis (genes with no information column). Cefadroxil (CFX), ethambutol (EMB),
meropenem (MER), rifampicin (RIF), rifampicin-cefadroxil (RIF-CFX), rifampicin-ethambutol (RIF-
EMB), rifampicin-meropenem (RIF-MER).

Overrepresented pathways among downregulated genes annotated in the
database are shown in Figure 3.11. Samples treated with cefadroxil did not show any
gene differentially downregulated. Six genes were selected for rifampicin-cefadroxil
samples, but BINGO analysis did not produce any overrepresented biological pathway
related with them.
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Ethambutol, meropenem, rifampicin-ethambutol and rifampicin-meropenem
showed significant inhibition of general processes related with biosynthesis of different
macromolecules. However, the rifampicin exposure produced inhibition of processes
related with DNA synthesis, recombination and transposition.

This data revealed that bacterial adaptations to drugs at the conditions selected
in this Chapter resulted in a general inhibition of biological pathways involved in cell
replication and synthesis of biomolecules.
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Figure 3.11. Biological pathways overrepresented in downregulated genes. BiINGO analysis of
differentially downregulated genes with statistical significance (log2Fold Change <-1.5 & p-adj <
0.01) identified statistically significant overrepresented molecular pathways, per drug condition.
Processes are coloured according to an enrichment p-value being more intense for more
statistically significant and lighter for less significant results. Cefadroxil (CFX), ethambutol (EMB),
meropenem (MER), rifampicin (RIF), rifampicin-cefadroxil (RIF-CFX), rifampicin-ethambutol (RIF-
EMB), rifampicin-meropenem (RIF-MER).
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Overrepresented biological pathways of overexpressed genes are shown in
Figure 3.12. Comparing with Figure 3.11, more variety among samples was found in the
analysis of upregulated genes.
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Figure 3.12. Biological pathways overrepresented in upregulated genes. BiNGO analysis of
differentially overexpressed genes with statistical significance (log2Fold Change 21.5 & p-adj <
0.01) per condition identified statistically significant overrepresented molecular pathways.
Processes are coloured according to the enrichment p-value, being more intense for more
statistically significant and lighter for less significant results. Cefadroxil (CFX), ethambutol (EMB),
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meropenem (MER), rifampicin (RIF), rifampicin-cefadroxil (RIF-CFX), rifampicin-ethambutol (RIF-

EMB), rifampicin-meropenem (RIF-MER).

In-depth analysis of the pathways overrepresented under different drug
exposure showed some interesting findings that are discussed below:

1. Arginine biosynthesis was identified as an overrepresented pathway among
upregulated genes. Interestingly, it was only present under rifampicin exposure

(Figure 3.12).

The de novo l-arginine amino acid biosynthesis from |-glutamate amino acid is
shown in Figure 3.13. This process consists of eight steps, which are catalysed by

eight enzymes, i.e. argA to argl.
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Figure 3.13. De novo L-arginine biosynthesis route. From [202].
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The expression of seven genes of this pathway under different drug exposure
studied in this Chapter 3 is shown in Figure 3.14. The already described inversion
in single drugs vs the combination expression pattern was observed also here at

the individual gene expression level.
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Figure 3.14. Differential expression of genes involved in arginine biosynthesis. Log2Fold
Change of BCG_1691, BCG_1692, BCG_1693, BCG_1694, BCG_1695, BCG_1697 and BCG_1698
under rifampicin (blue), ethambutol (green), meropenem (pink), cefadroxil (purple), rifampicin-
ethambutol (light green), rifampicin-meropenem (light pink) and rifampicin-cefadroxil (light
purple) drug exposure. Statistically significant results (p-adj < 0.01) are marked with an asterisk.
Differential gene expression cut-offs are marked with red and green lines for overexpression and
downregulation, respectively. ArgA is not included because Log2Fold Change was between -1.5
and 1.5 for all conditions.

The de novo arginine biosynthesis is a bacterial adaptative response to oxidative
stress. Upregulation of this pathway was found when bacteria were exposed to
bactericidal agents such as isoniazid or vitamin C [203]. Moreover, in mutants
lacking this de novo arginine biosynthesis (AArgB or AArgF), a reduction of
antioxidants was observed, with the presence of oxidative damage and
subsequent bacterial death.

The upregulation of genes involved in the de novo biosynthesis of arginine under
rifampicin treatment identified in our data set could be explained as a rapid
bacterial adaptative response to the stress generated by this drug. Supporting
our hypothesis, the damage produced by drug combinations prevented bacteria
from mounting this response, potentiating the bactericidal effect of the
combination.

2. The phosphorelay signal transduction system was overrepresented under
meropenem and ethambutol conditions (Figure 3.12). Two-component
regulatory systems are important bacterial mechanisms to respond to
environmental changes. They are comprised by a histidine kinase protein
typically placed in the membrane, which detects the external signal such as
phosphate concentration, pH, and redox states among others. This sensor
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interacts with the response regulator, a cytoplasmic protein that binds to the
DNA and modifies the gene expression depending on the environmental change
detected [204, 205].

Selected genes of this pathway included four genes belonging to the OmpR
family, a class of response regulators of two-component regulatory systems
(Figure 3.15).

Samples treated with meropenem or ethambutol showed overexpression in four
genes belonging to the OmpR family, two of them were not characterized and
the other two belonged to the PrrAB and MprAB systems. These two systems are
involved in virulence of M. tuberculosis. MprAB is responsible of the cell wall
maintenance, responding to envelope stress conditions. PrrAB is responsible for
the intracellular adaptation and it is essential for in vitro growth, sensing and
responding to nitrogen limitation [204].

As it happened in the arginine synthesis, this response was not observed in the
combinations, suggesting that samples treated with single drugs, specifically
those targeting the cell wall, i.e. meropenem and ethambutol, detected the
antibiotic stress and mounted an adaptative response. However, cells exposed
to drug combinations could not regulate this pathway to escape from this
antibiotic stress.

@ RIF
@ EmB

@& MER

@ CFX
- RIF-EMB

RIF-MER
RIF-CFX

Log2Fold Change

-0.50
-1.00
-1.50
-2.00
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Figure

BCG_0955c(OmpR family: prrA)  BCG_1037(OmpR family: mprB) BCG_3823c(OmpR family) BCG_3824c(OmpR family)

3.15. Differential expression of some genes involved in phosphorelay signal

transduction system pathway belonging to the OmpR family. Log2Fold Change of BCG_0955c,
BCG_1037, BCG_3823c and BCG_3824c under rifampicin (blue), ethambutol (green),
meropenem (pink), cefadroxil (purple), rifampicin-ethambutol (light green), rifampicin-
meropenem (light pink) and rifampicin-cefadroxil (light purple) drug exposure. Statistically
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significant results (p-adj < 0.01) are marked with an asterisk. Differential gene expression cut-

offs are marked with red and green lines for overexpression and downregulation, respectively.
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BCG_1415c gene showed downregulation under exposure to rifampicin or
ethambutol and upregulation close to the cut-off when rifampicin was combined
with ethambutol or meropenem (Figure 3.16). Although the expression of
BCG_1415c under rifampicin-ethambutol and rifampicin-meropenem was weak,
it should be considered that, in general, the upregulation response was weaker
than downregulation under conditions described in this chapter.

BCG_1415c is described as a transcriptional regulatory protein in the database.
The Rv1353c gene, its orthologous in M. tuberculosis H37Rv, was recently
described as a transcriptional regulator whose upregulation has been identified
as an indicator of synergistic combinations [206].

Our data support this finding. Comparing the expression of this gene under single
drugs and already known synergistic combinations, it can be observed that it is
upregulated in the case of the combinations. Unfortunately, the mechanism of
action of this regulation remains unknown.

@ RF
@ EMB

@& MER

@ CFx
RIF-EMB

RIF-MER
RIF-CFX

BCG_1415c(transcriptional regulatory protein)

Figure 3.16. Differential expression of BCG_1415c gene. Under rifampicin (blue), ethambutol
(green), meropenem (pink), cefadroxil (purple), rifampicin-ethambutol (light green), rifampicin-
meropenem (light pink) and rifampicin-cefadroxil (light purple) drug exposure. Statistically
significant results (p-adj < 0.01) are marked with an asterisk. Differential gene expression cut-

offs are marked with red and green lines for overexpression and downregulation, respectively.
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This operon is comprised by three genes: BCG_0380 or iniB, BCG_0381 or iniA,
and BCG_0382 or iniC.

IniBAC promoter is induced by the presence of different drugs that specifically
target the cell wall biosynthesis such as isoniazid, ethambutol, ethionamide, and
ampicillin among others. This induction was found to be specific to the cell wall
biosynthesis inhibition because it was not observed under other biological
stresses such as heat shock, oxidative stress, cell wall degradation or treatment
with drugs that do not target the cell wall (i.e. rifampicin) [207].

Considering overexpression of iniB, iniA and iniC genes a consequence of the
promoter induction, data shown here agrees with previous findings. Only
bacteria treated with cell wall inhibitors (i.e. ethambutol and meropenem)
showed significant overexpression of all genes of this operon (Figure 3.17). The
induction caused by ethambutol has been previously described, as well as the
repression under rifampicin treatment [207]. However, upregulation caused by
meropenem has not been described before. Samples treated with cefadroxil did
not produce statistically significant results and samples treated with drug
combinations showed downregulated genes.

The function of these genes remains unknown. Initially, its induction was linked
to cell death. Afterwards, iniA was described as an efflux pump component that
mediated multi-drug tolerance [208]. This last observation would explain the
iniBAC overexpression under ethambutol or meropenem conditions as an
adaptative bacterial response to escape of the drugs damage. In contrast,
bacteria treated with ethambutol or meropenem combined with rifampicin
would not be able to mount this response, being more exposed to the damage
caused by these drugs.
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Log2Fold Change
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Figure 3.17. Differential expression of iniBAC operon. Log2Fold Change of BCG_0380,
BCG_0381, and BCG_0382 under rifampicin (blue), ethambutol (green), meropenem (pink),
cefadroxil (purple), rifampicin-ethambutol (light green), rifampicin-meropenem (light pink) and
rifampicin-cefadroxil (light purple) drug exposure. Statistically significant results (p-adj < 0.01)
are marked with an asterisk. Differential gene expression cut-offs are marked with red and green
lines for overexpression and downregulation, respectively.
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3.4 General discussion and future perspectives

Antibiotics are largely known as molecules that kill bacteria. For many of them,
their interaction with a specific protein or molecular component (i.e. their mechanism
of action) is well characterized and drugs are associated to their molecular target [209].

However, antibiotics not only affect bacteria at their target level. It has already
been described that antibiotic tolerance implies similar bacterial responses at a
molecular level independently of the antibiotic and their specific target [210]. Antibiotic
exposure induces bacterial physiological changes, such as elongation produced by DNA
synthesis inhibition or increased ribosome concentrations caused by translation
inhibitors. Other changes modulate the concentration of second messengers and
transcription factors that ultimately alter the gene expression [211].

Antibiotics are typically stress agents that alter the global gene expression of
bacteria in many different ways. For example, (i) by inducing the expression of their
target to overcome its inhibition, (ii) by increasing the expression of genes involved in
reparation of the specific damage or (iii) expressing efflux pumps to avoid the antibiotic
intracellular accumulation. Other processes are directed to reduce the damage caused
by oxidative stress, such as the expression of (i) two-component systemes, (ii) iron-sulfur
cluster containing proteins or (iii) SOS response activation, among others [183, 209, 211,
212].

Bacteria can modulate their general gene expression to increase survival rates
during adverse conditions. Variations in mRNA expression levels can be used as a tool to
infer bacterial phenotype information. This global gene expression adaptation occurs
not only under different physiological conditions that compromise the cell homeostasis
integrity, but also in the presence of antibiotics. Moreover, this expression depends on
the concentration and the time of treatment and the antibiotic itself [183].

In this Chapter 3 we aimed to gain insights on the mechanism of action of
synergistic combinations containing rifampicin and cell wall inhibitors:

1. First, we validated our M. bovis BCG strain, confirming the synergy in standard in
vitro assays, i.e., checkerboard and time-kill assays.

2. Second, transcriptomic conditions were defined as sub-inhibitory concentrations

of drugs and long times of exposure. These were key parameters which allowed
us to collect cells perturbed by drugs, but still viable. This increased the dynamic
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window, which was needed to measure the bacterial adaptive response to the
combinations and single drugs.

3. Third, although inhibition of direct targets of the selected drugs was not
observed, after the transcriptomic analysis it was possible to identify specific
molecular pathways to drugs or combinations, as well as discriminating between
general transcriptional changes and those drug specific. Cultures treated with
synergistic combinations were not able to mount an adaptive response unlike
bacteria exposed to single drugs. In addition, in line with recent observations
[213, 214], metabolic changes identified in this Chapter 3 may constitute a
mechanism of drug-adaptation.

With data generated in the bioinformatic and transcriptomic analysis done in this
Chapter 3 we created a repository accessible upon request. This repository is a valuable
tool that can be consulted in future studies where expression levels of determined genes
could be needed to confirm hypothesis or understand experimental drug interactions.
An example of its applicability was the BCG_1415c gene previously described. This gene
would not be initially selected in a general analysis of the whole transcriptome of all
samples because the defined cut-off was only achieved under ethambutol treatment. In
addition, its description in the database was vague (i.e. transcriptional regulatory
protein). However, it was identified after literature revision, and the study of the gene
expression under all conditions allowed us to find overexpression levels close to the cut-
off when bacteria were treated with drug combinations. This overexpression was
exclusively found in drug combinations, which agrees with the hypothesis of the original
work that described the overexpression of this gene an indicator of synergistic
combinations.

One limitation of this study is that concentrations for cefadroxil containing
samples were not accurately chosen. According to the results of the TKA and
transcriptomic analysis, the actual MIC of cefadroxil was probably higher than
considered. Therefore, transcriptional changes of samples containing cefadroxil could
not be detected and they had to be excluded from the rest of the analysis.

Another limitation is that data are inferred from one biological and two technical
replicates. The transcriptomic experiment was designed so that single cultures were
treated with selected drug conditions. Thus, only one biological replicate per drug
condition was performed due to the high number of samples processed. Technical
duplicates were used to minimize technical error. However, the error inherent to
biological variation could not be detected. This error is typically reduced including
multiple biological samples of the same condition [215]. Here, we tried to reduce this
impact by using a stricter cut off than the standard (i.e. p-adj 0.01 vs the standard 0.05).
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Future steps for this work would include transcriptomics data validation by
guantitative RT-qPCR [87, 216]. The correlation of quantification through qPCR and level
of expression detected in transcriptomics constitutes the standard validation method
for RNA-Seq results. For this, new samples treated as described in this work will be
needed. Some genes differentially expressed would be amplified from the total RNA of
all samples and quantification could be correlated with level of expression from our
transcriptomic study.

3.5 Conclusions

The work presented in this chapter highlights different adaptive responses of
bacteria exposed to single drugs or synergistic combinations.

The positive interaction between rifampicin and cell-wall inhibitors against Mtb
is well-known. Here, we found an important modulation of the metabolic activity of
bacteria exposed to rifampicin, in contrast to bacteria exposed to rifampicin in
combination with a synergistic partner. This adaptive response would permit the
bacterial adaptation to single drugs. However, bacteria exposed to synergistic
combinations are not able to generate such response, suffering severe damage that
invariably culminates in cell death. This constitutes our main rational of the mechanism
of action of the synergistic combinations studied in this work.
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3.6 APPENDIX I:
supplementary tables

Chapter 3 Killing curves

Supplementary table 3.1. Mean log CFU/ml £ SD of data plotted in Figure 3.5.

Mean Log CFU/ml * SD

Sample Day 0 Day 1 Day 2 Day 3
Untreated |5.20+0.04(5.19+0.06|5.13 £0.12|5.04 + 0.00
RIF 1/4x NA 5.00£0.08|4.61 £ 0.01|4.56 + 0.09
RIF 1x NA 4.34+0.03({4.06 £0.03(4.19£0.23
EMB 1/4x NA 5.56 £0.10|4.76 £ 0.04|6.48 £ 0.39
EMB 1x NA 6.04 £0.05|4.29 £ 0.02|3.88 + 0.04
CFX 1/4x NA 4.29+0.14{4.08 £ 0.00(4.28 £ 0.00
CFX 1x NA 4.36+0.16(3.74 £ 0.06(3.98 £ 0.32
MER 1/4x NA 4,70+ 0.05({4.31 +0.05(4.55 +0.27
MER 1x NA 3.93+0.11|4.04 £0.17|4.27 £ 0.08
RIF-EMB 1/4x NA 4.54+0.17({4.20+0.00(3.78 £ 0.74

RIF-EMB 1x NA 3.00 £ 0.00 2.00 2.00
RIF-MER 1/4x NA 4.56 +0.00(3.74 £ 0.06(3.74 £ 0.06

RIF-MER 1x NA 2.00 2.00 2.00

RIF-CFX 1/4x NA 4.52+0.04(3.18 +0.21 3.86*

RIF-CFX 1x NA 4.48 +0.07(3.60+0.34 2.00

Cefadroxil (CFX), ethambutol (EMB), meropenem (MER), rifampicin (RIF) NA: not applicable.
*: Data from one replicate.

Supplementary table 3.2. Mean log CFU/ml + SD of data plotted in Figure 3.6.

Mean Log CFU/ml £ SD
Sample DayO Day1 Day 2 Day 3 Day 7 Day 28
Untreated |7.30+0.16| 6.67* 6.75+0.02|6.94 £ 0.08 5.34* 7.86£0.04
RIF 1/2x NA 6.40* 6.53+0.04|16.33+£0.16 2.00 6.00+0.04
EMB 1/2x NA 6.67* 6.75+0.03(6.18 £ 0.04| 4.90* 5.78 £0.22
MER 1/2x NA 6.32*% 5.51+0.09|4.76 £ 0.05 2.00 7.73 £0.06
CFX 1/2x NA 7.00* 6.60+0.11|6.38+0.00(5.55+0.04(7.89 £ 0.06
RIF-EMB 1/2x NA 6.70* 6.23£0.04 2.00 2.00 2.00
RIF-MER 1/2x NA 5.76* |4.57 £0.08 2.00 2.00 2.00
RIF-CFX 1/2x NA 6.63* 6.53+0.12|6.11+£0.17 2.00 2.00

Cefadroxil (CFX), ethambutol (EMB), meropenem (MER), rifampicin (RIF) NA: not applicable.
*: Data from one replicate.
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In this Thesis, we developed OPTIKA, an in vitro assay to perform drug
combination studies against Mtb. OPTIKA presents two main advantages compared to
standard methodologies for drug combination studies:

1. OPTIKA measures bacterial death, unlike checkerboard assays or DiaMOND,
that are growth inhibition-based methods.

2. OPTIKA is performed in a 96-well plate format using a resazurin readout, in
contrast to the traditional time kill assays method, that is based on CFU and
presents a very low throughput.

OPTIKA is a powerful technique whose throughput is more than 30-fold
increased if compared to the standard CFU based time-kill assays. This allows a direct
kinetic evaluation of n-way drug combinations in a single step.

From the combination screening focused on B-lactam containing combinations
using OPTIKA, we got some conclusions that are summarized below:

e We confirmed the typical killing curve profile of B-lactams assayed
against Mtb. This is characterized by a fast-killing rate at initial days
followed by a bacterial growth rebound at different time points
depending on the drug itself and the concentration.

e Ethambutol arose as a good partner for B-lactams, as previously
described. Interestingly, we found that all triple-drug combinations
tested containing at least one B-lactam and ethambutol showed a
maintained killing effect at long times.

e As suggested in other studies, we found that combinations of different
sub-classes of B-lactams showed a favourable drug interaction.

e Many of the favourable drug combinations containing B-lactams
maintained a low bacterial load at long times.

e Amongthe drugstested, we identified pretomanid as a drug that robustly
showed favourable drug interaction with meropenem, suggesting that
more complex drug combinations containing the core meropenem-
pretomanid should be explored.

e Combinations containing linezolid showed a dismissed killing ability than
the same combinations without linezolid.
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e The fast initial killing rate observed in B-lactams killing curves was also
found in combinations containing B-lactams and it was not observed in
combinations without them. This was robustly observed in combinations
of three, four and five drugs, which allowed us to conclude that, if this
behaviour would translate into the clinical, B-lactams should be used at
initial days of anti-TB regimens.

Next steps in line with the work described in the screening of drug combinations
containing B-lactam would include:

1. The confirmation of the favourable drug interactions identified here under
other experimental conditions such as Mtb clinical strains, low pH or
different carbon sources. This could be done with OPTIKA adapting the
growth media of the mother plate to the desired conditions.

2. Evaluation of drug combinations containing two B-lactams exploring other
sub-families not tested here.

3. Exploring more complex drug combinations containing the core pretomanid-
meropenem.

4. Replacing linezolid by pretomanid to evaluate its contribution in the set of
drugs that we screened based on MDR-TB treatment recommendations.

5. Further characterizing favourable drug combinations identified here in other
platforms that allow PK profiles simulation such as the Hollow Fibre System.
This would allow both: (i) to confirm the favourable drug interactions
identified through OPTIKA using a more translational approach, and (ii) to
provide more robust in vitro data to feed PK/PD models.

Finally, in the last chapter of this Thesis, the transcriptomic analysis of synergistic
drug combinations of rifampicin and B-lactams revealed a clear different bacterial
response to single drugs and drug combinations. Our transcriptomic analysis was done
at sub-inhibitory concentrations for long times, which allowed us to collect the bacterial
RNA when bacteria were perturbated by the drugs, but the population was still alive.

We found several transcriptomic differences that indicated that bacteria
exposed to single drugs generated an adaptative response which involves metabolic
changes such as overexpression of genes to reduce bacterial stress. However, when
bacteria were exposed to favourable drug combinations, this adaptative response was
not observed, leading to an irreparable cellular damage which led to the bacterial death.

After the transcriptomic study, our hypothesis of the mechanism of action of
synergistic drug combinations is that favourable drug combinations prevent the bacteria
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from mounting an adaptative response to overcome the damage caused by the single
drugs. In addition, with data from our transcriptomic analysis, we generated a repository

(accessible upon request) that can be consulted in future studies to confirm hypothesis
from literature or from future experimental work.
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e Tras la evaluacion de las metodologias actuales para el estudio in vitro de
combinaciones, se encontraron las principales limitaciones:

o Realizan medidas de inhibicién de crecimiento, indicador que presenta
una baja traslacion a muerte celular.

o Debido a la variacion propia de los ensayos de determinacion de MIC o
ICso, la seleccidn de condiciones que propone DiaMOND no siempre es la
zona mas informativa.

o Aquellos ensayos basados en muerte celular presentan una baja
capacidad que imposibilita el estudio de un numero elevado de
combinaciones.

e Se ha desarrollado OPTIKA, una metodologia para estudiar combinaciones in
vitro frente an M. tuberculosis. Esta técnica presenta mucha mayor capacidad
que los métodos tradicionales, permite realizar cribados de combinaciones de
hasta cinco compuestos y estd basada en medidas de muerte celular a distintos
tiempos, proporcionando resultados muy valiosos para alimentar modelos
matematicos encaminados al desarrollo de nuevas terapias frente a tuberculosis.

e El perfil de los B-lactamicos en curvas de muerte tradicionales se ha confirmado
por OPTIKA.

e Las combinaciones de dos B-lactdmicos de distintas subfamilias han mostrado
potencial interaccidn favorable.

e Las combinaciones de PB-lactdmicos con etambutol han demostrado ser
favorables. Ademads, combinaciones triples que contienen un B-lactdmico y
etambutol han mantenido esta interaccidn a tiempos largos.

e La combinacién de meropenem con pretomanid se ha identificado como una
interaccion favorable muy robusta.

e Por el contrario, la contribucién de linezolid a los ensayos in vitro descritos en
esta tesis ha sido, en general no favorable.

e Sj el rdpido efecto de los B-lactamicos observado en esta tesis traslada a otros
sistemas mas complejos, éstos deberian ser administrados en los primeros dias
del tratamiento en futuros regimenes contra la tuberculosis.

e En los ensayos de transcriptémica se ha observado que bacterias expuestas a
farmacos a bajas concentraciones generan una respuesta adaptativa que les
permite sobrevivir en presencia de dichos farmacos. Sin embargo, cuando son
tratadas con combinaciones favorables de dichos farmacos a las mismas
concentraciones no son capaces de generar dicha respuesta.
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