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ABSTRACT 

Antimicrobial resistance (AMR), known as the "silent pandemic", is a major public health 

problem that has become even more acute in the wake of the COVID-19, due to increased 

consumption and misuse of antibiotics during the pandemic. AMR currently causes almost 5 

million deaths each year worldwide, and these figures could increase to 10 million by 2050 if no 

action is taken to prevent this situation. The lack of new antimicrobials on the market has 

contributed to the rapid spread of bacteria that are multidrug-resistant to most available 

antibiotics. As a result, the treatment of these infections is a challenge for healthcare systems.  

In particular, Klebsiella pneumoniae is one of the most clinically relevant pathogens due 

to its severity and difficulty in bacterial eradication and is considered a priority for the urgent 

search for new effective treatments. Currently, treatment of multidrug-resistant strains involves 

the combination of several antibiotics, although efficacy rates are variable.  

The traditional discovery and development (D&D) process in antimicrobial research is a 

high capital and time investment for pharmaceutical companies, so this model has been 

abandoned in favour of more cost-effective ones. In recent years, drug repositioning is regarded 

as a more attractive and faster strategy to bring new treatments to market, as it identifies 

unknown antimicrobial properties in drugs marketed for another indication, with safety data 

already described. The main limitation of drug repurposing is that the new antimicrobial 

indication is active at higher doses than the previous indication, which could result in toxicity 

problems. As a solution, it has been shown that combining drugs with a synergistic effect 

(greater potency together than separately) allows for lower doses and minimises potential 

adverse effects. Repurposing and synergy are thus the core concepts of this work.  

This thesis is divided into three chapters that describe the search for and validation of 

synergistic combinations against K. pneumoniae. Each chapter includes specific introductions as 

well as a final discussion of data generated. 

Chapter 1 describes the development process and screening assay of a library of FDA 

clinically approved drugs combined with drugs of last resort against K. pneumoniae MDR 

(fosfomycin, colistin and tigecycline), which identified synergistic combinations. Subsequently, 

the activity of the identified combinations was characterised by secondary synergy assays. As a 

result, six novel combinations based on non-antibiotic drugs were identified, and several 

synergistic combinations with clinical-translational potential prioritized. 
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Chapter 2 and Chapter 3 explore the in vitro validation process of combinations based 

on two drugs identified in the previous screening: zidovudine and azithromycin, respectively, 

against a collection of K. pneumoniae isolates with different antimicrobial susceptibility and 

resistance mechanisms. For that purpose, the activity of these combinations was evaluated with 

other combinations currently used in the clinical setting for the treatment of multidrug-resistant 

K. pneumoniae infections. In both studies, high percentages of synergism and bactericidal 

activity were found with the new combinations, even higher than with the standard 

combinations.  

In particular, although the antibacterial properties of zidovudine were already known, 

in Chapter 2 it is highlighted the potent activity of zidovudine with ceftazidime-avibactam, a 

novel combination not previously described, and with fosfomycin (in agreement with a recently 

published study), at effective concentrations equivalent to physiological concentrations after 

standard dosing. 

In Chapter 3, the combined effects of azithromycin with both fosfomycin and colistin 

were remarked, eradicating most strains. These results could change the current paradigm and 

suggest that azithromycin could be repositioned as a treatment for multidrug-resistant 

Enterobacterales. 

In conclusion, the results of this Thesis validate a novel approach for the search of new, 

more effective treatments against K. pneumoniae. Both zidovudine and azithromycin were 

demonstrated to act in vitro as good candidates in combination therapies with clinically used 

antibiotics against K. pneumoniae.  
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RESUMEN 

La resistencia a los antimicrobianos (RAM), conocida como la "pandemia silenciosa", es 

un importante problema de salud pública que se ha agravado aún más tras la pandemia COVID, 

debido al aumento en el consumo y uso incorrecto de los antibióticos. El problema de la RAM 

causa actualmente casi 5 millones de muertes cada año a nivel mundial, y estas cifras podrían 

incrementarse hasta 10 millones para el año 2050 si no se toman medidas para prevenir esta 

situación. La falta de nuevos antimicrobianos en el mercado ha contribuido a la rápida 

diseminación de bacterias multirresistentes a la mayoría de los antibióticos disponibles. Como 

consecuencia, el tratamiento de estas infecciones supone un reto para los sistemas sanitarios.   

En concreto, Klebsiella pneumoniae es uno de los patógenos que tiene mayor relevancia 

clínica por su gravedad y dificultad de erradicación bacteriana, y se considera prioritario para la 

búsqueda urgente de nuevos tratamientos eficaces. Actualmente, el tratamiento de las cepas 

multirresistentes supone la combinación de varios antibióticos, aunque las tasas de eficacia son 

variables.  

El proceso tradicional de descubrimiento y desarrollo (D+D) de antimicrobianos supone 

una elevada inversión de capital y tiempo para las empresas farmacéuticas, por lo que este 

modelo ha sido abandonado por otros más rentables. En los últimos años, el reposicionamiento 

de fármacos se considera una estrategia más atractiva y rápida para sacar al mercado nuevos 

tratamientos, puesto que identifica propiedades antimicrobianas no conocidas en fármacos 

comercializados para otra indicación, con datos de seguridad ya descritos. La principal limitación 

del reposicionamiento de fármacos es que la nueva indicación antimicrobiana sea activa a dosis 

mayores que la indicación anterior, lo que podría resultar en problemas de toxicidad. Como 

solución, se ha demostrado que la combinación de fármacos con efecto sinérgico (mayor 

potencia conjunta que por separado) permite reducir las dosis y minimizar los posibles efectos 

adversos. La reutilización y la sinergia son, pues, los conceptos centrales de este trabajo. 

Esta Tesis está dividida en tres capítulos que describen la búsqueda y validación de 

combinaciones sinérgicas frente a K. pneumoniae. Cada capítulo incluye una introducción 

específica, así como una discusión final de los resultados generados. 

El capítulo 1 describe el proceso de desarrollo y ensayo de cribado de una biblioteca de 

fármacos aprobados clínicamente por la FDA frente a fármacos de último recurso contra K. 

pneumoniae MDR (fosfomicina, colistina y tigeciclina), que permitió identificar combinaciones 

sinérgicas. Posteriormente, se caracterizó la actividad de las combinaciones identificadas 
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mediante ensayos secundarios de sinergia. Como resultado, se identificaron seis combinaciones 

novedosas basadas en fármacos no antibióticos, y se priorizaron varias combinaciones sinérgicas 

con potencial clínico-traslacional. 

Los capítulos 2 y 3 exploran el proceso de validación in vitro de combinaciones basadas 

en dos fármacos identificados en el cribado anterior, zidovudina y azitromicina respectivamente, 

frente a una colección de aislados de K. pneumoniae con diferentes mecanismos de 

susceptibilidad y resistencia antimicrobiana. Para ello, se evaluó la actividad de dichas 

combinaciones con otras utilizadas actualmente en el ámbito clínico para el tratamiento de 

infecciones por K. pneumoniae multirresistente. En ambos estudios, se encontraron altos 

porcentajes de sinergia y actividad bactericida con las nuevas combinaciones, incluso superiores 

a las combinaciones habituales.  

En particular, aunque ya se conocían las propiedades antibacterianas de zidovudina, en 

el capítulo 2 se destaca la potente actividad de zidovudina con ceftazidima-avibactam, una 

combinación novedosa no descrita anteriormente, y con fosfomicina (en concordancia con un 

estudio publicado recientemente), a concentraciones efectivas equivalentes a las fisiológicas 

tras dosis estándar. 

En el capítulo 3, se destacaron los efectos combinados de azitromicina con fosfomicina 

y colistina, llegando a erradicar la mayoría de las cepas. Estos resultados podrían cambiar el 

paradigma actual y sugieren que azitromicina podría reposicionarse como tratamiento de 

enterobacterias multirresistentes. 

Como conclusión, los resultados de esta tesis validan un enfoque novedoso en la 

búsqueda de nuevos tratamientos más eficaces contra K. pneumoniae. Se demostró que tanto 

zidovudina como azitromicina actúan in vitro como buenos candidatos en terapia combinada 

con antibióticos de uso clínico frente a K. pneumoniae. 
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The Antimicrobial Resistance: a silent pandemic 

Antimicrobial resistance (AMR) is a natural phenomenon that occurs when 

microorganisms develop resistance to drugs that were previously effective and used for treating 

infections caused by these microorganisms. Although this process has been observed since the 

first antimicrobials were discovered, AMR shows an increasing trend over the last decade, 

leading since 2019 one of the top ten threats to global health, according to World Health 

Organization (WHO) (1). In 2019, the global burden was estimated in 4.95 million deaths 

associated to AMR (2) , and if no action is taken, these figures will increase to 10 million by 2050 

(3). By geographical zones, the 2019 U.S. Centres for Disease Control and Prevention (CDC) 

report estimated more than 3 million people suffered AMR infections (including Clostridioides 

difficile) with more than 48,000 deaths in 2019 (4). Similarly in the EU the European 

Antimicrobial Resistance Surveillance Network (EARS-Net) estimated that more than 650,000 

infections with selected antibiotic-resistant bacteria occurred in 2015, accounting for an 

estimated 33,110 attributable deaths to AMR, and with higher prevalence in Mediterranean 

countries such as Italy and Greece (5). AMR prevalence is specially concerning in low- and 

middle-income countries, where the proportion of resistant infections ranges from 40 to 60% 

compared to 17% for countries belonging to the Organization for Economic Cooperation and 

Development (OECD) (6). In regions of sub-Saharan Africa and south Asia, mortality rates 

associated with bacterial AMR were estimated to be greater than 75 per 100,000 (2).  

The economic cost of AMR in healthcare systems is difficult to calculate but involves 

extended hospital stays, additional follow-up visits to healthcare providers, and prolonged 

treatments. However, the impact of AMR needs to be addressed from a broader global health 

perspective, which has been called “One Health”. This term encompasses the environment and 

the interconnections that may exist between animal and human health for disease transmission 

and the generation of new resistant microorganisms (7). Therefore, several socioeconomic 

determinants such as a weak health system, poor infection control in hospitals, poor community 

hygiene and the overuse of antibiotics in environmental and food industries are potential causes 

of AMR increment (8). Moreover, the emergence of COVID-19 strongly impacted on AMR; while 

investment strategies and research advances focused on fighting the virus, disruption of 

antimicrobial stewardship programs in hospitals have led to an increase of antibiotic misuse (9), 

and a rapid spread of resistant strains (10).  

Several pathogens have been of special concern because of the rapid dissemination and 

probability to cause severe infections, such as the “ESKAPE” group: Enterococcus faecium, 
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Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumanii, Pseudomonas 

aeruginosa, and Enterobacter species (11). Later on, in 2017, the WHO published its first list of 

priority pathogens for which antimicrobial development was urgently needed (12). Tuberculosis 

was considered a global priority as the most lethal infectious disease (1.8 million deaths per 

year), with 250,000 deaths attributed to drug-resistant tuberculosis. Other pathogens were 

ranked by critical, high, and medium priority. Gram-negative “ESKAPE” bacteria were considered 

critical for causing severe infections with high mortality and morbidity rates in nosocomial and 

healthcare-associated infections. High and medium categories included microorganisms causing 

common and community acquired infections (Figure 1). 

 

Figure 1. WHO priority pathogen list for antibiotic research and development, excluding tuberculosis. 
Adapted from (12). 
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Although the WHO list aimed to dictate priorities in antibiotic research, the lack of 

development of new drugs has worsen this scenario. In 2019, U.S. CDC reports listed up to 18 

pathogens (bacteria and fungi) categorized as urgent, serious and concerning threats, and 

included a “Watch List” for potential pathogens that would become a challenge at short-term 

without infection prevention measures (4). In 2021, India released its own list of priority 

pathogens which included two pathogens (coagulase-negative staphylococci and Neisseria 

meningitidis) not listed in the WHO and CDC lists (13). Currently, WHO has also published a 

priority list of 19 fungal pathogens (14). Tackling global data, the study of Murray et al., 

estimated five bacterial species as the main responsible for resistance-attributable deaths: 

Meticillin-resistant S. aureus (more than 100,000 deaths), followed by multidrug-resistant 

Mycobacterium tuberculosis, third-generation cephalosporin-resistant Escherichia coli, 

carbapenem-resistant A. baumannii, fluoroquinolone-resistant E. coli, carbapenem-resistant K. 

pneumoniae, and third-generation cephalosporin-resistant K. pneumoniae (between 50,000 and 

100,000 each) (Figure 2).  

 

Figure 2. Global deaths (counts) attributable to bacterial antimicrobial resistance by pathogen-drug 

combination, 2019. From (2). 3GC=third generation cephalosporins; 4GC=fourth generation 

cephalosporins; Anti-pseudomonal= anti-pseudomonal penicillin or β-lactamase inhibitors; BL-BLI= β-

lactam or β-lactamase inhibitors; Mono INH=isoniazid mono-resistance; Mono RIF=rifampicin mono-

resistance; NA= not applicable; Resistance to 1+=resistance to one or more drug; S Paratyphi = Salmonella 

enterica serotype Paratyphi; S Typhi = S. enterica serotype Typhi; TMP-SMX=trimethoprim-

sulfamethoxazole  

AMR can be classified in two types of resistance:  
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(i) Natural resistance. Some bacterial species show intrinsic resistance to certain 

classes of antibiotics, due to lack of a target (e.g., β-lactams are not active 

against mycoplasmas lacking peptidoglycan) or because they possess 

constitutive genes (e.g., chromosomal SHV-1 penicillinase in K. pneumoniae that 

confers intrinsic resistance to ampicillin). Natural resistance can be also induced 

by activation of genes after exposure to certain antibiotics (8).  

(ii) Acquired resistance.  This type of resistance contributes to the spread of AMR 

and is directly dependent on prior antibiotic exposure, resulting in bacterial 

gene mutations to confer resistance. Bacterial transfer can occur by vertical or 

horizontal gene transmission. The latter route involves processes of 

transformation (recipient bacterium takes up extracellular donor DNA), 

transduction (a donor bacteriophage infects a recipient bacterium) and 

conjugation (donor and recipient bacteria are in contact through pili) (8).  

The frequent acquisition of additional resistance mechanisms to different classes of 

antibiotics poses a challenge to select the optimal therapy to fight against these “superbugs”. 

Since the emergence of these strains, new definitions such as multidrug-resistant (MDR), 

extensively drug-resistant (XDR), pandrug-resistant (PDR) (15) and difficult-to-treat resistance 

(DTR) (16) have been introduced in the clinical practice to classify the bacteria according to the 

resistance profile. 

The increasing dissemination of MDR/XDR Enterobacterales 

Enterobacterales encompass the most heterogeneous and clinically important group of 

Gram-negative rods, which are responsible for community-associated and healthcare-

associated infections. The most clinically isolated species include E. coli, Klebsiella spp., and 

Enterobacter spp. Members of this group are facultative anaerobic, non-spore forming bacilli 

that share an enterobacterial common antigen. Biochemically, enterobacteria are typically 

classified as glucose fermenters, nitrate reducers, positive catalase, and negative oxidase (17). 

There is a worldwide rise in the prevalence and dissemination of MDR enterobacteria, 

which causes a huge impact in the global health system and worsens the prognosis of infected 

patients. In 2019, the CDC estimated 210,000 infections and 10,200 deaths in the USA associated 

to extended-spectrum beta-lactamases (ESBL) and carbapenem-resistant enterobacteria (CRE) 

(4). In EU, the burden of infections and number of deaths has increased by 6.16 times during the 

2007-2015 period due to the emergence of carbapenem-resistant K. pneumoniae, followed by 
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carbapenem-resistant E. coli, third-generation cephalosporin-resistant E. coli, and third-

generation cephalosporin-resistant K. pneumoniae (5). 

The increasing incidence of MDR strains is facilitated by the rapid plasmid-mediated 

horizontal transmission of encoding genes, mainly ESBL and carbapenemases that confer 

resistance to β-lactams. These latter enzymes pose a global challenge in clinical treatment, as 

carbapenemases inactivate most β-lactams (penicillins, cephalosporins and carbapenems). 

Carbapenems are broad spectrum antibiotics reserved for the treatment of enterobacteria 

when other options fail. The emergence and dissemination of carbapenemase-producing 

enterobacteria (CPE) together with the additional acquisition of other resistance mechanisms, 

such as the emergent mcr-1 plasmid involved in colistin resistance (18), severely limit 

therapeutical options and patients´ clinical outcome. Concurrence of multiple resistance 

mechanisms has led to the emergence of MDR, XDR or even PDR strains. 

Epidemiology of carbapenemase-producing enterobacteria 

CPE were first identified in the 1980s; however, despite a large number of sporadic 

outbreaks in the late 1990s and early 2000s, the frequency of CPE infections remained low in 

most regions of the world until the widespread dissemination of carbapenemase-producing K. 

pneumoniae (CPKP) strains in the last decade (19). The global prevalence of CPE depends on the 

geographical area. Data from the SENTRY surveillance Program reported percentages of 1% in 

North America, 6.2% in Latin America, 4.1% in Europe and 3.1% in Asia-Pacific, but differences 

are even wider across countries. Hence, there are some endemic areas such as Poland or Belarus 

(around 30% of CPE), Russia and Brazil (nearly 15%), Italy, Greece, Turkey and Mexico (5 to 10%). 

In contrast, other regions show prevalence lower than 1% (Australia, France, Germany) (20).  

The type of carbapenemase is also different among regions, as shown in Figure 3. 

Klebsiella pneumoniae carbapenemase (KPC) is the most clinically important class A 

carbapenemase, mainly identified in the United States, South America, China, Greece, and Italy. 

Class B carbapenemases, Metallo-β-lactamases (MBL), are mainly prevalent in Asia. Specifically, 

New Delhi MBL (NDM) is mainly prevalent in China, Pakistan, India, and Bangladesh, and widely 

spread around the world; imipenemase (IMP) is prevalent in Japan, Taiwan, China, and Verona 

integrated-encoded MBL (VIM) in Greece and Italy. Class D carbapenemases (mainly refers to 

oxiacillinases OXA-48), are mainly prevalent in Turkey, Morocco, and European countries 

(France, Germany, Netherlands, Italy, the United Kingdom, etc)(19).  
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Figure 3. Global distribution of types of carbapenemase-producing enterobacteria. From (19).  KPC, 

Klebsiella pneumoniae carbapenemase; NDM, New Delhi Metallo-β-lactamase; IMP, imipenemase; VIM, 

Verona integrated-encoded Metallo-β-lactamase; OXA, oxiacillinase. 

 

Klebsiella pneumoniae 

Epidemiology 

K. pneumoniae is the most concerning resistant enterobacteria, leading the most 

prevalent CPE and responsible for mortality rates up to 41.6 and 48% (21). Indeed, in 2019, 

K. pneumoniae was the third leader pathogen causing more than 250,000 deaths associated 

with AMR (2). CPKP incidence is increasing worldwide. Data show 7.9% carbapenem 

resistance in Europe (22) and 26.8% of meropenem resistance in China (21), but this 

incidence rises up to 60-70% in some areas such as Russia, India or Egypt (2) (Figure 4). 

Moreover, multi-drug resistance is also an increasing trend in K. pneumoniae, showing 

19.3% combined resistance to traditional first-line antibiotics in the EU (22), highlighting the 

complications in the therapeutic management of MDR-related infections.  
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Figure 4. Global estimation of carbapenem-resistant K. pneumoniae by country and territory in 2019. 

Adapted from (2). 

 

Virulence and clinical impact  

K. pneumoniae is a commonly encapsulated, non-motile enterobacteria that 

colonizes human nasopharynx and gastrointestinal tract. As an opportunistic pathogen, K. 

pneumoniae causes one third of all Gram-negative infections overall, involving hospital-

associated infections such as urinary tract infections, pneumonia, surgical site infections and 

bloodstream infections (BSIs) especially in immunocompromised patients. It also produces 

community-acquired infections such as necrotizing pneumonia, pyogenic liver abscesses, 

endogenous endophthalmitis and meningitis (8,23). Along with bacterial colonization as the 

main risk factor that increases the likelihood of causing infections, there are other risk 

factors related to the age (paediatric and elderly population) and several comorbidities 

(diabetes mellitus, alcoholism, malignant neoplasms, immunosuppressive treatment, liver 

cirrhosis, chronic obstructive pulmonary disease (COPD), transplanted patients, 

haemodialysis, HIV infection, obstructive diseases of the urinary and biliary tract, recent 

surgery, invasive techniques, previous use of antimicrobial therapy and hospital long-stay). 

 

There are four well characterized virulence factors for K. pneumoniae, displayed in 

Figure 5.  
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i. The polysaccharide capsule: this is the main virulence factor (K-antigen), responsible 

for the hypermucous colony phenotype that contributes to increased resistance to 

complement-mediated or phagocyte-mediated killing. Heterogeneity of K-antigens 

has led to classify more than 100 serotypes. Most important capsule types are K1 

and K2, which confer hypervirulence and are involved in liver abscesses. Inhibition 

of phagocytosis is suggested as the mechanism by which capsule promotes 

virulence.  

ii. Lipopolysaccharide (LPS). The O-antigen forms part of the LPS in the outer 

membrane and it is involved in immune evasion mechanisms. 

iii. Type 1 and type 3 fimbriae. K. pneumoniae can produce fimbria that act as adhesins, 

facilitating adherence to host cells and biofilm formation.  

iv. Siderophores: These are small molecules (enterobactin, yersiniabactin, salmochelin, 

aerobactin) secreted to mediate iron uptake that facilitates bacterial survival. They 

are recognized by specific membrane receptors and overproduced by hypervirulent 

strains (24).  

 

Figure 5. K. pneumoniae virulence factors. From (24). Kp, K. pneumoniae. 

 

 

Resistance mechanisms  

The versatility to incorporate plasmid resistance genes characterizes the rapid 

dissemination of resistant K. pneumoniae. The most common resistance mechanisms are 

listed below  
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1. β-lactams resistance  

Resistance to β-lactams is usually due to the acquisition of plasmid enzymes that 

inactivate these drugs. To date, β-lactamases have been classified based on two 

features: Ambler classification based on the molecular structure of the amino-acid 

sequence (classes A, B, C, and D), and Bush-Jacoby-Medeiros classification (updated by 

Bush & Jacoby) based on the functional group. In the Ambler classification, β-lactamases 

of classes A, C, and D use a serine as an enzyme active center, whereas β-lactamases of 

class B use the metal zinc (Figure 6) (25).  

 

Figure 6. The classification of β-lactamases. From (26). 

1.1 Extended-spectrum β-lactamases (ESBLs) 

ESBLs enzymes degrade penicillins, oxyiminocephalosporins (cefotaxime, 

ceftriaxone, ceftazidime, cefepime) and monobactams (aztreonam), but do not 

hydrolyse cephamycins neither carbapenems. ESBLs are typically inhibited by β-

lactam inhibitors (clavulanic acid, sulbactam, tazobactam) and are easily 

transmitted by plasmid-borne genes including TEM, SHV and CTX-M-type genes as 

the most prevalent worldwide. ESBLs are included in Amber class A (Bush-Jacoby 

functional subgroup 2b) and class D (Bush-Jacoby functional group 2d).  

Among β-lactamases of class A, some enzymes such as TEM-30 and SHV-10 

(Bush-Jacoby functional subgroup 2br), hydrolyse penicillins and exhibit relative 

resistance to β-lactam inhibitors. TEM-50 is a broad-spectrum β-lactamase 

belonging to Bush-Jacoby functional subgroup 2ber that hydrolyses extended-
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spectrum cephalosporins (oxyimino-β-lactams) and monobactams but have 

acquired resistance to β-lactam inhibitors.  

ESBLs of Ambler class D are classified into Bush-Jacoby functional subgroup 

2de. These are known as OXA enzymes and show cloxacillin- and oxacillin- 

hydrolysing activity. OXA-10, OXA-11, and OXA-15 are recognized as extended-

spectrum cephalosporinases (26). 

K. pneumoniae has become the major ESBL-carrying pathogen associated in 

nosocomial outbreaks, with prevalence percentages of up to 50% in some endemic 

countries (23). 

1.2 AmpC-type enzymes 

AmpC enzymes belong to Ambler class C and Bush-Jacoby functional group 

1. These enzymes are encoded on the chromosomes of many members of 

Enterobacterales (typically Enterobacter spp., Serratia marcescens, Citrobacter 

freundii, Providencia spp., and Morganella morganii), but can be also plasmid-

transmitted to other species such as Klebsiella spp., Proteus mirabilis or Salmonella 

spp. These enzymes show cephalosporinase activity (typically on cephamycins, such 

as cefoxitin) but do not efficiently hydrolyse cefepime nor carbapenems and are not 

inhibited by classic β-lactam inhibitors. They show high affinity for aztreonam, which 

differs from class A cephalosporinases. Usually, AmpC expression is low but 

inducible with the administration of certain β-lactams (amoxicillin, ampicillin, 

imipenem, and clavulanic acid), conferring resistance to carbapenems when it is 

expressed at high levels (26,27). The most common plasmid-encoded genes in K. 

pneumoniae belong to CMY, DHA, FOX and MOX families (23).  

The subgroup 1e enzymes show variants with greater activity against 

ceftazidime and other oxyimino-β-lactams, thus known as extended-spectrum 

AmpC (ESAC) β-lactamases. They include CMY-10, CMY-19, and CMY-37 mutants 

(26,27).  

1.3 Carbapenemase enzymes 

The ability to hydrolyse carbapenems depends on their molecular 

classification: 

▪ Class A carbapenemases: included in the Bush-Jacoby functional subgroup 

2f, these enzymes are most frequently detected in P. aeruginosa and 
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Klebsiella spp. and are represented by six families (GES, KPC, SME, SHV, 

IMI/NMC-A and SFC), being the KPC-type the most representative due to 

plasmid transmission. They exhibit an inhibitory effect by β-lactamase 

inhibitors such as clavulanic acid and tazobactam (26). In K. pneumoniae, 

KPC-2 and KPC-3 are the most common genes due to the wide expansion of 

the high-risk clone ST258 (23).  

▪ Class B carbapenemases: these are known as MBL because require a zinc 

ion at the enzyme active site that can be inactivated by metal ion chelators 

such as ethylenediaminetetraacetic acid (EDTA) or dipicolinic acid. They 

belong to Bush-Jacoby functional group 3, degrade all β-lactam agents 

except monobactam and are not inhibited by β-lactamase inhibitors. The 

families IMP, VIM, SPM, GIM, NDM and FIM encompasses this class (25,26).  

▪ Class D carbapenemases: OXA enzymes belong to subgroup 2df and show 

weak hydrolytic activity for carbapenems, higher in imipenem than in 

meropenem. The lack of in vitro activity against carbapenems can also be a 

challenge in their phenotypic detection. Although these enzymes are 

chromosomally produced in A. baumannii, plasmid genes (OXA-23 and OXA-

48 enzymes) are also found in enterobacteria (25,26). 

 

2. Overexpression of efflux pumps 

Efflux pumps are proteins imbedded in the bacterial plasma membrane whose 

function is to recognize toxic agents that penetrate the cytoplasm and transport them 

from within the cell to the external environment. Efflux pumps act as a protective cell 

system that avoid noxious agents reach their intended targets and produce toxic effects 

(28). Enterobacteria can overexpressed or increase the number of efflux pumps to expel 

more actively some antibiotics, as in the case of tigecycline. The upregulation of the 

AcrAB efflux decreased the susceptibility of E. coli and K. pneumoniae to carbapenems 

(29). This resistant mechanism has been also reported for the new tetracycline 

eravacycline (19). 

 

3. Porin loss 

Porins are outer-membrane proteins that plays an important role for the 

antimicrobial entry. Downregulation of these proteins or mutations in specific portions 

of the protein may render a less active or a non-functional porin respectively, which has 
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been well studied in some species, such as E. coli, S. marcescens and Enterobacter spp. 

(OmpC and OmpF porin families) (30–32). This resistance mechanism can be also 

associated to β-lactamases ESBLs and AmpC and/or efflux pumps, yielding to a decrease 

in the carbapenem susceptibility. Specifically, in K. pneumoniae, low expression of 

OmpK35 and OmpK36 porins lead resistance to meropenem/vaborbactam and 

imipenem/relebactam (19). A mutation in these porins together to hyperexpression of 

KPC and SHV and efflux pumps are responsible for the resistance to ceftazidime-

avibactam (33). 

As mentioned above, the emergence of carbapenem resistance can be not only 

attributed to carbapenemase production but also to the concurrence of several other 

mechanisms such as ESBL or AmpC production associated with porin loss or efflux 

pumps (23). 

  

4. Colistin resistance  

Traditionally, colistin resistance in K. pneumoniae was attributed to 

chromosomal mechanisms, mainly by target modification that decrease colistin binding 

to LPS. However, in 2015, a plasmid-mediated polymyxin resistance mechanism was 

firstly reported in China in E. coli strains from animal food, identifying the mobilized 

colistin resistance 1 (mcr-1) gene as the responsible of modifying the target of colistin 

(34). Since then, colistin plasmid-mediated resistance has spread widely across several 

bacterial species including K. pneumoniae, and ten mcr genes (mcr-1 to mcr-10) have 

been reported to date (35). The prevalence of colistin resistance in K. pneumoniae 

strains is higher than in other enterobacteria. This is worrisome in CPKP strains, where 

rates up to 36% co-resistance have been reported, leading to high mortality rates (23). 

 

Current treatment for MDR K. pneumoniae infections   

The emergence of MDR/XDR enterobacteria severely limits the available therapeutic 

options. Usual last-line drugs as polymyxins, fosfomycin, tigecycline and (occasionally) 

aminoglycosides, and combinatorial therapy remains the cornerstone therapy for MDR-related 

infections (36,37). Fortunately, last years, the introduction in the clinical practice of new drugs, 

such as ceftazidime-avibactam or cefiderocol, has partially broadened the effective arsenal 

against these infections. Nevertheless, as the current drug pipeline is still insufficient to combat 

the rise on AMR, the use of these new drugs must be regarded with caution to avoid the rapid 
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emergence of resistance, and these agents should be reserved for severe infections or with 

restrictive indications.  

Combination therapy 

The use of combination therapy for the management of MDR-related infections has 

been traditionally based on in vitro and in vivo studies searching the potential synergistic 

effect of double or triple drugs in combination with different mechanisms of action. In this 

context, many preclinical studies have explored multiple combinations with usual antibiotics 

(i.e. polymyxins, carbapenems, fosfomycin…), showing variable results that are dependent 

on the methodology used and the strain heterogeneity (36). To provide more clear 

information, several prospective randomized controlled clinical trials (RCT) have been 

conducted in patients infected by CPE, most of them comparing mortality rates of the 

combination therapy respect to monotherapy (Figure 7). The overall conclusion is that 

combination therapy improves survival in patients with high mortality score and severe 

infections (e.g.  BSIs), while monotherapy should be considered for those in the low-

mortality-score stratum (36,38).  

 

Figure 7. Mortality rates of 2.972 patients with infections caused by CPKP according to treatment 

regimen. Column A: Inappropriate therapy (no drug in vitro-active); Column B: Monotherapy (one drug in 

vitro-active); Column C: Combination therapy (two or more drugs in vitro-active); Column C1: Combination 

therapy with two or more in vitro-active drugs, including a carbapenem (MIC ≤ 8mg/L); Column C2: 

Combination therapy with two or more in vitro-active drugs not including a carbapenem. From (36). 

Thus, the decision-making process for clinical management of patients with MDR 

infections include the consideration of several aspects: patient characteristics (renal function, 

comorbidities, underlying conditions), source of infection, microbiological data (pathogen, local 
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epidemiology, antimicrobial susceptibility) and severity of the infection. All these features lead 

to individualized therapies with the aim to select adequate antimicrobial regimens (37). In 

severe patients with CPE infections, current clinical guidelines recommend the inclusion of more 

than one active antibiotic to which the bacteria are susceptible in vitro, but do not provide 

recommendation about specific combinations. A summary of traditionally used combinations in 

infections caused by CPE are displayed in Figure 8. 

Figure 8. Summary of recommended regimens for the treatment of CPE-infections. From (37). bHigh risk 

defined as having septic shock or, for BSIs, an INCREMENT mortality score of ≥8 points; cLow risk is defined 

as having an INCREMENT mortality score of ≤8 points. 

 

Classical drugs 

 

1. Colistin (polymyxin E) 

Colistin is a cationic polypeptide antibiotic belonging to the polymyxins class 

(polymyxin E) active against non-fermenters Gram-negatives (A. baumanii, P. aeruginosa, 

Stenotrophomonas maltophilia) and Enterobacterales, except for Proteus spp., Serratia spp., 

Morganella spp., and Providencia spp., which show intrinsic colistin resistance. It is 

administered by injection or by inhalation as the inactive prodrug colistin methane sulfonate 

(CMS), and by oral or topical as colistin sulphate (more toxic). Colistin binds to the LPS in the 

outer membrane of Gram-negative bacteria causing destabilization that increase the 

permeability and leads to cell death (Figure 9) (35). Due to this mechanism of action, colistin 

is assumed to have a high synergistic potential, able to favour the action of other drugs in 

combination therapy especially with carbapenems and fosfomycin (36). Up to date, it is 

considered a remarkable last-line drug in the MDR treatment, showing more than 95% of 

activity against CRE and XDR P. aeruginosa (39).  
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Resistance to colistin can be achieved by chromosomal or plasmid-mediated (mcr 

gene) mechanisms, producing modification of the LPS via cationic substitution (39).  

 

Figure 9. Mode of action of colistin. From (35). 

 

The main disadvantage of colistin is its pharmacokinetic (PK) and pharmacodynamic 

(PD) properties. Colistin has concentration dependent antibacterial effect, the best 

predictor of effectivity is the ratio of the area under the concentration-time curve for free 

drug from 0 to 24 h to the MIC (fAUC0–24/MIC) index. However, it presents a narrow 

therapeutic window, and the nephrotoxic threshold (2.42 mg/L) is close to the effective 

average plasma concentration (2 mg/L) (39–41); thus, patients with renal insufficiency must 

be drug-monitored. Even in patients with normal renal function, the achievement of 

adequate drug exposure is complicated in some clinical syndromes. These data together 

with observational studies regarding high mortality rates using colistin in monotherapy, 

support the use of colistin always in combination therapy (42). The usual dosage regimen is 

a loading dose of 9 million units (MU) (720 mg CMS) followed by 4.5 MU (360 mg CMS) every 

twelve hours. 

Currently, the extended use of colistin has led to a worrying increase in colistin-

resistance in CPE strains, increasing the mortality rates in high-risk patients (43,44). 

Moreover, based on RCTs, polymyxin-based regimens are associated to an increased 

mortality and excess nephrotoxicity. As consequence, clinical guidelines recommend 
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avoiding the use of colistin for the treatment of infections caused by CPE, but can be 

considered as a last resort for uncomplicated CPE cystitis (45). 

 

2. Fosfomycin 

Fosfomycin is an old bactericidal antibiotic classically used for the treatment of 

uncomplicated urinary tract infections. It is a phosphoenolpyruvate (PEP) analogue, 

available in three formulations, fosfomycin disodium (intravenous), fosfomycin trometamol 

and fosfomycin calcium (both oral). Fosfomycin acts inhibiting the first step of the bacterial 

cell wall synthesis, the formation of the peptidoglycan precursor UDP N-acetylmuramic acid. 

Specifically, fosfomycin covalently binds to the thiol group of a cysteine in the active site of 

the enzyme UDP-N-acetylglucosamine enolpyruvyl transferase (MurA), which catalyzes the 

transfer of the enolpyruvyl moiety of PEP to the 3’-hydroxyl group of UDP-N-

acetylglucosamine. As consequence, the enzyme is inactivated and peptidoglycan 

biosynthesis blocked (Figure 10) (46,47).  

 

Figure 10. Mechanism of action of fosfomycin. From (47). GlpT, L-α-glycerophosphate; MurA, 

enolpyruvyl transferase; PEP, phosphoenolpyruvate; UhpT, hexose-6-phosphate 
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To enter the cell, fosfomycin structure mimics glycerol-3-phosphate and glucose-6-

phosphate (G6P), both transported under normal conditions by two transporter systems:  

the L-α-glycerophosphate (GlpT) and the hexose-6-phosphate (UhpT) respectively (Figure 

10). In vitro susceptibility shows that fosfomycin is a broad-spectrum antibiotic, active 

against Gram-positive and Gram-negative pathogens, including ESBLs, AmpC-producing and 

CPE isolates; it also poses high synergistic potential with several antibiotics, demonstrated 

by in vitro and in vivo studies (48). As these studies suggest, fosfomycin may be a good 

partner in combination therapy. In  fact, during the last years, it has been used as rescue 

therapy in MDR Gram-negative infections, mostly combined with other last-line drugs 

(carbapenems, colistin and tigecycline) (36,37).  

The use of fosfomycin in combination therapy is traditionally recommended in 

severe infections due to the rapid development of resistance when it is administered in 

monotherapy (37). There are several resistance mechanisms for which enterobacteria 

develop resistance to fosfomycin: (i) reduced permeability produced by mutations in any of 

the transporters GlpT or UhpT that decrease the antibiotic uptake; (ii) antibiotic 

modification. Fos proteins (FosA, FosB or FosX) are enzymes able to hydrolyse fosfomycin 

and made it ineffective; the fosA gene is intrinsic to K. pneumoniae and may lead to clinical 

failure; (iii) target modification, acquired by mutations on MurA. This mechanism is rarely 

observed in clinical isolates (47).  

Intravenous fosfomycin shows optimal PK/PD parameters with a low protein binding 

and excellent tissue distribution, achieving clinically relevant concentrations in serum, skin 

and soft tissues, bladder wall, lungs, bone, central-nervous system or heart valves (46). 

Orally, it does not achieve adequate concentration in the renal parenchyma and should be 

avoided if the upper urinary tract is infected (45). The bactericidal activity seems time or 

concentration-dependent with different microorganisms. For most of them, the efficacy 

parameter is the time above the MIC (fT>CMI) ≥ 50% (46,49). In general, fosfomycin is a safe 

drug and has low incidence of adverse effects. Most common after oral administration are 

gastrointestinal symptoms (diarrhea, nausea, abdominal pain, and dyspepsia). The most 

significant adverse effect related to the intravenous administration is a high sodium intake 

derived from fosfomycin disodium salt, which could limit its use in patients with heart or 

renal failure (46,49). The most appropriate dosing schedules range from 12 to 24 g per day 

divided in 3-4 intravenous administrations, or 3 g once daily oral administration in non-

complicated urinary tract infections (50). 
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3. Tigecycline 

Tigecycline is a glycylcycline derived from minocycline that exhibits predominantly 

bacteriostatic activity. It was designed to overcome typical tetracycline resistance 

mechanisms (efflux pump acquisition and ribosomal protection) and developed for the 

parenteral treatment of polymicrobial MDR infections caused by Gram-positive and Gram-

negative bacteria. Similar to other tetracyclines, tigecycline mechanism of action is based 

on its binding to the 30S subunit of bacterial ribosome, blocking the incorporation of amino 

acid residues into the elongation of peptide chains, thus, resulting in the inhibition of 

bacterial protein translation (Figure 11) (29).  

 
Figure 11. Tigecycline mechanism of action and resistance. From (29) 

 

Enterobacterales have variable susceptibility to tigecycline, and some species show 

natural resistance (Proteus spp., Providencia spp., and Morganella spp.). Tigecycline 

resistance has been reported by mobile genetic elements carrying several resistance genes 

(i.e., tet(X) gene variants) but also chromosomally encoded, by overexpression of resistance-

nodulation division efflux pumps (i.e., AdeABC, AdeFGH, AdeIJK, MexXY, and AcrAB), as in 

Figure 11. 

Tigecycline was initially approved by the FDA for treatment of skin and soft tissue 

infections, complicated intra-abdominal infections, and community-acquired bacterial 

pneumonia in adults, but it has been used as last-resort therapy to treat CPE infections in 
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synergistic combination with colistin, aminoglycosides and carbapenems mainly in 

bacteraemia, urinary tract infection and nosocomial pneumonia (37,51). In 2010, the 

regulatory agencies issued warnings because tigecycline in monotherapy was associated to 

increased risk of mortality and clinical failure. However, other systematic review and meta-

analysis support tigecycline as a suitable choice in combination therapy for severe patients 

(29). As its activity is independent of the presence of carbapenemases, clinical guidelines 

support the use of tigecycline in monotherapy in intra-abdominal infections caused by CRE, 

but do not recommend tigecycline in other clinical indications (45). 

Tigecycline also poses disadvantageous PK/PD features due to its rapid high tissue 

distribution, resulting in limited concentration in the urine and poor serum concentrations. 

Values of fAUC0–24/MIC lower than 4.5 or 6.96 are related to therapy failure for pneumonia 

and intraabdominal infections respectively (52). Currently, it is administered with a loading 

dose of 100 mg, followed by 50 mg every twelve hours but, for intra-abdominal infections, 

high doses (200 mg followed by 100 mg every twelve hours) may be more effective (45). The 

most common adverse effects are gastrointestinal symptoms (nausea, vomiting, and 

diarrhoea). Occasionally reported side effects have been pancreatitis, increased hepatic 

function, thrombophlebitis, pruritus, fever and headache, abdominal pain and cholestatic 

jaundice (29) 

. 

4. Carbapenems 

Carbapenems are a sub-group of the β-lactam family of antibiotics (i.e., imipenem, 

meropenem, ertapenem, doripenem) with the broadest spectrum of action. They are 

derivatives of thienamycin, a compound produced by Streptomyces cattleya. Carbapenems 

are active against Gram-positive and Gram-negative bacteria by binding with high affinity to 

most high-molecular-weight, penicillin-binding proteins (PBPs). In Gram-negatives, the 

entry to the cell is carried by a specific outer membrane protein, OprD, different from those 

used by cephalosporins or penicillins (OmpC or OmpF) (53,54).  

Due to its stability to β-lactamases, carbapenems have been traditionally used as 

first-line treatment in ESBLs and AmpCs enterobacteria. As carbapenemases show variable 

susceptibility to carbapenems, the use of carbapenems also for treatment of CPE infections 

has been considered in isolates showing susceptibility or low-level resistance to these drugs 

(i.e., OXA-48 strains). Due to the lack of effective new drugs and safety profile of β-lactams 

respect to other last-resort agents, several carbapenem-based combinations (i.e., with 
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colistin, tigecycline, fosfomycin and/or aminoglycosides) have been used in the 

management of these infections. The clinical evidence has led to conclude that 

carbapenems may be a suitable choice when the microorganisms exhibit a meropenem MIC 

≤ 8 mg/L, if carbapenems are administered at high doses and combined with another active 

in vitro antibiotic. Some studies also reflected the possibility to administrate carbapenems 

even when meropenem MICs are above 8 mg/L (up to 32–64 mg/L), although this strategy 

is limited to centres where therapeutic drug monitorization is available to assure the 

accurate drug exposure (36,37).  

Double carbapenem therapy (DCT) has become another strategy utilized for CPE 

treatment. This therapy is based on the use of ertapenem with meropenem or doripenem 

either as a sole combination or added to other antibiotics. The hypothesis is that ertapenem 

(with high affinity for carbapenemases) might act as a suicide inhibitor prior to the action of 

the second carbapenem; thus, microbiological clearance might increase (55). Clinical 

experience with DCT has been almost applied to treat severe infections caused by KPC-

producing K. pneumoniae strains, and overall response seems to be good with minimal 

adverse effects (55). However, the beneficial effect could be different with other types of 

carbapenemase (MBL or OXA-48). Moreover, since carbapenems are of great value to have 

as a last-line of defence, it is important to avoid the generalized use that would lead to high 

levels of carbapenem resistance, and new approaches try to find other carbapenem-sparing 

regimens. Because of this, clinical guidelines suggest to avoid the use of carbapenem-based 

combinations in CPE infections, unless the MIC meropenem is ≤8 mg/L, where high-dose 

extended-infusion meropenem should be used as part of the combination if the new β-

lactams/β-lactamase inhibitors (BLBLIs) are not used (45,56).  

 

5. Aminoglycosides 

Aminoglycosides are bactericidal antibiotics that bind to the 30S ribosomal subunit 

to inhibit protein synthesis. They show concentration dependent activity and dose-

dependent post-antibiotic effect (PAE); thus, a ratio of a maximum serum concentration to 

the MIC (Cmax/MIC) over 10 has been proposed to achieve the maximum bactericidal effect 

with a long PAE. In general, they are well tolerated by intravenous and intramuscular 

administration, but present renal and ear toxicities that increase at multiple doses.  

For ESBL, AmpC and CRE infections, they have been used as single and combinatorial 

therapy, based on a synergistic effect in combination with antibiotics with different 

mechanisms of action (e.g., β-lactams, fosfomycin). However, clinical experience and 
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current available evidence suggest aminoglycoside-based therapy may cause more toxicity 

than clinical benefits. There is also controversy about the adequation of effective doses after 

standard dosage (amikacin 25-30 mg/kg/day, gentamicin and tobramycin 6-7 mg/kg/day), 

because of some clinical studies demonstrate lower peak concentrations than those 

expected. Hence, aminoglycosides should be managed with caution and under therapeutic 

drug monitoring whenever possible to verify optimal drug levels (37).  

For CRE infections, as aminoglycosides are mostly eliminated by renal route, their 

use in single dose for the treatment of cystitis and complicated urinary tract infection is 

acceptable if the strain remains susceptible. Outside the urinary tract, monotherapy with 

aminoglycosides is an alternative treatment when first options failed (45). Combinatorial 

therapy is not recommended unless there are very few options. 

 

New drugs 

1. New BLBLIs combinations 

Although there is still little evidence on the effects of the new, recently approved 

BLBLIs, currently they are considered the preferred treatments against CRE enterobacteria. 

• Ceftazidime-avibactam 

Avibactam is a novel, β-lactamase inhibitor with a broader spectrum of activity than 

classical β-lactamase inhibitors. It has activity against Ambler class A, class C and 

some class D enzymes and was approved to use in combination with the third-

generation cephalosporin ceftazidime for treating complicated urinary tract, 

complicated intra-abdominal infections, and hospital-acquired pneumonia. 

Avibactam acts protecting ceftazidime from degradation by a variety of serine β-

lactamases (57). Safety and efficacy of ceftazidime-avibactam against MDR 

enterobacteria facilitated its inclusion as first-line therapeutic option for infections 

caused by CPE (45,56). It is administered in monotherapy against OXA-48 (class D) 

and KPC (class A) producers or associated to aztreonam against class B enzymes (β-

lactamases refractory to inhibition by avibactam) (45), intravenously at a standard 

dose of 2.5 g every 8 hours. Although the potential for resistance selection appears 

to be low (57), development of resistance to ceftazidime-avibactam is more likely 

after previous exposure with meropenem-vaborbactam (58,59). In fact, resistance 
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linked to mutations in plasmid-borne KPC-3 have been already reported during 

ceftazidime-avibactam treatment (60,61).  

• Meropenem-vaborbactam and imipenem-relebactam 

Vaborbactam and relebactam are β-lactamase inhibitor of class A and class C serine 

beta-lactamases, including K. pneumoniae KPC carbapenemase, but do not inhibit 

class B or class D enzymes. Meropenem-vaborbactam was approved for the 

treatment of complicated urinary tract infections and has shown similar clinical 

success than ceftazidime-avibactam in serious infections. As seems to exhibit higher 

resistance barrier, meropenem-vaborbactam may be preferred to treat KPC-

producers (62). On the other hand, imipenem-relebactam was approved for the 

treatment of complicated urinary tract, complicated intra-abdominal infections and 

hospital-acquired pneumonia, and several RCTs demonstrate favourable clinical 

outcomes and non-inferiority respect to comparators drugs (including imipenem-

non-susceptible pathogens)(63); thus, imipenem-relebactam it is also a choice 

treatment against serious infections by MDR Enterobacterales (45). Intravenous 

dose schedule is 4 g every 8 hours and 1.25 g every 6 hours for meropenem-

vaborbactam and imipenem-relebactam respectively. In both combinations, porin 

loss has been reported as resistant mechanisms (OmpK36 y OmpK35 porins) (19).  

 

2. Cefiderocol 

Cefiderocol is a novel injectable siderophore cephalosporin that combines a 

catechol-type siderophore and cephalosporin core with side chains similar to cefepime and 

ceftazidime. This chemical structure allows several advantages: (i) a higher penetration 

through the siderophore–iron complex pathway; (ii) a higher affinity than ceftazidime for 

the PBP3; (iii) an improved stability to the action of β-lactamases, being active against 

carbapenem-resistant Gram-negatives (Enterobacterales, P. aeruginosa y A. baumannii and 

S. maltophilia). It is approved for the treatment of complicated urinary tract and hospital-

acquired pneumonia. Although in vitro cefiderocol has demonstrated potent activity, a RCT 

showed an increased mortality rate in the cefiderocol arm in pneumonia and BSIs. Until 

more evidence is obtained, cefiderocol is recommended as alternative therapy in CRE 

infections, when other new drugs are unavailable (45). 

3. Plazomycin 
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This is a semi-synthetic aminoglycoside derived from sisomicin, designed to evade 

modification by aminoglycoside-modifying enzymes, and show bactericidal activity against 

MDR pathogens (Staphylococcus spp., P. aeruginosa and CPE including KPC and OXA-48). 

Plazomycin binds to the active site A in the bacterial 30S ribosomal subunit, disrupting the 

protein synthesis (51). Clinical experience is limited to complicated urinary tract infections, 

where it is administered intravenously at 15 mg/kg in single dose(45). Synergistic in vitro 

effect was reported with meropenem, colistin and fosfomycin (64). Resistance to 

plazomycin was attributed by 16S rRNA methyltransferases in enterobacteria, which 

modifies the ribosomal binding site. Typical side effects derived from aminoglycoside 

(nephrotoxicity and neurotoxicity) seems to be lower than with other aminoglycosides (51). 

4. Eravacycline 

Eravacycline is a novel synthetic fluorocyclin with activity against MDR Gram-

negatives, with similar mechanism of action than tetracyclines and might have advantages 

respect to tigecycline in severe infections, such as higher serum levels and better tolerability 

(51,65). Resistance mechanisms have been reported by overexpression of efflux pumps and 

target modifications. Due to its rapid tissue distribution, eravacycline is an acceptable 

monotherapy in intra-abdominal CRE infections (45,65). 

 

Overview of classical and new drugs for K. pneumoniae 

Table 1 shows a summary of the activity of all drugs against the different types of 

carbapenemases in enterobacteria. 

Table 1. Activity of current drugs against carbapenemase-producing enterobacteria. Green display 

>80%, Yellow between 30-80% and red <30% of activity. 

  CPE 

  KPC OXA-48 MBL 

Classical drugs 

Carbapenems    

Colistin    

Tigecycline    

Fosfomycin    

Aminoglycosides    

New drugs 

Ceftazidime-avibactam    

Meropenem-vaborbactam    

Imipenem-relebactam    

Cefiderocol    

Plazomycin    

Eravacycline    
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Antimicrobial discovery pipeline 

Antimicrobials have been probably one of the most successful landmarks in medicine 

history. They are key weapons to treat infectious diseases, saving many lives across history. The 

first patented antimicrobial, Salvarsan, was discovered in 1910 to treat syphilis (66), an endemic 

and incurable disease at the time. In 1928, Alexander Fleming discovered the penicillin and 

opened the way into the antibiotic field. Lately, in 1935, the discovery of sulfonamides appeared 

and become the first drugs systematically used to treat infections. These precedents set the 

foundations of the modern “antibiotic era” and stablished the paradigms for future drug 

discovery research. The period from 1950 to 1960 is known as the golden age for antimicrobial 

discovery and development (D&D), since many different classes of antibiotics were developed 

in this age (i.e., erythromycin, isoniazid, vancomycin, rifamycin, polymyxin, chloramphenicol). 

Unfortunately, from 1960 to date, the D&D process has dramatically dropped with an innovation 

gap in which most antimicrobials currently used are derivatives of existing classes discovered 

between the early 1900s and 1980s. During the past 30 years, few new classes of antimicrobials 

have been introduced in the market (67). These include oxazolidinones and cyclic lipopeptides 

(systemic classes), and pseudomonic acids and pleuromutilins (topical classes). The 

antimicrobial discovery timeline is displayed in Figure 12. 

 

Figure 12. Antimicrobial discovery timeline at the top and emergence of resistant pathogens at the 

bottom.  SA, Staphylococcus aureus; SPN, Streptococcus pneumoniae; NG, Neisseria gonorrhoeae; EC, 

Escherichia coli; EF, Enterococcus faecium; KP, Klebsiella pneumoniae 

 

Since 2015, 18 antimicrobials have been approved globally (Table 2), but only two of 

them are novel antimicrobials belonging to a different chemical class: avibactam (diazabicyclo-
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octane class) and vaborbactam (cyclic boronic acid pharmacophore), both acting as β-lactam 

inhibitors (BLI) (68). Cefiderocol can be considered also innovative due to incorporation of an 

iron-chelating siderophore that facilitates entry into the Gram-negative bacterial cell (69). 

Lefamulin is the first systemic formulation of the topically administered pleuromutilin class. 

Seven of these new antibacterials addresed WHO critical-priority pathogens (ceftazidime-

avibactam, meropenem-vaborbactam, imipenem-relebactam, ceftolozane-tazobactam, 

cefiderocol, plazomicin and eravacycline), ten target high  and medium priority pathogens 

(ceftobripole, delafloxacin, omadacycline, lefamulin, lascufloxacin, levonadifloxacin, 

oritavancin, dalbavancin, tedizolid and contezolid) and one was approved to treat MDR/XDR 

tuberculosis (pretomanid) in combination with two other drugs, bedaquiline and linezolid 

(70,71). 

Unfortunately, the emergence of resistance is an unavoidable natural process that 

continues to evolve even before antimicrobials gain market access (Figure 12).  This is no 

exception with the new antimicrobials. For example, the emergence of resistant strains has been 

already reported for ceftazidime-avibactam, meropenem-vaborbactam, eravacycline or 

omadacycline (32,72,73), recently introduced in clinical practice, which compromise the use of 

these new agents that should be preserved for severe infections. Thus, strategic investment in 

new therapeutic options to fight AMR is urgently required to counterbalance the rapid 

dissemination of resistance to the currently available antimicrobials.  
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Table 2. Antibacterial drugs that gained market authorization between 2015 and June 2021. Adapted 
from (70). 

Name (trade name) Antibacterial class 
Route of 

administration Indication(s) 
Expected 
activity 

Delafloxacin (Baxdela) Fluoroquinolone i.v. & oral ABSSSI, CAP OPP 

Avibactam + 

ceftazidime (Avycaz) 

DBO-BLI + β-lactam i.v. cIAI, cUTI, 

HAP/VAP 

CRPA, CPE 

Vaborbactam + 

meropenem 

(Vabomere) 

Boronate BLI + β-

lactam  

i.v. cUTI CPE 

Plazomicin (Zemdri) Amynoglicoside i.v. cUTI CPE 

Eravacycline (Xerava)  

 

Tetracycline i.v. cIAI CPE 

Omadacycline 

(Nuzyra) 

Tetracycline i.v. & oral CAP (iv), 

ABSSSI (iv & 

oral) 

OPP 

Relebactam + 

imipenem/ cilastatin 

(Recarbrio) 

DBO-BLI + β-lactam i.v. cUTI, cIAI, 

HAP/VAP 

CPE 

Lefamulin (Xenleta) Pleuromutilin i.v. & oral CAP OPP 

Pretomanid 

(Dovprela) 

Nitroimidazole Oral XDR-TB OPP 

Lascufloxacin (Lasvic) 

 

Fluoroquinolone i.v. & oral CAP OPP 

Cefiderocol (Fetroja) Siderophore β-lactam i.v. FDA: cUTI, 

HAP/VAP, 

EMA: aerobic 

G-ve 

CRAB, CRPA, 

CPE 

Levonadifloxacin 

(Emrok) 

Fluoroquinolone i.v. & oral ABSSSI OPP 

Contezolid (Youxitai), 

Contezolid acefosamil 

Oxazolidinone i.v. & oral cSSTI i.v. OPP 

Ceftobiprole (Zevtera)    OPP 

Tazobactam + 

Ceftolozane (Zerbaxa) 

Alpha amino acid BLI 

+ β-lactam 

i.v. cIAI, cUTI, 

HAP/VAP 

CRPA, CPE 

Dalbavancin (Xydalba) Lipoglycopeptide i.v. ABSSSI OPP 

Oritavancin (Orbactiv) Lipoglycopeptide i.v. ABSSSI OPP 

Tedizolid (Sivextro) Oxazolidinone i.v. & oral ABSSSI OPP 

ABSSSI: acute bacterial skin and skin structure infections; BLI, β-lactam inhibitor; CAP: community-

acquired pneumonia; cIAI: complicated intraabdominal infections; CRAB, carbapenem-resistant 

Acinetobacter baumanii; CRE, carbapenem-resistant Enterobacterales; CRPA, carbapenem-resistant 

Pseudomonas aeruginosa; cSSTI, complicated skin and soft tissue infections; cUTI, complicated urinary 

tract infection; DBO, diazabicyclooctane; EMA, European Medicines Agency; FDA, Food and Drug 

Administration (USA); HAP, hospital-acquired pneumonia; i.v., intravenous; OPP, other priority 

pathogens; VAP, ventilator-acquired pneumonia; XDR, extensively drug-resistant. 
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Drug development process 

 Traditional research and development process 

The concerning lack of novel drugs in this field is mainly due to the lengthy, costly, and 

risky process of the traditional antimicrobial D&D, in where many large pharmaceutical 

companies have retired for not obtaining satisfactory commercial returns (Figure 13). Currently, 

essential early-stage projects to identify and validate new molecules are usually conducted by 

academic research, which is generally underfunded. Later phases in early and middle-projects 

as hit and lead optimization are headed by small and medium-size enterprises (SMEs), 

considered the primarily innovative investors (71,74). According to WHO data, these SMEs 

represent currently 87.65% (142) of the funders involved in antimicrobial D&D, while only eleven 

large pharmaceutical companies invest in this field (75). These SMEs are dealing with high 

attrition rates and capital risk, and find difficult to commercialize then their products due to the 

lack of large companies dedicated to develop antimicrobials at large scale (76). 

 

Figure 13. General scheme of antimicrobial drug development. From (74). *Timings are dependent on a 

number of factors and can vary greatly. A minimum to maximum range for complete development 

(discovery to market) is 8–18 years (average 13–14 years). **The cost per molecule/candidate (in million 

euros, m€) does not include extended costs for attrition (failed programmes) and lost opportunities 

associated with increased cycle time until reaching the next development phase; such extensions can 

increase the required budget for the early stages up to 50–100 m€. N (orange diamond), nomination of 

(pre)clinical candidate(s); PPPs, public–private partnerships; ROI, return on investment. 

 

The funding gap in antimicrobial D&D is mainly consequence of the high volume of 

investment needed to develop new molecules into marketable drugs. In addition, antimicrobials 
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are often used just for a short period of time to treat acute infectious diseases, which is non   

economically attractive. Thus, pharmaceutical industry has focused for years in more 

sustainable approaches, such as the development of derivatives of stablished compounds (that 

requires lower investment) and the search of drugs for the treatment of chronic diseases, which 

report much higher economic benefits. In this context, while there are nearly 4,000 immuno-

oncology agents in development (74), currently there are only 292 antibacterial agents in 

preclinical development (39.4% direct-acting molecules, 34.6% non-traditional approaches, 

16.1% vaccines, 10.2% antimicrobial peptides), and 104 projects of antibacterials in clinical 

development addressed to treat priority pathogens (72 against WHO priority pathogens, 14 

addressing M. tuberculosis and 18 against Clostridioides) (Figure 14). Unfortunately, among 

these projects, only 16 products consist of new chemical classes and new modes of action, and 

all of them are still in under clinical phases (four in Phase I, nine in Phase II and 3 in Phase III) 

(77).  

 

  

Figure 14. Antibacterial drugs under clinical development updated in April 2021. From (77). 

 

According to the WHO, the clinical pipeline and recently approved antimicrobials are 

insufficient to tackle the challenge of AMR. As consequence, it is necessary to change the current 

paradigm with the aim to promote and support the antimicrobial D&D towards more sustainable 

approaches.  
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Drug repurposing 

Drug repurposing (or drug repositioning) is a strategy to identify new indications for 

existing drugs. This term was first described by Ashburn and Thor in 2004 (78) and has been 

largely regarded as a promising alternative to the traditional drug discovery and development 

process (79,80), since new indications could be developed faster as long as they are used 

following originally approved recommendations, with already know safety profiles. From the 

point of view of pharmaceutical companies, drug repurposing is perceived as a safe strategy to 

save time and capital investment in early-stage trials (preclinical and phase I costs). The costs of 

bringing a repurposed drug to market have been estimated to be US $300 million on average, 

compared with an estimated ~$2–3 billion for a new chemical entity (79).  

Historically, drug repurposing was approached as opportunistic findings from 

retrospective clinical data. As example, sildenafil (Viagra®), to treat erectile dysfunction, was 

initially developed for the treatment of hypertension, but showed unexpected erectile effects. 

Currently, systematic approaches combining experimental screening and in silico models that 

analyse existing data to identify potential new drug-disease associations are employed to 

increase the success in the reintroduction of existing drugs. Experimental screenings consist of 

high‐throughput screening platforms that evaluate the activity of a drug collection to identify 

candidate hits, largely divided in target‐focused screens (based on specific mechanism) and 

phenotypical screens (inhibition against the pathogen of study). In the infectious diseases field, 

the most clinically relevant approach is phenotypic screening of chemical libraries, in which 

between 500–2000 compounds are evaluated against the pathogen of study to assess their 

activities (80,81). This is the example of bedaquiline, a new antituberculous drug discovered in 

a phenotypical screening against M. smegmatis (82). On the other hand, in silico models 

encompass both molecular approaches to understand interactions against drugs and 

pathophysiology (genomic, transcriptomic or proteomic data), and the use of sophisticated 

computational models to process the called “big data”, large-scale information  from electronic 

health records, clinical trials and biobanks (79). This approach might be highly useful to develop 

new treatments at short-term, although future perspectives include the development of more 

advanced technologies able to integrate and interpret this large amount of generated data.  

Other challenges in the drug repurposing field include intellectual property issues 

related to new indications for already marketed drugs, regulatory or funding considerations. 

These issues are addressed by measures to incentivise drug repurposing development, and 

through new business models that involve collaboration between pharmaceutical companies 
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and biotech and academia researchers (79,80). Apart from this, the main drawback for clinical 

application is that new therapeutic indications might require higher doses to exert its action as 

antimicrobials, which may lead to toxicities. In this case, the search for synergistic partners might 

increase the success of drug repurposing in two different ways: first, expanding the therapeutic 

range of drugs whose potential use may be limited by toxicity issues and, second, by rescuing 

antimicrobials that do not reach efficacy breakpoints (81,83).  

Figure 15 shows the suggested approaches in vitro and in vivo based on synergistic 

combinations on drug repurposing. In in vitro studies, toxicities of drugs alone might be reduced 

maintaining the potency in the combined effect. Drug repurposed combination might also be 

effective achieving allowed serum concentrations by in vivo studies (83).  

Figure 15. Two synergistic combination models to optimize hits from drug repositioning screens. From 

(42). 

 

New approaches for antimicrobial discovery 

In vitro synergy methods 

Combination therapy is largely used against several infections (e.g., tuberculosis, HIV) 

and syndromes (e.g., endocarditis, cystic fibrosis, osteomyelitis), and remains the backbone to 

fight against AMR.  

The efficacy of combination therapy is dependent on the drugs’ behaviour when 

administered together. In this context, the combined effect of two or more drugs can be: 

• Synergistic: It occurs when their activities within the combination are improved over the 

sum of their individual separate effects. 
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• Antagonistic: negative interaction in which the effect of the combination is significantly 

smaller than the effect of each compound acting separately. 

• Indifferent: the activity of both drugs is limited to be equal to that of the most active 

drug in the combination, or additive when is equivalent to the sum of each individual 

antibiotic. This latter criterion can be misinterpreted as synergy and does not indicate 

increased potency, since it is the expected effect when a drug is added to the therapy.  

Thus, combination therapy is based on the search for a synergistic effect in order to 

primarily achieve improved clinical efficacy. In addition, other objectives can also be achieved: 

(i) the antibacterial spectrum can be broadened by adding different drugs; (ii) the emergence of 

resistance is minimised, especially by combining drugs with different mechanisms of action; (iii) 

the adverse effects derived from possible toxicities could be minimized, since the combination 

of drugs allows both the doses and the duration of treatment to be reduced. 

There are several in vitro methods to assess the effect of drugs in combination. The best 

known, the checkerboard assay (CBA) and the time-kill assay (TKA), are traditional techniques 

widely used in synergy studies; but are tedious, time-consuming and not well standardized 

techniques that result in low reproducibility and heterogeneous results between laboratories.  

❖ Screening methods 

• Agar diffusion methods 

This technique is based on the diffusion of the drug through the solid medium 

in which a given strain is inoculated. The procedure is simpler than CBA, as it employs 

standardized protocols used in routine antibiotic susceptibility testing. Two main 

methods are included here:  

▪ Disk diffusion: This is a qualitative method where paper disks contain drugs 

at a fixed quantity. After determining inhibition diameters of individual 

drugs, another plate is prepared placing both disks at a distance equal to 

the sum of the inhibition radii of each disk tested separately. After 

incubation, synergy is defined when there is an enhancement of the 

inhibition zones in the interface respect to drugs alone. By contrary, 

antagonism is defined when a truncated zone is observed (Figure 16). 
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Figure 16. Effects interpreted according to inhibition zones of drug combinations 

by disk diffusion methods. Antimicrobial susceptibility testing. Adapted from 

Chapter 5.12.20 of (84). 

 

▪ E-test: Drugs are disposed at a gradient of concentrations. After incubation, 

the MIC value is obtained by the intersection of the elliptical zone of growth 

inhibition with the strip, thus, this is a quantitative measurement. To assess 

synergy, four technical variations have been described: (i) crossed-strip 

methods (Figure 17); (ii) the fixed ratio; (iii) MICs proportion and (iv) drug-

containing agar plates. Results are obtained by comparison of MIC values of 

each drug alone and in combination, also determining the FICI as the 

synergy indicator in these assays.   

 

Figure 17. Diagram for testing drug combinations by E-test crossed-strips 

method. Adapted from (85).  
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Although based on the same procedure, technical variations do not 

confer the same correlation with the time-kill assays (assumed as 

reference synergy method). Thus, crossed-strip and MIC proportion 

methods seem the most reliable, with agreement ranges of 67-88% and 

63-83% respectively (86). 

 

• Checkerboard assay (CBA) 

This is a basic assay for studying bidirectional drug interactions that can be 

performed on microdilution plates, macrodilution tubes or agar plates. Generally, serial 

dilutions of the partner drugs in different combination ratios are added to a bacterial 

inoculum and the effect of the combination is measured using growth inhibition as the 

endpoint reading. This assay has the major limitation of selecting a specific paired 

combination and the precise range of concentrations to obtain a measurement within 

the range. Some variants of this technique have been described to study higher order 

drug interactions, such as the multiple-combination bactericidal test to test up to four 

antimicrobials simultaneously (87), or the diaMOND (diagonal measurement of n-way 

drug interactions) that allow to extend the assay to any number of agents (88,89).  

CBA is interpreted according to the Fractional Inhibitory Concentration Index 

(FICI), which is based on Minimum Inhibitory Concentration (MIC) values of both drugs 

(A and B). FICI is the sum of FIC of drug A (FICA) plus FIC of drug B (FICB), calculated as 

follows: 

FICA = 
𝑀𝐼𝐶 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐴 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐵

𝑀𝐼𝐶 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐴 𝑎𝑙𝑜𝑛𝑒
 

FICB = 
𝑀𝐼𝐶 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐵 𝑖𝑛 𝑡ℎ𝑒 𝑝𝑟𝑒𝑠𝑒𝑛𝑐𝑒 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐴

𝑀𝐼𝐶 𝑜𝑓 𝑑𝑟𝑢𝑔 𝐵 𝑎𝑙𝑜𝑛𝑒
 

The combined effect is then interpreted depending on the result of FICI: a value 

≤ 0.5 is a “synergistic interaction”, from 0.5 to 4 means “no interaction” and >4 is 

interpreted as “antagonistic”(90). This means that to obtain a synergistic effect, a ≥4-

fold reduction in the MICs of both compounds in combination compared to their MICs 

alone is observed. Figure 18 shows a 96-well plate CBA assay showing a typical profile 

of a synergistic interaction. 
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Figure 18. Graphical representation of a synergistic interaction by a checkerboard assay in a 

96-well plate. Pink wells are grown; blue wells show growth inhibition. 

Results based on FIC values can also be transferred to an arithmetic graph called 

an isobologram that visually represent the effect obtained (Figure 19). 

 

 

Figure 19. Representation by isobolograms of the different possible effects of a combination 

using the checkerboard method. FIC values of both drugs A and B are confronted in a graphic. 

The analysis of the profile determines the combined effect. Adapted from Chapter 5.12.19 of 

(84).  

 

CBA assays are typically based on inhibition measures, which may overestimate 

the real effect of the interaction, leading to high attrition rates (i.e., the interaction is 

able to inhibit bacterial growth but does not show lethal activity and fails in subsequent 

validation assays). Following standard methods of antimicrobial susceptibility, the 

Minimal Bactericidal Concentration (MBC) can be also determined by subculturing from 

those wells with no visible growth. In this case, the Fractional Bactericidal Concentration 

(FBC) of each drug can be calculated with the same formula described above to obtain 

the Fractional Bactericidal Concentration Index (FBCI), a more restrictive parameter 
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based on bactericidal activity. In a previous work (see Annex I), we discussed FBCI should 

be often considered in synergy screening programs to improve translational prediction 

power (91).    

 

❖ Static methods: time-kill assays (TKA) 

This methodology evaluates the activity of a drug at a fixed concentration over 

a period of time, usually 24 hours for rapid-growing microorganisms or up to 21 days for 

slower growers (e.g., M. tuberculosis). The measurement here is bacterial death by 

counting the number of colonies (colony forming units per millilitre; CFU / mL) that 

remain viable after exposure to the antibiotic in relation to the original inoculum at 

different time points. Thus, TKA provide precise information about the concentration-

dependent or time-dependent activity of the drug (bacteriostatic, bactericidal, no 

activity), and is also helpful to reveal treatment failure due to bacterial regrowth, 

tolerance, persistence, and paradoxical effects. 

Although it is not fully standardized, TKA has been widely utilised in synergy 

studies (92–95). For result interpretation, the activity of drugs alone and in combination 

is compared to define the combined effect. Synergy is typically defined by ≥2 log10 

decrease in CFU/mL when compared to its most active constituent partner; similarly, 

“no interaction” when there is less than 2 log10 change in CFU/mL; and “antagonism” is 

considered when there is a ≥2 log10 increase in CFU/mL (96), as it is shown in Figure 20. 

Moreover, bactericidal activity may also be quantified by ≥3 log10 decrease in CFU/mL 

respect to the initial inoculum. This parameter is highly important to prioritize 

synergistic drug combinations; those combinations showing in vitro sterilizing activity 

might be promising candidates towards the clinical translation. 
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Figure 20. Graphic representation of a drug combination by time-kill assays showing synergistic and 

antagonistic interactions. Adapted from Chapter 5.10.3.4. of (84).  

Drug stability is one of the limitations in TKA. Drugs are typically single added at 

the start of the assay (time zero) and no longer replace. Thus, drug degradation may 

influence data interpretation (e.g., β-lactam lack of effects during several days of 

experiment leading to bacterial regrowth). Hence, drug stability under the same assay 

conditions should be previously known to correctly interpret the results obtained.  

 

❖ Dynamic/Pharmacokinetic models 

Among limitations of the previous methods are the use of static drug 

concentrations without accounting for drug stability in the assay media and reliance 

mostly on bacterial growth inhibition (except for TKA). The characterisation of the 

antimicrobial activity of drugs administered in combination can be also studied using 

dynamic in vitro PK/PD models, which consider in vivo variations in drug concentrations 

over time and their interaction with the evolution of bacterial growth and death. In 

general, these models mimic human PK parameters of considered drugs and consist of 

compartments that allow the bacterial population and the drugs to be in contact, so that 

the effect can be expressed as a function of killing or inhibition of bacterial growth. 

Usually, the same definitions used in TKA are applied for the interpretation of the 

combined effect. PK/PD methods can be categorized as one-compartment or two-

compartment models.  

 

Growth 

control  

Drug A Drug B Drugs A + B 
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• One-compartment model 

A central reservoir containing the bacterial inoculum, a diluent reservoir 

pumping fresh medium to the central reservoir, and a waste reservoir. Drug is 

administered to the central reservoir using pumps, mimicking human elimination 

rates (drug half-life, t1/2; and Cmax). The main disadvantage of these systems is the 

simultaneous elimination of the bacterial inoculum and waste medium, which can 

overestimate treatment efficacy. Depending on the microorganism of study, this 

technique might be laborious due to biosafety issues (97).  

• Two-compartment model 

To solve the issue of simultaneous elimination of bacteria with waste 

medium, two-compartment PK/PD models add a small peripheral space that consist 

in a cartridge in where the bacterial inoculum remains retained, while fresh medium 

can penetrate to provide nutrients and oxygenation. This model is called Hollow-

Fibre Infection model (HFIM), due to the cartridge is formed by thousands of small 

tubular fibres (usually 200 microns pore size) sealed at the end to allow the passage 

of liquid medium through the fibres. The central reservoir where drug is 

administered is double connected to the peripheral compartment to equilibrate 

rapidly drug concentration in both compartments. Thus, absorption and elimination 

kinetics can be simulated, as peripheral compartment act as the in vivo site of 

infection (97,98).  Figure 21 shows a schematic setting up of HFIM.    
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Figure 21. Hollow fibre two-compartment model. Adapted from (97).  

HFIM is increasingly used in antimicrobial research because it provides several 

advantages. Compared to animal models, clinical translation is more reliable because it 

is based on real human PK parameters (99,100). In addition, it is less costly, easier and 

more versatile to conduct different studies (e.g., dose-fractionation studies, emergence 

of resistance, high inoculation and long duration treatments), and does not entail ethical 

concerns. The main limitations of in vitro PK/PD models are a high technical capacity and 

the lack of information on the host immune response. Nevertheless, intracellular HFIM 

studies have been also designed to solved this latter problem, especially in antiviral and 

antimycobacterial drugs research. (101–104).  
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The main objective of this Thesis is to identify promising novel drug synergistic combinations 

against K. pneumoniae that might establish the basis for further pre-clinical and clinical studies 

to improve the treatment of these infections. 

For this purpose, several specific objectives were considered: 

1. To optimize and adapt an in vitro high-throughput synergy screening (HTSS) method 

(previously developed for mycobacteria) to perform efficient synergy screens against K. 

pneumoniae  

 

2. To identify synergistic compounds from chemical libraries of known and clinically 

approved compounds in combination with known last-line resort antimicrobials against 

K. pneumoniae infections. 

 

3. To validate and characterize in vitro the antimicrobial activity of the priority 

combinations selected in the HTSS against K. pneumoniae  

 

4. To expand the study of the priority synergistic combinations against a collection of 

clinical isolates with defined resistance patterns. 
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Bacterial strains, media and chemicals 

The reference strain K. pneumoniae ATCC 13883 was used for all experiments in Chapter 

1. For Chapter 2 and Chapter 3, a well-characterized set of 12 MDR/XDR K. pneumoniae isolates 

(eight from clinical samples and four from quality assessment exercises) was provided by the 

Miguel Servet University Hospital (Zaragoza, Spain), including representative resistance 

mechanisms (Table 3). MDR/XDR were defined as: MDR, non-susceptible to ≥1 agent in ≥3 

antimicrobial categories; XDR non-susceptible to ≥1 agent in all but ≤2 categories (15). Bacterial 

identification was performed by MALDI-TOF mass spectrometry (Bruker Daltonik GmbH, 

Germany) and antimicrobial susceptibility by an automated broth microdilution method 

(Microscan Walkaway®, Beckman Coulter, Spain). Phenotypic detection of ESBL, AmpC, 

carbapenemases and colistin resistance was done according to EUCAST guidelines (105). 

Genotypic characterization of resistance mechanisms was performed in clinical samples at the 

National Microbiology Centre (Majadahonda, Spain).  

Bacterial stocks (15% glycerol) were preserved at -20°C in Luria Broth (LB). A new stock 

was thawed for every experiment to ensure assay robustness, and sub-cultured on Mueller 

Hinton broth (MHB) to obtain exponential cultures before each MIC, CBA and TKA assay were 

performed in cation adjusted MHB (CAMHB). Drug susceptibility testing in solid media and 

synergy screen were performed in Mueller-Hinton agar (MHA). All cultures were incubated at 

36-37˚C during 18-20 hours for drug susceptibility testing or overnight for the rest of assays 

performed.  

Drugs were provided by Sigma–Aldrich (Darmstadt, Germany), European 

Pharmacopoeia (Strasbourg, France), except meropenem (Fresenius Kabi), ertapenem (MSD) 

and avibactam (AdooQ BioScience, Irvine, USA). Powders were reconstituted in dimethyl 

sulfoxide (DMSO) or water according to their solubilities. Stock solutions were prepared fresh 

on the same day of plate inoculation.  

The FDA-approved drug library was purchased from Selleckchem (catalogue #L1300) 

and included 1,430 lyophilized compounds in 96 well-plates. Drugs were freshly reconstituted 

in DMSO or water according to their solubility at a final concentration of 10 mM, from which 

serial 10-fold dilutions were performed to obtain FDA tester plates at 0.1 and 1 mM.   

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) (Sigma–Aldrich) in distilled water for susceptibility 

tests, or in PBS for cytotoxicity assays. Once dissolved, this solution was filtered through a 0.2 
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μm pore size, and aliquots were stored at -20°C until use. For susceptibility assays, an aliquot 

was thawed, and a solution of Tween 80 (Sigma–Aldrich) was added at 20% vol/vol. 

Resazurin solution was prepared dissolving the powder (Sigma–Aldrich) in Milli-Q water 

(0.1 mg/mL).   The solution was filtered through a 0.2 μm pore size and aliquots were stored at 

-4°C until use during six months. 
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Table 3. Strain characterization and antimicrobial susceptibility for the twelve MDR/XDR K. pneumoniae isolates used in Chapter 2 and Chapter 3. Data 

provided from the Microbiology Department of the Miguel Servet University Hospital (Zaragoza, Spain). 

    MIC (mg/L)b 

Isolate Resistance mechanism 
Specimen 

source 
MDR/XDR 

classificationa 
AMK GEN TOB AMP/AMX AMC TZP FOX CXM CTX CAZ FEP ATM IPM ETP MEM CIP LVX FOF CST TGC SXT 

E-1 CTX-M 14 Rectal swab XDR ≤8 >8 ≤2 >16 >16/8 >64 >16 >16 >32 >16 >16 >16 8 >1 8 >2 4 ≤32 ≤2 >2 >4/76 
E-2 CTX-M 15 Blood MDR ≤8 ≤2 >8 >16 >16/8 >64 >16 >16 >32 >16 >16 >16 ≤1 >1 2 >2 >4 >64 ≤2 ≤1 ≤2/38 
E-3 CTX-M 15 Abscess MDR ≤8 >8 >8 >16 >16/8 64 >16 >16 >32 >16 >16 >16 ≤1 >1 2 >2 2 ≤32 ≤2 ≤1 >4/76 
E-4 CTX-M 15 Blood MDR 16 >4 >4 >16 >32 16 >16 >8 >32 32 >8 >4 ≤1 ≤0.12 ≤0.12 >1 >1 ≤16 ≤2 >2 >4/76 
E-5 SHV-1 + porin loss Blood MDR ≤8 ≤2 ≤2 >16 >16/8 >64 16 ≤4 ≤1 ≤1 4 ≤1 ≤1 ≤0.5 ≤1 ≤0.5 ≤1 ≤32 ≤2 ≤1 ≤2/38 
A-6 AmpC ACT-1 SEIMC CCS07 MDR >32 >8 >8 >16 >16/8 64 >16 >16 32 >16 ≤1 >16 ≤1 >1 ≤1 2 ≤1 ≤32 ≤2 ≤1 >4/76 
C-7 OXA-48 Blood MDR ≤8 ≤2 ≤2 >16 >16/8 >64 ≤8 8 ≤1 ≤1 ≤1 ≤1 4 >1 4 ≤0.5 ≤1 64 ≤2 ≤1 ≤2/38 
CS-8 Colistin R Urine MDR ≤8 ≤2 ≤2 >16 >16/8 >64 >16 16 ≤1 ≤1 4 ≤1 ≤1 ≤0.5 ≤1 ≤0.5 ≤1 >64 >4 2 >4/76 
CE-9 VIM-1 + CTX-M 15 + colistin R SEIMC CCS04 XDR 16 >8 >8 >16 >16/8 >64 >16 >16 >32 >16 >16 >16 2 >1 8 >2 >4 ≤32 >4 2 >4/76 
CE-10 CTX-M 15 + OXA-48 Blood MDR ≤8 >4 >4 >8 >32 >16 ≤8 >8 >32 32 >8 >4 8 >1 1 >1 >1 32 ≤2 ≤1 >4/76 
CEE-11 KPC-3 + SHV-11 + TEM-1 SEIMC CCS05 XDR 32 4 >8 >16 >16/8 >64 >16 >16 >32 >16 >16 >16 >8 >1 >8 >2 >4 64 >4 >2 >4/76 
CSEE-12 OXA-1 + SHV-1 + colistin R EARS QC MDR >32 >8 >8 >16 >16/8 >64 ≤8 >16 >32 ≤1 >16 ≤1 ≤1 >1 ≤1 >2 >4 ≤32 >4 2 >4/76 

AMK, amikacin; GEN, gentamicin; TOB, tobramycin; AMP/AMX, ampicillin/amoxicillin; AMC, amoxicillin-clavulanate; TZP, piperacillin-tazobactam; FOX, cefoxitin; CXM, 

cefuroxime, CTX, cefotaxime, CAZ, ceftazidime; FEP, cefepime; ATM, aztreonam; IPM, imipenem; ETP, ertapenem; MEM, meropenem; CIP, ciprofloxacin; LVX, levofloxacin; 

FOF, fosfomycin; CST, colistin; TGC, tigecycline; SXT, trimethoprim/sulfamethoxazole 
aMDR/XDR categorization according to Magiorakos et al. (29): MDR: non-susceptible to ≥1 agent in ≥3 antimicrobial categories; XDR: non-susceptible to ≥1 agent in all but ≤2 

categories 
bMIC determined by automated broth microdilution (Microscan Walkaway®, Beckman Coulter, Spain) and clinical interpretation according to the corresponding EUCAST 

guidelines on the isolation date. Values in green were interpreted as "Susceptible", in dark yellow as "Susceptible, increased exposure" (EUCAST 2019), in light yellow as  

"Intermediate" and in red  as "Resistant". 
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Drug susceptibility testing 

 Minimum Inhibitory Concentration assays 

MIC determinations were performed by broth microdilution according to CLSI guidelines 

(86) and the MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide] assay 

(107,108). Two-fold serial dilutions of the compounds were inoculated with 5x105 CFU/mL 

(optical density; OD550=0.2 corresponded to 1.5x108 cell/mL) in 96-well plates (TPP), (VF= 150 

µL/well) and incubated for 18-20 hours. After incubation, 30 μL/well of 5 mg/mL MTT plus 20% 

Tween 80 were added and incubated for 3 hours. Positive and negative growth controls were 

included in all experiments. MIC values were defined as the lowest concentration of drug that 

inhibited 90% of the OD580 MTT colour conversion (IC90) compared to growth control wells with 

no drug added.  

For fosfomycin and ceftazidime-avibactam susceptibility tests, CAMHB was 

supplemented with 25 mg/L of G6P and 4 mg/L of avibactam, respectively (109).  

Solid MIC determinations were performed by the agar dilution method (106). Briefly, 

24-well plates (TPP) containing MHA with serial two-fold dilutions of each PC (tigecycline, 

colistin, fosfomycin) were prepared in duplicates (VF= 1 mL/well). Upon agar solidification, each 

well was inoculated with 10 µL of a bacterial suspension (ca. 5x103 CFU/well) and plates 

incubated.  The MIC was considered as the lowest value that completely inhibited visible growth.  

Minimum Bactericidal Concentration assays 

MBC was determined to discern bacteriostatic from bactericidal activities. Prior to MTT 

addition in 96-well MIC plates, 10 μL/well were transferred to 96-well LB agar plates (Zeulab) 

and further incubated for 24 hours before addition of resazurin (30 μL/well). The MBC was 

defined as the lowest concentration of drug preventing a colour change from blue to pink. A 

compound was considered bactericidal if MBC/MIC ≤ 4 (108).  

 

FDA-library synergy screen 

The screening was performed following the High-throughput Synergy Screening 

methodology (HTSS), previously described by Santiago Ramón-García (108) and explained in 

Chapter 1. The bacterial inoculum was added to 22 mL of MHB medium containing 0.5% agar 

(top agar) and uniformly poured over 45 mL of MHB-1.5% agar (bottom agar) in OmniTrays 

(Nunc) in duplicates. Tigecycline, colistin and fosfomycin (used as last-line antibiotics used 
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against MDR K. pneumoniae) were selected as compounds of interest and added to the bottom 

agar at sub-inhibitory concentrations (MICsub) of ½ x MIC up to 1/256 x MIC, previously selected 

under the same HTSS conditions. The FDA library (n=1,430, 0.1-1 mM) of clinically approved 

drugs was screened against these three drugs. FDA-compounds were transferred from 96-well 

plates onto top agar cell lawns using a 1.6 mm pin replicator that transferred approximately 200 

nL/pin, (0.2-2 nmol of each compound). OmniTrays were incubated before inhibition zones 

measurement. Synergy was defined by an increase of the inhibition zones in the drug-containing 

agar plates. Conversely, antagonism was defined by a decrease of the inhibition zones in the 

drug-containing agar plates, and no interaction was defined if no changes in the inhibition zone 

diameter was observed between drug-free and drug-containing agar plates.  

According to these criteria, hits were classified in four categories:  

(i) synergy (Y): compounds whose inhibition zones increased at the two drug MICsub 

tested (diameter MICsub1 & diameter MICsub2 > diameterControl) 

(ii) likely synergy (Y/N): compounds whose inhibition zones increased at only one 

drug MICsub (diameter MICsub1 or diameter MICsub2 > diameterControl) 

(iii) no interaction (N): compounds with no change in their inhibition zones 

(diameter MICsub1 & diameter MICsub2 = diameterControl) 

(iv) likely antagonism (A): compounds with decreased inhibition zones (diameter 

MICsub1 & diameter MICsub2 < diameterControl) 

 

Secondary validation assays 

Checkerboard assays.  

CBA were performed against K. pneumoniae in 96-well plates using freshly prepared 

CAMHB. Each well was inoculated with 100 µL of 5x105 CFU/mL (VF= 200 µL). Pre-inocula were 

prepared by direct suspension of bacteria grown overnight in MHB and plates incubated for 24 

hours before determination of the compound activities alone and in combination (107,108). 

Interactions were interpreted according to FICI values: synergy was defined as FICI≤0.5, 

antagonism as FICI>4.0, and no interaction when the FICI was between 0.5-4.0 (90). Similarly, 

FBCI was calculated as above described based on MBC values for each combination using the 

resazurin method (107). 
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Time-kill assays.  

Dose-response curves of drugs alone 

Duplicates of exponentially growing cultures were inoculated in CAMHB at a final 

inoculum of 5x105 CFU/mL in 96-well plates for K. pneumoniae (VF= 280 µL/well) containing 

increasing compound concentrations (0.1x, 0.25x, 1x, 4x, 10x MIC values). At predefined time 

points (0, 2, 4, 6, 8, 24 and 48 hours), the bacterial population from each well was quantified by 

spot-platting 10-fold serial dilutions on MHA plates. Plates were incubated overnight, and 

CFU/mL calculated. The lower limit of detection was 50 CFU/mL.  

Drug combination curves  

Combo test concentrations were selected based on previous dose-response curves of 

the compound alone (typically 0.25x MIC and/or 1x MIC) or up to 300 mg/L in the case of inactive 

hits. TKA were performed for drugs alone and in combination according to protocol describe 

above. MIC assays were run in parallel with the same inoculum as internal control of 

compounds´ activity.  

A synergistic combination was defined as a ≥2 log10 CFU/mL decrease in the bacterial 

count of the combination compared to the most active single agent at any time point (8, 24 and 

48 hours). Antagonism was defined as a ≥2 log10 increase in CFU/mL between the combination 

and the most active single agent. All other cases were defined as indifferent. Bactericidal activity 

was defined as a ≥3 log10 CFU/mL reduction at any time point compared to the initial inoculum 

(96). 

 

Cytotoxicity assays 

The MTT cytotoxicity test (110) was carried out to determine the cytotoxicity of the 

validated combinations with azithromycin and zidovudine in Hep G2 cell line (human liver 

carcinoma cells), obtained from the ECACC: (cat. N° 85011430). Stock cells were cryopreserved 

in 90% foetal bovine serum (FBS, Gibco) plus 10% DMSO. 

Cells were thawed from stocks and cultured in flasks with pre-warmed (37°C) Dulbecco's 

Modified Eagle's Medium (DMEM) (Gibco) supplemented with 10% FBS, 1% Glutamax and 100 

mg/L streptomycin, penicillin and ciprofloxacin for 24 hours in a controlled 5% CO2 atmosphere 

at 37°C. Two passages were carried out before performing cytotoxicity assays. After microscopic 

evaluation of a semi-confluent monolayer, cells were removed using enzymatic digestion with 

0.05% trypsin-EDTA solution (5 minutes at 37°C) and then neutralized with supplemented 
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DMEM. Cells were then centrifuged (240 g, 5 minutes) and the medium discarded and replaced 

to adjust the cell suspension to 106 cells per plate. Cells were seeded in 96-well flat bottom 

plates transferring 100 µL per well (2 x 104 cells) and incubated under conditions described 

above.  

After 24 hours, media was aspirated and replaced by fresh DMEM supplemented with 

10% FBS, 1% Glutamax and the compounds dissolved. Compounds were then added both alone 

and in combination at the same concentrations used in the TKA. Cells were incubated in the 

presence of the compounds or combinations for 24 hours. Growth controls and blanks with 

medium were also included in the plate layout. Then, 10 µL of MTT dissolved in PBS (5 mg/mL) 

were added to each well and plates further incubated for 2 hours before the MTT solution was 

removed. MTT crystals were solubilized in 100 µL/well of DMSO, mixed and the absorbance 

measured at 570 nm and 650 nm. Percent of cell viability was determined in comparison with 

untreated controls. Treatments were considered cytotoxic when cell viability was reduced to 

<70% of the growth controls, according to the international standard protocols (110). 

Experiments were performed in technical triplicates and biological replicates. Graphical 

representation and statistical analysis to compare each variable were performed by one-way 

ANOVA test in GraphPad Prism software (version 8.0.2).  
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INTRODUCTION 

Phenotypic screening based on high-throughput screens of compound libraries has been 

traditionally the most successful strategy in antimicrobial D&D and drug repurposing (79,81). 

These assays are typically performed in 96-well format to measure the bacterial inhibition 

produced by the compound (IC50 and IC90 values, i.e., mean drug concentration required for 50% 

or 90% inhibition, respectively) based on different cell viability methods, such as optical density, 

MTT (2-(3,5-diphenyltetrazol-2-ium-2-yl)-4,5-dimethyl-1,3-thiazole; bromide), resazurin, or ATP 

(BacTiter Glo™) methods (111).  

However, experimental high-throughput identification of synergistic partners has been 

challenging due to the high technical requirements needed to handle large numbers of potential 

interactions; hence, systematic combinatorial screens are scarce in the literature. In 2003, 

CombinatoRX was the first biotech company that designed a large-scale screening platform in 

384-well format plates based on automated technology (e.g., digital drug dispensers) and 

computer systems that provide algorithms for synergy definition (112). The continuous 

development of technological advances increase the efficiency for the  implementation of 

systematic routine drug combination screens (113).  

In silico methods have been also helpful to identify potential interactions. The overlap 

method utilizes large-scale chemical-genetics data to predict additional interactions between 

small-molecule pairs from known synergistic combinations. This methodology successfully 

identified synergistic pairwise combinations with antifungal and antibacterial activity (114). 

Innovative experimental approaches to accelerate D&D process were also explored. In 

2011, Ramón-García et al. (108) described the HTSS method, a qualitative novel methodology to 

identify synergistic compounds that enhanced the activity of spectinomycin against 

Mycobacterium smegmatis. HTSS consisted of the transference of Secondary Compounds (SCs) 

contained in chemical libraries onto agar plates in presence and absence of sub-inhibitory 

concentrations of a compound of interest, named Primary Compound (PC; e.g. spectinomycin). 

These SCs were transferred by a pinning robot to assure robustness and reproducibility. After 

incubation with M. smegmatis, compounds whose zones of inhibition were larger in the 

presence of spectinomycin than in plates without spectinomycin were selected as potential 

candidate hits to act synergistically (Figure 1.1). 
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Figure 1.1. High-throughput Synergy Screening against M. smegmatis. Adapted from (108).  

 

As result, several synergistic hits identified in the HTSS were also validated against M. 

tuberculosis. The implementation of this method increased the efficiency on the search of 

synergistic interactions, due to up to 96 compounds could be tested per plate, providing a clear, 

reproducible, and reliable signal for synergistic hits (108).  

The Chapter 1 describes the identification and characterization of novel drug 

combinations against K. pneumoniae. For that, the HTSS methodology (108) was adapted to 

perform efficient in vitro synergy screens using the reference strain K. pneumoniae ATCC 13883. 

Tigecycline, colistin and fosfomycin (last-line antibiotics against MDR K. pneumoniae) were 

selected as PCs combined with an FDA-library containing 1,430 clinically approved drugs (SCs, 

see Materials & Methods section). Unlike the original methodology, no automation was 

available during the process (compound transfer was performed using a manual replicator). For 

this reason, the term semi-high throughput synergy screen (sHTSS) is more appropriate to refer 

to the smaller scale technical performance in this Thesis. After determining antimicrobial 

susceptibility, selected hits were further validated by CBA and TKA assays. According to these 

latter assays, synergistic and killing effects were evaluated at different time points (8, 24 and 48 

hours) to obtain a priority list of combinations with potential for clinical translation.   
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RESULTS 

Primary Compounds susceptibility testing   

Prior to perform sHTSS, MIC values of each PC were obtained on solid medium. For K. 

pneumoniae ATCC 13883, MICs of tigecycline, colistin and fosfomycin were 0.5, 1 and 128 mg/L 

respectively.  

Optimization process of experimental conditions  

A preliminary optimization was developed to adapt the original technique (108) to K. 

pneumoniae. For this purpose, extensive modifications of the experimental conditions were 

performed until optimal image processing readout was obtained (Table 1.1). 

 

Table 1.1. Experimental modifications and results derived from the HTSS optimization process. TGC, 

tigecycline; CST, colistin; FOF, fosfomycin. 

 

The optimization process revealed the most optimal parameters to be used in the 

synergy screen.  

1. Inoculum size. Although higher sizes were tested (106 and 107 cell/ml), an inoculum size 

of 105 cell/ml showed a homogeneous bacterial lawn on the agar plates.  

Method optimization Experimental modifications Result 
Optimal 

condition 

Inoculum size 105 to 107 cell/ml Uniform growth YES 

Metabolic state 
Stationary growth Heterogeneous growth NO 

Exponential growth Homogeneous growth YES 

Inoculation method 
Swab Edges not defined NO 

Top agar Clear edges YES 

SC stock 
concentrations 

0.1-1 mM Defined inhibition zones YES 

10 mM 
High-density inhibition zones, 
deconvolution needed 

NO 

Volume SC stock 
concentrations 

50 µl 
Optimal volume with both pin 
diameter 

YES 

100 µl 
Inhibition zones wider when using 
a wider replicator pin diameter 

YES 

Sub-inhibitory PC 
concentrations 

TGC 
- 

1/2xMIC 
1/4xMIC 

CST FOF 
  

≥1/64xMIC 1/2xMIC Bacterial growth partially 
inhibited 

NO 

1/128xMIC 1/4xMIC Bacterial growth not affected by 
inhibition effect 

YES 

1/256xMIC 1/8xMIC 

Replicator pin 
diameter 

3 mm Uncertain inhibition zones NO 

1.6 mm Inhibition zones readout precise, 
clear edges 

YES 
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2. Bacterial metabolic state (stationary versus exponential growth). Optimal growth was 

obtained from overnight cultures (exponential phase), which assured reproducibility 

during the process and technical standardization. Stationary growth from older cultures 

showed heterogenous growth.  

3. Inoculation method. Two different techniques were compared; the traditional swab 

inoculation (a swab dipped in a bacterial suspension and then extended through the 

agar plates), as this is the usual method to perform drug susceptibility testing in agar 

media (106), and the top agar inoculation (inoculum added to the top agar and spread 

onto the bottom agar, described in the HTSS method (108)). As Figure 1.2. shows, the 

swab inoculation showed insufficient and heterogeneous growth leading to a bad 

definition of inhibition zones, while the top agar inoculation showed a homogeneous 

lawn of bacterial growth that allowed to visualize clear edges and the uniform 

measurement of the inhibition zones. 

Figure 1.2. Comparative study of the growth of K. pneumoniae ATCC 13883 in two different 

methods of bacterial inoculation. a) Swab inoculation; b) Top agar inoculation.  

 

4. PCs subinhibitory concentrations. To select the appropriate MICsub of each PC, the 

degree of bacterial inhibition was evaluated by adding the inoculum to Petri dishes 

containing two-fold serial dilutions of subinhibitory concentrations in MHA (i.e., 1/2, ¼ 

and 1/8x MIC). After incubation, bacterial growth was analyzed to adjust the optimal 

MICsub that allow the growth of a bacterial lawn in the agar plates, necessary to measure 

the inhibition zones in the synergy screening. Tigecycline was the only antibiotic that did 

not show partial inhibition at subinhibitory concentrations. Fosfomycin showed partial 

inhibition at ½ x MIC, thus, optimal MICsub were determined at ¼ and 1/8 x MIC. A striking 

inhibitory effect was observed with colistin at subinhibitory concentrations, as shows 

a) b) 
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Figure 1.3. For this drug, MICsub that allow to observe a lawn of K. pneumoniae were 

achieved below 1/64xMIC (0.003-0.007 mg/L). 

 

 

 

 

 

Figure 1.3. Growth of K. pneumoniae ATCC 13883 in presence of different subinhibitory 

concentrations of colistin (mg/L) (CST, MIC=1 mg/L). Until 1/32x MIC (0.03 mg/L), colistin is still 

potent enough to inhibit the bacterial growth. Optimal growth was achieved at lower 

subinhibitory concentrations (< 1/64x MIC). 

 

5. SCs stock concentrations and volume. These parameters were dependent on the activity 

of each SC. Those drugs highly active by themselves showed large inhibition zones, thus, 

it was necessary to decrease their concentrations (0.1 – 1 mM) to observe measurable 

readouts. The distribution of the active SCs onto the 96-well plates was also an 

important factor to consider, due to active SCs consecutively placed leaded to high-

density zones with overlapping inhibition zones. To solve this, deconvolution was 

necessary to distinguish each interaction (Figure 1.4). Volume from the 96-well stock 

plates was more determinant when using a replicator with a wider diameter of pin (3 

mm), due also to high inhibition zones that did not allow to identify the active SC. 

 

Figure 1.4. Distribution of hits showing inhibition zones. Left image shows an agar plate with 

high-density inhibition zones that do not allow independent measures. This plate required to 

decrease the stock concentration of the compounds or deconvolution to distinguish better the 

activity of each compound, as it is shown in the right image. 

 

6.  Replicator pin diameter. After comparing both replicators (1.6 mm versus 3 mm pin 

diameter), optimal results were obtained using the 1.6 mm replicator, showing clear 

0.25 0.12 0.06 0.03  
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edges and a precise readout of the inhibition zones. By contrary, 3 mm replicator 

showed uncertain inhibition zones due to the own pin diameter, leading to confuse 

measures (Figure 1.5).  

 

Synergy screens of the FDA library in combination with last-line antibiotics against K. 

pneumoniae ATCC 13883. 

Once optimal conditions were defined, FDA synergy screen was performed as described 

in Materials & Methods. Figure 1.6. illustrates the sHTSS assay for the interpretation of synergy, 

based on the diameter of inhibition zones.   

As result, 109 FDA compounds were globally identified as enhancers of the three PCs, 

with hit discovery rates of 2.59% (n=37), 2.17% (n=31), and 2.87% (n=41) for tigecycline, colistin 

and fosfomycin, respectively. According to the interaction ranking criteria (see Materials & 

Methods), 19, 9 and 18 interactions were classified as synergistic, and 18, 22 and 23 as likely 

synergistic with tigecycline, colistin and fosfomycin, respectively. Additionally, 6, 10 and 12 

interactions were classified as likely antagonistic with tigecycline, colistin and fosfomycin, 

respectively. Table 1.2. and Appendix I show detailed information about the hits identified for 

each PC.  

Some promiscuous compounds were able to enhance the activity of more than one PC; 

thereby, among the 109 compounds that initially enhanced the activity of any of the PCs, there 

were 60 unique hits. 

 

 

a) b) 

Figure 1.5. Results after compound transference onto agar plates using two replicators 
with different pin diameter. a) Transference with 3 mm diameter showing uncertain 
inhibition zones (red arrows); b) Transference with 1.6 mm diameter. 

a) b) 
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Figure 1.6. Representative plate analysis of a semi-High-Throughput Synergy Screen (sHTSS). 

Compounds whose zones of inhibition were larger in the presence of fosfomycin than in plates without 

fosfomycin (examples A, B or C) were selected as hits for further validation of their potential synergistic 

interaction. High-density plates overlapping inhibition zones for two or more compounds (D, inhibition 

zones >15 mm) were deconvoluted at a lower compound density or lower concentration (0.1 mM) for 

clear inhibition zone readings. Ø, inhibition zone diameter value; Red arrows, inhibition zone diameter; r, 

inhibition zone radius (when diameter cannot be determined); MICFOF= 128 mg/L. 

  



Chapter 1 

82 
 

Table 1.2. FDA compounds identified in sHTSS with tigecycline (a), colistin (b) and fosfomycin (c) against 

K. pneumoniae ATCC 13883. Green indicates synergy (Y and Y/N classification). Red indicates antagonism 

(A).  

 

a) Tigecycline hits   

FDA compound Result 
Chemical 

classification 
Therapeutic 

use Target 

Abacavir sulphate Y/N 
Nucleoside 
analogue 

Antiretroviral Reverse transcriptase 

Amikacin disulphate Y/N Aminoglycoside Antibiotic 30S ribosomal 
Amikacin hydrate Y/N Aminoglycoside Antibiotic 30S ribosomal 

Atosiban Acetate Y/N Oligopeptide 
Premature 

Birth 
Oxytocin receptor 

Azithromycin Y Macrolide Antibiotic 50S ribosomal 
Azithromycin Dihydrate  Y Macrolide Antibiotic 50S ribosomal 
Aztreonam Y Monobactam Antibiotic PBP 3 
Balofloxacin Y/N Fluoroquinolone Antibiotic DNA gyrase 
Bleomycin Sulphate A Glycopeptide Antineoplastic DNA/RNA  

Calcium Levofolinate Y/N 
Tetrahydrofolic 

acid 
Detoxifying 

agent 
Serine 

hydroxymethyltransferase 
Cefdinir Y Cephalosporin Antibiotic PBP 2-3 
Cefoperazone Y Cephalosporin Antibiotic PBP 1A-B, 2 
Cefradine Y Cephalosporin Antibiotic PBP 1A 
Chlorhexidine HCl A Biguanide Antiseptic Bacterial outer membrane 

Chlortetracycline HCl Y 
Aminocyclitol 

glycoside 
Antibiotic 30S ribosomal 

Danofloxacin Mesylate Y/N Fluoroquinolone Antibiotic DNA gyrase 
Demeclocycline HCl Y Tetracycline Antibiotic 30S ribosomal 
Dihydrostreptomycin 
sulphate 

A 
Aminocyclitol 

glycoside 
Antibiotic 30S ribosomal 

Enoxacin Y Fluoroquinolone Antibiotic DNA gyrase 
Enrofloxacin Y Fluoroquinolone Antibiotic DNA gyrase 
Furazolidone A Nitrofuran Antibiotic DNA 
Gatifloxacin A Fluoroquinolone Antibiotic DNA gyrase 
Gentamicin Sulphate Y/N Aminoglycoside Antibiotic 30S ribosomal 

Ibandronate sodium Y/N Bisphosphonate Osteoporosis 
Farnesyl pyrophosphate 

synthase 
Ivermectin A Milbemycin Antiparasitic Glycine receptor 
Levofloxacin hydrate Y/N Fluoroquinolone Antibiotic DNA gyrase 
Levofloxacin  A Fluoroquinolone Antibiotic DNA gyrase 
Lomefloxacin HCl Y Fluoroquinolone Antibiotic DNA gyrase 
Marbofloxacin Y Fluoroquinolone Antibiotic DNA gyrase 
Methacycline HCl Y Tetracycline Antibiotic 30S ribosomal 
Nadifloxacin Y/N Fluoroquinolone Antibiotic DNA gyrase 
Netilmicin Sulphate Y/N Aminoglycoside Antibiotic 30S ribosomal 
Norfloxacin Y Fluoroquinolone Antibiotic DNA gyrase 
Ofloxacin Y Fluoroquinolone Antibiotic DNA gyrase 
Palbociclib (PD0332991) 
Isethionate 

Y 
Pyridinylpiperazine Antineoplastic CDK4 & CDK6 

Pefloxacin Mesylate Y Fluoroquinolone Antibiotic DNA gyrase 
Penfluridol Y/N Diphenylmethane Antipsychotic Dopamine receptors 
Polymyxin B sulphate Y/N Polymyxin  Antibiotic Lipopolysaccharide layer 
Sarafloxacin HCl Y/N Fluoroquinolone Antibiotic DNA gyrase 
Sisomicin sulphate Y/N Aminoglycoside Antibiotic 30S ribosomal 
Sitafloxacin Hydrate Y/N Fluoroquinolone Antibiotic DNA gyrase 

https://pubchem.ncbi.nlm.nih.gov/compound/polymyxin%20B
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FDA compound Result 
Chemical 

classification 
Therapeutic 

use Target 
Sparfloxacin Y Fluoroquinolone Antibiotic DNA gyrase 
Tobramycin Y Aminoglycoside Antibiotic 30S ribosomal 
Triclosan Y/N Diphenylether Antiseptic ENR enzyme 
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b) Colistin hits 

FDA compound Result Chemical classification 
Therapeutic 

use Target 

Altretamine A Dialkylarylamine Antineoplastic DNA 
Amikacin disulfate Y Aminoglycoside Antibiotic 30S ribosome 
Amikacin hydrate Y/N Aminoglycoside Antibiotic 30S ribosomal 
Azithromycin Y Macrolide Antibiotic 50S ribosomal 
Aztreonam Y Monobactam Antibiotic PBP 3 

BAF312 (Siponimod) Y/N Trifluoromethylbenzene 
Multiple 
sclerosis 

S1P receptor 

Bleomycin Sulfate A Glycopeptide Antineoplastic DNA/RNA  

Calcium Levofolinate Y/N Tetrahydrofolic acid 
Detoxifying 

agent 
Serine 

hydroxymethyltransferase 
Cefdinir Y/N Cephalosporin Antibiotic PBP 2-3 
Cefoperazone Y/N Cephalosporin Antibiotic PBP 1A-B, 2 
Cefradine Y Cephalosporin Antibiotic PBP 1A 
Ceftazidime Pentahydrate Y/N Cephalosporin Antibiotic PBP 3 
Ceftriaxone Sodium 
Trihydrate 

Y/N Cephalosporin Antibiotic PBP 2B 

Ceritinib (LDK378) Y/N Phenylpiperidine Antineoplastic Tyrosine kinase receptor 
Chlorhexidine HCl A Biguanide Antiseptic Bacterial outer membrane 
Danofloxacin Mesylate Y/N Fluoroquinolone Antibiotic DNA gyrase 
Difloxacin HCl A Fluoroquinolone Antibiotic DNA gyrase 
Dihydrostreptomycin 
sulfate 

Y/N Aminocyclitol glycoside Antibiotic 30S ribosomal 

Enrofloxacin Y Fluoroquinolone Antibiotic DNA gyrase 
Furazolidone A Nitrofuran Antibiotic DNA 
Gatifloxacin A Fluoroquinolone Antibiotic DNA gyrase 

Glimepiride A Benzenesulfonamide 
Diabetes 
mellitus 

ATP-sensitive potassium 
channels 

Ivermectin A Milbemycin Antiparasitic Glycine receptor 
Levofloxacin Y/N Fluoroquinolone Antibiotic DNA gyrase 
Levofloxacin hydrate  A Fluoroquinolone Antibiotic DNA gyrase 
Lomefloxacin HCl Y/N Fluoroquinolone Antibiotic DNA gyrase 
Marbofloxacin Y/N Fluoroquinolone Antibiotic DNA gyrase 
Mefloquine HCl Y/N Quinoline Antimalarial 80S ribosomal 
Moxifloxacin HCl Y/N Fluoroquinolone Antibiotic DNA gyrase 
Netilmicin Sulfate Y/N Aminoglycoside Antibiotic 30S ribosome 
Norfloxacin Y/N Fluoroquinolone Antibiotic DNA gyrase 
Ofloxacin Y Fluoroquinolone Antibiotic DNA gyrase 
Palbociclib (PD0332991) 
Isethionate 

Y Pyridinylpiperazine Antineoplastic CDK4 & CDK6 

Pefloxacin Mesylate Y/N Fluoroquinolone Antibiotic DNA gyrase 
Pimozide Y/N Diphenylbutylpiperidine Antipsychotic Dopamine receptors 
Polymyxin B sulphate A Polymyxin  Antibiotic Lipopolysaccharide layer 
Sarafloxacin HCl Y Fluoroquinolone Antibiotic DNA gyrase 
Sisomicin sulfate Y/N Aminoglycoside Antibiotic 30S ribosomal 
Sitafloxacin Hydrate A Fluoroquinolone Antibiotic DNA gyrase 
Sparfloxacin Y/N Fluoroquinolone Antibiotic DNA gyrase 
Tobramycin Y Aminoglycoside Antibiotic 30S ribosome 
Triclosan Y/N Diphenylether Antiseptic ENR enzyme 

 

 

  

https://pubchem.ncbi.nlm.nih.gov/compound/polymyxin%20B
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c) Fosfomycin hits 

FDA compound Result 
Chemical 

classification Therapeutic use Target 

Amikacin disulphate Y/N Aminoglycoside Antibiotic 30S ribosomal 

Amikacin hydrate A Aminoglycoside Antibiotic 30S ribosomal 

Azithromycin Y Macrolide Antibiotic 50S ribosomal 

Azithromycin Dihydrate Y Macrolide Antibiotic 50S ribosomal 

Aztreonam Y/N Monobactam Antibiotic PBP 3 
Balofloxacin Y/N Fluoroquinolone Antibiotic DNA gyrase 

Bleomycin Sulphate Y Glycopeptide Antineoplastic DNA/RNA  

Cefdinir  Y Cephalosporin Antibiotic PBP 2-3 
Cefmenoxime 
hydrochloride 

Y/N Cephalosporin Antibiotic PBP 1A 

Cefoperazone  Y Cephalosporin Antibiotic PBP 1A-B, 2 

Cefotaxime sodium Y/N Cephalosporin Antibiotic PBP 1-3 

Cefradine A Cephalosporin Antibiotic PBP 1A 

Ceftazidime Pentahydrate Y/N  Cephalosporin Antibiotic PBP 3 

Ceftiofur HCl Y/N Cephalosporin Antibiotic PBP 
Ceftriaxone Sodium 
Trihydrate 

Y/N Cephalosporin Antibiotic PBP 2B 

Chlorhexidine HCl Y Biguanide Antiseptic Bacterial outer membrane 

Colistin Sulphate  Y/N Polymyxin  Antibiotic Lipopolysaccharide layer 

Danofloxacin Mesylate Y/N Fluoroquinolone Antibiotic DNA gyrase 

Difloxacin HCl A Fluoroquinolone Antibiotic DNA gyrase 
Dihydrostreptomycin 
sulphate 

A 
Aminocyclitol 

glycoside 
Antibiotic 30S ribosomal 

Doripenem Hydrate Y/N Carbapenem Antibiotic PBP 1A, 1B, 2-3 

Doxycycline HCl Y/N Tetracycline Antibiotic 30S ribosomal 

Enoxacin  Y Fluoroquinolone Antibiotic DNA gyrase 

Enrofloxacin Y Fluoroquinolone Antibiotic DNA gyrase 

Flumequine Y Fluoroquinolone Antibiotic DNA gyrase 

Furazolidone Y Nitrofuran Antibiotic DNA 

Gentamicin Sulphate A Aminoglycoside Antibiotic 30S ribosomal 

Levofloxacin Y Fluoroquinolone Antibiotic DNA gyrase 

Levofloxacin A Fluoroquinolone Antibiotic DNA gyrase 

Lomefloxacin HCl  Y/N Fluoroquinolone Antibiotic DNA gyrase 

Marbofloxacin A Fluoroquinolone Antibiotic DNA gyrase 

Methacycline HCl A Tetracycline Antibiotic 30S ribosomal 
Minocycline HCl Y/N Tetracycline Antibiotic 30S ribosomal 

Moxalactam Disodium Y/N Oxacephem Antibiotic PBP 1A, 1B, 3 

Moxifloxacin HCl Y Fluoroquinolone Antibiotic DNA gyrase 

Nadifloxacin A Fluoroquinolone Antibiotic DNA gyrase 

Netilmicin Sulphate Y/N Aminoglycoside Antibiotic 30S ribosomal 

Ofloxacin Y/N Fluoroquinolone Antibiotic DNA gyrase 
Palbociclib (PD-0332991) 
HCl 

Y/N 
Pyridinylpiperazine Antineoplastic CDK4 & CDK6 

Pefloxacin Mesylate Y Fluoroquinolone Antibiotic DNA gyrase 

Penfluridol A Diphenylmethane Antipsychotic Dopamine receptors 
Polymyxin B sulphate Y Polymyxin  Antibiotic Lipopolysaccharide layer 

Pralidoxime chloride Y N-methylpyridinium 
Organophosphates 

antidote 
Cholinesterase 

Rifaximin  Y/N Rifaximins Antibiotic RNA polymerase 
Sarafloxacin HCl Y Fluoroquinolone Antibiotic DNA gyrase 

Sisomicin sulphate Y Aminoglycoside Antibiotic 30S ribosomal 

Sitafloxacin Hydrate A Fluoroquinolone Antibiotic DNA gyrase 

https://pubchem.ncbi.nlm.nih.gov/compound/polymyxin%20B
https://pubchem.ncbi.nlm.nih.gov/compound/polymyxin%20B
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FDA compound Result 
Chemical 

classification Therapeutic use Target 
Sparfloxacin Y Fluoroquinolone Antibiotic DNA gyrase 

Tebipenem Pivoxil Y/N Carbapenem Antibiotic Unknown 

Terbutaline Sulphate Y/N Resorcinol Antiasthmatic β-2 adrenergic receptors 

Tobramycin A Aminoglycoside Antibiotic 30S ribosomal 

Triclosan Y/N Diphenylether Antiseptic ENR enzyme 

Trimethoprim Y/N Anisol Antibiotic Dihydrofolate reductase 

Zidovudine  Y 
Nucleoside 
analogue 

Antiretroviral Reverse transcriptase 

 

Classification by their therapeutic use revealed most hits were known antibacterials 

(75%), including quinolones (n=16), β-lactams (n=12) and aminoglycosides (n=6), among others. 

Non-antibacterial compounds (n=15) included other anti-infective agents (7%), antineoplastics 

(7%) or antipsychotics (3%) among others. These figures did not differ significantly among the 

three PCs (Figure 1.7). 

 

Figure 1.7. FDA compounds with favorable interactions with tigecycline, colistin and fosfomycin 

identified by sHTSS and classified by their therapeutic use. Other anti-infective agents include anti-

parasitic, antiseptic and antiviral agents. Duplicate hits were removed from analysis. sHTSS, semi-high 

throughput synergy screening. 
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FDA compounds susceptibility assays 

Table 1.3. shows MIC and MBC values for FDA compounds presenting synergy with tigecycline, 

colistin or fosfomycin against K. pneumoniae.  

Table 1.1. Drug susceptibility of FDA compounds 

Compound MIC values (mg/L) MBC values (mg/L) 

Amikacin 1 2 
Azithromycin 2 2-4 
Aztreonam 0.125 0.25 
Balofloxacin 0.25 0.25 
Bleomycin 0.25 0.25 
Cefdinir  0.5 0.5 
Cefmenoxime 0.25 0.25-0.5 
Cefoperazone  4 4 
Ceftazidime 0.5 0.5 
Ceftiofur  1 1 
Ceftriaxone 0.125 0.125 
Cephradine 32 32 
Colistin 1-2 1-2 
Danofloxacin  0.06 0.12 
Difloxacin 0.12-0.25 0.25-0.5 
Doripenem  0.03 0.06 
Doxycycline 4 >8 
Enrofloxacin 0.015-0.03 0.03-0.06 
Flumequine 1-2 1-2 
Fosfomycin ≥128 ≥128 
Furazolidone 1 1 
Ibandronate >32 >32 
Ivermectin >64 >64 
Levofloxacin 0.03 0.03 
Lomefloxacin  0.12-0.25 0.12 
Marbofloxacin 0.015-0.03 0.015-0.06 
Methacycline 1 32 
Moxalactam 0.5 0.5 
Moxifloxacin 0.25-0.5 0.25-0.5 
Nadifloxacin  1 1 
Netilmicin 1 1 
Norfloxacin 2 2 
Ofloxacin 0.125 0.125 
Pefloxacin  0.125 0.125 
Penfluridol >32 >32 
Pralidoxime  >32 >32 
Rifaximin 16 32 
Sisomicin 0.125 0.25 
Sparfloxacin 0.03 0.03 
Streptomycin 2 2 
Terbutaline  >32 >32 
Tigecycline 0.5 1? 
Tobramicin 0.125 0.125 
Triclosan 0.25-0.5 0.25 
Trimetoprim 1 8-16 
Zidovudine  0.06 0.5-0.12 
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Checkerboard assay displayed low validation rates. 

Fifty-three sHTSS interactions classified as synergy (n=50) or antagonism (n=3) for any 

PC were evaluated by CBA. FICI and FBCI indexes were calculated based on their MIC and MBC 

values respectively (Table 1.3); and interactions were validated in 8 out of the 53 (15.09%) 

combinations (see Appendix I). Colistin synergistic interactions were validated in 7 out of 12 

combinations tested (58.33%) by both FICI and FBCI values. This percentage included the 

combination with bleomycin, classified as likely antagonism by sHTSS but showing synergy by 

CBA (FICI & FBCI = 0.16). Finally, synergy with fosfomycin was only validated in combination with 

lomefloxacin (1 out of 25, rate of 4%), with a FICI = 0.375 and FBCI = 0.365. No antagonism was 

confirmed by CBA. 

 

Time-kill studies revealed novel promising combinations. 

Forty-one combinations (35 classified as Y or Y/N and 6 as A) were studied by TKA to 

assess their pharmacological and clinical translation potential (Figure 1.8. and Appendix II). 

Overall, TKA showed a synergy validation rate of 65.85% (27 out of 41 combinations) at any of 

the predefined time points. Specific confirmation rates for each PC were 72.72% (8/11) for 

colistin, 70.58% (12/17) for fosfomycin, and 53.84% (7/13) for tigecycline. 
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Figure 1.8. TKA drug interaction heat map. Forty-one sHTSS hits were prioritized for TKA based on a 

pharmacological and clinical translation potential assessment.  

 

Six novel synergistic interactions with non-antibiotic drugs were confirmed in these 

studies (Figure 1.9). Strong bactericidal and synergistic interactions were observed between the 

antiviral zidovudine and fosfomycin, also in combinations of bleomycin (antineoplastic) with 

colistin and fosfomycin (Figures 1.8. and 1.9). Tigecycline combined with bisphosphonate 

ibandronate and the antipsychotic penfluridol showed a bacteriostatic profile and synergy at 48 

hours with reductions of 4.04 log10 CFU/mL and 2 log10 CFU/mL, respectively. Both combinations 

prevented the bacterial regrowth observed with tigecycline alone (Figure 1.9). The antiparasitic 

ivermectin enhanced the activity of colistin at early time points (killing to the limit of detection 

at 5 hours) and showed synergistic effect at the 8-hour time point, although followed by 

bacterial rebound (Figures 1.8. and 1.9). Finally, pralidoxime (a poisoning antidote) showed 

synergy at 24 hours but no killing activity in combination with fosfomycin (Appendix II).  
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Figure 1.9. TKA of the novel combinations of non-antibiotic drugs with the PCs against K. pneumoniae 

ATCC 13883. (a-b) Bleomycin in combination with colistin or fosfomycin at subinhibitory concentration 

enhanced the bactericidal activity of both PCs (c) Ivermectin showed synergy up to 8 hours of incubation 

with colistin, after this time point a rebound was observed, similarly as both compounds alone (d) 

Zidovudine showed a strong interaction profile with fosfomycin at subinhibitory concentration (0.25x 

MIC) (e-f) Tigecycline combined with ibandronate or penfluridol showed static activity and synergy at 48 

hours. BLE, bleomycin; CST, colistin; FOF, fosfomycin; IBN, ibandronate; IVM, ivermectin; PFD, penfluridol; 

TGC, tigecycline; ZDV, zidovudine.; MICBLE = 0.25 mg/L; MICCST = 1 mg/L; MICFOF ≥128 mg/L; MICIVM >64 

mg/L (assumed in 64 mg/L); MICZDV = 0.06 mg/L; MICTGC = 0.5 mg/L; MICIBN & MICPFD >32 mg/L (both 

assumed in 32 mg/L).  
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Effective combinations were also identified with other antimicrobials. Azithromycin 

displayed potent synergistic and bactericidal activities with all three PCs, showing the strongest 

effect in combination with colistin from the early 8-hour time point (Figure 1.8). A highly 

effective curve was also obtained with the colistin and levofloxacin combination. Moreover, we 

identified a remarkable potentiation of colistin by furazolidone and the antiseptic triclosan, 

which was not observed in the case of tigecycline or fosfomycin. Fosfomycin combinations with 

cefdinir, ceftriaxone, doripenem, lomefloxacin and moxalactam showed potent synergistic 

interactions at the 24- and 48-hour time points, the latter interaction reaching the limit of 

detection. Tigecycline showed bactericidal activity after 48 hours with aztreonam and 

tobramycin. Synergy with other antibiotics was also validated including cephradine, with a 2.35 

log10 CFU/mL reduction at 48 hours; or levofloxacin, with synergy after 24 hours although 

regrowth was observed after 48 hours. An example of the type of information provided by the 

different validation assays (supporting the use of TKA over CBA) is shown in Figure 1.10. for the 

tigecycline/aztreonam combination. 
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Figure 1.10. Secondary validation CBA and TKA of tigecycline in combination with aztreonam against K. 

pneumoniae ATCC 13883. (a) FICI and FBCI were calculated from the most optimal combinatorial 

concentration (lowest value in the combination, red squares). Based on these assays, the combination 

was classified as “no interaction” (FICI/FBCI values between 0.5-4). (b) TKA provided longitudinal 

information showing a reduction of 1.01 log10 in CFU/mL of the combination with respect to tigecycline 

alone at 24 hours; thus, at this time point, the interaction was not classified as synergistic (<2 log10 

reduction in CFU/mL with respect to the most active drug). However, after 48 hours the combination 

could be classified as synergistic with a reduction of 6.65 log10 CFU/mL with respect to tigecycline alone, 

and prevention of bacterial re-growth (proxy for sterilizing activity). MICATM = 0.125-0.25 mg/L; MICTGC = 

0.8 mg/L; MBCATM = 0.25 mg/L; MBCTGC = 1.6 mg/L. CBA, checkerboard assay; TKA, time-kill assay; TGC, 

tigecycline; ATM, aztreonam. 
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DISCUSSION 

Traditional in vitro drug screening methodologies are tedious and time-consuming, and 

identification of novel combination therapies based on repurposed drugs could be a promising 

short/medium-term approach to fight against AMR. The HTSS methodology was initially 

developed to be used against mycobacteria and successfully identified novel combinations 

enhancing the activity of known antimicrobials (108,115). Here, the same methodology was 

adapted through a straightforward standardization process to find active combinations against 

K. pneumoniae. sHTSS demonstrated swiftly implementation for screening campaigns and 

allowed rapid, clear and simply drug interaction readouts derived from inhibition zones in agar 

media. 

These screenings in K. pneumoniae yield hit rates ranging from 2.17 to 2.87%, higher 

than that observed in M. smegmatis (1.4%) (108), but similar to other studies against Gram-

negative bacilli with comparable hit rates (1.87%, tigecycline / 5.54%, colistin) (116). A large 

proportion of hits identified in this study were known antimicrobial drugs (82%), including 

antibiotics (75%) and other anti-infective agents (7%) (Figure 1.7.). The overrepresentation of 

antimicrobials in synergy screening programs enhancing the activity of other antimicrobials is 

similarly described in other studies with K. pneumoniae (116,117) and M. smegmatis (108). Hind 

et al. observed this finding specially associated with K. pneumoniae, while they identified more 

heterogeneous targets with other Gram-negative bacteria (116). 

Secondary validation assays performed by CBA and TKA provided discordant 

information; CBA yielded low sHTSS confirmation rates (15.09%), especially in the case of 

tigecycline and fosfomycin, while these increased to 65.85% when tested by TKA. Both 

techniques are widely used to determine synergy; however, they are based on different 

fundamental principles and parameters. Traditional CBA assays are based on growth inhibition 

parameters (MIC) at a fixed time point (usually overnight), while TKA reports bactericidal activity 

(Log10 CFU/mL) at several time points (up to 48 hours in our assays).  

While performing CBA, MBC was also measured (a fixed time point bactericidal 

parameter) to determine the FBCI, in addition to the FICI. This index has been largely disregarded 

in synergy studies, but some authors suggested FBCI might be a better predictor of drug 

interaction than FICI (118–120) and, in our view, it is a more stringent criteria to prioritize 

synergistic combinations. As an example, Figure 1.10. shows validation results of the 

tigecycline/aztreonam combination. We found a clear “indifferent” profile by CBA (FICI=1), while 

a tendency towards synergism was observed by FBCI, which some authors interpreted as 
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additivity (0.5 < FBCI ≤ 1), although this terminology should be avoided (90). The use of a fixed 

time point bactericidal parameter could predict TKA data; the combination showed no synergy 

at 24 hours (although with a tendency to reduce the bacterial count compared to tigecycline 

alone) but prevented growth rebound at 48 hours, suggesting a synergistic interaction. 

Nevertheless, the use of the FBCI might come with some limitations for compounds with high 

MIC values (≥128 mg/L) such as fosfomycin, for which we could not calculate the FBCI because 

the MBC exceeded the maximum tested concentration.  

The fixed time point limitation of the MBC assays is addressed in TKA by the inclusion of 

longitudinal pharmacodynamic data, which allows TKA as a most suitable methodology to 

robustly characterize drug interaction dynamics, a paradigm shift in antimicrobial development 

methodologies (91). TKA were extended up to 48 hours of incubation with the aim to prioritize 

the most effective combinations that maintained bactericidal activities up to the end of the 

assay. Moreover, the 48-hour time point allow us to identify combinations that could potentially 

lead to therapeutic failure when used in the clinical practice, i.e., combinations considered 

initially effective but that rebounded after the 24-hour time point (Appendix III). This could be 

a better proxy of sterilization and, thus, potency of the combination. 

Out of the three PCs used in this study, the highest number of validated combinations 

was obtained for colistin and fosfomycin, antibiotics targeting the outer membrane and cell wall, 

respectively. Both antibiotics have been associated with enhance killing when in combination 

with intracellular targeting compounds, explained by an increase in permeability (116,121,122). 

In agreement with our study, clinically relevant synergistic interactions with our three PCs have 

been reported within a combinatorial therapy for the treatment of MDR enterobacteria (36,37). 

Moreover, synergy was demonstrated between tigecycline and aminoglycosides (123–125), 

colistin and levofloxacin  (93,126), fosfomycin and cephalosporins  (122) or doripenem  

(127,128) against K. pneumoniae. Principe et al. also reported synergy between tigecycline and 

levofloxacin against Acinetobacter baumanii strains  (129). A recent review on in vitro fosfomycin 

combinations supports our findings in which we did not observe synergy between fosfomycin 

and amikacin or trimethoprim (48). Using CBA, Ontong et al. reported synergy between 

colistin/amikacin and colistin/tobramycin for 72.72% and 45.45% of MDR K. pneumoniae strains, 

respectively (126). We also observed synergy by CBA for the latter combination, but such 

interactions were not maintained by TKA (Appendix I and appendix II). This highlights again TKA 

as a much better proxy than CBA to identify synergistic combinations.  

Novel combinations including non-antibiotics were identified: 
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1. Tigecycline plus ibandronate or penfluridol. Ibandronate and other bisphosphonate 

derivatives are anti-parasitic drugs inhibiting the synthesis of essential isoprenoids  

(130,131). The antipsychotic penfluridol displayed partial synergistic activity with 

aminoglycosides and β-lactams against Enterococcus faecalis (132). To the best of my 

knowledge, here it is reported for the first time the antibacterial activity of both drugs with 

tigecycline against enterobacteria 

2. Ivermectin with tigecycline or colistin. Ivermectin is an anthelmintic with both veterinary and 

clinical applications, widely explored for different repurpose anti-parasitic and antiviral uses 

(133–135). Its antimicrobial activity was demonstrated against Mycobacterium species 

(136–138). sHTSS classified ivermectin as likely antagonism with tigecycline and colistin. 

Follow up TKA validation studies demonstrated no interaction with tigecycline and a slight 

synergistic effect at the 8-hour time point in combination with colistin but followed by a 

bacterial rebound, highlighting the need to perform secondary CFU-based validation assays 

(Figures 1.8. and 1.9.). 

3. Zidovudine plus fosfomycin. Zidovudine was the first antiretroviral used for HIV treatment. 

Since 1980s, its antibacterial activity against enterobacteria is attributed to its targeting of 

bacterial thymidine kinases  (139). Several in vitro and/or in vivo studies demonstrated 

effective antibacterial activities of zidovudine in combination with antibiotics such as 

fluoroquinolones, trimethoprim, aminoglycosides, tigecycline and polymyxins  (139–144). 

Similar to a recent report (145), a strong synergistic interaction with fosfomycin was also 

identified. 

4. Bleomycin plus colistin or fosfomycin. The cytotoxicity of bleomycin poses a barrier to an 

antibacterial repurposing approach; nevertheless, our results could set up the basis for the 

development of analogues or dosage-based studies to minimize toxicity. 

5. Azithromycin. This compound showed synergistic interaction in combination with all three 

PCs. This was in agreement with several studies reporting the bactericidal and antibiofilm 

action of azithromycin combined with tigecycline (146), and colistin (147,148) against 

different Gram-negative bacilli. The interaction with fosfomycin is novel. Another macrolide, 

erythromycin, displayed synergy for 50% of the K. pneumoniae strains tested (149). The 

promiscuity of azithromycin interactions suggests its inclusion as primary compound in 

future synergy screening campaigns, which might ease the identification of new synergistic 

partners to improve its therapeutic use. 
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CONCLUSIONS AND FUTURE PERSPECTIVES 

In this Chapter 1, novel synergistic combinations have been identified against K. 

pneumoniae adapting the HTSS methodology and using novel validation endpoints in TKA. 

Synergy screens based on HTSS might also adapt to any priority pathogen for which new 

antimicrobials are urgently needed to accelerate the search for synergistic partners. 

The efficacy of the interactions identified here was also evaluated against a K. 

pneumoniae reference strain with high susceptibility to most antibiotics, which might 

overestimate the real rate of effective combinations against clinical and MDR strains. It is 

expected that this scenario could be unlikely, and this technology should be helpful as well for 

readily identifying synergistic combinations active against MDR strains. Moreover, both CBA or 

TKA are methodologies in which drugs are added only once at the start of the experiment at 

fixed concentrations; although this is a technical simplification of the dynamic fluctuation of 

drugs in the clinical practice, other in vitro methodologies such as the hollow fibre system 

computing the pharmacokinetic properties of the compounds in combination and linking it to 

pharmacodynamics parameters of activity might provide essential information to refine drug 

doses and hence aid the design of future clinical trials. 

Finally, clinical implementation of synergistic novel combinations might improve 

medical decision-making; the combined effect could reduce the exposure to potentially toxic 

drugs, resulting in lower incidence of treatment-related side-effects and complications, but 

enhancing their effectiveness. 

 



 Chapter 1 

97 
 

APPENDIX I. Summary supplementary table of FDA hits identified in sHTSS with tigecycline, colistin and fosfomycin and validation data against K. 

pneumoniae ATCC 13883. 

TIGECYCLINE HITS sHTSS      

  
 Δ zones of inhibition 

(mm) b 
  CBAe TKAf 

PubChem #a FDA compound Øc 
TGC ¼ x 

MIC 
TGC ½ x 

MIC  
Interactiond FICI FBCI 8h 24h 48h 

CID 441384 Abacavir sulphate 0 0 1.6 Y/N - - - - - 

CID 38351 Amikacin disulphate 0 0 3 Y/N 0.5 0.75 - - - 

CID 16218899 Amikacin hydrate 0 0 2.65 Y/N 0.5 0.75 - - - 

CID 87665603 Atosiban Acetate 0 0 1.65 Y/N - - - - - 

CID 447043 Azithromycin 0 2.5 6 Y 0.5-4 0.5-4   * * 

CID 3033819 
Azithromycin 
Dihydrate  

4.7 1.45 1.75 Y 0.5-4 0.5-4   * * 

CID 5742832 Aztreonam 11 3 4 Y 1 0.75     * 

CID 65958 Balofloxacin 3.5 1 0 Y/N - - - - - 

CID 72466   Bleomycin Sulphate 9.5 -1.5 -2.5 A - - - - - 
CID 
135500522 

Calcium Levofolinate 0 0 2.75 Y/N - - - - - 

CID  6915944 Cefdinir 0 3.5 9.5 Y 0.5-4 0.5-4 - - - 

CID 44187 Cefoperazone 0 2.5 6.5 Y - - - - - 

CID  38103 Cefradine 0 7.95 9.2 Y 0.5-4 0.5-4       

CID 54682468 Chlortetracycline HCl 4.55 1.5 8.15 Y - - - - - 

CID 71334 Danofloxacin Mesylate 7.95 0.3 -0.55 Y/N - - - - - 

CID 54680690 Demeclocycline HCl 3 3.5 6.5 Y - - - - - 

CID 21653   
Dihydrostreptomycin 
sulphate 

6.6 -6.6 -0.8 A 1 0.5-4       

CID 3229 Enoxacin 0 5.5 5.5 Y - - - - - 

CID 71188 Enrofloxacin 1.5 7.5 5 Y 0.5-4 0.5-4       

CID 5323714   Furazolidone 2 -2 -2 A 1 0.75       

CID 5379 Gatifloxacin 8.5 -8.5 -0.5 A - - - - - 

CID 56842139 Gentamicin Sulphate 8.75 0.4 1.65 Y/N - - - - - 
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TIGECYCLINE HITS sHTSS      

  
 Δ zones of inhibition 

(mm) b 
  CBAe TKAf 

PubChem #a FDA compound Øc 
TGC ¼ x 

MIC 
TGC ½ x 

MIC  
Interactiond FICI FBCI 8h 24h 48h 

CID 23670359 Ibandronate sodium 0 0 3.2 Y/N 0.5-4 0.5-4       

CID 6321424 Ivermectin 2.5 -2.5 -2.5 A - -       

CID 149096 Levofloxacin hydrate 6.05 0.25 1 Y/N 0.5-4 0.5-4       

CID 149096 Levofloxacin  6 -1.5 -0.5 A 0.5-4 0.5-4       

CID 68624 Lomefloxacin HCl 7.2 1.4 2.6 Y - - - - - 

CID 60651 Marbofloxacin 2.5 2.5 5 Y - - - - - 

CID 54685047 Methacycline HCl 0 3.4 8.4 Y 0.5-4 0.5-4       

CID 4410 Nadifloxacin 0 3 0 Y/N - - - - - 

CID 62115 Netilmicin Sulphate 11.45 -1.775 2.45 Y/N - - - - - 

CID 4539 Norfloxacin 7 3 1.5 Y - - - - - 

CID 4583 Ofloxacin 2.5 5.5 4 Y 0.5-4 0.5-4 - - - 

CID 11478676 
Palbociclib 
(PD0332991) 
Isethionate 

0 4.85 3.45 Y - - - - - 

CID 119525 Pefloxacin Mesylate 10.5 0.5 3.5 Y - - - - - 

CID 33630 Penfluridol 4 0 1.5 Y/N 0.5-4 0.5-4       

CID 5702105 Polymyxin B sulphate 13.55 -1.1 0.3 Y/N - - - - - 

CID 56207 Sarafloxacin HCl 3 -0.5 3 Y/N - - - - - 

CID 439243 Sisomicin sulphate 10.75 0.45 3.2 Y/N 0.5-4 0.5-4 - - - 

CID 6918203 Sitafloxacin Hydrate 16 1 -2.5 Y/N - - - - - 

CID 60464 Sparfloxacin 14 3 4.5 Y - - - - - 

CID 36294 Tobramycin 4.4 1.15 1.7 Y 0,75 0,625     * 

CID 5564 Triclosan 9.5 0.15 -0.3 Y/N 0.5-4 0.5-4       
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COLISTIN HITS sHTSS      
   Δ zones of inhibition (mm) b   CBAe TKAf 

PubChem #a FDA compound Øc CST 1/256xMIC CST 1/128xMIC Interactiond FICI FBCI 8h 24h 48h 

CID 2123 Altretamine 1.5 -1.5 -1.5 A - - - - - 

CID 38351 Amikacin disulphate 0 3.5 1.9 Y 0.32 0.19       

CID 16218899 Amikacin hydrate 0 1.85 0 Y/N 0.32 0.19       

CID 447043 Azithromycin 0 4.5 6.5 Y 0.14 0.14 * * * 

CID  5742832 Aztreonam 11 2 3 Y 0.38 0.38       

CID 44599207 BAF312 (Siponimod) 0 0 4.5 Y/N - - - - - 

CID 72466   Bleomycin Sulphate 9.5 -1 -6 A 0.16 0.16   * * 

CID 135500522 Calcium Levofolinate 0 1.5 0 Y/N - - - - - 

CID  6915944 Cefdinir 0 5.5 0 Y/N 1 0.63 - - - 

CID 44187 Cefoperazone 0 6.5 0 Y/N - - - - - 

CID 38103 Cefradine 0 2.85 6.4 Y 1 1 - - - 

CID 6536864 Ceftazidime Pentahydrate 0 3.75 0 Y/N - - - - - 

CID 137706342 Ceftriaxone Sodium Trihydrate 0 4.5 0 Y/N 0.32 0.32       

CID 57379345 Ceritinib (LDK378) 0 0 3.5 Y/N - - - - - 

CID 71334 Danofloxacin Mesylate 7.95 2.05 -7.95 Y/N - - - - - 

CID 56205 Difloxacin HCl 14 -2.5 -1 A - - - - - 

CID 21653   Dihydrostreptomycin sulphate 6.6 1.25 0.35 Y/N - - - - - 

CID 71188 Enrofloxacin 1.5 3.5 4 Y 0.63 0.63       

CID 5323714   Furazolidone 5 -1 -0.5 A - - * * * 

CID 5379 Gatifloxacin 8.5 -7.5 -8.5 A - - - - - 

CID 3476 Glimepiride 1.5 -1.5 -1.5 A - - - - - 

CID 6321424 Ivermectin 2.5 -2.5 -2.5 A - -       

CID 149096 Levofloxacin 6 1 -2.5 Y/N - - * * * 

CID 149096 Levofloxacin hydrate  8 -2.5 -4.5 A - - * * * 

CID 68624 Lomefloxacin HCl 7.2 0.65 -7.2 Y/N - - - - - 

CID 60651 Marbofloxacin 2.5 0.5 -0.5 Y/N - - - - - 

CID 65329 Mefloquine HCl 0 1.5 0 Y/N - - - - - 
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COLISTIN HITS sHTSS      
   Δ zones of inhibition (mm) b   CBAe TKAf 

PubChem #a FDA compound Øc CST 1/256xMIC CST 1/128xMIC Interactiond FICI FBCI 8h 24h 48h 

CID 101526 Moxifloxacin HCl 3.5 2 -1 Y/N - - - - - 

CID 62115 Netilmicin Sulphate 11.45 -0.1 0.35 Y/N - - - - - 

CID 4539 Norfloxacin 7 0 0.5 Y/N - - - - - 

CID  4583 Ofloxacin 2.5 3.5 4 Y 0.63 0.63 - - - 

CID 11478676 Palbociclib (PD0332991) Isethionate 0 4.95 6.2 Y - - - - - 

CID 119525 Pefloxacin Mesylate 10.5 -2 0.5 Y/N - - - - - 

CID 16362 Pimozide 0 2 0 Y/N - - - - - 

CID 5702105 Polymyxin B sulphate 13.55 -1.35 -0.65 A - - - - - 

CID 56207 Sarafloxacin HCl 3 5 0.5 Y - - - - - 

CID 439243 Sisomicin sulphate 10.75 0.15 2.05 Y/N 0.5 0.38 - - - 

CID 6918203 Sitafloxacin Hydrate 16 -2.5 -0.5 A - - - - - 

CID 60464 Sparfloxacin 14 -2 4 Y/N - - - - - 

CID 36294 Tobramycin 4.4 1.25 1.05 Y 0.32 0.38       

CID 5564 Triclosan 9 0 2 Y/N 0.56 0.56   * * 
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FOSFOMYCIN HITS sHTSS      

 
 Δ zones of inhibition (mm) b   CBAe TKAf 

PubChem #a FDA compound Øc FOF 1/8 x MIC FOF ¼ x MIC Interactiond FICI FBCI 8 h 24 h 48 h 

CID 38351 Amikacin disulphate 4 0 6 Y/N 0.5-4 NA       

CID 16218899 Amikacin hydrate 2.5 -1 -0.5 A 0.5-4 NA       

CID 447043 Azithromycin 0.5 1 6.5 Y 0.75 NA   * * 

CID 3033819 Azithromycin Dihydrate 0 2.5 2 Y 0.75 NA   * * 

CID 5742832 Aztreonam 5 -1.5 14.5 Y/N - - - - - 

CID 65958 Balofloxacin 0 0 6 Y/N - - - - - 

CID 72466   Bleomycin Sulphate 9 3 15 Y 0.56 0.56   * * 

CID  6915944 Cefdinir  7 3 13 Y 0.75 NA       

CID 11954009   Cefmenoxime hydrochloride 0 0 9 Y/N - - - - - 

CID 44187 Cefoperazone  2.5 0.5 3 Y 0.75 NA - - - 

CID 10695961 Cefotaxime sodium 0 0 11 Y/N - - - - - 

CID  38103 Cefradine 3 -3 -3 A - - - - - 

CID 6536864 Ceftazidime Pentahydrate 0 0 8.5 Y/N 0.625 0.625 - - - 

CID 9937686   Ceftiofur HCl 3 0 15 Y/N - - - - - 

CID 137706342 Ceftriaxone Sodium Trihydrate 0 0 4 Y/N 1 NA     * 

CID 1117 Colistin Sulphate  11 -1 1 Y/N - - - - - 

CID 71334 Danofloxacin Mesylate 5.5 0 3.5 Y/N - - - - - 

CID 56205 Difloxacin HCl 10 -1 -3 A - - - - - 

CID 21653   Dihydrostreptomycin sulphate 5.5 -1 -0.5 A - - - - - 

CID 636377 Doripenem Hydrate 0 0 5.5 Y/N 1 NA     * 

CID 54685920   Doxycycline HCl 2 0 3.5 Y/N 0.5-4 NA       

CID 3229 Enoxacin  2 2 1 Y - - - - - 

CID 71188 Enrofloxacin 8 1.5 2.5 Y 0.5-4 NA       

CID 3374 Flumequine 2.5 2.5 5.5 Y 0.5-4 NA - - - 

CID 5323714   Furazolidone 0 1 1.5 Y 0.5-4 NA       

CID 56842139 Gentamicin Sulphate 2.5 -0.5 -2.5 A - - - - - 

CID 149096 Levofloxacin 5 1 3.5 Y 0.5-4 NA - - - 

CID 149096 Levofloxacin 6.5 -2 -2.5 A 0.5-4 NA - - - 

CID 68624 Lomefloxacin HCl  0 0 3 Y/N 0.38 0.37     * 

CID 60651 Marbofloxacin 7.5 -2.5 -1.5 A - - - - - 
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FOSFOMYCIN HITS sHTSS      

 
 Δ zones of inhibition (mm) b   CBAe TKAf 

PubChem #a FDA compound Øc FOF 1/8 x MIC FOF ¼ x MIC Interactiond FICI FBCI 8 h 24 h 48 h 

CID 54685047 Methacycline HCl 4 -3 -4 A - - - - - 

CID 54685925 Minocycline HCl 3.5 -3.5 2.5 Y/N - - - - - 

CID 441242   Moxalactam Disodium 0 0 7 Y/N 1 NA   * * 

CID 101526 Moxifloxacin HCl 5 1.5 2.5 Y - - - - - 

CID 4410 Nadifloxacin 6 -3 -2.5 A - - - - - 

CID 62115   Netilmicin Sulphate 9.5 -1.5 1.5 Y/N 1 NA - - - 

CID 4583 Ofloxacin 0 0 3 Y/N - - - - - 

CID 11478676 Palbociclib (PD-0332991) HCl 0 2.5 0 Y/N - - - - - 

CID 119525 Pefloxacin Mesylate 9 2 2 Y 0.75 0.625 - - - 

CID 33630 Penfluridol 5.5 -0.5 -0.5 A - - - - - 

CID 5702105 Polymyxin B sulphate 8.75 0.25 0.75 Y - - - - - 

CID 135445761   Pralidoxime chloride 1.5 1 3 Y 0.5-4 NA       

CID 6436173   Rifaximin  0 0 2.5 Y/N 1 NA       

CID 56207 Sarafloxacin HCl 4 1.5 5.5 Y - - - - - 

CID 439243 Sisomicin sulphate 8 1 2 Y 1 NA - - - 

CID 6918203 Sitafloxacin Hydrate 18.5 -1.5 -3 A - - - - - 

CID 60464 Sparfloxacin 13 1 1 Y 0.625 0.625 - - - 

CID 9892071   Tebipenem Pivoxil 1 -1 12.5 Y/N - - - - - 

CID 441334 Terbutaline Sulphate 0 2.5 0 Y/N 0.5-4 NA       

CID 36294 Tobramycin 3 -2 -2 A - - - - - 

CID 5564 Triclosan 2.5 0 4 Y/N 0.5-4 NA       

CID 5578   Trimethoprim 0 0 4.5 Y/N 1 NA       

CID 35370 Zidovudine  4.5 0.5 9.5 Y 0.5-4 NA   * * 
aPubChem (http://pubchem.ncbi.nlm.nih.gov/) accession number 
bValue resulting from the subtraction of the inhibition zone diameter (Ø, mm) of drug-containing agar plates (tigecycline 0.12-0.25 mg/L, colistin 0.003-0.007 mg/L and 

fosfomycin 16-32 mg/L) from that of drug-free agar plates. Positive values correlate with an increase in the zone of inhibition in the presence of the Primary Compounds 

(tigecycline, colistin and fosfomycin), indicating possible synergistic interactions. Negative values indicate possible antagonisms 
cØ: Zone of inhibition of the FDA compounds by themselves against K. pneumoniae. Compounds were pin-spotted on agar plates without Primary Compounds 
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dInteraction classification was based on the increment of the inhibition zones at the two PCs sub-inhibitory concentrations tested compared to those of the no PC plates. Y, 

synergy (diameter at MICsub1 & diameter at MICsub2 > diameter Ø); Y/N, likely synergy (diameter at MICsub1 OR diameter at MICsub2 > diameter Ø); A, likely antagonism 

(diameter at MICsub1 & diameter at MICsub2 < diameterØ) 
eAn FICI or FBCI ≤0.5 indicates synergy 
fGreen indicates synergy. Yellow indicates no interaction. Synergy was defined as a ≥2 log10 reduction in CFU/mL in the combination compared to the most active compound 

alone. *, cidality under the limit of detection (50 CFU/mL) 
gFrom DrugBank (https://go.drugbank.com/) 

TGC, tigecycline, CST, colistin, FOF, fosfomycin; FICI, Fractional Inhibitory Concentration Index; FBCI, Fractional Bactericidal Concentration Index; NA, not available. 

https://go.drugbank.com/
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APPENDIX II. Supplementary table of time-kill assays drug interaction data against K. 

pneumoniae ATCC 13883. This table includes the raw data supporting Figure 1.8. Data display 

the number of residual viable colonies (Δlog10 CFU/mL) between the combination and the most 

active agent alone and between the initial and final inoculum at the different time points (after 

8, 24 and 48 hours of incubation). A negative sign denotes a reduction in the viable counts. 

Values in bold: synergistic (≥2 log10 CFU/mL reduction) and bactericidal effects (≥3 log10 CFU/mL 

reduction). 

  

Δlog10 CFU/mL between the 

combination and the most active 

agent 

 Δlog10 CFU/mL between 

initial and final inoculum 

Combinations Concentrations (mg/L) 8 h 24 h 48 h  8 h 24 h 48 h 

TGC / AZM 0.5 / 2 -0.99 -2.50 -6.01  -2.12 -3.63 -3.63 

TGC / ATM 0.5 / 0.025 -0.13 -1.01 -6.65  -1.26 -2.15 -3.63 

TGC / RAD 0.5 / 8 -0.08 -1.24 -5.93  -1.21 -2.37 -2.34 

TGC / ENR 0.5 / 0.003 0.36 -0.69 -0.74  -1.35 0.93 2.26 

TGC / FZD 0.5 / 0.25 2.48 -0.70 0.03  -0.82 2.43 3.40 

TGC / IBN 0.5 / 8 1.13 0.71 -4.04  0 -0.42 -1.08 

TGC / IVM 0.5 / 64 -0.07 -0.44 0  0.48 2.68 3.37 

TGC / LVX 0.5 / 0.03 -0.17 -4.00 -2.95  -1.46 -2.57 0.18 

TGC / MET 0.5 / 1 -0.04 -0.32 -1.74  -1.18 -1.45 2.15 

TGC / PFD 0.5 / 8 1.04 0.74 -2.00  -0.09 -0.39 0.49 

TGC / STP 0.5 / 0.5 -0.91 -0.47 -0.73  -0.36 2.65 2.40 

TGC / TOB 0.5 / 0.125 -0.09 -1.19 -7.23  -1.23 -2.32 -3.63 

TGC / TCS 0.5 / 0.125 -1.94 -0.43 -0.03  -1.40 2.70 3.34 

CST / AMK 0.25 / 0.125 -1.98 -0.03 -0.12  -0.95 3.92 3.86 

CST / AZM 0.25 / 2 -4.29 -6.29 -5.24  -3.26 -3.26 -3.26 

CST / ATM 0.25 / 0.025 0.02 -0.04 0.12  1.05 3.07 3.65 

CST / BLE 0.25 / 0.06 -3.58 -7.21 -7.26  -2.56 -3.26 -3.26 

CST / CRO 0.25 / 0.03 0.14 0.10 -0.10  1.16 2.89 2.95 

CST / ENR 0.25 / 0.003 -3.98 -1.45 -0.38  -2.95 1.44 3.21 

CST / FZD 0.25 / 0.25  -0.49 -7.09 -7.24  -3.79 -3.79 -3.79 

CST / IVM 0.25 / 64 -2.91 -0.64 0.07  -2.78 2.70 3.52 

CST / LVX 0.25 / 0.03 -2.50 -5.21 -6.92  -3.79 -3.79 -3.79 

CST / TOB 0.25 / 0.125 -2.65 -0.72 -0.56  -2.52 2.62 2.43 

CST / TCS 0.25 / 0.125 -3.68 -7.21 -7.39  -2.65 -3.26 -3.26 

FOF / AMK 128 / 0.125 -0.36 -0.84 0.20  -2.10 2.16 3.34 

  32 / 0.125 -0.03 -1.05 1.05  0.23 2.23 4.00 

FOF / AZM 128 / 2 -1.01 -6.18 -4.37  -2.74 -4.01 -4.01 

  32 / 2 -1.49 -6.18 -4.37  -1.22 -4.01 -4.01 

FOF / BLE 128 / 0.06 -1.79 -7.01 -7.15  -3.52 -4.01 -4.01 

  32 / 0.06 -3.57 -5.24 -1.18  -3.30 -1.96 1.78 

FOF / CDR 128 / 0.125 -1.82 -5.31 -6.75  -2.39 -3.44 -2.95 

  32 / 0.125 -0.87 -0.22 -0.23  -1.20 2.52 3.57 

FOF / CRO 128 / 0.03 -0.54 -2.12 -6.24  -1.11 -0.26 -3.44 

  32 / 0.03 -2.61 0.37 0.63  -0.07 2.71 3.43 

FOF / DOR 128 / 0.03 0 -5.74 -7.21  -1.14 -2.95 -3.26 

  32 / 0.03 -0.71 -5.34 -5.81  -0.79 -2.56 -1.86 

FOF / DOX 128 / 4 1.03 -1.71 -3.85  -0.11 -2.18 -0.48 

  32 / 4 0.05 -0.94 -0.40  0 -1.41 2.98 

  128 / 1 0.27 -2.72 -0.43  -0.88 0.07 3.74 

  32 / 1 -0.12 -0.10 0.03  0.95 3.02 4.21 
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AMK, amikacin; ATM, aztreonam; AZM, azithromycin, BLE, bleomycin; BUT, tertbutaline; CDR, cefdinir;  

CRO, ceftriaxone; CST, colistin; DOX, doxycycline; DOR, doripenem; ENR, enrofloxacin; FOF, fosfomycin; 

FZD, furazolidone; IBN, ibandronate; IVM, ivermectin; LVX, levofloxacin; LMF, lomefloxacin; MET, 

methacycline; MOX, moxalactam; PFD, penfluridol; PRA, pralidoxime; RAD, cephradine; RFX, rifaximin; 

STP, streptomycin; TCS, triclosan; TGC, tigecycline; TMP, trimethoprim; TOB, tobramycin; ZDV, zidovudine. 

 

  

  

Δlog10 CFU/mL between the 

combination and the most active 

agent 

 Δlog10 CFU/mL between 

initial and final inoculum 

Combinations Concentrations (mg/L) 8 h 24 h 48 h  8 h 24 h 48 h 

FOF / ENR 128 / 0.003 -1.61 -1.07 0.11  -2.18 0.80 3.93 

  32 / 0.003 -1.61 -0.20 0.15  0.93 3.32 4.06 

FOF / FZD 128 / 0.25 -1.56 -4.52 -1.11  -2.13 -2.65 2.71 

  32 / 0.25 0.30 0 -0.40  1.02 3.17 3.57 

FOF / LMF 128 / 0.025 -2.27 -6.07 -7.15  -4.01 -3.22 -4.01 

  32 / 0.025 -0.79 -1.57 0.28  -0.52 1.28 3.23 

FOF / MOX 128 / 0.125 -0.27 -4.62 -6.62  -1.41 -3.26 -3.26 

  32 / 0.125 0.19 1.17 0.8  -0.86 2.52 4.16 

FOF / PRA 128 / 8 -0.23 -0.10 0.30  -0.80 1.77 4.12 

  32 / 8 -0.55 -2.46 0.43  1.98 1.89 4.41 

FOF / RFX 128 / 4 0.12 -4.90 -1.80  -1.02 -2.11 2.26 

  32 / 4 -0.24 -0.12 -0.05  0.82 3.00 4.12 

FOF / BUT 128 / 8 0.39 1.00 0.24  -0.18 2.87 4.06 

  32 / 8 0.21 -0.15 0.02  2.74 3.85 4.00 

FOF / TCS 128 / 0.125 0.64 1.18 -0.30  0.07 3.05 3.52 

  32 / 0.125 -0.51 -0.30 0.49  1.89 3.47 4.47 

FOF / TMP 128 / 0.5 -0.52 -0.43 -1.93  -1.09 1.44 1.89 

  32 / 0.5 -0.55 -1.22 -1.00  1.98 2.39 2.89 

FOF / ZDV 128 / 0.015 -2.02 -5.31 -7.26  -2.59 -3.44 -3.44 

  32 / 0.015 0 -0.53 -0.87  -0.02 2.35 3.11 
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APPENDIX III. Representative time kill assays of drugs alone and in combination against 

K. pneumoniae ATCC 13883. (a-f) Dose response curves (0.1x, 0.25x, 1x, 4x and 10x MIC) of compounds 

alone; (g-i) Combination time-kill curves were performed at pairing static and/or sub-inhibitory 

concentrations (0.25x and/or 1x MIC values); (g) Synergistic interaction with killing activity up to 24 hours 

followed by a bacterial growth rebound; (h) No interaction pattern; (i) Synergistic interaction with 

bactericidal activity at both 24 and 48 hours. Synergy was interpreted as a ≥2 log10 CFU/mL decrease in 

bacterial count compared to the most active single agent in the combination at 8, 24 and 48 hours. 

Bactericidal activity was interpreted as a ≥3 log10 CFU/mL reduction at 8, 24 and 48 hours compared to 

the initial inoculum. An untreated growth control was always included. MICTGC= 0.5 mg/L; MICLVX= 0.03 

mg/L; MICCST= 1 mg/L; MICAMK= 1 mg/L; MICFOF= 128 mg/L; MICDOR= 0.03 mg/L. TGC, tigecycline; LVX, 

levofloxacin; CST, colistin; AMK, amikacin; FOF, fosfomycin; DOR, doripenem. 
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APPENDIX IV. Progression cascade of the screening and validation activities performed 

in Chapter 1. 

The number of compounds tested, hit rates and hits validated are indicated at every step. TGC, 

tigecycline; CST, colistin; FOF, fosfomycin; TKA, time-kill assay. 
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APPENDIX V. Chapter 1. results summary table. 

 

aInteraction classification was based on the increment of the inhibition zones at the two PCs sub-inhibitory 

concentrations tested compared to those of the no PC plates as described in Materials & Methods. Raw 

data are displayed, including compounds with different chemical forms (i.e., amikacin hydrate / amikacin 

disulfate) 
bFICI or FBCI ≤0.5 indicates synergy 
cSynergy was defined as a ≥2 log10 reduction in CFU/mL in the combination compared to the most active 

compound alone  
*Synergistic interactions included those classified as synergy (Y) and likely synergy (Y/N) 
#Interaction validated as synergy by CBA or TKA although sHTSS initially identified antagonistic interaction 

S: synergy; A; antagonism; sHTSS, semi-high throughput synergy screening; CBA, checkerboard assays; 

TKA, time-kill assays 

 

 

 

 

 

 

  

 
Primary Compound Tigecycline Colistin Fosfomycin 

Grand total 
(three PCs) 

 S A Total S A Total S A Total S A  Total 

sHTSSa  37* 6 43 31* 10 41 41* 12 53 109 28 137 

Se
co

n
d

ar
y 

va
lid

at
io

n
 CBA assayed 14 2 16 11 1 12 25 0 25 50 3 53 

CBA validatedb 0 0 0 6 + 1# - 7 1 0 1 8 0 8 

TKA assayed 10 3 13 8 3 11 17 0 17 35 6 41 

TKA validatedc 7 0 7 5 + 3# - 8 12 0 12 27 0 27 

N
o

ve
lt

y 

Already published 
combinations 

3 - - 3 - - 2 - - 8 - - 

Novel combinations 
(non-antibiotics) 

2 - - 2 - - 3 - - 7 - - 

Novel combinations 
(other) 

2 - - 3 - - 7 - - 12 - - 
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Zidovudine multi-combos with last-line 

fosfomycin, ceftazidime-avibactam, 

colistin and tigecycline against Multi-Drug 

Resistant Klebsiella pneumoniae 

 
 

 

 

 

“Me enseñaron que el camino del progreso no es ni rápido ni fácil” 

▪ Marie Curie (1867-1934) 

  

CHAPTER 2 



  

112 
 

 

 

 



Chapter 2 

113 
 

INTRODUCTION 

Zidovudine (3’-azido-3’-deoxythymidine), a thymidine analogue (Figure 2.1), was the 

first commercial antiretroviral agent for HIV/AIDS treatment, currently used to prevent 

maternal-fetal transmission (150). It belongs to the drug class called nucleoside reverse 

transcriptase inhibitors, targeting HIV reverse transcriptase with high affinity (100-fold greater 

than for human DNA polymerase) which result in the inhibition of viral replication (140). Its 

mode of action requires a triple phosphorylation by the thymidine kinase, the thymidylate 

kinase and the nucleoside diphosphate kinase of the HIV-infected cell respectively (139). 

 

Figure 2.1. Structure of zidovudine. From (150) 

The antibacterial activity of zidovudine against Gram-negative bacteria is known since 

late 1980s, by findings in HIV patients treated with zidovudine that experienced a reduction in 

Salmonella spp. recurrences (140).  Although the entire mechanism of action remains unknow, 

antibacterial activity is mainly due to the inhibition of bacterial DNA replication by targeting 

thymidine kinase, the enzyme responsible for the zidovudine activation into its phosphorylated 

form (139). In Gram-positives, zidovudine is ineffective due to the low affinity of this enzyme 

(140). Antibacterial activity against Gram-negatives is demonstrated also in vivo (144,151), 

suggesting this molecule might have a potential clinical use for the treatment of bacterial 

infections. However, toxicity and the rapid emergence of resistant strains are the main 

drawbacks limiting the development of zidovudine-based antibacterial therapies. With the aim 

to counteract this, several in vitro studies have explored the efficacy of zidovudine in 

combination with known antibiotics, such as fluoroquinolones, tigecycline, colistin, 

trimethoprim and more recently, fosfomycin, concluding that zidovudine might a good partner 

to eradicate  enterobacteria (114,141–145,152,153). 

For HIV treatment, zidovudine is dosed at 500-600 mg daily oral and 1.5 mg/kg/6h 

intravenously. After standard dosage regimens, Cmax ranging from 1.1 to 1.8 mg/L are achieved 
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(154,155). Previous in vitro and in vivo studies suggested that clinically achievable zidovudine 

concentrations could be effective against MDR enterobacteria when in combination therapy 

(144,145,152). Zidovudine toxicity is associated to the dose, disease stage and prolonged HIV-

therapy. Safety profiles observed in HIV-patients together with a short plasma half-life (1.1–2.3 

hours) (154–156) suggest that appearance of zidovudine toxicities are unlikely. Most reported 

side effects include headaches, myalgia, nausea and vomiting. Major toxicities (anaemia and 

neutropenia) are more frequently described at high doses (1.200-1.500 mg/day) after more than 

4 weeks of treatment (157,158). A few case reports described oral zidovudine overdoses up to 

36 g/daily without abnormalities or with slight and transient side-effects such as lethargy (159).  

In Chapter 1, the FDA-library was screened, and zidovudine was identified as a potent 

synergistic partner of fosfomycin against K. pneumoniae. Here, in Chapter 2, this previous finding 

is expanded to explore the antibacterial activity of zidovudine against a panel of twelve 

MDR/XDR K. pneumoniae isolates with different resistance profile (see Table 3 of Materials & 

Methods). For this purpose, we followed a stepwise approach: first, the activity of test 

compound was determined by drug susceptibility assays; second, pairwise and triple 

combinations were tested by CBA and TKA to identify those most promising synergistic 

combinations. Results show high synergy rates with zidovudine combinations, suggesting it 

might be an effective partner to eradicate MDR K. pneumoniae. 



Chapter 2 

115 
 

RESULTS 

Drug susceptibility characterization. 

Zidovudine MIC values ranged from 0.25 to ≥64 mg/L, with nine strains showing low 

MICZDV values (0.25 to 2 mg/L) and three other strains showing MIC values ≥16 mg/L. In 

consequence, as zidovudine is antiviral and therefore no clinical breakpoints do exist for K. 

pneumoniae, 2 mg/L could be a possible cut-off value to stablish a susceptibility breakpoint. The 

number of multidrug-resistant determinants appeared not to be related with the MICZDV values. 

The susceptibility profiles obtained for the drugs tested among the twelve MDR/XDR K. 

pneumoniae isolates according to EUCAST breakpoints (160) are also shown Table 2.1. 

Table 2.1. Strain characterization of K. pneumoniae isolates and susceptibility profile to drugs used in 

this study. Clinical categorization according to current EUCAST breakpoints (161) are displayed in 

brackets. 

CST, colistin; FOF, fosfomycin; TGC, tigecycline; ETP, ertapenem; MEM, meropenem; CAZ-AVI, 

ceftazidime-avibactam; ZDV, zidovudine; EARS QC, European Antimicrobial Resistance Surveillance 

Quality Control; R, resistant; S, susceptible; S*: susceptible, increased exposure; SEIMC: Spanish Society 

of Infectious Diseases and Clinical Microbiology 
1EUCAST clinical breakpoints for tigecycline are only applied to Escherichia coli and Citrobacter koseri 

 

Zidovudine/fosfomycin combinations displayed wide coverage synergy against 

MDR/XDR K. pneumoniae isolates by CBA.  

The CBA was used to evaluate the degree of interaction between fosfomycin and 

zidovudine. Synergy was confirmed in 75% (9/12) and 66.6% (8/12) of the strains by FICI and 

FBCI, respectively. Interestingly, effective fosfomycin concentrations in the presence of 

zidovudine were reduced 2-16-fold, restoring fosfomycin susceptibility below the EUCAST 

breakpoint (MIC ≤32 mg/L) in all strains. Antimicrobial zidovudine concentrations were also 

significantly lower in presence of fosfomycin, with reductions ranging from 2- to 128-fold, and 

    MIC (mg/L) 

Isolate Resistance mechanism Source MDR/XDR CST FOF TGC ETP MEM CAZ-AVI ZDV 

E-1 CTX-M 14 Rectal swab XDR 0.5 (S) >64 (R) 4  >32 (R) 8 (I) 1 (S) 0.25-0.5 
E-2 CTX-M 15 Blood MDR 0.5 (S) >64 (R) 0.5 64 (R) 4-8 (I) 1 (S) 0.5-1 
E-3 CTX-M 15 Abscess MDR 1-2 (S) >64 (R) 4 16 (R) 2-4 (I) 1 (S) 2 
E-4 CTX-M 15 Blood MDR 0.5 (S) >64 (R) 4 1 (R) 0.03 (S) 0.5 (S) 1 

E-5 SHV-1 + porin loss Blood MDR 0.5 (S) 8 (S) 0.5-1 0.25 (S) 0.03 (S) 
0.06-0.12 

(S) 
0.5-1 

A-6 AmpC ACT-1 SEIMC CCS07 MDR ≤0.5 (S) >64 (R) 1-2 4-8 (R) 0.5 (S) 0.5 (S) 8-16 
C-7 OXA-48 Blood MDR 1 (S) >64 (R) 2 8-16 (R) 4 (I) 0.5 (S) 2 
CS-8 Colistin R Urine MDR 16 (R) >64 (R) 1 0.5 (S) 0.5-1 (S) 0.5 (S) 0.5 

CSE-9 VIM-1 + CTX-M 15 + colistin R SEIMC CCS04 XDR 16 (R) >64(R) 1-2 8-16 (R) 16-32 (R) >64 (R) ≥64 
CE-10 CTX-M 15 + OXA-48 Blood MDR 1-2 (S) >64 (R) 1-2 8 (R) 4 (I) 0.25 (S) 64 

CEE-11 KPC-3 + SHV-11 + TEM-1 SEIMC CCS05 XDR 2 (S) >64 (R) 4 >64 (R) >64 (R) 4 (S) 0.5-1 
CSEE-12 OXA-1 + SHV-1 + colistin R EARS QC MDR 4 (R) 64 (R) 1  8-16 (R) 1-2 (S) 0.5 (S) 1 
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≥4-fold reduction in 75% (9/12) and 90.9% (10/11) of the strains by FICI and FBCI, respectively. 

No antagonisms were observed (Table 2.2.). 

 

Table 2.2. CBA in pairwise interactions of fosfomycin plus zidovudine against K. pneumoniae isolates. 

 

MIC (mg/L) 

alone 

MIC (mg/L) in 

combination  MBC (mg/L) alone 

MBC (mg/L) in 

combination   

Isolate FOF ZDV FOF ZDV  FOF ZDV FOF ZDV FICI  FBCI  

E-1 >64 0.5 16 0.0625  >64 2 32 0.5 0.38 0.75 

E-2 >64 >4 8 1  >64 >4 8 1 0.19 0.19 

E-3 >64 2 32 1  >64 2 32 1 0.75 0.75 

E-4 64 1 16 0.25  64 >2 16 0.5 0.50 0.38 

E-5 >16 2 4 0.25  >16 >2 4 0.25 0.25 0.19 

A-6 >64 16 8 0.5  >64 16 8 1 0.09 0.13 

C-7 >64 1 16 0.125  >64 2 16 0.125 0.25 0.19 

CS-8 64 4 16 1  64 4 32 2 0.5 0.75 

CSE-9 >64 ≥64 16 1  >64 ≥64 16 1 0.13 0.13 

CE-10 >64 64 8 0.5  >64 >64 8 2 0.07 0.08 

CEE-11 >64 1 16 0.5  >64 >4 16 2 0.63 0.38 

CSEE-12 64 8 16 4  128 8 64 0.25 1 0.53 

FICI, Fractional Inhibitory Concentration Index; FBCI, Fractional Bactericidal Concentration Index. Values 

in bold indicate synergy (FICI, FBCI ≤0.5), while values >0.5 indicate no interaction. FOF, fosfomycin; ZDV, 

zidovudine. 

 

Zidovudine-based combinations are more potent in vitro than current clinically used 

combinations against MDR/XDR K. pneumoniae isolates. 

The use of CBA allows screening of a number of antibiotic combinations in search of 

synergy, although it is limited to single-time point read-outs. In order to give robustness to the 

interaction analysis of zidovudine-based combinations, we performed TKA that provide more 

detailed synergistic information, including bactericidal and sterilizing activities of the 

combinations over time (Figure 2.2.). TKA for drugs alone and in combination were performed 

as described in Materials & Methods, at different time points (0, 2, 5, 8, 24 and 48 hours). 

Zidovudine combinations were also tested at concentrations of 1 mg/L for the twelve isolates, 

including those showing high-level zidovudine resistance, to assess physiological relevant 

concentrations, i.e. Cmax of zidovudine observed in human plasma after intravenously 

administration (1.1 to 1.8 mg/L) (154). The activity of four novel zidovudine-based combinations 

(fosfomycin/zidovudine, ceftazidime-avibactam/zidovudine, colistin/zidovudine and 

tigecycline/zidovudine) was compared with that of four usual MDR-treatments 

(meropenem/ertapenem, meropenem/colistin, fosfomycin/colistin and 

fosfomycin/tigecycline). The triple fosfomycin/colistin/zidovudine combination was also tested 
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against eight strains and compared with the activity of the three drugs alone and in pairwise 

combinations at matching concentration (0.25-1x MIC).   

At any time point (8, 24 and 48 hours), synergy rates among currently used combinations 

for MDR treatment was observed in several isolates: 41.6% for meropenem/ertapenem (5/12), 

33.33% for meropenem/colistin (4/12), 75% for fosfomycin/colistin (9/12) and 66.6% for 

fosfomycin/tigecycline (8/12) (Appendix I). Interestingly, among all isolates, the highest number 

of synergistic interactions were obtained with zidovudine-based combinations, at zidovudine 

concentrations ranging from 0.004x to 2x MIC (Appendix II). The combination of ceftazidime-

avibactam plus zidovudine was the most active, showing a synergy rate among the isolates of 

83.3% (10/12). In 8 out of 12 strains the killing activity was below the limit of detection after 24 

hours of incubation, preventing bacterial regrowth (a proxy for sterilizing activity) (Appendix II, 

a). The combination of fosfomycin plus zidovudine was synergistic in 9 out of 12 strains, showing 

a potent and rapid initial decrease in bacterial counts after 8 hours in five strains (E-5, A-6, C-7, 

CSE-9, CE-10) and bactericidal activity down to the limit of detection in six strains (E-5, A-6, C-7, 

CSE-9, CEE-11 and CS-8) (Appendix II, b). The combination of zidovudine plus colistin had 75% 

(9/12) synergy rates and 33.3% (4/12) killing rates down to the limit of detection (Appendix II, 

c). Finally, the combination of zidovudine plus tigecycline was the less potent one showing late 

synergy (48 hours) in 66.6% (8/12) of the strains with bactericidal activity only against C-7 

(Appendix II, d). 
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Figure 2.2. Heat map representation of synergy and bactericidal activities in pairwise combinations at different time points obtained by time-kill assays against K. 

pneumoniae isolates. When several concentrations were tested for the same drug, the most favourable outcome is displayed. ZDV-based combinations were tested at 

concentrations ≤1 mg/L, reflecting physiologically achieved concentrations. CAZ-AVI; ceftazidime-avibactam; CST, colistin; ETP, ertapenem; FOF, fosfomycin; MEM, 

meropenem; TGC, tigecycline; ZDV, zidovudine.  
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Notably, the synergistic killing effects of zidovudine-based combinations were observed 

even at low zidovudine concentrations (≤1 mg/L), which are below pharmacological serum 

concentrations at standard zidovudine oral doses. This effect was observed regardless the 

zidovudine susceptibility profile of the strains (A-6, CSE-9 and CE-10 are zidovudine-resistant) 

(Figure 2.3).  

 

Figure 2.3. Time–kill assays characterization of zidovudine combinations with last-line antibiotics in the 

treatment of MDR-K. pneumoniae infections. The zidovudine resistant clinical strain CE-10 (blaOXA-48 + 

blaCTX-M15) was used for these studies. Zidovudine enhanced the activities of ceftazidime-avibactam, 

fosfomycin and colistin even at low sub-inhibitory concentrations (0.004-0.015x MIC), showing potent 

synergistic and bactericidal effects with last-line antibiotics. ZDV concentrations were 1 mg/L, which is 

below Cmax values (1.1 to 1.8 mg/L) achieve in human plasma after a recommended ZDV oral dose. MICCAZ-

AVI= 0,25 mg/L, MICCST= 1 mg/L, MICFOF= 64 mg/L, MICTGC= 1 mg/L, MICZDV= 64 mg/L. 

 

Triple zidovudine-based combination offers limited advantages over already 

synergistic pairwise combinations.  

We identified that while carbapenem-based combinations had little synergistic 

interaction profiles, the combination of two last-line antibiotics (fosfomycin/colistin) had an 

overall synergy rate of 75%. Interestingly, zidovudine displayed strong synergy with both drugs. 
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We thus aimed to characterize whether the addition of zidovudine to the fosfomycin/colistin 

combination could further potentiate the synergistic interaction, as previously described 

(108,115,162). The triple combination was highly active showing bactericidal activity to the limit 

of detection in 4 out of 8 strains tested. However, compared to the fosfomycin/zidovudine, 

colistin/zidovudine and fosfomycin/colistin combinations, fosfomycin/colistin/zidovudine was 

more effective at bacterial eradication than colistin/zidovudine, but added little efficacy when 

compared to fosfomycin/zidovudine or fosfomycin/colistin (Figures 2.4 and 2.5). 

Figure 2.4. Heat map representation of synergy and bactericidal activities in triple combination 

(fosfomycin/colistin/zidovudine) compared to those in pairwise combinations at different time points 

obtained by time-kill assays against eight K. pneumoniae isolates. Combo tested concentrations at 0.25-

1x MIC. Data supporting this summary figure is displayed in Figure 4. CST, colistin; FOF, fosfomycin; ZDV, 

zidovudine.  
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Figure 2.5. Time-kill curves of zidovudine, colistin and fosfomycin alone, pairwise and triple 

combination against eight K. pneumoniae isolates. 
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Zidovudine combo concentrations are not cytotoxic  

We performed MTT cytotoxicity assays in a Hep G2 cell line to evaluate drugs alone and 

in combination at those concentrations that showed bactericidal effect by TKA. For most 

zidovudine-based combinations, MTT cytotoxicity assays revealed >70% cell viability, which is 

considered non-cytotoxic according to standard international protocols (110). Zidovudine was 

cytotoxic at the highest concentration tested (64 mg/L) (<40% cell viability), but not at any of 

the lowest concentrations used in the combinations (0.25 to 4 mg/L). This maximum 

concentration significantly decreased compared to lower concentrations (p < 0.0001, Figure 

2.6., zidovudine plus fosfomycin). Importantly, no combination was cytotoxic compared to the 

activity of the drugs alone. In fact, the combination might be even beneficial since toxicity was 

reduced in the case of zidovudine plus fosfomycin, i.e., the concentration of zidovudine at 64 

mg/L in combination with fosfomycin at either 32 or 128 mg/L was less cytotoxic than zidovudine 

alone (Figure 2.6.), with statistical differences (p < 0.001).  

Of the last-line antibiotics, tigecycline was cytotoxic at 4 mg/L (40% cell viability), but 

not at 2 mg/L (>90% cell viability), which is near to the mean Cmax described after standard 

intravenous dose of 100 mg of tigecycline (1.45 mg/L)(163). Statistical differences were 

observed between both concentrations (p < 0.0001), also found in combination with zidovudine 

(Figure 2.6.). Comparing the combinations with tigecycline at 4 mg/L, there was no statistical 

difference (p = 0.64 combined with zidovudine 1 mg/L, p = 0.38 with zidovudine 2 mg/L). Thus, 

the toxic effect of the combination when tigecycline was at 4 mg/L was attributed to the same 

effect for the drug alone. By contrary, the combination of zidovudine when tigecycline was 

present at 2 mg/L significantly decreased (p < 0.01) compared to drugs alone, although the 

combined effect was not considered cytotoxic (mean value 71.8% of cell viability). 
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Figure 2.6. MTT cytotoxicity assays of novel combinations in Hep G2 cell line. Concentration of 

compounds are expressed in mg/L. Cell suspensions with no compounds added were used as positive 

control. Statistical differences are displayed by asterisks; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 

0.0001; ns, p > 0.05; C-A, ceftazidime-avibactam; C, colistin; F, fosfomycin; T, tigecycline; Z, zidovudine. 
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DISCUSSION 

We evaluated the in vitro efficacy of zidovudine in combination with antibiotics 

currently used for the treatment of infections caused by MDR/XDR K. pneumoniae with common 

resistance patterns, such as ceftazidime-avibactam, colistin, fosfomycin and tigecycline. For this, 

we used a panel of 12 MDR/XDR K. pneumoniae isolates and tested zidovudine at clinically 

achievable concentrations. Our TKA data showed high rates of synergistic and killing activities of 

zidovudine-based combinations even against strains with concurrent resistance mechanisms to 

these and other antimicrobials, suggesting a potential role of zidovudine in combinatorial 

therapy (Figure 2.2, appendix I and appendix II). 

We performed extensive TKA and obtained readouts after up to 48 hours of incubation. 

We first characterized the activity of the compounds alone in a dose-response manner against 

all isolates. Then, we selected subinhibitory/static concentrations that were matched for the 

combination assays to allow for a wider dynamic range; using higher/effective concentrations 

of the compounds alone would mask the effect of any potential interaction. Our efficacy analysis 

then takes into consideration, not only the increased bactericidal activity of the combination 

compared to the drugs alone, but also the ability of the combination to completely eradicate 

bacteria down to the limit of detection of the assay (a proxy for sterilization of the culture). 

Based on these criteria, we tested several zidovudine-based combinations and compared them 

with current combinations clinically used to treat MDR/XDR K. pneumoniae infections (Figure 

2.2). 

(i) Zidovudine plus ceftazidime-avibactam. This combination showed the highest efficacy 

with potent killing activity in all except two strains (CSE-9 and CSEE-12) even at low 

concentrations of ceftazidime-avibactam (ranging from 0.125x to 1xMIC) (Figures 2.2. and 

appendix II, a). CSE-9 displayed high MIC values to ceftazidime-avibactam (>64 mg/l) and 

zidovudine (≥64 mg/L), while for CSEE-12 these were low (MICCAZ-AVI= 0.5 mg/L, MICZDV= 1 mg/L); 

further studies are needed to elucidate whether acquired resistance mechanisms might explain 

this lack of activity.  

Safety and efficacy of ceftazidime-avibactam against MDR enterobacteria facilitated its 

inclusion as first-line therapeutic option for infections caused by CPE. It is administered in 

monotherapy against OXA-48 (class D) and KPC (class A) producers or associated to aztreonam 

against class B enzymes (β-lactamases refractory to inhibition by avibactam) (45). Although the 

potential for resistance selection appears to be low (57), the extensive use of ceftazidime-

avibactam as a savage therapy will contribute to the emergence of resistance. In fact, resistance 
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linked to mutations in plasmid-borne KPC-3 were reported during ceftazidime-avibactam 

treatment (60,61), and development of resistance to ceftazidime-avibactam is more likely after 

previous exposure with meropenem-vaborbactam (58,59).  

From my view, this is the first time that the zidovudine/ceftazidime-avibactam 

combination is evaluated against MDR K. pneumoniae. These promising results might lay the 

foundations of further studies to support a potential clinical implementation. 

(ii) Zidovudine plus fosfomycin. This interaction was identified in a previous screening 

(unpublished). These data were in agreement with Antonello et al. describing such synergy by 

CBA in 69.4% of Enterobacteriaceae strains, including fosfomycin-resistant strains, and 

characterized its killing effects by TKA at 24 hours (145). In this work, we further validate this 

synergism (Figure 2.2.); fosfomycin alone showed a fast bactericidal activity followed by a sharp 

growth rebound and, although strains in the collection displayed high MICFOF values (from 8 to 

≥64 mg/L), the combination with zidovudine was able to restore fosfomycin activity, preventing 

this bacterial regrowth (appendix II, b).  

 (iii) Zidovudine plus colistin. Our interaction data is also in agreement with previously 

reported (141,144), including K. pneumoniae colistin-resistant strains (152). However, TKA 

against our colistin-resistant strains revealed both synergy against CS-8 (MICCST= 16 mg/L) (but 

a lack of bactericidal activity) and lack of interaction against CSE-9 and CSEE-12 (MICCST= 16 and 

4 mg/L, respectively) with concurrent alternative resistance mechanisms (appendix II, c).   

 (iv) Zidovudine plus tigecycline. This was the least effective combination (similar to 

fosfomycin/tigecycline) with just late synergy and bacteriostatic profile at 48 hours. The 

activities were also tigecycline dose-dependent for most strains (appendix I, d and appendix II, 

d). Nevertheless, TKA were able to revealed important interactions confronting data generated 

by CBA (143). The fact that zidovudine/tigecycline showed a lower degree of interaction could 

be explained because both drugs have to reach their intracellular targets; however, in other 

combos, when zidovudine is used along with extracellular targeting compounds such as 

fosfomycin, ceftazidime-avibactam and colistin, the action of the latter drugs could result in an 

increased permeability of zidovudine, hence resulting in a higher effectivity (48,141,144,152). 

Adding to this hypothesis, the use of G6P (added in in vitro experiments to mimic physiological 

conditions and promote intracellular transport of fosfomycin) might also facilitate zidovudine 

entrance to the bacterial cell (145).  

(v) Zidovudine plus fosfomycin/colistin. The synergism between two last-line antibiotics 

fosfomycin/colistin  against MDR K. pneumoniae was previously reported by TKA and hollow-
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fiber infection model (164,165), and clinical studies (166,167). Such a positive interaction was 

also identified between fosfomycin/colistin, two drugs that displayed independently potent 

activities in combination with zidovudine (Figure 2.2.). Given that our studies demonstrated that 

zidovudine-based combinations are more potent than currently clinically used for the treatment 

of infections caused by MDR/XDR K. pneumoniae strains, we performed TKA to characterize the 

potential impact of zidovudine in a triple combination with fosfomycin and colistin. In 

mycobacteria, triple combinations perform better than the sum of the pairwise combinations 

(108,115,162); however, this was not the case and the triple combination added little value to 

fosfomycin/colistin (Figure 2.5.).  

In our study, MICs of zidovudine ranged from 0.25 to ≥64 mg/L, which are in accordance 

with similar studies (141,144,145,152). We observed potent bactericidal activities of the 

combinations against most strains at zidovudine concentrations below 1 mg/L with the 

exception of A-6 strain for which the effective zidovudine concentration in combinations was 4 

mg/ml (appendix II), which still would be below Cmax expected at daily doses of 600 mg (145). 

Pharmacokinetics and safety of zidovudine plus colistin combination antimicrobial therapy was 

evaluated in a clinical trial (168,169). It was found that doses of both synergistic partners, 

zidovudine and colistin (which has toxicity issues), could be reduced while retaining their 

therapeutic efficacy (144). Our data thus suggests that current zidovudine dosing strategies 

might suffice to treat bacterial infections in humans and that zidovudine associated side effects 

are unlikely to occur during short-term regimens, as in the context of acute bacterial infections. 

In addition, zidovudine reduces transmission of ESBL and carbapenemase containing plasmids, 

hence supporting zidovudine use in the prevention of the spread of resistant enterobacteria 

(170).  
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CONCLUSIONS AND FUTURE PERSPECTIVES 

In conclusion, zidovudine in combination with other antimicrobial drugs is a repurposing 

option for MDR/XDR K. pneumoniae; similar repurposing approaches that employ other 

nucleoside analogues in combination with antifungals are already in clinical use (171). Based on 

these results, it is proposed the following priority list of pairwise combinations: 

zidovudine/ceftazidime-avibactam > zidovudine/fosfomycin > fosfomycin/colistin > 

zidovudine/colistin > fosfomycin/tigecycline = zidovudine/tigecycline > meropenem/colistin > 

meropenem/ertapenem. Finally, further dynamic PK/PD studies would be needed to fully 

discern the potential of zidovudine-based combinations in the clinical practice, and future 

clinical trials would clarify the impact of zidovudine combination therapy on clinical outcomes. 

If these studies result in clinical improvement, future expectations could include individualised 

therapy in those patients with severe infections. As part of routine laboratory workflow, synergy 

testing with zidovudine in clinical isolates would allow to infer the success of combination 

therapy. 

Future directions will include: (i) expanding such studies to a larger panel of clinical 

isolates from several locations; (ii) identifying additional resistance mechanisms (i.e. porin loss 

or efflux pumps) besides the genotypic characterization of our strain panel that included 

standard β-lactam enzymatic resistance; and (iii) investigating for deficiency in thymidine kinase 

genes (which normally phosphorylate inactive zidovudine into the active form (139,172)) in 

those strains exhibiting high MICZDV values, since it remains unknown whether the selection of 

resistant mutants is responsible for the bacterial rebound observed by TKA in some 

combinations (appendix II) 

. 
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APPENDIX I. Combination time-kill curves against twelve K. pneumoniae isolates of pair-

wise combinations currently used in the therapy of MDR enterobacteria. (a) Meropenem plus 

ertapenem; (b) Meropenem plus colistin; (c) Fosfomycin plus colistin; (d) Fosfomycin plus 

tigecycline 
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b) Meropenem plus colistin
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c) Fosfomycin plus colistin
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d) Fosfomycin plus tigecycline
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APPENDIX II. Combination time-kill curves of zidovudine with last-line antibiotics 

against twelve K. pneumoniae clinical strains. (a) Zidovudine plus ceftazidime-avibactam; (b) 

Zidovudine plus fosfomycin; (c) Zidovudine plus colistin; (d) Zidovudine plus tigecycline 
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a) Zidovudine plus ceftazidime-avibactam
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c) Zidovudine plus colistin
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INTRODUCTION  

Azithromycin is a macrolide antibiotic derived from erythromycin that consist of a 15-

membered lactone ring azalide. As other macrolides, this is a bacteriostatic antibacterial that 

acts by reversible binding to the P site on the 50S ribosomal subunit, interfering then in the 

protein synthesis. Since its discovery, it has been widely prescribed for several indications such 

as respiratory, genitourinary and dermal infections (173,174), becoming an effective broad-

spectrum antibacterial (Figure 3.1). Additionally, azithromycin exhibits anti-inflammatory and 

immunomodulatory properties, demonstrating clinical benefits in critically ill patients (175) and 

chronic respiratory disorders such as cystic fibrosis (176,177), asthma (178) and COPD (179). This 

repurposing strategy has been also pursued for azithromycin against parasitic (180,181) and viral 

infections (182). Indeed, azithromycin was one of the first candidates proposed for the 

management of COVID-19, firstly associated with hydroxychloroquine, although its efficacy for 

this indication could not be confirmed in clinical trials (183,184).  
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Figure 3.1. Timeline of clinical and experimental uses of azithromycin. From (174). 

Nowadays, azithromycin is commercially available orally (250 to 600 mg tablets or 100-

200 mg/5mL suspension) and intravenously (500 mg/2mL) (149). Standard dosage regimen is 

500 mg daily increasing up to 2 g single dose in uncomplicated gonorrhoea (161). Due to it is 

widely used, azithromycin safety profile is well known, showing uncommon side-effects 

associated to long-term therapy (185), and it is well tolerated when administered to children 

and pregnant women (186). It poses advantageous PK/PD properties respect to other 

macrolides: no interaction with CYP3A4 cytochrome, an increased tissue penetration and 

bioavailability due to a higher basic character, and a long half-life (50-70 hours) (173,174). Peak 
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plasma concentrations of 1.46 mg/L and up to 3.4 mg/L are attained after 1,500 mg-oral and 

500 mg-intravenous administrations, respectively (173). 

Traditionally, monotherapy use of macrolides have been disregarded in the treatment 

of severe infections caused by Gram-negative bacteria due to different existing mechanisms of 

resistance to azithromycin in enterobacteria and the low permeability of their outer membrane 

(187). However, the enhanced basicity of azithromycin favours the intracellular uptake in Gram-

negative bacteria increasing its efficacy and it is currently used for the treatment of enteric 

infections such as typhoid (174). In addition, azithromycin´s ability to inhibit bacterial quorum-

sensing and reducing biofilm formation and mucus production have been demonstrated against 

intrinsically resistant pathogens (i.e. P. aeruginosa and S. maltophilia) (146,188). Moreover, 

azithromycin therapy seems to exert positive therapeutic effects in murine MDR Gram-negative 

infection models (148,189).  

In Chapter 1, azithromycin was identified as a potent enhancer of the three PCs used in 

the synergy screen (colistin, tigecycline and fosfomycin), showing bactericidal activity against K. 

pneumoniae. Despite the limitations of azithromycin in monotherapy, its reintroduction into the 

clinical therapeutic arsenal to treat high-priority pathogens might be possible in combination 

therapy. In this Chapter 3, this idea is expanded to evaluate in vitro the synergistic and 

bactericidal activities of azithromycin-based combinations against antibiotic-resistant K. 

pneumoniae isolates and compared them with the activity of combinations typically used in the 

clinic for the treatment of MDR enterobacteria. For that purpose, the antimicrobial activity of 

azithromycin was firstly evaluated against the K. pneumoniae strain collection (Table 3 of 

Materials & Methods). Secondly, the antibacterial activity was monitored by TKA at different 

time-points (8, 24 and 48 hours). 
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RESULTS 

Activity of azithromycin against MDR/XDR K. pneumoniae isolates. 

There are no CLSI or EUCAST guidelines describing azithromycin clinical breakpoints for 

enterobacteria, except for Salmonella Typhi and Shigella spp. (161); thus, there is no clinical 

basis to classify K. pneumoniae isolates as susceptible or resistant strains. Hence, MIC values of 

azithromycin were determined against the panel of MDR/XDR K. pneumoniae isolates and 

compared with the activity of other well-established drugs in the treatment of infections caused 

by MDR K. pneumoniae, for which clinical breakpoints do exist. In these experiments, 

azithromycin exhibited MIC values ranging from 4 to ≥64 mg/L, which were in the same range 

of values as those epidemiological cut-offs (ECOFFs) stablished by EUCAST for azithromycin in 

other enterobacteria; for these, confidence intervals range between 4 to 16 mg/L against 

Escherichia coli and between 4 to 64 mg/L against S. Typhi (190). Thus, the number and nature 

of antibiotic resistance determinants in any of the twelve isolates appeared not to be related 

with the susceptibility profiles against azithromycin (Table 3.1.). 

Table 3.1. Strain characterization of K. pneumoniae isolates and susceptibility profile to drugs used in 

this study. Clinical categorization according to current EUCAST breakpoints (109) are displayed in 

brackets.  

CST, colistin; FOF, fosfomycin; TGC, tigecycline; ETP, ertapenem; MEM, meropenem; AZM, azithromycin; 

EARS QC, European Antimicrobial Resistance Surveillance Quality Control; R, resistant; S, susceptible; S*: 

susceptible, increased exposure; SEIMC: Spanish Society of Infectious Diseases and Clinical Microbiology 
1EUCAST clinical breakpoints for tigecycline are only applied to Escherichia coli and Citrobacter koseri 

Azithromycin-based combinations are more potent in vitro than those combinations currently 

used in the clinic to treat MDR K. pneumoniae infections. 

In Chapter 1, the interaction between azithromycin and fosfomycin, colistin and 

tigecycline was validated against K. pneumoniae ATCC 13883 by TKA. All three paired 

    MIC (mg/L) 

Isolate Resistance mechanism Source MDR/XDR CST FOF 1TGC ETP MEM AZM 

E-1 CTX-M 14 Rectal swab XDR 0.5 (S) >64 (R) 4 >32 (R) 8 (S*) 8 

E-2 CTX-M 15 Blood MDR 0.5 (S) >64 (R) 0.5 64 (R) 4-8 (S*) 8 

E-3 CTX-M 15 Abscess MDR 1-2 (S) >64 (R) 4 16 (R) 2-4 (S*) 8 

E-4 CTX-M 15 Blood MDR 0.5 (S) >64 (R) 4 1 (R) 0.03 (S) 8 

E-5 SHV-1 + porin loss Blood MDR 0.5 (S) 8 (S) 0.5-1 0.25 (S) 0.03 (S) 8-16 

A-6 AmpC ACT-1 SEIMC CCS07 MDR ≤0.5 (S) >64 (R) 1-2 4-8 (R) 0.5 (S) 8 

C-7 OXA-48 Blood MDR 1 (S) >64 (R) 2 8-16 (R) 4 (S*) 4-8 

CS-8 Colistin R Urine MDR 16 (R) >64 (R) 1 0.5 (S) 0.5-1 (S) 8 

CSE-9 VIM-1 + CTX-M 15 + colistin R SEIMC CCS04 XDR 16 (R) >64(R) 1-2 8-16 (R) 16-32 (R) 64 

CE-10 CTX-M 15 + OXA-48 Blood MDR 1-2 (S) >64 (R) 1-2 8 (R) 4 (S*) 4 

CEE-11 KPC-3 + SHV-11 + TEM-1 SEIMC CCS05 XDR 2 (S) >64 (R) 4 >64 (R) >64 (R) ≥64 

CSEE-12 OXA-1 + SHV-1 + colistin R EARS QC MDR 4 (R) 64 (R) 1 8-16 (R) 1-2 (S) 8 
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combinations displayed a high synergistic and bactericidal profile against the reference strain 

(see Figure 1.8 of Chapter 1). In order to further characterize the potential antimicrobial activity 

of azithromycin-based combinations against MDR K. pneumoniae, TKA validation was also 

extended to a panel of twelve MDR/XDR K. pneumoniae isolates with representative 

mechanisms of resistance (Table 3 of Materials & Methods). The activity of the three-novel 

azithromycin-based combinations (fosfomycin/azithromycin, colistin/azithromycin and 

tigecycline/azithromycin) was compared with that of four usual MDR clinical treatments 

(meropenem/ertapenem, meropenem/colistin, fosfomycin/colistin and 

fosfomycin/tigecycline). 

At any time-point (8, 24 and 48 hours), synergy rates among currently used 

combinations for MDR treatment were observed in 41.6% (5/12) for meropenem/ertapenem, 

33.33% (4/12) for meropenem/colistin, 75% (9/12) for fosfomycin/colistin, and 66.6% (8/12) for 

fosfomycin/tigecycline of the isolates tested (Figure 3.2. and appendix I). In stark contrast, a 

high number of synergistic interactions were obtained with azithromycin-based combinations 

among all isolates (Figure 3.2. and appendix I). Notably, this synergistic bactericidal positive 

interactions in azithromycin-based combinations were observed even when strains displayed a 

resistant profile to the drugs alone, as in strain CEE-11 (MICAZM ≥ 64 mg/L; MICFOF ≥ 64 mg/L) 

(Figure 3.3.).  
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 Figure 3.2. Heat map representation of synergy and bactericidal activities at different time points obtained by time-kill assays against K. pneumoniae isolates. Data 

supporting this summary figure are displayed in appendix I and appendix II. AZM, azithromycin; CST, colistin; ETP, ertapenem; FOF, fosfomycin; MEM, meropenem; TGC, 

tigecycline.
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Figure 3.3. Time–kill curves showing azithromycin combinations with existing antibiotics (a-c) against 

the K. pneumoniae XDR strain CEE-11 (blaKPC-3 + blaSHV-1 + blaTEM-1) in CAMHB. Azithromycin enhanced the 

activities of fosfomycin, colistin and tigecycline even at subinhibitory concentration (0.25 to 1 x MIC), 

showing potent synergistic and bactericidal effects. MICAZM ≥ 64 mg/L, MICCST= 2 mg/L, MICFOF> 64 

mg/L, MICTGC= 4 mg/L. 

The combination azithromycin/colistin (appendix I, b) was synergistic in 7 out of 12 

strains (58.3%) and bactericidal in 10 out of 12 strains (83.3%). The positive interaction of 

azithromycin in combination with colistin was evident when analysing the bactericidal activity 

at the 48-hour time point in which eight strains (E-1, E-2, A-6, C-7, CSE-9, CE-10, CEE-11, CSEE-

12), including two colistin-resistant strains, had viable counts below the limit of detection (50 

CFU/mL) (Figure 3.2.). 

The combination azithromycin/tigecycline (appendix I, c) showed synergistic 

interactions against 9 out the 12 (75%) strains with a strain-dependent activity. The combination 

was bactericidal to the limit of detection in three strains (E-2, A-6 and CEE-11) and showed a 

bacteriostatic profile in the rest of the strains (from <1 to 1.6 log10 decrease in CFU/ml), except 

for CE-10 and CSEE-12 (> 2 log10 decrease in CFU/mL at 48 hours) (appendix I, c). 

The combination of azithromycin plus fosfomycin was the most potent. This 

combination was synergistic against all isolates and bactericidal in 11 out of the 12 (91.66%) 

strains. The potency of the azithromycin/fosfomycin combination was evident when compared 

to the activity of the drugs alone; neither showed long-lasting bactericidal activity, with a static 

effect or no activity (azithromycin), and rapid bactericidal activity followed by bacterial regrowth 

from the 8-hour time-point (fosfomycin). In addition, in most strains combined bactericidal 

effects were already detected at early time points (4-8 hours) (appendix I, a). 

Azithromycin combos with fosfomycin or colistin are not cytotoxic 

As explained in Chapter 2, MTT cytotoxicity assays were performed in Hep G2 cell line 

to analyse the combined effect of bactericidal interactions by TKA. As result, azithromycin 

combinations with either fosfomycin or colistin did not show cytotoxic effect compared to drugs 

T im e  (h o u rs )

L
o

g
1

0
 C

F
U

/m
l

0 4 8 1 2 1 6 2 0 2 4 2 8 3 2 3 6 4 0 4 4 4 8

1

2

3

4

5

6

7

8

9

1 0

A Z M  6 4  m g /L

G ro w th  c o n tro l F O F  6 4  m g /L

A Z M  6 4  +  F O F  6 4  m g /L

L im it o f d e te c tio n

A z ith ro m y c in  p lu s  fo s fo m y c in

T im e  (h o u rs )

L
o

g
1

0
 C

F
U

/m
l

0 4 8 1 2 1 6 2 0 2 4 2 8 3 2 3 6 4 0 4 4 4 8

1

2

3

4

5

6

7

8

9

1 0

C S T  2  m g /L

G ro w th  c o n tro l

A Z M  6 4  m g /L

A Z M  1 6  m g /L

L im it o f d e te c tio n

C S T  2  +  A Z M  6 4  m g /L

C S T  2  +  A Z M  1 6  m g /L

A z ith ro m y c in  p lu s  c o lis t in

T im e  (h o u rs )

L
o

g
1

0
 C

F
U

/m
l

0 4 8 1 2 1 6 2 0 2 4 2 8 3 2 3 6 4 0 4 4 4 8

1

2

3

4

5

6

7

8

9

1 0

A Z M  6 4  m g /L

G ro w th  c o n tro l T G C  4  m g /L

A Z M  6 4  +  T G C  4  m g /L

L im it o f d e te c tio n

A z ith ro m y c in  p lu s  t ig e c y c lin ea ) b ) c )



Chapter 3 

146 
 

alone. Azithromycin showed cytotoxic effect at 64 mg/L (40% cell viability), with statistical 

decrease compared to lower concentrations (4 and 8 mg/L), (p < 0.0001, Figure 3.4). Therefore, 

cytotoxic effect was also observed at this concentration (64 mg/L) combined with colistin (2 

mg/L), with no statistical differences compared to azithromycin alone (Figure 3.4).  

The interaction between azithromycin plus tigecycline showed the most unfavourable 

results. All three combinations assayed showed low percentages of cell viability (27.36%, 56.56% 

and 64.45% mean values) as it is shown in Figure 3.4.  Same as observed in Chapter 2, tigecycline 

showed cytotoxicity at 4 mg/L, therefore the combination with azithromycin at 64 mg/L (also 

cytotoxic) was expected to have the same effect than both drugs alone, but also decrease 

significantly (p ≤ 0.05). Compared to drugs alone, statistical differences were also observed for 

the other two combinations, except with azithromycin at 2 mg/L (Figure 3.4).  

 

Figure 3.4. MTT cytotoxicity assays of novel combinations in Hep G2 cell line. Concentration of 

compounds are expressed in mg/L. Cell suspensions with no compounds added were used as positive 

control. Statistical differences are displayed by asterisks; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; **** p ≤ 

0.0001; ns, p > 0.05; A, azithromycin; C, colistin; F, fosfomycin; T, tigecycline 
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DISCUSSION 

In the present study the in vitro efficacy of azithromycin in combination with colistin, 

fosfomycin and tigecycline was evaluated against a panel of 12 MDR/XDR K. pneumoniae isolates 

with representative resistance patterns. TKA was used as a reference method with activity 

readouts obtained after up to 48 hours of incubation, a procedure not typically performed when 

evaluating the activity of compounds against enterobacteria.  

The activity alone of azithromycin, and its three synergistic partners colistin, fosfomycin 

and tigecycline, were characterised in a dose-response manner against the collection of twelve 

K. pneumoniae isolates. Then, combination assays were tested by selecting matching 

subinhibitory concentrations of each individual drug to allow for a wider dynamic range and 

detection of drug interactions. This implies that even if absolute MIC values for every K. 

pneumoniae strain in the collection might be different (Table 3.1.), the effect of their 

subinhibitory activities would be similar in combination since they are based on individual MIC 

values for each strain and compound. The use of subinhibitory concentrations of the antibiotics 

alone is a key factor to detect drug interactions since higher effective concentrations might 

masked the effect of their potential interactions. In addition, extending the readout to 48 hours 

provides information in both the increased bactericidal activity of the azithromycin-based 

combinations compared to the drugs alone, and also the ability of the combination to 

completely eradicate bacteria (below the limit of detection of the assay, which is a proxy for 

culture sterilization). Based on these criteria, three azithromycin-based combinations were 

tested (Figure 3.2. and appendix I) and compared with four representative combinations 

currently used in the clinic to treat MDR/XDR K. pneumoniae infections (Figure 3.2. and 

appendix I in Chapter 2). Our TKA data showed high rates of favourable interactions for the 

azithromycin-containing combinations, even against strains with concurrent resistance 

mechanisms; thus, suggesting a potential role of azithromycin in combinatorial therapy (Figure 

3.2. and appendix I), as evidence by the examples below: 

1. Azithromycin plus fosfomycin. First prescribed for urinary tract infections, 

fosfomycin was identified as synergistic partner of several antibiotics. Fosfomycin is an old 

bactericidal antibiotic that inhibits peptidoglycan synthesis (46), thus it could be enhancing 

antibiotic entrance by increasing cell permeability. As such, fosfomycin has been reintroduced 

in combinatorial therapy for the clinical management of MDR enterobacterial infections over 

the last years(48). This combination was previously assessed in two other in vitro studies. 

Presterl et al. described negligible bactericidal activity against biofilm-producer Staphylococcus 
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epidermidis(191), and the combination also showed killing activity at 24 hours by TKA against 

Neisseria gonorrhoeae, including azithromycin resistant strains, with no regrowth until the end 

of the assay(192). The latter study is in agreement with these results in K. pneumoniae, 

supporting the potential use of azithromycin/fosfomycin against Gram-negative bacteria. Rapid 

bactericidal activities observed were maintained up to the end of the assays against all tested 

strains (Figure 3.2. and appendix I, a), including those strains with high fosfomycin MIC values 

(Figure 3.3.). Interestingly, effective fosfomycin concentrations in these in vitro assays were 

below fosfomycin peak plasma concentration after intravenous administration in adults (606 

mg/L)(46). In my view, this is the first study analyzing the antimicrobial activities of the 

combination azithromycin/fosfomycin against a large set of MDR K. pneumoniae strains.  These 

results, together with other evidence, suggest that the combination of azithromycin plus 

fosfomycin could play an important role in clinical settings and merits further pre-clinical and 

clinical development. Both drugs display good safety profiles, they are recommended for 

combinatorial therapy to minimize resistance emergence derived from monotherapy, and are 

administered at a single dose administration (0.5 to 2 g single dose oral or intravenously for 

azithromycin (174) and 3 g single dose orally or up to 8 g /8 hours intravenously for fosfomycin 

(50)). Similar to azithromycin, fosfomycin displays immunomodulatory mechanisms (46), which 

have been shown beneficial to overcome severe Gram-negative infections.  

 

2. Azithromycin plus colistin. This combination was reported in some studies 

including MDR K. pneumoniae (148,189,193), where the increase in the Gram-negative outer 

membrane permeability facilitates azithromycin access to the 50S ribosomal subunit (148,189). 

In agreement with these results, sterilizing activities were obtained in 2 out of 3 of the colistin 

resistant strains (CSE-9, MICCST= 16 mg/L and CSEE-12, MICCST= 4 mg/L). In these strains, the 

limiting factor for activity was the concentration of azithromycin; similar killing profiles were 

obtained at two colistin concentrations (2 mg/L and 8 mg/L) (appendix I, b). These findings 

support the possibility to decrease colistin concentrations below its nephrotoxic threshold (2.42 

mg/L) (40), if administered in synergistic combination with azithromycin.  

 

3. Azithromycin plus tigecycline. This is the first report of this combination being 

active against K. pneumoniae. Previous studies described biofilm eradication against S. 

maltophilia (146) and the in vitro and in vivo activity of azithromycin in combination with 

minocycline (another tetracycline antibiotic) against MDR pathogens including K. pneumoniae 

(194). Although we observed variable activity from one strain to another (appendix I, c), the 

combination showed sterilizing activity against three strains, which had different susceptibility 
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profile to both drugs (e.g., CEE-11 exhibited resistant profile with MICTGC= 4 mg/L and MICAZM ≥ 

64 mg/L, Figure 3.3.). Azithromycin and tigecycline are both bacteriostatic drugs targeting the 

50S and 30S ribosomal subunits, respectively, which could explain their synergy by enhancing 

protein inhibition that leads to disruption of the bacterial gene translation.  

Our TKA results show effective sterilizing activities of azithromycin-based combinations at 

azithromycin concentrations ranging from 2 up to 64 mg/L (appendix I). Although for some 

strains the azithromycin sterilizing concentrations observed were over those achievable in 

plasma, azithromycin displays a rapid blood-tissue distribution, so despite such low serum 

concentrations it is expected that its accumulation in tissue will be higher (e.g. accumulation in 

macrophages is 5- to 200-fold higher than in plasma (174)). In addition, the long PAE and 

significant subinhibitory concentration effect demonstrated both in vitro and in vivo against 

respiratory pathogens (195,196) indicate a prolonged antimicrobial activity.  

The azithromycin PK/PD properties make it an optimal candidate for combination 

therapy in MDR Gram-negative infections. Standard dosing of the last-line antibiotics used in 

this study (that included loading doses for colistin and tigecycline) (37) yielded a rapid bacterial 

killing effect that could be seconded by the slower but longer lasting action of azithromycin, 

maintaining bacterial eradication during the course of treatment. Moreover, combinatorial 

therapy with azithromycin might minimise resistance emergence and toxicity issues (specially 

with colistin) using longer dosing intervals.  

The use of macrolides (specially azithromycin) is currently recommended in critically ill 

patients with pneumonia as empirical treatment in combination with β-lactams or 

fluroquinolones (197), supported by previous preclinical assays showing synergy (198–200). 

Anticipatory immunotherapy with azithromycin has been also used in critically ill patients with 

infections other than pneumonia, demonstrating clinical benefit with reduced mortality rates 

and intensive-care unit (ICU) stay (175). The early addition of azithromycin to last-line antibiotics 

for MDR treatment in severe infections (i.e., sepsis, ventilator-associated pneumonia, 

immunocompromised patients) could not only improve the efficacy of the therapy in 

combination, but also improve the clinical outcome due to immunomodulatory properties of 

azithromycin in ICU patients.   
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CONCLUSIONS AND FUTURE PERSPECTIVES 

In conclusion, it was demonstrated using in vitro TKA models that azithromycin 

combined with existing antibiotics might increase the efficacy in the eradication of MDR/XDR K. 

pneumoniae. Based on these in vitro studies, the following priority list of pairwise combinations 

are proposed: azithromycin/fosfomycin > azithromycin/colistin > fosfomycin/colistin > 

meropenem/ertapenem > azithromycin/tigecycline > meropenem/colistin > 

fosfomycin/tigecycline. Additional pre-clinical and clinical studies would be needed to fully 

understand the clinical potential of azithromycin as synergistic partner in antimicrobial therapies 

against MDR enterobacteria.  
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APPENDIX I. Summary time-kill assays of azithromycin-based combinations against K. 

pneumoniae isolates. (a) Azithromycin plus fosfomycin; (b) Azithromycin plus colistin; (c) 

Azithromycin plus tigecycline. 
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Faced with the increase of multi-resistant bacteria to antibiotics, it is necessary to design 

new strategies to develop new effective treatments. In this Thesis, two strategies have been 

implemented jointly: drug repositioning and the identification of compounds that act 

synergistically to enhance their effect. The following conclusions can be drawn from this work:  

• The sHTSS methodology has revealed novel previously undescribed drug 

combinations for killing or inhibiting growth of K. pneumoniae, as well as has 

confirmed other synergistic interactions already described between antibiotics (e.g., 

tigecycline and amikacin).  

• Antibiotic clinical combinations commonly used for the treatment of multidrug-

resistant K. pneumoniae showed variable in vitro activity against the panel of 

isolates. Fosfomycin/colistin was the combination showing the highest synergistic 

and bactericidal activity at sub-inhibitory concentrations. 

• There is in vitro synergistic interaction of zidovudine in pair-wise combination with 

either fosfomycin, ceftazidime-avibactam, colistin or tigecycline against K. 

pneumoniae, at similar concentrations that those exhibited physiologically. 

• Rapid bactericidal activity against K. pneumoniae was observed for combinations 

based on zidovudine in combination with fosfomycin, ceftazidime-avibactam or 

colistin, maintaining their sterilising effect up to 48 hours in time-kill assays. 

• Triple combinations of zidovudine/fosfomycin/colistin have a similar effect to 

double combinations of fosfomycin/zidovudine, colistin/zidovudine and 

fosfomycin/colistin, but do not provide greater potency in their activity against K. 

pneumoniae. 

• Azithromycin has a potent synergistic effect with fosfomycin, colistin or tigecycline 

against K. pneumoniae. 

• Especially with the azithromycin/fosfomycin combination, rapid bactericidal activity 

without bacterial rebound in the kill curves was observed in all K. pneumoniae 

isolates tested. 

• Cytotoxicity assays revealed that both zidovudine and azithromycin, were non-

cytotoxic below 64 mg/L.  

• Novel combinations showed high cell viability and non-toxic effect compared to 

drugs alone, except azithromycin/tigecycline combination, which did not yield the 

non-cytotoxic threshold (70% cell viability).  
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As this work lays the foundation for future pre-clinical and clinical implementation of 

these novel combinations, future directions to continue in this line can be mentioned below:  

1. The confirmation of the favourable interactions against a more extensive set of clinical 

isolates.  

2. Assessment of their activities against bacterial cells on stationary phase of growth. This 

would be of particular interest in infections associated with biofilm formation (e.g., 

endocarditis, osteomyelitis, prosthetic joint infections), in where the drug access to the 

bacteria is a limiting factor. Artificial biofilms may be simulated by in vitro assays (e.g., 

Calgary Biofilm Device), and the effect of combination of drugs on the cells can be 

analysed by confocal microscopy.  

3. Elucidation of the underlying mechanisms of synergy of the combinations.  

4. Evaluation of the combinations by in vitro synergy assays based on dynamic systems, 

such as the Hollow Fibre System. These experiments would allow to assess the activity 

of the combinations by simulating real infection conditions, at physiological 

concentrations observed in humans.  

5. Finally, in vivo models would also complement the hollow fibre system experiments for 

the design of future randomised clinical trials.  

In view of these results, the future clinical implementation of azithromycin and 

zidovudine into the therapeutic arsenal for K. pneumoniae severe infections seems promising. 

Favourable points for the achievement of this reality are the traditional use of azithromycin in 

critically ill patients, which would facilitate the management of these infections in combination 

therapy, or the current development of an ongoing clinical trial related to zidovudine in 

combination with colistin, which also drives the design of further clinical trials involving 

zidovudine.   
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Ante el aumento de bacterias multirresistentes a los antibióticos es necesario diseñar 

nuevas estrategias para tratar de desarrollar nuevos tratamientos eficaces. En esta tesis se han 

puesto en práctica dos estrategias de manera conjunta; el reposicionamiento de fármacos y la 

identificación de compuestos que actúen de manera sinérgica para potenciar su efecto. De este 

trabajo se derivan las siguientes conclusiones:  

• La metodología sHTSS ha revelado nuevas combinaciones de fármacos no descritas 

previamente para matar o inhibir el crecimiento de K. pneumoniae, así como confirmado 

otras interacciones sinérgicas ya descritas entre antibióticos (por ejemplo, tigeciclina y 

amikacina).  

• Las combinaciones de antibióticos de uso clínico habituales para el tratamiento de K. 

pneumoniae multirresistente presentaron actividad in vitro variable frente al panel de 

aislados. Fosfomicina/colistina fue la combinación que mostró mayor actividad sinérgica 

y bactericida a concentraciones subinhibitorias. 

• Existe interacción sinérgica in vitro de zidovudina en combinación doble con 

fosfomicina, ceftazidima-avibactam, colistina y tigeciclina frente a K. pneumoniae, a 

concentraciones similares a las fisiológicas. 

• Se observó una rápida actividad bactericida de las combinaciones basadas en zidovudina 

en combinación con fosfomicina, ceftazidima-avibactam y colistina, manteniendo su 

efecto esterilizante hasta las 48 horas en los ensayos de curvas de muerte. 

• Combinaciones triples de zidovudina/fosfomicina/colistina tienen un efecto similar a las 

dobles combinaciones de fosfomicina/zidovudina, colistina/zidovudina y 

fosfomicina/colistina, pero no aportan una mayor potencia en su actividad frente a K. 

pneumoniae. 

• Azitromicina tiene un potente efecto sinérgico con fosfomicina, colistina y tigeciclina 

frente a K. pneumoniae. 

• Especialmente, con la combinación azitromicina/fosfomicina se observó una rápida 

actividad bactericida sin rebote bacteriano en las curvas de muerte en todos los aislados 

de K. pneumoniae testados. 

• Los ensayos de citotoxicidad revelaron que tanto la zidovudina como la azitromicina no 

eran citotóxicas por debajo de 64 mg/L.  

• Las nuevas combinaciones mostraron una elevada viabilidad celular y un efecto no 

tóxico en comparación con los fármacos por separado, excepto la combinación de 

azitromicina/tigeciclina, que no alcanzó el umbral no citotóxico (70% de viabilidad 

celular). 
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Dado que este trabajo sienta las bases para la futura aplicación preclínica y clínica de 

estas novedosas combinaciones, a continuación, se mencionan las futuras direcciones a seguir 

en esta línea:  

1. La confirmación de las interacciones favorables frente a un conjunto más amplio de 

aislados clínicos.  

2. La evaluación de sus actividades frente a bacterias en fase estacionaria de crecimiento. 

Esto sería de especial interés en infecciones asociadas a la formación de biopelículas 

(por ejemplo, endocarditis, osteomielitis, infecciones de prótesis articulares), en las que 

el acceso del fármaco a las bacterias es un factor limitante. Las biopelículas artificiales 

pueden simularse mediante ensayos in vitro (por ejemplo, Calgary Biofilm Device), y el 

efecto de la combinación de fármacos en las células puede analizarse mediante 

microscopía confocal.  

3. Elucidación de los mecanismos moleculares de sinergia de las combinaciones.  

4. Evaluación de las combinaciones mediante ensayos de sinergia in vitro basados en 

sistemas dinámicos, como el Hollow Fibre System. Estos experimentos permitirían 

evaluar la actividad de las combinaciones simulando condiciones reales de infección, a 

concentraciones fisiológicas observadas en humanos.  

5. Por último, los modelos in vivo también complementarían los experimentos con el 

sistema de fibra hueca para el diseño de futuros ensayos clínicos aleatorizados. 

A la vista de estos resultados, la futura implementación clínica de la azitromicina y la 

zidovudina en el arsenal terapéutico de las infecciones graves por K. pneumoniae parece 

prometedora. Entre los puntos favorables para el alcance de esta realidad se encuentran el uso 

tradicional de azitromicina en pacientes críticos, que facilitaría el tratamiento de estas 

infecciones en terapia combinada, o el actual desarrollo de un ensayo clínico en curso 

relacionado con zidovudina en combinación con colistina, que también impulsa el diseño de 

nuevos ensayos clínicos con zidovudina.
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ANNEX I. The FICI paradigm: Correcting flaws in antimicrobial in vitro synergy screens at 

their inception. 

This annex includes a review article in which I participated as first author, entitled The 

FICI paradigm: Correcting flaws in antimicrobial in vitro synergy screens at their inception. This 

paper was accepted the 1st of March of 2019 and published in Biochemical Pharmacology in May 

of 2019.  

This Commentary discusses some issues related to the traditional process of synergy 

studies, commonly based on inhibition parameters that may not represent the true interaction 

between compounds. Here we highlight the importance of obtaining parameters of bactericidal 

activity, such as those obtained by determining the MBC value or by time-kill assays, which 

reveal more valuable information about the efficacy of the interactions. Due to the still lack of 

standardized in vitro synergy methods, we believe that these assays should govern the decision 

to prioritize those interactions that merit further validation. 
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A B S T R A C T

Antibiotics have become the corner stone of modern medicine. However, our society is currently facing one of
the greatest challenges of its time: the emergence of antimicrobial resistance. It is estimated that if no new
therapies are implemented by 2050, 10 million people will die worldwide every year as a result of infections
caused by bacteria resistant to current antibiotics; new antimicrobials are thus urgently needed. However, drug
development is a tedious and very costly endeavor of hundreds of millions that can take up to 15–20 years from
the bench discovery to the bedside. Under this scenario, drug repurposing, which consists in identifying new uses
for old, clinically approved drugs, has gathered momentum within the pharmaceutical industry. Because most of
these drugs have safety and toxicity information packages available, clinical evaluation could be done in a much
shorter period than standard timelines. Synergistic combinations of these clinically approved drugs could also be
a promising approach to identify novel antimicrobial therapies that might provide rational choices of available
drugs to shorten treatment, increase efficacy, reduce toxicity, prevent resistance and treat infections caused by
drug-resistant strains. However, although simple in its conception, translating results from in vitro synergy
screens into in vivo efficacy or the clinical practice has proven to be a paramount challenge.

In this Commentary, we will discuss common flaws at the inception of synergy research programs, with a
special focus on the use of the Fractional Inhibitory Concentration Index (FICI), and evaluate potential inter-
ventions that can be made at different developmental pre-clinical stages in order to improve the odds of
translation from in vitro studies.

1. The emerging problem of worldwide antimicrobial resistance

Antimicrobial resistance (AMR) is alarmingly increasing world-
wide.> 700,000 people die every year due to common bacterial in-
fections caused by drug-resistant strains. In Europe, these pathogens
cause at least 25,000 deaths per year, entailing healthcare expenditures
and productivity losses [1]. In the USA death rate is set on> 23,000
deaths per year, if we include sepsis, these figures dramatically increase
up to 210,000 deaths, and to 5 million losses worldwide [2]. This si-
tuation is of extreme concern since if no new antibiotics are im-
plemented by 2050, 10 million people will die every year as a result of
infections caused by antibiotic resistant bacteria [3].

Despite our inability to treat these infections and the urgent need for
new therapies, pharmaceutical companies do not see as profitable in-
vestment programs focusing on the discovery of new antimicrobials [4],

which are considered tedious and costly endeavors that can take up to
15–20 years from hit discovery to a commercialized drug. As such, the
number of new antibiotics approved by the FDA or the EMA in the past
few years is not enough to counteract the rise of antimicrobial re-
sistance; indeed, due to the AMR emergence, we have now fewer
therapeutic options available in the clinical practice than a decade ago
[5].

The emergence of bacteria with multi drug-resistant (MDR) and
extensively drug-resistant (XDR) phenotypes to several antimicrobial
classes seriously limits therapeutic options in the clinical practice. As a
result, physicians are forced to improvise regimens combining the few
available options. For example, infections caused by carbapenemase-
producing enterobacteria (CPE) are treated in most cases by combina-
tion therapies using colistin, tigecycline, carbapenems, aminoglycosides
or fosfomycin; however, such regimens are often guided by a small
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number of studies lacking robust evidence [6,7]. In the case of MDR and
XDR strains of tuberculosis (TB) only just recently the World Health
Organization (WHO) issued a communication on treatment guidance
based on available clinical trial data [8]. Before this, treatment of MDR/
XDR-TB was performed empirically based on strain resistant profiles
and drug availability in the clinics; even though, there is still a high
degree of uncertainty on combinatorial treatment outcomes [8].

Combination therapy was standard procedure soon after che-
motherapy was introduced for TB treatment in order to reduce the
emergence of drug resistance, reduce the length of treatment and im-
prove therapeutic outcomes; this is also an approach widely used for
HIV therapy. On the contrary, infections caused by Gram-positive or
Gram-negative bacteria are still mainly treated in monotherapy and
combination therapy is only considered as a last resource strategy for
difficult to treat infections caused by drug-resistant strains. Current
trends in antimicrobial discovery mainly focus on the development of
new compounds with novel modes of action as single agents. However,
because emergence of bacterial resistance to any newly approved an-
tibiotic would eventually occur, more basic, translational and clinical
studies, and new therapeutic approaches are urgently needed. This
would enable optimization of drug combinations and dosing strategies
to shorten treatment, increase efficacy, reduce toxicity, prevent the
emergence of resistance to new antibiotics, and treat infections caused
by drug-resistant strains.

2. Antimicrobial discovery: focusing on new approaches

Antimicrobial discovery and development is lengthy and costly with
numerous development stages that include, among others, small-mo-
lecule high-throughput hit discovery screens, lead optimization cam-
paigns, preclinical studies of drug candidates and clinical trials eva-
luation. Discovery and development programs often do not obtain the
expected financial return, with only few molecules advancing to late-
stage development due to high attrition rates [9,10]. Under this sce-
nario, innovative alternatives to make more efficient the antimicrobial
discovery and development process are urgently needed. One such
strategy is the development on new therapies based of two emerging
concepts: drug repurposing and synergistic drug combinations.

2.1. Drug repurposing

Drug repurposing (or drug repositioning) is a promising approach to
identify new properties in compounds commercialized for other clinical
indications. Initially not considered a profitable area by the pharma-
ceutical industry because most drugs were out of patent protection, it is
gaining momentum due to the high costs of the traditional drug dis-
covery process and the opportunity to warrant further priority protec-
tion on intellectual property [11]. A faster approach in theory, drug
repurposing also encompasses studies specific to its intrinsic process,
i.e. repurposed drugs need to be dose optimized for the new therapeutic
indication, which might include additional safety, dose prediction stu-
dies and safety phase I trial at the new indicated dose. In the case of
drugs repurposed as antimicrobials, the new effective antibacterial dose
would be typically much higher than the actual recommended clinical
dose for the old indication, thus limiting its use in the clinic due to
safety concerns, regardless of any promising in vitro activity. A strategy
to overcome this limitation would be to combine them within sy-
nergistic drug combinations, thus reducing the effective dose needed
and related toxicity [12]. However, even this promising approach might
also come with key translational limitations that would be further
discuss below.

Drug repurposing has been studied in the field of infectious diseases
at the pre-clinical proof-of-concept level: flubendazole, niclosamide and
the avermectins are anti-parasitic drugs that showed in vitro activity
against non-parasitic infections such as cryptococcosis, the Zika virus
and mycobacterial infections, respectively [13–16]; enoxacin, a

fluoroquinolone, was identified as an antifungal drug [17]; and dela-
manid, an anti-tuberculosis drug, as a potential agent against visceral
leishmaniasis [18]. Similarly, drugs used for other indications not re-
lated to infection have also repurposing potential against some patho-
gens: statins were proposed for the treatment of Trypanosoma cruzi [19]
and bacterial skin infections [20]; calcium channel blockers against
fungal diseases [13]; and loperamide, an anti-diarrhea drug, might have
a potential role in combination therapy with minocycline to treat Sal-
monella enterica infections [21]. Although promising, to date there are
no reports on their translational clinical potential and efficacy, the
major roadblock of the repurposing approach.

In summary, drug repurposing has the potential to shorten drug
development since pharmacological, safety and preclinical data for the
new identified drug are readily available and manufacturing infra-
structure needed for quick implementation already in place. This could
facilitate and accelerate the development process; however, specific
issues related to the new indication of the repurposed drug need to be
addressed early to limit attrition rates and improve regulatory approval
outcomes.

2.2. Synergistic drug combinations

Synergy between two (or more) drugs occurs when their activities
within the combination are improved over the sum of their individual
separate effects. This approach has been extensively studied and con-
tinues to be the backbone of some current clinical antimicrobial
therapies, such as infective endocarditis caused by Enterococcus and
Streptococcus viridans species, where synergy is observed among beta-
lactams and aminoglycosides [22] or in the case of the widely used
combination of amoxicillin plus clavulanic acid [23]. Typically, a sy-
nergistic effect can be achieved: (i) by non-specific, off-target phar-
macological drug-drug interactions, known as “promiscuous synergy”
[24], i.e. increasing drug bioavailability and exposure of one of the
drugs in the combination where the endpoint is a therapeutic im-
provement; and (ii) when two drugs target complimentary pathways
that together inhibit essential cellular processes, also known as “specific
synergy”. As non-specific synergy cannot be readily tested in primary in
vitro microbiology assays, it is thus out of scope of this Commentary
and, we will refer only to specific synergy.

Synergistic drug combinations including repurposed drugs allow
thus the use of lower concentrations of both compounds with the po-
tential to improve therapy outcomes by an increase in efficacy and a
reduction of side effects [12]. They have also the potential to prevent
the emergence of antimicrobial resistance to the individual drugs in the
combination, thus prolonging the use of our limited antibiotic arma-
mentarium. Additionally, synergistic combinations might reintroduce
drugs that have lost activity against drug resistant strains; for example,
MDR/XDR-TB strains could be potentially re-sensitized to clinically
achievable levels of rifampicin, the cornerstone drug for TB therapy,
when treated in combination with beta-lactams [25,26]. However, al-
though promising, the use of synergistic drug combinations might also
face severe limitations in their in vitro to in vivo and clinical transla-
tional potential that are hardly addresses early in the discovery process.
Therapeutic effectiveness derived from in vitro studies needs to be
correlated with pharmacological parameters; drug-drug interactions
(DDI) potentially leading to toxicity or lack of efficacy of the combi-
nation need to be identified early by means of the extensive pre-clinical
and clinical data available on both synergistic partners. For example,
DDI typically occur through cytochrome P450 (CYP)-3A4 substrates,
among other mechanisms. In a screening effort to identify enhancers of
the activity of rifampicin against M. tuberculosis, the antifungal azole,
ketoconazole, displayed strong in vitro synergy with rifampicin [26];
however, ketoconazole is an inhibitor and rifampicin an inducer of
CYP3A4 and, thus, their co-administration is strongly contraindicated.
In addition, although synergy might be observed when both compounds
are tested in close-compartment in vitro assays, the spatiotemporal
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dynamics of in vivo systems need to be considered as well, i.e. one of the
synergistic partners might not reach the target organ or both drugs
reach it at different times. Thus, if the synergistic effect was dependent
on co-exposure, different pharmacokinetic (PK) and tissue distribution
properties of drugs in the combination could make them “discordant
synergistic partners” (Fig. 1), precluding from translation of synergistic
interactions to more complex systems beyond in vitro assays. To over-
come some of these limitations nanotechnology approaches might be
employed, i.e co-encapsulation of synergistic partners could synchro-
nize their PK profiles and tissue distribution, reduce toxicity and in-
crease efficacy [27].

In summary, although identifying synergistic drug combinations has
a strong potential to repurpose (as antimicrobials) drugs clinically ap-
proved for other indications, this approach comes with strong liabilities
such as DDI and requirements for co-bioavailability of the drugs in the
combination. Timely addressed, this might reduce future attrition rates
in the pre-clinical development phase, saving time and capital invest-
ments. These issues are, however, out of scope of this Commentary and
we will focus on those actions that could be undertaken early in the
discovery process, at the in vitro synergy screen phase, to improve the
odds of translation.

3. Synergy in vitro methods in antimicrobial research

Identification and quantification of pairwise drug synergistic inter-
actions rely on labor intensive and time-consuming in vitro assays with
no true gold standard method to determine synergy; in fact, experi-
mentation on drug interactions can lead to opposite conclusions de-
pending on the mathematical model used [28,29]. There are two main
popular in vitro methods by which synergy could be assessed, these are
adapted from standard antimicrobial techniques to determine bacterial
drug susceptibility: (i) agar diffusion assays, performed in solid media;
and (ii) the checkerboard (CBA) assay, performed in liquid media. CBA
is probably the most widely used methodology to study synergy due to
its increase throughput capacity over gradient diffusion tests.

3.1. Agar diffusion assays

Agar diffusion assays use solid media to determine the antimicrobial
activity of a compound against any given strain. They can be divided in
disk diffusion and E-tests: (i) Disk diffusion assays are used in most
clinical laboratories for routine antimicrobial susceptibility testing
[30]. For synergy studies, paper disks with an antimicrobial solution
are placed on top of a bacterial lawn and agar plates incubated (typi-
cally overnight) until visible growth is observed. Synergy is determined
by comparing the inhibition zones of each compound alone and in
combination [31]. This methodology was adapted for high-throughput
synergy screens to identify synergistic partners of a primary compound

of interest; in this case, sub-inhibitory concentrations (sub-MIC) of the
primary compound are added into the agar and secondary compounds
placed onto the surface of the agar plates embedded in paper disks [32]
or, in order to increase assay throughput, by robotic pin replication
from 96-well chemical library plates [33]. Synergy is defined by an
enlargement of the inhibition zones on compound-containing agar
plates compared to those with drug-free agar. An inherent shortcoming
of these approaches is that they are of qualitative nature since inhibi-
tion zones are reported instead of MIC values; (ii) E-test assays are also
routinely used in the clinic, where commercially available anti-
microbial strips with a gradient of drug concentrations are placed onto
a bacterial lawn surface. After incubation, an elliptical zone of growth
inhibition is formed around the strip and the MIC read at the inter-
section of the inhibition zone with the strip. Some existing technical
variations have been described to accommodate for synergy studies
including the fixed ratio [34,35] and crossed-strip methods [36,37] that
provide a quantitative measurement of the MIC of the compounds alone
and when in combination (MICsyn). Similar to describe above, E-test
strips can be placed onto compound-containing agar plates and the
MICsyn values compared to those in drug-free plates, however, this
method lacks throughput capacity. The interpretation of synergy fol-
lows similar criteria than those used in checkerboard assays (CBA)
(described below) [38–40].

3.2. Checkerboard assays

One of the most widely used and popular techniques to quantify
pairwise drug interactions, CBA assays consist of a two-dimensional
array (typically in a liquid media 96-well plate format) where serial
dilutions of drug partners are added at different combination ratios to a
bacterial inoculum and the effect of the combination measured using
growth inhibition as the endpoint readout. CBA assays are, however,
mainly limited to study 2-way drug interactions although some ap-
proaches have been described to study higher-order drug interactions:
(i) the multiple-combination bactericidal test (MCBT), an adaptation of
the CBA assay, is designed to test combinations of up to four anti-
microbials simultaneously; however, in contrast to CBA, only fixed
concentrations at pharmacologically achievable blood concentrations
are assessed, i.e. the concentration used in each experiment is defined
by drug’s serum concentrations. Because some of the drugs in the
combination might be used at concentrations well above their MIC
values, thus having strong activity alone, and the readout of MCBT
assays is typically growth inhibition, MCBT assays have a limited power
to detect synergistic interactions. In addition, although intended to be a
more reliable proxy for clinical outcomes, serum concentrations might
not reflect the actual drug concentration at the infected site in diseases
such as tuberculosis or other pulmonary infections; (ii) other ap-
proaches involving dose-response studies in three dimensions (x, y and
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Fig. 1. Discordant synergistic partners. (a) Synergistic drug partners with compatible PK profiles. Co-exposure at the target tissue allows effective drug con-
centrations above the MIC over time (AUCA+B). (b) Synergistic partners with discordant PK profiles show limited co-exposure at the target tissue, thus, preventing
translation of in vitro to in vivo synergy of the synergistic combination. AUC=Area under curve; MIC=Minimum Inhibitory Concentration.
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z axes) can be used for 3-way drug interactions [41], although these are
technically cumbersome and cannot test higher-order (n-way) drug
interactions; (iii) to overcome these limitations a generalized Loewe
additive model has been recently proposed to identify optimal drug
combinations against Mycobacterium tuberculosis [42]. Originally pro-
posed by Berenbaum [43], DiaMOND (diagonal measurement of n-way
drug interactions) extends on this work and allows for an efficient ex-
perimental sampling and scoring method to measure drug interactions
for combinations of any number of compounds.

3.3. Limitations of synergy in vitro screen methods

Synergy methods are not fully standardized and involve some lim-
itations. Correlation studies among agar diffusion and CBA assays
showed variability depending on the microorganisms tested and type of
assay. For example, poor correlation was found against Staphylococcus
aureus [32], and Candida species [35], but better correlations were
described in other studies against Gram-negative and S. aureus [37], A.
baumanii [34] and Brucella melitensis [36]. As such, the paramount
challenge from in vitro synergy evaluation methods is to demonstrate
their capacity to predict treatment outcomes. Despite the tremendous
amount of in vitro synergy studies performed, only a few have at-
tempted to establish true clinical relevance of synergy testing through
clinical outcome-based studies. Results showed no superiority of sy-
nergy testing compared to conventional susceptibility testing of single
drugs to predict clinical outcomes [44]. This has been particularly
studied in cystic fibrosis patients and current clinical guidelines do not
recommend performing synergy testing in clinical isolates to guide
therapy [45].

From the point of view of antimicrobial discovery and development
programs, especially considering the repurposing approach, identifying
synergistic drug partners might provide an added value and potentially
bring new molecules into the clinic in a much shorter time [12]; this
could be of particular importance in the case of TB and infections
caused by difficult to treat non-tuberculous mycobacteria (NTM), where
combinatorial therapy is well-established. However, from a technical
point of view, among agar diffusion assays major drawbacks are the
lack of linear correlation between the diameters of the inhibition zones
and synergism, different interpretation criteria, and reproducibility is-
sues when using in-house drug preparations. E-test assays overcome the
issue of reproducibility using commercial strips. However, MIC re-
porting might be also dependent on the particular interpretation of
growth inhibition by the technical operator [34]. In addition, agar
diffusion assays offer limited throughput capacity, although some in-
novative approaches might partially address this issue [33].
Throughput capacity can be increased with the CBA assay that uses
liquid media by miniaturizing reactions in micro-titer plates (96-, 384
or even 1536-well plates). However, CBA assays have a major transla-
tional drawback directly related to the intrinsic nature of the CBA main
indicator of synergy, the Fractional Inhibitory Concentration Index
(FICI).

4. The paradigm of FICI determination

The FICI value is considered the standard reference parameter to
quantify pairwise drug interactions in antimicrobial research [46]. The
FIC of drug A (FICA) is defined as the MIC of drug A in the presence of
drug B divided by the MIC of drug A alone (FICA= [MICA(B)/MICA]);
and vice versa (FICB= [MICB(A)/MICB]). The sum of FICA plus FICB

gives the FICI (FICI= FICA+ FICB), an indication of the degree of drug
interaction. Being the MIC the key parameter for FICI determination,
interaction studies using the CBA assay have thus reproducibility issues
since MIC values have intrinsic three-dilution range (mode ± 1 dilu-
tion) variability; in addition, interpretation of synergy results might be
dependent on the methodology used [47,48]. For these reasons, and
with the aim to uniform criteria and minimize experimental error, F.C.

Odds proposed not to attempt fine-scale interpretations of FICI values
from CBA experiments [46]. More restrictive criteria were established,
removing concepts such as ‘additive’, ‘indifferent’ or ‘partial synergy’
that applied to FICI data slightly above or below the critical theoretical
cut-off of 1.0 that give a positive spin in those results that really in-
dicated only ‘no interaction’ between agents. “Synergy” was then de-
fined as a ≥4-fold reduction in the MICs of both compounds in com-
bination compared to their MICs alone (FICI ≤0.5); “no interaction”
when the MICsyn of one of the compound remained in the range of 1/
2× to 4×MIC (FICI> 0.5–4); and “antagonism” when the MICsyn of
both compounds is, at least, 4-fold higher than compared to the activity
of the compounds alone (FICI> 4.0) [46]. Despite these conservative
interpretations, synergy studies and data reporting still reveal absence
of consensus and standardization [49]. There is thus an urgent need to
define a systematic in vitro synergy testing methodology with clearly
established criteria to improve in vitro to in vivo translation of efficacy.
One possible reason behind this lack of translation roots in the use of
the MIC as the basis for FICI calculations.

4.1. Impact of the MIC parameter in the determination of synergy

The MIC parameter is widely considered the common measure and
primary readout to evaluate antimicrobial activity and calculate FICI
values. In a clinical setting, the MIC is defined as the lowest con-
centration of drug at which there is no visible bacterial growth. In a
drug discovery context, methods commonly used to determine MIC
values are based on cell viability measurements that are dependent on
metabolic or enzymatic bacterial processes. Such methods are per-
formed directly with no reagents added to the sample, typically by
optical density or turbidity measurements; or indirectly, i.e. by optical,
fluorescent or luminescence measurements after addition of a growth
indicator such as MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenylte-
trazolium bromide), resazurin (alamar blue), or ATP (BacTiter Glo™),
respectively [50]. (i) Optical density (OD). A widely used parameter that
reports the light scattered by a bacterial suspension, it is an indicator of
the culture turbidity due to bacterial overgrowth; it requires full bac-
terial growth (> 108 cells/mL) for positive detection (a major limita-
tion when working with slow-growing bacteria such as M. tuberculosis
or M. ulcerans) with a non-linear relationship between signal and bac-
terial growth at high cell density [51]; (ii) Redox indicators. MTT or
resazurin are redox indicators that undergo a reduction process in the
presence of metabolically active viable cells that is linked to a change in
color. After a period of incubation (typically a few hours), a signal
(absorbance and fluorescence, respectively) can be easily determined
using a plate reader; this signal is proportional to the number of viable
cells within a 2-log10 range. Sensitivity is time dependent and longer
incubation times usually generate stronger signals, thus increasing the
dynamic range and improving assay robustness. The limit of detection
is lower than that of OD assays (ca. 107 cells/mL). Both MTT and re-
sazurin assays are among the most commonly used methods to de-
termine cell viability [50]. (iii) ATP-based assays. They require luciferin
as substrate, a detergent to lyse the cells, ATPase inhibitors to deplete
the remaining ATP from the cytoplasm, and luciferase. The lumines-
cence signal is expressed as relative light units (RLU) that accurately
correlated to bacterial counts. Although some culture conditions (i.e.
growth media, pH, temperature) might affect metabolic activity, de-
creasing signal and interfering with growth parameters, ATP-based
assays are considered among the fastest and most sensitive methods
with a limit of detection of 105 cells/mL [50,51].

In summary, every method provides a different limit of detection
that might have important implications when assessing the synergistic
potential of a pairwise drug combination. As shown in Fig. 2, sy-
nergistic interactions could be missed due to overestimation of the ac-
tivity in the combination of drugs alone when low sensitivity limits of
detections are used (i.e. OD methods). Thus, an MIC method with more
sensitivity would allow better and more precise discrimination of
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synergistic interactions. ATP-based methods would provide higher
prediction power, but this could be costly for non-industrial labora-
tories. As such, redox methods might provide a reasonable cost-effec-
tive alternative. Growth inhibition-based assays (i.e. MIC assays) do not
provide, however, critical information regarding the killing rates and
sterilizing dynamics of the potential synergistic combinations. This
critical information, needed to assess the translational potential of a
drug combination, can only be obtained with time-kill kinetic assays
(TKA).

4.2. Understanding synergistic drug interactions using time-kill kinetic
assays

Among the most popular methodologies used to characterize anti-
microbial drug interactions, i.e. agar diffusion, MCBT, CBA and TKA
[44], TKA provide the most accurate and reliable information. Al-
though there is no gold-standard for synergy determinations, TKA are
frequently used as internal comparators versus other synergy assays
[34,35,37,40,52]. In TKA assays, bacterial cultures are exposed to fixed
concentrations of antimicrobial agents over a defined period. At time
intervals (e.g. every 1–2 h or up to 24–48 h, depending on the bacterial
generation time) samples are collected and Colony Forming Units (CFU)
enumerated in drug-free agar media. TKA thus provide a more accurate
characterization of drug interactions by measuring cell death instead of
growth inhibition. Bactericidal and bacteriostatic activities of anti-
microbial agents and other important PK and pharmacodynamics (PD)
drivers of activity can thus be inferred using this technique [53]. In TKA
assays, synergy of the drug combination is typically defined by ≥2-
log10 decrease in CFU/mL when compared to its most active constituent
partner; similarly, “antagonism” is considered when there is a ≥2-log10
increase in CFU/mL; and “no interaction” when there is less than 2-
log10 change in CFU/mL [54]. In the case of fast-growing bacteria such
as most of Gram-positive or Gram-negative, TKA are typically per-
formed after 24 h of incubation and, in the case of slow-growing bac-
teria such as M. tuberculosis, after 7–10 days, thus providing important
information on the bactericidal and bacteriostatic properties of the
combination. A typical phenomenon observed in TKA assays is bacterial
growth rebound after an initial killing phase; this could be due to
emergence of genetically resistant or tolerant subpopulations, or in vitro
antibiotic degradation in the culture media [55–57]. Understanding the

capacity of a drug combination to prevent regrowth would be a strong
indicator of its sterilization capacity, a proxy of clinical efficacy, and
the most reliable indicator of synergism with TKA [58]. Thus, assessing
the sterilization capacity would be critical to prioritize the development
of synergistic drug combinations. Such combinations should be prior-
itized for further progression into drug development programs while
those displaying antagonistic interactions should be promptly termi-
nated (Fig. 3). Although TKA assays have been widely used for anti-
microbial synergy studies, their implementation at a high-throughput
level would be particularly challenging due to the extensive sample
handling required. Minimal Bactericidal Concentration (MBC) assays
can overcome some of this limitation while maintaining key attributes
needed for the evaluation of synergistic drug combinations.

4.3. The MBC parameter in synergy assays

The MBC indicates the lowest concentration that prevents growth of
a bacterial inoculum after an outgrowth step onto antibiotic-free media
[59]. The bactericidal activity of any compound or drug combination
can be determined analyzing their MBC/MIC ratio; a ratio of MBC/MIC
≤4 is indicative of potential bactericidal activity [33]. Typically,
5–10 µL of culture from every well of the drug-containing plate are
transferred to a drug-free plate; when this is performed at later time
points the methodology can also account for sterilization. Drug carry-
over from the MIC plate to the MBC plate can, however, contribute to
the overestimation of the bactericidal activity of some compounds [60].
The use of activated charcoal in the agar media to capture the residual
carryover compound has been demonstrated effective in M. tuberculosis
studies; bacterial growth is then measured by a robust resazurin assay,
named CARA (Charcoal Activated Cara Assay) [61].

The MBC parameter has been largely disregarded in synergy studies
and its potential only considered by some authors [58]. However, as
explained above, the use of this critical parameter and the CARA assay
could correct many flaws encountered behind the use of FICI for sy-
nergy studies. First, it is based on bacterial killing activity instead of
growth inhibition and, with some minor technical protocol optimiza-
tions adapting incubation times, it can be used to determine the ster-
ilization activity of any compound or drug combination. Second, it is
high throughput screen compatible, opposite to time-consuming and
work-demanding TKA assays, thus allowing large chemical libraries to
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Fig. 2. The impact of detection limits in synergy
assays. A representative starting inoculum of
105 cells/mL is tested against three different
drug combinations and, after a defined incuba-
tion period, growth is evaluated by three dif-
ferent detection methods: OD (optical density),
redox (MTT or resazurin) and ATP (BacTiter
Glo™) assays. Untreated (control) cells grew to a
cell density of 1010 cells/mL and were readily
detected by all three methods. In the first sce-
nario, the combination A+B showed a limited
effect on net growth inhibition compared to
drugs A and B alone; however, based on the OD
method the combination was considered sy-
nergistic. In the second scenario (combination
C+D), the OD method did not provide any
useful information since both drugs alone were
considered active. Redox and ATP methods were
able to detect growth and identified a synergistic
combination. Finally, in the third scenario
(combination E+F), both redox and ATP
methods identified synergy; however, neither
assay was able to define whether the combina-
tion was bactericidal (option 1) or bacteriostatic
(option 2). Further validations assays such as
time-kill kinetics are needed to understand the
killing dynamics of the combination.
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be tested to improve the activity of any compound of interest. Finally,
mathematical tools already implemented for FICI calculations would be
readily available to calculate the Fractional Bactericidal Concentration
Index (FBCI), an index that we propose should replace the FICI in an-
timicrobial synergy studies.

5. Additional challenges translating in vitro to in vivo
antimicrobial synergy

Although implementation of the FBCI parameter for antimicrobial
synergy studies would be an important step forward to improve the
odds of in vitro to in vivo translation of synergy, PKPD interactions are
far more complex and several aspects need to be considered when
embarking in the development of antimicrobial synergistic drug com-
binations. We will enumerate and briefly describe some of them.

5.1. Drug stability and assay related issues

Drug stability in the assay medium has been widely investigated
over the years [55–57]. The extent to which a drug degrades during
antimicrobial assays is dependent on both the intrinsic composition of
the medium, the molecular nature of the drug itself and the action of
the bacteria on the drug. The acidic or basic properties and pH balance
between the compound and the medium are determinant factors that
contribute to drug hydrolysis [55,62]. The stability of the drug in the
assay medium can thus play an important role when accurately de-
termining antimicrobial susceptibility [62]; “top-up” experiments, i.e.,
replenishment of the drug in the culture media according to their half-
life elimination rate, might be considered to fully characterize the ac-
tivity of some compounds (this is particularly important in the case of
beta-lactams). Drug stability is also dependent on the microorganism,
i.e. presence of inactivating enzymes such as beta-lactamases, and
methodology used, being more frequent with broth dilution than dif-
fusion methods and with Gram-negative bacteria than with Gram-po-
sitive [63].

Drug absorption to different surfaces could also be an important
confounding factor. This problem can be limited by adding reagents to
the media (e.g. Tween 20, Tween 80, bovine serum albumin) or to the
plasticware (coated tubes with silicone or polyethylene glycol) [64].
Management of stock solutions is another issue to be considered in
antimicrobial drug discovery to improve reproducibility of suscept-
ibility assays; appropriate storage conditions should be maintained to
prevent drug degradation, since solvents, media, temperature and
freeze-thaw cycles may affect drug activity [62,63]. In addition, while
most stock solutions are prepared in DMSO for convenience reasons,
chemical libraries should be optimized for compound solubility using, if

needed, other biological compatible solvents such as water or ethanol
[65].

Some studies attempted to identify a synthetic medium that could
standardize antimicrobial susceptibility testing and harmonize anti-
microbial in vivo efficacy prediction [63,66,67]. For most microorgan-
isms, Mueller-Hinton is the recommended medium; however, it is still
under discussion which would be the most suitable medium for some
specific groups of bacteria, such as mycobacteria, Burkholderia cepacia
complex, anaerobes and some fastidious organisms [68]. In an attempt
to improve the efficacy prediction power of in vitro assays, a recent
study searched for an improved media to better mimicked the host
environment [67]; authors found that supplementation of the anti-
microbial susceptibility testing medium with sodium bicarbonate, an
abundant in vivo molecule that stimulates global changes in bacterial
structure and gene expression, was an important factor to improve the
in vivo efficacy predictive power of in vitro susceptibility assays. Ques-
tions still remain whether such improved medium would also be pre-
dictive of synergistic drug interactions.

5.2. Lack of clinical susceptibility breakpoints

Antimicrobials susceptibility breakpoints established by scientific
committees (i.e. CLSI, EUCAST) are a useful guide to harmonize cri-
teria. Nevertheless, the lack of specific clinical breakpoints for some
microorganisms, such as rifampicin or fosfomycin in Pseudomonas aer-
uginosa, beta-lactams in M. tuberculosis, macrolides in Acinetobacter
spp., rifampicin in Enterobacteriaceae or colistin in Enterococcus spp.
forces to extrapolate these breakpoints from other species [38,69,70],
thus, adding another limiting factor for an accurate clinical translation
of the antimicrobial activity. Clinical susceptibility breakpoints could,
however, be useful indicators when evaluating the clinical efficacy
prediction power of drug combinations. Clinically relevant synergy is
described when MIC values at the lowest FICI (i.e., MICsyn) are below
those clinical susceptibility breakpoints. This approach might identify
new agents not usually considered in the standard treatment because
their MIC values were above clinical breakpoints. The Susceptible
Breakpoint Index (SBPI) [71] correlates the MIC of every antimicrobial
in combination to susceptibility breakpoints. SBPI= [SBA/
MICA(B)]+ [SBB/MICB(A)]. In this context, the greater SBPI value the
more effective the combination. These authors conclude that SBPI is
more discriminatory than FICI when analyzing combinatorial interac-
tions, being especially useful to rank combinations when the FICI value
show no interaction (between> 0.5 and< 4) and providing a closer
approach to clinical outcomes. It remains to be analyzed how the FBCI
could contribute to the predictive power of the SBPI value.

0
1
2
3
4
5
6
7
8
9

10

Time (h)

Lo
g 10

 c
fu

/ m
L

Limit of detection

0
1
2
3
4
5
6
7
8
9

10

Lo
g 10

 c
fu

/ m
L

Time (h)

Limit of detection

0
1
2
3
4
5
6
7
8
9

10

Time (h)

Lo
g 10

 c
fu

/ m
L

Limit of detection

Control Drug A Drug B Drug A + Drug B (1) Drug A + Drug B (2)

a) b) c)

Fig. 3. Time-kill kinetics assays in the antimicrobial characterization of synergistic drug combinations. (a) Bacteriostatic effect. The combination of drugs A and B
showed a clear synergistic effect; however, the net effect of the drug combination was bacteriostatic; (b) Bactericidal and sterilizing effect. Drug combinations under
both scenarios (1 and 2) were able to reduce>2-log10 cfu/mL the number of cells compared to the most active drug in the combination and the starting inoculum;
however, only scenario 1 was able to eradicate cells from the culture media and, thus, it had sterilizing activity; (c) Antagonistic effect. Drugs alone displayed
bactericidal activity that was bacteriostatic when in combination.

M. Gómara and S. Ramón-García Biochemical Pharmacology 163 (2019) 299–307

304



5.3. Translating from static to dynamic PKPD antimicrobials models

Methodologies described in this Commentary rely on static PKPD
systems, i.e. drugs are added only at the beginning of experiment in
closed compartments. In these systems, the PK properties of every drug
in the synergistic combinations are not taken into account, thus, po-
tentially identifying “discordant synergistic partners” for which sy-
nergistic in vitro activity would not translate into in vivo or clinical ef-
ficacy (Fig. 1). Because under a repurposing development approach PK
properties of clinically approved drugs are known, this information can
be integrated into more complex dynamic PKPD models to improve in
vitro to in vivo prediction of the synergistic activity. The most important
dynamic PKPD system is the Hollow Fiber System (HFS). First described
by Blaser et al. [72], HFS mainly consists of cartridges containing
hollow fibers in which microorganisms are retained in small volumes
while drugs and nutrients can easily diffuse through the fibers, mi-
micking in vivo infections. Using a micro-pumping system, drug ex-
posure can be customized to the clinical PK profiles, allowing evalua-
tion of drug combinations by cell counting [73], and providing reliable
PKPD parameters for both of the drugs independently and in combi-
nation. HFS is considered an emergent and promising tool to shorten
the gap between in vitro and clinical development; it has been recently
qualified by the European Medicines Agency as a highly useful meth-
odology to support TB drug development [74], as well as used by many
authors in other antimicrobial fields [75–77]. Doses regimens and PKPD
antimicrobial drivers can be defined in shorter periods than using an-
imal models, thus allowing optimization of in vivo assay design and
reduction of costs and time. The drawbacks of the HFS are technical
implementation, experimental handling and standardization of the
methodology. In addition, the role of the host immune system is not
easily assessed, and some in vivo experimentation would still be re-
quired [78].

In summary, the HFS plays an important role in the determination
of PKPD parameters essential to feed mathematical models (i.e. Monte-
Carlo simulation) that can predict antimicrobial dosing regimens [79]
and to establish clinical breakpoints recommendations for the inter-
pretation of in vitro susceptibility and cure rates [80].

5.4. Bacterial biofilms

Most antimicrobial assays evaluate the activity of compounds
against planktonic bacteria. However, in many infections (e.g. catheter
and prosthetic joint infections, cystic fibrosis and chronic lung disease,
infective endocarditis) microorganisms are frequently biofilm-em-
bedded, a stationary-like phase with reduced metabolic activity and
limited nutrient penetration. Biofilms are responsible of increased an-
timicrobial resistance and poor antimicrobial penetration at the site of
infection, resulting in low rates of bacterial eradication and therapeutic
failure [81]. Several in vitro biofilm models have been developed si-
mulating a restricted nutrient and oxygen environment to allow biofilm
formation [82–84]. Different parameters such as the Minimal Biofilm
Inhibitory Concentration (MBIC) and the Minimal Biofilm Eradicative
Concentrations (MBEC) could be better predictors of antimicrobial ac-
tivity [78]. Static and dynamic models have been also developed for
biofilm in vitro testing [81,85,86].

6. Conclusions and recommendations

Traditional drug discovery and development is lengthy and costly
process. Due to the emergence of AMR in the world, new alternatives
are needed to develop and deliver new effective treatments in a costly
and timely manner. Drug repurposing, the identification of new anti-
microbial activities in clinically approved drugs, is a promising
strategy; however, concentrations needed to elicit an antimicrobial
activity are frequently above safety thresholds for those newly identi-
fied drugs. Developing synergistic drug combinations could overcome

these limitations since much lower drug concentrations are needed.
However, the development of an optimized and standardized synergy
screening method remains a challenging task in which multiple inter-
ventions could still be made at different levels in order to improve the
odds of clinical translation.

In this Commentary, we focused on the early development steps of
synergistic drug combinations and on the concept of synergy. Synergy is
defined by the FICI value, a parameter that relies on MIC values, a
growth inhibition readout. The use of the FICI comes thus with intrinsic
fundamental flaws in which bactericidal and sterilizing activities of
drug combinations are grossly disregarded. This could be one of the
reasons behind the lack of correlation between synergy testing and
clinical outcomes identified in several studies [44]. In an attempt to
address these limitations, we proposed the following recommendations:

1. The use of the FBCI instead of the FICI as the main indicator for
antimicrobial synergy.

2. Time-kill kinetic assays should always be reported as secondary
validation assays of synergy.

3. Sterilizing activity, as shown in TKA, should be the primary attri-
bute to prioritize antimicrobial synergistic drug combinations.

Implementing the use of the FBCI early in antimicrobial discovery
programs has the potential to improve the translational prediction
power and reduce attrition rates.
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