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Cuando entré en el laboratorio, la realizacién de la Tesis Doctoral me parecia un
camino muy largo... iy qué rapido ha pasado! A lo largo de este camino, tuve la gran
suerte de cruzarme con personas que pusieron su granito o, mas bien, montafas de
arena para que hoy esté cerrando esta etapa. Mis compafieros se convirtieron en una
gran familia con la que vivi momentos de mucho esfuerzo y trabajo, pero también de
satisfaccion, alegria y diversion. Son ellos los que me hicieron seguir adelante en los
momentos de frustracién y por los que no cuesta nada, o casi nada, levantarse parair a

trabajar cada mafiana. Por eso me gustaria dedicarles estas lineas.

En primer lugar, me gustaria agradecer a mis directores de Tesis. German, gracias por
brindarme la oportunidad de formar parte de tu gran equipo de investigacion. Alex,
gracias por la confianza que depositaste en mi, por tu paciencia y dedicacién; por ser
exigente porque sabias que podia dar mas de mi misma y por tus “que te pires” y
“buscate la vida” con gran sentido del humor. Sin duda, eres la clave de que haya

llegado hasta aqui.

Marga, aunque en el papel no esté reflejado, has sido una codi mas durante estos

afios. Esta Tesis Doctoral también es parte de tu esfuerzo y trabajo.

Juanca, mi gran compafero de batalla en primera linea de fuego. Sin ti no estaria
terminando de escribir esta Tesis. Este trabajo es tan tuyo como mio, desde la parte
experimental hasta redactar este documento. Tienes mi mds profunda admiracién
tanto cientificamente como personalmente. Gracias por tu apoyo incondicional, por tu
lealtad, por tu nobleza y por hacerme feliz cada dia. Sin duda, eres lo mejor que me

llevo de esta etapa. Te quiero mucho, mi amor.

Laura, hemos trabajado codo con codo las horas que hiciera falta para sacar adelante
el trabajo. Gran parte de esta Tesis Doctoral también es tuya. Gracias por estar
siempre dispuesta a ayudar y a explicar un millén de veces cémo se hacen los knock-

out, aunque en mi caso no surgié efecto... Se te echa mucho de menos.

Kelly, mi little princess, gracias por echar siempre una mano, la mayoria de las veces sin

que te dijese nada. Gracias por esa serenidad en momentos de estrés y por tu
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implicacion mdaxima, aunque nos quedemos en el labo hasta las mil. Tienes ese don de
empatizar mucho y de anteponer siempre a los demds a ti misma, lo que te hace muy

especial.

Cris, qué gran fichaje. No podia haber una incorporacién mejor que tu. Estos meses
que llevas en el laboratorio sélo viste mi estrés pre-Tesis; hubo una época que no era
asi, te lo prometo. Gracias por tu paciencia infinita porque ultimamente te estoy
cambiando mucho tu organizacidon de los ensayos, por poner siempre buena cara a

todo, y a todos, y por ser la mejor traductora que podria tener.

Patri, mi asturiana betanceira favorita. Cuando llegué al labo me converti en tu
sombra; gracias por esa paciencia infinita a mis torpezas de principiante, y de no tan
principiante, y por esos “ratitos” que me esperabas para ir a comer. Gracias por
escucharme siempre y por dar soluciones a todo con esa sensatez tuya tan
caracteristica. Eres pura bondad, gran compafiera y mejor amiga. Si el mundo

estuviese lleno de Patris, seria infinitamente mejor.

Marild, gracias por la gran acogida que me diste cuando llegué al INIBIC y por acelerar
mis protocolos para que terminase antes para ir a la cafeteria. Si hay una persona con
la que me rei mucho estos afos, esa eres tU; a pesar de que hablas muy poco. Fue

genial trabajar a tu lado. El labo, desde luego, no es o mismo sin ti.

Eva, no sabes lo que te eché de menos cuando te mandaron para el CHUAC. Tu alegria
y naturalidad llenan cada rincén del labo y el INIBIC se quedd medio vacio. Gracias por
aguantar todas mis histerias con las celulillas y ayudarme siempre, ya sea limpiando la

campana o en el nitrégeno, trabajos que no son muy gratificantes.

Astrid, estuve en tu casa antes de conocerte y eso ya dice mucho del gran corazén que
tienes. Eres una gran anfitriona de Chantada y haces que todos nos sintamos en
familia; de ahi que vayamos tantas veces. Gracias por estar siempre dispuesta a
ayudar, ya sea en trabajo de poyata, en el animalario, con las celulillas o en dar ideas y
soluciones. Siempre generas muy buen ambiente a tu alrededor y dejas huella en la

gente que te conocemos. Es un lujo tenerte de compafiera.

Sori, gracias por esas dosis de realidad, que vienen muy bien de vez en cuando, y por
tu retranca que tantos buenos momentos nos dio. Eres una persona sincera, sensata y
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cabal. Me gustaria agradecerte en especial la cantidad de veces que te di la lata con
temas administrativos, burocraticos y de redaccion para el depdsito de esta Tesis, que
me han facilitado muchisimo las cosas. Gracias por tu paciencia por mis torpezas
informaticas y no informadticas, mis torpezas en general. Un millén de besitos vy

abracitos.

Juan, gracias por ser tan didactico y siempre estar dispuesto a ensefar y a ayudar.
Cuando llegué al labo estaba muy perdida y es de agradecer el hecho de tener un
compaiiero que te dedicase su tiempo. Gracias también por luchar por mejorar

nuestras condiciones laborales.

Bruno es admirable la sencillez que tienes. Gracias por tus consejos, por escuchar
siempre los problemas en nuestros experimentos en el dia a dia, por tu ayuda en
temas informaticos, aunque te suponga salir dos horas mas tarde, por ir feliz al labo y

contagiar esa felicidad.

Jorge, aunque odie que hables de B-lactamasas en momentos de descanso, he de
reconocer que he aprendido mucho. Gracias por brindarte a ayudar siempre, por dar
un punto mas de locura al labo y por tu buen humor, excepto cuando te llamamos

desordenado.

Miriam, es un lujo poder trabajar a tu lado ya que aprendi muchisimo de ti. Gracias por
tus consejos cuando los experimentos no salian, por preocuparte siempre, por tus
animos y por tu paciencia infinita en cuanto a nuestros horarios poco rigurosos en el

animalario.

Laura F., gracias por dejarme elegir siempre la musica en la radio y por aceptar, a veces
resignada, mis bromas y tonterias. También es de agradecer tu paciencia en mis dias
malos y que siempre guardaste en tu casa nuestros regalos del amigo invisible en las

cenas de Navidad.

Inés eres la dulzura personificada. Gracias por crear buen ambiente, por dejarme
siempre el ordenador de mesa del sitio en el que te sientas y porque siempre te parece
bien todo. Es una pena que no vaya al préximo ECCMID porque tendria una guia

estupenda de Paris.



Victor, es una lastima que no coincidiésemos mas tiempo trabajando. Gracias por tu

amabilidad cuando necesitamos algo del INIBIC.

Maricuchi, gracias por ese trabajo que no siempre se ve, como son la preparacién del
material y la realizacion de los pedidos. Me ahorraste muchas horas, sobre todo, en la
preparacion de las placas de microdilucion para las cepas del multicéntrico de

enterobacterias.

Gracias a Mariki, Lucia, Antdn y Mohammed, es entranable la ilusidon con la que

pronuncias “buenos dias” cada manana.
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por iniciarme con las celulillas. Detrds de esa ceja levantada y una respuesta un tanto

grufiona, hay todo un buenazo con un corazdn tan grande que no le cabe en el pecho.

Meri, tu sentido de humor es infinito. Cuando te fuiste del labo se te eché mucho en
falta. Gracias por ayudarme con las celulillas en mis inicios y por preocuparte en este

tiempo qué tal llevaba la escritura de la Tesis.

Silvia, gracias por nunca perder tu sonrisa, porque siempre ayudabas en lo que fuese, a
pesar de tus jornadas maratonianas, y por ser la mejor guia de la Praia das Catedrais

que se pueda tener.

Clara, gracias por tus consejos con los ratoncitos, por estar interesada siempre en
nuestros trabajos en los congresos y por llevar hasta el exprimidor de naranjas cuando

vamos a pasar una noche fuera de casa.

Gracias a mis compafieros de la Clinica, Bego, Anita, Maria José e Inma. Gracias por
facilitarme material y por preguntarme siempre por la Tesis. Gracias también por esos

postres que compartiais con nosotros en la cocina del Materno.

También queria agradecer a mis compafieros del INIBIC, ya que convivi 4 afios de esta
Tesis con ellos. En primer lugar, Maria Moreno gracias por solucionar todos y cada uno
de los problemas que me fueron surgiendo en el dia a dia, me facilitaste muchisimo el
trabajo. Siempre es un placer bajar al INIBIC a hacerte una visita, aunque te ponga la

excusa de tomar el café en el Materno que, ademas, es muy creible.
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compafiieros de Protedmica, Jesus y Valentina, gracias por el tiempo que dedicasteis a
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de Histomorfologia, Noa y Bea, por vuestra paciencia con mis problemas en el
miscroscopio y por ensefiarme técnicas de tincidon. Bea Caramés y Uxia, muchas gracias

por ayudarme con el citémetro; sin vosotras no sabria ni por donde empezar.

Gracias a todos los compariieros que estabais en la misma situacion que vyo,

compartimos plazos de entrega, dudas y preocupaciones.

También me gustaria acordarme de todas aquellas personas que no estan vinculadas

con el laboratorio y que, sin embargo, me ayudasteis mucho durante este proceso.

Mi Laurifa, una comida o un café en Santiago siempre es una recarga de energia.
Gracias por estar siempre ahi. Rosa y Fernando, aunque nos separen mas de 300km de
distancia, seguimos hablando como si nos viésemos el dia anterior y eso es lo que mas
valoro de las buenas amistades. Los tres sabéis lo importantes que sois para mi, os

guiero mucho.

Fary, gracias por cambiar mi rutina del dia a dia; tus planes de fin de semana siempre
son una desconexion. Gracias por tu apoyo, aunque me digas que voy a ser una

Doctora de “mentirijilla”.

Iria, muchas gracias por esas tardes de verano en la playa y por tu apoyo durante este

tiempo.

Ana, Pilar y Juan Carlos, gracias por abrirme las puertas de vuestra casa y por tratarme

como una mas.

Pedro, no podia tener un companfero de vida mejor. Siempre estds ahi apoyandome en
todos los retos que me propongo y bajandome a la realidad de vez en cuando.
Tenemos esa complicidad, que uno ya sabe lo que esta pensando el otro con sélo una

mirada. Te quiero mucho, hermanito.

Madrina, gracias por ser una segunda madre. Te implicaste al maximo en nuestra
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anteponer mis suefios a todo, por quitarme todas las piedras que me he ido
encontrando a lo largo del camino y por levantarme cada vez que me he caido.
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Acinetobacter baumannii é un patdéxeno nosocomial que presenta unha gran
plasticidade xenética e resistencia antimicrobiana frecuentemente implicado en brotes
hospitalarios dificiles de controlar. O estudo do xenoma deste patéxeno permitenos

seleccionar aqueles xenes mais interesantes como posibles dianas terapéuticas.

Nesta Tese preséntase unha analise transcriptémica global do ARN bacteriano illado
directamente dos pulmdns de ratos infectados con A. baumannii, coa finalidade de

identifica-los xenes implicados no desenvolvemento da infeccion.

Os xenes hisF e IpxB atoparonse sobreexpresados durante a infeccién. HisF atdpase
implicado na persistencia en pulmdn pola inhibicidon do reclutamento de macréfagos e
da produccion de IL-6 por parte do hospedador. A traduccién de LpxB, proteina

esencial implicada na sintese de LPS, foi inhibida empregando tecnoloxia antisentido

A colistina, antibidtico cunha elevada toxicidade, emprégase principalmente no
tratamento de cepas multirresistentes e é considerado de ultima opcidn terapéutica. O
MD3 ¢é un inhibidor de SPasas que presenta sinerxia coa colistina, sendo asi un
candidato prometedor no tratamento de infecciéons causadas por A. baumannii,

incluindo cepas resistentes a colistina.

A anadlise transcriptémica in vivo permitiunos identificar unha serie de xenes como
dianas terapéuticas potenciais e avalidronse novas estratexias e compostos

antimicrobianos para o tratamento de A. baumannii.
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Acinetobacter baumannii es un patégeno nosocomial con gran plasticidad genética y
resistencia antimicrobiana, implicado en brotes hospitalarios dificiles de controlar. El
estudio del genoma de este patdégeno nos permite seleccionar aquellos genes mas

interesantes como posibles dianas terapéuticas.

En esta Tesis se presenta un analisis transcriptémico global del ARN bacteriano aislado
de los pulmones de ratones infectados con A. baumannii, con la finalidad de identificar

aquellos genes implicados en el desarrollo de la infeccidn por neumonia.

Los genes hisF y IpxB se encontraron sobreexpresados durante la infeccion. HisF estd
implicado en la persistencia en pulmdén debido a la inhibicidon del reclutamiento de
macrofagos y la produccidn de IL-6 por parte del huésped. La traduccion de LpxB,
proteina esencial implicada en la sintesis de LPS, ha sido inhibida empleando

tecnologia antisentido.

La colistina, antibidtico con elevada toxicidad, se utiliza en el tratamiento de cepas
multirresistentes y es considerado de ultima opcion terapéutica. El inhibidor de SPasas
MD3 presenta sinergia con la colistina, siendo asi un candidato prometedor en el
tratamiento de infecciones causadas por A. baumannii, incluyendo cepas resistentes a

colistina.

El analisis transcriptémico in vivo nos permitié identificar una serie de genes como
dianas terapéuticas potenciales y se evaluaron nuevas estrategias y compuestos

antimicrobianos para el tratamiento de A. baumannii.
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Acinetobacter baumannii is a nosocomial pathogen that presents great genetic
plasticity and antimicrobial resistance frequently implied hospital outbreaks difficult to
control. The study of the genome of this pathogen allows us to select the most

interesting genes as possible therapeutic targets.

This Thesis presents a global transcriptomic analysis of bacterial RNA isolated directly
from the lungs of mice infected with A. baumannii, in order to identify those genes

involved in the development of pneumonia infection.

hisF and IpxB genes were found to be overexpressed during infection. HisF is involved
in lung persistence due to inhibition of macrophage recruitment and IL-6 production by
the host. The translation of LpxB, the essential protein involved in the synthesis of LPS,

has been inhibited using antisense technology.

Colistin, an antibiotic with a high toxicity, is mainly used in the treatment of multi-
resistant strains and is considered the last therapeutic option. MD3 is a SPasas
inhibitor that presents synergy with colistin, thus being a promising candidate in the

treatment of infections caused by A. baumannii, including colistin-resistant strains.

In vivo transcriptomic analysis allowed us to identify several genes as potential
therapeutic targets and evaluated new strategies and antimicrobial compounds for the

treatment of A. baumannii.
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AAC

ACB

ADN

AICAR

AMP

AMPK

ARN

ARNmM

ASOs

ATP

BAL

BIP

BLEA

BNA

CHDL

CLSI

CME

cMiI

coL

col.

CO;

Aminoglucdsido acetiltransferasa

Acinetobacter calcoaceitus-Acinetobacter baumannii
Acido desoxirribonucleico
5'-(5-aminoimidazol-4-carboxamida) ribonucledtido
Monofosfato de adenosina

Monofosfato de adenosina cinasa

Acido ribonucleico

Acido ribonucleico mensajero

Oligémeros antisentido

Trifosfato de adenosina

Lavado broncoalveolar (bronchoalveolar lavage)
2,2'-bipiridil

Betalactamasa de espectro ampliado

Puente de acido nucleico (bridged nucleic acid)

B-lactamasa de clase D que hidroliza carbapenem (carbapenem-hydrolyzing

class D B-lactamases)

Instituto de Estandares Clinicos y de Laboratorio (Clinical and Laboratory

Standards Institute)

Complejos de membrana externa
Concentracion minima inhibitoria
Colistina

Colaboradores

Dioxido de carbono
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CPPs

CRAB

DBO

DHP-I

DMEM

DNAsa |

DOsoo

EC

ECDC

EDTA

ELISA

FDA

Fe2+

Fe3*

HBSS

IDSA

IgM

IGP

IL-6

Péptidos permeabilizantes de células (cell permeabilizing peptides)

Acinetobacter baumannii resistente a carbapenems
Diazabiciclooctanones

Dehidropeptidasa renal de tipo |

Medio de Dulbecco Eagle modificado (Dulbecco's Modified Eagle Medium)
Desoxirribonucleasa |

Densidad dptica a 600 nandmetros

Comisidn enzimatica (Enzyme Comission)

Centro Europeo de Prevencion y Control de Enfermedades (European
Centre for Disease Prevention and Control)

Acido etilendiaminotetraacético

Ensayo por inmunoabsorcién ligado a enzimas (enzyme-linked immunosorbent

assay)

Administraciéon americana de Medicamentos y Alimentos (U.S. Food and Drug

Administration)
Estado ferroso del hierro
Estado férrico del hierro
Solucién de sal equilibrada de Hank (Hank's Balanced Salt Solution)

Sociedad Americana de Enfermedades Infecciosas (Infectious Diseases Society

of America)

Inmunoglobulina G
Inmunoglobulina M

Imidazol glicerol fosfato sintasa

Interleuquina 6
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ImGP

INSeq

KPC

Imidazol glicerol fosfato
Secuenciacion de insercidn

Carbapenemasa de Klebsiella pneumoniae (K. pneumoniae carbapenemase)

L-Ara4N Arabinosa

LB

LNA

LPS

MDR

mHBSS

min.

mL

ML

mM

NPs

oMs

omMv

OXA

PBP

PCR

PEG

pEtn

PG

Medio Luria-Bertani

Acido nucleico bloqueado (locked nucleic acid)
Lipopolisacarido

Cepa multirresistente (multidrug-resistant)

Solucién de sal equilibrada modificada de Hank (modified Hank's Balanced

Salt Solution)

Minutos

Mililitro

Microlitro

Milimolar

Nanoparticulas

Organizacion Mundial de la Salud

Vesiculas de membrana externa (outer membrane vesicles)
Oxacilinasa

Proteina de anclaje a penicilina (penicillin binding protein)
Reaccién en cadena de la polimerasa (polymerase chain reaction)
Polietilenglicol

Fosfoetanolamina

Peptidoglicano
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PMO Oligémeros morfolinos fosforodiamidatos (phosphorodiamidate morpholino

oligomers)
PNA Acido peptidico nucleico (peptide nucleic acid)
PNAG Polisacdrido B-(1-6)-N-acetilglucosamina

pPNA  Acido peptidico nucleico conjugado al péptido permeabilizante de células (cell

permeabilizing peptide — peptide nucleic acid)
PRFAR N'-(5'-fosforibosil)-formimino-5-aminoimidazol-4-carboxamida ribonucleétido
PS Fosforotionato (phosphorothioate)
PTK Proteina tirosina quinasa (protein tirosin kinase)
gRT-PCR Retrotranscripcion y reaccion en cadena de la polimerasa cuantitativa
RND Division resistencia-nodulacion-célula (resistance-nodulation-cell)
rpm Revoluciones por minuto
SB Medio Super Broth
SIDA Sindrome de inmunodeficiencia adquirida
SPasa Proteasa de péptido sefal de tipo | (type I signal peptidase)
spp Especies
Thr-172 Treonina-172
TNF-a  Factor de necrosis tumoral-alpha
T2SS Sistema de secrecion tipo Il (type 2 secretion system)

T6SS Sistema de secrecidn tipo VI (type 6 secretion system)

ucl Unidad de Cuidados Intensivos

UFC Unidades formadoras de colonias

VIH Virus de inmunodeficiencia humana

XDR Cepa extensamente resistente (extensively drug-resistant)
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Las enfermedades infecciosas han sido una de las principales causas de mortalidad a lo
largo de la historia. El descubrimiento de la penicilina G por Alexander Fleming en 1928
supuso un antes y un después en la historia de la medicina. La primera purificacién del
antibidtico se produjo en 1939, pero hasta mediados de los afios 40 no se lograron
mejorar las condiciones de produccion y distribucion [1]. Desde entonces, se han
descrito una gran cantidad de moléculas antimicrobianas relacionadas o no con la
molécula inicial de la penicilina. Sin embargo, de forma paralela a este desarrollo
terapéutico, las bacterias han ido evolucionando y desarrollando nuevos mecanismos

de resistencia a los antibidticos utilizados.

La resistencia a los antibidticos es un proceso natural en la evolucién de las bacterias.
Consecuentemente, el uso de compuestos antimicrobianos impulsa la seleccidon de
mutantes resistentes, la adquisicion de genes de resistencia y el sobrecrecimiento de
bacterias con una resistencia intrinseca [2]. Actualmente, el aumento de las tasas de
resistencia a antibidticos es un problema global de enorme relevancia. Cada afio
mueren 700.000 personas por causas relacionadas con la resistencia antimicrobiana en
todo el mundo. Si se permite que el problema persista, se calcula que para el afio 2050
la resistencia antimicrobiana habrd causado la muerte de mas de diez millones de
personas/afo, lo que representa un numero mayor que aquellas personas fallecidas
debido a cdncer, diabetes, accidentes de carretera, enfermedades diarreicas vy
VIH/SIDA. Las pérdidas econdmicas también podrian ser devastadoras; se prevé que
los costes de salud a nivel mundial podrian variar entre 300.000 millones y mas de 1

billén de dodlares al afio [3].

Recientemente, la OMS publicéd una lista de “patdgenos prioritarios” resistentes a
antibidticos, en la que se incluyen las 12 especies bacterianas mas peligrosas para la
salud. Esta lista se divide en tres categorias en funcién de la urgencia en la obtencién
de nuevos agentes antimicrobianos: prioridad critica, alta o media. Acinetobacter
baumannii y Pseudomonas aeruginosa resistentes a carbapenems y enterobacterias
resistentes a carbapenems y a cefalosporinas de tercera generacidén constituyen la

categoria de prioridad critica [4].
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Las infecciones causadas por el género Acinetobacter spp. obtuvieron una mayor
relevancia durante los afos 60 y 70, en paralelo a la utilizaciéon creciente de las
unidades de cuidados intensivos (UCI). Acinetobacter spp. fue considerado
inicialmente un oportunista comensal, un patégeno de baja virulencia. En cambio, en
décadas posteriores, la creciente ubicuidad, la intensidad de la ventilacién mecdnica, la
cateterizacién central y wurinaria, junto con el uso inadecuado de terapias
antimicrobianas ha causado un aumento en la frecuencia y severidad de las infecciones

causadas por Acinetobacter spp. [5].

La resistencia a los antimicrobianos en A. baumannii ha aumentado drasticamente
durante las dos ultimas décadas, con una mayoria de aislamientos clinicos
multirresistentes (multidrug-resistant, MDR, resistentes a al menos un antibidtico en
tres o mas familias de antibidticos) o extremadamente resistentes a los antibidticos
(extensive drug-resistant, XDR, resistente a al menos un agente de todas las

categorias de antimicrobianos, salvo dos o menos) [6].

La Sociedad Americana de Enfermedades Infecciosas (/Infectious Diseases Society of
America, IDSA) ha destacado, bajo el acrénimo “ESKAPE”, los 6 patdégenos bacterianos
resistentes a antibidticos mas complicados y relevantes. En estas siglas se incluyen
Enterococcus faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter
baumannii, Pseudomonas aeruginosa y Enterobacter spp., los cuales son capaces de
“ ” .z . . el e sy .

escapar” a la accidn bactericida de los antibidticos y representan un paradigma en la

patogénesis y transmisidn de resistencias [7].

El mal uso de los antibidticos y la poca inversién en el desarrollo de nuevos farmacos
dentro de este campo han hecho que en las ultimas décadas apenas se hayan
comercializado alternativas reales para estos patégenos multirresistentes, lo que
origina la imperiosa necesidad de disefiar y evaluar nuevas terapias antimicrobianas.
Esta Tesis Doctoral aborda la busqueda de nuevas dianas terapéuticas y el desarrollo
de nuevos compuestos antimicrobianos frente al patégeno nosocomial Acinetobacter

baumannii.
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Las infecciones nosocomiales, también conocidas como infecciones adquiridas en el
hospital, son aquellas que se contraen del entorno o a través del personal y pacientes
de un establecimiento sanitario. Las unidades de cuidados intensivos (UCI) y de
reanimacion de los hospitales albergan pacientes enfermos extremadamente
vulnerables a estas infecciones, proporcionando un nicho para patégenos
oportunistas. Estos se adaptan al entorno con gran facilidad, ya que sobreviven en
ambientes hostiles y desfavorables para su desarrollo, como son las estancias
hospitalarias. Esto se debe a que adquieren mecanismos de resistencia, los cuales,
facilitan la persistencia en superficies bidticas y abidticas. Por consiguiente, estos

patégenos pueden diseminarse con facilidad entre pacientes.

Un estudio epidemiolégico realizado por la OMS reveld que alrededor del 8,7% de los
pacientes hospitalizados presentaron una infeccién nosocomial y que mias de 1,4
millones de personas en todo el mundo la sufren cada afio. Ademas, las infecciones

nosocomiales son una de las principales causas de mortalidad [8].

El género Acinetobacter spp. esta formado por un grupo heterogéneo de bacilos o
cocobacilos Gram negativos. No fermentan la glucosa y son aerobios estrictos,
inmoviles, catalasa positivo, oxidasa negativo y con un alto contenido de guanina y
citosina en su ADN de entre el 39% y el 47% [9]. Crecen bien en todos los medios de

cultivo de rutina, siendo su temperatura dptima de crecimiento de 33 a 352 C.

El primer aislamiento se remonta a 1911, cuando el microbidlogo holandés Beijerinick
describié un microorganismo denominado Micrococcus calcoaceticus, el cual, fue
aislado a partir de una muestra de tierra y cultivado en un medio minimo que contenia
calcio-acetato. En 1954 Brisou y Prevot propusieron el género Acinetobacter
(proveniente del griego akinetos, "inmovil") para diferenciarlo de los organismos

moviles dentro del género Achromobacter [9]. El género Acinetobacter fue
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ampliamente aceptado en 1968 después de que Baumann y col. publicasen un estudio,
en el cual concluyeron que Acinetobacter pertenecia a un solo género y no podia ser
subclasificado en diferentes especies segun las caracteristicas fenotipicas [10]. En
1971, el Subcomité sobre la taxonomia de Moraxella y bacterias relacionadas
reconocio oficialmente el género Acinetobacter basdndose en dicha publicacién de
Baumann [9]. La taxonomia mas reciente, ha incluido el género Acinetobacter en la
familia Moraxellaceae, dentro del orden Gammaproteobacteria, el cual incluye los

géneros Moraxella, Acinetobacter, Psychrobacter y otros organismos relacionados.

A dia de hoy, el género Acinetobacter engloba 63 especies y la ultima incorporada fue
Acinetobacter wuhouensis en agosto de 2018 [11]. Dentro de este género, se incluye
un conjunto de seis especies denominado complejo A. calcoaceticus — A. baumannii
(ACB). Estas especies son muy similares fenotipicamente y se encuentran
estrechamente relacionadas entre si; son las siguientes: A. calcoaceticus, A. baumannii,
A. pitti (antiguamente nombrada como Acinetobacter especie gendémica 3), A.
nosocomialis (antiguamente nombrada como Acinetobacter especie gendmica 13 TU),

A. seifertii y A. dijkshoorniae [12].

El complejo ACB es el mds importante desde el punto de vista clinico. La mayoria de las
enfermedades nosocomiales y brotes son causados por cepas pertenecientes a este
grupo y, dentro del mismo, destaca Acinetobacter baumannii, responsable del 2 al 8%

de las infecciones totales causadas por Gram negativos en hospitales [13].

A. baumannii es un patdégeno causante de un amplio abanico de infecciones
nosocomiales graves. La neumonia adquirida en el hospital representa Ia
manifestacién clinica mas comun de la infeccién por A. baumannii. Estas infecciones
ocurren con mas frecuencia en pacientes que reciben ventilacion mecanica en el
entorno de cuidados intensivos. La neumonia asociada a ventilacion mecanica resulta
de la colonizacidn de A. baumannii de las vias aéreas a través de exposicion ambiental,

seguida por el desarrollo de la infeccién [14].
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Las bacteriemias en las UCI son otra manifestacion clinica frecuente de A. baumannii.
El origen de estas infecciones suele ser infecciones del tracto respiratorio inferior o de
dispositivos intravasculares. Los factores de riesgo asociados con la adquisicién de
estas infecciones incluyen la inmunosupresién, el uso de respiradores asociados, el
fracaso de la terapia antibidtica, la colonizacién previa de A. baumannii y la utilizacién

de procedimientos invasivos [14].

La tasa bruta de mortalidad para neumonias producidas por A. baumannii se sitUa
entre el 40% y el 70%, mientras que para bacteriemias se encuentran en torno al 28% y
el 43%. No obstante, la mortalidad atribuible a este patdgeno es objeto de
controversia debido a que la infeccién nosocomial producida por A. baumannii en
realidad esta asociada con un aumento de la mortalidad, siempre y cuando existan

otros factores subyacentes [14].

Otras infecciones nosocomiales producidas por este patdgeno oportunista son
infecciones de la piel y de tejidos blandos, infecciones de heridas, infecciones del

tracto urinario y meningitis secundaria.

Con menos frecuencia, A. baumannii también puede causar infecciones adquiridas en
la comunidad, incluyendo neumonia y bacteriemia [13]. Estas suelen estar
relacionadas con problemas previos del paciente como el alcoholismo, tabaquismo,
enfermedad pulmonar crénica y diabetes mellitus. La neumonia adquirida en la
comunidad es mas grave que la neumonia nosocomial, generalmente es fulminante.
Las tasas de mortalidad también son altas, entre el 48% y el 60%, y la muerte del
paciente se produce dentro de los 8 dias tras el diagndstico. No obstante, es dificil
aclarar si las causas de esta infeccidn grave son los propios factores del huésped o los
factores de virulencia especificos de la bacteria. La neumonia adquirida en la
comunidad por A. baumannii se han observado casi exclusivamente en climas

tropicales, concretamente, en el sudeste asiatico y Australia tropical [15].

A. baumannii se caracteriza también por poseer una excelente persistencia, lo que le
permite adaptarse con facilidad a condiciones ambientales muy desfavorables como es
el ambiente hospitalario. Esto explica el éxito de su capacidad infectiva, la facilidad de

adquisicién de mecanismos de resistencia y de producir brotes nosocomiales.
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La patogenicidad se define como la capacidad que presenta un agente para causar o
favorecer el desarrollo de enfermedades. Cabe destacar que la patogénesis de A.
baumannii sigue siendo muy desconocida, a pesar de la importancia clinica de sus

infecciones [16,17].

Las bacterias patégenas, como en el caso de A. baumannii, poseen varios factores que
les permiten incrementar su virulencia. Clinicamente, la prediccion de los factores de
virulencia en un patégeno bacteriano es muy deseable, ya que un diagnéstico rapido y
estandarizado puede mejorar y/o especificar el tratamiento [17]. En A. baumannii
existen fenotipos asociados a factores de virulencia, los cuales, varian de forma
notable en funcidn de las distintas cepas. Estos fenotipos son movilidad, adhesién e
invasion a células eucariotas, formacion de biopeliculas o biofilm, absorcién de hierro o

desarrollo de la cdpsula celular, entre otros [18,19].

Se han descrito tres tipos de movilidad en bacterias Gram negativas: swarming,
swimming y twitching. Inicialmente, Acinetobacter se ha descrito como un
microorganismo inmdévil, debido a la carencia de genes que codifican flagelos [20]. Esto
conlleva a que no presenta movilidad swarming, ya que estd mediada por los mismos.
Sin embargo, el hecho de que no presente flagelos no significa que no pueda
propagarse por la superficie mediante un movimiento que no requiera de estos

organulos, como es el caso de la movilidad twitching [21].

La movilidad twitching, a diferencia de la movilidad swarming y swimming, se
caracteriza por un movimiento lento con apariencia espasmaddica y sobre superficie.
Este tipo de movilidad no esta mediada por flagelos, sino que se encuentra impulsada
por la extensidn y retraccidn del pili tipo IV, el cual, es regulado por diferentes genes

implicados en el ensamblaje, la movilidad y el desarrollo de filamentos. El pili tipo IV es
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un conjunto de apéndices proteicos que estan asociados a procesos de transformacién

bacteriana, adhesién a superficies bidticas y abidticas y a movilidad twitching [21,22].

La adhesion a las células huésped es el primer paso de la colonizacidn o infeccidn. Las
bacterias, al adherirse a las superficies, se agregan en una matriz polimérica hidratada
denominada biopelicula o biofilm. Esta constituye una comunidad de microcolonias
bacterianas altamente estructurada [21,23]. La formacion de biofilm es un proceso
progresivo, que consta de varios pasos entre los que se incluyen i) la adhesidn inicial
de las bacterias a una superficie; ii) la maduraciéon del biofilm, durante la cual, se
forman canales que permiten la entrada de nutrientes a las capas mas profundas v, iii)
finalmente, el desprendimiento del mismo gracias a la accion de nucleasas y proteasas

[24].

La formacion de biofilm esta relacionada con la sefializacion/comunicacion bacteriana
(quorum sensing). Existen diferentes sistemas de senalizacion empleados por
bacterias, a través de los cuales, ésta produce una pequefia molécula que puede ser
secretada por difusién o mediante transporte activo hacia el exterior celular. Al
aumentar la concentracién bacteriana, estas moléculas secretadas se unen a proteinas
receptoras. Este receptor constituye un inductor que permite la transcripcion de
genes. Hay autores que defienden la necesidad de esta comunicacién para el inicio de
la formacion de biofilm, la formacién de canales y el desprendimiento mediado por la

expresion regulada de un nimero de genes [24].

A. baumannii presenta gran capacidad para adherirse a superficies abiodticas por largos
periodos de tiempo, por ejemplo, a catéteres. Del mismo modo, es capaz de adherirse
facilmente a las células epiteliales bronquiales humanas, lo que explica la colonizacién
y persistencia en el organismo [25]. Esta facilidad de adhesién a superficies es debido a
la produccién de biofilm; por lo que suponen una gran preocupacién debido a sus
efectos perjudiciales en muchos sistemas médicos mecanizados, lo que los convierte

en un reservorio de contaminacion bacteriana [24].
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El hierro es uno de los elementos mas abundantes en la corteza terrestre y puede
existir en dos estados oxidativos: ferroso (Fe?*) y férrico (Fe3*). Todos los organismos
vivos presentan sistemas de solubilizacién, transporte y almacenamiento de hierro, ya

sea ferroso o férrico, para satisfacer sus necesidades [26].

Este elemento es esencial para el crecimiento bacteriano debido a su actividad redox y
su implicacién en procesos metabdlicos vitales para la bacteria, actuando como
cofactor. Por tanto, el hierro juega un papel muy importante a la hora de infectar,

colonizar tejidos y en la patogénesis de la bacteria [27].

Uno de los sistemas de captacién de hierro mds importantes en procariotas es el
sistema Feo, con afinidad por el Fe?*. Aunque inicialmente fue descubierto en E. coli,
también se ha descrito en A. baumannii. Este sistema de captacion de hierro estd
codificado por el operdn feoABC. FeoB es la Unica proteina cuya funcién es conocida.
Se trata de una proteina de alto peso molecular que presenta una region N-terminal
con un dominio GTPasa en el citoplasma, a través del cual regula el transporte, y una
region C-terminal embebida en la membrana citoplasmatica. Por la contra, las
funciones de FeoA y FeoC son desconocidas. Ambas son proteinas de pequefio tamafio
y FeoC es la regidon menos conservada del sistema Feo, ya que en muchos organismos

el operdn feo carece del gen feoC [28,29].

Nuestro grupo ha demostrado la importancia del gen feoA de A. baumannii en su
virulencia y su implicacion en la absorcién de hierro, la adhesidn a células eucariotas, la

formacidn de biofilm y la resistencia al estrés oxidativo [19] (ver anexo Il).

En condiciones in vivo, el hierro no se encuentra facilmente disponible debido a la
captacién por parte de células eucariotas a través de proteinas, tales como la
transferrina o la lactoferrina, que son componentes del sistema inmune innato [26,30].
Por lo tanto, las bacterias responden produciendo quelantes especificos de hierro,
como son los sideréforos. Estos son productos biosintéticos con gran afinidad por el
Fe3* [26]. A. baumannii presenta tres sideréforos: acinetobactina, baumanoferrina y
fimsbactina. La acinetobactina es un factor de virulencia firmemente establecido en

modelos murinos de infeccidn y esta altamente conservado [31].
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La amplia distribucidon de estos sistemas de captacién de hierro en A. baumannii
implica que la absorcién de hierro contribuye favorablemente a la patogenicidad de

esta especie.

El polisacarido de superficie de mayor relevancia en A. baumannii es el
lipopolisacarido (LPS) y es el componente principal de la membrana externa de las
bacterias Gram negativas. El LPS estda formado por un dominio hidrofdbico
denominado lipido A, un nucleo de oligosacarido no repetido (core) y un polisacarido
distal compuesto de estructuras repetidas con longitudes variables denominadas
antigeno O. Algunas de sus funciones son la evasion bacteriana del sistema inmune y
su localizacién superficial contribuye a la interaccion de la bacteria con el ambiente
[32]. También se ha descrito que el lipido A es la regidn mas téxica e inflamatoria, la
cual, es un factor importante responsable de la gravedad de las sepsis causadas por A.
baumannii [32,33]. El LPS también es antigénico debido a su capacidad para inducir la
respuesta inmune innata, lo que lo convierte en un candidato prometedor para el

diserio de vacunas [34].

El polisacarido capsular K1 es considerado un factor de virulencia importante en
bacilos Gram negativos, pero no representa un papel tan importante en la
patogenicidad de A. baumannii. Russo y col. identificaron dos genes necesarios para la
polimerizacién y el ensamblaje de la capsula. El primero, ptk, codifica una supuesta
proteina tirosina quinasa (PTK) y el segundo, epsA, codifica una supuesta proteina de
exportacion de polisacaridos de la membrana externa (EpsA). Estos dos genes son

esenciales para la supervivencia de la bacteria in vivo [35].

Otro polisacarido de superficie importante en A. baumannii es el B-(1-6)-N-
acetilglucosamina (PNAG), el cual, es esencial para la integridad del biofilm producido

por este patégeno [21].
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Los sistemas de secrecién son canales proteicos dependientes de ATP que se localizan
en la membrana de las bacterias y cuya funcion es expulsar proteinas y otras moléculas

bioldgicas al exterior celular, favoreciendo la interaccién de la bacteria con el entorno.

En A. baumannii existen diferentes tipos de sistemas de secrecion. Uno de ellos es el
sistema de secrecion tipo Il (T2SS), el cual, estda formado por un complejo proteico
constituido por 12-15 proteinas distintas que generalmente estan codificadas en un
solo operdn [36]. El T2SS media la secrecién de toxinas y enzimas hidroliticas,
incluyendo proteasas, lipasas, lipoproteinas y enzimas que descomponen
carbohidratos complejos. También es necesario para la supervivencia in vivo y la
virulencia de este patdgeno. Los sustratos de T2SS se unen al mismo para su

transporte a través de la membrana externa mediante las vias Sec o TAT [37].

Recientemente, se ha demostrado la presencia del sistema de secrecidn tipo VI (T6SS)
en diferentes especies de Acinetobacter. El T6SS, ademas de introducir proteinas a
través de las membranas celulares procariotas y eucariotas, proporciona una ventaja
de colonizacion en el medio ambiente o durante la infeccion de muchos patdgenos

[38].
- Vesiculas de membrana externa.

Las vesiculas de membrana forman parte de un sistema de secrecién utilizado por
muchas bacterias Gram negativas. Este sistema permite la diseminacién de productos
bacterianos al entorno y promueve la interacciéon con otras células, evitando el
contacto entre las mismas. Las vesiculas de membrana estan involucradas en la
adquisicién de nutrientes, el mantenimiento de la estructura del biofiilm y en la

transferencia horizontal de genes, entre otros procesos [39].

Las vesiculas de membrana externa son un tipo de vesiculas de membrana y son
producidas por células procariotas en crecimiento, no durante la lisis o muerte celular.
Su estructura es esférica con una bicapa y de un tamafio medio entre 50 y 200 nm de
diametro [40]. Se producen cuando una pequefia porcion de la membrana externa se

abulta llevando consigo el contenido periplasmico; por lo que estdn formadas
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principalmente por lipopolisacarido, proteinas periplasmicas, proteinas de la

membrana externa, fosfolipidos, ARN y ADN [39,40].

En el afio 2011, nuestro grupo demostré que A. baumannii libera vesiculas de
membrana externa capaces de transportar el gen blaoxa24/40, €l cual confiere
resistencia a carbapenems, sin pérdida de viabilidad; constituyendo asi una posible
forma de diseminacién de plasmidos con genes de resistencia a antibidticos de

impacto clinico [40].

Las bacterias han desarrollado sistemas de expulsién de compuestos toxicos para
prevenir su acumulacién intracelular. Estas bombas de expulsidn son canales proteicos
gue se extienden a lo largo de la membrana externa y son dependientes de energia,
por lo que no implican la alteracién o degradacion de farmacos [41]. Las bombas de
expulsion juegan un papel importante en el establecimiento de la resistencia de las
bacterias a una amplia gama de compuestos toxicos, incluyendo antibioticos [42], y
constituyen entre el 6 y el 18% de todos los sistemas de transporte presentes en

cualquier especie bacteriana [41].

En bacterias Gram negativas puede existir una sinergia entre las bombas de expulsiény
una baja permeabilidad de la membrana externa, lo que supone un incremento de la

resistencia a antibioticos [41].

A. baumannii presenta diferentes tipos de sistemas de expulsion, de los cuales, los de
mayor relevancia son AdeABC y AdellK. El operdn adeABC se encuentra en el 80% de
los aislamientos clinicos y esta regulado por el sistema de dos componentes AdeRS.
Por otra parte, el operdn adellK se expresa en niveles bajos, lo que lleva a una
disminucion débil de la actividad de algunos antibidticos; pero un incremento en su
expresion contribuye a la resistencia a multiples farmacos. En A. baumannii se han
descrito otros sistemas adicionales de expulsidn: a) CraA, que confiere resistencia a
cloranfenicol; b) AbeS, implicado en resistencia a detergentes; y c) AbeM, una familia

de expulsién de compuestos téxicos y antibidticos [43].
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La membrana externa de las bacterias Gram negativas constituye una barrera selectiva
de permeabilidad. Las porinas son canales proteicos en forma de barril-B que permiten
la captacion de nutrientes y moléculas hidrofilicas mediante transporte pasivo. La
Unica exclusion de este tipo de transporte es por limite de tamafio y el diametro de las
porinas varia en funciéon de las distintas especies bacterianas. Las porinas fueron

caracterizadas por primera vez en un aislamiento de E. coli en 1976 [41].

La principal porina de A baumannii y la mas abundante en su membrana externa se
denomina OmpA. Esta se encuentra altamente conservada entre diferentes especies
bacterianas [44]. En A. baumannii juega un papel muy importante en el
mantenimiento de la estructura de la membrana externa y en la patogénesis, ya que
facilita la unién de células eucariotas, la invasion y su apoptosis [45]. Smani y col.
demostraron que la pérdida del gen ompA en A. baumannii estd implicada en un
aumento en la sensibilidad a acido nalidixico, aztreonam y cloranfenicol [44]. Este
aumento de la sensibilidad podria deberse a cambios inespecificos en la permeabilidad
de la membrana externa como resultado de la pérdida de este componente estructural

[45].

A. baumannii presenta otras porinas en su membrana externa implicadas en su
virulencia, como son CarO, OprD-like y Omp33-36. Estas se encuentran estrechamente
relacionadas también con la resistencia de A. baumannii a carbapenems, debido a que
facilitan la difusion del antibidtico a lo largo de su membrana externa. Se ha
demostrado que la expresién de estas porinas se encuentra reducida en cepas de A.

baumannii resistentes a dicho antibidtico B-lactamico [46].

La porina Omp33-36 ha sido ampliamente estudiada por nuestro grupo y se concluyé
su implicacién en la induccidon de la apoptosis celular mediante la activacién de la
caspasa y en la posterior modulacién de la autofagia. También se observé una mayor
persistencia de las cepas de A. baumannii portadoras de esta proteina en el interior de

macrofagos, causando citotoxicidad [47].
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El tratamiento de eleccion frente a A. baumannii todavia no se ha establecido. De
forma rutinaria se utiliza un carbapenem en monoterapia o combinado a un
aminoglucdsido, como para otros bacilos Gram negativos. A. baumannii presenta una
gran plasticidad genética para adquirir resistencias, lo que explica que una gran
proporcién de los aislamientos de esta especie son resistentes a carbapenems (CRAB)
[48]. Los antimicrobianos actuales para el tratamiento de infecciones causadas por
CRAB, por ejemplo polimixinas, tigeciclina y aminoglucésidos, estan lejos de ser
opciones terapéuticas perfectas debido a sus propiedades farmacocinéticas y tasas de

resistencia crecientes (tablas 1y 2).

Tabla 1: Comparacion de las tasas de resistencia a antimicrobianos en A. baumannii entre los afios 2000
y 2010. Estas se evaluaron en dos periodos durante el estudio. Tabla modificada de Fernandez-Cuenca

F., et al. Enferm. Infecc. Microbiol. Clin. 2013. doi: 10.1016/j.eimc.2012.06.010.

Tasas de Tasas de . .
Antimicrobiano resistencia en %, resistencia en %, Diferencia gntre p valor
2001(n=221Ab) 2010 (n=446Ab)  °omPos periodos

Piperacilina 93 94 +1 0,74
Ceftazidima 83 99 +16 0,000
Sulbactam 53 65 +12 0,0042
Imipenem 48 82 +34 0,000
Meropenem 43 83 +40 0,000

Doripenem NT 86 ND ND
Gentamicina 96 70 -27 0,000
Tobramicina 79 60 -19 0,0001
Amikacina 65 49 -17 0,0001
Tetraciclina 91 83 -8 0,0096

Doxiciclina 68 70 +2 0,53

Minociclina 34 30 -4 0,30

Tigeciclina NT 23,9 ND ND
Ciprofloxacino 98 94 -5 0,0074
Rifampicina 51 30 -21 0,000
Colistina 0,0 (polimixina B) 3 +3 0,0068

ND: no disponible; NT: no testado.
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Tabla 2: Principales mecanismos de resistencia a antibidticos en A. baumannii. Tabla modificada de

McConnell MJ., et al. FEMS Microbiol. Rev. 2013; 37:130-55. doi:10.1111/j.1574-6976.2012.00344.

Antibidtico Mecanismos de resistencia mas Ejemplos
relevantes

B-lactamasas (AmpC, TEM, VEB*, PER,

CTX-M, SHV)
Inactivacidn enzimatica
Carbapenemasas (OXA-23, -24/40, -51, -

B-lactamicos 58, 143, VIM, IMP, NDM-1, -2)
Alteracion de las PBPs PBP2
Disminucion de la expresion de porinas OmpA, CarO, Omp 33-36, OprD-like
Bombas de expulsion AdeABC
Modificacion de la diana Mutaciones en gyrAy parC
Fluoroquinolonas
Bombas de expulsion AdeABC, AdeM
Enzimas modificadores de
AAC, ANT, APH
aminoglucésidos
Aminoglucésidos
Bombas de expulsion AdeABC, AdeM
Metilacién ribosomal ArmA
Bombas de expulsion AdeABC, TetA, TetB
Tetraciclinas
Proteccidn ribosomal TetM
Glicilglicinas Bombas de expulsion AdeABC

Mutaciones en el sistema de dos
componentes PmrA/B (modificacion
Polimixinas (colistina) Modificacion de la diana
LPS),

mutaciones en genes de biosintesis LPS

Los carbapenems son antibidticos B-lactdmicos de amplio espectro. Presentan mayor
actividad antimicrobiana y mayor estabilidad frente a enzimas B-lactamasas (enzimas
que hidrolizan el anillo B-lactamico) que el resto de los antibidticos de su familia [49].
Su mecanismo de accion, al igual que el de todos los antibidticos B-lactdmicos, consiste
en la inhibicion de forma irreversible de la biosintesis del peptidoglicano (PG) de la
pared celular de las células procariotas. El esqueleto del PG estd constituido por
cadenas de glucidos, formadas por la repeticibn de moléculas de dacido N-
acetilmuramico y N-acetilglucosamina. El dcido muramico, a su vez, fija cadenas de
tetrapéptidos que forman una malla. El paso final de la sintesis del PG consiste en la
formacion de estos tetrapéptidos a partir de pentapéptidos mediante la pérdida de

uno de los aminoacidos terminales (D-alanil-D-alanina). Este paso, denominado
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transpeptidacion, es catalizado por las penicillin binding proteins (PBPs, proteinas de
unién a penicilinas) que son unas enzimas transpeptidasas que se localizan en el
periplasma. Los antibidticos B-lactamicos se unen de forma covalente al centro activo
de las PBPs bloquedndolas. Esta unidn irreversible evita la transpeptidacion,
interrumpiendo asi la sintesis de la pared, y activa enzimas autoliticos de la pared

celular bacteriana [50].

Los carbapenems se metabolizan y se excretan en el rifién [51]. En las células del
tdbulo proximal del rifiédn se encuentra localizada una metaloenzima de zinc:
dehidropeptidasa renal tipo | (DHP-1). Esta hidroliza dipéptidos, dehidropéptidos, asi
como antibidticos B-lactamicos de conformacion trans, por ejemplo, el imipenem. Con
el fin de evitar la hidrdlisis del farmaco por parte de la metaloenzima, se administra el
imipenem en combinacidon con un inhibidor de ésta, denominado cilastatina. La
cilastatina es un inhibidor reversible y competitivo de la DHP-I cuya estructura es

similar a la de los enlaces escindibles en el imipenem y dehidropéptidos [49].

El imipenem deriva de un compuesto denominado tienamicina que es producido por la
bacteria Streptomyces cattley. Fue comercializado en 1985 y es el tratamiento de
eleccidn en sepsis polimicrobianas. El meropenem es otro antibidtico carbapenémico.
Penetra muy bien en diferentes tejidos y liquidos corporales, por lo que inicialmente la
FDA lo aprobé en el afio 1996 para el tratamiento de infecciones intraabdominales y
meningitis bacteriana. El ertapenem fue comercializado en 2001. Es considerado
tratamiento de primera linea en infecciones causadas por patégenos Gram negativos
productores de B-lactamasas de espectro ampliado (BLEAs) y en aquellas causadas por
patégenos adquiridos en la comunidad. Tanto el ertapenem como el meropenem son
mas estables a la DHP-I que el imipenem, por lo que no es necesario administrarlos
asociados a cilastatina [51]. Existen otros carbapenems de desarrollo mas reciente,

como son doripenem, biapenem, panipenem, razupenem o tomopenem.

Las tasas de resistencia a carbapenems superan el 85% en algunas partes del mundo,

incluido Espafia [48,52], y vienen dadas por los siguientes mecanismos de resistencia:
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- Enzimas B-lactamasas.

Los enzimas B-lactamasas constituyen el principal mecanismo de resistencia a los
antibidticos B-lactdmicos en A. baumannii. Estos enzimas hidrolizan el anillo B-
lactamico, presente en todos los antibidticos pertenecientes a este grupo. Existen
diferentes tipos de enzimas B-lactamasas. La clasificacion de Ambler es la mas sencilla
y se categoriza a las distintos tipos de enzimas por secuencia proteica, por lo que se

clasifican en cuatro clases moleculares: A, B, Cy D [53].
B-LACTAMASAS DE CLASE A.

Las B-lactamasas de clase A son enzimas dependientes de serina, al igual que las B-
lactamasas de clase C y D. Estos enzimas presentan una serina en su centro activo, la
cual, actia como nucledfilo para atacar el enlace C-N de la B-lactama. Se forma un
enzima acil-intermediario, el cual es hidrolizado y el producto liberado del sitio activo

de la B-lactamasa, facilitando el ataque nucleofilico [54].

Inhiben penicilinas y cefalosporinas de forma mucho mas eficaz que carbapenems, a
excepcion de las KPC que se encuentran ampliamente distribuidas en enterobacterias

e hidrolizan eficazmente carbapenems [18].

Las combinaciones de antibidticos B-lactdmicos e inhibidores de B-lactamasas que se
usan habitualmente en la practica clinica, por ejemplo, amoxicilina-acido clavulanico,
piperacilina-tazobactam o ampicilina-sulbactam son eficaces frente a las B-lactamasas
de clase A [53]; a excepcion de las KPC, las cuales, no son inhibidas por ninguna de
estas combinaciones terapéuticas. Sin embargo, avibactam y relebactam inhiben
eficazmente a todas las B-lactamasas de clase A. Este ultimo muestra gran afinidad

frente a las KPC.

B-LACTAMASAS DE CLASE B.

También se denominan metalo-B-lactamasas (MBL) y su mecanismo se basa en una
molécula de agua coordinada a un cation divalente (Zn?*), el cual, activa y rompe el

anillo B-lactamico. En este tipo de enzimas no se forma el intermediario acilado [54].

Son enzimas de amplio espectro, por lo que inhiben practicamente a todos los

antibiodticos B-lactdmicos, incluyendo carbapenems [18]. Al contrario que las serin-3-
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lactamasas, no presentan afinidad con monobactamas [53]. Las metalo-B-lactamasas
con mayor relevancia clinica en A. baumannii son las de tipo IMP, VIM, SIM y NDM

[55].

Hasta la fecha, no existe ningln inhibidor comercial capaz de inactivar a las metalo-B-
lactamasas. En cambio, son inhibidas por quelantes de metales, como el acido

etilendiaminotetraacético (EDTA), acido dipicolinico o 1,10-o-fenantrolina [53].

B-LACTAMASAS DE CLASE D.

Las B-lactamasas de clase D, también denominadas OXA, son las que principalmente

hidrolizan carbapenems y la mayoria han sido identificadas en A. baumannii [54,56].

Las B-lactamasas de clase D, al igual que las B-lactamasas de clase A y C, son
dependientes de serina [54]. Hasta la fecha, se han descrito mas de 800 OXAs. Algunas
poseen actividad carbapenemasa. Las B-lactamasas hidrolizantes de carbepenems de
clase D (CHDLs) se reclasificaron recientemente en 12 subgrupos: OXA-23, OXA-24/40,
OXA-48, OXA-51, OXA-58, OXA-134a, OXA-143, OXA-211, OXA-213, OXA-214, OXA-229
y OXA-235. Dentro de cada subgrupo, las secuencias genéticas son idénticas en mas
del 90% y entre subgrupos, las similitudes son inferiores al 70% [54]. La OXA-23, OXA-
24/40, OXA-51, OXA-58, OXA-143 y OXA-235 son prevalentes en A. baumannii [57],
mientras que la OXA-48 sdélo ha sido identificada en enterobacterias [56]. La mayoria
de estos enzimas estan codificados por plasmidos, excepto la OXA-51 cuya localizaciéon

es cromosomica [55].

Los inhibidores de B-lactamasas utilizados como el acido clavuldnico, tazobactam o
sulbactam, no son del todo eficaces frente a CHDLs [57]. El avibactam inhibe de forma
eficaz algunas enzimas OXA, como la OXA-48, pero no a las CHDLs producidas por A.
baumannii [57]. Sin embargo, el LN-1-255, un inhibidor derivado del acido penicilanico
ampliamente estudiado por nuestro grupo inhibe eficazmente a la OXA-48 y a las

CHDLs producidas por A. baumannii (ver seccion 6.2.1y anexo I).

- Modificaciones de las Penicillin Binding Proteins (PBPs).

Las PBPs son la diana de los antibidticos B-lactdmicos y son unos enzimas

imprescindibles en la formacién y en la integridad de la pared bacteriana [58].
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Existen diferentes tipos de PBP y, en funcién del antibiético, presenta distintos grados
de afinidad por unas u otras [59]. La mayoria de las PBPs presentan cierta afinidad por
los carbapenems. Por ejemplo, se encontraron 8 PBPs cuyo peso molecular se situa en
los 94, 65, 49, 40, 30, 24, 22 y 17 kDa que presentaron alteraciones en su expresién en

aislamientos de A. baumannii resistentes a carbapenems [60].

Las bacterias pueden modificar sus PBP de diversas formas: a) por la mutacion de una
PBP ya presente en el genoma bacteriano; b) mediante la adquisicion de ADN exdgeno
que codifica una o varias PBP resistentes al antibidtico, las cuales, reemplazan a las
PBP sensibles por recombinacion génica; y c) por disminucién de la afinidad por el
antibidtico. De este modo, estos enzimas conservan su funciéon bioldgica en la bacteria

y pierden afinidad por el antibidtico [2].

- Déficit de porinas y bombas de expulsidn.

A. baumannii también puede producir resistencia a carbapenems y a otros antibidticos
modificando la permeabilidad de la membrana externa, es decir, mediante un déficit
en la expresion de porinas y a través de bombas de expulsion. Estos mecanismos de
resistencia también estan implicados en la patogénesis de A. baumannii, por lo que se

comentaron en el apartado anterior (ver secciones 3.5y 3.6).

El sulbactam es un inhibidor de B-lactamasas, mayoritariamente, de clase C aunque
también inactiva algunas de clase A y D [61]. Actualmente, existen diferentes tipos de
inhibidores de B-lactamasas. Los primeros compuestos se desarrollaron entre los afios
70y 80 a partir de la estructura quimica del nucleo penicilanico con modificaciones. Se
denominan “inhibidores cldsicos”, ya que se han comercializado durante las ultimas
tres décadas. Unas de las caracteristicas de este grupo es que se unen al centro activo

de las B-lactamasas de forma irreversible.

El sulbactam es una sulfona del acido penicildnico sintetizada por la industria
farmacéutica en 1978 [61]. Posee un radical carboxilico en posicién 2 que le permite la

obtencién de ésteres [2]. Se comercializa en combinacién con ampicilina, amoxicilina y
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cefoperazona [62]. Su uso fue aprobado en 1987 y se administra tanto por via oral

como por via parenteral [48].

A diferencia de otros inhibidores de B-lactamasas, el sulbactam presenta actividad
intrinseca frente a A. baumannii debido a la inhibicidn irreversible de la PBP3 de este

patdégeno. Sin embargo, sus elevadas tasas de resistencia limitan su uso [57].

A diferencia de otros agentes antimicrobianos pertinentes para el tratamiento de las
infecciones causadas por A. baumannii, se conoce poco acerca de la base molecular de

la resistencia al sulbactam [64].

No obstante, se ha descrito que el principal mecanismo de resistencia a sulbactam en
A. baumannii, o el de mayor relevancia, es la presencia de la B-lactamasa TEM-1 en
aislamientos clinicos. Esta es una B-lactamasa de clase A dependiente de serina. Existe
una estrecha correlacién entre la resistencia a sulbactam y el nivel de expresion del
gen blatem1 en A. baumannii, asi como en la sensibilidad de aquellas cepas que

expresen TEM-19 (una variante de la TEM-1 que presenta muy baja actividad) [64].

Otro mecanismo de resistencia a sulbactam en A. baumannii es la presencia de la B-
lactamasa de clase C ADC-30. En cepas de A. baumannii resistentes a sulbactam se
encontraron incrementados los niveles de expresién del gen blaapc-30. Este mecanismo
de resistencia es inducido a niveles de ARNm vy proteinas por otros agentes
antimicrobianos, ademds del sulbactam [65]. Recientemente, se ha demostrado que la
B-lactamasa de clase D OXA-23 también confiere resistencia a sulbactam en A.
baumannii [66]. Por lo tanto, la resistencia a sulbactam en A. baumannii es
multifactorial. Las tasas de resistencia a sulbactam en A. baumannii se situaron en

torno al 65% en el aio 2010 en Espafia [52].
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La colistina pertenece a una familia de antibiéticos denominada polimixinas. La
colistina, también denominada polimixina E, fue aislada por primera vez del hongo
Paenibacillus polymyxa var. colistinus en 1949 [67]. Las polimixinas se comercializaron
durante los afios 50 y 60, pero cayeron en desuso hacia la década de los 80 debido a su
elevada toxicidad, sobre todo, nefrotoxicidad y neurotoxicidad [68]. Sin embargo,
debido a la falta de terapias antimicrobianas eficaces frente a patdgenos
multirresistentes como A. baumannii, P. aeruginosa o K. pneumoniae, la colistina ha
sido reintroducida en los anos 90 para el tratamiento de los mismos [67]. Existen 5
tipos de polimixinas, aungque Unicamente las polimixinas B y E se utilizan actualmente
en la practica clinica [68]. Las terapias basadas en combinacion con colistina son
preferibles a la colistina en monoterapia debido a la reduccién de la dosis de este

antibidtico y, por lo tanto, la reduccién de su toxicidad [48].

La colistina es un polipéptido catidnico que actua interrumpiendo las membranas
bacterianas y causando la muerte celular [69]. La molécula de colistina interactia con
el lipopolisacarido (LPS) de la membrana externa, desplazando iones de Mg?*y Ca?®*,
con carga positiva. De este modo, el LPS queda cargado negativamente, lo que
destruye la integridad de la membrana y, como consecuencia, conduce a la muerte

celular [67].

Actualmente, la colistina es un antibidtico considerado como ultima opcidn terapéutica
cuando el tratamiento con antibidticos de eleccidn no es eficaz. Presenta tasas de
resistencia bajas, aunque van aumentando paulatinamente. En un estudio
multicéntrico de A. baumannii realizado en Espafia entre el 2000 y el 2010, esta ratio
paso de un 0% de resistencias registradas en el afio 2000 a un 3%, 10 afios mas tarde
[52] (tabla 1). El informe anual de vigilancia publicado por el Centro Europeo de
Prevencidn y Control de Enfermedades (ECDC), concluyd que en el afio 2014 un 4% de
las cepas de A. baumannii presentaban resistencia a colistina, presentando Grecia e

Italia las mayores tasas de resistencia [70].
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Un paso critico en la accidn de las polimixinas es la interaccion electrostatica entre la
carga positiva del péptido (polimixina) y la carga negativa del lipido A, el componente
endotoxico del LPS. Los mecanismos de resistencia a colistina generalmente implican

modificaciones en el lipido A [71].

En el afo 2011, nuestro grupo caracterizd por primera vez la base molecular de la
resistencia a colistina en A. baumannii. La resistencia adquirida a polimixinas en
bacterias Gram negativas principalmente se encuentra mediada por el reemplazo del
lipido A por arabinosa (L-Ara4N) y fosfoetanolamina (pEtn), mediada por el gen pmrC.
Estas modificaciones resultan en la eliminacién de las cargas negativas del LPS,
disminuyendo asi la afinidad de las polimixinas por el mismo [72]. Cabe destacar que A.
baumannii carece de los genes de biosintesis de L-Ara4N, por lo que utiliza la adicion
de pEtn como principal mecanismo de resistencia a la colistina, que se encuentra
mediado por el operén pmrABC [67]. En este contexto, se ha descrito el sistema de
regulacién de dos componentes PmrAB, el cual, requiere de al menos dos mutaciones
genéticas distintas: un cambio aminoacidico en el gen pmrB y la expresion aumentada
de los genes pmrA y pmrB [72]. Finalmente, pmrC facilita la adicion de la pEtn al lipido
Ay, por lo tanto, un aumento de la expresidon de pmrC suele asociarse a mutaciones en
los reguladores PmrAB, lo que resulta en una disminucién de la sensibilidad de la

bacteria a la colistina [67].

Por otra parte, Moffat y col. describieron varios mutantes espontaneos resistentes a
colistina de la cepa tipo A. baumannii ATCC 19606. Estas cepas presentaron
mutaciones dentro de los genes esenciales para la biosintesis del lipido A, en los genes
IpxA, IpxC o IpxD. Estos mutantes de A. baumannii ATCC 19606 perdieron la capacidad
de producir el lipido Ay, por lo tanto, el LPS [71]; confirmando asi la implicacién de la
pérdida del lipido A en la resistencia a colistina. Este segundo mecanismo es muy poco

frecuente en cepas clinicas.

La tigeciclina es un agente bacteriostatico que deriva de la minociclina, el primer
antibiotico de la familia de las glicilciclinas [73]. Las glicilciclinas son nuevos
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compuestos semisintéticos que contienen una sustitucién en la posicién 9 de
moléculas derivadas de la tetraciclina. Su mecanismo de accién consiste en la
inhibicién de la traduccién de proteinas en las bacterias uniéndose a la subunidad
ribosomal 30S. La tigeciclina se sitia en el sitio A de la subunidad ribosomal e
interacciona con residuos de histidina de ésta, proporcionandole asi mayor afinidad.
Esta interaccién le confiere al antibidtico proteccion ribosomal, dificultando el
desarrollo de los mecanismos de resistencia de la bacteria. Este antibidtico es
considerado de amplio espectro y no se ve afectado por los mecanismos cldsicos de
resistencia a la tetraciclina, incluyendo la proteccion ribosédmica y el flujo por bombas

especificas de la tetraciclina [74].

Esta glicilciclina ha sido la primera aprobada en Estados Unidos para el tratamiento de
infecciones intraabdominales y cutaneas complicadas, asi como para neumonia
adquirida en la comunidad. Ademas, debido a la falta de otras opciones de tratamiento
efectivas, la tigeciclina se utiliza a menudo fuera de indicacién terapéutica en el
tratamiento de neumonia nosocomial, bacteriemias e infecciones del tracto urinario

causadas por patogenos Gram negativos multirresistentes [73,74].

La tigeciclina tiene una potente actividad in vitro frente a A. baumannii y desde el afio
2006 se utiliza en el tratamiento de infecciones originadas por cepas resistentes a
carbapenems de este patégeno. Sin embargo, presenta algunos problemas
farmacocinéticos como niveles plasmaticos bajos, lo que limita su uso en infecciones

del torrente sanguineo [48].

El desarrollo de resistencia a tigeciclina esta mediado, principalmente, por
modificaciones en la permeabilidad de la membrana, con el fin de reducir la
concentracion del antibidtico en el interior de la célula procariota. La expresidon de
tales mecanismos de resistencia puede requerir una amplia inversién metabdlica, lo

que a menudo conduce a una reduccién de fitness de estas bacterias [75]. Las tasas de
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resistencias a tigeciclina en A. baumannii en Espaia en el afio 2010 rondaban el 25%

[52].

- Bombas de expulsion.

El principal mecanismo de resistencia a tigeciclina en A. baumannii es mediante
bombas de expulsiéon pertenecientes a la familia resistance-nodulation-cell division
(RND), de modo que se reduce la concentracién del antibidtico en el interior de Ila
bacteria [16,75]. Un aumento en la expresion de las bombas de expulsién AdeABC,
AdeFGH y AdellK se ha relacionado con la resistencia a tigeciclina en A. baumannii, de
los cuales, AdeABC ha sido descrito como el sistema RND mas relevante al exportar

tigecilina [61].

La expresion de la bomba AdeABC estd regulada por el sistema de dos componentes
AdeRS. El incremento de la expresidn del gen adeR aumenta, a su vez, la expresion de
adeB, lo que conlleva a un aumento de la resistencia a tigeciclina. No obstante, son
mas frecuentes las mutaciones en adeS, lo que también resulta en una sobreexpresion

de AdeABC [75] (ver seccion 3.5).

- Déficit de porinas.

La tigeciclina entra en las células bacterianas a través de difusién pasiva o transporte
activo. Una disminucién de la expresidon de porinas o transportadores provoca una
menor entrada del antibidtico en la bacteria y la imposibilidad de acceder a su diana

(ver seccion 3.6) [16].

Los aminoglucdsidos son antibiéticos de amplio espectro. El primer antibidtico de esta
familia es la estreptomicina, aislada del hongo Streptomyces spp. en 1944 y todavia en
uso. A la estreptomicina le siguieron la neomicina, la kanamicina o la gentamicina,

entre otros [77].

47



Esta familia de antibidticos ejerce su accidn a través de la unién a la subunidad 30S de
los ribosomas bacterianos. Mediante esta unidon modifica la conformacion del sitio A
de la subunidad. Como consecuencia, las capacidades de correccidn del ribosoma se

reducen, lo que resulta en una la mala traduccion de las proteinas [77]

Con el fin de evadir los mecanismos de resistencia que las bacterias han ido
desarrollando, se comenzaron a disefiar derivados semisintéticos mediante la adicidn
de grupos quimicos. Uno de estos derivados es la amikacina, cuya estructura proviene
de la kanamicina y fue comercializado en 1977. Debido a su propiedad de ser
refractario a la mayoria de las enzimas modificadoras de aminoglucdsidos, la amikacina
es el antibidtico perteneciente a esta familia mas utilizado en el tratamiento de
infecciones causadas por patégenos resistentes a aminoglucdsidos, como A.
baumannii. En cambio, su nefrotoxicidad y sus crecientes tasas de resistencia limitan

su uso [48,77].

Las tasas de resistencia en A. baumannii a amikacina se sitdan entre el 68 y el 100%

[48] y vienen dadas, principalmente, por los siguientes mecanismos:

- Aminoglucésido-acetiltransferasas.

La acetilacion del N en la posicion 6’ de la amikacina es el principal mecanismo de
resistencia a este antibidtico que presentan las bacterias. Esta acetilacidon se encuentra
mediada por enzimas denominadas aminoglucdsido-acetiltransferasas (AAC) y se
encuentran en diferentes variantes, la mayoria de las cuales, difieren en el N terminal.
Ademas de la amikacina, estos enzimas suelen conferir resistencia a otros

aminoglucdsidos como la tobramicina y la kanamicina, pero no a la gentamicina [77].

- Metiltransferasas.

Las metiltransferasas son enzimas cuya funcidén es autoprotectora, ya que introducen
un grupo metilo en el ribosoma bacteriano con la finalidad de protegerse contra
metabolitos secundarios tdxicos. Se transmiten por plasmidos y existen diferentes

tipos. En A. baumannii el enzima predominante es ArmA [78,79].
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El uso incorrecto de antibidticos y la escasa inversion en el desarrollo de nuevos
farmacos en este campo han provocado la falta de alternativas reales comercializadas
y Utiles para el tratamiento de las infecciones causadas por A. baumannii. Esto implica
la necesidad de buscar nuevas dianas con el objetivo final de disefiar nuevos
compuestos antimicrobianos. Areas como la gendmica, protedmica o transcriptémica
han sido potenciadas como herramientas adecuadas en el intento de localizar y

evaluar nuevas dianas terapéuticas [17].

La gendmica estudia el conjunto de los genes que forman el genoma de los organismos
y sus caracteristicas [80]. Las técnicas de secuenciacién dan informacion de los
genomas de los organismos aislados y en su conjunto (pan-genomes); lo que nos
permite identificar los genes mas relevantes y esenciales para la bacteria y por otro
lado, los mas conservados, como dos grupos claramente diferenciados. La combinacion
de la informacién gendmica junto con la fenotipica es la clave, tanto para el estudio de
factores de virulencia, como de mecanismos de resistencia conservados o emergentes

[81].

Durante los ultimos afios, los avances de la genémica han permitido comprender los
mecanismos que intervienen en la patogénesis de A. baumannii. Asi, el estudio del
genoma de A. baumannii durante un periodo de tiempo, nos permite evaluar cdmo las
distintas poblaciones han divergido, revelando un cambio importante en el trasfondo
genético predominante en aquellas cepas causantes de infecciones. También nos
permite examinar, por ejemplo, el genoma de cepas de A. baumannii aisladas en
distintos centros hospitalarios, examinando asi cuales son las principales vias de

transmision [6].
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La protedmica es un area de estudio relativamente reciente y esta incluida dentro de la
gendmica. Consiste en el estudio de las proteinas intra- o extracelulares en un
momento y bajo unas condiciones determinadas, independientemente de su secuencia
lineal de genes. Ademas de la identificacidn de todo el proteoma, esta ciencia también
estudia la naturaleza proteica, las interacciones entre las mismas y su localizacidn, asi
como las modificaciones postraduccionales que se pueden llevar a cabo en la proteina

y su implicacion en el metabolismo celular [80].

El estudio del proteoma de A. baumannii proporciona informacién muy valida sobre la
biologia del patdgeno. En esta ultima década se han realizado analisis transcriptémicos
y protedmicos utilizando modelos in vitro. Por ejemplo, en un estudio de los
elementos genéticos involucrados en células sésiles asociadas a la formacion de biofilm
en A. baumannii, los autores evaluaron 55 genes que codifican proteinas expresadas
exclusivamente durante el desarrollo de biofilm [82]. En el afio 2009, nuestro grupo
realizd un andlisis del proteoma citoplasmatico y de la membrana de A. baumannii. Los
datos obtenidos demostraron que este patdégeno presenta un metabolismo robusto y
versatil capaz de explotar una variedad de fuentes de carbono y energia. Ademas,
reveld la presencia de proteinas de alta expresion que, probablemente, desempefien
un papel crucial no sélo en los mecanismos de virulencia y de resistencia a los
antibidticos, sino también en el medio ambiente adaptativo. Estas proteinas
seguramente estdn relacionadas con la persistencia de la bacteria en el entorno

hospitalario, una de las sefias de identidad de este microorganismo [83].

Los analisis transcriptémicos estudian el conjunto de ARN mensajero transcrito en una
célula. Cada vez se utilizan mas en la investigacion biomédica y se realizan bajo
diferentes condiciones, las cuales, nos dan informacion de los procesos bioldgicos que
estan ocurriendo. Por ejemplo, en los estudios del transcriptoma in vivo se analizan

muestras de ARN bacteriano extraidas directamente de la infeccidén, las cuales
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confieren informacidon relevante sobre los procesos bioldgicos que se producen

durante la patogénesis.

Los analisis previos del transcriptoma de A. baumannii proporcionaron informacion
relevante sobre la biologia de este género. También se han estudiado los reguladores
de las principales rutas transcripcionales. Hasta la fecha se han realizado muy pocos
estudios en los que se describa el perfil de expresidn génica de A. baumannii in vivo, es
decir, durante el proceso infeccioso. El primer estudio en el que se describe el perfil de
expresion génica de A. baumannii in vivo se realizé en el afio 2017. En este estudio,
Murray y col. analizaron el transcriptoma de A. baumannii durante bacteriemia,
detectando algunas dianas terapéuticas potenciales, como los genes implicados en la
biosintesis de lipopolisacdridos y capsulas o en la formacion de biofilm y pili, asi como

en el metabolismo [84].

El aumento de resistencias a los antimicrobianos actuales en la practica clinica ha
propiciado la necesidad de disefiar y desarrollar nuevos compuestos cuyos
mecanismos de accién superen a los mecanismos de resistencia. Actualmente, se
encuentran en desarrollo numerosos candidatos y otras opciones terapéuticas que

podrian satisfacer estas expectativas [48].

El desarrollo de nuevos antibidticos se basa en la sintesis de nuevas moléculas o bien,
en mejorar las propiedades de los ya existentes; ya sea por unién de radicales a su
estructura quimica que mejoren su eficacia, o mediante la unién a otro compuesto que

lo haga mas especifico y, por lo tanto, menos téxico.
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Los siderdforos son compuestos de bajo peso molecular que sintetizan las propias
bacterias. Estas moléculas tienen alta afinidad por el Fe3*; asi su funcién bioldgica
consiste en solubilizar el hierro en el ambiente y enviarlo de vuelta al citoplasma de los
microorganismos [17]. Este sistema de captacién puede ser utilizado para mejorar la
afinidad del farmaco con la bacteria, acoplando el sideréforo al compuesto

antimicrobiano.
- Cefiderocol.

El cefiderocol es una cefalosporina de reciente aprobacién por la FDA para el
tratamiento de infecciones del tracto urinario complicadas. Esta cefalosporina se
encuentra conjugada con un catecol en su cadena lateral. La mayoria de los
siderdforos tienen en su estructura quimica un grupo catecol [17,48]. Este grupo
catecol le proporciona a la cefalosporina un mecanismo distintivo de absorcién activa
y, por lo tanto, una mayor penetracion de las células bacterianas. El cefiderocol
también mostréo mayor estabilidad frente a muchas clases de B-lactamasas y actividad

contra bacterias Gram negativas altamente resistentes [48].
- Otros sideréforos.

Existen otras cefalosporinas asociadas a sideréforos en desarrollo comercial, como son
GSK-3342830 o GT-1. Este ultimo todavia ha sido incluido en fase clinica |

recientemente.

La fimsbactina, un sideréforo encontrado en A. baumannii, se ha acoplado a la
daptomicina. De este modo, la fimsbactina ayudaria a la daptomicina a atravesar la

membrana externa y llegar al citoplasma bacteriano [48].

Las tetraciclinas se unen la subunidad 30S del ribosoma, inhibiendo asi la traduccion
del ARNm vy, por lo tanto, la sintesis de proteinas [85]. Actualmente, se encuentran en

desarrollo dos tetraciclinas fluoradas.
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- Eravaciclina.

La eravaciclina es un agente antibacteriano sintético, cuya estructura es similar a la
tigeciclina con dos modificaciones en el anillo D de su nucleo: a) un atomo de fluor
reemplaza a la dimetilamina en C-7 y b) un pirrolidin-acetamido reemplaza al 2-terc-

butil-gliclamido en C-9 [86].

Al igual que otras tetraciclinas, la eravaciclina inhibe la sintesis de proteinas a través de
la unién a la subunidad 30S del ribosoma bacteriano. Este antibiético demostrd
actividad frente a una amplia variedad de patdgenos, incluyendo MDR o XDR, Gram
positivos o anaerobios. La FDA aprobd su uso exclusivo para el tratamiento de

infecciones intraabdominales complicadas en mayores de 18 anos [48,86].
- TP-6076.

Este compuesto se trata de otra tetraciclina fluorada. Demostré su actividad
bactericida en un modelo de neumonia murina con cepas de A. baumannii.

Actualmente, se encuentra en fase clinica | [48].

En las dos ultimas décadas, apenas se han comercializado nuevos antibidticos B-
lactdmicos. No obstante, si que existen varios compuestos en desarrollo, como el AlC-
499 o el FSI-1671. Este ultimo se trata de una nueva clase de carbapenems conjugado

con sulbactam [48].

De manera similar a lo que sucede con los antibidticos B-lactamicos, no hay ninguna
polimixina nueva de aprobacidn reciente; pero si en fases de desarrollo. Se han estado
estudiando moléculas derivadas de la polimixina B, como por ejemplo el SPR741. Este
péptido catidnico permeabiliza la membrana de bacterias Gram negativas,
potenciando asi el efecto de otros antibidticos como la rifampicina, claritromicina o la
eritromicina frente a A. baumannii, entre otros patégenos. Actualmente, SPR741 se

encuentra en fase clinica | [48,87].
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Lamentablemente, no siempre se dan las condiciones éptimas cientificas, comerciales
o de regulacién para el descubrimiento de nuevos farmacos. Por lo tanto, también
debemos centrar los estudios en preservar los antibidticos ya existentes. En este punto
juegan un papel importante los adyuvantes. Estos compuestos se conciben conjugados
a un antibidtico, ya sea para evadir los mecanismos de resistencia de las bacterias

frente a dicho antimicrobiano o para incrementar su eficacia antibidtica [88].

Los inhibidores cldsicos de B-lactamasas derivan de la estructura quimica del acido
penicilanico. Sulbactam y tazobactam, desarrollados en los afios 80, son sulfonas de
acido penicilanico y son eficaces frente a B-lactamasas de clase A, C y muy pocas de
clase D. Dentro de éstas ultimas, las denominadas CHDL suponen un paradigma en el
tratamiento de las infecciones causadas por A. baumannii, puesto que el carbapenem
es uno de los antibidticos mas utilizados en estos casos en la practica clinica (ver

seccion 4.1).

Las sulfonas de acido penicilanico como el LN-1-255, presentando en posiciéon 2 una
cadena 6-alquilideno, representan unos candidatos prometedores (figura 1) [89]. Estos
compuestos fueron diseflador originalmente con el grupo del Dr. Buynak vy

actualmente continuamos en nuestro grupo esta linea de trabajo.

Figura 1: Estructura quimica del inhibidor LN-1-255. Figura de Vazquez-Ucha JC., et al. (2017)
Antimicrob. Agents. Chemother. 61: e01172-17. doi: 10.1128/AAC.01172-17.
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El LN-1-255 fue ampliamente estudiado a lo largo de este proyecto (ver anexo). Este
inhibidor presenté una alta afinidad hacia la OXA-23, OXA-24/40, OXA-51, OXA-58,
OXA-143 y OXA-235 de A. baumannii, sobre todo la OXA-24/40 con la que demostrd
mayor eficacia de inhibicion [57]. De manera similar, inhibe la OXA-48 de
enterobacterias. Cabe destacar que el LN-1-255 también presenta actividad de
inhibicién frente a B-lactamasas de clase A como SHV y recupera la susceptibilidad
antimicrobiana a imipenem, ensalzando su potencial bactericida [90]. Recientemente,
evaluamos la eficacia de inhibicidn del LN-1-255 en modelos in vivo obteniendo unos
resultados prometedores [91] (ver anexo). Hasta la fecha, se trata del Unico inhibidor

de B-lactamasas con capacidad para inhibir a las carbapenemasas de clase D.

Recientemente, se han aprobado inhibidores de [-lactamasas no relacionados
estructuralmente con el anillo B-lactdamico, como por ejemplo el avibactam o el
relebactam. Estos dos ultimos pertenecen a la familia de los diazabiciclooctanones
(DBO), en la cual, también se incluyen otros adyuvantes todavia en desarrollo. Otros
inhibidores de B-lactamasas no B-lactdmicos son aquellos derivados del acido

borodnico.
- Diazabicilooctanones (DBO).

Los DBOs son inhibidores de B-lactamasas de “segunda generacion” desarrollados a
principios de los afios 2000 y se han expandido exponencialmente en un periodo de 15
afios (figura 2). Los primeros inhibidores DBO fueron avibactam y relebactam, los
cuales, inactivan B-lactamasas de clase A, C y algunas de clase D. Actualmente, se
encuentran en fases clinicas inhibidores DBO con “doble accién”, ya que son capaces

de inhibir PBPs y B-lactamasas, incluidas BLEAs [92].
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Relebactam

Figura 2: Inhibidores de B-lactamasas DBO. Figura de Papp-Wallace KM., et al. (2018) J. Med. Chem.
61:4067-86. doi: 10.1021/acs.jmedchem.8b00091.

- Zidebactam y WCK 5153: Estos inhibidores presentan actividad frente a las PBP2,

sobre todo de A. baumannii, y potencia la accion bactericida del antibidtico B-
lactamico. Cabe destacar su actividad frente a las AmpC mas representativas de P.
aeruginosa [92]. Ambos inhibidores también son activos frente a la OXA-23 y la OXA-51
de A. baumannii en modelos murinos y a las MBL de enterobacterias en ensayos in

vitro [48,93].

- ETX2514: Al igual que los anteriores, este compuesto inhibe a las PBP2 y potencia la
actividad del antibidtico B-lactamico. Presenta una serie de modificaciones en la
estructura quimica central de los DBO, que le confiere actividad frente a un amplio
abanico de OXAs. El ETX2514 se estd desarrollando en combinacidon con sulbactam

[48,92].

- WCK 4234: Este inhibidor de B-lactamasas DBO se esta desarrollando en combinacién
con meropenem. Es activo frente a varias carbapenemasas, incluyendo la OXA-23 y la
OXA-51 de A. baumannii [48]. La combinacién de este inhibidor y meropenem es algo

menos eficaz frente a cepas de A. baumannii productoras de OXA-24/40 [92].
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- Acidos borénicos.

A finales de la década de 1970, los acidos bordnicos fueron reconocidos como
inhibidores de B-lactamasas dependientes de serina en ensayos in vitro. El mecanismo
de accidon de estos inhibidores radica en el boro, el cual, forma un vinculo reversible
con el centro activo de la B-lactamasa. No obstante, a pesar de que el boro presenta
gran afinidad por las B-lactamasas serin-dependientes, los acidos bordnicos no

lograron llegar al desarrollo clinico hasta hace relativamente pocos afos [94].

Los representantes de este grupo, como el RPX7009 o el S02030, no presentan
actividad frente a A. baumannii; sin embargo si que presentd actividad frente a

enterobacterias resistentes a carbapenems o portadoras de KPC [94,95].

En las bacterias, alrededor del 20% de todas las proteinas se exportan fuera del
citoplasma. El péptido sefial es esencial para dirigir a las proteinas hacia la membrana
citoplasmatica y se escinde del resto de la proteina antes de entrar en el periplasma,
finalizando asi el proceso de maduracion de las mismas [96,97]. Esta escision la
realizan las proteasas del péptido sefial (SPasas). Existen dos tipos de SPasas, de tipo |
y de tipo Il. Las SPasas de tipo | son endopeptidasas de membrana que utilizan
residuos de serina y lisina como nucledfilos en su centro activo y son las mas
frecuentes en la mayoria de las bacterias. Son responsables de la ruptura del péptido
sefial de proteinas excretadas durante la traslocacién de la membrana a través de la
via de secrecidn general Sec. Las proteinas entran en el periplasma a través del canal
SecYEG, dependiente de energia. Esta energia para la traslocacion a través de la
membrana proviene de la hidrdélisis de ATP procedente de la bomba ATPasa SecA. Por

otra parte, las SPasas de tipo Il utilizan residuos de aspartato en su centro activo [98].

Las caracteristicas generales de los péptidos sefial se conservan a lo largo de la
evolucién. Tienen una regidon en la secuencia amino-terminal (1 a 5 residuos de
longitud), denominada “region N”, con carga neta positiva. La regiéon N es seguida por
un tramo de 7 a 15 residuos hidrofdbicos, con frecuencia leucinas, a los que llamamos

“regidon H”. Seguido de la regién H, se encuentran de 3 a 7 residuos denominados la
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“regidn C”. Esta contiene los residuos de especificidad para el reconocimiento y
escision por parte de la SPasa. La secuencia de consenso para el sitio de corte consiste
en pequeiios residuos alifaticos en las posiciones -3 y -1 en relacién con el punto de

corte (figura 3) [98].

SPI
cleavage
M-region H-region C-region l
Signal peptide [ ] AXA Mature protein
+we charge hydrophabic -3

Figura 3: Esquema del péptido sefial, dependiente de la via Sec, y del sitio de corte reconocido por la
proteasa del péptido sefial de tipo | en E. coli y B. subtilis. Figura de Zalucki YM., et al. (2017) Biochem.
Biophys. Res. Commun. 483:972-7. doi: 10.1016/j.bbrc.2017.01.044.

Durante las dos Ultimas décadas, se ha intentado desarrollar algin compuesto
inhibidor, pero sin éxito comercial hasta el momento. Cabria esperar que el desarrollo
de compuestos inhibidores seria mas sencillo en bacterias Gram positivas, ya que el
sitio activo del enzima estd expuesto en la superficie de la célula. En cambio, en
bacterias Gram negativas, el sitio activo se encuentra en el espacio periplasmico, entre
la membrana citoplasmica y la membrana externa; por lo que seria inaccesible para
moléculas lipdfilas y de alto peso molecular, al no poder atravesar la membrana
externa [96]. Para solventar este ultimo inconveniente, es necesario el desarrollo de
terapias combinadas con el inhibidor y agentes permeabilizadores de membrana,

como son la colistina y el hexametafosfato de sodio.

Recientemente, Smith y col. realizaron una serie de modificaciones en la estructura
quimica de las arilomicinas, confiriéndoles asi actividad frente a patégenos Gram
negativos. Estas modificaciones permitieron identificar andlogos, los cuales, presentan
mayor afinidad con el objetivo y mejor penetracidn en la membrana externa que la
molécula original. Uno de estos andlogos es el G0775, una arilomicina sintética con
potente actividad antibacteriana in vitro frente a los patdégenos Gram negativos

incluidos en las siglas “ESKAPE” [96].
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El desarrollo de vacunas contra las enfermedades infecciosas ha sido uno de los logros
mas notables de la historia de la humanidad. La vacunacién ha erradicado
enfermedades como la viruela y ha controlado la transmisién de otras, como son la

difteria, la poliomielitis, la tos ferina, el sarampidny el tétanos neonatal [99].

La prevencion es tan importante como la erradicacién de la enfermedad. El patdogeno
bacteriano interactia con el huésped y también ha desarrollado varias estrategias para
evadir el sistema inmune del mismo. Por lo tanto, la vacunacion es una estrategia
prometedora para reducir la frecuencia de infecciones por A. baumannii, aunque hasta

la fecha no existe ninguna comercializada frente a este patégeno [100,101].

La vacunacién es una forma de inmunizacidn activa y existen diferentes tipos de

vacunas bacterianas en funcion de la parte antigénica involucrada.

En este tipo de inmunizacion se administra la célula entera, no sélo la parte antigénica

o epitopos. Pueden ser bacterias vivas atenuadas o muertas inactivadas.

- Vacunas vivas atenuadas.

Las vacunas vivas atenuadas pueden ser muy eficaces, ya que son versiones
inofensivas de patdgenos e imitan la infeccién natural. Tradicionalmente, la atenuacién
de la virulencia se logré a través de la seleccién natural por multiples pasajes del
microorganismo en el medio de cultivo, mutagénesis aleatoria o modificacién genética
de los genes diana para atenuar la virulencia. En este ultimo modo cabe destacar que
no existen dianas genéticas universales para la atenuacidn bacteriana, por lo que se
necesita de los conocimientos basicos de las técnicas moleculares y de los mecanismos

de patogenicidad para cada especie o cepa bacteriana [102].

En el afno 2017, nuestro grupo diseid una estrategia para la sintesis de vacunas vivas
atenuadas con aplicacién para cualquier patégeno bacteriano. Se basaron en un

componente esencial del peptidoglicano bacteriano, que se encuentra en la pared
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celular de todas las bacterias: el D-glutamato. Manipularon genéticamente las cepas
A. baumannii ATCC 17978, P. aeruginosa PAO1 y S. aureus 123 con el fin de obtener
cepas auxoétrofas de D-glutamato. Los resultados fueron muy prometedores,
demostrando una eficacia fiable como cepas vivas atenuadas en un modelo murino de

infeccidon aguda [102].

- Vacunas muertas inactivadas.

Este tipo de vacunas se basan en inactivar a la bacteria por calor o con formaldehido.
Se ha sugerido que son mds seguras que las vivas atenuadas, pero presentan menos

inmunogenicidad.

Existen estudios sobre vacunas inactivadas derivadas de la exposiciéon a antibidticos
frente a A. baumannii. El pretratamiento con antibidticos de A. baumannii ha
demostrado que mejora la expresién de aquellas proteinas que le confieren resistencia
a los mismos. En todo caso, ya sea una vacuna inactivada derivada de la exposicion a
antibidticos o no, existe una respuesta robusta de anticuerpos IgG presentes en el
suero de ratones inmunizados y que reconocen la cepa de A. baumannii utilizada como

diana [103].

Las vacunas recombinantes de subunidades son aquellas en las que la inmunizacion se
obtiene a partir de epitopos de la bacteria. A diferencia de las vacunas de células
enteras, este tipo de vacunas se administran junto con adyuvantes, los cuales,

potencian su actividad inmunogénica [99].

Las vacunas recombinantes de subunidades pueden ser de naturaleza proteica, las
cuales se disefan a partir de la identificacidon de proteinas de membrana antigénicas
que contienen factores de virulencia, factores de resistencia y el factor de esencialidad
para la bacteria patdgena. Esta proteina antigénica identificada se utiliza como diana
en el diseio de la proteina recombinante, la cual, se obtiene mediante un proceso de
ingenieria genética que consiste en clonar el gen de interés en un vector de expresion

y transformarlo en una especie diferente a la original. Después, se procede a la

60



purificacién de la proteina y a la evaluacién de su inmunogenicidad en un organismo

vivo [101].

Liny col. clonaron y expresaron una proteina recombinante de OmpA, ésta es la porina
mas abundante en la membrana externa de A. baumannii. Tras la purificacidon de
rOmpA, se administrd en ratones con el fin de inmunizarlos y medir la respuesta del
sistema inmune. Los resultados demostraron que rOmpA se podria utilizar como una
vacuna altamente efectiva, ya que protegié a los ratones de una infeccion por A.

baumannii que seria letal [100].

Otro ejemplo de vacuna recombinante de subunidades son las vacunas de extractos
proteicos de la membrana externa o complejos de membrana externa (CME). Estas
inducen una respuesta de anticuerpos frente a multiples antigenos de la membrana
externa de bacterias Gram negativas. McConnell y col. desarrollaron en 2011 una
vacuna CME frente a A. baumannii y los resultados fueron prometedores.
Demostraron que las vacunas CME inducen una respuesta especifica de antigeno,
tanto humoral como celular y que el tratamiento de ratones con esta vacuna fue mas

gue suficiente para conferir inmunidad frente a este patdgeno bacteriano [34,104].

El desarrollo de terapias fagicas es una forma potencial de mejorar el tratamiento de
infecciones bacterianas. Los fagos son virus capaces de infectar y matar a las bacterias
al final del ciclo litico de infeccion, ya que destruyen la pared celular con el fin de

liberar nuevos fagos [105].

Para romper la pared celular de la bacteria, algunos bacteriéfagos liticos usan
proteinas simples, como las amurinas, que inhiben la sintesis del PG. Sin embargo, la
mayoria de ellos utilizan dos grupos de proteinas para producir la lisis de la célula
huésped. El primero, constituido por holinas, establece sinergia con el segundo,
endolisinas. La funcién de las holinas es perforar el citoplasma del huésped vy, por
consiguiente, facilitar el acceso de las endolisinas al peptidoglicano bacteriano. Por su

parte, las endolisinas son proteinas enzimaticas responsables de la degradacién de la
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pared celular, las cuales, son utilizadas por los bacteriéfagos para hidrolizar el

peptidoglicano de las bacterias infectadas [105].

Existen estudios que demuestran que la terapia fagica resulta eficaz frente a A.
baumannii. Regeimbal y col. aislaron fagos especificos de A. baumannii. Realizaron un
coctel con 5 de estos fagos y trataron la infeccidon de A. baumannii en un modelo
murino de herida quirudrgica, resultando con éxito. También resulté exitoso el mismo
coctel de fagos en una infeccidn de A. baumannii en un modelo de Galleria mellonella.

[106].

Recientemente, Schooley y col. utilizaron un tratamiento terapéutico basado en un
coctel de fagos personalizado para tratar a pacientes diabéticos con pancreatitis
necrosante complicada por una infeccion de A. baumannii. La administracién de estos
bacteridfagos por via parenteral en las cavidades del absceso se asocid con la reversion
de la trayectoria clinica descendente del paciente y la eliminacidon de la infeccién

producida por A. baumannii [107].

Las nanoparticulas son sistemas nanométricos con un nucleo interno y una cubierta
externa. Se comenzaron a desarrollar a mediados de los afios 80 y se han popularizado
como formas farmacéuticas debido a su biocompatibilidad, biodegradabilidad y

capacidad para controlar la distribucién de medicamentos en el cuerpo [108].

Las nanoparticulas han tenido mucha aplicabilidad en el area de oncologia, sobre todo,
para dirigir los farmacos antineoplasicos a la célula cancerigena y reducir asi su
toxicidad. Del mismo modo, el hecho de aplicar la nanotecnologia en el tratamiento de
infecciones causadas por patdégenos multirresistentes en una terapia combinada, nos
permitiria potenciar la actividad de los antimicrobianos ya existentes v,

consecuentemente, reducir su toxicidad.

En el campo de la microbiologia, se utilizan diferentes tipos de nanoparticulas con
multiples mecanismos de accidn para combatir a las bacterias. Entre estos mecanismos

se incluyen nanoparticulas liberadoras de dxido nitrico (NONPs), nanoparticulas que
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contienen quitosano (chitosan NPs), nanoparticulas de poliarginina (ArgNPs) vy
nanoparticulas de metales, como las de oro y plata (AuNPs y AgNPs, respectivamente)

[109].

Recientemente, se ha estudiado la eficacia de las nanoparticulas de oro y plata frente a
A. baumannii. Ambos tipos de nanoparticulas fueron conjugados con polimixinas;
colistina en el caso de AuNPs y polimixina B con AgNPs [110,111]. Las AuNPs fueron
disefiadas para el redireccionamiento con A. baumannii mediante la unién de colistina
y polietilenglicol (PEG), éste ultimo actuando como ligante. A través de técnicas como
la microscopia electrénica de transmision y la espectroscopia de energia dispersiva de
rayos X, se demostro la eficacia de la unién de Col-PEG-AuNPs a la envoltura celular de
A. baumannii [110]. En el caso de las AgNPs se demostrd un efecto sinérgico entre las

nanoparticulas y la polimixina B, tanto en modelos in vitro como in vivo [111].

La tecnologia de interferencia de ARN ha sido estudiada en los ultimos anos. Los
agentes antisentido se basan en el reconocimiento de una secuencia especifica de ARN
mensajero, lo que conduce a una expresion reducida o alterada de la traduccién. Este
mecanismo puede ser explotado en estrategias de ingenieria genética para inhibir la
sintesis de proteinas esenciales [112]. Los agentes antisentido son oligémeros de 10-30
nucledtidos de longitud, cuya secuencia es complementaria a la del ARNm que
queremos inactivar. Modificaciones en la estructura quimica de estas moléculas
conducen a los diferentes tipos de agentes antisentido: phosphorothioate (PS), peptide
nucleic acid (PNA), phosphorodiamidate morpholino oligomers (PMO) o locked

(bridged) nucleic acids (LNA/BNA), entre otros [113].

Existen farmacos basados en esta tecnologia en ensayos clinicos, e incluso
comercializados, para el tratamiento de la distrofia muscular de Duchenne y algunos
canceres; lo que avala el potencial clinico de estos agentes [114]. De modo similar,
algunos estudios han demostrado eficacia antibacteriana frente a algunos patégenos
como E. coli, K. pneumoniae, P. aeruginosa o S. aureus [115-118]. También se ha
demostrado que el PNA anti-gyrA presenté una inhibicién del crecimiento de un
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aislamiento clinico de A. baumannii [119]. Ademas, un uso alternativo relevante de la
tecnologia antisentido es la inactivacion de genes de resistencia, modificando el
fenotipo de resistencia a antibidticos [120,121]. Por lo tanto, el uso antimicrobiano de
esta tecnologia ha sido demostrada en los Ultimos afios y podria ser una fuente

potencial de nuevos medicamentos.

Los PNAs se desarrollaron por primera vez a principios de los afios 90 por Nielsen y col.
[122]. La estructura quimica del PNA es similar a la del ADN, en la que el enlace
peptidico reemplaza a la estructura azucar-fosfato. Las unidades de N-(2-aminoetil)-
glicina estan unidas por enlaces peptidicos para formar la molécula de PNA, y las bases
nucleotidicas estan unidas a la estructura principal a través de un enlace de metileno
carbonilo. La molécula del PNA es eléctricamente neutra y puede hibridarse

fuertemente con las moléculas de ADN o ARN sin repulsién de carga [115].

Los PNAs son resistentes a la actividad enzimatica de nucleasas y proteasas
bacterianas. Estas moléculas deben penetrar adecuadamente a través de la pared
celular bacteriana para poder ejercer su accion. No obstante, los PNAs tienen un
tamafo superior a la mayoria de antibidticos [112], por lo que requieren de la
conjugacion de péptidos permeabilizantes de células (CPPs) para poder atravesar
mejor la pared celular y potenciar su eficacia [115]. La capacidad de permeabilizacién
de los CPPs varia en funcion de las especies bacterianas, siendo los mds comiunmente

usados los CPPs (KFF)sK, (RX)sB, (RXR)2XB, o (RFR)sX [123-125].

Esta Tesis Doctoral esta constituida por cuatro capitulos. Los tres primeros se focalizan
en la busqueda de nuevas dianas terapéuticas frente al patégeno multirresistente A.
baumannii, empleando una metodologia novedosa como es la transcriptémica. Los dos
ultimos se centran en el disefio de nuevos compuestos antimicrobianos y el empleo de
nuevas alternativas terapéuticas para el tratamiento de infecciones causadas por A.

baumannii.
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En el primer capitulo, presentamos un analisis transcriptdmico de las cepas de A.
baumannii ATCC 17978 y AbH120-A2 utilizando ARN aislado de los pulmones de
ratones durante el curso de una infeccion de neumonia. Tras el analisis
transcriptomico, obtuvimos una coleccion de genes hiperexpresados durante el curso
de la infeccion pulmonar que podrian estar involucrados en la patogenicidad de A.
baumannii. A partir de la caracterizacién del transcriptoma durante la infeccién en
pulmén, hemos elaborado 21 mutantes derivados isogénicos de aquellos genes
diferencialmente expresados en el pulmdén. Finalmente, realizamos un estudio

funcional de esta coleccidn de genes mediante ensayos in vitro e in vivo.

Uno de los genes estudiados es el gen hisF (A1S_3245). Este gen estd implicado en la
biosintesis de purinas e histidina. HisF e HisH forman una proteina heterodimérica
imidazol glicerol fosfato sintasa (IGP). Esta enzima heterodimérica cataliza la
transformacién del intermediario N'-(5'-fosforibosil)-formimino-5-aminoimidazol-4-
carboxamida ribonucledtido  (PRFAR) en 5'-(5-aminoimidazol-4-carboxamida)
ribonucledtido (AICAR) y fosfato de glicerol de imidazol (ImGP), los cuales, se utilizan

también en la biosintesis de purinas y de la histidina, respectivamente [126—-128].

AICAR es uno de los productos de HisF y presenta una estructura andloga a la del
monofosfato de adenosina (AMP). Este producto es capaz de estimular la actividad de
AMPK, una proteina quinasa activada por AMP. Ambas moléculas, monofosfato de
AICAR y AMP, desencadenan un cambio conformacional en el complejo AMPK que
permite una mayor activacion por fosforilacién de Thr-172. Este complejo AMPK es un
regulador central de la homeostasis energética, el cual, participa en la respuesta
celular al estrés metabdlico, siendo considerada como una importante diana
terapéutica para el control de diferentes enfermedades que afectan al ser humano

[129].

Una vez activado, AMPK fosforila a numerosos enzimas metabolicos causando tanto la
inhibicidn global de las vias biosintéticas, como la activacién de las vias catabdlicas. De
este modo, genera y conserva energia [130]. Por otra parte, se ha demostrado que
AICAR también es capaz de inhibir la produccién de citoquinas proinflamatorias
inducida por lipopolisacaridos. Se ha demostrado que el tratamiento con un inhibidor

de la adenosina quinasa es capaz de bloquear la capacidad de AICAR para activar la
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AMPK, previniendo la inhibicion de la inflamacion en las células mesangiales en
ratones [131,132]. Otros autores también han descrito el papel de AICAR en Ia

regulacién de la inflamacion [131,133].

La evaluacién del gen hisF en la patogénesis de A. baumannii y su implicacion en la
respuesta inmune durante la infeccién por neumonia constituyen el segundo capitulo

de esta Tesis Doctoral.

Otro gen identificado durante el curso de la infeccidon pulmonar de A. baumannii en
ratones fue IpxB (A1S_1668), el cual, esta implicado en la formacion del lipido A. En la
mayoria de las bacterias Gram negativas, el LPS es el principal componente de la
membrana externa y esta constituido por un dominio hidrofébico denominado lipido
A, un core oligosacarido central y el antigeno O [134]. En la via de sintesis del lipido A,
el enzima glicosiltransferasa LpxB cataliza el ataque nucleofilico del 6’-hidroxil del
lipido X para formar el disacarido-1-fosfato, el principal componente del lipido A [135].
Por lo tanto, el enzima LpxB parece esencial en las bacterias Gram negativas para
desarrollar un LPS intacto, mantener la estructura de la envoltura celular y el

crecimiento bacteriano.

Por otra parte, los genes Ipx estan involucrados en la resistencia de A. baumannii a
colistina (ver seccion 4.3.1); por lo que cabe esperar que inactivando el gen /pxB, se

afectard a la actividad de la colistina sobre la bacteria.

En este capitulo utilizamos la tecnologia antisentido para la evaluacién de LpxB como
diana terapéutica y para demostrar la eficacia de los PNA como compuestos
antimicrobianos. Por otra parte, comparamos la eficacia del pPNA anti-/pxB con otros
pPNA conjugados, como anti-murA y anti-hisF, en la inhibicién de la traduccién, la
inhibicidn del crecimiento bacteriano y la proteccidn de células epiteliales humanas
A549 infectadas. También se ha estudiado la sinergia con la colistina tanto en cepas
susceptibles como resistentes a la colistina. Cada vez es mas preocupante el aumento
de resistencias a colistina, considerado un antibiético de ultima opcién debido a su
elevada neurotoxicidad y nefrotoxicidad. Por tanto, es importante el desarrollo de

nuevos farmacos que muestren efectos sinérgicos con dicho antibiético, permitiendo
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asi disminuir la dosis y, por consiguiente, su toxicidad. Este estudio constituye el tercer

capitulo de esta Tesis Doctoral.

Por dltimo, el cuarto capitulo de esta Tesis Doctoral abarca la evaluacion de la
actividad antimicrobiana del compuesto MD3. Este es una P-aminocetona con
actividad frente a la proteasa del péptido sefial de tipo | LepB, de P. aeruginosa. Tras la
traslocacion, LepB corta el péptido sefal de la pre-proteina, liberando la proteina
madura en el periplasma. El MD3 se sintetizd en el afio 2012 e inicialmente se evalué
su eficacia frente a Mycobacterium tuberculosis, mostrando inhibicion del crecimiento

bacteriano y actividad bactericida [136].

La B-aminocetona MD3 fue ampliamente estudiada por nuestro grupo frente al
patégeno A. baumannii y en combinacidon con colistina. La colistina desestructura la
membrana bacteriana, permitiendo un mejor acceso del compuesto al interior celular.
Asi esa sinergia entre estas dos moléculas podria reducir las dosis de colistina y, por

consiguiente, su toxicidad.
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Acinetobacter baumannii es un patdgeno nosocomial que se caracteriza por su
plasticidad genética, lo que le permite adquirir con facilidad diversos mecanismos de
resistencia a los antibidticos. El mal uso de éstos ha propiciado el resurgimiento de
estos patdgenos multirresistentes y, por consiguiente, el fracaso de las terapias
antimicrobianas actuales. Por lo tanto, es necesaria la busqueda de nuevas dianas y el

desarrollo de nuevas alternativas terapéuticas reales.

Esta Tesis Doctoral abarca esta finalidad en cuatro capitulos. Los tres primeros se
centran en el estudio de nuevas dianas terapéuticas; mientras que los dos ultimos, en
la evaluacidén de nuevas terapias antimicrobianas. Los titulos de los cuatro capitulos

qgue conforman este proyecto, asi como los objetivos de cada uno, son los siguientes:

Estudio global del transcriptoma de Acinetobacter baumannii durante el

desarrollo de neumonia murina.

Objetivo 1. Determinacién de los perfiles de expresion génica de A. baumannii durante

el desarrollo de neumonia.

Objetivo 2. Evaluacidn, mediante ensayos in vitro e in vivo, de la funcién bioldgica de

aquellos genes de interés y su implicacion en la virulencia de A. baumannii.

Implicacion de HisF en la persistencia en pulmén de Acinetobacter

baumannii durante una infeccion por neumonia.

Objetivo 3. Estudio del papel del gen hisF en la patogénesis de A. baumannii y en la

regulacién de la respuesta inflamatoria.
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Inhibicidn del gen IpxB de Acinetobacter baumannii por conjugados

péptido-PNA y evaluacién de un efecto sinérgico con colistina.

Objetivo 4. Evaluacion del enzima LpxB como una nueva diana terapéutica de A.

baumannii.

Objetivo 5. Evaluacion del potencial del pPNA anti-/lpxB para combatir infecciones

bacterianas, combinado con colistina o en monoterapia.

La sinergia entre la colistina y el inhibidor de la proteasa del péptido
sefnal de tipo | MD3 es dependiente del mecanismo de resistencia a colistina en

Acinetobacter baumannii.

Objetivo 6. Evaluacion de los efectos sinérgicos de la combinacién de MD3 vy colistina
frente a cepas de A. baumannii con mecanismos de resistencia a colistina bien

caracterizados.
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Capitulo 1. Estudio global del transcriptoma de
Acinetobacter baumannii durante el desarrollo de

neumonia murina.

Resumen.

En los ultimos anos, los avances en gendmica han permitido comprender los
mecanismos implicados en la patogénesis de A. baumannii [137,138]. Los estudios de
transcriptoma in vivo que utilizan muestras de ARN bacteriano extraidas directamente
de la infeccidn confieren informacion relevante sobre los procesos bioldgicos que se
producen durante la patogénesis. Sin embargo, existen muy pocos estudios en los que
se describa el perfil de expresiéon génica de A. baumannii durante el proceso
infeccioso. En uno de esos estudios, los autores analizaron el transcriptoma de A.
baumannii durante la bacteriemia, detectando algunas dianas terapéuticas potenciales
[84], como los genes implicados en la biosintesis de lipopolisacaridos y capsulas o en la

formacion de biofilm y pili, asi como en el metabolismo.

En este trabajo presentamos: a) un analisis transcriptomico global de A. baumannii
ATCC 17978 utilizando ARN aislado de los pulmones de ratones durante el curso de
una infeccion por neumonia, b) la determinacion de una coleccion de genes
hiperexpresados durante el curso de la infeccién pulmonar que podrian estar
involucrados en la patogenicidad de A. baumannii, c) la construccion de los
correspondientes mutantes derivados isogénicos de la cepa de A. baumannii ATCC

17978 y d) el estudio funcional de los genes diana mediante ensayos in vitro e in vivo.

Este primer capitulo constituye un estudio que se encuentra actualmente bajo revisidon
en la revista Journal Infectious Diseases. A continuacién, se adjunta el manuscrito

enviado a la revista.
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ABSTRACT

Background. Healthcare-associated infections caused by multiresistant pathogens such
as Acinetobacter baumannii constitute a major health problem worldwide. Here, we
present a global transcriptomic analysis of bacterial RNA isolated from lungs of mice
infected with the A. baumannii ATCC 17978 and AbH120-A2 strains, with the aim of
identifying the genes involved in the development of pneumonia infection.
Material/methods. Total RNA obtained from the infected lungs was analyzed by RNA-
sequencing (RNA-seq). Lists of differentially expressed genes were obtained and 21 of
these were selected to construct a collection of isogenic mutant strains. The role of the
21 genes in virulence was investigated in a murine pneumonia model. Biofilm
formation, motility and adherence abilities, growth rate and antimicrobial
susceptibility were analyzed.

Results. Transcriptomic analysis revealed a specific gene expression profile in A.
baumannii during the lung infection. Mutant strains lacking the feoA, mtnN, yfgC,
basB, hisF, oatA genes and a N-acetyltransferase gene, involved in acinetoferrin
biosynthesis, showed a loss of virulence in murine pneumonia. Biofilm formation,
adherence abilities and growth rate were decreased in some mutants.

Conclusions. The findings revealed that 7 genes, over-expressed during the course of
infection, are involved in virulence in pneumonia models and can be considered new

therapeutic targets.

BACKGROUND

Healthcare-associated infections caused by multiresistant pathogens constitute a
major problem worldwide and are associated with prolonged medical care, worse
outcome and costly therapies. The World Health Organization has recently published a
list of antimicrobial resistant "priority" pathogens [1]. Among these, Acinetobacter
baumannii is included in the category of "critical priority" and is considered one of the
most dangerous opportunistic pathogens. This microorganism exhibits an excellent
ability to develop antibiotic resistance, readily generating multiresistant strains and
outbreaks [2, 3]. It is also known for being highly persistent and for its ability to form

biofilms on multiple surfaces [4] and to survive in multiple environments [5, 6].
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However, nosocomial environments promote the transmission and persistence of this
species, which is particularly well adapted to the antimicrobial pressure in clinical
settings such as intensive care units and burns units. The incorrect use of antibiotics
and the scarce of investment in the development of new drugs have led to a lack of
commercially available alternatives for treating infections caused by this pathogen.
This implies an urgent need to search for novel targets for designing new antimicrobial
therapies.

For this purpose, we analyzed the transcriptome of A. baumannii strain ATCC 17978,
which is commonly used in biomedical research and has been studied under multiple
conditions, including infectious processes [7-9]. To improve our understanding of the
pathogenesis of the species, we also conducted transcriptome analysis of clinical strain
AbH120-A2, which triggered the largest outbreak of A. baumannii known worldwide
occurred in Madrid [10].

Advances in genomics in recent years have led to an improved understanding of the
mechanisms involved in the pathogenesis of A. baumannii [9, 10]. Transcriptomic and
proteomic analysis have been performed using in vitro models, revealing different
gene expression or proteomic profiles in planktonic and sessile cells associated with A.
baumannii biofilms [8, 11]. Similarly, transcriptomic analysis has been used to identify
A. baumannii genes involved in iron uptake [12]. In vivo transcriptome studies of
bacterial RNA samples extracted directly from infected tissues provide important
information about the biological processes that occur during pathogenesis. Few
studies have been reported wherein the gene expression profile of A. baumannii
during the infection. In one such study, the A. baumannii transcriptome was
determined in samples obtained from mice with bacteraemia and some potential
therapeutic targets were detected [13], including genes involved in lipopolysaccharide
and capsule biosynthesis, biofiim and pili formation, and metabolism. Insertion
sequencing (INSeq) has also been used with transposon mutagenesis and next-
generation sequencing in order to identify novel virulence factors involved in the

persistence of A. baumannii in the lung [14].

In the present study, we conducted a global transcriptomic analysis of A. baumannii

ATCC 17978 and AbH120-A2 strains, using RNA isolated from lungs of mice with
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pneumonia caused by these strains. The RNA sequencing procedure vyielded a
collection of genes differentially expressed during the in vivo infection relative to those
expressed during in vitro conditions. Constructions of the corresponding isogenic
derivative mutants of A. baumannii ATCC 17978 lacking some of those genes and the

application of functional studies allow identifying potential novel therapeutic targets.

METHODS

Bacterial strains and growth media

A. baumannii strains ATCC 17978 and AbH120-A2 were used to study gene expression
in @ murine pneumonia infection. A total of 21 differentially expressed genes were
selected to construct the corresponding mutant strains (Table 1) derived from the A.
baumannii ATCC 17978 parental strain, for functional analysis. Escherichia coli TG1 was
used as the recipient strain for cloning procedures. Strains were routinely grown or
maintained in Luria-Bertani (LB) medium supplemented with agar or antibiotic, when

needed. All strains were grown at 37 °C and stored in 10% glycerol at -80 °C.

Murine pneumonia infection model

An experimental pneumonia model was used to describe the transcriptome of A.
baumannii strains during the course of the infection, as previously described [15].
BALB/c male mice were inoculated intratracheally with approximately 5.5 x 10’
CFUs/mouse of exponentially grown cells of the ATCC 17978 and the AbH120-A2
strains. Mice that died within the first four hours of inoculation were not included in
the final analyses. Mice were euthanized with an overdose of sodium thiopental
(Sandoz, Holzkirchen, Germany), 20 h after inoculation. Bronchoalveolar lavage (BAL)
was immediately performed to yield bacteria suitable for RNA extraction (in vivo
samples). Collections of the RNA molecules expressed from bacteria grown in LB flasks
(ODeoo=1.0) at 372C and 180 rpm were isolated and considered in vitro samples.

The same pneumonia model was used to compare the virulence of the isogenic
derivative mutant strains and that of the parental strain, with the exception that in this

case the mice were observed during 140 h.
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All experiments with mice were carried out with the approval of and in accordance
with the regulatory guidelines and standards established by the Animal Ethics
Committee (CHUAC, Spain, project code P2015/82).

Bacterial RNA purification

Total RNA was immediately extracted from both in vivo and in vitro samples with the
RNeasy Mini Kit (Qiagen, Venlo, Netherlands). The RNA was then treated with DNAse |
(Invitrogen, California, USA) and purified with the RNeasy MinElute Cleanup Kit
(Qiagen). The final concentrations and the purity of the samples were determined
spectrophotometrically in a BioDrop ULITE system (lsogen Life Science, Utrecht,
Netherlands) and a 2100 Bioanalyzer (Agilent Technologies Inc., California, USA)

according to the manufacturers’ instructions.

RNA-seq sequencing and bioinformatic analyses of gene expression profiles.

Reads from mRNA libraries were obtained using HiScanSQ (lllumina Inc.). Fifty
nucleotide reads were aligned with the complete genome of A. baumannii ATCC 17978
and plasmids pAB1 and pAB2 (GenBank codes: NC_009085.1, NC_009083.1, and
NC_009084.1, respectively). The gene expression profiles thus obtained were first
compared in CIC bioGUNE’s genome analysis platform (Bilbao, Spain). To acquire
complete information about the differentially expressed genes, the sequences were
functionally annotated with Sma3s v.2 software [16], which uses the non-redundant
UniRef90 database to assign gene names, descriptions and enzyme commission (EC)
numbers to the query sequences and adds gene ontology (GO) terms, UniProt
keywords and pathways. Finally, the annotated matrix of gene expression analyses was
imported into R v3.5.2. The R packages ggplot2 v3.1.0 [17], plotly v4.8.0 [18] and

ggrepel v0.8.0 [19] were used to plot the results of the analyses.

Construction of isogenic derivative mutants

A total of 21 genes differentially expressed in vivo and in vitro were selected for
constructing the corresponding isogenic mutant strains derived from the ATCC 17978
parental strain (Table 1). Briefly, the upstream and downstream regions flanking the

selected genes were PCR-amplified and cloned into the pMo130 vector using the

79



primers listed in Table S1. The construction was then used to transform the ATCC
17978 cells by electroporation [20]. Recombinant colonies representing the first
crossover event were selected as previously described [8, 21]. The second crossover
event leading to the gene knockout strain was confirmed by PCR, with the primers

listed in Table S1, as previously described [20].

Adhesion to epithelial cells
Adherence of the isogenic derivative strains to A549 human alveolar epithelial cells
was determined relative to that of the parental ATCC 17978 strain, as previously

described [15, 20]. Four independent replicates were conducted.

Quantitative determination of biofilm
Biofilm formation ability was determined following previously established protocols

[20, 22]. Eight independent replicates were performed.

Statistical analyses

Student’s t-tests were performed to evaluate the statistical significance of the
observed differences in all assays, except in the survival assays, in which the survival
curves were plotted using the Kaplan-Meier method [23] and analyzed using the log-

rank (Mantel-Cox) test. Differences were considered statistically significant at p < 0.05.

RESULTS

A. baumannii gene expression varies during lung infection.

Different gene expression profiles were obtained in A. baumannii ATCC 17978 cells
grown (in vivo) during a lung infection relative to cells grown in flasks (in vitro). Raw
data were deposited in the GEO database (accession code GSE100552), showing that a
total of 1958 genes were up-regulated under in vivo conditions (relative to expression
at in vitro conditions) whereas 1806 were down-regulated during the lung infection
(relative to expression at in vitro conditions) (document

GSE100552_ATCC_ODvsATCC_raton.tsv.gz). Raw data from gene expression profiling
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of the AbH120-A2 strain were also deposited in the GEO database with the same
accession code (document GSE100552_AbH120_A2_ODvsADraton.tsv.gz).

A. baumannii strain ATCC 17978 was used for subsequent procedures while the
AbH120-A2 strain was only used for specific comparison and confirmation of gene
expression.

Considering a cut-off point in the Log; fold change of more than +1 or less than -1, two
lists of respectively 224 up-regulated (Supplementary Material, Table S2) and 126
down-regulated genes (Supplementary Material, Table S3) were obtained for the ATCC
17978 strain (Figure 1). These collections of up-regulated and down-regulated genes
were further classified according to their molecular functions, cellular location and the
biological process in which they are involved (Figure 2).

The data revealed that A. baumannii ATCC 17978 genes that were up-regulated during
the lung infection were involved in a broad range of biological processes, mainly
biosynthesis (18.6%), cellular nitrogen compound metabolism (17.1%), small molecule
metabolism (10.6%), and DNA metabolic (7.54%) or catabolic (6.53%) processes,
amongst others (Figure 2A). These up-regulated genes were mainly located in the
cytoplasm (31.1%), followed by the plasma membrane (20%), cell wall/envelope
(13.3%) and intracellular location (13.3%), amongst other cellular components (Figure
2B). Regarding their molecular function, these over-expressed genes were described as
being involved in many processes, particularly DNA binding (18.9%), oxidoreductase
activity (13.8%), ion binding (13.38%) and nucleic acid binding transcription factor
activity (6.12%), among others (Figure 2C).

The predominant biological processes in which A. baumannii ATCC 17978 genes that
were down-regulated during the pneumonia are involved included biosynthesis,
translation, cellular nitrogen compound metabolism, homeostasis, stress response,
small molecule metabolism, transport, protein folding and catabolic processes,
amongst others (Figure 2D). These genes were mainly located in the cytoplasm
(55.1%), followed by the ribosome (17.4%), the cell wall/envelope (10.1%) and the
plasma membrane (5.8%), amongst other cellular components (Figure 2E). Regarding
their molecular function, those genes that were down-regulated during the pneumonia
infection were found to play a role in many processes, mainly oxidoreductase activity

(15%), DNA binding (11.7%) and ion binding (10.8%) (Figure 2F).
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With the aim of studying the actual implication of some of these genes in lung
infection in mice, a group of 21 in vivo over-expressed genes in ATCC 17978 strain
(A1S_0094, A1S_0241, A1S_0315, A1S_0318, A1S_0781, A1S_0896, A1lS_1013,
A1S 1028, A1S_1032, A1S_ 1146, A1S_1247, A1S_1581, A1S_1657, A1S_ 2247,
A1S_2390, A1S_3032, A1S_3245, A1S_3290, A1S_3363, A1S_3410 and A1S_3879), and
previously related to pathogenesis, were selected for functional analysis (Figure 1 and
Table 1). When expression was evaluated in the AbH120-A2 strain, all these genes
were also over-expressed during pneumonia relative to the expression in in vitro
conditions, except genes A1S_ 1146, A1S_1581, A1S 3363 and A1S_ 3879, which were
not found in the AbH120-A2 genome (Supplementary Material, Table S4).

Some A. baumannii genes are involved in lung infection in mice

Isogenic mutant strains lacking each of these 21 genes were constructed from the
ATCC 1978 parental strain (Table 1). Pneumonia infection was induced in mice with
these 21 mutant derivative strains in order to determine the involvement of the
corresponding genes in virulence. The survival rates of mice infected with the mutant
strains were compared with those of mice infected with the parental strain. The
survival rates of mice infected with mutant strains A0242 (AfeoA), A0781 (AmtnN),
A1657 (codifying for a membrane protein involved in acinetoferrin biosynthesis),
02247 (AyfgC), 02390 (AbasB), A3410 (AoatA) and A3245 (AhisF) were significantly
higher than those of mice infected with the wild type strain (i.e. mortality rate of 100%
in all assays performed) (p< 0.02, Table 1, Figure 3). Infection caused by these mutants
increased the average time of survival in mice with pneumonia by between 22 and
81%, relative to that in mice with pneumonia caused by the parental strain. No
significant differences in mice survival were observed in the other isogenic mutant

strains (data not shown).

Effect of gene deletion on the growth rate
Growth rate and replication ability were evaluated in the different bacterial strains. Of

all mutants tested, only the A2247 mutant strain showed a lower growth rate, with a
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longer mean generation time (30 min, u=0.023) than for the ATCC 17978 strain (25
min, u=0.027, p< 0.05) (data not shown). The growth rates of A0242, A2390 and A1657
strains (all lacking some component involved in iron uptake) were determined in the
absence of iron, and those of strains A0242 and A2390 (52 min, u=0.013 and 45 min,
pu=0.015, respectively) were significantly lower than in the parental strain (38 min, p=
0.018, p< 0.05), while that of A1657 strain did not differ significantly (mean generation
time (min, u=0.017) (Figure 4 and Table 1).

Effect of gene deletion on attachment to eukaryotic cells, biofilm formation and
antimicrobial susceptibility

Adherence of strains A0094, A0242, A0315, A1028, A1581, A1657, A2390 and A3032 to
A549 alveolar epithelial cells was significantly weaker than in the wild type ATCC 17978
strain (Fig. 5A and Table 1). By contrast, the A3879 strain showed a higher capacity
(almost two times higher) to adhere to alveolar cells than the parental strain. The
other mutants did not show any differences relative the parental strain (data not

shown).

Strains A0242, A0781, A1028, A1247, A1657, A3290, A3410, and A3879 displayed
significantly lower ability to form biofilm than the parental strain, while strain A3290
showed a higher (almost two-fold) ability to form biofilm (Figure 5B and Table 1).
Deletion of the other selected genes did not lead to any significant differences in

biofilm production relative to the wild type strain (data not shown).

Antimicrobial MICs were calculated for all derivative mutants. For all mutants, except
for the strain A2247, the original MICs of tested antimicrobials were retained.
Susceptibility to the cephalosporins (B-lactam antimicrobials) cefoxitin, ceftazidime,
cefotaxime and cefepime was four times higher in mutant strain A2247 than in the
parental strain. However, the penicillins and carbapenem antibiotics, imipenem and
meropenem retained their activity. Non--lactam antibiotics also retained their activity

against A2247 (Table 2).
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DISCUSSION

Gene expression in A. baumannii isolated from lungs of mice with pneumonia (in vivo
conditions) displays a specific profile, with many genes up or down-regulated relative
to expression in the corresponding strains grown in LB medium in flasks (in vitro
conditions). Some of these genes are involved in the progress and success of the lung
infection. Among these, genes A1S_0242 (feoA), A1S_0781 (mtnN), A1S_1657 (N-
acetyltransferase involved in acinetoferrin biosynthesis), A1S_2247 (yfgC), A1S_2390
(basB), A1S_3245 (hisF) and A1S_3410 (oatA) were found to be involved in virulence,
as their deletion increased the survival rate of the infected mice. The present study
highlights the involvement of these genes in pathogenesis and that they could

potentially be considered novel targets for designing new antimicrobial agents.

The A1S_0242 gene (feoA) belongs to the feoABC system, which has been proposed as
the major ferrous iron transport system in prokaryotes. In a previous study, our
research team evaluated the role of this gene in iron uptake and virulence in A.
baumannii [15]. Inactivation of the A1S_0242 gene revealed its involvement in fitness,
adhesion, biofilm formation and virulence. The A1S 0242 gene therefore potentially

represents a novel therapeutic target [15].

The A1S_0781 gene (mtnN) codes for a methylthioadenosine/S-adenosylhomocysteine
(MTA/SAH) nucleosidase. This enzyme has different roles, including the recycling of
adenine and methionine through S-adenosylmethionine (SAM)-mediated methylation
reactions. MtnN also plays a crucial role in maintaining homeostasis in bacteria, and is
directly involved in the biosynthesis of autoinducers, such as Al-1 and Al-2 [24]. MtnN
inhibition may block the production of both autoinducers, thereby disrupting quorum
sensing [25]. Inhibition of this enzyme can affect the growth of different bacteria via
several mechanisms. In particular, deletion of mtnN resulted in diminished growth and
reduced motility in Vibrio cholera, and new inhibitors are currently being explored in
relation to the potential development of novel broad-spectrum antimicrobials [26].
Relative to the parental strain, the mutant mtnN strain showed a decreased virulence
during the pneumonia infection, confirming the importance of this gene in
pathogenesis, and the mutant also displayed a weaker biofilm formation ability,

possibly due to inhibition of bacterial quorum sensing [26].
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The gene A1S_1657 encodes a putative membrane protein, a N-acetyltransferase that
is possibly implicated in ferric siderophore biosynthesis and which belongs to the
A1S_1647-1657 cluster [12]. Acinetobacter haemolyticus ATCC 17906 produces the
siderophore acinetoferrin under iron-limiting conditions, biosynthesis of which is led
by the acbABCD operon. Interestingly, the A. haemolyticus AcbD protein was very
similar (77 % identity, 88% similarity) to the protein encoded by A1S_ 1657 [27]. In
addition, this protein displayed high similarity (39% identity, 69% similarity) to RhbD
(the Rhizobactin biosynthesis protein), which is a siderophore produced by
Sinorhizobium meliloti and present in rhizospheres [28]. The A1S 1657 gene is
probably involved in recognition of the siderophore; however, this role may be fulfilled
by other siderophore receptors [12]. Inactivation of this gene caused significant loss of
virulence in pneumonia, biofilm production, attachment and fitness in the absence of

iron [12].

The A1S 2247 gene (yfgC, renamed bepA) codes for a putative periplasmic
metalloprotease. This protein has been suggested to be responsible for maintenance
of outer membrane integrity in E. coli, both by promoting assembly of outer
membrane proteins (OMPs) and by proteolytically eliminating OMPs when their
correct assembly is compromised. BepA enhances biogenesis of LptD, an essential
OMP involved in outer membrane transport and assembly of lipopolysaccharide, a
major outer membrane constituent [29, 30]. Previous studies indicated that
inactivation of BepA led to higher susceptibility to several antimicrobials in E. coli [31].
Interestingly, in the present study, deletion of this gene also increased susceptibility to
all cephalosporins tested, maintaining the susceptibility to penicillins, carbapenems
and other antimicrobial families. The involvement of this gene in B-lactam resistance is
not fully known, but it may be related to access difficulties of the chromosomal B-
lactamase to the B-lactams antimicrobials or to compromised barrier functions of the
outer membrane [29]. The A2247 mutant showed a slight loss of fitness as well as a
significant loss of virulence in the mice infection pneumonia model. Inhibition of this
gene would thus have a double objective to combat both virulence and resistance to

cephalosporins in these bacteria.
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The A1S_2390 gene (basB) encodes a protein that is involved in the biosynthesis of
acinetobactin, which belongs to the basABCDEFGIJ cluster. Acinetobactin has
previously been described as the most important A. baumannii siderophore [32,33].
Acinetobactin-mediated iron sequestration is necessary for establishment of bacterial
infection and cell damage [32]. BasB takes part in the final step of acinetobactin
biosynthesis and is involved in obtaining pre-acinetobactin from N-hydroxyhistamine
and aminoacyl-BasB. Relative to the parental strain, the A2390 mutant showed a loss
of adhesion ability, a lower growth rate in the absence of iron and a decrease in

virulence in a mice pneumonia infection model.

The A1S 3245 gene (hisF) is implicated in purine and histidine biosynthesis. The
heterodimeric protein imidazole glycerol phosphate (IGP) synthase HisH/HisF catalyzes
the transformation of the intermediate N'-(5'-phosphoribosyl)-formimino-5-
aminoimidazol-4-carboxamide ribonucleotide (PRFAR) into 5'-(5-aminoimidazole-4-
carboxamide) ribonucleotide (AICAR) and imidazole glycerol phosphate (ImGP), which
are further used in purine and histidine biosynthesis, respectively [34, 35]. AICAR can
inhibit the lipopolysaccharide-induced production of proinflammatory cytokines, thus
regulating the inflammation process [36, 37]. The strain lacking this gene displayed
much lower virulence, as we have previously described [38]. However, no other
parameters measured in the present study were affected, probably due to the
involvement of the gene in the host immune response in vivo, preventing appropriate

IL-6 secretion and leukocyte recruitment.

The A1S 3410 gene is thought to code for an acyltransferase, and it is possibly
involved in the O-acetylation of the cell wall polymer peptidoglycan. The O-acetylation
of peptidoglycan is a major virulence factor identified in many bacteria, including both
Gram-positive and Gram-negative bacteria. The peptidoglycan is the target of lytic
enzymes (e.g. lysozyme), which are produced by eukaryotic hosts as the first line of
defence against pathogens. The O-acetylation of peptidoglycan leads to resistance to
lysozyme [39]. In some Gram-negative bacteria, the translocation of acetyl groups
from the cytoplasm is mediated by PatA, which is transferred to peptidoglycan
by PatB, an O-acetyltransferase, whereas a single bimodal protein, OatA, catalyzes

both reactions in some bacteria [40]. Sequence alignment searches suggested that the
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protein encoded by the A1S 3410 gene presents some homology with the O-
acetyltransferase OatA of Klebsiella pneumoniae (94% of identity). Pat and Ape2 are
the O-acetyltransferases in respectively Pseudomonas aeruginosa and Neisseria
gonorrhoeae, and belong to the two-component system in Gram-negative bacteria
involved in peptidoglycan O-acetyltransferase activity [41]. In this study, the A3410
mutant showed a loss of biofilm production and infection ability in the pneumonia

model.

Other mutant strains lacking genes were constructed from the ATCC 17978 strain, but
did not decrease the virulence in murine pneumonia. In vitro assays were also
performed in those mutants, revealing some important features (Table 1). The A3290
mutant increased biofilm production relative to the parental strain while decreasing its
adhesion efficacy to epithelial alveolar cells. A1S 3290 encodes EsvF2, which is a
transcriptional activator of TenA. TenA of Staphylococcus aureus is a thiaminase that
catalyzes the deamination of aminopyrimidine and the cleavage of thiamine (vitamin
B1), with a role in thiamine degradation. In Bacillus subtilis, TenA acts as a regulator
controlling the secretion of extracellular proteases [42]. In biofilm-bound prokaryotic
cells, TenA exhibits increased transcription of the genes involved in thiamine
production [43]. Thus, the inactivation of A1S 3290 may cause an excess of
intracellular thiamine and an increase in biofilm production. The gene A1S_3879
encodes CorA, a magnesium/nickel/cobalt transporter, which affects virulence and
extracellular enzyme production in pathogens such as Salmonella enterica and
Pectobacterium carotovorum. A variety of pathways are affected when CorA is lost,
indicating that this transporter may be part of a broader signalling network within the
cell [44, 45]. Mg?* homeostasis seems to be related to bacterial virulence. In the
present study, the A3879 mutant did not cause less virulent lung infection. However, a
decrease in biofilm production and an increase (ca. two-fold) in the ability to attach to
alveolar cells were observed. Finally, the mutant strains deficient in A1S_0094 (/rp
regulon transcriptional regulator), A1S_0315 (DNA repair system) and A1S_3032 (tonB-
like) genes displayed a lower ability to adhere to eukaryotic cells (Figure 5A), while
mutants A1028 (lacking ligB, aromatic ring-opening dioxygenase) and A1247 (lacking

O-methyltransferase) showed a lower biofilm formation ability (Figure 5B).
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Considering the worrying increase in antibiotic-resistant strains, particularly multidrug-
resistant pathogens such as A. baumannii, the search for new antibiotics is an urgent
challenge. The description of new mechanisms of action is essential for a better
understanding of virulence factors and for the identification of novel series of
therapeutic targets that will enable the design of specific new treatments aimed at
eradicating serious infections caused by Gram-negative bacteria. The present study
demonstrated, through in vitro and in vivo assays, the key role of some genes detected
by deep sequencing procedures in the ability of A. baumannii to cause infection.
Except for the feoA and hisF genes, recently described by our research group [15, 38],
to our knowledge this is the first time that the relationship between the genes here
evaluated and A. baumannii virulence has been investigated. This important
advancement will potentially provide valuable information that may help drug

development in future studies.
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Table 1. Compilation of assays performed with the 21 derivative isogenic strains
(pneumonia, biofilm, attachment, fitness in presence/absence of iron and antibiotic
susceptibility). Differences in bacterial phenotypes observed in the mutant strains
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by 20-50%; (++), decreased by 50-80%; (+++), decreased by 80-100%; (+++%*), increased
by 80-100%; (-), no difference. All differences highlighted are statistically significant (p
>0.05).
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Table 2. Minimal inhibitory concentration (mg/L) to B-lactams of A. baumannii ATCC

17978 and its derivative mutant strain A2247.

B-lactam ATCC 17978 02247
Ampicillin 16 16
Piperacillin/tazobactam 16 16
Cefoxitin 128 32
Ceftazidime 4 1
Cefotaxime 8 2
Cefepime 2 0.5
Imipenem 0.25 0.25
Meropenem 0.25 0.25
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Figure 1. Dispersion plot of genes differentially expressed during lung infection in the
murine model. Both collections of 224 up-regulated and 126 down-regulated genes are

represented, highlighting the 21 genes selected for construction of the isogenic mutant

strains.
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Figure 2. Distribution of sequences of A. baumannii ATCC 17978 genes that are up-
regulated (A, B, and C) and down-regulated (D, E, and F) during lung infection relative
to their expression in vitro conditions, by their ontology: biological processes (A and D),

cellular components (B and E) and molecular functions (C and F).
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Figure 3. Pneumonia infection in mice. Survival of BALB/c mice (n = 9-11 per group)

after pneumonia infection with A. baumannii ATCC 17978 and the isogenic derivative

strains A0781, A0242, A1657, A2247, A2390, A3245 and A3410.
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Figure 4. Growth curves and fitness analysis (A: ODeoo curves; B: time-kill curves) of the

ATCC 17978 and the isogenic mutant derivative strains A0242, A1657 and A2390, in

the presence of 200 uM of the iron chelator 2,2'-bipyridyl (BIP).
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Figure 5. A) Quantification of adhesion to A549 human alveolar epithelial cells of A.
baumannii ATCC 17978 and the isogenic mutant derivative strains A0242, A0315,
A0094, A1028, A1581, A1657, A2390, A3032 and A3879. B) Quantification of biofilm
formation capacity of A. baumannii ATCC 17978 and the isogenic mutant derivative
strains A0242, A0781, A1028, A1247, A1657, A3290, A3410 and A3879. Significant
differences: *, p<0.05; ** p< 0.01.
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Material suplementario del manuscrito.

Material and Methods

High-throughput sequencing procedures

Transcriptome analysis of the in vivo and in vitro samples was carried out at CIC
bioGUNE’s genome analysis platform (Derio, Spain). Three biological replicates were
conducted on each sample.

The quantity and quality of the RNAs were evaluated with the Qubit dsDNA Assay Kit
(Life Technologies, California, USA) and Agilent RNA Nano Chips (Agilent Technologies,
California, USA), respectively. Sequencing libraries were prepared with the Ribo-Zero
Magnetic Kit (lllumina, Madison, Wisconsin) and Complete TruSeq Stranded Total RNA
kit (Illumina) following the manufacturer’s instructions. Bacterial and eukaryotic rRNA
was isolated from 1 ug of total RNA, and the remaining RNA was purified, fragmented
and primed for cDNA synthesis. First strand cDNA was synthesized with SuperScriptll
Reverse Transcriptase (Life Technologies). Second strand cDNA was synthesized with
Illumina reagents at 162C for 1 h. A-tailing and adaptor ligation were then performed.
Finally, libraries were enriched by PCR and then visualized in an Agilent 2100
Bioanalyzer High Sensitivity DNA kit (Agilent Technologies) and quantified by PCR, with
a Kapa Library Quantification Kit (Master Mix and DNA Standards, KAPA-Biosystems)
and a Qubit dsDNA HS DNA Kit (Life Technologies).
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Growth rate analysis under non-limited and limited iron conditions

Growth rate was assessed by measuring the optical density (OD) of the ATCC 17978
and the mutant derivative strains in LB medium, as previously described [1], in the
presence or absence of 0.2 mM of the iron chelator 2,2'-bipyridyl (BIP). Growth was
monitored at ODego every 20 min until the late-log phase in 24-well plates and an
Epoch 2 Microplate Spectrophotometer (BioTek Instruments, Inc., Vermont, USA). The
growth rate constant (i) was calculated on the basis of the exponential segment of the
growth curve and defined as In2/g, where g is the doubling time or mean generation
time. Three independent biological replicates were carried out.

Time-kill analysis was also used as described previously to measure the fitness loss of
mutants [2]. Strains were inoculated with 10 x10°> CFU/mL into LB medium and grown
in 96-well microplates at 372C with shaking, using the spectrophotometer. The number
of CFUs was determined at 1, 3, 6 and 10h by plating onto LB agar plates and

incubating at 372C. Independent triplicates were also carried out.

Antibiotic susceptibility assay

The antibiotic susceptibility was determined through microdilution assays, as
described by CLSI [3]. The following antibiotics were used: ampicillin, piperacillin-
tazobactam, cefoxitin, ceftazidime, cefotaxime, cefepime, imipenem, meropenem,
sulbactam, rifampicin, colistin, tetracycline, kanamycin, ciprofloxacin, gentamicin and
tigecycline (Sigma). Three independent experiments were performed for each mutant

strain of Acinetobacter baumanni.
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Table S1.

Oligonucleotides and probes used in the present work.

Primer/Probe name  Sequence Use in the present study
rpoBRT Fw tcgtgtatctgegcttgg qRT-PCR
rpoBRT Rv cgtacttcgaagcctgceac qRT-PCR
rpoB Probe accaccag qRT-PCR
A1S_0242RTFw tcagcgttgaaagtgaagca qRT-PCR
A1S_0242RTRv gaattgcgaccaaatcttge qRT-PCR
A1S_0242 Probe catcacca gRT-PCR
A1S_1657RTFw gcatgagccacacgttattc qRT-PCR
A1S_1657RT Rv cacgtcttgaccattgattcc qRT-PCR
A1S_1657 Probe cagtggca gRT-PCR
A1S_0318RTFw tgctcaagcacaagcaggt qRT-PCR
A1S_0318RTRv tgegtttttctcggetaact qRT-PCR
A1S_0318 Probe agcccaag gRT-PCR
A1S_0896RT Fw ttcaatacgacgtagtaccatgc qRT-PCR
A1S_0896RT Rv gegttttcgtgtcagtgcet qRT-PCR
A1S_0896 Probe gctgetga qRT-PCR
A1S_1032RTFw tctgegtttggtatgacctct qRT-PCR
A1S_1032RTRv atttgacatgacgccgaaa qRT-PCR
A1S_1032 Probe tggtgatg qRT-PCR
A1S_3032RTFw gttactcgacatccgatgagce qRT-PCR
A1S_3032RT Rv agctcaagccgatcaacaag qRT-PCR
A1S_ 3032 Probe agctcctg qRT-PCR

A1S_0094UPFw
A1S_0094UPRv
A1S_0094DOWNFw
A1S_0094DOWNRv
A1S_0094intUP
A1S_0094intDOWN
A1S_0242UPFw
A1S_0242UPRv
A1S_0242DOWNFw
A1S_0242DOWNRv
A1S_0242intUPFw

A1S_0242intDOWNRv

A1S_0315UPFw
A1S_0315UPRv
A1S_0315DOWNFw
A1S_0315DOWNRv
A1S_0315intUP
A1S_0315intDOWN
A1S_0318UPFw
A1S_0318UPRv
A1S_0318DOWNFw
A1S_0318DOWNRv
A1S_0318intUP
A1S_0318intDOWN
A1S_0781UPFw
A1S_0781UPRv
A1S_0781DOWNFw
A1S_0781DOWNRv
A1S_0781lintUP

gggcggccgeaccggtatttctgeattttta
cccgagctcagegagcattactgaactc
ggggagctcgegcatagatatttectctt
cccggatccttgtaggtttcatcaagceac
gtcattacaactgagcctc
gaaatttgacctgcattacc
gggggatccccccactatgacccagtaacatt
ggggatatcccccatccgatcctaaacctttt
ggggatatccccaaattcaagtagaagaagga
ggggcatgccccgaatgaaagcacgtecactt
ttcactacattggatcaggt
atcgagcactcgaaccgaa
gggcggecgecccatacctaaageagecataa
ggggaattcccegeaatcteeccttgetgcet
ggggaattcccccaaccacggattaacctga
gggggatcccccttttccgtttcacgaccag
ccgaaagctcagttaaaaaa
aaacgcggcattgattgag
gggggatccccccttatttgeggtttccatga
ggggatatccccttaatgegacaatcaaaatcac
ggggatatcccectgctacagtacatattattg
ggggcatgeccccagaaatggeagatgactttt
atgtctacggtatttacgtg
gtgaggcaagagaagaactt
gggcggecgeeccctaagtctgaaccagate
cccgagctegggcattttccacctgtttctttg
ggggagctccccaacgtagetgaagaatatatg
gggggatcccecctcacaatgtagtcatctea
gactcacatttgttcaaactg

Construction of the A0094 strain
Construction of the A0094 strain
Construction of the A0094 strain
Construction of the A0094 strain

Confirmation of the deletion of the A1S_0094 gene
Confirmation of the deletion of the A1S_0094 gene

Construction of the A0242 strain
Construction of the A0242 strain
Construction of the A0242 strain
Construction of the A0242 strain

Confirmation of the deletion of the A1S_0242 gene
Confirmation of the deletion of the A1S_0242 gene

Construction of the A0315 strain
Construction of the A0315 strain
Construction of the A0315 strain
Construction of the A0315 strain

Confirmation of the deletion of the A1S_0315 gene
Confirmation of the deletion of the A1S_0315 gene

Construction of the A0318 strain
Construction of the A0318 strain
Construction of the A0318 strain
Construction of the A0318 strain

Confirmation of the deletion of the A1S_0318 gene
Confirmation of the deletion of the A1S_0318 gene

Construction of the A0781 strain
Construction of the A0781 strain
Construction of the A0781 strain
Construction of the A0781 strain

Confirmation of the deletion of the A1S_0781 gene
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A1S_0781intDOWN
A1S_0896UPFw
A1S_0896UPRv
A1S_0896DOWNFw
A1S_0896DOWNRv
A1S_0896intUP
A1S_0896intDOWN
A1S_1013UPFw
A1S_1013UPRv
A1S_1013DOWNFw
A1S_1013DOWNRv
A1S_1013intUP
A1S_1013intDOWN
A1S_1028UPFw
A1S_1028UPRv
A1S_1028DOWNFw
A1S_1028DOWNRv
A1S_1028intUP
A1S_1028intDOWN
A1S_1032UPFw
A1S_1032UPRv
A1S_1032DOWNFw
A1S_1032intUP
A1S_1032intDOWN
A1S_1146UPFw
A1S_1146UPRv
A1S_1146DOWNFw
A1S_1146DOWNRvV
A1S_1146intUP
A1S_1146intDOWN
A1S_1247UPFw
A1S_1247UPRv
A1S_1247DOWNFw
A1S_1247DOWNRv
A1S_1247intUP
A1S_1247intDOWN
A1S_1581UPFw
A1S_1581UPRv
A1S_1581DOWNFw
A1S_1581DOWNRvV
A1S_1581intUP
A1S_1581intDOWN
A1S_1657UPFw
A1S_1657UPRv
A1S_1657DOWNFw
A1S_1657DOWNRvV
A1S_1657intUP
A1S_1657intDOWN
A1S_2247UPFw
A1S_2247UPRv
A1S_2247DOWNFw
A1S_2247DOWNRv
A1S_2247intUP
A1S_2247intDOWN

tatcaggtctcattgtcgaa
ttgcggccgcaataaaattgcttctttggaag
cggggtaccccgttttgaccgecagtaattt
cggggtaccccgataattgtattctcgctatttt
cgcggatccgegtecgatttacatctctetg
acagtttaccgtgtgttaa
aattatgattggtattccgg
ttgcggecgcaaattttagagtggatgecgce
cccgtcgatgggceaccgggaatcataagtatt
cccgtcgatgggtgggacgtttggatgaaaat
cgcggatccgegaaatcatcaatcgectgcaa
ctcatttttactgcaggctt
cctagacctagtttcaaatg
ttgcggecgcaaggegctacttcaaggaaaac
ccggaattccgggctcactaggtatggatata
ccggaattccgggaagggtttgtagttccat
cgcggatccgegagcetegtctttattectcaa
gagtgtttgaaactgtttga
ccacaccctttagtacgta
ccecgeggecegeggggtgatcaatttcttctgtaa
cccgaattcgggaaaacttctcagacaaatac
cccgaattcgggagtggtgtgattaattaag
atttattcaattaggatgcc
tgggtattcataacgtttta
ccecgeggecgegggacgaccagatattaactgg
cccgatatcgggttggtctectgaacattta
cccgatatcgggatgaattattaccaacacca
ccecggatccgggectcaatcattggaaactt
gcaaactaatctatcaaatc
ttcggtagtacattgcaaa
gggcggeegecccttgggttgegaaagceaac
ggggaattccccgaaacctttaaagecctaga
ggggaattcccccatagtcaaatttacctgta
gggggatcccccttcaaaaagatcagcaaccg
cgcatttagccatagcaaaa
ttttcgtattggaccagaag
ccgeggecgcaatcegctttacaaactggaat
cccgaattcatgaaacacagatcaaagttag
ggggaattcatttttgcattcatcecctcag
ccecggatccctctctagggaggttettt
gactcatctagaaataccgt
cagccatttaatgatgatgc
gggggatcccccgaatatagattagtacagea
ggggatatcccccatccageggtgtaatagtg
ggggatatccccttgtattactgtttccgtgaaa
ggggcatgccccaggaataaattggtcaaggt
taggttatgtcatagcaagg
agcaatctgttactgaga
ccgeggecgecaccaattgeeggtttattt
cccgagctecgtcettgcaaaaggtaatea
ggggagctcttgcttatgaacttcacgaaa
ccecggatccaatctggttagcaaacacac
ggttttatctcagtttctacc
ctactgctgaaacacgtaag

Confirmation of the deletion of the A1S_0781 gene
Construction of the A0896 strain
Construction of the A0896 strain
Construction of the A0896 strain
Construction of the A0896 strain
Confirmation of the deletion of the A1S_0896 gene
Confirmation of the deletion of the A1S_0896 gene
Construction of the A1013 strain
Construction of the A1013 strain
Construction of the A1013 strain
Construction of the A1013 strain
Confirmation of the deletion of the A1S_1013 gene
Confirmation of the deletion of the A1S_1013 gene
Construction of the A1028 strain
Construction of the A1028 strain
Construction of the A1028 strain
Construction of the A1028 strain
Confirmation of the deletion of the A1S_1028 gene
Confirmation of the deletion of the A1S_1028 gene
Construction of the A1032 strain
Construction of the A1032 strain
Construction of the A1032 strain
Confirmation of the deletion of the A1S_1032 gene
Confirmation of the deletion of the A1S_1032 gene
Construction of the A1146 strain
Construction of the A1146 strain
Construction of the A1146 strain
Construction of the A1146 strain
Confirmation of the deletion of the A1S_1146 gene
Confirmation of the deletion of the A1S_1146 gene
Construction of the A1247 strain
Construction of the A1247 strain
Construction of the A1247 strain
Construction of the A1247 strain
Confirmation of the deletion of the A1S_1247 gene
Confirmation of the deletion of the A1S_1247 gene
Construction of the A1581 strain
Construction of the A1581 strain
Construction of the A1581 strain
Construction of the A1581 strain
Confirmation of the deletion of the A1S_1581 gene
Confirmation of the deletion of the A1S_1581 gene
Construction of the A1657 strain
Construction of the A1657 strain
Construction of the A1657 strain
Construction of the A1657 strain
Confirmation of the deletion of the A1S_1657 gene
Confirmation of the deletion of the A1S_1657 gene
Construction of the A2247 strain
Construction of the A2247 strain
Construction of the A2247 strain
Construction of the A2247 strain
Confirmation of the deletion of the A1S_2247 gene
Confirmation of the deletion of the A1S_2247 gene
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A1S_2390UPFw
A1S_2390UPRv
A1S_2390DOWNFw
A1S_2390DOWNRv
A1S_2390intUP
A1S_2390intDOWN
A1S_3032UPFw
A1S_3032UPRv
A1S_3032DOWNFw
A1S_3032DOWNRv
A1S_3032intUP
A1S_3032intDOWN
Al1S_3245UPFw
A1S_3245UPRv
A1S_3245DOWN
A1S_3245DOWNRv
A1S_3245intUP
A1S_3245intDOWN
A1S_3290UPFw
A1S_3290UPRv
A1S_3290DOWNFw
A1S_3290DOWNRv
A1S_3290intUP
A1S_3290intDOWN
Al1S_3363UPFw
A1S_3363UPRv
A1S_3363DOWNFw
A1S_3363DOWNRv
A1S_3363intUP
A1S_3363intDOWN
Al1S_3410UPFw
A1S_3410UPRv
Al1lS_3410DOWNFw
A1S_3410DOWNRv
A1S_3410intUP
A1S_3410intDOWN
Al1S_3879UPFw
A1S_3879UPRv
A1S_3879DOWNFw
A1S_3879DOWNRv
A1S_3879intUP
A1S_3879intDOWN
pMo130 site2 Fw
pMo130 site2 Rv

ttgcggccgcaaagttaacgacactaaaattc
cggggtaccccgaaacgtcggttaacttgtt
cggggtaccccgaaccttagctcaaatctag
cgcggatccgegaatttggagtatatggeat
gacatcaactcattagaaaa
cttctaaaacacagtcatc
gggctgcagccctgeaccacttgcttatatge
gggtctagacccctgaagcetgaatttgaagttc
gggtctagacccgaataccatctactgttttt
gggggatcccccccagtcatgataaagatctg
accgttgggtgatttagtaa
agggaaaaggcatctatatg
ttgcggecgcaagtcacggaacaaatctgag
ccggaattccgggttaatactcactttgtctg
ccggaattccggtatcgaaatgegcttgtaag
cgcggatccgeggtttggeaatttctagecc
gccetgtgtaggaactttca
ccactctctcaagctgta
gggcggcecegeccccattttcatcaatttcagge
ggggaattccceccgttgeccagagttcttgaga
ggggaattccccgttaggtttagatcagatcta
gggggatccccccttectgtagaaggtgtatt
atggatcagacctataccaa
ctggagttgtcctcattatt
ccgeggecgeggataaccaccaacgatatgea
ggggaattcgctttgaaaggaataaaaataag
ggggaattccttatcceccttattattta
gggggatccatacacccagectgaattg
tttcttctgagtacactgga
aggtttcttatgaggttcct
ttgcggecgcaaaaataatctggaatcagtget
ccecgtegacgggtggtgacgcecataatttec
cccgtcgacgggataagecccttgaaaatagg
cgcggatccgegattagtacgcgaaggtggg
cttctgccacacagtatatt
gtcaggagctggttttaatt
gggcggecgeccatcaatttccatcagactge
ggggaattccccaccatagatactggegatta
ggggaattccccagagattactcccgeaaatt
gggggatcccccaaaaagctectgeaagtact
gattcttacttgatacaacgt
gctgaaaatcattcaagect
attcatgaccgtgctgac
cttgtctgtaageggatg

Construction of the A2390 strain

Construction of the A2390 strain

Construction of the A2390 strain

Construction of the A2390 strain

Confirmation of the deletion of the A1S_2390 gene
Confirmation of the deletion of the A1S_2390 gene
Construction of the A3032 strain

Construction of the A3032 strain

Construction of the A3032 strain

Construction of the A3032 strain

Confirmation of the deletion of the A1S_3032 gene
Confirmation of the deletion of the A1S_3032 gene
Construction of the A3245 strain

Construction of the A3245 strain

Construction of the A3245 strain

Construction of the A3245 strain

Confirmation of the deletion of the A1S_3245 gene
Confirmation of the deletion of the A1S_3245 gene
Construction of the A3290 strain

Construction of the A3290 strain

Construction of the A3290 strain

Construction of the A3290 strain

Confirmation of the deletion of the A1S_3290 gene
Confirmation of the deletion of the A1S_3290 gene
Construction of the A3363 strain

Construction of the A3363 strain

Construction of the A3363 strain

Construction of the A3363 strain

Confirmation of the deletion of the A1S_3363 gene
Confirmation of the deletion of the A1S_3363 gene
Construction of the A3410 strain

Construction of the A3410 strain

Construction of the A3410 strain

Construction of the A3410 strain

Confirmation of the deletion of the A1S_3410 gene
Confirmation of the deletion of the A1S_3410 gene
Construction of the A3879 strain

Construction of the A3879 strain

Construction of the A3879 strain

Construction of the A3879 strain

Confirmation of the deletion of the A1S_3879 gene
Confirmation of the deletion of the A1S_3879 gene
Confirmation the plasmid construction
Confirmation the plasmid construction
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Table S2. Up-regulated genes.

Gene Function Gene Name Description

A1S_0007 putative transport protein | yheS ABC transporter, ATP-binding protein YheS

A1S_0008 putative RND type efflux adeT RND type efflux pump involved in
pump aminoglycoside resistance

A1S_0016 site-specific tyrosine xerC Int
recombinase

A1S_0066 hypothetical protein bgm Pgm

A1S_0069 L-lactate dehydrogenase l1dD L-lactate dehydrogenase
FMN linked

Al1S_0071 tyrosine aminotransferase | tyrB Aromatic amino acid aminotransferase
tyrosine repressible%2C
PLP-dependent

Al1S_0091 hypothetical protein BN1002_00790 Pyruvate kinase

A1S_0094 Irp regulon transcriptional Irp AsnC family protein
regulator (AsnC family)

Al1S_0127 putative integral dedA Cytochrome O ubiquinol oxidase
membrane protein (DedA)

Al1S_0128 putative membrane yqjF DoxX family protein
protein

Al1S_0213 hypothetical protein tnik TniE

Al1S_0234 type 4 fimbriae expression | pilR Chemotaxis protein CheY
regulatory protein

Al1S_0242 putative ferrous iron feoA FeoA domain protein
transport protein A

Al1S_0315 DNA repair system alkB Alkylated DNA repair protein

Al1S_0318 Putative FusE-MFP/HIlyD ageA Efflux transporter, RND family, MFP subunit
membrane fusion protein

Al1S_0339 pH adaptation potassium phaG pH adaptation potassium efflux system
efflux system protein G protein G

Al1S_0347 putative xInD 3-hydroxybenzoate 6-hydroxylase 1
oxidoreductase%3B
putative flavoprotein
monooxygenase

Al1S_0389 hypothetical protein crcB Putative fluoride ion transporter CrcB

Al1S 0394 putative acyl-CoA sfnA Acyl-CoA dehydrogenase/oxidase family
dehydrogenase protein

Al1S 0451 formyltetrahydrofolate purlU Formyltetrahydrofolate deformylase
deformylase

A1S_0452 hypothetical protein tonB Protein TonB

A1S_0466 Sec-independent protein tatA Sec-independent protein translocase protein
translocase protein TatA

A1S_0517 hypothetical protein N/A N/A

A1S_0554 peptide chain release prfC Peptide chain release factor 3
factor 3

A1S_0560 putative transcriptional alsR LysR family transcriptional regulatory protein
regulator

A1S_0580 putative short-chain budC Diacetyl reductase [(S)-acetoin forming]
dehydrogenase

Al1S 0624 putative lipoprotein yfgC 2 TPR repeat-containing protein YfgC

Al1S 0627 hypothetical protein AB988 2879

A1S 0630 hypothetical protein smc Chromosome partition protein Smc

Al1S 0631 hypothetical protein traW TraW

A1S 0636 DNA polymerase V umuD DNA polymerase V
component
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A1S_0642 hypothetical protein StbA StbA

A1S 0648 hypothetical protein nucH Nuclease

A1S_0663 putative DNA helicase repA Regulatory protein RepA

A1S_0664 replication C family protein | repC RepC

Al1S_0665 putative mating pair trbJ Conjugal transfer protein Trb)
formation protein

A1S_0666 TrbL/VirB6 plasmid trbL Putative mating pair formation protein
conjugal transfer protein

AlS 0667 hypothetical protein N/A N/A

Al1S_0669 Bile acid:sodium symporter | acr3 Arsenite efflux pump

Al1S_0672 Resolvase parA ParA

Al1S_0673 putative transposase insE Putative transposase

Al1S_0674 putative transposase insA Transposase

A1S_0676 putative transposase tnpA TnpA

Al1S_0677 transposase Transposase DDE domain protein

Al1S_0736 hypothetical protein

Al1S_0739 putative transcriptional ACX60_14695 TetR family transcriptional regulator
regulator

Al1S_0769 ferredoxin--NADP+ fpr Ferredoxin--NADP+ reductase
reductase

A1S_0781 putative MTA/SAH mtnN MTA/SAH nucleosidase
nucleosidase

Al1S_0793 putative transcriptional coaX Type lll pantothenate kinase
regulator

A1S_0809 dethiobiotin synthetase x bioD ATP-dependent dethiobiotin synthetase BioD

Al1S_0842 hypothetical protein X781_11720 Laccase domain protein

A1S_0855 dioxygenase beta subunit yeaX Putative dioxygenase subunit beta YeaX

A1S_0896 twitching motility protein pilUu Twitching motility protein

A1S_0898 hypothetical protein vyggSs Ygg$s

Al1S_0901 hypothetical protein Pat9b_5877 OsmC family protein

Al1S_0917 Transcriptional regulator cynR Transcription activator of glutamate

synthase(LysR family)

A1S_0946 hypothetical protein N/A N/A

Al1S_0947 putative vanillate O- vanA Vanillate O-demethylase oxygenase subunit
demethylase oxygenase VanA
subunit (VanA-like)

A1S_0956 putative dinucleotide- nadX Probable L-aspartate dehydrogenase
utilizing enzyme

A1S_0969 transketolase tkt Putative transketolase

A1S_0979 putative membrane-bound | nfuA Fe/S biogenesis protein NfuA
proteinin GNT | transport
system (GntY)

A1S_0982 hypothetical protein N/A N/A

A1S_0992 transcriptional regulator oxyR Bacterial regulatory helix-turn-helix, lysR
(LysR family) family protein

A1S_0997 hypothetical protein N/A N/A

A1S_0999 putative signal peptide wzi Wzi capsule assembly protein

Al1S 1013 urease beta subunit ureB Urease subunit beta

Al1S_ 1028 hypothetical protein ygiD Aromatic ring-opening dioxygenase

Al1S_ 1032 hypothetical protein ata Adhesin Ata autotransporter

A1S 1049 hypothetical protein A1S 1049 UPF0102 protein A1S_1049

A1S 1090 putative transcription Irp AsnC/Lrp family transcriptional regulator
regulator (AsnC family)

A1S 1100 D-glucarate dehydratase gudD D-glucarate dehydratase

Al1S 1140 RNAse Hill rnhB Ribonuclease HII
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Al1S_1145 putative Cro protein ACX60_12595 Cro/Cl family transcriptional regulator
Al1S_1146 site-specific DNA- ydiP Putative BsuMI modification methylase
methyltransferase subunit YdiP
A1S_1147 Site-specific DNA N/A N/A
methylase-like protein
Al1S 1166 hypothetical protein N/A N/A
A1S 1170 hypothetical protein N/A N/A
Al1S 1171 hypothetical protein STY0016 Glycosyl hydrolase lysozyme (N-
acetylmuramidase)
Al1S_1201 alkyl hydroperoxide ahpF Alkyl hydroperoxide reductase subunit F
reductase subunit F
Al1S_1216 LysR regulator benM Aromatic hydrocarbon utilization
transcriptional regulator CatR
Al1S_ 1218 heavy metal regulator hmrR HTH-type transcriptional regulator (Copper
HmrR efflux regulator) (Copper export regulator)
Al1S_1232 EsvB yybR_5 Uncharacterized HTH-type transcriptional
regulator yybR
Al1S_1247 putative O- mdmC O-methyltransferase mdmC
methyltransferase protein
Al1S_1284 ABC-type SSUA ABC transporter substrate-binding protein
nitrate/sulfonate/bicarbon
ate transport system
A1S_1316 MFS transporter%3B MFS yeaN Inner membrane transport protein YeaN
transporter cyanate
permease family
Al1S_1342 putative enoyl-CoA paaG 1,2-epoxyphenylacetyl-CoA isomerase
hydratase Il
Al1S_1410 putative LysR-family yhjC YhjC
transcriptional regulator
Al1S_1422 2-(5"-triphosphoribosyl)- CitG Probable 2-(5"-triphosphoribosyl)-3'-
3'-dephosphocoenzyme-A dephosphocoenzyme-A synthase
synthase
Al1S_1423 malonate decarboxylase mdcC Malonate decarboxylase acyl carrier protein
delta subunit
Al1S_1427 malonate decarboxylase mdcH Malonyl CoA-acyl carrier protein transacylase
epsilon subunit
Al1S_ 1458 alkyl hydroperoxide ahpF Alkyl hydroperoxide reductase subunit F
reductase subunit F
Al1S_ 1463 serine acetyltransferase cysE Serine acetyltransferase
Al1S_ 1489 putative glutathione S- ACIAD2062 Putative glutathione S-transferase
transferase
A1S_1495 putative transcriptional ACIAD2053 Putative transcriptional regulator
regulator
A1S_ 1496 hypothetical protein pmpR Probable transcriptional regulatory protein
yebC
Al1S 1511 biotin synthase bioB Biotin synthase
Al1S 1516 putative antibiotic yncA Acetyltransferase
resistance
A1S_ 1580 integrase xerC_3 Phage integrase family protein 5
Al1S 1581 methyltransferase putative | gp24 DNA cytosine methyltransferase
Al1S 1585 putative replicative DNA dnaB Replicative DNA helicase
helicase
Al1S 1646 hypothetical protein ybakK Cys-tRNA(Pro)/Cys-tRNA(Cys) deacylase
Al1S_ 1657 putative siderophore mbtK Lysine N-acyltransferase MbtK

biosynthesis protein%3B
putative acetyltransferase
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AlS_1668 lipid A-disaccharide IpxB Lipid-A-disaccharide synthase
synthase

A1S_ 1680 hypothetical protein N/A N/A

Al1S_1685 recombination protein gap | recR Recombination protein RecR
repair

Al1S_1687 Transcriptional regulator osmB Osmotically inducible lipoprotein B

A1S_1748 replication protein Phage/plasmid replication family protein

Al1S_1752 AdeA membrane fusion acrA Efflux transporter, RND family, MFP subunit
protein

Al1S_1796 aldehyde dehydrogenase aldH Aldehyde dehydrogenase family protein

A1S_1806 Senescence marker araB Calcium-binding protein
protein-30 (SMP-30)

Al1S_1817 Acyl-CoA dehydrogenase bcd Butyryl-CoA dehydrogenase

A1S_1839 Dihydroxy-acid ilvD Dihydroxy-acid dehydratase
dehydratase

Al1S_1840 transcriptional regulator pdhR Pyruvate dehydrogenase complex repressor
GntR family

Al1S_1847 3-oxoadipate CoA- cat) 3-oxoadipate CoA-transferase
transferase subunit B

Al1S_1848 Beta-ketoadipyl CoA catF Beta-ketoadipyl CoA thiolase
thiolase

Al1S_1869 putative porin for benP Outer membrane porin, OprD family
benzoate transport (BenP)

Al1S_1892 Beta-ketoadipyl CoA catF Beta-ketoadipyl CoA thiolase
thiolase

Al1S_1893 3-oxoadipate CoA- cat) 3-oxoadipate CoA-transferase
transferase subunit B

Al1S_ 1943 putative membrane AB895_3785 Membrane protein
protein

A1S_2003 putative nitrate reductase | nasB Nitrite reductase

A1S_2018 tail tape meausure protein | 15 Tape measure domain protein

A1S 2021 hypothetical protein N/A N/A

Al1S 2027 hypothetical protein ERS370012_013 | Uncharacterised protein
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Al1S 2100 hypothetical protein Alpha/beta hydrolase fold family protein

Al1S 2118 hypothetical protein

Al1S 2120 16S rRNA pseudouridylate | rsuA Pseudouridine synthase
516 synthase

Al1S 2149 putative acyl CoA mmgC Acyl-CoA dehydrogenase
dehydrogenase
oxidoreductase protein

Al1S 2220 hypothetical protein MW7_3113 Atp-dependent protease subunit

Al1S 2226 putative glycosyl Smit2543 Putative glycosyl transferase
transferase related protein

Al1S 2247 putative signal peptide yfgC 1 Putative beta-barrel assembly-enhancing

protease

Al1S 2265 thiamine biosynthesis thiG Thiazole synthase
protein thiazole moiety

Al1S 2271 rtcb protein rtcB RNA-splicing ligase RtcB

Al1S 2274 aminoacyl-histidine pepD Aminoacyl-histidine dipeptidase
dipeptidase

Al1S 2286 hypothetical protein mutT_2 8-0x0-dGTP diphosphatase

A1S 2330 putative acyl-CoA fadE Acyl-CoA dehydrogenase
dehydrogenase

Al1S 2336 hypothetical protein rsmE Ribosomal RNA small subunit
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methyltransferase E

A1S_ 2390 putative acinetobactin IgrD Non-ribosomal peptide synthetase module
biosynthesis protein protein, siderophore biosynthesis
A1S_2393 hypothetical protein ECA2041 Putative DNA-binding protein
A1S_2456 transcriptional regulator lysR Transcriptional regulator
lysR family
AlS 2468 hypothetical protein N/A N/A
A1S 2512 hypothetical protein N/A N/A
Al1S_2563 putative siderophore- N/A N/A
interacting protein
Al1S_2569 hypothetical protein orf2 Transposase
Al1S_2573 23-dihydroxybenzoate- entE (2,3-dihydroxybenzoyl) adenylate synthase
AMP ligase
Al1S_2574 23-dihydroxybenzoate- entE 2,3-dihydroxybenzoate-AMP ligase
AMP ligase
Al1S_2618 Putative RND family drug ACIAD2648 Transporter
transporter
Al1S 2643 oxidoreductase short chain | isfD AraC family transcriptional regulator
dehydrogenase/reductase
family
A1S_2655 hypothetical protein N/A N/A
Al1S_2685 hypothetical protein ACIAD2857
Al1S_2689 transcriptional regulator acnR Transcriptional regulator, TetR family
TetR family
A1S_2709 hypothetical protein N/A N/A
Al1S 2771 putative transcriptional appY DNA-binding transcriptional activator
regulator (AraC family)
Al1S 2776 hypothetical protein atfA Diacylglycerol O-acyltransferase
Al1S 2794 putative nitroreductase pnbA Nitroreductase
Al1S 2839 hypothetical protein rtcB RNA-splicing ligase RtcB
A1S 2880 putative signal peptide 1596_0277 META domain protein
Al1S 2883 transcriptional regulator baeR Transcriptional regulator protein (OmpR
protein (OmpR family) family), response regulator in two-component
regulatory system with BaeS, regulates RNA
synthesis
Al1S 2931 hypothetical protein cusF Cation efflux system protein CusF
A1S 2944 hypothetical protein N/A N/A
Al1S 2952 putative pyridine Ipd Dihydrolipoamide dehydrogenase
nucleotide-disulfide
oxidoreductase class |
A1S_ 3009 oxidoreductase short-chain | pECR Peroxisomal trans-2-enoyl-CoA reductase
dehydrogenase/reductase
family
A1S 3032 TonB-like protein tonB Periplasmic protein TonB
Al1S 3044 hypothetical protein cicA HAD-superfamily subfamily IB, PSPase-like
protein
A1S 3053 acyl coenzyme A fadE Acyl coenzyme A dehydrogenase
dehydrogenase
Al1S 3128 succinylglutamate astE Succinylglutamate desuccinylase
desuccinylase
Al1S 3145 putative membrane yccS TIGR01666 family membrane protein
protein
Al1S 3149 hypothetical protein ygiN Putative quinol monooxygenase YgiN
A1S 3155 hypothetical protein Psyr_2501 Hemerythrin
A1S 3159 lipase foldase lipB Lipase chaperone
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A1S_3160 lipase lip Lactonizing lipase

A1S_3198 23S ribosomal RNA G745 rrm 23S ribosomal RNA G745 methyltransferase
methyltransferase

A1S_3245 imidazole glycerol hisF Imidazole glycerol phosphate synthase
phosphate synthase subunit HisF
cyclase subunit

Al1S 3246 hypothetical protein J610_2193 Fatty acid hydroxylase superfamily protein

A1S_3259 putative transcriptional BHO655 Uncharacterized HTH-type transcriptional
regulator YdzF regulator BHO655

A1S_3266 aldo/keto reductase family | pirl Aldo/keto reductase
oxidoreductase

A1S_3277 putative pirin-like protein PA2418 Putative quercetin 2,3-dioxygenase PA2418

Al1S 3284 putative transcriptional ydcN YdcN
regulator

A1S_3290 EsvF2 tenA TenA family transcriptional regulator

A1S_3303 hypothetical protein ACIAD3468

A1S_3338 hypothetical protein N/A N/A

A1S 3363 membrane N/A N/A
metalloendopeptidase
protein

Al1S_3383 D-tyrosyl tRNA(tyr) dtd D-aminoacyl-tRNA deacylase
deacylase

Al1S 3410 putative acyltransferase oatA Acyltransferase

Al1S 3411 Putative GTPases (G3E cobW Cobalamin synthesis protein/P47K
family)

Al1S 3412 hypothetical protein AMQ28_13705 Peptidase M15

Al1S 3483 hypothetical protein wzy Beta-carotene 15,15'-monooxygenase

A1S_3509 hypothetical protein nemR_3 Bacterial regulatory s, tetR family protein

A1S_3510 hypothetical protein N/A N/A

Al1S 3511 hypothetical protein ACX60_18915

A1S 3512 hypothetical protein N/A N/A

Al1S 3513 hypothetical protein ACX60_18940

A1S 3519 hypothetical protein N/A N/A

Al1S 3536 hypothetical protein resP Integrase

Al1S 3537 hypothetical protein LV38_01156

A1S 3546 hypothetical protein AB988 2953

Al1S_3552 hypothetical protein AB988 3023

A1S_3553 hypothetical protein N/A N/A

A1S_3581 hypothetical protein N/A N/A

Al1S 3591 hypothetical protein AB895 2571 Signal peptide protein

A1S_ 3607 hypothetical protein ACX60_12590

Al1S 3624 hypothetical protein ABAYE2581

A1S_3629 hypothetical protein N/A N/A

A1S 3630 hypothetical protein ABSDF1052 Putative bacteriophage protein

A1S 3636 hypothetical protein N/A N/A

A1S_3637 hypothetical protein N/A N/A

A1S 3653 hypothetical protein 1530_2256 Reverse transcriptase family protein

A1S_3656 hypothetical protein N/A N/A

Al1S 3677 hypothetical protein N/A N/A

Al1S 3684 hypothetical protein N/A N/A

Al1S 3686 hypothetical protein Peptidase S24

A1S 3697 hypothetical protein 1530 1967 Terminase small subunit

A1S_3700 hypothetical protein N/A N/A

A1S 3750 hypothetical protein N/A N/A

A1S 3760 hypothetical protein N/A N/A
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AlS 3761 hypothetical protein N/A N/A
AlS 3818 hypothetical protein N/A N/A
AlS 3819 hypothetical protein N/A N/A
AlS 3827 hypothetical protein ERS370000_041 | Limonene-1,2-epoxide hydrolase
04
Al1S_3844 hypothetical protein N/A N/A
A1S_3845 hypothetical protein N/A N/A
A1S 3877 hypothetical protein N/A N/A
Al1S 3879 hypothetical protein corA Magnesium and cobalt transport protein
Al1S_3884 hypothetical protein N/A N/A
Al1S 3891 hypothetical protein
Table S3. Down-regulated genes.
Gene Function Gene Name Description
A1S_0565 putative membrane protein NE0381 Integral membrane protein, DUF6
Al1S 3176 putative membrane protein pglL1 General O-oligosaccharyltransferase
Al1S_1377 transcriptional regulator acrR family fadR Fatty acid metabolism regulator
protein
Al1S_2532 sulfate transport protein cysP Sulfate ABC transporter, sulfate-
binding protein
Al1S 3175 bacterioferritin bfrl Ferroxidase
A1S_0800 bacterioferritin bfr Ferroxidase
Al1S_2959 Hsp 24 nucleotide exchange factor grpE Protein GrpE
A1S 3657 hypothetical protein N/A N/A
Al1S 2423 50S ribosomal protein L31 romEe 50S ribosomal protein L31
A1S_0803 trehalose-6-phosphate synthase otsA Trehalose-6-phosphate synthase
A1S 3679 hypothetical protein N/A N/A
Al1S_0373 apolipoprotein N-acyltransferase copper | cutE Apolipoprotein N-acyltransferase
homeostasis protein
Al1S 2628 electron transfer flavoprotein beta- etfB Electron transfer flavodomain
subunit protein
Al1S 2147 Flavin reductase-like protein flr FMN-binding protein
A1S_3567 hypothetical protein N/A N/A
Al1S 3486 hypothetical protein ABAYE3785
Al1S 2549 hypothetical protein rtxA Structural toxin protein RtxA
A1S_2481 FKBP-type peptidyl-prolyl cis-trans slyD Peptidyl-prolyl cis-trans isomerase
isomerase
Al1S 1186 ATP-dependent protease Hsp 100 clpB Chaperone protein ClpB
A1S 1518 putative suppressor of F exclusion of fxsA Putative suppressor of F exclusion
phage T7 of phage T7 (FxsA)
Al1S 3443 heat shock protein Hsp40 dnaJ Chaperone protein Dnal
A1S_0292 putative outer membrane protein W ACIADO0314 Putative outer membrane protein W
A1S 3736 hypothetical protein N/A N/A
A1S 0360 30S ribosomal protein S15 rpsO 30S ribosomal protein S15
Al1S 1961 heat shock protein 15 hsIR Heat shock protein 15
Al1S 0011 hypothetical protein erpA Iron-sulfur cluster insertion protein
ErpA
Al1S 2351 glutamine synthetase ginA Glutamine synthetase
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A1S_2072 putative universal stress protein family ACIAD1238 Universal stress protein
Al1S_2731 50S ribosomal protein L21 rplU 50S ribosomal protein L21
A1S_0570 hypothetical protein rsfs Ribosomal silencing factor RsfS
Al1S_1187 CinA-like protein pncC CinA-like protein
Al1S_1926 putative membrane protein ybgE Cyd operon YbgE family protein
Al1S_2181 transcriptional factor mdcH Malonate decarboxylase, epsilon
subunit
A1S_3780 hypothetical protein J810_2980
Al1S_3407 Urocanase hutU Imidazolonepropionate hydrolase
A1S_0380 glutamate racemase murl Glutamate racemase
A1S 3790 hypothetical protein N/A N/A
A1S_2627 electron transfer flavoprotein alpha- etfA Electron transfer flavoFAD-binding
subunit domain protein
A1S_2665 chaperone Hsp10 groS 10 kDa chaperonin
A1S_0447 50S ribosomal protein L33 romG 50S ribosomal protein L33
A1S_1688 hypothetical protein N/A N/A
Al1S_2352 glutamine synthetase ginA Glutamine synthetase
Al1S_1355 p-hydroxybenzoate hydroxylase pobR IcIR family transcriptional regulator,
transcriptional activator pca regulon regulatory protein
Al1S_1679 putative signal peptide ACIAD2317 Signal peptide protein
Al1S 2186 DNA-binding protein fis DNA-binding protein Fis
A1S 3628 hypothetical protein N/A N/A
Al1S 3164 30S ribosomal protein S16 rpsP 30S ribosomal protein S16
Al1S 2948 thioredoxin C-3 thi3 Thioredoxin C-3
Al1S_3675 hypothetical protein ABSDF2139
Al1S_ 1738 putative transcriptional regulator ACIAD2678 Putative transcriptional regulator
Al1S 3113 hypothetical protein yiC PspC domain protein
A1S_0282 transcription antitermination protein nusG Transcription
termination/antitermination protein
NusG
Al1S 1924 cytochrome d terminal oxidase cydA Cytochrome bd ubiquinol oxidase
polypeptide subunit | subunit 1
A1S_0628 putative transposase tnpA Transposase
Al1S 2531 sulfate transport protein cysP Sulfate transporter subunit
A1S 3342 putative arsenate reductase arsC1 ArsC1l
Al1S 1031 DNA-binding ATP-dependent protease La | lon ATP-dependent protease La
Al1S 3431 putative histidine triad family protein ACIAD3604 Putative histidine triad family
protein
A1S 0828 50S ribosomal protein L25 rplY 50S ribosomal protein L25
Al1S 1681 putative methyltransferase ycg) Putative methyltransferase YcgJ
A1S_0448 50S ribosomal protein L28 romB 50S ribosomal protein L28
A1S 2840 outer membrane protein A omp38 Outer membrane protein Omp38
Al1S 2126 aconitate hydratase 2 acnB Aconitate hydratase 2
Al1S 2218 CsuA/B cSuA/B CsuA/B
A1S_0445 hypothetical protein N/A N/A
Al1S_1675 hypothetical protein N/A N/A
A1S 0200 inorganic pyrophosphatase ppa Inorganic pyrophosphatase
A1S 2730 50S ribosomal protein L27 rpmA 50S ribosomal protein L27
Al1S 2171 30S ribosomal protein S6 rpsF 30S ribosomal protein S6
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Al1S_3297 putative outer membrane protein omp33-36 33-36 kDa outer membrane protein
Al1S_2984 50S ribosomal protein L34 romH 50S ribosomal protein L34
AlS_2507 hypothetical protein N/A N/A
A1S 3601 hypothetical protein N/A N/A
Al1S_1382 putative transcriptional regulator yafC Transcriptional regulator, LysR
family
Al1S_0597 50S ribosomal protein L20 rplT 50S ribosomal protein L20
Al1S_2132 putative outer membrane protein tamA Translocation and assembly module
TamA
AlS_3171 RNA polymerase omega subunit rpoZ DNA-directed RNA polymerase
subunit omega
Al1S_2886 acyl-CoA dehydrogenase acdB Acyl-CoA dehydrogenase
Al1S_1471 putative transcriptional regulator (AraC ada_2 Bacterial regulatory helix-turn-helix
family) s, AraC family protein
Al1S_2706 sigma D (sigma 70) factor of RNA rpoD RNA polymerase sigma factor RpoD
polymerase major sigma factor during
exponential growth
Al1S_1620 hypothetical protein gst Glutathione S-transferase
A1S_0520 putative oxidoreductase protein%3B mhpA 3-(3-hydroxy-phenyl)propionate/3-
putative dehydrogenase (flavoprotein) hydroxycinnamic acid hydroxylase
A1S_0379 hypothetical protein N/A N/A
Al1S_0593 protein chain initiation factor IF-3 infC Translation initiation factor IF-3
Al1S_1925 cytochrome d terminal oxidase cydB Cytochrome d terminal oxidase
polypeptide subunit Il polypeptide subunit Il
Al1S_0168 Zinc(ll) binding peptide deformylase 1 def Peptide deformylase
A1S_0819 acyl carrier protein (ACP) acpP Acyl carrier protein
Al1S 2425 putative Na+-dependent transporter yfeH Bile acid:sodium symporter
A1S_0684 putative toluene tolerance protein Ttg2F | N/A N/A
A1S_0960 putative permease (MFS superfamily) proP Putative transport protein
A1S 2020 hypothetical protein plpl0035 YcfA family protein
Al1S 1376 Acyl-CoA dehydrogenase ivD Isovaleryl-CoA dehydrogenase,
mitochondrial
Al1S_2697 multifunctional protein CObA Siroheme synthase
Al1S_0891 hemerythrin-like metal-binding protein dcrH3 Putative hemerythrin-like protein
A1S 0248 DnaK suppressor protein dksA RNA polymerase-binding
transcription factor DksA
Al1S_3385 putative membrane protein ABSDF3576 0
A1S_2985 hypothetical protein ABSDF2848 0
Al1S_1831 hypothetical protein lys Putative integral membrane protein
A1S 0323 hypothetical protein N/A N/A
A1S 2998 S-adenosylmethionine-6-N'N'-adenosyl rsmA Ribosomal RNA small subunit
methyltransferase A
Al1S_1331 major facilitator superfamily MFS_1 shiA MFS transporter, MHS family,
shikimate and dehydroshikimate
transport protein
A1S_3809 hypothetical protein aapA Aromatic amino acid transporter
A1S 3661 hypothetical protein N/A N/A
Al1S_1205 alkyl hydroperoxide reductase C22 ahpC Peroxiredoxin
subunit
Al1S_1573 integration host factor beta subunit himD Integration host factor subunit beta
A1S_0529 glutaredoxin grxC Glutaredoxin
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Al1S_3821 hypothetical protein J810_0823 Prokaryotic lipo-attachment site
family protein
A1S 2245 30S ribosomal protein S21 rpsU 30S ribosomal protein S21
A1S_2005 nitrite reductase nasD Nitrite reductase, large subunit,
nucleotide-and Fe/S-cluster binding
Al1S_2704 lipoate-protein ligase B lipB Octanoyltransferase
Al1S_3103 toluene tolerance efflux transporter ttg Toluene tolerance protein Ttg2A
Al1S_1531 putative cobalamin biosynthetic protein npdA NAD-dependent deacetylase
(CobB) (Regulatory protein sirtuin family)
A1S_1042 hypothetical protein N/A N/A
Al1S_0776 putative transcriptional regulator (TetR- ACIADO757 Putative transcriptional regulator
family) (TetR-family )
A1S 3795 hypothetical protein N/A N/A
Al1S_3494 hypothetical protein N/A N/A
Al1S 3378 phosphatidylserine decarboxylase psd Phosphatidylserine decarboxylase
proenzyme
A1S_2590 putative thioesterase ybgC Tol-pal system-associated acyl-CoA
thioesterase
Al1S_0226 DNA polymerase Il chi subunit holC DNA polymerase lll, chi subunit
A1S_0095 D-amino acid dehydrogenase dadA D-amino acid dehydrogenase
A1S_3497 hypothetical protein N/A N/A
Al1S_3397 hypothetical protein rhtB RhtB family transporter
Al1S 2270 Metal-dependent Hydrolase of the beta- | rbn Ribonuclease Z
lactamase superfamily 111
Al1S_1901 hypothetical protein APD31_1546 | Metal-dependent hydrolase
5
A1S_0366 heat shock protein Hsp33 hslO 33 kDa chaperonin
A1S 3742 hypothetical protein N/A N/A
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Table S4. Gene expression of the A. baumannii ATCC 17978 and AbH120-A2 strains by

RNA-seq.
A. baumannii ATCC Expression level A. baumannii Expression level
17978 gene by RNA-seq? AbH120-A2 by RNA-seqg?
gene
Al1S_0242 2.23 LX00_01305 3.43
Al1S_0781 3.07 LX00_03635 1.8
Al1S_1657 4.5 LX00_08360 41.93
A1S_2247 4.17 LX00_12175 2.03
A1S_2390 2.07 LX00_13160 1.62
Al1S_3245 7.26 LX00_17405 15.67
Al1S_3410 4.89 LX00_18390 59.3
A1S_0094 11.47 LX00_00645 24.59
A1S_0315 3.18 LX00_01660 5.1
A1S_0318 4.29 LX00_01680 6.54
A1S_0896 2.18 LX00_04470 3.68
A1S_1013 2.75 LX00_05115 1.73
A1S_1028 2.43 LX00_05200 2.17
A1S_1032 241 LX00_05215 1.47
A1S_1146 341 - -
A1S_1247 2.67 LX00_06110 1.37
A1S_1581 4.63 - -
A1S_3032 2.01 LX00_16260 231
A1S_3290 2.66 LX00_17795 2.13
A1S_3363 2.6 - -
A1S_3879 2.93 - -
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Capitulo Il. Implicacion de HisF en la persistencia en
pulmdén de Acinetobacter baumannii durante una

infeccidn por neumonia.

Resumen.

Los patégenos nosocomiales como A. baumannii son capaces de adquirir y desarrollar
mecanismos de resistencia a antibidticos, lo que representa un problema importante
tanto a nivel clinico como econdmico. Por lo tanto, es una necesidad urgente la
busqueda de nuevas dianas terapéuticas frente A. baumannii. En el presente capitulo
se demuestra el potencial de HisF como una nueva diana terapéutica para combatir las

infecciones producidas por dicho patdgeno.

HisF es una proteina de la ruta de biosintesis de la histidina y purinas. HisF forma un
heterodimero con HisH, el cual, cataliza una reaccién produciendo ImGP y AICAR.
AICAR, por una parte, induce la activacion de AMPK, implicado en la regulacion de la
homeostasis inhibiendo rutas de biosintesis y activando rutas catabdlicas; por otra
parte, es capaz de inhibir la produccién de citoquinas proinflamatorias inducida por

lipopolisacaridos, como la IL-6.

El gen hisF de A. baumannii se ha encontrado hiperexpresado en la cepa tipo ATCC
17978 y en el aislamiento clinico AbH120-A2 durante el curso de una infeccién por
neumonia murina. Se obtuvo una cepa de A. baumannii ATCC 17978 mutante
mediante la delecién del gen hisF. La comparacién de ambas cepas, cepa salvaje y su
derivado isogénico, en ensayos de neumonia murina resultd en la induccién de una
infeccidn subletal por parte de la cepa mutante. Sin embargo, al utilizar un modelo
murino de sepsis y en G. mellonella no se observaron diferencias significativas en la

supervivencia de ratones y larvas infectadas por ambas cepas.

También se realizaron ensayos fenotipicos como produccién de biofilm, adhesién y
supervivencia en células eucariotas y sensibilidad a antibidticos sin observarse
diferencias significativas entre la cepa de A. baumannii ATCC 17978 y su derivado

isogénico AhisF. En cuanto al crecimiento y fitness de la bacteria tampoco se
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observaron diferencias entre ambas cepas, pero si se demostrd la auxotrofia del

mutante para histidina.

Por otra parte, se realizaron inmunoensayos con el fin de comparar los niveles de
secrecién de IL-6, porcentaje de fagocitosis y reclutamiento de leucocitos en
infecciones provocadas por la cepa de A. baumannii ATCC 17978 y su derivado
isogénico AhisF. Para ello se realizaron infecciones in vitro (sobre una monocapa de
macrofagos murinos RAW 264.7) e in vivo (se provocd una neumonia en ratones
BALB/c). Los datos obtenidos demostraron un incremento en la secrecién de IL-6, en el
porcentaje fagocitosis y en el numero de leucocitos recluidos en aquellas infecciones

producidas por la cepa mutante en comparacion con la cepa salvaje.

La informacion obtenida sugiere que el gen hisF, ademas de estar involucrado en la
respuesta inmune innata y en la inflamacién, se encuentra implicado en la virulencia
durante una infeccidon por neumonia; lo que explica en parte la habilidad de esta cepa
de persistir en el pulmodn. Este trabajo sienta las bases del disefio de terapias

antimicrobianas que bloquean la actividad de HisF en A. baumannii.

Este trabajo se recoge en la publicacion Martinez-Guitian M., Vazquez-Ucha J.C,,
Alvarez-Fraga L., Conde-Pérez K., Lasarte-Monterrubio C., Vallejo J.A., Bou G., Poza M.,
Beceiro A. (2019) Involvement of HisF in the persistence of Acinetobacter baumannii
during a pneumonia infection. Front. Cell. Infect. Microbiol. 9:310. doi:

10.3389/fcimb.2019.00310, la cual, se adjunta a continuacién.
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Involvement of HisF in the
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Infection
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Kelly Conde-Pérez, Cristina Lasarte-Monterrubio, Juan Andrés Vallejo, German Bou,
Margarita Poza" and Alejandro Beceiro”

Seniio de Microbiologis Do Complesn Hospitalaro Universitanio de Conufia (CHLUAC), instiio de kvestigacidn Siomeédica
da Confia [INISIC), Linfversidade da Conma (LIDC). & Conria, Spain

Acinetobacter baumannii is currently considered one of the most problematic nosocomial
microorganisms. In the present work the hisF gene from the ATGC 17978 strain and the
AbH120-A2 clinical isolate of A. baumanni was found over-expressed during the course
of murine pneumnonia infections. The study demonstrated that the A. baumannii ATCC
17978 mutant strain lacking the hisF gene induces a sub-lethal pneumonia infection
in mice, while the complemented mutant strain increased its virulence. This histidine
auxotroph mutant showed an increase on IL-6 secretion and leukocytes recruitment
during infections. Furthermore, data revealed that the hisF gene, implicated in the innate
immunity and inflammation, is involved in virulence during a pneumonia infection, which
may partly explain the ability of this strain to persist in the lung. We suggest that HisF,
essential for full virulence in this pathogen, should be considered a potential target for
developing new antimicrobial therapies against A. baurmanni.

IMPORTANCE

MNosocomial pathogens such as A. baumannii are able to acquire and develop multi-drug
resistance and represent an important clinical and economic problemn. There is therefore
an urgent need to find new therapeutic targets to fight against A. baumanni. In the
present work, the potential of HisF from A, baumannii as a therapeutic target has
been addressed since this protein is involved in the innate inmunity and the inflamatory
response and seems essential to develop a pneumonia in mice. This work lays the
groundwork for designing antimicrobial therapies that block the activity of HisF.

HKeywords: HisF, mice pneumonia model, lung infection, Acinetobacter baumannil, virulence

INTRODUCTION

Acinetobacter baumannii is included in a list published by the WHO of the most important
antibiotic-resistant bacteria (World Health Organization, 2017). This species shows a high capacity
to persist in hospital environments and to develop antimicrobial resistance. There is therefore
an urgent need to find new therapeutic targets for designing novel strategies for fighting against
this pathogen.

Frontiers in Celular and Infection Microbiology | www. frontiersin.ong 1

August 2019 | Violume 9 | Article 310

119



Mertinez-Guitidn et al.

HisF From A. baumannd in Muring Pneumaonia

The hisF gene of A. baumannii is involved in histidine and
de novo purine biosynthesis. The hisH and hisF products shape
the heterodimeric protein imidazole glycerol phosphate (ImGP)
synthase. This heterodimeric enzyme catalyzes transformation
of the intermediate N'-(5'-phosphoribosyl)-formimino-5-
aminoimidazol-4-carboxamide ribonucleotide (PRFAR) into
5'-(5-aminoimidazole-4-carboxamide) ribonucleotide (AICAR)
and ImGP, which are further used in de nove purine and histidine
biosynthesis, respectively (Figure S1).

One of the products of Hisk AICAR, an analog of
adenosine monophosphate (AMP), iz capable of stimulating
AMP-activated protein kinase (AMPEK) activity. Both AICAR
monophosphate and AMP, which are small molecules, trigger a
conformational change in the AMPK complex that allows further
activation by phosphorylation of Thr-172 (Kim et al, 2016).
The AMPK enzyme, the central regulator of energy homeostasis,
participates in the cellular response to metabolic stress and
is considered an important therapeutic target for controlling
different human diseases (Kim et al, 2016). Once activated,
AMPK phosphorylates numerous metabolic enzymes, causing
global inhibition of biosynthetic pathways and activation of
catabolic pathways and thus generating and conserving energy
(Ruderman et al,, 2003). As well as stimulating AMPE, AICAR
can also inhibit the lipopolysaccharide-induced production of
proinflammatory cytokines (Gird et al,, 2004). Treatment with
an adenosine kinase inhibitor was able to block the ability of
AICAR to activate AMPK, preventing inhibition of inflammation
in mice mesangial cells (Jhun et al, 2004; Peairs et al,
2009). Other authors have also described the role of AICAR
in regulating inflammation (Gird et al, 2004; Jhun et al, 2004;
Peairs et al., 2009).

In the present study, we found that the hisF gene was over-
expressed in the lungs of mice with pneumonia caused by the
ATCC 17978 strain and the multiresistant AbH120-A2 clinical
isolate of A. baumannii. The aim of the study was to investigate
the involvement of the hisF gene in the pathogenesis of A
baumannii by using in vitro and in vivo assays.

MATERIALS AND METHODS

Microbial Strains and Culture Conditions

A, bawmannii ATCC 17978 and its mutant derivative strains, as
well as the AbH120-AZ clinical isolate of A. baumannii and E.
coli TG1 (Table 1) were routinely grown or maintained in Luria-
Bertani (LB) or Mueller-Hinton (MH) media supplemented
with 2% agar when necessary. All strains were grown at 37°C
and stored at —30°C in LB broth with 10% glycerol. When
appropriate, cultures were supplemented with kanamycin (km)
at a final concentration of 50 mg/L (Sigma-Aldrich, USA).

Determination of the hisF Gene Expression
An experimental model of pneumonia in mice was used
to describe the transcriptome of the ATCC 17978 and the
multiresistant AbH120-A2 clinical strains of A bawmannii
during the course of infection, as previously reported (Alvarez-
Fragaetal, 2018). Briefly, BALB/c male mice were intratracheally
inoculated with ~6 x 107 bacteria per mouse. Bronchoalveolar

TABLE 1 | Bacterial siraing and plasmids used in this study.

Strain or plasmid Relevant characteristics Source or
references

STRAIN

A. baumanni

ATCC 17978 Giinical isolate ATCC

AhisF A15_3245 gene (hisF) This study
deletion mutant obtained from
the ATCC 17978 strain

ATCC 17978 + ATCC 174978 harboring the This study

pAH 1266-Km empty pWH1266-Km
plasmid; kmP, Teth

ahisF + pWH1266-Km  AhF harboring the empty This study
pWH1266-Hm plasmid: KmP,
Tetft

AhisF complemeanted AbeF harboring the This study
pPWH1266-Km-hisF plasmid;
KmP

ApH120-A2 Multiresistant clinical isclate, Merino et al.., 2014;
which caused a large Pérez et al., 2017
nosocomial outbreak

E colf Used for DA recomibinant Lucigen

TG1 methods

PLASMID

pH 1266-Km A baumannk shuttle vector; Alerez-Frega et al.,
KmP, Tatht 201&

pAH 1 266-Km-hisF pWH1266-Km harboring the This study
A1S_hisF gene;, KmP

phio130 Suicide vector for the Hamad et al., 2000
construction of A. bewmanni
isogenic dervative; KmP,
SacE, XyiE

“American Type Culiure Collection.

lavage (BAL) was performed at 20h to obtain bacteria for RNA
extraction (in vivo samples). RNA extracted from bacteria grown
in LB medium was used as an experimental control (in vitro
samples). Total RNA was used for ENAseq analysis (Illumina,
Biogune, Spain). Reads from each mRNA library were obtained
using HiScanS0) (umina Inc., CIC bioGUNE, Bilbao, Spain).
Gene expression analysis was done at CIC bioGUNE’s genome
analysis platform (Derio, Spain). Raw data were deposited in the
GEQ database with the accession code GSE100552 (document
named GSE100552_ATCC_ODvsATCC _raton tsv.gz).

Construction of the Isogenic Mutant Strain
The hisF gene was identified as A15_3245 in the first genome
sequence of A. baumarnnii ATCC 17978 (CP000521) (Fernando
et al, 2014) and later annotated as AU097_05240 in a recent
genome sequence of this strain (CP018664.1). The isogenic
mutant strain (AhisF), lacking the hisF gene, was derived from
the A. Baumannii ATCC 17978 strain by double crossover
recombination using the suicide vector pMol30 (Genbank:
EU862243), as previously described (Alvarez-Fraga et al,, 2016).
Briefly, the AhisF isogenic mutant derivative was constructed
by deleting a fragment of the AIS_3245 gene. The upstream
and downstream regions flanking the A1S 3245 gene were
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PCR-amplified and cloned into the vector pMol30 using the
primers shown in Table $1. The construction obtained was used
to transform wild type cells by electroporation. Recombinant
colonies were selected as previously described (Alvarez-Fraga
et al., 2016). The second crossover event was checked by PCR
using primers listed in Table §1.

Complementation of the Mutant Strain

In order to obtain the complemented strain, the A15_3245 gene
was PCR-amplified from the genome of the ATCC 17978 strain
and cloned into vector pWHI1266-Km using the primers shown
in Table §1. The pWHI1266-Km plasmid was constructed as
previously described {Hamad et al., 2009; Alvarez-Fraga et al,
2016). The genetic construction obtained was used to transform
the AhisF isogenic mutant strain. The complemented AhisF
mutant strain was selected in kanamycin-containing plates.
The ATCC 17978 and the AhisF strains harboring the empty
pWHI266-Km vector were used as experimental controls.

Biofilm Formation Assay

Biofilm formation ability was assessed as described by Tomaras
et al (2003) and modified by Alvarez-Fraga et al. (2016).
Briefly, cells of A. baumanmnii centrifuged from an overnight
culture were washed and resuspended in LB medium. Then,
samples were stagnant incubated at 37°C for 48 h. Growth was
monitored at ODgypnm and the amount of biofilm formed was
quantified by crystal violet staining using ethanol-acetone. The
ODss00m/ 0D gunm ratio was used to normalize the amount of
biofilm formed to the total cell content of each sample.

Adhesion to A549 Human Alveolar

Epithelial Cells

The ability of the strains to adhere to A549 human epithelial
cells was evaluated as described by Gaddy et al. (2009) and
modified by Alvarez-Fraga etal. (2016). Briefly, A549 human cells
were grown at 37°C and 5% CO; in Dulbecco modified Eagle
medium (DMEM) (Sigma-Aldrich) containing 1% of penicillin-
streptomycin (Fisher Scientific, UK) and 10% of fetal bovine
serum. Monolayers were washed with HBSS (Hank’s balanced salt
solution, Fisher Scientific) without glucose (mHBSS). A549 cells
(1 x 10° cells/well) were then infected with 107 bacteria in 24-
well plates and incubated for 3 h in mHBSS at 37°C. Finally, A549
cells were washed and lysed with sodium deoxycholate. Lysates
were plated and incubated at 37°C for 24h. Colony forming
units (CFUs) were counted to determine the number of bacteria
adhered to cells.

Growth Curve Analysis

Fitness was assessed by measuring the growth rates of the ATCC
17978 strain, the isogenic mutant strain AhisF, the ATCC 17978
+ pWHI1266-Km, the AhisF + pWHI1266-Km, and the AhisF
mutant strain complemented as described before. Briefly, 1.5 ml
of LB medium was inoculated with ~5 x 107 CFU of each
strain, previously grown until the stationary phase, and incubated
at 37°C with shaking. Growth was monitored in an Epoch
2 Microplate Spectrophotometer (BioTek Instruments, Inc.)

and ODgponm values were recorded every 20 min as previously
described (Alvarez-Fraga et al., 2018).

Growth curves were also performed to demonstrate the
histidine auxotrophy of the AhisF mutant. To perform these
assays, 10 » 10° CFUsjwell of the ATCC 17978 strain and
the isogenic mutant strain AhisF were grown in M9% minimal
medium in presence or absence of 0.5 mM of histidine. Cultures
were inoculated as above described. Samples were collected at 3,
6, 24, and 48 h and the number of viable bacteria present in the
medinm was checked by colonies counting in LB agar plates.

Determination of A549 Cells Survival
Infected With A. baumannii Strains

An experimental model of infection of A549 human alveolar
epithelial cells was used to study the in vitro virulence of A
baumannii strains as previously described (Gonzilez-Bello et al.,
2015). Briefly, cells were cultured in DMEM suplemented with
10% fetal bovine serum and 1% of penicillin-strptomycin. Later,
1 x 10° cells per well were infected with 5 = 107 CFUs of
parental and AhisF mutant strain and incubated 20h at 37°C.
The number of inoculated bacteria was determined by direct
plating. A LIVE/DEAD fluorescence microscopy kit (Cellstain
Double-staining Kit: Fluka, Switzerland) was used according to
the manufacturer’s instructions to measure cell viability post-
infection. The A549 cells were incubated for 15 min at 37°C with
the two fluorescent molecules to obtain simultaneous fluorescent
staining; calcein- AM, to stain viable cells (green), and propidium
iodide, to stain only dead cells (red). Microscopic images of
the stained cells were obtained using an inverted fluorescence
microscope (Nikon Eclipse Ti) and analyzed with the NIS
Elements Br software package.

Susceptibility Testing

Antimicrobial susceptibility analyses, done by the disk
diffusion method, were performed using ampicillin, cefoxitin,
ceftazidime, cefepime, imipenem, tigecycline, rifampicin,
colistin, ciprofloxacin, and gentamicin disks (Sigma-Aldrich)
{Clinical and Laboratory Standards Institute, 2018).

Murine Pneumonia Model
A murine pneumonia model was used to examine the role of
the hisF gene in in vivo virulence. Briefly, BALB/c mice were
intratracheally inoculated with 40 L of a bacterial suspension
containing 3 x 107 CFU/mL sterile saline solution and 10%
of porcine mucin (wtfvol) (Sigma-Aldrich) mixed at 1:1 ratio
{Alvarez-Fraga et al., 2018).

To ascertain the relevance of the hisF gene in virulence using
a murine pneumonia model, a second assay was performed to
determine the bacterial burden in lungs. Groups of 8 mice were
intratracheally inoculated, as above described, with ATCC 17978
wild type and AhisF mutant strains. Mice were sacrificed at 20h
and lung samples were obtained and processed as previously
described (Rodriguez-Herndndez et al., 2000).

Murine Sepsis Model
A murine sepsis model was also constructed using BALB/c
mice. Mice were inoculated intraperitoneally with 100 puL of a
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bacterial suspension containing 75 x 107 CFU/mL, as previously
described (Beceiro et al., 2014). The survival rate was assessed
during 7 days post-infection.

Galleria mellonella Infection Model

The virulence of the ATCC 17978 wild type and AhisF mutant
strains was assessed using a Galleria mellonella infection model
as previously described (Alvarez-Fraga et al, 2018). Briefly,
G. mellonella caterpillars (Bio Systems Technology, UK) were
infected with 2 x 10* bacteria and incubated at 37°C in the dark.
Death was determined every 8 h during 6 days to obtain the larval
survival rates.

IL-6 Production Determination

Cell-free supernatants from infected RAW 264.7 cells and from
BAL fluid from infected mice were used to analyse cytokine IL-
6. RAW 264.7 macrophages were grown at 37°C and 5% CO;
in DMEM medium (Sigma-Aldrich) containing 10% fetal bovine
serum and 1% penicillin-streptomycin (Fisher Scientific). An
amount of 1 x 10° RAW 264.7 cells per well were infected with
3.5 x 107 CFU of the parental or mutant strains using 24-well
plates. Cell supernatants were collected at 2, 6, and 20h post-
infection, centrifuged at 1,000x g for 10 min and stored at —80°C
prior to IL-6 production determination.

BAL fluids from lungs of mice infected as above described with
the wild type or the mutant strain were extracted at 6 and 24h
after the challenge. A protease inhibitor cocktail was added and
immediately centrifuged at 1,000x g for 10 min.

IL-6 was measured in both macrophages and lung samples by
ELISA using the Murine IL-6 ELISA Kit (Diaclone, France) as
previously described (Alnahas et al,, 2017).

Leukocyte Counts

In the murine pneumonia model, BAL fluid was obtained 6
and 24 h after the challenge, to determine the total leukocyte
cell counts. Cells were fixed and stained with Diff-Quick
Stain (Thermo-Scientific, USA). Counts were performed using
a microscope (Olympus, Japan) and the software cellSens
Dimension (Olympus).

Phagocytic Assays

The phagocytic activity was assessed against the A. baumannii
strains used in this study. RAW 264.7 murine cells were
maintained in DMEM supplemented with 10% fetal bovine
serum and 1% of penicillin-streptomycin. Macrophages were
activated RAW 264.7 during 3 days in presence of phorbol 12-
myristate 13-acetate (PMA, Sigma-Aldrich) at 100nM. Then
macrophages RAW 264.7 were scraped and seeded into 48-
well plates (4 x 10* cells/well). Bacterial strains were cultured
in LB or LB with 50 mg/L of kanamycin at 37°C until 0.7
ODggonm, washed twice in saline solution and adjusted at 10 x
10° CFU/mL in DMEM + 10% FBS. Additionally, AICAR at
I mM was added to the AhisF mutant and incubated 30 min at
room temperature. Infections were performed adding 200 pL of
bacterial inoculum to each well with cells and incubated 1h at
37°C. Finally, supernatants were aspirated and plated onto LB
or LB plus kanamycin plates. The determination of phagocytosis

activity was calculated by comparison with control wells with
bacterial inoculum without the presence of macrophages.

Statistical Analysis

A student’s t-test was used to evaluate the statistical significance
of the observed differences in all assays, except in the survival
assays, in which the survival curves were plotted by the Kaplan-
Meier method and analyzed with the log-rank test. Differences
were considered statistically significant at p < 0.05. All assays
were performed at least in triplicate.

Ethics Statement

All experiments with mice were performed in accordance with
regulatory guidelines and standards established by the Animal
Ethics Committee (CHUAC, Spain, project code P82).

RESULTS AND DISCUSSION

Expression analysis of the hisF gene was performed using the A.
baumannii ATCC 17978 strain, one of the best-studied strains of
this species, and the multiresistant AbH120-A2 clinical isolate,
that caused more than 300 colonizations/infections in a hospital
in Madrid, Spain (Merino et al, 2014; Pérez et al, 2017).
Transcriptomic analysis using RNAseq Illumina procedures
revealed that, relative to bacteria grown in vitro, the hisF gene
was over-expressed in both the ATCC 17978 (7.2-fold) and the
AbH120-A2 clinical (19.2-fold) A. baumannii strains, causing
lung infection in mice.

Expression of other genes involved in histidine biosynthesis
was also checked. The pathway of histidine biosynthesis is
complex and involves nine genes (hisG, hisl, hisE, hisA, hisF,
hisH, hisB, hisC, and hisD) (Fani et al, 1998). Among these
genes, only hisF was found to be over-expressed during the
lung infection, in both the ATCC 17978 and the AbH120-A2
clinical strains. A key step occurs when the formation of two
products is catalyzed by the heterodimeric enzyme complex
ImGP synthase, which consists of hisH and hisF. One of the
products, ImGP, is further used in histidine biosynthesis, and
the other, AICAR, is used in de novo synthesis of purines and
AMPK activation (Fani et al.,, 1998; O'Donoghue et al.,, 2001)
(Figure S1). Thus, AICAR synthesis mainly depends on HisH
and HisF. The mechanism whereby HisH produces ammonia
(NH3s) from glutamine involves hydrolysis to release NH3 and
glutamate (Chittur et al,, 2001). The sequential HisH and HisF
reactions are strongly coupled in order to facilitate the necessary
transfer of NHj to the HisF active site and to produce ImGP
and AICAR. In our in vivo transcriptomic analysis, we detected
over-expression of the hisF gene whereas the expression level
of the hisH gene remained unaltered. The different speed of
reaction of these enzymes could explain the relevance of HisF in
AICAR production and in virulence during the lung infection.
Thus, it has been demonstrated that a 5,300-fold increase in
basal glutamine hydrolysis produced by HisH is observed in
the presence of the substrate PRFAR (Myers et al, 2003). In
this case, over-expression of hisH may not be as important as
over-expression of hisF for increasing the AICAR synthesis.
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An isogenic mutant strain lacking hisF gene (AhisF)
derived from the ATCC 17978 strain was constructed in
order to investigate the function of hisF. No significant
differences between the ATCC 17978 strain and its derivate
isogenic mutant AhisF were observed in biofilm formation or
capacity for adherence to A549 human alveolar epithelial cells
(Figures S2A,B). There was also no difference in growth rate
between the parental and the AhisF mutant strain (Figure S2C)
or in the survival rate of human alveolar epithelial A549 cells
infected with the mutant and the wild type strains (Figure 52D).
Mo changes in susceptibility to any of the tested antimicrobials
were detected when the hisF gene was deleted (Table 52).

Remarkably, the murine pneumonia model showed that the
survival rate of mice infected with the AhisF mutant strain was
significantly higher than that of mice infected with the parental
strain (p < 0.001, Figure 1A). The lack of the hisF gene led
to an important loss of virulence in the A. bawmannii ATCC
17978 strain. Conversely, no such differences were observed
in the murine sepsis or in the G. mellonella infection models
(Figure 53). When bacterial burden in lungs was analyzed at
20h, results confirmed the relevant decrease of virulence in the
experimental murine pneumonia. The lungs of mice infected
with the AhisF mutant showed two logarithms less bacterial
burden than those infected with the parental strain (p <
0.01, Figure 54).

Then, complementation of the mutant strain with the
Al1S_ 3245 gene (AhisF complemented strain) was performed by
expressing the hisF gene from the pWHI1266-Km vector. In a
parallel assay, virulence of both the mutant and the parental
strains harboring the empty plasmid and the mutant containing
the plasmid harboring the hisF gene were analyzed using
the murine pneumonia model. No significant differences were
observed between the A. bawmannii wild type strain harboring
the empty pWHI1266-Km vector and the AhisF mutant strain
complemented. However, the virulence of the AhisF mutant
strain complemented was higher than that of the AhisF mutant
strain harboring the empty plasmid (p < 0.05, Figure 1B).
Owerall the data indicated that the hisF gene expressed from
the plasmid partly restored the wild type phenotype. It should
be noted that carrying the pWHI1266-Km plasmid implies an
important metabolic load to the bacterium, which affects its
growth rate and its fitness (Alvarez-Fraga et al, 2018). As
shown in Figure S2C, the strains carrying the pWHI1266-Km
plasmid decreased their fitness, which, in turn, affects their
virulence. Therefore, the survival rate of mice infected with
strains harboring the pWHI1266-Km plasmid was higher than
that of mice infected with strains without plasmids, for the
same bacterial inoculum. However, as shown in Figure §2C
no fitness differences were observed between the ATCC 17978
and the AhisF strains or between the ATCC 17978 carrying
pWHI266-Km, the AhisF mutant strain carrying pWH1266-Km
and the AhisF mutant strain complemented. Thus, the decreased
virulence of AkisF mutants in murine pneumonia assays is
exclusively attributable to the inactivation of hisF gene and not
to the presence/absence of the pWH1266-Km plasmid.

The transformation of PRFAR by HisF produces AICAR,
used in de nove purine biosynthesis and ImGPE, used in histidine
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FIGURE 1 | Sunvval rate of mice in 8 preumonia model (Y = 10). (A) The
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was significently higher in mice infacted with the AhisF mutant (o < 0.01)
(B} The ATCC 17978 + pWH1266-Km [empty plasmid), the AhisF +
pWH1266-Hm, and the complementad AkisF A baumannd strains. Surdval
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biosynthesis (Figure 51). Purine nucleotides can be synthesized
trough two distinet pathways. First, purines can be synthesized
de movo, attaching a formyl group to AICAR to produce IMP
{inosine monophosphate) and later AMP and GMP (guanosine
monophosphate). Alternatively, purine bases can be salvaged
and recycled by the hydrolytic degradation of nucleic acids and
nucleotides. However, to synthetize histidine the HisF protein
and ImGP are essential. Thus, histidine auxotrophy assays were
performed to demonstrate the implication of Al15_3245 in
AICAR and ImGP production. As reflected in Figure 85, while
the ATCC 17978 strain was able to grow in M9 minimal medium,
the AhisF mutant strain was unable to grow, decreasing the
number of viable bacteria at 24h. The addition of 0.5mM of
histidine to the M9 medium does not affected the growth rate
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FIGURE 2 | (A) Amount of IL-6 at 2, &, and 20 h post-infection in the cell-free
supernatant of macrophages RAW 2647 (W = 5) infectad with the parental
ATCC 17878 and the AhisF mutant A. bawnannd strains. (B) Amount of IL-6
at & and 24 h post-infection in BAL fluid from mice lungs (W = 7) infectad with
the parental ATCC 17976 and the AhisF mutant A. baumanni strains.

{C) Total leukocyte counts in BAL fluid from mice lungs infected with the
parental ATGC 17975 and the AhsF mutant A bawmanni strains, at §h

(W = T)and 24 h (N = % post-infaction.

of the parental strain but increased the growth rate of the AhisF
mutant. The mutant showed a growth rate very similar to the
parental strain, thus displaying the later auxotrophy by histidine.

Lungs are particularly susceptible to infection because of the
huge epithelial surface in contact with inspired air. Thus, the
respiratory tract must possess defense mechanisms such as the
anatomical barriers of the nose or the phagocytes in alveoli. The
cytokine I1L-6 is involved in regulating inflammatory responses
during bacterial infection, and high IL-6 concentrations are
detected in BAL fluids from patients with pneumonia {Dehoux
et al, 1994). In murine models of pneumonia, IL-6 has been
described as being involved in antibacterial host defense and in
regulating the cytokine network in lungs (van der Poll et al.,
1997). Thus, the acute pulmonary inflaimmatory response caused
by local exposure to bacterial lipopolysaccharide is regulated by
inflammatory mediators such as [L-6.

In this study, immunoassays performed to detect the cytokine
IL-6 in macrophages RAW 264.7 infected with the parental and
the mutant strains, indicated that the macrophages differentially
secreted IL-6 at 2h (p < 0.01). In this model of in vitro
infection the mutant strain was able to induce faster the IL-6
secretion, starting the pro-inflammatory response before than
the parental strain. However, at & and 20h, the IL-6 levels
secreted by macrophages RAW 264.7 were similar in infections
caused by both strains (Figure 2A). Thus, the increase of AICAR
biosynthesis is involved in a delayed IL-6 secretion. ELISA
analysis of BAL fluids from the murine pneumonia model
revealed that the 1L-6 concentration was higher in BAL fluids
from mice infected with the AhisF mutant strain than in those
infected with the parental strain (p < 0.001) at 24h post-
infection, whereas, no significant difference was were observed
in murine BAL fluids obtained at an earlier stage post-infection
{6h) (Figure 2B).

IL-6 is one of the most discriminative markers for definition
and evaluation of recovery in patients with pneumonia, being
the serum levels of 1L-6 in mild or severe pneumonia infections
higher (de Brito et al, 2016). During the initial phases of
preumonia, alveolar macrophages produce a variety of pro-
inflammatory cytokines such as IL-6, whose role is to both
attract and activate polymorphonuclear leukocytes, necessary for
local bacterial defense and clearance (Bordon et al., 2013). Thus,
noticing an increase of [L-6 secretion in the infection of the AhisF
mutant, we performed a study of leukocytes recruitment in lung
infection caused by the parental ATCC 17978 and the AhisF
mutant strains. Leukocyte counts in BAL fluids obtained from the
lungs of mice infected with the AhisF mutant were almost two
times higher than in those infected with the parental strain (p =
0.001) at 24 h (Figure 2C). Microscopic visualization also allowed
identifying the different types of leukocytes. However, although
differences were found in the total number of leukocytes in the
infections, no differences were observed between each cell type in
infections caused by the parental (neutrophils 69%, lymphocytes
16%, macrophages 8%, eosinophils 6%, or basophils 1%) and the
mutant strain (neutrophils 61%, lymphocytes 26%, macrophages
3%, eosinophils 7%, or basophils 3%). In contrast to the infection
in macrophages, which showed differences at the very early
stage post-infection, in the pneumonia model the significant
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differences were observed at 24h post-infection, both in IL-6
production and in leukocyte cells counts. Thus, expression and
recruitment of cytokines take longer in the in vivo model of
infection than in the in vitro model of cultured macrophages.

In order to correlate with protection, IL-6 measured by
ELISA was compared with the implication of hisF and AICAR
in phagocytic activity assays. As illustrated in Figure 3A, there
was higher phagocytosis of the AhisF mutant strain (28%
phagocytosis) than of the parental strain (14%, p = 0.01).
The protective effect of HisF was confirmed in assays with
the A. baumanaii strains carrying the plasmid pWHI1266-
Km. Thus, the AhisF + pWHI1266-Km mutant showed more
susceptibility to macrophages (39% phagocytosis) that the ATCC
17978 + pWHI1266-Km (6%, p > 0.01}, concordantly with the
previous result. Relevantly the complementation with the hisF
gene increased the resistance to the phagocytosis, the AhisF
complemented strain showed very similar number of viable
bacteria (2% phagocytosis) to the ATCC 17978 4+ pWH1266-Km
strain (Figure 3B). Finally, significant phagocytosis protection
was observed when AICAR at 1mM was used in the assays
with the AhisF + pWHI1266-km mutant showing phagocytosis
percentages similar to those of the parental ATCC 17978 in
absence of AICAR (Figure 3A). Thus, it is clear than both the
genetic complementation with the hisF gene or the AICAR
addition to the culture medium, increase the resistance to
macrophages of the A, baumannii strain with the inactivated
hisF gene.

The results of infection of RAW 264.7 macrophages and of in
vivo pneumonia experiments using the parental and the isogenic
mutant strains suggested that HisF participates in the early
and acute inflammatory responses and host defense against A.
baumanaii infection, inhibiting initiation of the innate immune
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FMGURE 3 | in vitro phagocytosis assays with macrophages RAW 264.7.
{A) Per cent killing of A. bawnannd ATCC 17978, the AhisF mutant, and the
AhisF mutant in pressnce of AIGAR 1mi (W = &) (B) Per cent kiling of
A. bawnannil ATGC 17978 + pWH1268-Km (empty plasmid), the AhisF +
pWH1266-Km, and the AhisF complementad strains (W = 6).

cell recruitment in lungs. Moreover, the data obtained in this
study suggest that conversion of PRFAR by the heterodimeric
protein HisHE, in ImGP and AICAR, plays a key role in
lung infection caused by A. bawmannii. AICAR expression,
which is involved in AMPK phosphorylation, can be used by
the bacteria to reduce the host immune response and favor
infection. The role of AICAR and AMPK in inflammation
has previously been described (Jhun et al., 2004; Peairs et al,
2009), although AICAR is known to exert various other effects
such as regulation of cell proliferation and apoptosis, via both
AMPK-dependent and independent mechanisms (Campas et al.,
2003; Lapez et al., 2003). The adenosine kinase inhibitor 5 -
iodotubercidin has been used to prevent the AICAR-mediated
inhibition of inflimmation cascade signaling, suggesting that
AMPK activation may be considered a potential therapeutic
target in inflammatory diseases (Peairs et al., 2009).

Significant differences between the wild-type and the AhisF
mutant strains were observed in relation to survival in the murine
preumonia model, but not in the sepsis model. Inactivation
of the hisF gene led to disappearance of A. baumannii-
associated virulence, which did not happen in the bacteraemia
model. This can be attributed to the differences between
the local and the systemic inflammation due to the immune
response. The importance of pro-inflammatory cytokines in
host defense during pneumonia, which have different roles
in local inflammation than in the systemic compartment,
has been well-described (Schultz and Poll, 2005; Madigan
et al,, 2014). Neutrophils are the first inflammatory cells to
arrive at the infection site, attracted by chemoattractants such
as interleukins. Neutrophils ingest the damaged cells and
also attract macrophages, which carry out phagocytosis. The
macrophages release inflammation-inducing cytokines, such as
IL-1 or IL-6, which increase vascular permeability, swelling,
and local heat. As a result, the pathogen is rapidly located
and destroyed by the recruited macrophages and neutrophils.
However, in bacteraemia models, the infection is not localized,
leading to extended systemic inflammation. Septic shock ocours
when the inflammatory response disseminates inflammatory cells
and mediators through the circulatory and lymphatic systems.
Thus, although local production of pro-inflammatory cytokines
contributes greatly to host defense during local infections in the
lung, the excessive production of pro-inflammatory cytokines
at the systemic level causes organ failure and death in animal
models (Schultz and Poll, 2005; Madigan et al, 2014). We suggest
that the different virulence phenotypes found in both infection
maodels are at least partly due to the different consequences of the
pro-inflammatory interlenkin-mediated inflammatory processes.

To the best of our knowledge, this is the first study describing
the interplay between HisF and the innate immune response
in lungs during bacterial pathogenesis. Further studies and
detailed analysis of the inflammatory response are needed for
a better understanding of the role of HisF in the A. baumanmnii
pathogenesis and host defense.

In conclusion, the study findings demonstrated that the
lack of HisF in the pneumonia infection of immunocompetent
BALB/c mice caused by ATCC 17978 A. baumannii induces
a sub-lethal infection. Complementation with the original hisF
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gene in the AhisF mutant increased its virulence in the
experimental pnenmonia model. HisF is involved in inhibition
of the recruitment of innate immune cells, as well as in
the production of the proinflammatory cytokine IL-6. Thus,
the hisF gene from A. baumannii ATCC 17978, which is
over-expressed during the course of a pneumonia infection,
is essential for full virulence of the strain in lung infection.
The hisF gene is therefore an alternative and useful tool
for future pathogenesis studies of A. baumannii-associated
preumonia and for identifying and characterizing important
virulence factors, and it thus represents a potential target
for evaluating new antimicrobial therapies. In light of the
study findings, expression of the hisF gene seems to decrease
the innate immunity and the inflammatory responses, which
may partly explain the ability of the pathogen to persist in
the lung.
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Material suplementario del articulo.

Table S1. Oligonucleotides used in the present work.

Primer name

Sequence Use in the study

A1S_3245UPFw
A1S_3245UPRv
A1S_3245DOWN
A1S_3245DOWNRv
A1S_3245intUP
A1S_3245intDOWN

A1S_3245FwEcoRVCompl

A1S_3245RvBamHICompl

ttgcggecgcaagtcacggaacaaatctgag Construction of the AhisF mutant
ccggaattccgggttaatactcactttgtctg  Construction of the AhisF mutant
ccggaattccggtatcgaaatgegettgtaag Construction of the AhisF mutant

cgcggatecgeggtttggeaatttctagcce  Construction of the AhisF mutant

gcctgtgtaggaactttca Confirmation the deletion of the A1S_3245 gene

ccactctctcaagctgta Confirmation the deletion of the A1S_3245 gene

cccgatatcatgcttgctaaacgtattat Cloning the A1S_3245gene into the pWH1266-
Km plasmid to complement the AhisF strain

cccggatccttacaagegcatttcgatac Cloning the A1S_3245gene into the pWH1266-
Km plasmid to complement the AhisF strain

Table S2. Antibiotic susceptibility profile of ATCC 17978 and AhisF mutant.

Zone diameter mean difference (mm)

Antibiotic ATCC 17978 AhisF
Ampicillin 9 9
Cefoxitin 9 9
Ceftazidime 20 21
Cefepime 22 23
Imipenem 29 31
Tigecycline 22 24
Rifampicin 11 11
Colistin 13 14
Ciprofloxacin 25 27
Gentamicin 24 26
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Figure S1. Reactions catalyzed by HisH and HisF. The ammonia molecule required for
this reaction is provided by the glutaminase HisH which transfers nitrogen from L-
glutamine to form L-glutamate. Later, PRFAR is converted by HisF into ImGP and
AICAR. The second product of the reaction, AICAR, is further used in de novo purine

biosynthesis and AMPK activation.
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Figure S2. In vitro assays. A) Quantification of the biofilm formation ability of A.
baumannii ATCC 17978 strain and the mutant derivative strain AhisF (N=6, bars
represent the standard deviations). B) Quantification of the bacterial adhesion ability
to A549 cells of A. baumannii ATCC 17978 strain and the mutant derivative strain AhisF
(N=6, bars represent the standard deviations). C) Growth curves of the ATCC 17978
strain and the isogenic mutant derivative strain AhisF. Data correspond to the mean of
four replicates and bars represent the standard deviations. D) Fluorescence
microscopy images of human alveolar A549 cells infected by ATCC 17978 and AhisF

strains after 16 h post infection.
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Figure S3. In vivo assays. A) Experimental murine model of bacteraemia performed
with the A. baumannii ATCC 17978 and the isogenic mutant AhisF strains (N=10). B) G.
mellonella larvae infection model using the A. baumannii ATCC 17978 and the isogenic

mutant strains. Non-infected larvae (PBS) were used as control (N=10).
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Figure S4. Bacterial burden in lungs from mice infected with both strains ATCC 17978

and AhisF mutant of A. baumannii.

CFU/g lung after 24 hours postinfection

lol-l.
10”
10]2
1011

1010

10 o|

0 ewgErn
107

106

105

10+ T T

Strains

Figure S5. Auxotrophy assay in M9 medium.

CFU/mL

10°
108
107
10¢
10%
104
103
102
10!

IDO T T T T T 1
0 10 20 30 40 50

Time (h)

-e- ATCC 17978

B ATCC 17978 AhisF
= ATCC 17978 + L-His 0.5mM

-¥- ATCC 17978 AhisF + L-His 0.5 mM

132



Capitulo lll. Inhibicion del gen IpxB de Acinetobacter
baumannii por conjugados de péptido-PNA y evaluacion

de un efecto sinérgico con colistina.

Resumen.

La resistencia a los antimicrobianos de los patégenos nosocomiales es una prioridad en
la agenda de la mayoria de los gobiernos y comunidades de investigacién de todo el
mundo. Debido a este aumento progresivo de las tasas de resistencia, muchos agentes
antimicrobianos en desuso tuvieron que ser rescatados y utilizados de nuevo. Este es
el caso de la colistina, la cual, ha sido reintroducida en el tratamiento de patdgenos
multirresistentes como A. baumannii, a pesar de su elevada nefrotoxicidad vy
neurotoxicidad. Por lo tanto, los esfuerzos deben estar dirigidos a desarrollar nuevas

alternativas terapéuticas debido a la escasez de nuevos antibidticos.

Los PNAs son un tipo de agentes antisentido cuya secuencia nucleotidica es
complementaria a un lugar de reconocimiento en el ARNm de la proteina seleccionada,
lo que conduce a una expresién reducida o alterada de la traduccién. De este modo,
utilizamos esta tecnologia para inhibir proteinas esenciales para la supervivencia
bacteriana. Los PNAs requieren una entrada adecuada a través de la pared celular, por
lo tanto, se suelen conjugar con péptidos penetrantes de células (CPPs) para mejorar la

penetracion intracelular y la potencia antisentido.

En este capitulo se demostrd la eficacia de la tecnologia antisentido como una nueva
alternativa terapéutica frente a patdgenos multirresistentes. También se evalud el

potencial del gen IpxB de A. baumannii como una nueva diana terapéutica.

El gen IpxB de A. baumannii ATCC 17978 resulté hiperexpresado durante el transcurso
de una neumonia murina. Se realizaron ensayos de expresion de la proteina LpxB en
presencia y en ausencia del pPNA anti-/pxB, resultando en un 80% de la inhibicion de la
expresion. También se evalud la eficacia inhibitoria del pPNA anti-/jpxB mediante
ensayos de infeccién en células epiteliales alveolares A549 y en curvas de letalidad;

comparando dicho agente antisentido frente a la inhibicidén proteica que presento el
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pPNA anti-murA (utilizado como control positivo) y el pPNA anti-hisF (utilizado como

control negativo).

Con la finalidad de intentar reducir la dosis de colistina en el tratamiento de las
infecciones producidas por A. baumannii, se evalud la eficacia inhibitoria del pPNA
anti-lpxB en conjunto con colistina, resultando en un efecto sinérgico en aquellas
cepas sensibles a dicho antibidtico. En cuanto a las cepas que presentan mecanismos
de resistencia a colistina, se observé una bajada de la CMI de este péptido
antimicrobiano en conjunto con el PNA, pero sin llegar a catalogarlo como sinergia. Los
ensayos in vivo confirmaron que un tratamiento combinado de pPNA anti-lpxB y

colistina era mas efectivo que la colistina en monoterapia.

Este trabajo se recoge en la publicacion Martinez-Guitidan M., Vazquez-Ucha J.C,,
Alvarez-Fraga L., Conde-Pérez K., Bou G., Poza M., Beceiro A. (2019) Antisense
inhibition of /pxB gene by peptide-PNA conjugates and synergy with colistin in
Acinetobacter baumannii. ) Antimicrob Chemother doi:10.1093/jac/dkz409, adjuntada

a continuacion.
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Background: LpxB is an enzyme involved in the biosynthesis pathway of lipid A, a component of LPS.

Objectives: To evaluate the IpxB gene in Acinetobacter baumannii as a potential therapeutic target and to
propose antisense agents such as peptide nucleic acids {PMNAs) as a tool to combat bacterial infection, either
alone or in combination with known antimicrebial therapies.

Methods: RNA-seqanalysis of the A. baumannii ATCC 17978 strain in a murine pneurmnonia model was performed
to study the in wivo expression of [pxB. Protein expression was studied in the presence or absence of anti-lpxB
(KFF)sK-PNA {pPMNA). Time—kill curve analyses and protection assays of infected A549 cells were performed. The
chequerboard technigue was used to test for synergy between pPNA and colistin. A Galleria mellonella infection
model was used to test the in vivo efficacy of pPNA.

Results: The [pxB gene was overexpressed during pneumonia. Treatrment with a specific pPNA inhibited LpxB ex-
pression in vitro, decreased survival of the ATCC 17978 strain and increased the survival rate of infected A549
cells. Synergy was observed between pPMA and colistin in colistin-susceptible strains. In vivo assays confirmed
that a combination treatment of anti-lpxB pPMNA and colistin was more effective than colistin in monotherapy.

Conclusions: The IpxB gene is essential for A, baumannil survival. Anti-lpxB pPNA inhibits LpxB expression,
causing bacterial death. This pPNA showed synergy with colistin and increased the survival rate in G. mellonella.

The data suggest that antisense pPMNA molecules blecking the [pxB gene could be used os antibacterial agents.

Introduction

Acinetobacter baurnannii is an important nosocomial pathogen
that has shown a great capacity for persistence in the hospital en-
vironment and readily causes outbreaks.? The frequency of MDR
clinical isolates hos steadily increased over the lost few decades
and it is becoming especially difficult to manage A. baumanni
infections owing to the lack of treatment options.** Antirmicrobial
resistance in nosocomial pathogens is at the top of the agenda of
rmost governments and research communities worldwide. Owing
to the progressive increase in resistance rates, many antimicrobial
agents that had previously fallen into disuse have had to be res-
cued and used again. So, colistin, in spite of its high nephrotoxicity
and neurotoxicity, was reintroduced for the treatment of MDR
pathogens such as A. baurnannii.* The scardity of new antibiotics
in the pipeline makes it imperative that efforts be directed toward
the development of new therapeutic dlternatives.

Recent advances have been made in antisense RNA technol-
ogy. This strateqgy, using sequence-specific mRNA recognition
leading to reduced or altered expression of transcripts, can be
exploited to inhibit the synthesis of selected essential proteins.®
Antisense oligomers (ASOs) are typically 10-30nt in length and
have nucleotide sequences that are complementary to their target
mRNA

The inhibitory efficiency of antisense molecules depends on
various factors such as their length, structure, binding rate, intra-
cellular concentrations and resistance to degradation by nucleases
and proteases. Antisense molecules are specifically designed to
address these issues and improve their inhibitory efficiency.
Rasrmussen et al.® have reviewed these strategies.

The chemical structure of antisense molecules can be opti-
mized using a combination of sugar, backbone, nucleobase and
3'- and 5'-terminal modifications that lead to different types of

©The Author{s) 2019. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemetherapy. All rights reserved.
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Figure 1. Chemical structure of PNA and DNA oligomers. B indicates ad-
enine, guanine, cytosine or thymine.

ASO including: phosphorothioate (PS, in which one of the non-
bridaging oxygen molecules of the phosphodiester bond of DNA is
replaced with sulphur); phosphorediamidate marpheline oligom-
ers (PMOs, in which the deoxyribose of DMA has been replaced by
morpholine rings coupled by non-ienic phosphorodiomidate inter-
subunit linkages); locked/bridged nucleic acids (LNAS/BNAS, bicyelic
nucleotide analogues with a furanose ring modified by the intro-
duction of a methylene group); and peptide nucleic acids (PMNAs),
ameng others.5® It is necessary therefore to carefully consider
parameters such as degrodation resistance, binding efficiency,
solubility and cellular delivery before any of these modifications
are selected.

PNA antisense agents, first developed in 1991,% are able to in-
hibit gene expression with sequence specificity. '™ A PNA is a DNA
analogue in which the sugar-phosphate backbone has been
replaced by a synthetic peptide bond (Figure 1). N-(2-aminoethyl)-
glycine units are linked by peptide bonds to form the PRA molecule
and the nudeobases are attached to the backbone through
methylene carbonyl linkages. The PMA backbone is both flexible
and electrically neutral. These oligomers can strongly hybridize
to DNA or RMA; the reason for this is the lack of electrostatic
repulsion because of the total absence of negative charge on the
PMA oligomer. Hence they show higher affinity and specificity
when targeting DNA and RMA strands compared with natural DMA
or RMa 1112

For effident antisense inhibition, PHNAs also require a suitable
entry point to penetrate the protective barrier of the cell wall
PNAs are larger than maost drugs® and are usually conjugated to
cell-penetrating peptides (CPPs), used os membrane-permeable
delivery vehicles in order to increase the intracellular concentra-
tions.'? The permeabilizing capacity of CPPs varies according to
the bacterial species. The most commonly used CPPs are: (KFF)ak;
(RX)sB; (RXR) XB; and (RFR),X.1371=

The binding of ASOs to complementary mRNA sequences is
now a well-established strategy in mammalian systems. Some
antisense drugs have been approved or are undergoing dinical tri-
als, mainly for the treatment of concer and other human dis-
eases 5101617 |ikewise, a few studies have reported their efficacy
against bacterial pathogens such as Escherichio coli, Klebsiella
preumeniae, Pseudomonas aeruginosa  and  Staphylococcus

aureus ‘21820 Growth inhibition of A baumannii by anti-gyrA
PhAs has been demonstrated *? Silencing resistance genes is an
important alternative use of ontisense technology ond one
that has made it possible to modify the phenotype of strains from
antibiotic resistant to antibiotic susceptible >3 Indeed, the anti-
microbial use of this technology has been proven in recent years
and eould be a potential source of new drugs 242

Bacterial transcriptomic analysis allows identification of
essential genes that can be selected as therapeutic targets,
which paves the way for the design and development of new
antibacterial drugs. In most Gram-negative bacteria, LPS is the
major component of the outer membrane, which contains a
lipid A membrane anchor, core oligosaccharide and O-antigen
polysaccharide ”® In the lipid A biosynthesis pathway, the gly-
cosyltransferase enzyme LpxB catalyses the nucleophilic attack
of the &'-hydroxyl of lipid X to form disaccharide-1-phosphate,
the main component of lipid A% Thus, in Gram-negative
bacteria, LpxB is essential for the development of an intact LPS,
so maintaining the structure of the bacterial cell envelope and
its growth.”’

In this study, two other genes were selected for inhibition using
peptide-pPNA conjugates (pPNAs): murd and hisf genes. Murd
(A15 0685 gene in the ATCC 17978 strain) is an essential enzyme
that catalyses the transfer of enolpyruvate from phosphoenolpyr-
uvate toundine-diphospho-N-acetylglucosamine, which is the first
committed step of peptidoglycan biosynthesis, a fundamental
compenent of bacterial cell wall survival 8 This enzyme is also a
target of fosfomycin, whose mechanism of action has been well
studied.” Anti-murd pPNA waos used in this study for comparison
of antisense inhibition. HisF (A15 3245 gene in the ATCC 17978
strain), an imidazole %lyteml phosphate synthase, is invelved in
histidine metabolism™ and we have observed that it is also
involved in the persistence of A. baurmannii in lung infection, but is
not essential for prokaryotic survival. A AhisF mutant derivative of
A, baumannil (strain ATCC 17978) created by our group did not
show differences in growth rate when compared with the parental
strain.! Consequently, the anti-hisF pPhA was used as a negative
control.

In the present study, increased expression of the A1S_1668
gene ({lpxB) was identified during the course of A. baumannii lung
infection in mice. We evaluated the potential of the pPNA anti-lpxB
to combat bacterial infection, used alone or in combination with
colistin. Finally, we evaluated the LpxB enzyme as a new target
using pPNA antisense technology against laboratory strains and
clinical isolates of A. baurnannii.

Materials and methods

Bacterial strains, cell lines and pPNAs

Bacteriol strains of A. boumannii were cultured at 37°C in LB medium (a
nutrient-rich medium designed for growth of pure cultures) or M3 minirnal
salts medium {a highly referenced minimal growth medium containing
only solts and 20% glucose as carbon source; Becton Dickinson) supple-
mented with colistin 15mg/L when necessary. Strains were frozen in LB
with 10% glycerol and maintoined at —80°C until analysis. Antimicrobial
activity assays using antisense molecules were performed in two different
culture media to evaluate two extrerne conditions with an excess and def-
idit of bacteriol nutrients: LB and M3. The strains used and a description of
rnain characteristics are listed in Table 1.
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Table 1. Description of A. baumannii strains and MICs of anti-lpxB pPNA, colistin and both in combination®

MIC {megiL) in LB medium

MIC {mgdL) in M% medium

Stroins colistin - pPHAY (Ol pps PPNACD FIC gax colistin pPhAR COL pprs. PPNA oy FIC g Description Ref.
ATCC17978 05 100(200 006  &Z(1.2) 018, synergy 1 125(25) 0.25 15{0.3) 0.37,synergy A boumannii reference strain ATCC
ATCC 19606 2 100(200 025 25(5) 0375, synergy 2 12.5(2.5) 0412 1540.3) 0.18,synergy A boumanni type strain ATCC
ATCC 19606 32 100 (20) 4 25(5} 0375, synengy 32 125(25) 16 15{0.3) 062, Col-R isogenic mutant derivative
omrg nao interaction of ATCC 19606. Single amino

acid substitution {Ala227Val)

in PmirB
ABRIM 2 100(200 025 25(5) 0375, synergy 1 12.5(25) 0.25 1540.3) 0.37,synergy A boumannii clinical isolate s
ABRIMpmrE &4 100200 32 62(1.2) 056, 64 125(25) &, 125(25) 2, nointeraction Col-Risogenic mutant defvative

o interaction of ABRIM. Single amino acid

substitution (Asm353Tyr)

in PmirB
MBZGE 0.5 1000200 006 125(2.5) 0.245, synengy 05 125(25 006 3{06) 036, synergy A bournanni clinical isolate e
ABZ&SpmrE 128 100(20) 128 100{20) 2, nointeroction 64 12.5(2.5) 3z 15{0.3) 0.62, Col-Risogenic clinical isolate de-  **

nao interaction rivative of AB248. Single
aming ocid substitution
[Pro2335er] in PmrB

Col-R, colistin-resistant; Ref., reference.

“COLppe, colistin MICs in the presence of anti-IpxB pPRA; pPHAcs, pPNA MICs in the presence of colistin.

BpPHA MIC values in brackets are expressed in p.

Table 2. Sequences of the PNA ontisense molecules used in this study
conjugated with the CPP (KFF)zk

PMA designation Sequence Length (bp)
anti-lpxB KFFKFFRFFE-CCAAGGCGATTTA 13
anti-murd KFFKFFKFFE-CCATTAATATTTAAGC 16
anti-hisF KFFKFFRFFE-GCATAGCTTTTTCC 14

AS49 human alveolar epithelial cells were maintained at 37°C in the
presence of 5% COz in DMEM (Sigmao=Aldrich) supplermented with 10% FBES
and 1% penidllinfstreptormycin (Thermao Fisher, Walthann, MA, USA).

The PNA antisense molecules (anti-pxB, anti-murd and anti-hisF) were
covalently conjugated in all cases with the CPP (KFF)sK (Biomers, Ulmn,
Germany) using solid-phase peptide synthesis. The sequences of the anti-
sense conjugates are shown in Table 2.

Transcriptomic analysis in @ murine pneumonia
infection model

A murine pneumaonia model allowed us to study the transcriptorme of the
A. boumneonni ATCC 17978 strain during the cowse of an infection.
Transcriptomic analysis compared RMA extracted from bacteria infecting
mouse lungs with that from bacteria growing in vitro. The experimental
model, deep sequencing procedures and bicinformatics analysis were per-
formed as described previsusly.*” Briefly, male BALB/c mice were inocu-
lated intratracheally with ~6x107 bacteria per mouse. Bronchoalveolar
lavoge was performed after 20h to obtain bacterio for RMA extraction
(in vivo samples) and for comparison with RMA extracted from bacteria
grown in LB medium (in vitro somples). Total RMA was used for RNA-seq
analysis {Illumina, bieGUME, Spain). The genome analysis platform at CIC
bioGUNE (Drerio, Spain) was used for gene expression analysis.

Construction of isogenic deletion derivatives

The mutant derivative strain locking the [pxB gene was constructed follow-
ing the protocol described previously.*® Briefly, following the double-

crossover recombination method, an sogenic mutant stroin locking the
IpxB gene was derived from the A. boumanni ATCC 17578 strain using
the pMo130 suicide vector (GenBank: EUB62 243). The upstream and down-
stream regions flanking the [pxB gene were PCR-amplified and cloned
into the pMol30 vector using the following primers:  UPFw:
TTGOGGOOGCAACAGGATTCGTATTATTATAG; DOWNFw: COGGAATTCCGRAGA
TTCTTTTCTTTGATACT, UPRY: CCGLAMTTCCGGATTTTTAAGATTTGATTGGITA;
and DOWNRw: CGCGGATCCGCGTCTTGAACTAARAGTTICTG. The genetic
construction obtained was used to transform the ATCC 17978 strain.
Selection of the AlpxB mutant strain was performed on plates containing
kanarnycin.

In vitro inhibition of LpxB expression

IpxB and murd genes of the A. baumannii ATCC 17978 strain were arnplified
and cloned into the pEXPS-CT/TORO bacteriol expression vector (Invitrogen,
Carlsbad, C4_ USA). Following the protocols of the Expressway Cell-Free E.
cali Expression System (Invitrogen), with some modifications, LpxB and
Murs proteins were synthesized together using the pEXPS-CTITOPO-IpxB
and pEXPS-CTITOPO-murd vectors with the C-terminal polyhistidine
tag (HHHHHH-COOH). Reactions were incubated at 37°C with shaking
(300 rpm) and 15 pL aliquots were collected at 5, 15, 25 and 45 min. pPNA
(5 uM) targeted at lpxE was added to the reactions to demoenstrate specific
inhibition of LpxE translation. Aliquots with total proteins were separated
on 12% 505-PAGE gel and transferred onto polyvimdidene diflucride (PYDF)
membranes to be resolved by western blotting. Membranes were revealed
with Anti-His (C-terrm)-HRP Antibody (Thermo Fisher), using the Amersham
Imager-600 system (GE Healthcare, Chicago, IL, USA).

Inhibition of A. baumannii growth by antisense pPNAs

Tirne=kill analysis was used to measure the in vitro boctericidal activity of
anti-lpxB, anti-murd and anti-hisF pPHAs, as described previously with
some madifications.? Strains were grown ovemnight and ~1x10° cfufml
were inoculoted into LB or MS medium. Bacteria were grown in S6-well
microplotes at 37*C with shoking, using the Epoch-2 Microplate
Spectrophotometer (BioTek Instruments, Winooski, VT, USA). pPMAs were
odded at concentrations of 2.5, 5 and 35 pM. The number of cfu was
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determined at 1, 3, 6, 24 and 48 h by plating onto LB ogar plates and incu-
bating at 37*C for 24 h.

Infection of A549 monolayers

The wiability of infected AS4% hurnan alveolar epitheliol cells in the presence
or absence of pPNA was compared. Cell monclayers [2:x10% cellshwell)
were infected with 11x10° cfuiwell of A. baumannii strain ATCC 17978 at
an mei of 550 for 30h in glucose-free Hank's balanced salt solution (HBSS,
Gibco), supplemented with 2.5pM or 5pM antiHpxB pPMA. The saome
protocol was followed in the obsence of pPMNA and in the presence of an
inactivated ATCC 17978 strain, which was incubated for 3 hin £% parafor-
maldehyde, washed with saline selution by centrifugation, then used as a
taxicity control of pPHA. The viability of the infected cells was examined
with the Cell Counting Kit-8 (CCK-8, Sigma-Aldrich), following the manufac-
turer's instructions.

Susceptibility testing of colistin and pPNA

The combination of anti-lpxE pPNA and colistin (Sigma=Aldrich) was
tested ogainst different A. boumannii strains, with and without lipid A
modifications mediated by mutations in the pmrB gene.** The strain
types and clinical strains used, as well as their previously characterized
mechanisms of colistin resistance, are listed in Table 1. Colistin MICs
were determined by broth microdilution, following CLSI criteria.®® The
activity of the pPNA in combination with colistin was assessed by
chequerboard assay in LB and M9 media.*537 After 20 h of incubation,
10 pl of alarnarBlue reagent (Thermao Fisher) was added to all wells and
incubated for 4h at 37°C to identify wells containing viable bacteria.
The FIC index (FICh&y wos caolculoted as follows: FlCngee=
FlCcoL + FICaena = MIC[COLpenal/[COL] + MIC[pPMAco ) [pPHA). FIC data
were interpreted as follows: FICna0, £0.5, synerqy; FICnge, 0.5 to 4, no
interaction; and FIC; 4., >4, antogonism. The MIC values for anti-murd
pPMA IR both growth media were also tested for all A. baurmannii strains
listed in Table 1.

Galleria mellonella virulence assay

The efficocy of the anti-lpxB pPMA treatment wos tested in a
G. mellenella  survivol ossay. Caoterpillars were obtained from
BioSystemns Technology (Exeter, UK). A. boumannii strain ATCC 17578
was grown to an ODgeq of 0.7, collected by centrifugation and resus-
pended in sterile PBS. G. mellonella survival assays were performed by
injecting groups of 15 larvae with 10l of suspension containing
~3x10% cfullarva os bacteriol inoculum, as previously described, 3238
Treatments were injected 1h post-infection. Treatments evaluated
were: colistin (2 ma/kg), anti-lpxB pPMA (75 mgfkg) and a combination
of colistin (2 mg/kg) and anti-pxB pPMA (75 mofkg). A group of larvae
injected with 10 pL of sterile PBS was included as control. Treatrnents
using lower anti-lpxB pPNA concentrations (25 and 50 mafkg) were also
tested. After inoculation, the larvae were incubated at 37¢C in the dark
and death was assessed over & days.

Statistical significance

At least three independent replicates were done for each assay. Student’s
t-tests were performed to evaluate the statistical significance of observed
differences, except in the survival assays, where survival curves were plot-
ted using the Koplon=-Meier method and analysed using the log-rank
{Mantel=Cox) test*® P wolues of <0.05 were considered statistically
significant.

Results

Transcriptomic analysis revealed increased expression
of the IpxB gene

A collection of genes found by RMA-seq analysis in an experimental
murine pneumnonia model were differentially expressed compared
with genes detected in bacteria grown in artificial conditions
(LB medium). The raw data obtained were deposited in the GEO
database under the accession code GSE100552. The IpxE gene
increased its expression 3.63-fold in the course of murine pneumo-
ria relative ta invitro conditions.

An attermpt was made to construct an isogenic mutant lacking
the IpxB gene derived from the ATCC 17978 strain. All attemnpts
to obtain a viable AlpxBE mutant yielded negative results, thus sup-
porting that modification of lipid X by LpxB to form disaccharide-1-
phosphate is essential for bacterial viability.

Inhibition of LpxB expression by anti-lpxB pPNA
Expression cloning of LpxB and Mur into the pEXPS-CT/TOPO-pxB
and pEXPS-CT/TOPO-murd vectors using the cell-free E. coli expres-
sion systermn showed two clearly visible bands in western blot, at 44
and 53 kDa, respectively (Figure Z). When anti-lpxE pPNA was
added to the reaction, significant inhibition of LpxB expression
was shown. No expression of LpxB was observed at 5 or 15 min of
reaction and only 5%-10% of expression was observed at 25 and
45 min compared with Murh protein expression.

Antibacterial effect of anti-lpxB pPNA

To determine whether the presence of a pPNA affects bacterial
growth, time-kill curves were performed in LB or M9 media.
Different behaviours were observed, depending on the culture me-
diurn. In LB mediurn, the addition of 2.5 or 5 uM anti-lpxB pPNA led
to a 1logypcfu/mL decrease after 24 h, compared with cultures
grown in the absence of pPMA, and the antimicrobial effect
increased at 48 h (Figure 3). Anti-murd pPMA showed lower anti-
microbial activity and the negative anti-hisF control did not show
growth inhibition. Remarkably, when a high concentration of pPMA
(35uM) was added to the LB, antimicrobial activity increased
significantly and 6.1 and Slogygcfufml decreases were
observed at 6 h in the presence of the anti-lpxB and anti-murd
pPNAs, respectively. At a concentration of 35 uM, the anti-lpxB
pPNA showed bactericidal activity, defined as a reduction of
99.9% (>3 logyg) of the total number of cfu/mL in the original
inoculum.®® The anti-hisF pPNA, used as o negative contral,
showed no antimicrobial activity at 2.5 and 5 pM, but showed
slight antirmicrobial activity at 35 uM. This was prabably due to
the high concentration of antimicrobial peptide, which can
show moderate non-specific CPP-related toxicity, as previously
described.*!

Interestingly, the antimicrebial activity of the anti-lpxB and
anti-muwrd pPMAs increased in M9 minimal medium compared
with LB (Figure 4). Indeed, 2.5 pM anti-ipxB pPMA showed a strong
bactericidal effect, with no viable bacteria remaining at 24 h (an
~71.5logyg decrease in the bacterial pepulation). Similar results
were obtained when SpM anti-lpxB pPNA was used, with the
complete absence of viable bacteria ot 3 h. The anti-murd pPMA
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Figure 2. LpxB inhibition assay by anti-lpxB pPMA. (a) Western blot showing MurA and LpxB expression. Anti-lpxB pPMA 5 pM was added to the

reaction. Aliguots of 15 uL were taken at 5, 15, 25 and 45 min. {b) Protei

in expression controls. Western blot of LpxB and MurA proteins in different

reactions without antisense molecules. Aliquots of 15 pL were taken at 25 min.
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Figure 3. Antimicrobial octivity of pPNAs in LB medium. Antisense molecules were added at {a) 2.5 M, (b) 5 uM and (c) 35 pM.

showed lower antimicrobial activity, decreasing by ~3.1 and
4.6logyg cfuiml in the presence of 2.5 uM and 5 M pPNA, respect-
ively. At 2.5 uM, anti-hisF pPNA barely affected bacterial growth
and at SpM, the bacterial population was reduced by only

1.1logyg. Time-kill curves performed in M9 with anti-lpxB pPNA at
concentrations higher than 5 pM showed similar results (data not
shown). Growth inhibition was dose-dependent in both media
tested.
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Figure 4. Antimicrobial activity of pPMNAs in M3 minimal mediurm. Antisense molecules were odded at {a) 2.5 uM and (b) 5 pM.
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Figure 5. Infection of A549 human epithelial cells with A. boumannii
ATCC 175978 and treatment with anti-lpxB pPNA. The x-axis represents
the survival rate of: (i} uninfected AS49 cells; (i) infected ond untreated
A549 cells; (i) infected AS49 cells treated with 5 M pPNA. The last two
conditions (iv and v} indicate the lack of toxicity of the pPNA for AS4S al-
veolar cells using inactivated A. boumannil in the absence and presence
of 5 M pPNA

Anti-lpxB pPNA treatment of A549 human alveolar
epithelial cells infected with A. baumannii

A549 alveolar cells were infected with A baurnanni ATCC 17978
and 5 puM pPNA was immediately added to the glucose-free HBSS
medium. As shown in Figure 5, untreated A. baumannii infection
led to a 27% decrease in survival in the human A549 cells
compared with the uninfected cells (P<0.01). However, when anti-

lpxB pPHA was added, the survival rate of infected AS49 cells
was the same as the cells without infection and showed signifi-
cant differences compared with the infected but untreated
group (P<0.01). pPNA-related toxicity was not observed in the
AS549 cells when 5 pM anti-lpxB pPMA was used in the presence
of inactivated A. baumannii. pPNA concentrations lower than
2.5 uM were also used, but with no improvement in epithelial
cell survival.

Synergy between colistin and pPNAs

The MICs of anti-ipxB pPMA, colistin and the two agents in combin-
ation were studied in a collection of colistin-susceptible and
colistin-resistant A. baumannii strains in LB and M9. The results are
shown in Table1, Toble 51 and Figure 51 (both availoble as
Supplermentary data at JAC Online). The MICs of colistin showed
concordance with those previously published **? The MICs of
colistin-susceptible and colistin-resistant strains were 0.5-2 mg/lL
and 32-128mgfL, respectively, in bath media. Importantly, the
MICs of anti-lpxB pPMA in LB and M9 were 20 uM and 2.5 uM, re-
spectively, for all strains. With respect to the anti-murd pPNA, the
MICs of the anti-murd pPMA were 20 to >80 uM in LB medium and
2.5-10pM in M3 mediurm.

Similar results were cbtained in the two culture media by the
chequerboard method, as shown in Table 1. Celistin and anti-lpxB
pPMA showed clear synergy against all colistin-susceptible strains.
Conversely, no synergy (no interaction) was observed against
colistin-resistant strains; olthough in LB the colistin-resistant
strains ATCC 19606 pmirB and ABRIM pmirB decreased the MICs of
anti-lpxB pPNA &- and 16-fold, respectively, in the presence of
colistin. Regarding the colistin MICs, the anti-lpxB pPNA led to an
8-fold decrease in the MIC of colistin for all colistin-susceptible
strains grown in LB, whereas for colistin-resistant strains, the
decrease was cnly 0-2-fold. Similarly, in M9 medium, anti-lpxB
pPHA lowered the MIC of colistin 4-16-fold for colistin-susceptible
strains and 0-2-fold for colistin-resistant strains.
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Figure 6. Survival of G. mellonello larvae (n=15 per group) following in-
fection with A. baurnonnii strain ATCC 17978 and treatrment with colistin
and anti-lpxkB pPNA. A 75 magfkg concentration of anti-lpxB pPNA corre-
sponds to 15 pM.

G. mellonella combined treatment

The efficacy of anti-lpxB pPMA, alone and in combination with colis-
tin, was tested in a G. mellonella virulence assay, as shown in
Figure 6. The survival rate in infected but net treated G. mellonella
was 40%, while the survival of those treated with colistin was 60%.
Interestingly, the survival rate following treatment with 75mafkg
of anti-lpxB pPNA was 75%, higher than that of colistin monother-
apy (P<0.03). Nevertheless, the best results were obtained with
the combination therapy of anti-HpxB pPMA and colistin, showing a
survival rate of 95% of the caterpillars (P<0.001). When lower
concentrations of anti-lpxB pPMA were tested (25 and 50 mgfkg),
statistical differences were either not observed or were lower.
Mo mortality was abserved in the control aroup of larvae injected
with sterile PBS.

Discussion

The emergence of bacterial resistance and the scarce arsenal of
antimicrobials available have led to an urgent need to design alter-
native strategies to combat infections caused by MDR pathogens.
One approach as a potentiol novel therapy against resistant
pathogens is the use of antisense melecules such as PNAs, BNAs
and PMOs, which have shown promising results and could, in time,
become a new medical weapon against MDR bacterio.® Given the
significant problern of MDR A. baurmannii and the potential benefits
of pPMAs, we think that greater effort and attention should be paid
to the development of these new antibacterial agents. In recent
years, studies have investigated oligormers that target essential
bacterial genes conjugated to carrier peptides for delivery.**~*% In
the present study, the cell-penetrating peptide (KFF)3K was cova-
lently conjugated to PNAs to facilitate the intracellular delivery of
the antisense molecule inte A. baumanni and to induce darmage
by disorganization of the outer membrane.!® These peptides did
ot show toxicity in animal assays*” and, at concentrations up to
64 uM, the (KFF)3K peptide was not taxic to mammalian cells *&

In the battle against bacterial multiresistance, a description of
new bacterial targets is also needed for the development of novel
antirmicrobial strategies. Transcriptornic analysis revealed that the
IpxB gene was overexpressed in A. baurnannii during lung infection.
Our atternpts to construct an A. baumanni [pxB mutant strain
were unsuccessful, suggesting that it is involved in key metabolic
steps. Both our group and others have previously described
the relevance of lpx genes ([px4, [pxC and [pxD) to the maintenance
of LPS strueture, fitness and virulence of A. baurnannii*>***? and
LpxC inhibitors hove also been developed.®! These issues encour-
age us therefare to further investigate LpxB as a new bacterial
targel. Antisense inhibition has also been studied and compared
with a second target, Mur&. This key protein was already included
as a possible target in earlier studies of antisense PNA inhibition.
Different anti-murd PMA sequences conjugated ta [KFF)sK were
tested against E. coli, K. pneurmoniae and Salmonella enterica
serotype Typhimurium and some of the antisense molecules
showed promising MIC values (1.2-3.2 pM).2**5 In this study, we
took essential target genes such as mwA and IpxB, whose silencing
led to the inhibition of bacterial growth.

Importantly, inhibition of LpxB expression resulted in better
antibacterial activity than Murd inhibition, showing the high poten-
tial of LpxB as a new target. The use of anti-lpxB pPNA specifically
reduces expression of LpxB, as was demonstrated by western blot
assays where Murd inhibition was not observed, showing that bac-
terial death is exclusively due to LpxB inhibition. Western blotting
detected slight LpxB expression at 25 and 45min. This was
probably due to the design of the expression system, which expo-
nentially increased the amount of target mRNA and maximized
the yield of synthesized proteins, so preventing total inhibition of
mRMNA translation by the anti-lpxB pPhA.

Time-kill curves to determine the bactericidal activity of
anti-ipxB pPMA against the ATCC 17978 strain showed that the
anti-ipxB antisense molecule presented a bactericidal effect at
35 pM in LB, with an ~3 log, g decrease in the initial inoculum at 6 b
and likewise at 2.5 uM in M9 media. These results correlate with
the MIC assays, which showed anti-lpsB pPMA growth inhibition at
20pM and 2.5 uM in LB and M9, respectively (Table 1). The anti-rmurd
pPMA showed a lower bactericidal effect in time-Hll curves against the
ATCC 17978 strain, with an ~2 logy g decrease in the initial inoculurm at
35uM in LB and at 2.5 or 5 uM in M9 medium. The results obtained
with the anti-murd pPMA also correlate with the MICs obtained,
which were 40 pM in LB and 5 pM in M3 (Table 51). So, although anti-
murd pPMNA presented a bacteriostatic effect at these concentrations,
its bactericidal activity was lower than that of anti-lpxB pPMA.

In time-kill curves and MIC assays, the anti-murd and anti-lpx8
pPMAs both showed higher antimicrobial activity in the M9 me-
diurm than in LB. This increased activity in M9 is probably related to
the lower bacterial growth rate due to lack of nutrients. The lower
growth rate can be observed in the ATCC 17978 strain in the ab-
sence of pPNAs (used as control) grown in M3 medium (Figure 4)
rather than in LB (Figure 3) in the first hours of growth. Lower
population densities were also observed in the stationary
phase (24-48h) in M9 medium compared with the LB mediurm
(~1-1.5log). The lower growth rate and bacterial density could fa-
cilitate the entry of the pPMAs and increase their bactericidal
activity.

Colistin is an old antibiotic that was recovered as a last-resort
antimicrobial olternative for the treatment of MDR pothogens.
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The main mechanism of colistin resistance in A. baumannii involves
phosphoethanolarine medifications that alter the LPS. 32 Since
this antimicrobial agent presents high toxicity, the lower the dose
administered, the fewer the adverse reacticns, and alarge number
of studies are currently developing optimal pharmacokinetic/
pharmacodynarnic (PK/PD) parameters for treatment.® Reducing
the colistin dosage would be an excellent way to improve its use-
fulness. In this study, we tested the synergistic activity of colistinin
combination with anti-lpxB pPNA. The cuter membrane of the bac-
teria is the first line of defence against PNA penetration.®? Colistin
leads to disruption of the bacterial membrane and pore formation,
which promotes uptake into the cell and permits passage of
different molecules, so facilitating the entry of the pPNA into
the prokaryatic cell** The chequerboard assays confirmed this
synergy in colistin-susceptible strains. Nevertheless, although the
MICs of both compounds decreased when used alone, no synergy
was observed when tested against colistin-resistant A. baurnannii
strains. Here we suggest that the modified lipid A in the colistin-
resistant strains? eould prevent the increase in membrane
permeability.

Infected AS49 human lung epithelial cells grown as mono-
layers and G. mellonella virulence assays both showed the efficacy
of treatment with anti-pxB pPMA against A. baumannii infection.
The viability of A549 cells treated with anti-lpxB pPNA was identical
to that of non-infected cells, while the survival rates of caterpillars
treated with pPNA or colistin were higher than these of non-
infected larvae. The combination of colistin and anti-lpxB pPhA,
however, showed greater efficacy than the two compounds
used as monotherapy. The in vitro and in vivo results obtained
here showed that the combination of colistin and PNA antisense
molecules conjugated with small cationic CPPs is a successful
strategy to increase the penetration ability of PNAs on their own.
In conclusion, our study provides evidence to support the import-
ance of the IpxB gene, which increased its expression significantly
during murine pneumonia, as an essential gene for A baumannii
survival. Furthermore, LpxB expression was inhibited by anti-loxB
pPHA, causing bacterial death, which represents a protective effect
against infection. Synergy between anti-lpxB pPNA and colistin
was dernonstrated. This is the first study to describe the import-
ance of this gene in A. baumannii and it may be considered an
interesting therapeutic torget for the design of new antimicrobial
therapies.
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Material suplementario del articulo publicado.

Table S1. MICs (mg/L) a of A. baumannii strains to anti-murA and anti-hisF pPNAs.

A. baumannii anti-hisF pPNA anti-murA pPNA
trai
sains LB medium M9 medium LB medium M9 medium
ATCC17978 2400 (280) 400 (>80) (2:’(;)) 2(85-)7
ATCC19606 2400 (280) 400 (>80) (121(;3) 2(85.)7
ATCC 19606 460 287
2 > > >
pmrB 2400 (280) >400 (280) (30) )
ABRIM >400 (280) 2400 (280) (12105) ?170?
ABRIMpmrB 400 (280) 2400 (280) (‘:gg) ?170?
AB248 2400 (280) 2400 (80) (12105) (1245‘;
AB249 pmrB 2400 (280) 2400 (>80) (‘:gg) (124-:)

2pPNA MICs values in brackets are expressed in uM.

Figure S1. Assessment of synergy between colistin and anti-/jpxB pPNA. Checkerboard
assays using colistin and anti-/jpxB pPNA on cultures of ATCC 17978, ATCC 19606,
ABRIM, and AB248 strains (colistin-susceptible strains). Pink wells indicate growth and

blue wells indicate growth inhibition in a) LB medium and b) M9 medium.

(a) A. baumannii ATCC 17978 A. baumannii ATCC 19606 (b) A baumannii ATCC 17978 A. baumannii ATCC 19606
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Capitulo IV. La sinergia entre la colistina y el inhibidor de
la proteasa del péptido senal de tipo | MD3 es
dependiente del mecanismo de resistencia a colistina en

Acinetobacter baumannii.

Resumen.

La colistina es un antibiético de ultima opcidn terapéutica en el tratamiento de A.
baumannii MDR, debido a su elevada toxicidad. El disefio de nuevos compuestos que
presenten sinergia con la colistina permitiria reducir la dosis de dicho antibidtico y, por

tanto, la recuperacién del mismo en terapias antimicrobianas.

La colistina es un péptido antimicrobiano policatidnico cuya diana es el lipopolisacarido
bacteriano polianidnico. Hasta el momento se han estudiado dos mecanismos de
resistencia a colistina en A. baumannii. El primero consiste en la pérdida total del LPS
mediante la inactivaciéon de la ruta de biosintesis del lipido A. Mutaciones en
cualquiera de los tres primeros genes implicados en esta ruta (lpxA, IpxC y lpxD)
previenen la interaccidn con la colistina y dan lugar a una resistencia de alto nivel. Un
segundo mecanismo, previamente estudiado por nuestro grupo, implica mutaciones y
aumento de la expresion de los genes pmrAB. Esto da lugar a la adicién de residuos de

fosfoetanolamina al lipido A, lo que disminuye la carga negativa del LPS.

En este cuarto y ultimo capitulo de esta Tesis Doctoral evaluamos los efectos sinérgicos
de la colistina con una B-aminocetona sintética denominada MD3. Este compuesto es
un inhibidor de la proteasa del péptido sefial de tipo I. Estos enzimas bacterianos estan
implicados en la maduracidn de proteinas a través de la separacidon del péptido de
sefalizacion amino-terminal de las proteinas traslocadas. La permeabilizacién de la
membrana externa permite un acceso mas eficiente de MD3 a las SPasas localizadas

en el citoplasma.

Se realizaron ensayos de checkerboard y curvas de crecimiento en distintas cepas de A.

baumannii, entre las cuales, se incluyen cepas sensibles y resistentes a colistina, cepas
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tipo y aislamientos clinicos. Estos ensayos confirmaron la sinergia entre ambos
compuestos en funcién del mecanismo de resistencia a colistina que presente la

bacteria.

Este trabajo se recoge en la publicacion Martinez-Guitidn M., Vazquez-Ucha J.C,,
Odingo J., Parish T., Poza M., Waite R.D., Bou G., Wareham D.W., Beceiro A. (2016)
Synergy between colistin and the signal peptidase inhibitor MD3 is dependent on the
mechanism of colistin resistance in Acinetobacter baumannii. Antimicrob. Agents

Chemother. 60:4375-4379. doi:10.1128/AAC.00510-16, adjuntada a continacion.
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Synergy between Colistin and the Signal Peptidase Inhibitor MD3 Is
Dependent on the Mechanism of Colistin Resistance in Acinetobacter
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Synergy between colistin and the signal peptidase inhibitor MD3 was tested against isogenic mutants and clinical pairs of Acin-
etobacter baumannii isolates, Checkerboard assays and growth curves showed synergy against both colistin-susceptible strains
(fractional inhibitory concentration index [FIC,_ . ] = 0.13 to 0.24) and colistin-resistant strains with mutations in pmrB and
phosphoethanolamine modification of lipid A (FIC, ;.. = 0.14 to 0.25) but not against colistin-resistant Alpx strains with loss of
lipopolysaccharide (FIC;, 4., = 0.75 to 1), A colistin/MD3 combination would need to be targeted to strains with specific colistin

resistance mechanisms.

cinetobacter baumannii is an important nosocomial pathogen

that is able to acquire or develop resistance to multiple anti-
biotics (1). The frequency of multidrug-resistant (MDR) clinical
isolates has increased in recent years. One of “agents of last resort”
with activity against A. bawmannii MDR strains is colistin (COL)
(polymyxin E) (2}, a polycationic antimicrobial peptide which
targets the polyanionic bacterial lipopolysaccharide (LPS) (3).
Two mechanisms of resistance to colistin are the most studied in
A. baumannii (4, 5). One involves the total loss of LPS by means of
inactivation of the lipid A biosynthetic pathway. Mutations inany
of the first three genes involved in lipid A biosynthesis (Ipxd, [pxC,
and lpxD) prevent interaction with colistin and result in high-level
resistance (6). A second mechanism, previously studied by our
group, involves mutations and increased expression of prirAB
genes. These result in the addition of phosphoethanolamine resi-
dues to lipid A&, which decreases the negative charge displayed on
the LPS (7, 8). Colistin resistance is concerning; with no new com-
mercial antimicrobials available for use against MDR isolates,
there is an urgent need to develop compounds to address this
clinical issue (9, 10).

Recently, enhanced antimicrobial activity of colistin in combi-
nation with a synthetic B-aminoketone, MD3 [1-(2,5-dichloro-
phenyl)-3-{dimethylamino) propan- 1-one], an inhibitor of bacte-
rial type | signal peptidases (SPases), was described. It was
demonstrated that SPase inhibition by MD3 in combination with
outer membrane permeabilizing agents (colistin or sodium hex-
ametaphosphate [NaHMP]) was increased in A. bawmansii and
other species (11). Bacterial SPases are involved in the maturation
of proteins through cleavage of the amino-terminal signal pep-
tides of translocated proteins (12). Permeabilization of the outer
membrane should enable more-efficient access of MD3 to cyto-
plasm-located SPases. The aim of the present study was therefore
to evaluate the synergistic effects of the combination of MD3 and
colistin against strains of A. bawmannii harboring well-character-
ized mechanisms of colistin resistance.

The combination of MD3 and colistin (COL) was tested
against A. bawmannii strains with deficits in LPS biosynthesis (in-
activating mutations in Ipx genes) and strains with lipid A modi-
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fications (mutations in prmrB). The bacterial strains used were the
antibiotic-susceptible A. baumannii ATCC 19606 type strain and
isogenically derived colistin-resistant (Col") mutants ATCC
19606AlpxA, ATCC 19606AlpxC, ATCC 19606AlpxD) (6), and
ATCC 19606pmirB (7). Also tested were the MDR but colistin-
susceptible (Col®) clinical isolate A. baumarnnii ABRIM (13) and
its derived Col" ABRIMpmirB mutant (7). Finally, two pairs of
Col¥Col" A. bawmanii isolates, AB248/AB249pmrE and AB299/
AB34TpmrE, recovered consecutively from two intensive-care
units (ICU) patients before and after colistin therapy, were stud-
ied (14). Molecular mechanisms of colistin resistance in each of
these strains have been extensively characterized previously (Ta-
ble 1). The MICs of COL and MD3 were determined by broth
microdilution following CLSI criteria (15). Colistin MICs were
also confirmed by Etest (bioMérieux, France) in the presence of 1
to 4 mgfliter of MD3. The activity of COL in combination with
M3 was assessed in checkerboard assays (16, 17). After 20 h of
incubation, 10-pl volumes of alamarBlue reagent (Thermo-Sci-
entific, USA) were added to all wells to identify those containing
viable bacteria. The fractional inhibitory concentration index
(FIC, 4. ) was calculated as follows: FIC, . = FIC o, + FIC, ;. =
MIC [COL, 5 [/[COL] + MIC [MD3, [/[MD3]. The FIC data
were interpreted as follows: FIC 4. = =0.5, synergy; FIC 0. =
>0.5to 4, no interaction (17). The MD3 compound was obtained
from the Infectious Disease Research Institute of Seattle (USA).
Growth curve analyses were performed using COL and MD3 at
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TABLE 1 Descriptions of bacterial strains and M1Cs of colistin and MD3 alone and in combination®

A. baumannii MIC (mg/liter) Source or
strain Colistin =~ MD3  COLyype MD3gn FIG,ue Diescription reference
ATCC 19606 0.5 32 0.06 2 Synergy A. bausmannii type strain ATCC
ATCC 19606pmrE 64 I 0.5 4 Synergy Isogenic derivative mutant of ATCC 19606; single 7
amino acid substitution (Ala227val) in PmrB
ATCC 19606Alpxd 64 2 16 1 Mo interaction  Isogenic derivative mutant of ATCC 19606; 445-bp 6
deletion at nucleotide 364 within the ipxd gene
and frameshift after H121
ATCC 19606AlpxC 128 2 2] 1 Mo interaction  Isogenic derivative mutant of ATCC 19606; 84-bp 6
deletion within the [pxC gene
ATCC 19606AlpxD 2,056 2 1,028 1 Mo interaction  Isogenic derivative mutant of ATCC 19606; single- &
base deletion at nucleotide 364 of the ipxD gene
and frameshift after K317
ABRIM 0.5 32 0.06 4 Synergy A. baymannii clinical isolate 13
ABRIMpmrE 32 & 0.5 1 Synergy Isogenic derivative mutant of ABRIM; single amino 7
acid substitution (Asn353Tyr} in PmrB
ABI4E 015 64 0.03 1 Synergy A. baymannii clinical isolate 14
ABXM9mnrE 256 32 0.25 & Synergy Isogenic clinical isolate derivative of AB248; single 14
amino acid substitution (Pro233Ser) in PmrB
ABI99 015 64 0.03 4 Synergy A. baymannii clinical isolate 14
ABMTpenrE 64 Ia 0.25 4 Synergy Isogenic clinical isolate derivative of AB299%; single 14

amino acid substitution (Prol 70Leu) in PmrB

A O gy 5, colistin MICs in the presence of MID3; MD3 ., . MD3 MICs in the presence of colisting ATCOC, American Type Culture Collection.

the fixed concentrations that resulted in synergy when COL and
MD3 were combined in checkerboards. A. baumannii cultures
were grown overnight, and 5 * 10° CFU/ml was used to inoculate
100 pl of Mueller-Hinton 11 broth in 96-well plates. Optical den-
sity was monitored using an Epoch-2 Microplate Spectrophoto-
meter for 18 h (BioTek, USA).

Synergy observed in Col” and Col" strains with amino acid
maodifications in PmrB. The MICs of colistin and MD3 for the
studied strains are shown in Table 1. The MICs of colistin were
concordant with those previously published (14, 18). MD3
alone had little activity against any of the A. baumananii strains
tested. However, there was a clear inverse relationship between
susceptibility te MD3 and the MIC of COL, which could have
been due in part to easier transport of MD3 through a modified
outer membrane. All the Col” mutants showed a MD3 MIC
2-fold to 16-fold lower than that seen with the wild-type par-
ents (Table 1).

Clear synergy was seen against the Col* ATCC 19606 parental
strain (FIC  ge, = 0.18), the Col® cdlinical strains (FIC e = 0.13 to
0.24), and all the Col" strains with modifications in pmr8 (includ-
ing both the ATCC 19606pmrE strain [FIC, 4., = 0.26] and the
clinical isolates [FIC 0. = 0.14 to 0.25]). However, no synergy
(interpreted as no interaction) was observed against the Alpx
strains (FIC 4., = 0.75 to 1) (Table 1 and Fig. 1A). In Col” Alpx
mutants, the use of MD3 resulted in a reduction in the MIC of
COL of only 2-fold to 4-fold. This was in contrast to 128-fold
and 1,028-fold reductions at 4 mg/liter and 8 mg/liter of MD?3 for
the ATCC 19606pmrB mutant (from 64 mg/liter to 0.5 and 0.06
mg/fliter, respectively). Similarly, assays performed using the
ABRIMpmrH, AB249pmrB, and AB347pmrB Col clinical strains
showed reductions in the COL MIC from 32 to 0.5 mg/liter, 256 to
0.25 mg/liter, and 64 to 0.25 mg/fliter, respectively {64-fold to 256-
told), with MD3 added at 1 mg/liter. A decrease inthe COL MIC of
B-fold to 16-fold was also observed with the Col” clinical strains.
These results confirm a potent synergistic effect of MD3 in com-
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bination with COL against Col” strains with pmrB gene mutations
promoting phosphoethanolamine modifications but not against
Col" strains with complete loss of the LP'S.

The effects of MD3 and COL on the growth and fitness of
A bawmanni ATCC 19606, ATCC 19606pmrE, and ATCC
19606 AlpxD? are shown in Fig. 1B. When A. bawrnannii ATCC
19606 was grown in the presence of concentrations of COL and
MD3 that were below the MICs of the compounds (0.06 mg/liter
and 2 mg/liter, respectively), the strain was able to grow, although
its fitness was affected. However, when the two compounds were
combined at those concentrations, synergy and complete inhibi-
tion of growth were observed. Similarly, the ATCC 19606pmrB
mutant was able to grow in the presence of 1 mg/liter of COL or 4
mgfliter of MD3 (64-fold below the MIC for COL and 4-fold
below the MIC for MD3) but growth was totally inhibited in the
presence of COL and MD3 in combination. In contrast, in the
case of ATCC 19606AlpxD (COL and MD3 MICs of 2,056 mg/
liter and 2 mg/liter, respectively), no synergistic inhibition of
growth was seen even with COL at 512 mg/liter. Against the
clinical pairs ABRIM/ABRIMpsmrB, AB248/AB249pmrB, and
AB299/AB347pmrB, the combination of the two compounds at
subinhibitory concentrations inhibited growth, while with the
AlpxA and AlpxC Col” mutants, the growth was not affected, as
seen with the AlpxD) mutant (data not shown). These assays con-
firmed the results obtained using the checkerboard method.

This study confirmed that combining MD3 and COL increases
the susceptibility of Col* A. bawmannii sirains, as previously re-
ported (11). Moreover, we have demonstrated that there is also a
significant synergistic effect against Col” isolates that is dependent
on the mechanism of colistin resistance. In Col® A, baumannii
strains harboring phosphoethanolamine modifications in lipid A,
potent synergy between MD3 and COL was observed, but no in-
teraction was seen when colistin resistance was mediated by lipid
A deficiency. We also observed that the acquisition of colistin
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FIG 1 Assessment of synergy. (A) Checkerboard assays using colistin and MD3 performed on cultures of ATCC 19606, ATCC 19606pmrB, and ATCC 19606AlpxD A.

baumannii strains. Pink wells indicate growth. Blue wells indicate growth

inhibition. (B) Growth curves of the same strains in the absence of antimicrobials (black line)

and in the presence of colistin at their MIC (black dotted line), of MD3 at their MIC (black dashed line), of colistin at their COLy s MIC (blue dashed line), of MD3 at
their MD3 ., MIC (green dotted line), and of colistin and MD3 at the COLyp,s andMD3,, MICs (blue line). COLy g4, MICs of colistin in the presence of MD3;
MD3 ¢, MICs of MD3 in the presence of colistin. Because of the different methodologies used in the two assays, for the growth curve assays, strains ATCC 19606 and
ATCC 19606pmrB were grown in 1 mg/liter of colistin instead 0.5 mg/liter as MIC controls. Independent assays were performed at least three times.

resistance in A. baumannii by means of a loss of LPS paradoxically
increases the susceptibility to MD3.

In most published reports from studies of Col' A. baumannii
clinical isolates, resistance has been found to be mediated by mod-
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ifications of the pmrAB genes (14, 19-22), as in those included in
this study. Although clinical isolates with loss of LPS have been
described (6, 23), complete loss of LPS promotes drastic changes
in bacterial cellular architecture and significant loss of fitness (24),
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whereas colistin resistance due to lipid A modifications leads a low
or null fitness cost in the presence of antimicrobial selective pres-
sure (18, 25). The relevant fitness burdens may affect the ability of
Col" A. baumansii to persist and spread in the clinical environ-
ment; therefore, it is most likely that Col® clinical isolates of A.
Dammannii carry mutations in pmrAB genes rather than in fpx
genes.

Colistin resistance due to phosphoethanolamine modifica-
tion mediated by a plasmid-encoded enzyme, MCR-1, has re-
cently been described in Enterobacteriaceae (26). This highlights
the need for compounds, alone or in combination, able to tar-
get Col” bacteria. We conclude that the MD3 compound could
be used in the future for development of therapy against infec-
tions caused by Col" A. baumannii and other MDR Gram-neg-
ative pathogens.
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Acinetobacter baumannii ha evolucionado como un patdégeno hospitalario de gran
relevancia por su capacidad para resistir la desecacion, los desinfectantes y los
principales agentes antimicrobianos [48]. El aumento de las tasas de resistencia es un
problema sanitario y econdmico a nivel global, no sélo por la morbilidad y mortalidad

gue produce, sino también por los costes que acarrea.

Ante estas circunstancias, la necesidad de nuevas opciones terapéuticas para el
tratamiento de las infecciones por patdégenos multirresistentes es indiscutible. Dado
que el descubrimiento y la aparicién de resistencias a los nuevos antimicrobianos son
casi simultaneos, es necesario el desarrollo de farmacos con nuevos mecanismos de
acciéon que superen los actuales mecanismos de resistencia y, por lo tanto, la busqueda
de nuevas dianas terapéuticas [48]. Esta Tesis Doctoral se centra en el estudio de
nuevas dianas terapéuticas y en la evaluacion de nuevos compuestos antimicrobianos,

gue podrian sentar las bases de las terapias antibioticas futuras.

En este trabajo nos apoyamos en la transcriptomica para la seleccion de genes
candidatos de A. baumannii como dianas terapéuticas potenciales. En el afio 2017
Murray y col. realizaron el primer analisis transcriptémico de la cepa A. baumannii
ATCC 17978 in vivo, en un modelo de bacteriemia. En esta Tesis Doctoral se
determinaron los perfiles de expresién génica de este patéogeno en un modelo de
neumonia murina y se compararon frente a la cepa cultivada en matraz, esta ultima
utilizada como control. En este modelo in vivo, A. baumannii mostré unos perfiles de
expresion génica muy especificos, donde 144 genes presentaron alterada su expresion
en la infeccién pulmonar con respecto a la cepa cultivada en matraz. Algunos de estos
genes son A1S 0242 (feoA), A1S_0781 (mtnN) A1S_1657 (N-acetiltransferasa de
biosintesis de sideréforo 1), A1S_2247 (yfgC), A1S_2390 (basB), A1S_3245 (hisF),
A1S 3410 (oatA) y A1S_1668 (lpxB). Tras estudiar la bibliografia de todos aquellos
genes que resultaron con una expresiéon incrementada en el transcriptoma durante la
infeccidn in vivo, se escogieron 21 genes en los que se encontro cierta implicacion en la
virulencia en cualquier especie bacteriana. Se delecionaron cada uno de éstos por

recombinacién homdloga, realizando asi 21 derivados isogénicos de la cepa ATCC
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17978, con la finalidad de evaluar su funcién y su implicacién en la patogénesis de A.

baumannii.

Algunos de estos genes o bien ya han sido estudiados en profundidad por nuestro
grupo, o a dia de hoy todavia se estan estudiando, como es el caso de A1S_0242 (feoA)
[19] y de A1S_ 2390 (basB). El gen A1S_0242 (feoA) pertenece al sistema feoABC, que
se propone como el principal sistema de transporte de hierro ferroso conocido en
procariotas. Nuestro grupo demostré que la inactivaciéon del gen feoA juega un papel
importante en fitness, adherencia a células eucariotas, formacién de biofiim y
virulencia [19]. Por otra parte, el gen A1S_2390 (basB) codifica una proteina implicada
en la biosintesis de acinetobactina. Esta ultima ha sido descrita como el sideré6foro mas
relevante de A. baumannii [139,140]. El secuestro de hierro por parte de la
acinetobactina es imprescindible para el establecimiento de la infeccidén bacteriana vy el

dafio celular [139].

Otro gen implicado en la absorcién del hierro por parte de la bacteria y cuya expresion
se vio incrementada durante el modelo de neumonia murina es el gen A1S_1657. Este
gen codifica una supuesta proteina de membrana, la N-acetiltransferasa, implicada en
la biosintesis del sideréforo férrico y en el reconocimiento del mismo [141]. El gen
A1S_ 1657 se estudié en profundidad en el primer capitulo de esta Tesis Doctoral. Se
demostré que la inactivacién de este gen causd una pérdida significativa de virulencia
en neumonia, produccion de biofilm, adherencia a células eucariotas y fitness en

ausencia de hierro.

Cabe destacar que los genes pertenecientes a los clusteres de la acinetobactina (del
gen A1S 2372 al A1S_2390) y del sideréforo férrico (del gen A1S_1647 al A1S_1657)
también vieron incrementada su expresion en el analisis transcriptémico realizado por
Murray y col. Esto sugiere la importancia de la captacidn de hierro en el éxito de una

infeccidn producida por este patégeno nosocomial [84].

Ademads de los genes citados anteriormente, en el primer capitulo de esta Tesis
Doctoral se realizé una evaluacién de los genes A1S_0781 (mtnN), A1S_2247 (yfgC) y
A1S 3410 (oatA) y su implicacidn en la virulencia de A. baumannii. Las cepas mutantes

de todos ellos mostraron una disminucidn significativa de la virulencia en el modelo de
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neumonia murina. Por su parte, el gen A1S_0781 (mtnN) juega un papel crucial en el
mantenimiento de la homeostasis bacteriana y esta directamente involucrado en la
biosintesis de autoinductores del quorum sensing, como por ejemplo, Al-1y Al-2 [142].
La inhibicion de este enzima produce el bloqueo en la produccién de ambos
autoinductores y, por lo tanto, interrumpe la deteccion del quorum sensing [143]. Esto
explicaria que la cepa mutante en mtnN mostré una disminucion en la produccion de

biofilm, probablemente, debido a la inhibicién del quorum sensing.

El gen A1S_2247 (yfgC, renombrado bepA) codifica para una metaloproteasa
peripldasmica. Esta proteina es responsable del mantenimiento de la integridad de la
membrana externa en E. coli [144,145]. La inactivacion de bepA en E. coli resultd en
una mayor sensibilidad a diferentes antimicrobianos [146]. Nuestra cepa mutante
A2247 presentd mayor susceptibilidad a cefalosporinas; sin embargo, mantuvo intacta
la sensibilidad a otras familias de antimicrobianos. Este incremento en la sensibilidad a
cefalosporinas puede estar relacionado con dificultades de acceso de la B-lactamasa
cromosdmica a los antimicrobianos, o debido a funciones de barrera comprometidas

de la membrana externa [144].

A su vez, el gen A1S_3410 (oatA) codifica para una aciltransferasa y, posiblemente, se
encuentre implicado en la O-acetilacién del peptidoglicano de la pared celular. Este es
el principal factor de virulencia identificado en muchas bacterias, tanto Gram positivas
como Gram negativas. El peptidoglicano es la diana de enzimas liticas, como la
lisozima, que son producidas por huéspedes eucariotas como primera linea de defensa
contra patégenos bacterianos. La O-acetilacion del peptidoglicano conduce a la
resistencia a la lisozima. En este estudio, la cepa mutante A3410, ademas de disminuir
la capacidad de infeccidon en el modelo de neumonia murina, mostré una pérdida de

produccién de biofilm.

Los genes A1S_3245 (hisF) y A1S_1668 (IpxB) de A. baumannii se estudiaron en mayor
profundidad dedicandole un capitulo de esta Tesis Doctoral a cada uno de ellos. En
estos genes, al igual que los comentados anteriormente, su expresidn se vio
incrementada durante la infeccién por neumonia, tanto en la cepa tipo ATCC 17978
como en el aislamiento clinico AbH120-A2. En el caso de la cepa mutante AhisF fue

sorprendente la disminucion de la virulencia en el modelo de neumonia murina,
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resultando casi inocua. Esto nos llevé a profundizar mas en las funciones del gen hisF.

Este estudio se recoge en el segundo capitulo.

Por otra parte, los intentos frustrados de conseguir una cepa mutante delecionando el
gen A1S_1668 (/pxB) resultan en utilizar una tecnologia novedosa para inactivar
guimicamente al gen y asi estudiar su implicacién en la virulencia de A. baumannii.
Esta nueva tecnologia son los oligdmeros antisentido, muy utilizados en el campo de la
Oncologia y en distrofias musculares, pero muy poco explorados en el area

microbioldgica. Este trabajo constituye el tercer capitulo de esta Tesis Doctoral.

En el segundo capitulo de esta Tesis Doctoral estudiamos en profundidad el gen hisF
de A. baumannii. Este gen esta implicado en la biosintesis de purinas y de la histidina.
Esta ruta es compleja e incluye 9 genes [147], de los cuales, el gen hisF vio
incrementada su expresion durante la neumonia. HisF junto con HisH producen ImGP y
AICAR. El ImGP se utiliza en la biosintesis de la histidina; mientras que AICAR se utiliza
en la sintesis de novo de purinas y activacion de AMPK [148,149]. Se ha demostrado
qgue AICAR también puede inhibir la produccion de citoquinas proinflamatorias
inducida por lipopolisacaridos, regulando asi el proceso inflamatorio [126,127]. Se ha
demostrado que AICAR inactiva el ARNm, inhibiendo asi la expresién de las citoquinas
proinflamatorias IL-6 y el factor de necrosis tumoral-alpha (TNF-a). En cuanto a las

citoquinas antiinflamatorias, seria inactivada en mayor medida la IL-10 [150].

Como se ha comentado anteriormente, se construyd una cepa mutante isogénica que
carece de dicho gen (AhisF) derivada de la cepa ATCC 17978. Esta cepa mutante

mostré una clara disminucién de la virulencia en una infeccién pulmonar en ratones.

Ademas, se realizaron otros ensayos in vivo, un modelo de sepsis murina y en G.
mellonella; pero no se observaron diferencias entre la virulencia de la cepa mutante
AhisF y la cepa parenteral. Del mismo modo, se realizaron numerosos ensayos in vitro
para estudiar la implicacidn del gen hisF en la virulencia de A. baumannii. Sin embargo,
tampoco se observd ningun otro parametro afectado por la delecién del gen medido in
vitro; probablemente, debido a su implicacion en la respuesta inmune del huésped in

vivo.
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Durante las fases iniciales de una infeccién por neumonia, los macrofagos alveolares
producen una variedad de citoquinas proinflamatorias, implicadas en la respuesta
inmune inespecifica, cuya funcién es atraer y activar a los leucocitos
polimorfonucleares, necesarios para la defensa y la eliminacion local de patdgenos
[151]. Por lo tanto, realizamos una serie de inmunoensayos para determinar y
comparar la produccién de citoquinas proinflamatorias durante una infeccidon con la
cepa parental y con la cepa mutante AhisF. Las citoquinas proinflamatorias que
dependen de la inactivacion de AICAR son la IL-6 y TNF-a [150], por lo que medimos los

niveles de éstas en los diferentes ensayos mediante la técnica ELISA.

Los inmunoensayos, tanto in vitro (infectando macréfagos RAW 264.7) como in vivo
(mediante el modelo de neumonia murina), demostraron una mayor produccién de IL-
6 cuando originaba la infeccidn la cepa mutante AhisF que cuando la originaba la cepa
parenteral. Sin embargo, no observamos diferencias significativas en los niveles de

TNF-a entre ambas cepas.

El TNF-a es producido principalmente por células natural killer, implicadas en la
respuesta inmune adaptativa celular, encargada de la eliminacién de patdgenos
intracelulares como son virus y hongos. Esto explicaria la inexistencia de diferencias
significativas en los niveles de TNF-a en los ensayos realizados con la cepa ATCC 17978

y su derivado isogénico AhisF [152,153].

La IL-6, producida principalmente por macréfagos, favorece la diferenciacion de
linfocitos B a células plasmaticas productoras de anticuerpos en los foliculos
secundarios de los ganglios linfaticos. Es decir, la IL-6 media en la respuesta inmune
adaptativa humoral, implicada sobre todo en la eliminacién de patdgenos
extracelulares, como son las bacterias. Ademas, la IgM secretada en esta respuesta
primaria activa con gran potencia la via clasica del sistema de complemento,
liberdndose factores de complemento que actian como quimiotacticos, favoreciendo
el reclutamiento de macréfagos, y como opsoninas, facilitando la fagocitosis [152,153].
Esta teoria también explicaria el mayor porcentaje de fagocitosis observado en los
macrofagos infectados con la cepa AhisF frente al observado en la infeccidn por la cepa

salvaje.
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Por otra parte, seria interesante comprobar si aquellos ratones supervivientes tras la
infeccidon con la cepa mutante desarrollaron linfocitos B de memoria que protegiesen
al ratdn en una segunda infeccion por A. baumannii. De este modo, la delecidn del gen
hisF seria una forma de atenuar a la cepa con fines preventivos, como es el desarrollo

de una vacuna.

Los datos obtenidos en este estudio sugieren que la conversidon PRFAR, por la proteina
heterodimérica HisH/HisF, en ImGP y AICAR, juega un papel clave en la infeccion
pulmonar causada por A. baumannii. Por lo tanto, HisF es un buen candidato para el

desarrollo de farmacos.

En el tercer capitulo de esta Tesis Doctoral se utilizd la tecnologia antisentido para
inactivar al gen A1S_1668 (IpxB), una glicosiltransferasa implicada en la sintesis del
lipido A. Esta tecnologia se basa en la inhibicion de la traduccidn, uniéndose estas
moléculas al ARNm. Empleamos esta metodologia debido a los numerosos intentos
fallidos de construir una cepa mutante por la delecién del gen /pxB; lo que sugiere la
participacién de este gen en pasos metabdlicos clave para la supervivencia bacteriana.
Otros grupos y el nuestro han descrito previamente la relevancia de los genes /px
(IpxA, IpxCy IpxD) en el mantenimiento estructural del LPS, en fitness y en la virulencia
de A. baumannii [71,154,155]. En el transcriptoma realizado por Murray y col., el gen
IpxC (A1S_3330) vio incrementada su expresion 3,8 veces durante la bacteriemia. El
LPS es uno de los principales factores de virulencia de A. baumannii. Por lo tanto,
resulta interesante estudiar los genes lpx por ser genes de sintesis del lipido A, uno de
los principales componentes del LPS [84]. En este capitulo hemos estudiado en
profundidad LpxB como una nueva diana bacteriana y la utilizamos para el desarrollo

de nuevas estrategias antimicrobianas.

En este trabajo hemos seleccionado los oligdmeros antisentido PNAs para el desarrollo
de compuestos antimicrobianos. Estos se disefiaron a partir de la secuencia
nucleotidica de los genes de estudio, en este caso los genes IpxB, murA e hisF, y se les
conjugé covalentemente el péptido (KFF)sK, para facilitar su liberacién intracelular.

Esta unién del péptido al PNA afecta negativamente a la bacteria debido a la
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desorganizacion de su membrana externa [125]. Estos péptidos no mostraron
toxicidad en ensayos con animales y el péptido (KFF)3K no fue téxico para las células

eucariotas hasta concentraciones superiores a 64uM [156].

En todos los ensayos realizados in vitro, el pPNA anti-lpxB mostré mayor actividad
antimicrobiana que el pPNA anti-murA frente a A. baumannii. MurA es la diana de la
fosfomicina, por lo tanto, es muy probable que el pPNA anti-murA sea eficaz frente a
otras especies. Del mismo modo, el gen IpxB se encuentra altamente conservado
[135]; por lo que con toda probabilidad la actividad antimicrobiana mostrada del pPNA

anti-lpxB frente a A. baumannii también se mantenga en otras especies bacterianas.

El gen hisF esta implicado en la respuesta inmune del hospedador, pero no es esencial
para la supervivencia de la bacteria, salvo en unas condiciones muy limitadas. Por esta
razon se utilizé el pPNA anti-hisF como control negativo interno. No obstante, es
probable que este PNA presente actividad antimicrobiana en un modelo de neumonia

murina.

La tecnologia antisentido resulté6 en una estrategia eficaz frente a infecciones
bacterianas, tal como pudimos observar en ensayos in vitro e in vivo. Por lo tanto, es
probable que se pudiesen disefiar PNAs para la mayoria de las posibles dianas
comentadas a lo largo de esta Tesis Doctoral. Una de estas dianas interesantes es el
gen feoA (A1S_0242), el cual, participa en el sistema de captacién de hierro Feo. El
éxito de una infeccidon pulmonar depende parcialmente de la capacidad de la bacteria
para adquirir el hierro disponible en el medio. El sistema Feo capta el Fe?*, muy
abundante en condiciones anaerobias. En cambio, el Fe3* es captado por moléculas
quelantes, como el citrato, y reducido a Fe?* antes del transporte al citosol a través del
sistema Feo. A. baumannii presenta sideréforos basados en el citrato, por ejemplo, la
acinetobactina. Nuestro grupo ha demostrado que la delecidn del gen feoA inhibid la
captacién de hierro, provocando una disminucidn en fitness, adhesién a células
eucariotas y produccion de biofilm. También se observd una disminuciéon de la
virulencia en un modelo de neumonia murina y en G. mellonella, al inactivar este gen

[19].
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Otra estrategia interesante seria inhibir el gen basB (A1S_2390) implicado en el ultimo
paso de la sintesis de la acinetobactina, el principal sideréforo de A. baumannii y
responsable de la captacion del Fe3* disponible en el medio. La inactivacion del gen
basB produce una disminucién importante de la virulencia de A. baumannii en ensayos
in vivo. Tanto un pPNA anti-feoA como un pPNA anti-basB presentarian posiblemente
actividad antimicrobiana frente a A. baumannii, tanto en ensayos in vitro como in vivo.
Del mismo modo, serian eficaces frente a otras especies bacterianas, ya que estos

sistemas de captacidn de hierro se han descrito en otras especies.

Sin embargo, el gen A1S_1657 también relacionado con la sintesis de siderdéforos en A.
baumannii, no seria una diana 6ptima para el disefio de PNAs debido a que su funcién
podria ser complementada por otros sideréforos. La especie A. baylyi carece de los
genes analogos a A1S 1656 y A1S_1657; sin embargo, presenta una aciltransferasa
entre los genes andlogos a A1S 1654 y A1S 1655. Es decir, el cluster de este
siderdforo se encuentra en la misma posicidon en todas las cepas de A. baumannii, pero
en A. baylyi presenta una reorganizacion genética [141], por lo que no seria probable

gue un pPNA dirigido a esta diana fuese eficaz frente a otras especies bacterianas.

Por otra parte, el aumento de las tasas de resistencias a antibidticos y las pocas
alternativas terapéuticas conllevan a la reintroduccién de antibiéticos en desuso en la
practica clinica. Este es el caso de la colistina, un antibidtico recuperado como ultima
opcion terapéutica en el tratamiento de patédgenos multirresistentes. Este agente
antimicrobiano presenta una toxicidad elevada, por lo tanto, cuanto menor sea la dosis
administrada, se producirdn menores reacciones adversas. Es importante poder
rescatar la colistina en el tratamiento de cepas resistentes a colistina, por lo que el
disefio de compuestos que presenten efectos sinérgicos con la colistina u otros

antibidticos es de vital importancia.

En esta Tesis Doctoral hemos evaluado la actividad sinérgica entre la colistina y el
pPNA anti-/pxB. Hemos escogido la colistina por su accién sobre la membrana externa,
la cual, proporciona la primera linea de defensa de la bacteria frente a la penetracidn
de agentes antimicrobianos [157]. No obstante, ésta se ve deformada por accién de la
colistina debido la formacidn de poros, que permiten el paso de diferentes moléculas

al interior celular procariota, entre las cuales, se incluyen los PNAs [158].
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Los ensayos de checkerboard realizados confirmaron esta sinergia en las cepas
sensibles a la colistina. Sin embargo, aunque las concentraciones minimas inhibitorias
(CMIs) disminuyeron para ambos compuestos utilizados en monoterapia, no se
observé ninguna sinergia en las cepas de A. baumannii resistentes a la colistina. Aqui
sugerimos que el lipido A modificado de estas cepas resistentes a la colistina podria
prevenir el aumento de la permeabilidad de la membrana externa. Los ensayos de
virulencia en G. mellonella confirmaron el efecto protector del pPNA anti-/pxB frente a
la infeccidn causada por A. baumannii y la sinergia de éste con colistina. Los resultados
in vitro e in vivo obtenidos mostraron que la combinacion de colistina y PNAs es una

estrategia exitosa para aumentar la capacidad de penetracion de éstos ultimos.

Del mismo modo, en el cuarto capitulo de esta Tesis Doctoral, evaluamos otro
compuesto con propiedades antimicrobianas y su sinergia con la colistina, el MD3. El
MD3 es una B-aminocetona inhibidora de las proteasas del péptido sefial de tipo |
(SPasa 1). El péptido sefial dirige a la proteina madura hacia el citoplasma. Una vez que
se produce la traslocacion, la SPasa escinde el péptido sefial del resto de la proteina,
finalizando asi la maduracién de las mismas. En el analisis transcriptémico in vivo de A.
baumannii, se encontraron dos genes que codifican para SPasas, A1S 0019 vy
A1S _2608. El gen A1S_0019 codifica para una SPasa de tipo Il y el gen A1S_2608, para
una SppA que es una SPasa perteneciente a la familia S49, de tipo | [159]. En ambos
casos, su expresidn no se vio alterada durante el curso de la infecciéon por neumonia, al
igual que en el analisis transcriptdmico en bacteriemia. A pesar de que su expresion se
mantenga sin alteraciones durante los procesos infecciosos, las SPasas son unas
buenas dianas terapéuticas. Su mecanismo consiste en inhibir la maduraciéon de
proteinas, que pueden ser esenciales o no para la supervivencia bacteriana; por otra
parte, se produce una acumulacién proteica importante en el interior celular que
puede provocar la apoptosis. No obstante, hay que tener en cuenta que las células
eucariotas también presentan SPasas, por lo que se debe dirigir muy bien el

compuesto hacia los enzimas bacterianos para evitar problemas de toxicidad.

La colistina permeabiliza la membrana externa, por lo que facilita la entrada del MD3

al interior celular procariota. En este trabajo la combinacién de MD3 y colistina fue
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evaluada frente a cepas de A. baumannii sensibles y resistentes a colistina. Las cepas
resistentes a colistina presentaban mutaciones en los genes Ipx (genes implicados en la
biosintesis del LPS) o cepas con modificaciones del lipido A (mutaciones en pmrB). El
MD3 en monoterapia presenta poca actividad frente a las cepas de A. baumannii
utilizadas en este trabajo. Sin embargo, existe una clara relacidn inversa entre la
sensibilidad al MD3 y la CMI a colistina, que se debe en parte a un transporte facilitado
del MD3 a través de una membrana externa modificada. Todas las cepas mutantes
resistentes a colistina mostraron una CMI al MD3 inferior a la CMI observada en la

cepa tipo.

La sinergia se determing, al igual que en el capitulo anterior, mediante ensayos de
checkerboard. La combinacion colistina y MD3 presentd una clara sinergia frente a las
cepas sensibles a colistina, tanto clinicas como tipo, y frente a todas las cepas
resistentes a colistina con modificaciones en pmrB. Sin embargo, no se observaron
efectos sinérgicos en las cepas deficitarias de /px. Se realizaron curvas de crecimiento

gue confirmaron estos efectos sinérgicos y el dafio que producian en fitness.

En esta Tesis Doctoral realizamos los estudios de sinergia entre la colistina y ambas
moléculas, PNAs y MD3. No obstante, podria presentar sinergia con otros antibidticos
en funcién de su mecanismo de accidn. Los PNAs inhiben la traduccidn de una proteina
determinada y el MD3, el proceso de traslocacién y maduracion de aquellas proteinas
que tienen que ser dirigidas al periplasma por un péptido sefial. Por lo tanto, cabe
esperar que cualquier antibiético que afecte a la sintesis de proteinas y actlie a nivel
de los ribosomas como es el caso de la tigeciclina y amikacina, antibidticos de rutina en
la practica clinica para el tratamiento de infecciones originadas por A. baumannii,
presentard sinergia con estos compuestos. Por otra parte, cabe destacar, por ejemplo,
la cepa mutante A2247 aumentd la sensibilidad de cefalosporinas en comparacion con
la cepa salvaje, por lo que es probable que un pPNA anti-yfgC (A1S_2247) presente

efectos sinérgicos con éstas.

En conclusién, el analisis transcriptdomico in vivo de A. baumannii nos dio una visién

general de todos aquellos procesos bioldgicos que transcurren durante la infeccién en
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pulmén. Del mismo modo, nos permitid conocer aquellos genes que presentaron
alterada su expresion. El estudio exhaustivo de los mismos nos sugiere cuadles serian

los mejores candidatos para el desarrollo de nuevas estrategias antimicrobianas.

De los genes con un incremento en su expresion en el transcriptoma de la infeccion
por neumonia, se profundizd en mayor medida en los genes hisF y IpxB de A.
baumannii. En el caso del gen hisF esta implicado en un aumento de la persistencia de
la bacteria en pulmdn y en la respuesta inflamatoria aguda. El gen IpxB es esencial para
la supervivencia de la bacteria y se encuentra altamente conservado en otras especies
bacterianas. Estas propiedades intrinsecas de estos genes, los convierte en dianas

farmacolégicas idoneas para el disefo de nuevos farmacos.

En esta Tesis Doctoral, demostramos la eficacia de la tecnologia antisentido en el
tratamiento de infecciones originadas por A. baumannii. Se utilizaron PNAs con la
secuencia especifica del gen IpxB, confirmando asi su potencial como diana
terapéutica. También evaluamos las posibles sinergias entre la colistina y nuevos
compuestos antimicrobianos para reducir su toxicidad y mejorar asi su utilidad.
Demostramos la eficacia de la sinergia entre el pPNA anti-lpxB y la colistina, tanto en
ensayos in vitro como en ensayos in vivo. Por otra parte, confirmamos la actividad

antimicrobiana y la sinergia con colistina del MD3, un inhibidor de SPasas I.

En definitiva, se han localizado nuevos genes esenciales para la infeccién en pulmén
originada por A. baumannii, que pueden ser considerados dianas terapéuticas
potenciales. También se han evaluado con éxito nuevas alternativas terapéuticas

frente a este patdgeno multirresistente.
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V. CONCLUSIONES
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Estudio global del transcriptoma de Acinetobacter baumannii durante el

desarrollo de neumonia murina.

Las cepas de A. baumannii ATCC 17978 y AbH120-A2 presentaron una expresion

génica diferencial durante el curso de la infeccién por neumonia.

Aproximadamente un 5% de los genes analizados en el estudio transcriptdmico
experimentaron un incremento en su expresion en el modelo de neumonia murina,

siendo alguno de ellos posibles candidatos a nuevas dianas terapéuticas.

Implicacion de HisF en la persistencia en pulmén de Acinetobacter

baumannii durante una infeccion por neumonia.

El gen hisF de A. baumannii esta implicado en la inhibicién del reclutamiento de células
del sistema inmune de la respuesta innata y en la produccion de la citoquina
proinflamatoria IL-6. Este gen codifica una proteina esencial en el desarrollo de la

infeccién pulmonar.

Inhibicion del gen IpxB de Acinetobacter baumannii por conjugados

péptido-PNA y evaluacion de un efecto sinérgico con colistina.

El enzima LpxB, esencial para la supervivencia de A. baumannii, puede considerarse

una diana interesante para el disefio de nuevas terapias antimicrobianas.

El pPNA anti-lpxB, que inhibe la expresién del enzima LpxB, presentd actividad
antimicrobiana en modelos in vitro e in vivo, y podria ser evaluada como una nueva

alternativa terapéutica, combinado a colistina o en monoterapia.
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La sinergia entre la colistina y el inhibidor de la peptidasa de
senalizacién de tipo | MD3 es dependiente del mecanismo de resistencia a colistina

en Acinetobacter baumannii.

El compuesto MD3 presenté actividad antimicrobiana y sinergia con colistina frente a
A. baumannii. Podria utilizarse en el desarrollo de terapias contra infecciones causadas

por este patégeno, incluyendo aquellas cepas resistentes a colistina.
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Objectives: Carbapenemases are the most important mechanism respensible for carbapenem resistance in
Enterobacterioceae. Among carbapenemases, OXA-48 presents unique challenges as it is resistant to B-lactarn
inhibitors. Here, we test the capacity of the compound LM-1-255, a 6-alkylidene-2'-substituted penicillanic acid
sulfone, to inhibit the activity of the carbapenemase OXA-48.

Methods: The OXA-48 gene was cloned and expressed in Klebsiello pneumoniae and Escherichia coli in order to
obtain MICs in the presence of inhibitors (clavulanic acid, tazobactarm and sulbactam) and LN-1-255. OXA-48 was
purified and steady-state kinetics was performed with LN-1-255 and tazobactam. The covalent binding mode of
LM-1-255 with OXA-48 was studied by docking assays.

Results: Both OXA-48-producing dinical and transfarmant strains displayed increased susceptibility to carbapenem
antibiotics in the presence of 4 mg/L LN-1-255 (2-32-fold increased susceptibility) and 16 ma/L Lh-1-255 (4- 64~
fold increased susceptibility). Kinetic assays demonstrated that LN-1-255 is able to inhibit OXA-48 with an acylation
efficiency (kz/K) of 104+ 1x10° M™' s and a slow deacylation rate (kyy) of 7+ 1107 s71 1Cso was 3 nM for LN-
1-255 and 1.5 pM for tazoboctam. Lastly, k. qfkinae was 500-fold lower for LN-1-255 than for tazobactam.

Conclusions: In these studies, carbapenem antibiotics used in combination with LN-1-255 are effective against the
carbapenemase OXA-48, an important emerging mechanism of antibiotic resistance. This provides an incentive for
further investigations to maximize the efficacy of penicillin sulfone inhibition of class D plasmid-carried
Enterobacteriaceae carbapenemases.

the ESBLs and the chromosomal and plasmid-mediated cepha-
losporinases (AmpCs).? Although carbapenem antibiotics
remained active against B-lactamase-expressing bacteria,
in recent years there has been an increase in the number of

Introduction

Antimicrobial resistance rates of bacterial pathogens have steadily
increased in recent years and are now considered a world health

crisis by major international agencies.® Enterchacteriacece are a
bacterial family in which significantly increased rates of resistance
have been observed. The main resistance mechanism—as for
Gram-negative bacteria in general—is p-lactamase-mediated
hydrelysis of antimicrobial compounds.? The prevalence and
plasmid-mediated dissemination of B-lactamase genes are
important clinical challenges. Until the first decade of the
21st century, the more clinically relevant B-lactormases were

B-lactarmases able to hydrolyse carbapenems. Of these enzymes,
denoted ‘carbopenemases’, a growing group of OXA enzymes—
the class D B-lactamases—is especially problematic.*®
These carbapenemases are mostly observed in Acinetobacter
baumannii,*® but the frequency of OXA-48 expression is increas-
ing in Enterabacterioceae,” largely in Klebsiella pneumeoniae, and
in Escherichia coli, Enterobacter cloacae, Citrobacter freundii and
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Currently, an important epidermiolegical change is oceurring, a
rapid increase in the number of isolates of carbapenemase-producing
Enterobacteriaceas, mainly K. preurmoniae. ** Thus, numerous hos-
pital outbreaks of OXA-48-carrying Enterobacteriaceae have been
reported worldwide®' ™'% and the rising numbers of clinical isolates
reported show OXA-48 as the most freauenuy detected carbapene-
mase in France, Belgium and Malta.'*'® The rapid increase of such
carbapenem-resistant isclates is facilitated by two main methods
of dissemination: (i) horizental transfer of plasmids encodin
OXA-48; and (i) vertical dissemnination of successful clanes.’™!
The blaga-.e-like genes are encoded in transposon Tn1999, carried
on IncL/M-type plasmids which are brood-host-range, self-conjuga-
tive and possess a high conjugation rate.'® Along with KPC- and
MNDM-type carbapenemases, OXA-48 represents a major obstacle
in the preservation of carbapenemn efficacy ogainst serious bacterial
infections in Enterobacterioceae.

Currently, few novel options for treatment of such MDR bacterial
strains exist. One of the more promising avenues is the combination
of B-lactam antibiaties with B-lactamase inhibitors, but currently
commercial inhibitors are not effective against class O carbapene-
mases. Unlike class A enzymes, class D carbapenemases are not
inhibited by B-loctarmase infubitors such as clavulanic acid, sulbac-
tam or tazebactam.? Bacteria harbouring and expressing these
class D p-lactamases are resistant to most antibiotics with few
exceptions (e.g. tigecycline and colistin), although resistance
rates to these antimicrobials are also increasing.*®~*? Considering
that carbapenems are the main drug of choice to treat multiresis-
tant hospital-acquired infections, the development of efficient inhi-
bitars of OXA-48 enzymes is urgentl{ needed in order to maintain
the efficacy of B-lactarn antibiatics *** Avibactarm has generoted
great interest among the medical community and has very recently
been approved by the FDA for treating complicated infections
coused by antibiotic-resistant pathogens ** Aviboctam dermon-
strates activity against OXA-48 but not against the class D earbape-
nermases of A. baumannii, such as OXA-23 or OXA-24/40, which are
mainly responsible for carbapenem resistance in this MDR patho-
gen.?*8 Buynak®” has designed several B-lactomase inhibitors,
of which the compound LN-1-255 represents a promising candi-
date in the quest for new OXA B-lactamase inhibitors. The design
and synthesis of this E-nllglidene—z’-substituted penicillin sulfone
was previously reported.”® LN-1-255 demonstrated efficacy to
inhibit the class D carbapenemase OXA-24/40 of A. baumannii
(implicating the hydrophobic barrier established through an
arrangerment of the Tyr-112 and Met-223 amino acids). This barrier
is not present in the OXA-48 enzyme, similarly to OXA-10, another
class D p-lactarmase that lacks carbapenern hydrolytic activity. 2530
LM-1-255is also able to inhibit class A B-lactamases, such as SHY-1
and SHY-2*! However, the potential of LN-1-255 as an inhibitor of
Enterobacterioceae-derived class D carbopenemases has not yet
been evaluated. Here, we analyse the ability of LN-1-255 to inhibit
OxA-48 carbapenemase, similarly to what happens with the
OXA-24/40 carbapenemase. Also, we study the synergy of this
inhibitor with carbapenems against clinical isolates of K. pneumo-
nioe and transformants of E. coli and K. pneumoniae.

Materials and methods

Bacterial strains, culture medium and plasmids

For microbiological studies, the blog,, ., gene was amplified from a clinical
strain of K. pneumaoniae derived from an outbreak in our hospital (A Corufio

Hospital, Spain), which beganin 2013 and continues until today, affecting
=160 patients. Epidemiolegical studies using PFGE and MLST demanstrate
that the outbreak resulted from the dissemination of a single clone of sero-
type 5T-15_ All carbapenem-resistant strains involved in the outbreak har-
bour the same conjugative plasmid, which carries the OXA-48 and
CTX-M-15 genes integrated in the composite transposon Tni955.2 %
The strains utilized to transform the genetic constructs to study the
MICs were obtained during previous studies and have porin deficits:
E. coli 153 AempC/F lacks porins OmpC and OmpF** and K. preumoniae
AompK35/36 lacks porins Ompk35 and OmpK36.% These strains were
chosen in order to increase the genetic background of resistance upon
transforrnation. All strains were cultured in LB medium at 37°C and stored
at —80"C until analysis in LB medium containing 15% glycerol. When
necessary, the LB medium was supplemented with ampicillin andfor
kanarmycin (Sigma=Genosys, LK)

Susceptibility testing of antibiotics and inhibitors

OXA-48 was amplified from genomic DMA using the Expand High Fidelity
PCR Systern {(Roche, Basel, Switzerland) and a primer pair containing rec-
ognition sites for the restriction enzymes BamHI (5-AMAGGATCCATGCG
TGTATTAGCCTTAT-3") and EcoRI (5"-AAAGAATTCCTAGGGAATAATTTTTTCCT
GTTT-3). The amplified DMA fragment was then digested with BamHI
and EcoRI (Fermentas, Glen Burnie, MA, USA} and ligated to a BarmHl/
EcoRI-digested pBGS18 plasmid.*® This plasmid construct {pBGS18-0XA-
48) was used to tronsform the strain £ coli DH5a for subcloning
and then transformed into E. coli J53 AompC/F and K. pneumoniae
Aompk35/36.

Antibiotic susceptibility profiles were determined by microdilution fol-
lowing CLSI criterin.3® Susceptibility to iripenerm, meropenern and ertape-
nem (Sigma-Genosys, UK), in combination with the inhibitor LN-1-255 at
fixed concentrations of 4 or 16 mg/L, was determined. For comparison, the
inhibitor tazoboctam was used at the same concentrations, as well as sul-
bactarn and clavulanic acid (Sigma=Genosys, UK) ot & mafL. Etest of
carbapeners (bioMéerieux, Hurc;.ﬂ-l'ttaile, France) in conjunction with inhi-
bitors was performed on Mueller=Hinton 11 agar plates to confirm MICs.
The MICs reported are the mean of three independent replicates.
LM-1-255 was prepared in the loboratories of Southern Methodist
University, Dallas, TX, USA, os described previously.*” The chemical struc-
tures of LN-1-255 and tozobactam are shown in Figure 1.

Synergy studies were also performed using the chequerboard
rmethod using both K. pneumanioe strains. Synergy of imipenem (range
0.12-256 mg/L) in the absence and presence of LN-1-255 at 16 mg/L
was combined with tigecycline, colistin and amikocin (range 0.12-
256 mg/L), important treatment options against MDR pathogens. The
fractional inhibitory concentration index (FICT) was calculated and inter-
preted as follows: FICT =0.5, synergy; and FICI =0.5-4, no interaction.*’

Purification of OXA-48

For kinetic studies, bidaxa-<e was directionally cloned inta the p-GEX-6p-1
plasrnid for expression and purification (GE Healthcare, Little Chalfant, UK).

OH
0
HO0o OH
N / o A=/ /
toH CO;Na
Tazobactam LN-1-255

Figure 1. p-Loctamase inhibitors used in this study.
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&= above, this gene was amplified from genomic DMA using the Expand
High Fidelity PCR System (Roche, Bosel, Switzerlond) with o primer pair
cantaining recognition sites for the restriction enzymes BamHI (5-A&A4
GGEATCCAAGGAATGGCAAGAAAACAAA-3') and EcoR] (5™-AAAGAATTCCTA
GGGAATAATTTTTTCCTGTTT-3'). The amplified DMA fragment was then
digested with BamHI and EcoRI and ligoted to BamHI/EcoRI-digested
p-GEX-6p-1. The recombinant plasmmid was electroporated into o protease-
deficient strain, E. coli BL21 (DE3), to generate the fusion protein glutathione
S-transferase (GSTWOXA-48. This protein was purified to homogeneity using
the G5T Gene Fusion System {Amersham Pharmacia Biotech, Europe) in con-
junction with the manufacturer's instructions. The purification was con-
firmed using SD5=PAGE gels as a band of ~2% kDa (=595% purity) and
later identification with a MALDI-TOF/MOF spectrometer (Bruker Daltonics,
Billerica, MA, USA).

Kinetic experiments

Kinetic constants of OXA-48 p-loctarmase were determined by continuous
assays at room temperature (25°C) using a Nicolet Evolution 300 spectropho-
tometer (Thermo Fisher Sdentific, Waltharmn, M4, USA). Eoch experiment was
performed in triplicate in 50 mM sodium phosphate with 20 mM sodiurm bicar-
bonate™ and using 0.2 and 1.0 cm pathlength cuvettes. Measuwements of
hydrolysis were perforrned with nitrocefin (Oxoid, Hamipshire, UK) at 590 nM,
imipenern and ertapenern, both at 299 nM. The extinction coeffidents used
were 15900 M~ ern ™ for nitrocefin, 9570 M~ em™" for imipenem and
10930 M~ crn~! for ertapenem. Measurements of inhibition wiere perforred
in the presence of LN-1-255 and tazebactam, using nitrocefin at 200 pM as
the reporter substrate. The kinetic assays were previously described®®**4°
and are briefly exploined below. Virgy, ke 0nd K were determined by initial
velocity kinetic analysis. The data were fitted to the Michaelis=Menten
equation {Equation 1) using non-inear least-squares reqgression analysis:

Vimax [5]

=T (1)
(Km + [5])

The inhibitor concentration resulting in 50% reduction of nitrocefin hydroly-
sis after 10 min of pre-incubation of the enzyme and inhibitor at 25°C was
dencted as the [Csq, as previously described. ™

The apparent K, for tazobactam and LM-1-255 was obtained as a
competitive inhibition constant (K; age) in the presence of nitrocefin.“?
Inverse initiol velocities (1/vg) were plotted against the inhibitor concentra-
tion ([1]) to obtain linear plots. Initial velocity (vy) was determined by
Equation (2):

(Vemax = [S])

= Womne) = (1 £ /o) £ 1571 @

Va

Ki app Wias determined by dividing the value of the y-intercept of the linear
plot by the slope and corrected for nitracefin affinity using Equation (3):

K; app (0bserved)

A ected) = ——
¥ anplCOeCte) = e e g ]

3)

The inhibitor complex inactivation rate (Kinae) in the presence of nitrocefin
was measured and K; determined as previously described." The kge.
values were determined using non-linear least-squares fitting of the
data, employing Origin 7.5 software and Equation (4):

11 — expi—kgst)]

"
e (%)

A=Ag+vp x4+ (vg — vl x
Here, A is absorbance, vg (expressed in variation of absorbance per unit
time) is initial velocity, ve is the final velocity and t is time. Each kqs, was
plotted against [I] and fitting performed to determine kige: and K; using
Equation (3). The K; value wos corrected using Equation (3).

Kb = Kinaet [1]

A i] ®

The k/K (observed) was determined as the slope of the line obtained by
plotting [I] against koss. This value was corrected for nitrocefin affinity os

in Equation (6):
(@) e

The kug for LN-1-255 was performed using a jump dilution method fol-
lowed by continuous assays as previously described.*? Briefly, 1 uM
enzyre was incubated with 10 M LN-1-255 for 5 min at 37°C, the reac-
tion solution was diluted 40000-fold in assay buffer and hydrolysis of
200 uM nitrocefin was measured in 500 pl of reaction solution. Reaction
solutions without OXA-48 or containing OXA-48 without LN-1-255 were
used as controls.
The Ky (dissociation constant) was determined by Equation (7):

Kot

L =T/ 7y

The partition ratio (kee/kine) o turnover number (t,) is defined as the ratio
of inhibitorfenzyme (I:E) necessary for =90% inhibition of nitrocefin
hydrolysis.*® The t,, values were determined after 5 h of incubation with
increasing concentrations of inhibitor and 10 nM enzyme, varying the
meolar ratios of I:E. Longer incubation times could not be used due to
enzyme instability and loss of activity. Incubations were done in a final
reaction voelume of 500 L and 200 oM nitrocefin was added immediately
before measurement, in order to determine the residual enzyme activity
during G0 s.

Docking studies

The covalent binding mode of LN-1-255 with OXA-48 from K. pneumaonioe
was studied using GOLD 5.2*% and the enzyme geomatries found in the
erystal structure of the OXA-48/avibactam adduct (PDB 452K, 2.1 A).
Water molecules and ligands were removed from the crystal structure.
Ligand geometry was minimized using AM1 Hamiltonian as implemented
in the program Gaussian 05* and used as MOL2 files. The ligand was
docked in 25 independent genetic algorithrn (GA) runs and for each of
these, @ maximum number of 100000 GA operations were performed
on a single population of 50 individuals. Covalent docking was applied
between the cotalytic Ser-81 {oxygen atom side chain) and the carboyd-
ate group (oxygen atorn) of the indolizine abtained after covalent modifi-
cation of OXA-24/40 from A. bourmanniiwith LN-1-255.%¢ Operator weights
for crossover, mutatien and migration in the entry box were used as
defaoult parameters (95, 95 and 10, respectively), as well as hydrogen
bonding (4.0 fh} and wan der Waals (2.5 f\,} parameters. The position of avi-
boctam in the crystal structure was used to define the active site and the
radius was set ta 7 A The flip ring corners’ flag was switched on, while all
other flags were off. The GOLD scaring function was used to rank the
ligands in order of fit.

Results

Antimicrobial susceptibility assays

To determine the synergy of LN-1-255 with different carbape-
nems against OXA-48, in vitro susceptibility to imipenem/
LM-1-255, meropenern/LM-1-255 and ertapenem/LN-1-255 was
cormpared with susceptibility to these carbapenems in combin-
ation with the p-lactarmase inhibitors clavulanic acid, sulbactam
and tazobactarm. Results are shown in Table 1. Type strains with-
out any resistance mechanism were not presented because they

showed very low carbapenemn MIC values when OXA-48 was
cloned into thern {data not shown), thus the used transformants
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Table 1. Carbapenem MIC values (mg/fL) for the dinical and transformed bacterial strains used

K. pneurmaniae K. pneumaniae
clinical K. pneumoniae Aompk3s/ E. coli 153 AormpCiF

strain (OXA-48) AompK35/36 36 [OXA-4B) E. coli 153 AompC/F {OXA-48)
B-Lactam+ inhibitor 4 magllL 16 mafl 4 mgiL 16 mgiL 4 mg/L 16 mafl 4 g/l 16 mgil 4 mglL 16 maflL
Imipenem G G4 05 05 128 128 0.25 025 1 1
Irnipenam + TZB 64 32 05 025 128 128 0.25 0125 1 05
Irnipenam + SUL 64 A 05 MA 128 MA A MA MA MA
Irnipenarm +CLA 64 A 05 MA 128 MA A MA MA MA
Imipenam + LM 16 & 05 025 32 16 0.25 025 0.5 0.125
Meropenem 16 16 025 0.25 6 Gé 0.03 0.03 2 2
Meropenem +TZB 16 B 025 0.25 32 32 0.03 0015 1 1
Meropenem +5UL 16 MA 025 MA 32 MA A MA MA MA
Meropenem +CLA 16 MA 0325 MA 32 MA A MA MA MA
Meropenem 4+ LN 8 & 0325 025 16 ] 0.03 003 0.25 0.06
Ertapenem 128 128 2 2 256 256 0.015% 0015 0.5 0.5
Ertapernem+TZB 128 32 2 1 256 128 0.015 0.007 0.5 0.25
Ertapenem+5UL 128 A 2 MA 256 A MA MA MA A
Ertapenem+CLA 128 A 2 MA 256 A MA MA MA A
Ertapenem+LMN 64 16 2 1 i Gé 0.015 0015 0.015 0.007

TZB, tazobactarm; SUL, sulbactam; CLA, clavulanic acid; LN, LN-1-255.
Data represent the means of three independent experiments.

The four inhibitors were tested at 4 mg/L using K. pneumonioe clinical and transformed strains. Tazoboctam and LM-1-255 were tested up to 4 mgil
using transformed E. coli; and tozobactam and LN-1-255 were tested up to 16 mafL using K. preurnanioe clinical and transformed strains.

M&, some combinations of carbapenems and inhibitors could not be tested due to intrinsic strain susceptibility. MICs for transformed E. coli were 16 mgiL
sulbactarn and 16-128 mg/L clovulanic acid and for K. pneumanioe strains were 32 - 256 migfL (both inhibitors).

were porin deficient. As discussed above, carbapenem MICs were
determined using 4 mg/L of all inhibitors and 16 mai/L LN-1-255
and tazobactam. Clavulanic acid and sulbactam could not be
tested at 16 mg/L for K. pneumonige strains or at 4 mg/L for
E. coli strains, as the MICs of these two inhibitors for K. pneumo-
nige strains were 32-256 mg/L and for E. coli strains were 16 mg/L
sulbactarm and 16-128 ma/L clavulanic acid. This intrinsic suscep-
tibility to sulbactam and clavulanic acid prevents clear ebservation
of OXA-48 inhibition.

Neither sulbactam nor clavulonic acid at 4 mg/L were able to
inhibit OXA-48 activity at any dilution in the performed assays.
At 4 mgl/L, tazobactam was able to inhibit OXA-48 activity in
only one dilution and otherwise did not reduce MICs compared
with carbapenems alone. At & mg/fL, LN-1-255 was able to reduce
carbapenem MICs 2-32-fold. These differences were amplified
when 16 mg/L LN-1-255 or tazobactam was used.

The clinical K. preumaniae isolate displaoyed an imipenerm MIC
of 64 ma/L, which was decreased 16-fold to 4 ma/L in the pres-
ence of LM-1-255 and 2-fold to 32 mg/L in the presence of tazo-
bactam. Similarly, transformed K. pneumoniage AompK35/36
displayed an imipenem MIC of 128 mg/L, which was decreased
8-fold to 16 mg/L in the presence of 16 mg/L LN-1-255, but
0-fold in the presence of 16 mg/L tozobactam.

More pronounced differences were observed in transformed
E. coli AompCiF, with 8-, 32- and 64-fold reductions in imipenem,
meropenem and ertapenem MICs in the presence of LM-1-255, com-
pared with a 2-fold MIC decrease in the presence of tazobactam. The
rermnaining data are shown in Table 1. Using transformed E. coli DH5w,

the effect of 4 mg/L LM-1-255 on the carbapenem MIC wias also
more significant than that of 4 mg/L tazobactam. However, at inhibi-
tor concentrations of 16 mg/L, this transformed strain was highly
susceptible to the antimicrobial effect of the inhibitors, precluding
quantitative analysis of effect sizes (data not shown).

By the chequerboard method, the combination of imipenem/
LM-1-255 or imipenem alone was tested against tigecycline, colis-
tin and amikacin. The presence of LN-1-255 decreased the MICs of
tigecycline and amikacin by one dilution for the K. pneumoniae
clinical strain and also the MIC of amikacin by one dilution for
the AompK35/36 mutant. However, the FICI was =0.5, so no syn-
ergy was observed with these antimicrobials {data not shown).

Kinetics and inhibition studies
Kinetic properties of substrate hydrolysis by OXA-48 are shown in
Table 2. The K, for nitrocefin was 65.7 uM, which allowed us to
use nitrocefin at 200 pM as a reporter substrate in the studies
of inhibition kinetics. Similar Ky, values were observed for both car-
bapenerms tested (imipenem and ertapenem, 603 and 123.7 pM,
respectively), but pronounced differences were observed in
hydrolysis velocity (ke for carbapenems. When converted to
catalytic efficiency, this value was 10-fold higher for imipenem
than ertopenem (0.025 and 0.002 uM™'s™', respectively) while
the catalytic efficiency of nitrocefin (4.8 pM~! 571) hydrolysis
was 192-fold higher than that of imipenem.

The OXA-48 inhibitory activities of LM-1-255 and tazobactam
were determined and are summarized in Table 3. Using nitrocefin
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as the indicator substrate, LN-1-255 showed inhibitory activity at
much lower concentrations than tazobactam. Thus, the Kj app—
analogous to the K., for inhibitors—showed a higher affinity
between the carbapenemase and LN-1-255 than between the
carbopenemase and tazobactam (K ape=017 and 30 pM,
respectively).

In order to determing k..« values and inactivation efficiencies
(Kinset/K1) Of LM-1-255 and tazobactam, progress curves were fit-
ted to Equation (3) to obtain kqps volues (Figure 2). These kg,
values were plotted against concentrations of both inhibitors
and indicated faster acylation at lower concentrations of LM-1-
255 than of tazobactarm. However, in the case of LN-1-255, this
determination could not be completed due to an inability to
achieve the maximum rate. Instead, k./K was determined as an
approximation of the inactivation efficiency (10x10% M~ s™).
The kineeo/K; of tozebactam was 3000 M~1s™?, showing an
OXA-48 inactivation efficiency =33-fold lower than that of
LN-1-255. Similarly, the 1Csg of LN-1-255 (0.003 uM) was much
lower (~500-fold) than that of tazobactam (1.5 pM), indicating
a higher relative efficacy of LN-1-255. Separate experiments
{kar) indicated that the off rate of LN-1-255 was 7x10"%s7},
representing o slow return of carbapenemase activity, with a half-
life (ty,7) of 16.5 min (Figure 3). In the cose of tazobactam, anirre-
versible inhibitar, it was not possible to determine the off rate *®

Lastly, in determining the partition ratio {t,) of LN-1-255 and
tazobactam, the data showed a relative I:E significantly lower
for LN-1-255 {t,=2) than for tazobactam (t,,=1000), indicating
90% inhibition of OXA-48 at a much lower concentration
{~500-fold) of LN-1-255 than of tazobactam (Figure &).

Docking studies

Sirnilar to a previously reported OXA-48/avibactam adduct (PDB
457K,*® 2.1 A; Figure Sa and ¢), our docking studies showed that
the indolizine adduct obtoined after covalent modification of the
catalytic Ser-70 by LN-1-255 would also interact with residues
Arg-250, Lys-208, Tyr-211 and Thr-209 (Figure 5b and d).
Specifically, the carboxylate group of the meodified ligond would
be anchored in the octive site by electrostatic interactions with

Table 2. Carbapenem and nitrocefin hydrolysis kinetics of OXA-48

Substrate K (M) ket (571 kol (pM~2 571
Mitrocefin 65.7+18%5 314.7+189 479
Irnipenem 6034124 15401 0.025
Ertapenem 123.7+36.2 0.3+002 0.002

Data represent the means of three independent experiments.

Table 3. OXA-48 inhibition kinetics of LN-1-255 and tozobactam

the guanidinium group of Arg-250 and the e-aminoe group of
Lys-208 and hydrogen-bending interaction with the hydroxyl
group of Thr-209. In addition, the sulfinate group would establish
an electrostatic interaction with the guanidinium group of
Arg-250 and also the corboxylate group of the ester linkage
would interact by hydrogen bonding with the main chain amide
of Tyr-211. In contrast, our molecular docking studies predict
that the catechol side chain would be more flexible. One
of the phenol groups of the catechol moiety would interact by
hydrogen bonding with the e-amino group of Lys-208. This cat-
echol moiety would partially occupy the large pocket close to
the active site.

Discussion

Carbapenem-hydrolysing class D B-lactarmases can confer resistance
to carbapenems, mostly in 4. baumannii or Enterobacteriaceas
with OXA-24/40 and OXA-48 as respective examples of such
enzymes, limiting therapeutic options for infection with these
pathogens 2%%! The increasing number of elinical isolates and out-
breaks of strains carrying closs D carbopenemases underscores
the need for new B-lactamase inhibitors that can restore carbape-
nem efficacy. The penicillin sulfone inhibitor LN-1-255 is a novel
inhibitor of B-lactarnases.®® Initially, LN-1-255 was shown to be
effective in inhibitingﬂclcss A p-loctarmases™ and, subsequently,
class D enzymes. ™" Similarly to OXA-24/40, carbapenern MICs
in the presence of LN-1-255 were more significontly reduced
when 16 mg/L rather than 4 mg/L LN-1-255 was used.*®

We have thus observed inhibition of OXA-48 carbapenemases,
both in a clinical isolate of K. pneumonige and in porin-deficient
transformed K. pneumoniae and E. coli strains. Depending on
which carbapenem was used, we obtained 2 -64-fald reductions
in carbapenem MICs. However, in most cases, use of the inhibitors
{clavulanic acid, sulbactarn and tazobactam) did not alter carba-
penem MICs. These results are consistent with those obtained in
sirmilar studies on OXA-24/40 inhibition, where carbapenem MICs
decreased &-32-fold in the presence of LN-1-255, but only up to
2-fold in the presence of tazobactam.3® In this study, the perin
deficit in K. pneumonige slightly decreased the efficacy of
LM-1-255 at 16 mg/L when combined with imipenerm and ertape-
nem compared with the clinical strain (16-fold for imipenem and
2-fold for ertapenem); however, it increased the efficacy when
combined with meropenem (MIC decreased 8-fold in the presence
of 1-1-255 in the AompK35/36 mutant and just 4-fold in the clin-
ical strain. Thus, it seermns that LN-1-255 is able te pass through
the outer membrane, despite the porin deficit. In fact, this inhibi-
tor was designed with a catecholic functionality that resembles a
natural bacterial siderophore, enabling it to utilize the iron uptake
systern to traverse the outer membrane.®

K KingerHy kK Laiz i K4
Substrate ICsg (M) K app (0M) - (pM) Kinger 15771 {M~s™h M1s™h For (571 (P} {nh) tn
LM-1-255 0.003+00003 017+001 MNA A A (10+1)=10° (7+1)=107" 16.5 7 2
Tazobactam 15405 30+3 1442 0038+0.004 3000 + 500 M M A MA 1000
Data represent the means of three independent experiments. NA, not adequate.
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Figure 2. Progress curves of 200 uM nitrocefin hydrolysis with increasing
inhibitor concentrations (0.2 pM=3.3 pM LN-1-255 and 10 pM=350 pM
tazoboctam) and a fixed concentration of OXA-48 (8.6 nM).

141 -+ == LN-1-255
129 T - OXA-4B
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0.0 3
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Figure 3. Progress curves for determination of off rates (kee) for OXA-48/
LN-1-255 and controls (OXA-48 alone and LN-1-255 alone) with 200 pM
nitrocefin. OXA-48 was incubated with LM-1-255 to allow formation of the
acyl-enzyme adduct and then diluted to permit enzyme reactivation.

The carbapenern hydrolysis kinetics of OXA-48 (K, and ke are
largely concordant with those previously published by Poirel
et al *748 [N-1-255 was highly effective at inhibiting OXA-48
B-lactamase. LN-1-255 demonstrated a 33-fold higher inhibition
efficiency than tazobortam, with kK =10x10* M~ s™% and kipee/
Ki=3000 M~ 571, respectively. The inhibition due to LN-1-255 is
characterized by high binding affinity, with K;=0.17 pM and
1C5p=0.003 pM, which are 180- and 500-fold lower, respectively,
than those yielded using tazobactam. The off rate of LN-1-255
was moderately slow, with key=7x10"% 571, yielding an enzyme
reactivation half-life of 16.5 min. Lastly, a partition rate (t.) of 2

{a) LN-1-255:0XA-48
1.5 4
— OnM:10nM
== 1nM:10nM
oo 2nM:10nM
== GnM:10nM
-+ 20nM:10nM

Ay

Time (s)

(b} Tazobactam:OXA-48

1.5 q
— QuM:10nM

== 1uM:10nM
coe 3pMA0NM
--- BpM:10nM
= 10uM:10nM

Adgan

Time (s)

Figure &. Progress curves for determination of t,. OXA-48 ot 10nM
wos incubated with increasing concentrations of LN-1-255 (o) or
tazobactarm (b).

for LN-1-255 compares very favourably with that for tazobactam
{=1000) required for 90% inactivation of OXA-48. These data likely
indicate that LN-1-255 molecules are moare slowly hydrolysed by
OXA-48 than tazobactarn molecules.

Regarding the A. boumannii OXA-24/40 carbopenemase,
LN-1-255-rmediated inhibition, which was previously tested by
our group, proved to be similar to the binding offinity of
LN-1-255 for OXA-48, with Kj 4, =0.7 and 0.17 pM, respectively.
LN-1-255 inhibition efficacies were also similar between these
two enzyrnes, with kx/K=10x10% M~ 5~ for OXA-48 and Kipae/
Ky=21x10% M~ s for OXA-24/40.2? The erystal structure of
both carbapenemases has been previously determined, OXA-48
by Docquier et al.*® and OXA-24/40 by our group.? These two
B-loctamases were the first elass D carbapenemase erystal strue-
tures published and may be considered as two different carbape-
nemase madels: although they share a common evolutionary
origin, they eventually acquired their carbapenemase activity
through distinct evolutionary pathways. Significant differences
in the size and shape of their active sites are evident. OXA-24/40
presents a ‘hydrophobic barrier’ (consisting of Tyr-112 and
Met-223) covering the active site, which is implicated in correct
orientation of small substrates such as the carbapenems.
However, this is not a conserved structure in the OXA carbapene-
rmases and OXA-48 lacks this tunnel-like structure. By contrast,
OXA-48 displays more homaology with OXA-10, which is not a car-
bapenemase but is highly active in h_m:lrclysingj oxacillin. This abil-
ity is shared by OXA-48 but not OXA-24/40.2%% Despite these
important differences, the compound LN-1-255 was able to
inhibit both enzymes (OXA-24/40 and OXA-48) in the nM range.
Later, De Luca et al.®! showed that the small B5-p6 loop of
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o Ser-118
Ser-70

“ lys-208

Thr-209

(d)

Thr-209

Tyr-211 Arg-250

Figure 5. Docking of avibactam and LN-1-255 into the active site of OXA-48. Carbapenemase OXA-48 from K. pneumoniae covalently modified by
avibactam and LN-1-255. {a and c) Crystal structure of OXA-48/avibactam adduct (PDB 452K,*“ 2.1 A). (b and d) Inactivation of OXA-48 by LN-1-255
obtained by molecular docking studies. Hydrogen bonding and electrostatic interactions between the ligand and OXA-48 are shown as dashed blue lines.
Relevant side chain residues are shown and labelled. Figure created using the PyMOL Molecular Graphics System.** This figure appears in colour in the

online version of JAC and in black and white in the print version of JAC.

OXA-48, close to the active site, is implicated in the ability of OXA
B-lactamase to hydrolyse carbapenems by facilitating movement
of the deacylating water molecule towards the acylated catalytic
Ser-70 residue. The relevance of this loop has been confirmed and
itis present in OXA-23, OXA-24/40 and OXA-48 carbapenemases;
meanwhile, it presents significant structural differences in OXA-10
B-lactamase.*®*! This suggests that LN-1-255 interacts with this
loop to prevent carbapenem access to the active site of the carba-
penemases. However, further structural and biochemical work is
necessary to identify the precise inhibition mechanism.

When comparing our results with those obtained by Ehmann
et al.* studying avibactam and OXA-48, a new B-lactamase inhibi-
tor, we observed a faster on rate with LN-1-255 (10x10* M~ s~
compared with 1.4x10%> M~* s™* of avibactam, 71-fold lower).
However, avibactam displayed a slower ko (1.2x107° s7%) com-
pared with the off rate of LN-1-255 (7x10™* s™%), resulting in a
60-fold higher avibactam half-life.*? Thus, the half-life of
LN-1-255 of 16.5 min could be a significant drawback if used in
the treatment of infections. How these kinetic data correlate to
the clinical impact of these inhibitors is an issue that should be
studied in experimental models of infection in the near future.

Figure 5 represents avibactam and LN-1-255 at the active
binding site of OXA-48; the docking of LN-1-255 on the active
site supports the inhibitory role of this compound. LN-1-255
is anchored to OXA-48, similarly to the structure of avibactam
and OXA-48 published by King and Strynadka.** Furthermore,
although avibactam is able to inhibit OXA-48, it poorly inhibits
OXA-24/40 of A. baumannii, in contrast to LN-1-255.%°
Structurally, it has been suggested that the inhibition efficiency
of LN-1-255 is mainly due to: (i) the presence of the catechol
moiety that facilitates entry through the outer membrane via
the cellular iron uptake pathway; and (i) the incorporation of a
(2-pyridyl)methylene group at C6 in the sulbactam core that
results in the formation of an heterocyclic (indolizine) ester
derivative that is resistant to hydrolysis.”® Despite the high sta-
bility of the heterocyclic esters, LN-1-255 proved to have a
higher ko (7x10™*s™?) against OXA-48 from K. pneumoniae
than avibactam (1.2x107> s™%). It has been suggested that avi-
bactam does not decompose via a hydrolytic mechanism of the
carbamoyl linkage with the catalytic serine of the carbapenemase.
Instead, it seems to occur via regeneration of the diazobicyclooc-
tane moiety. Both acyl-enzyme intermediates are electronically
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stabilized towards attack of water through resonance interac-
tions of the acyl-enzyme carbonyl group with the lone pair of
electrons on an adjacent nitrogen atom. Instead of being an
ester linkage, the avibactam acyl-enzyme is a urethane, while
that of LN-1-255 is a vinylogous urethane. It is likely that the
more sterically bulky environment surrounding the avibactam
acyl-enzyme linkage interferes with the approach of the hydro-
lytic water, while the more two-dimensional vinylogous ureth-
ane allows this approach to a limited extent. Also, the more
bulky nature of the avibactam moiety in the site may preclude
conformational movement of the inhibitor fragment to allow
approach of nucleophiles to the carbonyl, thus limiting the
approaching nucleophiles to the already well-positioned sulf
nitrogen and regenerating the inhibitor itself. LN-1-255, by contrast,
likely has more conformational freedom, potentially leading to
movement that disrupts the planarity needed for resonance stabil-
ization of the acyl-enzyme carbonyl group.

We consider that, in addition, there are some differences in the
binding mode of both modified ligands that could also contribute
to the lower stability of the OXA-48/LN-1-255 adduct than the
corresponding OXA-48/avibactam. Comparison of the binding
mode of the modified avibactam shown in the crystal structure
of the OXA-48/avibactam adduct (PDB 452K)““ and the predicted
binding mode of the corresponding OXA-48/LN-1-255 adduct
obtained by molecular docking studies revealed that both adducts
interact with mainly the same active site residues, specifically,
Arg-250, Lys-208, Tyr-211 and Thr-209. However, as illustrated
in Figure 5, there are some differences in the binding contacts of
the groups that most contribute to anchor the ligand in the active
site, the sulphate of avibactam and sulfinate/carboxylate of
LN-1-255 groups that might explain their different behaviour.
While the sulphate group in the avibactam adduct is deeply
anchored in the active site through a salt bridge with Arg-250
and hydrogen bonding with the Thr-209 side chain (Figure 5c¢),
the sulfinate group in the modified LN-1-255 only interacts by
electrostatic interaction with Arg-250 (Figure 5d). We consider
that the latter is a consequence of the lack of the hydrophobic bar-
rier present in OXA-24/40, which involves mainly residues Tyr-112
and Met-223.2° In this case, the carboxylate group of the modified
LN-1-255 interacts by hydrogen bonding with the phenol group of
Tyr-112. As a consequence, the sulfinate group can be located
pointing inwards. As in the crystal structure of the OXA-48/avibac-
tam adduct, the latter group would interact by a salt bridge with
the guanidinium group of Arg-261 and hydrogen bonding with the
Ser-128 side chain. These binding differences might account for
the overall difference in stability of the two adducts as experimen-
tally observed (on and off rates).

Due to structural and mechanistic differences among class D
carbapenemases,“? this area of drug discovery requires further
studies to identify additional inhibitors as possible therapeutic
options. The results presented here provide stimulus for further
in vitro and in vivo investigations to maximize the efficacy of
penicillin sulfone inhibition of class D carbapenemases in
Enterobacteriacece.
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ABSTRACT

Acinetobacter baumannii has emerged in the last decade as an important nosocomial pathogen. To
identify genes involved in the course of a pneumonia infection, gene expression profiles were
obtained from A. baumannii ATCC 17978 grown in mouse infected lungs and in culture medium.
Gene expression analysis allowed us to determine a gene, the A1S 0242 gene (feoA), over-
expressed during the pneumonia infection. In the present work, we evaluate the role of this gene,
involved in iron uptake. The inactivation of the A1S_0242 gene resulted in an increase susceptibility
to oxidative stress and a decrease in biofilm formation, in adherence to A549 cells and in fitness. In
addition, infection of G. mellonella and pneumonia in mice showed that the virulence of the A0242
mutant was significantly attenuated. Data presented in this work indicated that the A15S_0242 gene
from A. baumannii ATCC 17978 strain plays a role in fitness, adhesion, biofilm formation, growth,
and, definitively, in virulence. Taken together, these observations show the implication of the feoA
gene plays in the pathogenesis of A. baumannii and highlight its value as a potential therapeutic
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target.

Introduction

Acinetobacter baumannii is a Gram negative, non-fer-
mentative, and non-flagellated bacillus. Although it is a
normal inhabitant of human skin, intestinal tract and
respiratory system, it is currently considered one of the
most dangerous opportunistic pathogens. Recently, the
World Health Organization included A. baumannii in a
list of the most important antibiotic resistant pathogens
[1]. This bacterium exhibits an excellent ability to
develop antibiotic resistance which often results in
strains resistant to several antimicrobial families [2,3].
Carbapenems are broadly used to treat A. baumannii
multiresistant strains; however, resistance to these anti-
microbials increased dangerously in the last decade [4].
Similarly, an increment of resistance rates is emerging in
the case of last resort antimicrobials such as colistin [5]
or tigecycline [6]. Resistance to these antimicrobials has
also appeared which lead us to the urgent need to design
and evaluate new antimicrobial therapies. In the last dec-
ades, the number of hospital outbreaks caused by A. bau-
mannii has increased noticeably, partly due to its

multidrug resistance profile [2,7-10]. Although the clini-
cal importance of A. baumannii infections has increased,
the pathogenicity of this microorganism is sparsely
understood. Clinical A. baumannii strains exhibit
remarkably variations in virulence-associated pheno-
types such as motility, adherence, biofilm formation,
invasion, iron uptake or cell capsule development among
others [11,12]. Some studies have shown that Acineto-
bacter species may reach the human skin and mucosal
membranes and then colonize and persist on the host
several weeks [13]. Bacterial adherence constitutes an
essential step in the colonization process. The ability of
the AbH120-A2 strain, which caused the largest out-
break of A. baumanmnii known worldwide [14-19], to
adhere to human cells was one of the main factors
involved in its persistence [14]. After adhesion, bacteria
may form biofilms that are involved in the persistence of
this pathogen in the hospital environment. Some compo-
nents, such as the staphylococcal biofilm-associated pro-
tein (Bap), the CsuA/BABCDE usher-chaperone system
or the poly-beta-1-6-N-acetylglucosamine have been
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described as involved in the A. baumannii biofilm for-
mation and adherence phenotypes [20-24]. The outer
membrane protein OmpA plays a role in biofilm forma-
tion on abiotic surfaces and has been shown to promote
the adherence to eukaryotic host and invasion [25].

Iron is essential for growth in most bacteria due to
its redox activity and its role in many vital metabolic
reactions, being a cofactor for many bacterial
enzymes. Therefore, iron is necessary for bacteria to
infect and multiply in tissues and body fluids of the
host, playing a relevant role in pathogenesis [26].
Under in vivo conditions, iron is not readily available
due to cells uptake or sequestration by proteins such
as transferrin or lactoferrin, which are components of
the innate immunity system that provide defense
against pathogens [27,28]. Bacteria encode multiple
iron uptake pathways, which provide specificities and
affinities for various forms of environmental or host
iron. Under iron-limited conditions many invading
bacteria respond by producing specific iron chelators,
such as siderophores, that remove the iron from the
host sources [29-31]. In addition, many bacteria, such
as Escherichia coli, Shigella flexneri, Helicobacter
pylori, Campylobacter jejuni or Legionella pneumo-
phila, take up soluble ferrous iron via the Feo system
[32-40], which is proposed to be the major ferrous
iron transport system known in prokaryotes [41]. The
Feo system was first identified in E. coli [42,43] and
it is encoded by the feoABC operon. FeoB, a bacterial
ferrous iron transporter, is composed of a hydrophilic
cytoplasmic domain and an integral membrane
domain [44,45]. The C-terminal membrane domain
of FeoB is responsible for the formation of a pore in
the membrane and the N-terminal contains a GTP-
binding domain that regulates the transport activity.
The roles of feoA and feoC remain unknown although
feoC is predicted to encode for a transcriptional
repressor of feoAB [32,43,45]. In pathogenic bacteria
such as E. coli, H. pylori or L. pneumophila, muta-
tions in the feoB gene have been shown to cause defi-
ciency in ferrous iron uptake and virulence [26,33,37-
39], including assays emulating conditions encoun-
tered during infection of a mammalian host [46].
High-throughput sequencing technologies demon-
strated the presence of the Feo system in 50 clinical
strains of A. baumannii [47].

In the present work, we identified a gene over-expressed
during the course of the lung infection of A. baumannii in
mice, the A1S_0242 gene (feoA). We evaluated the role of
this gene in fitness, biofilm production, attachment to biotic
surfaces, resistance to oxidative stress, and, finally, in the
pathogenesis of A. baumannii using Galleria mellonella and
murine pneumonia models.
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Results
Genetic context of the feoA gene

Transcriptomic analysis revealed a collection of genes
differentially expressed in the A. baumannii lung infec-
tion model. Raw data have been deposited in the GEO
database under the accession code GSE100552. Between
them, the A1S_0242 (feoA) gene was over-expressed in
bacteria over the course of the lung infection compared
to bacteria grown in LB media, as shown by Illumina
(2.67-fold more +/— 0.75) and gRT-PCR (6.34-fold
more +/— 2.03) analysis.

The genetic context of this gene was studied. The feoA
gene, previously annotated in the ATCC 17978 genome
(CP018664.1) as a putative ferrous iron transporter pro-
tein A containing a feoA domain, was found as part of a
single operon comprising genes A1S_0242, A1S_0243
and A1S_0244, as assessed by RNA reverse transcription
(Figure 1). The A1S_0243 gene was annotated in the
ATCC 17978 genome (CP018664.1) as a ferrous trans-
port protein B harboring a feoB domain. The A1S_0244
gene was found as a hypothetical protein, with no con-
served domains. Real time RT-PCR assays confirmed
that both A1S_0243 and A1S_0244 surrounding genes
were over-expressed during the lung infection (1.95-fold
more +/— 0.36 and 2.78-fold more +/— 0.96, respec-
tively) compared with genes from bacteria grown in LB-
flasks.

Moreover, two homologues to the A1S_0242 gene
were found in the A. baumannii ATCC 17978 genome
(CP018664.1). These genes were Al1S_3850 and
A1S_0652 that showed 53% and 54% of identity with the
feoA gene, respectively. The A1S_3850 gene, previously
annotated in the ATCC 17978 genome as a hypothetical
1 2 3 4 5 6 7 8 9

10 11

Figure 1. cDNA amplification of genes from the A15_0242-0244
operon of A. baumannii ATCC 17978 strain. The intergenic
regions from genes A15_0242-0243 and A15_0243-0244 are
shown in lanes 8 and 9, respectively. The intergenic regions from
genes A15_0241-0242 and A15_0244-0245 are shown in lanes 7
and 10, respectively (negative controls). Genomic DNA was used
as template for positive control (lanes 1 to 5, respectively). Lanes
5 and 11 show the gyrB amplification from DNA and cDNA,
respectively (positive controls). Lane 6 shows GeneRuler 1 Kb
Plus DNA Ladder (Thermo Fisher Scientific).
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protein, is part of a single operon comprising genes
A1S_2929, A1S_3850 and A1S_2930 (data not shown).
The A1S_2929 and the A1S_2930 genes were annotated
as a putative cation efflux system protein and a putative
ferrous iron transport protein B containing a feoB
domain, respectively. The A1S_0652 gene was annotated
as a putative ferrous iron transport protein A containing
a feoA domain followed by the A1S_0653 gene encoding
a putative ferrous iron transport protein B. Deeper bioin-
formatic analysis revealed that the A1S_0652 gene was
located in the plasmid pAB3 (GenBank accession num-
ber CP012005) of the A. baumannii ATCC 17978-mff
strain (CP012004.1) while the A1S_3850 was found in
the chromosome.

All the publicly available complete genomes of A.
baumannii were analyzed in order to find the A1S_0242
and the A1S_3850 genes. The A1S_0242 gene was found
in the 100% of the 76 A. baumannii complete genomes
analyzed, while the A1S_3850 gene was located in the
14.5% of them. Similarly, in species such as A. pittii, A.
nosocomialis, A. soli or A. calcoaceticus, the A15_3850
gene was occasionally found while the A1S_0242 gene
was present in all the analyzed genomes.

The discovery of these two A1S_0242 homologues
induced us to investigate possible interactions between
those three genes, being the A1S_0242 gene the main
objective of our work. Gene knockout mutants of the
ATCC 17978 strain lacking the A1S_0242 and A1S_3850
genes were constructed in order to analyze their interac-
tion. Therefore, the isogenic mutant derivatives A0242
and A3850 strains as well as the double mutant A0242/
A3850 strain were obtained. Due to the plasmid location
of the AI1S_0652 gene, it was not possible to perform a
knockout mutant lacking this gene.

The complementation of the A1S_0242 gene with the
parental allele (A0242 complemented) was performed
through the over-expression of the gene cloned into the
pWHI266-Km vector. Data from qRT-PCR analysis
revealed that indeed the A1S_0242 was highly over-
expressed under the control of the tetracycline promoter
compared to its expression in the wild type gene (Table S1).
As expected, the A0242 strain, as well as the A0242 strain
harboring the empty pWHI1266-Km vector (A0242 +
pWH1266-Km), revealed no expression of the A1S 0242
gene. Table S1 also shows that there is no expression of the
A1S_3850 gene in the A3850 strain and the over-expression
of the A1S_3850 gene from the plasmid was confirmed.

Also gRT-PCR analyses were performed in order to
investigate the effects of the lack of the A1S_0242 gene
on the expression of its homologue genes. Data revealed
that when the A1S_0242 gene was absent, the A1S_3850
and the A15_0652 genes maintained their expression lev-
els (Table 1). Also, the deletion of the A1S_3850 did not
vary the expression of the A1S_0242 gene whereas the
expression of the A1S_0652 gene increased. In addition,
the deletion of both A1S_0242 and A1S_3850 genes
revealed a minimal increase in the A1S_0652 expression
level, due to the effect of the A1S_3850 gene.

Next, the abilities of the A0242 strain and its isogenic
derivative mutants were tested under in vitro and in vivo
conditions to confirm the role of this gene in fitness and
virulence. The A1S_3850 mutants were also included in
some assays in order to discard its relevance in the path-
ogenesis of the ATCC 17978 strain.

Effects of the feoA gene deletion and vector loading
on fitness

To determine whether the deletion of genes A15_0242
and A1S_A3850 affect the bacterial growth rate, growth
curve rates were measured in iron-sufficient and iron-
restricted media. Determination of the growth rate con-
stant (1) gives a measure of fitness or replication ability
[48]. The growth rates of the A0242 mutant did not
show significant differences compared to the wild type
strain in presence of iron (Figure 2). However, when the
metal chelator 2,2 bipyridil (BIP) was added to the
medium, the mean generation of the A0242 mutant was
higher (65 min, 1 = 0.0105 +/— 0.0003) with respect to
the ATCC 17978 strain (45 min, p = 0.015 +/— 0.0012),
showing significant differences in fitness (p > 0.05). In
contrast, the deletion of A1S_A3850 did not show inhibi-
tion of growth compared with the ATCC 17978 parental
strain. In agreement with these results, the double
mutant A0242/A3850 showed a growth rate similar to
the single mutant A0242 in BIP presence (Figure 2).
Studies of bacterial growth performed with the ATCC
17978 derivative strains carrying the pWH1266-Km vec-
tor showed that this plasmid load represents a very rele-
vant biological cost, as shown in Figure S1. These means
that all the strains carrying the pWHI1266-Km vector
showed a significantly lower fitness than the wild type
strain. For this reason, complemented strains were not
included in assays where the growth rate was limiting.

Table 1. Interaction of genes A15_0242, A15_3850 and A15_0652 measured by qRT-PCR.

ATCC 17978 A0242° A3850 A0242/A3850
A15_0242 1 0 1.02 +/—0.32 Q
A15_0652 1 097 +/— 0.1 273 4+ - 1.09 111 +/— 0.48
A15_3850 1 097 +/—0.04 0 Q

“Data were obtained as a fold-change relative to the ATCC 17978 sample (value 1), using the rpoB gene as housekeeping for normalization.
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Figure 2. Growth curves of the ATCC 17978 strain and the isogenic mutant derivative strains A0242, A3850 and A0242/A3850 in pres-
ence and absence of the iron chelator 2,2 '-bipyridyl (BIP). Data correspond to the mean of three replicates and bars represent the stan-

dard deviations.

The feoA gene deletion reduces biofilm formation
and attachment to eukaryotic cells abilities

The biofilm formation ability was evaluated and the
A0242 mutant derivative strain showed a significant
decrease (ca. 2,15-fold less, p = 0.0034) with respect to
the ATCC 17978 parental strain (Figure 3). Complemen-
tation of the strain with the parental allele partially
restored the biofilm formation phenotype. Deletion of
the A1S_3850 revealed no significant differences in bio-
film formation with respect to the wild type strain. Bio-
film formation was similar for the single A0242 and the
double mutant A0242/A3850 strains.

As shown in Figure 4, the inactivation of the
A1S_0242 gene led to a reduction in the ability of the
A. baumannii strain ATCC 17978 to adhere to human
alveolar epithelial cells A549 (ca. 4-fold, p value <
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Figure 3. Quantification of biofilm formation by the A. baumannii
ATCC 17978 strain, the mutant derivative strain A0242, the
mutant derivative strain A3850, the double mutant derivative
strain A0242/A3850, the ATCC 17978 harboring the empty vector
pWH1266-Km (ATCC 17978 + pWH1266-Km), the mutant deriva-
tive strain harboring the empty vector pWH1266-Km (A0242 +
pWH1266-Km) and the mutant derivative A0242 over-expressing
the A15_0242 gene from the pWH1266-Km plasmid (A0242
complemented).

0.0001). In this case, the fitness of the strains was a
limiting factor as can be seen in Figure S2, the wild
type strain harboring the plasmid (ATCC 17978 +
pWHI1266-Km) showed an important decrease in bio-
film formation ability, compared with the wild type
strain (ATCC 17978). The complemented strain
(A0242 complemented) partially restored the wild type
phenotype loading plasmid (ATCC 17978 +
pWHI1266-Km), as reflected in Figure $2. As shown in
Figure S1, all strains harboring the pWH1266-Km vec-
tor resulted in an increase in the lag time and in a
lower optical density at the end of growth curve analy-
sis, which indicates a fitness decrease caused by the
plasmid metabolic load. Besides, the A3850 strain
showed no significant differences with respect to the
wild type and the double mutant strain showed similar
attachment abilities as the A0242 strain (Figure 4). No
invasiveness was detected at 24 h in all cases (data not
shown).
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Figure 4. Quantification of bacterial adhesion to A549 cells by
the A. baumannii ATCC 17978 strain, the mutant derivative strain
A0242, the mutant derivative strain A3850 and the double
mutant strain A0242/A3850.
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Effects of the feoA gene inactivation
on susceptibility to oxidative stress

When strains were subjected to reaction oxygen species
(ROS) by the addition of paraquat in the presence of 100
1M of the iron chelator 2,2bypiridyl (BIP), the A0242
mutant strain showed a MIC to paraquat of 8 mg/L, while
the wild type strain ATCC 17978 showed a value of 32 mg/
L, which indicates a significant increase in susceptibility to
oxidative stress of the mutant strain with respect to the wild
type strain (Table 3). No differences were found in the sus-
ceptibility to paraquat between the A0242 mutant and the
A0242/A3850 double mutant (MIC of 8 mg/L). In concor-
dance, the A3850 mutant neither showed significant differ-
ences with respect to the wild type strain (MIC of 32 mg/L).
A slightly higher susceptibility to paraquat in the A0242
mutant was also observed in the medium without limitation
of metal availability. Besides, when the strains carried the
plasmid pHW1266-Km, the susceptibility to paraquat
increased in all cases, due to the fitness loss as explained
above (Figure S1). In Table 3 it can be observed that, even
taking into account this global increased of susceptibility to
paraquat in strains carrying the plasmid, the phenotype of
higher susceptibility to oxidative stress in the presence of
BIP of the A0242 mutant strain carrying the plasmid
(A0242+pWH1266-Km, MIC of 1 mg/L) was restored in
the complemented strain, this showing the same MIC to
paraquat as the wild type strain carrying the pWH1266-Km
vector (MIC of 4 mg/L).

The feoA gene is involved in virulence

In order to explore the role of the feoA gene during the
course of the in vivo infection, experimental animal
models were performed in G. mellonella and mice.

The A. baumannii ATCC 17978 and the A0242,
A3850 and A0242/A3850 derivative mutant strains were
tested in the G. mellonella infection model. The survival
assays (Figure 5) showed that the A0242 and A0242/
A3850 mutant strains were significantly affected in their
ability to infect and kill the caterpillars compared with
the wild type strain (p < 0.05).

These results were in agreement with the mortality
rates of G. mellonella infected with different inocula of
the A. baumannii strains (Table 4). Briefly, lethal doses
(LD) of the ATCC 17978 strain were similar to those
showed by the mutant A3850. Besides, the lethal doses
of the mutant A0242 were similar to those found in
the A0242/A3850 mutant strain. The inactivation of
the gene A1S_3850 did not affected the virulence abil-
ity of the ATCC 17978 strain using this G. mellonella
infection model. The LDsy of the ATCC 17978 strain
and the A3850 mutant was approximately 5-fold lower
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Figure 5. Survival of Galleria mellonella larvae (n = 10 per group)
after infection with A. baumannii ATCC 17978, A0242, A3850 and
A0242/A3850 strains. Survival was significantly higher in caterpil-
lars infected with the A0242 mutant than those infected with the
wild type strain (p < 0.05). No deaths were observed in any of
the two control groups (not injected and injected with sterile
PBS).

than that of the A0242 and A0242/A3850 mutant
strains at 24 h, and 3.5-fold lower at 144 h. The LD,
of the ATCC 17978 strain and the A3850 mutant was
approximately 4-fold lower than that of the A0242
and A0242/A3850 mutant strains at 24 h, and 3-fold
lower at 144 h.

The virulence of the ATCC 17978 and A0242 strains
was also assessed using a murine pneumonia model by
measuring survival time of infected mice. Two groups of
10 mice were intratracheally infected with 5.5 x 107
CFUs/mouse, which means a LDy, of the wild type
strain. However, the same dose of the A0242 mutant
derivative strain produced only 30% of mortality
(Figure 6A). Thus, a significant decrease in virulence
using a mouse pneumonia model was observed when the
gene A1S_0242 was deleted (p < 0.01).

A second model was also performed using an experimen-
tal pneumonia model in mice in order to determine the bac-
terial load in lungs and the frequency of sterile blood
cultures (Table 5 and Figure 6B). Data revealed that, in
groups inoculated with the ATCC 17978 strain, the bacterial
load was approximately 1log higher than in mice inoculated
with the A0242 mutant strain (p < 0.01). Besides, the fre-
quency of sterile blood cultures increased up to 75% in the
group inoculated with the A0242 mutant strain compared
with the mice inoculated with the ATCC 17978 strain
(8.4%), (p < 0.01). Similarly, the survival time was signifi-
cantly higher in the group of mice inoculated with the
A0242 mutant strain than in the mice harboring the wild
type strain (p < 0.01).

Discussion

The success of lung infection partly depends on the abil-
ity of bacteria to acquire iron, a cofactor needed for
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Figure 6. Pneumonia infection in mice. A) Survival of BALB/c (n
= 10 per group) mice after pneumonia infection with A. bauman-
nii ATCC 17978 and A0242 strains. Survival was significantly
higher in mice infected with the A0242 mutant (p < 0.01). B)
Bacterial load determination in lungs of mice infected with the
ATCC 17978 strain and the A0242 mutant. Bacterial load (p <
0.01) was significantly lower in mice infected with the A0242
mutant.

many enzymatic reactions. Iron is essential for vital func-
tions of bacteria and its presence in the host environ-
ment is restricted. This iron restriction constitutes an
immune defense mechanism. A. baumannii is able to
grow under iron-limiting conditions such as those
occurred during human infection, however there is
scarce information about the iron uptake of this micro-
organism during the course of the infection. Different
studies showed that A. baumannii produces siderophores
[49] such as the iron chelating agent acinetobactin
[18,31,47], the fimsbactin A-F [29] or the baumanoferrin
A and B [30] which are required for virulence. In addi-
tion, some outer membrane proteins such as OprD and
OmpW have been related to iron uptake in A. bauman-
nii [50,51]. Recently, a study concerning the gene expres-
sion profile of A. baumannii revealed that most of the
genes hyper-expressed during bacteremia were those
involved in iron transport and uptake [52].

At neutral pH and aerobic conditions, the ferric
iron Fe’* is insoluble. At this point, bacteria depend
on siderophores for the iron uptake, such as
acinetobactin, pyoverdin or enterobactin, previously
described in A. baumannii, P. aeruginosa and E. coli,
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respectively [53,54], as well as additional molecules
with Fe-chelating ability, such as citrate in P. aerugi-
nosa [55]. In contrast, in anaerobic conditions, fer-
rous iron Fe’ is abundant and is captured through
uptake systems [56], such as the Feo system. How-
ever, a relevant link exists between the Feo system
and the citrate-mediated Fe’" acquisition of P. aerugi-
nosa. The ferric iron Fe™ chelated by citrate must be
reduced to Fe™* prior to its transport into the cytosol
by the membrane transporter FeoB. A ferric citrate-
specific cytoplasmic membrane transport component
is absent in P. aeruginosa [57,58]. Similar cooperation
between the FeoB transporter and the citrate-pro-
moted Fe acquisition has been suggested in other
species, such as H. pylori [37] and Leptospira biflexa
[59]. Genes encoding for the baumanoferrin
biosynthetic gene cluster found in A. baumannii [30]
showed to be homologous to components of the
acinetoferrin system, a citrate-based siderophore
described in A. haemolyticus [60]. However, similar
relationships between these siderophores and the Feo
system are yet unknown.

Transcriptome analysis of A. baumannii ATCC
17978 strain, using RNA isolated from BAL of the
infected lungs as starting material, revealed that the
A1S_0242 gene (a ferrous iron transporter protein A)
was over-expressed during the course of the pneumo-
nia infection. Further analysis of the genome revealed
the presence of other two genes (A1S_3850 and
A1S_0652) homologues to A1S_0242, both harboring
a feoA domain. This motivated us to study the genetic
context of those genes. Informatic analyses revealed
the presence of the A1S_0242 gene in all the complete
A. baumannii genomes while the AI1S_3850 and the
A1S_0652 genes were rarely found.

The Feo systems found in A. baumannii ATCC
17978 contain in all cases genes similar to the previ-
ously described feoA and feoB genes but lacks the
feoC gene found in other species. More functional
studies related to the A1S_0244 could explain if this
gene could act as a feoAB repressor in A. baumannii.
The presence of these three genes containing a feoA
domain in the strain ATCC 17978 triggered us to
study the function of the A1S_0242 (feoA) and its
interaction with the other two homologue genes
(A15_3850 y A1S_0652). Real time procedures
revealed that the lack of A1S_0242 does not vary
A1S_0652 and A1S_3850 expression while deletion of
A1S_3850 increased the A1S_0652 expression.

In a previous work [61], transcriptional profiles indi-
cated that the A1S_0242 and the A1S_3850 genes expres-
sion remained unaltered in biofilm-associated cells when
compared to the planktonic cells, while the A1S_0652
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gene increased. However, when the transcriptional pro-
file of A. baumannii was determined during bacteremia
[52], it was recovered that the expression of A1S_0650
and AlS_3850 genes remained unaltered whereas the
expression of the A1S_0242 gene increased. Moreover,
Eijkelkamp et al. [62] studied the transcriptional profiles
of the genes of A. baumannii under iron limiting condi-
tions. In this case, it was found that the A1S_0242 and
A1S_0652 genes were up-regulated under iron limiting
conditions while the A1S_3850 gene did not showed any
different expression profile.

In this study we report many evidences of the implica-
tion of the A1S_0242 gene (feoA) in fitness and virulence
of A. baumannii ATCC 17978. The importance of the
feoA gene was first evidenced in fitness. The A0242
mutant showed a lower growth rate than the wild-type
strain in iron-limited conditions. In contrast the mutants
A3850 and A0242/A3850 did not decreased in growth
rates compared with the parental and A0242 strains,
respectively, thus minimizing the relevance of the
A1S5_3850 gene present in the ATCC 17978 strain.

Significant differences were also found in biofilm pro-
duction or cellular attachment. The deletion of feoA
demonstrated that this gene was involved is those mech-
anisms used by A. baumannii to colonize and infect the
host organs while deletion of the homologue gene
A15_3850 did not show any changes. In agreement with
previous results, the mutant A0242 showed a higher sus-
ceptibility to oxidative stress than the wild-type strain.
Superoxide dismutase plays a key role in metabolizing
0,7, avoiding reactions that can cause damage and the
formation of reactive oxygen species. This enzyme fre-
quently uses Fe as metal cofactor to catalyze the detoxifi-
cation of superoxide [63]. Therefore, the A0242 mutant
strain was more susceptible to the oxidative stress
induced by paraquat probably due to decreased superox-
ide dismutase activity. The A3850 and the double mutant
A0242/A3850 did not showed any effect on biofilm pro-
duction, cellular attachment or oxidative stress, which
once more highlights the important role of the
A15_0242 gene in pathogenesis and indicates the irrele-
vant role of the A1S_3850 gene in these processes.

Fitness is usually defined as the capacity for survival
and reproduction in a particular environment [64], and
virulence is defined as the degree of pathogenicity (ability
of an agent to cause disease). Most pathogens use of a
combination of two properties to cause disease: (i) toxic-
ity, the degree to which a substance causes harm, and (ii)
invasiveness, the ability to penetrate into the host and
spread [48,65]. In the present study we have proved that
fitness is reduced when the feoA gene (A15_0242) is
inactivated under iron-limited conditions. Additionally,
virulence decreased as judged by the reduced ability of

the mutant A0242 strain to attach to alveolar cells and
the increased susceptibility to oxidative stress, which is
one of the main antibacterial mechanisms during phago-
cytosis [66], being all these processes implicated in the
pathogenicity of A. baumannii. Data indicated that the
increase of survival and lethal doses obtained in the in
vivo models with the A0242 mutant strain is probably
due to a double effect or synergy between the fitness lost
and the decrease of virulence, caused by a reduced ability
to arrest iron from the environment.

Moreover, complementation experiments were per-
formed in order to better demonstrate the role of feoA in
virulence. Since the load of the pWH1266-Km vector
decreases fitness (see Figure S1) not all assays could be
performed with the complemented mutants. Accord-
ingly, those assays in which fitness does not play a rele-
vant role, such as biofilm production, were performed
including the complemented strains. These assays clearly
demonstrated that the complementation is possible and
indeed restored the original phenotype. However, those
assays where fitness is a limiting factor, such as the in
vivo assays in animal models, were carried out without
the complemented strains.

In a recent screening of genes involved in bacterial sur-
vival of A. baumannii using a mouse model of bloodstream
infection, from a transposon mutant library comprising
more than 100,000 mutants, 89 were selected for further
studies [46]. Between them, two genes belonged to iron
uptake systems, the fepA and the feoB genes, supporting the
role of these systems in the A. baumannii pathogenesis [46].
However, no in vivo assays were performed on the study to
confirm the results. In the present study, the implication of
FeoA in the pathogenesis of A. baumannii was also evi-
denced using experimental in vivo infections that imply the
host response. In the first model, previously validated to
study A. baumannii infections in iron-defective conditions
[18,67], caterpillars of G. mellonella were infected with the
wild-type and mutant strains. Data indicated an impaired in
virulence showing a lower capacity to persists and kill the
caterpillars in the case of the A0242 strain but not in the
case of the A3850 strain, which shows again the lack of
implication of the A1S_3850 in pathogenesis. Similarly, in
the pneumonia models of infection in mice, the mutant
A2042 strain with reduced iron transport functions was less
virulent than the wild-type strain. Both assays with inverte-
brate and vertebrate hosts reflected similar effects. Taken
together these observations indicate that the feoA gene of A.
baumannii is essential for the full virulence of this microor-
ganism. However, virulence of A. baumannii, using the ani-
mal models here presented, was not entirely inhibited,
suggesting that other iron transport systems previously
described such as fepA, acinetobactin, baumanoferrin or
fimsbactin [29,30,46,47] are present in the ATCC 17978
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strain and should be active when the Feo system is
abolished.

In summary, data indicated that the A1S_0242 gene
(feoA) from A. baumannii ATCC 17978 strain, which is
involved in iron uptake and that was found as over-
expressed during the course of a pneumonia infection,
plays a role in adhesion, biofilm formation and resistance
to oxidative stress. Definitively, in the present study we
demonstrated that the FeoA protein is needed for the full
virulence phenotype of the strain ATCC 17978 of A,
baumannii and that the FeoA-mediated acquisition of
iron is essential for the A. baumannii pathogenesis.

Material and methods
Bacterial strains

A. baumannii ATCC 17978 and its derivative strains and
E. coli listed in Table 2 were routinely grown or main-
tained in Luria-Bertani (LB) or Mueller-Hinton (MH)
media with 20% agar added for plates for general pur-
poses. All strains were grown at 37 “C and stored at
-80 °C in LB broth containing 10% glycerol. When
appropriate, cultures were supplemented with kanamy-
cin (Km) at a final concentration of 50 mg/L (Sigma-
Aldrich, #K1377).

Bacterial RNA extraction from murine pneumonia
infection

An experimental pneumonia model was used to describe
the transcriptome of the ATCC 17978 strain during the
course of the infection. BALB/c 9- to 11-week old male
mice weighing 25 to 30 g were intratracheally inoculated
with approximately 5.5 x 107 CFUs/mouse of exponen-
tially grown cells of the ATCC 17978 strain into mice.

Table 2. Bacterial strains and plasmids used in this work.

VIRULENCE (&) 503

The number of bacteria present in the inoculum was
checked by plate counting in LB agar plates. Briefly, mice
anesthetized with an oral suspension of sevoflurane
(Zoetis, #NADA 141-103) were suspended by their inci-
sors on a board in a semi-vertical position. The efficacy
of the intratracheal inoculation was confirmed by using
an endoscope on the oral cavity. The trachea was
accessed using a blunt-tipped needle for the inoculation
of a 40-uL bacterial suspension made in sterile saline
solution and 10% porcine mucin (wt/vol) (Sigma) mixed
at a 1:1 ratio. A solution of ketamine (500 ptg/mouse)
(Pfizer, #47639/24/15) and medetomidine (15 ug/
mouse) (Domtor, #933ESP) was immediately intraperi-
toneally injected after inoculation in order to keep the
mice at least 20 min in a 30° inclined position. Dead
mice in the first 4 h after inoculation were not included
in the final analyses. Mice were euthanized with an over-
dose of thiopental sodium (Sandoz, NDC0781-6160-43)
20 h after inoculation. Then, a bronchoalveolar lavage
(BAL) was performed to obtained bacteria suitable for
RNA extraction (in vive samples). All mice were main-
tained in the specific pathogen-free facility at the Tech-
nology Training Center of the Hospital of A Coruna
(CHUAC, Spain). All experiments were done with the
approval of and in accordance with regulatory guidelines
and standards set by the Animal Ethics Committee
(CHUAC, Spain, project code P82), in accordance with
the Helsinki Declaration of 1975. RNA extracted from
bacteria grown in LB-flasks (ODgy, = 1.0) at 37°C and
180 rpm was used as experimental control (in vitro sam-
ples). Total RNA was immediately extracted from both
samples using the RNeasy Mini Kit (Qiagen #74104),
treated with DN Ase I (Invitrogen, # 18068015) and puri-
fied with RNeasy MinElute Cleanup Kit (Qiagen,
#74204). Final concentrations and purity grades of the
samples were determined using a BioDrop uLITE

Strain or plasmid

Relevant characteristics

Sources or references

STRAINS

A. baumannii
ATCC 17978 Clinical isolate ATCC
A0242 A15_0242 gene deletion mutant obtained from the ATCC 17978 strain This study
ATCC 17978 + pWH1266-Km  ATCC 17978 harboring the empty pWH1266-Km plasmid; Km" Tet" This study
A0242 + pWH1266-Km A0242 harboring the empty pWH1266-Km plasmid; Km" Tet" This study
A0242 complemented A0242 harboring the pWH1266-Km-0242 plasmid; Km" This study
A3850 A15_3850 gene deletion mutant obtained from the ATCC 17978 strain This study
A3850 + pWH1266-Km A3850 harboring the empty pWH1266-Km plasmid; Km"® Tet" This study
A3850 complemented A3850 harboring the pWH1266-Km-3850 plasmid; Km" This study
A0242/A3850 A15_0242 and A15_3850 genes deletion double mutant obtained from the ATCC 17978 strain  This study

E. coli

TG1 Used for DNA recombinant methods Lucigen

PLASMIDS
pWH1266-Km A baumannii shuttle vector; Km" Tet" Alvarez-Fraga et al. 2016 [68]

pWH1266-Km-0242
pWH1266-Km-3850
pMo130

pWH1266-Km harboring the A15_0242 gene; Km*
pWH1266-Km harboring the A15_3850 gene; Km*
Suicide vector for the construction of A. baumannii isogenic derivative; Km®, SacB, XylE

This study
This study
Hamad et al. 2009 [69]

Km": kanamycin resistance. Tet" tetracycline resistance.
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Table 3. Susceptibility to oxidative stress generated by paraquat.
MICs to paraquat (mg/L)

MH broth ~ MH broth + 100 M BIP

ATCC 17978 64 32
A0242 32 8
A3850 64 32
A0242/A3850 32 8
MICs to paraquat (mg/L) with strains carrying the pWH1266-Km vector

ATCC 17978 + pWH1266-Km 8 4

A0242 + pWH1266-Km 4 1

A0242 complemented 4 4

(Isogen Life Science) and a Bioanalyzer 2100 (Agilent
Technologies Inc.).

Deep sequencing procedures

To characterize the complete transcriptomes of the stud-
ied samples, mRNA libraries from in vivo and in vitro
samples obtained as explained above were prepared fol-
lowing the Truseq RNA sample preparation protocols
from Illumina Inc. at CIC bioGUNE’s genome analysis
platform (Derio, Spain). Three biological replicates were
studied for each sample.

Read processing and comparisons of gene
expression profiles

Fifty nucleotide reads from each mRNA library were
obtained using HiScanSQ (Illumina Inc., CIC bioGUNE,
Bilbao, Spain). Short reads were aligned against the com-
plete genome of A. baumannii ATCC 17978 and plas-
mids pAB1 and pAB2 (GenBank accession codes:
NC_009085.1, NC_009083.1 and NC_009084.1, respec-
tively). The genetic profiles comparison was done at CIC
bioGUNE’s genome analysis platform (Derio, Spain).

Raw data were deposited in the GEO database under the
accession code GSE100552.

Bioinformatic analysis

Genome analyses were done using the basic local Alig-
ment Search Tool of the NCBI (BLAST,https://blast.
ncbi.nlm.nih.gov/Blast.cgi).

Construction of isogenic deletion derivatives

In the present work, we focused on the study of the
A1S5_0242 gene. The A0242 isogenic deletion mutant
derivative of the ATCC 17978 strain was constructed by
deleting a region of the A1S_0242 gene. The suicide vec-
tor pMol30 (Genbank: EU862243), was used as
described before [68] where upstream and downstream
regions flanking the A15_0242 gene were PCR-amplified
and cloned into the pMo130 vector using primers listed
in Table S2. The plasmid construction obtained was used
to transform ATCC 17978 cells by electroporation [61].
Recombinant colonies representing the first crossover
event were selected as previously described [69]. The sec-
ond crossover event leading to gene knockout was con-
firmed by PCR using primers listed in Table S2 as
described before [68]. The A1S_3850 was found in the
genome of the 17978 strain as an A15_0242 homologue.
In order to study its interference with the A1S_0242
gene as well as discard its relevance in pathogenesis, a
A3850 isogenic deletion mutant of the ATCC 17978
strain was constructed following the protocol described
above and using the primers listed in Table S2. In addi-
tion, a double isogenic mutant strain, A0242/A3850, was
performed following the same protocol where the second

Table 4. Mortality of G. mellonella infected with the A. baumannii ATCC 17978 and its derivative strains using lethal dose 50 (LDsg) and

lethal dose 100 (LD; o).

Bacterial inoculum (CFUs/larva)

8"10° 210° 810 26"10° 810° 26"10°
Strains Mortality of larvae (%)at 24 h LDsg 24 h LDygo 24
ATCC 17978 100 100 857 57.1 428 0 19710* 17710*
A0242 100 714 57.1 0 0 0 105°10* 63"10*
A3850 100 100 100 428 285 0 19510 1.7 10
A0242/A3850 100 85.7 57.1 0 0 0 93"10* 53.2°10*
Strains Mortality of larvae (%) at 144 h LDsg 144 h LD;gq 144 h
ATCC 17978 100 100 100 85.7 428 0 1710 610
A0242 100 100 857 142 0 0 435710 18.1710*
A3850 100 100 100 100 285 0 1.15%10* 3.05710°
A0242/A3850 100 100 85.7 428 0 0 34°10° 16.4710°
Table 5. Effect of feoA gene (A15_0242) inactivation over bacterial load in lungs, blood and mice survival.
Treatment Bacterial load in lung % Sterile Mean of survival
group (n) (mean log,oCFU/g of lung +/— SD) blood cultures time (h) of mice
ATCC 17978 (12) 11.04 (+/— 0.35) 8.4% 434
A0242 (12) 10.04 (+/— 0.29) 75% 64.1°

“ Two mice survived at 72 h.
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deletion (A3850) was constructed over the A0242
mutant.

Complementation of the mutant strains

The pWHI1266-Km plasmid was constructed as previ-
ously described [68]. Then, in order to complement the
A0242 strain, the A1S_0242 gene was amplified from the
genome of the ATCC 17978 strain using primers listed
in Table S2 and then cloned into the EcoRV and BamHI
restriction sites of the pWH1266-Km plasmid under the
control of the tetracycline resistance gene promoter
using the primers listed in Table S2. The resulting con-
struction was used to transform A0242 mutant cells by
electroporation. Transformants were selected on kana-
mycin-containing plates and checked by PCR using pri-
mers listed in Table S2. Moreover, ATCC 17978 and
A0242 strains harboring the empty pWH1266-Km vec-
tor were used as experimental controls. Finally, the
A3850 derivative strain was also complemented follow-
ing the same procedure described above.

Retrotranscription and real-time RT-PCR assays

Total RNA from ATCC 17978 strain and the isogenic
mutants (ODgg, = 1.0) was isolated using the High Pure
RNA Isolation Kit (Roche, #11828665001). RNA samples
were treated with DNAse I (Invitrogen, #18068015) and
purified with GeneJET RNA Cleanup and Concentration
Micro Kit (Thermo Fisher Scientific, #K0841).

In order to analyze the polycistronic nature of the
A1S_0242-0244 operon, the cDNA was obtained from
RNA samples using the iScript cDNA Synthesis Kit (Bio-
Rad, #170-8890) following the manufacturer’s recom-
mendations. The ¢cDNA from ATCC 17978 was ampli-
fied with the GoTaq G2 Flexi DNA Polymerase
{Promega, #M7808) using pairs of primers designed to
anneal to the 3’-end of every gene and the 5’-end of the
next one (Table S2). Genomic DNA and total RNA with-
out reverse transcription were used as templates for posi-
tive and negative controls, respectively, and the
amplicons were detected by standard 1% agarose gel
electrophoresis. The gyrB gene was used as a positive
control. All the assays were performed in triplicate.

Real-time reverse transcription-PCR (qRT-PCR) was
carried out to determine the expression level of the genes
of interest using UPL (Roche) and TagMan (Applied
Biosystems) probes and primers listed in Table S2. The
LightCycler 480 RNA Master hydrolysis probes kit
(Roche, #04991885001) and the LightCycler 480 RNA
instrument (Roche) were used together and the following
protocol was used: initial incubation of 65 °C, 3 min, fol-
lowed by a denaturation step at 95 °C for 30 s, 45 cycles
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at 95 °C, 15 s and 60 °C, 45 s, and a final elongation step
at 40 °C, 30 s. The expression level was standardized rel-
ative to the transcription level of the housekeeping gene
rpoB. All the assays were performed in triplicate.

Growth curve analysis

Fitness was assessed by measuring the growth rates of the
ATCC 17978 strain and the mutant derivatives strains.
Briefly, 1.5 ml of LB medium were inoculated with
approximately 5 x 107 CFU of each strain, previously
grown until the stationary phase, and incubated at 37°C
with constant shaking at 180 rpm. Assays were per-
formed in MH medium (normal conditions) and in MH
supplemented with 200 pM of 2,2-bipyridyl (BIP,
Sigma-Aldrich, #D216305) (iron deficit conditions).
Growth was monitored using 24-well plates in an Epoch
2 Microplate Spectrophotometer (BioTek Instruments,
Inc.) and ODgy, values were recorded every 10 min. At
least three independent experiments were performed for
each strain. The growth rate constant (4t) was calculated
on the basis of the exponential segment of the growth
curve and defined as In,/g, where g is the doubling time
or mean generation time. The results were compared
using Student’s f test.

Quantitative biofilm assay

Biofilm formation was determined following the protocol
previously described by Tomaras et al. [23] and modified
by Alvarez-Fraga et al. [68]. Briefly, colonies of A. bau-
mannii were grown on LB plates and used to inoculate
LB broth. Overnight cultures were centrifuged and the
pellet washed and resuspended in 5 mL of SB medium
(0.5% NaCl and 1% tryptone). A 1:100 dilution of each
sample was stagnant incubated at 37°C for 48 h. In order
to evaluate the total cell biomass the growth was mea-
sured at ODggo. Biofilm formation ability was analyzed
by crystal violet staining followed by solubilisation with
ethanol-acetone. In order to avoid variations due to dif-
ferences in bacterial growth under different experimental
conditions, the OD5g0/ODgqp ratio was used to normalize
the amount of biofilm formed to the total cell content of
each sample. Eight independent replicates were per-
formed. Student’s t-test was performed to evaluate the
statistical significance of observed differences.

Adhesion to A549 human alveolar epithelial cells

The ability of the isogenic A. baumannii strains (A0242,
A3850 and the double mutant A0242/A3850) to adhere
to A549 human epithelial cells was evaluated and com-
pared to the wild type strain. Invasion and adhesion
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abilities were analyzed as previously described by Gaddy
et al. [25] with some modifications [68]. Briefly, A549
human alveolar epithelial cells were grown at 37°C and
5% CO, in DMEM medium (Sigma-Aldrich, #D5671)
containing 10% of fetal bovine serum (FBS) and 1% of
penicillin-streptomycin (Gibco, #15070063). Monolayers
were washed with saline solution and HBSS (Hank’s bal-
anced salt solution, Gibco, #11520476 ) without glucose
(mHBSS). After that, A549 cells were infected with 107
bacteria per well and incubated, 3 h for the adherence
determination, in mHBSS at 37 °C. To analyze the
attachment ability of bacteria, A549 cells were washed
with saline solution and lysed in 500 uL of 0.5% sodium
deoxycholate. Dilutions of the lysates were plated onto
LB agar and incubated at 37 °C for 24 h. Colony forming
units were counted to determine bacteria that had
attached to or invaded A549 cells. Four independent rep-
licates were done. Student’s t-tests were performed to
evaluate the statistical significance of the observed
differences.

Determination of susceptibility to oxidative stress

The susceptibility to oxidative stress of the ATCC 17978
strain type and the isogenic mutant derivative strains was
determined by microdilution using paraquat (Sigma-
Aldrich, #856177) to achieve oxidative stress conditions in
order to obtain the Minimal Inhibitory Concentration
(MIC), following the CLSI criteria [70]. Briefly, strains
were grown in MH plates for 24 h at 37°C. Then, 150 L
of serial dilutions of MH medium containing paraquat
were performed in 96-well plates in the presence (100
(M) or absence of the metal chelator 2,2- bipyridyl (BIP).
Plates were then inoculated with 7.5 ;L of a 0.5 McFarland
cellular suspension containing approximately 1 x 107
CFU/mL of bacteria. Bacterial growth on plates was stud-
ied after incubation al 37°C for 24 h.

Galleria mellonella virulence assay

The virulence of the wild type strain and its derivative
mutant strains was evaluated using a G. mellonella sur-
vival assay and a determination of the lethal doses (LDs,
and LD, ). Caterpillars were obtained from Bio Systems
Technology (Exeter, UK) and stored at 15 °C prior to
use. A. baumannii cells previously grown for 24 h in LB
broth were collected by centrifugation and resuspended
in sterile phosphate-buffered saline (PBS). Appropriate
bacterial inocula were determined spectrophotometri-
cally at ODggg and confirmed by plate counting using LB
agar plates. Thus, G. mellonella survival assays were per-
formed by injecting 10 pL-suspension containing
approximately 2 x 10* CFU/larva in groups of 10 larvae

as previously described [71]. Two control groups were
included; not injected larvae (intact) and larvae injected
with an equivalent volume of sterile PBS. The tested
groups included larvae infected with ATCC 17978,
A0242, A3850 and A0242/A3850 strains. After injection,
the larvae were incubated at 37°C in darkness, and death
was assessed at 8 h intervals over 6 days. Caterpillars
were considered dead and removed if they displayed no
response to probing. The resulting survival curves were
plotted using the Kaplan-Meier method [72] and ana-
lyzed using the log-rank (Mantel-Cox) test.

LDs, and LD, were calculated using groups of 7 larvae
of G. mellonella infected as described above. Larvae were
infected with each strain with an inoculum of 10 pL start-
ing at 8 x 10° CFUs/larvae, and then the inocula serially
diluted at 2 x 10°, 8 x 10% 2.6 x 10% 8 x 10’ and 2.6 x
10° CFUs/larvae. Control groups were also included. Lethal
doses were obtained for 24 and 144 h post-infection [73].

Murine pneumonia virulence assay

The pneumonia model was used to evaluate the virulence
ability of the ATCC 17978 and the isogenic mutant
A0242 strain using BALB/c male mice. The procedure
followed was the above described for bacterial RNA
extraction from the infection, with the exception of the
euthanasia that occurred using an overdose of thiopental
sodium 144 h after inoculation. Death was assessed at
8 h intervals. The survival curves were plotted using the
Kaplan-Meier method [72] and analyzed using the log-
rank (Mantel-Cox) test.

To ascertain the relevance of the feoA gene in virulence in
mice pneumonia a second series of assays was performed to
determine the effect of the inactivation of feoA on the bacte-
rial load in lungs and presence of bacteria in blood. Groups
of 12 mice were intratracheally inoculated as previously
described with the ATCC 17978 and the mutant A0242
strains. Mice were inoculated with approximately 2 x LD,
of the ATCC 17978 (12 x 10" CFUs/ mouse) and observed
for mortality over 72 h. All the animals were analyzed
immediately after death. Blood and lung samples were
obtained and processed as previously described previously
[74]. Student’s t-test was performed to evaluate the statistical
significance of differences.
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ABSTRACT The carbapenem-hydrolyzing class D B-lactamases (CHDLs) are the
main mechanism of carbapenem resistance in Acinetobacter baumannii. CHDLs
are not effectively inactivated by clinically available B-lactam-type inhibitors. We
have previously described the in vitro efficacy of the inhibitor LN-1-255 in combi-
nation with carbapenems. The aim of this study was to compare the efficacy of
LN-1-255 with that of imipenem in murine pneumonia using A. baumannii strains
carrying their most extended carbapenemases, OXA-23 and OXA-24/40. The
blag,,.: and blag,, ..., 9enes were cloned into the carbapenem-susceptible A
baumannii ATCC 17978 strain. Clinical isolates Abl1 and JC12/04, producing the en-
zymes OXA-23 and OXA-24/40, respectively, were used in the study. Pharmacokinetic
(PK) parameters were determined. An experimental pneumnonia model was used to
evaluate the efficacy of the combined imipenem-LN-1-255 therapy. MICs of imi-
penemn decreased between 32- and 128-fold in the presence of LN-1-255. Intramus-
cular treatment with imipenem=LMN-1-255 (30/50 mg/kg) decreased the bacterial bur-
den by (i) 4 and 1.7 log,, CFU/g lung in the infection with the ATCC 17978-OXA-23
and Ab1 strains, respectively, and by (i) 2.5 and 4.5 log,, CFU/g lung in the infec-
tion produced by the ATCC 17978-0XA-24/40 and the JC12/04 strains, respectively.
In all assays, combined therapy offered higher protection against pneurnonia than
that provided by monotherapy. Mo toxicity was observed in treated mice. Imipenem
treatment combined with LN-1-255 treatment significantly reduced the severity of
infection by carbapenem-resistant A baumannii strains carrying CHDLs. Preclinical
assays demonstrated the potential of LN-1-255 and imipenem therapy as a new anti-
bacterial treatment.

KEYWORDS Acinetobacter baumannii, animal models, antimicrobial agents, beta-
lactamase inhibitor, class D carbapenemases, preclinical drug studies
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cinetobacter baumannii is a nosocomial pathogen that frequently acquires and

easily develops mechanisms of resistance to multiple antibiotics, which are asso-
ciated with an increased risk of clinical failure, prolonging the lengths of hospital stays
and therefore increasing health care costs (1). Drug-resistant infections are currently
responsible for more than half a million deaths worldwide each year. It is expected that,
by 2050, antimicrobial resistance will have caused the death of more than ten million
people, and it is projected that related health care costs worldwide will be greater than
$300 million per year (2). A. baumannii is considered one of the most threatening
opportunistic pathogens for global health, and it has been included in a “critical
priority” category by the World Health Organization (3).

The B-lactams are the most relevant family of antibiotics. In particular, carbapenems
are extensively used for multidrug-resistant (MDR) pathogens such as species in the
genus Acinetobacter, particularly A. baumannii (4, 5). Conseguently, the production of
B-lactamase enzymes is the most relevant mechanism of antibiotic inactivation through
the cleavage of the g-lactam ring. The carbapenem-hydrolyzing class D B-lactamases
(CHDLs), such as OXA-23 or OXA-24/40, are the most important carbapenemases
produced by A. baumannii (6=10). The spread of OXA carbapenemases in the last
decade is seriously compromising the use of these antibiotics, threatening the sustain-
ability of carbapenem efficacy against A baumannii. Few real alternatives against this
pathogen have been commercialized in the last two decades.

Drug discovery has led to the development of B-lactamase inhibitors and to the
rescue of failing B-lactams, combating the clinical challenge given by antimicrobial
resistance. Over the last years, an increasing number of inhibitors have been developed,
including avibactam, relebactam, and several boronic acid B-lactamase inhibitors (11).
These new inhibitors present excellent activity against class A and class C B-lactamases
and against many carbapenemases. It has been demonstrated that OXA-48 from
Enterobacterioceae can be inactivated by avibactam, which, in combination with cefta-
zidime, ceftaroline or aztreonam, is a very interesting option to treat infections caused
by bacteria carrying this enzyme (12). However, the CHDLs of A. baumannii are not
effectively inactivated by the clinically available B-lactam-type inhibitors and remain
nonsusceptible to the new inhibitor combinations (11, 13). There is a shortage of
relevant literature that describes candidates for new inhibitors of the OXA carbapen-
emases of A. baumannii. Thus, the treatment of Acinetobacter sp. isolates expressing
CHDLs is an increasingly relevant clinical problem (1, 14), and the development of
efficient inhibitors is needed to preserve the efficacy of carbapenems (15).

Our group has previously demonstrated that a series of B-lactam derivatives,
substituted penicillin sulfones, present an exceptional potency against the Acinetobac-
ter sp. CHDL OXA-24/40. Within a series of developed compounds, the compound
LM-1-255 presented affinity in the nM range for all of the A baumannii CHDLs tested,
including the relevant OXA-23, OXA-24/40, OXA-58, and OXA-143 CHDLs (10, 16=18).
The combination of carbapenemns with LM-1-255 led to an important decrease in the
MICs of these antibiotics (10). Similarly, this inhibitor alse demonstrated good inhibitory
activity against the CHDL OXA-48, as assessed by both kinetic and microbiological
studies (10, 17). Other OXA or class A noncarbapenemase pB-lactamases are also
inhibited by this compound (19).

Since the inhibition potency of LN-1-255 against the major representative enzymes
of all CHDL families described to date in A baumannii has been previously demostrated
by our group (10}, in the present study we propose a new antimicrobial strategy.
Therefore, the objective of this study is the evaluation of a new therapy combining
imipenem and LN-1-255 for the treatment of an experimental murine pneumonia
maodel caused by carbapenem-resistant A. baumannii transformants and clinical isolates
carrying CHDLs.

RESULTS
Antimicrobial susceptibility assays. In vitro susceptibility to a combined therapy of
imipenem and LM-1-255 was compared to susceptibility to imipenem alone. All trans-
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TABLE 1 Imipenem susceptibility profile

MIC (ma/liter) fors:

Imipenem + LM-1-255 Imipenem + LN-1-255
Laboratory strain or dinical isolate Imipenem {4 mg/liter) (16 mag/liter)
A. baumannii ATCC 17978 05 05 05
A. baumannii ATCC 17978 + pET-RAJOXA-23 16 2 05
A. baumannii Ab1(0XA=23) 32 4 1
A. baumannii ATCC 17978 + pET-RAJOXA-24/40 64 2 05
A. baumannii JC12/04 (0OXA=24/40) 32 2 05

AMICs for LM-1-255 were 2512 mgdiver for all tested A. baumanni strains.

formants studied were imipenem resistant. As previously described, the inhibitor was
able to reduce imipenem MICs by between 8- and 32-fold at 4 mg/liter and between 32-
and 128-fold at 16 mg/liter (Table 1). Data indicated that a clear synergy occurred when
imipenem was combined with LN-1-255. No antimicrobial activity was observed with
LMN-1-255 alone (MIC = 512 mg/liter).

blagy s c1.ame BXpression analysis. Reverse transcription-guantitative PCR (gRT-
PCR) analyses were performed in order to investigate the effect of a possible overex-
pression of the chromosomal OXA-51-like B-lactamase of the A baumannii strains,
which could sequester the inhibitor during treatments. Data revealed that bla ...z we
was not overexpressed in any of the tested strains. Taking the relative expression of the
Bla s 1oine GENE in the ATCC 17978 strain as 1, the expression of this gene in ATCC
17978+ pET-RA/OXA-23, ATCC 17978+ pET-RA/OXA-24/40, Ab1, and JC12/04 strains
was 0.86, 0.91, 0.41, and 0.57, respectively. Therefore, a similar expression pattern of the
B85 51 GENE was observed in the studied strains, and no overexpression was
detected in any case.

Efficacy of the treatment. The 100% lethal dose (LD, ,,) used in the pneumonia
models was 2.1 X 10° CFU/mouse for ATCC 17978 carrying pET-RA/OXA-24/40,
0.7 % 107 CFU/mouse for JC12/04, 2.9 X 107 CFUW/mouse for ATCC 17978 carrying
pET-RA/OXA-23, and 3.2 % 107 CFU/mouse for Ab1. After treatment, bacterial concen-
tration in the lungs was consistently reduced when the inhibitor LM-1-255 was used
intramuscularly at 50 mg/kg (Fig. 1, Table 2). Although all strains used that harbored
CHDLs were imipenem resistant, the treatment with imipenem led to a slight decrease
of the bacterial load in the infected lungs compared to that in the untreated control
groups (0.5 to 1.5 logy, CFWg lung). However, more interestingly, the treatment with
imipenem and LN-1-255 decreased the bacterial load by 4 log,s CFU/g lung and 1.7
log,s CFU/g lung in the infections caused by the ATCC 17978 strain carrying pET-RA/S
0XA-23 and by the clinical isclate Ab1, respectively, showing statistical differences from
the results obtained in imipenem monotherapy (P <2 0.02). Conversely, the combined
treatment with imipenem and LN-1-255 decreased the bacterial load by 2.5 log, CFU/g
lung and 45 logy, CFU/g lung in the infections caused by the ATCC 17978 strain
carrying pET-RAJOXA-24/40 and by the clinical isolate JC12/04, respectively, and it also
showed statistical differences from the imipenem treatment (P -< 0.01).

Other intramuscular dosages of LN-1-255 (20 and 150 mg/kg) in combination with
imipenem also reduced the bacterial load of lungs infected by clinical isolates and
transformants carrying OXA-23 and OXA-24/40 compared to that when treated with
imipenem alone. However, none of these dosages presented a higher bacterial clear-
ance than the dosage of 50 mg/kg. Similarly, neither the intraperitoneal nor subcuta-
neous routes improved on the results obtained using the intramuscular route (data not
shown).

Mo antimicrobial activity was observed when LN-1-255 was used alone; this inhibitor
in treatments by itself did not decrease the bacterial load compared to that of the
untreated groups. When imipenem combined with LN-1-255 was used to treat the
infection caused by the imipenem-susceptible parental strain ATCC 17978 A. bauman-
nii, no increment of efficacy was observed; the use of imipenem=LN-1-255 did not
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FIG 1 Effect of the combined therapy with imipenem and LN-1-255 on the dearance of A. baumannii strains in mouse lung. Left, each value and means
of total counts in lungs are reflected. Right, values are means, and bars indicate standard deviation of total counts related to the bacterial load of the
infected control mice at 0 h. (A) A baumannii ATCC 17978 + pET-RA/OXA-23. (B) A. baumannii Ab1. (C) A. baumannii ATCC 17978 + pET-RA/OXA-24/40.
(D) A. baumannii JC12/04. Student’s t test was used to validate the experimental data (*, P < 0.05).
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TABLE 2 Effects of monotherapy and combined therapy on the clearance of strains from mouse lungs
Decrease in bacterial load

compared with that of
nontreated mice (log, ,CFUfg
Bacterial load (mean log,;,CFU/g lung = SEM) lung)
A. baumannii strain Montreated Imipenem Imipenem + LN-1-255 Imipenem Imipenem + LN-1-255
ATCC 17978 + pET-RA/OXA-23 106 = 45 91 =24 65 * 14 1.5 40
Ab1 (DXA-23) 103 = 1.8 96 * 26 85+ 21 0.7 1.7
ATCC 17978 + pET-RAMDKA-24/40 100 = 23 92 =37 75+ 18 0.8 25
JC12/04 (0¥ A-24/40) 10.7 £ 19 102 = 36 62+ 1.7 05 45

decrease the bacterial load compared with that in the control treatment (imipenem
alone; data not shown).

Pharmacokinetic parameters in mice. Dosages of 20, 50, and 150 ma/kg of
LM-1-255 inoculated intramuscularly were tested for pharmacokinetic activity. Pharma-
cokinetic curves of the inhibitor serum and epithelial lining fluid (ELF) concentration are
shown in Fig. 2 and Table 3. The inhibitor maximum concentration of drug in serum
(C,a) Obtained in serum and ELF at 50 mg/fkg were 5.4 and 5.6 mg/liter, showing a
half-life (t,,;) of 22 and 98 min, respectively. For this dosage, the area under the
concentration-time curve (AUC) was also better in ELF (4.1 mg - h/liter) than in blood
(2.8 mg - hfliter). Pharmacokinetic (PK) parameters were lower at 20 mg/kg than at
50 mg/kg. However, PK results were slightly more favorable at 150 mg/kg, showing a
C, e Value 20% higher in ELF than that for 50 mg/kg.
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FIG 2 Pharmacokinetics of LN-1-255 in mice after intramuscular administration measured in (a) serum

and (k) ELF. Dotted line, 20 mg/kg; solid line, 50 mg/fkg; dashed line, 150 mgfkg. Three replicates were

carried out for each time point.
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TABLE 3 Pharmacokinetic parameters of LN=1-255 in blood and epithelial lining fluid
Pharmacokinetic parameters fore:

Serum Lung
Dosage (mg/lkg) Conau tirs frnie AUC [mg - hiliter) Canase f1sz foning AUC [mg - hiliter)
20 33 =045 21 %2 1.8 28 £ D43 587 18
50 54 = 065 222 28 56 % 048 98 =12 41
150 1.3 =145 16 %1 54 70 £ 081 135 £ 13 5.1

A e Muaximum concentration of drsg in serum; 5, half-life.

Using as reference an imipenem-susceptible strain of A. baumannii such as ATCC
17978 (MIC for imipenem, 0.12 mg/liter), the literature shows that the time above the
MIC {T=MIC) parameter of imipenem in murine plasma using 30 mg/kg is ca. 2 h. Thus,
if dosages were administered every 3 h in our study, about 66% of time during the
treatment imipenem concentration in plasma would be over the MIC. For therapeutic
success with carbapenems, it is necessary to reach a concentration over the MIC at least
40% of the time (20, 21). The T>MIC parameter for imipenem against the imipenem-
resistant strains used in this study was minimal or nonexistent (MICs of 16 to 64 mg/
liter). Thus, based on the pharmacokinetic/pharmacodynamic (PK/PD) data of LN-1-255,
it was necessary to establish a pattern between doses that would allow reaching a
compound concentration during the infection capable of inhibiting the carbapen-
emases and to decrease the MICs to imipenem as long as possible to obtain an
appropriate T>>MIC parameter. Using the intramuscular dosage for LN-1-55 of 50 mg/kg
every 3 h and taking as reference an effective inhibitor concentration of 4 mg/liter
(minimal effective concentration [MEC]), we can see in Fig. 2 that the time above the
MEC (T==MEC) parameter of LM-1-255 is 1.81 h, ca. 60% of the treatment duration. This
allowed us to match the T=MIC parameter of imipenem, previously described, with the
T>=MEC of LN-1-255 during the treatments, in order to maximize the synergy between
both compounds.

Toxicity. LN-1-255 was well tolerated in mice. No mortality was observed in the
groups of uninfected mice treated with a single intramuscular dose of 350 mg/kg of
LM-1-255 or in those groups which received six doses of 150 mag/kg every 3 h. Adverse
effects such as muscle spasms, weight loss, or transitory movemnent disorders were not
observed at the administered doses over 7 days.

DISCUSSION

The carbapenems remain the most-used antibiotics to treat A. baumannii infections
(22). However, the isolation of carbapenem-resistant strains is increasing globally (23).
Relevant efforts have been made to develop new B-lactamase inhibitors to recover the
activity of B-lactams in species such as Pseudomonas aeruginosa or A. baumannii. The
greatest advances have taken place in the development of non-B-lactam inhibitors,
especially the diazabicyclooctancnes (DBOs), such as avibactam (approved for clinical
use) or relebactam (in the late stage of development), which are able to inhibit class A
and class C f-lactamases (24). Avibactam also presents activity against the relevant
carbapenemase OXA-48 but does not present any activity against CHDLs of A bau-
manmii (17, 25).

A quality leap forward was made on the development of DBOs when compounds
with activity against class A, C, and D B-lactamases (including carbapenemases) were
described. Recently, the new combination of sulbactam and ETX2514 has been able to
restore the activity of sulbactam. The authors demonstrated its activity in a collection
of A. baumannii clinical isolates and in a murine thigh model and a pneurmnonia model
similar to the one presented in this work (26, 27). Other B-lactamases inhibitors include
the boronates, such as vaborbactam (RPX7009), in combination with meropenem
(phase IV). However, this inhibitor lacks activity against A. baumannii or P. aeruginosa
(28, 29).

LM-1-255, a new B-lactamase inhibitor, is being developed to address growing
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carbapenemase resistance due to CHOLs. It has been previously shown to preserve
imipenem activity against OXA-48-producing strains (17) and against the most relevant
CHDLs of A, baumannii (10). Porin loss seems not to affect this inhibitor, probably due
to its structural similarity with siderophores (17). The significant activity of LN-1-255
against CHDLs is mainly due to its excellent kinetics; it shows a very high affinity for
these B-lactamases (inhibits the OXA carbapenemases with low K; values in the ni
range), and the turnover number (the time-dependent partitioning of the initial en-
zyme/inhibitor complex between hydrolysis and enzyme inactivation) was remarkable
and similar for all of the CHDLs tested, 2-6 (10). The LM-1-255 inhibitor also demon-
strated an excellent microbiological synergy and a significantly higher activity than
tazobactam and avibactam against all tested CHDLs {OXA-23, OXA-24/40, OXA-58,
DXA-143, OXA-235, and the chromosomally encoded OXA-51) (10). Analyzing the good
results obtained in vitro and these new in vive results, it is possible to hypothesize that
this inhibitor could be used to treat the lung infections caused by all of the CHDL-
carrying A. baumannii strains. Moreover, in vitro synergy was also observed between
meropenem and LM-1-255, which could be another alternative to treat infections
caused by carbapenem-resistant A baumannii strains.

The pneumonia model was chosen in this study because the majority of A bau-
mannii strains are isolated from the respiratory tract of hospitalized patients, this type
of nosocomial infection being the most predominant caused by this pathogen (1)
Usually the dose regimen for treatment is calculated to obtain serum concentrations of
imipenem above the MIC (T>MIC) during 35 to 40% of the interval between doses (30,
31), which means approximately 3 h against imipenem-susceptible strains. In this study,
we have used imipenem-resistant strains, which do not meet the criteria when a
“standard” imipenem dosage is used, and thus the regimen of imipenem 30 mg/kg in
monotherapy will result in a therapeutic failure. Imipenem dosage at 30 mg/kg reaches
8 Craw in serum of 16.9 to 26.7 mg/liter (20, 21), minimally decreasing the bacterial load
in lungs of the imipenem-resistant strains used in this study (MICs, 16 to 64 mg/liter).
Previous literature has defined the C,,,, value in plasma only, so there is no information
for murine lungs. The plasma C,, of imipenem is similar or slightly lower than the MICs
of used strains (1 to 2 dilutions), which may produce the slight observed decrease in
bacterial load (0.5 to 1.5 log,, CFUW/ag lung), along with the immune response of
nonimmunosuppressed mice. With LN-1-255 in combined therapy with imipenem, we
have tried to recover the effectiveness of the standard regimen, and thus, finally, the
interval between drug doses was 3 h and an intraperitoneal dosage of 50 mg/kg of
LMN-1-255 was used to avoid therapeutic failure. The other concentrations and routes
tested were less effectiveness at decreasing the bacterial load of infected lungs. The
Cnae Of LN-1-255 at 50 mg/kg obtained in mice lungs was 5.6 mg/liter, which was
enough to decrease by 1.7 to 4.5 log,, the bacterial load in pneumonia when the
inhibitor was used in combination with imipenem. In vitro assays showed a clear
synergy when the inhibitor was used at 4 mg/liter against class D carbapenemase-
producing A. baumannii strains in this and previously published studies {10}, a concen-
tration that was maintained for 60% of the time between doses in this study.

The intramuscular administration of 50 mg/kg of LN-1-255 reached in ELF a C,,,. and
T=MEC about 20% and 30% lower, respectively, than those obtained using 150 mg/kg.
However, these apparently better PK/PD parameters obtained with the dosage of
150 mg/kg did not increase the clearance in lungs during the infection. We hypothe-
sized that, although LN-1-255 is not toxic at these doses in healthy mice, very high
doses used repeatedly may have some deleterious effect in unhealthy (infected) mice.
Last, B-lactam dosages used in treatments are usually lower than 50 to 100 mg/kg, and
thus 50 mg/kg of the compound LN-1-255 (a penicillin sulfone) was the selected dosage
to study in combination with imipenem for experimental treatments. It is also necessary
to highlight the important role of the immune system (neutrophils) in combating
bacterial infections. The depletion of neutrophils results in deficiency in bacterial
clearance, and severe neutropenia or immunosuppression has been associated with
higher mortality (32). In this study, immunocompetent mice were used, and the
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TABLE 4 5Strains and plasmids used in this work®

Strain or plasmid blagy, gene Features Reference or source
Strains
A. baumannii ATCC 17978 MA A. baumannii type strain ATCC
A. baumannii ATCC 17978 + OXA-23 A. baumannii ATCC 17978 harboring pET-TRA-KM 10
pET-RA/OXA-23 plasmid overexpressing OXA-23
A. baumannii Ab1 OXA=23 A. baumannii clinical isolate from A Corufa (Spain) 42
A baumannii ATCC 17978 + OXA-24/40 A. baumannii ATCC 17978 harboring pET-TRA-KM 10
pET-RA/OXA-24/40 plasmid overexpressing OXA-24/40
A baumannii 1C12/04 OXA=24/40 A. baumannii clinical isolate from A Corufa [Spain) This study
Escherichio coli BL21 OXA=24/40 E. coli type strain GE Healthcare (Chicago, IL, USA)
Plasmids
pET-RA-KM Cloning vector harboring kanamycin and 10
rifampicin resistance markers
pGEX=6P<1 Cloning vector for expressing GST fusion proteins GE Healthcare (Chicago, IL, USA)

with a PreScission protease site
aA, mot applicable; ATTC, American Type Culwre Collection; GST, glutathione S-transferase.

immune system certainly has a relevant role in decreasing the infection by
carbapenem-resistant A baumannil strains treated with the studied imipenem=LN-1-
255 combination.

To our knowledge to date, no inhibitors have presented efficacy in preclinical
studies against CHDL-produced A. baumannii strains except for the recently published
DBO ETX2514 and the B-lactam-based inhibitor LN-1-255. The ETX2514 inhibitor was
tested in thigh and pneumonia murine infection models (26). Using different
sulbactam-ETX2514 concentrations, the authors observed a 1- to 5-log,, decrease of
bacterial load in pneumonia caused by a multidrug-resistant strain expressing an
OXA-24/40 variant. Also, when sulbactam-EXT2514 was used at 15/50 mg/kg (similar to
our dosage) in a thigh murine model, the bacterial load decreased by approximately 3.5
log. In the present study, the combination imipenem=LMN-1-255 at 30/50 mg/kg in a
pneumonia model infection caused by the clinical isolate with OXA-24/40 decreased
the bacterial load by 3.8 log. Thus, the results obtained here showed similar in vivo
efficacy of both inhibitors against CHDL-preducing carbapenem-resistant A baumannii
Strains.

Infections caused by antibiotic-resistant bacteria have increased rapidly in the last
decades, and new therapeutic targets and antimicrobial agents are urgently needed. In
antimicrobial development, PK/PD evaluation in experimental infection models are
essential to design optimal dosing regimens and planning clinical trials, which are
extremely costly. In this work, we have probed the in vivo efficacy of the LN-1-255
inhibitor, using a murine model of infection caused by CHDL-carrying A. baumannii
transformant strains and clinical isolates. We have also described the pharmacokinetic
parameters and demonstrated the lack of toxicity of this compound. The scarce arsenal
against multidrug-resistant (MDR) A. baumannii infection supports the potential clinical
use of the LN-1-255 inhibitor in combination with B-lactams.

MATERIALS AND METHODS

Bacterial strains, culture media, cloning, and susceptibility testing. The recipient strain for the
expression of OXA-23 and OXA-24/40 enzymes was the antibiotic-susceptible A. baumannil ATCC 17978
strain. The A boumannil clinical isolates used were Ab1 [carrying OXA-23) and M12/04 (carmying
O A-24/40), both previously isolated in our hospital (Table 4). All strains were grown in Luria-Bertami (LE)
broth or agar at 37°C. MICs and chedkerboard assays were performed by microdilution in Musller-Hinton
Il broth (Becton, Dickinson and Company, Sparks, MD, USA) (33, 34). Bacterial strains were frozen in LB
broth with 15% glycerol and were maintained at —80°C until analysis. All chemicals were purchased from
Sigma-Aldrich (Madrid, Spain) unless otherwise mentioned. LN-1-255 was synthetized by our group, as
previously reported (Fig. 3] (35).

The claning procedures for blag,, genes using the pET-RA-Km vector and the susceptibility testing
of imipenem and LM-1-255 have been previously described by Vazquez-Ucha et al. (10).

RMA extraction and qRT-PCR analysis. RNA extraction from strains grown at an optical density at
&00 mm (ODyyg) of 1.0 was performed using the High Pure RMA isolation kit (Roche, Basel, Switzerland).
Real-time PCR was done using rpof as the housekeeping gene (36), the LightCycler 480 RMNA Master
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hydrolysis probe kit (Roche), and the LightCycler 480 RMA instrument {Roche). The following primers
were used: OXAST.FW-3'-GTCGATAATTTTTGGCTGOTE-5" and OXAST.REV-3-TTAGCCTAGCTTGTAAGCAA
ACTGTG-5". The relative expression of Bag, x.me from the different A. bowmannii strains was compared.
All assays were done in triplicate.

Animal infection. Immunocompetent BALB/c male mice from 9 to 11 weeks old and weighing 20 to
25 g were housed in regulation cages with food and water ad fibitum. Mice were bred in our colony and
used for all experiments. All mice were maintained in the specificpathogen-free facility at the Centro
Tecnologico de Formackn de la Xerencia de Xestidn Integrada A Corufia (CTF-XXIAC) The study was
approved by the Ethics and Clinical Research Committee (CHUAC, project code P2015/82; Spain), in
accordance with the Helsinki Declaration of 1975. This committee follows the recommendations of the
Mational Committee for the Replacement, Refinement and Reduction of Animal Research (NC3Rs).

An experimental pneumonia model was used to evaluate the efficacy of LN-1-255 and imipenem
against carbapenem-resistant A. bauvmannii during the course of the infection caused by transformant
and dinical strains.

For bacterial inoculation, the strains were cultured at 37°C until they reached am 0Dy, of 0.7. The
cultures were centrifuged, and pellets were washed and adjusted in sterile Na{l 0.9% to the required
cellular suspension. The CFU of bacterial inoculums were gquantified by colony counting in LB plates.

Briefly, mice anesthetized by inhalation of Sevoflurane (Zoetis, Madrid, Spain) were suspended by
their incisors om a board in a semivertical position. An endoscope was used on the oral cavity to confirm
the intratracheal inooulation. The trachea was accessed using a blunt-tipped needle and a 100-pl
Hamilton syringe for the inoculation of a 40-ul bacterial suspension made in sterile saline solution and
10% porcine mucin (wtfvol) mixed at a 1:1 ratio. Immediately after the inoculation, a solution of ketamine
(500 pgfmouse; Plizer, Madrid, 5pain) and medetomidine (15 pg/mouse; Ecuphar, Barcelona, Spain) was
intraperitoneally injected in order to keep the mice over 10min in a vertical position and them 20 min in
a 3 inclined position. Antisedan (15 pgfmouse; Ecuphar, Barcelona, Spain) was injected, also intraperi-
toneally, for restoring the state of consciousness and mormalizing the physiological variables of mice.
Mice were finally euthanized with an overdose of thiopental sodium (Sandoz, Holzkirchen, Germany)
after 22 h of treatment.

Infections were performed using the LD, of each strain. In order to calculate the exact LD
previous to the treatment, lung inoculations in groups of 4 mice infected with each strain were
performed, using the following inocula: 0.1 = 107, 04 = 107, 1 2107, 4 x 107, and 20 x 107 CFU/mouse.

Treatments. In order to obtain the best results by decreasing the bacterial load in synergy with
imipenem, a screening was performed using different concentrations of LMN-1-255 (20, 50, and 150 mg/
kg and three inoculation routes (intraperitoneal, intramuscular, and suboutaneous). The screening of the
best LM-1-255 dosage was performed using reduced (n = 4 to &) groups of mice in assays by duplicate.
The optimum imipenem dose was 30 magfkg, intramusculary, a dosage previously described as effective
against A. baumannii in experimental pneumonia models (20, 21, 37).

For establishing the best treatment model, groups of % to 11 mice were infected following the
optimum dosage and inoculation route. Mice were randomly located in each group, and treatments were
begun 90 mim after bacterial inoculation in lungs, where the initial infection took place. For each assay.
the first group {control) did mot receive antimicrobial treatment (only sterile phosphate-buffered saline
[FB5]), the second group was treated only with imipenem (30 mg/kg intramuscularly), and the third
group was treated with imipenem (30 mgdkg, intramuscularly) and LM-1-255 at the best dosage and
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imoculation route observed (50 mgfkg, intramuscularly). For final established treatments, the interval
between drug doses was 3 h. Mice were monitored for 22 h, euthanized with an overdose of thiopental
sodium, and analyzed immediately after death. After the treatments, lungs were extracted in aseptic
conditions, homogenized in sterile PES, and CFU were enumerated by plating 10=*-fold serial dilutions
im LE plates. Results were expressed as means = standard deviations of the log,, CFU per gram of lung.

Two series of assays were used as control to discard the possible specific antimicrobial activity of the
inhibitor, as follows: (i} similarly to that described abowve, pneumonia infections caused by both
carbapenem-resistant derivatives of ATCC 17978 carmmying OXA-23 or OXA-24/40 CHDLs were treated with
only LM-1-255 (50 mg/kg, intramuscularly) and compared with untreated infections, and (i) pneumaonia
infections caused by the susceptible parental straim ATCC 17978 were treated intramuscularly with
imipenem (30 mag/kg) and compared with those treated by the combination of imipenem (30 mgfkg) and
LN-1-255 (50 mg/kg)

LM-1-255 pharmacokinetics. Pharmacokinetics of LM-1-255 were determined after imtramuscular
administration of a single dose of 20, 50, or 150 mg/kg of body weight. To obtain pharmacokinetic
parameters in serum, blood samples were collected from submandibular vein of anesthetized mice, or
the animals were euthanized and blood was extracted from the periorbital plexuses. Three mice per time
poimt {0, 30, 45, 60, 90, 120, and 180 min) were used. Sera were separated from the blood cells by
centrifugation (2,000 x g, 20 min) and stored at —80%C until subsequent analysis. To obtain the phar-
macokinetic parameters in lung, the concentrations of LM-1-255 in epithelial lining fluid (ELF) were
measured following the protocol described by Gotfried et al. (38). Bronchoalweaolar lavage was performed
with 2 ml of 0.9% NaCl in three anesthetized mice per time point [0, 30, 90, 150, 220, and 340 min). The
supernatant and cells were separated by centrifugation (400 % g, Smin) and frozen at —80%. To
calculate the ELF obtained, curves of urea concentration im plasma and bronchoalveolar lavage (BAL)
fluid were determined using the urea nitrogen colorimetric detection kit (Thermo Fisher, Waltham, MA,
U5A) and an Epoch 2.0 spectrophotometer (BioTek, Winooski, VT, LSA).

The serum and ELF drug concentrations were calculated using a kinetic assay, which detected the
inhibition of hydrolysis of the reporter substrate nitrocefin (Oxoid, Hampshire, UK) by the purified
BHactamase OXA-24/40. The enzyme OXA-24/40 was expressed in Eschenichia coli BL21 and purified
using the previously described procedures. All assays were performed at 25°%C wsing the proteins under
steady-state conditions on an Epoch 2 spectrophotometer (39). Briefly, 40 ng/ml of carbapenemase was
added to the reaction mixture, which included 200 pM nitrocefin and mice serum diluted to 10% volfvwol.
Final concentrations of inhibitor in serum were estimated by extrapolation from the regression line of
known LM-1-255 concentrations (0001 to 25 mg/liter). The lower limits of detection were 0.00F mg/liter.

In vivo toxicity. Once the optimum therapeutic dose of LM-1-255 was established, toxicity studies
ware performed. The in vivo toxicity was evaluated using the previously described methods (40, 41).
Groups of 4 mice received a single intramuscular dose of LN-1-255 at 350 mg'kg (F-fold normal
treatment). Also, two groups of 4 mice received & intramuscular or intraperitoneal doses of 150 mg/kg
(3-fold normal treatment), respectively. Owver T days, survival and signs of toxicity in mice were monitored.

Statistics. Differences between groups in the presence of imipenem and the inhibitor LM-1-255 were
established using the Student's t test, carried out using Prism (GraphPad Software, San Diego, CA, USA)L
Differences were considered significant at P == 0005.
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de masas.

Afio 2011: Beca de Colaboracion de la Xunta de Galicia en el grupo de investigacion
Farmacologia de las Enfermedades Crénicas (CD Pharma) de la Universidad de Santiago
de Compostela. Evaluacion de moléculas con actividad antagdnica de la endotelina-I como
posible tratamiento para enfermedades cardiovasculares, como la hipertension arterial, dirigido
por el Dr. Manuel Campos Toimil.

Afio 2014: Incorporacioén al Servicio de Microbiologia del Complexo Hospitalario Universitario
de A Coruna para la realizacion de la Tesis Doctoral, bajo la supervision del Dr. Alejandro
Beceiro y el Dr. German Bou. Descripcion de genes implicados en virulencia y resistencia de
patogenos multiresistentes, asi como busqueda de nuevas moléculas y estrategias eficaces
para su tratamiento. Experiencia en técnicas de microbiologia basica, en biologia molecular
y celular, microscopia de fluorescencia, técnicas en inmunoanalisis, modelos animales y
protedmica. Participacion en 35 comunicaciones a congresos (25 internacionales), en un
proyecto de investigacion financiado por el ISCIII, 11 articulos cientificos en D1 y Q1, 6 de
primera autora. indice h de 5y 62 citaciones. Obtencién de la beca Clara Roy de la SEIMC

1

225



FLIMNAES" N PSEANC L C
frger iy Y F E C Y I @ PrasLacie
E %ﬁ o fifsrecs i ¥ LA TECHOLOGIA VN Curacuim apeod oo

de 2 anos de duracion y de distintas becas de viaje de los Congresos ECCMID y SEIMC.
Realizacion del curso de experimentacion animal categoria C y 2 cursos de microscopia de
fluorescencia.

Parte C. MERITOS MAS RELEVANTES (ordenados por tipologia)

C.1. Publicaciones

1 Articulo cientifico. Martinez-Guitian M.; et al. 2019. Antisense inhibition of IpxB gene
expression in Acinetobacter baumannii by peptide-PNA conjugates and synergy with
colistin.Journal of Antimicrobial Chemotherapy.

2 Articulo cientifico. Arca-Suarez J.; et al. 2019. Challenging Antimicrobial Susceptibility
and Evolution of Resistance (OXA-681) during Treatment of a Long-Term Nosocomial
Infection Caused by a Pseudomonas aeruginosa ST175 Clone Antimicrobial Agents and
Chemotherapy. ASM. 63-10.

3 Articulo cientifico. Vazquez-Ucha JC.; et al. 2019. Therapeutic Efficacy of LN-1-255
in Combination with Imipenem in Severe Infection Caused by Carbapenem-Resistant
Acinetobacter baumannii.Antimicrobial Agents and Chemotherapy. 63-10.

4 Articulo cientifico. Martinez-Guitian M.; etal. 2018. Involvement of HisF in the Persistence
of Acinetobacter baumannii During a Pneumonia Infection.Frontiers in Cellular and Infection
Microbiology. 9-310.

5 Articulo cientifico. Gato E.; et al. 2018. Draft Genome Sequences of Two Epidemic
OXA-48-Producing Klebsiella pneumoniae Clinical Strains Isolated during a Large Outbreak
in Spain.Genome Announcements. 6-13.

6 Articulo cientifico. Alvarez-Fraga L.; et al. 2018. Pneumonia infection in mice
reveals the involvement of the feoA gene in the pathogenesis of Acinetobacter
baumannii.Virulence. 9-1, pp.496-509.

7 Articulo cientifico. Vazquez-Ucha JC.; et al. 2017. Activity of the B-Lactamase Inhibitor
LN-1-255 against Carbapenem-Hydrolyzing Class D B-Lactamases from Acinetobacter
baumannii.Antimicrobial Agents and Chemotherapy. ASM. 64-11.

8 Articulo cientifico. Rumbo, C.; et al. 2016. Assessment of antivirulence activity of several
d-amino acids against Acinetobacter baumannii and Pseudomonas aeruginosa.The Journal
of Antimicrobial Chemotherapy. 71-12, pp.3473-3481. ISSN 1460-2091.

9 Articulo_cientifico. Martinez Guitian, M.; et al. 2016. LN-1-255, a penicillanic acid
sulfone able to inhibit the class D carbapenemase OXA-48.The Journal of Antimicrobial
Chemotherapy. 71-8, pp.2171-2180. ISSN 1460-2091.

10 Articulo cientifico. Martinez Guitian, M.; et al. 2016. Synergy between Colistin
and the Signal Peptidase Inhibitor MD3 Is Dependent on the Mechanism
of Colistin Resistance in Acinetobacter baumannii.Antimicrobial Agents and
Chemotherapy. 60-7, pp.4375-4379. ISSN 1098-6596.

11 Articulo_cientifico. Gonzalez Bello, C.; et al. 2015. Chemical Modification of a
Dehydratase Enzyme Involved in Bacterial Virulence by an Ammonium Derivative:
Evidence of its Active Site Covalent AdductJournal of the American Chemical
Society. 137-29, pp.9333-9343. ISSN 1520-5126.

C.2. Proyectos
Nuevas estrategias frente al patdgeno multiresistente Acinetobacter baumannii:
silenciamiento (siRNA) bacteriano y desarrollo de nuevos inhibidores. Evaluacién en
estudios preclinicos. Alejandro Beceiro Casas. (Complejo Hospitalario Universitario Juan
Canalejo). 2018-2021. 127.000 €.

C.3. Contratos
Beca Clara Roy Sociedad Espariola de Enfermedades Infecciosas y Microbiologia Clinica.
Marta Martinez Guitian. 01/12/2017-01/12/2019. 36.000 €.

C.4. Patentes

226



227



