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RESUMEN

Pseudomonas aeruginosa (PA) es una bacteria que causa infecciones nosocomiales y el
tratamiento de pacientes con estas infecciones se complica por la capacidad de esta bacteria para
desarrollar resistencia a antibidticos y formar biopeliculas. Por lo anterior, se buscan alternativas
para controlar dichas infecciones, como el uso de bacteriofagos (fagos) liticos. Por lo que el
objetivo del proyecto fue evaluar la actividad in vitro de fagos liticos aislados de cepas clinicas de
PA multidrogo resistentes (MDR). En la primera parte del proyecto, a 17 cepas PA de pacientes
con infecciones nosocomiales se les realizd prueba de susceptibilidad a carbapenémicos
(aztreonam, imipenem, meropenem), identificacién molecular de genes de resistencia a antibiéticos
y formacidn de biopeliculas (mexA, mexB, oprM, pslA, psID), se analizo el pangenoma, y se evaluo
su capacidad de formar biopeliculas. Siete de las 17 cepas fueron resistentes a los carbapenémicos
probados. Las 17 cepas presentaron amplificacion para los genes de resistencia a antibiéticos y
formacion de biopeliculas. En el analisis del pangenoma, se detectaron 12,273 pangenes, siendo
4,813 genes el genoma central. El porcentaje de genoma accesorio vario entre 19-29%. Se
encontraron genes de resistencia a aminoglucosidos y betalactdmicos principalmente y entre 230-
240 factores de virulencia. La secuencia tipo (ST) mas predominante fue la 233 descrita como de
alto riesgo. Todas las cepas produjeron biopelicula. De acuerdo con estas caracteristicas, las cepas
en estudio se consideran epidemiolégicamente relevantes. En la segunda parte del proyecto, se
lograron aislar cinco fagos (AR1 ATCC, AR2 ATCC C, AR1 S, AR2 I, AR1 R1), los cuales se
caracterizaron morfoldgica, bioldgica y gendbmicamente. La prueba de rango de hospedero mostrd
que los fagos pudieron lisar a 54 de las 80 cepas utilizadas para este ensayo. Los fagos con mayor
actividad litica son el AR2 Iy el AR1 S, por lo que se puede considerar que los fagos tienen un
amplio rango de hospedero. Los cinco fagos son genéticamente diferentes. Tuvieron tamafios de
genoma entre 46,379 y 213,521 pb, de 72 a 209 ORFs, no se encontraron ARNt, ni genes de
virulencia ni de resistencia a antibioticos. Mas del 70% de los ORFs codifican para proteinas
hipotéticas. El analisis bioinforméatico sugiere que los genomas de los fagos presentan una
organizacion funcional por mddulos tipica en fagos con tallo. Las caracterizaciones indican que los
fagos son seguros para utilizarse en terapia, sin embargo, se debe realizar una caracterizacion

completa para garantizar su eficacia y seguridad.
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ABSTRACT

Pseudomonas aeruginosa (PA) is a bacterium that causes nosocomial infections, and the
treatment of patients with these infections is complicated by the ability of this bacterium to develop
resistance to antibiotics and form biofilms. Hence, alternatives are sought to control these
infections, such as the use of lytic bacteriophages (phages). Therefore, the objective of the project
was to evaluate the in vitro activity of lytic phages isolated from clinical strains of PA multidrug
resistant (MDR). In the first part of the project, 17 PA strains from patients with nosocomial
infections underwent carbapenem susceptibility tests (aztreonam, imipenem, meropenem),
molecular identification of antibiotic resistance genes, and biofilm formation (mexA, mexB, oprM,
pslA, psID), the pangenome was analyzed, and its ability to form biofilms was evaluated. Seven of
the 17 strains were resistant to the carbapenems tested. The 17 strains showed amplification for
antibiotic resistance genes and biofilm formation. In the pangenome analysis, 12,273 pangenes
were detected, with 4,813 genes being the core genome. The percentage of accessory genome
varied between 19-29%. Genes of resistance to aminoglycosides and beta-lactams were found,
mainly and between 230-240 virulence factors. The most predominant sequence type (ST) was 233
described as high risk. All strains produce biofilm. Based on these characteristics, the strains under
study are considered epidemiologically relevant. In the second part of the project, it was possible
to isolate five phages (AR1 ATCC, AR2 ATCC C, AR1 S, AR2 |, AR1 R1), which were
characterized morphologically, biologically, and genomically. The host range test showed that
phages can lyse 54 of the 80 strains used for this assay. The phages with the highest lytic activity
are AR2 | and AR1 S, so it can be considered that the phages have a wide host range. The five
phages are genetically different. They had genome sizes between 46,379 and 213,521 bp, from 72
to 209 ORFs, no tRNA, virulence genes, or antibiotic resistance were found. More than 70% of the
ORFs coded for hypothetical proteins. Bioinformatic analysis suggests that phage genomes exhibit
a modular functional organization typical of stem phages. Characterizations indicate that the
phages are safe for use in therapy, however full characterization must be performed to ensure

efficacy and safety.

Key words: Pseudomonas aeruginosa, bacteriophages, biofilms.
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1. SINOPSIS

Pseudomonas aeruginosa (PA) es una bacteria gramnegativa establecida en el agua, el suelo
y varios organismos huéspedes, tiene la capacidad excepcional de generar resistencia a los
antibidticos por su capacidad de mutacion y adquirir genes de resistencia horizontalmente. Esta
bacteria puede prosperar en una amplia variedad de nichos ecoldgicos y causar dafio en diferentes
huéspedes, ya que es una bacteria versatil y de facil adaptabilidad debido al mantenimiento de
genes de virulencia y metabolicos en su genoma. La importancia de esta bacteria radica en que
provoca una importante morbimortalidad entre los pacientes inmunocomprometidos y los que
requieren ventilacion mecéanica, como los pacientes con quemaduras y los que padecen fibrosis
quistica (FQ).

A lo largo de los afios, han surgido cepas PA multirresistentes debido al uso indiscriminado y
generalizado de antibioticos ya sea por una administracion excesiva, la automedicacion, la
prescripcion aleatoria de medicamentos inadecuados y el uso prolongado de antibiéticos, por lo
que es imperativo el desarrollo de nuevos métodos alternativos para controlar a esta bacteria. En
este contexto, existe un renovado interés por las terapias basadas en bacteri6fagos (fagos), que son
virus que infectan bacterias y son parasitos intracelulares obligados que utilizan la maquinaria del
huésped para replicarse. Se ha reportado que existen fagos con una especificidad de huésped donde
infectan cepas especificas de una sola especie de bacteria; no obstante, existen fagos que pueden
infectar multiples especies. Adicionalmente a esta especificidad de huésped, los costos de
produccién y purificacion son mucho mas econdémicos que los de los antibiéticos, lo cual hace
atractiva la propuesta de utilizar fagos para tratar infeccion por bacterias MDR. Sin embargo, en la
actualidad existen muy pocos datos clinicos relacionados con estudios de fagos contra esta bacteria

en México.

Por lo tanto, resulta necesario realizar estudios sobre el aislamiento y caracterizacion morfoldgica,
biolégica y gendmica de fagos contra Pseudomonas aeruginosa para que posteriormente puedan
ser seleccionados y evaluados en modelos in vivo, lo que proporcionara informacion confiable para

disefiar cocteles efectivos, ya sea utilizando fagos mixtos o en combinacion con antibidticos,
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logrando un gran avance en la investigacion clinica.

1.1. Justificacion

Las “superbacterias™ se han convertido en uno de los problemas de salud publica mas importantes
en el mundo. En Europa se ha estimado que los microorganismos multidrogo resistentes (MDR)
causan alrededor de 25,000 muertes por afio, mientras que en los Estados Unidos el reporte es de
23,000 muertes anuales. En México, la vigilancia epidemiolégica de las infecciones nosocomiales
estd a cargo de la Red de Vigilancia Epidemiologica Hospitalaria. Adicionalmente, el Instituto de
Seguridad y Servicios Sociales para los Trabajadores del Estado (ISSSTE) realiza su control y
vigilancia de las infecciones nosocomiales a través del Comité para la Deteccion y Control de

Infecciones Nosocomiales, encontrando a P. aeruginosa entre los primeros agentes causales.

La Organizacion Mundial de la Salud (OMS) reporta que este problema se encuentra en todo el
mundo donde Escherichia coli, Klebsiella pneumoniae, Staphylococcus aureus y P. aeruginosa
constituyen el 50% de las bacterias resistentes a antibioticos como la cefalosporina, un antibiético
de tercera generacion. Ante esta perspectiva, la OMS ha sugerido la generacion de métodos

alternativos para el tratamiento de dichas infecciones en vez de antibiéticos.

Diversos estudios se han iniciado para estandarizar métodos de tratamientos alternativos que
utilizan nuevas formas de accion para obtener una actividad antimicrobiana. Estos métodos
incluyen terapia por bacteri6fagos, terapia de quelacion de hierro, péptidos antimicrobianos,
vacunacion profilactica, terapia fotodinamica y terapias basadas en éxido nitrico. Uno de estos
métodos que esta recobrando interés es el del desarrollo de terapias basados en fagos respaldado
por varios estudios que sugieren que la terapia basada en fagos liticos y degradadores de

biopeliculas puede ser prometedora para el tratamiento de infecciones nosocomiales.

Por lo que esta propuesta se establece para dar un primer paso en la valoracion de la terapia con

fagos para tratar infecciones causadas por P. aeruginosa como una alternativa inicial para atender
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un problema de salud que afecta a todos los niveles de atencion en el ISSSTE, por lo que los
beneficios impactaran en bienestar del paciente y en un ahorro de costos a largo plazo.

1.2 Antecedentes

1.2.1 Bacterias Multirresistentes a Antibidticos

El uso persistente de antibioticos, la automedicacion y la exposicion a infecciones en los hospitales,
ha provocado la aparicidn de bacterias resistentes a multiples farmacos (MDR) responsables del
15.5% de las infecciones hospitalarias (IHA) en el mundo. El término "ESKAPE" abarca seis de
estos patdgenos con creciente resistencia a multiples farmacos y virulencia: Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas
aeruginosa y Enterobacter spp. Los patdogenos ESKAPE son responsables de la mayoria de las
infecciones nosocomiales y son capaces de "escapar" de la accidon biocida de los agentes

antimicrobianos (Mulani et al., 2019).

A. baumannii y P. aeruginosa resistentes a carbapenémicos junto con B-lactamasas de espectro

extendido (BLEE) estan en la lista de prioridad critica de patdgenos (Mulani et al., 2019).

1.2.2 Pseudomonas aeruginosa e Infecciones Asociadas a la Atencién a la Salud (IAAS)

P. aeruginosa MDR se definen como cepas resistentes a varias clases de antibioticos: penicilinas,
cefalosporinas, carbapenémicos, aminoglucésidos y fluoroquinolonas. El antibiético de eleccién
administrado a pacientes con infecciones contra P. aeruginosa MDR era la colistina (polimixina
E). Sin embargo, el aislamiento reciente de cepas resistentes a la colistina puede crear un riesgo de

brotes epidémicos graves en condiciones hospitalarias (Krylov, 2014).
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P. aeruginosa es un patégeno comun en hospitales y particularmente en unidades de cuidados
intensivos debido a la resistencia innata que posee a muchos antibidticos y antisépticos, la
capacidad de adquirir genes que participan en mecanismos de resistencia a maltiples clases de
antibidticos y la capacidad de sobrevivir en ambientes humedos. Esta bacteria se ha asociado a
varias infecciones potencialmente mortales como endocarditis y septicemia, infecciones del tracto
urinario, cistitis, neumonia e infecciones de heridas quirdrgicas. Es el cuarto patégeno nosocomial
mas comunmente aislado que representa el 10% de todas las infecciones adquiridas en el hospital
y la segunda causa mas comun de neumonia y la tercera causa mas comun de infeccién del torrente

sanguineo por microorganismos gramnegativos (Pachori et al., 2019).

P. aeruginosa es una bacteria comdn en hospitales y particularmente en unidades de cuidados
intensivos, ocasionando infecciones asociadas a la atencion de la salud (IAAS), las cuales son un
problema de salud publica importante debido a la frecuencia con que se producen, la morbilidad y
mortalidad que provocan y la carga que imponen a los pacientes, al personal sanitario y a los

sistemas de salud (Pachori et al., 2019).

La OMS define a las IAAS, también conocidas como infecciones nosocomiales o
intrahospitalarias, como “infecciones contraidas por un paciente durante su tratamiento en un
hospital u otro centro sanitario y que dicho paciente no tenia ni estaba incubando en el momento
de su ingreso. Dichas infecciones pueden aparecer después del alta y representan el evento adverso

mas frecuente asociado al cuidado del paciente” (IMSS, 2017).

Segun encuestas nacionales de prevalencia de IAAS recientes y datos de los programas de
seguimiento de la bacteriemia hospitalaria de varios paises europeos, se estima que estas
infecciones afectan, en promedio, a 1 de cada 20 pacientes hospitalizados, lo que corresponde a un
total anual de 4.1 millones de pacientes; de estos, se estima que alrededor de 37,000 pacientes

fallecen cada afio en la Unidn Europea por esta causa (OPS, 2012).
Una caracteristica de P. aeruginosa que le permite subsistir en ambientes adversos y causar

infecciones nosocomiales, es su capacidad para formar biopeliculas, las cuales son notoriamente

dificiles de manejar debido a la baja permeabilidad de la membrana externa a los antibioticos y a
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los mecanismos de resistencia a los antibidticos que permiten la resistencia cruzada a multiples

clases y tipos de antibidticos (Chan et al., 2016).

1.2.3 Microbiologia de P. aeruginosa

P. aeruginosa es un miembro del género Pseudomonas, aerobio gram negativo/anaerobio
facultativo que se encuentra ubicuamente en el suelo y en los ambientes acuéticos. Debido a la
produccion de pigmentos solubles en agua como la pioverdina, que es un pigmento fluorescente de
color verde amarillo, y la piocianina que es un pigmento azul-verde, es facilmente detectable en
agar (Pachori et al., 2019).

Metabdlicamente, P. aeruginosa es oxidasa positiva (es decir, prefiere crecer en ambientes
aerobicos o microaerobios) y fermentacion sin lactosa, pero también es capaz de usar nitrito o
nitrato como un receptor terminal de electrones en condiciones anoxicas (incluso dentro del pulmon
con fibrosis quistica (FQ)). Se han secuenciado los genomas de multiples cepas de P. aeruginosa,
y su analisis indica que el tamafio total del genoma de este patdgeno oscila entre 5.5y 7 Mbp y es
rico en GC (es decir, >65% de contenido de GC), con un genoma accesorio de hasta 200 kbp, lo
cual indica la capacidad de P. aeruginosa para adquirir elementos genéticos mediante transferencia
horizontal de genes, como transformacion, conjugacion y transduccién, demostrando la

versatilidad y adaptabilidad de este organismo (Malhotra et al., 2019).

Como grupo, los miembros del género Pseudomonas tienen requisitos nutricionales minimos para
su crecimiento y pueden utilizar una amplia variedad de fuentes ambientales para la nutricién; P.
aeruginosa a menudo solo necesita acetato y amoniaco como fuente de carbono y nitrégeno,
respectivamente. Este requerimiento nutricional minimo le permite crecer en ambientes
marginales, como superficies secas de quiréfanos, salas de hospitales, clinicas y equipos médicos,
asi como lavabos, duchas, incluso contaminando el agua destilada, demostrando ser una fuente

importante de infeccion nosocomial (Pachori et al., 2019).
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1.2.4 Mecanismos de Resistencia y Biopeliculas de P. aeruginosa

El mecanismo de resistencia a los antibioticos en P. aeruginosa se da por resistencia intrinseca
(resistencia que de manera natural se encuentra presente en la bacteria) a una variedad de agentes
antibacterianos debido a la baja permeabilidad de su membrana externa y a la expresion de
multiples enzimas modificadoras de antibidticos, como las enzimas modificadoras de
aminoglucosidos, betalactamasas que incluyen betalactamasas de espectro extendido (ESBLS) y
metalo-beta-lactamasas (MLBs); bombas de eflujo de antibi6ticos como MexAB-OprM, MexEF-
OprN, MexCD-OprJ y MexXY-OprM vy resistencia adquirida (adquisicion de genes de resistencia
a antibioticos codificados por cromosomas o plasmidos por transferencia genética horizontal)
(Chatterjee et al., 2016).

Las betalactamasas notificadas con mayor frecuencia en P. aeuginosa son las BLEE (p. ej., enzimas
PER, GES, VEB), las betalactamasas de tipo OXA y las MBL, destacando los tipos IMP, VIM,
NDM. Asimismo, se ha informado de un fenotipo infrecuente de resistencia a carbapenémicos en
P. aeruginosa, que consiste en resistencia a carbapenémicos con susceptibilidad mantenida a
cefalosporinas. Las enzimas modificadoras de aminoglucésidos también se detectan cominmente
en P. aeruginosa, como aacA4, aadA7, aph(3")-1lb. La resistencia a la colistina se desarrolla en P.
aeruginosa ya sea por alteraciones en los sistemas reguladores de dos componentes (PhoPQ vy
PmrAB) o mediante la adquisicion de elementos genéticos moviles (mcr). La resistencia a las
fluoroguinolonas se desarrolla por acumulacion de mutaciones en los genes de girasa y
topoisomerasa como en gyrA, gyrB, parC y parE. Sin embargo, la transferencia de elementos
genéticos moviles, como integrones, elementos conjugativos integradores (ICE), transposones y
plasmidos, desempefian un papel en la diseminacion de marcadores de resistencia a las

fluoroquinolonas crpP, aac(6”)-1b-cr o qnrVC1 (Kocsis et al., 2021).

Las bombas de eflujo MexAB-OprM, MexEF-OprN y MexCD-OprJ confieren resistencia a los
antibidticos betalactdmicos. Ademas, la regulacién al alza de MexEF-OprN y MexCD-OprlJ
confieren resistencia a las fluoroquinolonas; y la regulacion ascendente de MexXY-OprM también
afecta la resistencia a los aminoglucésidos. La pérdida de OprD, una porina que forma canales
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transmembrana estrechos se asocia con resistencia al imipenem y menor susceptibilidad al
meropenem. Las cepas de P. aeruginosa que regulan positivamente MexEF-OprN y exhiben una
expresion reducida de OprD, muestran resistencia tanto a las fluoroquinolonas como al imipenem,

y una susceptibilidad reducida al meropenem (Chatterjee et al., 2016).
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Figura 1. Representacion esquematica de los principales elementos implicados en la resistencia
antibidtica intrinseca y adquirida en P. aeruginosa. Esta bacteria posee una notable resistencia
intrinseca a los antibidticos causada, entre otros factores, por la produccion de enzimas
modificadoras de antibidticos (por ejemplo, B-lactamasa AmpC), baja permeabilidad de la
membrana externa y una gran cantidad de bombas de salida de resistencia a multiples farmacos
(MDR) como MexAB-OprM (Tomado de Sanz et al., 2021).

Otra estrategia de supervivencia altamente exitosa implica la produccién de biopeliculas. Las
biopeliculas se definen como comunidades multicelulares altamente organizadas de bacterias
embebidas en sustancias poliméricas extracelulares (EPS) que protegen a los microorganismos del
ataque del sistema inmunitario del huésped. Las bacterias en las biopeliculas también aumentan su
resistencia a los antimicrobianos. Aungue las composiciones de EPS son diversas segun las

bacterias que inician su formacion, la mayoria consisten en proteinas, polisacaridos y ADN
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extracelular. Los exopolisacéridos producidos por P. aeruginosa incluyen al menos tres polimeros
distintos (Psl, Pel y alginato). La produccion de alginato confiere a P. aeruginosa un fenotipo
mucoide, y Psl y Pel estdn comuinmente presentes en la superficie de cepas de P. aeruginosa no
mucoides. Aunque el mecanismo de las biopeliculas que median la inefectividad inmune del
huésped y la resistencia a los antibidticos no esta bien definido, generalmente se reconoce que
destruir las biopeliculas o los exopolisacaridos secretados por las bacterias es util para controlar la

infeccion mediada por dichos patogenos (Mi et al., 2019).

El desarrollo de biopeliculas en etapa temprana se compone de eventos, por ejemplo, hay una
variedad de estructuras bacterianas como adhesinas, pili tipo IV y lipopolisacarido (LPS) que estan
involucradas en la unién a la superficie y entre bacterias, y estas estructuras bacterianas estan
especificamente reguladas por sefiales ambientales. Estudios recientes demostraron que el inicio
de la formacion de biopeliculas se produce con un aumento de c-di-GMP, un segundo mensajero
intracelular, que activa la produccion de adhesinas y diversos productos de EPS. Por ejemplo, el
contacto de P. aeruginosa a una superficie es reconocida por la proteina WspA, una proteina
receptora unida a la membrana, que crea una sefial para producir c-di-GMP y a su vez regula
positivamente la produccion de adhesina CdrA, Psl, Pel y alginato en P. aeruginosa (Lee y Yoon,
2017).

Después de que las bacterias se adhieren a las superficies o entre si, se someten a una serie de
cambios para adaptarse al nuevo modo de vida. A medida que P. aeruginosa unida a la superficie
crece y forma microcolonias, comienzan a producir EPS y construir estructuras, y conforme la
biopelicula madura, las bacterias experimentan cambios fisioldgicos y se vuelven mucho mas
resistentes al estrés del ambiente o antibidticos. Este desarrollo y maduracion de biopeliculas estan
estrechamente relacionados con un sistema de sefializacion llamado quorum sensing (QS) (Lee y
Yoon, 2017).

Este proceso comprende redes de genes y reguladores capaces de modular toda la vida del
microorganismo. Cuando se activan estos sistemas QS, la bacteria puede producir moléculas como
las acil homoserina lactonas que se difunden libremente dentro y fuera de la membrana bacteriana.

Como resultado de esta difusibilidad libre, la concentracion dentro del organismo refleja la
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concentracion afuera, lo que permite que una vez que se ha logrado una masa critica, las moléculas
QS inducen la expresion de los genes responsables de la adhesion y la produccion de biopeliculas.
En este estado, las microcolonias de bacterias estan rodeadas por una matriz densa, que las protege

contra la fagocitosis y evita la penetracion de antibiéticos (Stefani et al., 2017).

La etapa final del desarrollo de la biopelicula es el desprendimiento y existen varios tipos de
mecanismos como son: desprendimiento, erosion y dispersion de semillas. Estos mecanismos de
separacion son esenciales para crear nuevas biopeliculas en nuevos nichos. Los mecanismos de
desprendimiento y erosion durante la etapa de desprendimiento de biopeliculas se denominan
desprendimientos pasivos. El primer mecanismo es de desprendimiento, el cual consiste en que se
pierde una gran parte de una biopelicula de la masa original, y la erosion es un lavado de una
pequefia porcidn de biomasa o bacterias de la superficie exterior. La dispersion de semillas es el
mecanismo de desprendimiento activo de las biopeliculas de P. aeruginosa. En este proceso, las
biopeliculas de P. aeruginosa liberan células plancténicas individuales o microcolonias desde el

centro de la biopelicula, dejando una cavidad vacia (Lee y Yoon, 2017).

/- P ';;‘; |
N~ S Y
e S

Initial attachment Microcolonies Mature biofilm Dispersal
@D~ Ppianktonic cells @D  Biofilm cells Extracellular DNA
Dead cells Exopolysaccharide Matrix proteins

Figura 2. Pasos del desarrollo de una biopelicula de P. aeruginosa. La formacién de biopelicula
incluye cuatro etapas: unién inicial, microcolonias, biopelicula madura y dispersion de biopelicula
(Tomado de Yin et al., 2022).
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Hay tres EPS identificadas en P. aeruginosa: Psl, Pel y alginato. Psl es un componente importante
para el inicio y mantenimiento de las biopeliculas de P. aeruginosa al proporcionar union a la
superficie celular e interacciones intercelulares. En la etapa tardia de la maduracion de la
biopelicula, se ha demostrado que Psl se acumula en el exterior de las biopeliculas estructuradas.
Esta acumulacion proporciona soporte estructural y permite la dispersion posterior de la
biopelicula. El polisacarido Pel es un componente esencial para que P. aeruginosa forme peliculas
en la interfaz aire-liquido y las biopeliculas asociadas a la superficie solida. Las otras funciones
son actuar como una plataforma para la estructura de la biopelicula y proporcionar proteccion
contra los antibioticos aminoglucoésidos. Sin embargo, la mayoria de estos roles dependen de las

cepas de P. aeruginosa.

El alginato es el EPS mas estudiado de las biopeliculas de P. aeruginosa, y es producido
principalmente por cepas aisladas de pacientes con FQ. El alginato se conoce como un factor
utilizado para distinguir las biopeliculas mucosas 0 no mucosas, aunque se descubridé que Psl
también contribuye al fenotipo mucoide de las biopeliculas. El alginato juega muchos papeles
importantes para las biopeliculas, por ejemplo, retiene agua y nutrientes, y proporciona resistencia

a los antibioticos y evasion inmune (Lee y Yoon, 2017).

P. aeruginosa es capaz de formar biopeliculas en las que las bacterias estdn encerradas en
exopolisacaridos (EPS) y son metabdlicamente menos activas. La matriz extracelular en la
biopelicula impide la accion de los antibiéticos ya que actian como una barrera de difusion. La
baja actividad metabdlica de las bacterias en la biopelicula también limita la eficacia de muchas
clases de antibioticos que se dirigen a diversas vias metabdlicas. Interesantemente, se ha reportado
en la literatura que existen algunos bacteriofagos que tienen la capacidad de degradar las

biopeliculas e infectan las bacterias que residen en ellas (Malik et al., 2017).

Debido a su naturaleza adaptable y su alta capacidad de supervivencia, la bacteria puede sobrevivir
en superficies inanimadas secas del ambiente hospitalario de 6 h a 6 meses y frecuentemente
contaminando el equipo y las superficies de atencién médica, como monitores, botones de

ventilacion, barandas, equipo respiratorio, tubos de dialisis (Pachori et al., 2019).
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La tolerancia a los antimicrobianos por biopeliculas resulta de una combinacion de mecanismos,
incluida la penetracion restringida de antimicrobianos a través de la matriz de exopolisacaridos, la
actividad fisioldgica diferencial causada por la penetracion limitada de oxigeno y nutrientes a
través de la biopelicula como resultado del consumo bacteriano y la expresion diferencial de genes
especificos. EI modo de crecimiento de la biopelicula conduce al estrés oxidativo, lo que provoca
una mayor mutabilidad en las bacterias asociadas a las biopeliculas. Es probable que estos cambios
fenotipicos jueguen un papel importante en la persistencia de la infeccion por P. aeruginosa en la
mayoria de los pacientes con infecciones nosocomiales a pesar de los mejores intentos médicos de

erradicacion (Stefani et al., 2017).

Por todas las caracteristicas antes mencionadas sobre P. aeruginosa y para fines de este proyecto,
resulta prioritario determinar el potencial que tienen las cepas aisladas en estudio mediante una
caracterizacion que permita seleccionar aquellas cepas que sean de relevancia epidemiolégica, en
este caso seran las cepas de relevancia clinica que presenten resistencia a dos o0 mas
antimicrobianos (multirresistencia) mediante la caracterizacion fenotipica, y mediante la
caracterizacion genotipica mediante secuenciacion masiva, que presenten genes de virulencia y
genes que participan en la formacion de biopeliculas, lo cual permitira realizar ensayos posteriores
para el aislamiento de fagos, ya que se ha reportado que para combatir los mecanismos de
resistencia y produccion de biopeliculas en P. aeruginosa, la terapia con fagos puede considerarse
en la actualidad como un procedimiento extremadamente importante para curar las infecciones
(Krylov, 2014).

1.2.5 Bacteriéfagos

Los bacteriofagos (fagos) se consideran la entidad biologica méas abundante en la bidsfera con un
numero aproximado de 10%, ya que se estima que el nimero de células procariotas es de alrededor
de 103y se calcula que los fagos son al menos 10 veces mayores que esta cantidad. Los fagos son
virus especificos de bacterias que aprovechan el metabolismo de sus huéspedes bacterianos para

replicarse (Buttimer et al., 2017).
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Frederick Twort (1915) y Felix d'Herelle (1917) son considerados los descubridores de los fagos.
Ya se habian descrito agentes antibacterianos que insinuaron la existencia de fagos antes que los
trabajos de Twort y d'Herelle, sin embargo, fueron los pioneros en atribuir este fenémeno a un
origen viral. De manera rapida se reconocio el potencial de los fagos como agentes antibacterianos,
con D'Herelle en 1919 que demostrd que sus preparaciones de fagos eran eficaces en el tratamiento
de pacientes con disenteria en el Hoépital des Enfants-Malades en Paris. Después de esta
investigacion, se realizaron una gran cantidad de estudios utilizando fagos para tratar infecciones

estafilococicas, placa bubdnica y colera en humanos (Buttimer et al., 2017).

Las particulas fagicas (virion) contienen genoma de acido nucleico (ADN o ARN) dentro de una
envoltura proteica o lipoproteica, llamada capside (Summers, 2005). La estructura mas comun en
la naturaleza es la de los bacteri6fagos con tallo, los cuales tienen una estructura que consiste
principalmente de cabeza, tallo y fibras del tallo, sin embargo, existen otras familias de fagos con
distintas estructuras. En la cabeza se encuentra encapsulado el acido nucleico y por el tallo pasa el
acido nucleico para inyectar el material genético, mientras que las fibras del tallo ayudan al fago

en su adhesion a la membrana bacteriana (Patel et al., 2015).

1.2.5.1 Taxonomia. Los genomas de fagos estan compuestos de ADN o ARN, que pueden ser de
doble cadena o de cadena sencilla. Este material genético estd empaquetado en una capside que
puede ser poliédrica (Microviridae, Corticoviridae, Tectiviridae, Leviviridae y Cystoviridae),
filamentosa (Inoviridae), pleomorfica (Plasmaviridae) o conectada a una cola (Caudovirales)
(Dion et al., 2020).

La asignacion de fagos en grupos taxondémicos es un paso fundamental después de su aislamiento.
La taxonomia oficial de fagos fue establecida por el Comité Internacional de Taxonomia de Virus
(ICTV), que organiza a los virus en niveles taxonomicos, que incluyen clase, orden, familia,
subfamilia, género. Dentro del ICTV, el Subcomité de Virus Bacterianos y Arqueoldgicos (BAVS)
es responsable de los taxones de fagos, clasificandolos en funcion de algunas de sus propiedades
como la composicion molecular del genoma (ss/ds, ADN o ARN), la morfologia, la estructura de
la capside y el rango de hospederos. Recientemente, con la creciente disponibilidad de genomas
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virales, el uso de genomas para la clasificacion taxonémica se ha vuelto méas ampliamente aceptada.
Debido a los extensos esfuerzos de secuenciacion para el descubrimiento de virus, el ICTV no
puede ponerse al dia con la gran cantidad de fagos recientemente identificados y, por lo tanto,
muchos de estos virus aun no estan clasificados. Un desafio detras de este retraso es la falta de
herramientas de clasificacion taxondmica estandar, precisa y completa para los fagos. El estandar
taxonomico en el ICTV cambia constantemente a medida que se descubren nuevos fagos. EI ICTV
actualizo el sistema de clasificacion de fagos en agosto de 2022, en el que se eliminan varias
familias importantes del sistema ICTV anterior, en donde estos cambios pueden afectar

significativamente el desempefio de la clasificacion familiar (Zhu et al., 2022).

La mayoria de los fagos aislados a la fecha tienen cola y tienen genomas de dsDNA. Por ejemplo,
el informe ICTV de 1999 clasificé a los fagos con cola en tres familias, 16 géneros y 30 especies,
mientras que el informe de 2018 los agrup6 en cinco familias, 26 subfamilias, 363 géneros y 1,320
especies. Se han actualizado las pautas integrales para la clasificacion de fagos y se espera que la
lista de taxones de virus aumente en los proximos afios. La gran mayoria de los fagos descritos
hasta la fecha tienen una morfologia con cola con un genoma dsDNA vy pertenecen a la clase
Caudoviricetes. Esta clase viral, aunque en proceso de reclasificacion, comprende actualmente
diferentes familias como por ejemplo, Myoviridae, Siphoviridae, Podoviridae, Ackermannviridae
y Herelleviridae. Las dos ultimas familias se crearon recientemente porque los enfoques basados
en redes y los metanalisis indicaron que representaban grupos distintos dentro de la familia
Myoviridae (Dion et al., 2020).

1.2.5.2 Ciclos de Replicacion. Los fagos se pueden dividir en varios grupos de acuerdo con su ciclo
de replicacién; pueden infectar de manera productiva a la bacteria huésped, lo que resulta en mas
virus (fagos liticos) o pueden entrar en un estado latente cuando sus genomas se integran en el
ADN de la célula huesped (fagos lisogénicos). Los fagos liticos/virulentos pueden matar a las
células diana mientras que los fagos lisogénicos/temperados se vuelven parte del genoma de las

células hospedadoras y permanecen en forma de profago por un tiempo (Doffkay et al., 2015).

Los fagos pueden tener ciclos de vida litico o lisogénico como se observa en la Figura 1. Una vez
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que el fago reconoce el receptor (pueden ser proteinas, lipopolisacaridos, acidos teicoicos y
capsulas) en la célula hospedera, se adhiere e inyecta su material genético. La siguiente estrategia
de replicacion dependera de si el fago es virulento o temperado. Los fagos virulentos, son capaces
de replicarse a través del ciclo litico, un proceso que implica la produccion de nueva progenie viral,
en donde el virus aprovecha la maquinaria enzimatica de su hospedero para producir sus &cidos
nucleicos y proteinas, los cuales se ensamblan y convierten en nuevas particulas virales que son

liberados de la célula infectada y van a infectar nuevas células (Salmond y Fineran, 2015).

Por otro lado, los fagos temperados entran o bien al ciclo litico o forman una asociacion estable
con el hospedero, llamado lisogenia, donde integra su material en cromosoma bacteriano de la
célula hospedera manteniéndose como un profago. Bajo condiciones de estrés, el profago puede
salir del estado lisogénico y producir viriones que posteriormente son liberados de la bacteria.
Generalmente, la salida de la progenie del fago resulta de la muerte celular (Salmond y Fineran,
2015). También existe otro estado llamado pseudolisogenia que se define como una etapa de
estancamiento del desarrollo de un fago en una célula huésped sin la multiplicacién del genoma
del fago (ciclo litico) o su replicacion sincronizada con el ciclo celular y el mantenimiento estable
en la linea celular (ciclo lisogénico), que procede sin degradacion del genoma viral, lo que permite
el posterior reinicio del desarrollo del virus. Este fendmeno generalmente es causado por
condiciones de crecimiento desfavorables para la célula hospedera (como la inanicion) (Lo$ y
Wegrzyn, 2012). Algunos fagos de ADN muestran un estilo de vida productivo de infeccion
cronica en el que la célula huésped no se lisa tras la liberacion de particulas de fagos de progenie;
en cambio, las particulas se excretan continuamente al exterior a través de la membrana.
Dependiendo del fago, el genoma puede integrarse en el genoma del huésped o permanecer en el
citoplasma. Los ejemplos mejor estudiados de infeccion crdénica son los de los fagos filamentosos
(Méntynen et al., 2021).

Para la eliminacion de patogenos en terapia de fagos, los virus mas importantes son los fagos liticos.

La lisogenia debe evitarse ya que puede conducir a una transferencia genética no deseada (Doffkay
etal., 2015).
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Ocasionalmente el profago puede escindirse
El fago se adhiere a la del cromosoma bacteriano e iniciar el ciclo
ADN de fago célula huésped e inyecta el litico

(doble cadena) ADN
Cromosoma
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Figura 3. Esquema de los ciclos de replicacion litico y lisogénico (correspondiente al fago 1)
explicados en el diagrama (Tomado de Tortora et al., 2010).

1.2.5.3 Uso de Fagos en Infecciones por P. aeruginosa. Se ha descubierto que el 94.2% de los fagos
conocidos que se dirigen al género Pseudomonas pertenecen a la clase Caudoviricetes, que
comprende tres familias de fagos de ADN bicatenario (ADNdSs) que difieren en las caracteristicas
de la cola del fago. Se han secuenciado 8 especies de fagos Pseudomonas sin cola: 2 pertenecientes
a la familia Inoviridae (fagos de ADN monocatenario [SSDNA]), 2 pertenecientes a la familia
Leviviridae (fagos sSRNA) y 4 pertenecientes a la familia Cystoviridae (fagos dsRNA). El 85% de
los fagos del género Pseudomonas secuenciados pertenecientes al orden Caudoviricetes son
especificos para las especies de P. aeruginosa y la mayoria (aproximadamente el 60%) son fagos
liticos, mientras que el 21.8% son templados y el 18.2% no fueron clasificados. Entre los fagos
liticos de P. aeruginosa, el 41% pertenece a la familia Myoviridae y el 38% a la familia
Podoviridae, y la familia menos representativa es la Siphoviridae. Solo el 1% de los fagos liticos
de P. aeruginosa no estan clasificados. La distribucion del tamafio del genoma de fagos liticos de
P. aeruginosa por familia son bastante divergentes, con fagos Myoviridae que comprenden
tamafios de genoma que varian de 64.1 kb a 309.2 kb, mientras que los genomas de fagos
Podoviridae y Siphoviridae son mucho mas pequefios y estan en los rangos de 41.6 a 74.9 kb y
34.5 a 61.1 kb, respectivamente. Los fagos liticos de P. aeruginosa se han aislado de diferentes
fuentes en todo el mundo; sin embargo, parece que las aguas residuales, incluidas las aguas
residuales de hospitales y plantas de tratamiento de aguas residuales, son la mejor opcién para su
aislamiento (Pires et al., 2015).
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En ausencia de antibi6ticos activos contra cepas de P. aeruginosa MDR, la terapia con fagos se
convierte en la principal forma de tratar las infecciones por P. aeruginosa. Diferentes estudios
confirman que el uso de fagos en condiciones clinicas puede ayudar a disminuir la frecuencia de
infecciones nosocomiales locales. Por ejemplo, aunque una circulacion espontanea de fagos
ligeramente virulentos no puede garantizar la eliminacion de cepas de hospital de P. aeruginosa en
clinicas, el uso de fagos altamente virulentos adaptados a P. aeruginosa local ayudo a disminuir la

frecuencia de infecciones hospitalarias hasta 40.8% (Krylov, 2014).

En cuanto al uso de bacteridfagos se tiene al fago PADP4 contra P. aeruginosa MDR que se aislo
de infecciones de heridas y que pertenece a la familia Podoviridae, el cual se cocultivoé con P.
aeruginosa MDR y mostr6 una reduccion significativa del crecimiento a las 12 h de incubacion y
a la multiplicidad de infeccion de 1 (Rani et al., 2019). También se aislo un bacteriofago MA-1 de
aguas residuales que pertenece a la familia Myoviridae, el cual redujo significativamente la fase de
crecimiento logaritmico de P. aeruginosa-2949 (2.5 x 10° UFC/mI) en comparacion con el control
(sin fago); asimismo, este fago también mostré reducciones significativas en biopeliculas de 24,
48y 74 h de edad de 2.0, 2.5y 3.2 veces despues de 6 h de tratamiento con el fago, respectivamente,

en comparacion con el control (Adnan et al., 2019).

En otro estudio, se examind la efectividad de los fagos en el tratamiento de la infeccion por P.
aeruginosa resistente a imipenem en un modelo murino experimental. Se eligi6 un fago con alta
actividad litica entre 29 fagos aislados de las aguas residuales del hospital local. El fago caus6 una
disminucion en la mortalidad de los ratones infectados por via intraperitoneal con P. aeruginosa
resistente a los antibidticos, y se concluyé que la terapia con fagos puede usarse como una terapia
para pacientes con infecciones resistentes a los antibioticos. Las cepas de P. aeruginosa aisladas
de pacientes con infecciones postoperatorias demuestran una alta sensibilidad a las preparaciones

comerciales de fagos (Krylov, 2014).

También se encuentran disponibles fagos para el tratamiento de infecciones respiratorias causadas
por P. aeruginosa, B. cenocepacia, E. coli y K. pneumonia. Se ha demostrado la eficacia de la
actividad del fago contra cepas clinicas obtenidas del esputo con FQ y en biopeliculas en etapas
relativamente tempranas. Se ha demostrado que los fagos con actividad litica poseen hidrolasas
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que degradan los exopolisacéridos bacterianos. Los estudios en animales han demostrado que
varias rutas de entrega de fagos son efectivas para tratar infecciones pulmonares agudas. Sin
embargo, se necesita hacer mas trabajo para mostrar la eficacia de la terapia con fagos en
infecciones crdnicas contra biopeliculas mas maduras que contienen comunidades polimicrobianas

bien establecidas tanto en sistemas in vitro como in vivo (Malik et al., 2017).

Se encontrd que la dosis de fago, la concentracion de bacterias y el momento de la terapia con fagos
tienen un impacto significativo en los resultados de la terapia con fagos. En la mayoria de los casos,
administrar altas dosis de fago inmediatamente o poco después de la inoculacion de los pulmones
con bacterias dio mejores resultados. Es posible que se necesiten cécteles de fagos que cubran
maultiples especies y que tengan el rango de huéspedes correcto para diferentes cepas y asi faciliten
la eliminacion de infecciones crénicas. Habiendo diagnosticado adecuadamente la constitucién
polimicrobiana de la infeccion se podria formular y administrar las mezclas de fagos a medida.
Con dicho propésito, se requeririan de bancos de fagos bien caracterizados con una larga vida util
para preparar tales cocteles de fagos formulados y suministrados para uso clinico. El desafio aqui
es la entrega de concentraciones precisas de fagos formulados en el sitio de la infeccion, y en el
caso de la fibrosis quistica, un reto adicional es que se puede requerir que éstos penetren en las
biopeliculas para acceder a la bacteria (Malik et al., 2017).

Por lo tanto, actualmente es importante que la terapia con fagos se convierta en un procedimiento
médico de rutina en oposicién a lo que es ahora: demostraciones ocasionales de éxito en
aplicaciones relativamente raras. Es evidente que tal transicion requerira una acumulacion de
grandes colecciones de fagos especificos para P. aeruginosa y estudios profundos de éstos. Los
propdsitos de tales estudios son los siguientes: (1) clasificacion, utilizando procedimientos tales
como microscopia electronica (EM) y analisis RFLP, evaluacién de homologia de ADN con fagos
previamente estudiados, secuenciacién y anotacion de genomas de fagos, y un estudio de
caracteristicas fenotipicas y (2) demostracion de que los fagos elegidos para la terapia son
virulentos (matan bacterias en todas las condiciones); sus genomas no codifican toxinas y otros
factores de patogenicidad y virulencia ni tienen la capacidad de participar en procesos de
transferencia genética horizontal, lo que lleva a la modificacion de las islas de patogenicidad. Eso
significa que los fagos seleccionados para la terapia deben estudiarse cuidadosamente en diferentes
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condiciones. Solo dichos estudios pueden garantizar el uso seguro de los fagos en la terapia a largo
plazo (Krylov, 2014).

1.2.5.4 Caracterizacion de Bacteriofagos.

1.2.5.4.1 Caracterizacion morfoldgica de bacteriofagos. Debido a que existen una gran cantidad de
bacteriéfagos en la naturaleza, es indispensable que éstos se identifiquen y se clasifiquen
taxondmicamente en grupos de acuerdo con caracteristicas que compartan entre si. Para ello, se

realiza una clasificacion taxonémica (Adriaenssens et al., 2012).

La clasificacion taxondémica es importante ya que tiene un valor predictivo para direccionar los
experimentos que pueden demostrar tal clasificacion y resultados, ya que la eleccién de algunos
métodos depende de la estructura y clasificacion taxondmica del virus. El estudio de los virus
isométricos, filamentosos y pleomorficos requiere investigaciones mas detalladas que la de las

especies con tallo (Ackermann, 2011).

1.2.5.4.2 Caracterizacion bioldgica de bacteriofagos. Se pueden determinar pardmetros como
estabilidad del bacteriéfago ante factores bioticos y abioticos, pero el de mayor importancia es el
rango de hospedero (Gill y Abedon, 2003).

Una de las caracteristicas mas importantes que poseen los fagos es la especificidad por un
hospedero en particular. Esta especificidad es generalmente encontrada a nivel de cepa, a nivel de
especie, 0 mas raramente a nivel de género. El rango depende principalmente de la interaccion del
fago con los receptores celulares y posteriormente, por los sistemas de restriccion-modificacion

bacteriana (Jorquera et al., 2015).

El rango de hospedero permite determinar las cepas bacterianas sobre las que tiene actividad litica

el bacteriofago, por lo cual se considera una de las caracteristicas biologicas mas importantes
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(Ohno et al., 2012). Esto a través de la capacidad del fago para introducir su material genético en
el citoplasma de las células bacterianas, replicar su genoma, ensamblar nuevas particulas virales y

liberar la progenie (Thiem y Cheng, 2009).

Otra caracteristica, es la cinética de replicacion, que nos permite identificar dos parametros
importantes; el periodo de latencia y el tamafio de explosion. El periodo de latencia es el tiempo
minimo que comprende desde la adsorcion hasta la liberacion extracelular de fagos recién
formados. La replicacion de &cido nucleico y la formacion de proteinas se producen durante este
periodo. Posteriormente, las particulas de fago experimentan maduracion, es decir, el &cido
nucleico y las proteinas son ensamblados, posteriormente los virus son liberados por la degradacién
enzimatica de la pared celular bacteriana. El tamafio de explosion se define como el nimero de
particulas de fago que se liberan por célula bacteriana que es lisada. Tanto el periodo de latencia
como el tamafio de explosion son caracteristicos de cada uno de los fagos, pero pueden variar de
acuerdo con el hospedero, medio y temperatura de propagacion utilizados (Raya et al., 2003).

1.2.5.4.3 Caracterizacion gendmica de bacteriéfagos. Este proceso se realiza mediante los perfiles
de restriccion utilizando diferentes endonucleasas de restriccion, para obtener un patréon de
digestion del material genético que pueda ser comparado con el de otros fagos y permita determinar

la variabilidad genética (Gill y Hyman, 2010).

Por otra parte, la secuenciacion nucleotidica del genoma es otra herramienta, que permite
estructurar el genoma del fago asi como identificar aquellos genes asociados con factores de
virulencia, resistencia a antibioticos o de lisogenia, asi como también genes con funciones
estructurales, empaquetamiento de ADN, lisis y procesamiento que permite confirmar la estructura
del fago, asi como su mecanismo de replicacion (Skurnik et al., 2007); ademas se pueden identificar

productos génicos con potencial biotecnoldgico.

Los genomas de virus bacterianos pueden ser ADN o ARN y su material genético varia
ampliamente: la longitud del genoma va de 3,405 pb a 497,513 pb, la densidad de genes tiene un
rango de 0.29 a 1.36 y el nimero de proteinas codificadas van desde 1 a 675 (Pardini et al., 2017).

Los genes de fagos estan organizados en modulos funcionales, los genes que codifican proteinas

31



con funciones relacionadas se agrupan entre si y estan regulados por promotores comunes
(Briissow et al., 2001). El orden de los genes en estos mddulos suele ser conservado, aunque sus

posiciones pueden variar en diferentes grupos de virus (Hendrix, 2002).

A medida que los genomas de fagos son méas grandes (>100 kb) se ha encontrado una marcada
division de genes en dos categorias con diferentes comportamientos evolutivos (Comeau et al.,
2007). El primer grupo de genes, conocido como genes esenciales, se encuentra en todos los
miembros de un grupo dado de fagos. Se incluyen los genes involucrados en la estructura del fago,
como la cépside y la cola, y genes del metabolismo del ADN. El resto de los genes, los genes no
esenciales, generalmente no se encuentran en todos los genomas de un grupo, y son mas propensos
a carecer de funciones identificadas. Sin embargo, cuando se conocen las funciones de estos genes,
por lo general proporcionan funciones accesorias que ayudan adaptarse al fago a su nicho ecoldgico
(Sullivan et al., 2010).

Existen tecnologias que permiten la secuenciacion de cientos de genomas virales y se espera que
los nuevos avances permitan detectar el genoma completo de rutina de cada patdégeno que sea
encontrado (Margulies et al., 2005). La secuenciacion del genoma de fagos destinados a aplicacion
médica y de control bioldgico se ha convertido en obligatorio para la aprobacion reglamentaria

(Hagens y Loessner, 2010).

La plataforma Illumina utiliza secuenciacion en sintesis por amplificacién en puente. Los
oligonucleotidos para la amplificacion (uno con un sitio escindible), complementario a las
secuencias adaptadoras introducidas durante los pasos de preparacién de la biblioteca inversa, se
unen a toda la superficie de la celda de flujo. EI primer paso para la carga de la biblioteca a la celda
de flujo es la desnaturalizacion de los fragmentos de ADN de doble cadena (ADNdc) en moléculas
de ADN de cadena sencilla (ADNcs) (Pefia-Castro et al., 2013). Estas hebras son hibridadas con
los oligonucleotidos en la superficie y utilizadas como cebadores para la posterior amplificacion.
Durante estos pasos el extremo 3' de las moléculas de la biblioteca copiados puede hibridar con los
oligonucleotidos complementarios sobre la celda de flujo, formando asi una estructura de puente.
El paso final es eliminar una de las cadenas de los fragmentos de ADN de doble cadena usando el
sitio escindible en el oligonucledtido de la superficie (Buermans y Dunnen, 2014). Después de la

generacion de cluster, los amplicones y un oligonucleotido de secuenciacion se hibrida con una
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secuencia universal, que delimitan la regién de interés. Cada ciclo de la secuenciacion consiste en
la extension de una sola base con una polimerasa de ADN y una mezcla de cuatro nucleétidos
modificados. Estos nucleotidos se encuentran modificados de tal manera que sean quimicamente
escindibles en la posicion hidroxilo 3' permitiendo so6lo la incorporacion de una sola base en cada
ciclo y sean marcados con fluorescencia con cuatro marcadores los cuales permite conocer la
identidad de cada nucle6tido. Después de la extension de una base y la obtencion de la imagen, se
realiza una escisioén quimica para el siguiente ciclo (Shendure et al., 2008).

1.3 Hipotesis

1. Las cepas de Pseudomonas aeruginosa aisladas de pacientes del Centro Médico Nacional “20
de Noviembre” presentardn multirresistencia a antibioticos, genes de virulencia, resistencia a
antibidticos y formacion de biopeliculas.

2. Al menos un bacteriéfago aislado cumplira con las caracteristicas para ser seleccionado con
potencial para el control de Pseudomonas aeruginosa MDR.

1.4 Objetivo General

Evaluar la actividad antimicrobiana de bacteriéfagos aislados de aguas residuales del Centro

Médico Nacional “20 de Noviembre” sobre cepas de Pseudomonas aeruginosa MDR.

1.5 Objetivos Especificos

1. Caracterizar fenotipica y genotipicamente cepas de Pseudomonas aeruginosa aisladas de

pacientes del Centro Médico Nacional “20 de Noviembre”.
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2. Aislar y caracterizar bioldgica, morfologica y genémicamente bacteriéfagos liticos obtenidos de
aguas residuales de hospital con actividad antimicrobiana sobre Pseudomonas aeruginosa MDR.

3. Seleccionar aquellos bacteriéfagos que cumplan con las caracteristicas deseables para ser

utilizados con potencial litico sobre Pseudomonas aeruginosa MDR.

1.6. Seccion Integradora del Trabajo

La informacidn presente en este manuscrito esta dividida en secciones denominadas capitulos y se

presentan de la siguiente manera:

En la primera etapa de este proyecto de investigacion se provee informacion sobre el potencial que
tienen las cepas de P. aeruginosa estudiadas mediante una caracterizacion que permita seleccionar
aquellas cepas que sean de relevancia epidemioldgica y como segunda etapa se presenta la
caracterizacion de los fagos aislados para garantizar que sean aptos para utilizarse como

fagoterapia.

En el primer articulo se realizé una resefia sobre los hallazgos mas relevantes y recientes sobre la
actividad de los fagos liticos contra cepas de P. aeruginosa aisladas de pacientes con fibrosis
quistica y entornos hospitalarios, y se analizaron las perspectivas sobre el uso de la terapia con
fagos en el tratamiento de P. aeruginosa en pacientes con fibrosis quistica encontrando que es
necesario el uso de enfoques terapéuticos personalizados que demuestren y garanticen la
efectividad y seguridad de su uso para destruir biopeliculas de P. aeruginosa. Ademas, se
analizaron los desafios de la fagoterapia tales como resistencia bacteriana, gama limitada de
hospederos, falta de marco regulatorio, gran escala fabricacion, estudio de biologia, farmacologia
de fagos, e interacciones bacteria-fago que siguen dejando lagunas en el conocimiento basico. Lo
anterior nos permitio concluir que los avances en biotecnologia y la biologia molecular pueden
ayudar a superar estos problemas y esfuerzos de investigacion que van acompafados de practicas

rigurosas y enfoques comerciales y regulatorios para lograr una terapia de fagos avanzada en
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entornos clinicos. Este articulo se encuentra publicado en la revista Folia Microbiologica.

El segundo articulo consistio en un andlisis gendmico y filogenético del genoma de 17 cepas de P.
aeruginosa aisladas de pacientes con infecciones asociadas a la atencion de la salud en el hospital
20 de Noviembre, ademéas que se detectaron genes de resistencia a antibidticos, virulencia y
formacion de biopeliculas encontrando que la mayoria de las cepas en estudio fueron resistentes a
los carbapenémicos probados. Los genes de resistencia a antibioticos (mexA, mexB y oprM) y de
formacion de biopeliculas (pslA y psID) se detectaron en todas las cepas, ademas se encontraron
diferencias en el tamafio del genoma accesorio entre las cepas, es importante mencionar que
algunas cepas aisladas en este trabajo resultaron asociadas con clones epidémicos globales de alto
riesgo. Todas las cepas estaban representadas en dos grupos entre las cepas globales de P.
aeruginosa. Se encontraron 45 genes de resistencia a antibidticos adquiridos horizontalmente
relacionados con resistencia a aminoglucdésidos y betalactamicos, principalmente, y entre 230-240
genes asociados a factores de virulencia. La caracterizacion de las cepas clinicamente relevantes
de P. aeruginosa aisladas en este trabajo nos ilustra acerca de su diversidad gendmica y multiples
mecanismos de patogenicidad. Este articulo se encuentra enviado a la revista Molecular Genetics

and Genomics.

El tercer articulo se encuentra como borrador, en preparacion para su envio a revista internacional
indizada y arbitrada, en el cual se incluyen los resultados relacionados con el aislamiento y
caracterizacion morfoldgica, genémica y biolégica (en proceso) de cinco fagos (AR1 ATCC, AR2
ATCC C, AR1 S, AR2 | y AR1 R1) que infectan aislados clinicos de P. aeruginosa. La prueba de
rango de hospedero mostré que los fagos pueden lisar a 54 de 80 cepas (71 cepas clinicas, 9
ambientales). Los fagos con mayor actividad litica son el AR2l (47/80) y el AR1S (43/80). Todas
las cepas ambientales fueron lisadas por al menos dos fagos. Por lo anterior, se puede considerar
que los fagos tienen un amplio rango de hospedero. Los cinco fagos son genéticamente diferentes
con tamafios de genoma entre 46,379 y 213,521 pb, de 72 a 209 ORFs en los cuales no se
encontraron ARNt, genes de virulencia ni de resistencia a antibidticos y mas del 70% de estos
ORFs codifican para proteinas hipotéticas. El analisis bioinformatico sugiere que los genomas de
los fagos presentan una organizacion funcional por modulos tipica de fagos con tallo. Los

resultados de la caracterizacion genomica que hemos obtenido nos indican que los fagos son
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seguros para utilizarse en terapia, sin embargo, se debe realizar una caracterizacién completa para

garantizar su eficacia y seguridad.
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Abstract

Pseudomonas aeruginosa (PA) is considered the first causal agent of morbidity and mortality in people with cystic fibrosis
(CF) disease. Multi-resistant strains have emerged due to prolonged treatment with specific antibiotics, so new alternatives
have been sought for their control. In this context, there is a renewed interest in therapies based on bacteriophages (phages)
supported by several studies suggesting that therapy based on lytic phages and biofilm degraders may be promising for the
treatment of lung infections in CF patients. However, there is little clinical data about phage studies in CF and the effec-
tiveness and safety in patients with this disease has not been clear. Therefore, studies regarding on phage characterization,
selection, and evaluation in vitro and in vivo models will provide reliable information for designing effective cocktails, either
using mixed phages or in combination with antibiotics, making a great progress in clinical research. Hence, this review
focuses on the most relevant and recent findings on the activity of lytic phages against PA strains isolated from CF patients
and hospital environments, and discusses perspectives on the use of phage therapy on the treatment of PA in CF patients.

Keywords Pseudomonas aeruginosa - Bacteriophage - Cystic fibrosis - Multi-resistant strains - Phage therapy

Introduction

Multi-drug-resistant pathogens (MDR) have spread around
the world being the common cause of nosocomial and health-
care-associated infections in hospitalized patients, resulting
in ineffective treatments and increased costs (Hurley et al.
2012). The European Center for Disease Prevention and Con-
trol (ECDC) has highlighted PA as a high priority pathogen
due to its ubiquitous distribution and its resistance to diverse
antibiotics, mainly associated with having a thick outer mem-
brane that prevents antibiotics from penetrating, as well as
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the production of antibiotic-inactivating enzymes, efflux
pumps, and biofilms (ECDC 2011). Also, the bacteria have
a large accessory genome that can occupy up to 20% of the
entire genome and it is composed of horizontally transfer-
able elements that include prophages, transposons, insertion
sequences (IS), genomic islands (GI), and plasmids that are
important for carrying antibiotic resistance genes (Subedi
et al. 2018).

In CF disease, the water is not distributed in the lung due
to a defective chloride channel CFTR, causing water deple-
tion on the surface of the respiratory tract and the inability
of mucociliary clearance giving rise a thick and viscous
mucus that deteriorates the lungs causing chronic infections
in patients with CF, who are susceptible to opportunistic
bacteria mainly like PA (Nafee et al. 2014). Hence, chronic
respiratory tract infection caused mainly by PA is considered
a severe complication in patients with CF, and antibiotic
treatment has led to the emergence of MDR strains (Cafora
etal. 2019).

Currently, novel antibiotics against PA are uncommon,
since pharmaceutical companies have less interest in devel-
oping and producing them, because it has evolved into an
expensive, time-consuming, and bureaucratic process involv-
ing multiple interest groups, being less profitable than others
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(Projan 2003). For these reasons, new treatments against PA
infections should be sought, such as phage therapy, which
has regained interest, since its study has shown it as a prom-
ising alternative in the fight against this important pathogen
(Knezevic et al. 2013). The use of phages in clinical PA
infections, in both in vitro and in vivo studies, has been car-
ried out for years, and results are encouraging.

Therefore, the aim of this review is to summarize and
discuss recent studies describing the activity of lytic phages
on both in vitro and in vivo experiments on PA strains from
patients with CF and hospital environments, the clinical tri-
als that are in process of being conducted as well as the
perspectives to improve phage therapy in the treatment of
PA in CF patients.

Search strategy

Searches were carried out in PubMed, Scopus, and Web of
Science databases, to obtain the most relevant and recent
literature on the subject. Searching in databases was done
using all possible combinations of the following keywords:
bacteriophage, phage, Pseudomonas aeruginosa, Pseu-
domonas aeruginosa MDR. therapy, infection, isolation,
cystic fibrosis.

Inclusion criteria were articles published in English and
Spanish, from any country, every published article about iso-
lation, in vitro and in vivo studies made in the last 10 years
and any type of scientific article (research, review, minire-
view, opinion). The exclusion criteria were articles describ-
ing mechanisms of phage infection, PA phenotypes associ-
ated to prophages, PA detection, use of PA phages in animal
diseases, non-lytic phages, and non-CF infections.

After reviewing, 1432 articles were obtained and exam-
ined by title and abstract, out of 1179 publications were
excluded after applying all the above-mentioned criteria.
The remaining 253 full texts were retrieved and evaluated
to determine their eligibility: finally. 103 publications were
included due to their recent and relevant data on the activ-
ity of lytic phages evaluated in PA strains isolated from CF
patients and hospital environment.

Pseudomonas aeruginosa and cystic fibrosis

Pseudomonas aeruginosa is considered the most common
cultured respiratory pathogen in CF, and associated with a
faster decline in lung function in children (Crull et al. 2016).
Studies have reported that 80% of 18-year-old persons with
CF are infected with PA (Cystic Fibrosis Foundation Patient
Registry 2012). It has been estimated that PA infects 51,000
patients in the USA each year, of which 6700 are MDR
causing 2,700 deaths only in 2017 according to the CDC

2} Springer

(CDC 2019). According to reports from the Red Hospital for
Epidemiological Surveillance (RHOVE) of the Ministry of
Health in Mexico, the most frequent nosocomial infections
are bacteremia (24%), pneumonia (20.7%). urinary tract
infection (15.7%), surgical wound infection (15%), and oth-
ers (24.6%), being PA the most frequent etiological agent in
the case of pneumonia (RHOVE 2015).

Pseudomonas aeruginosa is a non-fermentative gram-
negative bacterium that can grow aerobically or anaero-
bically at temperatures up to 42 °C. This opportunistic
pathogen is ubiquitously distributed in several habitats
including soil, water, wastewater, and sanitary environ-
ments (Saussereau and Debarbieux 2012). Moreover, PA
is capable of forming biofilms, a thick mucus layer formed
by polymeric extracellular substances that protect the bac-
teria from environment stresses promoting colonization
and long-term survival (Drenkard 2003).

The formation of mature biofilms and the development
of a mucoid phenotype of PA when infection is chronic,
are considered a survival strategy (Sadikot et al. 2005). The
permanent establishment of bacteria in the CF respiratory
tract is the result of the rapid mutation-driven adaptation that
take place in the host in response to increased competition
between bacteria embedded on biofilms, where no signifi-
cant genetic exchange occurred between strains but muta-
tion selection enhances phenotypic variation. In a chronic
infection, the characteristic phenotypic changes of PA are
low expression of virulence factors, mucoidy, loss of motil-
ity, and stress resistance. During the process of an infec-
tion, pathogenic adaptive changes are presented by genetic
changes from mutations in genes that participate in adaptive
roles (for example, resistance to antibiotics and persistence)
due to evolution within the host (Dettman and Kassen 2020).

Pseudomonas aeruginosa has different strategies to
reduce the permeability of its outer membrane so then anti-
biotics cannot penetrate and exert their action. For example,
efflux systems pump the antibiotics out of the cell keep-
ing low intracellular concentrations of the antibiotic, and
alterations in porin OprD trigger a reduction in membrane
permeability so the antibiotic cannot penetrate, both result-
ing in antibiotic resistance (Chatterjee et al. 2016). Other
bacterial species like 8. aureus, B. cepacia, and A. bauman-
nii can colonize the lungs of CF patients (Krylov 2014), but
PA is the most severe because biofilm formation increases
antibiotic resistance up to 1000 times in adverse conditions
(Garbe et al. 2010).

Currently, there is no cure for CF, and long-term treatment
against bacterial infections is given with inhaled antibiotics
and antibiotic combinations such as aminoglycosides, car-
bapenems, cephalosporins, fluoroquinolones, and extended
spectrum lactamases (Nafee et al. 20 14; Chirgwin et al. 2019),
which has led to the appearance of MDR bacteria (Larché
et al. 2012; Hraiech et al. 2015). For CF patients, the antibiotic
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colistin (polymyxin E) is one of the front-line inhaled agents
used against bacterial infections, although this antibiotic
exhibits a high nephrotoxicity and neurotoxicity. However,
colistin-resistant strains have already been described in Aus-
tralia, Denmark, the UK, and other countries (Denton et al.
2002; Johansen et al. 2008), prompting the urgent need for the
development of new alternative treatments.

Taking into account all of the above, therapeutic
approaches to combat resistant strains are limited and con-
sequently, new alternatives against PA strains should be
explored, highlighting the growing and renewed interest
in phage studies that have been carried out throughout the
world (Bush et al. 2011).

Phage therapy in CF

Clinical phage therapy refers to the administration of lytic
phages to patients with the aim of eliminating the bacterial
pathogens responsible of the infection (Altamirano and Barr
2019). Phage therapy has mainly been studied in Eastern
Europe and the Soviet Union (Gill and Hyman 2010) and
there are few clinical developments, especially for PA. In
this context, the Eliava Institute has developed a pharmaceu-
tical product called Pyo bacteriophage which is a combina-
tion of virulent phages against S. aureus, several species of
Streprococcus, E. coli (different serotypes), P. aeruginosa
and Proteus, used in the treatment and prophylaxis of puru-
lent inflammatory and enteric infectious diseases. The clini-
cal use of phage preparations from Ludwik Hirszfeld Insti-
tute are allowed when an effective therapy is not available
against different bacterial genera including Pseudomonas
and under rules of a therapeutic experiment (based on the
Polish regulations).

The use of phage therapy to combat lung infections in
humans was reported in scientific articles from Eastern
European countries when they started such treatments in
children with CF in 2007 in Thilisi. Phage preparations
against secondary infections in eight patients with CF were
administrated by nebulization achieving a significant reduc-
tion in bacterial cells concentration in all sputum samples
from patients (Kutateladze and Adamia 2010). The use of
phage therapy as experimental human treatment is officially
allowed in some countries such as Russia, Poland, Georgia,
USA, and Canada (Gérski et al. 2018).

The most important criterion for selecting a phage, or set
of phages for clinical use. is host specificity (epidemiologi-
cally relevant strains), because lysis of non-targeted bacteria
and adverse effects on normal flora after treatment is pre-
vented (Thiel 2004). A problem to be faced in phage therapy
is that bacteria may develop resistance mechanisms against
the phages after continuous applications, leading to the joint

evolution of bacteria and phages. To overcome phage resist-
ance, different strategies have been implemented to improve
the efficiency of phages, including the use of phages and
their lytic enzymes, phage cocktails, synergistic phage com-
binations with antimicrobials, phage pre-adaptation and
genetic engineering of phages genomes (Essoh et al. 2013;
Pires et al. 2017).

The application of phages has advantages such as they
can be easily propagated because they are a self-replicating
product; their production is fast and cheap compared to
antibiotics: phages have specificity for their hosts; they do
not produce allergenicity reactions, although it has been
described that antibodies can interact with phages, a small
amount can neutralize them: and they can be applied to
patients by different routes and they can be used in com-
bination therapies. including other phages or antibiotics
(Dofikay et al. 2015).

Isolation and use of PA bacteriophages

PA phages have been isolated from wastewater, water
reserves, lake water, bay water, mammalian serum and
compost (Table 1). For therapeutic purposes, wastewater is
considered the richest source of bacteria and phages due to
the presence of high levels of nutrients and because bacteria
can form biofilms more easily on different water surfaces.
Wastewater from hospital environment has been reported as
the main source of phage isolation for clinical bacteria such
as PA (Essoh et al. 2015; Kakasis and Panitsa 2019).

By December 2021, about 3500 complete phage genomes
were available in the GenBank database, of which 244 cor-
respond to phages against Pseudomonas species and 142
were from specific phages that infect PA strains (https://
www.ncbi.nlm.nih.gov/genomes/GenomesGroup.cgi ?taxid=
10239&host =bacteria). Most PA phages belong to the order
Caudovirales (Septlveda et al. 2012) and the majority of PA
Iytic phages belong to the Myoviridae family, followed by
Podoviridae and Siphoviridae. There is a large variation in
the phage genome sizes between families. The Myoviridae
family phage genome size varies from 64.1 to 309.2 kb,
in Podoviridae and Siphoviridae families varies between
41.6-74.9 and 34.5-61.1 kb, respectively (Tang et al. 2018).
Although most phages contain double-stranded DNA,
Yang et al. (2016) isolated and characterized the first phage
(phiYY) of PA (strain PAO38) having a dsSRNA-segmented
genome, it was isolated from hospital wastewater ( Yang et al.
2016). According to PA phage genome reports from 2010
onwards, 12 studies described phages that were mainly iso-
lated from hospital wastewater and most of them belong to
the Myoviridae family with genome sizes between 34,553
and 258,139 bp, showing variability in phage isolation and
sequencing characteristics (Table 1).
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Table 1 Characteristics of isolated and sequenced P. aeruginosa phages

Number Phage name Family Isolation source Genome size (bp) %GC  Number ORFs Reference
1 MP1412 Siphoviridae Sewage water 61,167 - 78 (Bac et al. 2012)
2 (YMCO1/01/P52 PAE Podoviridae  Hospital wastewater 49,381 62,16 72 (Jeonetal. 2012)
BP)
3 PA26 Myoviridae  Water reservoir 72,321 54.82 B8 (Kim et al. 2012a)
4 PAIO Siphoviridae Farm wastewater 34553 648 51 (Kim et al. 2012b)
5 MPK7 Podoviridae  Sewage water 42,874 52.14 54 (Bae and Cho 2013)
6 philBB-PAA2 Podoviridae Hospital wastewater 42,344 52 66 (Pires et al. 2014)
7 PaBG Mvyoviridae  Lake water 258,139 55,82 308 (Sykilinda et al. 2014)
8 KPP23 Siphoviridae Bay water 62,774 56 95 (Yamaguchi et al. 2014)
9 vB_PacM_CEB_DPI1 Myaoviridae  Hospital wastewater 66,158 55.6 89 (Pires et al. 2015)
10 AAT-1 Siphoviridae Mammal serum 57.599 65.84 76 {Andrade and Kolter 2016)
11 vB_PaeP_Pcyll-10_P3P1 Podoviridae Compost 72,778 56 o4 (Pourcel et al. 2016)
12 vB_PacM_Pcyll-10_ Myoviridae  Sewage witer 65712 555 93 (Pourcel et al. 2016)
PIIIOA
13 YS35 Myaoviridae  Hospital wastewater 93,296 494 172 (Yuetal. 2018)

The antimicrobial efficacy of phages in PA infections has
been studied under various in vitro conditions, in different
in vivo models, and also in few clinical trials (12).

The use of phage cocktails

Among new promises, the use of phage banks to supply
phage cocktails for treating clinical bacterial infections is
proposed to reduce bacterial resistance. This is because
using a phage cocktail, the probability of two independent
resistance mutations occurring within the same organism
generally is lower than that of only a single mutation. At
least one drug of a combination, that is, should retain activ-
ity against newly drug-arising pathogens, blocking further
growth and therefore resistance evolution (Chan and Abedon
2012). The latter resistance occurs because cocktails repre-
sent the phage equivalent of a multi-drug approach to treat-
ment, being considered as a more effective alternative (Gill
and Hyman 2010; Jamal et al. 2017). A phage bank is a
collection of phages that have been isolated, characterized,
and are available either as phage preparations (cocktails)
for matching to a particular isolated target bacterium (Gill
and Hyman 2010). Phages with different affinity for the host
receptor should be chosen so that they do not compete to
bind in the same bacterial surface and due to selective pres-
sures (Rossitto et al. 2018). For example, a cocktail of five
phages that includes three phages of PA with a wide range
of hosts generated by training (PaP1, PaoP5, PaP8), PaoP5-
ml, a derivative of the phage PaoP5, and phiY'Y, these last
two which are capable of infecting mutants with truncated
O antigen; the results showed that the cocktail was effective
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against PA clinical isolates and limited the emergence of
phage-resistant mutants in a short term (Yang et al. 2020).

The use of PA phages in combination
with antibiotics

Combined therapies like phages with antibiotics may be
more effective as they have a synergistic effect, helping
to avoid the development of antibiotic resistance. In this
regard, combined therapy has revealed a synergistic effect
on planktonic cultures of PA and biofilms resulting in higher
rates of bacterial lysis in biofilms in comparison to phage or
antibiotic treatment separately (Chaudhry et al. 2017). The
time of application is a factor that influences the efficacy
of combination therapies, where phage replication and the
effect of antibiotics are both density-dependent. If phages
are applied over low concentrations of bacteria or bacteria
non-amenable physiologically, there will be less phage den-
sity and more frequent phage application will be required
(Torres et al. 2014).

Accordingly, several authors have reported that the com-
bination of sub-inhibitory concentrations of antibiotics such
as gentamicin, ciprofloxacin, ceftriaxone, and polymyxin B
with specific phages of PA has antimicrobial efficacy, find-
ing reductions in bacterial growth, demonstrating phage-
antibiotic synergism and results in avoidance of antibiotic
side effects occurring after administration of high doses
(Knezevic et al. 2013). The phageciprofloxacin synergism
on the control of PA biofilms (Sagar et al. 2016; Henriksen
et al. 2019; Issa et al. 2019) was also evaluated and con-
firmed, the combination of two phages and bactericidal anti-
biotics of five classes (Chaudhry et al. 2017), the PEV20
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phage with five antibiotics to destroy three PA strains iso-
lated from sputum of CF patients (Larché et al. 2012) and a
cocktail of phages with ciprofloxacin and meropenem (Ong
et al. 2020).

Although most studies show a synergistic effect between
the phage-antibiotic combination, studies on negative or
neutral effects between systems have also been published
(Tagliaferri et al. 2018). For example, in the study by
Wilodarczyk et al. (2016), anti-biofilm activity is activated
but no synergistic effect when phage KTN4 (Myoviridae)
was combined with colistin against strain PAO1 cultured for
24, 48, and 72 h in vitro. The two separately antimicrobi-
als significantly reduced the biofilm. Colistin is reported to
destabilize the cell membrane and therefore can limit phage
propagation, whereas KTN4 phage recognizes type IV pili
as receptor and does not interfere with colistin activity. In
another study, Knezevic et al. (2013) used three unrelated
phages (8, 8-1 and 001A) against their individual hosts (PA-
4U, ATCC 9027 and PA-M2, respectively) in combination
with sub-inhibitory concentrations of ciprofloxacin, ceftri-
axone, gentamicin and polymyxin B. A significant reduction
was observed only with ceftriaxone in planktonic cultures
and only with the combination of phages a synergistic effect
was observed, so it is concluded that not all combinations
of antibiotics and phages synergistically reduce bacteria.
The mode of action of antibiotics and the molecular basis
of phage/host interactions plays an important role in efficacy
(Knezevic et al. 2013).

The use of phage pre-adaptation
and genetic engineering of phages genomes

Bacteria and phages evolve together, where bacteria acquire
different mechanisms to become resistant to phage infection,
and phages evolve to overcome that bacterial immunity. The
emergence of phage-resistant bacteria is a problem to over-
come in phage therapy (Uchiyama et al. 2016), but currently
it seems to be less of a problem because a great advantage
of phages is that they can be “trained,” to adapt them to
their target bacteria both in vitro or in vivo (Chatterjee et al.
2016). Phage pre-adaptation is a phage trained in advance
in an in vitro antagonistic evolution, in a study, all phage
strains were pre-adapted against all bacterial strains and
then compared the efficacy of pre-adapted and non-adapted
phages against ancestral bacterial strains. The results showed
that, compared to ancestral phages, evolved phages have a
better capacity to decrease bacterial density, which benefits
by limiting the evolution of resistance in pulmonary isolates
of PA from chronic CF (Friman et al. 2016). The use of
pre-adapted phages is also proposed to examine the coevolu-
tion of phages and bacteria using phage-resistant PA strains
(Uchiyama et al. 2016).

Bacteria have mechanisms that prevent them from being
infected by phages. such as inhibition of phage absorption,
targeted cleavage of injected nucleic acids via restriction-
madification (R-M) system, suicide of phage-infected cells
via abortive-infection (Abi) system and CRISPR/Cas sys-
tems (Li et al. 2018). For example, in Li’s study, a phage-
resistant mutant of PA strain PA1(PA1RG) under the infec-
tion of lytic phage PaP1 was selected. The PAIRG, due to
a transition mutation in gene wzy, resulted in the premature
formation of O antigen polymerase, which is involved in
long-chain O antigen biosynthesis related to phage PaP1
recognition and binding. While wzy mutation did not affect
bacterial growth, mutant PAIRG exhibited decreased bio-
film production, suggesting a fitness cost of PA 1 associated
with resistance of phage PaP1 predation (Li et al. 2018).
However, in another study, with the aim of knowing the role
of CRISPR/Cas system in phage resistance, it was found that
some PA strains cannot support the growth of any of the
tested phages belonging to 5 different genera, suggesting that
the CRISPR-Cas system is not a major defense mechanism
against the lytic phages used (Essoh et al. 2013).

Another option is through genetically engineered phage
that produces a lactonase that inhibits biofilm production in
PA by reducing bacterial concentration and quorum sens-
ing detection, this could be a therapeutic option against PA
infections (Hraiech et al. 2013).

Due to the diversity of lytic phages active against PA and
the difficulties in implementing phage therapy in medical
practice, new phages with improved antibacterial properties
that allow studying the bacterium-phage interaction must be
characterized and classified (Tang et al. 2018).

Efficacy of PA phages on CF in vitro models
and effects in cell models

In vitro models that simulate lung infection have been used
for the study of CF caused by PA. To study phage infection,
artificial sputum medium has been used (Garbe et al. 2010)
and also sputum from CF patients (Saussereau et al. 2014),
and to understand the effect of phages on innate immune
systems, cell lines or models of epithelial cells has been
studied (Alemayehu et al. 2012).

The articles considered in this review report that the
isolated phages come mainly from wastewater from hos-
pitals and water treatment plants, but also from rivers and
ponds. The phage infection process has been investigated
under aerobic and anaerobic conditions, both in planktonic
cells and biofilms, using different multiplicities of infec-
tion (MOI), where significant logarithmic reductions are
reported in treatments of 2 to 24 and 74 h. Reports indi-
cate that the efficiency may vary according interaction time
between phage and bacteria that can lead to the emergence
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of phage-resistant bacteria (Pires et al. 2011; Wlodarczyk
et al. 2015). Also, since it was found that the lysis by the
phage against the bacteria depends on the phage-host system
and not on the MOI tested, in vitro experiments are neces-
sary to determine phage efficacy in each phage-host system
(Knezevic et al. 2011). The viability of PA phages contained
in particles when nebulized and administered to respiratory
tract has been evaluated in two different nebulizer classes,
it was found that the number of viable phages administered
during nebulization depended on both the nebulizer and the
nebulized phages, so the viability of phages in the inhaled
particles in the lower respiratory tract should be evaluated
using nebulizers for clinical use (Sahota et al. 2015).

In the work by Garbe et al. (2010), infection of the host
PA by phage G024 was even possible under challenging
conditions like the artificial sputum medium which mimics
the CF lung. High viscosity and microcolony growth of the
host were only small obstacles for JG024 to infect and mul-
tiply under these conditions. Saussereau et al. (2014) found
that CF patients colonized by a single clonal population of
PA showed several phenotypes, whereby separate colonies
from a single sputum sample were not equally infected by
all ten bacteriophages tested (except those containing only
resistant colonies). This confirms that several phenotypes
can arise from a single genotype in a patient’s sputum, which
can affect bacterial susceptibility to bacteriophages. There-
fore. testing a set of bacteriophages against a large panel of
isolated colonies for each patient would be the best approach
to formulate bacteriophage cocktails, supporting the use
of a personalized approach to achieve optimal treatment.
Wlodarczyk et al. (2015) reported a significant reduction
(70-90%) in biofilm cultures from 24 to 72 h of age for two
phages (KTN6 and KT28), suggesting that phage particles
can penetrate the biofilm matrix. However, the treatment
of these phages caused the emergence of phage-resistant
variants of PA from the biofilms persistent cells turned out
to be cross resistant to both phages, probably by the loss
or changes in O antigen structure. This feature was rela-
tively stable and persistent bacteria had small colony variant
morphology. It may put the applicability of the phages in
study into question, although such enveloped modification
may also decrease the fitness of the microbe and made them
more susceptible to immune system defense. In addition,
the amounts of the most important dyes secreted by the
pathogen (pyocyanin and pyoverdin) significantly increased,
which may prove the potency of the isolated phages to be
applied as efficient antibacterial in the treatment of Pseu-
domonas biofilms. The increased rate of diffusion through
the biofilm matrix after phage application highlights the deg-
radation of biofilm structure associated with loss of biofilm
matrix elements at the membrane surface and reversion to
the hydrophobic properties of the membrane, or partial deg-
radation of the matrix/biofilm structure.
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By mixing one member of each genus of phages in the
collection by Essoh et al. (2015), they were capable of lys-
ing all PA isolates except four phages that appear to be also
resistant to ¢pKZ-like viruses. Host range depends on interac-
tions between the phage tail fibers and the bacterial receptor,
but other mechanisms are involved in bacterial susceptibility
to phages. Phage infection failure may be due to exclusion
of superinfection, as most CF isolates possess one or more
prophages, and the presence of prophages on a bacterial chro-
mosome immunizes bacteria against infection by phages of the
same nature. Also, during lysogeny, D3-like phages modify
LPS receptors, making bacteria resistant to LPS-dependent
phages, including virulent phages. Another mechanism
of virulent phage specificity could be related to the inhibi-
tion of the general phage defense mechanism developed by
the CRISPR-Cas system, since studies have shown that the
CRISPR-Cas system can be an actor in bacterial resistance
to virulent phages, so it would be important to use as many
phages from different genus to counteract these mechanisms
(Snyder 1995; Newton et al. 2001: Essoh et al. 2013).

Besides, the effect of phages on innate immune systems in
cell lines or epithelial cell models has not been thoroughly stud-
ied. A mixwre of two phages has efficacy in destroying non-
mucoid and mucoid PA strains, when developing as biofilm in
a CFBE41o cell line of the cystic fibrosis bronchial epithelium
where the phage concentration increased almost 100 fold in
24 h (Alemayehu et al. 2012). Animportant point is to validate
that phage therapies do not cause adverse reactions within the
host using assays of phage exposure in surrounding mammalian
systems (Trend et al. 2018). For example, Shiley et al. (2017)
using an in vitro model, characterized the exposure to phages
(DMS3 and PEV2) against PA, finding a PEV2-dependent
increase in IL-6 and TNF-u production but no change associ-
ated with exposure to DMS3. Additionally, it was found that
DMS3 protects mammalian lung cells from PA in an infection
model, therefore, DMS3 phage is a good candidate for phage
therapy. Extended immune responses can lead to several health
concerns. However, as phage therapy is being explored to fight
bacterial infections, an increase in cytokine levels may augment
antibacterial efforts (Shiley et al. 2017).

Currently, research has been aimed at studying bioavail-
ability, pharmacokinetics and feasibility of phage therapy, as
well as the cost compared to antibiotics, but these studies do
not comply with regulations of countries that use evidence-
based medicine (Lu and Koeris 2011).

Antimicrobial efficacy of PA phages
by in vivo studies

Of fifteen articles found that describe the efficiency of lytic
phages against PA in terms of in vivo studies, five stud-
ies used larval models of non-pulmonary hosts (Galleria
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mellonella) (Hall et al. 2012; Beeton et al. 2015; Olszak
et al. 2015; Forti et al. 2018; Jeon and Yong 2019), one used
Drosophila melanogaster (Lindberg et al. 2014), and one of
zebrafish with CF (Cafora et al. 2019), and nine lung mod-
els in mice (models of pulmonary hosts) (Debarbieux et al.
2010; Morello et al. 2011; Henry et al. 2013; Pabary et al.
2016; Waters et al. 2017; Forti et al. 2018; Jeon and Yong
2019; Alvi et al. 2020; Lin et al. 2020) (Table 2).

Debarbieux et al. (2010) reported the first lung infection
model in mice utilizing a bioluminescent PA strain finding
that phage treatment, in addition to curing the animals of a
lethal infection, managed to prevent a pulmonary bacterial
infection when administered 24 h before infection. The most
common route of phage administration was intranasal, fol-
lowed by intraperitoneal, and only in a recent work by Lin
et al. (2020) was intravenously applied in mouse models. No
in vivo studies have been done comparing phage adminis-
tration by different routes in the treatment of PA associated
with CF.

Some studies using a phage or a phage cocktail concluded
that a cocktail is more effective as a treatment (Hall et al.
2012; Henry et al. 2013; Forti et al. 2018; Jeon and Yong
2019). Different concentrations of phage and bacteria were
used in each investigation, but which ones are adequate are
not defined. Regarding this, Beeton et al. (2015) research
reports that the administration of phage against PAOI
extends the survival of G. mellonella (as PA infection
model) depending on the dose. At 24 h, 100% of infected
and untreated G. mellonella died, whereas when they were
infected using 10 cells at a MOI of 10, 40% survived com-
pared to those infected using 100 cells with the same MOI
where 20% survived. Another example is Hall et al. (2012)
study where phage therapy increased life time of PA PAOI-
infected wax moth larvae, when the bacterial inoculum was
reduced to 5000 cells and phage dose was increased by 10
times (to 5x 10° phage particles).

Different time points are also used for the application
and evaluation of both bacteria and phages. For exam-
ple. the study by Morello et al. (2011) in a mouse lung
infection model, the two used doses of phage P3-CHA
increased survival when administered after infection and
the higher dose (3 x 10° PFU) provided a higher survival
rate throughout the experiment. Preventive treatment in
this work seems not to be relevant since efficacy is sought
in curative treatment, however, the result must be taken
into account since a single dose-maintained efficacy for
up to four days. In comparison, in the work of Beeton
et al. (2015) the preventive treatment was just 2 h before
infection and showed a better survival compared to the
treatment model, by which PA was established within the
cells before a dose of phage was applied in G. mellonella.
The variations in larval survival rates as PA infection mod-
els in presence of different phages like in the study by

Olszak et al. (2015) of KT28 phage, compared to the giant
PAS5oct, could suggest the importance of phage size and
generation time rate (KT28 < PASoct) have a significant
influence on therapeutic efficacy. Other parameters that
influenced significantly were slow growth rate of bacteria
reduced contraction motility, low capacity for biofilm for-
mation, and great diversity in the used strains.

In another study, the infectious load and inflammation in
bronchoalveolar lavage fluid (BALF) were evaluated at dif-
ferent time points, using two PA strains in an acute murine
infection model with a phage administered before, simulta-
neously, or after infection. When low infectious doses were
applied, both control and phage co-treated mice cleared PA
infection at 48 h, but there were fewer neutrophils in BALF
than in phage-treated mice. With high infectious doses of
PAOI, all phage-treated mice cleared PA infection at 24 h,
while infection persisted in all control mice. Phages also
reduced CFU/ml in BALF when administered 24 h after
infection and both CFU/ml and inflammatory cells when
administered prophylactically. There was also a reduction
in the levels of soluble cytoinflammatory BALF under dif-
ferent conditions, concluding that phages were effective in
reducing both bacterial load and inflammation in the model
under study (Pabary et al. 2016).

Other works studied the correlation between in vitro and
in vivo results. In this respect, Henry et al. (2013) using MOI
between 0.05 and 0.2 of phages (LBL3, PhiKZ, LUZ19, and
PAK_P2 to PAK_PS5) found that PAK_Px phages showed the
highest survival percentage, up to 100%. It was also studied
whether there was a correlation on in vitro and in vivo effi-
cacy for PAK_Px phages tested, finding that the variations
on in vivo efficacy reflected genetic kinship (PAK_P3 and
PAK_P5 are closely related genetically to each other, as are
PAK_P1, PAK_P2, and PAK_P4). Another example is the
study by Linberg et al. (2014) who tested phages efficacy
in D. melanogaster adult females to determine the in vitro
traits correlated with that shown in vivo, finding that adsorp-
tion rate, lysis time or size of burst, did not correspond with
the observed mean survival time (MST). But there was a
significant correlation between phage growth rate (replica-
tion) tested in vitro and MST, concluding that the faster the
phage grows in vitro, the more effective it will be in fighting
bacterial infection.

Jeon and Yong (2019) studied the infection model in Gal-
leria mellonella and that of acute pneumonia in mice. In
both organisms, phages Bp-R656 and Bgp-R1836 increased
larval survival by 50% and 60%, respectively, 72 h after
infection and in mice by 66% and 83%, respectively, 12 days
after infection. Treatment with both phages significantly
reduced the bacterial concentration in mouse lungs (>6
log;(CFU and > 4 log,, CFU, respectively) on day 5. In the
first model, the efficacy of the two phages against clinical
MDR-PA strains was evaluated and to test the safety and

@ Springer

44



Folia Microbiologica

(ST0T T2 32 34ezs10)

(S10T & 1 uoyeag)

(F10T
[e 32 Sraqpur)

(€£10T 'Te 12 L1uapy)

(10T 'R 11eH)

(1T0T T2 12 of210]4)

(o102
“Te 32 Xnaiqaeqa(])

spodopnasd
Jo ared ysep o)
JO 9pIS [enuA
ay) uo uonpaluy

yredopnasd

ay puryaq uomndafug

uonoafur 3say)

[eseuenuy

uaw
-opqe ur uondafuy

[eseuenuy

[eseuenuy

DJjaUO U DL

D)UY U DLID]IDD

A2ispdou
-pjawt vjydosoa(y

BN
ur uonoJuI Sun|

D]jaUOY U DLI2]ID)

Qo1
ur uondgur Jun-g

Q01w
ur uonodJur Sun-g

[eATAINS %,001

[CATAINS 2,68

Qwm [BATA
-Ins uvaw Y 61° [
FLSY

[CATAINS %0015

[BATAINS %001

[CATAINS %001

[CATAINS %66 <

[CATAINS %001

uonaajur

193 4 96 puT ‘L

‘8% T '8 1 paio)

-TuOW UOTIdJUT
I9)je y [ 2sop 2FuIg

uonoayur
19)ju Y 7 2sop 2[3uIg

yzLor4y9
K124 parojiuow

‘uonoajur Jage
4 9 asop a[3uIg

skep ¢1 £q pa10y

-TUOW ‘UOTORJUT
I2)Je [ 7 2sop 2[3uIg

yzl

K1242 soSeyd pard

-dvar pue sfesse
UOT}OJUT JO LIL)§

a10j2q skep 4
skep g1 £q paio)
-Tuour ‘uoTdJUI

12)Je ] 7 2sop 23uIg
skep z1 £q pa10)
-1uowr ‘uonoajur

I2)je ] 7 2sop 23uIg

001 IO

01 IO

01 IOW

1'0 IO

nAd

OIXS

nad
QOIX€E

X ], 9ANU2AIJ

nAd
0T X¢

erLpeq-aseyq

1-01

AOPLINAOK Y

aDPLINOPOJ
IDPLIAOK Y

avprinoydis
IDPLIAOK Y

aDpLINOPO]
ADPLIAOK Y

aDPLIAOPOJ
ADPLIAOK Y

IDPLIAOS Y

ADPLINAOK Y

UAIY

Qnox uoneiaqIy

[opowr Apmg

uonoajoid rewndo

a[npayds JuauneAl],

aSesop yuatoyg

Aqurey 23eyq

S[apou [ewrue ut suondajur oru)sAs pue Lreuowrnd uo Adesoy avyd ewowiadxyg za|qel

45

‘TEGAD 'S0LAD

1906Vd Put 8TLM 8€004D-Uou "1OVd
pue £971d "291d

0971d +S1A TEIA PUT [6TSHVd ‘TOVd

‘T-ddMH ‘T-9dMH

61ZNTPut Z3d
€141 °1d VHO
‘SdIVd ‘vd Vd

Td VA ‘1d JVd  pue wun-yvd NMvd

NN ‘71 ‘1741

pringer

urens psoursnian g

Ns



Folia Microbiologica

[eseuenu]
(610T yredopnasd
Fuoy, pue uoaf) ay) puiyaq uonoalug

A1of o

(6107 'Te 1w eioje))  or uonsafuraisiy

ymdopnosd
auy) puryaq uonpalu]
(R10T "¢ @ n1og) [useuenuy
(L10T T 10 s1aep ) [esetenu]
(910 "12 12 Kreqed) [eseuenu]

25NOwW
Ut RIownaug
Djjaso)au LAY

D i
[apow ysyrIqa7
)]
-Jaut PLIAJDD
uonaAJul MUNSLS
2510 Ul voT)
-oopur Asojendsay

a1 ut uon
-sajui Sun| smony)

01 ut
uonaajul Sunj nay

skep z1 Aq paioy
-TUOW uoTaagu
12ye Y asop 2Fulg
yzLAays
K1aA2 palojiuou
“uOnRAJU I
Y [ 2sop J[Fuig

eatams %¢8 £ 99
_..u.ﬂ__:n_Sm .“\.GW

uonsAgul
amjey g pu
U (g ‘uonaaguI

Al Jo a1 Y Y

[EAIAINS
BLFTE O %OFES

uonsagul
Ige y [ osop Fwg
[eAIAINS 3560 uonaapu
EAIAINS %001 121e Y  3sop IFuig
uonsagul
1aqye skep ¢ pue g

[BAIAINS %001 ‘Y 09 PUe "§F ‘0¢ “+T

(ARSI ETI
T pur uonoajut

[PAIAINS 2,08 3U) JOIWN 1Y

01 IOW
001 IOW ‘TW/NAd
LO1X]

w/ndd
OIXE

STION

SO0 10N

1W/NAd ,01XT

001 10

9E8TH-¢™
Put 9Lo¥-@d

0rT06t-IN ‘L1Td
“INed T gA
pUe [$Z06PIN
CITH Waed g
‘SETO6TIIN
ATA ded ga
£9£706rdN
‘TOAd"doed g

anprnoydig

QOPLIAOPO ]
avpLiaoipy

rd~MVd pur
‘Id ¥vd L1Td
6174 'Add ‘TOAd

ADPLIAOPO]
avproydig
ADPLIAOL Y

anpLiaolpy 0Zd14ad

(Lg
DSOUITHAAD of pue
‘TE psowdnian
01 pSOUINLA0 of
'Q DEOWINLIN o ¢
DSOWITNLAN o) €
1reRped pue (611
DSOUITIAAD o pue
‘LL pSOUISNIIn of
‘L9 psowInaan
d ‘6€ prowdnian
o) T Ieroa (L
DSOUITNIAD o pue
‘¢ wouSnian
d ‘vT vsowdnian
d) 1 1meppo)

AOPLIAOPO
avpriaaoydrg
ADPLIAOARY

9eRTH
ITHTIOWA pue
QR TTONA

d49-10vd

nunj
MVd PUt [OVd
T TN

umens paydepe pun

odf pim cogSAT

eLoy
-HZIVd Put [OVd

20UINIY No1 uonEIRqr]

[opow Apmig

vonodosd eumd  mpayds usuneaI],

SBesop usdylg

Ay 25eyg awreu a5eyg

UIens psousnean

(panunuod) zajqer

inger

Spr

a

46



Folia Microbiologica

(Alvi et al. 2020)
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Treatment schedule
Single dose at the

1x10” PFU/ml
MOI 100

Efficient dosage

Phage family
Podoviridae

Phage name
RLP

Table2 (continued)
P. aeruginosa strain

PA-1

a Springer

time of infection,
monitored 1, 6,

12, 24, 48 and
96 h after infec-

tion

(Lin et al. 2020)

Intravenous

Bacteremia in mice

Single dose 1 hafter >8log,,

>10*

PFU

Podoviridae

wPEV20

P. aeruginosa 1121

CFU/ml

infection

therapeutic potential of the phages they used the acute pneu-
monia model in mice.

Recently, Lin et al. (2020) developed a pharmacodynamic
model to determine the efficacy of the s)PEV20 phage as well
as the phage arrangement in healthy rats. As results, when
the phage was administered intravenously at a concentration
of > 10* PFU, there was rapid bacterial death, and the bacte-
rial concentration was reduced 2.5 h after administering the
treatment. Phage accumulation was evident in the spleen
and liver at 48 and 72 h, given that both organs are impor-
tant for the mononuclear phagocytic system. Interestingly,
phage penetration into bladders depends on the dose admin-
istered, and 10° PFU/mouse was the minimum dose required
to allow for phage detection in urine following intravenous
administration. Phage binding to immune cells most likely
affects their disposition in vivo, so future studies are needed
to characterize the affinity of phages to key immune cells.

Regarding in vivo works that use a CF model, this is the
one from Cafora et al. (2019) reporting it as the first time
that phage therapy has been used to cure PA infections ina
CF animal model where they used the PAO1 strain and the
CF zebrafish model, since the structure of the CFTR channel
is conserved evolutionarily between fish and mammals and
cftr loss-of-function zebrafish embryos show a phenotype
that mimics human disease. They found that phage treatment
decreased lethality, bacterial load, and the proinflamma-
tory response caused by PAO1 infection. In addition, phage
delivery alleviated the constitutive inflammatory state of CF
embryos. As can be seen in the studies considered in this
review, phage therapy to destroy different PA strains in dif-
ferent in vivo models is successful (summarized in Table 2).

However, studies conclude that efficacy of phage-based
therapy using different animal or phage models depends on
time and dose. Studies describe that the efficacy depends on
the time in which the treatment was administered (mostly
between the first 2 h after the infection), where there is
greater efficacy when phages are administered in the first
hours at a high concentration and several studies in ani-
mals propose to give a curative or preventive treatment
with phages to combat pulmonary infection by PA. But
the appropriate dose, treatment duration, the ideal route of
administration, or how to choose a host-adapted phage or
cocktail has not yet been established (Hraiech et al. 2015).
In addition, more studies are needed to determine how often
phage should be administered and what allergic or immune
reactions they can cause in the host in a short and long term.
In most studies a single dose is given either at one or two
hours after the establishment of the infection, but it is sug-
gested as an attractive alternative to reduce the capacity of
reinfection and the problems associated with chronic infec-
tion, administering phage cocktails, selected based on the
strains that colonize the patients’ lungs (Pabary et al. 2016).
Because there is no standardization, comparing studies is
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difficult and experiments in animals have little observation
time compared to chronic lung infections in humans. As
experimental treatment, there have been few case reports of
experimental studies of phage treatment against PA infec-
tions in the respiratory tract in patients with CF (Hraiech
etal. 2015).

As perspectives for advance of in vivo in PA infections
in CF, it is proposed that more work be carried out with
zebrafish model and to overcome the limitations of the
murine model (without hypersecretion of mucus in mice
and that the expression of the CFTR gene is in the proximal
trachea), the use of other animals such as pigs and ferrets is
proposed because like humans, they have a high expression
of CFTR in the serous cells of the submucosal glands in car-
tilaginous airways, which simulates lungs with CF (Lavelle
et al. 2016). The use of these in vivo models, in addition
to providing active phage titers high enough to target PA
MDR in lungs, could also address phage pharmacokinetics.
Likewise, to address the efficacy against PA MDR in CF and
adverse effects using various phage delivery routes, phage
pharmacodynamics could also be investigated (Abedon
2017).

Clinical studies, challenges and promises of PA phage
therapy in CF.

In order to find projects under development in the US
about phage therapy for CF, a search was conducted on
Clinicaltrial.gov in December 2021 and we found four reg-
istered studies. Regarding the first one, although it has been
completed, the results have not been published yet. The aim
of the study was to evaluate a cocktail of ten phages on PA
strains in sputum samples from CF patients at the Univer-
sity Hospital in Montpellier, France (NCT01818206). Other
two studies are currently in progress. The first one is a pro-
spective, randomized, placebo-controlled, double-blinded,
single-site study of Yale Phage Therapy (YPT) in CF sub-
jects with chronic PA airway infections. The study has 3
parallel arms of “standard” phage dose, “high” phage dose,
and placebo, with all study materials GMP-manufactured, to
demonstrate efficacy and safety of nebulized phage therapy
(NCT04684641). The second is a phase 1b/2a, double-blind,
placebo-controlled, randomized, single-dose study con-
ducted to assess the safety and tolerability of the inhaled
AP-PAO2 phage cocktail in patients with chronic pulmonary
PA infection and CF (NCT04596319). No patients have yet
been recruited in the latest study. This is a phase 1b/2a study
with the main objective of determining if BX004-A phage is
safe and tolerable. Exploratory objectives include whether
BX004-A reduces PA bacterial load in sputum in CF sub-
jects with chronic PA lung infection (NCT05010577).

Currently, the German consortium Phage4Cure is work-
ing on studying the efficacy and safety of a cocktail of
inhaled phages against chronic pulmonary infection by PA.

The aim of the project is the clinical application of phages
in Western Europe and Germany using good manufactur-
ing practice standards throughout the production chain and
obtaining approval for its use by regulatory authorities
(Wienhold et al. 2019).

Therefore, the paucity of literature on clinical studies
involving strains and patients with CF shortens the conclu-
sions that can be described from the use of phage therapy.
Few clinical data are available as most studies are based
on clinical case reports as well as in vitro and in vivo stud-
ies (Hraiech et al. 2015). Deficiencies include the lack
of adequate controls or the small number of patients in
clinical trials, which could be considered as an important
reason why phage therapy has not been used and approved
worldwide. Controlled and regulated clinical research is
required for phage therapy to be used as an approved medi-
cal treatment. For formal testing of safety or efficacy, only
fully sequenced phages that are shown to be non-virulent
by genome and proteome analysis, that their genomes do
not encode virulence or toxicity genes, and that are not
involved in horizontal gene transfer, should be used. More-
over, quality control is of utmost importance, it should
include stability (shelf life) and cytotoxicity (Karumidze
et al. 2012; Doffkay et al. 2015).

Failures in phage use by early researchers have been
associated with factors, such as inappropriate phage
choice, for example having narrow host range, poor phage
preparation, and insufficient purity which favors poor sta-
bility or viability leading to phage disintegration before
application, lack of understanding about the mechanism
of action and the diversity of phages (Gill and Hyman
2010; Kim et al. 2012c). The main failure causes of phage
therapy in the airway setting in CF are the development
of bacterial resistance to phage, the difficulty of the phage
to interact with the bacteria, and phage binding to dead
bacterial cells, which are abundant in chronic infection
(Trend et al. 2017).

For phage therapy, phage administration directly into
the respiratory tract can promote contact between phage
and target bacteria, accelerating host lysis. Inhaled phage
formulations can include materials such as buffers and
excipients that support the lung environment and must per-
form experiments to ensure that the aerosol achieves the
delivery of viable phages within the lungs (Bodier et al.
2017). Therefore, there are still aspects to be addressed so
that phage therapy on PA in CF can be approved and used
in a safe and effective way.

Factors influencing the large-scale application of phages
that have limited the conclusions of the most recent trials
include the production of phage cocktails, the context of
the current legal framework, as well as the limited number
of patients included in clinic studies (Sybesma et al. 2018).

A Springer
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The use of phage-coded lytic enzymes

Today, the use of phage-encoded products such as lytic
enzymes, like endolysins, depolymerases, and virion-associated
peptidoglycan hydrolases (VAPGH) for therapeutic applica-
tion, is on clinical development. Lytic enzymes such as lysins
and holins are produced intracellularly by the host in order to
induce cell wall degradation for facilitating the release of newly
formed virions and leading to bacterial death (Guo et al. 2017,
Ghose and Euler 2020). On the other hand, depolymerases are
enzymes that facilitate phage adsorption by degrading capsular
polysaccharides and cleaving EPS in the biofilm matrix and
phages use VAPGH to degrade peptidoglycan (PG) and inject
the phage genetic material into the cell (Pires et al. 2017; Yang
etal. 2018).

Interestingly, it has been reported that some PA lytic
phages produce depolymerases which have features such as
increased absorption and removal of biofilms from the target
bacteria. Depolymerases are commonly identified by a halo
surrounding phage plaques. Most of phage-derived depoly-
merases were identified by prediction through genomic
annotation and the diversity and biological roles of them
are not yet fully studied. Few PA bacteriophage-encoded
depolymerase genes have been reported. Therefore, the com-
bination of phage-derived depolymerases and other antimi-
crobial agents such as antibiotics might be helpful to control
antibiotic-resistant bacterial infections (Mi et al. 2019). Syn-
thesis of depolymerases in some phages is useful for biofilm
destruction. However, this is not a common trait; through
genetic engineering, genes producing enzymes that degrade
EPS have been inserted into some phages but its degradative
activity is diminished compared with the unmodified phages
(Parasion et al. 2014).

Recently, research has increased in the use of all these
Iytic enzymes for their therapeutic value against PA (Yang
et al. 2018; Mi et al. 2019). A lytic phage of PA encodes
a depolymerase-like protein that degrades the EPS of PA
and increases bactericidal activity, further disrupting host
bacterial biofilms (Mi et al. 2019). In another study, the
phiYY-encoded lysin, called Ply17, showed great antibacte-
rial capacity against the outer membrane of PA treated with
permeabilizer (Yang et al. 2018). The endolysin LysPA26,
purified from the phage JDO10, contains a lysozyme-like
domain that has activity against PA MDR (and other Gram-
negative bacteria) without using an external membrane per-
meabilizer. Additionally, this endolysin has, with the ability
to remove biofilms and reduce up to 4 log units of PA for
30 min (Guo et al. 2017).

Lytic phage enzymes have as advantages that there is lit-
tle risk of generating resistance to lysins because they target
specific molecules and can lyse active or resting cells, even
bacteria within biofilms (Antonova et al. 2018).

@ Springer

Current status of the legal framework
of clinical phage therapy

The current European regulatory framework has not con-
sidered the value of decades of historical clinical data on
phage therapy because it has not been ratified with currently
accepted regulatory standards (Verbeken et al. 2012).

Several investigators have described that a new regula-
tory framework must be developed for phage therapy. Good
manufacturing practices that rule the production of medi-
cines for human use generate high costs and are sometimes
not essential. Instead, important parameters to control are
the quality and safety of phage preparations (Verbeken et al.
2014).

Working with phages for a clinical treatment approach
differs from industrial approaches to produce phage-based
products, the industry seeks to commercialize phage cock-
tails for economic causes, differing from phage therapy,
which is based on a personalized approach to the patient.
Weak intellectual property makes it difficult to attract capi-
talists, which means that developers of phage therapies have
difficulty following regulatory frameworks and the high
costs (Verbeken et al. 2012).

Even though humans are in contact with phages daily,
their immunogenicity and safety have not yet been fully
studied, presenting a problem for the introduction of phage
therapy. It has been described that some phage proteins can
cause adverse reactions when stimulating the immune sys-
tem. For that reason, phage therapies and their derived prod-
ucts must be manufactured with current pharmacopoeia and
good manufacturing practices (Cooper et al. 2016).

Therefore, in clinical human studies, the efficacy, toxic-
ity, and adverse effects of new drugs must be established,
and the health of the patients must be prioritized over the
generation of results (Cooper et al. 2016).

Conclusions

Phage activity against PA biofilms in chronic CF infections
has been studied and tested, and although in vitro and in vivo
efficacy has been improved using advanced techniques to
formulate cocktails, training as well as its use in combi-
nation with antibiotics, it is necessary to use personalized
therapeutic approaches that demonstrate and guarantee the
effectiveness and safety of its use to destroy PA biofilms
in CF. In addition, regulated and approved clinical studies
have not yet been conducted to investigate how phages safely
and persistently degrade and lyse the PA biofilm matrix in
patients with CF, so in future clinical investigations against
these infections, isolated phages and their lytic enzymes
characterized and selected, tested in vitro in cocktails or in
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combination with antibiotics, and in vivo in models of PA
MDR-infected pulmonary and non-pulmonary hosts should
be used.

Furthermore, phage therapy continues presenting chal-
lenges to have consistent and efficient results such as bacterial
resistance, limited host range, regulatory framework, large-
scale manufacturing, study of biology, phage pharmacology,
and bacteria-phage interactions that continue to leave gaps in
basic knowledge. Therefore, advances in biotechnology and
molecular biology can help overcome these problems and
research efforts that are accompanied by practical and rigor-
ous commercial and regulatory approaches to successfully
advance phage therapy in clinical environments are needed.
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Abstract

Pseudomonas aeruginosa (PA) 1s an important opportunistic pathogen that causes different
infections on immunocompromised patients. Within PA accessory genome, differences in
virulence, antibiotic resistance, and biofilm formation have been descnibed between strains,
helping to the emergence of multidrug-resistant strains. The genome sequences of 17 strams
1solated from patients with healthcare-associated infections in a Mexican hospital were
genomucally and phylogenetically analyzed and were detected antibiotic resistance, virulence,
and biofilm formation genes. Most of the 17 strains were resistant to the carbapenems
meropenem. imipenem and aztreonam. The antibiotic resistance (mex4, mexB, and oprM) and
the biofilm formation (psl{ and psiD) genes were detected in all strains. Differences were found
between strains in accessory genome size. The strams had different sequence types, and some
were like that of global ugh nsk epidemic PA clones. All strains were represented in two groups
among PA global strains. Honzontally acquired resistance genes related with resistance to
amunoglycosides and beta-lactams were found, mainly. and between 230-240 genes associated
with virulence factors. The strains under study were vanable in terms of their accessory genome,
antibiotic resistance, and virulence genes. With these charactenstics, we provide information
about the genomic diversity of climically relevant PA strams.

Keywords

Pseudomonas aeruginosa; nosoconual infections; multidrug resistant; pangenome

57



43

51

52

53

55

56

57

58

59

61

62

63

65

67

69

1. Introduction

Curently, most antibiotics have become ineffective for the control of bactenal mfections
since bactenia have generated multi-resistance to these kinds of drugs due to the indisciminate
and widespread use of antibiotics [1). These multidrug-resistant (MDR) pathogens have been
called "superbugs” and have become one of the most critical public health problems worldwide
since cause more than one million deaths a year worldwide and around 35,000 deaths per year n
the United States [2, 3].

The World Health Organization (WHO) reports that 50% of infections caused by
Escherichia coli, Staphylococcus aureus, Klebsiella pneumoniae, and Pseudomonas aeruginosa
(PA), show resistance to antibiotics such as cephalosporn, a third-generation antibiotic. This
group of bactena induces healthcare-associated infections (HAIs) or nosoconnal infections,
which are defined as infections contracted by a patient dunng treatment in a hospital that patient
does not have at the time of adnussion [4]. HAIs affect one in 20 hospitalized patients, and in
Mexico the yearly death toll 1s 37,000 by thus kind of mfections [5].

In Mexico, the epidemuological surveillance of HAIs is in charge of the Hospital
Epidemiological Surveillance Network. Additionally, the Institute for Social Security and
Services for State Workers (ISSSTE) carmies out its control and surveillance through the
Committee for the Detection and Control of Nosocomial Infections, finding PA among the first

microorganisms [6].

Pseudomonas aeruginosa is a gram-negative bacterium established m water, soil, and
various host organisms. In humans, it is considered the fourth most isolated nosocomial
pathogen, accounting for 10% of all HAIS, and the second most common cause of pneumonia [5].
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PA has the exceptional ability to generate resistance to antibiotics, for its abulity to mutate genes
and transfer honzontally acquired resistance genes [7]. Both clinical and environmental strams
can thnve in a wide vanety of ecological niches and cause damage in different hosts, since it1s a
versatile bactenum with easy adaptability due to the maintenance of virulence and metabolic
genes In its genome. The importance of this bacterium hies m the fact that it causes sigmficant
morbidity and mortality between immunocompromised patients and those requining mechanical
ventilation, such as bum patients and those with cystic fibrosis. Some sequence types (ST)
referred to as high-nsk clones are extensively issued and frequently found in PA [8].

The increased availability of genomes has made it possible to perform comparative
genomic analyzes of PA strams in distinct parts of the world [7, 9, 10]. These studies have
defined the pangenome of strains with a "core genome” which are the genes present among all
members of the species and represent up to 90% of the total PA genome, which is highly
conserved. and been defined an "accessory” genome conformed by genes that are present in but
mussing in other PA strains [7). PA genome size varies between 5.5 and 7 Mbp and such
varniability is owing to it has a great accessory genome that are specific DNA blocks of each strain
and can occupy up to 20% of the entire genome. This accessory genome 1s integrated of
honzontally transferable elements including prophages, plasmuds, insertion sequences (IS),
genomic islands (GI), and transposons. The accessory genome 1s significant for beanng acquired
antibiotic resistance and virulence genes, with lateral transfer of these genes among strains
contnbuting to the developing of more virulent strains. Additionally, mutational changes may
promote antibiotic resistance and virulence. Genome charactenization studies of PA isolates such
as Aggarwal et al. 2015 [11] and Subedi et al, 2018 [10] have shown that the pangenome
contains large heterogeneity in accessory genome size among 22 strains which was comrelated
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with the quantity of prophages, insertion sequences, and genomic islands. The strains from these
studies had different sequence types and were distinct from the worldwide PA epidemic clones.
The isolates previously charactenized have genes that confer resistance to aminoglycosides, beta-
lactams, quatemary ammonium compounds, sulfonamides, chloramphenicols and tetracychines.
Therefore, knowing the PA genome aids to comprehend the genetic modifications that are related
with more resistant and pathogenic strains and until the time of wniting this article, no published
articles were found about comparative genomic analysis between PA strains 1solated m Mexico.
Hence, the objective of this study 1s to compare the genomic vanability within PA strains isolated
of hospitalized patients with different HAIs from the Centro Medico Nacional 20 de Noviembre
in Mexico City, for which the complete genomes of 17 strains were sequenced and genomuc
analysis was performed by comparing evolutionary relationships, genomic divergence, antibiotic
resistance, and virulence factors.
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2. Materials and methods
2.1 Bacterial strains and antibiotic susceptibility testing

We studied 17 clinical strains of Pseudomonas aeruginosa provided by the Central
Epidemiological Surveillance Laboratory, Centro Medico Nacional 20 de Noviembre ISSSTE of
Mexico City 1solated from different samples of patients with HAIs between the years 2019, 2020,
and 2021, as are shown in Table S1. The disk diffusion method was performed based on the
guidelines recommended by the Clinical and Laboratory Standards Institute (CLSI) to determune
antibiotic susceptibility pattems, using PA ATCC 27853 as control strain The antibiotic disks
(BD BBL, USA) used in this study included meropenem (10 ug), imipenem (10 ug), aztreonam
(30 ug). The 1solates with resistance to 2 antibiotic classes were considered as PA resistant to
carbapenems [12].

2.2 DNA extraction and PCR detection of resistance and biofilm formation genes

The strains were grown in 5 ml of TSB Liquid medium at 37°C for 24 h and genomic
DNA was extracted following the method described by Chen and Kuo (1993) [13]. PCR
reactions for detection of efflux pump (mexd, mexB, and oprM) and biofilm-formung (psi4 and
pslD) genes were done using specific primers listed in Table S2. Reactions were camed out in
0.2 mL microcentrifuge tubes in a reaction volume of 25 pL containing 5X buffer, 25 mM MgCl,,
10 mM mucleotide tnphosphates (ANTPs), 0.1 yM primers and1-unit Taq DNA polymerase
(GoTaq Promega). PCR conditions consisted of one cycle at 95 °C for 5 min: 30 cycles of 30 s at
95 °C, 40 s at Tm specific for each primer, 1 min at 72 °C and a final elongation at 72 °C for 10

61



135

136

137

139

140

141

142

143

144

145

146

147

148

149

151

152

153

155

min. The PCR products were separated on a 1% ethidium bromide agarose gel with 1X TAE (70
v, 300 mA, 1 h) and visualized using UV light transilluminator [14].

2.3 Whole Genome Sequencing

Once a 3-pg sample of genomic DNA with a punty of 1.8 (absorbance ratio of 260280
nm) was obtained and 1ts integnty venfied by agarose gel electrophoresis, the samples were
sequenced by service at the Laboratorio Nacional de Genomica para la Biodiversidad del Centro
de Investigacion y de Estudios Avanzados del IPN (LANGEBIO, CINVESTAV-IPN, Irapuato
Unt). The sequencing of the genetic matenal was cammed out by the synthesis method with the
Mumina Miseq system i 2x150 format.

2.4 Genomes assembly and analysis

MiSeq sequencing resulted in a range of 653,270 to 2,199,951 reads per sample. With
FastQC version 0.11.9 (https://www bioinformatics babraham ac.uk/projects/fastqc) was
evaluated the quality of the raw reads, and Tnmmomatic version 0.36 [15] to remove adapters
with default parameters (SLIDINGWINDOW:4:30 MINLEN:36). A de novo genome assembly
was done using SPAdes version 3.13.1 [16] using the default settings. Prokka version 1.14.5 was
then used for annotations of the assembled genomes [17]. The PA PAO1 genome (RefSeq
accession number NC_002516.2) was used as a reference in the present work. The preliminary
genome contigs were rearranged and aligned to the reference genome with the MAUVE multiple
genome alignment software [18, 19]. Genomic islands were determined using IslandViewer [20],
and PHASTER to identify and annotate prophages [21]. To know the type of sequence (ST) of
each strain, the pubMLST database was used [22].
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2.5 Pangenome and phylogenetics

Pangenome analysis was done with Roary version 3.13.0 [23]. Common genes in at least
99% of the strains were considered central genes. The accessory genome was obtained by
subtracting the core genes from the total genes of the genome of each strain. Two hundred fifty-
two genomes of PA strains (235 previously reported complete genomes and 17 genomes from
this work) were aligned with Parsnp version 1.2 having the PAO1 strain sequence as a reference,
and then 1t was used to make a maximum likelihood tree taking in account the core genome
single nucleotide polymorphisms (SNPs).

2.6 Screening of annbioftic resistance and virulence genes
The genomes of PA 1solates were screened to 1dentify acquired antibiotic resistance genes
by using Resfinder 3.0 (Centre for Genomuc Epidemuology, DTU, Denmark) [24]. Virulence

genes associated with adherence, quorum sensing. type IV secretion system, alginate production,
toxins and protease production were searched i the genomes using the virulence factor database

(VFDB) [25].
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3. Results and discussion
3.1 Annibiotic susceptibility profile

A total of 17 strams of PA isolated from different samples of hospitalized patients with
HAIs were obtained. Seven of the 17 strains had antibiotic resistance, eight strains had
intermediate resistance, while two strains were susceptible to the three antibiotics tested. The
strains showed greater resistance to imipenem and meropenem (carbapenems), compared to
aztreonam (monobactam), irrespective of the year of collection; however, it would be appropnate
to use a greater number of strans from 2020 and 2021 to make a fair companson (Table 1). Also,
it 1s descnbed that carbapenems are the most active drugs agamst PA [26], so it 1s important to
highlight that most of the strains in this study were resistant to this class of antibiotics, which
stands out the need to find new altematives to control this pathogen. Jeukens et al. (2017) [27]
reported that seven strams from CF patients were mostly susceptible to mupenem and
meropenem but resistant to ampicillin and amoxicillin, however, these strains were 1solated in
1993, so it can be inferred that the bacterium have become more resistant over the years. The
emergence of Pseudomonas species resistant to carbapenems and monobactams has been
reported. In several studies such as the work of Bajpai et al. (2019) [26] where 126 1solates were
resistant to multiple kinds of antibiotics showing greater resistance to meropenem 92 (72.5%);
aztreonam. 87 (69%) and imipenem 78 (62.6%). In another work, Subed: et al. (2018) [10]

22 susceptible and intermediate resistance strains to imipenem and aztreonam

(carbapenems) but resistant to gentamicin (amunoglycoside) and ciprofloxacin (quinolone), so
susceptibility to antibiotics may vary according to the classes of antibiotics.
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3.2 Detection of antibiotic resistance and biofilm formation genes

Given the high levels of resistance present in the strains under study, the detection of
some genes mvolved in antibiotic resistance and biofilm formation was sought For example, the
mexAB-oprM efflux pump system has been reported to be very common and aids PA intrinsic
resistance to f-lactams (including carbapenems), chloramphenicol, macrolides, qunolones,
tetracycline, and novobiocin, thus, the genes (mexA, mexB and oprM) related to this antibiotic
resistance system were searched for in the 17 strains, as were the biofilm formation genes (pslA
and psiD) and the extracellular obtaining of the polysacchanide synthesis locus mediated by
polysacchandes (psl) that have been reported to enhance the formation of biofilms that promote
resistance to antibiotics and protect the pathogen from the host's immmume system [14], finding
that all genes were detected in the 17 strains as shown in Fig. 1. Our results coincide with the
previous work of Ugwuanyi et al. (2021) [14] where they describe that the mexA, pslA and psiD
genes were detected m 39 (100 %) 1solates, but not the mexB and oprM genes, which were
identified in 34-36 isolates (88-92 %), respectively. However, Abbas et al. (2018) [28] informed
the detection of mexAB-R m 100% of PA 1solates from urnary tract infections in Egypt [14].

3.3 General charactenistics of genomes

The contigs generated by de novo assembly of the 17 PA strain genomes ranged from 96
in strain 19256 to 754 in strain 20019. Like other published PA genomes [9, 10, 27, 29], the
genomes In this study had a size of 6.6 to 7.3 Mbp and a mean C+G content of 65.95%. Genome
size oscillated extensively between strains, with up to 1.0 Mbp more DNA than PAO1 stram. The
number of coding sequences (CDS) oscillate from 5,969 (strain 19029) to 6,844 (strain 19133).
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The five PCR amplified genes presented above (mexA, mexB, oprM, psiA and psiD) were
mamually searched and found to be present in all the genomes of the strains, which was confirmed
by the PCR results. The general charactenistics of the genomes are shown in Table 2.

A total of 12,273 orthologs were obtained from analyzed strams in this study. The
genomes of the 17 stramns isolated in this work contain more ortholog genes than the study of
Subedi et al. (2018) [10] where incorporated 22 PA strains from various origins and they found
9786 orthologs in the pangenome. The larger pangenome found in the present study may be due
to the diverse type samples of patients that were used to 1solate the stramns since the size of the
pangenome can increase depending on the diversity of the stramns in study, and it depicts the
accumulated genetic mformation between a group of bacterial genomes. Additionally, of 12,273
pangenes, this study described 4,813 genes that formed the core genome which was common in
at least 99% of the strains, no soft-core genes were found (common in 95-99% of strains), there
were 2938 shell genes (common in15-95% of strains) and 4521 cloud genes (common in 0-15%
of strains) (Fig. 2). Previous reports have informed core genomes of 5316 (6406 pangenes) [7],
5233 (9344 pangenes) [8], and 4910 (9786 pangenes) [10] in different strains of PA. Even though
these studies used less (less than 17) genomes, the results can be compared Finding the smallest
core genomes mn this study may be due to the use of more genomes for the alignment, as well as
the use of incomplete draft genomes and defimtion of the core genome (>99% smuilanty in each
strain) [10]. Within the core genome were genes related to resistance to most antibiotics,
respiratory. metabolic and virulence genes, and the presence in all strains of metabolic and
respiratory genes gives the bacterium the ability to survive on a vanety of carbon sources for

energy [8].
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Besides the core genome, PA has an accessory genome that vanes across strains, where
most of these genes are acquured honizontally. In this work, accessory genes were calculated by
removing the central genes (4813) from the number of CDS. The accessory genome ranged from
19% to 29% of the complete genome, which is larger than previously reported. which may be
attnbuted to the use of draft genomes that may overrate the number of accessory genes giving a
seemungly larger genome [10]. In these accessory genomes were found genes associated with
antibiotic resistance and virulence, as well as genes that aid strains to survive in hostile
environments like strains cultured from sites containing toxic organic compounds and heavy
metals which are unswited for PA habitation. Therefore, the increase in the number of accessory
genes found in the present work may be because the strains have acquired many genes to be able
to grow and survive in the hospital environment [10]. According to previously reported accessory
genomes, a large number of undetermined genes were also found in this study, either because
their fimction is unknown, or they are pseudogenes. It is important to highlight that in these
accessory genomes there were many genes that participate in replication. recombination, and
repair, mainly mtegrases, recombinases and transposases, whose function 1s DNA mobility [8].
As important elements of accessory genome, genomic islands (GI) and prophages were also
identified in the genomes [30]. The results indicate that the predicted mumber of GI was ranged
from 27 to 90 and of prophages from one to five in the 17 genomes (Table S3), but only with

complete genomes can the total quantity from these genes in the accessory genome be known.

According to the Multi-Locus Sequence Typing (MLST) analysis, 10 different sequence
types (ST) were found in the 17 genomes, only one constituted a new type. The ST was allocated
to every strain based on seven integers that are the alleles at seven house-keeping loci that gives a
matching nmumber in the MLST database, therefore if a strain did not comcide with the existent
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database, 1t was taken as a new ST. The results indicate that five isolates belong to ST 233, three
1solates belonged to ST 309 and two strains to ST 3045 (MLST profiles are listed in Table 4), the
remaining strains correspond to seven different STs. These results indicate that the strains in
study belong to a wide vanety of STs and coincide with anteniorly reported clinical epidemic
1solates [31, 32, 33, 34]. Most frequently reported intemational huigh-nsk MDR PA clones, ST
111, 175, 233, 235, 277, 357, 654, and 773 [34, 35, 36]. ST 233 has been descnibed as a high-nisk
clone m Mexico, the United States, South Afnica, and Japan An ST 111 strain resistant to
carbapenems and aztreonam [37], which comcides with the 19133 strain that had the same ST
and presented resistance to the three antibiotics. The ST 233 was the most common ST found in
this work, which has been reported in MDR hospital stramns [37].

3.4 Phylogenenics

All strains did not follow a specific pattem and were well represented in two groups, nine
strains in group 1 and eight in group 2 (Fig. 3). This comcide with previous studies where it has
been descnibed that PA strains from different sources fall mto two main groups, where group 1 1s
the largest, and includes the most investigate worldwide strains DK2, PAO1, LESBS8 and PAK
while group 2 1s shightly smaller and contains the studied virulent strain PA14 [38].

Interestingly, three groups of strains that were grouped by clade had the same ST mn each
clade. Strains 19121, 19241, 19256, 19299 and 21049 were grouped within group 1 and had ST
233 reported as high-risk clones, also within the group. Group 1 strains 20061 and 21068 had ST
3045 and within group 2 strains 20019, 19071 and 19291 with ST 309 were grouped in the same
clade.

3.5 Genetic profiles of antibiotic resistance

68



289

291

292

293

295

297

298

301

302

303

310

311

14

A total of 45 dufferent acquired antibiotic resistance genes were found in the present work
using ResFinder database (Fig. 4). Most resistance genes associated to aminoglycosides and beta-
lactams were observed in the strains from this study. As in the 22 PA strains reported in the work
by Subedi et al. (2018) [10], the genes blaPAO (resistance to b-lactams), fosA (resistance to
fosfomycin), aph(3’)-IIb (resistance to aminoglycosides) and catB7 (resistance to
chloramphenicol) were also detected in the 17 strains analyzed One strain (19291) has five
resistance genes that were not detected in other strains; aph(6)-Id. aph(3’)-VIa, aph(3")-Ib
aminoglycoside, blaIMP-15 and catAl that confer resistance to aminoglycosides, beta-lactams
and phenicols.

3.6 Virulence genes

Virulence genes related with adherence, quorum sensing, type IV secretion system,
alginate production, toxins and protease production were searched m our 17 PA genomes using
the Virulence Factor Database (VFDB). Differences in virulence genes were found for genes
mvolved in adherence, iron uptake, and secretion systems (Table 3). This was more evident for
genes with the type III secretion system (exoS, exoU, exoY and exoT). The exoT and exoS toxins
were the first to be identified in PA, participating in related functions such as altenng the host
cell actin cytoskeleton, inducing host cell rounding. mhibiting phagocytosis, and even causimg
cell death [39]. ExoY nfts the intracellular cAMP in eukaryotic cells and causes cell rounding
[39]. ExoU 1s considered the most virulent effector as it disrupts eukaryotic membranes in
different cell types. Based on these charactenstics, PA strains can be classified into two groups;
strains expressing ExoT and exoU intemalize poorly and cause rapid host cell death, while strams
expressing exoS and exoT ntemnalize efficiently and cause slow cell death and in the strains in
this study the presence of exoS and exoU is important, as the 10 strains with exoS can evade the
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action of antibiotics due to their ability to invade mammalian cells and that they can remain
mside the cells, whereas the presence of exoU m seven strams gives them a survival advantage by
increasing resistance [39]. The exoS and exoU genes are mutually exclusive which was venfied in
the strains under study since one of the two genes was found in each strain [40]. The exoU gene
1s part of genomic 1slands, so the strains studied that possess exoU showed larger accessory
genomes. The exoY and exoT genes have been descnbed as the most prevalent secretory toxins in
strains, bemng found in all and 15 of the strams, respectively (Table 4) [10].

Regarding the type VI secretion system in PA, it has been reported that the phospholipase
D gene (pldA) promotes chronic mfections [10]; however, pid4 was absent in eight of the 17
1solates in this study (Table 4). Adhesion associated genes such as type IV pili (pil{) are mvolved
in adherence to and mvasion of mucosal surfaces, consequently, pil4 mutants exhibit less
adherence and mvasion of airway epithelial cells [41]. In this study, pil{ gene was found in seven
of the 17 strains (Table 4), mcluding some associated with respiratory tract infections.
Conclusion

In this study, a comparative genomic analysis was performed between PA isolates from
patients with HAIs. The stramns under study were different in terms of their accessory genome,
anftibiotic resistance, and virulence genes, and phylogenetically, the 17 strains were distnbuted
throughout the two PA groups descnibed. However, all strains have all the charactenistics to
become resistant to antibiotics used in hospitals, as well as possessing the necessary
pathogenicity to cause infections in humans. Knowledge of the genes shared by most PA 1solates
makes it possible to search for, propose, and approve new therapies to combat the great diversity
of human infections caused by this bacterum. Therefore, this information can be used to
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elucidate mechanisms or search for altematives that help combat this virulent and multiresistant
bactenum in the hospital environment.
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Tables and figures

Tables

Table 1. Antibiotic susceptibility profile of Pseudomonas aeruginosa strains.

Strain Antibiotics (Carbapenem class)

Halo Interpretation Halo Interpretation Halo Interpretation

size Aztreonam size Imipinem size Meropenem

(mm) (mm) (mm)
19021 6 R 6 R 6 R
19029 1862 I 1046 R 18.62 I
19071 6 R 6 R 6 R
19121 2382 ) 6 R 6 R
19133 16.77 R 6 R 6 R
19182 2173 S 3.7 S 274 S
19199 14 R 115 R 10 R
19205 25 ) 2405 S 2425 S
19241 215 I 6 R 6 R
19256 2383 S 6 R 6 R
19201 2043 I 6 R 6 R
19299 1532 I 6 R 6 R
20019 0 R 0 R 0 R
20061 20 I 14 R 18 R
20238 0 R 0 R 0 R
21049 21 I 0 R 0 R
21058 15 R 8 R 7 R
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Table 2. General charactenstics of the Pseudomonas aeruginosa strains genomes
types were determined by the Multilocus Sequence Typmg Database. Sequence types not listed in
the MLST database have been considered as new.

. *Sequence

Strain Sequence No.of Lenght

19241
19299
19256
20019
20061
20238
21049
21058
19205
19182
19029
19071
19199
19133
19021
19291
19121

type*
233
233
233
309

3045
17
233

3045
532

233

contigs  (bp)
552 6893744
727 6840867
9% 6898377
754 7094083
532 7153863
301 7002407
251 6966072
686 7349074
659 7003379
218 6651343
217 6600218
546 7073259
317 7162628
486 7324582
224 7020763
222 7018393
101 6933644

%GC

65.93
659

65.99
65.87
65.69
65.85
65.98
65.3

65.78
66.13
66.31
65.88
65.79
65.68
65.81
65.91
65.99

CDS tRNA Accesory

6297
6240
6281
6539
6607
6439
6360
6800
6427
6104
5969
6496
6617

6474
6418
6302

67
65
68
71
70

232232832383

genes
1484

1427
1468
1726
1794
1626
1547
1987
1614
1291
1156
1683
1804
2031
1661
1605
1489
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Figures

a) 12 3 4567 8 910111213 141516 17 1819 20 21 22 23 24 2526 27 28 29 30

500 bp
260 bp

b) 12 3 456 7 8 91011121314 1516 17 1819 20 21 22 23 2425 26 2728 29 30

c) 12 3 4567 8910111213141516 1718 192021 22 23 24 2526 27 28 29 30

d) 1 2 3456 7 8 9 1011121314 15161718 1520 21 22 23 24 25 26 27 28 25 30

e) 12345678 910111213 1415161718 19202122 2324 2526 27 28 29 30

500 bp
205 bp

500 bp
119 bp

295 bp D G e G D GID GED NS GER D S GED D G GED GED S S e

Figure 1. PCR detection antibiofic resistance Agarose

electrophoresis of amplicons using primers for PA genes as follows: a) mexA, b) mexB, c) oprM,

d) psiA, e) psiD. Lane 1: 100 bp DNA ladder. 2: blank, 3: positive control, 4: negative confrol,

iﬁu:l 5{;30 Pseudomonas aeruginosa strams. The amplicon size for each primer set 1s indicated at
eft.
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b)

a)

et

II ) o

"Hl.. "u'

s

Figure 2. Pangenome of the 17 PA strains studied. a) Pie chart of the breakdown of genes. The
pangenome 1s subdivided info core and accessory genes. The accessory gencme 15 further

subdivided into cloud and shell genomes, which are based on the number of genomes that contain
the gene(s). The mumber of genes present in each catesory are shown. The mumber of strains
necessary for a gene to meet the defined category 15 shown m parentheses; b) A free compared to
a matrix that represeut:. the gene confent, in terms ufpresmn:e ‘absence of core and accessory
genes of the pangenome inferred from the companson of the 17 PA complete genomes.
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Figure 4. Antibiotic resistance genes profile detected by Resfinder database. Associated
resistance: Beta lactams: - b!aOk—'l.-:O blaPAOQ, blaNPS-1 Aminoglycosides: aph3’)-IIb, apn{b}
Id, aph(3")-Ib, aac(3)-IId Fosfomycin: fosA Sulphonamide: sull Chroramphenicol: cml4l, catB7
Tetracycline: ter(G). Quatemary anmmmlmlcompotmd qacEdeltal.
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Supplementary material

Table S1. Pseudomonas aeruginosa strains isolated from clinical samples of patients with different
HAIs. Abbreviations. UTI: Urinary tract infection, RTI: Respiratory tract infection, STI:
Bloodstream infection, SSI: Surgical site infection, 11A: Intra-abdominal infection.

Code

19021
19029
19071
19121
19133
19182
19199
19205
19241
19256
19291
19299
20019
20061
20238
21049
21058

Isolation year

2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2019
2020
2020
2020
2021
2021

Type of sample

Urine
Sputum
Blood culture
Blood
Bronchial secretion
No data
No data
Wound secretion
Blood
Wound secretion
Catheter site discharge
Abdominal secretion
Bronchial aspirate
Blood
Urine
Bronchial secretion
Peritoneal dialysis fluid

Associated HAI

UTlI
RTI
STI
STI
RTI
No data
No data
SSlI
STI
SSlI
Catheter site
SSlI
RTI
STI
UTlI
RTI
1A

Table S2. List of primers for efflux pumps and biofilm-forming genes used in this study.

Primer Sequence Amplicon Tm Gene function
size (bp) (°C)
mexA-F 5-ACC TAC GAG GCC GAC TAC 260 57  Antibiotic Resistance
mexA- CAGA-3’ (Efflux pump)
R 5'-GTT GGT CAC CAG GGC GCC
TTC-3’
mexB-F 5-GTG TTC GGC TCG CAG TAC 244 56  Antibiotic Resistance
mexB- TC-3’ (Efflux pump)
R 5'-AAC CGT CGG GAT TGA CCT
TG-3
oprM-F 5'-CCATGA GCC GCC AAC TGT C- 205 57  Antibiotic Resistance
oprM- 3’ (Efflux pump)
R 5'-CCT GGA ACG CCG TCT GGAT-
3!
pslA-F  5-TGG GTC TTC AAG TTC CGC 119 55  Biofilm formation
pslA-R  TC-3’
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5'-ATG CTG GTC TTG CGG ATG

AA-3'

psID-F 5-CTC ATG AAA CGC ACC CTC

psID-R CT-3’

5'-TGC GAC CGA TGA ACG GAT

AG-3’

295

52

Biofilm formation

Table S3. Number of predicted genomic islands and prophages in each of the 17 genomes.

Strain

19241
19299
19256
20019
20061
20238
21049
21058
19205
19182
19029
19071
19199
19133
19021
19291
19121

Genomic
islands
58

56
54
77
73
71
57
90
78
45
27
56
73
86
69
71
54

Prophages

N NP DNOTBEDNOOODN WEDNBEDNMNDNDW
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1. INTRODUCTION

Pseudomonas aeruginosa (PA) is a Gram-negative, non-fermentative aerobic bacterium
extensively founded in soil, domestic water, and hospital wastewater (Jiang et al. 2020) and is one
of the most frequent pathogens producing nosocomial infections in patients with cystic fibrosis,
patients with burns or other wounds, and also can adhere as a biofilm on the surface of different
materials (Yuan et al. 2019). PA presents a great antimicrobial resistance both by innate and
acquired mechanisms, so antibiotic resistance in bacteria is an emerging threat worldwide and the
development of new antibiotics is less common, which calls for new strategies to control bacterial

infections in humans (Alvi et al. 2021).

Among these, as bacteriophages (phages) can cause the death of bacteria (Kwon et al. 2021), phage
therapy is a promising alternative in the treatment of infections with multidrug resistant (MDR)
pathogens (Alvi et al. 2020). Phages are the most abundant viruses that lyse bacteria in nature,
being able to follow two replication cycles, phages that follow the lytic cycle and phages that follow
the lysogenic cycle; however, lytic phages are desirable to treat bacterial infection because they
cause the death of host bacteria (Jiang et al. 2020).

Phages have advantages over antibiotics, such as their specificity at the genus and even species
level, replication at the infection site, they are innocuous and have a low production cost (Alvi et
al. 2020). Hence, the isolation and characterization of new phages, as well as the evaluation of their
ability to lyse bacteria or destroy biofilms, is a priority to strengthen the development of
antibacterial. In vitro and in vivo studies of phage therapy have been performed in recent years to
determine its ability to control PA infections (Yuan et al. 2019; Alvi et al. 2020; Jiang et al. 2019;
Alvi et al. 2021; Kwon et al. 2021). These studies, have demonstrated the potential therapeutic
effect of the phages used in terms of a significant reduction in morbidity and mortality.
Nevertheless, in addition to these effects, phage-host interactions need to be studied in detail, in
terms of phage dynamics in natural settings, phage resistance in clinical environments and biosafety
(Yuan et al. 2019).
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In previous works on phage therapy, it has been determined that a key factor for a successful phage
therapy is a correct selection of phages, for which some biological parameters must be considered,
such as phage specificity, efficacy and following a lytic cycle (Kwon et al. 2021). In this study, we
isolated and characterized five phages (AR1 ATCC, AR2 ATCC C, AR1 S, AR2 | and AR1 R1)
which were selected by its ability to infect PA clinical isolates. The morphology, host range, and

genomic features of the phages were examined and described.
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2. OBJECTIVE

Isolate and characterize phages selected by its ability to infect PA clinical isolates. The

morphology, host range, and genomic features of the phages were examined and described.
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3. MATERIALS AND METHODS

3.1 Bacterial Strains and Growth Conditions

The PA clinical strains were provided by the National Medical Center “20 de Noviembre” in
Mexico City. The bacterial strains of PA (ATCC 9721, 19029, 19121, 19133, 19182, 19205, and
19291) were used as host strains for phage isolation and propagation, while the remaining strains
were used in the host range phage test. For subsequent assays, the strains were reactivated in
trypticasein soy broth (TSB, Difco, USA), seeded by streaking on plates, and incubated at 37°C
for 18 to 24 h.

3.2 Phage Isolation, Purification, Propagation and Concentration

For isolation, water samples were collected from samples of wastewater obtained from the
wastewater treatment plant of the National Medical Center "20 de Noviembre” and were filtered
through a filter with a 0.45 pum pore size (Corning, Alemania) and mixed with an overnight culture
of PA in TSB (Green y Sambrook, 2012). Mixtures of PA strains were made to carry out the
isolation of different phages, having five groups based on their susceptibility profile to
carbapenems: one of sensitive strains (S) (19182 and 19205), one of intermediate strain (1) (19029),
and three resistant groups (R1) (19121, 19133 and 19291), (R2) (19071, 19084 and 19199) and
(R3) (19021, 19065 and 19066). After 24 h of incubation at 37 °C of the phage-bacteria mixture, a
conventional spot assay was conducted for phage plague detection (Gasic et al. 2011). A lysis
plaque was selected and streaked for subculture, and this was repeated three times to obtain pure
phages (Gasic et al. 2011). The phages were designated as AR1 ATCC, AR2 ATCC C, AR1 S,
AR2 | and AR1 R1.

Bacteriophages were propagated via the double layer agar technique established by Jamalludeen et

al. (2007) with some modifications. The mixtures of PA bacteria were grown in 50 ml of TSB,
overnight at 37 °C. Subsequently, 1 ml of the bacterial culture and 100 pl of the phage were mixed
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in 3 ml of TSB-Agarose (0.4%). This mixture was emptied into a Petri dish with TSA, waited for
it to solidify, and incubated at 37 °C for 24 h. Phage lysates were centrifuged in a Sorvall Lynx
6000 centrifuge (Thermo-Scientific, Germany) at 8,500 x g for 15 min at 4°C. The supernatant was
taken in a new PPCO tube, centrifuged at 10,000 x g for 15 min at 4°C. The supernatant was
recovered in a new PPCO tube, and a final centrifugation was performed at 40,000 x g for 2 h at
4°C. The supernatant was discarded, and the pellet was resuspended in 10 ml of nanopure water.
This suspension was filtered through a cellulose acetate acrodisc with a 0.2 um pore size and the

filtrate was stored at 4°C as a stock for later uses.

3.3 Electron Microscopy

Phage morphology was determined by transmission electron microscopy (TEM). The purified viral
particles were negatively stained with phosphotungstic acid (2% w/v, pH 7.2) to be subsequently
observed with a JEOL model JEM-1200EX TEM at 100 kV. Phage measurements were determined

taking micrographs into account.

3.4 Host Range of the Phages

The host range of the phages was studied with the spot test assay as follows (Gasic et al. 2011).

Briefly, ten-fold serial dilutions (102-108 PFU/mI) of phage lysate were placed on TSA lawns of

agar with a PA strain. Plates were incubated overnight at 37 °C and observed for plaque formation.

Clear plague formation were determined as lysis, whereas no plaque formation as no lysis.

3.5 Bacteriophage Genome Extraction

Standard molecular biology techniques were followed for DNA isolation, according to Sambrook

and Russel (2001). One ml of the purified phage suspension (1x108 PFU/mI) was taken and 1 U of
DNAse | (Sigma-Aldrich, USA) and 1 U of RNAse A (Sigma-Aldrich, USA) were added, and
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incubated in a thermomixer (Thermomixer, Eppendorf, Germany) at 37°C, for 30 min. After
incubation, 40 pl 0.5 M EDTA (pH 8.0) (Sigma-Aldrich, USA), 2.5 pul proteinase K (20 mg/ml)
(Sigma-Aldrich, USA) and 50 pl sodium dodecyl sulfate was added. SDS 10% (Sigma-Aldrich,
USA), was mixed by inversion 5-10 times. Then, the tubes with the mixture were incubated at 56
°C for 2 h. At the end of the incubation, a volume of phenol (Sigma-Aldrich, USA) was added and
mixed by inversion until a completely emulsified mixture was observed. Subsequently, sample was
centrifuged at 3,000 x g for 5 min at 25 °C. Once centrifuged, the aqueous phase was transferred
to a 1.5 ml tube and one volume of phenol-chloroform (Sigma-Aldrich, USA) was added and
centrifuged at 3,000 x g for 5 min at 25 °C. The aqueous phase was collected in a 1.5 ml tube and
200 pl of 3 M sodium acetate pH 5.2 (J.T. Bater, USA) and one volume of absolute ethyl alcohol
(Sigma-Aldrich, USA) were added. Afterwards, it was incubated at -20 °C overnight. After the
incubation was completed, the sample was centrifuged at 15,000 x g for 30 min and the supernatant
was decanted. The pellet was washed with one volume of 70% ethyl alcohol and centrifuged at
15,000 x g for 15 min. The supernatant was decanted, and the pellet was allowed to dry at room

temperature. Then, 100 pl of nanopure water was added.

3.6 Analysis of Restriction Patterns with Endonucleases

The restriction of 1 ug of phage DNA was performed independently with each restriction enzyme
(EcoRl, Pstl, BamHI and HinP1l), following the manufacturer's specifications (Promega, USA).
The resulting DNA fragments were separated by 0.8% agarose gel electrophoresis with ethidium

bromide.

3.7 Sequencing and Bioinformatic Analysis

Genomic DNA was sent to LANGEBIO (México) for sequencing using Illumina Miseq. To assess

the quality of the raw reads, FastQC version 0.11.9

(https://www.bioinformatics.babraham.ac.uk/projects/fastqc) was used, and then Trimmomatic
version 0.36 (Bolger et al., 2014) was used to remove adapter sequences with the minimum read
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length setting of 36 and minimum coverage of 15. A de novo assembly was done with SPAdes
version 3.13.1 (Bankevich et al., 2012) with the default settings. Potential open reading frames
(ORFs) were predicted by GeneMark (http://exon.gatech.edu/GeneMark/) and the putative genes
were analyzed by BLAST at the National Center for Biotechnology Information (NCBI)
(https://blast.ncbi.nlm.nih.gov/Blast.cgi). Potential genes for tRNA in the genome sequence were
predicted by tRNAscan-SE (http://lowelab.ucsc.edu/tRNAscan-SE/). In addition, all identified
genes were compared with the virulence factor database (http://www.mgc.ac.cn/VFs/), resistance
gene identification database (https://card.mcmaster.ca/analyze/rgi) and the Allergen Protein
Identification Database (http://www.allergenonline.org/) using nucleotide sequence. To classify
phage lifestyle, the Computationally Approached Phage Sorting Toolkit (PHACTS) online
prediction program (http://www.phantome.org/PHACTS/upload.php) was used.

96



4. RESULTS AND DISCUSSION

4.1 Isolation and Morphology of Bacteriophages

After enrichment with the groups of PA strains and each of the wastewater samples, lysis zones
were obtained in five samples. These lysis zones were recovered to later carry out dilutions, where
lysis plaques of different morphology were obtained in the five samples, for which five different
phages were isolated and purified (Table 1) (Figure 1). The five phages isolated obtained from the
hospital sewage were designated as AR1 ATCC, AR2 ATCC C, AR1 S, AR2 | and AR1 RI, which
produced clear plaques with different sizes (Figure 1).

The isolated phages were characterized at the morphological level using transmission electron
microscopy. The ultrastructural characteristics of the phages showed that the virions have an
icosahedral capsid between 70-110 nm in diameter and a non-contractile tail about 120-190 nm
long. The images did not show neck, base plate, spikes, or fiber in the mature phage (Table 2)
(Figure 2).

Table 1. Morphology and plaque size of the isolated bacteriophages.

Phage name Size plagque Morphology plaque
AR1 ATCC 1.5-2 mm Circular, irregular edges
AR2 ATCCC 0.5-0.8 mm Circular
AR1S 0.5-1 mm Circular, irregular edges
AR2 | 0.1-0.6 mm Circular, irregular edges
AR1R1 0.5-1 mm Circular, irregular edges
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a) AR1 ATCC b) AR2 ATCC C ¢) AR1 R1

Figure 1. Plaque assays using the isolated cteriophages on P. aeruginosa. a) Bacteriophage AR1
ATCC. b) Bacteriophage AR2 ATCC C. c) Bacteriophage AR1 R1. d) Bacteriophage AR1 S. e)
Bacteriophage AR2 I.

Table 2. Phage head and tail size of the isolated bacteriophages.

Phage name Capsid size Tail size
AR1 ATCC 90 nm 150 nm
AR2 ATCCC 70 nm 140 nm
AR1S 100 nm 180 nm
AR2 | 110 nm 190 nm
AR1R1 80 nm 120 nm
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a) AR1 ATCC b) AR2 ATCC C c) AR1 R1

b b faes

d) AR1S e) AR2 |

Figure 2. Transmission electron microscopy images of bacteriophages negatively stained using 2%
uranyl acetate. Scale bar is equal to 100 and 200 nm.

4.2 Host Range of the Bacteriophages

The host range assay showed that the five isolated phages exhibited antibacterial activity against
PA (Table 3). The host range test showed that phages can lyse 54 of 80 PA isolates (74%) (71
clinical, 9 environmental isolates). The highest lytic activity was exhibited by AR2I (47/80) and
AR1S (43/80) phages. All environmental strains were lysed by at least two phages. Therefore, it
can be considered that phages have a wide host range.
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Table 3. Bacterial strains used for the host range spectrum of the bacteriophages.

Origin
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic

Resistance
profile

R

O - 20

00V VXVAODXOVTXIOVIOVDIOVDIOW,MAIUIDVDIOTWADOTDXITAOVIODXXTIODODXIXVIOXOVXXVOXOXOOXDO O

Strain
19017
19021
19029
19065
19066
19071
19073
19076
19077
19081
19084
19089
19090
19101
19121
19124
19125
19133
19136
19148
19171
19172
19176
19182
19199
19201
19203
19205
19239
19240
19241
19242
19243
19244
19245
19256
19257
19291

AR1
ATCC

Phage
AR2 ATCCC

AR1S

+
+

+ +

AR2 |

+ +

+ +

+ + +

AR1
R1
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Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic
Clinic

19299
20005
20006
20008
20018
20019
20020
20028
20032
20045
20046
20057
20059
20060
20061
20063
20102
20115
20117
20164
20166
20167
20169
20170
20171
20186
20191
20207
20223
20238
21006
21007
21011
21044
21049
21058
21065
21081
21105

22/71
(31%)

16/71 (26%)

+
34/71
(48%)

- +
+ -
+ -
+ +
+ +
+ -
- +
+ -
+ -
+ +
+ -
+ -
- +
+ -
+ +
+ -
+ +
+ +
+ +
+ +
+ -
+ -
+ -
+ +
+ -
+ -

+ |-
38/71 17/71
(54%) (24%)
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Environmental

(CDMX) - SAV-1 + + + + -
Environmental
(CDMX) - SAV-2 + + + + -
Environmental

(CDMX) - SAV-3 + - + + -
Environmental

(CDMX) - SAV-4 + - + + -
Environmental

(Sinaloa) S PAl + - + + -
Environmental

(Sinaloa) S PA2 + + + + +
Environmental

(Sinaloa) S PA3 - - + + -
Environmental

(Sinaloa) S PA5 + - + + +
Environmental

(Sinaloa) S PA7 + + + + +

*R: Resistant, I: Intermediate, S: Susceptible.

4.3 Phage Restriction Profile

The genetic material of the phages was cut with two (EcoRI, HinP1l) of the four enzymes used,
while Pstl failed to cut any genetic material. BamHI cut AR1 ATCC, AR2 ATCC C, AR1 S and

AR2 | (Figure 3). The restriction profile suggest that the five phages are genetically different.

Likewise, the restriction endonucleases used (EcoRI, BamHI, Pstl, HinP1l) are specific for cutting

double-stranded DNA, therefore, since the phage DNA has been restricted by some of the enzymes,

it indicates that the genetic material of phages is composed of double-stranded DNA.
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AR1 ATCC AR2 ATCC C AR1S AR2 1 AR1R1

mMmi12 34 512 3 4512 3451 23 451 2 3 45

- =]
L =]
] =
- —t
- =
8- .
= —

1500 bp o

500 bp

Figure 3. Ethidium bromide stained 0.8% agarose gel electrophoresis of restriction endonuclease
digestion products of DNA bacteriophages AR1 ATCC, AR2 ATCC C, AR1 S, AR2 I, and AR1 R1.
M: Marker 100 bp. 1, DNA without enzyme; 2, EcoRlI,; 3, Pstl; 4, BamHI; 5, HinP11.

4.4 Features of the Bacteriophages Genomes

The genome of phages AR1 ATCC, AR2 ATCC C, AR1 S, AR2 |, and AR1 R1 consists of double-
stranded DNA with genome sizes between 46,379 and 213,521 bp, from 72-209 open reading
frames (ORFs), and no tRNAs were found. The %GC varied from 49.31 to 55.04. Analysis of the
genome reveals a lack of ORFs encoding virulence factors, antibiotic resistance genes, and
allergenicity. The genomes features are summarized in Table 4. Regarding the phage life cycle, the
PHACTS prediction suggested that the phages are lytic, which agrees with the absence of lysogenic
genes and with our results of clear, non-turbid plaques that are characteristic of strictly lytic phages.
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Table 4. General characteristics of the genomes of the AR1 ATCC, AR2 ATCC C, AR2 1, ARL S
and AR1 R1 bacteriophages.

Phage | Contigs | Length | ORFs | %CG | tRNA | Virulence | Resistance
(bp) genes genes
(VFDB) (RGI)
AR1 2 46379 72 52.49 0 - -
ATCC
AR1S 1 210420 | 208 | 49.34 0 - -
AR2 | 1 213521 | 209 | 49.31 0 - -
AR2 1 65436 94 | 55.04 0 - -
ATCCC
AR1R1 1 65777 93 55 0 - -

Bioinformatic analysis suggests that phage genomes exhibit a modular functional organization
typical of stem phages. Functional ORFs were categorized in various functional modules, like
structure protein, DNA replication and regulation, and lysis modules. More than 75% of the ORFs
correspond to hypothetical proteins with no defined function, which may translate into a lack of
knowledge about the functionality of the proteins encoded by the phage genomes in the databases.

In Figures 4-8 the transcriptional maps of the bacteriophage genomes are shown.
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Figure 4. Graphic representation of the AR1 ATCC bacteriophage genome. Genes are indicated by
arrows, the direction of which illustrates the direction of transcription. The different colors
represent the function of each of the genes encoded in the bacteriophage genome: Metabolism
(yellow), packaging of genetic material (purple), structural proteins (grey), proteins to induce
bacterial lysis (blue), genes with unknown function (black) and genes without significance (green).
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Figure 5. Graphic representation of the AR2 ATCC C bacteriophage genome. Genes are indicated
by arrows, the direction of which illustrates the direction of transcription. The different colors
represent the function of each of the genes encoded in the bacteriophage genome: Metabolism
(yellow), packaging of genetic material (purple), structural proteins (grey), proteins to induce
bacterial lysis (blue), genes with unknown function (black) and genes without significance (green).

Figure 6. Graphic representation of the AR1 S bacteriophage genome. Genes are indicated by
arrows, the direction of which illustrates the direction of transcription. The different colors
represent the function of each of the genes encoded in the bacteriophage genome: Metabolism
(yellow), packaging of genetic material (purple), structural proteins (grey), proteins to induce
bacterial lysis (blue), genes with unknown function (black) and genes without significance (green).
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Figure 7. Graphic representation of the AR2 | bacteriophage genome. Genes are indicated by
arrows, the direction of which illustrates the direction of transcription. The different colors
represent the function of each of the genes encoded in the bacteriophage genome: Metabolism
(yellow), packaging of genetic material (purple), structural proteins (grey), proteins to induce
bacterial lysis (blue), genes with unknown function (black) and genes without significance (green).
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Figure 8. Graphic representation of the AR1 R1 bacteriophage genome. Genes are indicated by
arrows, the direction of which illustrates the direction of transcription. The different colors
represent the function of each of the genes encoded in the bacteriophage genome: Metabolism
(yellow), packaging of genetic material (purple), structural proteins (grey), proteins to induce
bacterial lysis (blue), genes with unknown function (black) and genes without significance (green).

Proteins involved in receptor binding were found in the genomes of bacteriophages: the minor
capsid protein (phage AR1 R1), the tail fiber subunit (phage AR1 ATCC, AR2 ATCC C), center
of the base of the plate (AR1 ATCC phage). Regarding proteins that participate in replication,
transcription and translation, DNA polymerase, DNA primase, DNA ligase, 3'-5' exonuclease and
DNA binding protein were found in the different phages. For the assembly and packaging stage,
proteins such as HNH endonuclease (AR1 S, AR2 | phage) and the long terminase subunit (AR1
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ATCC, AR2 ATCC C, AR1 R1 phage) were found. For the lysis module, only a holin that controls
the degradation of the host bacterial cell wall at the end of the lytic cycle of viral infection was
found in the AR1 ATCC phage. Only in one phage, AR2 I, has one undesirable gene for phage

therapy was found, a transposase which participates in the transfer of mobile genetic elements.

4.5 Discussion

In the present study, five new phages of PA were isolated from wastewater samples of the National
Medical Center “20 de Noviembre” and for therapeutic purposes, wastewater is the richest source
of bacteria and phages due to high levels of nutrients and the increased ability of bacteria to form
biofilms on water surfaces and also wastewater from hospital environment has been reported as the
main source of phage isolation for clinical bacteria such as PA (Essoh et al. 2015; Kakasis and
Panitsa 2019). The criteria for the purification of the phage were based on the shape and size of
the plague that it develops, the selection of turbidity of the plate which is indicative of the states of
lysogenization while those clear plates and defines are characteristic of lytic phages (Hyman et al,
2019).

The application of phages in clinical phases requires a thorough characterization and selection of
the phages (Jiang et al. 2019). Host range is variable among phages, with some lysing all strains of
a given species (broad) while others can only lyse limited strains of a given species (narrow). All
five phages were able to efficiently lyse clinically isolated PA MDR (74% of the isolates) and are
therefore considered to have a broad host range. Phages with broad host range have been reported
in other works, where the phages tested were able to lyse at least 50% of the clinical isolates of PA
(Alvi et al. 2020; Jiang et al. 2020).

The phages genomes characteristics such as length, GC content, and ORFs, are similar to that of
other PA phages (Yuan et al. 2019; Alvi et al. 2020; Kwon et al. 2021). Presence of the genes
encoding DNA replication enzymes like DNA polymerases, DNA ligase, DNA primase suggests

that the replication of the phages is independent of the host replication machinery.
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A problem with phage therapy is the possibility transduction of bacterial virulence genes between
bacteria by phages, resulting in the development of a new pathogen or a multi-resistant bacterium
(Yuan et al. 2019). The results of the genome annotation showed a transpose in the AR2 | phage,
for which this phage would be ruled out for use at the moment, however if the phage has the
potential to be used, through genetic engineering in subsequent studies this gene could be removed.
In addition, a phage virulence factor analysis genome did not reveal the presence of human

virulence genes, suggesting that all five phages may be suitable for use as phage therapy.
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5. CONCLUSION
Based on the results obtained in the present work, most of the PA MDR strains tested were

susceptible to the five isolated phages, therefore, four of the five phages can be considered as

potential candidates to be used in phage therapy against infections by PA MDR.
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S. CONCLUSIONES GENERALES

Las 17 cepas clinicas de P. aeruginosa analizadas en este estudio mostraron multiresistencia
a carbapenémicos y tienen todas las caracteristicas para volverse resistentes a otras clases de
antibioticos utilizados en los hospitales, ademdas de poseer la patogenicidad necesaria para causar
infecciones graves en humanos. El conocimiento de los genes compartidos por la mayoria de estas
cepas permite buscar, proponer y aprobar nuevas terapias para combatir la gran diversidad de
infecciones humanas causadas por esta bacteria. Por tanto, esta informacion puede ser utilizada
para dilucidar mecanismos o buscar alternativas que ayuden a combatir esta bacteria virulenta y

multirresistente en el ambito hospitalario.

También se lograron aislar a partir de muestras de aguas residuales de hospital cinco bacteri6fagos
y se demostréd la capacidad de éstos para infectar cepas clinicas de P. aeruginosa. La
caracterizacion biologica y gendmica indicaron que los fagos son seguros para utilizarse en terapia,
sin embargo, se deben realizar ensayos in vivo para garantizar su eficacia y seguridad. Solo en el
fago AR2 | se encontrd un gen que codifica para una transposasa, el cual es un gen no deseable y
con lo cual quedaria descartado para ser utilizado en fagoterapia, sin embargo, mediante ingenieria

genética se podria deletar este gen para utilizare y evaluar su actividad contra cepas PA.

La aplicacion de bacteriofagos como agentes terapéuticos ha abierto nuevas vias para tratar
infecciones que de otro modo serian dificiles de tratar. La terapia con fagos es muy eficaz para el
tratamiento de microorganismos MDR, y los cuatro fagos mostraron actividad litica eficiente
contra cepas de P. aeruginosa MDR, por lo que los convierte en candidatos para tratar infecciones

nosocomiales causadas por P. aeruginosa.
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6. RECOMENDACIONES

Derivado de los resultados y hallazgos obtenidos de este proyecto de tesis doctoral, se
emiten las siguientes recomendaciones, las cuales podrian dar oportunidad a desarrollar nuevos

proyectos de investigacion.

Evaluar la eficacia de los cinco bacteriofagos como una mezcla (coctel) para determinar si se logra
ampliar el rango de hospedero al lisar aquellas cepas de P. aeruginosa que no fueron lisadas por

ningun fago de manera individual.
Evaluar la acciéon combinada de antibidticos con los fagos (terapia combinada) para demostrar si
existe alguna sinergia en el uso de ambas terapias para eliminar de manera maés eficiente a la

bacteria.

Realizar ensayos in vivo en modelos animales, como el murino, que demuestren la seguridad del

uso de estos fagos como fagoterapia antes de ser utilizados en pacientes.

Aislar una mayor cantidad de fagos para tener un banco de fagos con el que se puedan lisar la

mayor cantidad de cepas distintas de P. aeruginosa MDR.
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