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1. RESUMEN

Durante este proyecto se analizdé la capacidad del péptido VSAK para unir
lipopolisacéaridos (LPS) bacterianos y su efecto en el desarrollo de la respuesta
inmune inducida por los LPS. VSAK es un péptido catibnico de dieciocho
aminoacidos derivado del extremo carboxilo terminal de la proteina CETPI (Isoforma
de la proteina de Transferidora de Esteres de colesterol). En estudios previos este
péptido habia mostrado capacidad de unirse a los LPS y limitar la produccion de
marcadores de inflamacion.

A lo largo de este estudio nos enfocamos en entender a mayor profundidad las
implicaciones de esta interaccion de VSAK y los LPS, mediante ensayos in silico, in
vitro e in vivo. Utilizando simulaciones de dinamica molecular se analizé la
capacidad de VSAK para unirse selectivamente a membranas que contienen LPS
en comparacion con membranas Unicamente constituidas por Fosfatidilcolina o
Fosfatidilserina. Ademas, estos ensayos nos dieron informacion del efecto de VSAK
en la estabilidad energética de las membranas de LPS y los cambios inducidos en
las propiedades de estas por el péptido. Por otro lado, se generaron variantes del
péptido para entender el efecto de las cargas positivas en la unién selectiva de
VSAK a las estructuras de LPS. Experimentalmente, estos efectos de VSAK fueron
validados con el apoyo de microscopia electronica, en la que se observdé como
VSAK era capaz de alterar el patron de agregacion de los LPS en fibras cubicas
para inducir la formacion de agregados de LPS.

Por otro lado, a nivel celular mediante ensayos in vitro, se analiz6 la inocuidad del
tratamiento de VSAK concentraciones muy altas de este péptido, mediante ensayos
de citotoxicidad. Adicionalmente, se utilizaron células de las lineas THP-1 y HAEC
para analizar los efectos de VSAK en la respuesta ante un reto con LPS. En estos
ensayos se encontré una atenuacion importante de la expresion de marcadores
proinflamatorios, que fue mas notable en las células THP-1 debido a su origen
inmune. En adicion, en esta linea celular se observo la capacidad de VSAK para
atenuar el efecto inflamatorio de Neoseptina-3, un agonista no lipidico de TLR-4 con
el que no se esperaba un efecto de VSAK.

Finalmente, utilizando un modelo animal de inflamacién sistémica inducida por LPS,
se analizo el papel de VSAK durante la respuesta sistémica. En estos ensayos se
utilizé la Tomografia de Emisién de Positrones con [8F]-FDG para analizar cambios
en el metabolismo ante el reto de LPS. Estos ensayos indicaron que VSAK puede
atenuar la respuesta sistémica a nivel metabolico al tiempo que reduce la
produccion de marcadores inflamatorios en este modelo experimental.

En conjunto, los diferentes ensayos realizados soportan la capacidad de union de
VSAK alos LPS, la cual puede ocurrir inclusive cuando es administrado in vivo. Esta
unién tiene un efecto atenuador de la respuesta a los LPS, lo cual disminuye el
desarrollo de la respuesta inflamatoria. Por otro lado, los ensayos celulares
utilizando Neoseptina-3 indican que VSAK puede tener otros efectos reguladores
de la respuesta inflamatoria independientes a la interaccion del péptido con los LPS,
los cuales sera necesario estudiar a profundidad en futuros proyectos



2. ABSTRACT

In this project, it was analyzed the ability of VSAK peptide to bind bacterial
lipopolysaccharides (LPS) and their effects on the associated immune response.
VSAK is an 18-amino acid length cationic peptide derived from the C-terminal region
of CETPI (Cholesteryl Ester Transfer Protein Isoform). In previous work, the LPS-
binding properties of this peptide as well as the associated decrease in the
production of inflammation markers have been described.

Our present study focused on deeply understanding the implications of LPS-binding
properties of VSAK, through in silico, in vitro, and in vivo approaches. By means of
molecular dynamics simulations, we analyze the selective binding of VSAK to LPS-
containing membranes compared to phosphatidylcholine-only or
phosphatidylserine-only membranes. From these simulations, we analyzed changes
in total energy, where an important change in energetic stability was observed in
membranes containing LPS when VSAK was present. To further study the effect of
VSAK on thermostability and the contribution of positive charges to LPS binding, we
constructed a model of VSAK where positively charged amino acids were removed
and replaced by uncharged amino acids. Experimentally, we showed by electronic
microscopy techniques that by adding VSAK in different concentrations to LPS in
solution, the loss of typical cubical fibrils of LPS and the formation of electrodense
aggregates were produced.

In order to analyze possible deleterious effects of VSAK, we exposed different cell
lines to high concentrations of the peptide, and no effects on viability were observed.
On THP-1 and HAEC cells, we also analyzed the effects on proinflammatory
markers, and it was found a decreased production when cells were treated with
VSAK plus LPS, compared with LPS-alone. This effect was more noticeable in THP-
1 due to its immune origin. Interestingly, on THP-1 cells we also observed a similar
decrease after treatment with neoseptine-3 which is a TLR-4 agonist with no
structural similarities with LPS.

Finally, using an animal model of systemic inflammation through LPS administration,
we analyzed the systemic effects of VSAK in vivo. Positron Emission Tomography
assays were performed to analyze metabolic changes using [*®F]-FDG as the
radiotracer. An important attenuation in the metabolic dysfunction produced by LPS
was observed when animals were treated with VSAK along LPS.

Together, the variety of assays performed during this project supports the LPS-
binding properties of VSAK, which can be observed even in in vivo models. The
binding of LPS results in an attenuation of LPS response both in vitro and in vivo.
On the other hand, during the cellular assays using Neoseptin-3, we found evidence
indicating that some effects of VSAK on the inflammatory response could be not
related to LPS-binding properties. This is an interesting finding that needs to be
studied in further research.



3. INTRODUCCION

3.1. Infeccion, sepsis y choque séptico

Las infecciones son uno de los principales problemas de salud publica de la
actualidad, diversos factores han contribuido a los altos indices de mortalidad y
morbilidad asociados a las infecciones. Uno de ellos es la propension al desarrollo
de estadios agravados como lo son las sepsis y el choque séptico, caracterizados
por la respuesta desregulada del anfitrion ante la infeccién; lo cual tiene un papel
antagodnico en la resolucion del proceso y pone en riesgo la vida de los individuos.
En uno de los meta-analisis mas recientes que analizo la morbilidad y mortalidad
asociada al desarrollo de sepsis y choque séptico y el alto impacto de estas
patologias en la salud publica. En este se observé que en 2017 hubo una incidencia
mundial de 48.9 millones de casos de sepsis, ademas se reportd una mortalidad
asociada al desarrollo sepsis en 11 millones de casos, lo cual constituye un 20% del
total de muertes registradas en 2017 (Rudd et al., 2020). Fue en este mismo afo
durante la septuagésima reunion de la Organizacion Mundial de la Salud cuando la
sepsis fue declarada una emergencia de salud publica, con una llamada urgente a
la generacion de estrategias para disminuir la incidencia y la mortalidad de estas
patologias (Reinhart et al., 2017). Recientemente, este llamado a la accion fue
reiterado a nivel hispanoamericano en el XXXIIl Congreso Mundial de Medicina de

Urgencias en Guadalajara, México (Julian-Jimenez et., al 2023).

La relevancia clinica de la sepsis esta asociada a factores que favorecen la
incidencia generalizada; en paises de medios y bajos ingresos el desarrollo de
sepsis suele ocurrir a partir de infecciones adquiridas comunitariamente; mientras
que paises desarrollados la incidencia es mayor en personas con una
susceptibilidad mayor a las infecciones (Martin, 2012). Las cuales suelen adquirirse
en un contexto nosocomial, en este escenario los mas susceptibles suelen ser
individuos afectados por enfermedades inmunosupresoras, trauma, quemaduras
severas 0 bajo cuidados de terapia intensiva (Vincent et al., 2009). En las unidades
de cuidados intensivo la sepsis y el choque séptico representan la principal causa
de mortalidad a nivel mundial. En México el panorama clinico en este contexto es

muy similar, uno de los estudios mas recientes indica una incidencia de sepsis del



12.9% en las unidades de cuidados intensivos, con una mortalidad del 9.36%, la
cual se incrementa hasta un 65.85% en los pacientes que desarrollan choque

séptico (Gorordo-Delsol et al., 2020).

El progreso de una infeccion hacia sepsis y choque séptico esta directamente
relacionada a la forma en la que el individuo responde a la infeccidon. Durante el
curso de la infeccidn, el organismo desarrolla una respuesta inflamatoria ante la
invasion del patégeno (Angus & van der Poll, 2013; Van Der Poll et al., 2017). Esto
incluye la activacion coordinada de mecanismos de la inmunidad innata y adaptativa
dirigidos a eliminar al microorganismo invasor. De forma paralela, se activan
mecanismos antiinflamatorios que limitan el desarrollo de la respuesta inflamatoria
y que permiten la reparacién del dafio producido por la inflamacion y el regreso al
estado homeostasis (Figura 1A) (Serhan et al., 2007). Este delicado balance entre
la respuesta inflamatoria y los mecanismos antiinflamatorios permiten la correcta

resolucion de la infeccion.

Durante la sepsis estos mecanismos de regulacion de la respuesta inflamatoria se
ven sobrepasados. La carga microbiana resultante de la infeccion produce un efecto
toxico que conlleva a una hiperactivacion de la respuesta inflamatoria,
eventualmente la inflamacion conduce a una disfuncién celular generalizada y dano
en distintos o6rganos (Figura 1B) (Vazquez-Grande, 2015). La respuesta
hiperinflamatoria ocurre de forma aguda y esta asociada a la mortalidad temprana
durante sepsis y choque séptico. Por otro lado, la eventual activacion de los
mecanismos antinflamatorios contribuye a la patologia de la sepsis en fases
intermedias y tardias. Estos se activan en respuesta al proceso inflamatorio
buscando limitar la inflamacion, sin embargo, terminan teniendo efectos deletéreos
y contribuyendo a la disfuncion celular y el dafio organico. Durante la sepsis y el
choque séptico, el desbalance antinflamatorio esta asociado a la disfuncién crénica
del sistema inmune (exhaustacion inmune), lo cual conlleva una susceptibilidad
incrementada a infecciones posteriores y la mortalidad en fases ulteriores (Figura
1A) (Cao et al., 2019).
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Figura 1 La respuesta del anfitrion en el desarrollo de sepsis y choque séptico. (A) Durante una
infeccion la activacion de las respuestas pro y antinflamatoria son necesarias para la correcta
resolucidon de este proceso. Sin embargo, durante la sepsis y le choque séptico la perdida de la
regulaciéon de estas respuestas produce dafio al anfitrién, al inicio se produce una respuesta hiper-
inflamatoria que se asocia con la mortalidad temprana, esta se continua por una activacion
sostenida de la respuesta antinflamatoria; la cual se asocia a un estado de inmunosupresion y
susceptibilidad aumentada a infecciones oportunistas y esta relacionada con la mortalidad tardia
en sepsis y choque séptico. Las alteraciones producidas en el individuo pueden producir secuelas
en el funcionamiento del sistema inmune lo cual produce alteraciones a largo plazo, representando
un tercer factor de mortalidad asociado a la sepsis y choque séptico. (B) Durante una infeccién los
microrganismos producen moléculas toxicas que favorecen la respuesta inmune del anfitridn;
mientras esta respuesta se mantenga por debajo el umbral de regulacidon el proceso puede
resolverse sin poner en riesgo al individuo (Cao et al., 2019; Vazquez-Grande Anand, 2015).




Esta respuesta desregulada en el anfitribn es comun para la sepsis y el choque
séptico, no obstante, en el choque séptico se presenta hipotension sistémica que
es resistente a la administracion de vasopresores (Figura 2A) (Angus & van der Poll,
2013). La sepsis y el choque séptico son patologias altamente complejas, lo cual
representa un reto importante para el diagndstico y la aplicacion de tratamientos, en
el ambito clinico es muy relevante la apropiada caracterizacion de los pacientes
para brindar las opciones de tratamientos que garanticen un mejor pronostico
(Singer et al., 2016). (Figura 2B)

A pesar de que la sepsis y el choque séptico pueden desarrollarse a partir de la
invasion cualquier tipo de microorganismo, la mayor incidencia de sepsis esta
asociado a infecciones producidas por bacterias (Vincent et al., 2009). Esto esta
asociado a fendmenos como la diseminacion de patégenos que producen
infecciones nosocomiales o bien, a paises de bajos ingresos en los que la falta de
acceso a condiciones adecuadas de higiene favorece la diseminacién comunitaria
de bacterias patdgenas. Adicionalmente, la creciente resistencia a antibioticos se ha
convertido en un adyuvante que favorece el desarrollo de sepsis y el choque séptico
a partir de las infecciones bacterianas, debido a que la existencia de este tipo de
bacterias dificulta la eliminacién del patégeno aumentado el tiempo de exposicion
del anfitrion a subproductos bacterianos que favorecen la respuesta sistémica
(Zaman et al., 2017).

En la actualidad las principales bacterias de relevancia clinica incluyen a aquellas
especies conocidas como ESKAPE, las cuales estan constituidas por: Enterococcus
faecium, Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, y Enterobacter species. Estas bacterias son
especialmente relevantes debido a su amplia distribucion y a la importante
resistencia a antibiéticos observada en estas (Bassetti et al., 2013; Santajit &
Indrawattana, 2016). A pesar de que en los ultimos afos la incidencia de sepsis
causada por bacterias Gram positivas, las infecciones por bacterias Gram negativas
siguen representando la mayor incidencia para el desarrollo de sepsis y choque
séptico (Trecarichi et al., 2015).
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Figura 2. Definiciones internacionales de sepsis y choque séptico (SEPSIS-3). A) Representacion
esquematica de los procesos de sepsis y choque séptico. La sepsis incluye una infeccién que puede
ser causada por distintos tipos de microrganismos, ademads de la presencia de la respuesta
sistémica la cual no es exclusiva de la sepsis y también puede ser causada por quemaduras severas,
trauma, pancreatitis y otras enfermedades. En la sepsis estos factores favorecen el desarrollo del
dafio celular y organico, mientras que el choque séptico presenta una hipotension resistente a
vasoconstrictores (Delano & Ward, 2016). B) Definiciones actuales para sepsis y choque séptico
acorde al tercer consenso internacional para las definiciones de sepsis y choque séptico (SEPSIS-3)
(Singer et al., 2016).




El desarrollo de la respuesta en el anfitrion depende de la capacidad de este para
reconocer a los microorganismos patdogenos y montar una respuesta ante ellos. Este
reconocimiento es posible gracias a la presencia de un conjunto de receptores con
la capacidad de reconocer moléculas que estan presentes en los agentes
patdogenos, en conjunto estos receptores se conocen como Receptores de
Reconocimiento de Patrones (PRR, del inglés Pattern Recognition Receptors), este
conjunto de receptores es capaz de reconocer acidos nucleicos, lipidos y proteinas
presentes en los patégenos (Pop-Began et al., 2014). En conjunto las moléculas
presentes en los microrganismos que pueden ser reconocidas por estos receptores
reciben el nombre de Patrones Moleculares Asociados Microorganismos (MAMPS,
del inglés Microbial-Associated Molecular Patterns). Los PRR estan ampliamente
distribuidos en distintos tipos celulares que estan expuestos a microrganismos y en
células del sistema inmune innato, teniendo un papel central en la respuesta inmune
innata. Adicionalmente, estos receptores también reconocen moléculas indicadoras
del dafio celular conocidas como Patrones Moleculares Asociados a Dafio (DAMPS,
del inglés Damage-Associated Molecular Patterns) (Choi & Klessig, 2016). Esta
capacidad para unir una amplia variedad de moléculas esta asociada a la amplia
diversidad de PRRs, ademas, la actividad de estos se complementa con la
existencia de proteinas adaptadoras, la cuales favorecen la transferencia de los
MAMPS y DAMPS hacia los PRR.

En la respuesta a bacterias los receptores tipo TOLL juegan un papel critico para el
reconocimiento de patrones moleculares presentes en bacterias como los son
Lipopolisacaridos (LPS) de las bacterias Gram negativas, el Peptidoglicano de las
bacterias Gram positivas y otras moléculas. En el reconocimiento de los LPS de las
bacterias Gram negativas el Receptor similar a TOLL-4 (TLR-4, del inglés TOLL-like
Recetor 4) tiene un papel central en este proceso y el desarrollo de la respuesta del
anfitrion (Jerala, 2007).



3.1.1. Reconocimiento de LPS por TLR-4

El reconocimiento de los LPS mediado por TLR-4 involucra un conjunto de proteinas
que permiten que estas moléculas puedan interaccionar con el receptor. En
principio, los LPS son liberados de las bacterias una vez que estas son lisadas por
la accidn del sistema inmune innato o el tratamiento con antibiéticos, los LPS pasan
a la circulacién en donde forman agregados heteromorfos que pueden ser captados
por distintas proteinas acarreadoras (incluyendo lipoproteinas y proteinas de unién
a LPS) (Shao et al., 2012). La captacion de los LPS permite que una importante
cantidad de estos puedan ser trasportados al higado para ser metabolizados, sin
embargo, existe otro grupo de proteinas que son capaces de unir LPS y que

favorecen el desarrollo de la respuesta inflamatoria (Figure 3).

Bacteria captacion de LPS \ Transferencia de Dimerizacién de
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Figura 3. Papel de TLR-4 en la respuesta a LPS. Los LPS que son liberados a la circulacion son
captados por diferentes moléculas que favorecen el desarrollo de la respuesta del anfitridn. La
proteina LBP es una de estas moléculas capaces de unir LPS, de forma posterior esta proteina
forma un complejo con CD14 para trasferir los LPS al complejo de TLR-4-MD2. Una vez que los
LPS son transferidos al complejo TLR-4-MD2 este receptor se dimeriza, lo cual favorece la
activacion de vias de sefializacidn que favorecen la activacion. Estas vias incluyen la activacion de
la via dependiente de Myd88 o la via independiente, asociada con TRIF e IRF3. adicionalmente,
este receptor puede ser endocitado y mantenerse activado en el interior de la célula (Mazgaeen
& Gurung, 2020).




Una de estas proteinas es la Proteina de Union a LPS (LBP, del inglés
Lipopolysaccharide Binding Protein), esta proteina es producida en higado de forma
constitutiva para después pasar a la circulacidon general. LBP actua como una
proteina de fase aguda por lo que su expresion aumenta de forma transitoria en las
fases tempranas de la infeccion, favoreciendo la inflamacion (Eckert et al., 2013).
Otra proteina con funciones similares a LBP es la Proteina Incrementadora de la
Permeabilidad Bactericida (BPI, del inglés Bactericidal-Permeability Increasing
Protein), a diferencia de LBP esta proteina se produce en neutrofilos en donde es
almacenada en los granos azurdfilos y liberadas por la estimulacién des estas
células. Ambas proteinas tienen capacidad de unirse a los LPS, formando parte de
los mecanismos de defensa ante infecciones por bacterias Gram negativas, estas
proteinas presentan propiedades antimicrobianas, capacidad de funcionar como
opsoninas y participan en la activacion inducida por LPS (Weiss, 2003). LBP es
capaz de unir los LPS que estan presentes en la circulacién tras la lisis de las
bacterias, de forma posterior este complejo se asocia con CD14 (Cluster de
Diferenciacion 14, del inglés Cluster of Differentiation 14). La formacion de este
complejo favorece la interaccién con TLR-4 en complejo con el correceptor MD2
(Factor de Diferenciacion 14, del inglés Myeloid Differentiation factor 2), esto
conduce a la activacion de TLR-4 el cual promueve la inflamacion y la respuesta del
anfitrion a los patdégenos. A pesar de que BPI también puede unirse a los LPS en
circulacion, la induccion de la respuesta del anfitrion parece no depender de la
interaccion con CD14 y la subsecuente activaciéon de TLR-4-MD2 (Gallay et al.,
1993) .
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3.1.2. Senalizacion de TLR-4

Una vez que los LPS se unen a los LBP, estos pueden inducir la activacion de vias
de sefalizacion que favorecen el desarrollo de la respuesta inflamatoria (Poltorak et
al., 1998). Tras la union de los LPS al receptor TLR-4 este se dimeriza, este evento
resulta en cambios conformacionales que favorecen el reclutamiento de las
proteinas adaptadoras implicadas en la sefializacion posterior. En este proceso los
dominios TIR (Receptor TOLL-Interleucina-1, del inglés Toll-Interleukin-1 Receptor)
presentes en el receptor TLR-4 son necesarios para el reclutamiento de otros
factores mediante interacciones proteina-proteina. Las cuales incluyen a cinco
miembros de proteinas que contienen dominios adaptadores para TIR (Lu et al.,
2008).

En este punto la sefalizacion de TLR-4 puede ocurrir en dos caminos: la via
dependiente de MyD88 (Gen 88 de respuesta primaria de Diferenciaciéon Mieloide,
del inglés Myeloid Differentiation primary response gene 88) y la via independiente
de MyD88 (Lu et al., 2008).

La via dependiente de Myd88, incluye la interaccién homotipica mediante dominios
de muerte con cinasas. Estas cinasas incluyen IRAK-1 (IL-1 cinasa asociada al
receptor-1, del inglés IL-1 receptor-associated kinase-1) e IRAK-4 (IL-1 cinasa
asociada al receptor-4, del inglés IL-1 receptor-associated kinase-4) (Swantek et al.,
2000). Estos eventos favorecen el reclutamiento de TRAF-6 (Factor Asociado al
Receptor TNF- 6, del inglés TNF receptor-associated factor-6) el cual funciona como
andamiaje para el reclutamiento de otras proteinas y cinasa (Gohda et al., 2004).
Entre estas destaca el papel de TAK-1 (Cinasa activada por el factor transformante
B 1, del inglés transforming growth factor-B-activated kinase 1). Esta ultima, esta
involucrada en la activacién de las MAP-cinasas (Cinasas activadas por Mitégeno,
del inglés Mitogen Activated Kinases) y de IkK (Cinasa del Inhibidor de kB, del inglés
IkB kinase), las cuales favorecen la produccién de citocinas proinflamatorias y otros
mediadores de la respuesta del anfitrion a través de la activacion de NF-kB (Factor
nuclear kB, del inglés Nuclear Factor kB) y otros factores (Sato et al., 2005). Por

otro lado, la via independiente de MyD88 involucra a la proteina TRIF (Adaptador
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contenedor de dominio TIR inductor de IFN-B, del inglés TIR domain-containing
adaptor inducing IFN-B) y la activacién de IRF-3 (factor de respuesta a interferon).
Lo cual lleva a la produccioén de interferones de tipo 1 y una activacion alternativa
de MAP-cinasas y NF-kB (Factor Nuclear kB, del inglés Nuclear Factor kB) (Akira &
Hoshino, 2003).

En el desarrollo de sepsis la via dependiente de MyD88 juega un papel central en
el desarrollo de la respuesta ante LPS y al subsecuente desarrollo de la respuesta
sistémica (Zhou et al., 2018).
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Figura 4. Senalizacion de TLR-4. Una vez que los LPS son reconocidos por TLR-4 este se dimeriza

para activar su via de sealizacidn. Esta puede ser dependiente o independiente de MyD88. La
via dependiente incluye a la proteina TIRAP para el reclutamiento de Myd88, mientras que la via
independiente utiliza a TRAM como proteina adaptadora para el reclutamiento de TRIF. La via
independiente estd asociada la produccién de citocinas proinflamatorias, mientras que la via
independiente esta asociada a la produccion de interferones, sin embargo, ambas convergen a

la activacion de factor NF-kB, el cual estda ampliamente asociado con el desarrollo de la respuesta

sistémica (Lu et al., 2008).

12



3.2 Lipopolisacaridos

El desarrollo de la repuesta sistémica a bacterias Gram negativas esta ampliamente
relacionada a los LPS, esta molécula es uno de los principales componentes de
estas bacterias y es considera una molécula con potentes propiedades estimulantes
del sistema inmune. Esto le permite inducir la respuesta sistémica en el anfitrion, lo
cual hace que los LPS sean especialmente relevantes para el desarrollo de la sepsis

y el choque séptico (Cecconi et al., 2018; Jerala, 2007).
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Figura 5. Lipopolisacaridos bacterianos. (A) Micrografia de E. coli, Las bacterias gran negativas
son unas de los principales agentes causales de sepsis y coque séptico. (B) Esquema
representativo de la doble membrana de las bacterias gran negativas. El LPS es uno de los
principales componentes de la membrana externa. (C) Representacién esquematica de LPS, en
esta se observan las regiones caracteristicas de los LPS: el lipido A, la region del nucleo y el
antigeno O. (D) Diagrama del lipido A, esta es la regién de mayor conservacion en los LPS. Esta
region puede ser reconocida por el sistema inmune y favorecer el desarrollo de la respuesta
proinflamatoria (Beutler & Rietschel, 2003).
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Los LPS estan presentes exclusivamente en las bacterias Gram negativas, estos se
localizan en la hemicapa externa de la membrana externa. Son un constituyente
estructural muy importante llegando a representar hasta el noventa por ciento de los
de esta hemicapa. Ademas, la presencia de los LPS en esta region esta asociado a
la capacidad de la bacteria para adaptarse a cambios ambientales, incluyendo
modificaciones que les permiten evadir la respuesta inmune del organismo anfitrién
(Beutler & Rietschel, 2003). La estructura general de los LPS esta conformada por
una region lipidica mayormente conservada y cadenas de oligosacaridos que
presentan un mayor grado de variabilidad. Dentro de la estructura de los LPS se
distinguen tres regiones: el lipido A, region del nucleo y el antigeno O; el lipido A
constituye el elemento lipidico conservado, mientras que la region del nucleo y el
antigeno O constituyen la regién del menormente conservada del oligosacarido
(Figura 5) (Erridge et al., 2002).

El lipido A es la regién mas interna de los LPS, esta region esta constituida por
disacarido de glucosamina unido por enlace 1-6 glicosidico. Este dimero presenta
carga negativa debido a la presencia de grupos fosfatos. Los acidos grasos
presentes en el lipido A estan directamente unidos al dimero de glucosamina
mediante enlaces éster presentando hasta cuatro acidos grasos, estas cadenas
tienen una longitud de 10 a 16 carbonos. Adicionalmente, existen cadenas de acidos
grasos unidas mediante enlaces éter a las cadenas unidas al dimero de
glucosamina, la presencia de estas cadenas secundarias esta asociada a la
capacidad de lo LPS de inducir la respuesta inflamatoria del anfitrion (Netea et al.,
2002).

La region localizada de forma inmediata al lipido A es la region del nucleo, esta
region es un oligosacarido unido al dimero de glucosamina. Esta region a su vez
puede dividirse en la regién interna y la regidén externa. La region interna consiste
en un oligosacarido con un moderado grado de conservacion, la cual se caracteriza
por la presencia de heptosas (Hep) y acido-ceto-desoxi-octuglucosidico (KDO);
ademas, esta region suele estar fosforilada por lo que contribuye a la carga negativa

neta del LPS. Por otro lado, la regién externa del nucleo esta constituido por un
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oligosacarido, los azucares presentes en esta region muestran una mayor
variabilidad en distintas variantes de LPS (Holst, 2011).

Finalmente, la regidbn mas externa de los LPS es el antigeno O el cual también es
un oligosacarido que presenta un alto grado de variabilidad. Esta region presenta
grupos de oligosacaridos conocidos como unidades repetidas, estas unidades estan
conformadas por 5 a 6 azucares. Esta es la regiébn mas variable de los LPS debido
a la combinacion de diferentes azucares en las unidades repetidas, ademas de que
el numero de unidades repetidas por LPS también puede variar pudiendo presentar
de 1 a 8 unidades por cada molécula de LPS. La alta variabilidad estructural del
antigeno O le permite cumplir funciones especificas para las bacterias, incluyendo
la capacidad de evadir la respuesta inmune del anfitrion (Knirel, 2011; Pastelin-
Palacios et al., 2011).

La conservacion estructural que presenta la region del lipido A favorece el
reconocimiento de motivos moleculares por proteinas y péptidos con capacidad de
unién a LPS, como lo son LBP, BPI y los péptidos de defensa del anfitrién. (Van Der
Poll et al., 2017)
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3.3. Péptidos de defensa del Anfitrién

La capacidad de detectar y eliminar microorganismos invasores es un elemento
necesario para la supervivencia de los organismos multicelulares. A través de la
evolucion los organismos han desarrollado diversos mecanismos que les han
permitido combatir las infecciones producidas por organismos patdgenos, la
complejidad de estos sistemas presenta alta variabilidad, no obstante, existen
elementos que se han conservado durante el proceso evolutivo (Peschel & Sahl,
2006; Zasloff, 2002).

CATH-2 HBD2 HD5

/—/\ .

LL-37 Magainin 2

Figura 6. Variabilidad estructural de los HDPs. Los HDPs son un grupo heterogéneo de péptidos,
entre ellos se encuentran algunos que presentan estructuras de alfa hélices, hojas beta, giros,
horquillas, regiones desestructuradas o combinaciones de estas estructuras. Sin embargo,
mantienen caracteristicas comunes como la presencia de aminodcidos con carga positiva,
residuos hidrofdbicos y un tamafio moderado. En la imagen se muestran catelicidinas LL-37,
CATH-2 y Magainina 2, formados principalmente alfa hélices; también se muestran dos diferentes
defensinas HBD2 y HD5, caracterizadas por la presencia de hojas B. En estos péptidos los
aminodcidos hidrofébico s se muestran en rojo, loa cargados positivamente en azul y los cargados
negativamente en verde.(Mookherjee et al., 2020)

Uno de estos mecanismos son los Péptidos de Defensa del Anfitrion (HDP, del inglés
Host Defence Peptides), también conocidos como péptidos catidnicos
antimicrobianos. Este grupo de péptidos esta constituido por un gran numero de
miembros con caracteristicas bastante heterogéneas, sin embargo, existen algunas
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caracteristicas comunes para la mayoria de los miembros: la mayoria son péptidos
cortos con una longitud menor a cincuenta residuos, suelen presentar aminoacidos
hidrofébicos que llegan a constituir hasta el 50% de la secuencia del péptido; por
ultimo, presentan una carga neta positiva debido a la presencia de aminoacidos
catidnicos como lisina y arginina (Hancock et al., 2016). Estructuralmente estos
péptidos también presentan una alta variabilidad contando con miembros que
presentan estructuras de hojas beta, alfa hélices horquillas, péptidos

desestructurados y combinaciones de estas (Figura 6) (Rosenfeld et al., 2006).

Los HDPs tienen un muy importante papel en la inmunidad innata dado que estos
pueden ser liberados de forma aguda ante la invasion de algun microorganismo,
estos péptidos cumplen diversas funciones pudiendo actuar como opsoninas,
agentes bacteriostaticos, bactericidas, neutralizando metabolitos téxicos o mediante
efectos inmunoreguladores (Mookherjee & Hancock, 2007). Algunos HDPs poseen
una actividad bactericida directa, estos también son conocidos como péptidos
antimicrobianos debido a esta capacidad para eliminar a los microorganismos. Este
efecto suele estar asociado a la capacidad de los péptidos para unirse a la
membrana de los microorganismos, este proceso esta mediado por la interaccion
de los péptidos con componentes conservados en estas membranas (como la
presencia de LPS) lo cual induce cambios en la estructura promoviendo la
desestabilizacion de la membrana, cambios en la permeabilidad de la membrana y
la lisis de los microorganismos (Hancock et al., 2016; Shai, 2002). Por otro lado,
existen HDPs que no poseen propiedades bactericidas, sin embargo, contribuyen a
la resolucion del proceso infeccioso al limitar el desarrollo de la respuesta del
anfitrion; esto puede ocurrir mediante la unién de LPS y otros MAMPS para
amortiguar el desarrollo de la respuesta o mediante efectos reguladores directos en
diversos tipos celulares (Mansour et al., 2014).
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Figura 7. Los HDPs como mecanismo de defensa del anfitrion. La alta diversidad de HDPS permite que estos
lleven a cabo diferentes funciones durante una infeccién. Algunos pueden actuar directamente como
agentes antimicrobianos, ya sea mediante interacciones con la membrana del microorganismo para inducir
la lisis de este o bien al unirse a dianas intracelulares que alteran procesos esenciales. Por otro lado, los HDPS
también tienen efectos sobre la respuesta del anfitrién, estos pueden favorecer la activacion celular y la
eliminacion bacteriana, ademas, los HDPs pueden actuar como reguladores de la respuesta inflamatoria al
limitar la activacion inducida por los MAMPS o teniendo accion sobre las células (Hancock & Sahl, 2006).

Debido a las interesantes propiedades que presentan los HDPs estos se han
convertido en una plataforma interesante para el desarrollo de péptidos terapéuticos
con capacidad antimicrobiana que pudieran funcionar como nuevos antibiéticos
para el tratamiento de infecciones resistentes a antibiéticos tradicionales (Hamill et
al., 2008; Hancock & Sahl, 2006). Ademas, la capacidad de regular la respuesta del
anfitrion de estos péptidos al limitar la activacion inducida por MAMPs presenta otra
opcion interesante para la generacion de nuevas terapias que prevengan el
desarrollo de sepsis y choque séptico, esto resulta especialmente relevante con los
LPS los cuales pueden ser capturados por estos péptidos previniendo el

reconocimiento por sus receptores (Giuliani et al., 2010).
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3.4. CETP, CETPI y el péptido VSAK

Anteriormente se ha hablado de las proteinas de LBP y BPI, asi como de su
participacion en la respuesta a LPS. Estas proteinas a su vez forman parte de una
familia de proteinas que participan en la captura de LPS (LBP y BPI) y otros
miembros que participan en la transferencia de lipidos, en este segundo grupo
resaltan la Proteina de Transferencia de Fosfolipidos y la Proteina de Transferencia
de Esteres de Colesterol (CETP, del inglés Cholesteryl Ester Transfer Protein)
(Bingle & Craven, 2004; Krasity et al., 2011). La similitud estructural de estas
proteinas tiene rasgos particulares, a nivel de estructura primaria la identidad de
estos miembros puede ser de apenas un 40% en algunos casos, sin embargo, la
estructura terciara de estas proteinas presenta una organizacién muy similar entre
estas proteinas. A este nivel, las proteinas muestran tres dominios conservados: un
barril N-terminal, un barril C-terminal y un domino central de bisagra (Figura 8). La
conservacion de esta estructura en los distintos miembros puede estar asociada a
la capacidad de estas proteinas para interactuar con estructuras lipidicas en donde
la flexibilidad seria necesaria para realizar el acoplamiento y la transferencia de
estas moléculas (Schultz & Weiss, 2007). La presencia de estos dominios no solo abarca
a las proteinas involucradas en la unién de LPS o transferencia de lipidos, ya que
estas forman parte de un grupo aun mayor de proteinas conocidas como proteinas
con motivos BPI/PLUNC (del inglés Palate, Lung and Nasal Epithelium Clone),
cuyos miembros estan relacionados con el sistema inmune innato y estan
involucradas en los sistemas de defensa en las vias respiratorias (Bingle & Craven,
2002; Ghafouri et al., 2004).

CEPT es una proteina que participa en el metabolismo del colesterol, estando
involucrada en el trasporte reverso de esta molécula. Esta funciéon en particular,
hace que CETP tenga relevancia en la fisiopatologia de la aterosclerosis, una
condicion asociada a niveles elevados de colesterol en circulacién que conllevan a
la acumulacion de este en las paredes de las arterias (de Grooth et al., 2004).
Debido a esto, CETP puede considerarse una proteina con efectos deletéreos para

el organismo, convirtiéndola en un blanco importante en el desarrollo de terapias
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enfocadas a prevenir esta condicion. Sin embargo, el uso de inhibidores de esta
proteina demostré su posible participacion en la adecuada respuesta a infecciones,
en estudios clinicos de fase 3 utilizando el inhibidor Torcetrapib se encontré un
incremento de la mortalidad en el grupo tratado con este farmaco en el cual casi la
mitad de las muertes estuvieron asociadas a procesos infecciosos (Clark et al.,
2010). Debido a esto, el protocolo fue terminado dados los efectos adversos
producidos por este inhibidor. Este evento indicaba una relacién de CETP con la

resolucion de procesos infecciosos que no habia sido abordada hasta ese entonces.

A) e 3P

Figura 8. Proteinas de unidn a LPS y transferencia de lipidos. (A) LBP, (B) BPI, y (C) CETP forman
parte de la familia de proteinas de transferencia de lipidos y de unidn a LPS, contenida a su vez
en las proteinas con motivos BPI/PLUNC. Estas proteinas presentan una baja homologia a nivel
primario, sin embargo, mantienen una alta conservacion de organizacion terciaria. D) Modelo
predicho para CETPI mediante ITASSER, CETPI es una proteina con alto grado de identidad con
CETP (96%) con un cambio minimo en el extremo carboxilo terminal (rosa). (Beamer et al., 1997;
Eckert et al., 2013; Liu et al., 2012)

En 2003, los estudios de la expresiéon de CETP en nuestro laboratorio condujeron
al hallazgo de una nueva variante de CETP, la cual fue nhombrada Isoforma de la
Proteina Transferidora de Esteres de Colesterol (CETPI, del inglés Cholesteryl Ester
Transfer Protein Isoform). La existencia de esta proteina fue descrita en primera
instancia en conejos y posteriormente la existencia de la variante predicha fue

corroborada en humanos. En un inicio esta nueva isoforma se observdé como un
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ARNm (Acido Ribonucleico mensajero) cuya expresion es exclusiva del intestino
delgado y el cual puede ser detectado con sondas especificas para CETP, sin
embargo, este era de mayor longitud comparado con el ARNm tipico de CETP. El
analisis de la secuencia de estos transcritos indico que el ARNm de CETPI tenia
una longitud total de 1419 pb (pares de bases) conteniendo 108 nucledtidos
adicionales en comparacion con el transcrito de CETP. Originalmente esta
secuencia adicional fue nombrada secuencia |, esta secuencia adicional
corresponden a la regiodn intronica localizada entre los exones 15y 16 del gen de
CETP. La inclusién de esta secuencia en el ARNm de CETPI resulta en una proteina
que conserva casi por completo la secuencia primaria de CETP, pero tendria un
carboxilo terminal distinto. En CETP esta regién codifica un carboxilo terminal de 23
aminoacidos, mientras que en CETPI esto son remplazados por 18 aminoacidos de
la secuencia | y terminada debido a un codon de paro en la posicion 55 de esta
secuencia. Como resultado de estas modificaciones, CETP y CETPI mantienen una
homologia del 96% difiriendo solo en los aminoacidos de la regién carboxilo terminal
a partir del aminoacido 472 (Alonso-Garcia et al., 2003). (Figura 8D)

A pesar de que la diferencia entre estas dos proteinas solo es una pequena regiéon
del carboxilo terminal, esta modificacién tiene repercusiones muy importantes en la
funcionalidad. En CETP esta region se organiza como una alfa hélice anfipatica, la
cual se ha demostrado que esta involucrada en el proceso de transferencia de
esteres de colesterol, siendo una regién critica para esta funcion de CETP (Garcia-
Gonzalez et al., 2014). En contraste, en CETPI esta regidon es remplazada por un
nuevo carboxilo, el cual estd formado por 18 aminoacidos. Esta region se
mantendria desestructurada debido a la alta presencia de prolina y de tres cargas
positivas asociadas a la presencia de residuos cationicos en las posiciones 4, 9y
14. La modificacion de esta regién en CETPI implicaria la perdida de la capacidad
de transferencia de esteres de colesterol como se ha observado en una variante
trunca de CETP conocida como delta-9, la cual solo incluye los primeros 9 exones
del gen de CETP (Drayna et al., 1987). Sin embargo, a diferencia de estas variante
CETPI mantiene intacta la estructura de la proteina, lo cual indicaba que esta

proteina podria mantener la capacidad de interactuar con estructuras de lipidos
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diferentes a las lipoproteinas que transportan colesterol. Dada la cercania de esta
proteina con las proteinas de uniéon a LPS y las caracteristicas del carboxilo de
CETPI se plante6 la posibilidad de que CETPI pudiera interactuar con los LPS
teniendo una funcion similar a BPI y LPB. Esta hipdtesis se ha visto favorecida por
nuestros hallazgos mas recientes, los cuales han demostrado que, en humanos, el
nivel en circulacion de CETPI se modifica durante procesos de infeccién, sepsis y
choque séptico; en donde el nivel de esta proteina correlaciona con la severidad de
la condicion del individuo. Adicionalmente, hemos observado que el nivel en
circulacién de CETPI correlaciona con el nivel de algunas citocinas producidas
durante la respuesta sistémica, lo cual podria indicar una regulacion de esta

proteina asociada a la repuesta del anfitrion (Pérez-Hernandez et al., 2022).
A)
EXON 15

SECUENCIA | (108 pb)

35 106

B)
atc aac ccc gag att atc act ctc gat GTG AGT GCA AAG CCC CTG TCG GCC CGT TCT CCG GGA GGG CGG
CCC CTG TCT CCA TGA GAC TGG CAA ACT GGC AGC CGA CCC AGC CTG CCC TTC TCG CCC TTG ACC
55
1AG Bge 1B Ctg ctg ctg cag atg gac ttc ggt
106

Figura 8. La Secuencia | de CETPI. A) Representacion esquematica de la region limite entre los
exones 15 (azul) y 16(rojo) del mRNA de CETP. Entre las bases 1419 y 1420 ocurre la insercién de
la secuencia | (verde) que da origen al mRNA de CETPI. Las regiones con codones de paro se
muestran con resaltadas en amarillo. B) secuencia de la regién terminal del mRNA de CETPI. El
esquema muestra los tripletes presentes en la secuencia |, la presencia de un coddn de paro en la
posicion 55 produce la pérdida de la region carboxilo terminal en CETPI y su sustitucion por los
aminoacidos codificados por las primeras 54 bases de la secuencia I. (Alonso-Garcia et al., 2003)
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A)

B)

VSAKPLSARSPGGRPLSP

£

Figura 9. El péptido VSAK. A) Secuencia primaria del péptido VSAK los residuos hidrofébicos estdn
presentes en verde, en negro se presentan los residuos polares y en azul loas aminoacidos con
carga positiva. El péptido VSAK tiene una longitud de 18 aminoacidos correspondiendo con el
carboxilo terminal caracteristico de CETPI, este péptido posee un caracter anfipatico y una
importante carga neta positiva. B) Modelo representativo del péptido VSAK, Este péptido carece
de una estructura secundaria manteniéndose desestructurado en solucion. A pesar de la
presencia de residuos hidrofébicos (44%), este péptido mantiene una alta solubilidad en medios
acuosos. El modelo fue generado con utilizando PEP-FOLD 3 (Garcia-Gonzalez et al., 2015; Shen
et al,, 2014)

En este sentido, el estudio de la capacidad de CETPI para unir LPS se ha realizado
utilizando péptidos derivados del extremo carboxilo de CETPI, los cuales
condujeron al desarrollo del péptido VSAK (VSAKPLSARSPGGRPLSP). Este
péptido consiste en los 18 aminoacidos del carboxilo de CETPI el cual tienen
capacidad de unirse a los LPS y neutralizar los efectos de estas moléculas. Esta
capacidad de union se estudié utilizando una bateria de ensayos bioquimicos, la
cual demostré una alta afinidad del péptido hacia los LPS de diferentes especies
bacterianas. Adicionalmente, se observé que esta interaccidén tiene un caracter
electrostatico que depende en gran medida de las cargas positivas presentes en el

péptido y la carga negativa de los LPS, ya que la interaccion se pierde cuando se
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trata a los LPS con fosfatasas, eliminando la mayor parte de las cargas negativas
de esta molécula. Esta interaccion entre VSAK y LPS presenta una gran avidez
siendo capaz de soportan altas concentraciones de sales antes de verse afectada.
Por otro lado, mediante ensayos in vitro se encontré que la unidn del péptido VSAK
disminuye la captacibn de LPS en macrofagos, asi como la expresion de

marcadores proinflamatorios (Garcia-Gonzalez et al., 2015).

Ademas, al utilizar un modelo de inflamacion sistémica in vivo mediante la
administracién intravenosa de LPS se encontré que el péptido VSAK es capaz de
reducir la produccién de marcadores inflamatorios y del deterioro de los animales
asociados al proceso de respuesta sistémica (Garcia-Gonzalez et al., 2015). En
estos animales también se observd una reduccién importante de la mortalidad
posterior a la administracién de los LPS. En conjunto estos resultados planteaban
la posibilidad de que el péptido VSAK pudiera ser utilizado como plataforma para el
desarrollo de tratamientos enfocados al tratamiento de sepsis y choque séptico
(Luna-Reyes et al., 2021).
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4. PLANTEAMIENTO DEL PROBLEMA

En la actualidad la sepsis y el choque séptico son una de las principales causas de
muerte a nivel mundial; en conjunto estas son reconocidas como una de las mas

grandes amenazas de salud publica de nuestros tiempos.

La sepsis y el choque séptico son estadios agravados de una infeccién, en los
cuales la incapacidad del organismo para lograr una resolucién adecuada del
proceso infeccioso lo lleva a un punto en el que la propia respuesta del individuo
resulta dafina; produciendo dafio a 6érganos y sistemas que terminan poniendo en
riesgo la vida del organismo. Por tanto, la respuesta inmune al patégeno tiene un

papel central en el desarrollo y desenlace de la sepsis y choque séptico.

En este sentido, en la implementacion de estrategias enfocadas a combatir estas
afecciones se debe considerar la regulacion de respuesta del anfitrion durante la
infeccion. Una de las estrategias enfocadas a limitar la respuesta del anfitrion al
disminuir la cantidad de MAMPs a los que es expuesto el organismo. Debido a la
relevancia clinica de las bacterias Gram negativas, los LPS son una de las
principales moléculas objetivos de estas estrategias, las cuales estan orientadas a

limitar el reconocimiento de los LPS y la respuesta que estos inducen.

Ante este panorama, los HDPs presentan una importante plataforma para el
desarrollo de moléculas terapéuticas con la capacidad de unir LPS para limitar la
respuesta del anfitridn. No obstante, es necesario conocer a profundidad las
propiedades de este tipo de péptidos para la generacidn de opciones seguras y

funcionales.

Hace algunos afios, nuestro grupo de investigacion describié a la proteina CETPI a
partir de la cual se genero el péptido VSAK, este péptido posee una capacidad de
unirse a los LPS con una gran afinidad, por lo que podria ser una opcién para el
desarrollo de terapias enfocadas a limitar el desarrollo de la respuesta sistémica

ante los LPS, la cual es un paso critico en el desarrollo de sepsis y choque séptico.
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5. HIPOTESIS

El péptido VSAK puede ser utilizado de forma terapéutica en modelos de

inflamacion sistémica para mitigar los efectos deletéreos producidos por los LPS.
6. OBJETIVO GENERAL

Estudiar las propiedades del péptido VSAK enfocadas al desarrollo de una
estrategia para el uso de VSAK como agente terapéutico en modelos de inflamacion

sistémica asociados con sepsis y choque séptico.
6.1. OBJETIVOS PARTICULARES

e Modelar mediante simulaciones de dinamica molecular el mecanismo de
interaccion del péptido VSAK con estructuras lipidicas de LPS y membranas
eucariontes.

e Estudiar in vitro la toxicologia y los efectos del péptido VSAK en células HAEC
(células endoteliales aorticas humanas) y THP-1(células monociticas humanas)

e Estudiar in vitro el efecto del péptido VSAK en células tratadas con LPS en
comparacion con agonistas no lipidicos de TLR-4

e Analizar mediante Tomografia de Emision de Positrones los efectos sistémicos
del péptido VSAK en condiciones normales y de inflamacién sistémica inducida
por LPS, junto con indicadores de la disfuncién metabdlica asociada a esta

respuesta.
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7. MATERIALES Y METODOS

7.1. Péptido VSAK

El péptido VSAK utilizado en nuestros experimentos fue sintetizado por la empresa
Genscript (Piscataway, NJ, USA) con una pureza mayor al 98%. El péptido VSAK
tiene una longitud de 18 aminoacidos que corresponden a la region C-terminal
comprendida entre V474-P491 (VS AKPLSARSPGGRPLSP)de CETPI de
conejo (Garcia-Gonzalez et al., 2015). Para la administracién del péptido en
animales utilizados en los estudios de PET se empled una solucién de trabajo con
una concentracion de 1mg/ml del VSAK suspendido en buffer salino de fosfatos
(PBS) para su administracion intravenosa (Thermofisher Scientific, Waltham, MA,
USA).

7.2. Lipopolisacaridos

En los experimentos se utilizaron LPS de la variante O111:B4 los cuales son
obtenidos de una cepa de Escherichia coli (Sigma, ST Luis, MO, USA). La cantidad
de unidades de endotoxina presentes en esta variante de LPS fue cuantificada
utilizando el sistema Endosafe (Charles River, Wilmington, MA, USA). Este sistema
utiliza cartuchos con un sustrato coloreado que se procesa por el lisado de
amebocito Limulus, en este ensayo la actividad de los LPS es proporcional a
densidad optica de observada en las muestras. La cuantificacion determin6é que

existian 798 EU por nanogramo en los LPS utilizados en nuestros experimentos.

Los LPS utilizados en los experimentos fueron resuspendidos en un buffer Krebs-
Ringer sin glucosa. Los LPS se homogenizaron disolviéndolos en H2044 @ una
concentracion inicial de 1mg/ml. Esta solucion se agito hasta disolver los agregados
de LPS. Después se calenté a 60°C durante 10 minutos, posteriormente se
realizaron tres ciclos de sonicacion de 5 minutos. Finalmente, la solucion se agité

por dos minutos antes de ser utilizada.

7.3. Simulaciones de dinamica molecular
Los modelos de los péptidos utilizados en los sistemas de dinamica molecular
fueron generados utilizando el servidor en linea de I-TASSER (Roy et al., 2010). Se

seleccionaron aquellos modelos que reportaron mayores indicadores de la calidad
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del modelo, incluyendo el C-escore, TM-escore y el RMSD ponderado de las

plantillas.

Los sistemas fueron generados con el servidor en linea de CHARMMGUI (Jo et al.,
2008), utilizando el generador de modelos de membrana basados en el campo de
fuerza de MARTINI 3.0 para modelos de grano grueso (Siewert J. Marrink et al.,
2007). Los sistemas generados consistieron en bicapas de lipidos donde cada
hemicapa tuvo una constitucibn homogénea, con las combinaciones POPC
(Fosfatidilcolina)-POPC, POPS-POPS (Fosfatidilserina) y LPS-POPC; para la
hemicapa externa e interna respectivamente. En estos sistemas los péptidos se
colocaron a 30 angstroms sobre la membrana externa. Se realizé una minimizacion
en dos pasos utilizando los algoritmos de descenso rapido y de gradientes
conjugados. Posteriormente se realizo el equilibrio de estos sistemas previo a la
simulacioén. Los sistemas fueron simulados utilizados el barostato por reescalado de
velocidad y el termostato Parinello-Rahman, los sistemas fueron simulados con
ensambles NPT, a 1 bar de presion y 310.15K. Las simulaciones se realizaron hasta
alcanzar 3us de duracién, utilizando pasos de tiempo de 2fs. La simulacion se
realizd de forma segmentada dividiendo en tiempo total en 100 fragmentos. Al
termino se realizd la unidén de los archivos de trayectorias y registros de energia

para los analisis posteriores.

El analisis de simulaciones incluyo el analisis de energia en los sistemas,
fluctuaciones en los aminoacidos (RMSF) y cambios en la estructura de las
membranas, estos ultimos se realizaron en VMD (Humphrey et al., 1996) mediante
el plugin MEMPLUGIN (Guixa-Gonzalez et al., 2014).

7.4. Microscopia Electrénica

Las muestras de LPS y el péptido VSAK fueron preparadas en H20pp, para evitar
interferencia por sales en el buffer. Las concentraciones utilizadas en estos ensayos
fueron 0.5 (0.5uM), 0.25 (0.25uM) y 0.125 mg/ml (0.125uM) para los LPS, mientras
que el péptido VSAK se utilizé6 en una concentracién de 8 mg/ml (4.5 pM) que se

diluyo 1:1, 1:2 y 1:4 en solucion de LPS al 1Tmg/ml (1 pM).
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Para su observacion las muestras fueron colocadas en rejillas de niquel (Supergrid
Ni 3mm, SPI Supplies, West Chester, PA, USA) tratadas previamente con collodion
y vapor de carbono, en donde dejaron secar por 5 minutos. Posteriormente se
incubaron con una solucién de acetato de uranilo (MERCK, Darmstadt, Alemania)
durante tres minutos. Las muestras se secaron durante 15 minutos antes de ser
observadas. Para la observacion se utilizd el microscopio electrénico (JEM 1200EX
II, Jeol, Tokio, Japdn), el voltaje de utilizado fue de 80Kva. Las muestras se

observaron en aumentos de 7500x, 15000x y 30000x.

7.5. Ensayos de Hemolisis

En todos los ensayos se utilizaron eritrocitos frescos, extraidos el mismo dia de los
ensayos. Estos fueron recuperados en tubos heparinizados para extraccion de
plasma. Después fueron centrifugados durante 5 minutos a 1500rpm (2529),
mediante aspiracion se desechd el plasma y el componente leucocitario. Los
eritrocitos fueron resuspendidos en buffer salino (150mMKCI, 5mM Tris—HCI, pH

7.4) con una dilucién 1:250 para generar la solucion de trabajo.

La preparacion de las muestras y estandares se realizé con un volumen final de
200ul, utilizando 20pl de muestras o estandares y 180yl de la solucion de trabajo de
eritrocitos. La curva estandar se genero utilizando 4 diluciones seriadas (1:2) de
Triton X100 al O.1% (Sigma, ST Luis, MO, USA) en buffer salino, como control
negativo se utilizé buffer salino. En los ensayos de hemolisis se utilizaron
concentraciones de 50, 100, 125, 150, 200 y 250ug/ml del péptido VSAK. En los
ensayos de hemolisis con LPS se utilizaron 50, 100, 125, 150, 200 y 250pg/ml de
LPS. Todas las muestras fueron preparadas por triplicado, estas se ajustaron para
el volumen final (200ul) en las muestras utilizadas. Las muestras tratadas fueron
incubadas durante dos horas a 37°C en agitacién constante. Posteriormente, estas
muestras fueron centrifugadas a 1500rpm (252 g) durante 5 minutos, 100ul del
sobrenadante fue recuperado y trasferido a una microplaca para su analisis. La
densidad o6ptica de estas muestras fue medida a 540nm utilizando un lector de
placas (Synergy, Biotek, Santa Clara, CA, USA), esta longitud de onda corresponde
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al valor de absorcién de la hemoglobina libre. Los resultados se reportaron como el

porcentaje de hemolisis con respecto a la curva estandar.

7.6. Cultivo celular
Todas las lineas celulares fueron mantenidas en condiciones estandar al 5% de
CO?, en una incubadora himeda a 37°C (Panasonic, Wood Dale, IL, USA). En los

ensayos se utilizaron células a un 80% de confluencia.

Las células HEPG2 y HEK 293 fueron cultivadas en medio DMEM (Dulbecco's
Modified Eagle Medium) de alta glucosa (Thermofisher Scientific, Waltham, MA,
USA) suplementado con 10% de suero fetal bovino (Thermofisher Scientific,
Waltham, MA, USA) y 1% de Antibiotico-Antimicotico (Thermofisher Scientific,
Waltham, MA, USA).

Las células THP-1 fueron mantenidas en medio RPMI 1640 (Thermofisher Scientific,
Waltham, MA, USA) con 10% de suero fetal bovino, 1% de Antibiotico-Antimicotico
y 0.05 mM 2-Mercaptoetanol (Sigma, ST Luis, MO, USA).

Finalmente, las células HAEC fueron cultivadas en medio basal celular (PCS-100-
030, ATCC, Manassas, VA, USA), este medio fue complementado con el kit de
suplementacién para células endoteliales (PCS-100-041, ATCC, Manassas, VA,

USA) de acuerdo a las instrucciones del fabricante.

7.7. Ensayos celulares

En estos ensayos se utilizaron células que fueron tratadas con LPS, VSAK o con
ambas moléculas. Adicionalmente, se utilizd como control positivo Neoseptina-3
(NEO-3) (Sigma, ST Luis, MO, USA), un agonista de TLR-4 de caracter no lipidico.
Las concentraciones de los tratamientos para las lineas celulares fueron: LPS
4ug/ml (4uM), VSAK 40ug/ml (22.5mM) y NEO-3 25uM

En estos ensayos, se sembraron 1x108 células en cajas de 100 cm?, estas se
mantuvieron en los medios adecuados segun el tipo celular durante 48 horas.
Posteriormente las células fueron lavadas con PBS dos veces. En seguida, se
colocaron los respectivos tratamientos, las células se mantuvieron en los

tratamientos durante las 24 horas posteriores. Pasado este tiempo, los medios
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celulares fueron recuperados y congelados. En paralelo, las células fueron lavadas
tres veces con PBS para retirar restos del medio. Estas fueron utilizadas para
extraccion de proteinas mediante buffer RIPA o para extraccion de RNA total
utilizando el método de Trizol.

7.8. Viabilidad celular

Los ensayos de viabilidad celular se realizaron utilizando el protocolo de rojo neutro,
en estos ensayos el colorante solo puede ser internalizado pro células vivas por lo
que la disminucién en la captacién de este puede ser asociada a cambios en la
viabilidad celular (Repetto et al., 2008). En microplacas de 96 pozos se sembraron
10,000 células por pozo. Estas se mantuvieron durante 24 horas, después de 24
horas el medio se retird, las células fueron lavadas con PBS tres veces para retirar
restos del medio. Los tratamientos asignados fueron colocados durante 24 horas,
una vez pasado este tiempo los tratamientos fueron removidos. Las células fueron
lavadas tres veces con PBS, para después agregar 100ul de Solucion de Rojo
neutro al 0.0004%. Las células se incubaron durante 4 horas con esta solucion,
después fue removida y las células fueron lavadas con PBS dos veces.
Posteriormente se agrego la solucién de destefido (50% etanol, 29% H2044, 1%
Acido acético glacial), posteriormente las células se colocaron en un agitador para
solubilizar el colorante. La densidad éptica fue mediada a 540nm en un lector de
microplacas (Synergy, Biotek, Santa Clara, CA, USA). En estos ensayos se generd
una curva estandar utilizando diluciones seriadas (1:2) de Triton X100 al 0.1%
(Sigma, ST Luis, MO, USA), como comparativa para analizar los cambios en la

viabilidad celular.

7.9. PCR Tiempo real

La extraccion de RNAtotal de las células tratadas se realizo mediante el método de Trizol
(Thermofisher Scientific, Waltham, MA, USA), siguiendo las indicaciones del fabricante.
La sintesis de cDNA se realizé utilizando el kit iScript RT Supermix (Biorad, Hercules,
CA, USA) siguiendo el protocolo indicado por el fabricante. EI cDNA de las muestras
tratadas se prepararon para ser analizados mediante PCR de tiempo real utilizando el kit
PowerUp Sybr Green Master Mix 2X (Thermofisher Scientific, Waltham, MA, USA),

siguiendo las indicaciones del fabricante. Los ensayos se llevaron a cabo en el equipo

31



ABI PRISM 7000 (Applied Biosystems, Thermofisher Scientific, Waltham, MA, USA),

utilizando un protocolo estandar sugerido por el fabricante de cuarenta ciclos, con 2

minutos a 50°C para inactivar UDG, 2 minutos a 95°C para el doble cierre de la

polimerasa, ademas se incluyo un paso de 15 segundo a 95°C y un paso de 1 minuto a

60°C. En los ensayos se utilizé a Gapdh como gen reportero control, el procesamiento

de los datos se realizd mediante la técnica de 222%, Los oligonucleotidos utilizados en

el analisis se muestran en la siguiente tabla:

Tir-4

Sentido
CACCACTAAAGGCAGGGAATA
Anti-sentido
GTGGCAGACCTGAATCCTAAA
Tir-2

Sentido
CCTACTGGGTGGAGAACCTTAT
Anti-sentido
CAGGAATGAAGTCCCGCTTATG
-1 B

Sentido
CAAAGGCGGCCAGGATATAA
Anti-sentido
CTAGGGATTGAGTCCACATTCAG
-6

Sentido
GGAGACTTGCCTGGTGAAA
Anti-sentido
CTGGCTTGTTCCTCACTACTC
lcam1

Sentido
GTAGCAGCCGCAGTCATAAT
Anti-sentido
GGGCCTGTTGTAGTCTGTATTT
Vcam1

Sentido
GATTGGTGACTCCGTCTCATT
Anti-sentido
CCTTCCCATTCAGTGGACTATC

E-Sele

Sentido
CTCAGTGTTCCCTTTCCTACTC
Anti-sentido
GAGTCTTGGTCTCTTCACCTTT
Nos2

Sentido
GTCAGAGTCACCATCCTCTTTG
Anti-sentido
GCAGCTCAGCCTGTACTTATC
Nos3

Sentido
GTTAGATTCCTCTTGCCTCTCTC
Anti-sentido
GGCACAGTCCCTTATGGTAAA
Cd274 (PDL1)

Sentido
CTGTAACCACCCTGTTGTGATA
Anti-sentido
GCAGTCTGAGGTCTGCTATTT
1-10

Sentido
TTTCCCTGACCTCCCTCTAA
Anti-sentido
CGAGACACTGGAAGGTGAATTA
Factor Il

Sentido
AAGCACTGTTGGAGCTACTG
Anti-sentido
GGGTCTTCATGCTCCGAAATA
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7.10. Equipo de micro-PET

Los experimentos de PET (Tomografia de Emision de Positrones, del inglés Positron
Emission Tomography) se realizaron en la unidad de PET-CT, de la Facultad de
Medicina, UNAM. Se utilizé el equipo de MicroPET de cuarta generacion FOCUS
120 (Concorde Microsystems, Knoxville, TN, USA) distribuido por SIEMENS. Este
equipo cuenta con un anillo deteccién de 15 cm de diametro con 96 detectores. El
cual cuenta con un detector formado por un arreglo de 12x12 cristales de Oxi-
ortosilicato de Lutecio acoplados a un sistema fotomultiplicador. El equipo tiene una
apertura de 12 cm de diametro para la colocacion de los animales de
experimentacion, el cual da lugar un campo de visién de 7.6 cm en direccion axial y

10 cm en direccion transaxial.

En nuestros experimentos utilizamos ['8F] FDG (2-[18]Fluoro-2-Desoxi-D-Glucosa)
como radiotrazador, esta molécula presenta el positron en el segundo carbono del
anillo del azucar. Esta molécula es un analogo de la glucosa que puede ser captada
por los trasportadores de glucosa, pero no metabolizada. Una vez que esta molécula
es captada el positron del fluor interacciona con electrones del medio para producir
el evento de aniquilacién, esto produce la emision de dos fotones de alta energia

con trayectorias opuestas que pueden ser detectados

7.11. Estudio de PET

En este protocolo se utilizaron 14 conejos enanos machos, los conejos fueron
obtenidos de una granja local con una edad de 35 dias. Ala llegada de los animales
se realizé una evaluacion de su estado de salud y la desparasitacion de los mismos.
Los conejos se mantuvieron por un periodo de 15 dias, bajo condiciones controladas
en el bioterio del instituto de Fisiologia Celular, UNAM. Los animales se mantuvieron

en ayuno las 12 horas previas a realizar los experimentos de microPET.

Los conejos fueron asignados aleatoriamente a alguno de los cuatro grupos

siguientes:

1. Grupo CONTROL. Fue administrado con Solucion salina (PBS) (3 animales)
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2. Grupo VSAK. Fue administrado con el péptido VSAK (60 pg/kg) (3 animales)
3. Grupo LPS. Fue administrado con LPS (450 ng/kg) (4 animales)

4. Grupo VSAK+LPS. Fue administrado con péptido VSAK (60 ug/kg) y LPS (450
ng/kg) (4 animales)

La estimacién para la administracion de los distintos tratamientos se realizé con
base al peso del animal. Los LPS se administraron en PBS con un volumen total de
300ul. El péptido VSAK se administré en PBS en un volumen final de 300ul. Los
conejos del grupo control también fueron administrados con 300ul de PBS. Todos
los tratamientos se administraron a través de las venas marginales de las orejas de
los animales y la administracion del tratamiento se hizo algunos minutos antes de la
administracién del radiofarmaco para inmediatamente proceder a la captura de PET.
Para los grupos CONTROL, LPS y VSAK; la administracion del tratamiento fue
seguida por la administracion inmediata del radiofarmaco y se procedio a iniciar la
captura. En el caso del grupo VSAK+LPS, primero se administraron los LPS y de
forma casi simultdnea se administré el péptido VSAK por la oreja contraria,
finalmente se administro el radiofarmaco justo ante de iniciar con la captura de PET.
En este ensayo se obtuvieron datos de captura dinamica de PET de la zona toracico-
abdominal de los animales de experimentacion de los 90 minutos posteriores a la

administracion del radiofarmaco.

Al término de cada experimento el conejo se sacrificd por sobredosis de anestésico.
Se recolecto sangre por puncion cardiaca y se extrajeron el higado, intestino
delgado, colon y estomago de los animales. Los 6rganos extraidos fueron pesados
y se uso una muestra de los tejidos para el analisis de la actividad especifica al final
de experimento, el resto del tejido fue congelado en nitrégeno liquido con el objetivo
de preservarlos para el analisis posterior. Todos los procedimientos fueron revisados
y aprobados por el Comité Interno para el Cuidado y Uso de Animales de Laboratorio
(CICUAL) del Instituto de Fisiologia Celular con el numero de protocolo JMO178-
21.
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7.12. Protocolo de adquisicion PET

Los animales anestesiados se colocaron en el anillo de deteccion justo después de
la administracion de la ['®F]-FDG, la posicion de los animales se ajusto para enfocar
la region comprendida entre del apice del corazon y la parte superior de la vejiga.
Con este cuadrante se obtuvo informaciéon de la captura de ['®F]-FDG
correspondiente a higado, rifiones y algunas regiones del intestino delgado. En

ambos experimentos se realizaron capturas dinamicas de la regién indicada.

El tiempo de captura utilizado fue de 90 minutos a partir de la administracion de
['®F]-FDG. En estos animales se recuperaron muestras de tejidos en las cuales se
analizo la actividad residual de la ['8F]-FDG para estimar el consumo especifico por
miligramo de tejido. Ademas, los 6rganos se pesaron antes de ser congelados para

estimar el consumo especifico total de los 6rganos.

Para los analisis posteriores se descartaron los datos obtenidos de animales con
inconsistencias durante la captura o que murieron antes de finalizar el tiempo

programado de captura.

7.13. Reconstruccién y analisis de datos de captura.

Todos los datos de captacion obtenidos de los dos experimentos realizados fueron
reconstruidos utilizando el algoritmo OSEMS3D. Los datos se analizaron utilizando
VOI (Volumen de Interés, del inglés Volume of Interest) esféricos con un diametro
de 5mm para analizar los datos de captacién estandar (SUV, de inglés Estandar
Uptake Value) de intestino delgado, higado y rifiones. Para la estimacion del SUV
en funcién del tiempo realizado en los rifiones se analizaron los datos
correspondientes a bloques de 30 segundos para cada animal, el analisis de SUV
indica la captacion cruda de la actividad radiactiva en los animales. Los datos de
captacion total se obtuvieron a partir del analisis del VOI durante los 90 minutos de
captura en los 6rganos analizados. Para la determinacion del porcentaje de dosis
inyectada por gramo de tejido (%ID/cc), se asumi6 una densidad de 1g/cm3 para
cada tejido. Este ensayo nos permite conocer la actividad radiactiva especifica
considerando la actividad total administrada al inicio del estudio y el decaimiento en
el tiempo.
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7.14. Medicion citocinas proinflamatorias

La medicion de citocinas en suero se realizo utilizando un kit para deteccidn multiple
de citocinas proinflamatorias Quantibody (Raybiotech, Norcross, GA, USA), el cual
permite la deteccion simultanea de IL-1a (Interleucina 1-Alfa), 1L-13 (Interleucina 1-
Beta), IL-8 (Interleucina-8), MIP-1B (Proteina Inflamatoria de Macréfagos 1-beta, del
inglés Macrophage Inflammatory Protein) y TNFa (Factor de Necrosis Tumoral Alfa,
del inglés Tumor Necrosis Factor Alpha) en muestras de plasma o suero. La
medicion se realiz6 directamente en el suero obtenido de los animales de acuerdo
a las instrucciones del fabricante. La lectura de placa se realizé utilizando el lector
de microarreglos GenePix 4000B (Molecular Devices, San Jose, CA, USA). La placa
se leyo utilizando el canal Cy3 (verde) con una longitud de onda de excitacién de
532nm.

La estimacion de la concentracion de las citocinas en plasma se realizé a mediante
la extrapolacion del valor de fluorescencia. Las curvas de concentracion estandar
también fueron generadas con los valores de fluorescencia media y ajustadas con

ayuda del software Graphpad Prism (Graphpad Software, San Diego, CA, USA).
7.15. Analisis estadistico

El analisis estadistico se realizé utilizando el programa Graphpad Prism (Graphpad
Software, San Diego, CA, USA). Los datos de hemolisis fueron analizados con
pruebas T no pareadas. Los datos de viabilidad celular, expresiéon de marcadores
inflamatorios, glucosa e insulina fueron analizados con ANOVAs de una via. Los
datos de %ID/cc total, SUV total y SUV renal fueron analizados con ANOVAs de dos

vias.
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8. RESULTADOS

8.1 Simulaciones de dinamica molecular.

8.1.1. Efecto de VSAK en la energia del sistema.

Las simulaciones de dinamica molecular buscaron analizar a detalle las estructuras
involucradas en la interaccion de VSAK con los LPS. En estas simulaciones el
péptido VSAK fue colocado sobre las membranas dejando que este difundiera
libremente para interactuar con cualquiera de las dos hemicapas. En estas
simulaciones se observo la integracion preferencial del péptido VSAK en
membranas que estaban constituidas unicamente por LPS. Gracias al efecto de las
condiciones periddicas que permiten la libre difusion del péptido al generar un
continuo de la simulacion permitiendo que este pueda difundir al lado opuesto de la
posicion inicial, se observd la aproximacion de VSAK hacia cualquier tipo de
membranas, incluyendo las constituidas por POPS-POPC y POPC-POPC. Sin
embargo, la union estable del péptido a la membrana se observo exclusivamente a
las hemicapa de LPS en los sistemas LPS-POPC (Figura 10A), esta unién se
mantuvo estable hasta el final de la simulacion (Figura10B). Mientras que en
sistemas sin LPS, el péptido se mantuvo preferencialmente en la interfaz del
solvente (Figura10 C, D, Ey F).

Considerando la participacién de las cargas en el péptido en la selectividad y
estabilizacién de estas interacciones, se generé un modelo de VSAK en el que los
tres aminoacidos cargados fueron sustituidos por glutamina (VSAK Q3) (K4Q, R9Q
y R14Q). Este péptido mostré una pérdida de la selectividad hacia los LPS (Figura
11A y B) y una tendencia a unirse a cualquier hemicapa de fosfolipidos,
principalmente a POPC (Figura 11C, D, E y F). En estos sistemas el analisis de
energia total indicé una disminucion importante en los sistemas LPS-POPC en
presencia del péptido VSAK (Figura 12A). Cambios de esta magnitud no fueron
observados en sistemas POPC-POPC o POPS-POPC (Figura 12B y 12C). Por otro
lado, el analisis de energia de los sistemas LPS-POPC en presencia de VSAK Q3
indic6 una diferencia en la energia de estos en comparacion con VSAK, siendo esta
ligeramente menor a la del sistema en solitario (Figura 12A). No obstante, este

cambio no es comparable al observado con VSAK; pudiendo atribuir este fenédmeno

37



a la union no selectiva de VSAK Q3 a la membrana LPS-POPC, en la hemicapa de
POPC.

LPS-POPC

POPC-POPC

POPS-POPC

Figura 10. Simulaciones de dindmica molecular con el péptido VSAK. Los paneles (A) y (B)
presentan el sistema LPS-POPC (superior-inferior) al inicio de la simulacién (t=0) (A) y al final de
la misma (t=3us) (B). Los paneles (C) y (D) presentan el sistema POPC-POPC (superior-inferior) al
inicio de la simulacion (t=0) (C) y al final de la misma (t=3us) (D). Los paneles (E) y (F) presentan
el sistema POPS-POPC (superior-inferior) al inicio de la simulacién (t=0) (E) y al final de la misma
(t=3us) (F). VSAK: aa positivos (azul), aa hidrofobos (gris), aa hidrofilicos (verde); colas de
fosfolipidos (cian); LPS: lipido A (rojo), regidn del ndcleo (Purpura)
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LPS-POPC

POPC-POPC

POPS-POPC

Figura 11. Simulaciones de dindmica molecular con el péptido VSAK Q3. Los paneles (A) y (B)
presentan el sistema LPS-POPC (superior-inferior) al inicio de la simulacién (t=0) (A) y al final de
la misma (t=3us) (B). Los paneles (C) y (D) presentan el sistema POPC-POPC (superior-inferior) al
inicio de la simulacion (t=0) (C) y al final de la misma (t=3us) (D). Los paneles (E) y (F) presentan
el sistema POPS-POPC (superior-inferior) al inicio de la simulacién (t=0) (E) y al final de la misma
(t=3us) (F). VSAK Q3: aa hidréfobos (gris), aa hidrofilicos (verde); colas de fosfolipidos (cian); LPS:
lipido A (rojo), regidn del nucleo (Purpura)
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Figura 12. Energia total observada en las simulaciones de dinamica molecular. (A) Energia total
observada en los sistemas LPS-POPC. Las energias promedio fueron: LPS (-1.48x10°+2460
Kj/mol), VSAK (-1.97x10%+2968 Kj/mol), VSAK Q3 (-1.42x10°+2577 Kj/mol). (B) Energia total
observada en los sistemas POPC-POPC. Las energias promedio fueron: POPC (-1.01x105+2170
Kj/mol), VSAK (-1.09x10%+2281 Kj/mol), VSAK Q3 (-1.06x10°+2163 Kj/mol). (C) Energia total
observada en los sistemas POPS-POPC. Las energias promedio fueron: POPS (-0.84x106+1833

Kj/mol), VSAK (-1.11x106+2130 Kj/mol) y VSAK Q3 (-1.15x106+2167 Kj/mol).
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8.1.2. Cambios en la fluidez de la membrana

En paralelo al analisis de energia se realizé un analisis de fluidez de las membranas,
en esto se utilizé el desplazamiento lateral de las cabezas de lipidos en la
membrana. Mediante las herramientas de GROMACS se analiz6 el desplazamiento

de los fosfolipidos o LPS en el plano lateral en funcién del tiempo.

A) MSD LPS-VSAK
150001 | LPS
= LPS-VSAK
NE 100001
E
©
(7]
€ 5000
0 . . .
0 1x106 2x106 3x106
Tiempo (ps)
B) MSD-POPC-VSAK

= POPC
1000] *POPC-VSAK

0 1x106 2x106 3x106

Tiempo (ps)
Figura 13. Cambios en la fluidez de la membrana analizados mediante MSD. (A) MSD observado
en membranas LPS-POPC, en este andlisis se observd una clara divergencia del MSD en presencia

de VSAK en comparacion con el sistema solo. (B) MSD observado en membranas POPC-POPC, el
analisis de MSD indico que el MSD de estos sistemas era similar, presentando convergencia hacia

el final de la simulacion.
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El desplazamiento cuadrado medio (MSD) fue calculado para sistemas que LPS-
POPC y POPC-POPC en presencia del péptido VSAK y en los sistemas en solitario
(Figura 13). En los sistemas LPS-POPC se observd que la presencia de VSAK
disminuye el MSD de los LPS, efecto que puede ser atribuido a la diminucion del
desplazamiento en las moléculas de LPS que estan en contacto con VSAK una vez
que este se integra en la membrana (Figura 13A). Sin embargo, en los sistemas
POPC-POPC no se observa un efecto de VSAK en el MSD, pudiendo observar una

tendencia a converger en los puntos avanzados de la simulacion (Figura 13B).
8.2. Efecto de VSAK en la estructura de los LPS

Por otro lado, los cambios inducidos en la estructura de LPS fueron analizados
utilizando microscopia electronica de transmision. En estos ensayos se analizaron

cambios en la estructura tipica de los LPS inducidos por la presencia de VSAK.

En soluciones electro-neutras a concentraciones micromolares los LPS tienden a
adoptar una estructura de fibras cubicas (Figura 14A). En las que el lipido A se
localiza en la parte central de la estructura, mientras que la regién del nucleo y el
antigeno O rodea la estructura central formado una region electrodensa que rodea
las fibras (Figura 14B).

tale

Figura 14. Estructura de los LPS. (A) Micrografia de los LPS a 7500x. En soluciones acuosas los
LPS tienden a formar estructuras fibrilares, las cuales se acumulan en agregados mayores (B)
Micrografia de los LPS 100000x. En las estructuras fibrilares de los LPS estos se alinean formando
fibras cubicas. En esta estructura la regidn central menos electrodensa esta corresponde al lipido
A, mientras que la regién periférica mas electrodensa esta constituida por la region del nucleo y
el antigeno O.
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LPS(1uM)
VSAK (562.7uM).
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Indicated magnification: 20kx

Figura 15. Efecto de VSAK en la estructura de los LPS. A) Micrografia electronica a 20000x
LPS(1uM) y VSAK (562.7uM). en esta concentracion s observo una disminucion de la densidad d
ellos cimulos de fibras de LPS. (B) Micrografia electrénica a 20000x LPS(0.6uM) y VSAK (1.12
mM). En estos ensayos se observd la perdida de densidad de las fibras de LPS y la aparicién de
agregados micelares de LPS. (C) Micrografia electrénica a 20000x LPS(0.5uM) y VSAK (2.25 mM).
A esta concentracion se observd una pérdida de la estructura d ellos LPS y la formacion de
agregados electrodensos.
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Por otro lado, cuando los LPS son incubados en presencia del péptido VSAK se
produce una alteracion de la estructura tipica de los LPS. A una concentracion de
1mg/ml (662.7uM) del péptido VSAK se observa una disociacion de los camulos de
LPS disminuyendo a la densidad de fibras en estas regiones, ademas se observa
una diminucion del tamarno de las fibras y la densidad electronica de estas (Figura
15A). En una concentracion de 2mg/ml (1.12mM) de VSAK se observa una mayor
perdida en la densidad electrénica de las paredes de las fibras y un menor grado de
compactacion en la estructura de las fibras cubica, adicionalmente, en esta
concentracion se observo la formacidén de agregados de tipo micelar en la cercania
de las fibras de LPS (Figura 15B). Finalmente, a una concentracion de VSAK 4
mg/ml (2.25mM), se produjo una disociacién casi total de las fibras de LPS, ademas
de que a esta concentracion se observa la formacion de agregados electro densos

que no presentan estructuras definidas (Figura 15C).
8.3. Efecto hemolitico

Algunos péptidos con capacidad de unién a LPS pueden llegar a producir efectos
hemoliticos o citotoxicos, dada la capacidad de interaccién con estructuras lipidicas.
En este sentido se realizaron ensayos para estudiar posibles efectos hemoliticos y
citotoxicos del péptido VSAK a distintas concentraciones del péptido.

En la figura A se muestra el ensayo de hemolisis utilizando el péptido VSAK, en
estos ensayos no se observd un efecto hemolitico para ninguna de las
concentraciones utilizadas en los ensayos (10-150ug/ml) (Figura 16A). Mientras que
el efecto contrario fue observado con los LPS, en donde se observlo un efecto
hemolitico a partir de 100ug/ml (4%) que alcanzé un 100% de hemolisis a una

concentracion de 250ug/ml (Figural6B).

Adicionalmente, cuando se evalué la capacidad de VSAK para prevenir la hemolisis
se observé que este disminuye de forma significativa la hemolisis inducida por LPS
en una concentracion de 100ug/ml de LPS (1.93+0.04%) (Figura 16C), en
comparacion con LPS en solitario (4.04+0.28%). Este efecto se mantiene en
concentraciones altas de LPS (250ug/ml) (98.89%£0.87 %), cuando los eritrocitos son
tratados con una concentracién de 150ug/ml de VSAK (78.31+1.8) (Figura 16D).
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Figura 16. Efectos hemoliticos de VSAK y LPS. (A) Efecto hemolitico de LPS, el tratamiento con
VSAK no presento efectos hemoliticos en ninguna concentracion. 10ug/ml (-0.04+0.003 %) a
150ug/ml (-0.06+0.003 %). (B)Efecto hemolitico de los LPS, en concentraciones elevadas se
observd hemolisis asociada a los LPS: 100ug (4.8+0.002%), 125ug (17.8+0.01%), 150ug
(28+0.06%), 175ug (76.1+0.04%), 200ug (83.7£0.02%) y 150ug (98.9£1.75%). (C) VSAK disminuye
el efecto hemolitico de los LPS el tratamiento con VSAK (150ug/ml) disminuyo de forma
significativa la hemolisis inducida por LPS (1.910.04%), comparada con LPS en solitario
(4.04+0.28, p=0.04, **). (D) un efecto similar fue observado en el tratamiento combinado
utilizando 250pg/ml (98.89+0.87%) comparado con la aplicacién en solitario de LPS
(78.13+1.82%, p=<0.0001, ****), Las graficas presentan el promedio * error estandar. (n=4).

45



8.4. Ensayos de viabilidad celular

Para analizar la posible citotoxicidad asociada al tratamiento con el péptido VSAK,
se realizaron ensayos de viabilidad celular mediante curvas dosis-respuesta. En
estos ensayos se utilizé un detergente (Triton x100) para la elaboracién de curvas
de viabilidad celular control. En estos ensayos se midio el efecto de concentraciones

crecientes de VSAK en la viabilidad celular, mediante cambios en la densidad 6ptica
(O.D.) del colorante.
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Figura 17. Ensayos de viabilidad celular con el péptido VSAK. (A) Curva de viabilidad celular en
presencia de detergente Tritdn en células HEK293. Los puntos de la curvaincluyen 0 (107.5+9.78),
0.025 (31.87+3.14), 0.05(27.5+11.18), 0.1(22.5+9.3) y 0.2(3.3+1.76) porcentajes de Tritdbn x100
(n=5). (B) Viabilidad en células HEK293 en presencia de VSAK, en estos ensayos no se observaron
cambios significativos en ninguin tratamiento con el péptido VSAK (n=4). (C) Curva de viabilidad
celular en células HEPG2 en presencia de Tritdn x100. Los puntos de la curva incluyen 0
(104.414.44), 0.0125 (73.88%8.22), 0.025 (57.77%5.35), 0.05 (6.1+4.3) y 0.1(0.55+2.6) (n=6).
(D)Viabilidad en células HEPG2 en presencia de VSAK, en estos ensayos no se observaron

cambios significativos en ningln tratamiento con el péptido VSAK (n=4). Datos presentados como
promedio * error estandar.
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La curva de viabilidad utilizada como control para las células HEK293 se muestra
en la Figura 17A, en comparacion, el tratamiento con el VSAK no produjo cambios
en la viabilidad celular a ninguna de las concentraciones utilizadas (50-500 ug/ml)
(Figura 17B). Las cuales incluyen concentraciones muy superiores a las utilizadas

en los experimentos de estimulacion.

Este efecto fue congruente con lo observado en las células HEPG2, en donde las
células presentaron cambios en la viabilidad producidas por el detergente, con un
efecto similar al observado en las células HEK293 (Figura 17C). En esta linea
celular el tratamiento con VSAK a concentraciones elevadas tampoco produjo

cambios en la viabilidad celular (Figura 17D)

8.5. Ensayos de estimulacion con LPS y NEO-3

8.5.1. Células HAEC - Expresiéon de marcadores pro-inflamatorios

A nivel celular se analizaron cambios en la expresién de marcadores inflamatorios
relacionados a la respuesta a LPS, estos marcadores se analizaron en las células
HAEC y THP-1

Las células HAEC fueron estimuladas de acuerdo durante 24 horas con LPS, VSAK
y VSAK+LPS, posteriormente se recuperaron la célula para la extraccion de ARN
total y el andlisis de la expresion de marcadores de inflamacion. Las graficas
muestran el resultado de cambios en la expresion de moléculas asociadas al
proceso inflamatorio. En las graficas se excluy6 el grupo CONTROL, el cual fue

utilizado para la normalizacion de los datos.

El analisis indicé un ligero incremento en la expresion de IL-1B en los grupos
tratados con LPS (2.56+1.27) y LPS+VSAK (3.14+1.16) con respecto al control y el
grupo VSAK (0.952+0.32), sin embargo, estos no fueron estadisticamente
significativos (Figura 18A). El mismo efecto fue observado al analizar IL-6, un
incremento en los grupos LPS (1.57+0.2) y LPS+VSAK (1.45+0.28) con respecto al
grupo CONTROL y VSAK (0.55£0.08), sin que estos fueran significativos (Figura
18B).
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En el caso de ICAM-1, el andlisis indico un incremento significativo de esta molécula
en el grupo LPS (2.83£0.20) con respecto al grupo VSAK (0.84+0.36). En el grupo
LPS+VSAK (1.248+0.14) se observo un nivel menor al del grupo LPS, sin embargo,

este cambio no fue significativo (Figura 18C).

En el caso de Factor Ill, se observd, un mayor nivel de en la expresion de esta
molécula en el grupo LPS (2.83£0.2) en comparacion con el grupo VSAK
(0.84+0.36) y el grupo LPS+VSAK (1.48+0.14) (Figura 18D).
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Figura 18. Expresion de marcadores proinflamatorios en células HAEC. (A) Niveles observados
de IL-1b, no se observaron resultados estadisticamente significativos. VSAK (0.952+0.32), LPS
(2.56+1.27) y LPS+VSAK (3.14+1.16) (n=3). (B) Expresion de IL-6, este analisis no presento
diferencias estadisticamente significativas. VSAK (0.55%0.08), LPS (1.57+0.2) y LPS+VSAK
(1.45+0.28) (n=3). (C) Expresién de ICAM. Esta molécula presento una mayor expresion en el
grupo LPS (2.8310.20) en comparacion con el grupo VSAK (0.8410.36, p = 0.02, *), pero esta no
fue significativa al ser comparada con el grupo LPS+VSAK (1.248+0.14) (n=3). (D) Niveles de Factor
Ill. Esta molécula mostro un nivel estadisticamente mayor en el grupo LPS (2.83+0.2) en
comparacion con el grupo VSAK (0.84+0.36, p=0.02, *) y el grupo LPS+VSAK (1.48+0.14, p=0.02,
*) (n=3). Los datos se muestran como promedio terror estandar.
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8.5.2. Células THP-1 - Expresion de marcadores pro-inflamatorios

En esta linea celular el analisis del ARNm de IL-1B indico una mayor expresion de
esta molécula en el grupo LPS (1.53+0.008) en comparacion con VSAK (0.68+0.05)
con LPS+VSAK (1.24+0.43). Ademas, hubo un incremento considerable en el grupo
NEO-3 (4.45£2.98), que se vio atenuado en el grupo NEO-3+VSAK (2.96+1.3), sin

embargo, estos cambios no presentaron significancia estadistica (Figura 19A).

Para IL-6, la expresion de esta molécula presentd un nivel mayor en el grupo LPS
(7.9£2.7) en comparacion con el grupo VSAK (0.41+0.008) y LPS+VSAK (3.9£2.6).
Sin embargo, el mayor incremento se observo en el grupo NEO-3 (209.9+22.9), no
obstante, este incremento fue parcialmente atenuado en el grupo NEO-3+VSAK
(81.65£23.3) (Figura 19B). En TLR-4 se observaron efectos similares a las dos
moléculas previas, LPS (0.97+0.06) presentd niveles mayores a los observados en
los grupos VSAK (0.46+0.06) y LPS+VSAK (0.53+0.06), sin que estos fueran
estadisticamente significativos. Mientras que el grupo NEO-3 (28.9£10.4) mostro el
mayor nivel de expresion de esta molécula, el cual se vio disminuido en el grupo
NEO-3+VSAK (16.1+£13.1) (Figura 19C). En el caso de ICAM-1 se observd un
incremento en el grupo LPS (3.5t2.4) en comparacion con el grupo VSAK
(0.48+0.24) y el grupo LPS+VSAK (0.72+0.35), aunque este incremento no fue
estadisticamente significativo (Figura 19D).

En NOS2 se observd un notable incremento en la expresion de esta molécula en el
grupo LPS (81.66+2.075) en comparaciéon con los grupos VSAK (3.48+0.2) y
VSAK+LPS (1.96+0.19) (Figura 19E). Un efecto similar se observo para NOS3, en
donde hubo un incremento en el grupo LPS (50733+£12891) en comparacion con el
grupo VSAK (1.51+0.03) y el grupo VSAK+LPS (80.95+0.09) (Figura 19E). Un
comportamiento muy similar al observado en E-SEL, en donde hubo un incremento
significativo en el grupo LPS (6494+1829) en comparacion con los grupos VSAK
(0.6£0.3) y LPS (82.06+0.51) (Figura 19F).

Finalmente, el analisis de IL-10 indico un incremento importante en el grupo LPS
(3.35%£0.74) con respecto al grupo VSAK (1.16+0.16). Mientras que este no fue
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significativo al ser comparado con el grupo LPS+VSAK (3.09+0.22), el cual presento

un nivel similar al del grupo LPS (Figura 19G).
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Figura 19. Expresion de marcadores proinflamatorios en células THP-1. (A)Expresiéon de IL-1B, en esta
molécula no presento cambios significativos entre los grupos VSAK (0.68+0.05), LPS (1.53+0.008), LPS+VSAK
(1.24+0.43), NEO-3 (4.45+2.98), NEO-3+VSAK (2.96+1.3) (n=3). (B) Expresién de IL-6. En este analisis el
grupo NEO-3 (209.9+22.9) en comparacion con los grupos VSAK (0.41+0.008, p= <0.0001, ****), LPS
(7.942.7, p= <0.0001, ****), LPS+VSAK (3.942.6, p=0.0001, ***) y NEO-3+VSAK (81.65+23.3, p=0.001, **)
(n=3). (C)Expresién de TLR-4. El andlisis de esta molécula no presento diferencias significativas entre grupos.
VSAK (0.46+0.06), LPS (0.97+0.06), LPS+VSAK (0.53+0.06), NEO-3 (28.9+10.4) y NEO-3+VSAK (16.1+13.1)
(n=3). (D) Expresion de ICAM-1. La expresion de esta molécula no mostro diferencias estadisticamente
significativas. VSAK (0.48%0.24), LPS (3.5+2.4) y LPS+VSAK (0.7240.35) (n=3). (E) Expresion de NOS2. En este
analisis el grupo LPS (81.66%2.075) presento un incremento importante en comparacion con VSAK
(3.48+0.2, p= <0.0001, ****) y el grupo VSAK+LPS (1.96+0.19, p= <0.0001, ****) (n=3). (F) Expresién de
NOS3. En esta molécula el grupo LPS (50733+12891) tuvo un incremento significativo comparado con el
grupo VSAK (1.51+0.03, p= <0.0001, ****) y el grupo VSAK+LPS (80.95+0.09, p= <0.0001, ****) (n=3). (G)
Expresién de E-SEL. La expresion de esta molécula fue significativamente mas elevada en el grupo LPS
(6494+1829) con parado con los grupos VSAK (0.6+0.3, p=0.011, *) y LPS (82.06+0.51, p = 0.012, *).
(H)Expresion de IL-10. En esta molécula el grupo LPS (3.35+0.74) presento un aumento significativo al ser
comparado con el grupo VSAK (1.16+0.16, p = 0.03, *), pero no con el grupo LPS+VSAK (3.09+0.22) (n=3).
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8.6. Ensayos de PET.

8.6.1. Reconstruccion tridimensional.

A partir de los datos de captacion obtenidos mediante PET, se realizo la
reconstruccion de trayectorias para el analisis de la captacion. Adicionalmente,
estos datos se utilizaron para construir modelos tridimensionales para el analisis
cualitativo de los cambios de captacion. Como los mostrados en la Figura 20 en los
que se muestra la reconstruccion de la captacion observada en la region toracico-

abdominal.

A)

-
CONTROL

o)

LPS+VSAK

Figura 20. Imagenes representativas de animales pertenecientes a los grupos experimentales.
Los paneles muestran imagenes que corresponden a la captacién observada en la regién toracico-
abdominal de los animales en los distintos grupos experimentales: (A) CONTROL, (B)VSAK, (C)LPS
y (D)LPS+VSAK. En estas imagenes se pudo observar cambios en la captacidn, en particular en
grupo LPS en donde ocurrid una disminucién generalizada de la captacion de [*¥F]-FDG
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El analisis cualitativo de la captura indico que en los animales del grupo LPS se
produce una diminucién generalizada de la captura de ['®F]-FDG (Figura 20C). Esto
en comparacion con el patrén de captacion que se observa en el grupo CONTROL,
el cual es muy similar al que presenta el grupo VSAK. De forma interesante, en los
animales del grupo LPS+VSAK (Figura 20D) parece haber un patron de captacion
que es similar al de los grupos CONTROL y VSAK (Figura 20Ay B).

8.6.2. Valor de captacion total

El andlisis de %ID/cc (porcentaje de dosis administrada por cm?) y el andlisis de
SUV (Valor de Captura Estandar) en organos se realizd6 en aquellas areas
adecuadas para el uso de VOIs del tamafio indicado previamente. Los 6rganos
analizados fueron los rifiones, higado e intestino delgado. Las mediciones de
%ID/cc indicaron un incremente en la captacion de glucosa a nivel renal en los
animales tratados con LPS, este efecto se observo en ambos rifiones, sin embargo,

el cambio solo presento diferencias estadisticamente significativas en el rifidn

derecho.
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Figura 21. Analisis de Captacion total de en érganos. A) Datos obtenidos del %ID/cc de los rifiones,
higado e intestino delgado. Un incremento significativo fue observado en el SUV del rifidn derecho
en el grupo LPS (2.3+0.54) en comparacion con los otros grupos CONTROL (0.886+0.21, p=0.005
**), VSAK (1.03%0.39, p=0.013 *) y VSAK+LPS (0.7£0.22, p=0.0005 ***). Un efecto similar se
observo en el rifién izquierdo sin que este fuera estadisticamente significativo. B) SUV total
obtenido de los datos de captacidn. El SUV es significativamente mayor en el rifién derecho del
grupo LPS (9.83%3.15) con respecto al grupo VSAK+LPS (3.46+1.11, p= 0.008 **). Un efecto muy
similar se observé en el rifdn izquierdo, sin que esté presentara cambios significativos. Los datos
presentan el promedio * error estandar.
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En el rifion derecho el grupo LPS presento el mayor nivel de captacion de ['®F]-FDG
(2.3+£0.54), el cual fue significativamente mas elevado al ser comparado con los
grupos CONTROL (0.881£0.21), VSAK (1.03+0.39) LPS+VSAK (0.7+0.22) (Figura
21A).

En el rifidn izquierdo se observo una tendencia similar a la del rifidn derecho, en
donde el grupo LPS presento el mayor nivel de captacion (1.54+0.69), en
comparacion con los grupos CONTROL (0.89+0.26), VSAK (1.07+0.30) vy
LPS+VSAK (0.72+0.22). Sin embargo, el analisis no indico diferencias estadisticas

significativas (Figura 21A).

Por otro lado, el analisis de higado e intestino delgado no presento diferencias
significativas o tendencias relevantes en el analisis de %I|D/cc para los distintos

grupos experimentales (Figura 21A).

En este sentido, el analisis de SUV presento resultados muy similares a los
observados en analisis de %ID/cc. En el rifidén derecho de los animales del grupo
LPS el SUV fue mayor a los observados en los otros grupos, este cambio fue
estadisticamente significativo con respecto al grupo LPS+VSAK, pero no se
encontraron diferencias significativas con los grupos CONTROL y VSAK (Figura
21B).

El rifdn izquierdo presento un comportamiento muy similar, en este el SUV del grupo
LPS (7.55+1.55) fue mayor al de los grupos CONTROL (4.43+1.32), VSAK
(2.52+0.54) y LPS+VSAK (3.6+1.14), sin embargo, estas diferencias no fueron

estadisticamente significativas (Figura 21B).

En concordancia con lo observado en el %ID/cc, el analisis de higado e intestino
delgado no presentaron diferencias estadisticamente significativas o tendencias
resaltables (Figura 21B).
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8.6.3. Valor de captura estandar renal

Dados los resultados observados en el analisis de SUV total, se realizo el analisis
del SUV renal en funcion del tiempo. Este se realizé de forma individual para ambos
rinones. En el rifidn derecho el SUV del grupo LPS presento niveles mayores a los
observados en los otros grupos. A partir del minuto 68 este cambio es
estadisticamente significativo al ser comparado con el grupo LPS+VSAK. Al final de
la captura este incremento en el grupo LPS (8.01+3.2) es significativo con respecto
al grupo VSAK (2.82+1.01) y el grupo LPS+VSAK (2.3£0.44), con el grupo
CONTROL (4.69+1.04) no se encontraron cambios significativos (Figura 22A). En el
rindn izquierdo se observd el mismo patron en donde el grupo LPS (7.76+£2.79)
presento un mayor nivel de captura con respecto a los grupos CONTROL (4.53+1-
26), VSAK (2.9311.13) y LPS+VSAK (2.47+0.65), sin embargo, este no presento
diferencias significativas (Figura 22B). Es posible que esta diferencia pueda estar
asociada al mayor flujo sanguineo en el riidn derecho, permitiendo una mayor

captacion del radiotrazador.
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Figura 22. SUV renal. A) SUV del rifién derecho durante el tiempo captura. Para el caso del grupo
LPS existe una diferencia significativa con respecto al grupo VSAK+LPS a partir del minuto 68; al
final del experimento (minuto 90) la captacion en el grupo LPS (8.01+3.2) fue estadisticamente
mayor a la observada en el grupo VSAK (2.82+1.01) y el grupo LPS+VSAK (2.31£0.44, p=0.008, **),
con el grupo CONTROL (4.69+1.04, p=0.048, *) no hubo diferencias significativas. B) Datos de SUV
del rifidn izquierdo. En este andlisis se observa un comportamiento similar al del rifidon derecho,
sin embargo, no se encontraron diferencias significativas entre grupos al final del experimento.
CONTROL (4.53+1-26), VSAK (2.93+1.13), LPS (7.7622.79) y VSAK+LPS (2.47+0.65). Los datos se
presentan como el promedio * error estdndar. Barras de error no mostradas
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8.6.4. Marcadores proinflamatorios

El analisis de marcadores proinflamatorios se realizé a partir de las muestras de
suero recuperadas de los animales utilizados en los experimentos de PET. Estas se
analizaron de forma simultanea utilizando un sistema de deteccion multiple, como
se describio anteriormente. En todas las moléculas analizadas se observo un patron
consistente, en el que la administracién de LPS produjo un incremento de los
marcadores con respecto a los grupos CONTROL y VSAK, mientras que el
tratamiento con VSAK (en el grupo LPS+VSAK) disminuyo el nivel de estas

moléculas.

En TNFa el nivel mas alto de esta molécula se observé en el grupo LPS
(13.48+8.063), mientras que el nivel en los grupos CONTROL (0.55+0.21), VSAK
(0.67+0.19) y LPS+VSAK (0.56+0.13) fue considerablemente menor, sin embargo,
el analisis indico que esta diferencia no presentaba significancia estadistica (Figura
23A).

El analisis de IL-1a indico que esta citocina presentaba mayores niveles en el grupo
LPS (823.1+350.5) en comparacion con los otros tres grupos: CONTROL
(314.9+71.65), VSAK (439+210.9) y LPS+VSAK (174.8 £48.69). No obstante, estos

cambios no fueron estadisticamente significativos (Figura 23B).

En estas tres moléculas se observd un patrén con tendencias consistentes en el
que tratamiento VSAK redujo la produccién de las moléculas proinflamatorias

producida por los LPS, aunque el analisis no indico significancia estadistica.

Un efecto similar fue observado en el analisis de IL-13, el mayor nivel de esta
molécula se observé en el grupo LPS (4.06+1.45), en comparacién con los grupos
CONTROL (1.73%£1.06), VSAK (1.7810.04) y LPS+VSAK (1.1£0.92). El analisis
indico que las diferencias entre grupos no representaron un cambio significativo
(Figura 23C).

En el caso de IL-8, el mayor nivel de esta citocina fue observado en el grupo LPS

(75.341£15.55), este cambio presento una diferencia significativa con respecto al
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grupo CONTROL (20.3£7.44). En comparacion con VSAK (42.57112.44) Y
LPS+VSAK (54.65+6.01), este cambio no fue significativo (Figura 23D).

El analisis de la proteina MIP-1(3 indico que el nivel de esta citocina fue mas elevado
en el grupo LPS (934.1£170.6), este incremento fue estadisticamente significativo
comparado con los grupos CONTROL (172.9+49.9), VSAK (154.5£27.37) y
LPS+VSAK (446.41+61.32) (Figura 23E).
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Figura 23. Marcadores pro-inflamatorios. (A) Niveles de TNFa. En este analisis no se encontraron
diferencias significativas. CONTROL (0.55+0.21), VSAK (0.67+0.19), LPS (13.4848.063) y LPS+VSAK
(0.56+0.13). (B) Niveles de IL-1a. Este analisis no indico cambios significativos. CONTROL
(314.9+71.65), VSAK (439+210.9), LPS (823.1+350.5) y LPS+VSAK (174.8 +48.69). (C) Niveles de IL-
1B. En este andlisis no se encontraron diferencias CONTROL (1.73+1.06), VSAK (1.78+0.04) LPS
(4.06£1.45) y LPS+VSAK (1.1+0.92). (D) Niveles de IL-8. En este analisis el grupo LPS (75.34+15.55)
mostro un nivel significativo respecto al grupo CONTROL (20.3+7.44, p=0.03, *), con los grupos
VSAK (42.57+12.44) y LPS+VSAK (54.65+6.01), no hubo cambios significativos. (E) Niveles de MIP-
1PB. En este analisis el grupo LPS (934.1+170.6) presento un nivel mas elevado comparado con los
grupos CONTROL (172.9+49.9, p=0.002, **), VSAK (154.5%+27.37, p=0.0018, **) y LPS+VSAK
(446.4461.32, p=0.027, *). Datos presentados como promedio * error estandar.
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8.6.5. Niveles de Glucosa e Insulina

A partir de los plasmas recuperados, se realizé el analisis de los niveles en
circulacion de glucosa e insulina, en los animales utilizados en los ensayos de PET.

El analisis de los niveles de Glucosa indico que los animales del grupo LPS
(191.5+4.9) presentaron un nivel mayor de Glucosa en circulacién en comparaciéon
con los animales de los grupos CONTROL (148.5+0.86), VSAK (142+4.3) y el grupo
VSAK+LPS (152+1.15) (Figura 24A).

Por otro lado, el analisis de Insulina indico que el grupo LPS (5.41£1.5) presento un
mayor nivel de esta molécula en comparacién con lo observado en los otros grupos
(CONTROL 1.5+0.55, VSAK 2.5+0,8 y VSAK+LPS 3.81£0.9). Sin embargo, esta
diferencia no fue estadisticamente significativo (Figura 24B).
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Figura 24. Niveles de insulina y glucosa en circulacién. (A) Datos del nivel circulante de glucosa.
Se observd un aumento en el nivel circulante en el grupo LPS (191.5+4.9) con respecto al grupo
CONTROL (148.5+0.86. p=0.04, *), VSAK (142+4.3, p=0.016, **) y el grupo VSAK+LPS (152+1.15,
p=0.03, *), estos dos ultimos también tuvieron valores grupos fueron mas homogéneos en
comparacion. s. (B)Niveles de Insulina. En este analisis se puede apreciar que el nivel promedio
de insulina en el grupo LPS (5.4+1.5) es mayor al observado en los otros grupos (CONTROL
(1.5+0.55), VSAK (2.5+0.8) y VSAK+LPS (3.8+0.9)). Sin embargo, estos cambios no fueron
estadisticamente significativo. Datos presentados como el promedio error + estandar
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9. DISCUSION
En los diferentes ensayos que hemos realizado utilizando el péptido VSAK, hemos
demostrado propiedades interesantes que permiten su uniéon a los LPS y la

mitigacion de los efectos producidos por los LPS.

En primera instancia, nuestros analisis in silico utilizando simulaciones de dinamica
molecular de grano grueso nos han permitido comprender aspectos criticos de los
ensayos del péptido. Uno de los efectos mas notorios observados en las
simulaciones al ser inspeccionadas visualmente, fue la union selectiva de VSAK
hacia los LPS. En los sistemas LPS-POPC se observa una clara preferencia de
VSAK hacia la hemicapa de LPS, si bien, existen ocasiones el péptido puede hacer
contacto con la membrana sin asociarse con esta, al avanzar la simulacién este
termina haciendo contacto con los LPS y uniéndose a esta hemicapa. Es interesante
notar que el contacto de VSAK ocurre en la region superficial manteniéndose en la
interfaz comprendida entre la regidn del nucleo y los dimeros de glucosamina del
lipido A, en el tiempo de simulacion utilizado no se observo que existiera una
penetracion de VSAK. Este comportamiento coincide con lo observado en el estudio
de otros péptidos con capacidad de union a LPS en donde inclusive a tiempo
elevados de simulacién (20us) no se observa penetracion en la membrana, a menos
que esta se forzada por la aplicaciéon de una fuerza dirigida (Montero Vega et al.,
2022). Ademas, esta incapacidad de VSAK para penetrar hacia la interfaz de lipidos
de la membrana, podria explicar la falta de actividad bactericida que fue observada
en VSAK (Garcia-Gonzalez et al., 2015). En el caso los sistemas que estaban
constituidos unicamente por fosfolipidos (POPC-POPC y POPS-POPC), en esto no
se observo una incorporacién del péptido VSAK en ninguna de las hemicapas. En
estos sistemas también existen eventos en los que el péptido VSAK se aproxima a
las hemicapas, sin embargo, estos contactos son transitorios y el péptido
permanece en la interfaz del solvente durante la mayor parte de la simulacién. En
principio, las simulaciones aportan informacién sobre la capacidad de VSAK para
unirse a membranas constituidas por LPS de forma selectiva, teniendo una
interaccidon minima con membranas constituidas por fosfolipidos, inclusive cando

estas estan constituidas por fosfolipidos con carga negativa, como lo es POPS. Este
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evento podria estar asociado a estructura primaria del péptido la cual presenta
aminoacidos clave para la interaccion con los elementos con carga negativa a nivel
de la membrana, como son la lisina en posicion cuatro, sin embargo, la falta de
aminoacidos hidrofobicos como triptéfano limita la capacidad de interaccion con la

interfaz hidrofobica del nucleo de lipidos de la membrana (Faya et al., 2019).

Por otro lado, el uso de la variante VSAK Q3 ha permitido explorar la contribucion
de las cargas positivas presentes en VSAK en su unién a LPS, en la estructura de
VSAK la mayoria de los aminoacidos son apolares por lo que los aminoacidos con
carga positiva tienen un papel relevante para la solubilidad del péptido y su afinidad
por moléculas con carga negativa. En las simulaciones en las que se utilizd este
péptido, se observé que este perdia la selectividad hacia los LPS pudiendo inclusive
interactuar con la hemicapa compuesta de fosfolipidos (POPC). Sin embargo, esta
interaccién parece ser mas labil que la del péptido VSAK, debido a que en el sistema
POPC-POPC el péptido VSAK Q3 se acerco de forma intermitente a la superficie
de ambas hemicapas pero era posible que este regresara al solvente. Ademas, en
los sistemas POPS-POPC se observd un acercamiento preferencial de VSAK Q3
hacia la hemicapa POPC, lo cual indica la preferencia de VSAK Q3 por lipidos

electroneutros.

En estas simulaciones, el analisis de energia de los sistemas LPS-POPC indico que
la presencia del péptido produce una disminucion de la energia total del sistema, en
comparacion con el sistema solo o el sistema POPS-POPC. Este efecto indicaria
que la unién de VSAK a los LPS se ve energéticamente favorecida, lo cual no ocurre
en el caso del péptido VSAK Q3. Este evento coincide con lo observado en analisis
de Calorimetria de titulacion isotérmica, utilizando un péptido similar a VSAK, el cual
también se une a LPS. En estos ensayos se ha demostrado que esta reaccion
puede ocurrir de forma espontanea y esta energéticamente favorecida (datos no
publicados). En el caso de los sistemas POPC, el cambio en energia es menor en
comparacioén con lo observado con los LPS, estos cambios pueden ser atribuidos a
una disminucion de la entropia del solvente en el caso de VSAK y la uniéon de VSAK

Q3 a las membranas de fosfolipidos. Los efectos observados podrian estar
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asociados a una modificacion en la organizacion de los LPS en los sitios del
contacto del péptido, produciendo un estado de menor entropia que podria resultar
en la reduccion de energia, esto coincide con lo observado en otros péptidos que
pueden inducir un cambio de fase en hemicapas de LPS (Jefferies et al., 2017). Este
cambio en la estructura de los LPS, esta asociado a lo observado en los analisis de
difusion (MSD). En estos ensayos se observo una disminucion en la difusion lateral
de LPS, este efecto podria estar observado a esta transicion hacia una estructura
mas compactada y de menor movilidad en los LPS que estan contacto con el péptido
VSAK. Un efecto similar ha sido observado en péptidos derivados de Polimixina B
con capacidad de unién a LPS (Berglund et al., 2015; Fu et al., 2020).

Este efecto de VSAK para inducir producir perturbaciones en la estructura de los
LPS fue observado mediante microscopia electronica. En soluciones acuosos los
LPS tienden a agregarse en forma de fibras cubicas, en las que el lipido A se localiza
en el centro mientras que la region del nucleo y el antigeno O se mantienen en la
periferia (Castelletto et al., 2023). Este tipo de estructuras fueron claramente
observadas en las micrografias de LPS en solitario, sin embargo, cuando estos eran
coincubadas en presencia de VSAK, se observo la perdida de esta estructura hacia
agregados, que podrian coincidir con la estructura multilaminar que producen otros
HDPs y que es un evento asociado a la inhibicibn de la capacidad
inmunoestimuladora de los LPS asociada la pérdida de la estructura tipica
(Brandenburg et al., 2011; Kaconis et al., 2011). En el caso de VSAK, en primera
instancia se observé una disminucion de los hace de fibras de LPS a la
concentracion de 567.7uM; posteriormente al aumentar la concentraciéon de VSAK
(1.12mM), se observo la disminucion de la densidad de las fibras de LPS y la
aparicion de estructuras micelares. En la concentraciéon mas alta de VSAK utilizada
en nuestros ensayos (2.25mM), hubo una pérdida de la mayor parte de las fibras de
LPS y la desaparicién de los agregados micelares; ademas, en estos ensayos se
observo la aparicion de agregados amorfos de gran tamafio, estos podrian coincidir

con agregados multilaminares de LPS (Hong et al., 2022).
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Las simulaciones de dinamica molecular han aportado informacion relevante acerca
de la capacidad de VSAK para interactuar con los LPS, especialmente en la
importancia de las cargas positivas del péptido para esta interaccion. Esto da
indicios de la importancia de la estructura primaria de VSAK para esta interaccion,
la cual favorece al mismo tiempo la selectividad de VSAK hacia lipidos con cargas
negativas importantes y la estabilizacion de la interaccion con estas moléculas. En
este sentido, el uso de simulaciones puede ser una herramienta muy util para el
estudio y desarrollo de HDPs y otros péptidos bioactivos. Por lo que la
implementacion de simulaciones atomisticas, acoplamiento molecular y muestreo
computacional para posteriores estudios del mecanismo de interacciéon de VSAK
con los LPS (Nicholas et al., 2021; Suzuki et al., 2010).

Otro de los aspectos que se han abordado para analizar los efectos de VSAK han
sido sus efectos a nivel celular. En primera instancia estos sistemas se han utilizado
para estudiar la inocuidad del tratamiento con el péptido VSAK, para descartar
posibles efectos citotdxicos que pueden observarse en péptidos con capacidad de
interactuar con membranas (Bhandari et al., 2020; Kumar et al., 2018). En este
sentido se evaluo el efecto hemolitico y citotéoxico de VSAK en un intervalo de
concentraciones muy superiores a la que se ha establecido como terapéutica en
otros ensayos celulares o la que es utilizada para administraciones en modelos
animales. En los ensayos de hemolisis utilizando eritrocitos frescos, no se observé
un efecto hemolitico asociado al péptido VSAK en el intervalo de concentraciones
utilizadas (10-500 ug/ml), e inclusive el péptido VSAK es capaz de reducir el efecto
hemolitico producido por altas concentraciones de LPS (Brauckmann et al., 2016).
Las concentraciones de LPS necesarias para inducir hemolisis son demasiado
elevadas en comparacion con lo que se observa de manera normal durante una
infeccion, por lo que el efecto hemolitico de los LPS no es un evento que ocurre de
manera normal en el curso de una infeccién, en donde las concentraciones de LPS
en circulacién alcanzan unos cuantos nanogramos por kilogramo; aun asi, siendo
suficientes para inducir una respuesta sistémica severa (Dinges & Schlievert, 2001).
Esta disminucion del efecto hemolitico de los LPS respalda el hecho en el que la

unién de VSAK a los LPS forma complejos LPS-VSAK con menor actividad, esto
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coincidiria con la formacién de agregados de LPS-VSAK observada en los ensayos
de microscopia electrénica los cuales tendrian propiedades distintas a los
agregados de LPS y presentarian una capacidad disminuida para interactuar con
las membranas de los eritrocitos. Este evento coincide con la alteracion de las
propiedades tipicas de los LPS al cambiar la estructura de los agregados.(Dijkstra
et al., 1988).

En los ensayos de citotoxicidad con VSAK utilizamos dos lineas celulares que
fueron sometidas a curvas dosis respuesta en concentraciones crecientes de VSAK.
Como comparacion utilizamos una curva con un detergente, considerando el efecto
similar a detergente que tienen algunos péptidos antimicrobianos (Bechinger &
Lohner, 2006). En estos ensayos no se encontré un efecto citotéxico que pudiera
ser asociado con el péptido VSAK, inclusive a concentraciones muy elevadas del
péptido VSAK. Estos resultados son un buen indicador del péptido VSAK, debido a
que los efectos citotoxicos de los HDPs son unos de aspectos criticos en el

desarrollo de estas moléculas (Bacalum & Radu, 2015).

En lo que respecta a los aspectos celulares del péptido VSAK sobre el desarrollo de
la respuesta a LPS, se optd por el estudio del efecto de este tratamiento en dos
lineas celulares: las células HAEC y las células THP-1. Estas células fueron
estimuladas con LPS para analizar cambios en la expresion de marcadores
proinflamatorios, moléculas de adhesion e indicadores de la disfuncién endotelial.
La eleccion de la linea THP-1 se baso en el fenotipo de estas células, el cual es
similar al de las células mononucleares de sangre periférica y la capacidad que

estas presentan para responder a la estimulacion con LPS (Chanput et al., 2014).

En las células HAEC el protocolo de estimulacién se realizé con LPS (4 pg/ml), se
observaron cambios minimos en la expresién de marcadores proinflamatorios como
lo son IL-6 e IL-18, si bien estos fueron mayores en células estimuladas con LPS y
LPS+VSAK, el nivel de expresion fue ligeramente mayor al de los controles y sin
relevancia estadistica. Los mayores cambios observados en esta linea celular
fueron observados en el Factor Il (factor tisular) e ICAM-1. Estos resultados son

relevantes dado el papel de estas moléculas en el desarrollo de la respuesta
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sistémica y el desarrollo del dafo organico en sepsis y choque séptico. ICAM-1 es
una molécula de adhesién que esta relacionada a la infiltracion de leucocitos hacia
los tejidos. Sin embargo, la infiltracion excesiva de estas células y la activacion
posterior, esta asociada al dafio tisular resultando en alteraciones que conducen al
dafo organico (Hildebrand et al., 2005). La expresion de esta molécula esta
regulada por MAMPS y citocinas proinflamatorias, por lo que el efecto de VSAK para
disminuir a la expresion de esta molécula estaria asociado a su capacidad de union
a LPS y la estimulacion producida por estas moléculas (Shi et al., 2010). En el caso
de Factor lll, esta molécula esta implicada en la cascada de coagulacién, teniendo
un papel clave en el desarrollo de este proceso. Durante la sepsis, esta proteina
esta asociada al desarrollo del estado protrombatico por el procesamiento excesivo
de fibrinbgeno, ademas se ha asociado la actividad de esta molécula para favorecer
la respuesta inflamatoria (Mackman, 2009). En este sentido, VSAK produjo una
reduccion muy importante en la expresion de esta molécula en células estimuladas
con LPS y VSAK, esta inhibicién es especialmente relevante debido a que las
células endoteliales son una de las principales fuentes de Factor lll, por lo que el
endotelio tiene un papel critico en el desarrollo de la respuesta sistémica (Pawlinski
& Mackman, 2010).

En los analisis realizados en las células THP-1, observamos un efecto similar de
VSAK al atenuar los cambios en la expresion producidos por los LPS. En el analisis
de IL-13 se observo una disminucién de la expresion de esta molécula cuando las
células fueron tratadas con VSAK. Un efecto muy similar fue observado en la
expresion de IL-6, en donde la expresion se vio reducida en células estimuladas con
LPS y tratadas con VSAK. El papel de estas citocinas es muy relevante en la
respuesta inicial, lo cual es un indicador de la capacidad de VSAK para mitigar el
desarrollo de la respuesta temprana a los LPS (Waage et al., 1993). Los cambios
en el receptor TLR-4 siguieron el patron observado en IL-6 y IL-1 3, aunque la
expresion total fue menor a la observada en estas dos moléculas analizadas

previamente.
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En estos analisis se utilizd NEO-3 como control positivo, esta molécula es un
agonista selectivo de TLR-4 el cual no tiene estructuras similares a lipidos o cargas
negativas (Wang et al.,, 2016). Con este tratamiento se buscaba evaluar la
dependencia de la unién LPS por parte de VSAK para la mitigacidén de la expresion
de la respuesta inflamatoria. En los ensayos en los que se utiliz6 NEO-3 se observo
una respuesta mayor a la observada con el tratamiento con LPS, lo cual coincide
con el potente efecto agonista de esta molécula para promover la activacién de
receptor TLR-4 (Wang et al., 2017). Sin embargo, el tratamiento combinado NEO-3
y el péptido VSAK presento una disminucién importante en la expresion de IL-16 e
TLR-4, lo mismo ocurrioé con IL-6 aunque el efecto general fue menor al observado
en los otros dos marcadores. Este resultado es especialmente relevante, ya que
podria indicar un papel regulador de VSAK sobre el desarrollo de la respuesta
inflamatoria que no dependeria de la capacidad de union a LPS; esta podria estar
dada por una posible interaccion de VSAK con NEO-3 o con algun factor implicado
en la respuesta inflamatoria. Este efecto de VSAK coincide con lo observado en
nuestros ultimos datos que hemos obtenido sobre el carboxilo de CETP, en donde
el carboxilo de esta proteina tiene un efecto en la regulacién de genes asociados al
desarrollo de fibrosis; por lo que es posible que VSAK pudiera tener efectos
similares, pudiendo regular cambios en la expresion de genes asociados al proceso
inflamatorio. Este efecto parece plausible en el contexto de VSAK fungiendo como
un HDP, ya que algunos de estos péptidos pueden presentar capacidades
inmunoreguladoras directas (Choi et al., 2012; Hilchie et al., 2013; Mansour et al.,
2014).

Adicionalmente, la estimulacién con las LPS en las células THP-1 produjo un
incremento en la expresion de esta molécula, la cual se vio atenuada por el
tratamiento con VSAK (LPS+VSAK). Este aspecto coincide con lo observado
anteriormente en las células HAEC y tiene implicaciones similares, asociadas al
reclutamiento e infiltracién de células inmunes. En monocitos y las células THP-1 se
ha descrito que la expresion ICAM-1 esta asociada a la polarizacién hacia un
fenotipo inflamatorio, estando relacionado a la activacion de NF-kB mediada por

estimulacion con LPS o TNFa (Wissink et al., 1997). Ademas, en estas células la
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expresion de ICAM-1 esta asociada con una mejor adhesion y un incremento de la
capacidad fagocitica (Edwards & Thomas, 2017; Zhong et al., 2021).

Este efecto sobre ICAM-1 puede asociarse con los observado en la expresion de
las sintasas de 6xido nitrico: NOS2 y NOS3. Estas moléculas estan involucradas en
la eliminacion de patdégenos a través de la generacion de especies reactivas de
nitrégeno, ademas, los efectos vasoactivos del 6xido nitrico estan asociados con el
establecimiento de una vasodilatacién sistémica observada en sepsis y choque
séptico (Fernandes & Assreuy, 2008). En nuestros ensayos la estimulacion con LPS
produjo un incremento muy notable en la expresidon de ambas sintasas, mientras
que las células que fueron tratadas con LPS+VSAK hubo una disminucion muy
importante en la expresion de ambas moléculas. Lo cual estaria asociado a una
disminucion en la generacion de 6xido nitrico y una disminucion de la produccion de
radicales de nitrégeno. Por otro lado, los cambios en la expresion de NOS3 son
especialmente llamativos, la expresion de esta sintasa en monocitos esta asociada
una produccién de alta de éxido nitrico y un incremento de la produccion de citocinas
proinflamatorias; principalmente TNFaq, la cual tiene un papel central en la respuesta
temprana y el desarrollo de la respuesta sistemica (Connelly et al., 2003; Mihl &
Pfeilschifter, 2003). En ultimo lugar se analizé la expresion de IL-10, una citocina
antinflamatoria. En nuestro analisis el nivel de esta citocina fue mas elevado en el
grupo LPS en comparacion con VSAK, sin embargo, la expresion de esta molécula
fue casi idéntica en el grupo LPS+VSAK. Esto puede indicar que la atenuacion de
los efectos de LPS no afecta los mecanismos de regulacion de este marcador
antinflamatorio, sin embargo, es necesario explorar mas a fondo los efectos de

VSAK sobre el proceso antinflamatorio (Azuma & Ohura, 2002).

Los efectos observados a nivel celular indican que VSAK es capaz de reducir el
proceso inflamatorio asociado a la estimulaciéon con LPS. Este efecto se pudo
observar en distintos tipos celulares en los que VSAK demostré efectos particulares
sobre distintos mediadores de la respuesta a LPS. Es necesario que en futuros
proyectos se caracterice con mayor profundidad los efectos de VSAK sobre esta

respuesta. Esto resulta especialmente importante debido al efecto observado en los
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tratamientos con NEO-3 en las células THP-1, el cual es un indicador de una posible
funcién reguladora de VSAK que no depende de la interacciéon con LPS y cuyo

mecanismo es desconocido hasta el momento.

El ultimo aspecto explorado durante este proyecto, fue la capacidad de VSAK para
atenuar los efectos de LPS en un modelo animal de inflamacion sistémica inducido
por la administracion intravenosa de LPS (Garcia-Gonzalez et al., 2015). En estos
ensayos utilizamos PET para analizar a nivel sistémico los cambios en la captacion
de ['8F] FDG, esta molécula es un analogo de la glucosa que puede ser utilizada
como indicador de la actividad metabdlica. Esta molécula es ampliamente utilizada
en la deteccion de tumores, debido a la actividad metabodlica de las células
cancerosas. Sin embargo, el uso de estas técnicas también puede ser util en la
deteccion de focos de infeccidn con infiltracién de células inmunes o la disfuncién
metabdlica observada en la sepsis (Gotthardt et al., 2010; Kluge et al., 2012;

Sugawara et al., 1999).

En nuestros ensayos el grupo LPS se utilizd para recrear las condiciones de
inflamacion sistémica por lo que esperabamos que este presentara alteraciones en
el patréon de captacion de ['8F] FDG. En los animales de este grupo el tratamiento
con LPS produjo una disminucién generalizada de la captacion del radiotrazador y
un incremento aparente de la captacion en los rifiones. Sin embargo, en los
animales tratados con LPS y VSAK se atenu¢ este efecto, por lo que se observo un
patréon de captacion similar al del grupo CONTROL. Por otro lado, en estos analisis
se observo que el tratamiento en solitario con VSAK no produjo cambios en el patrén

de captacion del radiofarmaco.

Estos efectos coinciden con lo observado en el analisis cuantitativo del PET, si bien
el analisis de %ID/cc y SUV del higado e intestino, no indico una diferencias
importantes o tendencias caracteristicas para los grupos. El analisis de %ID/cc y
SUV en los rifiones respaldo el efecto observado en la inspeccién visual de los
datos. El %ID/cc indicd un claro incremento en la captacion de glucosa en el rifidn
derecho de los animales del grupo LPS en comparacion con los otros tres grupos,

mientras que este mismo patrén fue observado en el rindn izquierdo sin que esta

66



diferencia fuera tan pronunciada. El analisis de SUV total fue congruente con los
observado en el %ID/cc, en donde el grupo LPS presento una mayor captacion
renal, aunque las diferencias entre grupos fueron menos marcadas debido al
incremento de la variacion observada en este analisis. En este analisis, el
tratamiento con LPS y VSAK (LPS+VSAK) presento niveles de captacion menores
a los del grupo LPS, tanto a nivel de %ID/cc como de SUV total. Este efecto sobre
el SUV renal pudo ser observado con mayor claridad en el analisis de SUV en
funcién del tiempo, en estos analisis se observo que el SUV de los animales del
grupo LPS es considerablemente mas elevado a partir de los 70 minutos. Esta
diferencia se hace mayor conforme avanza el tiempo y se mantuvo hasta el final de
la captura. Al igual que en los andlisis de %ID/cc y SUV total, el tratamiento con el
péptido VSAK en el grupo LPS+VSAK disminuyo el valor de capacion, siendo mas

similar al observado en los grupos CONTROL y VSAK.

En conjunto, los analisis de PET indican que la administracion de LPS produce un
patrén alterado en la captacion de ['®F]-FDG, el cual podria estar relacionado con
la disfuncion metabdlica que se produce en la respuesta durante el establecimiento
de sepsis y choque séptico. Por lo que el patron de captacion observado en el grupo
LPS podria asociarse a un incremento en la recaptura de ['®F]-FDG en los rifiones
debido a que este no puede ser capturada en los tejidos periféricos (Mather &
Pollock, 2011). Durante la sepsis y choque séptico esta disfuncion metabdlica esta
asociada al desarrollo del proceso inflamatorio en respuesta a la infeccién (Preau et
al., 2021; Wasyluk & Zwolak, 2021).

Este efecto se relaciona con los efectos observados en la producciéon de marcadores
de inflamacion en los grupos experimentales. En estos analisis los animales del
grupo LPS presentaron niveles elevados de TNFa, una de las principales citocinas
proinflamatorias relacionadas al desarrollo de la respuesta sistémica inducida por
LPS (Kothari et al., 2013), si bien el analisis estadistico no indicé diferencias con los
grupos VSAK y VSAK+LPS debido a la variacion observad dentro del grupo LPS,
es resaltable el hecho de en estos grupos el nivel de esta citocina fue apenas

detectable en comparacion a lo observado con el grupo LPS. Ademas, es notable el
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efecto del tratamiento con VSAK en el grupo LPS+VSAK, ya que este disminuye el
nivel de TNFa a un valor cercano al de los grupos CONTROL y VSAK. Un efecto
similar fue observado en los analisis de IL-1a e IL-1B, en donde el grupo LPS
presento mayores niveles de ambas citocinas. En estas moléculas el péptido VSAK
también produjo una disminucion en el nivel de estas citocinas al ser administrado
en conjunto con LPS. Este efecto es relevante debido al papel que tienen estas
citocinas en el desarrollo inicial de la respuesta inflamatorio, pudiendo indicar un
posible papel regulador de VSAK en al inicio de la respuesta sistémica in vivo
(Garlanda et al., 2013).

Los efectos mas notables de VSAK sobre los marcadores de inflamacién fueron
observados sobre las quimiocinas IL-8 y MIP-1(3, estas citocinas estan involucradas
en el proceso de migracion celular. Estas moléculas favorecen el reclutamiento de
neutréfilos y monocitos hacia los sitios de infeccidén, este proceso favorece la
amplificacion de la respuesta proinflamatoria ante la infeccion la cual esta asociada
al desarrollo de la respuesta sistémica en el anfitrion (Adams et al., 2001; Menten
et al., 2002; Russo et al., 2014).

En nuestro analisis, IL8 y MIP-13 mostraron un incremento notable en los animales
que fueron tratados con LPS, este incremento fue menor en los animales tratados
con LPS+VSAK. Este efecto fue especialmente notable en el caso de MIP-13 donde
la atenuacion en la produccion de esta citocina por el tratamiento con VSAK fue

especialmente relevante (grupo LPS+VSAK).

En conjunto el analisis de los marcadores proinflamatorios indica que VSAK es
capaz de disminuir la produccion de estas moléculas inducida por los LPS. Esto es
especialmente relevante, dado el papel que tienen estas moléculas en la respuesta
sistémica y el subsecuente disfuncion tisular y organica (Cavaillon et al., 2003; Devi
Ramnath et al., 2006; Lépez-Bojorquez et al., 2004). Es interesante notar que en
este modelo el tratamiento con VSAK tuvo un efecto mitigador de la respuesta
inmune , lo cual representan una ventaja en comparacion con otros tratamientos en
los que el uso de moléculas destinadas a inhibir la funcién de algun componente

involucrado en la respuesta inmune terminan funcionando como inmunosupresores
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y generando efectos deletéreos adicionales a los del proceso infeccioso, como lo ha

sido el uso de anticuerpos para algunas citocinas (Cohen & Carlet, 1996).

En base a los cambios observados en la expresion de marcadores proinflamatorios,
se considero la posibilidad de que la respuesta inflamatoria estuviera asociada a los
cambios en el patrén de captacion observado en los animales del grupo LPS. En
este sentido se realizé el analisis de glucosa e insulina en las muestras recuperadas.
Este analisis indico que en el grupo LPS el nivel de Glucosa en circulacion fue mayor
al de los otros tres grupos (CONTROL, VSAK, LPS+VSAK). Ademas, el analisis de
insulina indico que los animales del grupo LPS presentaron un mayor nivel de esta
molécula en circulacién en comparacion, mientras que el tratamiento con VSAK

disminuyo ligeramente el nivel de esta molécula en el grupo LPS+VSAK.

Al considerar la expresion de moléculas proinflamatorios junto con el patron de
distribucion y los cambios en Glucosa e Insulina, se planted la posibilidad de que la
disfuncion metabdlica producida por los LPS estuviera produciendo un estado
similar a la resistencia a la insulina (Carlson, 2003; Clemens et al., 1984; Clowes et
al., 1978). Este efecto ha sido observado en otros ensayos en los que la respuesta
inflamatoria se asocia a una insensibilizacion a los efectos de la insulina y es
considera un indicador negativo para el prondstico de los individuos (Marik &
Raghavan, 2004; Schetz et al., 2008). Este fendmeno esta relacionado a la actividad
de citocinas como TNFa, cuya activacion esta asociada a eventos que inducen una
insensibilizacion a los efectos de la Insulina al alterar el mecanismo de sefalizacién
normal (Lassenius et al., 2011; Mehta et al., 2010; Nieto-Vazquez et al., 2008). Por
tanto, la diminucién del proceso inflamatorio producida por el tratamiento combinado
con LPS y VSAK estaria asociada a una mitigacion de las alteraciones que dan lugar
del patron de captacion de ['®F]-FDG producido por los LPS. Indicando que VSAK

para atenuar las alteraciones metabdlicas producidas por los LPS in vivo.

En conjunto, los diferentes sistemas que hemos utilizado para entender los efectos
del péptido VSAK indican que este péptido tiene una importante capacidad para
mitigar los efectos de los LPS. Esta capacidad estaria dada por la capacidad de

VSAK para unirse a los LPS con una alta afinidad y avidez. Esta unién a los LPS
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produce una alteracidn de la estructura tipica de estas moléculas, lo cual conllevaria
a la formacién de agregados de VSAK-LPS con una actividad reducida. Este efecto
coincide con lo reportado por otros grupos, en los que cambios en la organizacién
de los LPS conducen a la formacion de agregados con capacidad estimulatoria
reducida (Mueller et al., 2004). Esta capacidad de VSAK se mantendria en
circulacion, lo cual favoreceria una diminucién de la respuesta inflamatoria que se
produce ante los LPS y otros efectos a nivel celular y tisular, como la disfuncion
metabdlica observada en estas patologias. Adicionalmente, es posible que VSAK
tenga propiedades aun no descritas que puedan tener un efecto sobre el proceso

inflamatorio, las cuales serian independientes a la union de LPS

Las propiedades observadas en VSAK hacen que sea un péptido con caracteristicas
prometedoras para la generacion de tratamientos adyuvantes que puedan ser
utilizados en conjunto con las estrategias tradicionales para prevenir el desarrollo
de sepsis y choque séptico (Barcena-Varela et al., 2017). Sin embargo, es necesario
ampliar el repertorio de ensayos con el objetivo de entender a mayor profundidad
los mecanismos moleculares de VSAK y los efectos de tratamiento. No obstante,
durante el desarrollo de este proyecto se ha aportado valiosa informacion sobre las
capacidades de VSAK y su potencial como molécula terapéutica (Luna-Reyes et al.,
2021).
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10. CONCLUSIONES

El péptido VSAK es capaz de unir a los LPS con una alta selectividad, la cual estaria
dada por las cargas presentes en el péptido y prevendria la interaccion de VSAK con
lipidos neutrales, como los fosfolipidos presentes en las células eucariotas. Ademas,
esta union estaria estabilizada por la presencia de aminoacidos hidrofébicos en VSAK,

permitiendo la formacion de un complejo estable de VSAK-LPS.

La union de VSAK altera el patron normal de agregacion de los LPS, favoreciendo la
formacion de agregados micelares de menor tamano. Estos agregados perderian
propiedades tipicas de los LPS, como su capacidad de desestabilizar las membranas

de eritrocitos para inducir la lisis de estos.

A nivel celular, el tratamiento con VSAK no presenta efectos citotdxicos inclusive a
concentraciones elevadas del péptido. Sin embargo, los ensayos con NEO-3 indican
que VSAK puede tener efectos a nivel celular que deben ser estudiados en futuros

proyectos.

En las células THP-1 y en las células HAEC, VSAK tuvo un efecto mitigador de los
efectos producidos por los LPS, el cual se vio reflejado en la disminucion generalizada

de la expresién de los marcadores de inflamacién analizados en estas células.

Mediante el uso de PET fue posible analizar la respuesta sistémica a los LPS en un
modelo animal. En estos ensayos se observd un patrén de captacion caracteristico de
la respuesta sistémica a LPS el cual pudo ser atenuado por el tratamiento con VSAK.
En adicion a los efectos observados mediante PET, in vivo el péptido VSAK atenud la
produccién de marcadores proinflamatorios inducidos por los LPS, ademas de mitigar
los cambios asociados a la disfuncion metabdlica que ocurre durante la respuesta

sistémica.

Los efectos observados con el tratamiento con el péptido VSAK para mitigar la
respuesta a los LPS, son un buen indicador del potencial de VSAK para ser utilizado
durante el desarrollo de la respuesta inflamatoria sistémica durante una infeccion, y con

ello prevenir la progresion hacia sepsis y choque séptico.
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11. PERSPECTIVAS.

Durante el desarrollo de este proyecto se ha obtenido informacién muy importante
sobre la interaccion de VSAK a los LPS, no obstante, aun es necesario entender a
mayor detalle como ocurre esta union. En este aspecto, el uso de herramientas de
biologia computacional puede resultar especialmente util para facilitar la exploracién
de estas propiedades. El uso de técnicas como la dinamica molecular y el
acoplamiento pueden hacer mas eficiente el desarrollo de estos analisis. Ademas,
la incorporacion de técnicas aun mas novedosas como el uso de inteligencia artificial
para realizar muestreos extensivos utilizando modelos moleculares, son opciones
interesantes para desarrollar este aspecto de la investigacion. Adicionalmente,
hemos comenzado con la implementacién de ensayos de calorimetria para, en
conjunto con los ensayos de dinamica molecular y el uso de microscopia electronica,
determinar las caracteristicas fisicoquimicas de la unién de VSAK a los LPS y los
efectos que esto produce sobre la estructura de los LPS. En conjunto, es posible
combinar el uso de estas metodologias para estudio y optimizacién de las

propiedades del péptido VSAK.

A nivel celular, es necesario profundizar en los efectos del péptido VSAK,
especialmente en tipos celulares relacionados con la respuesta inmune. En este
sentido es necesario ampliar el analisis de marcadores de inflamacion, para abarcar
aspectos como el reclutamiento de leucocitos y el proceso antinflamatorio. Ademas
de que sera necesario explorar la produccidon de estas moléculas, mas alla de la

expresion, considerando los aspectos de regulacion postranscripcional.

Otro aspecto relevante es la incorporacion de nuevos modelos animales, la sepsis
y el choque séptico son patologias exquisitamente complejas por lo que es
necesario utilizar modelos que reproduzcan aspectos particulares de estos estados

y en los cuales se puedan analizar los efectos terapéuticos de VSAK.

Entender a detalle los efectos de VSAK, permitira plantear el uso de este péptido en
ensayos clinicos en los cuales se pueda evaluar cémo la capacidad de VSAK para
unir LPS puede tener un papel relevante durante el tratamiento de infecciones para

prevenir el desarrollo de sepsis y choque séptico.
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Peptide VSAK maintains tissue
glucose uptake and attenuates
pro-inflammatory responses
caused by LPS in an experimental
model of the systemic
inflammatory response syndrome:
a PET study

Ismael Luna-Reyes?, Eréndira G. Pérez-Hernandez?, Blanca Delgado-Coello?,
Miguel Angel Avila-Rodriguez? & Jaime Mas-Oliva'™

The present investigation using Positron Emission Tomography shows how peptide VSAK can

reduce the detrimental effects produced by lipopolysaccharides in Dutch dwarf rabbits, used to
develop the Systemic Inflammatory Response Syndrome (SIRS). Animals concomitantly treated with
lipopolysaccharides (LPS) and peptide VSAK show important protection in the loss of radiolabeled-
glucose uptake observed in diverse organs when animals are exclusively treated with LPS. Treatment
with peptide VSAK prevented the onset of changes in serum levels of glucose and insulin associated
with the establishment of SIRS and the insulin resistance-like syndrome. Treatment with peptide
VSAK also allowed an important attenuation in the circulating levels of pro-inflammatory molecules
in LPS-treated animals. As a whole, our data suggest that peptide VSAK might be considered as a
candidate in the development of new therapeutic possibilities focused on mitigating the harmful
effects produced by lipopolysaccharides during the course of SIRS.

During the last years, infections have re-emerged as one of the most important public health problems around
the globe. Since nowadays the aggravated states of an infectious process, such as sepsis and septic shock are the
main causes of death in Intensive Care Units worldwide, there is the imperative need to find new ways not only
to diagnose but also to successfully treat these conditions?. Sepsis is characterized by the presence of infection
in association with a dysregulated host response and organ failure; while, septic shock also includes the develop-
ment of systemic hypotension®*. Dysregulation of this response is mainly characterized by an imbalance in the
systems that regulate the host’s immune activation when the presence of the pathogen leads to the development
of a hyper-inflammatory state followed by the exhaustion of the immune system to adequately respond®. With
this concept in mind, and the goal to establish a set of guidelines that would allow to study the translational value
of preclinical experimental models to the clinical setting, it is now established that the term Systemic Inflamma-
tory Response Syndrome (SIRS), corresponds to a more appropriate term than experimental sepsis when LPS
are used to trigger an inflammatory response®.

The recognition of molecules by the innate immune system has a leading role in the host’s response through
molecules present in most pathogenic organisms that stimulate the development of a systemic defense. As a
whole, such molecules known as MAMPS for Microorganism Associated Molecular Patterns’, can be recognized
through receptors that collectively are known as Pattern Recognition Receptors or PRR’s. Toll-like receptors
(TLRs) are considered one of the main families of receptors included among PRR’s. Within the TLRs, the type
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4 receptor (TLR4) plays an important role in the development of the host immune response during bacterial
infection® through the recognition of lipopolysaccharides (LPS), one of the most immunogenic MAMPS and
responsible for the development of septic shock in infections caused by Gram-negative bacteria®!!.

LPS molecules present three well-defined regions within their structure (lipid A, a core region and the O anti-
gen), that show a large degree of variability independent of each other'?. Lipid A considered the most conserved
region of LPS, presents special importance for recognition by the immune system. When this region binds to a
member of the lipopolysaccharide-binding protein family, the complex is recognized by the TLR4 receptor, and
the development of the host response initiates!?.

Lipopolysaccharide-binding proteins are part of a family of proteins known as PLUNC-containing-motif
proteins (PLUNC for Palate, Lung, Nasal-epithelium Clone-Protein). PLUNC proteins are involved in the defense
system against pathogens of the upper airways and palate'*'¢. Sharing a common structural motif, so far this
family includes four members: the bactericidal permeability-increasing protein (BPI); the lipopolysaccharide-
binding protein (LBP); the phospholipid-transfer protein (PLTP), the cholesterol-ester transfer protein (CETP),
and the cholesterol-ester transfer protein intestinal isoform (CETPI) discovered by our group'’*.

CETP corresponds to a plasma protein involved in the transfer of triacylglycerols and cholesterol-esters
between lipoproteins, showing a critical role in the homeostasis of cholesterol metabolism and therefore being
responsible for the reverse transport of cholesterol?*?2, Several years ago, studying this protein, our group dis-
covered the presence in the human plasma of a new variant of CETP, called at that time cholesterol-ester transfer
protein isoform from the intestine or CETPI". Since then, we have reported that CETPI shares a very high degree
of structural conservation with respect to CETP (~96%) while maintaining the same secondary and tertiary
structures. The only difference found between these proteins resides in a change in the last 23 amino acids of
the carboxy-end segment of CETP. Interestingly, despite being almost identical, this minimal difference allows
both proteins to perform completely different functions®.

By using a series of synthetic peptides derived from the carboxy-end segment of CETPI, we have established
an important LPS binding property for this new protein. Therefore, employing a synthetic peptide containing
18 amino acids derived from this carboxy-end segment of CETPI (named VSAK for its first amino-end four
amino acids), we have described that the interaction between peptide VSAK and LPS can neutralize LPS induced
toxicity in vitro as well as in vivo. Moreover, the in vivo administration of peptide VSAK in an experimental
animal model of septic shock, demonstrated that the intravenous administration of this peptide prevents the
harmful effects of LPS associated with the development of this acute clinical condition'®. As an extension of these
results, the present investigation considered as proof of concept has allowed us to further test the in vivo action of
peptide VSAK in LPS treated experimental animals using Positron Emission Tomography (PET), by measuring
glucose metabolism through 2-deoxy-2-['*F]fluoro-D-glucose (['*F]FDG) tissue uptake in parallel with the study
of pro-inflammatory cytokines, plasma glucose, and insulin. ['*F]JFDG corresponds to a radiolabeled glucose
analogue that is actively incorporated into the cell through glucose transporters (GLUTs), then phosphorylated
by hexokinases to FDG-6-phosphate, and trapped within the cell. The uptake of this radiotracer reflects tissue
glucose uptake and metabolism.

Results

Peptide VSAK prevents the deleterious effects of circulating LPS allowing a normal tissue [*6F]
FDG permeation in a model of the systemic inflammatory response syndrome. Images were
generated from data obtained during the PET experiment by using a dynamic scan data acquisition format
(Fig. 1A). These images correspond to total ['*F]FDG uptake observed at the end of the experiment (minute
70) in a representative animal from each experimental group (Fig. 1B, Supplementary Videos S1-S4)). Control
groups consist of animals injected only ["*F]FDG, or peptide VSAK (Fig. 1B, Supplementary Videos S1-S2).
Consistently with the three animals studied, an important decrease in ['*F]FDG uptake was observed in the
LPS treated group with respect to controls (Fig. 1B, Supplementary Video S3). Remarkably, animals injected in
the opposite ears within a 1-min interval with LPS and peptide VSAK, present [**F]FDG uptake values qualita-
tively similar to images seen in the control groups, demonstrating the LPS buffering capability of peptide VSAK
(Fig. 1B, Supplementary Video S4).

Quantitative analysis performed on intestine and liver tissues from this set of animals is shown in Fig. 1C,D.
Standard Uptake Values (SUV) for these tissues were normalized using the first 10 min as basal uptake. Related
to the number of samples measured, although no statistical differences were found among experimental groups
when SUV for ["*F]FDG is measured in the intestine, there is an interesting trend showing an attenuation from
the LPS effects carried out by peptide VSAK (Fig. 1C), results that agree with the PET images shown earlier.

When SUV for ['8F]FDG from animals treated under the same referred experimental conditions was meas-
ured in the liver at 25 and 40 min after the start of the experiment, there are no significant differences in [**F]
FDG uptake (Fig. 1D). Nevertheless, after 55 min had elapsed, a significant recovery in ['*F]FDG uptake was
found between the LPS and the VSAK +LPS group. These differences, maintained until the end of the experiment
(70 min), again, are consistent with the PET images shown in Fig. 1B.

Since this experiment did not seem to present clear differences between experimental groups during the time
frames evaluated, including the first 10 min of basal PET data acquisition, a second experiment was designed
applying the administration of ['*F]FDG and treatments at time zero, increasing the LPS concentration used,
and the PET acquisition time from 70 to 90 min.

This new set of experiments employing a higher LPS dose (450 ng/kg) was conducted to evaluate the potential
neutralizing effect of peptide VSAK under LPS saturating conditions (Fig. 2A). PET images from this experiment
are shown in Fig. 2B, and supplementary videos S5-S8. In accordance to results obtained during the first experi-
ment, a similar response can be observed, where tissue ['"*F]FDG perfusion dramatically drops when a higher
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Figure 1. Systemic ['®F]FDG uptake after the administration of LPS (300 ng/kg) and/or peptide VSAK (60 pg/
kg). (A) Schematic representation showing the administration of treatments and PET acquisition procedures.
(B) PET images showing the global ['*F]FDG uptake of representative experimental rabbits during a 70 min
acquisition time. Quantitative analysis for the small intestine (C) and the liver (D) during the different time
intervals of PET acquisition (mean of normalized SUV + SEM). Statistical differences were found in the liver
between the LPS and LPS + VSAK groups at 55 min (p=0.027 *) and 70 min (p=0.002 **). Control, VSAK;
LPS and VSAK + LPS groups, n=3 for each group. Differences assessed using two-way ANOVA with Tukey’s
multiple comparison tests.
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Figure 2. Systemic ['®F]JFDG uptake after the administration of LPS (450 ng/kg) and/or peptide VSAK (60 pg/
kg). (A) Schematic representation showing the administration of treatments and PET acquisition procedures.
(B) PET images showing the global '8 FDG uptake of representative experimental rabbits during the 90-min
acquisition time. (C) The quantitative analysis expressed as a percentage of the injected dose per gram of tissue
(%ID/g). (D) percentage of injected dose per organ (%ID/organ). Control, VSAK; LPS and VSAK + LPS groups,
n=3. Differences assessed using two-way ANOVA with Tukey’s multiple comparison tests.
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Figure 3. Vital signs of experimental animals under treatment with LPS (450 ng/kg) and/or peptide VSAK

(60 pg/kg) registered throughout the PET study. (A) Temperature recordings were obtained every 5 min

during the 90-min duration of the experiment. At 60 min significant differences started to be seen: LPS /
VSAK +LPS groups (*p=0.03). Between 70-90 min: LPS / VSAK groups (**p=0.007); LPS / VSAK +LPS groups
(**»=0.003). Control, VSAK; LPS and LPS + VSAK groups, n=3. (B) Respiratory frequency (n=3). Differences
assessed using two-way ANOVA with Tukey’s multiple comparison tests.

LPS concentration is used (Fig. 2B, Supplementary Video S7). This decrease in glucose perfusion is countered
with the intravenous injection of peptide VSAK (Fig. 2B, Supplementary Video S8).

As shown in Fig. 2C, a direct measurement of Specific Tissue Activity (%ID/tissue) and Specific Organ Con-
sumption (%ID/organ) from the same set of experimental animals was carried out in whole organs and samples
from blood, liver, spleen, small intestine, and stomach (Fig. 2C,D). Even though due to the number of animals
studied, no statistical significance was found among groups in both types of analysis, there is a clear tendency for
LPS to decrease ['®F]FDG uptake, a situation that is reversed by the infusion of peptide VSAK. Again, there seems
to be a protective trend against the action of LPS caused by the presence of peptide VSAK in circulation. Also,
body temperature and respiratory frequency of animals from the different experimental groups were measured
along with the PET experiments (Fig. 3). Although most probably due to the effect of the anesthetic, a continu-
ous decrease in temperature could be observed in all animals from the different groups, there is a tendency for
body temperature to decrease in all groups, and specially in the LPS group. At the end of the experiments, this
last group showed severe hypothermia, a situation that was prevented when experimental animals were treated
with peptide VSAK (Fig. 3A). These results indicate the ability of peptide VSAK to attenuate the continuous
drop in temperature associated with hypothermia during the establishment of SIRS. On the other hand, since
the parameter of respiratory frequency was employed to adjust the dosage of anesthetic and as an indicator of
the effect of anesthesia during the procedure, there are no apparent changes between groups. Nevertheless, the
group of animals treated with LPS and peptide VSAK seemed to present lower respiratory frequency values in
comparison to the other groups (Fig. 3B).
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Figure 4. SUV analysis of organ throughout the experiment using 1-min frames. (A) Right kidney. LPS
(7.33+3.09); LPS+ VSAK groups (2.77 £ 0.64) at minute 60 (*p=0.04). This difference was maintained during
the 90 min of the experiment. VSAK (2.82+1.42); LPS (8.02+4.61) (*p=0.04); LPS+ VSAK (2.3+0.76)
(**p=0.008). (B) Left kidney. (C) Percentage comparison of injected doses (%ID/g) observed in the kidney,
liver, and small intestine. Right kidney: (**p=0.005); (*p=0.013); (***p=0.0005). Although a similar behavior
was observed in the left kidney, non-significant differences were found. (D) SUV analysis. Right kidney;
(*p=0.0085). (n=3 in all groups studied). Differences assessed using two-way ANOVA with Tukey’s multiple
comparison tests.

Since a limitation of our study might be the number of experimental animals employed, it has to be mentioned
that although a series of preliminary experiments were performed, these experiments that were not included in
the study we report, showed the same protective role exerted by peptide VSAK upon LPS derived SIRS.

Peptide VSAK prevents an increase in glucose reuptake by the kidney. Changes in glucose renal
reuptake were analyzed with data obtained from the kidneys of animals in all experimental groups (Fig. 4A,B).
Although during the analysis of data throughout the 90-min duration of the PET experiments, we found slight
differences in reuptake between the right and left kidneys, the group including LPS treated animals showed the
highest value of kidney glucose reuptake. In contrast, over time, control groups show that renal glucose reuptake
tends to decrease. Interestingly, the LPS/peptide VSAK group showed the lowest reuptake values. This result is
most probably related to the fact that this group of animals presented a normal tissue glucose uptake, very much
similar to what it is found with control groups.

To corroborate the effect observed in SUV through time, total values from both kidneys were studied in paral-
lel to the liver and intestine (Fig. 4C,D). This analysis was performed using data acquisition parameters to obtain
total %ID/cc and SUV from each organ. Following the previous analysis, we observed that the highest values
for these parameters calculated in both kidneys correspond to the LPS treated group. Moreover, the protective
effect carried out by the administration of peptide VSAK concomitantly with LPS is kept in all tissues studied.
In concordance to the PET images presented earlier, the liver and the intestine showed much lower SUV and
%ID/cc values than kidneys.
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Figure 5. Quantitative estimation of pro-inflammatory cytokines in the plasma of rabbits treated with

LPS (450 ng/kg). (A) TNFa. (B) IL-1a. (C) IL-1B. (D) IL-8. (*p=0.03). (E) MIP-1f. Control / LPS groups
(**p=0.002), LPS / LPS + VSAK groups (*p=0.027). (F) Leptin. (G) MMP-9. (H) NCAM-1. Control, VSAK; LPS
and VSAK + LPS groups, n = 3. Differences assessed using one-way ANOVA with Tukey’s multiple comparison
tests.

Peptide VSAK reduces the level of pro-inflammatory molecules in circulation. The level of a
series of circulating cytokines investigated in all experimental groups directly associated with the pro-inflamma-
tory response during the process of sepsis and septic shock are shown in Fig. 5. Studying the same animal groups
employed for the PET analysis, we observed that while control groups show low levels of TNFa, IL-1a, IL-1f,
IL-8, and MIP-1, the group of animals treated with LPS importantly increases the level of these cytokines. Inter-
estingly, this response is prevented when peptide VSAK is in parallel infused with LPS.

When the circulating levels of Leptin, MMP-9, and NCAM-1 were measured in the different groups of ani-
mals, no differences among groups were observed. Nevertheless, the level of TNF-a that dramatically increases
in the LPS treated group, is completely prevented by the intravenous infusion of peptide VSAK, as consistently
observed by us®.

To further correlate the observation made by PET associating the neutralization of LPS carried out by peptide
VSAK and the lowering effect in the levels of circulating cytokines, we also analyzed the levels of circulating glu-
cose and insulin in association with the effects produced by LPS and LPS/peptide VSAK administration (Fig. 6).
It can be appreciated that the level of glucose in the LPS group is significantly higher than that observed in the
control groups (Fig. 6A). Again, the infusion of peptide VSAK in parallel with LPS allows glucose to be kept at
levels similar to the ones measured in control groups. A similar correlation is found when insulin is studied,
finding a tendency for insulin to increase in the LPS group and recovery close to control values observed after
peptide VSAK treatment (Fig. 6B). Interestingly, despite the high level of insulin shown in animals from the LPS
group, these experimental animals show the highest level of circulating glucose, a phenomenon that is prevented
by the infusion of peptide VSAK.
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Figure 6. Plasma glucose and insulin levels from experimental rabbits after the administration of LPS (450 ng/
kg). (A) Glucose level. (**p=0.006); (*p=0.015). (B) Insulin level. (n=3 in all groups studied). Differences
assessed using one-way ANOVA with Tukey’s multiple comparison tests.
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Figure 7. Molecular dynamics simulations employing lipid bilayers composed of LPS and/or DOPC. (A)
Snapshot of a bilayer at 2250 ns containing LPS/DOPC interacting with peptide VSAK. (B) Mean square
displacement (MSD) analysis of the LPS/DOPC system in the presence or absence of peptide VSAK. (C)
Snapshot at 2250 ns of a bilayer made entirely of DOPC in the presence of peptide VSAK. (D) MSD values from
the DOPC system in the presence or absence of peptide VSAK.

Molecular dynamics. The use of molecular dynamics has allowed us to start to understand the type of
interactions that might be occurring in vivo between peptide VSAK and LPS. Figure 7A shows a captured frame
of a dynamic system consisting of a bilayer whose external hemi-layer is made up of LPS, while the internal
one is made up of DOPC. A simulation image frame obtained at 2250 ns shows peptide VSAK positioned in
contact with the external hemi-layer of the bilayer, showing a slight bilayer penetration towards the core area of
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LPS. During this simulation, it is observed that once peptide VSAK reaches the bilayer, it remains close to this
region restricting its lateral movement (Fig. 7B, Supplementary Video S9). A mean square displacement (MSD)
analysis for this set of simulations using a LPS/DOPC composite system shows the center of mass placed on the
membrane, while the total movement in the lateral plane (z) analyzed as an indicator of a change in membrane
fluidity is decreased by the presence of the peptide (Fig. 7B). Furthermore, to analyze whether this effect is
directly related to the presence of LPS, bilayer systems consisting exclusively of DOPC were generated. Figure 7C
shows a snapshot frame of one of these systems captured at 2250 ns corresponding to a simulation containing a
membrane bilayer system composed of DOPC and no LPS in the presence of peptide VSAK. It is interesting to
observe that MSD values are not affected when peptide VSAK apparently does not interact with the membrane
(Fig. 7D, Supplementary Video S10).

Discussion

The use of functional imaging techniques such as PET nowadays has had a limited impact on the study of clinical
conditions such as infection, sepsis, and septic shock. In many cases, the use of this technique has been limited
as a diagnostic support tool when the source of the infection does not have a known origin. In basic research,
the use of this technique for the study of these pathologies has also been quite limited and in a similar way to the
clinical field, used mainly to study the development of infectious processes in situ?*?>.

During the present study, we continued with our strategy to use an experimental animal model closer to
the human?-%%. Although in the past our research group used the New Zealand breed of rabbits to establish the
preventive actions of peptide VSAK against the deleterious effects of LPS in experimental septic shock'?, the
present study has been carried out employing Dutch dwarf rabbits, that in the adult stage have a similar size to
that of an adult Wistar rat. This strategy has permitted us to employ this animal model in a piece of micro PET
equipment, originally designed to study mice and rats.

The most noticeable effect found in the experimental group of animals intravenously injected with LPS was
the almost total absence of glucose uptake shown by most organs in two independent sets of PET experiments,
an observation supported by the quantitative analysis of SUV data and %ID/cc values. Although most differences
found to represent a relatively small change in the total capture of radiolabeled-glucose, our results still represent
an important event in the context of the whole organism, something common when considering that one of the
advantages of functional imaging techniques is to highlight very small variations in the specific region of study.
This point is observed after the administration of LPS, associated with an important increase in glucose uptake
by the kidneys. This effect became more noticeable as capture time advances reflected in the total uptake data for
this organ. Nevertheless, the most dramatic effect found in our study is associated with the group simultaneously
treated with LPS and peptide VSAK, where our experimental animals showed normal organ perfusion values
and did not present any of the clinical signs associated with SIRS.

The decrease in organ glucose uptake due to the administration of LPS countered by the administration of
peptide VSAK is not observed in the kidneys, where because of the administration of LPS an increase in glucose
recapture was found. Since it has been proposed this late phenomenon is not associated with a change in the
metabolic activity of the kidney?, it can be related to the fact there is an increased recapture of glucose when
most organs have become refractory to this sugar. All the changes observed in the uptake of radiotracer upon
the administration of LPS, indicate there is an alteration in the mechanisms that regulate the entry of glucose
into the cells. This alteration was confirmed by analyzing the circulating levels of glucose and insulin. While a
slight increase in insulin associated with an important increase in the circulating level of glucose was observed,
a phenomenon frequently related to metabolic dysfunction, the administration of peptide VSAK attenuated the
increase of both parameters. Therefore, it is proposed that treatment with peptide VSAK might also prevent the
establishment of an insulin-resistance-like condition®*-2

This effect is consistent with observations from the clinical setting, where a transient appearance of insulin
resistance is a characteristic event of sepsis and septic shock®®, and where the appearance of hyperinsulinemia
and hyperglycemia associated with metabolic dysfunction have been considered as a negative indicator for the
prognosis of sepsis and septic shock®. During these clinical conditions, the establishment of an insulin resistance
state is associated with the production of pro-inflammatory molecules, whose effects are known to interfere with
the normal signaling pathway for insulin®**-*. Moreover, the appearance of hypothermia that regularly occurs
during the critical phases of sepsis and septic shock® known to be exacerbated by the use of anesthetics®, can
be also related to the progressive decrease in tissue glucose uptake and the alteration of the cellular intermedi-
ate metabolism involved in the production of heat*. Interestingly, independently of the origin of this harmful
clinical sign, the administration of peptide VSAK preventing the onset of hypothermia maintains organs within
their normal metabolic homeostasis.

Since there is evidence that hyperglycemia observed during the course of sepsis and septic shock, can be due
in part to the inability for glucose to enter the cell, energy deficiency has been proposed among the mechanisms
responsible for cell dysfunction in septic shock, where low ATP levels and phosphocreatine/ATP ratios have been
associated to non-surviving cases of septic shock*"*2. This is supported by clinical studies where, for example,
serum glucose measured in children presenting signs of septic shock and high plasma glucose levels, are associ-
ated to high mortality rates*’. By studying tissue ['*F]FDG incorporation, our study supports the fact that by
improving tissue glucose uptake, and in parallel reducing hyperglycemia close to normal levels as achieved here
employing peptide VSAK, the chances for survival dramatically improve.

During the course of our study, the analysis of a series of pro-inflammatory molecules known to be involved
in the pathophysiology of sepsis and septic shock were also studied. These included TNFa, IL-1a, IL-1p, IL-8,
MIP-1, Leptin, soluble NCAM-1, and MMP-9. Among them, TNFa, IL-1a, IL-1  are known to intervene in
the development of an acute inflammatory response and therefore associated with the early development of SIRS,
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while chemokines MIP-1p and IL-8 are produced in an intermediate phase of septic shock and associated with the
migration of cells from the immune system to sites of infection to promote inflammation. TNFa that presents a
central role in the response that leads to sepsis and septic shock, has been directly involved in the host’s response
to LPS mediated by the TLR4 receptor*, and also associated to the development of insulin resistance*~’.

The analysis of these pro-inflammatory markers was completed with Leptin, MMP-9, and NCAM-1. Unlike
cytokines and chemokines, these molecules are associated with the later stages in the development of the inflam-
matory process. Since the analysis of these last three molecules showed no significant changes among the various
groups of experimental animals studied, it can be considered that our model of SIRS corresponds to an acute
model where the late phases of sepsis and septic shock are still not reached*®.

Interestingly, except for these three molecules, TNFa, IL-1a, IL-1f, IL-8, and MIP-1 showed an important
increase in their circulation level after the infusion of LPS, a response that is avoided if peptide VSAK is con-
comitantly administered. As shown before by us, TNFa one of the pro-inflammatory cytokines that importantly
increase with LPS treatment is kept at basal control levels if peptide VSAK is employed, supporting the view that
attenuation of the various pro-inflammatory molecules carried out by peptide VSAK occurs during the early
stages of the inflammatory process. The potential beneficial effects of peptide VSAK during the late stages of
SIRS will have to be further studied.

On the other hand, to explain not only the in vitro but the in vivo effects observed after the administration
of peptide VSAK, we believe it is important to understand first the type of interactions that may occur between
peptide VSAK and LPS. Therefore, in this study, we also decided to tackle this phenomenon through the use of
molecular dynamics. Coarse grain molecular dynamics of VSAK peptide studied in association with LPS/DOPC
composite systems shows there is a decrease of peptide displacement in the lateral plane of the membrane (MSD)
representative of the membrane fluidity, in contrast to the normal displacement value when peptide VSAK inter-
acts with a membrane composed only of DOPC. This result supports the possibility that interactions between
peptide and LPS already located in a membrane, might be able to decrease membrane fluidity that in turn could
interfere with the harmful cascade of cellular events known to be carried out by LPS***C.

The modulating effect of peptide VSAK showed in this study acquires special importance when consider-
ing that several of the experimental treatments investigated and designed to counteract sepsis and septic shock
have failed during their study in clinical phases due mainly to the presence of immunosuppression®'-*%. The
LPS-neutralizing effect shown by peptide VSAK raises the possibility for the use of this peptide as a therapeutic
agent in conjunction with the standard treatment approaches during the acute stages of SIRS in seriously ill
patients at the intensive care unit®>.

Materials and methods

Study design. Based on the fact that VSAK peptide can bind LPS, the goal of the present study was to find
additional evidence concerning the possibility that the intravenous administration of peptide VSAK results in
a protective measure for animals exposed to LPS in a model of SIRS. In this study, we used as an experimental
model, Dutch dwarf rabbits, found by us to be an appropriate model to evaluate the systemic effects of the
administration of LPS employing micro-PET imaging. Since our investigation has been designed as an end-
point study, fluid resuscitation employing iso-osmolar crystalloid solutions which is a standard in patient man-
agement, was not carried out. Also, as a limitation of the study, it has to be mentioned that taking into account
the duration of each experiment, and the fact that LPS are administered almost at the same time with peptide
VSAK, our model is not 100% reflective of a clinical situation.

Reagents. Purified LPS from Escherichia coli O111: B4 was purchased from Sigma-Aldrich (St. Louis, MO,
USA; Cat. L2630). LPS were solubilized at a final concentration of 10 mg/ml in glucose-free Krebs-Ringer buffer
(125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 2 mM CaCl2, 1 mM MgCl2, 25 mM NaHCO3), at pH 7.4.
VSAK peptide (VSAKPLSARSPGGRPLSP) was synthesized by GenScript USA Inc., (Piscataway, NJ, USA) with
a purity of 98%. Peptide VSAK was diluted in PBS buffer at a final concentration of 1 mg/ml. The radiotracer
2-[18]-fluoro-2-deoxy-D-glucose (['®*F]FDG) was synthesized and provided by the Radiopharmacy-Cyclotron
Unit located at Facultad de Medicina, Universidad Nacional Auténoma de México.

Experimental animals. All procedures with experimental animals were performed following the Guide
for Care and Use of Laboratory Animals from the NIH, and the current Mexican Official Norm for the Use
of Laboratory Animals (NOM-062-ZO0O-199). All experimental protocols were revised and approved by the
Animal Care and Use Committee of Instituto de Fisiologia Celular, Universidad Nacional Auténoma de México
(Protocol JM02017-17).

Twenty-four male Dutch dwarf rabbits (45 days old) were purchased from a local certified farm. Rabbits were
maintained in a quarantine period for 15 days under controlled conditions of temperature, humidity, light-dark
cycles, and ad libitum access to food and water. Before the microPET assays, animals fasted for 12 h and were
weighed 1 h before the start of the experiments to precisely estimate the corresponding doses of the radiotracer.
All procedures were performed under gaseous anesthesia (isoflurane) administered through a breathing mask
along with oxygen. For anesthesia induction, rabbits were placed in a closed chamber and administered with
5% isoflurane. The dose of anesthetic was adjusted using the respiratory rate that was kept at 50-60 breaths per
minute and maintained with 1-2.5% isoflurane during the scan acquisitions. To prevent a drastic temperature
drop caused by the anesthetic, animals were covered with a thermal coat during PET scans.

Experimental procedures. Rabbits were randomly assigned to four different experimental groups: Con-
trol, VSAK treatment, LPS treatment, and VSAK+LPS treatment. All treatments were administered via the
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marginal veins of the ears. For the first experiment, the control group was administered only with a saline solu-
tion, and the VSAK/control group administered 60 pg/kg of the peptide, as previously reported'®. Animals from
the LPS group were administered with 300 ng/kg LPS, and the VSAK + LPS group administered with 60 ug/kg
of peptide VSAK and 300 ng/kg LPS. For the first experiment, animals were first administered with ['*F]FDG
and 10 min later received the corresponding treatment. For the second experiment, doses for control and VSAK
groups were administered as followed for the first experiment, whereas the LPS doses were adjusted to 450 ng/kg.
For this experiment, animals were simultaneously administered with peptide VSAK and LPS on different ears.
Once the animals received the treatments, they were administered ['*F]FDG and microPET images acquired.

MicroPET equipment. The equipment employed for this study corresponds to a third-generation micro-
PET Focus 120 Scanner (CTI-Concorde Microsystems LLC, Knoxville, TN, USA), designed for small animals.
The microPET scanner is provided with a detection ring of 15 cm diameter with an array of 96 detector blocks,
each of them consisting of a 12 x 12 array of lutetium oxyorthosilicate (LSO) crystals coupled to position-sen-
sitive photomultiplier tubes. The equipment provides a field of view (FOV) of 7.6 cm by 11 cm in axial and
transversal directions, respectively.

Data acquisition. Before [**F]FDG administration, anesthetized experimental animals were placed in the
scanner bed and the FOV centered in the area between the apex of the heart and the topside of the bladder. With
this alignment, the liver, kidneys, and part of the small intestine can be studied. After the radiotracer is intrave-
nously administered, dynamic PET data starts in list mode.

For the first set of experiments, PET data were acquired for 70 min considering the administration of ['*F]
FDG as zero time. After this time had elapsed, a blood sample was obtained by cardiac puncture and animals
euthanized with an overdose of pentobarbital. For the second experiment employing 450 ng/kg LPS, PET data
were acquired for 90 min after the administration of ['*F]JFDG. At the end of both experiments, blood samples
were collected as well as samples from the liver, small intestine, spleen, and kidneys. For the second experiment,
collected organs were weighed to estimate the total uptake of the radiotracer. All tissue samples were stored in
liquid nitrogen.

Image reconstruction and data analysis. PET images were reconstructed in a 3D mode with the
ordered subset expectation maximization algorithm OSEM3D. Data analysis was carried out using spherical
areas of 5 mm diameter to define the volume of interest (VOI) and to get the standardized uptake value (SUV)
of the indicated organ. The 70 min scan acquisition data were analyzed in five frames: the first one comprising
the initial 10 min (0-10 min), followed by four frames of 15 min each (10-25, 25-40, 40-55, and 55-70 min).
To determine the percentage-injected dose per gram of tissue (%ID/g), density values of 1 g/cm3 were consid-
ered for all organs. Data from the first set of experiments were normalized with the SUV corresponding to the
frame 0 to 10 min for each animal. To obtain the SUV of the second set of experiments, the data corresponding
to 90 min of observation, were analyzed in 1-min frames. SUV estimations were obtained from the VOI data
corresponding to the 90 min acquisition time. Image quantification was performed by the same person who
acquired the images.

Measurement of pro-inflammatory cytokines. The antibody rabbit cytokine array 1 from Raybiotech
(Norcross, GA, USA; Cat. QAL-CYT-1) was used to carry out the specific measurement of ten pro-inflammatory
cytokines in serum samples, according to the manufacturer’s instructions. The glass slide spotted with 28 wells
was read in a microarray reader GenePix 4000B (Molecular Devices, San Jose, CA, USA) selecting the green
channel for Cy3 at the 532 nm excitation wavelength. The fluorescence standard curves and quantitation of
serum samples were processed with the GraphPad Prism software (GraphPad Software, San Diego, CA, USA).

Insulin and glucose measurements. The insulin and glucose levels were determined in serum by a certi-
fied clinical laboratory specialized in the management of animal samples (Laboratorios AIMSA, ISO 15,189).

Molecular dynamics. For the study of molecular dynamics, we used a model of peptide VSAK generated
by the I-TASSER server®’, at the highest TM server reporter. Simulations were performed employing a series of
lipid bilayer systems generated by the CHARMM-GUI server and the MARTINI 22p modified forcefield®®>.
This forcefield allowed us the use of a polarizable water model and charged amino acids. For simulations, two
different bilayers were constructed, the first one consisting of an array of 36 LPS molecules in the outer leaf and
92 molecules of DOPC in the inner leaf. The second one consisted of 92 DOPC molecules in both hemi-halves
of the membrane. All simulations were performed for 3000 ns, and at the start, peptides were collocated at 30 A
above the top of the membrane. We analyzed the mean square displacement (MSD) in the lateral plane of the
bilayers, as an indicator of membrane fluidity.

Statistical analysis. All statistical tests were performed with the GraphPad Prism software. Standard
uptake value SUV, %ID, and temperature data were processed with a two-way ANOVA. Insulin, glucose, and
cytokine measurements were evaluated by a one-way ANOVA. Statistical significance was considered at p <0.05.
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During the last years, infections have become a global health emergency, where
the appearance of bacteria highly resistant to traditional antibiotics have set off an
alarm worldwide. Moreover, the increased incidence and mortality resulting from its
aggravated states, sepsis, and septic shock, have been observed with growing concern.
In this context, knowing the need for a new concept for treatment, peptides such
as antimicrobial peptides (AMP) and host defense peptides (HDP), have started to
show interesting properties in the development of new antimicrobial agents and host
response modulatory therapies. Nevertheless, since it is a well-known fact that a
peptide-based drug development is a long process that consumes a significant number
of resources, recent approaches that tend to mitigate these obstacles, have included
the implementation of novel in silico strategies for the optimization of naturally
occurring AMP and HDP. In this review, we analyze these strategies that seek to
improve not only peptide design, but also production, by including the incorporation of
computational biology techniques such as molecular dynamics. © 2021 The Authors.
Published by Elsevier Inc. on behalf of Instituto Mexicano del Seguro Social (IMSS).
This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

Keywords: Sepsis, Septic shock, Lipopolysaccharides (LPS), Antimicrobial peptides (AMP), Host

defense peptides (HDP), Peptide VSAK.

Introduction

Nowadays, infection has become one of the main concerns
in public health. Due to factors such as antimicrobial resis-
tance associated in the last years with a slowdown in the
development of new antibiotics, has resulted in an increase
in the morbidity and mortality attributable to the absence
of new effective treatments (1). Infection-related mortality
has been directly associated with the presence of sepsis and
septic shock; conditions characterized by the development
of a hyper-inflammatory state followed by immunosuppres-
sion.
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The host response to an infection is mediated through
the recognition of pathogen microorganisms, a process
that involves the ability of the immune system to rec-
ognize molecular structures known as Microorganism-
Associated Molecular Patterns (MAMPs) or Pathogen-
Associated Molecular Patterns (PAMPs) (2). The recogni-
tion of these patterns is carried out through Pattern Recog-
nition Receptors (PRR) grouped in different families, as
part of the innate immune system (3). The MAMPs and
PRR interaction induces the activation of the innate im-
mune system through signaling pathways leading to in-
flammatory processes and metabolic changes aimed at the
elimination of the pathogen (4). However, during sepsis
and septic shock, this response overcomes the host§ regula-
tory mechanisms resulting in an uncontrolled inflammatory
response, followed by organ damage and systemic failure
(5). In later stages, the initial hyper-inflammatory response
concludes in immunosuppression associated with immune
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system exhaustion (6). Under these circumstances, it can
be recognized that the development of new strategies fo-
cused on the treatment of both conditions, should consider
the regulation of the immune host response, along with the
efficient elimination of the pathogen (7-9).

As mentioned earlier, antibiotic resistance has hampered
the development of effective antibiotic therapies, the rea-
son why sepsis and septic shock are now recognized as
major causes of death worldwide and a public health emer-
gency situation (10,11). Since the development of new an-
tibiotic molecules has been affected by the appearance of
cross-resistance to the newest variants of current antibiotics
(12,13), the use of peptides represents a viable option in
the design and development of new molecules against par-
ticular molecular targets to treat sepsis and septic shock
(14-16).

Peptides are especially relevant due to the existence of
naturally occurring peptides with antimicrobial and im-
munomodulatory properties (17). Currently, a variety of
peptides with this kind of properties have been described
in different organisms. In general, these peptides have been
called antimicrobial peptides (AMP), based on their an-
timicrobial properties observed in vitro (18). Among AMP,
there is a group of peptides that lack antimicrobial proper-
ties, but show instead, immuno-regulatory properties over
the host immune system. Thus, several authors have classi-
fied these peptides into two main groups: AMP, compris-
ing peptides with antimicrobial properties, and host de-
fense peptides (HDP), including peptides without direct
antimicrobial properties (19) (Figure 1). The main prop-
erty of AMP is related to their ability to induce the lysis
of microorganisms mainly through direct interaction with
the membrane, resulting in an altered permeability, pore
formation, and/or changes in the mechanical properties of
the membrane. In contrast, HDP exert their action using
diverse mechanisms, such as MAMPs neutralization, im-
mune cell recruitment, and a series of activation effects
upon the white cell population (20).

Despite the differences between AMP and HDP, pep-
tides included in both groups share similar characteristics;
for example, most of them are short peptides between 9
and 50 amino acids showing a positive net charge, asso-
ciated with an amphipathic character (21). The secondary
structure of these molecules shows high variability, with
peptides structured as «-helices, f-sheets, extended struc-
tures, and mixed conformations including these last struc-
tures. In this sense, it seems that HDP presents a major
dependence on their primary structure, while changes in
the primary structure of AMP, apparently can be better
tolerated for function. This difference can be explained by
the specificity required for the interactions carried out by
HDP, while for AMP, it is instead critical to maintain the
charge and the integrity of hydrophobic regions to warranty
an efficient interaction with bacterial structures. Given the
properties observed with AMP and HDP, they represent

an interesting option as a platform for the development of
molecules with the potential to be used as antimicrobial
agents and/or therapeutic molecules during the course of
sepsis and septic shock (22).

Antimicrobial and Immunomodulatory Properties of AMP

As mentioned before, AMP action lies in the peptide abil-
ity to interact with the pathogen microorganism, induc-
ing membrane lysis, or to accomplish peptide internaliza-
tion (23). These actions are facilitated by the presence
of lipids with a negative charge such as lipopolysaccha-
rides (LPS) in Gram-negative bacteria, and lipoteichoic
acid (LTA) in Gram-positive bacteria (24). Interestingly,
a group of fungi presenting negatively charged molecules
in their membranes, also show interaction properties with
AMP (25,26).

As a result of the interaction between AMP and
the pathogen membrane, peptides induce physicochemi-
cal changes in the membrane that provoke pore forma-
tion, osmotic changes, membrane fragmentation, and fi-
nally, pathogen lysis. Moreover, several AMP have been
reported to bind to internal targets to achieve their an-
timicrobial activities (27-30). The interaction required for
AMP action does not need a specific interaction with
membrane targets, since usually this binding involves non-
specific electrostatic and hydrophobic forces. For example,
in Gram-negative bacteria, many AMP are able to interact
with LPS through negative charges and the hydrophobic re-
gions located in lipid A (31). These interactions although
necessary for AMP action, do not involve specific recog-
nition between AMP and LPS, and therefore can be repli-
cated with other pathogen membranes with similar charac-
teristics (29). This particularity of AMP make bacteria to
be less prone to develop resistance against these molecules
(26).

In contrast, HDP participate in infection resolution
through the modification of the host immune system, show-
ing no microbicide action upon the pathogen (32). Several
in vitro studies have demonstrated that HDP enhance the
host immune cell ability for the clearance of pathogens
(33,34). HDP can also influence white cell migration by
mechanisms that promote changes in chemokine produc-
tion, such as CXCLS (35). Additionally, HDP influence im-
mune cell survival through inhibition of several cell death
mechanisms (36). These aspects of HDP action open the
possibility to develop strategies to prevent immune exhaus-
tion in the late stages of sepsis.

HDP can also affect the host recognition of pathogens
by stimulating or limiting interactions that involve changes
in MAMPs that eventually affect their recognition by PRR.
The enhancing of the host recognition process involves an
increased pro-inflammatory response associated with im-
proved MAMPs recognition properties (30). On the other
hand, it is known that HDP mediate immune-regulation
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which usually target intracellular pathogen molecules. HDP contribute by regulating the host response, the modulation of immune cells, and the blocking

of PAMPs signaling pathways.

processes based on the ability of peptides to block recog-
nition of MAMPs by PRR (37).

The ability of HDP to block and neutralize MAMPs has
been well documented for LPS produced by Gram-negative
bacteria. LPS considered one of the most immunogenic
MAMPs, are mainly recognized by Toll-like receptor 4
(TLR-4), and associate with several proteins present in cir-
culation (38,39). Since LPS recognition promotes TLR-4
induced inflammation as part of the host response, the pres-
ence of LPS in circulation is important in the establishment
of sepsis and septic shock. In this scenario, HDP interact-
ing with circulating LPS, but also competing with several
other plasma LPS-binding proteins, limit the activation of
TLR-4 by LPS (40), and promote other regulatory effects
upon the host’s immune system (20).

Peptide Therapeutics

Despite the field of peptide therapeutics represents an in-
teresting option for the development of new antimicrobial
molecules and novel treatments, the generation of new con-

cepts based on these molecules has not yet reached the
expected relevance (41). This phenomenon is partially at-
tributable to outdated policies related to the more common
practices of classical drug development. Peptides such as
AMP and HDP could be considered a midpoint between a
traditional drug developed through chemical synthesis, and
a biomolecule, more related to biotechnology. As shown
during the early stages of development for pexiganan and
omiganan, it is clear that the middle ground between the
regulation for drug development, their establishment, and
usage, represented an obstacle for their clinical testing
(22,42). However, recent changes in the legislation for drug
development in the U.S. Food and Drug Administration
(FDA), and several European countries, have achieved ma-
jor changes aimed to improve and ease the development of
new antimicrobial drugs. These changes have resulted in
initiatives such as FDASIA in the USA, and COMBACTE
in Europe (43,44).

At present, the DRAMP 2.0 database, is one of the
most complete with more than 20,000 therapeutic peptide
entries, where more than seventy trials at different stages
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Table 1. Approved peptides with antimicrobial properties

Peptide Mechanism of Action Administration Year
Colistin Alters external membrane stability trough interactions with LPS Intravenous 1959 (47)
Dalbavancin Inhibits cell wall synthesis, interfering by cross-linking and polymerization Topical 2014 (48)
Daptomycin Alters membrane permeability Intravenous 1986 (49,50)
Gramicidin Alters membrane permeability Topical 1939 (51)
Oritavancin Inhibits cell wall synthesis Topical 2014 (52)
Telavancin Interferes in cell wall peptidoglycan synthesis Topical 2009 (53)
Vancomycin Inhibits cell wall synthesis Intravenous 1958 (54)

of development are included for the clinical application
of AMP and HDP (45). Currently, seven peptide-based
pharmaceutical products have been approved by the FDA
for commercial usage (Table 1) (46-54). Although this
might appear as a minor advance in drug development,
it represents a noticeable progress in the development of
treatments based on AMP and HDP.

Another relevant aspect for peptide development is their
design and production. Usually, AMP and HDP are pro-
duced by Solid-Phase Peptide Synthesis (SPPS), where the
use of advanced computational methods has represented a
very useful tool implementing key findings related to pep-
tide structural properties and peptide-ligand interactions.

Since an important group of molecules have been pro-
duced as pro-peptides, and therefore are dependent on pro-
teolytic enzymes for their conversion into an active form
(55,56), the use of these computational systems has rep-
resented a very useful tool in the understanding of their
structure in close relationship to their therapeutic targets.
Therefore, the design of new AMP and HDP has mainly
focused on peptide optimization through a process known
as sequence optimization. This process has shown to be
extremely useful when considering the study of poten-
tial side effects, the reduction of toxicity, the improve-
ment of molecule stability, and the finding of the low-
est activity loss, associated to an optimum therapeutic
effect (57).

Considering that an important number of AMP and
HDP are naturally occurring peptides present in almost all
organisms, currently, several databases account for thou-
sands of these peptides. Although these peptides share
many characteristics, they also present great variability re-
garding, for example, primary and secondary structure. Al-
though such variability might represent a major challenge
for peptide optimization, the elucidation of the general mo-
tifs or structural arrangements needed to produce their op-
timal effect, will represent an important breakthrough in
the design of new molecules (58). In this sense, to im-
prove peptide optimization, there is the need for new strate-
gies related with peptide analysis to generate a structure-
function classification for AMP and HDP.

A second major challenge for optimization arises
when sequence changes are introduced. These changes
could result in improved or reduced activities, associated

to important changes in toxicity and/or stability. Since
traditional methods for sequence modification normally
present extended time frameworks, and high resource
costs, prediction of the net secondary effects following
the introduction of sequence changes, is a major issue that
needs to be addressed with novel strategies (Figure 2).
The implementation of such strategies nowadays involve
the use of deep learning and machine learning tech-
niques (59,60). These methods represent viable options
for optimization mainly due to the existence of highly
complex databases able to feed and develop algorithms
oriented to facilitate the operation (61). The incorporation
of these methods will undoubtedly facilitate not only the
study of structural predictions, but also the relationship
structure/function as a guidance in the generation of better
candidates as AMP or HDP (21).

On the other hand, the in vivo stability shown by AMP
and HDP is one of the biggest concerns within the field of
peptide therapeutics. Since this type of peptides are mainly
short amphipathic molecules, containing a large propor-
tion of positive charges and the lack of bulky structures,
make these peptides accessible to attack by the host serum
proteases (62). Since protease susceptibility of AMP and
HDP is an aspect that needs to be considered for viable
treatment development, the introduction of structural mod-
ifications addressed to confer proteolytic resistance against
serum proteases and pathogen proteases, has lately been
implemented. Such modifications include the use of non-
naturally occurring amino acid substitutions and peptide
cyclization. The substitution of key amino acids in HDP
and AMP by non-naturally occurring amino acids such
as D-amino acids, can improve endopeptidase resistance
by altering recognition of proteolytic sites (63). On the
other hand, with certain specific molecules, peptide cy-
clization confers minimum changes to the overall struc-
ture, therefore improving peptide stability and proteolytic
resistance as shown for carboxypeptidases and aminopep-
tidases (64,65). Even though pathogen resistance to AMP
is not a common event due in part to the fact that non-
specific interactions with AMP require major changes in
the targeted pathogen molecules, it is possible to observe
adjusted pathogen responses, as in the case of nisin, an
effective antimicrobial peptide used for years as a food
preservative (66). The main mechanisms of pathogen re-
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sistance present with peptides that localize intracellularly,
include peptide extrusion events through membrane pumps
(67). Since the presence of membrane pumps represents a
major challenge for AMP activity, a combined treatment
with pump inhibitors has been visualized as a viable op-
tion in the improvement of antimicrobial peptide activity
(68,09).

Although several clinical protocols along the develop-
ment of AMP and HDP have been stopped due to the
appearance of side effects (70), these events are usually
more related to AMP due to their ability to interact with
lipid membranes in general (71). It has been identified
that this unspecific interaction, may result toxic for host
cells, especially when treatment requires higher doses to
achieve a therapeutic effect (27,72). To overcome this kind
of risk, it is still necessary to have a better understanding
of how peptides might differentially interact between spe-
cific lipid membranes from the host, and membranes from
the pathogen microorganism (73).

Peptide Production

Even when peptide production seems to be a non-relevant
factor in the development of peptide therapeutics, the in-
crease in the demand observed in the last years, has re-
vealed relevant concerns that need to be addressed in the
coming years. Among the relevant aspects for improved
peptide production are the optimization of SPPS, and the
development of new strategies for peptide production (42).

Since as mentioned above, AMP and HDP are fre-
quently produced as pro-peptides or as part of a protein,
they require proteolytic cleavage for conversion into their
active forms. This fact represents a limitation in the pro-
duction of candidate peptides, due to the need of specific
enzymes required in the production of the functional form
(74,75). A different strategy might be the administration

of pro-peptides that can be cleaved by serum proteases to
achieve their active form (76). This pathway has been con-
sidered a viable option as shown by us during the study of
normal volunteers in comparison to patients with signs of
infection, sepsis, and septic shock (Pérez-Hernidndez, EG,
et al. 2021, in editorial evaluation). In this sense, we have
shown a direct correlation between the severity of the dis-
ease and the level of serum proteolysis, allowing peptide
VSAK, a LPS-binding peptide derived from the carboxy-
end terminal sequence of the Cholesteryl-ester Transfer
Protein Isoform (CETPI) synthesized in the intestine, to
be present in circulation (77). Therefore, by demonstrat-
ing this phenomenon, we have proposed that CETPI and
peptide VSAK, can be considered as protective molecules
against the deleterious effects of LPS, and also, as a new
set of biomarkers useful in the recognition of the progres-
sion from infection to sepsis and septic shock (77).

Although SPPS has become the most used method for
peptide synthesis, it is clear that laboratory production -
possess several problems (72). This technique is a good
option for the introduction of peptide modifications, but
major concerns are related to yield and production costs.
Currently, SPPS yield is less than fifty per cent, depend-
ing on the type of synthesized peptide. SPPS consumes
an important amount of resources, where the amount of
waste increases for longer peptides, resulting in high eco-
nomic costs (78). Another relevant issue related to SPPS,
is the production of toxic waste coming from solvents,
anti-racemic agents, and catalytic agents used during the
process. Therefore, the need for optimization of SPPS, and
the development of environment-friendly compounds that
can substitute toxic agents in SPPS, has gained great rel-
evance in recent years (79).
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Strategies for the Elucidation of Action Mechanisms

During the last years, the use of computational meth-
ods in research has increased in close relationship with
an increase in computational power and access to high-
performance computers. This situation has favored the
development of new software in the implementation of
computational methods with better performance and user-
friendly interfaces (80,81). Among the computational
methods employing high-performance computers that can
be used to finely study action mechanisms, and the in-
teractions that underlie peptide efficacy, we find the use
of molecular dynamic simulations (MDS), and molecular
docking (MDO), to be extremely useful tools for peptide
research (82).

MDS are carried out as atomistic simulations or coarse-
grained simulations, each one comprising advantages and
limitations. Atomistic simulations are based on detailed
structure models that allow an accurate study of struc-
tural rearrangements and molecule interactions. This kind
of systems is suitable for the study of changes in struc-
ture induced by sequence modifications in AMP and HDP
during their optimization process. Additionally, atomistic
simulations permit the study of peptide interactions with
lipid structures of moderate size (73,83,84). Nevertheless,
atomistic simulation presents as a major limitation the pos-
sibility to achieve long simulation times.

On the other hand, even when coarse grain simulation
employs less detailed models, this approach is very use-
ful during long time simulations, allowing larger and more
complex systems to be studied. Also, this kind of simu-
lation can be suitable for the elucidation of events such
as peptide aggregation in membranes, or to help speed up
candidate molecule testing (85). Additionally, coarse grain
simulations present the potential to study the interaction
between AMP and HDP with larger structures, such as
LPS or other membrane components of pathogens (86,87).
Remarkably, in the last few years, MDS has shown im-
portant progress with the improvement in force-field re-
finement, and software development, offering results with
biological relevance.

One such case of MDS has been developed in our lab-
oratory studying peptide VSAK (Figure 3). This peptide
contains the last 18 amino acids from the carboxy-end seg-
ment of CETPI (named VSAK for its first amino-end four
amino acids) (88,89). We used a model of peptide VSAK
generated by the I-TASSER server (81). Simulations were
performed employing a series of lipid bilayer systems gen-
erated by the CHARMM-GUI server and the MARTINI
22p modified force-field (80,90). This force-field allowed
us the use of a polarizable water model and charged amino
acids. For simulations, different bilayers were constructed
consisting of an array of LPS molecules in the outer leaf
and molecules of dioleoyl-phosphatidylcholine (DOPC) in
the inner leaf (Figure 4). Simulations performed for 3000

PEPTIDES GENERATION

Figure 3. Molecular dynamic simulations (MDS) applied in the devel-
opment of improved peptides. After a natural peptide is chosen as a
model, it can be modeled and characterized in silico to improve, for ex-
ample, the structure for an antimicrobial peptide (AMP) or host defense
peptide (HDP), that might better interact with relevant molecules such as
Gram-negative bacteria derived lipopolysaccharides. Here, peptide VSAK
is shown as a natural occurring peptide, and the structural changes that
might be carried out by changing specific amino acids.

ns start with peptides placed at 30 A from the membrane
surface. Employing this methodology, we were able to es-
tablish the strong binding properties of peptide VSAK with
LPS (Figure 5; Supplementary Video 1).

On the other hand, another computational method that
has gained importance in the last years is MDO, mainly be-
cause it has less computing power requirements and larger
sampling capabilities than MDS. This technique is suitable
for the study of protein-peptide and peptide-peptide inter-
actions; therefore, facilitating the study of target proteins
involved in HDP action (91). In addition, MDO allows
the use of libraries favoring fast testing of multiple com-
pounds, including peptides. Nevertheless, one of the main
disadvantages of MDO is the dependence of a putative
binding site, which needs to be determined by experimen-
tal means, or with the aid of additional software (92).

Advances in the in vivo Analysis of Peptide Therapeutics

A key aspect in the understanding of how AMP and HDP
interact with the host organism, is also related to the way
these interactions might change during the different clini-
cal conditions of patients. Nowadays, although there are a
series of protocols to study peptide bio-distribution, phar-
macodynamics and pharmacokinetics, the particular char-
acteristics of AMP and HDP, such as their short plasma
half-life and non-specific organ uptake, require the imple-
mentation of novel strategies in order to properly carry
out these studies (93). An interesting possibility has been
developed in the study of the in vivo effects of peptides
using Positron Emission Tomography (PET). This imaging
technique allows the dynamic analysis of the distribution
of molecules coupled with a radionuclide. Since radionu-
clides are short molecules that cause minimum changes in
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Figure 4. Lipopolysaccharide (LPS) arrangement in the outer membrane layer of a Gram-negative bacteria. Left: Cartoon of a LPS molecule arrangement
associated to a series of peptides, showing important segments such as the core region and lipid A, the most conserved region of these molecules, and
the region that plays a central role in the recognition by the immune system. Right: MDS of the same LPS arrangement showing an associated peptide
placed at 30 A above the membrane. The different regions for this arrangement are shown with the same color code as shown in the left panel.

Figure 5. Coarse grain simulation of peptide VSAK interaction with an
LPS arrangement. The panels show a coarse-grained simulation of a sys-
tem composed of a LPS membrane and its association to a single peptide
VSAK. Left upper panel shows peptide VSAK still in solution. Right up-
per panel, the initial interaction of peptide VSAK with the core region of
the LPS membrane. Left lower panel, complete surface binding of peptide
VSAK with the LPS membrane. Right lower panel, entire integration of
peptide VSAK in the core region and its association with lipid A. Color
code: Yellow —VSAK; Purple-LPS core; Red-lipid A; Cyan-DOPC.

the structure of peptides, this technique has started to be
successfully employed (28,94). PET presents several ad-
vantages when peptides are tested, since small amounts of
peptide are required, usually associated to rapid-decay ra-
dioactive labeled-tags. Although the use of PET presents
limitations mainly related to the high costs involved
in peptide-radionuclide production (95), this technique
appears to be a valuable option for the in vivo analysis
of AMP and HDP.

In this respect, we have established employing PET,
and an experimental animal model of the Systemic Inflam-
matory Response Syndrome (SIRS), an important LPS-
binding property for peptide VSAK (88). We demonstrated
that the intravenous administration of peptide VSAK, fol-
lowed by the interaction between peptide VSAK/LPS,
neutralizes LPS induced toxicity preventing the develop-
ment of septic shock in the experimental animals (88,96).
This proof-of-concept related to the LPS-neutralizing ef-
fect shown by peptide VSAK, raises the possibility for the
future use of this type of molecules as novel therapeu-
tic agents. We believe, in conjunction with the established
treatment carried out during the initial acute stages of SIRS
shown in sepsis and septic shock patients (97), this new
class of molecules undoubtedly will improve the outcome
of severely-ill patients. It is our believe, that newly discov-
ered AMP will play an important part in the development
of novel strategies designed with the only purpose to sub-
stantially improve the way we treat sepsis, especially in the
current scenario of antibiotic resistance shown by pathogen
bacteria. Moreover, if we take into account the involvement
of LPS in related pathologic conditions such as atheroscle-
rosis, obesity, and metabolic syndrome (98), there is no
doubt the impact LPS-neutralizing peptides might have in
medicine, would be enormous.
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Abstract

Background: Sepsis is a syndrome where the dysregulated host response to infection threatens the life of the
patient. The isoform of the cholesteryl-ester transfer protein (CETPI) is synthesized in the small intestine, and it is
present in human plasma. CETPI and peptides derived from its C-terminal sequence present the ability to bind and
deactivate bacterial lipopolysaccharides (LPS). The present study establishes the relationship between the plasma
levels of CETPI and disease severity of sepsis due to Gram-negative bacteria.

Methods: Plasma samples from healthy subjects and patients with positive blood culture for Gram-negative bacteria
were collected at the Intensive Care Unit (ICU) of INCMNSZ (Mexico City). 47 healthy subjects, 50 patients with infec-
tion, and 55 patients with sepsis and septic shock, were enrolled in this study. CETPI plasma levels were measured

by an enzyme-linked immunosorbent assay and its expression confirmed by Western Blot analysis. Plasma cytokines
(IL-13, TNFq, IL-6, IL-8, IL.-12p70, IFNy, and I1L-10) were measured in both, healthy subjects, and patients, and directly
correlated with their CETPI plasma levels and severity of clinical parameters. Sequential Organ Failure Assessment
(SOFA) scores were evaluated at ICU admission and within 24 h of admission. Plasma LPS and CETPI levels were also
measured and studied in patients with liver dysfunction.

Results: The level of CETPI in plasma was found to be higher in patients with positive blood culture for Gram-neg-
ative bacteria that in control subjects, showing a direct correlation with their SOFA values. Accordingly, septic shock
patients showing a high CETPI plasma concentration, presented a negative correlation with cytokines IL-8, IL-1(3, and
IL-10. Also, in patients with liver dysfunction, since higher CETP! levels correlated with a high plasma LPS concentra-
tion, LPS neutralization carried out by CETPI might be considered a physiological response that will have to be studied
in detail.

Conclusions: Elevated levels of plasma CETPI were associated with disease severity and organ failure in patients with
Gram-negative bacteraemia, defining CETPI as a protein implicated in the systemic response to LPS.

Keywords: CETPI, LPS, Gram-negative bacteria, Sepsis, Septic shock, CETP

Background
Each year an elevated number of people worldwide
experience an episode of sepsis, where millions die as a

*Correspondence: jmas@ifc.unam.mx result of its associated complications (Singer et al. 2016;
! Instituto de Fisiologia Celular, Universidad Nacional Auténoma de México, Reinhart et al. 2017). In low- and middle-income coun-
04510 Ciudad de Mexico, Mexico tries, the burden of sepsis is even higher and represents
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one of the leading causes of death in the general popula-
tion, where a complex interaction of factors such as the
causative pathogen, timely diagnosis, host immunity, and
access to quality care, determine lethality in sepsis (Cec-
coni et al. 2018; Rudd et al. 2020). Sepsis occurs when
the host produces an unbalanced response to an infec-
tion, that if not diagnosed and treated early, can lead to
profound circulatory and cellular dysfunction, progress-
ing to septic shock (Cecconi et al. 2018). Gram-negative
bacteria are the most frequent etiological agents of sep-
sis worldwide (Font et al. 2020), presenting in their outer
membrane LPS. The physiological response to LPS is
mediated by stimulation of the Toll-like receptor 4, that
includes the release of pro-inflammatory cytokines and
reactive oxygen species, causing endothelial damage
and vasodilation, leading to hypo-perfusion and capil-
lary fluid leakage. Additionally, cytokines activate the
coagulation cascade, resulting in capillary microthrombi,
and ultimately organ ischemia (Van Der Poll et al. 2017).
LPS released into the circulation interact with lipopro-
teins, such as the High-Density Lipoproteins (HDL) and
Low-Density Lipoproteins (LDL), but importantly with
lipopolysaccharide-binding proteins (Vreugdenhil et al.
2001), which eventually promote LPS clearance through
the hepatobiliary system (Pérez-Herndndez et al. 2021).
The LPS-binding protein and the bactericidal/perme-
ability-increasing protein are closely related proteins
that bind LPS, and present an important role in the host
response to acute infections involving Gram-negative
bacteria (Krasity et al. 2011). These proteins are mem-
bers of the LTP/LPS-binding family of lipid binding and
transfer proteins which also includes the cholesteryl-
ester transfer protein (CETP), the phospholipid transfer
protein (Beamer 2003), and now the cholesteryl-ester
transfer protein isoform (CETPI), originally described by
our research group years ago (Alonso et al. 2003; Garcia-
Gonzdlez et al. 2015).

CETPI was identified and found to be synthesized in
the small intestine, and it is present in human plasma
(Alonso et al. 2003). The only structural difference
between CETP and CETPI resides in their C-terminal
domain, where human CETPI presents a 41 C-terminal
segment containing prolines, and a disordered confor-
mation, instead of the normal 24 residues present as an
a-helix in CETP (Alonso et al. 2003). Peptides derived
from the C-terminal domain of CETPI bind LPS through
electrostatic interactions, and the intravenous adminis-
tration of one of these peptides, called VSAK, attenuates
the harmful effects produced by LPS in a model of the
systemic inflammatory response syndrome (Luna-Reyes
et al. 2021). In addition, considering that the expression
of CETPI in intestinal cells is upregulated in the pres-
ence of LPS (Garcia-Gonzélez et al. 2015), we aimed to
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evaluate the relation of the CETPI plasma levels with
disease severity in Gram-negative sepsis. For this pur-
pose, during the present study we collected plasma sam-
ples along a period of two years at the ICU of Instituto
Nacional de Ciencias Médicas y Nutriciéon “Salvador
Zubiran” (INCMNSZ), a tertiary care center located in
Mexico City. In comparison to healthy subjects, we meas-
ured the plasma CETPI concentration in patients pre-
senting infection, sepsis, and septic shock, and examined
the correlation between CETPI with the plasma levels of
LPS and a series of cytokines in all patients.

Our results suggest that an increased plasma level of
CETPI in patients, associated to the presence of pep-
tides derived from this protein, in correlation with their
ability to bind and inactivate LPS, might be considered
as a defense mechanism involved in the emergency host
response to a Gram-negative infection, and therefore,
also as indicators of disease severity.

Materials and methods

Study design

For this study, plasma samples from healthy subjects
and patients with infection, sepsis, and septic shock
with positive blood culture for Gram-negative bacte-
ria were collected over a period of two years at the ICU
of INCMNSZ (Mexico City). To quantify CETPI in
plasma we employed an enzyme-linked immunosorbent
assay (ELISA). The pro- and anti-inflammatory plasma
cytokines were measured using the human cytokine
magnetic bead panel Milliplex Map Kit. We determined
the relationship between plasma levels of LPS and CETPI
in patients with liver dysfunction. Also, the expression of
CETPI in plasma was confirmed by Western Blot analy-
sis, and the bands recognized by the anti-CETPI antibody
identified by HPLC-mass spectrometry. Depletion of
plasma albumin was used to determine the possible bind-
ing of peptides derived from the C-terminal domain of
CETPI to this protein.

Study population

For the development of this study at INCMNSZ, 47
healthy subjects, and 105 patients with infection, sepsis,
and septic shock between 18 and 65 years of age were
enrolled. All subjects provided written informed con-
sent prior to the participation in the study. As controls,
a total of 47 samples were obtained from healthy vol-
unteer blood donors at the blood bank of INCMNSZ.
The inclusion criteria were body mass index < 30 kg per
m?, normal vital signs, oxygen saturation > 90%, with no
evidence of infection or acute/chronic illnesses. Exclu-
sion criteria included having consumed any drug seven
days before sample collection, and the presence of an
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infection, inflammatory, and traumatic process in the
six weeks before the acceptance for inclusion in the
study.

Patients were divided into three groups: infection, sep-
sis, and septic shock. Baseline values for SOFA scores
were determined upon patient arrival at the ICU, and the
Delta SOFA score was calculated as the change in total
SOFA score between baseline values and values obtained
24 h after ICU admission. The infection group included
50 subjects without evidence of organ failure defined by
the Delta SOFA score lower than 2 points. The sepsis
group comprised 28 sepsis patients with infection and
organ failure defined as Delta SOFA score of 2 points or
more. The septic shock group included 27 patients with
sepsis and persisting hypotension requiring vasopres-
sors to maintain a mean arterial pressure of 65 mmHg
or greater and having a serum lactate level greater than
2 mmol/L (>18 mg/dL) in the absence of hypovolemia.
All patients had positive blood cultures for Gram-nega-
tive bacteria. Patients with trauma, renal replacement
therapy, or patients that have received anti-inflammatory
drugs 48 h prior to sample collection were excluded from
the study.

Patients were clinically assessed by recording vital
signs, mean arterial pressure, C-Reactive Protein (CRP),
hemoglobin, albumin, procalcitonin (PCT), bilirubin, lac-
tate, creatinine, HDL, leucocytes, platelets, and time of
antibiotic treatment. Also, demographic data and base-
line comorbidities (heart disease, lung disease, chronic
liver dysfunction, immunosuppression, cancer, endo-
crinopathy, dyslipidemia, and autoimmune disease) were
collected at the time of the patient’s admission. Patients
were considered immunocompromised if they had severe
neutropenia, and/or received steroid treatment or cyto-
toxic drugs. The source of infection was categorized into
eight groups: abdomen, lung, urinary tract, soft tissue,
sinusitis, empyema, central nervous system, and intra-
venous catheter. The criteria employed to define patients
with liver dysfunction were: patients with known liver
disease, basal SOFA score>1 in liver and coagulation
item, or a previous diagnosis of cirrhosis.

This study was reviewed and approved by the Ethics
Committee of the INCMNSZ (Reference number: 2252).

Sample collection

All plasma samples were collected within 12 h of ICU
admission, then samples were centrifuged for 10 min
at 1500 rpm, and aliquots were immediately stored at
— 80 °C. Blood cultures were taken in all patients upon
arrival to the ICU. Only samples with positive blood
culture for Gram-negative bacteria were included in the
study.
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Western blot analysis

Protein from plasma samples was measured using the
DC Protein Assay (Bio-Rad, Hercules, CA, USA). A total
of 30 ug of protein were loaded and separated on 8%
SDS-PAGE, and further transferred to PVDF membranes
(Immobilon-P, Merck Millipore, Billerica, MA, USA).
Membranes were blocked using 10% of Blotting-Grade
Blocker (Bio-Rad), incubated with anti-CETPI (1:4000)
overnight at 4 °C, and washed six times with TBST. Anti-
CETPI antibodies from Alpha Diagnostic International
Inc. (San Antonio, TX, USA), consist of antibodies raised
using a synthetic peptide that corresponds to the last 12
amino acids of the C-terminal segment of CETPI. Mem-
branes were incubated with a rabbit peroxidase-conju-
gated anti-chicken IgY secondary antibody (1:30,000)
(Thermo Fisher Scientific, Waltham, MA, USA) for
60 min at room temperature (RT). Antibodies were
diluted in a 5% of Blotting-Grade Blocker (Bio-Rad) solu-
tion. Protein bands were visualized using Immobilon®
Western from Merck Millipore on X-OMAT autoradio-
graphic plates (Kodak, Rochester, NY, USA).

Plasma cytokine measurements

For the measurement of cytokine levels in plasma, the
human cytokine magnetic bead panel Milliplex® Map Kit
(Merck Millipore) was used to assess the levels of IL-1p,
TNFa, IL-6, IL-8, IL-12 (p70), IFNy, and IL-10. Plasma
samples were analyzed in duplicate, and the procedure
was carried out according to the manufacturer instruc-
tions. Briefly, 25 pL of control and patient plasmas were
incubated with antibody-immobilized beads overnight
at 4 °C. Bead-complexes, after being rinsed, were incu-
bated with 25 pL of biotinylated detection antibody for
1 h with agitation. Next, 25 pL of Streptavidin—Phyco-
erythrin were added and incubated for 30 min at RT with
agitation. After washing the plate, 150 pL of Drive Fluid
were added to all wells. Plates were read on a MAGPIX
employing the xPONENT software, and the Median Flu-
orescent Intensity analyzed.

Plasma CETPI measured by ELISA

CETPI plasma levels were measured by an ELISA test
employing 96-well Maxisorp plates (Thermo Fisher Sci-
entific). 50 uL of dilutions of plasma samples were added
into the appropriate wells and incubated overnight at
4 °C, then the plate washed out one time with Phosphate-
Buffered Saline (PBS). The plate was blocked for 2 h using
2.5% Bovine Serum Albumin plus 2.5% of Blotting-Grade
Blocker (Bio-Rad), and then washed out three times with
PBS. Next, anti-CETPI (1:5000) antibodies were added
into each well and the plate incubated for 90 min at 37 °C.
The plate was washed out three times with PBS and
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further incubated with a rabbit peroxidase-conjugated
anti-chicken IgY secondary antibody (Thermo Fisher Sci-
entific) for 30 min at 37 °C. Finally, the plate was washed
with PBS, TMB substrate was added to each well, and
incubated for 15 min at RT. To stop the reaction, 50 pL
of 2 M H,SO, were added and the absorbance of samples
measured at 450 nm using the Synergy HT microplate
reader (BioTek Instruments, Inc., Winooski, VT, USA).
CETPI plasma concentration of all samples was deter-
mined using a standard curve.

Casein protease activity assay

Plasma protease activity was determined employing the
Protease Activity Assay Kit (Abcam, Cambridge, UK),
which uses FITC-Casein as a general protease substrate.
Plasma samples were incubated with the protease sub-
strate for 30 min at 25 °C, and fluorescence was measured
at Ex/Em =485/ 550 nm immediately after the protease
substrate addition (R1) and at 30 min, after the incuba-
tion time (R2). Differences between both lectures (R2—
R1), indicated the fluorescence of the unquenched FITC
generated by the proteolytic digestion of the substrate.
The plasma protease activity was reported as mU/mL.
One unit was defined as the amount of protease that
cleaves the substrate, to yield an amount of fluorescence
equivalent to 1.0 pmol of unquenched FITC per minute
at 25 °C.

Plasma LPS quantification

Plasma LPS was measured using a competitive inhibi-
tion enzyme immunoassay (Cloud-Clone Corp, Houston,
TX, USA). This assay employs a monoclonal antibody
specific to lipopolysaccharide pre-coated onto a micro-
plate. 50 uL of dilutions of standard, blank, and samples
were added into the appropriate wells. A competitive
inhibition reaction was launched between biotin-labeled
lipopolysaccharide and the unlabeled lipopolysaccha-
ride present in the samples with the pre-coated antibody.
After incubation for 1 h at 37 °C, the unbound conjugate
is washed off, and then Avidin conjugated to HRP added
to each well. The plates were incubated for 30 min at
37 °C and washed five times. The substrate solution was
added to each well and after the incubation time (30 min
at 37 °C), 50 pL of stop reaction solution were added. The
absorbance was measured at 450 nm using a Synergy HT
microplate reader (BioTek Instruments, Inc.). The inten-
sity of color developed represents the amount of bound
HRP that is inversely proportional to the concentration
of LPS in the sample.

Albumin depletion
Albumin depletion of plasma samples was performed
using the Pierce Albumin Depletion Kit (Thermo Fisher
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Scientific). The kit consists of a high-capacity, immobi-
lized Cibacron Blue dye agarose resin, which binds the
albumin present in the plasma. Briefly, the resin was
transferred into a spin column to be washed employing
the Binding/Wash Buffer. After, the plasma sample was
added and incubated for 1-2 min at RT. The spin column
was centrifuged, and the flow-through was re-applied to
the spin column and incubated for another 1-2 min at
RT to ensure maximal albumin binding. After centrifu-
gation, we stored the flow-through and placed the spin
column in a new collection tube. The column was washed
to release unbound proteins and albumin eluted with a
solution of 20 mM sodium phosphate, 250 mM sodium
thiocyanate, pH 7.2. The protein content was determined
in the collected fractions and were further analyzed by
SDS-PAGE.

Statistical analysis

Data are expressed as frequencies for categorical vari-
ables and as a mean with standard deviation (SD) or
median with interquartile range (IQR) for continu-
ous variables according to their distribution as assessed
by Shapiro—Wilk normality test. When variables were
not normally distributed, differences between groups
were analyzed employing the Mann Whitney U-test, or
the Kruskal-Wallis test with the Dunn’s Multiple Com-
parison Test. In the case of variables with a normal dis-
tribution, the statistical analysis was performed using
Student’s t-tests.

The plasma values of CETPI and cytokines were trans-
formed to logarithm (log 10) before performing the cor-
relations analysis to normalize the distribution of data.
Correlations between cytokines and CETPI plasma lev-
els were assessed by the Pearson’s correlation coefficient.
Statistical test, significance level, n-numbers for each
analysis are stated in figure legends. Differences were
considered statistically significant at p<0.05. The statis-
tical analyses were performed employing the GraphPad
Prism software (GraphPad Software, La Jolla, CA), and
JMP 16.1.0 (SAS Institute, Cary NC, USA).

Results

Subjects and clinical parameters

Blood samples from 47 healthy subjects attending the
blood bank at INCMNSZ for blood donation, were col-
lected as controls, this group included 22 males and
25 females. Also, a total of 105 ICU patients were
enrolled in this study; 50 patients with infection (Delta
SOFA score<2), and 55 patients with sepsis and sep-
tic shock (Delta SOFA score >2), all patients with posi-
tive blood culture for Gram-negative bacteria (Table 1).
The mean age in the overall population was 50.00 years
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Table 1 Demographic, clinical and laboratory parameters of patients
Total (n=105) Patients with Delta SOFA Patients with Delta SOFA p value
score<2 (n=50) score>2 (n=>55)
Gender, male 50 (47.62%) 27 (54.00%) 23 (41.82%) 0.24
Gender, female 55(52.38%) 23 (46.00%) 32(58.18%)
Age (years) 50.00 (37.50-57.50) 54.50 (39.00-58.00) 47.00 (35.00-55.00) 0.17
Etiologic agent (%)
Escherichia coli 61 (58.10%) 28 (56.00%) 33 (60.00%) 0.36
Klebsiella pneumoniae 12 (11.43%) 7 (14.00%) 5(9.09%)
Pseudomonas aeruginosa 12 (11.43%) 8 (16.00%) 4(7.27%)
Site of infection (%)
Abdominal 71 (67.62%) 32 (64.00%) 39 (70.91%) 0.15
Urinary tract 20 (19.05%) 12 (24.00%) 8 (14.55%)
Intravenous catheter 5 (4.76%) 3 (6.00%) 2 (3.64%)
Pulmonary 4 (3.81%) 0 (0.00%) 4(7.27%)
Comorbidities
Dyslipidemia 61 (58.10%) 32 (64.00%) 29 (52.73%) 0.89
Immunosuppression 55 (52.38%) 26 (52.00%) 29 (52.73%)
Cancer 55 (52.38%) 28 (56.00%) 27 (49.09%)
Liver dysfunction 27 (25.71%) 12 (24.00%) 15 (27.27%)
Laboratory tests
CRP (mg/L) 14.00 (7.30-19.80) 10.75 (4.80-16.87) 15.20 (9.47-21.50) <0.05
PCT (ng/mL) 7.40 (1.80-17.90) 3.10(1.33-8.58) 11.40 (3.90-24.33) <0.01
Hemoglobin (g/dL) 1027 £2.63 10.38£2.62 10.17£2.66 047
Serum Albumin (g/dL) 3.17+£0.73 326+0.70 3.09+0.76 0.23
Total bilirubin (mg/dL) 1.40 (0.62-4.90) 0.90 (0.60-2.93) 2.20(0.90-7.40) <0.01
Lactate (mmol/L) 240 (1.40-4.00) 1.65 (1.18-2.60) 345 (1.63-4.20) <0.01
Creatinine (mg/dL) 0.90 (0.65-1.40) 0.80 (0.50-1.06) 1.00 (0.70-1.90) <0.01
White blood cells (x 10%/L) 6.95 (0.35-12.30) 7.25(0.60-12.18) 6.65 (0.10-12.30) 0.87
Platelet (x 103/pL) 107.0 (21.00-243.00) 162.50 (26.25-265.00) 100.00 (16.00-216.00) 0.19
HDL (mg/dL) 3519+£17.71 36.88+£17.57 33.65+£17.89 0.40
Total cholesterol (mg/dL) 138.50 (113.30-181.80) 139.50 (109.00-201.30) 136.00 (115.80-165.50) 0.56
LDL (mg/dL) 75.00 (48.25-109.30) 77.00 (48.75-118.30) 73.00 (47.50-101.50) 0.46
Delta SOFA score 0-11 0-1 2-11

Data are reported as mean (& SD), median (IQR), and n (%). Comparisons were performed with Fisher’s exact test or Pearson’s Chi-squared test, and either Mann-
Whitney U test or Student’s t-test. C-reactive protein (CRP); procalcitonin (PCT); High-Density Lipoprotein (HDL); Low-Density Lipoprotein (LDL); sequential organ

failure assessment (SOFA)

(37.50-57.50), of which 55 (52.38%) were female and 50
(47.62%) male.

In all patients, the most prevalent bacteria isolated
from the bloodstream was Escherichia coli (58.10%), and
the main sites of infection were the abdomen (67.62%),
and the urinary tract (19.05%) (Table 1). In patients
with Delta SOFA score <2, the main comorbidities cor-
responded to dyslipidemia (64.00%), cancer (56.00%),
immunosuppression (52.00%), and liver dysfunction
(24.00%). In patients with Delta SOFA score > 2, dyslipi-
demia (52.73%), immunosuppression (52.73%), cancer
(49.09%), and liver dysfunction (27.27%) were also the
principal comorbidities (Table 1).

The main clinical parameters of patients are shown
in Table 1, CRP levels were lower in patients with
Delta SOFA score<2 (10.75 [4.80-16.87]), than in
patients with Delta SOFA score >2 (15.20 [9.47-21.50],
p<0.05). PCT levels were also higher in patients with
Delta SOFA score >2 (11.40 [3.90-24.33]) compared to
patients with Delta SOFA score<2 (3.10 [1.33-8.58],
p<0.01). Also, significant differences were observed
in the levels of total bilirubin, lactate, and creatinine
between patients with Delta SOFA score > 2, and those
with Delta SOFA score <2 (Table 1).
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The concentration of CETPI in plasma is higher in patients
with Gram-negative bacteraemia

To explore the relation between CETPI and disease
severity in infections due to Gram-negative bacteria, cir-
culating levels of CETPI were measured in the plasma
from controls and patients with infection (Delta SOFA
score < 2), sepsis, and septic shock (Delta SOFA score > 2)
employing ELISA. We found that patients with an infec-
tious process due to Gram-negative bacteria had elevated
circulating levels of CETPI when compared to control
subjects (15.21 nM [10.52-26.23] vs 11.58 nM [8.05—
14.71], p<0.001) (Fig. 1A), showing a clear difference in
the distribution of the data between controls and patients
above 18 nM (Additional file 1: Fig. S1). Although dif-
ferences in CETPI plasma levels were found between
control subjects and patients with Delta SOFA score<2
(11.58 nM [8.05-14.71] vs 13.54 nM [9.99-26.65],
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p<0.05), and with those with Delta SOFA score>2
(11.58 nM [8.05-14.71] vs 16.00 nM [11.30-26.11],
p<0.001), no differences were observed between patients
grouped according with the Delta SOFA score greater or
less than 2 (Fig. 1B). Patients who had a severe outcome
(in-hospital death), did not have significantly differences
in CETPI levels than those with a non-severe outcome
(Fig. 1C).

CETPI and plasma cytokines correlate with SOFA score

in patients with Gram-negative bacteraemia

In parallel to the determination of plasma levels of
CETPI, plasma cytokine concentrations of IL-1f, TNFa,
IL-6, IL-8, IL-12 (p70), IENY, and IL-10 were also meas-
ured (Fig. 2). Given that higher CETPI levels were found
in patients compared with healthy subjects, and con-
sidering its ability to bind LPS, a correlation between
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SOFA scores (measured within 12 h of ICU admission)
with CETPI, and plasma cytokines were carried out.
We found that SOFA scores positively correlate with
CETPI (r=0.61, p<0.05), TNF-a (r=0.62, p<0.05), IL-6
(r=0.78, p<0.01), IL-8 (r=0.76, p<0.01), and IL-10
(r=0.58, p<0.05); whereas a negative correlation was
found with IFNy (r=— 0.78, p<0.01) (Fig. 2A-]).

CETPI plasma levels negatively correlate with IL-1f, IL-8,
and IL-10 in septic shock patients

To explore the association between CETPI plasma lev-
els with cytokines implicated in the pathophysiology of
Gram-negative infections, a correlation was carried out.
First, we analyzed CETPI and cytokine expression in
patients with infection, sepsis, and septic shock (Fig. 3A—
H). Although no differences in CETPI levels were found
in the three patient groups, in septic shock patients
CETPI levels tend to increase (Fig. 3A) (Additional file 1:
Fig. S1); also, significant differences in the levels of IL-6,
IFNy, and IL-8 were found. IL-6 levels were found to
be fivefold higher in septic shock patients, and 2.7-fold
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higher in sepsis patients, compared with patients with
infection (319.00 pg/mL [105.1-1870.00] and 166.70 pg/
mL [56.98-1033.00] vs 61.81 pg/mL [21.56-370.5];
p<0.01 and p<0.05) (Fig. 3B). IFNy levels were 2.7-fold
lower in septic shock patients compared with patients
with infection (3.2 pg/mL [2.23-9.21] vs 8.58 pg/mL
[3.84-27.01], p<0.05) (Fig. 3D). IL-8 levels were 3.2-fold
higher in septic shock patients compared with patients
with infection (182.60 pg/mL [97.34—621.70] vs 55.40 pg/
mlL [21.74-218.30], p<0.01) (Fig. 3F).

We next assessed the correlation between the full set
of cytokines and CETPI in patients with infection, sep-
sis, and septic shock through the Pearson correlation
coefficient. There were positive correlations between the
pro-inflammatory cytokines in infection patients, and
more importantly, in sepsis patients (Fig. 3L, J) (Addi-
tional file 1: Table S1 and S2). However, in septic shock
patients, the correlation between IFNy and IL-12 (p70)
with CETPI, IL-1p, TNF-a, IL-6, IL-8, and IL-10, were
not significant (Fig. 3K). IL-10 showed positive correla-
tions with the other six cytokines studied in patients
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with sepsis (Fig. 3]), and with IL-1f, TNF-«, IL-6, and
IL-8 in patients with septic shock (Fig. 3K) (Additional
file 1: Table S2 and S3). Interestingly, there were nega-
tive correlations between CETPI with IL-1f, IL-8, and
IL-10 in septic shock patients (Fig. 3K) (Additional file 1:
Table S3).

Patients with liver dysfunction present increased plasma
concentrations of LPS and CETPI

Considering that the main site of infection in all patients
studied corresponds to an intra-abdominal origin
(Table 1), and that hepatic cells are involved in the clear-
ance of LPS of intestinal origin, we analyzed the levels
of LPS and CETPI in the plasma of patients with and
without liver dysfunction (Fig. 4). Plasma LPS levels
were higher in patients that presented liver dysfunction
(Fig. 4A-C), with differences in patients with infection
versus patients with infection but without liver dysfunc-
tion (577.90 pg/mL [487.20-1136.00] vs 214.90 pg/mL
[105.90-400.70], p<0.05) (Fig. 4A). Interestingly, the
plasma concentration of CETPI was also found to be
higher in infection (31.19.63 nM [20.07-40.58]), and sep-
sis patients (28.21 nM [24.34—34.65]) with liver dysfunc-
tion compared with patients with infection (12.35 nM
[9.50-17.41]) and sepsis (14.45 nM [9.04—19.39]) without
this comorbidity (Fig. 4D, E). Although the differences
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showed not to be statistically significant, a similar
increase in CETPI concentration was observed in septic
shock patients (24.10 nM [13.54—44.07]) with respect
to patients without liver dysfunction (14.84 nM [10.29—
23.44]) (Fig. 4F). Besides, it is shown that a high plasma
CETPI and LPS levels correlate in patients with infection
and sepsis due to Gram-negative bacteria (Additional
file 1: Fig. S2).

Proteolytic activity upon CETPI is associated with disease
severity

We analyzed the CETPI expression employing a West-
ern Blot analysis in plasma samples of both controls
and patients (Fig. 5). In the plasma of controls, it was
detected the expected band of 69 kDa (Fig. 5A), whereas,
when plasma samples from patients were analyzed,
together with the regular protein band corresponding to
CETPI (69 kDa), a lower molecular weight protein band
(~67 kDa) appeared (Fig. 5B). Although a basal level of
CETPI was detected in control plasma samples, it did not
show any type of correlation with the negligible concen-
tration of inflammatory cytokines (Fig. 5C, D). However,
when plasma samples from patients with infection were
analyzed, the presence of the 67 kDa band was associated
with the increased level of inflammatory cytokines, espe-
cially with IL-6 (Fig. 5E, F) (Additional file 1: Table S4).
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Moreover, when plasma samples from patients with sep-
sis and septic shock were analyzed, this phenomenon
was exacerbated showing a clear association with the
presence of the~67 kDa accessory protein band, and a
marked increase in IL-6 and IL-10 (Fig. 5G, H) (Addi-
tional file 1: Table S4).

In order to find out the origin of the~67 kDa band
observed in the Western blot analysis, we employed
HPLC-mass spectrometry. Interestingly, sequences
directly related to the sequence for CETPI were found
(Fig. 6A). However, the question arises, how an anti-
CETPI antibody raised against the C-terminal sequence
of CETPI not present in CETP, permitted us to identify
a second band in the western blot analysis? We found
that the largest percentage of peptides identified by
HPLC-mass spectrometry analysis of the ~67 kDa band,
corresponds to sequences belonging to albumin, a well-
known protein that readily binds peptides. Therefore, we
decided to find out if contained in the plasma of sepsis
and septic shock patients, albumin that normally shows
an average molecular weight of 66.5 kDa, might contain
bound-peptides derived from the C-terminal segment
of CETPL For this purpose, following a procedure to
eliminate albumin from the plasma of sepsis and septic
shock patients, samples were eluted through columns
containing an albumin-binding resin. Interestingly, we do
not detect the ~67 kDa in the albumin-depleted plasma
samples (Fig. 6B). Considering that the elution of the
albumin of the columns was done employing harsh con-
ditions, peptides initially bound to albumin most prob-
ably became detached and eliminated, and therefore not
detected in association with albumin (Fig. 6B). This set
of experiments, confirm that peptides derived from the
C-terminal region of CETPI, when bound to albumin are
responsible for the positive Western blot signal found
at~ 67 kDa (Fig. 6B).

Overall, these results suggest the possibility that the
activation of proteolytic enzymes might occur in the
plasma of patients with sepsis and septic shock, there-
fore, the proteolytic activity upon CETPI could be gener-
ating peptides that eventually end up binding to albumin.
In order to further explore this possibility, an analysis of
the most susceptible sites for proteolytic cleavage at the
C-terminal domain of CETPI was carried out. Interest-
ingly, we found such positions where enzymes matrix-
metallopeptidase-2 (MMP-2), elastase-2, chymotrypsin
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A, and matrix-metallopeptidase-9 (MMP-9) might act
(Fig. 6C). This analysis and the increased protease activity
found in the plasma samples from all patient groups, in
comparison with controls (Fig. 6D), support the hypoth-
esis that the 67 kDa accessory protein band, correspond-
ing to albumin, contains cleaved peptides derived from
the C-terminal segment of CETPI, and therefore identi-
fied by the anti-CETPI antibody.

Discussion

Sepsis as a life-threatening syndrome with important
variations in terms of incidence and mortality across the
world, affects according to the World Health Organiza-
tion, around 50 million people every year associated with
11 million deaths (WHO 2020). Therefore, this syndrome
is responsible for approximately 20% of total deaths
in the world in a single year (Rudd et al. 2020). Several
pathophysiological alterations are present in sepsis,
where a balanced response to the infection is essential to
improve the survival rate. In this study, we describe the
existing correlation between the severity of the disease,
CETPI and LPS plasma levels during Gram-negative
bacteraemia.

Our results show the presence of a high plasma CETPI
concentration in the patients with an infectious process
due to Gram-negative bacteria, in comparison to the con-
trol group. Since we have previously reported the pres-
ence of CETPI in the plasma of healthy subjects (Alonso
et al. 2003), here as increased concentrations of CETPI
have been found in patients with Gram-negative bacte-
raemia, we consider its role as a potential LPS-binding
protein, and therefore as a participant in the physiologi-
cal response to LPS. Although no direct differences were
found in the concentration of CETPI between patients,
an important correlation was found between CETPI
concentrations and the SOFA score, indicating an asso-
ciation with the degree of organ dysfunction/failure
(Lambden et al. 2019). A direct correlation between the
SOFA score and IL-6, TNF-a, IL-8, and IL-10 was also
observed. Interestingly, TNF-a and IL-6 as cytokines
involved in endothelial damage, and multiple organ dys-
function syndrome, are often used as biomarkers for sep-
sis (Miguel-Bayarri et al. 2012; Molano Franco et al. 2019;
Grondman et al. 2020). Whereas, IL-8 has been pro-
posed as a prognostic factor in septic patients (Livaditi
et al. 2006; Anderson et al. 2019), and IL-10 has been

(See figure on next page.)

Fig.5 Association between cytokine plasma levels, and the presence of CETPI in the plasma of representative samples from control subjects and
patients. A CETPI expression in plasma samples from control subjects. B Top: CETPI expression in plasma samples from control subjects and patients
with infection. Down: CETPI expression in plasma samples from control subjects and patients with infection, sepsis, and septic shock. C, D Plasma
samples obtained from control subjects; E, F patients with infection; G sepsis; and H septic shock. Left panels show the level of IL-13, TNFa, IL-6, IL-8,
IL.-12 (p70), IFNy, and IL-10 (Data are presented as mean = SEM). At the right of each graph, the protein band that corresponds to CETPI (arrow tips)
determined by western blot analysis, is shown. The same plasma samples were used for both measurements of plasma cytokines and CETPI
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Fig. 6 Analysis of the 69 kDa and 67 kDa bands identified by western blotting that correspond to CETPI and peptides derived from its C-terminal
sequence. A Alignment parameters of peptides identified by HPLC-mass spectrometry contained in the 69 kDa CETPI band employing Homo
sapiens CETP sequences (GenBank: AAV38867.1). Peptides identified by HPLC-mass spectrometry are highlighted in the CETP sequence. B Top:
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3,6,9). C Protease activity prediction upon the C-terminal domain of CETPI employing Procleave (Li et al. 2020), #< indicates predicted cleaved sites.
D Protease activity of plasmas obtained from control subjects (n=21), infection (n=28), sepsis (n=25), and septic shock patients (n=25). Data are

used as an indicator of a hypoinflammatory phenotype
(Barichello et al. 2022). On the other hand, IFNy that
negatively correlates with the SOFA score, is known to
be required during the host defense against pathogens,
therefore contributing to a worse prognosis if the infec-
tion is not being controlled (Ono et al. 2018). Patients
with septic shock present higher IL-6 and IL-8 plasma
levels and lower levels of IFNy than patients with infec-
tion, showing that an impaired immune response con-
tributes to a worse prognosis. Our results also show a
positive correlation between IL-10 and pro-inflammatory
cytokines, whose simultaneous presence has been asso-
ciated with the pathogenesis of sepsis (Matsumoto et al.
2018).

Experiments from our group where LPS-treated rab-
bits were administered with a peptide derived from the
carboxy-end segment of CETPI, showed attenuated

circulating levels of pro-inflammatory molecules (Luna-
Reyes et al. 2021). During the present investigation,
based on the high levels of CETPI found in patients with
Gram-negative bacteraemia, we explored its relation-
ship with the cytokine plasma levels, and found negative
correlations between CETPI with IL-1p, IL-8, and IL-10.
These results are consistent with the LPS-binding role
of CETPI, showing an interesting correlation with the
release of IL-8 by the gut (Garcia-Gonzalez, et al. 2015;
Luna-Reyes et al. 2021; Liu et al. 2006; Angrisano et al.
2010).

An in vitro study carried out by our group several
years ago, shows a clear correlation between an increase
in CETPI expression by Caco-2 cells and small intestine
cells, under LPS stimulation (Garcia-Gonzélez, et al.
2015). Considering that CETPI apparently is only syn-
thesized by intestinal cells, the increased level of LPS in
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circulation could promote the overexpression of CETPI
in the intestinal epithelium as an early protective mecha-
nism against the harmful action of LPS. Since LPS either
entering the circulatory system from the intestinal tract
through the portal circulation, or due to the antibiotic
action upon bacteria, find their way to the liver, a key
organ in the deactivation and clearance of LPS (Pérez-
Hernédndez et al. 2021; Shao et al. 2007), our results are
consistent with the fact that patients presenting liver dys-
function show an increased LPS plasma level (Bode et al.
1987; Parlesak et al. 2000; Thuy et al. 2008; Nier et al.
2020). This finding associated with the fact that patients
showing liver dysfunction present even higher plasma
CETPI levels, place CETPI as a promising biomarker of
disease severity.

We consider this a clear response to infection and
endotoxemia caused by the presence of LPS in the blood-
stream following antimicrobial treatment, and/or when
the intestinal epithelium starts to be compromised.
Although endotoxemia might have other origins such
as trauma, if we consider the gut as a major source of
infection, the alteration of the intestinal barrier might be
considered an important cause for this clinical condition
(Pérez-Herndndez et al. 2021).

The overexpression of CETPI associated with the for-
mation of peptides secondary to proteolytic cleavage,
seems to represent what it can be considered, a true
emergency response system, switched-on at the start of
an infection, and further developed in sepsis and septic
shock. As consistently shown here with our western blot
analysis of plasmas from all patient groups, the correla-
tion between the appearance of the ~67 kDa electropho-
retic band associated with the presence of proteolysis and
generation of CETPI derived peptides, higher IL-6 levels,
and organic failure, can be concurrent with other indi-
cators of disease severity (Schulte et al. 2013; Fan et al.
2016).

Since the presence of systemic proteolysis has been
associated with a high mortality rate in septic shock
patients (Bauzd-Martinez et al. 2018), the fact that we did
not find significant differences between infection, sepsis,
and septic shock patients, seems to be related to the low
mortality rate (4.8%) observed by us. Taking into account
that CETPI is expressed in small intestine cells (Alonso
et al. 2003), associated with the fact that the main source
of infection in our patients is abdominal, proteolysis of
CETPI by matrix metalloproteinases (MMPs) and serine
proteases cannot be ruled out. In support of this possi-
bility, the analysis for protease prediction performed by
us shows that the C-terminal domain of CETPI presents
potential cleavage sites for chymotrypsin A, elastase-2,
MMP-9, and MMP-2.
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Considering that CETPI might correspond to a pro-
tein that binds LPS in vivo, one of the limitations of this
study is that we only included patients with positive
blood cultures for Gram-negative bacteria. Therefore, it
will be also of interest to explore the physiological role of
CETPI in patients presenting other etiologies and a non-
infectious systemic inflammatory response. Also, data
presented here, corresponds to clinical data and plasma
samples obtained within 12 h of ICU admission, thus,
both the clinical information and the analysis of plasmas
collected 48 h after admission, are currently being stud-
ied and should be reported soon.

Conclusion

This study provides new insights into the role of CETPI
in sepsis due to Gram-negative bacteria. Given that a fine
balance control given by diverse immune responses is
essential in the prognosis of a septic patient, CETPI can
be considered as a new LPS-binding protein, and there-
fore as a novel player in the pathophysiology of sepsis.
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ARTICLE INFO ABSTRACT

Keywords: The complex pathophysiology of sepsis makes it a syndrome with limited therapeutic options and a high mor-

Sepsis tality rate. Gram-negative bacteria containing lipopolysaccharides (LPS) in their outer membrane correspond to

Iéipoﬁolysac?haride the most common cause of sepsis. Since the gut is considered an important source of LPS, intestinal damage has

Du;)'l;]:'rs axis been considered a cause and a consequence of sepsis. Although important in the maintenance of the intestinal
iosi; oo . . . . .

CETPI epithelial cell homeostasis, the microbiota has been considered a source of LPS. Recent studies have started to

shed light on how sepsis is triggered by dysbiosis, and an increased inflammatory state of the intestinal epithelial
cells, expanding the understanding of the gut-liver axis in sepsis. Here, we review the gut-liver interaction in
Gram-negative sepsis, exploring the mechanisms of LPS inactivation, including the recently described contri-
bution of an isoform of the cholesteryl-ester transfer protein (CETPI). Although several key questions remain to
be answered when the pathophysiology of sepsis is reviewed, new contributions coming to light exploring the

way LPS might be inactivated in vivo, suggest that new applications might soon reach the clinical setting.

1. Introduction

Sepsis, a syndrome where a dysregulated host response to infection
conduces to physiological abnormalities, and eventually, to life-
threatening organ dysfunction [1], corresponds to an important health
problem accounting for 19.7% of global deaths [2]. Many cases of sepsis
and septic shock have their origin in the abdominal cavity, where a
series of intestine-related alterations have been considered a key factor
in triggering sepsis and the multiple organ dysfunction syndrome
(MODS) [3,4]. Since the intestine and the liver are closely related
through the gut-liver axis composed of the portal vein, the biliary tract,
and several systemic mediators [5], this review explores the contribu-
tion of the mechanisms known to be activated in these two organs that
counteract the deleterious effects of LPS in sepsis.

The role of the gut as a key factor in triggering sepsis and multiple
organ dysfunction is first presented, highlighting the contribution of the
intestinal barrier disruption associated with the presence in plasma of
gut-derived LPS. Later, we describe the recognition and processing of
LPS by the liver. Finally, we focus on the gut and liver LPS-inactivation
mechanisms, where the participation of proteins such as the
bactericidal/permeability-increasing protein (BPD), the
lipopolysaccharide-binding protein (LBP), and the cholesteryl-ester
transfer protein (CETP) is discussed; including the newly described

* Corresponding author.
E-mail address: jmas@ifc.unam.mx (J. Mas-Oliva).
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CETP isoform (CETPI), proposed by our group to participate in the
inactivation of LPS in the plasma of patients with sepsis and septic shock.

2. Intestinal barrier disruption and the role of microbiota in
sepsis

LPS are the major component present in the outer membrane of
Gram-negative bacteria, constituted by lipid A, core sugars, and the O-
antigen [6]. Lipid A is the most conserved molecule, and the main
responsible for LPS bioactivity [7]. The main source of endotoxin in
sepsis is secondary to a Gram-negative bacterial infection, and in many
cases directly related to a deficiency in the barrier function of the in-
testine [8]. The disruption of the intestinal barrier leads to increased
intestinal permeability, gut-derived LPS translocation to the lymphatic
system, transport of LPS to the liver by the portal vein (gut-liver axis),
and the development of immune responses by hepatic cells [9].

Under normal conditions, the gut lumen hosts the microbiota,
comprising bacteria, archaea, fungi, protozoa, and viruses [10].
Although important in the maintenance of intestinal epithelial cell
(IECs) homeostasis, the microbiota has been considered a source of LPS
[11,12]. The normal microbiota regulates the production of antimicro-
bial molecules, as well as mucins [11,13], components of the mucus
layer, functioning as a physical barrier that separates the microbiota
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from the IECs [14]. In the colon, the mucus layer is composed by an
inner layer normally absent of bacteria, and an outer mucus layer
colonized by anaerobic bacteria where the phyla Firmicutes and Bacter-
oidetes are the most abundant, followed by facultative species such as
Escherichia coli, that can be present in low concentrations [15]. Patho-
gens and several commensal intestinal bacteria have mucolytic activity,
but only facultative species can penetrate the inner mucus layer [13]. In
an inflammatory microenvironment, there is an increase in the abun-
dance of facultative anaerobic bacteria, whereas the proportion of
strictly anaerobic decreases, altering the composition of the gut micro-
biota (dysbiosis) and promoting the accentuation of the inflammatory
process [16]. This is evident in patients presenting the systemic in-
flammatory response syndrome, where a decrease of obligate anaerobes
and an increase in pathogenic bacteria in the intestine has been observed
[17].

Underneath the mucus layer, in the luminal surface of the small in-
testine protrude a series of structures called villi, separated between
them by tubular invaginations known as crypts. At the base of the crypts,
there are columnar stem cells that differentiate into diverse types of
epithelial cells, comprising enterocytes, goblet cells, entero-endocrine
cells, and Paneth cells (Fig. 1a). Considered as the main intestinal bar-
rier to infection, the apical glycocalyx containing cell surface mucins,
together with the presence of epithelial tight junctions, adherens junc-
tions, and desmosomes [13,19], belong to a system of key defense
structures. Among the causes that lead to the disruption of these struc-
tural components of the intestinal barrier; infection, trauma, ische-
mia/reperfusion events, and immune cell dysregulation, have been
recognized as important ones [20,21]. Also, as a consequence of the
damage caused by these cell disturbances, dysbiosis becomes present, as
shown in patients with septic shock [22], in patients that receive anti-
biotic treatment [23,24], and in general, in critically ill patients [25,26].

Evidence showing an association between alterations of the micro-
biota and subsequent admission of patients to the hospital due to sepsis,
mainly includes those with dysbiosis produced by infection-related
hospitalization, and antibiotic administration [27,28]. When dysbiosis
becomes present, among other alterations, an increase in the intestinal
permeability is observed, most of the time associated with an alteration
of cell-cell adhesion properties of IECs. Then, as a result of infection or
dysbiosis, a pro-inflammatory environment is developed, and tight
junctions become disrupted, turning the epithelial barrier leaky [29]
(Fig. 1b).

This phenomenon explains the transmigration of bacteria, LPS, and
other harmful metabolites from the lymphatic system and portal circu-
lation to the systemic circulation and other organs causing MODS
[30-32]. The mesenteric lymph vessel conducts pathogen-associated
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molecular patterns (PAMPs), or intracellular molecules released from
damaged or dying cells (called damage-associated molecular patterns or
DAMPs). These molecules associated with gut-derived pathogens
continue towards the systemic circulation and eventually the lungs
producing the acute respiratory distress syndrome and distant organ
injury [33-35].

Associated to the barrier function of IECs limiting the translocation
of bacteria and therefore their contact with intestinal immune cells [36],
the participation of the microbiota has been defined as an important line
of defense against invading pathogens. The relationship between IECs
and the normal bacteria present in the intestine contributes to the
maintenance of the intestinal barrier function through the production of
microbiota-derived inositol phosphate [37], and the fermentation of
undigested carbohydrates, such as the end-products of high fiber diets,
producing short-chain fatty acids (SCFAs), propionate, acetate, and
butyrate. Butyrate, as the main energy source for epithelial cells, pro-
motes cell survival, and proliferation [38]. In addition, SCFAs maintain
the intestinal barrier after LPS exposure, through the stimulation of the
mechanisms that overexpress tight-junction proteins such as claudin-1
and ZO-1, and also through the inhibition of the NLRP3 inflamma-
some, autophagy, and NF-kB activation [39,40].

Since an important risk factor to develop sepsis correlates with the
presence of low concentrations of butyrate-producing bacteria in the
intestinal lumen [41], fecal microbiota transplantation to mice with
sepsis has shown to promote a protective effect associated with the
restoration of normal levels of butyrate [42]. Also, the relationship
achieved between the microenvironment promoted by the gut micro-
biota, and its effects on LPS production has been proven in
atherosclerosis-prone mice, where LPS synthesis is reduced in mice
treated with live Bacteroides, reducing the expression of the Toll-like
receptor 4 (TLR4), and contributing to maintain the gut-barrier integ-
rity [43]. Although the precise mechanisms by which microbiota con-
tributes to the LPS fecal levels remains unclear, a lower abundance of
Bacteriodes is related to inflammatory diseases as in sepsis [44]. In
addition, the gut microbiota and their metabolites reduce LPS-induced
inflammation in distant organs like the lung and the liver. In this
sense, the process of inflammation induced by LPS in the liver has been
shown to decrease in mice when treated with molecules known to be
synthetized by the gut microbiota, such as the aromatic heterocyclic
compound indole [45]. Also, recent results indicate the protective effect
of the intestinal microbiota in regulating immunity of LPS-induced acute
lung injury, by modulating the TLR4/NF-kB signaling pathway associ-
ated to the induction of inflammation and oxidative stress [46].

On the other hand, it has been established that high-fat diets enhance
intestinal permeability contributing to LPS translocation from the gut to

Fig. 1. Disruption of the intestinal barrier as a
mechanism closely related to the development
of sepsis. a) Under healthy conditions, the gut
presents a single layer of intestinal epithelial
cells (IECs) provided with microvilli, that act
both, as a physical barrier, and as a cell system
that transports nutrients and exchanges ions
[18]. While IECs are covered with a dense layer
of mucus synthesized by goblet cells, Paneth
cells producing essential growth factors and
antimicrobial peptides protect columnar stem
cells. b) When the normal homeostatic equilib-
leak rium of the microbiota is altered, epithelial cells
lose tight junctions, and dysbiosis occurs pro-
ducing free routes for the migration of bacteria
and their metabolites to the liver and other
organs, starting the septic process. LPS, lipo-
polysaccharides; DC, dendritic cells; JAM-A,
junctional adhesion molecule-A.
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plasma, triggering the onset of low-grade inflammation [47]. Since
during the postprandial period, dietary long-chain fats are absorbed
following their incorporation into chylomicrons, LPS can be incorpo-
rated also, therefore facilitating their absorption and contributing to
postprandial inflammation [48-50]. The administration of high-fat diets
to mice has been also related to a reduced expression in IECs of genes
coding for tight junction proteins, such as ZO-1 and occludin [51].
High-fat diets promote the release of inflammatory mediators, and
activate mast cells in the intestinal mucosa, affecting the transcellular
and paracellular intestinal permeability [52,53]. In absence of a path-
ogen agent, administration to mice of a fat-rich diet low in fiber, causes a
high susceptibility to develop sepsis after antibiotic exposure and sur-
gical injury [54]. Moreover, employing an LPS-induced sepsis model, it
has been observed that mice fed with a western diet are susceptible to
develop immunoparalysis [55].

3. The liver response to LPS

Although several of the main functions carried out by the liver
comprise the metabolism of nutrients, the production of clotting factors,
and detoxification; its immune function is critical to maintain tolerance
and protection against pathogens carried via the portal system. As the
first line of defense, this immune function is particularly important
against systemic and intestine-derived pathogens. In this sense, it has
been found that the concentration of LPS in the portal circulation is
higher than the LPS concentration in the peripheral blood [56,57].
Therefore, the anatomical disposition of the liver and the intestine, re-
veals the critical connection role of these two organs in the process of
detoxification of gut-derived LPS [57]. Hepatic cells participate in a
network system designed to detect, capture, and prime the adequate
immune response against circulating microorganisms. For this purpose
and in association with hepatocytes, a large population of macrophages,
neutrophils, natural killer cells, lymphocytes, dendritic cells, B cells,
hepatic stellate cells (HSC), and liver sinusoidal endothelial cells (LSEC),
contribute to the liver response in sepsis [58,59]. In septic patients, it
has been shown that bacterial clearance by the liver is important to
reduce plasma LPS levels, which in parallel lowers the severity of the
immune response and improves the patient’s outcome [58,60].

So far, the main molecules involved in LPS-sensing are LBP, CD14,
MD-2, and TLR4 [61], which initiate the activation of intracellular
signal transduction networks in subdomains of the plasma membrane
rich in phosphatidylinositol 4,5-biphosphate [62]. The sorting adaptors,
TIRAP and TRAM, interact with these regions sensing dimerized TLR4 at
the cell surface or on endosomes, inducing the myddosome formation or
TRIF signaling, respectively [63,64]. (Fig. 2). The myddosome elicits the
production of pro-inflammatory mediators by activating inflammatory
transcription factors, such as NF-kB and AP-1; whereas the TLR4 inter-
nalized in endosomes engage TRAM and TRIF, initiating
IRF3-dependent type-I IFN production [61] (Fig. 2). On the other hand,
several other cellular responses to LPS have been described, involving
phagocytosis [65], autophagy [66], and mitochondrial reactive oxygen
species production [67]. In the macrophage, intracellular LPS triggers
the noncanonical inflammasome, well known to correspond to a
TLR4-independent response (Fig. 2). During this cellular response,
caspase-11 recognizes intracellular LPS, leading to the generation of
IL-1B, IL-18, and to pyroptosis, which further contributes to the severity
of sepsis [68,69]. Therefore, it has been reported that the use of acti-
vation antagonists of human caspases 4 and 5 (the orthologs of mouse
caspase-11), may result beneficial for septic patients [69,70].

Regarding the distribution of TLR4 as the main receptor mediating
the LPS effect, TLR4 transcripts are abundantly expressed in Kupffer
cells (KCs), followed by LSEC, and poorly expressed in hepatocytes, in
both mouse and human liver [71]. In vivo, it is assumed that LPS interact
first with KCs and LSEC in the sinusoid, and eventually, with HSC in the
space of Disse. Given the key role that KCs and LSEC play in the
recognition and clearance of LPS, they also contain the scavenger
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Fig. 2. Schematic diagram of the LPS/TLR4 signaling pathway. The cascade of
cellular events mediated through the LPS/TLR4 signaling pathway initiates
with the interaction of LPS with LBP and CD14, facilitating the subsequent
signaling events by the TLR4-MD2 complex. The sorting adaptors TIRAP and
TRAM induce the myddosome formation or TRIF signaling, resulting in the
production of pro-inflammatory cytokines and type 1 IFNs, respectively. An
alternative mechanism mediated by caspase 11 has been also described, where
outer membrane vesicles (OMV) produced by Gram-negative bacteria, are
endocytosed, and LPS is delivered into the cytosol of host cells, conducing to IL-
1p and IL-8 production, and to pyroptosis. TLR4, Toll-like receptor 4; LPS, li-
popolysaccharides; LBP, lipopolysaccharide-binding protein; IFNs, interferons.

receptor class B type 1 (SR-B1), and the activin receptor-like kinase
(ALK-1), known to participate in the process (Fig. 3). SR-B1 corresponds
to the high-density lipoprotein (HDL) receptor, considered to be highly
expressed in hepatocytes being at least 5-fold more abundant in LSEC
and poorly expressed in KCs and HSC [72]. In addition to the main role
of SR-B1 in the reverse transport of cholesterol through the cell uptake of
cholesteryl-esters from HDL, during the course of sepsis SR-B1 also
contributes to LPS clearance in the liver [73].

Recent work has attracted attention to the role of the bone
morphogenetic protein-9, a cytokine member of the TGF-B superfamily
produced by HSC that binds ALK-1, showing a role as a modulator of the
in vitro response of human LSEC evoked by LPS. Transcripts for ALK-1
are mainly expressed in LSEC and KCs, and very low levels are found
in the hepatocytes of both mice and humans [71].

4. Mechanisms of lipopolysaccharide neutralization

The gut mucosa presents several mechanisms that participate in LPS
inactivation, where besides being a physical barrier, prevents LPS from
coming in close contact with the apical side of IECs. Among the mole-
cules that participate, the following have been well studied: mucins,
intestinal alkaline phosphatase (IAP), antimicrobial peptides (AMPs),
IgA, bile acids, and a series of LPS binding proteins (Fig. 4a). Among the
different secreted mucins, both in humans and mice, mucin 2 (Muc2)
corresponds to the major component preventing the translocation of
intestinal bacteria [74,75]. An investigation studying Muc2”" mice
shows that when treated with sublethal doses of LPS, these experimental
animals present a high mortality rate associated with impaired iron
homeostasis, and an increased bacterial translocation [76]. IAP corre-
sponds to a mucosal defense enzyme that, through the removal of



E.G. Pérez-Hernandez et al.

Hepatocytes

Wiy gy g

Space of Disse 37 W

.L.Ia“

Biomedicine & Pharmacotherapy 141 (2021) 111890

Sinusoidal
| endothelial cell
S

A

y
I;l
-

Portal > Kupffer cel

vein

N )
hid ! \
-

S i gl i

J\.L\“/sf

Sinusoid

th—e%c Space of Disse ; 3

TTTT TT 'YT

T TLR4 /ﬂ\ SR-B1

iy TT TTHSC

M ALK-1

Fig. 3. Participation of different hepatic cell types in the recognition and clearance of LPS during sepsis. Although hepatocytes and non-parenchymal cells when
exposed to LPS trigger an inflammatory response, Kupffer cells and liver sinusoidal endothelial cells, play an outstanding role in clearing LPS and the restoration of
homeostasis. LPS, lipopolysaccharides; TLR4, Toll-like receptor 4; SR-B1, high-density lipoprotein receptor class B type 1; ALK-1, activing receptor-like kinase; HSC,

hepatic stellate cells.

a LP\S
Mucus Y oo ° ]
- - s
layer 0’ = o y
- * - i - Mucin 2
F; * -1AP
- AMPs
(=)
= = " b - - Regllly
= E
p_‘ @ -CETPI
-LBP
. -BPI
~ - Bile acid
@

- Lipoproteins
-PLTP

-LBP

-CETP

- CETPI
-sCD14

Fig. 4. Mechanisms of LPS inactivation present in the gut-liver axis. a) The
intestine presents several mechanisms to limit the entrance of LPS to intestinal
lymphatics and portal circulation. In the presence of an inflammatory micro-
environment such as the one present during sepsis, these mechanisms are
bypassed. b) LPS present in the intestinal lymphatics bind to chylomicrons (CM)
being transporting to the portal circulation, whereas LPS in the blood bind to
lipoproteins, which are constantly being restructured, and taken up by Kupffer
cells (KCs) and liver sinusoidal endothelial cells (LSEC). TG, triglycerides; CE,
cholesterol esters.

phosphate groups coupled to glucosamines, detoxifies LPS [77], pro-
moting mucosal tolerance to resident bacteria, and protecting the host
from sepsis during inflammatory conditions [78,79]. In animal models
of sepsis and patients with sepsis, the administration of IAP attenuates
LPS toxicity and prolongs survival time [80-83].

AMPs are secreted by Paneth cells in response to bacteria and LPS,
and they spread into the mucus layer of the gut. Alpha-defensins, the

most abundant antimicrobial peptides in the human intestine, are
secreted in response to LPS [11,84], and their interaction inhibits TLR-
mediated inflammation. Also, Paneth cells detect gut bacteria through
cell-autonomous MyD88 activation, triggering the expression of anti-
microbial factors, such as Regllly, RegllIp, and RELMp, all expressed
after oral administration of LPS to germ-free mice [85].

Five LPS-binding proteins belonging to the family of lipid transfer/
LPS-binding proteins (LTP/LBP) have been described: the phospho-
lipid transfer protein (PLTP), LBP, BPI, CETP [86], and a new isoform of
CETP described by our group, named CETPI [87,88]. LBP is a component
of the intestinal mucosal defense system secreted by intestinal epithelial
cells [89], and it is present in the secretory granules of Paneth cells [90].
While CD14 has been recognized as the receptor for the complex formed
between LBP/LPS [91], promoting an exacerbated inflammatory
response mediated by TLR4, a high concentration of LBP also contrib-
utes to neutralizing LPS. BPI is present in neutrophils and expressed in
human epithelial cells (oral, pulmonary, and intestinal) [92], where it
shows a bactericidal action and a neutralizing activity against LPS. In the
intestinal epithelium, BPI expression increases in response to changes in
the levels of intracellular potassium caused by cell damage, whereas
neither PAMPs, such as LPS nor cytokines, induce BPI expression [93,
94]. These findings suggest that DAMPs regulate BPI expression instead
of PAMPs, important in limiting the translocation of commensal bacteria
during epithelial damage [94], and also protecting mucosal surfaces
against the endotoxin of Gram-negative bacteria [93].

While gut-derived LPS molecules enter the bloodstream, proteins
such as PLTP, LBP, and sCD14 promote their binding to lipoproteins,
therefore facilitating their transport to the liver for further elimination
(Fig. 4b). The liver as the main source of CETP also synthesizes acute-
phase proteins, such as LBP and sCD14 [95]. The role of CETP in
sepsis-like conditions has been evaluated by us studying small intestine
cells in culture. We found that following incubation with LPS, these cells
that normally do not synthesize CETP, start to produce the protein [88].
Moreover, the role of CETP as a mediator of the excessive inflammatory
response to LPS has been described employing RAW 264.7 murine
macrophages, where TNF-a production increases upon incubation with
LPS, but decreases in a dose-dependent manner when human CETP is
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added to the medium [96,97]. Since cholesterol esters are transferred
between lipoproteins by CETP in exchange for triglycerides from HDL to
LDL and very low-density lipoproteins (VLDL), the resulting
triglyceride-enriched HDL are easily degraded by hepatic lipases
decreasing the level of circulating HDL-cholesterol (HDL-C) (Fig. 4b).
Considering that HDL-C plasma levels are inversely associated with the
risk of cardiovascular disease, for some time it has been thought that the
presence of a low HDL-C concentration mediated by a high plasma CETP
concentration could be detrimental in those individuals affected with
cardiovascular disease. In association with these findings, the clinical
trial testing the CETP inhibitor torcetrapib, expected to lower the ac-
tivity of CETP and therefore increase plasma HDL-C, was not concluded
due to an unanticipated high mortality rate found associated with car-
diovascular and non-cardiovascular complications. Interestingly, among
the non-cardiovascular causes, the presence of infection was directly
found to be established with the use of this inhibitor [98].

Soon after the clinical trials studying the effects of CETP inhibitors
upon cardiovascular disease were interrupted, its potential interaction
of torcetrapib with LBP and BPI was explored. It was shown that this
inhibitor does not affect LPS binding ability to LBP and BP], in the same
way as LPS do not affect CETP function. It was also shown that LPS
strongly induces the expression of TNF-a in ex vivo blood assays, even in
the presence of torcetrapib [99]. These results suggest that
HDL-remodeling mediated by CETP is a crucial component in the
response to Gram-negative infections. Accordingly, a low HDL-C plasma
concentration has been associated with an unfavorable outcome during
the development of sepsis [100]. A recent meta-analysis shows the
relation between low HDL plasma levels and a high mortality rate in
patients with sepsis [101]. In support of these data, studying patients
that present the CETP genetic variant rs1800777 (allele A), which is a
gain-of-function variant of CETP associated with abnormally low HDL-C
levels, it was observed that in the presence of sepsis these patients are
not able to downregulate CETP, and therefore the transfer of
cholesterol-esters from HDL to LDL and VLDL is increased. This condi-
tion leads patients to become more susceptible to organ failure associ-
ated to a low survival rate [102].

For some time, it has been considered that CETP is synthesized in the
hepatocyte the predominant cell type in the liver, however, nowadays
we know that CETP is mainly expressed in a specific population of
resting KCs displaying surface proteins known as Clec4f and Vsig4
[104-106]. Apparently, as an early mechanism to counteract the
harmful effects of LPS, the expression of these proteins is reduced when
KCs are LPS-activated, in parallel with a decrease in CETP and an in-
crease in plasma HDL-C [106] (Fig. 5). While the important inactivation
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of LPS in plasma mediated by their association with lipoproteins such as
HDL, is directly related to the insertion of lipid A into the outer phos-
pholipid layer of this lipoprotein [107], lipoprotein-bound LPS are
removed from the bloodstream by liver cells through the LDL receptor
(LDLR), the LDLR-related protein-1 [108,109], and SR-B1 [73].

Since the uptake of LPS-HDL complexes by KCs, is slower than free
LPS [110], LSEC are considered the main cell type involved in the
clearance of these LPS-HDL complexes probably through the interaction
with SR-B1 [111]. Nevertheless, the relevance of LPS clearance medi-
ated by SR-B1 in patients with sepsis still shows inconsistent results [73,
112,113]. On the other hand, although TLR4 located in the hepatocyte
membrane has been shown to contribute in sepsis to the clearance of LPS
from circulation [60], due to the complex role of TLR4 in the septic
process, the use in the clinic of TLR4 antagonist has ended with
controversial results [114]. Finally, a key detoxification mechanism for
LPS is carried out by the enzymes lipid A-phosphatase and
acyloxyacyl-hydrolase present in KCs and LSEC, as a preliminary step for
excretion into the bile [110,111].

Furthermore, the contribution of KCs in sepsis is relevant considering
that in contrast to monocyte-derived macrophages, KCs have prolifera-
tive capacity, allowing them to regenerate themselves [115]. Besides,
KCs having the capability to polarize specific activation states, perform
diverse functions in different microenvironments with the ability to
change from the M1 phenotype (classical activation) to the alternative
M2 phenotype [116]. Since M1-polarized KCs predominate in sepsis
producing a large amount of pro-inflammatory cytokines like TNF-a,
and IL-6 (Fig. 5), new therapeutic approaches have been employed to
inhibit M1 polarization with the use of mesenchymal stem cells and
chromone derivatives [117,118].

5. CETPI a new lipopolysaccharide-binding protein

CETPI corresponds to a new protein described by our group, that
apparently when studied in the rabbit as the experimental model, seems
to be exclusively expressed in the small intestine [87]. Although it is
present in human plasma, it is still not known if in the human, the in-
testine is the only organ that synthetizes CETPIL. Nevertheless, the fact
that under normal conditions CETPI is found in plasma is most probably
related to its lipid binding properties, and therefore to the possibility
that while being synthetized by the enterocyte, CETPI binds to the newly
formed chylomicrons, following in association, a normal excretion
pathway into the lacteal [119].

The main structural difference between CETP and CETPI resides in its
C-terminal domain, where the last 24 C-terminal residues present in

Fig. 5. Role of CETP in the livers response to LPS. When LPS from
Gram-negative bacteria activate KCs, they stop producing CETP,
and therefore, circulating HDL levels increase. As a response to
LPS, hepatic cells produce pro-inflammatory cytokines and trigger
different signaling pathways. Among the interleukins produced by
KCs, IL-18 seems to be the main factor provoking liver damage by

. stimulating the secretion of interferon-gamma (IFN-y), which leads
.'\ H v haptoQIObin hepatocytes to apoptosis. Also, liver sinusoidal endothelial cells
LPS epatocyte L LBP (LSEC) produce nitric oxide (NO) that induces the secretion of
\ CETP . 1L-1 B endothelin-1 (ET-1), known to be involved in the inflammatory
TNF-a ™ B IL-12 response [103]. Moreover, hepatocytes respond to the TNF-a/IL-6
—p  |L-6 hepatocyte signal carried out by KCs and LSEC, by producing further inflam-
> IL-18 — IFNy — apoptosis ~ matory acute-phase proteins (APP).
L]
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CETP are substituted by 18 new ones. This new sequence in CETPI
including prolines and positively charged amino acids, confer this
domain with a disordered structure and a net positive electrostatic
charge [87,88]. Peptide VSAK (for the first four aa of the 18 aa peptide
V474-P491), derived from the C-terminal domain of CETPI interacts with
LPS, protects macrophages against the cytotoxic effects of LPS, and in
vitro prevents the generation of oxidative stress [88]. Interestingly, the
stimulation of colon-derived cells (Caco-2) and small intestine cells
(FHs74Int) with LPS, increases CETPI expression [88], indicating an
important role of this protein in mediating the cytotoxic effects of LPS
present in the intestine. The presence of CETPI in plasma reflects its key
function in sepsis and septic shock, since plasma CETPI levels have been
shown to be in parallel increased in intensive care unit patients pre-
senting both conditions in comparison to healthy subjects [120]. While
as mentioned above, the normal excretion of CETPI to circulation might
be explained by its association with chylomicrons, under a pathological
condition involving inflammation of the intestine, protein translocation
is known to take place due to structural changes of the epithelial layer
[121].

Since the heterogeneous response of patients to infection is one of the
main obstacles for an early diagnosis and treatment of the disease, the
use of biomarkers related to the diagnosis, disease severity, and prog-
nostic aspects of sepsis represents a key point to improve the outcome of
patients [122]. Although several biomarkers of the septic process have
been reported, their use in clinical practice is still limited. Among the
biomarkers frequently detected during the acute phase of sepsis, the
C-reactive protein, procalcitonin, and IL-6, have been identified as
important ones [123]. Interestingly, we have demonstrated that CETPI
and peptides derived from the carboxy-end segment of this protein, such
as peptide VSAK, might be also considered as a new set of biomarkers to
define disease severity during the transition from infection, sepsis, to
septic shock [120].

Recent results from our laboratory employing Positron Emission
Tomography, have also shown that peptides derived from the carboxy-
end segment of CETPI, including peptide VSAK, when injected intrave-
nously reduce the detrimental effects produced by LPS in Dutch dwarf
rabbits, used as an animal model to develop a systemic inflammatory
response syndrome associated to septic shock [124]. Included in the
same report, employing molecular dynamics, we have shown that pep-
tide VSAK irreversibly binds to LPS, a process that most probably de-
activates the endotoxin, preventing inflammation through activation of
the TLR4/NF-kB signaling pathway. Treatment with peptide VSAK
prevented the onset of changes in serum levels of glucose and insulin
associated with the establishment of an insulin resistance-like syndrome
in all septic animals studied. Also, treatment with peptide VSAK showed
an important attenuation in the circulating levels of pro-inflammatory
molecules increased in LPS treated animals. As a whole, our data sug-
gest that peptide VSAK might be considered not only as a new marker
molecule of disease severity, but also as a candidate in the development
and use of a new therapeutic strategy focused on mitigating the harmful
effects produced by LPS during sepsis and septic shock. A better un-
derstanding of the way molecules such as CETPI and peptide VSAK are
involved in the neutralization of LPS, will help to develop new and
improved management schemes to control sepsis and septic shock in the
setting of the Intensive Care Unit.

6. Outstanding questions

The disruption of the intestinal barrier in sepsis plays a key role by
affecting the homeostasis established with the microbiota, the crosstalk
between the gut and other organs such as the liver, and by promoting the
presence of LPS in the bloodstream. Therefore, new knowledge is needed
to clarify: (1) The contribution of the gut-liver and gut-lung axis in
MODS, considering the contribution of DAMPs and PAMPs. (2) The use
of probiotics, prebiotics, and fecal microbiota transplantation to coun-
teract the effect of antibiotics administered to patients with sepsis. (3)

Biomedicine & Pharmacotherapy 141 (2021) 111890

The participation of CETP in the equilibrium of lipoproteins in the
pathophysiology of sepsis. (4) The possibility for the use of CETPI and
peptides derived from CETPI as biomarkers of organ failure and disease
severity in patients with sepsis and septic shock. (5) The potential
therapeutic use of LPS-binding peptides that could restore immune-
dysregulation during the acute stages of sepsis.

6.1. Search strategy and selection criteria

References cited in this review were identified employing PubMed
and Google Scholar. The search strategy included articles published in
English from January 1977 to May 2021, using the terms: "gut micro-
biota", "gut-derived sepsis", "lipopolysaccharide inactivation", "gut-
translocation", "liver injury", "Gram-negative sepsis", "multiple organ
dysfunction" and "gut-liver axis". The selection criteria employed to
include articles were originality and their impact in the field.
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Abstract: Human islet amyloid polypeptide (hIAPP) corresponds to a 37-residue hormone present
in insulin granules that maintains a high propensity to form (3-sheet structures during co-secretion
with insulin. Previously, employing a biomimetic approach, we proposed a panel of optimized IAPP
sequences with only one residue substitution that shows the capability to reduce amyloidogenesis.
Taking into account that specific membrane lipids have been considered as a key factor in the
induction of cytotoxicity, in this study, following the same design strategy, we characterize the
effect of a series of lipids upon several polypeptide domains that show the highest aggregation
propensity. The characterization of the C-native segment of hIAPP (residues Fp3-Y37), together with
novel variants F»3R and I¢A allowed us to demonstrate an effect upon the formation of 3-sheet
structures. Our results suggest that zwitterionic phospholipids promote adsorption of the C-native
segments at the lipid-interface and (3-sheet formation with the exception of the F»3R variant. Moreover,
the presence of cholesterol did not modify this behavior, and the (3-sheet structural transitions were
not registered when the N-terminal domain of hIAPP (K;-S,9) was characterized. Considering that
insulin granules are enriched in phosphatidylserine (PS), the property of lipid vesicles containing
negatively charged lipids was also evaluated. We found that these types of lipids promote 3-sheet
conformational transitions in both the C-native segment and the new variants. Furthermore, these
PS/peptides arrangements are internalized in Langerhans islet (3-cells, localized in the endoplasmic
reticulum, and trigger critical pathways such as unfolded protein response (UPR), affecting insulin
secretion. Since this phenomenon was associated with the presence of cytotoxicity on Langerhans
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islet 3-cells, it can be concluded that the anionic lipid environment and degree of solvation are critical
conditions for the stability of segments with the propensity to form 3-sheet structures, a situation
that will eventually affect the structural characteristics and stability of IAPP within insulin granules,
thus modifying the insulin secretion.

Keywords: hIAPP; amyloidogenesis; insulin granules; endoplasmic reticulum; anionic lipids; Fo3R
variant; 3-sheet transitions; [3-cell cytotoxicity; unfolded protein response

1. Introduction

Human islet amyloid polypeptide (hIAPP) is a hormone that slows down gastric emptying and
participates in the regulation of plasmatic glucose associated with functions such as glucagon-release
inhibition and leptin sensitization [1,2]. hIAPP is a monomeric peptide processed in the Golgi complex
and secreted in insulin granules in response to 3-cell secretagogues [3]. However, amyloid fibril
formation in hIAPP could trigger an amplified toxicity response that leads to failure of pancreatic
(-cells, a hallmark of type 2 diabetes mellitus (T2DM). Several variants of hIAPP modify their stability
accelerating amyloid formation; for instance, in Asian populations, the S;)G mutation has been
associated with early-stage cases of DM2 [4]. Likewise, variants have been described in the Maori
populations of New Zealand [5]. By contrast, rat IAPP (rIAPP) containing structural differences
with hIAPP in six residues situated in region 18-29 (HygR, Fa3L, ApsP, 14V, SosP, and Sy9P) show a
diminished trend to produce amyloid fibrils [6]. Although these changes allowed the development
of pramlintide, an amylinomimetic peptide with three variants (AysP, SysP, and SyoP) used in DM2
therapy; the propensity to aggregation of this sequence is not completely avoided.

Several reports suggest that the C-native segment of IAPP (residues 23-37) is a critical domain
in the structural transitions that trigger amyloid formation [6], hence, it could be a target for the
development of strategies to reduce aggregation. Based on multiple sequence alignment among N-
and C-domains on 240 sequences of different species, the N-domain (residues 1-20) has been described
as a conserved sequence among a wide variety of organisms, while the C-domain (residues 22-37)
has been restricted to phylogenetically close groups [7]. Therefore, we proposed a panel of optimized
IAPP sequences, which could reduce aggregation with only one residue substitution [7].

Localized changes in the secondary structure of proteins and peptides are believed to work as
a molecular switch regulating function or, in some cases, as a trigger for misfolding. In this context,
we have described these conditions by studying the cholesteryl-ester transfer protein (CETP) and a series
of apolipoproteins [8-13]. In addition, other studies have reported that phosphatidylserine (PS) vesicles
could increase the peptide/aggregation ratio, suggesting an electrostatic factor as a triggering condition
for the induction of conformational changes [14,15]. In this sense, within insulin secretory granules
derived from the endoplasmic reticulum (ER) [16], the concentration of PS and phosphatidylinositol
has been described to be fivefold higher compared to that of the cell membrane [17]. Therefore, lipids
could be a factor that promotes structural changes in hIAPP, inducing misfolding phenomena.

However, highly sophisticated mechanisms that modulate protein structure and function have
evolved to maintain cellular homeostasis and counteract misfolding [11]. Perturbations in these
mechanisms can lead to protein dysfunction as well as deleterious cell processes. Specifically,
imbalances in secretory protein synthesis pathways lead to a condition known as ER stress, which
elicits the adaptive unfolded protein response (UPR) [11], a phenomenon that could be critical during
insulin maturation. Importantly, proinsulin is folded in the ER by chaperones such as protein disulfide
isomerases (PDI) and binding immunoglobulin protein (BiP) or GRP-78 [18]. Therefore, the transducers
of the UPR pathway, IRE1, ATF6«, and PERK, promote the translation of target chaperones through
XBPIs, ATF6x, and CHOP transcription factors, respectively, when unfolded proteins accumulate in
the lumen [19]. The three branches of UPR are essential in cell homeostasis to reduce ER stress and
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to ensure adequate synthesis of peptides such as insulin [20]. Indeed, in several reports, we have
described the effect of metabolic overload on the dysregulation of UPR arms [21,22].

Given this situation, the initial events of misfolding and amyloid aggregation promote a cascade
of pathological processes considered the hallmark in the progression of several chronic degenerative
diseases [8-13] that might be associated with conditions related to metabolic overload [21,22].
Having this in mind, we herein characterized the role of lipid systems on the conformational transitions
of the most aggregative C-terminal domain of hIAPP, and through a biomimetic approach, evaluated
this condition on variants Fo3R and I¢ A that potentially could reduce aggregation. In addition, we also
characterized the association with cell responses involved in protein homeostasis such as UPR.

2. Materials and Methods

2.1. De Novo IAPP Sequences

Based on network analysis, different residues from 240 species reported in the NCBI database
were replaced on the hIAPP sequence. The effect of the substitutions was characterized through
physicochemical assays, as well as by the computational identification of regions with a high intrinsic
propensity for aggregation [7]. Aggregation propensity range was obtained considering the aggregation
value of hIAPP as a reference, based on the AGGRESCAN algorithm (Na4vSS) [23].

2.2. Materials

Cell culture reagents were purchased from Thermo Fisher (Carlsbad, CA, USA), while tissue culture
plates and other plastic materials were obtained from Corning Inc. (Corning, NY, USA). Salts and buffers
were obtained from Sigma-Aldrich (St. Luis, MI, USA), as well as Thioflavin T (ThT), black Sudan B, Congo
red, sodium dodecyl sulfate (SDS), and 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazolium bromide
(MTT). r-a-phosphatidylcholine (PC), r-x-phosphatidylserine (PS), r-o-phosphatidyl-ethanolamine
(PE), 1-oleoyl-2-hydroxy-sn-glycero-3-phosphate (LPA), 1-palmitoyl-2-oleoyl-sn-glycerol (POPG),
and cholesterol were obtained from Avanti Polar Lipids, Inc. (Alabaster, AL, USA). Antibodies anti-XBP1s
and anti-BiP/GRP78 were purchased from Abcam (Cambridge, UK) and anti-f3-actin was obtained from
Santa Cruz Biotechnology (Dallas, TX, USA). Anti-PDI was donated by Dr. Marco A. Ramos Ibarra.

2.3. Peptide Synthesis and Preparation

Several peptides were synthesized considering the physicochemical properties of hIAPP such as:
N-native segment (' KCNTATCATQRLANFLVHSS?); C-native segment (*FGAILSSTNVGSNTY®);
Fy3R variant (*RGAILSSTNVGSNTY?); and 126A variant (*FGAALSSTNVGSNTY®) (Figure 1).
Likewise, the aggregative core of amyloid beta (AB) peptide was used as a control ?GSNKGAIIGLM®.
All solutions were filtered through 0.22 pm membrane filters (Millipore, Burlington, MA, USA) before
the experiments. Peptide purity greater than 98% was confirmed by mass spectrometry and HPLC
(GenScript, Piscataway, NY, USA). The best condition for peptide solubilization was the use of ultrapure
H,0 (600 ng/mL), subsequently diluted in phosphate buffer pH 7.4 (60 pg/mL).



Biomolecules 2020, 10, 1201 4 of 21

N-native C-native
1 20 37
NH3--KCNTATCATQRLANFLVHSSNNFGAILSSTNVGSNTY-CONH:2
1 20
NH3--KCNTATCATQRLANFLVHSS N-native
23 37

FGAILSSTNVGSNTY -CONH:2 C-native

RGAILSSTNVGSNTY -CONH2 F,3R
FGAALSSTNVGSNTY-CONH:2 1A

Figure 1. Representation of the primary structure of human islet amyloid polypeptide (hIAPP) and
peptides corresponding to N-native and C-native domains, as well as new variants of hIAPP.

2.4. Preparation of Small Unilamellar Vesicles (SUVs)

SUVs were prepared from PC, PS, PE, cholesterol, and POPG (600 ug/mL) upon their mixing
and conditioning at varying concentrations. PC, PS, PE, cholesterol, and POPG were dissolved in
chloroform and dried for 90 min under a gentle stream of N; with an additional incubation of 5 h at
30 °C in an Eppendorf Vacufuge concentrator (Eppendorf, Hamburg, Germany), according to protocols
established by our working group [9]. After drying, samples were hydrated in phosphate buffer to pH
7.4 and processed through 4 cycles of freezing in liquid N, and thawing at 37 °C, and finally subjected
to a sonication process (for 10 min under 15 s on/30 s off cycles at 9.5-10 W) in a Cole-Parmer Ultrasonic
Homogenizer (Vernon Hills, IL, USA). Samples were stabilized for 1 h at 25 °C and centrifuged at
13,000 rpm for 10 min.

LPA samples in chloroform were placed under a gentle flow of N for 90 min and additional 12 h
in a vacuum equipment. The samples were hydrated in phosphate buffer and afterwards processed
through 4 cycles of freezing in liquid N, and thawing at 37 °C. Solutions were left to equilibrate for 2 h
and centrifuged at 13,000 rpm for 10 min.

2.5. Preparation of Large Unilamellar Vesicles (LUV's)

LUVs were prepared from PC and PS by the reverse-phase evaporation methodology [24], with
some adaptations. Specifically, PC LUVs were prepared by dissolving the lipid (600 ug/mL) in a 1:3
mixture of diethylether:phosphate buffer (pH 7.4). Then, the solution was sonicated for 5 min in an
ultrasonic homogenizer. Finally, the solution was added to a rotary evaporator working at an initial
pressure of 400 mmHg for 5 min, followed by a final pressure of 650 mmHg until complete removal of
diethylether. Likewise, PS LUVs were prepared by dissolving the lipid (600 pg/mL) in chloroform and
drying the resulting solution for 90 min under a gentle stream of N, with an additional incubation of
2hat 30 °C in an Eppendorf Vacufuge concentrator, according to protocols established by our working
group [9]. After drying, samples were hydrated in phosphate buffer, pH 7.4, and processed through
4 cycles of freezing in liquid N, and thawing at 37 °C. Finally, samples were subjected to a sonication
process (for 5 min under 15 s on/30 s off cycles at 9.5-10 W) in an ultrasonic homogenizer.

2.6. Dynamic Light Scattering Experimentation and Optical Density Characterization

In the characterization of vesicle size, PC (300 uM) and PS (300 uM) vesicles were evaluated.
The hydrodynamic diameter (Dh) and Z-Potential of the vesicles were assessed by dynamic light
scattering (DLS), employing a Zetasizer Nanoseries spectrophotometer (Malvern Instruments, Malvern,
UK). All measurements were carried out at 25 °C using polystyrene disposable cells and folded
capillary cells for the size and ( potential measurements, respectively. Before their characterization,
the samples were vortexed for 10 s and left to rest for 30 min at 25 °C. The results are the average of
five measurements. In another batch of vesicles (PS), we completed the characterization by using a
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Microtrac equipment. In a complementary way, we performed the optical density characterization of
vesicles employing a BioRad Smart spectrophotometer with diode array (Hercules, CA, USA).

2.7. Peptide Bond Conformational Changes

Experiments were performed through the characterization of optical density at 218 nm, which is
associated with conformational changes along the formation of 3-sheet structures [8,10]. The effect of
lipid vesicles composed of several lipids on conformational changes of hIAPP-derived peptides was
evaluated. Measurements were obtained using the above-described BioRad Smart spectrophotometer,
employing a peptide concentration of 60 pg/mL and then evaluating the effect of the lipid vesicles.

2.8. Congo Red Birefringence Spectroscopy

Assays were performed based on a previous protocol [8], employing 10.6 uM Congo red and 60 pg/mL
peptides solutions. The optical density was measured at 494 nm, employing the above-described BioRad
Smart spectrophotometer, under varying solution conditions.

2.9. ThT-Fluorescence Assay

[-sheet structures of peptides were characterized through the ThT-fluorescence assay.
Samples were incubated for 12 h at 37 °C and monitored with the ThT (20 uM) treatment. Fluorescence
emission spectra were registered at 25 °C from 460 to 610 nm with an excitation wavelength of 450 nm
in a Cary Eclipse Fluorescence spectrophotometer (Agilent Technologies, Inc., Santa Clara, CA, USA).

2.10. Circular Dichroism (CD)

CD experiments were performed at a peptide concentration of 120 pg/mL in a 1-mm path length
quartz cuvette, using the CD neural network (CDNN) based software. Spectra were recorded with a
1-mm bandwidth, using 1 nm increments and 2.5 s accumulation time. CD spectra were recorded with
an AVIV 62DS spectropolarimeter (AVIV Instruments, Lakewood, NJ, USA) at 25 °C employing far UV
wavelengths (190-260 nm). CD results were reported as mean molar ellipticity (deg cm? dmol™!).

2.11. Lipid—Peptide Interactions

Lipid/peptide samples were analyzed with a nondenaturing electrophoresis technique adapted
by our group for lipid—peptide characterization. We established a new methodology through the use
of 0.8-15% native gradient gel electrophoresis [8]. Later, gels were stained following the Sudan black
and silver nitrate protocols [8].

2.12. Molecular Dynamics

Peptide-membrane systems were generated with the CHARMM-GUI input generator. For all
systems, a MARTINI force field for polarizable amino acids and water was used. In our assays,
we used the peptides in a simple lipid bilayer system, each lipid bilayer consisting of a homogenous
array of 8 X 8 lipid molecules of PS (DIPS 18:2-18:2) or PC (3:1, DPOC 16:1-18:1 and POPC 16:0-18:0).
Peptide models of N-native, C-native, and variants Fy3R and Iys A were generated using the ITASSER
online server; for all peptides, we used the predicted model with highest TM value. The systems were
minimized using steepest descent and conjugate gradient methods. Then, five equilibration steps
were performed for each system. Simulations were conducted in a 1:1 peptide-membrane system
during 3000 ns at 303.15 K and 1 atm pressure. For each system, we evaluated the lipid bilayer lateral
displacement from lipids as an indicator of bilayer fluidity. Our analysis was based on the GROMACS
built-in function for MSD analysis. To this end, we used the built-in functions of GROMACS, which
are calculated using the following equation:

1.
Dat = Zlim< |l 1;(t) = 1;(0) I >ic,
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where r; (t) indicates molecule position a t time, r; (0) indicates the position at molecules at time zero,
and is calculated for molecules included in A set of molecules. Additionally, 6D4’ represents diffusion
coefficient over time (£) for A set of molecules, using Einstein correlation adjusted for long simulations.

In this sense, the analysis along the membrane was performed in one single plane. Before analysis
of MSD, periodic boundary conditions were converted used built-in conversion functions to ensure the
continuous trajectory of molecules.

In a complementary way, we performed molecular dynamics reruns, started from previously
equilibrated systems that were used in original reported simulations. The systems were evaluated
under the same conditions of temperature, pressure, and number of molecules. The simulation time
was reduced to 30,000 ps; 100 consecutive simulations were performed for each system where the
previous simulation was used as a starting point for the subsequent one. All trajectories obtained from
short simulations were joined using built-in functions of GROMACS to reach the same simulation
time reported previously; the resulting trajectory file was converted into a continuous trajectory file.
MSD analysis for this system is reported in Figures S3 and S6. This strategy was based on previous
reports [25,26].

2.13. Cell Culture

[3-cell line RIN-m5F (American Type Culture Collection) was grown using RPMI-1640 culture
medium supplemented with 10% fetal bovine serum, 10 U/mL penicillin, 10 ug/mL streptomycin,
and 25 pg/mL amphotericin B. Cultures were maintained at 37 °C in a humidified atmosphere of 95%
air and 5% CO,.

2.14. Cell Viability Assay

Peptide cytotoxicity was assessed through MTT assays RIN-m5F cells, under different peptide
and lipid—peptide treatments. Cells were seeded into 96-well plates at a density of 20,000 cells/well
and allowed to grow to 90% of confluence. Next, the culture medium was replaced with Opti-MEM
medium. After 1 h under this condition, cells were incubated under the different treatments and
subsequently processed according to previous protocols [8].

2.15. Western Blotting Analysis

Under different peptide and PS-SUVs treatments, the expression of proteins associated with
the UPR pathway and insulin folding were evaluated. After experimentation on RIN-m5F cells,
proteins were extracted from cell cultures using ice-cold protein lysis buffer (150 mM NaCl, 10 mM
Tris, pH 7.4, 1% Triton X-100, 0.5% NP40, 1 mM EDTA, 1 mM EGTA, 0.2 mM sodium orthovanadate,
10 mM benzamidine, 10 pug/mL leupeptin, 10 pg/mL aprotinin, and 250 uM PMSF). An average
of 25 ug of protein lysates were separated on 8% SDS-PAGE electrophoresis and transferred to
polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% nonfat milk in
Tris-buffered saline 0.1% Tween-20 (TBS-T) for 1 h at 37 °C and incubated at 4 °C overnight with primary
antibody (anti-XBP1s, anti-BiP/GRP78, anti-PDI, anti-SERCA2, and anti-3-actin). Following washing
with TBS-T, the membranes were further incubated for 1.5 h at 37 °C with the corresponding
horseradish peroxidase-conjugated secondary antibodies. Proteins were detected with the enhanced
chemiluminescence reagent (Immobilon Western from Millipore, Burlington, MA, USA).

2.16. Endoplasmic Reticulum Isolation

ER fractions were obtained from RIN-m5F cells under several PS/peptides treatments.
The methodology was based on the report of Prajapati et al. [27]. Cells were proliferated in 100 mm
cell culture plates at a density of 2.3 X 10° cells/mL. Cells were maintained in proliferation for 72 h
to reach 95% of confluence, and later, different treatments were performed on a volume of 5 mL.
Later, culture cells were washed with PBS 1x, recovered, and treated with 1 mL of homogenizer
buffer (30 mM Tris—-HCI pH 7.4, 225 mM mannitol, 75 mM sucrose, 0.5 mM EGTA, protease inhibitor,
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and 0.5% BSA). Homogenates were briefly sonicated (two cycles of 15 s on/30 s off at 9.5-10 W).
Then, the homogenate was centrifuged at 630X g for 5 min at 4 °C. Supernatant was collected and
conserved, and the pellet was newly processed by sonication and centrifuged under the same conditions.
The combined supernatant was centrifuged again at 630x g for 5 min at 4 °C (nuclei-free lysate),
and 150 uL was conserved. Then, the nuclei-free lysate fraction was centrifuged at 6300 g for 10 min.
The supernatant was transferred into a new tube, and then, it was centrifuged at 20,000x g for 30 min at
4 °C. The supernatant was recovered and centrifuged at 100,000x g for 60 min at 4 °C, using a S140-AT
2555 rotor. The supernatant corresponds to the cytoplasm fraction, whereas the pellet corresponds
to the ER fraction. Protein markers (anti-BiP, anti-PDI, anti-SERCAZ2, and anti-3-actin) were used to
evaluate the quality of the isolations (Figure S9).

2.17. Fabrication of Vesicles Composed of PS (30 uM) and the Fluorescent Probe BODIPY-Leu (6 uM)

BODIPY-Leu probe was synthesized according to protocols developed by our group [22]. Then,
the required quantities of L-x-phosphatidylserine and BODIPY-Leu were dissolved in chloroform and
mixed vigorously to obtain a clear solution. Then, the solution was dried for 90 min under a gentle
stream of N with an additional incubation of 5 h at 30 °C in an Eppendorf Vacufuge concentrator,
according to protocols established by our working group [9]. After drying, samples were hydrated in
phosphate buffer pH 7.4 and processed through 4 cycles of freezing in liquid N, and thawing at 37 °C,
and finally subjected to a sonication process (for 10 min under 15 s on/30 s off cycles at 9.5-10 W) in an
ultrasonic homogenizer. Samples were stabilized for 1 h at 25 °C and centrifuged at 13,000 rpm for
10 min.

2.18. Confocal Microscopy

A LEICA TCS-SP8 confocal scanning biological microscope (LEICA Microsystems Heidelberg
GmbH, Nussloch, Germany) was employed in the characterization of the subcellular localization of
PS/BODIPY-Leu vesicles (PS 30 uM/BODIPY-Leu 6 uM). RIN-m5F cells were proliferated to 90% of
confluence and treated with PS/BODIPY-Leu vesicles and hIAPP-derived peptides for 20 h. Later,
culture cells were washed with HBSS buffer, and then, the ER-tracker probe (1 uM) was added
and incubated for 25 min at 37 °C. Cells were washed once with HBSS buffer and fixed with 4%
formaldehyde for 2 min at 37 °C and mounted for observation. Macroscopically different zones were
recorded, preferentially at the center of the specimens, to depict representative images. Images were
recorded at excitation/emission wavelengths of 488/495-545 and 552/562-700 nm for detection of PS
30 uM/BODIPY-Leu (green) and ER-tracker (red), respectively.

2.19. Insulin ELISA Assays

Cells were proliferated in 100 mm cell culture plates at a density of 2.3 X 10° cells/mL. Cells were
maintained in proliferation for 72 h, and later, different treatments were performed on a volume of
5 mL. Cell culture medium was recovered and centrifuged for 5 min at 5000 rpm. The supernatant
medium was recovered and diluted (1/3) in PBS. Insulin concentrations were quantified with the
Rat Ultrasensitive Insulin ELISA kit (80-INSRTU-E01, E10; ALPCO Diagnostics, Salem, NH, USA)
through several adaptations according to manufacturer’s recommendations. Absorbance readings
were performed at 450 nm, and results were reported as ng/mL.

2.20. Statistical Analysis

Data were expressed as mean + SD. The statistical analyses were conducted with one-way ANOVA.
In MTT assays data were expressed as mean + SD.
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3. Results

3.1. Secondary Structure Characterization of hIAPP Peptides

In a previous report, we proposed a panel of 113 hIAPP variants, 30 of which could reduce
aggregation propensity with only one substitution on the hIAPP sequence [7], compared to the
pramlintide drug (3 substitutions) and several hIAPP analogs generated by substituting up to four
arginine residues at positions Fp3-I54 [28]. Our results suggested that the 23 and 26 positions maintain
secondary structure stability [7]. To assess changes in these positions, F»3R and I A variants were
evaluated and compared to the highly aggregative hIAPP C-native residues (*FGAILSSTNVGSNTY®).
Through ThT-fluorescence assays, the Fp3R variant showed the lowest fluorescence values corresponding
to a reduced (-sheet structure formation compared with the C-native and the I A variant (Figure 2A).
Most probably, the result found with F»3R is associated with the electrostatic charge of the arginine-side
chain (position 23) that exerts a repulsive effect among peptide monomers.

A B 6000 —u— C-native
1 «—F23R
800- 2 % 7 — 3000+ "r’.‘\h 126A
700, FGAILSSTNVGSNTY === C-pative ‘7_0 0l g _
E) RGAILSSTNVGSNTY  _ E..R £ "
s 600 z T 3000
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§ 500 =12 g -6000 4
g 400 2 -9000- J‘
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Figure 2. Structural characterization of C-terminal IAPP-derived peptides shows the inhibition of
[-structures by the new Fy3R variant. (A) Fluorescence emission spectra through ThT assays on
IAPP variants (60 pg/mL). The characteristic emission peak was registered at 482 nm. (B) Circular
dichroism (CD) spectra of hIAPP variants (190-260 nm). In this representative experiment, the peptide
concentration was 120 pg/mL.

The substitution of only F3R could reduce (3-sheet structure formation. In the I;4A variant,
as opposed to the expected, a slightly higher signal than in the C-native segment was detected
(Figure 2A). Although aggregation propensity values (AGGRESCAN Index) for I)¢ A (—8.2) suggest alow
tendency to generate (3-structures, parameters such as hydrophobicity and isoelectric point are similar
in both fragments (Table 1). Characterization of peptides was completed by CD analysis (Figure 2B),
in which the C-native spectrum indicated a (3-sheet structure formation. For the F»3R variant, a peak at
190 nm and two minima at 202 and 219 nm were registered, typical of a mixture of «-helix, disordered
structures, and minimal (3-sheet structures. I;sA showed an atypical behavior since the spectrum did
not represent a defined secondary structure, possibly associated with amorphous aggregation.

Table 1. Physicochemical parameters of evaluated peptides.

AGGRESCAN  Hydropathy  Charge  Hydrophobicity uH

D Sequence Value ! (kcal/mol) pH74 (kcal/mol) pl kcal/mol
C-native BEGAILSSTNGSNTY? 6.6 0.28 0 0.29 5.92 0.18
Fp3R variant BRGAILSSTNGSNTY? -0.3 -0.21 1 0.21 9.84 0.04
IpeA variant BFGAALSSTNGSNTY? -8.2 0.1 0 0.24 5.92 0.13
N-native TKCNTATCATQRLANFLVHSS? -6.3 -0.04 3 -0.02 9.14 0.27

! Negative values are associated with a low propensity to form amyloid fibrils, whereas positive ones are associated
with higher propensity. Red identifies the residue variants.



Biomolecules 2020, 10, 1201 9 of 21

In amyloidogenic peptides, the stability of antiparallel 3-sheet structures is determined by
hydrogen bonds, salt bridges, and weak polar interactions among side chains of residues [29].
Under our working conditions, the net charge of +1 for the Fy3R sequence at pH 7.4 could be a
determining factor in the low propensity to aggregation, due to the likely appearance of electrostatic
repulsions. In turn, I)¢A and the C-native segment showed a neutral charge at a pH range of 3.0 to
8.5 with an intrinsic tendency to aggregation, a situation that has been discussed in several reports as
a problem with the therapeutics of hIAPP [30]. Therefore, a balance among the dynamic secondary
structure of the hIAPP C-native segment, the net charge, and the physicochemical properties of the
lipid microenvironment could define the type of the adopted secondary structure [10].

3.2. Effect of Lipids on the Secondary Structure of hIAPP Peptides

The effect of lipids on the secondary structure of hIAPP peptides was characterized through the
use of SUVs. In a first approach, PC-SUVs were employed as a model system and their effect on the
C-native segment as well as the F»3R and I A variants was assessed through spectroscopy at 218 nm
and birefringence with the Congo red assay (Figure 3). PC was chosen in the first instance since it
is the most abundant zwitterionic phospholipid of the outer plasma membrane. Under incubation
with increasing concentrations of PC-SUVs, the Fp3R variant did not show significant changes in
the -sheet structure content where minimal absorbance values were recorded for peptide-bond
characterization. In addition, an evident difference in birefringence values compared to the C-native
segment was registered (Figure 3A,B). The behavior of the I5¢A variant was comparable to the C-native
segment suggesting [3-sheet formation, a phenomenon associated with physicochemical parameters
such as isoelectric point, hydrophobicity, and electrostatic charge (Table 1). Our data agree with
the results of Cho et al., 2008, employing PC liposomes, wherein the aggregation effect of IAPP
was evident [31]. By contrast, when assessing the effect of these PC SUVs on the N-native segment
('KCNTATCATQRLANFLVHSS?), B-structure formation was not found (Figure S1A-C), therefore,
suggesting that structural transitions leading to 3-sheet formation in hIAPP fundamentally occur on
the C-native domain. Remarkably, this 3-sheet structural transition exclusive to the C-native segment
was likewise observed when working with PC-based large unilamellar vesicles (PC LUVs), also studied
to extend the characterization of the effect of this lipid (Figure S2). While stored in 3-cell granules
at a pH near 5.5, the aggregation of hIAPP is inhibited; however, aggregation propensity increases
when hIAPP is released into the extracellular compartment at pH 7.4 [32]. Taking into account that
the effect of lipids was studied at pH 7.4, the induction of 3-structures was evident on the C-native
segment when incubated with PC vesicles, both SUVs and LUVs (Figure 3C,D). Interestingly, this
phenomenon did not occur when the F23R variant was used (Figure 3E,F). Since several studies have
reported that cholesterol (Chol) functions as a trigger factor of amyloid formation [33,34], unilamellar
PC/Chol vesicles (prepared at a 3/2 molar ratio) were evaluated. Despite the increase of PC/Chol SUVs
concentration (0-180 uM), our data suggest that PC/Chol vesicles do not promote (3-sheet formation on
the Fy3R variant (Figure 3G,H), whereas the I»cA variant shows the formation of 3-sheet structures
(Figure 3G,H).
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Figure 3. Effect of zwitterionic L-x-phosphatidylcholine-small unilamellar vesicles (PC-SUVs) on the

secondary structure of IAPP-peptides. (A) Peptide bond absorbance of the C-native segment, F»3R,

and I A under incubation with PC-SUVs. (B) Peptide characterization by birefringence with Congo red

assay. (C) Interaction of the C-native segment under increasing concentrations of PC-vesicles evaluated

by ThT assay. (D) Values of ThT-fluorescence emission at 482 nm. (E) Interaction between F»3R under

increasing concentrations of PC. (F) Values of ThT-fluorescence emission at 482 nm. Characterization of

the C-native segment, F3R, and I3 A under the incubation of SUVs composed of PC and cholesterol

(Chol) through peptide bond absorbance at 218 nm (G) and Congo red assay (H).

In a complementary way, we performed molecular dynamic simulations according to our
experimental conditions using PC molecules. Simulations were conducted in the presence of modeled
peptides (C-native segment, variants Fy3R, Ip¢A, and N-native segment) and lipid bilayers with no
peptides used as control. We ran simulations during 3000 ns in all systems, and the peptide molecule
was situated at 30 A from the top of the membrane. Although the three peptides derived from the
hIAPP C-terminal domain (C-native, F»3R, and I,cA) adsorb at the membrane surface at less than
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500 ns (Figure 4A-F), we found a slightly lower displacement for the C-native segment concerning
the Fy3R and I)A during the evaluation of the displacement of phospholipids and peptide MSD
(mean square deviation) on the z-axis, suggesting that interactions between C-native/lipids generate
a movement restriction (Figure 4I). This phenomenon could be related to peptide interactions on
the hydrophilic/hydrophobic interface of membranes. Moreover, to robust our experimental system
and in order to discard false-positive bias, complementary MSD analysis (Figure S3) was performed
through 100 consecutive short simulations (30 ns) for each system. According to the obtained results,
the displacement of phospholipids and peptides derived from IAPP on the z-axis, follows the same
behavior described in Figure 4I (Figure S3).

Several reports indicate that the region that initially interacts with cell membranes is the N-terminal
of hIAPP [35]; our simulations suggest that the adsorption phenomenon of the N-native segment at the
lipid interface (Figure 4G,H) presents an even greater restriction of movement with respect to peptides
derived from the C-domain segment (Figure 4I).

60000 -
—«—PC
50000 + — C-native
F,sR
~ 40000 —v— LA
s N-native
o 30000 -
(7]

£
20000
10000

0

0 500 1000 1500 2000 2500 3000
Time (ns)

500 ns 2730 ns

Figure 4. Displacement of peptides derived from IAPP on the z-axis of PC-bilayers (mean square
deviation, MSD). Representative snapshots of PC bilayers associated with the C-native fragment of
IAPP at 500 ns (A) and 2730 ns (B), Fo3R (C,D), I;¢A (E F), and the N-native fragment (G,H). (I) Behavior
of mean square deviation (A?) through a 3000 ns simulation employing coarse grain methodology.

3.3. Structure Modulation Dependent on Negative Electrostatic Surface in hIAPP Peptides

Insulin secretory granules are derived from the ER membrane, contain high levels of PS and
phosphatidylinositol in comparison to the plasmatic membrane [16], and show an important dynamic
behavior [17]. Therefore, in order to evaluate the impact of anionic electrostatic charge, PS and POPG
vesicles were evaluated (Figure 5). In a first assay, our results suggest a modulation by PS-SUVs on
the C-native segment, wherein a significant increase in ThT-fluorescence values dependent on PS
concentration was identified (Figure 5A,B). The Fy3R variant showed the same (-sheet formation
from the lowest PS concentration (30 uM) (Figure 5C,D), a result that contrasts with the effect found
when zwitterionic PC and PC/Chol vesicles are used. In complementary experimentation, the same
tendency was registered through peptide bond spectrophotometry and Congo red assays (Figure 5E,F).
Results confirm the propensity of the F3R variant to show (-sheet transitions induced by PS-SUVs,
supporting the fact that the fibrillation process begins when monomers change to oligomers and that,
in general, the formation of mature fibrils follow a sigmoidal behavior [36].
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Figure 5. PS-SUVs promote the formation of 3-sheet structures on the C-terminal-derived peptides
of IAPP. (A) Interaction of the C-native segment at increasing concentrations of PS evaluated by
ThT-fluorescence assays. (B) Same experimentation as in A, ThT-fluorescence at 482 nm. (C) Fluorescence
emission spectra obtained through ThT assays on the F,3R variant under increasing concentrations
of PS. (D) Same experimentation as in (C), ThT-fluorescence at 482 nm. (E) Evaluation of the PS-effect
on the secondary structure of peptides through peptide-bond absorbance at 218 nm, and by Congo red
birefringence at 494 nm (F). (G) Dispersion of the size of PS-SUVs used in this experimentation by DLS.

Moreover, although we registered the effect of PS-SUVs on 3-sheet conformational transitions
in hIAPP-derived peptides, we performed several efforts to obtain a homogenate LUV-preparation,
however, considering the intrinsic PS-property to form SUVs, we designed a protocol based in
freezing/thawing and a slightly sonication process (Materials and Methods). Then, we obtained a
mixture of SUVs and LUVs. Results suggest the presence of the same (3-sheet transitions registered in
the C-native and F,3R variant under treatment with SUVs/LUVs mixtures (Figure S54).

To perform an approximation to the nucleation phenomenon of hIAPP-derived peptides at
a 1/2 peptide/PS ratio, peptide bond conformation was monitored along with time (Figure 6A).
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Data suggest that the incubation with PS-SUVs triggers a conformational transition to 3-sheet formation,
shortening the lag phase [37,38]. Variant F»3R shows the same tendency under the interaction with
anionic PS-vesicles (Figure 6B). Complementary results obtained through CD confirmed the same
phenomenon with the C-native segment and the Fy3R variant (Figure 6D,E). Once the lag phase is
surpassed, the oligomeric structures establish interchain electrostatic interactions to evolve into more
ordered structures and amyloid fibrils [36]. In this case, this phenomenon was critical for the Fy3R
variant, showing an eightfold increase in the CD signal at 222 nm, corresponding to the formation of
-sheet structures. In this sense, arginine and cationic residues have been described to interact with PS
membranes due to high affinity of the side chains for anionic lipids [39]. These 3-sheet transitions
were not evident in the N-domain segment despite of positive charge content (Figure 6C) at neutral pH
(Table 1); however, according to CD spectra, this interaction facilitates «-helix formation (Figure 6F).
Furthermore, the structural transitions promoted by PS (Figure 6A,B) were not evidenced when
vesicles composed of phosphatidyl-ethanolamine in both the C-native and N-native segments were
evaluated (Figure S5). Then, the cationic lipid surface is not a critical factor for 3-sheet aggregation on
hIAPP segments.
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Figure 6. The anionic lipid surface as the critical factor for 3-sheet aggregation on C-terminal peptides.
Effect of PS on nucleation of the C-native segment (A), Fp3R variant (B), and the N-native segment (C).
Same experimentation as in A, B, and C, the effect of PS on the secondary structure of the C-native
segment (D), Fo3R variant (E), and N-native segment (F), evaluated by CD. (G) Cell viability evaluation
on RIN-m5F cells treated under different stimuli of peptides/PS vesicles (7.5/15 pM). Data are expressed
as mean + SD (n = 6) * p < 0.005.



Biomolecules 2020, 10, 1201 14 of 21

Strikingly, on the other hand, variants Fy3R and I,s A showed aggregation upon their interaction
with the anionic lipid system (PS), as evidenced by CD spectra (Figure 6E). These results appear to
be contradictory considering the AGGRESCAN values (Na4vSS), —5.3 for F3R and —8.2 for IpcA
(Table 1), which predict that the formation of (3-structures should be inhibited, in association with
reports suggesting that membranes of (3-cells are composed of anionic lipids (2.5-13%) [40]. Taking into
account this rather unexpected outcome, cell viability assays were performed in a model of Langerhans
islet 3-cells (RIN-m5F cells) to assess the effect of peptide/PS vesicles mixtures at the cellular level.
Results pointed out that Fo3R/PS mixtures decreased cell viability compared to controls. Likewise,
when the anionic vesicles are present, the C-native segment and the Fy3R fragment showed cytotoxicity
properties (Figure 6G). In this experimental design, the A3 peptide was used as a control.

As a complementary test, we performed dynamic simulations of IAPP-derived peptides in the
presence of a preassembled PS bilayer during 3000 ns, wherein the peptide molecule was situated at
30 A above the top of the membrane in all systems (Figure 7). In the evaluation of the displacement of
the interacting species (PS and peptides), we found a considerable diminution in MSD for the Fy3R
variant with respect to the C-terminal segment and I, A (Figure 7A), which is possibly associated with
an electrostatic factor. Indeed, in the analysis of the trend line, the F,3R slope showed the lowest value
compared to results obtained with other peptides (data not showed). In the same way that of the PC
system, a complementary MSD analysis through 100 consecutive short simulations (30 ns) for each
PS-system was performed, and results obtained from these short simulations follow the same tendency
(Figure S6). Moreover, Ap-peptide was incorporated as a control. Importantly, through the simulation
time, the collapse of the simulations was not registered. Thus, interactions between the F»3R and lipids
generate a restriction in movement modifying the lipid packing and show the Fy3R peptide situated
deeper within the lipid bilayer (Figure 7D,E). According to our CD experimentation, this is possibly a
critical condition for the propensity modulation towards the formation of 3-sheet structures.

—s—Ps
C-native
FyR

—v— heA
N-native

0 500 1000 1500 2000 2500 3000
Time (ns)

500 ns 2250 ns

Figure 7. Displacement of peptides derived from the IAPP C-terminal on the z-axis of PS-bilayer.
(A) MDS values on PS bilayer under the incubation of peptides-derived of IAPP through 3000 ns of
simulation. Representative snapshots of the PS model with the C-native segment at 500 ns (B) and 2250
ns (C). Snapshots of Fy3R (D,E), I¢A (F,G), and the N-native segment (H,I) under the same conditions.
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To determine whether the PS anionic environment is the factor that leads to the formation of
-structures, other anionic lipid vesicles were evaluated. To this end, vesicles of PC and anionic-POPG
were prepared at a 3 to 1 molar ratio, for which, the characterization of the peptide bond at 218 nm
showed for the C-native segment, F»3R, and Ir¢A variants, an increase in peptide bond absorbance,
demonstrating a phosphatidyl-glycerol (POPG)-modulation dependent response (Figure S7A). In the
same way, the three fragments, C-native segment, F3R, and Iy¢A, incubated with POPG enhanced
cytotoxicity on (-cells (Figure S7B). Likewise, a control with Ap-peptide was included. To extend
this characterization using peptide-bond spectroscopy, anionic SUVs were evaluated by increasing
the molar concentration of POPG (0-100%). A strong modulation of POPG on the 3-structure of the
C-native fragment and both F,3R and IpcA was observed (Figure S7C). Therefore, it seems that anionic
electrostatic charges prove to play an important role in amyloidogenesis, as further demonstrated by
the evaluation of a representative Ap-peptide (Figure S7C).

Although the structure of IAPP could change according to the physicochemical properties of
lipids [7], in an attempt to characterize the role of lipid surfaces on the conformational transitions of
-sheets, we evaluated the influence of solvation determined by the presence of a free hydroxyl group
in position 2 of phospholipid heads. Our results indicate that treatment with lysophosphatidic acid
(LPA) micelles under a neutral pH promotes conformational transitions towards [3-sheet structures
only in the C-native segment and Fy3R variant (Figure S8). For the case of the N-native segment,
a spectrum corresponding to an a-helix signal was registered, reflecting the avoidance of 3-sheet
structure formation. These results appear to confirm that 3-structure modulation is localized at
the C-native domain of IAPP (Figure S8). Results that are in concordance with the proposal that
amyloidogenicity and cytotoxicity are induced by two different regions of the hIAPP sequence [41].
Likewise, these findings are in agreement with previous results from our laboratory where we described
that incubation with LPA promotes conformational transitions in the C-terminal domain of cholesteryl
ester transfer protein (CETP) [10].

4. Discussion

During the course of the present investigation, employing a biomimetic approach, we have been
able to develop and evaluate new variants of IAPP with the property to show fewer propensities
to form (-sheet structures. New sequences such as F,3R have shown to increase the stability of the
C-native segment of IAPP, with an important involvement of the anionic nature lipids. This behavior
can be associated at pH 7.4 with charged lipids that contributed to structural changes towards the
3-sheet formation, whereas the I); A variant shows a neutral charge and an isoelectric point similar to
the C-native segment, promoting a strong interaction with anionic phospholipids. Molecular dynamics
showing an absorption phenomenon of F»3R at the surface of lipid bilayer indicate the possibility for
the formation of peptide-PS aggregates that, by means of lipotoxicity, could have contributed to the
observed cytotoxicity (Figure 6G). Further experiments are nowadays in progress in our laboratories to
confirm this assumption (data to be published).

The content of anionic phospholipids in 3-cell membranes is reported to range from 2.5% to 13.2%,
a proportion mainly situated in the inner leaflet of the membrane [38], proportion much similar as
found in insulin secretory granules where a higher content of PS and phosphatidylinositol has been
described [17,42], which are derived from ER membranes during insulin maturation. This contributes
to the possibility that hIAPP aggregation could be increased at the intracellular space, especially during
the process of maturation of insulin secretory granules. The phenomenon of membrane asymmetry
that could enhance hIAPP amyloid formation and membrane damage in vivo [43] could modify the
PS-biodisponibility and, therefore, triggers the 3-sheets formation.

Therefore, considering the critical role of PS in the promotion of 3-sheet conformational transitions
on hIAPP-derived peptides, the impact of phospholipid negative-electrostatic charge on UPR regulation
was characterized. In this sense, PS-SUVs with the hIAPP-derived peptides under a 1 to 2 peptide/PS
ratio were incubated on (-cell cultures for 20 h. In the first case, critical UPR-targets were evaluated
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under the peptide/PS treatments in complete cellular lysates (Figure 8A) results suggest the slight
activation of XBPIs, a transcription factor of the activation of IRE1-arm of UPR. Likewise, an increase
in the expression of chaperone BiP under peptides/PS treatments was registered, and this phenomenon
was more evident under the C-native treatment. Possibly, these modifications could be partly related to
a cellular compensatory response aimed to maintain protein homeostasis in ER (Figure 8A), as well as
critical functions in the physiology of 3-cells. Importantly, when insulin concentrations were evaluated
in extracellular media, we found a diminution of the insulin levels upon treatment with the peptide/PS
mixtures (Figure 8B).
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Figure 8. Unfolded protein response is activated under the treatment of hIAPP-derived peptides/PS
vesicles mixtures. (A) Effect of hIAPP-derived peptides/PS on the expression of XBP1s and binding
immunoglobulin protein (BiP) targets of unfolded protein response (UPR), as well as protein disulfide
isomerases (PDI) expression on complete cell lysates. Densitometry analysis of (BiP) and PDI
immunoblots, results are reported as means + SD and expressed as % of control, ** p < 0.05. AB-peptide
was used as a control. (-actin was used as a loading control. (B) Insulin concentrations (ng/mL)
in extracellular media, * p < 0.1. (C) Under the same experimental conditions, the ER was purified
and the expression of sarco/endoplasmic reticulum Ca?*-ATPase-2 (SERCA2), PDI, and B-actin
were characterized. Polyvinylidene difluoride (PVDF) membranes were stained with Ponceau.
Densitometry analysis of PDI immunoblots; results are reported as means + SD and expressed
as relative abundance; ** p < 0.05.

PDI is a chaperone that regulates folding of proinsulin, participates in disulfide bond formation,
and maintains ER redox homeostasis [44]. In our conditions, when total 3-cell lysates were evaluated
under peptide/PS treatments, we did not find changes in PDI expression (Figure 8A). Constituting a
chaperone-protein with critical functions, high expression levels of PDI have been found in the ER
lumen, to a lower extend in the cytosol, and also in different cellular membranes. [45]. In addition,
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we have also detected PDI in the extracellular medium of 3-cells treated with peptide/PS mixtures (data
not shown). However, more experimental evidence is required to establish a mechanistic proposal.

To dissect the role of PDI, we performed the isolation of ER of f3-cells cultures, evaluating
sarco/endoplasmic reticulum Ca?*-ATPase-2 (SERCA2) and f-actin as controls of ER isolations.
Results indicated the isolation of pure ER-fractions (Figure S9). Then, under the same treatments
of hIAPP-peptides/PS-SUVs, we characterized the expression of PDI. We found that the PDI levels
diminished upon treatment with C-native/PS, as well as the levels of SERCAZ2 resident of ER (Figure 8C).
Results suggest that the affectation of SERCA2 and PDI under C-native/PS treatment might be related
to both their ER localization and the activation of UPR, affecting insulin secretion.

ER-lumen and the function of chaperones BiP and PDI are critical during proinsulin folding.
Considering our results, and in an attempt to characterize the effect of the PS vesicles and possibly trace
their cellular localization, confocal microscopy experiments were carried out. To this end, we prepared
PS and peptide/PS vesicles (30 M) tagged with the green fluorescent probe BODIPY-Leu [46] (6 uM)
(referred to as BODIPY-Leu/PS and BODIPY-Leu/peptides/PS vesicles, respectively), with which
RIN-mb5F cells were treated. In the first instance, our results demonstrated that BODIPY-Leu/PS
vesicles are internalized in RIN-m5F cells (Figure 9A-C, stained in green). Then, we used ER-tracker
(red staining) for characterize the colocalizing in ER sites (Figure 9D-I). Results suggest that the
system is located in the ER. Importantly, when we evaluated the localization of the BODIPY-Leu/PS
vesicles incubated with hIAPP-derived peptides (C-native and F»3R variant) under a molar relationship
(1/2; peptide/vesicle), the BODIPY-Leu/PS signal was localized under C-native treatment in ER sites
(Figure 9]-L), however, the signal diminished slightly under F»3R treatment (Figure 9M-O). In an
important way, C-native/PS treatment promoted the higher levels of cytotoxicity in the studied cells
(Figure 6G), affecting insulin secretion (Figure 8B). Moreover, these phenomena coincide with UPR
activation and affectation of localization of PDI and SERCA?2 in the ER (Figure 8C). Therefore, it appears
that the localization of peptide/PS is a critical condition to induce the alterations in homeostasis of the
ER. This phenomenon was evidenced after treatment with the C-native/PS system, whereupon the
higher fluorescence signal of the BODIPY-Leu/PS vesicles along the ER very likely corresponds with
the alterations in localization of PDI, SERCAZ2, and the insulin secretion. This phenomenon was not
evident upon treatment with the Fy3R variant.

Therefore, our results suggest that the lipid-anionic electrostatic charge is a critical condition that
could modulate the UPR pathway and the conformational transition of IAPP-derived peptides. Thus,
a negative electrostatic-charge environment could be critical in insulin secretion as well. Interestingly,
the content of anionic lipids of 3-cells and insulin secretory granules has been related to an altered
glucose-stimulated insulin exocytosis [17,43]. Therefore, a condition of metabolic overload also
has been associated with the biodisponibility of fatty acids [22], very likely contributing to the
deleterious phenomenon correlated with the concentration of anionic phospholipids, promoting
misfolded transitions on hIAPP. Having in mind this phenomenon, our group has generated new
materials of polymeric films of polyvinyl dimethylazlactone (PVDMA) and polyethylene imine (PEI) to
evaluate the effect of fatty acids on 3-cell membranes [47] and diverse critical physiological functions.

In a complementary way, current results of our laboratory suggest that the induction of oligomers
at the C-native domain of IAPP accelerates (3-sheet formation when treated with oleic acid/PC vesicles.
By contrast, when palmitic acid/PC vesicles are used, this result is not found (data not shown). Then,
considering that unsaturation and shorter fatty acids of phospholipids facilitate the curvature and
fluidity of membranes favoring their fusion [17], although increasing the risk of aggregation, there is a
subtle regulation in the conservation of the structure of the hIAPP. Moreover, a report reveals synergic
implications of free fatty acids and hIAPP in ER stress and apoptosis of islet 3-cells [48]. In this context,
we have documented the role of metabolic overload by saturated fatty acids on proteostasis and its
impact on insulin secretion, specifically the dysregulation of targets that control intracellular calcium
homeostasis [22], as also documented in this report for SERCA2.
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Green channel Red channel Merge

Figure 9. BODIPY-Leu/PS vesicles (green) colocalize with ER-tracker (red). (A—C) Langerhans islet
B-cells (RIN-m5F cells) treated with BODIPY-Leu/PS vesicles. (D-F) Cells treated with ER-tracker.
(G-I) Cells treated jointly with BODIPY-Leu/PS vesicles and ER-tracker. (J-L) Effect of C-native
treatment on localization of BODIPY-Leu/PS vesicles and ER-tracker. (M—-O) Effect of Fy3R peptide
treatment on localization of BODIPY-Leu/PS vesicles and ER-tracker. Scale bars correspond to 25 pm.

Recently, following peptidomimetic design strategies, research has been developed to find a way
to inhibit the formation of 3-sheet structures in segments of an important series of polypeptides and
proteins as a therapeutic way to fight amyloid disease. There is still a field of action in amyloidogenesis
design. Although prolines residues in rIAPP promote disordered structures, results of coincubation of
rIAPP and hIAPP suggest that rat amylin does not block 3-sheet and also forms its own 3-sheet, most
probably on the outside of the human fibrils [49], revealing the complex behavior in the development
of an amyloid fibril inhibitor. We and other authors have documented that it is critical to consider
the impact of lipid environment. In the light of our results, the F»3R variant of IAPP showed a low
propensity to form 3-sheet structures even under the effect of zwitterionic lipids. However, anionic
charge of lipid vesicles and degree of solvation were factors for the modulation of 3-sheet formation of
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the F»3R and I¢A variants, as well as in the C-native segment of IAPP, all associated to the cytotoxicity
phenomena of (3-cells. In conclusion, our results show the potential implications of modulating the
structure and stability of IAPP for the design of analog therapeutics based on peptides and proteins.

Supplementary Materials: The following are available online at http://www.mdpi.com/2218-273X/10/9/1201/s1,
Figure S1. Incubation with SUVs composed of phosphatidylcholine does not induce conformational transitions on

the N-native segment (' KCNTATCATQRLANFLVHSS?) of hIAPP. Figure S2. Effect of PC-LUVs on the secondary
structure of peptides derived from hIAPP. Figure S3. Displacement of peptides on the z-axis of PC-bilayers
(MSD) obtained by short simulations. Figure S4. Mixtures of LUVs/SUVs composed of PS facilitate the formation
of B-sheet structures. Figure S5. The cationic lipid surface is not a critical factor for 3-sheet aggregation on
hIAPP segments. Figure S6. Displacement of peptides on the z-axis of PS-bilayers (MSD) obtained by short
simulations. Figure S7. Effect of SUVs composed of 1-palmitoyl-2-oleoyl-sn-glycerol (POPG) on the structure of
IAPP variants. Figure S8. Effect of lysophosphatidic acid incubation on the secondary structure of C-native (A),
F»3R variant (B), and N-native (C). Figure S9. Characterization of several fractions obtained during endoplasmic
reticulum (ER) isolation.
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