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Resumen

RESUMEN

Existe evidencia cientifica sustancial acerca de los beneficios a la salud del consumo de fibras dietéticas (FDs),
tales como los fructanos, sin embargo, los mecanismos que subyacen dichos beneficios no son del todo
conocidos. Por ello, en la presente tesis, en los capitulos 2 al 6, estudiamos céomo los fructanos de tipo
graminano (GTFs por sus siglas en inglés) extraidos de la planta Agave tequilana y los fructanos de tipo inulina
(ITFs, por sus siglas en inglés) extraidos de la planta de achicoria (Cichorium intybus) impactan a la imunidad y
a la funcién de la barrera intestinal. Ademas, también comparamos los efectos entre ambos tipos de fructanos.
Para ello, nuestros modelos de estudio fueron las diferentes células especializadas que constituyen el epitelio
intestinal. Como células tipo enterocito incluimos a las células Caco-2 y T84, como células productoras de
mucosa incluimos a la linea celular tipo caliciforme o goblet LS174T, y como representantes de las células
inmunes intestinales, incluimos a las células dendriticas (DCs). A nivel de las células intestinales tanto epiteliales
como caliciformes, mediante estudios de resistencia transepitelial y de expresion génica, demostramos el efecto
protector de los fructanos en la barrera epitelial intestinal, tanto en condiciones fisioldégicas, como en condiciones
de estrés inducido por moléculas que dafian la barrera intestinal. En las DCs demostramos que éstas exhibieron
una respuesta antiinflamatoria cuando fueron expuestas a los fructanos. Mas aun, demostramos que dichas
respuestas reguladoras de las DCs son mas fuertes cuando son expuestas al medio de cultivo que fue
previamente utilizado por las células intestinales, mismas que a su vez, fueron incubadas en presencia de los
fructanos. Yendo mas alla del contexto celular, también estudiamos los efectos que tienen los fructanos sobre
receptores del sistema inmune de tipo Toll (TLRs), los cuales se especializan en la deteccién de moléculas
provenientes de agentes infecciosos en el intestino, para dar lugar a la activacion de cascadas de sefalizacion
que culminan en la produccién de citocinas proinflamatorias para combatir la infecciéon. Encontramos que los
fructanos del agave poseen un fuerte efecto inhibidor de la activacion inducida de los TLRs 2 y 4. Basados en
estudios de docking molecular, propusimos una explicacion mecanistica para este fendmeno bioldgico
observado. Propusimos que dicho efecto inhibitorio de la activacion de TLR2 y TLR4 podria ser debido a la
competencia de los GTFs con el sitio de union al agonista natural de dichos TLRs.

El conocimiento generado contribuye alentendimiento de cémo los fructanos estudiados contribuyen al
mejoramiento de la salud, lo cual podria ser de utilidad en el disefio de alimentos que prevengan efectivamente

y protejan de la disfuncion de la barrera intestinal o de los procesos inflamatorios en el intestino.

En la segunda parte de esta tesis, estudiamos la importancia de los TLRs como parte de la
comunicacion entre el hospedero y parasitos intestinales, todo esto en el contexto de la infeccion intestinal por
Giardia lamblia, la cual es una de las principales causas de diarrea provocada por parasitos protistas a nivel
mundial. En el capitulo 7 estudiamos la interaccion de los TLRs con uno de los factores de virulencia de G.
lamblia, 1a enzima arginina deiminasa (GIADI). A partir de estudios en lineas celulares que expresan de manera
independiente cada uno de los TLRs, encontramos que GIADI puede activar a los TLRs 2 y 4 en una manera
dependiente de la dosis. También encontramos que la estructura tridimensional de GIADI es fundamental en la
inmunomodulacién ejercida. Mediante docking molecular predijimos que GIADI se une al TLR2 mediante la
interaccion con residuos de aminoacidos localizados cerca de del sitio de union del ligando, asi como a
aminoacidos importantes para la dimerizacién de TLR2. También encontramos que GLADI interactua tanto con
el TLR4, como con su proteina accesoria MD2. Finalmente, la incubacién de DCs parecidas a las de infantes,

en presencia de GIADI provoco una liberacion aumentada de las citocinas proinflamatorias TNFa y IL-18, pero



Resumen

disminuyé la liberacion de la citocina MCP-1. Este estudio demuestra que GIADI participa en la
inmunomodulacién de Giardia con el hospedero en una manera dependiente de la estructura, y que dicha

inmunomodulacién es ejercida mediante los TLRs.

El tratamiento de primera linea de la giardiasis incluye la administracion de metronidazol y nitazoxanida.
Sin embargo, algunas cepasd de Giardia son resistentes a estas terapias. Entonces, la busqueda de terapias
alternativas para combatir la giardiasis aun es necesaria. En el capitulo 1 estudiamos a GIADI como un blanco
potencial para el disefio de nuevos farmacos contra la giardiasis. Para ello, realizamos estudios de docking
molecular y espectroscopicos pata investigar la interaccion potencial de GIADI con los farmacos omeprazol,
rabeprazol, aurotiomalato y sulbutiamina. Utilizamos estos farmacos midificadores de cisteinas debido a que la
estructura primaria de GIADI es rica en residuos de cisteinas. También realizamos ensayos de inactivacion
enzimatica con los cuatro farmacos y encontramos que todos ellos inactivaron a GIADI en un modo dependiente
de la dosis; sin embargo, sélo el omeprazol y el rabeprazol disminuyeron la sobrevivencia de Giardia con la
inhibicion simultanea de la actividad de GIADI. Los estudios de docking molecular revelaron que estos farmacos
se unen a diferentes residuos de cisteinas. El rabeprazol fue el Unico farmaco que dafié la capacidad de
enquistamiento de Giardia. Estos hallazgos demuestran el promisorio papel de GIADI como blanco contra la
giardiasis. También demostramos la potencial actividad antigiardiasica del rabeprazol, y que ésta se lleva a

cabo a través de un mecanismo de modificacion de cisteinas.

Finalmente, en el capitulo 8 se discuten de manera global los resultados presentados.



Abstract

ABSTRACT

Substantial scientific evidence exists about the health benefits of dietary fibers (DFs) such as fructans, however,
the underlying mechanisms of those benefits are not well understood. Therefore, in the present thesis, from
chapter 2 to 6, we studied how graminan-type fructans (GTFs) from Agave tequilana plant and inulin-type
fructans (ITFs) extracted from chicory plant (Cichorium intybus) impact on immunity and integrity of the intestinal
barrier. Moreover, we compared the effects of both fructans. To that end, our study models were the different
specialized cells that constitute the intestinal epithelium. As enterocyte-like cells we included Caco-2 and T84
cells, as goblet-like cells we included LS174T cells, and as representatives of the gut immune system we
included dendritic cells (DCs). At the intestinal cells level, as epithelial as goblets, through transepithelial
resistance and genetic expression, we demonstrated the protective effect of fructans in the intestinal epithelial
barrier. On DCs, we demonstrated that they showed an anti-inflammatory effect when they were exposed to
fructans. Moreover, we demonstrated that such regulatory responses were stronger when they were exposed to
the spent medium used by Caco-2 cells, which were previously incubated in presence of fructans. Going further,
we also studied the effects of fructans on Toll-like receptors (TLRs), which are specialized in the detection of
molecules from gut pathogenic agents, this activates signaling cascades that end in the production of
proinflammatory cytokines for defending the organism from infection. We found that agave fructans possess a
strong inhibitory effect of the induced activation of TLR2 and TLR4, which could be due to the competition of
GTFs for the natural agonist binding site of TLRs.

In the second part of this thesis, we studied the importance of TLRs as part of the crosstalk between
host and parasites in the context of intestinal infection by Giardia lamblia, one of the leading causes of diarrhea
provoked by protist parasites worldwide. In Chapter 7 we studied TLR interaction of one of G. lamblia virulence
factors, the enzyme arginine deiminase (GIADI). From studies in cell lines that independently express each TLR,
we found that GIADI activates TLR2 and TLR4 in a dose-dependent fashion. We also found that 3D structure of
GIADI is fundamental in the immunomodulation exerted. By molecular docking we predicted that GIADI binds to
TLR2 through amino acid residues located next to the ligand binding site, as well as with amino acids important
for TLR2 dimerization. We also found that GIADI interacts with both TLR4 and MD2 protein. Finally, incubation
of human infant-like DCs in the presence of GIADI provoked an enhanced release of the pro-inflammatory
cytokines TNFa and IL-1p but decreased the release of MCP-1. This study demonstrates that GIADI participates
in Giardia-host immunomodulation in a structure-dependent fashion and that this immunomodulation is exerted
via TLRs.

The first line of treatment for giardiasis includes administration of metronidazole and nitazoxanide.
However, strains of Giardia might be resistant to these therapies. Thus, the research on alternative therapies
against giardiasis is needed. In Chapter 2 we studied GIADI as a potential target for the design of new drugs
against giardiasis. To that end, molecular docking as well as spectroscopic studies were applied to investigate
the potential interaction of GIADI with omeprazole, rabeprazole, aurothiomalate and sulbutiamine. We used
these cysteine-modifying drugs since the primary structure of GIADI is rich in cysteine residues. We also
performed GIADI enzymatic inactivation assays with the four drugs and found that all of them inactivated GIADI
in a dose-dependent manner, however, only omeprazole and rabeprazole decreased Giardia survival with the
simultaneous inhibition of GIADI activity. Molecular docking studies revealed that these drugs bind to different
cysteine residues. Rabeprazole was the only drug that impaired Giardia encystment capacity. These findings
demonstrate the promising role of GIADI as target against giardiasis. We also demonstrated the potential anti-
giardial activity of rabeprazole, and that it is through a cysteine-modification mechanism.

Finally, in Chapter 8 the results presented in this thesis were discussed.
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INTRODUCCION

Parte 1

El incremento global en la incidencia de enfermedades no transmisibles esta directamente influenciado por el
estilo de vida moderno. El sedentarismo y la dieta occidental enriquecida con grasas y carbohidratos de alto
indice glicémico, junto con una inclusién insuficiente de fibra dietética (FD), son las principales causas de este
escenario. Por el contrario, el alto consumo de FD ayuda al envejecimiento saludable y disminuye el riesgo de
desarrollar enfermedades cronicas. El tracto gastrointestinal (Gl) y el sistema inmune intestinal juegan un papel
importante en dicho circulo virtuoso; sin embargo, los mecanismos que subyacen dichos efectos benéficos no
han sido completamente comprendidos. Debido a su naturaleza quimica, las FDs pasan por el sistema digestivo
y alcanzan el intestino practicamente sin ser digeridas. Después de la interaccién de las FDs con la cubierta del
intestino delgado, se ha observado un sistema inmune fortalecido y un reforzamiento de la funcion de la barrera
epitelio intestinal. Estos efectos llamados “directos” resultan de la interaccion de las FDs con los receptores de
reconocimiento de patrones (PRRs, por sus siglas en inglés), tales como los receptores tipo Toll (TLRs), con la
concomitante inmunomodulacién del hospedero. Un grupo importante de fibras dietéticas que ha demostrado
poseer efectos directos benéficos son los fructanos. Los fructanos son carbohidratos a base de fructosa, cuya
longitud de cadena o grado de polimerizacion (GP) es variable. Aquellos extraidos de plantas son carbohidratos
no estructurales, solubles en agua, que sirven como reservorios de energia. En Europa, los fructanos extraidos
de la planta de achicoria (Cichorium intybus) son los suplementos alimenticios de fibra mas ampliamente
consumidos. Mientras que en regiones como Latinoamérica las plantas de la familia del agave, i.e. Agave
tequilana, que son endémicas de la region, representan una fuente rica en fructanos. Estos fructanos también
podrian ser utilizados como fuente de FD para la suplementacion de alimentos. Los fructanos de la achicoria y
los del agave son estructuralmente diferentes. Los fructanos de la achicoria pertenecen al grupo de los fructanos
de tipo inulina (ITFs, por sus siglas en inglés), esto es debido a que son polimeros unidos Unicamente por
enlaces B(2—1). Dichos ITFs tienen una estructura lineal. Mientras que los fructanos del agave pertenecen a
los fructanos de tipo graminano (GTFs, por sus siglas en inglés), debido a que constan de una mezcla de enlaces
B(2—1) y B(2—6), lo cual les confiere una estructura ramificada. La evidencia cientifica acerca de los beneficios
a la salud de los fructanos de la achicoria es sustancial; sin embargo, estos beneficios no han sido del todo
estudiados para los fructanos del agave. Es por ello que en la presente tesis estudiamos el efecto de los
fructanos del agave en la inmunomodulacién y en la funcién de la barrera intestinal. Ademas, comparamos estos

efectos, con los efectos de los fructanos de la achicoria.

Ademas de la extensa evidencia del efecto prebidtico de los fructanos, también denominado “indirecto”,
su consumo ha demostrado jugar un papel importante en el desarrollo del sistema inmune, principalmente
mediante su unién a los receptores de reconocimiento de patégenos (PRRs, por sus siglas en inglés), causando
efectos anti-inflamatorios y potenciando la eficacia de vacunas. Mediante estudios in vitro se ha observado que
el co-cultivo de fructanos con células epiteliales intestinales, fortalece la funcion de la barrera y previene la
adhesién de microorganismos patdgenos. El efecto directo de los fructanos en la inmunomodulacion y en la

funcidn de la barrera intestinal ha sido mas estudiado para los ITFs que para los GTFs.
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Los fructanos de tipo graminano (GTFs, por sus siglas en inglés) son fibras dietéticas /FDs) ampliamente
reconocidas por sus potenciales beneficios a la salud en la prevenciéon o tratamiento de enfermedades no
transmisibles, tales como la enfermedad inflamatoria intestinal, la diabetes tipo 2, la obesidad y el cancer. Estos
fructanos también han sido aplicados exitosamente como prebidticos en férmulas infantiles. Sin embargo, no se
sabe si los GTFs poseen capacidad inmunomoduladora y en qué medida, y si este efecto es dependiente del
tamafio del fructano y de su estructura. Tampoco se sabe si los GTFs son capaces de proteger la barrera
epitelial intestinal de agentes disruptores y de sus efectos de inflamacion, ni si este efecto podria ir mas alla de
la barrera intestinal, alcanzando las células del sistema inmune que residen por debajo e intercaladas entre el
epitelio intestinal, tales como las células dendriticas. Los mecanismos que subyacen los beneficios a la salud
de los GTFs tampoco son del todo conocidos. Es por ello que en la presente tesis estudiamos como los GTFs
de direrente tamafio impactan a la imunidad y a la funcién de la barrera intestinal. Ademas, también comparamos
los efectos de los GTFs con los sabidos efectos de los fructanos de tipo inulina (ITFs, por sus siglas en inglés).
El entendimiento de cémo los GTFs contribuyen al mejoramiento de la salud, podria ser de utilidad en el disefio
de alimentos que prevengan efectivamente y protejan de la disfuncion de la barrera intestinal o de los procesos
inflamatorios en el intestino. Mas aun, disectar si los efectos de los GTFs son dependientes de su estructura o

de la longitud de su cadena, podria ayudar en el disefio de opiones terapéuticas individualizadas.

Durante los afios recientes se han tenido avances sustanciales en el entendimiento y la determinacion
de los efectos de los fructanos de la achicoria y el agave tanto en la salud como en la enfermedad, asi como en
sus mecanismos de accion. El efecto indirecto prebiético de estas fibras dietéticas ya ha sido ampliamente

demostrado tanto en estudios in vitro como in vivo en ensayos clinicos.

Los efectos directos a nivel del sistema inmune de las fibras dietéticas han sido gran sujeto de
investigacion durante la déada pasada. En el intestino delgado hay una amplia oportunidad de que las fibras
interactuen con el epitelio y las células del sistema inmune tales como las células dendriticas y los linfocitos
intraepiteliales, los cuales expresan los PRRs, tales como los TLRs. A este respecto, los fructanos también han
demostrado actuar via esta misma ruta y contribuir asi a la homeostasis disparando la transduccion de sefiales
subsecuentes en las células del sistema inmune intestinal, con lo que al final se traduce en un efecto regulador
o de tolerancia. Sin embargo, al mismo tiempo se ha demostrado que no todos los fructanos tienen la misma
eficacia, y que dichos efectos dependen principalmente de la estructura, largo de cadena y dosis del fructano
aplicado. El uso de tecnologias modernas tales como la metabolémca para una caracterizacion mas profunda
del alcance de los fructanos en la salud humana y en los estados de enfermedad, podrian ser Utiles para tener

mayor evidencia de como los fructanos impactan en la salud (O’Conell, et. al. 2020, Spacova, et. al. 2020).

En diferentes partes del mundo los fructanos se extraen de diferentes plantas. Debido a que estos
fructanos pueden diferir en grande manera, es esencial no generalizar acerca de sus beneficios a la salud, sino
estudiarlos de manera individual. Cada fructano podria actuar de manera diferente y por ende, podria tener
diferentes beneficios a la salud. Es por ello que el conocimiento generado hasta la fecha acerca de los fructanos
del agava y de la achicoria, contribuye al disefio de opciones terapéuticas mas personalizadas en un escenario
profilactico (Reimer, et. al. 2020). Los campos potenciales de aplicacion de los fructanos pueden ser a nivel de
soporte de un envejecimiento saludable (Kiewiet, et. al. 2021), en el mejoramiento de la efectividad de las

vacunas (Vogt, et. al. 2017), o en la prevencion del desarrollo y severidad de enfermedades. Los fructanos
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incluso podrian coadyuvar en el tratamiento de enfermedades de tipo inflamatorio, tales como algunos
desordenes intestinales, la diabetes y el cancer (Li, et. al. 2020, Padilla Camberos, et. al. 2018, Hiel, et. al. 2020,
De Preter, et. al. 2013).

Durante los afios recientes nuevos hallazgos sobre los mecanismos por los cuales los fructanos ejercen
sus efectos benéficos a la salud se han descubierto, y al mismo tiempo se ha demostrado que dichos efectos
dependen grandemente de la estructura del fructano aplicado, asi como de la edad y el estado de salud del
hospedero (Roberfroid, et. al. 2005). Para maximizar los efectos y llegar a la dosis éptima, es necesario generar
mas evidencia acerca de cuadles fructanos deberian ser aplicados para grupos especificos de pacientes,

permitiendo un abordaje mas especializado para la prevencion de enfermedades.
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Parte 2

Acerca de la enzima arginina deiminasa de Giardia lamblia como interlocutor durante la

comunicacion hospedero-parasito

Durante nuestros estudios de inmunomodulacién por los fructanos y la importancia de los TLRs en este
fenébmeno, nos preguntamos si un mecanismo similar podria participar también en la inmunomodulacion
inducida por organismos patégenos tales como Giardia lamblia, el cual tiene la capacidad de sortear el ataque

del sistema inmune (Axelrad, et al. 2020).

El parasito Giardia lamblia es un organismo eucarionte que se encuentra dentro de las primeras causas de
diarrea provocada por protistas en el mundo (Lalle, et al. 2018). Los nifios, los adultos mayores y las personas
inmunocomprometidas son los mas afectados por este paratiso. G. lamblia infecta el intestino delgado causando
giardiasis, la cual en la mayoria de los casos es autolimitante. Sin embargo, las formas crénicas de la
enfermedad pueden llevar a una variedad de anormalidades intestinales, que pueden ir desde los cambios
microscopicos, a atrofia severa de vellosidades que asemeja al sindrome de malabsorcion intestinal o a la
enfermedad de intestino irritable, los cuales llevan a la pérdida de peso y a la intolerancia nutrientes tales como
la lactosa (Troeger, et. al. 2007, Hemphill, et al. 2019).

Hasta la fecha ya se han descrito varios mecanismos causantes de giardiasis. Por ejemplo, se sabe que G.
lamblia reside en estrecha proximidad a las células intestinales (Benchimol, et. al. 2011). Sin embargo, los
mecanismos finos que expliquen la variabilidad de sintomas clinicos observada y los distintos grados de
severidad de la giardiasis, no son del todo comprendidos. Este parasito ha desarrollado multiples mecanismos
para evadir al sistema inmune. Uno de ellos es la variacion antigénica, la cual le dificulta al sistema inmune el
reconocimiento del parasito (Nash, et al. 2003). Se hipotetiza que G. lamblia puede liberar factores de virulencia
especificos, tales como la enzima arginina deiminasa (ADI) para perturbar el metabolismo de las células
epiteliales del intestino, inhibiendo las reacciones inmunoldgicas efectoras, tales como la produccion de 6xido
nitrico, el cual a su vez inhibe el crecimiento del parasito en el intestino, y posiblemente también afecta la funcion

de la barrera inestinal (Touz, et al. 2008).

La arginina deiminasa de G. lamblia (GIADI) es una enzima que puede jugar un papel importante en la
virulencia del parasito. Cataliza la primera reaccion de la via de la arginina dihidrolasa, la cual es utilizada por
G. lamblia para la generacion de ATP (Ropolo, et al. 2010). Mas aun, G. lamblia es considerada una proteina
con actividad “moonlighting” (Jeffery, et. al. 1999), esto debido a que ademas de su funcién candnica metabdlica,
también lleva a cabo otras actividades, tales como su actividad de peptidil-arginina deiminasa, al catalizar la
conversion de residuos de arginina a citrulina en algunas proteinas. También se ha observado que GIADI puede
ser traslocada desde el citoplasma al nucleo para participar en procesos de regulacion génica (Touz, et. al.
2008). Mas aun, también se ha descrito el papel inmunogénico de GIADI, pues se observé que puede activar a
mastocitos de rata, que incrementa la produccion de citocinas proinflamatorias como la IL-6 y el TNF-a. (Mufioz
Cruz, et al. 2018). También se ha demostrado que GIADI provoca secrecion de TNF-a e IL-10 en células

dendriticas derivadas de monocitos (Banik, et. al. 2013).
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El tratamiento de la giardiasis incluye la administracién de farmacos anti-parasitarios tales como el
metronidazol y la nitazoxanida. Sin embargo, la aparicién de cepas multiresistentes a estos tratamientos de
primera linea ya se ha documentado (Leitsch, et. al. 2015). Por lo tanto, la necesidad del desarrollo de nuevos
antigiardiasicos aun sigue vigente. Para dicho desarrollo, el reposicionamiento de farmacos se ha aplicado en
la busqueda de terapias antigiardiasicas alternativas (Farha, et. al. 2019), siendo los inhibidores de la bomba
de protones como el rabeprazol, uno de los farmacos propuestos (Garcia Torres, et. al. 2016). El rabeprazol ha
demostrado tener capacidad de inhibir enzimas de G. lamblia que son claves en su metabolismo energético,
tales como la enzima glucolitica triosafosfato isomerasa, al mismo tiempo que disminuyen la sobrevida del

parasito (Garcia Torres, et. al. 2016, Reyes-Vivas, et. al. 2014, Lopez Velazquez, et. al. 2019).

Considerando las versatiles e importantes funciones de GIADI en la sobrevida de G. lamblia, y debido
al papel que juega esta enzima en la evasion del sistema inmune del hospedero, en la presente tesis ahondamos
el estudio de GIADI como un potencial blanco de los PPlIs, asi como en su papel inmunomodulador via TLRs.
Esto ultimo debido a que a pesar de que ya se sabe del papel imnunomodulador que posee GIADI, el mecanismo
por el cual se lleva a cabo dicho efecto es aun desconocido. Esta enzima incluso tiene la capacidad de apoyar
la interaccion hospedero-parasito (Ringqvist, et. al. 2008) y cambiar esta funcion para adaptar al parasito al
ambiente del hospedero. Este podria ser otro mecanismo de G. lamblia por el cual se explique la variabilidad
de cuadros clinicos y severidad en pacientes con giardiasis. Algunos de los estudios llevados a cabo en la
presente tesis contribuyen al entendimiento de cémo GIADI participa en el balance entre los factores

patogénicos, versus los factores protectores del hospedero durante la giardiasis.
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Conceptualizacion y descripcion de la tesis

Parte 1

Los fructanos de tipo graminano (GTFs, por sus siglas en inglés) son fibras dietéticas /FDs) ampliamente
reconocidas por sus potenciales beneficios a la salud en la prevenciéon o tratamiento de enfermedades no
transmisibles, tales como la enfermedad inflamatoria intestinal, la diabetes tipo 2, la obesidad y el cancer. Estos
fructanos también han sido aplicados exitosamente como prebidticos en férmulas infantiles. Sin embargo, no se
sabe si los GTFs poseen capacidad inmunomoduladora y en qué medida, y si este efecto es dependiente del
tamafio del fructano y de su estructura. Tampoco se sabe si los GTFs son capaces de proteger la barrera
epitelial intestinal de agentes disruptores y de sus efectos de inflamacion, ni si este efecto podria ir mas alla de
la barrera intestinal, alcanzando las células del sistema inmune que residen por debajo e intercaladas entre el
epitelio intestinal, tales como las células dendriticas. Los mecanismos que subyacen los beneficios a la salud
de los GTFs tampoco son del todo conocidos. Es por ello que en la presente tesis estudiamos como los GTFs
de direrente tamafio impactan a la imunidad y a la funcién de la barrera intestinal. Ademas, también comparamos
los efectos de los GTFs con los sabidos efectos de los fructanos de tipo inulina (ITFs, por sus siglas en inglés).
El entendimiento de cémo los GTFs contribuyen al mejoramiento de la salud, podria ser de utilidad en el disefio
de alimentos que prevengan efectivamente y protejan de la disfuncion de la barrera intestinal o de los procesos
inflamatorios en el intestino. Mas aun, disectar si los efectos de los GTFs son dependientes de su estructura o

de la longitud de su cadena, podria ayudar en el disefio de opiones terapéuticas individualizadas.

En el Capitulo 3, estudiamos la interaccion de dos GTFs con diferente peso molecular con los
receptores tipo Toll (TLRs por sus siglas en inglés). Se determind si la interaccion inducia activacion o inhibicion
de los TLRs. Para ello, células de tipo monocitos que expresan todos los TLRs fueron expuestas a
concentraciones crecientes de los dos GTFs. Depués, aplicamos inhibidores de las vias MyD88 y TRIF que
llevan a la activacion de NF-xkB/AP-1 para determinar mediante cual via los GTFs interactian con los TLRs.
Posteriormente, estudiamos la interaccion de los GTFs con cada uno de los TLRs adicionandolos a lineas de
células HEK que expresan cada uno de los TLRs de manera independiente. Luego aplicamos docking molecular
para identificar si el tamafio y la estructura ramificada de los GTFs tiene influencia en su interaccion especifica
con los TLRs y si estos fructanos establecen interacciones con residuos aminoaciles de los TLRs que son clave
para la unién con sus ligandos naturales o para la formacion de sus unidades funcionales, por ejemplo la
dimerizacion. Finalmente, estudiamos el impacto que tienen los GTfs en las respuestas de las DCs.
Determinamos el perfil de citocinas de las células dendriticas (DCs) las cuales fueron estimuladas con los GTFs.
Para comparar entre las estructuras lineales y ramificadas de los fructanos, todos estos efectos de los GTFs se

compararon con los de ITFs de cadena similar.

En el Capitulo 4, estudiamos el efecto protector de los GTFs de cadenas corta y larga en la funcién de
la barrera intestinal, misma que fue irrumpida por tres moléculas que la impactan mediante diferentes vias de
sefializacion celular. Para ello, monocapas de la linea intestinal celular T84 fueron preincubadas en presencia
de los GTFs. Posteriormente, el ionéforo de calcio A23187, el acetato de forbol-13 miristato (PMA, por sus siglas
en inglés), y la toxina fungica deoxinivalenol (DON), moléculas que dafian la barrera epitelial intestinal, fueron

adicionadas a las células. Estos estresores incrementan el calcio intracelular o activan las vias de la proteina
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cinasa tipo C (PKC, por sus siglas en inglés) o la cinasa activada por mitégeno (MAPK, por su siglas en inglés).
La resistencia transepitelial (TEER, por su siglas en inglés) de las células T84 preincubadas con los GTFs se
midié mediente el sistema de sensado de la impedancia célula-sustrato y se comparé con la TEER de células
que fueron expuestas Unicamente a los disruptores. También estudiamos si los GTFs son capaces de prevenir
la produccion de la citocina proinflamatoria 8 (IL-8) por las calulas epiteliales intestinales. La concentracion de
IL-8 se determiné mediante un ensayo de ELISA a partir de los sobrenadantes de los cultivos de las células
T84. Nuevamente, para comparar entre los efectos de fructanos ramificados versus fructanos lineales, todos

estos efectos de los GTFs fueron comparados con los de ITFs de longitud de cadena similar.

No se sabe si los GTFs pueden proteger contra la desregulacion de las proteinas de las uniones
estrechas inducida por los bien conocidos disruptores A23187 y DON, ni si estos efectos son similares a los de
los ITFs. Por ello, en el Capitulo 5 estudiamos los efectos de los GTFs de diferentes tamafios en la expresion
de los genes que codifican para proteinas uniones estrechas en células intestinales Caco-2, bajo condiciones
fisiolégicas e inflamatorias, y los comparamos con los efectos de los ITFs. Luego, determinamos si los GTFs
pueden prevenir la inflamacidon provocada por los agentes disruptores. Para ello, medimos la citocina
proinflamatoria IL-8 producida por las células Caco-2. También determinamos si estos efectos se extienden a a
las células del sistema inmune que residen por debajo e intercaladas en la barrera epitelial intestinal. Para ello,
se expuso a DCs a los GTFs y a los ITFs y se determind el perfil de citocinas mediante la tecnologia Luminex.
Después, para investigar si las células epiteliales, cuando son puestas en contacto con los GTFs producen
alguna sefial que mejore o potencie las respuestas de las DCs, expusimos a las DCs al medio de cultivo utilizado

por las células Caco-2, seguido de la determinacion del perfil de citocinas.

Intercaladas entre los enterocitos y otros componnentes del epitelio intestinal, se encuentran las células
caliciformes o goblets (GCs, por su terminologia en inglés). Estas GCs son células especializadas en la sintesis
de mucosa. Aun no se sabe si los GTFs pueden influir la expresion de genes que codifican para proteinas
relacionadas a la mucosa o al estrés del reticulo endoplasmico, y en qué medida. En el Capitulo 6 en GCs,
determinamos la expresion de los genes MUC2, TFF3, GAL3ST2, y CHST5, los cuales codifican para proteinas
de la mucosa intestinal. También estudiamos los genes HSPAS5 y XBP1, los cuales estan relacionados al estrés
del reticulo endoplasmico. Para determinar si los GTFs poseen un efecto protector de una inflamacién inducida,
o de la disrupcion de la barrera de mucosa y del estrés del reticulo endoplasmico (RE), las GCs fueron expuestas
a la citocina proinflamatoria TNFa o al inhibidor de la glicosilacion tunicamicina (Tm). Como marcador de
inflamacion cuantificamos la concentracion de IL-8 a partir de los sobrenadantes celulares. En otros
experimentos, todos estos estudios fueron replicados en presencia de dos ITFs de diferente longitud de cadena

para comparar si habia un efecto dependiente del tipo de fructano en nuestros hallazgos.

Parte 2

Inspirados por el papel esencial de los TLRs en la inmunomodulacién inducida por fructanos, en la
segunda parte de esta tesis, estudiamos la importancia de los TLRs y el parasito intestinal Giardia lamblia. La
infeccion por G. lamblia es la tercer causa mas comun de diarrea a nivel mundial, con cerca de 300 millones de
casos anuales reportados. En el Capitulo 2 (articulo requisito) nos propusimos estudiar las potenciales

interacciones de la enzima arginina deiminasa de G. lamblia (GIADI), un factor de virulencia de Giardia con los
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TLRs, asi como las respuestas de células dendriticas similares a las de infantes después de ser expuestas a
esta enzima. Para ello, estandarizamos la sobreexpresion y purificaciéon de GIADI en un sistema bacteriano, y
expusimos células monociticas que expresan todos los TLRs a concentraciones crecientes de GIADI. Después,
para determinar cudles TLRs estan involucrados en la activacién, aplicamos concentraciones crecientes de
GIADI a lineas celulares HEK que expresan cada uno de los TLRs de manera independiente. Debido a el
farmaco de reposicionamiento rabeprazol ha demostrado capacidad antigiardiasica, también nos preguntamos
y estudiamos si este farmaco puede influir en la capacidad inmunomoduladora de GIADI y en qué medida, asi

como en la respuesta de las células dendriticas inducida por GIADI.

En el Capitulo 7 estudiamos a GIADI como blanco contra la giardiasis. Para ello, primero realizamos
estudios de docking molecular con los compuestos reactivos a grupos tiol, el s-metil metanotiosulfonato (MMTS),
el acido di-tio-bis-nitrobenzoico (DTNB), asi como los farmacos reactivos a tioles aprobados para su uso
comercial en humanos, el rabeprazol, la sulbutiamina y el aurotiomalato. Este docking molecular se realizé para
predecir el modo de unién de estas moléculas a la estructura tridimensional de GIADI. Posteriormente, utilizamos
la GIADI recombinante en ensayos de inhibicién de la actividad enzimatica con las moléculas anteriormente
mencionadas, también realizamos estudios espectroscépicos para seguir la alteracion estructural inducida por
estas moléculas y para identificar farmacos potencialmente efectivos. También estudiamos si los cuatro
farmacos antes mencionados son capaces de inhibir la actividad celular de GIADI y de ejercer un efecto
citotoxico en ambos estadios de vida de Giardia, el trofozoito y el quiste. Para ello, la actividad de GIADI se
determiné a partir de lisados de trofozoitos que fueron preincubados con los cuatro farmacos. Se determiné la
capacidad de enquistamiento en estos trofozoitos que fueron incubados con los farmacos. Finalmente, los

resultados obtenidos en esta tesis seran discutidos en el Capitulo 8.
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Abstract: Giardiasis represents a latent problem in public health due to the exceptionally pathogenic
strategies of the parasite Giardia lamblia for evading the human immune system. Strains resistant to
first-line drugs are also a challenge. Therefore, new antigiardial therapies are urgently needed. Here,
we tested giardial arginine deiminase (GIADI) as a target against giardiasis. GIADI belongs to an
essential pathway in Giardia for the synthesis of ATP, which is absent in humans. In silico docking
with six thiol-reactive compounds was performed; four of which are approved drugs for humans.
Recombinant GIADI was used in enzyme inhibition assays, and computational in silico predictions
and spectroscopic studies were applied to follow the enzyme’s structural disturbance and identify
possible effective drugs. Inhibition by modification of cysteines was corroborated using Ellman’s
method. The efficacy of these drugs on parasite viability was assayed on Giardia trophozoites, along
with the inhibition of the endogenous GIADI. The most potent drug against GIADI was assayed on
Giardia encystment. The tested drugs inhibited the recombinant GIADI by modifying its cysteines
and, potentially, by altering its 3D structure. Only rabeprazole and omeprazole decreased trophozoite
survival by inhibiting endogenous GIADI, while rabeprazole also decreased the Giardia encystment
rate. These findings demonstrate the potential of GIADI as a target against giardiasis.

Keywords: Giardia; drug repurposing; proton pump inhibitor; sulbutiamine; aurothiomalate; omepra-
zole; rabeprazole

1. Introduction

Current drug discovery techniques against parasites aim at the identification of es-
sential pathogenic targets, which, after inhibiting their functionality, could be lethal for
the pathogenic organisms. In addition, anti-virulence therapy is based on disarming the
pathogens and preventing them from causing disease. The latter is increasing because
virulence factors enhance the ability of pathogens to colonize and resist the immunity
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of their hosts. Hence, therapeutic strategies directed at the molecules that participate at
different levels in the life cycle of pathogens might be helpful in the treatment of the illness,
but also in repressing the dissemination of the disease. Such a strategy might also be
helpful in the fight against giardiasis.

Human giardiasis is an inflammation-driven diarrhea caused by the protist, Giardia
lamblia [1], which has developed a broad range of mechanisms to escape the host im-
mune system [2]. Giardia should not fall on deaf ears; it is a eukaryote more ancient than
humans and is still epidemic, despite the tremendous advances in healthcare. Giardia
is a microaerophilic organism that lacks the tricarboxylic acid cycle and oxidative phos-
phorylation, but has acquired enzymes of likely lateral gene transfer origin that support
fermentative glycolysis [3], the arginine dihydrolase pathway [4,5], and substrate-level
ATP generation [6-8].

Drug repurposing for the treatment of giardiasis based on cysteine-modification
mechanisms directed at glycolysis has previously been proposed [9-11]. Since cysteines
are highly reactive amino acids and are widely distributed in the proteome of Giardia [12],
strategies based on the use of thiol-reactive drugs could target several important proteins of
this disease that are still neglected. In this line, the short-term use of proton pump inhibitors
(PPIs) is well tolerated, with few side effects [13]. Moreover, commercially available PPIs
are active in vitro against Giardia trophozoites in the range of albendazole [14] and also
retain their activity for metronidazole and nitazoxanide-resistant strains [11]. Such a
landscape appears propitious for designing effective therapies based on thiol-reactive
drugs against Giardia and for widening the spectrum of repurposable drugs for giardiasis.

In recent years, new drug targets have been studied in the search for efficient com-
pounds against protozoa [9,15-17]. Based on this, we studied the giardial arginine deimi-
nase (GIADI) as a crucial biomolecule essential for Giardia survival and involved in disease
progression. To better support GIADI as a druggable target in Giardia, we studied its reactiv-
ity to s-methyl methanethiosulfonate (MMTS) and dithio-bis-nitrobenzoic acid (DTNB), to
demonstrate the capacity of thiol-reactive compounds to inactivate this enzyme. Afterward,
we assayed the commercially approved drugs omeprazole, rabeprazole, sulbutiamine, and
aurothiomalate as repurposed drugs for giardiasis (Figure S1). Furthermore, we established
the potential of these drugs for use as antigiardiasics by assaying them from a molecular
perspective, using in silico studies, as well as biochemical and cellular studies. We found
that rabeprazole is the most promising drug for repurposing against giardiasis, since it inac-
tivates the enzyme activity of GIADI, disturbs its structure, provokes Giardia trophozoites
death, and diminishes encystation.

2. Results
2.1. Cysteine Modification Underlies GIADI Inactivation

Since the complete 3D structure of GIADI is still unknown, homology modeling was
used to identify potential inhibitors by docking [18]. We used the crystallographic structure
of the arginine deiminase from Mycoplasma arginini as a template to model the GIADI
3D structure. This led to a number of observations. First, it revealed the abundance and
distribution of the Cys residues in the three-dimensional arrangement of the homodimer,
and second, it allowed us to identify the preferential binding sites of the highly Cys-reactive
compounds MMTS and DTNB on the protein surface. After in silico approximations, the
effect on the enzyme activity of MMTS and DTNB was determined in vitro, and finally, the
free cysteine content was determined using Ellman’s method to establish the underlying
mechanism of inactivation by modification of cysteines.

GIADI has the longest known C-terminal domain among the described arginine
deiminases. Through the dimer, 26 of the 32 Cys residues can be observed (Figure 1A
and Figure S2). Of all modeled Cys residues, 13 show more than a 10% accessible surface
area (ASA) (Table 1). The model was helpful in showing the distribution of the catalytic
triad [19], which includes Cys 424, Glu 226, and His 280 amino acid residues (Figure 1B).
The blind docking performed on the entire surface of the homodimer identified potential
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binding sites for MMTS and DTNB. Representative binding sites for each compound are
shown in Figure 1C,D. After the in silico approximations, the effect of MMTS and DTNB on
the GIADI enzyme activity was assayed in vitro. The interaction between these compounds
and GIADI caused inactivation of the enzyme in a dose-dependent manner (Figure 1E,F).
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Figure 1. Arginine deiminase from Giardia as a potential target for cysteine reactive compounds.
(A) Homology model showing the high content and distribution of cysteine residues (yellow spheres).

(B) active site showing the catalytic triad. (C) representative docking with MMTS, and (D) with
DTNB. Cysteine residues interacting with both molecules are indicated in bold type. Residual
enzyme activity of recombinant GIADI after incubation with increasing concentrations of (E) MMTS
or (F) DTNB. (G) Kinetics of GIADI inhibition by using 2. 5 (), 5 (»), 20 (4), 45 (¥), and 85 pM (#) of
MMTS. Inactivation rate constants at different MMTS concentrations were fitted to a linear equation
model, where the slope represents the second—order inactivation rate constant (H).
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Table 1. Cys residues with more than 10% ASA.

Cys Position ASA (%) Chain
329 71.3/46.5 A/B
396 66.2/31.4 A/B
300 63.3/58.1 A/B
374 24.1/28.0 A/B
271 25.1 A
223 21.1 B
118 16.4/15.8 A/B
216 15.4 B
52 13.7 A

Since MMTS resulted in the most efficient inhibition of GIADI (Figure 1E), we calcu-
lated its pseudo-first-order inactivation rate constant. The results show that the kinetics of
inhibition using different concentrations of MMTS decays following a mono-exponential
function (Figure 1G). Notwithstanding, the parameters used to adjust each data series were
the same; those from 42 uM MMTS (V) showed the lowest R? value (0.74, whereas the
rest of the concentrations showed R? values above 0.9). This yielded an increased error
for this ki value, but it did not prevent the linear fitting to calculate the second-order rate
constant (kp). The data of the slopes fitted onto a straight-line (Figure 1H) with a k;, value
of 1568 £ 0.9M ' s 1.

Concerning the underlying mechanism, the observed change of free cysteines before
and after the treatments supports the inactivation being caused by a Cys-modification
process (Table 2).

Table 2. Number of modified Cys residues per monomer.

Giardial Arginine Deiminase Number of Modified
(G1ADI) Cys/Monomer

+DTNB (250 pM) 6+0.1
+MMTS (250 uM) 6+03
+Omeprazole (750 uM) 24+09
+Rabeprazole (750 pM) 5+03
+Sulbutiamine (750 pM) 2+09
+Aurothiomalate (750 uM) 54+0.5

Untreated GIADI shows 9 £ 0.9 free Cys/monomers. GIADI treated with ImM TCEP shows 16 + 0.5 free
Cys/monomers.

2.2. GIADI Is Inactivated by Thiol-Reactive Drugs Not Previously Applied for Giardiasis

Based on the in vitro susceptibility of GIADI to being inactivated through a cysteine
modification process, we studied four different thiol-reactive drugs: omeprazole, rabepra-
zole, sulbutiamine, and aurothiomalate, which are known to be safely used in humans but
not for giardicidal purposes. As expected, the docking performed on the surface of the
enzyme showed several possible binding sites near cysteine residues for all the studied
drugs (representative binding sites for each drug are shown in Figure 2A-D). Moreover,
an overall view of the GIADI monomer A shows the putative binding sites of the studied
molecules on the general topography of the protein (Figure 3).
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Figure 2. Representative docking of GIADI with (A) omeprazole, (B) rabeprazole, (C) sulbutiamine,
and (D) aurothiomalate. Cysteine residues near the binding sites are yellow-colored. Cysteine
residues interacting with each of the molecules are indicated in bold type.

Omeprazole

Figure 3. Two views of the GIADI monomer A rotated 180°, showing the global distribution of all the studied molecules in
their putatively best ranked binding sites. To make the visualization easier, the structure is displayed with 50% transparency.

In agreement with the in silico prediction, all of these drugs were able to inhibit recom-
binant GIADI in vitro in a dose-dependent manner (Figure 4A-D). However, the number of
modified cysteines on GIADI was different for each compound (Table 2). To further support
Cys-modification as the underlying mechanism for GIADI inactivation, albendazole was
assayed as a giardicidal but non-thiol-reactive drug. As expected, albendazole did not
produce any inactivation of GIADI (Figure 4E).
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Figure 4. Effect of repurposing drugs approved for use in humans on the enzyme activity of GIADI. The enzyme was

incubated with increasing concentrations of omeprazole (A), rabeprazole (B), sulbutiamine (C), aurothiomalate (D), and

albendazole (E).

Since rabeprazole showed an efficient inhibition of the enzyme activity on recombinant
GIADI (Figure 4B), we calculated the pseudo-first-order inactivation rate constant for this
drug (Figure 5A,B). The results show that the kinetics of inhibition using different concen-
trations of rabeprazole decay following a mono-exponential function (Figure 5A). This data
fitted onto a straight-line with a second-order rate constant (k) value of 6.72 +£ 0.2 M~ ! 57!
(Figure 5B).

To quantify the potential conformational changes of GIADI 3D structure by rabepra-
zole, fluorescence spectroscopy at 295 nm excitation wavelength was performed to monitor
tryptophan residues. The intensity of intrinsic fluorescence decreased as a result of rabepra-
zole concentration (Figure 5C).

2.3. Targetable Cysteines in GIADI Are Possibly Limited by the Presence of Disulfide Bridges in the
Native Structure

The amino acid sequence of GIADI revealed the presence of 16 Cys residues per
monomer. This number of Cys residues was corroborated and deduced by sequencing
the gene coding the recombinant enzyme we had previously studied (data not shown).
Nonetheless, the maximum number of Cys residues accessible for the Ellman’s reagent
was six per monomer in the native enzyme and nine after denaturation. Conversely, when
breaking all the disulfide bonds under reducing conditions, Ellman’s reagent was able to
detect the 16 Cys-residues per monomer after denaturing (Table 2).

2.4. Drug Susceptibility of Giardia Trophozoites Discloses the Efficacy of the Proposed Drugs

Relying on druggability prediction can generate ambiguous expectations, and final
effects need to be determined on a cellular level. Therefore, we also determined Giardia
trophozoites inhibition by the four drugs we found promising in our in silico and in vitro
predictions. This revealed that only the PPIs showed a dose-dependent giardicidal effect
on trophozoites by inactivation of the endogenous cellular GIADI (Figure 6).
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Figure 6. Effect of repurposing drugs on Giardia trophozoite survival and on the enzyme activity of
endogenous GIADI. Omeprazole and rabeprazole exerted a concomitant effect on these parameters
(A,B), whereas sulbutiamine and aurothiomalate did not (C,D).

2.5. Rabeprazole Impairs Giardia Encystment

Cyst formation is a requirement for surviving environmental stresses during the
transmission of Giardia. This infective form of the parasite represents a target for blocking
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its dissemination [20]. The findings shown herein prompted us to investigate the effect of
rabeprazole on the encystment process of Giardia. As shown above, rabeprazole decreases
trophozoite viability (Figure 6B). We found that it also significantly affects encystation
(p = 0.001) (Figure 7). Contrary to what was previously proposed as the role of GIADI
in the control of the encystation process [21], we found a significant decrease of cyst
production between rabeprazole treated and untreated trophozoites (Figure 7). Moreover,
the trophozoites that survived the treatment with rabeprazole were 97% less efficient at
encysting than those not treated.

106

104

10t

101

Y
Previous After
Encystment Encystment

Figure 7. Impairment of Giardia encystment by rabeprazole. Green columns represent the control group (without rabepra-
zole), and the red columns represent the experimental group (exposed to rabeprazole). From left to right, the first two
columns represent the number of cells grown to confluence at the beginning of the experiment in TYI-S—33 culture medium.
The next two columns represent the number of cells grown in pre-encystment culture medium. The last four columns
represent the number of cells grown in encystment culture medium. These results are the medium =+ SD of three assays,

with three technical replicates.

3. Discussion

The screening for new giardicidal drugs is undoubtedly a priority, since drug resistance
and treatment failures are increasing [22]. As GIADI is absent in the human host, this
enzyme is an attractive target for drug design against giardiasis [23]. Computational
studies have enhanced the ability to pose reasonable and testable hypotheses for drug
repositioning purposes. Therefore, druggability predictions have become part of the
validation of a therapeutic target, to avoid intractable targets [24]. Nonetheless, the critical
nature of these approaches is evident in cases where data gathered from in silico predictions
do not ensure their efficiency in subsequent in vitro studies.

Based on computational docking, benzimidazole derivatives apart from PPIs have
been proposed as potential inhibitors of GIADI [18]. Since the primary structure of GIADI
is enriched with cysteine residues, we performed computational approaches to find poten-
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tial inhibitors with an underlying cysteine-modification mechanism of action. With this
approach, we found several thiol-reactive compounds (including some repurposing drugs)
with promising binding regions on GIADI. Furthermore, all the thiol-reactive compounds
studied in silico demonstrated high efficacy for inhibiting recombinant GIADI when they
were assayed in vitro.

The number of modified cysteines in GIADI was variable according to the thiol-
reactive compound assayed. This is possibly related to the accessibility of each cysteine
residue, but it also might be because more than one Cys can contribute to the inactivation
of the enzyme. It is noteworthy that the number of accessible cysteines in denatured
conditions indicated the presence of at least three disulfides. Such a condition had already
been reported for other giardial proteins (i.e., variable surface proteins, triosephosphate
isomerase) [25,26], with structural and functional implications in some cases [27]. This
should be further studied to better understand the biological meaning of these disulfides.

The calculated second-order inactivation constants (k) were in the range of others pre-
viously determined for different giardial enzymes [9]. Indeed, the value of the k; obtained
for rabeprazole (Figure 5A,B) was 2.5-fold higher than that of rabeprazole, inhibiting the
giardial triosephosphate isomerase [9], which means this drug possesses a higher efficiency
for inhibiting GIADI than inhibiting triosephosphate isomerase. This would indicate that
GlADI is a target more easily reached by rabeprazole than other targets previously pro-
posed for this drug, such as triosephosphate isomerase. Therefore, since GIADI belongs
to the arginine dihydrolase pathway, this route would be impaired in a more immediate
manner than glycolysis.

It is known that thiol-reactive drugs do not reach all Cys present in a protein and,
even if a Cys is modified, it does not always exert a deleterious effect on the protein [11].
Nonetheless, we were able to register functional and structural disturbances on GIADI after
exposing it to the assayed thiol-reactive drugs and compounds. The fluorescence emission
spectra of GIADI showed both a decrease of 67% in quantum yield at an excitation wave-
length of 295 nm and a blue shift of 6 nm when exposed to rabeprazole. This fluorescence
decrease could implicate potential conformational changes in the protein structure, which
would expose tryptophan residues to the milieu [28,29], probably weakening the stability of
the GIADI structure. On the other hand, the blue shift is suggestive of a compaction effect
on its 3D structure that could be impair the interactions of GIADI with other molecular
elements; either with those of the microorganism itself or those of the host.

Drug repurposing, defined as finding new indications for existing drugs [30], is of
particular interest for coping with giardiasis. Compared with developing drugs de novo,
which is of very high cost (10 to 17 years and 800 million USD), drug repurposing signifi-
cantly reduces both the time and money needed. However, repurposable drugs also have
to succeed at a cellular level. In line with this, we found that of the four computationally
identified drugs, only omeprazole and rabeprazole were able to efficiently inhibit cellular
GIADI and exert a cytotoxic effect on trophozoites. Despite having succeeded in inhibiting
GIADI in vitro, sulbutiamine and aurothiomalate were less effective against the cellular
enzyme. They did not cause more than 40% inhibition of cellular GIADI activity, and they
only slightly impacted the viability of trophozoites.

Sulbutiamine is a molecule consisting of two thiamin (Blvitamin) molecules bound
together by a disulfide and is a lipophilic drug that is useful in alleviating fatigue [31].
Sulbutiamine specifically inactivates a glycolytic enzyme of Encephalitozoon intestinalis
through interaction with cysteine residues [32], but it has not been tested in vitro against
the parasites. Aurothiomalate exhibits anti-inflammatory properties, mediated through its
reactivity with protein sulfhydryl groups [33]. Despite inhibiting recombinant GIADI, sul-
butiamine and aurothiomalate were unable to inhibit cellular GIADI and effectively induce
trophozoite death. These drugs are possibly inefficient for crossing the cell membrane of
the trophozoites, or they could decrease the giardicidal activity by interacting with other
molecules before reaching GIADI. This highlights the importance of corroborating the tests
done with molecular targets in their cellular context.
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In light of these findings, we focused on the capacity of GIADI as a druggable target
for giardiasis using rabeprazole as an efficient repurposable drug. Our results show that
encystment is impaired when a GIADI inhibitor such as rabeprazole is used. This could be
due to the fact that Giardia uses ammonia from arginine metabolism to drive the synthesis
of glucosamine-6-phosphate for cyst wall polysaccharide biosynthesis [34]. Moreover, the
trophozoites treated with rabeprazole lack an essential source of ammonia, which might
impair their capacity to produce the cyst wall. The use of rabeprazole might therefore help
to ameliorate the dissemination of giardiasis by altering the cyst production. To the best of
our knowledge, this is the first study where rabeprazole demonstrated its ability to target
the encystment process of Giardia.

4. Materials and Methods
4.1. Reagents and Drugs

All reagents were purchased from Sigma—Aldrich (St. Louis, MO, USA) unless other-
wise specified. Isopropyl-p-D-thiogalactopyranoside (IPTG) was from AMRESCO LLC
(Cochran Road Solon, OH, USA); reduced nicotinamide adenine dinucleotide (NADH)
was purchased from Roche (Penzberg, Upper Bavaria, Germany); Immobilized Metal
Affinity Chromatography (IMAC) resin was purchased from Bio-Rad (Hercules, CA, USA);
and Amicon Ultra 30 kDa filters were from Millipore Corporation (Billerica, MA, USA).
Sulbutiamine was purchased from Santa Cruz, Biotechnology (Dallas, TX, USA).

4.2. Homology Modeling

In a previous work [18], two homology models based on the crystallographic struc-
tures of arginine deiminase from Pseudomonas aeruginosa and M. arginini were found to
be the most appropriate templates for the modeling of 3D GIADI structure. Based on
its described homodimer quaternary structure, ADI from M. arginini was selected as a
template. The amino acid sequence of GIADI (NCBI reference: XP_001705755) [34] was
obtained from the NCBI database. To build the three-dimensional model, the complete
sequence of 580 amino acids was submitted to SWISS-MODEL of the Expasy Server
(https:/ /swissmodel.expasy.org/ (accessed on 11 November 2018)), the crystallographic
coordinates from M. arginini ADI (Protein Data Bank code 1S9R [35]) were uploaded as a
template. We used the VMD molecular graphics program to show the distribution of cys-
teine residues for the total GIADI dimer and show the catalytic residues’ distribution [36].

4.3. Docking

For docking studies, SwissDock server (http:/ /www.swissdock.ch/docking (accessed
on 5 March 2020)) was used, and the structure of the homology model of GIADI was an-
alyzed as target, with s-methyl methanethiosulfonate (MMTS), dithio-bis-nitrobenzoic
acid (DTNB), omeprazole, rabeprazole, sulbutiamine, and aurothiomalate as ligands.
Ligands were obtained from ChemSpider (http://www.chemspider.com (accessed on
3 March 2020)) and PubChem Compound (https:/ /www.ncbi.nlm.nih.gov/pccompound/
(accessed on 3 March 2020)) databases and adjusted to mol2 format with VMD. All struc-
tures were energy minimized with Chimera software [37], and with the resulting new
coordinates, docking calculations were carried out with the mentioned server. The results
were loaded and visualized with Chimera software [37].

4.4. Expression and Purification of Recombinant GIADI

The arginine deiminase gene from Giardia lamblia was cloned into the pET28a (+) vector
(Novagen), as previously described [38]. pET28a (+) vector adds an N—terminal His6x tag
to the protein. To over-express GIADI, this vector was used to transform the Rosetta 2 (DE3)
pLysS Escherichia coli strain. This E. coli strain was grown in 250 mL of Terrific Broth culture
medium supplemented with kanamycin and chloramphenicol at a final concentration
of 50 pg/mL (each one). Cells were incubated at 37 °C until 0.8-1.0 of absorbance at
600 nm was reached. The overexpression was induced by the addition of isopropyl thio-3-
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Dgalactoside (IPTG) at a final concentration of 1 mM for 16 h at 16 °C. Cells were harvested
by centrifugation at 2370x g at 12 °C for 5 min (pellets were stored at —80 °C until further
use). Pellets were weighed and resuspended in 25 mL of lysis buffer containing 50 mM
sodium phosphate monobasic (H;NaO4P), 300 mM sodium chloride (NaCl), 20% glycerol,
4 uM (-mercaptoethanol, lysozyme (1 ng/mL), and protease inhibitor cocktail (1 mL of
stock solution per 20 g of wet weight of E. coli cells). The buffer was adjusted at pH
8.0. The bacterial suspension was disrupted by sonication and centrifuged at 7690 g for
1 h at 4 °C. Protein purification was performed by IMAC using a Profinity Ni?* charged
resin previously equilibrated with lysis buffer. The soluble protein fraction was passed
through an IMAC column three times, and the recombinant GIADI was purified with a
gradient of 20-250 mM imidazole. The purified protein was dialyzed against lysis buffer
and concentrated to a volume of 250 pL. using Amicon ultrafiltration units. Due to the low
stability of GIADI in solution, the N-terminal His6x tag was not cleaved. The concentration
of purified GIADI was spectrophotometrically determined (Spectrophotometer Cary 50,
Agilent Technologies, Santa Clara, CA, USA) at 280 nm using the extinction coefficient of
€280 = 60,250 M~ ! cm~! [39]. The purity of the enzyme was analyzed by sodium dodecyl
sulfate-polyacrylamide gel electrophoresis technique (16% SDS-PAGE) and stained with
colloidal Coomassie Brilliant Blue.

4.5. Enzyme Activity Assays

The enzyme activity of GIADI was determined by monitoring the conversion of L-
arginine to citrulline. The reaction was based on that reported by Weickmann [40] and
modified by Li [19], with slight modifications by us. Briefly, the reaction mixture at pH 8.0
in buffer containing 50 mM sodium phosphate monobasic (H,NaO4P), 300 mM sodium
chloride (NaCl), and 20% glycerol was added with 8 mM L-arginine, 10 mM «-ketoglutaric
acid, 0.2 mg/mL glutamate dehydrogenase (GIDH) as coupling enzyme, and 0.2 mM
NADH. The reaction was initialized by adding the recombinant enzyme or soluble extracts
from trophozoites to the reaction mixture. Enzyme activity was spectrophotometrically
measured by monitoring NADH oxidation at 340 nm, at 25 °C.

4.6. Enzyme Inactivation Assays of Recombinant GIADI and Second-Order Inactivation Constants

The sulfhydryl reagents, thiol-reactive drugs, and albendazole solutions were freshly
prepared in lysis buffer before use, as previously described [11,32,41]. The GIADI inacti-
vation assays were performed at a protein concentration of 0.5 mg/mL in lysis buffer for
2 h at 25 °C. Aliquots from these incubations were withdrawn and assayed for enzyme
activity, as described above. The reaction was initiated by adding 17 ug/mL of GIADI to
the reaction mixture. The data are reported as the percentage of residual activity. Results
are from at least four technical repetitions.

Pseudo-first-order inactivation rate constants (k1) were obtained at MMTS concentra-
tions ranging from 2.5 to 85 uM, whereas the concentration for rabeprazole varied from 5
to 110 puM, at the times indicated in Figure 4. Aliquots were removed from the samples and
assayed for residual activity in the reaction mixture described above. Data were adjusted to
a mono-exponential decay model, Ar = Ay ek where Ay is the residual activity at time ¢,
Ao is the activity at time 0, and k is the pseudo-first-order inactivation rate constant [41].
The slopes of the linear plots (k1) versus the concentration of MMTS and rabeprazole
correspond to the second-order inactivation constant k, (M~1 s~ 1).

4.7. Fluorescence Emission Spectra

Fluorescence experiments were performed using a Perkin—-Elmer LS55 spectrofluo-
rometer at 25 °C and a protein concentration of 65 pig/ mL. The intrinsic fluorescence of the
enzymes was determined at an excitation wavelength of 295 nm, and the emission spectra
were recorded from 310 to 500 nm, with an integration time of 1 s, using excitation and
emission slits of 3 nm. Each spectrum was the average of three scans with two experimental
repetitions. The spectra of blanks were subtracted from those containing protein.
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4.8. Quantification of Free Cysteines after Drug Treatments

The Cys residues were determined using Ellman’s reagent under non-denaturing
and denaturing conditions [42]. To carry out the experiments, 0.5 mg/mL of GIADI was
incubated, either without compounds or with 250 uM DTNB and MMTS, separately, or with
750 uM omeprazole, rabeprazole, sulbutiamine, or aurothiomalate, separately. Each mix
was incubated for 2 h at 25 °C. After the incubation period, the samples were extensively
washed by ultrafiltration with Centricon filters to eliminate the excess drug, and the protein
concentration was estimated by determining the absorbance at 280 nm. Next, the free
Cys content of the samples was spectrophotometrically quantified as follows: the basal
absorbance of 1 mM DTNB and 5% SDS dissolved in lysis buffer was measured at 412 nm
(¢ 412 nm = 13.6 mM/cm), and the increase in absorbance following the addition of 200 ug
of protein was monitored. The number of modified Cys residues was indirectly calculated
by subtracting the number of free Cys residues in the derivatized enzyme (treated with
the drugs) from the number of free Cys residues in the enzyme in the absence of the drugs.
The results represent the mean & SD of at least four independent experiments.

4.9. Drug Susceptibility of Trophozoites and Cellular GIADI Activity Assays

G. lamblia WB strain was acquired from the American Type Culture Collection (ATCC)
and cultured, harvested, and maintained as previously described [27]. Trophozoites were
cultured in the presence of increasing concentrations of omeprazole, rabeprazole, sulbuti-
amine, or aurothiomalate for 24 h at 37 °C, at the concentrations shown in Figure 5. At the
end of the treatment period, the tubes were decanted to preserve only the adhered tropho-
zoites (trying to keep only living cells, and without mixing with dead cells). Nonetheless,
the living and dead trophozoites were counted from these supernatants to register the total
viability after the treatments. The culture tubes were washed three times with phosphate-
buffered saline (PBS), pH 7.4, and chilled on ice for 20 min, and then the trophozoites were
counted to standardize the assays by the number of cells. The cells were disrupted with
five cycles of freeze-thaw cycles in liquid N, and 42 °C, in lysis buffer. Disrupted cells
were centrifuged at 15,700 g for 20 min at 4 °C, and the supernatants were withdrawn for
analysis of residual GIADI activity using the coupled method mentioned above, at 25 °C.
We considered 100% to be the enzyme activity registered for the cultures without drugs.

4.10. Induction to Encystment in the Presence of Rabeprazole

G. lamblia WB strain trophozoites were cultured as mentioned above and harvested
in the exponential phase of growth (~2 x 10° cells/mL). Encystation was accomplished
following the method described by Boucher and Gillin with modifications [43]. Briefly,
trophozoites were counted in a hemocytometer chamber and added to pre-encystation
medium containing TYI-S-33 growth medium (pH 7.1) with the antibiotics ceftazidime
(500 pg/mL; PiSA Laboratories) and ampicillin (500 pg/mL; Sigma-Aldrich, St. Louis,
MO, USA), but no bovine bile. The culture tubes (borosilicate glass screw-capped tubes
of 8 mL) were divided into 2 groups of three tubes each per assay. The experimental
group was supplemented with 150 uM rabeprazole. Pre-encystation cultures were grown
for 24 h at 37 °C. The tubes were inverted eight times, and the unattached trophozoites
and medium were discarded. The attached trophozoite monolayers were refed with fresh
encystation medium consisted of pre-encystation medium adjusted to pH 8.0 with 1 M
NaOH and supplemented with bovine bile (7.5 mg/mL, final concentration) and lactic
acid (hemi-calcium salt, 5 mM, final concentration), and grown for 48 h at 37 °C. The
experimental group was kept in a 150 pM rabeprazole condition. Parasites were harvested
and counted to report the number of trophozoites and cysts per group.

4.11. Statistical Analyses

Data were analyzed with GraphPad Prism™ software (version 8.2.1 for Windows™,
San Diego, CA, USA). The normal distribution of data was assessed with the Shapiro—
Wilk test. Normally distributed data were analyzed with one-way ANOVA, followed
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by Dunnett’s multiple comparisons adjustment. Non-parametric distributed data were
analyzed with the Mann-Whitney U test or Friedman test, followed by Dunn’s multiple
comparisons adjustment test. Results are expressed as mean £ SD or as the median
and interquartile range (IQR) for data with parametric and non-parametric distribution,
respectively. A p-value < 0.05 was considered to be statistically significant.
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Chapter 13

Health benefits of Inulin and Agavin-type
Fructans in Food: Impact on Microbiota,
Immune and Gut Barrier Function
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“Laboratorio de Biomoléculas y Salud Infantil, Instituto Nacional de Pediatria, Ciudad de México, México

1. Introduction

Economic, technological, and social changes have influenced lifestyle and feeding habits, especially in Western society.
This has impacted the health of the population. One of these changes in food habits is the lowering of intake of dietary
fibers. This lowering of intake of dietary fibers is associated with an increased risk of developing a growing list of Western
diseases such as irritable bowel syndrome (IBS), cancer, type 2 diabetes, and metabolic syndrome (Dreher, 2018).
Enhanced intake of dietary fibers has been shown to prevent many diseases and is associated with better general health
(Roberfroid, 2002). An important family of dietary fibers is fructans. This fructose-based oligo- and polysaccharides are
produced by some bacteria, fungi, and higher plants (Pérez-Lépez & Simpson, 2020). Fructans are water-soluble reserve
polysaccharides representing the main nonstructural pool of carbohydrates in many plants including chicory, wheat, and
agave, the latter performing crassulacean acid metabolism (CAM) (Raveh et al., 1998; Van den Ende, 2013).

Fructans have been the subject of study in the last decades because of their potential health benefits. They pass the
stomach without major hydrolysis to fructose and are resistant to human digestive enzymes. They reach the colon where
intestinal microbiota with microbial enzymes ferment the fructans which leads to the production of microbial metabolic
products such as short-chain fatty acids (SCFA), which can beneficially influence health at several levels (Lambertz et al.,
2017). Here, microbiota-dependent effects of fructans will be considered as “indirect effects”. These indirect health effects,
depending on microbiota, include reduced risk for the development of some cancers, enhancement of calcium absorption,
and avoiding the adhesion of pathogens to the intestinal epithelium. One of the most important indirect effects of fructans
is their property to selectively stimulate beneficial gut bacteria, the so-called prebiotic effect (Gupta et al., 2019),
contributing to healthy aging and prevention of the development of chronic diseases (Lambertz et al., 2017).

Other more recently discovered health benefits of fructans include their direct binding to immune receptors on cells of
the gut immune barrier of the small intestine, beneficially influencing immune development and gut barrier function
(Bermudez-Brito et al., 2015; Jeurink et al., 2013; Vogt et al., 2014). Therefore, we will refer to these as direct beneficial
effects, achieved by the direct interaction of fructans with gut epithelial cells and cells of the gut immune system.

As many health benefits have been described for fructans, but also because health benefits according to current insight
are highly fructan dependent on fructan-type and degree of polymerization (DP), we reviewed in the present chapter the
current scientific evidence for health benefits of specific fructans extracted from chicory and agave plants, which are two of
the most commonly used fructans in the food industry. We especially focused on the reported effects of different types
of fructans on gut microbiota and regulatory effects on immunity and gut barrier as these seem to be the main targets of
fructans and the current explanation for the majority of beneficial effects of fructans. This impact can start as early as in the
first weeks after birth till an advanced age. We therefore will also review current insight on the current knowledge of the
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impact of fructans on infant microbiota and gut immune barrier development as well as the impact on the prevention of
disease.

2. Characteristics of plant fructans

Fructans serve as reserve compounds for some plant species, such as chicory, Jerusalem artichokes, asparagus, garlic, leak,
and onion (Flamm et al., 2001; Lépez & Urias-Silvas, 2007). Fructans can also function as osmoprotectants during drought
periods (Lopez et al., 2003). Fructans are water soluble and have a chemical flexible structure (Pérez-Lépez & Simpson,
2020). In dicot plants, fructan synthesis starts with the transfer of fructose between two sucrose molecules, creating 3-(2,1)
fructosyl-fructose bonds. Therefore, they can be denoted as GF,, where G and F represent glucosyl and fructosyl units
respectively, and n depicts the number of fructose units in the polymer. In the fructan chain, the starting monomer can also
be a p-fructopyranosyl residue, then F, is used to denote these molecules (Roberfroid, 2005). Fructans, de novo syn-
thesized from plants, are obtained by hot water extraction. They consist of a mixture of polymers with variable DP (chain
length). DP refers to the number of repeating fructose units. DP is used to classify fructans in such a way, that polymers
with a chain length < 10 are known as short-chain fructans (often referred to as fructooligosaccharides or FOS (or FOSs) in
the literature), and those with a DP > 10 are referred to as long chain fructan polysaccharides (e.g., inulin). See Chapter 1
for more details on plant fructan structures.

All these fructans are considered to be nondigestible carbohydrates (NDCs) as they cannot be hydrolyzed by the human
saliva and small intestinal digestive enzymes, which is due to the B-configuration of the anomeric C2 in the fructose
monomers (Kelly, 2008; Roberfroid, 2005). Fructans are traditionally used as fat replacers and as prebiotics in the food
industry (Apolindrio et al., 2014; Shoaib et al., 2016; Vandeputte et al., 2017). Fructans have also been used in phar-
maceutical applications as vehicles for drug delivery or as a cryoprotectant (Barclay et al., 2016). Two of the most
commonly used fructans are those extracted from chicory (Cichorium intybus) and agave plants (Apolindrio et al., 2014).
Chicory is the most important source of inulin for the food industry, due to its high inulin content (> 80%) (Fan et al.,
2016; Stephen & Phillips, 2006). Fructans from the Agavaceae family represent around 60% of their total soluble car-
bohydrates. Agave plants are an alternative source for fructan extraction (Moreno-Vilet et al., 2016), especially in Latin
America.

2.1 Chicory and agave fructans

Fructans from chicory roots are of the inulin type (only B(2,1) linkages). These inulin-type fructans (ITFs) have variable
DPs. Here, we use the terms short chain inulin (scITF) for fructans with DP 3—10, and the term long-chain inulin (IcITF)
for fructans with DP > 10.

Fructans extracted from Agave are a mixture of $(2-1) and B(2,6) glycoside linkages, making them readily soluble in
water. Agavin is commonly extracted from the leaves and stem of the plant and applied. Leaf agavin has a DP of 3—8.
They contain single a-D-Glcp residues in the terminal and internal positions and (2,1)-linked B-D-Fruf residues only. This
is different in stems where fructans are composed of a mixture of several structures with a a-D-Glcp residue in terminal and
6-linked positions. They contain also (2,1) and (2—6)-linked B-D-Fruf residues with branched oligomeric repeating units
(Praznik et al., 2013). For DP 3—10 agavin we will use the term short-chain agavin fructans (scAFs), and the term long-
chain agavin fructans (IcAFs) will be used for agavin with DP > 10.

Physicochemical characteristics of agavin such as DP and water solubility have been shown to be plant-age dependent.
These physicochemical characteristics can vary according to the climate or environmental conditions where plants were
cultivated (Mancilla-Margalli & Lopez, 2006; Mellado-Mojica & Lépez, 2012).

3. Health benefits of chicory inulin and agavin from Agave
3.1 The gastrointestinal immune barrier

Before discussing the health benefits of chicory and agavin, it is essential to explain the characteristics of the gastroin-
testinal immune barrier on which fructans act.

The intestinal epithelial cells (IECs) represent the physical barrier between the intestinal lumen and the internal host-
milieu (Camilleri et al., 2012). The gastrointestinal barrier is formed by a continuous mono-layer composed of several cell
types. These cells can be classified in absorptive cells (enterocytes and colonocytes) and secretory cells (goblet cells and
Paneth cells) (Pinto & Clevers, 2005). Secretory cells contribute to intestinal health and barrier function through the
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FIGURE 13.1 Schematic representation of
gastrointestinal immune barrier. Crosstalk be-
tween IECs and GALT is necessary to maintain
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production of mucus proteins and antimicrobial peptides (Kim & Ho, 2010). Underneath the IECs, gut-associated
lymphoid tissue (GALT) is located. GALT is constituted by the lamina propria, Peyer’s patches, and the lymph nodes
Fig. 13.1 (Dubois et al., 2005; Johansson & Kelsall, 2005; MacPherson et al., 2004; Sato & Iwasaki, 2005).

The IECs and the GALT have many pathways for crosstalk allowing induction of tolerance for beneficial microbiota,
but also allowing detection and formation of appropriate responses to pathogenic microorganisms and parasites. To initiate
these responses, the transport of luminal antigens through dendritic cells (DC) and macrophages is necessary. This gen-
erates meticulously regulated immune responses required for maintaining intestinal homeostasis (Mowat, 2003).

3.2 Indirect mechanisms of immunomodulation: prebiotic activity of chicory and agave fructans

3.2.1 Human gut microbial colonization

The gut is containing 100 trillion bacteria that contribute to the utilization of food components and produces health-
promoting fermentation products that human cells cannot manufacture (Derrien & van Hylckama Vlieg, 2015). During
the past decade it has become accepted that a healthy microbiome is essential for the prevention of disease and that
dysbiosis, i.e., disturbed microbiota composition is associated with many diseases in humans as well as in animals (Carding
et al., 2015).

Human intestinal colonization starts upon birth when the neonate gets in contact with vaginal maternal microbiota. As
of that moment, microorganisms become a pertinent member of the gastrointestinal tract of the infant and is also the start of
the development of many processes including immune, metabolic and neurologic programming. The way this program-
ming occurs depends on the type of intestinal microbiota colonizing the neonatal intestine during the first days of life
(Gabriel et al., 2018; Sestito et al., 2020). This initial colonization in the newborn is very sensitive and determined by many
factors including the mode of birth, gestational age, and whether breast feeding or infant formula is applied (Walker, 2014).
Consequently, the reference for a “healthy microbiome” is currently the intestinal microbiota of term-born infants,
vaginally born, and exclusively breastfed (Chambers & Townsend, 2020; Collado et al., 2012).

In breastfed infants, the colonization of the microbiota is under the tight control of different human milk components.
One of the most important human milk-component driving this colonization by microbiota is the so-called human milk
oligosaccharides (hMOs). These hMOs comprise a family of 200 nondigestible sugars that prepare the human gut for
colonization and may also serve as a growth substrate for the microbiota in neonates (Holscher et al., 2017). The hMOs are
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unique for humans and not found in such an abundancy and variation in other species (Bode, 2012; Thurl et al., 2010).
Besides their impact on shaping the intestinal microbiome (Cheng, Akkerman, et al., 2020; Cheng, Kiewiet, et al., 2020),
hMOs and/or their fermentation products have been shown to have other beneficial functions such as inducing reduction of
intestinal infections by inhibition of pathogenic adhesion (Ackerman et al., 2018; Jantscher-Krenn et al., 2012; Kong,
Cheng, et al., 2020), stimulation and maturation of the immune system by interacting directly with components of the
immune system (Cheng et al., 2019, 2021) and enhancing the intestinal barrier function (Figueroa-Lozano & de Vos, 2019;
Kong, Cheng, et al., 2020; Kong et al., 2019).

In infants in which exclusive breast feeding is not an option, which is in about 75% of all infants (Theurich et al., 2019;
Victora et al., 2016), cow-milk-derived infant formulas are used. These cow-milk-derived infant formulas do not have any
hMO or bovine hMO-like molecule that can substitute the function of hMOs. As a consequence, the intestinal microbiota
of breastfed infants is having a higher abundance of Bifidobacteriaceae and decreased or absence of pathogens such as
Clostridium and Enterobacteriaceae, compared to infants receiving infant formula (Cheng, Kiewiet, et al., 2020). To
overcome these differences in microbiota composition, significant efforts have been undertaken to find supplements for
infant formula that mimic some of the functions of hMOs. Currently, a few molecules have been approved for human
application and are cost-effective enough to allow application. These include galactooligosaccharides (GOS), pectins, and
ITFs (Kong, Faas, et al., 2020; Rodriguez-Herrera et al., 2019; Wicinski et al., 2020).

3.2.2 Fructans in infant formula

Depending on the geographical location fructans of chicory or agave have been applied in infant formula to mimic the
prebiotic functions of hMOs. In Europe, it is mostly chicory inulin that is applied in infant formula while in Latin America
it is mostly agave fructans. The beneficial effects of ITFs and AFs alone or in combination with hMOs have been widely
accepted in infant formula (Costalos et al., 2008; Holscher et al., 2012; Kapiki et al., 2007; Knol et al., 2005; Lépez-
Velazquez et al., 2015; Wernimont et al., 2015). The beneficial effects go beyond prebiotic effects. Also, digestive
tolerance and adequacy of support of neonatal growth have been demonstrated (Closa-Monasterolo et al., 2013; Lopez-
Veldzquez et al., 2013; Vandenplas et al., 2020). During recent years it has also been shown that the intestinal micro-
biota composition of neonates fed with fructan-supplemented infant formulas is improved and resembles that of breastfed
infants (Borewicz et al., 2019; Holscher et al., 2012; Wernimont et al., 2015). Table 13.1. This type of microbiota is
considered to be a healthy microbiota and associated with the prevention of stomach cholic, infection, and allergy
(Arslanoglu et al., 2008; Fukuda et al., 2011; Ivakhnenko & Nyankovskyy, 2013; Moro et al., 2006), strengthening of
intestinal epithelial barrier (Ulluwishewa et al., 2011), enhancement of mucosal immunity (Chambers & Townsend, 2020)
and prevention of intestinal pathogen growth and adhesion (Lopez-Veldzquez et al., 2013; Martinez-Ortega et al., 2020;
Ortega-Gonzalez, 2014). The way fructans support this will be discussed later in this chapter.

3.2.3 Fermentation products of chicory and agave fructans alone, or in symbiotic combination
with bacteria

An important function of fructans in infant formulas is the stimulation of the production of microbial fermentation products
such as SCFAs. These include SCFAs such as acetate, propionate, and butyrate (Rawi et al., 2020). In recent years it has
become accepted that the action of these SCFASs rather than the changes in microbiota are responsible for health benefits
(Kim et al., 2013; Macia et al., 2015). Among the benefits of SCFAs are the prevention of intestinal colonization with
pathogens or parasites by decreased pH and increasing frequency and lowering softness of stool (Davis et al., 2017), as
well as stimulation of immune responses (Table 13.2). However, the beneficial effects of fermentation products of fructans
are dependent on the age of the infant and the type of prebiotic supplemented. That not all prebiotics have the same effects
but that specific chemistries play a role was also demonstrated with ITFs because the DP greatly matters. In a recent study,
we studied and compared the in vitro fermentation of scITFs and IcITFs. We compared fermentation by inocula of 2-week
and 8-week-old, breastfed neonates. The results were remarkable. We showed that both microbiotas of 2-week and 8-week-
old neonates preferred trisaccharides from scITFs, which were consumed in the first hours of fermentation, while the IcITFs
remained practically intact. The digests taken from both fecal inocula were also tested for immunomodulatory capacity on
immature DCs obtained from the umbilical cord of infants. This experiment again illustrated the chain length- dependent
effects of ITFs as the fermentation products of IcITFs attenuated DCs proinflammatory responses stronger than scITFs
(Logtenberg et al., 2020) (Table 13.2).

In addition to the prevention of intestinal colonization with pathogens, SCFAs and other fermentation products of
fructans have, however, other beneficial effects, which are not restricted to infants. It has been shown that fermentation
products of fibers such as fructans also support epithelial barrier function and immune responses. Van den Abbeele et al.
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TABLE 13.1 Prebiotic effect of inulin-type fructans and agave fructans in clinical trials.

Fructan

GOS/FOS
mixture (9:1)

FOS

GOS/IcFOS
mixture (9:1)

GOS/IcFOS
mixture (9:1)

scITF/IcITF
mixture (1:1)

Concentration
(g/100 mL)

0.8

0.4

0.4

0.4

0.8

Subjects

Infants, aged
7—8 weeks
(N=68)

Preterm in-
fants aged 1
—14 days
(N=56)

Term infants
whose breast-
feeding
stopped at

14 days old
(N=160)

Full-term

formula-fed
(FF) infants
(N=139).

Term healthy
neonates
(N =300)

Study design

Randomized, double-blind, placebo-
controlled intervention study. Infants
were randomly allocated into 2
groups: Formula (SF) and Formu-

la + prebiotics (OSF). A group of
breastfed (BF) infants was included
as a reference. At study onset and af-
ter 4 and 6 weeks, fecal samples
were examined for a number of Bifi-
dobacteria, pH, SCFAs, and lactate.

A prospective double-blind study.
Healthy formula-fed infants received
either formula with prebiotic FOS
(N=36) or placebo (N = 20) for

14 days. Fecal samples were
collected on inclusion day and on
day 7. The number of Bifidobacteria,
stool characteristics, and somatic
growth were recorded.

Prospective, double-blind, study.
Comparison of growth, acceptability,
and proportion of Bifidobacteria and
clostridia in the stool flora of
formula-fed infants. Infants were
randomly assigned to a group fed
with standard formula with GOS/
IcFOS (PBF group) or the same for-
mula without added prebiotics (STF
group). Stool samples were taken at
the beginning and end of the 6-
week study, and the number of Bifi-
dobacteria and clostridia was
determined.

Randomized, controlled, double-
blind, prospective clinical trial. FF
infants were randomized to consume
a partially hydrolyzed whey formula
with (PRE) or without (CON) prebi-
otic mixture. Fecal bacteria, pH, and
SCFA were assessed at baseline, 3
and 6 weeks. A breastfed group (BF)
was included as a reference.

Double-blind, randomized, placebo-
controlled, and parallel trial. Neo-
nates were randomized to infant for-
mula either with (SYN1) or without
(C) prebiotic. A reference group of
breastfed (BF) infants was included.
Stool samples were collected at in-
clusion and at 3 months. Microbiota
analyses, stool frequency, and char-
acteristics were determined.

Outcome

OSF versus SF: 1
Bifidobacteria, |
stool pH, 1 acetate,
| propionate. OSF
fermentation profile
is more similar to
that of the BF

group.

FOS versus Pla-
cebo: 1 Bifidobac-
teria, T bacteroides,
1 stool frequency,
| Escherichia coli,
| enterococci.

PBF versus STF: 1
Bifidobacteria, 1
stool frequency, 1
stool softness, |

E. coli, | clostridia.

PRE versus CON: 1
Bifidobacteria, |
fecal pH. FF versus
BF: 1 Clostridium,
1 SCFAs.

SYNT versus C: 1
Bifidobacteria, |
Bacteroides, |
Enterobacteriaceae.

References

Knol et al.
(2005)

Kapiki et al.
(2007)

Costalos
et al. (2008)

Holscher
et al. (2012)

Closa-
Monasterolo
et al. (2013)

Continued
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TABLE 13.1 Prebiotic effect of inulin-type fructans and agave fructans in clinical trials.—cont’d

Concentration

Fructan (g/100 mL) Subjects Study design Outcome References

Oligofructose 0.3 Infants aged 1 Multicenter, prospective, double- EF versus CF: 1 Wernimont
—13 days blind, controlled study. Infants were Bifidobacteria, et al. (2015)
(N =95) randomized to the a-lactalbumin- softer stools.

enriched control formula (CF) or
identical formula with oligofructose
(EF). Stool samples were collected at
baseline and after 1, 2, 4, and

8 weeks, to evaluate the impact of
prebiotic-supplemented infant for-
mula on fecal microbiota, stool char-
acteristics, and hydration. Infants fed
with human milk (HM) were
included as a reference group.

scAF, [cAF, 0.5 Term infants Randomized, double-blind, Group 1 Vs Group Lopez-
and scAF/ aged controlled trial. Infants were split in 5: 1 Bifidobacteria, Veldzquez
IcAF mixture 20 + 7 days 5 groups: 1) Formula + Probio- | Enterobacteri- et al. (2015)
(1:1.5) (N = 600) tics + scAF + IcAF. 2) Formula + aceae, |

Probiotics + IcAF. 3) Formula + Pro- Clostridium.

biotics + scAF. 4) Formula + Probiot-
ics. 5) Only formula. A breastfed
(BF) group was included as a con-
trol. Fecal samples were collected at
the onset and at the end of the study
(3 months). Changes in gut micro-
biota were determined.

GOS/IcFOS 0.6 Term infants Comparison of the composition of BFF versus BF: 1 Borewicz
mixture (9:1) aged 2 fecal microbiota from infants Bifidobacteria, 1 et al. (2019)
—12 weeks recruited in previous BINGO and Blautia, 1 Dorea, 1
(N = 443) KOALA birth cohort studies. Three Granulicatella, 1
groups of infants were included ac- Eubacterium, 1 Cat-
cording to their type of feeding: enibacterium, |
Formula-fed fortified with prebiotics Parabacteroides.
(BINGO cohort, BFF), mixed feeding KFF versus BF: |
(breast-milk + formula, MF), and Bifidobacteria, |
formula-fed without prebiotics Lactobacillus, |
(KOALA cohort, KFF). A breastfed Halomonas,
group (BF) was included. | Aeribacillus, 1

Barnesiella, 1 Alis-
tipes, 1 Escheri-
chia-Shigella,

1 Veillonella, 1 Fla-
vonifractor, 1 Clos-
tridium, 1
Lachnospiraceae.

FOS, Fructooligosaccharides; GOS, galactooligosaccharides; IcAF, long chain agave fructans; IcITF, long-chain inulin-type fructans; scAF, short chain
agave fructans; sc/TF; short chain inulin-type fructans.

(2018) tested the impact of the fermentation products from ITFs and that of arabinoxylo-oligosaccharides (AXOS) after
fermentation by adult microbiota on transepithelial electrical resistance (TEER) of Caco-2 cell monolayers. Caco-2 cells
were cocultured in a transwell system with THPI-derived macrophages in order to assess the immune effect of the
fermentation products that were in contact with Caco-2 cells. Fermentation products coming from both inulins and AXOS
stimulated the gut barrier by increasing TEER. Immune function was also enhanced, as an increase of NF-kB, IL-10 and
IL-6 was observed in the THP-1 cells (Van den Abbeele et al., 2018).

The prebiotic effect of fructans has also been demonstrated in adults. scAFs and IcAFs, as well as some nonfructan
dietary fibers such as predigested calices from Hibiscus sabdariffa (Hb) plant, were fermented by fecal microbiota of
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TABLE 13.2 In vitro studies of the prebiotic effect of fermentation products of inulin-type fructans and agave
fructans alone, or in symbiotic combination with bacteria.

Fructan (DP)

FOS Native
inulin

IcAFs (DP 30
—60) scAFs (OF,
DP 10—30)

Inulin (FIB) (DP
3—60) AXOS
(average DP6)

scGOS IcGOS
scFOS IcFOS

Concentration

1:10 (v/v) in 54 mL of
standard ileal efflux
medium.

7.5 g/d

5 g/l

0%.2% (wt/vol) in MRS
medium without glucose

Experiment design

In vitro study of FOS fermenta-
tion by a pool of fecal micro-
biota from 4 exclusively
breastfed infants. Fecal samples
were collected at 2 and

8 weeks old. Microbial compo-
sition, SCFAs production, and
cytokine profiles of immature
DCs were determined.

Study of the changes in adult
gut microbiota upon addition
of AFs, OF and other food in-
gredients in a dynamic in vitro
model of the human colon
(TIM-2). A pool of fecal sam-
ples donated by three donors
aged 28—47 years old was pre-
pared and 70 mL were inocu-
lated to TIM-2, which already
had the prebiotics. Samples
were taken at the onset, 24, 48
and 72h of the fermentation.
Simulated ileal effluent me-
dium was used as control.
Microbiota composition and
SCFAs production were
determined.

In vitro fermentation study of
fecal inocula from three human
donors, coupled to cocultures
of Caco-2 cells and THPT mac-
rophages. Fermentation was
carried out in anaerobiosis for
48 h at 37°C. Microbial activity
and composition, gut barrier
function, and macrophage
cytokine expression in response
to inulin/AXOS fermentation
were evaluated for each sub-
ject. A control of inocula
without prebiotics was
included.

In vitro study to evaluate the
ability of utilization of GOS
and FOS prebiotics by a collec-
tion of Bifidobacterial species
in pure culture and coculture.
Medium supplemented with
each prebiotic was inoculated
with bifidobacterial strains at
1% (vol/vol). Growth and
oligosaccharide utilization of
the different Bifidobacterium
strains was tested.

Results

2 weeks-old fecal samples: Uti-
lized trisaccharides in FOS and
native inulin with DP3-8. 8
weeks-old fecal samples: 1
Bifidobacterium, degraded
native inulin with DP < 16.
Fermentation products of both
prebiotics attenuated proin-
flammatory cytokines produced
by DCs, but they were stronger
with native inulin.

AFs: 1 formic acid, acetic:pro-
pionic:butyric acid molar ratio
42:16:40. OF: 1 Bifidobacte-
rium, 1 Catenibacterium, 1
butyric acid, acetic:propionic:
butyric acid molar ratio
33:20:45. 1 SCFAs production
(175 mmol) after 72 h
fermentation.

FIB: 1 Firmicutes, T Actinobac-
teria, | Lentisphaerae, | Verru-
comicrobia, 1 Propionate, 1
Butyrate, | branched-SCFAs, 1
TEER, 1 NF-«B, 1 IL-10, 1 IL-
6. AXOS: 1 Bacteroidetes, 1
Actinobacteria, | Lenti-
sphaerae, | Verrucomicrobia,
SCFAs production was donor-
dependent, | branched-SCFAs,
1t NFB, 1 IL-10, 1 IL-6.

B. bifidum and B. longum
subsp. longum utilized short-
chain GOS and FOS. B. breve
and B. longum subsp. infantis
could metabolize both short-
chain and long-chain GOS and
FOS. In coculture, B. breve
was numerically dominant over
B. longum subsp. infantis.

References

Logtenberg
et al. (2020)

Sayago-
Ayerdi et al.
(2020)

Van den
Abbeele et al.
(2018)

(Sims & Tan-
nock, 2020)

Continued
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TABLE 13.2 In vitro studies of the prebiotic effect of fermentation products of inulin-type fructans and agave fruc-
tans alone, or in symbiotic combination with bacteria.—cont’d

Fructan (DP)

FOS (DP 2—8)
Inulin (DP 2
—60)

IcITF DP (10
—60)

IcITF DP (10
—60)

IcITF

Concentration

5, 15, and 20 mg/mL in
M9 minimal medium
and DMEM medium

0.5 mg/mL

0.5, 1 and 5 mg/mL

0.114 g/d/kgBW 0.114 g/
d/kgBW +5 x 10° CFU/
d/piglet

Experiment design

In vitro study of the effect of
addition of FOS or inulin to

P. aeruginosa to evaluate its
pathogenicity. Bacteria were
cultured at 37°C, for 24h in a
medium with or without the
addition of FOS and inulin.
Growth capacity of biofilm for-
mation, and motility behavior
were determined. Cytokine
profiles and NF-kB pathway
proteins of infected rat macro-
phages were also determined,
as well as endotoxin-A concen-
tration in infected rat IEC cells.

In vitro study of the effect of Ic-
ITF alone or combined with
Lactobacillus acidophillus W37
(Law37), L. brevis (LbW63),
and L. casei W56 (LcW56), on
epithelial barrier function of
caco-2 cells. LW37 was chal-
lenged with Salmonella thyphi-
murium (STM). Transepithelial
electrical resistance (TEER),
gene expression, and IL-8 pro-
duction were studied.

In vitro study of the effect of
[cITF alone or in symbiosis
with Lactobacillus acidophillus
W37 (LaW37), on Toll-like re-
ceptor (TLRs) signaling and
cytokine secretion by DCs. The
effect of media of intestinal
epithelial cells (IEC) exposed to
both ingredients and their com-
bination (caco-spent medium,
CSM) was determined. The ef-
fects of DC responses against
Salmonella thyphimurium
(STM) were also investigated.

In vivo study to investigate
whether [cITFs alone or in
combination with

L. acidophillus strain W37
(LaW37) can support vaccina-
tion efficacy against

S. typhimurium (STM) of
neonatal piglets. The influence
of the intervention on the gut
microbiota of piglets was also
studied. The animals received
supplementary feed until sacri-
fice. The piglets were vacci-
nated when they were 25 days
old. On days 52—54 the ani-
mals were challenged with
STM.

Results

FOS: | growth, |biofilm for-
mation, | swarming and
twitching, | endotoxin-A,

L cytokine response of rat pri-
mary monocytes to

P. aeruginosa coculture, activa-
tion of NF-kB pathway in IEC
cells.

[cITF: Regulation of 128 genes
related to energy metabolism.
LaW37: 1 regulation of 26
genes related to tight junctions,
| regulation of the canonical
NF-kB pathway, 1 TEER, pre-
vention of STM-induced barrier
disruption, | IL-8 secretion.

[cITFs: Direct stimulation of
TLR2, 3, and 5. LaW37: Acti-
vated TLR2, stimulation of a
proinflammatory phenotype in
DCs. LaW37-CSM: 1 IL-8,
TNFa and IL-1ra. IcITFs + -
LaW37: Activated TLR2, 3 and
5, attenuation of DCs response.
[cITFs 4+ LaW37-CSM: Regula-
tory cytokine, synergistic
enhancing effects on IL-6 and
IL-8 production.

[cITFs: 1 postweaning feed effi-
ciency, 1 fecal consistency.
IcITFs + LaW37: 1 Prevotella-
ceae, | Lactobacillaceae in
feces, enhanced vaccination ef-
ficacy 2-fold during STM
challenge.

References

Ortega-
Gonzalez
et al. (2014)

Lepine et al.

(2018)

Lepine et al.

(2018)

Lepine et al.

(2019)

38



Health benefits of Inulin and Agavin-type Fructans in Food Chapter | 13 219

TABLE 13.2 In vitro studies of the prebiotic effect of fermentation products of inulin-type fructans and agave fruc-
tans alone, or in symbiotic combination with bacteria.—cont’d

Fructan (DP) Concentration Experiment design Results References
Inulin 1.0%, 1.5%, and 2.0% In vitro analysis of different Growth, metabolic profile, and (Slizewska
(w/v) of MRS broth probiotics and prebiotics for antagonistic activity of the pro- and
proposing an optimal probiotic biotics toward selected patho- Chlebicz-
prebiotic symbiotic prepara- gens were the most favorable Wojcik,
tion. Incubation for 48h at when 2% (w/v) of inulin was 2020)
37°C of 5 Lactobacillus strains, used. The symbiosis of inulin
in MRS medium supplemented with the Lactobacillus strains
with inulin, maltodextrin, corn studied was proposed as a
starch, B-glucan, or apple promising mixture for positively
pectin. Probiotic growth, SCFAs  impacting host’s GIT health and
production, differences in functionality.

lactate isomers produced, and
enzymatic profiles were tested.
The influence of the prebiotic
used on the antagonistic activ-
ity of probiotics against patho-
genic bacteria was also
studied.

AXOS, arabinoxylo-oligosaccharides; DCs, Dendritic cells; FOS, fructooligosaccharides; GIT, gastro-intestinal tract; GOS, galactooligosaccharides; /EC, in-
testinal epithelial cells; IcAFs, long chain agave fructans; Ic/TF, long-chain inulin-type fructans; OF, oligofructose; scAFs, short chain agave fructans;
SCFAs, short-chain fatty acids; scITF, short chain inulin-type fructans; wt, weight.

donors with an age between 25 and 57 years. The fecal inoculum was applied to a dynamic in vitro model of the human
colon (TIM-2) while supplemented with fructans. Fermentation of scAFs led to the highest production of butyric acid
compared with the IcAFs and the predigested calices from Hb. These scAFs also strongly supported the expansion of
Bifidobacteria (Sayago-Ayerdi et al., 2020) (Table 13.2).

ITFs have also been studied in symbiotic combinations, i.e., probiotic—prebiotic combinations. Many health benefits
have been attributed to symbiotic combinations of fructans with probiotics, including improvement of the intestinal ab-
sorption of minerals (Abrams et al., 2005), or better regulation of appetite (Delzenne et al., 2005), and decreased symptoms
during inflammatory intestinal injury (Shiou et al., 2013). However, only a few have been experimentally confirmed such
as prevention of infection. Our research group has studied the impact of the symbiotic combination of different strains of
Lactobacillus in the presence and absence of IcITFs for the prevention of Salmonella typhimurium (STM) infection. Firstly,
in an in vitro model of STM infection, the STM-associated epithelial barrier disruption of Caco-2 cells monolayers was
prevented by the presence of Lactobacillus acidophillus strain W37 (LaW37) (Lépine & de Vos, 2018; Lépine et al.,
2018). Moreover, to gain insight into the immune effect of the IcITFs/LaW37 combination, DCs were used. As DCs are
localized in-between IECs, they sense and detect gut-luminal antigens coming from beneficial microbiota or pathogenic
microbes. DCs produce specific cytokines to initiate a tolerogenic or inflammatory response. To study how DCs would
respond to IcITFs/LaW37 symbiotic combination, DCs exposed to STM-challenge in the presence or absence of medium
from Caco-2 cells which were previously exposed to 1cITFs/LaW37 symbiotic combination. When DCs were exposed to
STM without medium, it was shown that a strong proinflammatory cytokine response was induced. This response,
however, was more regulatory and attenuated when the DCs were exposed to medium from Caco-2 cells that were pre-
exposed to 1cITFs/LaW37 symbiotic combinations. Especially, the TNF-a response in DCs was significantly reduced
(Lépine & de Vos, 2018) (Table 13.2). Secondly, using neonatal piglets as a model for infants, we studied whether dietary
intervention with the symbiotic IcITFs/LaW37 combination was associated with a better development of gut microbiota
and a better clearance of STM. We found that piglets receiving the symbiotic combination had reduced STM infection.
This effect of reduced infection was probably due to the gut barrier-enhancing effect of the symbiotic combination (Lépine
et al., 2019) (Table 13.2).

The symbiotic combination of five different Lactobacillus strains with five prebiotics extracted from diverse natural
sources (inulin, maltodextrin, corn starch, 3-glucan, and apple pectin) was also tested. The production of SCFAS, probiotic
growth, and antagonistic activity of the probiotic strains toward pathogenic bacteria, such as Salmonella spp. or Listeria
monocytogenes were measured. The growth, metabolic profile, as well as the antagonistic activity toward selected path-
ogens was the most favorable when inulin was used as carbon-source (Slizewska & Chlebicz-Wdjcik, 2020).
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3.3 Direct effects of fructans on immune cells

Considerable advances have been made in understanding and acknowledging the direct immunomodulatory effects of
chicory and agave fructans. Our group and others have studied and proposed some of the mechanisms underlying these
direct effects of fructans on host cells such as the binding of fructans to pathogen recognition receptors (PRRs), the
enhancement of gut barrier function, and the impact of fructans on immune cell responses. Moreover, we have shown that
this immune beneficial effect is strongly dependent on the identity of the fructans such as the chain-length, or linear versus
branched structure (Vogt et al., 2013).

3.3.1 Binding of fructans to pathogen recognition receptors

One of the proposed mechanisms underlying the immunomodulating effect of ITFs relies on their ability to bind to PRRs
on gut immune cells, such as PRRs present on DCs and intraepithelial lymphocytes (Kong, Faas, et al., 2020). These PRRs
are Toll-like receptors (TLRs), nucleotide-binding oligomerization domain-containing proteins (NODs), Dectins, and RIG-
I-like receptors (Kanneganti, 2020). The natural function of PRRs is to recognize conserved molecular structures that are
broadly shared among pathogens, such as bacterial lipo-polysaccharides (LPS) (Takeda & Akira, 2004) and also beneficial
microorganisms of the microbiota (Lebeer et al., 2010). These structures are known as pathogen-associated molecular
patterns (PAMPs) (Sundaram & Kanneganti, 2021). Once PRRs recognize a substantial dose of specific carbohydrate
moieties of PAMPs, signaling is activated for the production of an immunogenic response, through the secretion of
proinflammatory or regulatory cytokines (Abreu, 2010) (Fig. 13.2).

Vogt et al. (2013) tested the effect of ITFs of different chain-lengths extracted from chicory on the cytokine release by
human peripheral blood mononuclear cells (PMBCs). These PMBCs were stimulated with four different ITFs, followed by
the determination of some pro- and antiinflammatory cytokines. Chain-length-dependent differences in ITFs stimuli were
found, scITFs induced an antiinflammatory balance in IL-10/IL-12 cytokine ratios, compared to the IcITFs. To understand
these effects, studies on reporter-cell lines expressing PRRs were performed and demonstrated that ITFs can bind and
activate specifically TLRs and NODs. It was shown that ITFs are able to signal directly on immune cells via TLRs,
primarily TLR2, while TLR4, 5, 7, 8, and NOD2 were mildly activated. Moreover, the stimulation resulted in the acti-
vation of the Nuclear Factor kB/Activating protein-1 promoter (NF-B/AP-1), and as such signaling was highly dependent
on the myeloid differentiation primary response protein 88 (MyD88) pathway (Vogt et al., 2013) which indicates that
effects are mainly TLR dependent.

Vogt et al. (2014) also studied the impact of ITFs on intestinal epithelial cell barrier function. This was done on stressed
T84 cells in which gut barrier function was disrupted by the proinflammatory reagent phorbol 12-myristate 13-acetate
(PMA). They showed that the barrier disruption by PMA could be prevented when cells were preincubated with
scITFs. Also, it was shown that the protective effects of the specific stressor PMA could be explained by the impact of the
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ITFs on TLRs receptors, specifically, TLR2. This was shown by applying an anti-TLR2 blocking antibody that prevented
the protective effect of ITFs (Vogt et al., 2014).

3.3.2 Enhancement of gut barrier function

There are other components of the intestinal epithelium that are important for its adequate barrier function, such as the
glycocalyx. The glycocalyx serves as a scaffold for the binding of intestinal microbiota and by doing so it contributes to
barrier function. The glycocalyx is composed of glycans and proteins. The predominant glycosaminoglycans in glycocalyx
are heparan sulfate (HS) and hyaluronic acid (HA). Recently the effect of dietary fibers on the maturation of the glycocalyx
of intestinal epithelial cells was studied by Kong and collaborators (Kong et al., 2019). This maturation is important for the
adequate development of gut barrier function and colonization by microorganisms in infants. ITFs of different DPs were
applied to a Caco-2 intestinal epithelial cell line for 5 days. The thickness and area coverage of adsorbed albumin, HS, and
HA in the glycocalyx were determined by immunofluorescence staining. ITFs increased glycocalyx development in a
structure-dependent fashion. There was a DP-dependent effect. While scITFs selectively increased HS thickness, IcITFs
significantly increased the area coverage of HA. These differential effects may account for the previously observed
beneficial effects of these fructans on gut microbiota, as glycocalyx provides anchoring sites for bacterial adhesion. This
effect could also provide a mechanistic explanation of the enhancement of the epithelial barrier function observed after
treating cells with ITFs (Kong et al., 2019).

3.3.3 Impact of fructans on immune cell responses

Another mechanism by which ITFs can exert their beneficial effects on health is the decrease in concentration of in-
flammatory markers produced by immune cells such as DCs. In the intestinal epithelium, dendrites of DCs can protrude
from the underlying lamina propria, between enterocytes to sense the contents of intestinal lumen and recognize PAMPs,
as well as other antigens, and contribute to priming of immune responses but also induce tolerance (Fig. 13.2). Bermudez-
Brito and colleagues investigated the effect of five commonly consumed fibers, including chicory inulin, on the cytokine
production of DCs. First, they analyzed whether the direct contact of chicory inulin with DCs activated them, by measuring
their production of cytokines. It was also determined if DCs were affected by bioactive factors produced by IECs after
being stimulated with the studied fibers. To this end, an in vitro coculture system was used, which simulates the natural
crosstalk between epithelial and immune gut cells. This coculture system is based on a 24-well plate, which has two
compartments, the conventional well (basolateral side), and a smaller transwell that is suspended within the well. The
bottom of the transwell is a permeable membrane that allows the flow of medium from the transwell to the lower chamber.
DCs were seeded in the basolateral side of the plate and IECs were cultured in the transwell inserts. IECs were stimulated
with the fibers. After stimulation with the fibers, cytokine production of DCs was measured. The authors found that chicory
inulin only profoundly activated DCs when the DCs were stimulated simultaneously with supernatants from IECs that were
also prestimulated with inulin (Caco-spent medium). However, in the coculture system, the proinflammatory cytokines IL-
12, IL-6, and IL-8 were decreased by chicory inulin. Furthermore, in order to assess whether TLRs were involved in DCs
activation, DCs were exposed to Caco-spent medium, in the presence and absence of MyD88 inhibitor. MyD88 is an
adapter protein that links TLRs with down-stream signaling for the cytokine production. Caco-spent medium without
inulin enhanced the production of proinflammatory cytokines in DCs, and this effect was strongly attenuated by inulin.
When the assay was performed in the presence of MyD88 inhibitors, the attenuating effect was reduced. This demonstrates
the dependency on the interaction of chicory inulin with TLRs. Finally, the effects of DCs stimulated with Caco-spent
medium (DC-SM) on T-cell polarization were determined. To this end, naive T-cells were exposed to cocultures of
DC-SM followed by the measuring of Th1, Th2, Th17, and Treg cytokines. Chicory inulin led to changes in Th1 cytokines
but also reduced the Th2 cytokine IL-6, whereas the Treg cytokine IL-10 production was decreased. Based on all these
findings, the authors proposed that an interplay between IECs, chicory inulin, and immune cells is necessary for inducing
the regulatory immune effect of this dietary fiber (Bermudez-Brito et al., 2015).

Next, Bermudez-Brito and colleagues also studied the beneficial effect of galactooligosaccharides (GOS), chicory
inulin as well as other dietary fibers such as sugar beet pectin, wheat arabinoxylan, barley B-glucan, and two digestion-
resistant starches, in the context of bacterial infections that are commonly found in immunocompromised patients. To
that end, the above-mentioned transwell system was used for mimicking the in vivo situation in the gut. The cocultures
were treated with the Gram-negative bacilli Sphingomonas paucimobilis (S. paucimobilis). These bacteria were used as a
model for the impact of an opportunistic pathogen that induces too strong immune responses and is difficult to eradicate
with antibiotics therapy. Chicory inulin was one of the fibers that showed the strongest attenuation of the inflammatory
effects provoked by S. paucimobilis infection, as IL-12 and TNFa were drastically decreased by inulin treatment. It was
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also found that the IL-10/IL-12 ratio was significantly skewed toward more regulatory responses in the presence of chicory
inulin and therefore effective in responses against pathogenic organisms that provoke too strong responses and are difficult
to eradicate (Bermudez-Brito et al., 2016).

In order to gain more insight into the impact of the DP of ITFs on immunity, an in vivo study was performed. Fransen
et al. (2017) fed conventional mice, as well as germ-free mice with two well-defined ITFs: scITFs and IcITFs. The authors
found no differences in gut microbiota composition and fecal SCFAs production between mice fed with ITFs and untreated
controls. Regarding immune cell populations, it was found that ITFs can modulate the immune system, as in Peyer patches
(PPs), both ITFs induced a higher number of Thl cells. Moreover, this immune modulation was ITF chain-length
dependent, as in MLNs, only scITFs induced higher percentages of Treg cells and CD4+ T-cells expressing the activa-
tion marker CD69. Also, in MLNs, it was found that scITFs increased CD11b"CD103~ DCs and decreased
CD11b"CD103" DCs. As a result of the gene expression analysis in the ileum, an enhancement of the expression of the
glycosylation gene 2-alpha-L-fucosyltransferase 2 (Fut2) and other IL-22-dependent genes was found. This finding was
irrespective of the molecular weight or length of the applied ITF. The enhanced expression of Fut2 is associated which
expedited microbial colonization and reduced chances of pathogenic infections. We therefore believe that Fut2-induced
upregulation by ITFs is a novel but the crucial mechanism by which ITFs contribute to improved colonization of
microbiota and support beneficial health effects in children fed with inulin-containing infant formula (Fig. 13.3).

The analysis of gene expression in PPs revealed that scITFs induced lower CD80 expression by CD11b~CD103™ DCs.
While IcITFs modulated B-cell responses in the germ-free mice, as some of the genes involved in antibody production,
such as IgD and CD20 were upregulated. Based on all the above-mentioned evidence, the authors demonstrated direct
immune effects of ITFs in vivo, furthermore, such immunomodulation is ITF structure-dependent (Fransen et al., 2017).

scITFs and IcITFs were also tested in an animal model for autoimmune diabetes, i.e., NOD-mice (Chen et al., 2017).
Consistent with previous studies, it was found that 1cITFs, but not scITFs, enhanced regulatory CD25+ Foxp3+ CD4+
regulatory T cells, decreased cytotoxic IL17A+ CD4+ Thl17 cells, and modulated cytokine production toward a more
regulatory profile in the pancreas, spleen, and colon. This, but also the enhanced expression of gut barrier-enhancing tight
junction proteins and SCFA explains the antidiabetogenic effect of 1cITFs. Next-generation sequencing analysis revealed
that IcITFs also enhanced Firmicutes/Bacteroidetes ratio and enriched modulatory Ruminococcaceae and Lactobacilli. The
regulatory effects of IcITFs in the pancreas were subsequently tested in a pancreatitis model in mice. Also, here IcITFs but
not scITFs were effective in attenuating inflammation in the pancreas via similar gut barrier-enhancing effects (He et al.,
2017).

The immunomodulatory effect of agavin is not that well studied as for chicory inulin, but there are a few studies
demonstrating that also agavin has direct immune-stimulating effects. For example, Moreno-Vilet et al. (2014) studied
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FIGURE 13.3 Inulin-type fructans up-regulate in vivo the microbial adhesion molecule Fuc2 independently of whether short or long-chain ITFs
were given (Fransen et al., 2017). DUOX2, dual oxidase 2; Fut2, 2-alpha-L-fucosyltransferase; SAAI, serum amyloid Al; RETNLB, resistin like beta.
Figure produced with BioRender.
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in vitro the role of chicory and agave fructans, alone or in combination with probiotics as activators of the immune system.
Activation, proliferation, and differentiation of T cells was measured. This was done on T-cells isolated from peripheral
blood mononuclear cells that were incubated with agave and chicory fructans, alone or in combination with Lactobacillus
strains. The early activation of lymphocytes was measured through the expression of CD69-positive cells. Also, the
expression of T-bet and FOXP3 transcription factors for lymphocyte differentiation was measured. Agave fructans were
the strongest stimulators of T-bet and FOXP3 transcription factor. The authors suggest on the basis of the results that
fructans might stimulate intestinal T-cell mediated host defenses and prevent the possible manifestation of clinical disease
(Moreno-Vilet et al., 2014).

The efficacy of agave fructans to prevent or attenuate immune-mediated disease has been studied in the autoimmune
disorder systemic lupus erythematosus (SLE). In a study by Gutiérrez-Nava et al. (2017), a mice model of SLE was
generated by intraperitoneal administration of tetramethylpentadecane to female mice. Compared with the SLE positive
control group, the group of SLE animals that received treatment with agave fructans showed a significant decrease in all the
SLE biomarkers such as knee articular diameter, proteinuria levels, antinuclear autoantibodies, and proinflammatory cy-
tokines. The authors suggest that the antiinflammatory effect of agave fructans observed might be due to their immuno-
modulatory ability, at different levels. Agave fructans may also participate in the activation of TLRs 2 and 4 but this
remains to be experimentally verified (Peshev & Van den Ende, 2014). Also, a possible effect of agave fructans in the
modulation of the characteristic SLE Th2-type immune response was suggested. Finally, the authors concluded that
antiinflammatory effect could be another mechanism by which agave fructans would be acting as modulators of SLE
development in their animal model (Gutiérrez-Nava et al., 2017).

The immune-stimulating effects of inulin-type fructans (ITFs) have also been shown in humans in a vaccination study.
It was demonstrated in a double-blind placebo-controlled trial by Vogt et al. (2017) that ITFs dietary supplementation
improved immune responses to hepatitis B virus. To that end, 40 healthy volunteers were supplemented with a single dose
of scITFs or IcITFs for 14 days. All the subjects were vaccinated against hepatitis B on day 7. At the end of the trial, blood
anti-Hbs antigen titer (HBsAg) was measured. It was found that both ITFs induced TLR2 activation in a dose-dependent
fashion, but IcITFs stimulated TLR2 stronger than scITFs. Cytokine patterns in PMBCs exposed to ITFs, showed a more
immune-stimulating Thl-inducing effect of IcITFs, as TNFa production was higher compared with scITFs. A more
immune-attenuated, Thl-inhibiting effect was found for scITFs, as the concentration of IL-6 was significantly lower in
immune cells treated with this fiber. Not surprisingly the inulins had a different impact on antibody development after
vaccination in young adults. The group of subjects who received IcITFs supplementation showed the highest HBsAg titers
after day 35 compared with the group supplemented with scITFs and the placebo group. This finding was expected as the
response to hepB vaccination is a Th1-dependent immune reaction. In summary, this work demonstrated for the first time
the chain-length-dependent supportive effect of ITFs in human immunity (Abrams et al., 2005; Vogt et al., 2017).

3.3.4 Bone mineral metabolism

ITFs have much more beneficial effects on the host than having effects on the immune system. In a couple of studies by
Abrams and colleagues, the effects of ITFs diet supplementation on calcium absorption and bone mineral accretion were
assessed. The authors recruited 100 subjects aged 11 years and split them up in placebo group (supplementation with
maltodextrin) or fructan treated group. The subjects consumed daily at breakfast an orange juice enriched with calcium and
a mixture of scITFs and IcITFs (8 g/day) or maltodextrin during 1 year. Calcium absorption and bone mineralization were
measured at the onset, 8 weeks, and after 1 year after the intervention. A blood sample was also collected for DNA analysis
of vitamin D receptor polymorphisms. After 1 year, calcium absorption was significantly enhanced in the fructan group
compared to the placebo group. This increase was accompanied by an increment in both whole-body bone mineral content
and whole-body bone mineral density. The authors concluded that the inclusion of prebiotics such as ITFs in the daily diet
enhances calcium absorption and bone mineralization in pubertal subjects. A possible mechanism underlying such effects
was proposed. The authors proposed that calcium absorption was enhanced at the colon level. This hypothesis was based
on the observation of enhancement of calcium solubility in the intestinal lumen, as the intestinal pH was decreased by the
SCFAs produced by the fermentation of ITFs by intestinal microbiota (Abrams et al., 2005, 2007). The same group
conducted a kinetic study of calcium absorption in healthy young adults aged 18—27 years. First, the subjects ingested 8 g/
day of ITFs for 8 weeks. Afterward, calcium stable isotopes were orally and intravenously administered. Serum samples
were collected during 26 h after the calcium administration. Isotope enrichment was measured in serum samples and also in
48h-pooled urine samples. All the subjects maintained diets with a calcium intake between 800 and 1000 mg/day during
the study period. Eight subjects responded to the ITFs supplementation with an increased calcium absorption of at least
3%. Calcium colonic absorption represented 69% of the increase or it was equivalent to 49 mg/day. Thus, this study
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demonstrated that supplementation with ITFs increased calcium absorption at the colon level. The authors underpinned the
importance of ITFs benefits on the enhancement of colonic absorption. This finding would be of special interest to those
patients with impairment of small intestine absorption (Abrams et al., 2007).

In summary, there have been made substantial advances in the elucidation of the immune mechanisms exerted by
chicory and agave fructans that contribute to explain their health benefits. Beyond their extensively proven prebiotic ef-
fects, it has been documented that these dietary fibers, through direct contact, are sensed by receptors in different types of
cells in the gut such as epithelial cells and DCs. Upon contact with fructans, specific components of immunity, such as
TLRs and other PRRs, modestly trigger downstream cell signaling that leads to subsequent cytokine responses. These
cytokine profiles can be of regulatory or stimulating nature (Fig. 13.2). Such effects are finally reflected in benefits, i.e.,
favoring of beneficial microbiota establishment, prevention of infections by avoiding the pathogenic adhesion to the in-
testinal epithelium, potentiation of immune stimulation during vaccination, or strengthening of the epithelial barrier.
Moreover, it has been demonstrated that these direct beneficial effects of fructans are strongly dependent on their chemical
structure and composition. All this scientific progress can be translated into the proposal of better-designed options for
disease prevention according to the needs of specific life stages. In the following section, we will update the evidence about
the immune-related aiding effect of chicory and agave fructans in the human disease state.

3.4 Effect of chicory and agave fructans on disease

3.4.1 Intestinal diseases

Functional bowel disorders comprise a group of inflammatory conditions of the gastrointestinal tract. Common examples
of functional bowel disorders are IBS, Crohn’s disease (CD), Ulcerative colitis (UC), and functional dyspepsia (Lacy et al.,
2016). The functional bowel disorders etiology is complex, and it is believed to involve microbial dysbiosis and altered gut
immune function. Patients with functional bowel disorders can present chronic recurrent episodes (with variable degree and
duration) of symptoms such as abdominal pain, visceral hypersensitivity, bloating, distension, and abnormalities of bowel
habits. In some cases, a psychological component, i.e., anxiety and depression, can also be involved due to disturbances in
the gut — brain axis. Consequently, functional bowel disorders have a high impact on the quality of life of patients (Black
et al., 2020).

Genetic predisposition and environmental factors such as unhealthy lifestyle but also Westernized-diet leading to
dysbiosis do contribute to the ever-increasing frequency of functional bowel disorders (Wilson et al., 2019). Many of these
factors contribute to alterations in gut microbiota or immune responses giving pathogenic bacteria a better chance to
colonize and contribute to an inflammatory state of the gut. Such inflammatory state impairs the integrity of the intestinal
epithelium, causing a more permeable, leaking gut which contributes to a further escalation of inflammatory processes (Del
Fabbro et al., 2020). The inflammatory processes may become so severe that also enteric nerves become damaged which
leads to visceral hypersensitivity and motility abnormalities (Talley, 2020).

Although there is not a curative medication yet, supplementation with dietary fibers such as ITFs has been proposed as
a preventive or therapeutic option for many gastrointestinal disorders (Fransen et al., 2017). There are several trials where
the effects of ITFs alone or in symbiotic combination with probiotics such as Bifidobacterium or Lactobacillus were
studied (Ford et al., 2018; Man et al., 2020). In patients with CD, the supplementation of 15 g/d of ITFs for 3 weeks
induced a significant reduction in the disease activity, increased fecal bifidobacteria, as well as an increased percentage of
IL-10 positive regulatory DCs (Lindsay et al., 2006). In a follow-up study by Benjamin and colleagues, the supplemen-
tation of 15 g/d of ITFs during 4 weeks in patients with CD resulted in a reduction in the proportion of proinflammatory IL-
6 positive DCs along with increased IL-10 regulatory positive DCs illustrating the regulatory effects of ITFs (Benjamin
et al., 2011).

Not all ITF-related human trials have focused on immunological processes, but still found positive effects on bowel
function (Closa-Monasterolo et al., 2013; Vandenplas et al., 2017). Micka et al. found improved stool frequency, con-
sistency, and bowel function in healthy constipated subjects after supplementation with 12 g/d of ITFs (Micka et al., 2017).
Moreover, in children with celiac disease ITFs supplementation alleviated symptoms of the disease (Drabinska, Jarocka-
Cyrta et al., 2018; Drabinska, Krupa-Kozak et al., 2018; Drabinska et al., 2019; Krupa-Kozak et al., 2017). In another
study it was also documented that doses of inulin up to 10 mg/mL can be well tolerated in healthy subjects (Bonnema et al.,
2010).

Beneficial as well as negative effects of chicory inulin on intestinal bowel disorders have been reported in animal
models. This might be due to the differences in the design of the experiments, the doses applied, and the duration as well as
the types of fructans administered. In a study by Singh et al. (2019), aggravation of colonic inflammation was demonstrated
after supplementation of the diet with either 7% scITFs or IcITFs in a mice colitis model. The exacerbation of colitis was
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associated with the enrichment of butyrate-producing bacteria. The authors concluded that the severity of the disease
should be considered and not be too far developed when supplementing colitis animals with dietary fibers (Singh et al.,
2019).

In another study, the administration during 35 days with varying doses (5%—20%) of agave fructans was tested in a
mice colitis model and demonstrated that not only disease severity but also the dose of fructans is important in providing
beneficial effects on colitis. With supplementation of the diet with 12.5%, a higher production of butyric acid and other
SCFAs was found. This had a direct beneficial impact on gut barrier function as demonstrated by enhanced epithelial cell
proliferation and thickening of the mucosa in cecum and proximal colon. However, doses of 15% of fructans caused
histological alteration of the cecum and colon which was characterized by disruption and loss of the mucus layer. This
study clearly demonstrates that too high concentrations of fructans may have adverse effects on colitis and that in this
specific colitis model a dose of 12.5% of agave fructans might be safe and beneficial in the prevention of gastrointestinal
disorders (Castillo-Andrade et al., 2019).

In a recent study by Healey et al. (2021), the effect of ITFs supplementation in an animal model of colitis was studied.
The authors found that mice fed with ITFs-enriched diet developed less colitis than the nonsupplemented group. The ITF-
supplemented group had minimal colonic histopathological changes. The spleen weight was significantly lower in the ITF-
supplemented group, which suggests reduced systemic inflammation. Moreover, in the ITF-supplemented group there were
higher goblet cell numbers, but no significant reduction of the mucus layer thickness. Additionally, lower frequencies of
the proinflammatory Tbet 'IFNy " and Tbet "TNF* CD4 " T-cell subsets were observed in the spleen and mesenteric lymph
nodes of the ITF-supplemented group, and a significant increase in frequency of regulatory Foxp3*IL-10" and Rory "IL-
22% CD4" T-cells was found. Taken together these findings suggest that the consumption of ITF-enriched enteral diet can
protect against immune activation and the development of colitis (Healey et al., 2021).

Based on all the evidence mentioned above, the therapeutic use of ITFs in patients with some gastrointestinal diseases
looks promising, although it is important to consider and determine the effective dose, and the type of ITF to be sup-
plemented. It has been documented that high doses (>15 g/d) of ITFs could induce adverse effects (Man et al., 2020).
Furthermore, due to the fact that immunomodulatory effects of ITFs are chain-length dependent (Vogt et al., 2013) and can
have opposite effects, the type of ITFs should receive more attention in future studies.

3.4.2 Obesity

The beneficial effect of the fructans extracted from chicory and agave has been exhaustively studied in the context of
obesity in experimental animal models. Most of the research groups study the impact of dietary intervention with these
fructans on metabolic markers such as body weight, serum glucose, cholesterol, triglycerides, and satiety-hormones such as
glucagon-like peptide 1. The findings of these studies allow to conclude that chicory and agave fructans have potential
beneficial effects on prevention of obesity and metabolic syndrome development, along with reducing effects on their
comorbidities such as liver steatosis (Barbero-Becerra et al., 2021; Urias-Silvas et al., 2008). The proposed mechanisms
underlying these effects include gut microbiota regulation and their metabolic products and regulation of signaling hor-
mones for gastric satiety (Alvarado-Jasso et al., 2020).

In a recent study, Huazano-Garcia et al. (2020) studied the effects of agavin in a mouse model of obesity and studied
the impact of the agavin on gut microbiome, metabolic endotoxemia, and inflammatory state. The background is that
obesity is related to a low-grade inflammatory state and gut dysbiosis, which might lead to a release of bacterial endotoxins
such as LPS, a phenomenon also referred to as metabolic endotoxemia. In this study, mice were divided into groups for
receiving a standard diet or high-fat diet alone or in combination with agavins. Agavin supplementation led to a microbiota
composition more similar to those animals fed with standard diet. The high-fat group presented the highest LPS con-
centration, and the animals supplemented with agavins had a significant reduction of metabolic endotoxemia. Obese mice
had increased serum proinflammatory cytokines (IL-1a, IL-1f3, IL-6, and TNFa) combined with the lowest levels of
regulatory cytokine IL-10. This could be prevented in obese animals supplemented with agavin. Obese animals on high-fat
diet combined with agavin had a cytokine profile more similar to the standard-diet control and a significantly higher IL-10
level. The authors suggest that agavin supplementation attenuates the metabolic endotoxemia and low-grade inflammatory
state in obesity (Huazano-Garcia et al., 2020). Similar findings were obtained with ITFs that also prevented high-fat-
induced endotoxemia in mice (Li, Elmén, et al., 2020).

3.4.3 Antitumor effects of inulin

Many studies have demonstrated antitumor effects of inulin. It should be mentioned, however, that these studies mainly
involve experimental models with chemically induced tumors in animal models (Allsopp et al., 2013; Gavresea et al.,
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2018; Roller et al., 2004; Verma & Shukla, 2013), cell lines such as Caco-2 (Allsopp et al., 2013; Munjal et al., 2009;
Sauer et al., 2007), or ex vivo experiments with samples of tumors (Kim et al., 2020; Mima et al., 2016; Richard et al.,
2018). Clinical trials with cancer patients for studying antitumor effects of fructans are still scarce (Rafter et al., 2007;
Roller et al., 2007). Despite this, some promising results have been obtained and some mechanistic insight into how inulin
can reduce tumor growth has been generated.

In experimental animal models, it has been shown that a combination of ITFs in symbiosis with some probiotic
lactobacillus or bifidobacterial strains can modulate responses against tumors. In a rat-study by Roller et al. (2004) sup-
plementation with a prebiotic—probiotic symbiotic restored natural killer cell-like cytotoxicity to a colon cancer. Stimu-
lation of the production of the regulatory cytokine IL-10 and the suppression of proliferative responses of lymphocytes
from Peyer’s Patches indicated that this was rather a stimulation of responses against the tumor than direct antiproliferative
effects on the tumor itself (Roller et al., 2004).

In another study, the protective effect of inulin and lactulose against colon carcinogenesis was studied and was pro-
posed to be due to direct effects of inulin on the production of carcinogenic metabolites such as secondary bile acids. To
that end, male rats were pretreated with inulin and lactulose before colon carcinogenesis was induced by 1,2-
dimethylhydrazine dihydrochloride injection. Aberrant crypt foci appearance was used as a marker for colon carcino-
genesis and was significantly reduced in the groups treated with the inulin compared with the noninulin supplemented
animals. The authors proposed that intervention with inulin could have a protective effect on induced carcinogenesis
(Verma & Shukla, 2013).

The anticancer activity of agave fermentation products was studied by Allsopp and colleagues and was suggested to be
caused by beneficial effects on gut epithelial cells. The Caco-2 cell line was exposed to agave fermentation products. An
enhancement of epithelial barrier function was found. Moreover, no DNA damage or reduction in the proliferative activity
of cells wase observed suggesting supportive effects of the agave fermentation products on epithelial function (Allsopp
et al., 2013).

Also the effect of inulin on gut microbiota has been proposed as a mechanism for the antitumor effects of ITFs
(Taghinezhad-S et al., 2020; Taper & Roberfroid, 2005; Theodoropoulos et al., 2016). This suggestion is based on two
observations. The first is the current view that dysbiosis of gut microbiota is one of the main risk factors for colorectal
cancer development (Drabinska, Jarocka-Cyrta et al., 2018; Drabinska, Krupa-Kozak et al., 2018; Drabinska et al., 2019),
which can be prevented or corrected with inulin (Li, Elmén, et al., 2020; Li, Wang, et al., 2020; Liong, 2008). During
dysbiosis, there are often more opportunistic bacteria such as Escherichia coli, Clostridia, Bacteroides fragilis, and
Enterococcus faecalis, whose metabolic products have been proposed to act as potential genotoxic, carcinogenic, and
tumorpromoting agents (Arthur et al., 2012; Chattopadhyay et al., 2021; de Vrese & Schrezenmeir, 2008; Ding et al., 2018;
Liong, 2008; Richard et al., 2018). As inulin can shape the microbiota more toward genera such as Bifidobacterium and
Lactobacillus it might overcome these risk factors (Li, Elmén, et al., 2020). The second route by which inulin might
contribute via gut microbiota to the prevention of tumor development is by stimulation of production of beneficial
fermentation products such as SCFAs. These SCFAs have been shown to prevent colon cancer development and can also
act as inhibitors of the proliferative activity of cancer cells (Campos-Perez & Martinez-Lopez, 2021; Donohoe et al., 2014;
Ohara & Suzutani, 2018; Sauer et al., 2007). However, studies that directly link chicory and agave fructans to clinical
prevention or treatment of cancer are still needed. Also, more clinical trials that translate the current evidence available, for
the design of better therapeutic options for the prevention and treatment of intestinal neoplasia remain to be performed.

4. Concluding remarks and future perspectives

During recent years, substantial advances have been made in understanding and determining the effects of chicory and
agave fructans in health and disease as well as their underlying mechanisms. The indirect or prebiotic effects of these
dietary fibers have been repeatedly and comprehensively demonstrated in vitro as well as in vivo and in clinical trials.

The direct immune effects of dietary fibers have become a major focus of research during the past decade. In the small
intestine, there is amble opportunity for fibers to interact with gut epithelium and immune cells such as dendritic and
intraepithelial lymphocytes which express pattern recognition receptors such as TLRs. Fructans have been proven to also
act via this route and to contribute to gut homeostasis via triggering downstream signal transduction in gut immune cells
that finally translates to a regulatory or tolerant effect. However, at the same time, it has been shown that not all fructans
have the same efficacy, effects are very fructans’ structure, type, chain-length, and dose-dependent. The use of modern
technology such as metabolomics for a deeper characterization of the scopes of ITFs in human health and disease might be
useful to gain more insight intohow fructans impact health (O’connell, 2020; Spacova et al., 2020).
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Different areas in the world use fructans from different plant sources. As these fructans may differ to a great extent, it is
essential not to generalize health benefits but to also study fructans that are not of chicory origin such as the structurally
different agave fructans, commonly used in Latin America. These fructans might act differently and might also have
different types of health benefits. Chapters 11 and 15 of this book refer to the potential of levan- and graminan-type
fructans in terms of food and biomedical applications.

The knowledge generated on chicory and agave fructans contributes to the design of more personalized therapeutic
options or food supplements in a prophylactic way (Reimer et al., 2020). Potential fields of application of fructans are to
support healthy aging (Kiewiet et al., 2021), enhancement of effective vaccination (Vogt et al., 2017), or prevention of
disease development and severity. It might even support the treatment of diseases such as inflammatory intestinal disorders,
obesity, diabetes, and cancer (De Preter et al., 2013; Hiel et al., 2020; Li, Elmén, et al., 2020; Padilla-Camberos et al.,
2018).

In this chapter, we have described the current insight into how fructans might impact health via changing gut
microbiota, immune, or gut barrier function. During recent years, new insight has become available on mechanisms by
which fructans can have such an effect but at the same time it has been demonstrated that effects highly depend on the
structural characteristics of the fructans as well as on the age and health status of the host and probably even the gender of
the consumer, e.g., differences between males and females have been observed in the effects of ITFs on mineral absorption
(Roberfroid, 2005). For optimal dosing and maximal effects, it is necessary to gain more insight into which fructans should
be applied for specific target groups allowing a more personalized approach to prevent disease. To illustrate the
complexity, baby microbiota needs smaller DPs from chicory fructans to support fermentation processes but long chains
are very much needed to support immune and gut barrier development. Giving exclusively smaller range DPs or longer
DPs does not provide the needs of the infant at an early age. This is one of the many illustrations that to maximize the
impact of fructans we need to tailor or mix fructans for specific target groups. Our expectation is that in the coming years
we will learn more on specific needs of target groups and that science-based conclusions will be reached on which fructans
should be given to specific individuals to maximize the impact on health and prevention of disease.
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ARTICLE INFO ABSTRACT

Keywords:
Branched-chain fructans

Graminan-type fructans (GTFs) have demonstrated immune benefits. However, mechanisms underlying these
benefits are unknown. We studied GTFs interaction with Toll-like receptors (TLRs), performed molecular docking
and determined their impact on dendritic cells (DCs). Effects of GTFs were compared with those of inulin-type
fructans (ITFs). Whereas ITFs only contained p(2—1)-linked fructans, GTFs showed higher complexity as it
contains additional p(2—6)-linkages. GTFs activated NF-kB/AP-1 through MyD88 and TRIF pathways. GTFs
stimulated TLR3, 7 and 9 while ITFs activated TLR2 and TLR4. GTFs strongly inhibited TLR2 and TLR4, while
ITFs did not inhibit any TLR. Molecular docking demonstrated interactions of fructans with TLR2, 3, and 4 in a
structure dependent fashion. Moreover, ITFs and GTFs attenuated pro-inflammatory cytokine production of
stimulated DCs. These findings demonstrate immunomodulatory effects of GTFs via TLRs and attenuation of

Functional food
Immunomodulation
Non-digestible carbohydrates
Toll-like receptors

cytokine production in dendritic cells by GTFs and long-chain ITF.

1. Introduction

Economic progress has led to spreading of the Western life style
which has contributed to an increased risk for development of non-
communicable diseases such as cardiovascular diseases, stroke, cancer,
diabetes and respiratory diseases (Beaglehole et al., 2011; Patry &
Nagler, 2021). These changes in lifestyle include less physical activity,
higher intake of processed foods enriched with animal fats as well as
lower intake of dietary fibers compared to more traditional diets (Health
& Services, 2015; Temba et al., 2021). During recent years, especially
enhanced intake of dietary fibers has been shown to be an effective

strategy to reduce risk for developing chronic metabolic and immune
diseases (Veronese et al., 2018). However, the mechanisms that underlie
these health benefits are not completely understood. It has been shown
that beneficial effects of dietary fiber intake might be associated with
enhanced production of short-chain fatty acids (SCFAs) by intestinal
microbiota (Van den Abbeele et al., 2021) but also other mechanisms
such as direct interaction of dietary fibers with immune cells in the in-
testine have been suggested to be involved (Vogt et al., 2013).

An important family of dietary fibers are fructans which can be found
in the cell wall of bacteria, fungi or in angiosperm plants (Flamm et al.,
2001; Oerlemans et al., 2020; Pérez-Lopez & Simpson, 2020). Fructans

Abbreviations: AP-1, activating-protein 1; DP, degree of polymerization; EU, endotoxin units; FLA-ST, flagellin from S. typhimurium; FSL-1, synthetic diacylated
lipoprotein - TLR2/TLR6 ligand; GTF I, graminan-type fructan I; GTF II, graminan-type fructan II; G418, geneticin; HEK, human embryonic kidney cells; HPAEC, high
performance anion exchange chromatography; HPSEC, high-pressure size exclusion chromatography; CL264, 2-(4-((6-amino-2-(butylamino)-8-hydroxy-9H_purin_9-
yl) methyl)benzamido)acetic acid; ITF I, inulin-type fructan I; ITF II, inulin-type fructan II; LAL, limulus amebocyte lysate; MWD, molecular weight distribution; NF-
kB, Nuclear factor kappa-light-chain-enhancer of activated B cells; ODN 2006, class B CpG synthetic oligonucleotide; Poly I:C, high molecular weight-synthetic analog
of dsRNA; SEAP, Secreted Alkaline Phosphatase; ssRNA40/LyoVec, single-stranded GU-rich oligonucleotide complexed with the cationic lipid LyoVec™; THP1,

Human monocytic cells; TLRs, Toll-like receptors.
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are water soluble and energy-storing polysaccharides in plants (Van den
Ende, 2013). Fructans are synthesized from glucose units to which a
fructose unit is added. According to their composition, fructans are
denoted as GF, or F,, where “G” corresponds to the terminal glucose
unit, “F” corresponds to fructose, and “n” denotes the number of mole-
cules that elongate the fructan chain (Roberfroid, 2005). Fructans are
structurally diverse, and their composition depends on the metabolism
present in the plant from which they are extracted (Versluys et al.,
2018). Fructans can be classified in several groups according to the
position of fructose carbon atoms that form the glycosidic bond for the
elongation. Inulins are a type of fructans composed of p(2—1) bonds.
These f(2—1) inulins have a linear structure and are different from the
inulin neoseries that contain a glucose moiety between two fructose
chains linked through p(2—1) bonds (Vijn & Smeekens, 1999). Another
form of fructans are levans which are comprised of $(2—6) bonds and
are also linear. Just like inulin, these levans also exist as neoseries
containing a central sucrose molecule to which fructose chains are
linked by B(2—6) bonds (Mancilla-Margalli & Lopez, 2006; Vijn &
Smeekens, 1999). These levans can be extracted from both bacteria and
plants, where they have different biological functions (Young, et al.
2021). A third family of fructans are the graminans. These fructans
consist of a mixture of both $(2—1) bonds and p(2—6) bonds and have a
branched structure. All these fructans have a f-configuration of their
chemical bonds which makes them mostly inaccessible to human
digestive enzymes. Therefore, fructans are widely considered to be non-
digestible carbohydrates (NDCs) (Roberfroid et al., 1998).

Graminan type fructans (GTFs) isolated from Agave tequilana (agave)
are widely used in Latin America and recognized for their health benefits
(Lopez & Urfas-Silvas, 2007). Because of these health benefits they have
been applied as prebiotics in infant formula for newborns (Lopez-
Velazquez et al., 2015). Despite these recognized benefits, still there is
poor knowledge about the effects of GTFs on immune health. On the
other hand, inulin-type fructans (ITFs) are well recognized for their
metabolic and immune health benefits (Vogt et al., 2013) and those
isolated from Cichorium intybus (chicory), are widely used and consumed
in Europe as food supplement. For some ITFs it has been shown that their
beneficial effect on immune health occurs via binding to Toll-like re-
ceptors (TLRs) (Vogt et al., 2013). In humans, TLRs are a group of ten
transmembrane proteins that participate in the immune response
against pathogenic microorganisms (Abreu, 2010). Once TLRs recognize
specific pathogenic molecules such as lipoproteins from bacterial cell
wall or genetic material (RNA, DNA) signaling cascades are activated
(Gay & Gangloff, 2007). These signaling cascades can follow either the
Myeloid Differentiation primary-response protein 88 (MyD88) or the
TIR domain-containing adaptor protein inducing IFN-p (TRIF) pathways
for the production of inflammatory cytokines (Takeda & Akira, 2004).
ITFs can activate TLRs and regulate inflammatory responses and effects
are chain-length dependent (Bermudez-Brito et al.,, 2015). These
immunomodulatory properties can be beneficial for gut and immune
health as previously demonstrated in human studies (Bermudez-Brito
et al., 2015; Kiewiet et al., 2021; Vogt et al., 2017).

We hypothesized that fructans from agave exert immunomodulation
via TLRs, which might explain their health benefits. To determine this,
we performed the current study in which we investigated the modula-
tory effect of GTFs on TLRs which was compared to that of ITFs of
different chain lengths. Furthermore, as it is unknown for both GTFs and
ITFs how and on which binding sites they interact with TLR we applied
in silico docking studies to propose the specific binding sites of fructans
on TLRs. This was performed on the TLRs that were most strongly
regulated by fructans. Finally, the impact of these fructans on the
cytokine responses from dendritic cells (DCs) was studied.
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2. Materials and methods
2.1. Fructans

In order to study the effects of linear or branched structures of
fructans on TLR signaling, two types of branched f(2—1) and p(2—6)
linked graminan-type fructans were tested. One is a mixture of low DP
chains (GTF I, Metlos™) and the other is a mixture of predominant
higher DP (GTF II, Metlin™) fructan, both extracted from Agave tequi-
lana Weber blue variety, were provided by Nekutli™, Guadalajara,
México. These GTFs were studied and compared with two previously
described linear f(2—1)-linked inulin-type fructans, ITF I (Frutafit™
CLR) and ITF II (Frutafit™TEX!). ITF I is short chain (DP range 3-10)
and ITF II is long chain (DP range 10-60). Both f(2—1) fructans
extracted from Cichorium intybus root, were provided by Sensus™ B. V.,
Roosendaal, The Netherlands (Vogt et al., 2013).

2.2. Chemical characterization of inulin and Graminan-type fructans

Chain length profile of GTF I and GTF II, as well as those of ITFs
tested, were determined through HPAEC analysis, with a Dionex (Sun-
nyvale, CA, USA) Carbopac PA-1 column (2 x 250 mm) preceded by a
Carbopac PA-1 guard column (2 x 25 mm). Samples were analyzed at a
concentration of 50 pg/ml and introduced with a partial-loop injection
of 10 pl. Carbohydrates were separated with a gradient elution: 0-400
mM NaOAc in 100 mM NaOH during 40 min, followed by a washing step
of 5 min with 1 M NaOAc in 100 mM NaOH and column equilibration
with 100 mM NaOH for 15 min. Pulsed amperometrics was used as
detection system with a Dionex ISC5000 ED detector (Vogt et al., 2013).
Data were acquired with Chromeleon software version 7.0 (Thermo
Scientific, San Jose, CA, USA). Annotation of individual components
present in GTF I and GTF II was accomplished by comparison of the
elution profiles with the previously characterized ITFs (Vogt et al.,
2013).

For determination of fructans MWD, HPSEC on an Ultimate 3000
HPLC system (Dionex) coupled to a Shodex RI-101 refractive index de-
tector (Showa Denko, Tokyo, Japan) was used. For the analysis, 20 pl of
sample (2.5 mg/ml) dissolved in water were injected at 55 °C. Three
TSK-Gel columns connected in tandem (4000-3000-2500 SuperAW;
150 x 6 mm, Tosoh Bioscience, Tokyo, Japan), with the TSK Super AW-L
guard column (35 x 4.6 mm, Tosoh Bioscience) were used and samples
were eluted at 0.6 ml/min with NaNOs (0.2 M). Data were acquired with
Chromeleon software version 7.0 (Thermo Scientific) and MWD was
calculated by interpolation in a pullulan (Polymer Laboratories, Palo
Alto, Ca, USA) standard curve in a range of 0.18-790 kDa.

2.3. Endotoxin measurement and removal

Endotoxin levels of all fructans were determined with the commer-
cial Pierce LAL Chromogenic Endotoxin Quantitation Kit™ according to
the manufacturer instructions. In case endotoxin levels were above 1
EU/ml, we applied the Pierce High-Capacity Endotoxin Removal
Resin™, This resin decreased the endotoxin levels to less than 1 EU/ml
(Table S1). These endotoxin concentrations have no influence on the
studied cells (Lépine & de Vos, 2018; Vogt et al., 2013). Once fructans
were endotoxin-free, they were freeze-dried and stored at —20 °C until
use. To exclude any influence from possible endotoxin remnants, we
additionally performed tests in which we added the fructans to the cells
in the presence and absence of 100 pg/ml of the endotoxin-blocker
polymyxin B (Invivogen, Toulouse, France). There were no significant
differences between treated and non-treated cells (Fig. S1).

2.4. Reporter cell lines

THP1-XBlue™-MD2-CD14 human monocytes were used as reporter
cell-line. This is a cell line which endogenously expresses all human
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TLRs and has been genetically modified with the SEAP inducible re-
porter gene, under control of NF-kB and AP-1 promoters. It also has an
extra insert for the expression of MD2 and CD14 accessory proteins
which enhance TLR signaling (Cheng et al., 2019; Sahasrabudhe et al.,
2018). Additionally, human embryonic kidney cells (HEK-Blue™)
expressing either human TLRs 2, 3, 4, 5, 7, 8 or 9 were applied. Also, this
cell-line has a SEAP reporter gene system. It is important to note that
HEK-Blue™ TLR2 cell line, also expresses the TLRs 1 and 6. TLR2 forms
active heterodimers with TLR1 and TLR6 (Sahasrabudhe et al., 2018).
All these cell lines were acquired from Invivogen (Invivogen, Toulouse,
France).

THP1-XBlue™-MD2-CD14 and HEK-Blue™ cell lines were cultured
in RPMI-1640 medium with 2 mM glutamine and DMEM medium
(Lonza, Basel, Switzerland), respectively. RPMI-1640 contained nor-
mocin 100 pg/ml (Invivogen, Toulouse, France) and DMEM medium
penicillin/streptomycin 50 U/ml and 50 pg/ml. (Gibco, Leicestershire,
UK). Both media were supplemented with 10% heat-inactivated fetal
bovine serum (Sigma, St. Louis, MO, USA), sodium bicarbonate 1.5 g/1
(Sigma, St. Louis, MO, USA) and sodium pyruvate 1 mM (Biowest,
Nuaillé, France). Selection antibiotics (Invivogen, Toulouse, France) are
indicated in Table S2. Cell lines were passaged twice a week and worked
at 80% confluency, according to manufacturer's instructions.

2.5. TLR activation and inhibition assays with reporter cell lines

Assays for quantifying TLR activation were performed in THP1-
XBlue™-MD2-CD14 and HEK-Blue™ cell lines by incubating 200 pl of
the experimental sample in 96-well plates, at cell densities indicated in
Table S2. This was done during 24 h at 37 °C, 5% CO», in presence of 0.5,
1 or 2 mg/ml of GTFs, as well as of ITFs at 2 mg/ml. These working
concentrations were based on response curves from previous studies
(Lépine & de Vos, 2018; Vogt et al., 2013).

Culture medium and agonists for each TLR, were included as positive
and negative controls respectively (Table S2). TLR activation was
determined by quantitation of SEAP secretion from the supernatant of
cells which was diluted 1:10 with Quantiblue™ reagent (Invivogen,
Toulouse, France). After incubation for 1 h at 37 °C, the change in
absorbance was measured at 655 nm in a Bio-Rad™ Benchmark Plus
microplate spectrophotometer reader (Bio-Rad Laboratories B.V, Vee-
nendaal, Netherlands). Data were normalized relative to negative con-
trol, which were set to 1.

To assess whether fructans induce TLR signaling through the MyD88
or TRIF pathways, the synthetic peptides Pepinh-MYD™ and Pepinh-
TRIF™ (Invivogen, Toulouse, France) were used. Pepinh-MYD™ and
Pepinh-TRIF™ block these signaling pathways. THP1 -XBlue™-MD2-
CD14 cells were pre-incubated with 50 pM of Pepinh-MYD™ or Pepinh-
TRIF™ for 6 h at 37 °C, 5% CO,. Afterwards the different fructans were
added and cells were incubated during 24 h, followed by quantitation of
SEAP production. The fold-change of NF-kB/AP-1 was calculated as
mentioned above.

To assess the inhibitory effect of GTFs and ITFs on TLRs, HEK-Blue™
cells were pre-incubated for 1 h at 37 °C, 5% CO5 with the fructans,
followed by addition of the appropriate TLR ligands and incubation
during 24 h. Next, SEAP production was determined as mentioned
above. Positive controls were cells treated only with each individual
TLR-specific agonist. The inhibition rate was calculated as the fold-
change of NF-kB/AP-1 induction, compared to each specific TLR
agonist positive control.

2.6. Prediction of fructans binding mode to TLRs by molecular docking

To predict the potential interaction sites of the different fructans with
TLR2 or with TLR3 or with TLR4, molecular docking analyses were
performed. We used the protein-small molecule docking web service,
which is based on the docking software EADock DSS from the Molecular
Modeling Group of the Swiss Institute of Bioinformatics, Lausanne,
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Switzerland (Grosdidier et al., 2011). For performing the docking ana-
lyses, TLRs were defined as protein targets and fructans were defined as
ligands.

The crystallographic structure from human TLR2 in complex with
Pam3CSK4 agonist available in the Protein Data Bank was used (PDB
code 2Z7X) (Jin et al., 2007). The crystallographic structure of human
TLR3 ligand binding domain was also applied (PDB code 2A0Z) (Bell
et al., 2005). The crystallographic structure of TLR4 in complex with
myeloid differentiation factor 2 (MD2) and lipopolysaccharide (LPS)
agonist was also applied (PDB code 3FXI) (Park et al., 2009).

Since p(2—6) linkage is exclusive of GTFs, as a first approximation to
determine potential interaction sites of these fructans with TLRs, we
selected the simplest $(2—6) oligosaccharide found in GTFs, which is
B-D-fructofuranosyl-(2— 6)-p-D-fructofuranosyl a-D-glucopyranoside (6-
kestose). Since ITFs only possess (2—1) linkages, the fructan f-D-
fructofuranosyl-(2—1)-p-D-fructofuranosyl ~ a-D-glucopyranoside (1-
kestose), was used to investigate whether it could have different binding
sites to TLRs. Crystallographic structure of 1-kestose was extracted from
Protein Data Bank and 6-kestose 3D-structure was obtained from its
simplified molecular-input line-entry system (SMILES) notation depos-
ited in PubChem data base (Table S3) (Berman et al., 2000; Kim et al.,
2019).

Linear inulin and branched agavin, both constituted of GF; series,
were chosen as representative ligands of ITF II and GTF II, respectively
(Table S4). Hereinafter called GF;¢-inulin and GFqg-agavin. GFqg-inulin
3D-structure was obtained by modification of the PubChem structure
(ID: 24763). Avogadro software version 1.2.0 was used for construction
of the structure (Hanwell et al., 2012). GFyp-agavin structure was con-
structed based on the structure proposed by Mancilla-Margalli et al.
(Mancilla-Margalli & Lopez, 2006) by using the Optical Structure
Recognition Software (OSRA) (Filippov & Nicklaus, 2009) and Avoga-
dro software for structure refinement (Hanwell et al., 2012).

Prior to docking analyses, the energy of protein targets and ligands
3D-structures were minimized using Yasara minimization server or
Avogadro (Filippov & Nicklaus, 2009; Hanwell et al., 2012; Krieger
et al., 2009). The different protein-ligand models obtained from mo-
lecular docking, were evaluated and analyzed using UCSF Chimera
software version 1.14 (Pettersen et al., 2004). The interaction measures
and figures were generated with Pymol Molecular Graphics System
version 2.3.5 Edu, Schrodinger, LLC (DeLano, 2002).

2.7. Stimulation of dendritic cells with agave and chicory fructans

Human dendritic cells (DCs) isolated from umbilical cord blood
CD34+ progenitor cells (MatTek Corporation, Ashland, MA, USA), were
used. DCs were defrosted and seeded in 96-well plates (3 x 10° cells/
well), with maintenance culture medium containing cytokines (DC-MM;
Mat Tek Corporation, Ashland, MA, USA), according to manufacturer's
instructions. In order to get them attached to the wells DCs were incu-
bated for 24 h at 37 °C and 5% CO, (normal conditions).

The influence of ITFs and GTFs on DCs cytokine release was inves-
tigated by incubating them for 48 h in the presence or absence of 500
pg/ml of ITFs and GTFs dissolved in DCs maintenance culture medium.
In order to test the inhibitory effect of fructans on immune cells, DCs
were pre-incubated for 1 h with 500 pg/ml of ITFs and GTFs, followed by
the addition of TLR4 agonist (LPS), and a mixture of TLR2 agonists (FSL-
1 and Pam3CSK4) at 10 ng/ml. Afterwards, DCs were incubated in
presence of the agonists during 48 h under normal conditions. Cell su-
pernatants were collected and stored at —80 °C until further use. Posi-
tive controls were DCs treated only with TLR4 and TLR2 agonists.
Untreated controls were cells cultured only with DCs culture medium.
The inhibition rate was calculated as the fold-change of cytokines pro-
duction, compared to each TLR agonist positive control.
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2.8. Determination of cytokine profile

Magnetic Luminex ® Assay (R&D systems, Biotechne, Minneapolis,
USA) was used to quantify the DCs cytokine profile (MCP-1/CCL2, MIP-
1lo/CCL3, IL-1RA, IL-1f, IL-6, TNFa and IL-10). The manufacturer's
protocol was followed. Briefly, 50 pl of DCs supernatants or standard
solutions were mixed in 96-well plates with a mixture of magnetic beads
containing antibodies for the different cytokines. The plates were
incubated overnight at 4 °C under constant shaking. Afterwards,
detection antibodies were added and the plate was incubated at RT for
30 min under constant shaking. Later, the plate was washed three times,
followed by incubation with streptavidin for 30 min at RT under con-
stant shaking. Then, after three-wash steps in which 100 pl of wash
buffer was added per well, the plate was read in a Luminex 200 system.
The data were analyzed with the Luminex xPOTENT software. At least
five independent assays were performed for each test.

2.9. Statistical analyses

Data were analyzed with GraphPad Prism™ software (version 8.2.1
for Windows™, San Diego, CA, USA). Normal distribution of data was
assessed with Shapiro-Wilk test. Normal distributed data were analyzed
with one-way ANOVA followed by Dunnett's multiple comparisons
adjustment. Non-parametric distributed data was analyzed with Mann-
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Whitney U test or Friedman test, followed by Dunn's multiple compar-
isons adjustment test. Results are expressed as mean + SD or as median
and interquartile range (IQR), for data with parametric and non-
parametric distribution respectively. A p-value <0.05 was considered
to be statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p
< 0.0001), p-values < 0.1 were considered as a trend.

3. Results
3.1. Characterization of inulin and graminan-type fructans

Inulin and graminan-type fructans were analyzed for determination
of their molecular weight distribution profiles and the components that
make up the mixtures. ITFs are inulin-type fructans with only p(2—1)
linkages (Vogt et al., 2013). The DP of ITF I ranges from 3 to 10 (Fig. 1
a), but it also has chains with DP up to 25. These fructan is a
fructooligosaccharide-enriched inulin, containing both GF, and F, type
oligosaccharides, although the GF,, series is the most dominant over the
F, series in this fructan (Fig. 1b). ITF II consists only of GF;, units, with a
broad range of chain lengths from DP9 to 60 (Fig. 1b). GTFs are a
mixture of oligosaccharides linked by p(2—1) and (2—6) (Lopez et al.,
2003). DP 3 and 4 make up most of the GTF I mixture, although it has a
very low amount of components in the range of DP 7-45 (Fig. 1a). GTFs
contain F, type oligosaccharides as well as GF; series. The oligomer

Fig. 1. HPSEC and HPAEC profiles of fructans
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profile obtained from HPAEC demonstrates that GTF I is mainly
composed of kestose (GF3), nystose (GFs3) and fructosylnystose (GF4)
(Fig. 1b). GTFII contains in addition to these sugars, oligosaccharides Fo
and F3 (Fig. 1c). GTF II has longer structures of which DP17 is the most
abundant. Furthermore, in both GTFs, but specially in GTF I peaks that
overlap with those of ITFs were detected. Additionally, in these studied
GTFs, there were peaks detected which did not overlap with the ITFs
profiles and hence, might represent the (neo-) levan or graminan type
fructans.

3.2. GTFs are stronger stimulators of NF-kB activation in THP-1-MD2-
CD14 cells than ITFs

ITFs and GTFs were tested for their capacity to induce NF-xB/AP-1
activation in a THP1-MD2-CD14 reporter cell line, which endogenously
expresses all TLRs. NF-kB and AP-1 are essential transcription factors in
signaling for cytokine release. ITFs were tested at a concentration of 2
mg/ml, as this was shown in a previous study to be an effective dose
(Lépine & de Vos, 2018; Vogt et al., 2013). GTFs were tested at con-
centrations of 0.5, 1, and 2 mg/ml, as the concentration-dependent ef-
fects are unknown.

None of the ITFs were found to activate NF-kB/AP-1, except for ITF I
in presence of MyD88 inhibitor (Fig. 2). This was different with GTF I
and II that both activated NF-xB/AP-1. GTF I stimulated NF-kB/AP-1
only very mildly and only at a low concentration of 1 mg/ml (Fig. 2a).
This was different with GTF II, as the fold change was of 1.59 (p < 0.001)
compared with controls, and gradually increased with higher doses
(Fig. 2b). Next, we determined whether the NF-kB/AP-1 activation
observed with GTF I and II depends on the MyD88 signaling pathway, by
repeating the experiments and adding the MyD88 inhibitor at 50 pM.
MyD88 is the central transcription factor for all TLRs, with exception of
TLR3 and endosomal TLR4. This MyD88 suppression resulted in com-
plete loss of GTF I activation but, the effect was not MyD88-dependent
with GTF II, as no reduction of NF-kB/AP-1 induced activation was
observed in presence of Pepinh-MYD (Fig. 2c-d). As TLRs might also
signal via TRIF pathway, we repeated the experiments with the TRIF
inhibitor peptide, and also tested GTF I during TRIF inhibition. This
resulted in a complete blockade of the GTF II induced activation of NF-
kB/AP-1, and had no effect on GTF I (Fig. 2e—f).

3.3. TLR-activation is fructan type-dependent

The foregoing experiments demonstrate that the activating effect of
GTFs and to a lesser extent the activating capacity of ITFs, are TLR
dependent either via MyD88 or TRIF signaling. To identify which TLRs
are activated, GTFs were also tested on reporter HEK-Blue cell lines
which express either TLRs 2, 3, 4, 5, 7, 8 or 9. GTFs were tested at
concentrations of 0.5, 1, and 2 mg/ml, while ITF I and II were included
to allow comparison between p(2—1) and p(2—1)-p(2—6) fructans. To
this end, we compared ITF I with GTF I as they are similar mixtures of
chain-length values and we compared ITF II with GTF II because they
share components with DP higher than 60.

ITF I only activated TLRs 2, 4 and 9. It exerted a stronger activation
of TLRs 2 and 4, than of TLR 9 (Fig. 3a, c, g). Values were different with
GTF I, which stimulated all TLRs. ITF I exerted a stronger activation of
TLR2, which was 3.2 (p < 0.0001) fold enhanced and only 1.2 with GTFI
(p < 0.001) (Fig. 3a). Also, TLR4 was strongly stimulated with ITF I
which was 2.57-fold enhanced (p < 0.0001), and only 1.08-fold by GTF I
(Fig. 3c). Effect on TLRS by both fructans was similar and low, as it only
induced a fold change of 1.05 for ITF I and 1.2 (p < 0.05) for GTF I
(Fig. 3d).

ITF II only slightly stimulated TLRs 2 and 4 (Fig. 3h, j). While GTF II
activated all TLRs in a dose-dependent manner, except on TLR4. The
strongest stimulation observed with GTF II was on TLR9, with a 5.4-fold
change (p < 0.0001), which was of 1.09 with ITF II (Fig. 3n). Also, GTF II
induced a 4.05 (p < 0.0001) fold enhancement of TLR3 (Fig. 3i), which
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was of 1.04 with ITF II. Between GTF II and ITF II, a low and similar
activating effect was observed on TLR4, which was 1.19 enhanced by
GTF II, and 1.28 enhanced by ITF II (p < 0.01) (Fig. 3j).

3.4. Fructan-type influence the magnitude of inhibitory effect on
individual TLRs

As the final effects of fructans on THP-1-MD2-CD14 cells may depend
on the sum of activating and inhibiting effects of the fructans, we also
studied and compared inhibitory effects of ITFs and GTFs on TLRs. To
this end, all HEK-Blue™ cells were pre-incubated for 1 h with either 2
mg/ml of linear or 0.5, 1 and 2 mg/ml of branched fructans, followed by
administration of the appropriate agonists to each cell line.

ITF I suppressed TLR5 and 9, with a fold change of 0.78 (p < 0.001)
for TLR5 (Fig. 4c), and a fold change of 0.9 (p < 0.0001) for TLR9
(Fig. 4f). The other TLRs were unaffected by ITF I (Fig. 4). This was
different with GTF I which strongly inhibited the activation of TLR 4, 8
and 9 in a dose dependent way (Fig. 4b, e, f). TLR4 activation was
strongly inhibited by GTF I from 0.834 (p < 0.0001) to a 0.0.395-fold
reduction (p < 0.0001), while the activation of TLR4 was not affected
by ITF I (Fig. 4b). TLR9-activation was reduced from 1.006 to a fold
change of 0.75 (p < 0.0001) by GTF I, while it was reduced to 0.9 (p <
0.0001) with ITF I (Fig. 4f). Interestingly, increasing the concentration
of GTF I, did not inhibit but rather significantly enhanced TLR3 and 7
activation (both p < 0.0001), which did not occur with ITF I (Fig. 4a, d).

As TLR2 forms heterodimers with TLR1 and TLR6 to induce immune
responses, we separately tested inhibition of TLR2-TLR1 by using the
specific agonist Pam3CSK4, and for TLR2-TLR6 heterodimer by applying
FSL-1. As shown in Fig. 5 a and c, the strongest inhibitory effect exerted
by GTF I, was observed on TLR2-TLR6 activation, which was reduced
from a fold change of 0.798 (p < 0.05) to 0.317 (p < 0.0001), and for
TLR2-TLR1 the signaling was reduced from a fold change of 0.899 (p <
0.05) for 0.5 mg/ml of GTF I, to a fold change of 0.409 (p < 0.0001) for
2 mg/ml of GTF I. The activation of TLR2 was not inhibited by ITF I.

ITF II had no inhibitory effect on TLRs-activation, while GTF II
strongly inhibited TLR2, 4 and 9 in a dose-dependent manner (Figs. 5b,
d, 6b, ). TLR4 activation was strongly inhibited by GTF II, and such
effect was proportional as the concentration increased, from a fold-
change of 0.867 (p < 0.001) to 0.565 (p < 0.001) (Fig. 6b). To a lesser
extent, GTF II inhibited TLR9 activation from 0.979 to a fold-change of
0.88 (p < 0.0001) (Fig. 6f).

In addition, the branched GTF II strongly inhibited TLR2-TLR1
activation in a dose-dependent way (Fig. 5b). This was mainly due to
a strong reduction from 0.897 to a fold change of 0.421 (p < 0.0001).
While the TLR2-TLR6 activation was reduced from 0.861 to 0.395 (p <
0.0001) with GTF II 0.5 mg/ml and 2 mg/ml respectively (Fig. 5d).

Instead of being inhibited, TLR3, 5, 7 and 8 were significantly
increased with higher doses of GTF II. The largest increase observed was
for TLR3 with a fold change of 2.1 (p < 0.001). This was not observed
when cells were pre-treated with ITF II (Fig. 6a, c, d, e).

3.5. Docking predicts fructans bind differently to TLRs

In order to gain insight into the molecular mechanisms that drive the
different activation and inhibitory effects exerted by ITFs and GTFs on
TLRs, molecular docking analyses were performed. To that end, 1-kes-
tose, 6-kestose, GFjp-inulin and GFjp-agavin were selected as one of
the simplest structures that are present in the different fructans studied.
From the aforementioned structures, ITF I can only have 1-kestose, GTF I
and GTF II can have 6-kestose but neither of the ITFs can have it. ITF II
can only have GFjp-inulin but cannot have GF;¢-agavin, and GTF II can
have both GFj¢-inulin and GF;¢-agavin. TLR2, TLR4 and TLR3 were
chosen for these analyses as they were strongly influenced by the fruc-
tans and also because their crystal structure is well known.
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Fig. 2. NF-kB/AP-1 activation in THP1-MD2-CD14 reporter cells expressing all TLRs. A-B) THP1-MD2-CD14 cells. C-D) THP1-MD2-CD14 cells with Pepinh-MYD.
E-F) THP1-MD2-CD14 cells with Pepinh-TRIF. Cells were pre-incubated in presence and absence of MyD88 inhibitor Pepinh-MYD, or TRIF inhibitor Pepinh-TRIF
during 6 h before stimulation with 2 mg/ml of short and long linear chain fructans (ITF I and II) and 0.5, 1 and 2 mg/ml of short and long branched chain fruc-
tans (GTF I and II), after 24 h of incubation, NF-kB/AP-1 release was determined. Activation of NF-kB/AP-1 is presented as fold change of the untreated control.
Results represent the median with interquartile range of at least three independent experiments, with three technical replicates. Statistical significance levels
compared to the negative control were determined by Friedman test (non-parametric statistical test), followed by the Dunn's multiple comparisons test (post hoc

test). A p-value <0.05 was considered to be statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), p-values < 0.1 were considered as a trend.
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Fig. 3. Activation effects of ITFs and GTFs on HEK-Blue™ reporter cell lines. Each cell line was incubated during 24 h with 2 mg/ml of ITFs and 0.5, 1 and 2 mg/ml

of GTFs. Next, NF-kB/AP-

1 release was determined. Activation of NF-kB/AP-1 is presented as fold change of the untreated control. A-G) NF-kB/AP-1 activation effect

of GTF I compared with ITF I. H-N) NF-kB/AP-1 activation effect of GTF II compared with ITF II. Appropriate agonists for each TLR served as positive controls. At

least five independent assays, each one with three technical replicates. These data were normally distributed. Therefore, results are represented as the mean + SD.

Statistical significance levels compared to the negative control were determined by one-way ANOVA with Holm-Sidak's multiple comparisons test. A p-value <0.05

was considered to be statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), p-values < 0.1 were considered as a trend.
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Fig. 4. Inhibitory effects of ITF I and GTF I on HEK-Blue™ reporter cell lines. Cells expressing TLR3 (A), TLR4 (B), TLR5 (C), TLR7 (D), TLR8 (E), and TLRO (F), were
pre-incubated during 1 h with short linear ITF I at 2 mg/ml and short branched GTF I at 0.5, 1 and 2 mg/ml, followed by the addition of the specific agonists for each
TLR, and incubation of 24 h. Next, NF-kB/AP-1 release was determined. Panels A-F show inhibitory effect of GTF I and ITF I on TLRs activation, expressed as fold-
change of NF-xB/AP-1 induction, compared to that of each specific TLR agonist. Results represent the mean + SD of at least five independent assays, each with three
technical replicates. Statistical comparisons were performed with one-way ANOVA and Geisser-Greenhouse correction, followed by Dunnett's multiple comparisons
test. A p-value <0.05 was considered to be statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), p-values < 0.1 were considered as a trend.
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Fig. 5. Inhibitory effects of GTFs on HEK-Blue™ hTLR2 cells. Cells expressing TLR2-1 and TLR2-6 heterodimers, were pre-incubated during 1 h with 2 mg/ml of ITF I
and ITF I, and 0.5, 1 and 2 mg/ml of GTF I and GTF II, followed by addition of the specific agonists Pam3CSK4 for TLR2-TLR1 heterodimer, and FSL-1 for TLR2-TLR6
heterodimer. After 24 h of incubation, NF-kB/AP-1 release was determined. Panels A-B show inhibitory effects of fructans on TLR2-TLR1 heterodimer activation, and
panels C-D show inhibitory effect of fructans on TLR2-TLR6 heterodimer activation, expressed as fold-change of NF-kB/AP-1 induction, and compared to the positive
control of each TLR2-heterodimer. Results represent the mean + SD of at least five independent assays, each with three technical replicates. Statistical comparisons
were performed with one-way ANOVA and Geisser-Greenhouse correction, followed by Dunnett's multiple comparisons test. A p-value <0.05 was considered to be
statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), p-values < 0.1 were considered as a trend.

3.5.1. TLR2 docking predicted interactions

Molecular docking analysis of TLR2 with representative molecules of
fructans, located them in different sites of this receptor. The best ranked
pose of 1-kestose had a binding energy of —9.85 kcal/mol. 1-kestose
established interactions with TLR2 residues at the central part of the
ectodomain. Polar residues from TLR2 such as R447, S445 and K422
were interacting with 1-kestose (Fig. 7a—c). This was different with 6-
kestose. The best ranked pose of 6-kestose had a binding energy of
—8,22 kcal/mol and was found in a different region than the one found
for 1-kestose. 6-kestose was located within the agonist binding pocket of
TLR2. 6-kestose interacted with the 18 residues that conforms the pocket

1271 Most of amino acid residues interacting with 6-kestose were non-
polar, such as leucine, isoleucine and valine. Three hydrogen bonds
were formed between F322, F349 and L350 residues and 6-kestose
(Fig. 7d-e).

1-kestose was found at the surface of TLR2 at the central ectodomain
and at 19.2 A from the entrance of the agonist binding site. GFyg-inulin
was interacting with amino acid residues H238, 1214, T236, Q209,
D233 and K208 through hydrophobic interactions and hydrogen bonds
(Fig. 7f-h).

GFjp-agavin was found located outside of the TLR2 pocket agonist
entrance, exerting a partial blocking of this cavity, it was found
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Fig. 6. Inhibitory effects of ITF II and GTF II on HEK-Blue™ reporter cell lines. Cells expressing TLR3 (A), TLR4 (B), TLR5 (C), TLR7 (D), TLR8 (E), and TLR9 (F),
were pre-incubated during 1 h with ITF II at 2 mg/ml and GTF Il at 0.5, 1 and 2 mg/ml, followed by the addition of the specific agonists for each TLR, and incubation
of 24 h. Next, NF-kB/AP-1 release was determined. Panels A-F show inhibitory effect of GTF II and ITF II on TLRs activation, expressed as fold-change of NF-kB/AP-1
induction, compared to that of each specific TLR agonist. Results represent the mean =+ SD of at least five independent assays, each with three technical replicates.
Statistical comparisons were performed with one-way ANOVA and Geisser-Greenhouse correction, followed by Dunnett's multiple comparisons test. A p-value <0.05
was considered to be statistically significant (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), p-values < 0.1 were considered as a trend.
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L359 L341

Fig. 7. Proposed binding site of fructans to TLR2-TLR1. Panels A-C demonstrates that 1-kestose binds to residues of the TLR2-TLR1 interface. Panels D-E indicates
that 6-kestose has affinity to the Pam3CSK4 binding pocket of TLR2-TLR1. Panels F-H shows that GF;¢-inulin interacts with the TLR2 surface. Panels I-J show GF;o-
agavin established molecular interactions with amino acid residues of the agonist entrance pocket.
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Fig. 7. (continued).

interacting with key amino acid residues of the binding site, such as
Y326 and F325 (Fig. 7i-j).

12

3.5.2. TLR4 docking predicted interactions
As profound TLR4 inhibitory effects were observed for GTFs, docking
analysis was performed to predict the potential binding sites of these
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fructans. Docking analysis was made with the TLR4-MD2 complex with
each of the four fructans. The functional unit of the TLR4-MD2 complex
is formed by two TLR4 subunits, each forming a heterodimer with one
MD-2 protein (Fig. 8a). The analysis predicts 1-kestose to bind within
the MD-2 protein pocket (Fig. 8a). 1-kestose was found to interact only
with MD-2 protein mainly through hydrophobic interactions with non-
polar amino acid residues, such as 152, L61, L78, F147 and F151
(Fig. 8b—c). 6-kestose was also found within the MD-2 pocket (Fig. 8f),
however the hydrophobic residues 132, 146, 194 and Y102 interacted
with 6-kestose but not with 1-kestose (Fig. 8e—f). GF1p-inulin was found
near the TLR4-MD2 interface (Fig. 8g). GFyp-inulin only interacted with
amino acid residues of TLR4 such as H458 and G384, and those residues
have not been described as key residues for interaction with LPS or for
heterodimerization (Fig. 8h-i). Conversely, GFjp-agavin was found to

A)

Carbohydrate Polymers 277 (2022) 118893

interact with TLR4 as well as with MD-2 (Fig. 8j). GFjg-agavin estab-
lished contact with some of the MD2 amino acid residues that participate
in the interaction with LPS such as I124. Furthermore, GFjp-agavin
interacted with 14 amino acid residues from MD-2 (Fig. 8k-1).

3.5.3. TLR3 docking predicted interactions

Enhancement of the activation instead of inhibition of TLR3 medi-
ated by GTFs was found during the inhibition assays (Figs. 4a, 6a). In
order to gain insight in the possible mechanism, docking analyses were
performed with TLR3 and representative molecules of fructans. 1-kes-
tose was located at the non-glycosylated side face of TLR3 (Fig. 9a, b),
interacting with polar amino acid residues of TLR3, such as $160, K187
and E190 (Fig. 9c). 6-kestose was found located at N-terminal end of
TLR3 (Fig. 9d-e). This molecule was interacting with key amino acids

Fig. 8. Predicted sites of interaction between fructans and the TLR4-MD-2 heterodimer. The 1-kestose binding site was within the MD-2 pocket (A-C). 6-kestose
established interactions with hydrophobic residues of the MD-2 pocket (D-F). GF;¢-inulin only interacted with TLR4 amino acid residues (G-I). GF;p-agavin was

found to interact with both TLR4 and MD-2 (J-L).
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Fig. 8. (continued).

described for interaction with the natural agonist of TLR3, such as H39,
H60, F84 and H108 (Fig. 9f) (Choe et al., 2005). On the other hand,
GFqp-inulin, was located at the glycosylated face of TLR3 (Fig. 9g-h).
GFp-inulin was found interacting with polar amino acid residues such as
E189 and R222, as well as hydrophobic amino acid residues such as
1220, 1243 and F217 (Fig. 9i). It was different GF;¢-agavin, which was
found at the N-terminal end of TLR3 (Fig. 9j-k), and the key arginine 64
was one of the amino acid residues which established an interaction with
GFjp-agavin (Fig. 91).

14

3.6. Fructans induce branching and structure-dependent inhibitory effects
on cytokine production of TLR2 and TLR4 stimulated DCs

Dendritic cells are key players in the gut mucosal immune system
and are distributed along the intestinal epithelium (Rescigno et al.,
2001). We therefore investigated whether the fructans can also influ-
ence cytokine production of DCs. To that end, we incubated DCs for 48 h
in the presence and absence of the fructans and determined cytokine
release. However, as shown in Fig. S2, the fructans as such did not
change cytokine production of DCs (Fig. S2). Since a strong inhibitory
effect of the activation of TLR2 and TLR4 was found in HEK-cells, we
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GF y-inulin

Fig. 8. (continued).

investigated in a next set of experiments whether fructans may reduce
inflammatory responses induced by agonists for these two TLRs.
Therefore, we pre-incubated DCs for 1 h with fructans followed by a
stimulation with a combination of TLR2 agonists (FSL-1 and Pam3CSK4)
and the TLR4 agonist LPS.

Pre-incubation of DCs with fructans caused attenuation of the in-
flammatory effect of the TLR2 agonist. ITF I only had a minor effect on
the TLR2 induced release of TNFa by DCs (Fig. 10a). This was different
for ITF II, which induced a 0.52-fold reduction (p < 0.05) in the TLR2
induced TNFu release. The pre-incubation of DCs with GTF I induced a
0.51-fold reduction (p < 0.05) in the production of TLR2 induced pro-
inflammatory cytokine TNFu release. However, pre-incubation of DCs
with GTF II did not induce a significant decrease of TLR2 induced TNFa
production (Fig. 10a). No significant differences were found when DCs

were preincubated with the fructans for production of MCP-1/CCL2,
MIP-1a/CCL3, IL-1RA, IL-18, IL-6 and IL-10 (Fig. S3a-f).

We also studied the effect of fructans on the cytokine production of
DCs when stimulated with the TLR4 agonist LPS. ITF I had no significant
effect on chemokine ligand of monocyte chemoattractant protein-1
(MCP-1)/CC (CCL2) (Fig. 10b). However, pre-incubation of ITF II fol-
lowed by the addition of LPS, caused a decrease of 0.34-fold MCP-1/CC
(CCL2) (p < 0.001) in TLR4 stimulated DCs. GTF I strongly attenuated
MCP-1/CC (CCL2) in the TLR4 stimulated DCs with a 0.41-fold (p <
0.0001) reduction. Similar results were found for the pre-incubation of
DCs with GTF II, which induced a 0.32-fold decrease (p < 0.001) in the
TLR4 stimulated DCs (Fig. 10b).

The production of TNFa was not decreased when TLR4 stimulated
DCs were pre-incubated with ITF I. This was different for GTF I, since the
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Fig. 8. (continued).

production of TNFa was 0.66-fold decreased (p < 0.05) in TLR4 stimu-
lated DCs (Fig. 10c). A tendency to decrease the TNFa production was
also observed in TLR4 stimulated DCs exposed to ITF II (0.73-fold, p <
0.1). This finding was different with GTF II, since no decrease in the
production of TNFa was observed in TLR4 stimulated DCs (Fig. 10c). For
IL6 we found no statistical lowered production in TLR4-stimulated DCs
although GTF I showed a tendency to decrease with a fold change of 0.69
(p < 0.1) (Fig. S4d).

4. Discussion
The chemical structure and chain length of branched p(2—1)/

B(2—6)-linked fructans from Agave tequilana and linear p(2—1)-linked
fructans from Cichorium intybus were investigated and compared for
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immunomodulating effects via TLRs. We show that GTFs especially
stimulate TLRs 3, 7 and 9 while they were also able to inhibit TLR2 and
TLR4. Also, by performing in silico docking studies we identified the
ligand binding sites for ITFs and GTFs on TLRs. To the best of our
knowledge, this is the first study that demonstrates the direct effect of
GTFs on human TLR signaling, their modes of interaction, as well as
their influence on cytokine production in TLR2 and TLR4 stimulated
dendritic cells.

In this study we investigated both the MyD88 and TRIF dependent
pathways that might be influenced by fructans. MyD88 is involved in the
signaling of all TLRs except TLR3 and endosomal TLR4 while TRIF
signaling is involved in TLR3 and endosomal TLR4 activation (Yama-
moto et al., 2003). When testing the stimulation of TLRs by GTFs, we
found that in contrast to ITFs the downstream pathway followed for NF-
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Fig. 9. Molecular interactions predicted between fructans and TLR3. 1-kestose was found to be located at the non-glycosylated side face of TLR3 (A-C). 6-kestose was
located at the N-terminal end of TLR3 (D-F). GF;¢-inulin was found located at the glycosylated face of TLR3 (G-I). GFj¢-agavin was found at the N-terminal end of
TLR3 (J-L).
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Fig. 9. (continued).

kB/AP-1 activation was different between both GTFs. When adding
MyD88 inhibitor peptide to GTF I, the activation of NF-kB/AP-1 was
completely lost which was different for GTF II where activation of NF-
kB/AP-1 was only inhibited when adding the TRIF inhibitor. Thus, we
show that GTF II not only depends on MyD88 but also on TRIF pathway
for TLR signaling. As the main difference between GTFI and GTFII is the
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presence of molecules above DP 60 in GTF II, our data suggest that
differences observed in the downstream signaling pathways of GTFs is
dependent on the differences in structure between them.

Not only different pathways but also different TLRs were activated
and inhibited by the fructans in a structure dependent way. The capacity
to recognize a broad panel of ligands by TLRs is caused and determined
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Fig. 10. Cytokine production (fold change of positive control) by dendritic cells pre-treated with GTFs and ITFs and stimulated with TLR2 and TLR4 agonists. *
represent statistical differences between positive control and the different treatments (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001), p-values < 0.1 were

considered as a trend.

by the leucine rich repeats (LRR) scaffold in TLRs which can accom-
modate a broad diversity of structures (Bell et al., 2005). When
comparing the capacity of ITFs and GTFs to activate TLRs in HEK-Blue
cell lines we found that ITFs and GTFs activate different TLRs. ITFs
stimulated TLRs which were dependent on the MyD88 pathway such as
TLR2 and 4 which corroborates our previous findings (Vogt et al., 2013)
but a different and stronger activation was observed with GTFs that
stimulated TRIF dependent TLRs such as TLR3, TLR7 and TLR9. This
illustrated again the structure dependent immunomodulating effects of
fructans.

Not only activation but also inhibition of TLR signaling was observed
by GTFs. In several studies it has been shown that this capacity of food
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components is functional and can attenuate inflammatory responses
(Kiewiet et al., 2018). Especially GTFs had a strong inhibitory effect on
activation of TLR2 and TLR4. To gain insight in how GTFs can have such
a strong inhibitory effect, we performed molecular docking studies to
identify the site of interaction of representative molecules with TLRs.
For TLR2, we studied how fructans can interact with binding to its
heterodimer with TLR1 which is essential for TLR2 induced immune
activation and cytokine release (Jin et al., 2007). This study demon-
strates that 6-kestose can bind within the pocket of TLR2 where the
natural agonist of its receptor Pam3CSK4 normally binds to the TLR2-1
heterodimer. This finding suggests that 6-kestose prevents binding of
TLR2-1 ligands such as Pam3CSK4 to activate TLR2. GFjp-agavin was
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found outside of the entrance for TLR2 agonist partially blocking this
pocket. Moreover, this molecule established contact with Y326 residue,
which has been described as a key residue for agonist binding to TLR2
(Jin et al., 2007). These findings suggest that both studied molecules
possess the ability to avoid the binding of agonist to TLR2, although the
site of binding is structure dependent.

Interaction of 1-kestose and GF1¢-inulin with TLR2 was also observed
but this was not in the ligand binding sites of TLR2-1 but in the heter-
odimer interface for 1-kestose, and in the central ectodomain for GF;¢-
inulin, which therefore could explain the observed lack of inhibitory
effect but mild activating effects, which has been reported before (Vogt
et al., 2013). These differences in the inhibition capacity between the
studied fructans, might be related to the presence of $(2—6) bonds and
the branched structure of GTFs, since GTFs' branched structure is more
similar to the branched configuration of the lipid chains that normally fit
in the TLR2 pocket (Jin et al., 2007).

GTFs also exerted a strong inhibitory effect on TLR4. Activation of
TLR4 requires the formation of a heterodimer with MD2 protein (Park
et al., 2009). The natural agonist of TLR4 is LPS (Kim et al., 2007) which
binds to TLR4-MD2 complex through its acyl non-polar chains. Parts of
these chains exert hydrophobic interactions with the TLR4-MD2 pocket
which facilitates the dimerization. Our docking studies demonstrate the
unique capacity of 6-kestose and GFjg-agavin to interact with key resi-
dues for the formation of the TLR4-MD2 complex or for the binding of
LPS such as 32, 146 and 194 and 1124, by which it can inhibit the TLR4
activation induced by LPS. 1-kestose and GFj¢-inulin interacted differ-
ently with TLR4 and MD2. 1-kestose only interacted with MD2 residues
such as L78 and F147, while GFjp-inulin only interacted with TLR4
residues such as H458 and G384. Moreover, none of these interactions
were with key-amino acids involved in activation of the receptor or
formation of the heterodimer. Again, this prediction could illustrate the
characteristic properties of p(2—6) fructans to inhibit signaling of some
proinflammatory TLRs.

Findings were different with TLR3. Preincubation with GTFs induced
a stronger effect of the agonist for TLR3 rather than an inhibition
illustrating the synergistic effect of the agonist and GTFs. Our docking
studies revealed that 6-kestose and GF;p-agavin interacted with residues
of TLR3 which have been previously described as key residues for
interaction of this receptor with its natural agonist (Bell et al., 2005;
Choe et al., 2005). The natural agonist of TLR3 is viral double stranded
RNA (Bell et al., 2005; Choe et al., 2005). It has also been proposed that
phosphate and ribose sugar moieties of RNA are responsible for in-
teractions and activation of TLR3 (Bell et al., 2005). The structural
similarities between ribose arrangement in RNA helix and the fructose
units in GTFs with $(2—6) bonds and branched structure might explain
the recognition of these polysaccharides by TLR3 and its over stimula-
tion. This was different with 1-kestose and GFqg-inulin, since these
molecules established interactions with amino acid residues located at
the glycosylated face and the N-terminal end of TLR3. These glycosy-
lated sites represent a steric hindrance for the binding of the agonist to
TLR3 (Bell et al., 2005). Thus, this might be the explanation for the
absence of interaction between ITFs and TLR3.

Dendritic cells are key players in the intestine immunity and are able
to distinguish harmful from harmless antigens (Mowat, 2003; Rescigno
et al., 2001; Sato & Iwasaki, 2005). They are equipped with TLRs and
overactivation may lead to several intestinal and systemic disorders
(Mowat, 2003). We therefore next tested whether ITFs are able to
manage inflammatory responses by attenuating TLR2-1 and TLR4
induced responses in dendritic cells. As such the fructans did not change
cytokines of unstimulated dendritic cells which corroborates previous
findings (Bermudez-Brito et al., 2015). This was different in TLR2 and
TLR4 stimulated dendritic cells. Both types of GTFs as well as ITFIl had a
profound inhibitory effect on TLR2 and TLR4 induced immune activa-
tion of dendritic cells. GTF I also exerted a reduction in the production of
the chemokine ligand of monocyte chemoattractant protein-1 (MCP-1)/
CC (CCL2) induced by TLR induced activation. This attenuation aligns
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with the findings of the docking studies and could possibly also be an
explanation for the modulation in release of proinflammatory cytokines
by immune cells described for other polysaccharides with prebiotic ac-
tivity, such as galacto-oligo-saccharides, goat milk oligosaccharides and
also fructooligosaccharides and inulins (Capitan-Canadas et al., 2014).

In summary our findings may explain the mechanisms by which
immunomodulating food ingredients such as agave fructans with
B(2—6) bonds beneficially modulate immune responses (Bermudez-
Brito et al., 2015; Vogt et al., 2013; Vogt et al., 2014). Agave plants are
endemic in the Latin American region (Lopez-Romero et al., 2018) and
often used as an affordable source for obtaining fructans for food sup-
plementation to support health. However, our data also suggest that the
structure of fructans should be carefully determined and taken into
consideration when intended to be used as food supplement as we show
that the presence of linear or branched structure, the chain-length, as
well as the dose of these molecules can exert differential responses.
Further studies are needed in order to establish specifically in which
disease state agave fructans could serve as an alternative or supple-
mental therapeutic option (Liu et al., 2004). As TLR2 and TLR4 signaling
have been shown to be involved in mucositis and other intestinal dis-
orders our data suggest that GTFs and ITF II have beneficial effects on
these disorders. This suggestion is supported by a recent observation
that ITF II supported gastrointestinal health in aged individuals (Kiewiet
et al., 2021). Overall our study shows that beneficial immunomodula-
tory effects of GTFs may be explained by its impact on TLRs and
attenuation of proinflammatory responses.
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B(2—1) chicory and 3(2—1)-p(2—6)
agave fructans protect the human
intestinal barrier function in vitro in a
stressor-dependent fashion
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1. Introduction

f(2—1) chicory and p(2—1)-p(2—6) agave fructans
protect the human intestinal barrier function
in vitro in a stressor-dependent fashion

Cynthia Fernandez-Lainez, © **< Madelon J. Logtenberg,? Xin Tang,?
Henk A. Schols,® Gabriel Lopez-Veldzquez® and Paul de Vos?

Dietary fibers such as fructans can protect the intestinal epithelial barrier integrity, but the mechanisms
underlying this protection are not completely understood. We aimed to study the protective effect of
B(2—1)-p(2—6) branched graminan-type fructans (GTFs) on gut epithelial barrier function that was dis-
rupted by three different agents which impact the barrier function via different cellular mechanisms. The
effects of GTFs were compared with those of linear p(2—1) inulin-type fructans (ITFs). T84 intestinal epi-
thelial monolayers were incubated with GTFs and ITFs. Afterwards, the monolayers were challenged with
the barrier disruptors calcium ionophore A23187, 12-myristate 13-acetate (PMA) and deoxynivalenol
(DON). Transepithelial resistance was measured with an electric cell-substrate impedance sensing
system. All fructans studied prevented the barrier disruption induced by A23187. ITF Il protected from the
disruptive effects of PMA. However, none of the studied fructans influenced the disruption induced by
DON. As a measure of disruption-induced inflammation, interleukin-8 (IL-8) production by the intestinal
epithelium was determined by ELISA. The production of IL-8 induced by A23187 was decreased by all
fructans, whereas IL-8 production induced by DON decreased only upon pre-treatment with ITF Il. None
of the studied fructans prevented PMA induced IL-8 production. GTFs just like ITFs can influence the
barrier function and inflammatory processes in gut epithelial cells in a structure-dependent fashion.
These distinct protective effects are dependent on the different signaling pathways that lead to gut barrier
disruption.

plexes named tight junctions (TJs)* that avoid the entry of
larger, possibly immunologically active macromolecules, or

The gastrointestinal epithelium is considered as the gate-
keeper of the human body that separates and protects the host
from the harsh conditions in the gut lumen." To function as a
barrier, the epithelial cells are linked by multiprotein com-

“Immunoendocrinology, Division of Medical Biology, Department of Pathology and
Medical Biology, University Medical Centre Groningen, Hanzeplein 1,

9713 GZ Groningen, The Netherlands. E-mail: c.fernandez.lainez@umcg.nl,
lainezcynthia@hotmail.com, x.tang@umcg.nl, p.de.vos@umcg.nl;

Fax: +3150-3611911; Tel: +3150-3618043

bLaboratorio de Errores innatos del Metabolismo y Tamiz,

Instituto Nacional de Pediatria, Av. Iman 1, 04530 Ciudad de México, Mexico
‘Posgrado en Ciencias Bioldgicas, Universidad Nacional Auténoma de México.
Edificio D, 1° Piso. Circuito de Posgrados, Ciudad Universitaria,

04510 Ciudad de México, Mexico

ILaboratory of Food Chemistry, Wageningen University, Bornse Weilanden 9,

6708 WG Wageningen, The Netherlands. E-mail: madelon.logtenberg@wur.nl,
henk.schols@wur.nl

Laboratorio de Biomoléculas y Salud Infantil, Instituto Nacional de Pediatria,

Av. Iman 1, 04530 Cuidad de México, Mexico. E-mail: glv_1999@ciencias.unam.mx

This journal is © The Royal Society of Chemistry 2022

other agents such as pathogenic organisms that are harmful to
the host.> These TJs allow the entry of molecules with radii
between 3.5 and 6 A* but can actively regulate their per-
meability in response to physiological stress.” Under normal
barrier conditions, the transport of ions, water, and other
molecules into the underlying lamina propria® is actively regu-
lated by the epithelial intestinal cells to provide the host with
the desired luminal molecules.”

Impairment of the intestinal barrier function has been pro-
posed to be involved in the ever-growing list of Western dis-
eases such as autoimmune diseases, allergies, some types of
cancers, colitis, and inflammatory disorders.® The disruption
has been attributed to not only the more frequent use of
barrier disrupting medications such as nonsteroidal anti-
inflammatory drugs (NSAIDs)’ and proton pump inhibitors
(PPIs)'>" but also the consumption of westernized diets rich
in barrier disrupting food additives, high fat, or the absence or
lower consumption of dietary fibers.">"* Although this empha-
sizes the importance of disrupted gut barrier function in

Food Funct, 2022,13, 6737-6748 | 6737
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disease development, it also opens venues to treat or prevent
disease as many food molecules have been shown to stimulate
gut barrier function.'*'?

One such family of food molecules that have been shown
to regulate the barrier function of gut epithelial cells are
dietary fiber fructans.'® Fructans are mostly plant-derived
polysaccharides that can be categorized by the F,, type, where
F indicates fructose units, and the GF, type, where G indi-
cates a glucose molecule linked to n number of fructose
units."”” Fructans can be linked by f(2—1) bonds rendering
them a linear structure.'® These fructans are of the inulin
type'® and often extracted from chicory. These inulin-type
fructans (ITFs) are often used in infant formulas® and have
been shown to protect the gut barrier function in a chain-
length dependent fashion.'® Another group of fructans that is
used as a food additive in infant formulas is fructans linked
by both B(2—1) and B(2—6) bonds.>"** These types of fruc-
tans are branched and known as graminans.>*>*> These gra-
minan-type fructans (GTFs) are extracted from plants of the
Asparagaceae family such as Agave tequilana and are one of
the most complex fructans described to date.>® It is unknown
whether these branched fructans have any effect on gut
barrier function.

Barrier disruption can occur via different cellular pathways
in gut epithelial cells, but it is unknown by which pathways
fructans protect epithelial cells from disruption. In vitro,
barrier disruption can be induced by different agents and sig-
naling mechanisms. Calcium ionophores, such as A23187,
cause an increase of intracellular calcium leading to the dis-
ruption of the gut epithelial barrier.”” Another agent, 12-myris-
tate 13-acetate (PMA), is a tumor-promoting phorbol ester
which has been shown to disrupt the gut barrier function via
the activation of protein kinase C (PKC).*® Another family of
molecules that induce barrier disruption are trichothecenes
such as the fungal toxin deoxynivalenol (DON) that act via
MAPK signaling.”>*° This toxin is produced by the members
of the fungal genus Fusarium, which represents the most
common source of mycotoxin contamination of crops world-
wide.*' As these agents disrupt the epithelial barrier via
different mechanisms, they can be used to investigate
the mechanisms underlying the protection against barrier
disruption.

We aimed to determine whether and to what extent gra-
minans of different molecular weights from agave could
protect against gut barrier disruption. In addition, we com-
pared the effects of GTFs with the barrier protective effect
of ITFs from chicory. As it is unknown by which mecha-
nisms fructans can protect against barrier disruption, we
compared the effects induced by the calcium ionophore
A23187, PMA and the fungal toxin DON which disrupt the
epithelial integrity via different signaling pathways. Finally,
interleukin-8 (IL-8) production by the intestinal epithelial
cells was quantified as a measure of inflammatory stress
induced by the above-mentioned disruptors and it was
determined if fructans are able to protect from this inflam-
matory stress.

6738 | Food Funct, 2022,13, 6737-6748

Food & Function

2. Materials & methods

2.1. Fructans

To study whether fructans with different structures and mole-
cular sizes can protect against the disruption of the intestinal
barrier of epithelial T84 cells, two formulations of p(2—1)-
B(2—6)-linked graminan-type fructans from the Agave tequilana
Weber blue variety (agave) and two formulations of p(2—1)-
linked inulin-type fructans from Cichorium intybus (chicory)
were included. Agave fructans GTF I (Metlos™) and GTF 1I
(Metlin™) were provided by Nekutli™ (Guadalajara, México).
Chicory fructans ITF I (Frutafit™ CLR) and ITF II (Frutafit™
TEX!) were provided by Sensus™ (B.V. Roosendaal, The
Netherlands). These fructans have also been studied and ana-
lyzed in previous studies from our group.**??

2.2. Cell lines

For determination of the potential protective effect of chicory
and agave fructans on the barrier function of intestinal epi-
thelial cells, we used colonic epithelial T84 cells (Sigma-Aldrich,
Zwijndrecht, The Netherlands) between passages 28 and 34.
Epithelial T84 cells were cultured in Dulbecco’s modified
Eagle’s medium/nutrient mixture F-12 Ham with 15 mM HEPES
and sodium bicarbonate (Sigma, Dorset, UK), supplemented
with 10% heat-deactivated fetal bovine serum (Sigma-Aldrich,
Dorset, UK) and gentamicin 50 mg ml™" (Sigma-Aldrich, Dorset,
UK) (complete medium). The epithelial T84 cells were cultured
at 37 °C with 5% CO,, until 80% confluence. The medium was
refreshed twice a week. For maintenance, the cells were pas-
saged after treatment with trypsin (Sigma-Aldrich, Dorset, UK).

2.3. Disruptors

The epithelial T84 monolayers were challenged using chemical
compounds that disrupt the barrier function via different
intracellular routes.”’”?° The barrier disruptors used herein
were the calcium ionophore A23187, also known as calcimycin,
the food-contaminant mycotoxin DON, and PMA. The concen-
trations used herein were previously demonstrated to induce
epithelial barrier disruption.'**®

2.4. Transepithelial electrical resistance measurements

The T84 cell-intestinal epithelial barrier function was moni-
tored in real time with an electric cell-substrate impedance
sensing system (ECIS, Applied BioPhysics™ model Z6). First,
epithelial T84 cells were seeded at a density of 10 000 cells per
well in a final volume of 300 pl, in a 96-well PET plate with
gold electrodes (96W20idf PET, Applied Biophysics). To
increase the electrical stability of measurements, the plates
were pre-incubated at room temperature (R.T.) for 30 min with
a PBS solution of i-cysteine (2 mg ml™') before seeding.
Afterwards, the plates were washed with Dulbecco’s modified
Eagle’s medium (DMEM) with 4.5 g L' glucose, 3.9 mM
t-glutamine and 1 mM sodium pyruvate (Catalog number
BE12-604F, Lonza, USA) and coated overnight at R.T. with a
solution of 0.1% bovine serum albumin and 1% purified
soluble collagen in DMEM. After washing the plates with com-
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plete medium, epithelial T84 cells were seeded and cultured at
37 °C with 5% CO, for 21 days to allow the formation of a
monolayer with stable transepithelial electrical resistance
(TEER). The culture medium was refreshed every other day.
For TEER measurements, the plates were placed in the ECIS
equipment and the resistance was monitored for 5 hours at
400 Hz to ensure a stable measurement. Afterwards, the experi-
ment was started. Epithelial T84 cells were pre-incubated for
24 hours with 10 mg ml™" of the four studied fructans ITF I,
ITF II, GTF I, and GTF II. This was followed by the addition of
the disruptor calcium ionophore A23187 (4 uM, Sigma-Aldrich,
UK), DON (8.4 pM, Sigma-Aldrich, UK), or PMA (1000 nM,
Sigma-Aldrich, UK). After adding the disruptor, the TEER was
monitored in the presence of the calcium ionophore A23187
for 3 hours, and with DON and PMA for 24 hours. The cells
incubated only with the culture medium were used as
untreated controls. The cells treated only with disruptors were
included as positive controls. At least five independent experi-
ments were performed with three technical replicates. To
quantify the changes in the TEER after the different treat-
ments, the area under the curve (AUC) was calculated.
Untreated controls were set as 100% and the different con-
ditions were related to the untreated controls.

2.5. Measurement of IL-8 production of epithelial T84 cells

To investigate whether disrupting molecules induce inflam-
mation in T84 cells, the production of the pro-inflammatory
cytokine IL-8 was measured. To that end, supernatants from
the T84 cells were collected once the TEER experiments were
finished. The supernatants were stored at —20 °C until further
use. IL-8 was quantified with an ELISA kit (R&D Systems,
Abingdon, UK) according to the manufacturer’s protocol.

2.6. Statistical analyses

GraphPad software version 9.2 was used for statistical analyses.
The Shapiro-Wilk test was performed to test for the normality
distribution of the data. Since AUC and IL-8 data are normally
distributed, such data were expressed as mean + SD. The sig-
nificance was assessed with one-way ANOVA with Dunnet’s
multiple comparison test. A p-value < 0.05 was considered as
statistically significant, *p < 0.05, **p < 0.01, ***p < 0.001, and
**%%p < 0.0001.

3. Results

To study whether the differences in their chemical character-
istics are important for their effects on the modulation of the
induced-disruption of the epithelial barrier, four fructan for-
mulations were used. The graminan-type fructans studied are
oligosaccharides with p(2—1) and p(2—6) linkages, which
confer them a branched structure. GTF I is a mixture of fruc-
tans enriched with DP 3-4, although oligosaccharides with DP
7-45 are also present in lower amounts. GTF II is a mixture of
mainly longer fructans whose DP ranges between 3 and 60
with most components around DP 17, although some higher

This journal is © The Royal Society of Chemistry 2022
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molecular weight molecules are present. Both GTFs are com-
posed of fructan structures of the F, and GF, series of fructan
structures (Table 1).** In addition, in these two mixtures, there
are molecules that represent the neo-levan type, which are
characteristic of fructans extracted from agave plants.>® The
inulin-type fructans included are oligosaccharides with only
B(2—1) linkages, which confer them a linear structure. ITF I is
a mixture of fructans with a DP range of 3-10, but it also pos-
sesses chains of DP up to 25. ITF II is a mixture of longer
chain fructans with a DP of 10-60. ITF I contains both F,, and
GF,, types of oligosaccharides, whereas ITF II is constituted
only of GF,, units (Table 1).**

3.1. Agave and chicory fructans exert a protective effect on
calcium ionophore-induced disruption of gut epithelial barrier
function

To test the potential protective effect of branched graminan-
type fructans on the intestinal barrier function, epithelial T84
cell monolayers were preincubated with GTFs before adding
the barrier disruptor calcium ionophore A23187 after which
the TEER was measured for three hours. Linear inulin-type
fructans were also tested to compare the effects between
branched and linear fructan structures. After pre-incubation
with fructans for 24 hours, A23187 was added to the cells fol-
lowed by TEER measurements for three more hours. Fig. 1A
shows a representative example of TEER measurements. These
TEER values were used for calculating AUC. As shown in
Fig. 1B, the incubation of T84 cells with A23187 decreased
their AUC to 27% + 5.5 (p < 0.001) compared with that of the
untreated control. This effect of A23187 was strongly attenu-
ated when the cells were preincubated with GTFs or ITFs since
the AUC of these cells was similar to that of the untreated
control. ITF II was the fructan with the strongest protective
capacity against the barrier function disruption as the AUC
decreased only by 4.7% = 3.7, followed by GTF 1 (7% =+ 4), GTF
IT (8.2% + 4) and ITF I (12.5% + 5.4).

3.2. Linear long chain unbranched fructans exert protective
effects against PMA-induced disruption of gut epithelial
barrier function

PMA is a well-known barrier disruptor which acts via the acti-
vation of PKC.”® We aimed to challenge the intestinal mono-
layers with this disruptor in order to study whether the protec-
tive effect exerted by chicory and agave fructans occurred via
PKC. To that end, T84 monolayers were pre-incubated with
fructans for 24 hours, followed by the addition of PMA and
incubation for another 24 hours. A representative example of
the TEER experiment is shown in Fig. 2A. These data were
used for the calculation and plotting of the AUC percentage
(Fig. 2B). Compared with the untreated control, PMA induced
a reduction of 17% + 1.5 (p < 0.01) in the AUC. This was lower
in cells pre-incubated with ITF II where the AUC reduction was
10% + 3.3 (p < 0.05) (Fig. 2B). The fructans ITF I, GTF I and
GTF 1I did not influence the AUC reduction induced by PMA,
since the AUC values obtained were 83.5% + 1.8 for GTF II,
80% =+ 2 for ITF I and 78% + 2 for GTF I (Fig. 2B).
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Table 1 Characteristics and comparison of the differences between linear and branched fructans
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32,33

Representative Haworth projections of fructans present in the mixture

Fructan mixture Structure DP range

3.3. No protective effect of fructans on DON induced
disruption of gut epithelial barrier function

To investigate the ability of fructans to protect from epithelial
barrier disruption exerted via MAPK signaling, epithelial T84
cells were also challenged with the fungal toxin DON.
Monolayers of T84 cells were pre-incubated for 24 hours with
the different fructans studied. Afterwards, DON was added fol-
lowed by a subsequent incubation of another 24 hours. A
representative example of the TEER measurements under
different experimental conditions is shown in Fig. 3A. DON
decreased the AUC significantly to 87.1% + 1.3 (p < 0.01) com-
pared to the control (Fig. 3B). This disruption could not be pre-
vented with the fructans studied, since the AUC was 80.8% =+ 2
for ITF 1, 79.5% + 1.9 for GTF I, 88.8% =+ 0.24 for ITF II, and
86.7% =+ 3.5 for GTF II (Fig. 3B).

3.4. Fructans protect T84 intestinal epithelial cells from the
inflammatory effect induced by the calcium ionophore and
DON but not by PMA

We aimed to investigate whether fructans could protect from
the inflammation exerted by the different studied epithelial
disruptors.

6740 | Food Funct,, 2022,13, 6737-6748

ITF I Linear 3-10

GTF I Branched 3-45

ITF I Linear 9-60

GTF 11 Branched 3-60

To that end, IL-8 secretion from T84 cells was measured at
the end of TEER experiments. The calcium ionophore strongly
increased the production of IL-8 by T84 cells from 182 + 18 pg
ml™" to 1531 + 96 pg ml™" (p < 0.001). Interestingly, pre-incu-
bation with all the tested fructans significantly decreased the
production of IL-8. Compared with the effect of the positive
control (set as 100%), ITF II caused a reduction in IL-8 pro-
duction of 72% + 3 (p < 0.001), GTF I attenuated it to 68% =+ 3
(p < 0.001), followed by GTF II which decreased it to 66% + 6
(p < 0.001), while ITF I reduced IL-8 production by T84 cells to
63% + 3 (p < 0.001) (Fig. 4A).

Incubation with DON increased the IL-8 production from
182 + 18 pg ml™" to 1671 + 131 pg ml™" (p < 0.0001). Pre-incu-
bation with linear fructans ITF I and ITF II significantly
decreased the IL-8 production of T84 cells. ITF I reduced IL-8
production to 31% =+ 2 (p < 0.05), and ITF II reduced it to
57.5% * 4 (p < 0.0001). In contrast, branched chain fructans
did not influence the inflammation induced by DON, since
there were no statistical differences between the IL-8 pro-
duction of the positive control and cells pre-treated with these
agave fructans (Fig. 4B).

PMA significantly stimulated IL-8 production in T84 cells.
Under these conditions, IL-8 increased 17-fold the untreated
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Fig. 1 The protective effect of p(2—1) and p(2—1)-p(2—6) fructans on
T84 epithelial intestinal barrier disruption induced by the calcium iono-
phore A23187. Confluent monolayers of T84 cells were pre-incubated
with 10 mg ml™* of the linear fructans ITF | and ITF Il and the branched
fructans GTF | and GTF Il for 24 hours. Afterwards, the calcium iono-
phore A23187 (4 uM) was added and the cells were incubated for three
more hours. (A) The representative example of a TEER measurement
with ECIS. (B) Calculated area under the curve (AUC). The % AUC of
fructan pre-incubated epithelial cells was compared with that of the
untreated controls. Statistical differences between the positive control
and the different conditions were determined. Data from five indepen-
dent experiments are presented as mean + SD. ***p < 0.001.

control (from 182 + 18 pg ml™" to 3111 + 118 pg ml™").
However, none of the studied fructans attenuated the inflam-
matory effect exerted by PMA, since the production of IL-8 was
similar to that of the positive control. In cells pre-incubated
with ITF I, the IL-8 value was 3020 + 62 pg ml™", 3321 + 117
pg ml™* for GTF I, 3034 + 95 pg ml™" for ITF II and 3136 + 84
pg ml~" for GTF II (Fig. 4C).

4. Discussion

Previous reports from our group and others have demonstrated
the beneficial effects of inulin-type fructans on gut epithelial
barrier function.'®?* These studies have shown that for ITF,
this protection is dependent on the chain length of the fruc-
tans. One of the new findings in this study is that the ITF
induced protection was dependent on the applied disrupter
and specific biochemical pathways. This is not known yet for
ITFs. In addition, we studied for the first time the effects of

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 The protective effect of p(2—1) and p(2—1)-p(2—6) fructans on
T84 epithelial intestinal barrier disruption induced by the protein kinase
C activator PMA. (A) Representative example of a TEER measurement
with ECIS when preincubated with 10 mg ml™ of agave and chicory
fructans for 24 hours followed by the addition of 1000 nM PMA, and
incubation for another 24 hours. (B) Calculated area under the curve
(AUC). All the tested conditions were compared with the untreated
control. Statistical differences between the positive control and cells
pre-incubated with fructans were investigated. Data from five indepen-
dent experiments are presented as mean + SD. ****p < 0.0001.

GTFs which are different from those of ITF. The ITFs are com-
posed of fructose units with only f-2—1 linkages, which confer
them a linear structure. The GTFs are extracted from agave
plants and are more complex than ITFs. Fructans from agave
are a mixture of oligosaccharides with p-2—1 and p-2—6 lin-
kages, also known as graminans or agavins. This gives them a
branched structure. Moreover, fructans from the neo-series
have also been found in the mixtures extracted from agave.”®
Their barrier-protective effects have never been studied. Since
fructans from agave represent one of the most complex fructan
types described to date, we compared their effects on gut epi-
thelial barrier function with those of fructans with a linear
structure and by which pathways they protect against barrier
disruption. To the best of our knowledge, this is the first study
where the protective effects of branched fructans from agave
on gut epithelial barrier function are studied. The application
of these fructans would be useful especially in regions where
the agave plant is endemic, such as in the American continent,
from the Canadian/United States border to the Northern
region of South America.*”

Food Funct, 2022,13, 6737-6748 | 6741

82



Paper
A)
125
‘g _| — Untreated control
§ 100 %\ — DON
A —— —
B ITF | + DON
£ — GTFI+DON
o o
S 50 ITF Il + DON
& 25- — GTF Il + DON
w
-
0 T T 1 1 T 1
0 5 10 15 20 25 30
Time (h)
B)
ns ns ns ns
1259 .
m
:9_ 100
[
8 754
o
o
® 50
%)
2 25-
o_

(9
T &K &L& O
& T&EE
O
0(‘

Fig. 3 No protective effect of (2—1) and p(2—1)-p(2—6) fructans on
T84 epithelial intestinal barrier disruption induced by the MAPK signaling
disruptor DON. The TEER was monitored during a 24-hour pre-incu-
bation of T84 monolayers with the studied fructans ITF I, ITF Il GTF | and
GTF II. Afterwards, DON 8.4 uM was added followed by TEER monitoring
for another 24 hours. (A) Representative image of TEER measurements.
(B) Calculated area under the curve (AUC) obtained from the TEER
measurements. There was a non-statistical difference between the posi-
tive control and the cells pre-treated with fructans. The results are pre-
sented as mean + SD of five independent experiments. **p < 0.01.

To the best of our knowledge, this is the first study where it
is investigated whether the protection of the intestinal barrier
integrity exerted by fructans is dependent on the intracellular
route by which the disruption is induced. To that end, three
different disruptors which act via PKC or MAPK signaling were
used. We found that the disruption induced via the PKC
pathway was attenuated by ITF II, while the disruption
induced by MAPK signaling was unaffected. Moreover, the pro-
tective effect of GTFs was not similar to that observed for ITFs,
since ITF II was the only fructan that protected against the dis-
ruptive action of PMA, whereas the branched fructans did not
influence the epithelial barrier impairment provoked by this
molecule. This again illustrates that dietary fibers can attenu-
ate barrier disruption depending on their chemical structure.

All fructans were effective in preventing barrier disruption
induced by the calcium ionophore A23187. This effect was
strongest with ITF II, followed by those with GTF I, GTF 11, and
ITF 1. We hypothesize that the observed efficacy of fructans to
attenuate A23187 induced barrier dysfunction is through a
competition for the cell-binding site of the stressor on the cell
membrane. Fructans possess a neutral charge. This neutral
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Fig. 4 Production of IL-8 by T84 epithelial intestinal cells stimulated
with epithelial barrier disruptors in the presence or absence of p(2—1)
and p(2—1)-p(2—6) fructans. T84 cells were pre-incubated with agave
and chicory fructans, followed by the addition of the calcium ionophore
A23187 (A), DON (B), or PMA (C) and 24 more hours of incubation. IL-8
production was quantified from cell supernatants collected at the end
of the experiment. From five independent experiments a comparison
between the positive control and tested conditions was performed to
determine the influence of the studied fructans on the inflammatory
effect induced by the barrier disruptors. Untreated cells served as nega-
tive controls. The results are presented as mean + SD. *p < 0.05, **p <
0.01, ***p < 0.001, ****p < 0.0001.
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charge allows fructans to interact with the lipidic bilayer of
cell membranes by the establishment of non-polar
interactions.*®® By this, fructans could occupy the binding
sites of A23187, thus preventing, or reducing the binding of
this disruptor. The binding mechanism of the calcium iono-
phore A23187 has been previously described. At physiological
PH, the protonated form of A23187 prevails, and can strongly
bind to the phospholipidic cellular membrane.** To induce
barrier disruption, A23187 binds and transports divalent
calcium ions across the cell membrane, with a concomitant
increase of intracellular calcium.”® Such an increase of intra-
cellular calcium has been associated with changes in tight
junctions and decreased resistance of T84 monolayers, a
process ultimately mediated by PKC.'*?”*! Fig. 5 schematically
presents our proposed mechanism of protection of epithelial
barrier function exerted by fructans.

The results were different with PMA induced barrier disrup-
tion. Only ITF II had a statistically significant effect on barrier
disruption induced by PMA. Our findings indicate that protec-
tion against disruption by PMA is exclusive to linear structures
of fructans and is chain-length dependent. The exclusive pro-
tection of ITF II from the disruptive action of PMA compared

Paper

to those of other fructans could be explained by the long and
linear structure of ITF II. Vereyken et al. studied the require-
ments for the establishment of interactions between inulins of
different DP with mono- and bilayer lipidic systems. They
found a strong dependency of the inulin chain length on the
capacity to interact with lipid layers in favor of longer inulin
that established the strongest interactions. In this study it was
also proposed that the linearity and flexibility of furanose
rings are the main characteristics responsible for the strong
interaction between the long chain inulins and lipids.*® This
would be different for GTFs since their branched structure
would provoke a more spatially disordered arrangement of
their chains, which would decrease their physical contact with
the cell membrane, leading to more free spaces for PMA for
establishing interactions.

We found that the long chain fructan ITF II was the only
fructan that exerted protection from the disruptive action
of PMA. This finding seems to contradict the findings of
Vogt et al.'® where only non-statistical differences were
found with long-chain inulins. Notably, however, differ-
ences in ITF dosing might be responsible for that, as Vogt
et al. used a hundred-fold lower dose of fructans (0.1 mg
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Fig. 5 Proposed mechanism of action of the protective effect of linear p(2—1) and branched p(2—1)-$(2—6) fructans on the intestinal epithelial

barrier function.
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ml™") for pre-treating T84 cells compared to the present
study.

The disruptive effects of both PMA and the calcium iono-
phore A23187 are PKC-dependent®” but the ways in which they
lead to PKC-induced disruption are different. The intestinal
barrier function depends on the assembly or disassembly of
the proteins of the TJs. These TJs are regulated by the phos-
phorylation of the serine and threonine residues of their pro-
teins. This regulation is achieved by protein kinases such as
PKC. PKC is involved in TJ opening. At the cell membrane,
PKC can phosphorylate TJ proteins such as occludin. This
phenomenon has been observed when TJs are disassembled,
and the barrier function is disrupted.*” In the present study,
A23187 was used as it facilitates the transport of calcium ions
into the cytoplasm. This sudden calcium influx activates the
calcium-dependent PKC, leading to the disassembly of the TJs.
PMA works differently. PMA is an analogue of diacylglycerol,
one of the natural activators of PKC. In contrast to A23187,
PMA binds directly to a specific region of PKC which leads to
activation.*® This activation induces the translocation of PKC
to the cell membrane and the disassembly of TJs.

At a structural level, A23187 and PMA also are different.
A23187 is an antibiotic extracted from Streptomyces chartreu-
sensis** composed of a carboxylic acid with a pyrrole ketone
moiety, a substituted benzoxazole group and a spiroketal
ring.”®> Two molecules of this compound chemically coordinate
with a Ca®" ion, which serves as a cation carrier into the cell.*®
However, PMA possesses a phorbol group that contains a long
acyl chain, which confers it a highly hydrophobic nature
(PubChem database, https:/pubchem.ncbi.nlm.nih.gov, con-
sulted on November 9, 2021). Due to this property, PMA pos-
sesses a very high affinity for cellular lipid membranes®” and
probably a higher affinity than that of most fructans as fruc-
tans can only establish non-polar interactions with the cell
membrane. This difference in affinity between A23187 and
PMA for the cellular lipid membranes would likely be the
reason for the differences in the effectiveness of fructans in
protection from the barrier disruption induced by these agents.

We found that the long chain linear fructan ITF II had the
strongest protective effect on epithelial barrier integrity when
cells were challenged with A23187 and PMA. This confirms the
findings of Wu et al. who showed that pre-incubation of Caco-
2 Bbel monolayers or intestinal organoids exposed to short-
chain and long-chain inulins protects the intestinal epithelial
barrier from injury caused by enterohemorrhagic Escherichia
coli. In addition, they also demonstrated that barrier function
was reinforced through a PKC-dependent mechanism by a
set of techniques that included the host-kinome with a
282-peptide immune array, gene enrichment analysis, and
measurement of PKC isoform activities in the presence and
absence of specific-isoform inhibitors.**

The epithelial barrier disruption provoked by the fungal
toxin DON was not attenuated by the studied fructans. This
toxin is known to decrease the transepithelial resistance via
MAPK signaling.*® Our findings, therefore, suggest that fruc-
tans cannot prevent the MAPK pathway induced epithelial
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barrier disruption. This is in accordance with a previous report
where the microbiota-independent effects of galacto-oligosac-
charides (GOS) on intestinal epithelial integrity and the release
of IL-8 were studied and compared with those of FOS and
inulin, in combination with GOS or alone. To that end, the
different oligosaccharides were added to Caco-2 monolayers,
and after 24 hours of incubation the fungal toxin DON was
added to the cultures. Afterwards, the TEER and lucifer yellow
permeability were quantified to determine the integrity of the
intestinal barrier. Only GOS and not the fructans had protec-
tive effects on the impairment induced by DON.**

In addition to protecting against barrier disruption, the
studied fructans have also been shown to have other health
benefits. The prebiotic roles of inulin-type fructans and fruc-
tans from agave have been studied by our group and
others.?>*”*® These dietary fibers can exert an indirect ben-
eficial effect on intestinal homeostasis by modifying the micro-
biota composition and supporting the production of its meta-
bolic products such as short chain fatty acids (SCFAs).*® The
beneficial effect of SCFAs was demonstrated in vitro by
Commane et al. These researchers found that the epithelial
barrier of Caco-2 cells was strengthened by the fermentation
products of Bifidobacterium Bb 12, which was exposed to ITFs
of different molecular sizes.’ This finding was later confirmed
by Van den Abbeele et al. who demonstrated that the inulin-
fermentation products from adult microbiota strengthened the
gut barrier by increasing the TEER in Caco-2 cell monolayers
via SCFA production.”* Moreover, our group demonstrated that
inulin-type fructans contribute to the maturation of the glyco-
calyx, which is an important component of the gut epithelium
composed of glycans and proteins. The glycocalyx serves as a
scaffold for the binding of intestinal commensal microbiota
and it strengthens the gut barrier. By this, it avoids the
adhesion of pathogen microorganisms. Kong et al. demon-
strated that the incubation of Caco-2 cells with inulin-type
fructans increased the glycocalyx development by enhancing
its thickness and area of coverage of molecules that constitute
the glycocalyx such as albumin, heparan sulphate and hyaluro-
nic acid.>?

The protection by the studied fructans from the disrupting
action of A23187 was also reflected in the attenuation of the
inflammatory state of T84 cells, since along with the protection
from the epithelial barrier disruption, the concentration of the
pro-inflammatory cytokine IL-8 decreased significantly. IL-8,
also known as the chemotactic factor CXCLS, is considered an
essential pro-inflammatory cytokine that is constitutively
expressed by epithelial cells. This chemokine functions as an
early warning signal to cells in the underlying lamina propria.
When a potential danger is detected, it is released which sub-
sequently leads to inflammatory responses by recruiting
immune cells such as neutrophils to the site of injury.”*”* Yu
et al. previously demonstrated that A23187 stimulates IL-8 pro-
duction in T84 cells following the release of intracellular
calcium.” The exacerbated expression of this cytokine is also
strongly associated with intestinal inflammatory disorders
such as ulcerative colitis.*®
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The observed regulatory effect of the studied fructans on
IL-8 production by T84 cells exposed to A23187 indicates that
fructans not only protect from barrier disruption but also con-
tribute to the lowering of inflammatory events as reported
before.'®>”

In the present study, a 17-fold increase of IL-8 production
was observed when stimulating T84 monolayers with PMA. It
is known that this epithelial disruptor activates PKC signaling
which leads to the up-regulation of IL-8 gene expression in T84
cells.”® The inflammatory effect observed was not influenced
by the studied fructans. IL-8 production was also not attenu-
ated by ITF II that protected from PMA induced barrier disrup-
tion, indicating that barrier disruption and regulation of
inflammatory processes in epithelial cells might involve
different pathways. A similar separate effect on barrier func-
tion inflammatory processes of fructans was observed for epi-
thelial cells treated with DON. The production of IL-8 in T84
cells challenged with DON was significantly reduced by both
studied ITFs in a chain-length dependent manner while
barrier disruption was unaffected. These results suggest an
MAPK-dependent regulatory role of ITFs on inflammatory pro-
cesses but the absence of such an effect on the barrier func-
tion of gut epithelial cells.

5. Conclusions

To the best of our knowledge, this is the first study where the
direct protective effects of GTFs on intestinal epithelial barrier
function are addressed. We demonstrated that GTFs, just like
ITFs, can prevent gut barrier disruption in a structure and
size-dependent fashion. Their effect is most pronounced in
calcium ionophore A23187-induced gut epithelial cell barrier
disruption. This is different for ITFs that showed efficacy in
not only A23187 but also PMA-induced gut barrier disruption.
Specifically, the longer chain ITF II had such an effect. Linear
ITFs in contrast to branched GTFs were able to reduce A23187
and DON-induced enhanced secretion of IL-8 by gut epithelial
cells. These fructans were ineffective in reducing DON induced
barrier dysfunction but efficacious in lowering inflammation,
which suggest that different pathways are involved in how fruc-
tans can influence barrier function and inflammatory pro-
cesses in gut epithelial cells.

Our results may lead to better and broader uses of agave
fructans in areas where agave is endemic and chicory inulin is
not available such as in Latin America.”® There are several
lines of applications of these fructans. They can be applied as
a substitute for human milk oligosaccharides, which have
health benefits in human milk. We show here that specific
fructans might be used to protect against barrier disruption.
Tailoring infant formulas supplemented with GTFs would be
an option for babies with specific gastrointestinal issues such
as premature babies.’® In addition, in adults our findings may
lead to new applications. Gastrointestinal discomfort and also
barrier disruption are very common issues in adults.>**® Food
with specific fructans may lead to lower frequencies of barrier

This journal is © The Royal Society of Chemistry 2022
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disruption and lower discomfort. In the pharmaceutical
sector, due to their non-digestible characteristics, ITFs have
been used as drug stabilizers and carriers, improving drug dis-
solution and facilitation of controlled release of drugs to
specific target sites such as the colon.®® Overall, the present
study contributes to a better understanding of the health pro-
moting effects of fructans and their applications in specific
chemistries to support specific health benefits.
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HIGHLIGHTS

e Higher DP fructans decrease expression of the intestinal tight junction protein
claudin-2.

¢ Only graminan-type fructans prevent DON-induced dysregulation of claudin-1.

¢ Claudin-3 DON-induced overexpression was regulated only by short chain
fructans.

e Graminan-type fructans attenuate pro-inflammatory cytokines in dendritic cells.

e Cell culture medium from gut cells exposed to graminan- and inulin-type fructans
attenuates inflammatory responses in dendritic cells.

e Graminan- and inulin-type fructans might contribute to prevention of intestinal

inflammation.
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ABSTRACT

B(2—1)-B(2—6) branched graminan-type fructans (GTFs) and $(2—1) linear fructans
(ITFs) possess immunomodulatory properties and protect human intestinal barrier
function, however the mechanisms underlying these effects are not well studied. Herein,
GTFs and ITFs effects with different degree of polymerization (DP) values on tight
junctions (TJs) genes CLDN-1, -2 and -3, CDH1, OCLN and TJP1 were studied in Caco-2
gut epithelial cells, under homeostatic and inflammatory conditions. Also, cytokine
production in dendritic cells (DCs) was studied. Higher DP fructans decreased the
expression of the pore forming CLDN-2. Higher DP GTFs enhanced CLDN-3, OCLN, and
TJP-1. Fructans prevented mRNA dysregulation of CLDN-1, -2 and -3 induced by the
barrier disruptors A23187 and deoxynivalenol in a fructan-type dependent fashion. The
production of pro-inflammatory cytokines MCP-1/CCL2, MIP-1a/CCL3 and TNFa by DCs
was also attenuated in a fructan-type dependent manner and was strongly attenuated by
DCs cultured with medium of Caco-2 cells which were pre-exposed to fructans. Our data
show that specific fructans have TJs and DCs modulating effects and contribute to gut
homeostasis. This might serve to design effective dietary means to prevent intestinal

inflammation.

Keywords

Tight junctions, non-digestible carbohydrates, inflammatory bowel disease, nutraceuticals,

functional foods, intestinal and immune cells crosstalk.
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1 Introduction

The intestinal epithelial cells (IECs) form a highly dynamic barrier between the human host
and the luminal environment of the gut. These IECs are joined by multi protein complexes
such as tight junctions (TJs) (Garcia-Hernandez, Quiros, & Nusrat, 2017). TJs are
composed of transmembrane proteins mainly claudins, and occludin, although other
cytoplasmic proteins such as the zonula occludens (ZO-1) are associated to these TJ
complexes (Tsukita, Furuse, & Itoh, 2001). All these proteins together regulate the
passage of solutes by the so-called paracellular pathway (Garcia-Hernandez et al., 2017).
TJ-proteins between the epithelial cells function as a dynamic barrier as the epithelial layer
should be permeable to ions, nutrients of certain size, and water, while simultaneously
they should block the passage of harmful substances such as toxins, allergens, and
pathogens to the bloodstream (Matter & Balda, 2003). The TJ-protein expression is

regulating this semipermeability.

To maintain intestinal homeostasis and gut barrier function, the gene expression of
TJs proteins is strictly regulated (Shen, 2012). The mechanisms of regulation of TJs gene
expression are complex and cell-type dependent (Glinzel & Yu, 2013; Shen, 2012). It is
known that impaired abundance, arrangement, and expression of TJs play a pivotal role in
the pathogenesis of many intestinal disorders such as in inflammatory bowel disease
(Camilleri, Madsen, Spiller, Van Meerveld, & Verne, 2012; Pastorelli, De Salvo, Mercado,

Vecchi, & Pizarro, 2013; Vanuytsel, Tack, & Farre, 2021).

Several molecules have been used to induce barrier disruption and TJ
dysregulation in gut epithelial cells. The calcium ionophore A23187 is commonly used for
the induction of gut barrier disruption (Forstner, Zhang, McCool & Forstner 1993;

Gonzalez-Mariscal, Tapia, & Chamorro 2008; Kiewiet et al., 2018; Figueroa-Lozano et al.,
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2021). A23187 induces an increase of intracellular calcium, which activates protein kinase
C (PKC) pathway. This PKC disassembles the TJs, and disrupts the intestinal barrier (Tai
et al., 1996). Another disruptive molecule is the fungal toxin deoxynivalenol (DON). This
toxin is produced by fungus of the Fusarium genus, which is the most common global
cause of mycotoxin contamination of crops (Van de Walle, Romier, Larondelle, &
Schneider 2008). This molecule acts via activating the mitogen-activated protein kinase
(MAPK) signaling pathway, that concomitantly enhance permeability of the intestinal
epithelial barrier by dysregulation of TJs (Sergent et al., 2006; Lucioli et al., 2013; Pestka,

2008).

Many efforts have been undertaken during recent years to regulate the gene
expression of TJs by e.g., nutraceuticals. One of these nutraceuticals that might aid in
maintaining gut barrier function are fructans (Peters, Dijkstra, & Campmans-Kuijpers,
2022; Salinas et al., 2021; Yang, Zhao, Li, Guo, & Gao, 2022). Fructans are water soluble,
fructose-based oligo and polysaccharides synthesized by specific microorganisms, fungus,

and plants (Young, Latousakis, & Juge, 2021).

Fructans extracted from Cichorium intybus (chicory) roots, among other plants from
the Asteraceae family are widely used in Europe and other world regions for food
supplementation (Li et al., 2020; Perovi¢ et al., 2021; Wan et al., 2020). The chemical
structure of fructans is diverse (Versluys, Kirtel, Toksoy Oner, & Van den Ende, 2018).
Fructans extracted from chicory are composed of linear chains of fructose residues linked
by B(2—1) bonds. These linear fructans with 3(2—1) bonds are named inulin-type fructans
(ITFs) (Kelly, 2008). In regions where ITFs-producing plants are unavailable, such as in
Latin America, endemic plants from the Asparagaceae family, such as agave, are used for
fructan harvesting and application in foods (Lopez & Urias-Silvas, 2007; Pérez-Lopez &

Simpson, 2020). These fructans are different from ITFs and contain both p(2—1) and
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B(2—6) bonds, which confers them a more complex branched structure. This type of
B(2—1)-B(2—6) fructans are named graminan-type fructans (GTFs) (Pérez-Lépez,
Simpson, Clench, Gomez-Vargas, & Ordaz-Ortiz, 2021). Besides GTFs, agave fructans
also contain neoseries fructans, which have a glucose molecule between two fructose
units (Mancilla-Margalli & Lopez, 2006). The structural diversity of agave fructans makes
them the most complex fructan structure described to date (Pérez-Lépez, Simpson,
Clench, Gomez-Vargas & Ordaz-Ortiz, 2021). ITFs are well studied for health benefits and
known to have some protective effect on gut barrier function (Bermudez-Brito et al., 2015;

Vogt et al., 2014), but whether GTFs have such an effect is unknown.

ITFs can protect the integrity of the intestinal barrier function by direct interaction
with IECs, an effect dependent on the fructans chain-length (Vogt et al., 2014). Moreover,
we previously demonstrated that the beneficial effects of fructans go beyond the intestinal
epithelium and can even reach immune cells located in the underlying lamina propria such
as dendritic cells (DCs), producing a regulatory effect (Bermudez-Brito et al., 2015). We
hypothesized that fructans from agave and chicory have beneficial effects on the intestinal
TJs gene expression, as well as on DCs responses. Therefore, the aim of the present
study was to determine in vitro whether GTFs and ITFs can influence the expression of
epithelial intestinal TJs genes in the presence and absence of well-known disruptor
molecules impacting TJs. Also, we studied whether ITFs and GTFs are protective against
epithelial intestinal barrier disruption-induced inflammation. To that end, the pro-
infammatory cytokine IL-8 was measured as a marker of epithelial inflammation in the
presence and absence of TJ disrupting molecules. Finally, to investigate if fructans could
also have beneficial effects on specific underlying immune cells that are in constant
crosstalk with the intestinal epithelium, we studied the impact of the fructans on DCs

cytokine responses.
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2. Experimental section

2.1 Fructans

The effect of fructans with different structures, linear or branched, as well as the effect of
their chain length was studied on the TJs mRNA expression in gut epithelial cells. To that
end, we included one mixture of short chain and one mixture of long chain 3(2—1)-
B(2—6)-linked graminan-type fructans (GTFs), as well as one mixture of short chain and
one mixture of long chain 3(2—1)-linked inulin-type fructans (ITFs). Branched GTFs were
extracted from Agave tequilana Weber blue variety and were provided by Nekutli™,
Guadalajara, Mexico. Linear ITFs Frutafit™ CLR and Frutafit™ TEX! were studied as well.
Both ITFs were provided by Sensus™ (B.V. Roosendaal, The Netherlands). It is important
to note that the chemical characteristics of these four mixtures of fructans have been

previously studied and reported by our group (Fernandez-Lainez et al., 2022a).

2.2 Culture of Caco-2 cells

To study the effects of fructans on the mRNA expression of gut epithelial TJs genes, the
human colon carcinoma Caco-2 cell line was used. Caco-2 cells were cultured in T-75
flasks at 37°C in humidified air and 5% CO3, and cultured in Dulbecco Modified Eagle
Medium (DMEM, Lonza, MD, USA) with glucose (4.5 g/L) and L-glutamine, supplemented
with 10% heat-deactivated fetal bovine serum (Sigma-Aldrich, Zwijndrecht, The
Netherlands), 1% non-essential amino acids (Gibco, Paisley, UK), 10 mM HEPES buffer
(Sigma-Aldrich, Zwijndrecht, The Netherlands) and penicillin/streptomycin 50 U/mL and 50
ug/mL (Gibco, Paisley, UK). The medium was refreshed twice a week and cells were
passaged when they reached confluency. Cells used in experiments were between

passages 22-36 (Fig. 1A).
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2.3 Effect of GTFs and ITFs on the expression of intestinal tight junction genes

Confluent cultures of Caco-2 cells were detached from the flask bottom by trypsinization
(Sigma-Aldrich, Zwijndrecht, The Netherlands). Afterwards, cells were seeded in 24-well
plates (Corning, NY, USA) at a density of 3 x 10* cells/mL in 1 mL of culture medium for 21
days until they reached a transepithelial electrical resistance (TEER) of 300 Q - cm? (Fig.
1A). TEER was measured as previously described (Bermudez-Brito et al., 2015). Culture
medium was exchanged at the day of the experiment with medium containing 10 mg/mL of
endotoxin-free branched GTFs and linear ITFs, followed by incubation for 24 hours (Fig.
1B) (Fernandez-Lainez et al., 2022a). Working concentration of both GTFs and ITFs was
established after determination of a dose-effector pilot study (Fig. S1). Untreated cells

(only culture medium) served as controls.

2.3.1 RNA extraction, cDNA synthesis and quantitative PCR (qPCR)

To study the relative mMRNA expression of the tight junction genes CLDN-1 (claudin-1),
CLDN-2 (claudin-2), CLDN-3 (claudin-3), CDH1 (epithelial cadherin, E-cadherin), OCLN
(occludin), and TJP1 (ZO-1), quantitative reverse transcription polymerase chain reaction
(RT-gPCR) was performed (for nucleotide sequence of the primers used see Table S1)
(Kiewiet et al., 2018). To that end, after incubation under the different experimental
conditions, cells were washed twice with cold (4°C) phosphate buffer solution (PBS) (Fig.
1B). For RNA isolation, cells were extracted from the plates by the addition of 500 pL of
TRIzol™ reagent (Life Technologies, Bleiswijk, The Netherlands) following manufacturer’s
instructions. Total RNA was dissolved in nuclease-free diethylpyrocarbonate (DEPC)
treated-water (Life Technologies, Bleiswijk, The Netherlands). RNA concentration and
integrity were determined by spectrophotometry using a NanoDrop device (Thermo Fisher

Scientific, USA) and by performing gel electrophoresis on a 2% agarose gel, respectively.
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RNA samples were stored at -80°C until use. Using 500 ng of total RNA, cDNA synthesis
was performed with SuperScript [I™ reverse transcriptase (Life Technologies, Bleiswijk,
The Netherlands) according to the manufacturer’s instructions. Briefly, RNA samples were
pre-treated with DNAse | (Thermo Fisher Scientific, USA) at 37°C for 30 minutes. This was
followed by deactivation of DNAse | with EDTA at 50 mM at 65°C for 10 minutes. This
mixture was used for a retro-transcription reaction. To that end, 300 ng of random
hexamer primers (Life Technologies, Bleiswijk, The Netherlands) and 10 mmol/L of
dDNTPs (Thermo Fisher Scientific, USA) were incubated with the mix for 10 min at 65°C.
Afterwards, 5x first strand buffer, 0.1 mM of DTT, 40 units/uL of recombinant ribonuclease
inhibitor (Thermo Fisher Scientific, USA) and 200 units of SuperScript II™ reverse
transcriptase were added to the mix. This was followed by incubation at 25°C for 10
minutes, 42°C for 50 minutes and 70°C for 15 minutes using a TProfessional Basic
Thermocycler (Biometra, Goéttingen, Germany). Total cDNA obtained from retro-
transcription (approximately 25 ng/mL) was diluted 20x with DEPC treated-water (Life
Technologies, Bleiswijk, The Netherlands) and 5 uL of this dilution were mixed with 5 uL of
FastStart Universal SYBR Green Master (ROX) qPCR Master Mix 2x concentrated (Roche
Diagnostics, Basel, Switzerland) including specific primers. Forward and reverse primers
were used at a final concentration of 300 nmol/L. The gPCR for tight junction genes was
performed in a Viia 7 Real-Time PCR System (Applied Biosystems, CA, USA) with the
cycling protocol shown in Table S2. The primer annealing temperature and the primer
efficiency was determined using a 5-point standard curve, which was prepared with a pool
of all cDNA samples diluted 5-80x. A reaction efficiency of 90-110 % was considered
acceptable. GAPDH (glyceraldehyde-3-phosphate dehydrogenase) and ACTB (B-actin)
were used as housekeeping genes (Piana et al., 2008). mRNA fold-change was calculated

relative to untreated controls or relative to cells treated only with disruptors, which were set
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to 1. The relative 222! method was used for gene expression calculations (Livak &

Schmittgen, 2001). At least five independent assays were performed.

2.4 Protective effect of fructans from induced barrier disruption in Caco-2 cells

To test if fructans can protect intestinal barrier against disruptor molecules, Caco-2 cells
were challenged with the epithelial barrier disruptors calcium ionophore A23187
(hereinafter called A23187) at a concentration of 2 uM (Sigma-Aldrich, Zwijndrecht, The
Netherlands) and the fungal toxin DON 6.3 uM (Sigma-Aldrich, Zwijndrecht, The
Netherlands) (Fig. 1C). Our group and others have previously demonstrated that the
applied doses impair the epithelial barrier of intestinal cells in vitro (Akbari et al., 2014;
Akbari et al., 2017; Figueroa-Lozano et al., 2021; Kiewiet et al., 2018; Ren et al., 2020).
These molecules are known to dysregulate the expression of tight junctions at the
epithelial barrier by different cellular pathways (Arunachalam & Doohan, 2013; Gonzalez-
Mariscal, Tapia, & Chamorro, 2008). Caco-2 cells were pre-incubated with 10 mg/mL of
fructans for 24 hours, followed by an additional incubation of 6 hours in presence of the
barrier disrupting stressors (Fig. 1C). Untreated cells (only culture medium) were used as
negative controls. To calculate the fold-change in these experiments, cells treated only

with disruptors were set as 1. At least five independent experiments were performed.

2.5 Measurement of IL-8 production by Caco-2 cells

For determination of the inflammatory effect of the disruptor molecules on Caco-2 cells, IL-
8 secretion was quantified from the cell supernatants after exposure to A23187. Cells
incubated only with culture medium were used as controls. IL-8 concentration was
determined using an ELISA kit (R&D Systems, Biotechne, Minneapolis, USA) according to

manufacturer’s instructions (Fig. 1).
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2.6 Effect of ITFs and GTFs on the cytokine production by dendritic cells

To test if the beneficial effects of branched fructans on the intestinal epithelial barrier
function is extended to immune cells that reside underneath and between the epithelial
barrier, dendritic cells were exposed to ITFs and GTFs. DCs isolated from human umbilical
cord blood (MatTek Corporation, Ashland, MA, USA) were seeded in 96-well plates at a
density of 3 x10° cells/well in maintenance culture medium containing cytokines (DC-MM;
Mat Tek Corporation, Ashland, MA, USA). To let DCs recover from freezing and to allow
the cells to attach to the wells, DCs were incubated for 24 hours in a humidified incubator
at 37°C under a 5% CO; atmosphere. Afterwards, ITFs and GTFs were dissolved in DCs-
maintenance culture medium to a final concentration of 500 ug/mL and were added to
DCs. DCs were incubated under these conditions for 48 hours at 37°C and 5% CO. Cell
supernatants were collected and stored at -80°C for later determination of cytokine
production. Untreated DCs served as controls (Fig.1E). At least five independent assays

were performed.

2.7 Effect of ITFs and GTFs-Caco-2-spent medium on the cytokine production by

dendritic cells

Also, Caco-2 spent medium was generated to investigate if intestinal epithelial cells
(IECs), when in contact with branched fructans produce some signal that facilitate DCs to
produce cytokines as has been reported before (Bermudez-Brito et al., 2015). To that end,
Caco-2 cells (3 x 10° cells/mL in 200 pL of culture medium) were seeded in permeable (3
um pore size) polyester membranes at the apical side of 24-transwell plates (Corning, NY,
USA). Caco-2 cells were incubated at 37°C and 5% CO., during 21 days until they
reached a transepithelial electrical resistance of 300 Q - cm?. Medium was refreshed every

other day. Afterwards, cells were incubated in the presence of 5 mg/mL of GTFs, for 24
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hours at 37°C and 5% CO.. Caco-spent medium (CSM) was collected from the basolateral
side of the transwells and stored at -80°C for further experiments. ITFs were included in
the study to investigate the differences of effects between linear and branched fructans.
DCs were incubated in presence of ITF-CSM and GTF-CSM diluted 1:10 for 48 hours at
37°C and 5% CO:.. Finally, DCs supernatants were collected and stored at -80°C for later
determination of cytokine production. DCs treated with CSM coming from non-treated
Caco-2 cells were used as controls (Fig. 1D). At least five independent assays were

performed.

2.8 Determination of dendritic cells cytokine production

Cytokine production by DCs (MCP-1/CCL2, MIP-1a/CCL3, IL-1RA, IL-18, IL-6, TNFa and
IL-10) was measured using the Magnetic Luminex Assay (R&D systems, Biotechne,
Minneapolis, USA) according to manufacturer’s instructions. Briefly, 50 uL of magnetic
microparticle cocktail containing antibodies for the studied cytokines, were mixed with 50
uL of DCs supernatant in the presence or absence of CSM or standard solutions in 96-well
plates overnight at 4°C with constant shaking. After 3-washing steps, the plate was
incubated at room temperature for 30 min under constant shaking in the presence of a
biotin-antibody cocktail, followed by streptavidin-phycoerythrin conjugate for cytokines
detection. Then, after another 3-washing steps, and after the addition of 100 uL of wash
buffer to each well, the plate was read in a Luminex 200 system (Luminex, Den Bosch,
The Netherlands). Obtained data was analyzed with the Luminex xPOTENT software
(Luminex, Den Bosch, The Netherlands). Untreated cells served as controls. Data was
expressed as fold-change compared to controls. At least five independent assays were

performed.
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2.9 Statistical analyses

Statistical analyses were performed with GraphPad Prism version 9.2. Outliers were
identified using the ROUT method. Normal distribution of data was demonstrated by the
Kolmogorov-Smirnov test. Data are expressed as mean * standard deviation (SD). At least
five independent assays were performed for each experiment. Statistical significance was
determined using one-way ANOVA with Dunnett’s multiple comparison test. A p-value

<0.05 was considered significant. * or * (p <0.05), ** or * (p <0.01), *** or ** (p <0.001),

= or ™ (p <0.0001).
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3. Results

3.1 Chemical characteristics of studied fructans

Two mixtures of GTFs and two mixtures of ITFs were included to study the effect of
fructans with different structure and size on the expression of intestinal epithelial TJ genes.
As previously described, GTFs contain (2—1) and B(2—6) linkages which confers them a
complex branched structure (Lopez, Mancilla-Margalli, & Mendoza-Diaz, 2003). GTF lis a
mixture with predominantly short chain fructans with a degree of polymerization (DP) of 3-
4 but also contains fructans of DP 7-45. GTF Il contains a mixture of longer chain fructans
with a DP of 17, but it also contains fructans with longer chains. Both GTFs contain
oligosaccharides of the fructose (Fn) and glucose-fructose (GF,) series. ITFs contain only
B(2—1) linkages which confers them a linear structure. ITF | is a short chain mixture with a
DP range of 3-10. It contains fructans of the F,, and GF,, series. ITF Il is a long chain
mixture of fructans with a DP range of 10-60 and only contains fructans of the GF, series

(Fig. 2) (Fernandez-Lainez et al., 2022a).

3.2. Longer chain fructans decreased the expression of the pore-forming CLDN-2

To study the effect of branched and linear fructans on the expression of intestinal tight
junction genes, Caco-2 cells were incubated for 24 hours in presence of GTFs and ITFs.
Relative to the untreated control, this had an impact on tight junction expression in a
fructan-specific manner (Fig. 3). None of the fructans had an impact on CLDN-1
expression (Fig. 3A). This was different for CLDN-2, where a reduction of the expression
of 0.58 + 0.3-fold (p <0.01) and 0.41 + 0.8-fold (p < 0.05) with the longer fructans ITF Il
and GTF Il respectively, was observed (Fig. 3B). The longer agave fructan GTF |l
increased CLDN-3 expression 0.45 + 0.12-fold (p < 0.05) (Fig. 3C). CDH1 expression was

0.3 + 0.7-fold decreased by GTF | (p < 0.01) and 0.32 + 0.4-fold decreased by ITFIl (p <
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0.01) (Fig. 3D). GTF Il significantly increased the expression of OCLN by 1.1 + 0.27-fold (p
< 0.05) (Fig. 3E), and it also increased TJP1 expression 0.93 + 0.22-fold (p < 0.001) (Fig.

3F).

3.3 Linear and branched fructans prevent A23187-induced dysregulation of

expression of CLDN-1, -2 and -3 in Caco-2 cells

The protective role of fructans on the expression of intestinal tight junction genes in Caco-
2 cells when exposed to tight junction stressor agents was also investigated. A23187
induces an increase of intracellular calcium, which leads to disruption of the intestinal
barrier (Tai et al., 1996). To study the possible prevention of this disruption, cells were pre-
incubated with fructans for 24 hours before being challenged with A23187. This disruptor
induced a significant increase in the expression of CLDN-1 of 0.36 + 0.03-fold relative to
the untreated control (p < 0.01) (Fig. 4A). The expression of CLDN-1 in cells pre-exposed
to the branched GTF | attenuated this increase 0.31 £ 0.06-fold relative to cells stressed
with A23187 (p < 0.05). The other fructans did not significantly modify the expression of

CLDN-1.

Relative to the untreated control, A23187 significantly increased CLDN-2
expression 0.46 + 0.03-fold (p < 0.001), which codes the pore-forming protein claudin-2
(Fig. 4B). This elevation of CLDN-2 was prevented by ITF | but not by the longer ITF II.
Both GTF | and Il were able to prevent the A23187-induced effect on CLDN-2. The
expression in cells pre-exposed to GTF Il was 0.69 + 0.03-fold lower (p < 0.0001) and in
cells exposed to GTF 1 0.59 + 0.03-fold lower (p < 0.0001) relative to the A23187 exposed

cells.
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CLDN-3 expression was enhanced 0.59 + 0.02-fold by A23187 treatment (p <
0.0001) relative to the untreated control (Fig. 4C). This enhancement was prevented in the
cells by all the four tested fructans. Relative to the A23187 treated cells, ITF | pre-treated
cells had a 0.41 + 0.03-fold lower expression of CLDN-3 (p < 0.0001). For the longer ITF Il
this was similarly lower (0.46 + 0.02-fold, p < 0.0001). For the branched GTF I, the
expression was 0.42 + 0.03-fold (p < 0.0001) lower, and for its longer chain variant GTF |l

it was 0.44 £+ 0.03-fold (p < 0.0001) lower.

Relative to the untreated control, the expression of CDH1 in Caco-2 cells treated
with A23187 was not affected (Fig. 4D). This was the same for cells pre-incubated with ITF

Il. However, ITF |, GTF | and GTF |l decreased the expression of this protein 0.37 + 0.05-

fold (p < 0.05), 0.41 + 0.06-fold (p < 0.01) and 0.36 + 0.06-fold (p < 0.05) respectively.

OCLN expression was 0.64 + 0.03-fold (p < 0.05) enhanced by A23187 relative to
the untreated control, but none of the fructans could prevent this (Fig. 4E). Also, TJP-1
expression was enhanced 0.5 £+ 0.04-fold (p < 0.05) by A23187 (Fig. 4F) but also, TJP-1

overexpression could not be prevented by any of the fructans.

3.3 Fructans prevent the DON-induced overexpression of CLDN-1 and CLDN-3 in

Caco-2 cells in a fructan- and chain length-dependent manner

Next, we studied the preventive effect of the different fructans on Caco-2 intestinal cells
that were exposed to the barrier disrupting fungal toxin DON. This toxin disturbs TJs
expression via mitogen-activated protein kinase (MAPK) signaling (Lucioli et al., 2013). To
study possible prevention of this disruption, Caco-2 cells were pre-incubated with ITFs and
GTFs for 24 hours, followed by addition of DON and incubation for 6 more hours. As

shown in Fig. 5A, relative to the untreated control, CLDN-1 expression was 0.55 + 0.02-
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fold (p < 0.0001) increased by DON. This DON-induced increase in CLDN-1 expression
was prevented by GTF | and GTF 1l by 0.34 + 0.06-fold (p < 0.01) and 0.3 + 0.03-fold

respectively (p < 0.05).

Relative to the untreated control, CLDN-2 was not enhanced by DON or any of the
tested fructans (Fig. 5B). Conversely, the expression of CLDN-3 was significantly
increased by DON by 0.77 + 0.01-fold relative to the untreated control (p < 0.0001) (Fig
5C). This DON-induced increase in CLDN-3 expression was prevented by short chain ITF |
and GTF |, since the expression of this gene in cells pre-incubated with both ITF | and

GTF | was 0.28 + 0.04-fold lower than cells treated with DON (p < 0.05).

Relative to the untreated control, there was no difference in the expression of
CDH1 when cells were exposed to DON. Neither a difference was found when cells were

pre-incubated with the studied fructans followed by the addition of DON (Fig. 5D).

OCLN was increased 0.73 + 0.02-fold by DON (p < 0.01) relative to the untreated

control. However, this increase was not attenuated by any of the pre-treatments with

fructans (Fig. 5E).

Relative to the untreated control, TJP-1 overexpression of 0.69 + 0.02-fold was
observed when Caco-2 cells were treated with DON (p < 0.05) (Fig 5F). This

overexpression could however not be attenuated by any of the studied fructans.

3.4 Fructans do not prevent A23187- or DON-induced IL-8 increase

Next, we tested the effect of fructans on the production of IL-8 by gut epithelial cells. To
this end, Caco-2 cells were incubated with fructans for 24 hours. As shown in Fig. 6, both

branched fructans significantly increased the IL-8 production from 24.3 + 1.7 pg/mL to 37.5
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+ 1.3 pg/mL in cells treated with GTF | (p < 0.01), and to 38.5 + 3 pg/mL in cells treated
with GTF Il (p < 0.01). This was different for cells treated with linear fructans where no

differences were observed (Fig. 6A).

Later, the potential protective role of fructans on IL-8 production from Caco-2 cells
exposed to A23187 and DON was investigated. To that end, Caco-2 cells were pretreated
with fructans for 24 hours, followed by the addition of either A23187 or DON for 6 hours
followed by IL-8 quantification in the supernatant. When Caco-2 cells were incubated in
presence of A23187, the concentration of IL-8 increased from 24.3 + 1.7 pg/mL (untreated
control) to 42.1 + 1.7 pg/mL (p < 0.001). This IL-8 production was not influenced by any of
the studied fructans, since the IL-8 concentration in cells pre-incubated with ITF | was 39 +
1.3 pg/mL, for GTF | 36.3 + 3.8 pg/mL, for ITF Il 40 + 3.4 pg/mL, and for GTF Il it was 37.7

+ 2.1 pg/mL (Fig. 6B).

DON in contrast to A23187 did not influence the IL-8 production by Caco-2 cells
(Fig. 6C). However, ITF Il preexposure followed by DON challenge significantly increased
IL-8 production from 24.3 + 1.7 pg/mL to 59.3 + 6.2 pg/mL (p < 0.001). Pre-incubating cells
with the other fructans before the addition of DON, did not influence the production of IL-8

compared with cells treated with DON.

3.5 Fructans attenuate cytokine production in DCs in a fructan-dependent way

As cytokine production in epithelial cells was influenced by the fructans, we questioned
whether this might also have an impact on DCs that are located between and underneath
gut epithelial cells. To that end, DCs were incubated in the presence or absence of either
GTF I, GTF Il, ITF I or ITF II. Afterwards, DCs cytokine production was measured. The

chemokine ligand of monocyte chemoattractant protein-1 (MCP-1/CCL2) was attenuated

109



by all fructans except by ITF | (Fig. 7A). A 0.3 £ 0.07-fold decrease (p <0.01) was
observed for MCP-1/CCL2 in cells treated with GTF I. This attenuation was independent of
the fructan size as it was 0.33 + 0.07-fold (p <0.01) and 0.26 + 0.07-fold (p <0.05)
attenuated by the longer chain ITF Il and GTF Il. MIP-1a/CCL3 was also attenuated by the
fructans but this only reached statistical significance with ITF Il (0.5 + 0.01-fold decrease
(p <0.05) (Fig. 7B). IL-1p was not statistically significant influenced by any of the fructans
(Fig. 7C). However, the anti-inflammatory cytokine IL-1RA was specifically reduced by the
shorter branched GTF | which induced a 0.45 + 0.07-fold reduction (p >0.05) in production
by DCs (Fig. 7D). IL-6 production was not influenced by either fructans (Fig. 7E). However,
the proinflammatory TNF-a was 0.26 + 0.09-fold reduced by the longer chain ITF Il (p

>0.05). The IL-10 levels were not influenced by the studied fructans (Fig. 7G).

3.6 Intestinal epithelial spent medium enhanced the anti-inflammatory effects of

fructans in dendritic cells

Previous studies have shown that medium of epithelial cells pre-exposed to specific
fructans enhanced and potentiated the responses of DCs (Bermudez-Brito et al., 2015;
Lépine & de Vos, 2018). Therefore, we performed experiments in which we first exposed
epithelial cells to either GTF I, GTF Il, ITF | or ITF Il for 24 hours. The supernatants were
harvested for coincubation with DCs and will be referred to as Caco-2-spent medium
(CSM). CSM was used to potentiate DCs (Fig. 1) as previously described (Bermudez-Brito
et al., 2015). As shown in Fig. 8, CSM had a profound effect on cytokine production by
DCs and effects of the fructans was more pronounced but very fructan specific. MCP-
1/CCL2 production was strongly attenuated by ITF | (0.48 + 0.04-fold, p <0.0001) but not

by the longer chain ITF Il. The production of this MCP-1/CCL2 was reduced by the
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branched GTF | by 0.37 + 0.12-fold (p <0.01), while its production was also attenuated by

the longer chain GTF 11 0.49 + 0.11-fold (p <0.001) (Fig. 8A).

The production of pro-inflammatory MIP-1a/CCL3 was strongly decreased by all
fructan-conditions except by the longer linear ITF Il (Fig. 8B). The branched GTF 1I-CSM
exerted the strongest reduction with a 0.67 + 0.04-fold decrease (p <0.001), followed by
GTF I-CSM which reduced MIP-1a/CCL3 production 0.62 + 0.03-fold (p <0.001), and by

linear short chain ITF I-CSM which reduced MIP-1a/CCL3 0.5 + 0.05-fold (p <0.01).

For the pro-inflammatory cytokine IL-1p this was different. CSM did not enhance IL-

1B production nor did any of the fructans-CSM (Fig. 8C).

The production of the regulatory IL-1RA was strongly enhanced by all the fructan-
CSM (Fig 8D). The linear longer chain ITF 1I-CSM caused the strongest enhancement of
IL-1RA production by 1.7 + 0.2-fold (p <0.01). This was followed by ITF I-CSM that
induced a 1.3 + 0.2-fold enhancement (p <0.01) of IL-1RA while both branched fructans
GTF I-CSM and GTF II-CSM caused a 1.21 + 0.4-fold increase and 1.21 + 0.3-fold

increase respectively (p <0.05).

The production of the pro-inflammatory cytokine IL-6 was strongly prevented in
cells treated with all the fructan-CSM (Fig. 8E). The strongest effect was observed in cells
treated with short chain linear ITF I-CSM which induced a 0.51 + 0.07-fold reduction in IL-6
(p <0.01). This was similar for branched GTF I-CSM treated cells, since a 0.48 + 0.05-fold
decrease in IL-6 was observed (p <0.05). The longer fructans, GTF [I-CSM and ITF 1I-CSM

induced a 0.43 + 0.09-fold and a 0.42 + 0.1-fold (p <0.05) reduction in IL-6.
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The production of the pro-inflammatory cytokine TNFa was strongly reduced in
DCs by all fructan-CSM, except by the longer linear ITF 1I-CSM (Fig. 8F). ITF I-CSM
decreased its production 0.52 + 0.03-fold (p <0.0001) while the branched GTF II-CSM
decreased it 0.51 + 0.15-fold (p <0.01) and GTF |I-CSM decreased it 0.47 + 0.18-fold (p

<0.01).

The production of the regulatory cytokine IL-10 was influenced only by treatment
with ITF 1I-CSM (Fig. 8G). This ITF 1I-CSM enhanced IL-10 production 2.5 + 1.2-fold (p

<0.01).

112



4. Discussion

To the best of our knowledge, this is the first report where the effects of GTFs on the gene
expression of intestinal TJs is studied under physiological and inflammatory conditions and
is compared with that of ITFs. It was unknown whether GTFs can protect against TJs
mMRNA dysregulation induced by the well-known disruptors A23187 and DON. Herein we
demonstrate that both GTFs and ITFs can directly influence TJs gene expression and
protect from disruption induced by A23187 and DON. Also, we show that GTFs, just like
ITFs, can modulate responses of DCs that are in between or are situated under the gut
epithelial layer and that effects are stronger in presence of CSM. All these effects are

fructan-structure and size dependent as will be discussed in more detail below.

CLDN-1 expression was not influenced by any of the studied fructans. This is in
line with the findings of Wu et al (Wu et al., 2017), who studied the effect of linear, f(2—1),
short-chain fructooligosaccharide and a long-chain inulin on the expression of this gene.
We demonstrate that neither the branched GTFs nor the linear ITFs induced a change in
CLDN-1 expression. Thus, the lack of influence of the studied fructans on the expression
of CLDN-1 as well as findings of others (Wu et al., 2017) made us conclude that this lack

of effect is independent of their structure.

The gene expression of CLDN-2 was strongly decreased when intestinal epithelial
cells were incubated in presence of the long-chain fructans GTF Il and ITF Il. CLDN-2 is
responsible for TJs that form paracellular pores which allow the diffusion of cations, water,
and molecules with a molecular radius < 4 A (Van ltallie et al., 2008). Since the decrease
in the expression of CLDN-2 is related to an increased epithelial barrier function (Furuse,
Furuse, Sasaki, & Tsukita, 2001), the long chain fructans studied herein might be

strengthening the epithelial barrier by preventing the increase of intestinal permeability.

113



The branched fructan GTF Il enhanced the expression of CLDN-3, OCLN, and
TJP-1, while none of the linear ITFs modified their expression. This illustrates that effects
on TJ-regulation are dependent on the structure and size of the fructans. CLDN-3
functions as a barrier-forming protein, and its overexpression induces an increase in
transepithelial resistance (Milatz et al., 2010). OCLN and TJP-1 code for occludin and ZO-
1 proteins respectively, which form part of the large protein complexes that regulate the
TJs by recruiting other cytosolic components such as protein kinases, GTPases and
transcription factors (Matter & Balda, 2003). The up-regulated expression of these genes

has been associated with a strengthened barrier function (Pastorelli et al., 2013).

The branched GTF | and the long chain linear ITF Il decreased the expression of
CDH1. This seems to oppose the findings of Uerlings et al., who found an enhanced
expression of this gene after incubation of intestinal piglet cells with inulin (Uerlings et al.,
2020). The differences observed might be due to the working concentration of inulin, the
type of inulin and the type of cell studied, as well as an inulin pre-digestion step which
changed the inulin-sample composition (Uerlings et al., 2020). While Uerlings et al.,
stimulated a piglet cell line instead of a human cell, they also used a low concentration of
0.5 mg/mL of inulin while we needed 10 mg/mL of short chain and long chain ITFs and
branched GTFs to obtain significant effects. Another key factor is likely the structural
differences of the inulins used. The inulin applied by Uerlings et al., was pre-digested with
enzymes before its application to piglet intestinal cells. This might have changed the
composition of the inulin and the preparation might have contained proteins and

contaminants which were not present in our fructans samples.

We not only studied the effects of the fructans under homeostatic conditions but
also in presence of the disruptors A23187 and DON. A23187 does disrupt barrier function

by inducing a sudden increase in intracellular calcium which activates the calcium-
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dependent PKC. This kinase participates in TJs disassembly (Tai et al., 1996). DON acts
via a different route and stimulates MAPK signaling (Li et al., 2022). It is known that this
MAPK signaling is involved in the regulation of TJs structure, expression, and function
(Arunachalam et al., 2010). We show here that the effects of fructans were not only
dependent on the structure but also on the pathways by which TJ regulation was disturbed

by the two disruptors.

None of the studied linear ITFs prevented CLDN-1 overexpression caused by
exposure of Caco-2 cells to A23187. This is in line with the findings of Wu et al., who
studied the protective effect of a short-chain fructooligosaccharide and a long-chain inulin
on the barrier integrity of Caco-2 cell monolayers exposed to another disruptor agent i.e.
enterohemorrhagic Escherichia coli (EHEC). In this study, ITFs did not prevent EHEC-
induced CLDN-1 dysregulation nor any other TJ gene (Wu et al., 2017). However, we
found that the branched GTF | prevented A23187-induced CLDN-1 overexpression. This
again illustrates that the chemical structure of fructans is important for its protective effect

on barrier disruption.

A23187 caused an up-regulated expression of CLDN-2 and CLDN-3 in Caco-2
cells. Imbalances in the expression of these genes can lead to the development of
intestinal disorders, such as ulcerative colitis and Crohn’s disease (Garcia-Hernandez et
al., 2017; Gunzel & Yu, 2013; Pastorelli et al., 2013; Weber, Nalle, Tretiakova, Rubin, &
Turner, 2008; Zeissig et al., 2007), as well as to enhanced sensitivity to bacterial infection
(Zhang, Wu, Xia, & Sun, 2013). This A23187-induced increased expression of CLDN-2
was prevented by pre-incubation of the cells with all fructans except by ITF II. CLDN-3
over-expression was prevented by all tested fructans. This positive impact of the tested

fructans support our suggestion that supplementation of food with these TJ-regulating
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dietary fibers might contribute to homeostasis in claudin expression and therewith to

prevention of intestinal disease.

In the present study we also investigated the protective effect of fructans on the
DON-induced TJ dysregulation. Food contamination with this fungal toxin has been
considered a public health issue and was therefore studied here as well (Akbari et al.,
2015). Treating Caco-2 cells with the fungal toxin DON caused an overexpression of
CLDN-1, CLDN-3, OCLN, and TJP1. This coincides with previous findings of Akbari et al
(Akbari et al., 2015). In our study, both tested branched GTFs prevented the increase in
expression of CLDN-1, while the up-regulation of CLDN-3 by DON was prevented only by
the short chain fructans ITF | and GTF I. None of the studied fructans influenced the

upregulation of OCLN and TJP1 induced by DON.

The intestinal barrier function is directly influenced by TJs gene expression
(Laukoetter, Nava & Nusrat, 2008). To investigate the protective effect of GTFs and ITFs
on the barrier function, we previously performed transepithelial resistance (TEER) studies
in T84 gut epithelial cells instead of in Caco2 cells which are used here. To that end, we
also disrupted the barrier in T84 cells with A23187 and DON. We found that pre-incubation
of cells with both ITFs and GTFs, protected for A23187-induced epithelial disruption.
However, the gut epithelial barrier disruption provoked by DON was not prevented by any
of these fructans (Fernandez-Lainez et al., 2022b). Taking together the current findings in
Caco2 cells and our previous functional TEER studies in T84 cells, confirm that the
protective effects of fructans on the intestinal epithelial barrier integrity, is very dependent
on the pathway that drives to the disruption. All studied fructans protect from both
disruption and TJs gene dysregulation induced by A23187, which is exerted via PKC.

However, when the disruption was exerted by DON via MAPK, fructans prevented only
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dysregulation of a few TJs gene as shown here and none of them protected from the

barrier disruption (Fernandez-Lainez et al., 2023b).

Our current study on Caco2 cells and their TJs expression also provides a new
mechanism by which the fructans can contribute to protection for A23187-induced barrier
disruption. In our previous TEER study, we suggested that ITF and GTFs might compete
for the cell-binding site of A23187 on the cell membrane in a structure and chain length
dependent manner (Fernandez-Lainez et al., 2022b). However, the current findings of the
impact of preexposure of Caco2 cells to ITFs and GTFs, on prevention of TJs
dysregulation, provides another mechanism that might explain the protective effects of
fructans for A23187-induced barrier disruption. In this study, we used Caco2 instead of
T84 cells as the experiments were designed to study the impact of Caco2 spent medium
on DCs cytokine responses. This model was previously established with supernatant of

Caco2 cells (Bermudez-Brito et al., 2015).

Taken together, all these findings indicate a structure- and size-dependent effect of
the studied fructans. We hypothesize that long chain fructans could exert a stronger and
longer lasting interaction with the cell membrane of intestinal epithelial cells, compared to
interactions that short chain fructans could have. It is known that due to their neutral
charge, fructans can stablish non-polar interactions with the cell membrane (Demel et al.,
1998, Vereyken et al., 2001, Vereyken et al., 2003). However, further studies are needed

to corroborate this suggestion.

Since dysregulation of TJs can lead to intestinal inflammation (Pastorelli et al.,
2013), we also determined whether fructans can influence the production of the
chemotactic factor IL-8 in Caco-2 cells in presence and absence of A23187 or DON. As
such, the branched fructans GTF | and GTF |l caused enhanced production of IL-8. This

however should not be considered as a negative finding as the chemotactic properties of
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IL-8 (Yu et al., 2003) could serve to combat or prevent intestinal infections with pathogenic
organisms such as Salmonella typhimurium (Lépine & de Vos, 2018) or EHEC (Johnson-
Henry et al., 2014). This is also suggested by findings of Lepine et al, where an increase in
IL-8 was observed when dendritic cells were exposed to ITF Il alone or in symbiotic
combination with Lactobacillus LaW37 or to ITF 1I-CSM or CSM coming from Caco-2 cells
pre-exposed to S. typhimurium (Lépine & de Vos, 2018).

We found that the branched GTFs were capable to induce IL-8 production in Caco-
2 cells, while the linear ITFs did not stimulate IL-8 production. This differential result
provides evidence for structure-dependent effect of the fructans. Notably, however, the
production of IL-8 is a complex phenomenon that is regulated at several levels, such as by
NF-kB and protein kinase C (PKC) signaling pathways, but also at transcriptional and
translational levels (Yu de Waele & Chadee 2001). In our previous studies, we found that
IL-8 production and its regulation by fructans is complex and probably cell type-dependent.
In T-84 cells we found that the four fructans protected from the inflammatory action of
ionophore A23187 and induced a reduction in IL-8 production (Fernandez-Lainez et al.,
2022b). In goblet like cells, we found that only the short chain fructans, both linear and
branched, caused a decrease in the production of IL-8 (Fernandez-Lainez et al., 2023).
The mechanisms that explain the different findings in different cells will be subject of future
studies with i.e. organoids that might provide an integral overview of the final effect of
these fibers and their potential protective and anti-inflammatory properties when these
cells are combined.

The treatment of Caco-2 cells with A23187 also caused an increase in IL-8
production but none of the studied fructans prevented this IL-8 increase. In our previous
TEER study with T84-cells, we observed that fructans did protect for IL-8 release induced
by A23187 (Fernandez-Lainez et al., 2022b). Besides the difference in cell-type studied,

T84 cells vs. Caco-2 cells, this difference could be explained by a difference in
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susceptibility for A23187 between the cell-lines. In T84-cells A23187 caused an increase
in IL-8 production of 8.4-fold (from 182 + 18 pg/mL in the untreated control to 1531 + 96
pg/mL in A23187-treated cells). However, in the current study with Caco2-cells, A23187
induced a less intense increase of 1.7-fold of IL-8 production (from 24.3 + 1.7 pg/mL in the
untreated controls to 42.1 + 1.7 pg/mL in A23187-treated cells). It might be that fructans

protective effect is not that strong when the A23187-induced increase in IL-8 production is

not that profound.

To the best of our knowledge, this is the first study where the effect of branched
GTFs on cytokine production by DCs is studied. DCs might be located in between or
underneath the intestinal epithelial cells. In these DCs, all studied fructans, except the
short chain linear ITF | caused a decrease of the pro-inflammatory cytokine MCP-1/CCL2.
ITF 1l was the only fructan that decreased the production of MIP-1a/CCL3 and TNFa. The
short chain branched GTF | decreased the production of the neutralizing and regulatory
cytokine IL-RA. None of the fructans influenced IL-18, IL-6, and IL-10 production. These
effects were even more pronounced with application of CSM from intestinal epithelial cells
which were pre-exposed to the studied fructans. CSM alone had a profound effect on the
production of the pro-inflammatory cytokines MIP-1a/CCL3 and TNF-a and reduced the
production of the regulatory cytokine IL-10 (Bermudez-Brito et al., 2015; Lépine & de Vos,
2018). All studied fructans, with exception of ITF [I-CSM exerted a profound attenuation of
this enhanced cytokine production. Notably, the extent to which this attenuation was
accomplished was very fructan-size dependent, since the long-chain ITF [I-CSM had a
lesser attenuating effect on cytokines produced by DCs than the shorter version. However,

only ITFII-CSM significantly increased the regulatory IL-10.

119



Conclusions

The previously proposed role of specific fructans as supportive therapy for the
treatment or prevention of inflammatory gut disorders (Del Fabbro, Calder, & Childs, 2020)
is supported by the findings of the present study. We demonstrate for the first time the
protective and immunomodulatory effect of GTFs on intestinal TJs gene expression, which
is GTFs-structure and -size dependent. Effects were compared to that of ITFs. Both GTFs
and ITFs can directly modulate TJs in gut epithelial cells but also modulate DC responses.
This seems to be mediated via crosstalk with epithelial cells as previously reported
(Bermudez-Brito et al., 2015) as DCs exposed to CSM of epithelial cells pre-exposed to
the fructans, potentiated the DC-effects of fructans. Therefore, the regulatory effect
observed from the studied fructans and the fructan-derived intestinal factors on DCs
provide more evidence for chemistry dependent beneficial effects of these non-digestible
carbohydrates on intestinal homeostasis and their potential prophylactic use on the
attenuation of inflammation in intestinal disorders. Fig. 9 summarizes the effects of

fructans observed on intestinal epithelial cells and DCs.
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incubation for 48 hours, cytokine profile was determined in DCs supernatants. E) DCs
were incubated in presence of ITFs or GTFs for 48 hours, followed by determination of
cytokine profile from supernatants. The schemes of fructans were made following the
standardized symbol nomenclature for glycans (National Institute of Biotechnology,
https://www.ncbi.nlm.nih.gov/glycans/snfg.html, consulted on November 4™, 2022)
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Fig. 2. Chain length distribution of ITF and GTF. Most of ITF | chains are smaller than 10
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as longer chains. (Fernandez-Lainez et al., 2022a).

135



>

v,
Yo
E 7
N7
2
X
£
2 s, 9
%
— /
OA\QO
! vl
0 N
- \0
(jo3u09 Jo abueyo-pjo} YNYW) o.oo
uoissaidxa g-NgT19 ”?
)
2 —
2
2
2
I
v
(1o13u09 jo abueyo-pjoj YNHW) %,

(7
uoissaidxa L-NgTD 4

A)

136

ns
I

*
i
H
2
* 2
2
2
I
0 I
- (3] S
(1013u09 Jo abueys-pjoj YNy W) eéo (jo13u09 jo abueyo-p|o} YNHW) \o@
uoissaidxa LHJD ? uoissaldxa Ldri \00
) ™y
* =
. =
2
2
2
2
2
2
I T T T 1 % -
o ') o wn (=) P} I 1
Y - - oS oS @0 < ™ o~ - o N
(1013u09 Jo abueyo-p|o} YNHW) ,wvo (jouo2 jo abeuyd-p|oj YNYW) \o@
uoissaidxa g-Ng71D 2 uoissaidxa NTDO \«@
o m



Fig. 3. Effect of chicory inulin type fructans (ITFs) and agave graminan type fructans
(GTFs) of different molecular weight on the expression of intestinal tight junction genes in
gut epithelial Caco-2 cells. Caco-2 cells were incubated for 24hours in presence or
absence of 10 mg/mL of the studied fructans. Afterwards, changes in expression of tight
junction genes CLDN-1 (A), CLDN-2 (B), CLDN-3 (C), CDH1 (D), OCLN (E), and TJP1 (F)
were determined by qPCR. Data are expressed as mean + SD. Statistical differences
between untreated control and cells incubated with fructans were calculated.

* (p <0.05), ** (p <0.01), *** (p <0.001), **** (p <0.0001).
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Fig. 4. Prevention of tight-junction dysregulation induced by A23187 by ITFs and GTFs in
Caco-2 cells. Caco-2 cells were incubated in presence of 10 mg/mL of fructans, followed
by the addition of A23187. Expression of tight junction genes CLDN-1 (A), CLDN-2 (B),
CLDN-3 (C), CDH1 (D), OCLN (E), and TJP1 (F) was determined by gPCR. Data are
expressed as mean + SD. Statistical differences between untreated control and cells
treated with A23187 were calculated. Cells treated with A23187 and those pre-treated with
fructans were compared. * or * (p <0.05), ** or ™* (p <0.01), *** or *'* (p <0.001), **** or ****
(p <0.0001).
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Fig. 5. Prevention of tight-junction dysregulation induced by DON by ITFs and GTFs in
Caco-2 cells. After incubation of cells with ITFs and GTFs for 24 hours, DON was added
followed by 6 more hours of incubation. The expression of tight junction genes CLDN-1
(A), CLDN-2 (B), CLDN-3 (C), CDH1 (D), OCLN (E), and TJP1 (F) was determined by
gPCR. Data are expressed as mean + SD. Statistical differences between untreated
control and cells treated with DON were calculated. Cells treated with DON and those pre-
treated with fructans were compared. * or ¥ (p <0.05), ** or ' (p <0.01), *** or *** (p

<0.001), *** or "*** (p <0.0001).
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Fig. 6. Production of IL-8 by Caco-2 cells after fructans exposure in presence and absence
of A23187 or DON. All data are expressed as mean = SD. A) Cells were incubated with
either ITF I, ITF I, GTF | and GTF Il for 24 hours, followed by quantification of IL-8
production. Statistical differences between untreated control and cells incubated with
fructans were calculated. In a second set of experiments, Caco-2 cells were pre-incubated
with fructans for 24 hours. Afterwards, A23187 (B) and DON (C) were added, and the
cultures were incubated 6 more hours. Finally, the production of IL-8 was quantified from
cell supernatants. Statistical differences between untreated control and cells treated with
A23187 or DON were calculated. Cells treated with A23187 or DON, and those pre-treated
with fructans were compared. * or ¥ (p <0.05), ** or ' (p <0.01), *** or *** (p <0.001), **** or

T (p <0.0001).
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Fig. 7. Cytokine production by dendritic cells treated with chicory inulin type fructans (ITFs)
and agave graminan type fructans (GTFs). Dendritic cells were incubated with ITF |, GTFI,
ITF Il and GTF Il for 48 hours. The production of MCP-1/CCL2 (A), MIP-1a/CCL3 (B), IL-
1B (C), IL-1RA (D), IL-6 (E), TNFa (F) and IL-10 (G) was quantified in DCs supernatants
by Luminex assay and the fold-change compared to untreated controls was calculated.
Data are expressed as mean + SD. Statistical differences between untreated control and
cells incubated with fructans were calculated. * (p <0.05), ** (p <0.01), *** (p <0.001), ****
(p <0.0001).
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and IL-10 (G). Data are expressed as mean + SD. Statistical differences between
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Fig. 9. Schematic illustration of the effect of branched graminan-type and linear inulin-type
fructans on Caco-2 cells tight junctions gene expression (A-C) and on dendritic cells
cytokine production (D-F).
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Supplementary material.

Table S1. Nucleotide sequence of primers used for gPCR of tight junction genes in Caco-2
cells (Kiewiet et al., 2018).

TJ protein Gene Forward Reverse
B-actin ACTB 5'- 5-
AGAAAATCTGGCACCACACC TAGCACAGCCTGGATAGCAA
Glyceraldehyd
5'- 5'-
e-3-phosphate GAPD
ATGGACTGTGGTCATGAGTCC AAGATCATCAGCAATGCCTCC
dehydrogenas H
TTC TGC
e
Claudin-1 CLDN- 5'- 5'-
1 GATGAGGTGCAGAAGATGAG GGACAGGAACAGCAAAGTAG
Claudin-2 CLDN- 5-CTGCTCATCCAGAGAAATC 5'-
2 CTGTCAGGCTGTAGGAATTG
Claudin-3 CLDN- 5-CTGCTCTGCTGCTCGTGTC  5-
3 CGTAGTCCTTGCGGTCGTAG
E-cadherin CDH1 5-GGTTATTCCTCCCATCAGCT 5-CTTGGCTGAGGATGGTGTA
Occludin OCLN 5-CTATAAATCCACGCCGGTTC 5-TATTCCTGTAGGCCAGTGTC
Zonula
5'- 5'-
occludens 1 TJP1
CGGTCCTCTGAGCCTGTAAG GGATCTACATGCGACGACAA
(20O-1)
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Table S2. Cycling protocol for gPCR of tight junction genes in Caco-2 cells.

Step Time and temperature

Denaturalization 15 sec at 95 °C

Primer annealing 30 sec at 55 °C 40 cycles
Extension 30secat72°C
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Fig. S1. Dose-effector pilot study for selection of fructans working concentration. Confluent
Caco-2 cell cultures were exposed to increasing concentration of ITF I, GTF I, ITF I, and
GTF 1l during 24 hours. Afterwards, mRNA expression of CLDN-1, CLDN-2, CLDN-3,
CDH1, OCLN, and TJP-1 was measured by gPCR. Expression is presented as fold-
change of the untreated control. Results are expressed as the mean of a duplicate.
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Dietary fibers such as fructans have beneficial effects on intestinal
health but it is unknown whether they impact goblet cells (GCs).
Here we studied the effects of inulin-type fructans (ITFs) and gra-
minan-type fructans (GTFs) with different molecular weights on
mucus- and endoplasmic reticulum (ER) stress-related genes in
intestinal GCs. To that end, GCs were incubated in the presence of
ITFs or GTFs, or ITFs and GTFs + TNFa or the N-glycosylation
inhibitor tunicamycin (Tm). IL-8 production by GCs was studied as
a marker of inflammation. Effects between ITFs and GTFs were
compared. We found a beneficial impact of GTFs especially on the
expression of RETNLB. GTF Il protects from the TNFa-induced
gene expression dysregulation of MUC2, TFF3, GAL3ST2, and
CHSTS5. Also, all the studied fructans prevented Tm-induced dysre-
gulation of GAL3ST2. Interestingly, only the short chain fructans
ITF | and GTF | have anti-inflammatory properties on GCs. All the
studied fructans except ITF | decreased the expression of the ER
stress-related HSPA5 and XBP1. All these benefits were fructan-
structure and chain length dependent. Our study contributes to a
better understanding of chemical structure-dependent beneficial
effects of ITFs and GTFs on gut barrier function, which could con-
tribute to prevention of gut inflammatory disorders.

“Immunoendocrinology, Division of Medical Biology, Department of Pathology and
Medical Biology, University Medical Centre Groningen, Hanzeplein 1, 9713 GZ
Groningen, The Netherlands. E-mail: c.fernandez.lainez@umcg.nl,
myrtheads@gmail.com, La.silva.lagos@umcg.nl, p.de.vos@umcg.nl;

Fax: +3150-3611911; Tel: +3150-3618043

bLaboratorio de Errores innatos del Metabolismo y Tamiz, Instituto Nacional de
Pediatria, Av. Iman 1, 04530 Ciudad de México, Mexico

“Posgrado en Ciencias Biolégicas, Universidad Nacional Auténoma de México.
Edificio D, 1° Piso. Circuito de Posgrados, Ciudad Universitaria, 04510 Ciudad de
México, Mexico

Laboratorio de Biomoléculas y Salud Infantil, Instituto Nacional de Pediatria,

Av. Iman 1, 04530 Cuidad de México, Mexico. E-mail: glv_1999@ciencias.unam.mx
1 Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d2f002710k

1338 | Food Funct, 2023, 14,1338-1348

a

*aPC Myrthe aan de Stegge,

2 Gabriel Lopez-Veldzquez® and Paul de Vos (22

1. Introduction

The intestinal epithelium is covered by a mucus layer which
serves as the first barrier against the harmful content of the
lumen." This mucus is formed by a film mainly constituted by
mucins.> Mucin-2 (encoded by MUC2) is the most abundant
mucin in the gut. This large multimeric protein undergoes
posttranslational modifications such as O- and N-glycosylation
and sulfation, conferring MUC2 a highly viscous gel-like
consistency.>* MUC2, along with proteins such as trefoil
factor-3 (encoded by TFF3),” resistin-like molecule p (encoded
by RETNLB)® and other antimicrobial peptides form an orga-
nized structure similar to a net and provide a semi-permeable
barrier between the intestinal epithelium and the lumen
which allows the passage of small molecules while it hampers
the translocation of microorganisms.’

Interweaved between enterocytes and the other components
of the intestinal epithelium are goblet cells (GCs), which are
mucus-synthesizing specialized cells.® Due to MUC2 dual
expression (constitutive and regulated), GCs possess and
require a highly active protein trafficking from the endoplas-
mic reticulum (ER) where its folding occurs, and where glyco-
sylation and sulfation occurs, to its final site of action.’ In
these last posttranslational sulfation modifications galactose-
3-O-sulfotransferase (encoded by GAL3ST2), and carbohydrate
sulfotransferase (encoded by CHST5) are implicated.'®"*

In GCs under stress, unfolded protein response (UPR) acti-
vation might occur due to inefficient protein folding in the
ER."> The activation of this group of intracellular signaling
pathways can drive GCs to stress responses or toward apoptosis
when malfunction is irreversible.">'* Genes such as HSPA5
and XBPI participate in this UPR."> HSPA5 codes for the ER
chaperone BiP, member 5 of the heat shock protein 70 (Hsp70)
family. BiP acts mainly as a sensor of unfolded proteins activat-
ing the UPR and the subsequent downstream signaling.'® The

This journal is © The Royal Society of Chemistry 2023
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XBP1 gene codes for the X-box binding protein 1, a transcrip-
tion factor that belongs to the inositol-requiring enzyme
1a(IRE1a)-signaling axis.'” Inflammation can also activate ER
stress.'® Intestinal inflammatory disorders such as inflamma-
tory bowel disease (IBD) have been related to ER stress.'’
Under these inflammatory conditions, impairment of GCs
function such as aberrant mucin folding has been observed.*®

Chronic consumption of Western diet, characterized by low
intake of dietary fibers, favor the development of intestinal
inflammatory disorders,> >* whereas, regular consumption of
dietary fibers has been associated to a low inflammatory state
and to a strengthened barrier function of the mucus layer.>*™>”
An important group of dietary fibers are fructans. Fructans

mainly  plant-derived  water-soluble oligo and
polysaccharides.?®* Fructans from chicory plant are broadly
used in Europe in the food industry.>® Chicory fructans are
composed of fructofuranose molecules linked by p(2 — 1)
bonds with a glucose moiety at the reducing end, which
confers them a linear structure.®' These chicory fructans are
known as inulin-type fructans (ITFs).** In Latin America, fruc-
tans from agave plants are used as fiber supplements in
foods.?*** These agave fructans are structurally different from
ITFs since besides (2 — 1) fructose chains, they also contain
fructose units linked by f(2 — 6) bonds.*® These B(2 — 1)-p(2
— 6) bonds gives them a branched complex structure.*®*” This
type of fructans are named graminan-type fructans (GTFs).*®

It is unknown whether ITFs and GTFs have an impact in
GCs on mucus-related genes in presence and absence of
inflammatory or ER-stress. Therefore, in this study we aimed
to determine whether ITFs and GTFs have an influence on the
expression of mucus-related and ER stress-related genes in
GCs. We also tested if ITFs and GTFs were capable to protect,
and attenuate inflammatory responses of GCs exposed to dis-
ruptor agents.

are

2. Materials & methods

2.1 Fructans

To study the effect of fructans of different sizes with a
branched or linear structure, on the expression of mucus-
related and ER stress-related genes in gut GCs, f(2 — 1)-p(2 —
6) GTFs and p(2 — 1) ITFs were used. GTFs were extracted
from Agave tequilana Weber blue variety and were provided by
Nekutli™, Guadalajara, Mexico. ITFs Frutafit™ CLR and
Frutafit™ TEX! were studied as well. Both ITFs were provided
by Sensus™ (B.V. Roosendaal, The Netherlands). These fruc-
tans have been previously studied by our group.****

2.2 Cell culture

To study the effects of fructans on the expression of mucus-
related and ER stress-related genes in gut GCs, the human col-
orectal adenocarcinoma-derived LS174T cell line, which exhi-
bits a GC-like phenotype (ATCC® CL188™, Manassas, USA)
was used. GCs were maintained in T-75 flasks at 37 °C in
humidified air and 5% CO, and cultured in Eagle Minimum

This journal is © The Royal Society of Chemistry 2023
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Essential Medium (EMEM, Lonza, MD, USA) supplemented
with 10% heat-inactivated fetal bovine Serum (Sigma-Aldrich,
Zwijndrecht, The Netherlands), 2 mM r-glutamine (Lonza, MD,
USA) and penicillin/streptomycin 50 U mL™" and 50 pg mL ™"
(Gibco, Paisley, UK). When reached ~80% confluency and after
treatment with 10% trypsin-EDTA (Sigma-Aldrich, Zwijndrecht,
The Netherlands), GCs were passaged. GCs were used for
experiments between passages 30-40.

2.3 Effect of ITFs and GTFs on the expression of intestinal
mucus- and ER stress-related genes

Freshly resuspended GCs were seeded at a cell density of 3 x 10°
cells per mL in standard 24-well plates (Corning, NY, USA) and
cultured at 37 °C and 5% CO, until they reached ~80% con-
fluency (2-3 days) (Fig. 1A). At the experiment day, the medium
was replaced with 1 mL medium containing 10 mg mL~" of endo-
toxin-free GTFs and ITFs, followed by incubation for 72 hours
under homeostatic conditions (without any stressor) (Fig. 1B).
This incubation time was selected based on previous observations
by our group and others that the expression of the studied genes
on GCs increased with incubation time up to 72 hours.****
Untreated cells (only medium) were used as untreated controls.
At the end of experiments, the morphology of controls as well as
the cells under the different treatments were studied at light
microscope to exclude possible morphological changes.

2.4 Protective effect of fructans from induced inflammation,
mucus barrier disruption and ER stress on GCs

To study whether fructans can protect from induced inflam-
mation, mucus barrier disruption and ER stress, GCs were
exposed to 10 ng mL™" of the pro-inflammatory cytokine TNFa

A)

o

LS174T intestinal cell line

¢ eeee

"""" . Determination of IL-8 from
cell supernatant
72h

\ % i i T b Expression of mucus-and
CAAA A AR # ER stress-related genes

C) bation under i y conditions
TNFa
[ ° or Tunicamycin
L)
- [
ceee N\ *+ ¢
Determination of IL-8 from
# cell supernatant

72h
! oot | — . Expression of mucus-and
(AR AAA AN ER stress-related genes

Fig. 1 Experimental design. (A) Confluent goblet cells were seeded in
24-well plates. (B) After a 72-hour incubation of cells in presence of ITFs
or GTFs the expression of mucus- and ER stress-related genes was
determined by qPCR. The production of IL-8 was quantified from GCs
supernatants. (C) GCs were incubated for 72 hours with TNFa or Tm in
presence of ITFs or GTFs. Afterwards, expression of mucus- and ER
stress-related genes, as well as IL-8 production were determined.
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(Immunotools, Friesoythe, Germany), or to 1 ug mL™" of the
N-glycosylation inhibitor tunicamycin (Tm) (Sigma-Aldrich,
Zwijndrecht, The Netherlands) for 72 hours, according to the
previously standardized and described by our group.***> These
molecules are known to dysregulate the expression of mucus-
as well as ER-stress related genes in gut GCs.*®*” In a second
set of experiments, GCs were incubated for 72 hours with
TNFo or Tm in presence of 10 mg mL ™" of fructans (Fig. 1C).
Untreated cells (only culture medium) were used as negative
controls. To calculate the fold-change in these experiments,
cells treated with disruptor (i.e., Tm or TNF) where used as
reference, thus data was normalized using the disruptors as
reference conditions. At least five independent experiments
were performed. After the experiments, cells were prepared for
RNA isolation with trizol reagent.

2.5 RNA extraction, and quantitative reverse-transcription
polymerase chain reaction PCR (qPCR)

We studied the relative mRNA expression of the mucus-related
genes MUC2, TFF3, and RETNLB. We also studied the CHST5
and GAL3ST2 genes which are associated to posttranslational
modification of mucin. Finally, on these GCs we studied the
expression of the genes HSPA5 and XBP1, which are related to
control of protein maturation, ER-stress, and UPR.*®*® After
incubation under the different experimental conditions, RNA
was isolated from GCs by the addition of 500 puL of TRIzol™
reagent (Life Technologies, Bleiswijk, The Netherlands) follow-
ing the manufacturer’s instructions. Followed by RNA quanti-
tation, which was performed by spectrophotometry (Thermo
Fisher Scientific, USA). The RNA integrity was determined by
gel electrophoresis on a 2% agarose gel. Afterwards, 500 ng of
total RNA were used for cDNA synthesis, which was performed
with SuperScript II'™ reverse transcriptase (Life Technologies,
Bleiswijk, The Netherlands) according to the manufacturer’s
instructions. Briefly, after pre-treatment with DNAse I, RNA
samples were used for a retro-transcription reaction with 300
ng of random hexamer primers (Life Technologies, Bleiswijk,
The Netherlands),10 mmol L™ of DNTPs (Thermo Fisher
Scientific, USA), 5x first strand buffer, 0.1 mM of DTT, 40 units
per pL of recombinant ribonuclease inhibitor (Thermo Fisher
Scientific, USA) and 200 units of SuperScript II™ reverse tran-
scriptase. This was followed by incubation at 25 °C for
10 minutes, 42 °C for 50 minutes and 70 °C for 15 minutes
using a TProfessional Basic Thermocycler (Biometra,
Goéttingen, Germany). The total ¢cDNA obtained was diluted
20x with DEPC-treated water (Life Technologies, Bleiswijk, The
Netherlands) and 5 pL of this dilution were mixed with 5 pL of
FastStart Universal SYBR Green Master (ROX) qPCR Master
Mix 2x concentrated (Roche Diagnostics, Basel, Switzerland)
including gene specific primers at a final concentration of
300 nmol L™" (Table $17).***>°° The qPCRs were performed in
a Viia 7 Real-Time PCR System (Applied Biosystems, CA, USA).
The cycling protocol used is shown in Table S2.f The primer
annealing temperature and efficiency were determined with a
5-point standard curve, which was prepared with a pool of all
cDNA samples diluted 5-80x. A reaction efficiency of 90-110%
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was considered acceptable. B2M (beta-2-microglobulin) was
used as housekeeping gene.***®* mRNA fold-change was calcu-
lated against untreated controls or against cells treated only
with disruptors using the 27*4“* method.”*

2.6 Measurement of GCs IL-8 production

Interleukin-8 (IL-8) from cell supernatants was considered as a
marker of inflammation of GCs challenged with the disruptor
molecules TNFa and Tm. After the incubation of GCs under
the above-mentioned conditions, cells supernatants were col-
lected and centrifuged for removing death cells and cell
debris. The IL-8 was quantitated by ELISA from GCs super-
natants according to manufacturer’s instructions (R&D
Systems, Biotechne, Minneapolis, USA). Controls were those
GCs without any treatment.

2.7 Statistical analyses

GraphPad Prism version 9.2 was used for statistical analyses.
Normal distribution of data was examined by the Shapiro-
Wilk test. These data were normally distributed. Therefore,
data are expressed as mean + standard deviation (SD) from
least five independent assays. Untreated control and those
cells incubated with fructans were compared. Untreated
control and cells treated with TNFa or Tm were also compared.
Finally, cells treated with TNFa alone and those treated with
TNFa in presence of fructans were compared. In all experi-
ments statistical significance was determined using ordinary
one-way ANOVA with Dunnett’s multiple comparison test. A
p-value < 0.05 was considered significant. * or T (p < 0.05), **
or T (p < 0.01), *** or ™" (p < 0.001), **** or 7" (p < 0.0001).

3. Results

3.1 Chemical characteristics of studied fructans

To investigate the effect of fructans with different structure
and size on the expression of mucus-related and USP-related
GCs genes, GTFs and ITFs were included. The presence of (2
— 1) and B(2 — 6) linkages in GTFs confers them a complex
branched structure.’” GTF I is a mixture with mostly short
chain fructans with a degree of polymerization (DP) between
3-4 but it also has fructans of DP 7-45. GTF II contains a
mixture of longer chain fructans with an average DP of 17, but
it also has longer chain fructans. These GTFs possess oligosac-
charides of fructose (F,) and glucose-fructose (GF,) series.*!
ITFs are constituted only of fructans linked by p(2 — 1) bonds,
this gives them a linear structure. ITF I is a short chain fructan
mixture with a DP range of 3-10. It has fructans of the F, and
GF,, series. ITF II possess a mixture composed of longer chain
fructans with a DP range of 10-60 and it only has fructans of
the GF,, series (Table 1).*°

3.2 Graminan-type fructans enhance mucus-related genes in
GCs

To study the effects of ITFs and GTFs on the expression of
mucus-related genes, GCs were incubated in presence of these

This journal is © The Royal Society of Chemistry 2023
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Table 1 Chemical and structural characteristics of fructans included in
the study*>**

Branched graminan-type Linear inulin-type

fructan fructan
EQ e
(& (@ DP

n range
ITFI  Absent Present 3-10
ITFII Absent Present 10-60
GTF1 Present Present 3-45
GTF Present Present 3-60

I

@ = glucose, @ = fructose, n = number of fructose units. The schemes
of fructans were made following the standardized symbol
nomenclature for glycans (National Institute of Biotechnology, https:/
www.ncbi.nlm.nih.gov/glycans/snfg.html, consulted on December
16th, 2021).

fructans for 72 hours. This provoked a differential gene
expression in a fructan structure dependent manner (Fig. 2).
The expression of MUC2 was 0.38 + 0.3-fold decreased (p >
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Fig. 2 Effect of ITFs and GTFs with different molecular weight on the
expression of mucus- and ER stress-related genes in goblet intestinal
cells. GCs were incubated for 72 hours with 10 mg mL™* of ITFs and
GTFs, followed by the determination of mRNA production of MUC2 (A),
TFF3 (B), RETNLB (C), GAL3ST2 (D), CHST5 (E), HSPAS (F), and XBP1 (G)
by gPCR. At least five independent experiments were performed. These
data were normally distributed. Therefore, data are expressed as mean +
SD. Statistical differences between untreated control and cells incubated
with fructans were calculated by ordinary one-way ANOVA with
Dunnett's multiple comparison test. * (p < 0.05), ** (p < 0.01), *** (p <
0.001), **** (p < 0.0001).
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0.01) and 0.48 + 0.1-fold decreased (p > 0.001) by ITF I and ITF
II, while none of the GTFs influenced MUC2 expression
(Fig. 2A). This was different for TFF3, where an enhancement
of 0.52 + 0.3-fold (p < 0.05) and 0.52 + 0.4-fold (p < 0.05) was
observed in GCs treated with ITF I and GTF II, respectively
(Fig. 2B). The RETNLB expression was strikingly enhanced only
by the branched fructans. GTF I enhanced it 6.3 + 2-fold (p <
0.01) and GTF II enhanced it 9.37 + 1-fold (p < 0.0001)
(Fig. 2C). The CHST5 expression was only enhanced 0.25 + 0.4-
fold (p < 0.05) by GTF II (Fig. 2E). Conversely, the expression of
HSPA5 and XBP1 were significantly reduced by all fructans
except by ITF I (Fig. 2F and G).

3.3 Long chain GTF prevents TNFa-induced dysregulation of
mucus-related genes in GCs

We investigated the potential protective effect of ITFs and
GTFs on mucus- and ER stress-related genes in GCs exposed to
TNFa. It is known that TNFa alters the expression of secretory
proteins in GCs."® To study the prevention of this impairment,
GCs were incubated with TNFa in presence of the studied fruc-
tans for 72 hours. Compared with the untreated control MUC2
expression was 1.7 + 0.7-fold decreased by TNFa (p < 0.01)
(Fig. 3A). In cells incubated with TNFa in presence of GTF II
this increase was 0.3 + 1.5-fold attenuated compared with cells
challenged with TNFa (p < 0.05). The remaining fructans did
not significantly prevent the reduction of MUC2 expression.

Compared with the untreated control, TNFa significantly
decreased the expression of TFF3 1.5 + 0.9-fold (p < 0.01)
(Fig. 3B). This decrease was 0.3 + 0.9-fold lower and thus partly
prevented by GTF II (p < 0.05). The other studied fructans did
not prevent the reduction of TFF3 expression.

The RETNLB expression was 4.6 + 0.7-fold decreased in cells
treated with TNFa compared with the untreated control (p <
0.001). All the studied fructans except ITF II prevented this
decrease and they even enhanced RETNLB expression. Cells
incubated with TNFa in presence of GTF II had a better pre-
vention of TNFa-induced decrease of RETNLB expression as it
was 13.2 + 3-fold higher compared with cells challenged with
TNFa (p < 0.0001) (Fig. 3C).

TNFa decreased the expression of GAL3ST2 and CHST5 0.4
+ 0.1-fold (p < 0.01) and 2.8 + 0.9-fold (p < 0.001) respectively
(Fig. 3D and E). These genes are related to mucin posttransla-
tional modifications. The only fructan that significantly pre-
vented this decrease was GTF II. Neither GTF I nor ITFs pre-
vented the decreased production of GAL3ST2 and CHST5
mRNA.

The expression of the ER stress-related genes HSPA5 and
XBP1 was significantly decreased in cells treated with TNFa 1.4
+ 0.5-fold (p < 0.0001) and 1.8 + 0.4-fold compared with the
untreated control (p < 0.0001) (Fig. 3F and G). None of the
studied fructans prevented this induced decrease.

3.4 ITFs and GTFs do not prevent Tm-induced changes in
mucus-related genes in GCs

The preventive effect of fructans from the deleterious action of
the N-glycosylation inhibitor Tm was studied. To that end, GCs
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Fig. 3 Prevention by ITFs and GTFs of TNFa-induced mucus- and ER
stress-related gene dysregulation in goblet cells. GCs were incubated
for 72 hours with TNFa in presence of 10 mg mL™ of ITFs or GTFs.
Expression of MUC2 (A), TFF3 (B), RETNLB (C), GAL3ST2 (D), CHST5 (E),
HSPAS5 (F), and XBP1 (G) was determined by gPCR. At least five indepen-
dent experiments were performed. These data were normally distribu-
ted. Therefore, data are expressed as mean + SD. Statistical differences
between untreated control and cells treated with TNFa were calculated
by ordinary one-way ANOVA with Dunnett's multiple comparison test.
Cells treated with TNFa alone and those treated with TNFa in presence
of fructans were compared and statistical differences were calculated by
ordinary one-way ANOVA with Dunnett’s multiple comparison test. * or '
(p < 0.05), ** or ' (p < 0.01), *** or T (p < 0.001), **** or " (p <
0.0001).

were incubated with Tm for 72 hours in presence of fructans
(Fig. 4). The MUC2 expression was 1.5 + 0.6-fold decreased
compared with the untreated control (p < 0.01) (Fig. 4A). None
of the studied fructans prevented this decrease.

Compared with the untreated control the expression of
TFF3 and RETNLB was not influenced by the Tm challenge
(Fig. 4B and C).

Tm treatment provoked a 0.6 = 0.1-fold increase of the
GAL3ST2 expression, compared with the untreated control (p <
0.001) (Fig. 4D). All of the studied fructans provoked a
GAL3ST2 expression more likely to that of the untreated
control.

Compared with the untreated control a 1.0 + 0.5-fold
decrease of the CHST5 expression was observed in cells treated
with Tm (p < 0.001) (Fig. 4E). None of the studied fructans
influenced this decrease.

The mRNA production of HSPA5 remained without signifi-
cant changes after the Tm challenge. The same occurred when
incubating GCs with Tm in presence of fructans (Fig. 4F).
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Fig. 4 Prevention by ITFs and GTFs of Tm-induced mucus- and ER
stress-related gene dysregulation in goblet cells. GCs were incubated
for 72 hours with Tm in presence of 10 mg mL™* of ITFs or GTFs.
Expression of MUC2 (A), TFF3 (B), RETNLB (C), GAL3ST2 (D), CHST5 (E),
HSPA5 (F), and XBP1 (G) was determined by qPCR. At least five indepen-
dent experiments were performed. These data were normally distribu-
ted. Therefore, data are expressed as mean + SD. Statistical differences
between untreated control and cells treated with Tm were calculated by
ordinary one-way ANOVA with Dunnett’s multiple comparison test. Cells
treated with Tm alone and those treated with Tm in presence of fructans
were compared. Statistical differences were calculated by ordinary one-
way ANOVA with Dunnett’'s multiple comparison test. * or  (p < 0.05), **
or I (p < 0.01), *** or T (p < 0.001), **** or T (p < 0.0001) (Tm =
Tunicamycin).

Compared with the untreated control the XBP1 expression
was not influenced by the Tm challenge alone or in presence
of fructans (Fig. 4G).

3.5 GTF I prevent TNFa-induced IL-8 increase in GCs

Next, the effect of fructans on the IL-8 production by GCs was
investigated. To that end, GCs were incubated with fructans
for 72 hours. Fig. 5A shows that ITF I as well as GTF I signifi-
cantly decreased the IL-8 production by GCs compared with
the untreated control, from 1322 + 107 pg mL ™" to 885 + 176
pg mL™" (p < 0.05) for those cells treated with ITF I and to 888
+278 pg mL ™" for GTF I treated cells (p < 0.05).

Next the protective effect of fructans on IL-8 production by
GCs exposed to TNFa or Tm was studied. To this end, GCs
were incubated for 72 hours with TNFa or Tm in presence of
10 mg mL™" of fructans. The IL-8 production was quantified
from the GCs supernatant. The presence of TNFa alone
increased IL-8 production from 1322 + 107 pg mL ™" in the
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Fig. 5 Production of IL-8 by goblet cells. (A) Cells were incubated with
either ITF I, ITF I, GTF | or GTF Il for 72 hours, followed by quantification
of IL-8 production from cell supernatants. At least five independent
experiments were performed. These data were normally distributed.
Therefore, data are expressed as mean + SD. Statistical differences
between untreated control and cells incubated with fructans were cal-
culated by ordinary one-way ANOVA with Dunnett's multiple compari-
son test. (B and C) In a second set of experiments, GCs were incubated
for 72 hours with TNFa or tunicamycin alone or with TNFa or tunicamy-
cin in presence of 10 mg mL™* of ITFs or GTFs. At least five independent
experiments were performed. These data were normally distributed.
Therefore, data are expressed as mean + SD. Statistical differences
between cells treated only with disruptors and cells incubated with
TNFa or tunicamycin in presence of 10 mg mL™ of ITFs or GTFs were
calculated by ordinary one-way ANOVA with Dunnett's multiple com-
parison test. * or ¥ (p < 0.05), ** or ™ (p < 0.01), *** or 7" (p < 0.001),
wxxx or 7111 (5 < 0.0001) (Tm = tunicamycin).

untreated control to 21716 + 3100 pg mL™" (p < 0.001)
(Fig. 5B). This increased IL-8 production was decreased to
16 336 + 3383 pg mL™" (p < 0.05) by GTF I The other studied
fructans did not influence the over IL-8 production of GCs
under TNFa challenge.

The challenge of GCs with Tm did not influence the IL-8
concentration (Fig. 5C). However, incubation of cells with Tm
in presence of fructans caused a significant decrease in IL-8
production to values even lower than those of the untreated
control. The production of IL-8 decreased from 1109 + 192 pg
mL ™" in cells treated with Tm to 378 + 135 (p < 0.0001), 588 +
316 (p < 0.01), 499 + 174 (p < 0.001) and 671 + 97 (p < 0.01) in
cells pre-incubated with ITF I, GTF I, ITF II and GTF II,
respectively.

4. Discussion

In the present study we present, to the best of our knowledge,
for the first time the in vitro effect of ITFs and GTFs on the
expression of mucus- and ER stress-related genes under
homeostatic and inflammatory conditions and their regulatory
capacities in gut GCs. We found a remarkable beneficial
impact of GTFs especially on the expression of RETNLB. It was
unknown whether and to what extend these fructans could
protect from the action of TNFa and Tm. Here we demonstrate
that the branched long chain GTF II can protect from the gene
expression dysregulation induced by TNFa. We also show that
all the studied fructans prevent the Tm-induced dysregulation
of GAL3ST2. Interestingly, only the short chain fructans have
anti-inflammatory properties on GCs under homeostatic con-
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ditions. All these benefits found are fructan-structure and
chain length dependent.

When tested under homeostatic conditions, ITF I and GTF
II significantly increased the TFF3 expression. TFF3 belongs to
the trefoil family of secretory peptides whose main function is
mucosal protection and repairment of damaged epithelium.*?
This integral and constituent mucus protein has shown to
possess therapeutic potential, since its interaction with pro-
tease activator receptors (PAR) cause downregulation of proin-
flammatory cytokines such as IL-6 and IL-8 and upregulation
of defensin expression in intestinal epithelial cells.”?
Moreover, when GCs were challenged with TNFa, the
expression of TFF3 significantly decreased. This effect, which
is in line with others,>® was prevented by GTF II. Therefore, the
prevention of TFF3 downregulation by GTF II could have an
application under inflammatory conditions, such as IBD or
gastrointestinal infections. Additionally, due to its protective
and reparative functions, TFF3 has been proposed as a thera-
peutic agent for intestinal inflammatory disorders such as
colitis and IBD.”»* Furthermore, the anti-inflammatory
capacity of TFF3 goes beyond the gut since it has been found
in microglia.>®

Interestingly, the expression of RETNLB was the most up
regulated among the studied genes, and this was observed
only with the branched fructans GTF I and GTF II under
homeostatic conditions. When GCs were stimulated with TNFa
RETNLB expression downregulation was observed. This was
prevented by all fructans, except ITF II. RETNLB codes for
RELMS protein which belongs to the wide repertory of intesti-
nal antimicrobial peptides.”” The intestinal secretion of this
cysteine-rich 12.5 kDa protein increases in animal models
during helminth infection®®° and other enteric pathogens®
to promote their expulsion.®® It is also known that RELMf can
inhibit parasite chemotaxis and interferes with their nutrition
by directly binding to their chemosensory constituents.’"¢*
Therefore, the increased RETNLB expression caused by GTFs
could be considered as a defensive factor to aid during intesti-
nal infections.

Under homeostatic conditions the CHST5 expression was
increased only by GTF II. This is one of the proteins that par-
ticipate in the decoration of the mucin protein core by
O-glycosylations.®® The increased expression of CHST5 has
been previously associated with enhancement of the mucosal
barrier function in LS174T cells.’® Also, this may imply that
cells with higher expression of CHST5 may be able to deal
better with ER stress, since an increase in this enzyme may
help to relieve the proteins that, due to poor folding or altered
posttranslational modifications, got stuck in the ER. This
might explain too why cells challenged with Tm in presence of
GTF II have lower markers of ER stress. Thus, GTF II could rep-
resent a potential molecule for strengthening mucus barrier
function.

The expression of the ER stress-related gene HSPA5 was
decreased only by GTFs under homeostatic conditions. During
homeostasis the protein product of HSPA5 BiP acts as a repres-
sor of the UPR signal transducers inositol-requiring protein-1
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(IRE1) and protein kinase RNA (PKR)-like ER kinase (PERK) by
forming a complex. Upon ER stress BiP dissociates from the
complex, provoking activation of the UPR with subsequent
downstream signaling to restore ER homeostasis.*>®* Since
the activation of the UPR signal depends on the repressor
action of BiP, then BiP overexpression keeps UPR repressed,
whereas reduced BiP levels activate the UPR.®* Thus, the
decreased expression of HSPA5 that we observed would be indi-
cating a more efficient capacity of counteraction of ER stress.
However, herein we are presenting preliminary data about the
influence of GTFs on UPR at mRNA level, and additional
assessments of BiP protein might further support a complete
insight into the role of GTFs in this pathway.

Under homeostatic conditions the expression of the ER
stress-related gene XBP1 was decreased by all fructans, except
ITF 1. The downregulation of these ER-stress- and UPR-related
gene has been previously reported by Engevik et al., as an ER-
stress modulatory beneficial effect, which was observed when
incubating T84 human colonic cells with a probiotic
organism.®

The same was observed by Xiong et al. when incubating
GCs with a flavonoid molecule.®® It is known that UPR acti-
vation is associated with inflammation'® and to failure in
immunotolerance with the concomitant development of auto-
immune disorders such as IBD and rheumatoid arthritis.®”"®
Moreover, genetic sequencing of IBD patients revealed several
XBP1 variants as factors of susceptibility for IBD develop-
ment.'® Thus, the use of these fructans for the prevention of
UPR activation could be valuable for the design of therapeutics
against these disorders.

Incubation of GCs with Tm and TNFa-induced downregula-
tion of the XBP1 mRNA. Upon ER stress, XBP1 mRNA suffers
unconventional splicing to obtain an active XBP1 spliced
form.'” Previous studies from Xue et al, who studied the
expression of XBP1 on the murine fibrosarcoma L929 cell line,
demonstrated that under homeostatic conditions there is a
basal expression of both the unspliced and spliced forms of
XBP1. When cells are exposed to ER stress by the action of the
Tm, then the proportion of the spliced form increases until
practically a complete predominance of this spliced form. This
leads to the disappearance of the unspliced XBP1 form.”®

These findings of Xue, et al, let us hypothesize that in our
study we indirectly found that the XBP1 spliced form increases
as the observed unspliced form decreases. In other words,
under homeostatic conditions we could expect the XBP1
spliced form in the same proportion as the unspliced form
(untreated control), and in those cells challenged with Tm we
would expect the double proportion of the XBP1 spliced form
than the observed unspliced form. Finding the spliced form in
major proportion would indicate a more efficient counterac-
tion of ER stress. As to the cells challenged with TNFx, again
based on Xue, et al. findings, the predominance of the
unspliced and spliced forms of XBP1 change practically in the
same manner as the challenge with Tm. Therefore, our find-
ings indicate a more efficient manner to counteract the ER
stress induced by TNFa.
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It is known that TNFa can induce the UPR in a reactive
oxygen species (ROS)-dependent fashion.”® In the present
study the measurement of ROS was not determined, however,
since it is known that fructans from chicory and from agave
possess ROS scavenging capacities,”’”* assessment of ROS
after exposure to fructans, in presence or absence of TNFaq,
along with other inflammatory stressors deserves further
studies.

Incubation of GCs in presence of Tm significantly downre-
gulated the expression of MUC2 and CHST5 and increased the
expression of GAL3ST2. This is in line with our previous
studies.*>*> Tm is a well-known glycosylation inhibitor which
induces ER stress.”” None of the fructans protected GCs from
the downregulating effect of Tm. This could be indicative of
the null capacity of these fructans to protect from the deregula-
tory effects of Tm under the studied experimental conditions.

The production of IL-8 was considered to be an indicator of
inflammation in GCs. When GCs were incubated in presence
of fructans, the short chain ITF I and GTF I significantly
decreased this IL-8 production. Thus, these fructans could be
protecting GCs from inflammation. We have previously
observed this protective effect in gut epithelial cells.**> The
challenge with TNFa alone caused a 16-fold increase of IL-8
production, while this TNFa challenge in presence of GTF I
significantly decreased this elevation. IL-8 is a chemoattractant
molecule for immune cells such as neutrophiles, whose exces-
sive production is related to inflammatory disorders.®® This,
allow us to suggest that GTF I possess a potential anti-inflam-
matory effect, that could contribute to lowering symptoms of
intestinal inflammatory disorders.

A possible explanation of all these findings (Fig. 6) could be
related to the establishment of an interaction between the
fructans applied and GCs just as observed in our previous
studies,*™**> which may lead to lowering permeability of the
mucus layer, due to the saccharide nature of fructans, which
resembles the glycans that are added to mucins.

However, a deeper study of the mechanisms by which the
studied fructans influence GCs biology is guaranteed. In line
with this is the fact that LS174T cells compared to normal GCs
synthesize glycans that are truncated compared to normal
MUC2 glycosylation.”* This might make these cells prone to
enteropathogenic infection, as has been reported in these
cells.”® Thus, we speculate that the studied fructans could have
a beneficial influence on the barrier function of mucins with
truncated glycosylation by replacing the lack of glycans.

Besides the direct protecting and regulatory effects of the
studied fructans on GCs presented herein, it is important to
acknowledge that there may also be substantial effects that are
mediated by the intestinal microbiota and the metabolites
they produce from fructans fermentation. This well-known pre-
biotic effect’®”® remains to be elucidated on GCs.

One limitation of the present study is the absence of comp-
lementary assessment of the proteins coded by the studied
genes. However, since the influence of fructans derived from
agave on intestinal goblet cells has never been studied, we con-
sider our preliminary data on mRNA data is still of value,

This journal is © The Royal Society of Chemistry 2023

158


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2fo02710k

Open Access Article. Published on 16 January 2023. Downloaded on 2/7/2023 2:59:18 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

A) Addition of fi B) Addition of TNFa C) Addition of TNFa + fructans
Lo N
0 ./ * -~
-0 r\ mucz Prevention of
TFF3 TNFa-induced
RETNLB GTFI J abnormalities in
1 lMUCZ GAL3ST2 RETNLBmRNA
ITF Il CHSTS expression
HSPAS
GTF| | HSPAS X8P1

GTFII ¥ XBPT

TFF3
ot CHST5

GTFI
GTFIl T RETNLE

MUCZ, TFF3,
RELMB, and
CHSTSmRNA

expression

Prevention of
TNFa-induced
GTFIl abnormalities in
TlL-a production

GTFI l IL-8
Goblet cells
D) Addition of Tuni E) Addition of Tuni in + fructans
All the studied
Mmucz fructans prevented
CHSTS the Tm-induced
abnormalities in
GAL3ST2 mRNA
expression
T GAL3ST2

Fig. 6 Schematic summary of the observed effects of ITFs and GTFs
and of fructans + disruptors on mucus- and ER stress-related GCs
genes.

although further additional assessments of the protein pro-
ducts of the studied genes might provide a wider understand-
ing of the potential beneficial effects of these dietary fibers on
cellular homeostasis in GCs. Another limitation is the lack of
assessment of the expression of other mucin coding genes
than MUC2, such as MUC5AC, MUC6 and MUC1, MUC4 and
MUC13, since LS174T cells do produce these mucins which
also represent challenges for the ER secretory pathway.””°

5. Conclusions

Findings of the present study contribute to enhanced knowl-
edge on beneficial effects that dietary fibers such as ITFs and
GTFs can exert on the preservation of GC-homeostasis. It is
shown that the beneficial effects are dependent on the struc-
ture and chain length of the fructan applied. This, knowledge
combined with finding from our previous studies®*~** allow us
to propose specific fructan molecules as potential candidates
for the design of therapies for the reestablishment of health in
gut inflammatory disorders.
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Abstract: Beyond the problem in public health that protist-generated diseases represent, understand-
ing the variety of mechanisms used by these parasites to interact with the human immune system is
of biological and medical relevance. Giardia lamblia is an early divergent eukaryotic microorganism
showing remarkable pathogenic strategies for evading the immune system of vertebrates. Among
various multifunctional proteins in Giardia, arginine deiminase is considered an enzyme that plays
multiple regulatory roles during the life cycle of this parasite. One of its most important roles is
the crosstalk between the parasite and host. Such a molecular “chat” is mediated in human cells by
membrane receptors called Toll-like receptors (TLRs). Here, we studied the importance of the 3D
structure of giardial arginine deiminase (GIADI) to immunomodulate the human immune response
through TLRs. We demonstrated the direct effect of GIADI on human TLR signaling. We predicted
its mode of interaction with TLRs two and four by using the AlphaFold-predicted structure of GIADI
and molecular docking. Furthermore, we showed that the immunomodulatory capacity of this
virulent factor of Giardia depends on the maintenance of its 3D structure. Finally, we also showed the
influence of this enzyme to exert specific responses on infant-like dendritic cells.

Keywords: giardiasis; immune response; inflammation; protein—protein interactions; 3D structure

1. Introduction

Human giardiasis is caused by the flagellated protist Giardia lamblia and is respon-
sible for diarrheal disease and chronic postinfectious illnesses such as irritable bowel
syndrome [1]. Most infections are asymptomatic or mildly symptomatic, such as cramps
and mild chronic diarrhea, even though severe complications associated with intestinal
malabsorption are also frequent. Resultant diarrhea is thought to be due to nutrient mal-
absorption, epithelial barrier defects, and ion secretion [2]. However, the mechanisms by
which G. lamblia causes disease and different symptoms severity are poorly understood.

This parasite has developed many mechanisms to escape from the immune system
for growing in the intestine. Although giardiasis is commonly asymptomatic, symptoms
such as diarrhea, abdominal pain, nausea, intestinal malabsorption, and weight loss can
occur along a broad spectrum. Especially in children, Giardia may cause issues as they
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show a high prevalence of giardiasis. In some cases, it may lead to malnutrition, failure
to thrive, stunting, and cognitive impairment [3,4]. Nutrient depletion of the host, caused
by the feeding of Giardia and secreted cargo by the parasite, might be reasons for these
symptoms [5].

Alongside other giardial proteins, the arginine deiminase from G. lamblia (GIADI)
can be found extracellularly in the absence of a signal sequence by a mechanism termed
unconventional protein secretion (UPS) [6]. Moonlighting functions (multiple functions for
a protein) are often present in UPS cargoes, suggesting that these characteristics are directly
linked to each other, as posttranslational modifications seem to influence the function and
transport of a protein [5]. GIADI belongs to the arginine dihydrolase pathway for ATP
generation in Giardia [7,8], which is highly efficient due to the giardial arginine transport
system that is 10- to 20-fold higher maximal transport capacity than that of the intestinal
epithelial cells (IECs) [9].

Along with such a canonical function, GIADI also catalyzes the deamination of the
arginine side chain in the conserved CRGKA cytoplasmic tails of the variant-specific surface
proteins (VSPs) of Giardia [10]. Such VSPs citrullination is proposed to influence antigenic
switching and antibody-mediated cell death. Furthermore, the release of GIADI to the
medium [11] confers to the parasite the ability to impair the availability of free L-Arg to
be used for the production of nitric oxide (NO) by IECs [12]. Since NO inhibits replication
of Giardia and other microbes, depletion of L-Arg is a recognized strategy used to evade
immune effector mechanisms [12-15].

Among various adaptations Giardia uses for coping with the intestinal environment
and immune defense, it is valuable in drug design to know how GIADI participates in
subverting the intestinal milieu to benefit itself. Regarding this, we previously demon-
strated the potential of GIADI as a target for giardiasis treatment by drug repurposing
strategies based on cysteine (Cys)-modification mechanisms [16]. It was reported that
GIADI is among 16 immunodominant proteins in Giardia [17]; however, its role as a virulent
factor modulating the immune system into the intestine has not been elucidated enough
yet.

In this regard, Banik and colleagues reported that the immunomodulatory effect of
recombinant GIADI on human monocyte-derived dendritic cells is attributable to arginine
depletion and NHy4* formation instead of preventing NO formation [18]. Furthermore,
Mufioz-Cruz and colleagues reported that citrulline but not ammonium induced activation
of rat mast cells [19]. Additionally, they reported that recombinant GIADI still stimulated
mast cells in an arginine-free medium, although to a lower extent than in the presence of
arginine, indicating that GIADI itself can stimulate mast cells [19]. This latter underlines the
importance for GIADI to maintain its 3D structure in the intestine milieu to reach immune
cells and to establish a lasting communication between the parasite and the host.

An essential family of receptors that might be involved in immunomodulation by
GIADI is Toll-like receptors (TLRs). TLRs are present in most immune cells involved in
responses against Giardia. They are known to be modulated by many pathogenic molecules,
specific food components, and pharmaceuticals [20-22]. The involvement of TLRs in
immune responses against Giardia is not well studied. Still, it might be important as it
might lead to new therapeutical approaches to modulate immune responses against Giardia
in susceptible groups such as children.

Here, we studied the capacity of GIADI to induce activation of the nuclear factor kB
(NF-«B) and activator protein 1 (AP-1) via TLRs in cell lines that endogenously express all
human TLRs. Furthermore, the possible impact on TLR-dependent immunomodulation of
rabeprazole as a drug against Giardia was studied. Spectroscopic fluorescence studies in
denaturing conditions analyzed the importance of GIADI 3D structure. To understand the
mechanisms by which GIADI exerts immunomodulation through TLRs, we used AlphaFold
to create a predicted model of GIADI. We applied it for in silico docking studies to propose
its specific binding sites to TLRs. Finally, the impact of GIADI on the cytokine release from
immature, infant-like dendritic cells (DCs) was studied.
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2. Results
2.1. GIADI Exerts Immunomodulation by Activating TLRs

In search of the effects exerted by the direct interaction of GIADI with TLRs, we
performed assays to measure the production of NF-«kB/AP-1 in THP1-MD2-CD14, a mono-
cyte reporter cell line carrying all TLRs coupled to a SEAP reporter gene. Concentra-
tions of GIADI ranging from 0.05-0.5 pg/mL tended to increase activation of TLRs in
a concentration-dependent fashion. On the other hand, GIADI concentrations ranging
from 0.5-2 ug/mL had a constant and significantly increased activation of TLRs (p < 0.05;

Figure 1a).
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Figure 1. NF-kB/AP-1 activation in THP1-MD2-CD14 reporter cells. (a) Cells were stimulated with
rising concentrations of GIADI and (b) with rabeprazole (Rbp) or the highest concentration of GIADI
mixed with Rbp. Activation of NF-kB/AP-1 is presented as the untreated control fold change. Results
represent the median with the interquartile range of at least three independent experiments, with
three technical replicates. Statistical significance levels compared to the untreated control were
determined by the Friedman test (non-parametric statistical test), followed by the Dunn’s multiple
comparisons test (post hoc test). A p-value < 0.05 was considered as statistically significant (* p < 0.05,
*** p < 0.001, *** p < 0.0001).

We assayed two rabeprazole concentrations to study their effects on the process of
TLRs activation exerted by GIADI. The addition of 50 uM rabeprazole did not modify the
GlADI-induced TLRs activation. In contrast, a concentration of 750 uM inhibited their
activation (Figure 1b). Regarding these experiments, it is remarkable that rabeprazole itself
does not activate TLRs with the assayed concentrations (Figure 1b). It is remarkable that
only the highest concentration of rabeprazole inhibited the TLRs activation by GIADI.

2.2. GIADI Interacts with the Host Immune System through TLR2 and TLR4

To determine which specific TLR was activated in THP1 MD2-CD14 cells, the reporter
cell lines expressing either human TLRs two, three, four, five, seven, eight, or nine were
used. We found that GIADI activated TLR2 in a dose-dependent manner ranging from
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1 pg/mL (p < 0.001) to 2 ug/mL (p < 0.0001) (Figure 2a). Again, rabeprazole had no effect
on this TLR but abolished the activation previously exerted by GIADI (Figure 2b).
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Figure 2. Activation effects of GIADI on HEK-Blue™ reporter cell lines. Each cell line was incubated
for 24 h with rising concentrations of GIADI, with rabeprazole (Rbp), or with a mix of GIADI
2000 ng/mL and Rbp. Afterward, NF-«kB/AP-1 release was determined. Activation of TLRs is
presented as a fold change of the untreated control. NF-kB/AP-1 activation effect of GIADI (a,c)
and the Rbp (b,d) on human TLR2 (a,b) and human TLR4 (c,d), respectively. Appropriate agonists
for each TLR served as positive controls. At least five independent assays, each one with three
technical replicates. These data were normally distributed. Therefore, the results are represented as
the mean + SD. Statistical significance levels compared to the negative control were determined by
one-way ANOVA with Holm-Sidak’s multiple comparisons test. A p-value < 0.05 was considered as
statistically significant (* p < 0.05, *** p < 0.001, **** p < 0.0001).
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GIADI with all assayed concentrations also activated TLR4 in a dose-dependent
manner from the lowest (p < 0.05) to the highest (p < 0.0001) (Figure 2c). Interestingly, the
activation of TLR4 was significantly more sensitive to GIADI than that of TLR2 (Figure 2a
vs. Figure 2c). Furthermore, rabeprazole at a high concentration abolished the activation of
GIADI on TLR4. In contrast, the low concentration did not affect this activation process
(Figure 2d). GIADI activated neither TLRs three, five, seven, eight, nor nine at any assayed
concentrations (Supplementary Figure S1).

2.3. The Forces Maintaining the 3D Structure of GIADI Could Be a Pivotal Factor in
Activating TLRs

The protein thermal shift assay showed that GIADI exhibited a stable melting point
(~56 °C) in a wide range of pH (pH 5.0 to 9.5) and under a high ionic strength (Table 1).

Table 1. Thermal shift assays on GIADI varying pH and salinity.

Melting Temperatures of GIADI (°C)

[NaCl] mM pH 5.0 pH 6.0 pH 6.5 pH 7.0 pH7.5 pH 8.0 pH 9.0 pH 9.5
0 55.98 59.14 55.88 55.64 60.34 58.96 50.04 56.99

200 49.82 60.94 60.97 63.01 70.56 56.4 59.74 56.24
400 57.04 50.59 47.17 48.12 53.57 52.05 51.93 56.84

To explore whether the tertiary structure of GIADI is involved in the TLRs activation
described above, we analyzed the intrinsic fluorescence of this protein by spectroscopic
techniques. The quantum yield of GIADI barely varies and is strongly conserved even under
extreme denaturing conditions, as can be observed when using increasing concentrations of
the chaotropic agent guanidium chloride (GdnHCl) (Figure 3a). The fluorescence emission
spectra of GIADI under denaturing conditions showed a maximum of around 340 nm
at pH 8.0 (Figure 3a). Such results support that GIADI is highly resistant to denaturing
conditions and that the interactions between its constituent amino acids strongly stabilize
its 3D structure.

To correlate the above results showing that the low concentration of rabeprazole did
not interfere with the TLRs activation by GIADI, whereas high concentrations did interfere,
we assayed the influence of different concentrations of rabeprazole combined with increas-
ing concentrations of GndHCl to determine whether rabeprazole can potentiate denaturing
of GIADI. The emission spectra showed that rabeprazole concentrations between 50 and
100 pM could not potentiate GndHCI to denature GIADI (Figure 3b,c). On the other hand,
higher concentrations of rabeprazole (500 and 750 uM) strongly potentiated denaturing
of GIADI with GndHCl (Figure 3d,e). Furthermore, the data from fluorescence spectra
demonstrate the ability of rabeprazole itself to denature GIADI at high concentrations even
in the absence of GndHCI (Figure 3f).

Since disulfide bonds can stabilize the 3D structure in proteins, we studied the role they
could play in the immunomodulation observed for GIADIL Based on the primary structure
of GIAD], the DIANNA 1.1 software (Chestnut Hill, MA, USA) [23] predicted the probability
of GIADI forming eight intra-disulfide bonds. Experimentally, we determined only three
intra- and possibly one inter-disulfide bond on recombinant GIADI [16]. Furthermore, in
the AlphaFold-predicted structure of GIADI, we found 6 Cys residues (C216, C223, C469,
C576, C283, C365) per subunit, showing distances propitious to establish three disulfide
bonds per subunit (Figure 4).
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Figure 3. Fluorescence emission spectra of GIADI at rising concentrations of the chaotropic agent
guanidine hydrochloride (GAnHCI). The intensity of intrinsic fluorescence of GIADI is almost not
decreased by increasing concentrations of GAnHCI tested in a range of denaturing concentrations (a),
even when rabeprazole 50 uM (b) or 100 uM (c) are added. The intensity of intrinsic fluorescence of
GIADI is strongly decreased when rabeprazole 500 uM (d) or 750 uM (e) are added. The overall data

show the effects of low and high concentrations of rabeprazole on the intrinsic fluorescence of GIADI
in the presence or absence of GAnHCI (f).

Interface . =77

- «C -

Figure 4. Ribbons and surface representation of the AlphaFold-predicted structure of GIADI. (a) The
homo dimer with two identical subunits is the described biological active form of GIADI. (b—d) Based
on the distance between their sulfur atoms, three pairs of cysteines might be forming disulfide bonds.

169



Int. . Mol. Sci. 2022, 23, 11552 7 of 21

As observed in Figure 3a, the 3D structure of GIADI is hardly denatured; therefore,
we analyzed its intrinsic fluorescence in the presence of increasing DTT (Dithiothreitol-
reducing agent used to break disulfide bonds). In the presence of DTT, the forces that
maintain the 3D structure of GIADI (it is, disulfide bonds) were broken, and, finally, the
protein was denatured with the addition of 6 M GndHCl (Figure 5a). Furthermore, lower
concentrations of GndHCI combined with DTT were able to promote the denaturation

of GIADL
a b
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Figure 5. Relationship between 3D structure of GIADI and activation of TLRs. Fluorescence emission
spectra of GIADI added with 6 M GndHCI dropped off by increasing concentrations of DTT (disulfide
disrupting agent) as a reflection of its denaturing (a). The 3D structure stability of GIADI correlates
with low concentrations of rabeprazole and activation of TLRs. In contrast, a lack of 3D structure
stability correlates with a lack of TLRs activation and high concentrations of rabeprazole (b).

Altogether, our results show the reinforcement of GIADI 3D structure by intra-disulfide
bonds. Moreover, on this stable structure, GIADI can activate TLRs. Along with this, both
low and high concentrations of rabeprazole can inhibit the enzyme activity of GIADL
Still, only the high ones can break disulfide bonds and impair its 3D structure, with the
concomitant inability to activate TLRs. Figure 5b interprets and summarizes the data from
the effects of rabeprazole concentrations, protein 3D structure, and TLRs activation.

2.4. Predicted Interactions between the AlphaFold-Predicted Structure of GIADI and TLR2-TLR1

To propose an explanation of the molecular mechanisms that drive the activation
effects exerted by GIADI on TLRs, protein—protein docking analyses were performed with
the HDOCK server [24]. To that end, the AlphaFold-predicted structure of GIADI and the
experimentally determined crystallographic coordinates of human TLR2-TLR1 heterodimer
and TLR4-MD-2 heterotetramer (PDB codes: 227X and 3FX]I, respectively) were used.

Molecular docking analysis of TLR2-TLR1 with the dimer of the AlphaFold-predicted
structure of GIADI located it in different sites of these receptors. The best-ranked pose
of GIADI with human heterodimer TLR2-TLR1 (Figure 6a) had a docking score of
—219.48 kcal/mol. The binding affinity (AG) prediction of the protein—protein complex
was —11.8 kcal mol~ while the dissociation constant (Kp) predicted was 2.3 X 107°M
at 25 °C. According to this approach, monomer A of GIADI established an interface
of interaction with the central and C-term ectodomains of human TLR2 (Figure 6a);
of which, an area of 557 A2 comprising six amino acid residues of the monomer A of
GIADI interacts with an area of 469 A2 containing 11 amino acid residues of TLR2. Such
interactions include one salt bridge, three hydrogen bonds, and 73 non-bonded contacts
(Figure 6b). Furthermore, monomer A of GIADI established interaction with TLR1, of
which an area of 73 A2 at the region of Arg 153 interacts with an area of 68 A% comprising
three amino acid residues of TLR1. Such interaction formed through 8 non-bonded con-
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tacts (Figure 6¢) includes important TLR1 residues (V311, F312, and G313), previously
reported as part of the ligand binding site [25].
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Figure 6. Predicted interactions between AlphaFold-predicted structure of GIADI and human
TLR2-TLR1 heterodimer. (a) Two views of the predicted protein—protein interactions of GIADI
with the ectodomains of human TLR2-TLR1. (b) Amino acid residues interacting between GIADI
monomer A (red-colored, right side) and TLR2 (blue-colored, right side). (¢) Amino acid residues
interacting between GIADI monomer A (red-colored, right side) and TLR1 (magenta-colored, right
side). (d) Amino acid residues interacting between GIADI monomer B (gold-colored, right side) and
TLR1 (cyan-colored, right side). Amino acid residues magenta-colored (right side) are part of the
ligand binding site of the TLR2-TLR1 heterodimer. Interacting amino acid residues are shown (left
side). Structures displayed with UCSF Chimera. Docking was performed with HDOCK. Interactions
analyses were made with PDBSum.
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An area of 673 A2 of the monomer B of GIADI comprising 13 amino acid residues inter-
acts with an area of 698 A2 of TLR1, containing 13 amino acid residues. These interactions
include one salt bridge, four hydrogen bonds, and 77 non-bonded contacts (Figure 6d).
Interestingly, these interactions (Figure 6d, cyan-colored residues) are surrounded by the
ligand binding pocket (Figure 6d, magenta-colored residues).

We analyzed the interacting interfaces between TLR2 and the AlphaFold-predicted
GIADI structure, identifying amino acids involved in protein—protein interactions, which
are in the region involved in the TLR2 activation process. The GIADI-predicted structure
was found to interact with TLR2 mainly through amino acid residues next to the ligand
binding site and amino acid residues important for dimerization (Figure 6b, magenta-
colored residues). Remarkably, monomer A of GIADI established hydrogen bonds with
Y332, 5333, and E336 of TLR2 (Figure 6b, blue-colored residues), which are embedded in
the ligand binding region where important residues such as L334, V338, 1341, and V343
(Figure 6b, magenta-colored residues), are located. These residues were previously reported
to interact with acylated lipopeptides [25].

2.5. Predicted Interactions between the AlphaFold-Predicted Structure of GIADI and TLR4-MD-2

The heterodimer of TLR4 and myeloid differentiation factor 2 (MD-2) recognizes
Gram-negative bacteria’s lipopolysaccharide (LPS). Since HEK-Blue-TLR4-MD2-CD14 cells
express the TLR4-MD-2 heterodimer, we performed the molecular docking analysis on
human TLR4-MD-2 tetramer with the dimer of GIADI (Figure 7). GIADI established five
regions of interaction with the TLR4-MD2 tetramer (Figures 7 and 8). The best pose of this
interaction had a docking score of —261.63 kcal/mol. The binding affinity (AG) prediction
of the protein-protein complex was —14.6 kcal/mol~" while the dissociation constant (Kp)
predicted was 1.8 x 10~ M at 25 °C.
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Figure 7. Predicted interactions between AlphaFold-predicted structure of GIADI and the ectodomain
of human TLR4 in complex with MD-2. Ribbons combined with surface representation show four
different views of the docking prediction between GIADI and TLR4-MD?2 tetramer. Structures
displayed with UCSF Chimera.
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Figure 8. Amino acid residues proposed to interact between AlphaFold-predicted structure of GIADI
and the ectodomain of human TLR4 dimer in complex with MD-2. (a) Protein—protein interaction
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of monomer A of GIADI (red-colored, right side) with TLR4 (blue-colored, right side) and the
interactions between their amino acid residues (left side). (b) The amino acid residues of monomer A
of GIADI (red-colored, right side) interact with MD2 (green-colored, right side). (c) The amino acid
residues of monomer A of GIADI (red-colored, right side) interact with TLR4*(cyan-colored, right
side). (d) The amino acid residues of monomer B of GIADI (gold-colored, right side) interact with
TLR4 (blue-colored, right side). (e) The amino acid residues of monomer B of GIADI (gold-colored,
right side) interact with MD2 (green-colored, right side). Amino acid residues magenta-colored (right
side) are part of the ligand binding site of the TLR4-MD2 tetramer. Interacting amino acid residues are
shown (left side). Structures displayed with UCSF Chimera. Docking was performed with HDOCK.
Interactions analyses made with PDBSum.

An area of 476 A% comprising six amino acid residues of the monomer A of GIADI
interacts with an area of 454 A2 containing seven amino acid residues of TLR4. This
interaction region includes two hydrogen bonds, one salt bridge, and 49 non-bonded
contacts (Figure 8a). Moreover, monomer A of GIADI established interaction with MD2. Six
amino acid residues of GIADI monomer A, which comprised an area of 256 Az, interact with
three amino acid residues of MD2, which comprised an area of 289 A2. These interactions
include one hydrogen bond and 23 non-bonded contacts (Figure 8b). This interface consists
of an important interaction with the K122 residue of MD2, which is part of the ligand
binding region. This monomer of GIADI also established interaction with TLR4* by an area
of 423 A2 comprising six amino acid residues of the monomer A of GIADI, interacting with
an area of 401 A?, containing eight amino acid residues of TLR4* (Figure 8c). The K388
residue of TLR4* is involved in these interactions and is recognized as part of the ligand
binding region.

The monomer B of GIADI established interaction with two residues of TLR4 through
2 amino acid residues, contributing to areas of 95 and 96 A2, respectively. This interaction
includes four non-bonded contacts (Figure 8d). Furthermore, monomer B of GIADI interacts
with MD2 through an area of 357 A2 comprising seven amino acid residues of the monomer
B of GIADI interacting with an area of 324 A2 containing nine amino acid residues of
MD2. This interaction region includes two hydrogen bonds and 56 non-bonded contacts
(Figure 8e).

2.6. GIADI Induces Cytokine Production of DCs

We investigated whether GIADI can influence cytokine production of DCs from
umbilical cord blood. We found that GIADI had no significant effect on the production
neither of Macrophage Inflammatory Protein 1A (MIP-1A), Interleukin 1 receptor antagonist
(IL-1RA), or Interleukin 6 (IL-6) (Figure 9a—c). On the other hand, GIADI caused a significant
decrease on the production of chemokine ligand of monocyte chemoattractant protein-1
(MCP-1)/CC (CCL2) (p < 0.0001) (Figure 9d) and IL-10 (p < 0.05) (Figure 9e), whereas it
caused a significant increase in IL-13 (p < 0.0001) (Figure 9f) and Tumor Necrosis Factor
(TNF«) (p < 0.05) (Figure 9g).
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Figure 9. Cytokine production by DCs pre-treated with GIADI 500 ng/mL. GIADI had no effect on
the production of (a) MIP-1A), (b) IL-1RA, and (c) (IL-6), whereas it caused a significant decrease
in the production of (d) MCP-1 and (e) IL-10. Significant increases in the production of (f) IL-13
and (g) TNF«x are shown. Results are shown as fold change of the untreated control. Positive and
negative control experiments are shown as — Control and + Control, respectively. A p-value < 0.05
was statistically significant (* p < 0.05, **** p < 0.0001, ns = no significant).

3. Discussion

In the present study, we demonstrate, until the best of our knowledge for the first
time, the direct effect of GIADI on human TLR signaling and report the prediction of
its 3D structure based on the AlphaFold artificial intelligence program, as well as the
probable mode of interaction of GIADI with human TLRs two and four by molecular
docking. Moreover, we show that this immunomodulatory capacity is GIADI 3D structure
dependent. We also show that GIADI can influence human infant-like DCs responses.

Inflammation through TLRs signaling is a protective response of the host to accelerate
the healing process against infectious agents. Thl-type cytokines tend to produce the pro-
inflammatory responses responsible for killing parasites, whereas Th2 is associated with
anti-inflammatory responses. The Thl-biased inflammatory consequences that TLRs exert
can also induce fatal pathological outcomes such as septic shock. Additionally, a pathogen
modulated TLR signaling can induce a Th2 response, which promotes the progression
of the disease. Thus, pro- and anti-inflammatory immune responses must be effectively
balanced to restore the homeostasis of the host during and after a pathogenic infection [26].
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Various studies on macromolecules show that different TLRs and their downstream
pathways can be activated or inhibited in a structure-dependent way [21,27-30]. The
effects of GIADI on TLRs stimulation observed herein are likely to be regulated by factors
such as its 3D structure rather than the presence of its metabolic products (citrulline and
NH4*) or depletion of arginine (its substrate). Our findings do not discard the previously
described role of the reaction products of GIADI in the immunomodulatory process [18]
but contribute to a better understanding of the variety of mechanisms used by Giardia to
interact with the human immune system.

Also, as suggested by others [11,18,19], we reinforced that GIADI is a remarkable
virulence and pathogenicity factor of G. lamblia. Previous studies have found that GIADI can
induce immune responses. Mufioz et al. demonstrated the direct role of GIADI in causing
the activation of mast cells [19]. However, the authors did not study further implications
that structural factors of GIADI could be playing on the observed phenomenon.

We show that GIADI stimulates the membrane-bounded TLRs two and four. Moreover,
our results show that rabeprazole not only inhibits GIADI enzyme activity, as previously
reported [16] but also interferes with its immunomodulatory effects on TLRs, likely by
breaking GIADI disulfide bonds and inducing its denaturation. The enzyme activity of
GIADI is susceptible to rabeprazole since C424 is part of the catalytic triad. Because of
this, concentrations of rabeprazole as low as 50 M can completely inhibit the enzyme [16],
whereas high concentrations of rabeprazole start affecting the rest of the cysteine residues
and even break disulfide bridges.

VSPs and other Cys-rich proteins found in G. lamblia are exposed to the milieu. They
are thought to protect the parasite under the digestive conditions of the upper small
intestine [31]. Cysteines are widely distributed in the proteome of Giardia [32], and they
potentially can bond their sulfur atoms to form the so-called disulfide bonds. These covalent
linkages are formed from nonadjacent Cys residues and stabilize the protein 3D structure.
In several microorganisms, protein stability often relies on the formation of disulfide bonds
to tackle extra cytoplasmic environments [33,34]. Although GIADI is not classified as a
Cys-rich protein, its 16 Cys residues per subunit and its ability to be found extracellularly
allowed us to assume that it can possess a strong stabilized 3D structure. Our findings
of GIADI intrinsic fluorescence under denaturing and reducing conditions support the
hypothesis that the disulfide bridges are reinforcing its 3D structure, which could allow it
to resist adverse conditions such as those found in the intestinal milieu.

To gain insight into how the 3D structure of GIADI influences the TLR’s immunomod-
ulatory effect observed, we performed molecular docking studies to identify the sites
of interaction of GIADI with TLRs. To that end, GIADI crystallographic structure was
needed; however, since it is still unknown, we constructed it by using the neural network
AlphaFold, which is the first computational approach capable of predicting protein struc-
tures to near experimental accuracy in most cases [35]. For TLR2-TLR1, we show that the
AlphaFold-predicted GIADI homodimer structure docked over a previously described
region important for ligand binding and dimerization. This prediction suggests that GIADI
possibly establishes contacts with TLR1 amino acid residues such as V311, F312, and G313,
which participate in the binding of ligands to induce immune activation and cytokine
release [25]. Such interactions have an important role in the interaction of TLR1 with ago-
nistic ligands such as the di and tri-acylated synthetic lipopeptides PamyCSKy, Pam3CSKy,
and macrophage-activating lipopeptide-2 (MALP-2) and FSL-1 [25,36]. This finding is in
line with others since various proteins have been described as newly discovered TLR2
ligands [37]. Altogether these findings allow us to hypothesize that GIADI might be ac-
tivating the TLR2-TLR1 heterodimer through mechanisms not defined yet, which could
be different from those reported for bacterial lipopeptides. Therefore, further studies are
needed to understand the mechanisms underlying the stimulation of TLR2 by GIADL

Molecular docking supports the possibility of establishing interactions of both TLR4
and MD2 with GIADI through amino acid residues previously described as part of the
ligand binding region. This could explain the capacity of GIADI to activate TLR4 more
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sensitively than that of TLR2. TLR4 is a membrane-bound innate immune receptor pro-
tein of 96 kDa that acts as an innate immune sensor against a broad group of invading
pathogens, from viruses to multicellular parasites [26,38-40]. GIADI is not the first protein
from G. lamblia with TLR4 activation capacity; others, such as VSPs, have been found to
stimulate host innate immune responses in a TLR4-dependent manner [31]. Moreover,
TLR4 can bind other ligands in addition to LPS, such as various small molecules and
endogenous or exogenous proteins [26,39,41-51], as demonstrated for other diseases such
as lymphatic filariasis [40]. Since our in silico proposal predicts protein—protein interactions,
it is important to note that molecular docking studies of TLR4 with other proteins, such as
the native spike protein of SARS-CoV-2 virus (PDB ID: 6VYB), demonstrated significant
binding to TLR4 [52]. Without leaving aside the current lack of experimental evidence
about the accuracy of AlphaFold-predicted structures applied in docking predictions, it
is interesting to compare the results obtained by using an experimentally resolved 3D
structure (as in the case of SARS-CoV-2 spike glycoprotein) and those obtained by us with
the AlphaFold-predicted GIADI structure. Compared with those studies, we propose that
GIADI might interact with amino acid residues from the leucine-rich repeats (LRR) 3-5 of
TLR4, while spike protein is predicted to interact with LRRs 9-13. Furthermore, while spike
protein does not interact with residues involved in the canonical activation pathway of
TLR4, our results suggest a probability of GIADI doing it (i.e., K388). Additionally, GIADI
could interact with K122 from MD2, which is part of the ligand binding region.

DCs are key players in the intestine immunity present under the epithelial lining of the
gastrointestinal tract. They can sample the luminal content by protruding their dendrites
into the lumen to distinguish harmful from harmless antigens [53-55]. DCs are important
initiators of mucosal immune responses both in adults and children. However, the clinical
impact of giardiasis seems to be stronger in the first five years of life [56]. Thus we used DCs
from umbilical cord blood since they are the most infant-like DCs than other DC models.

Here, the incubation of human infant-like DCs in the presence of GIADI provoked an
enhanced release of the pro-inflammatory cytokines TNFo and IL-1(3 but decreased the
release of MCP-1. This would be explained by the activation of the inflammatory response
mediated by NF-«kB signaling, which is essential for host defense against pathogens or
their virulence factors such as GIADI. Accordingly, with our results, studies on rat mast
cells showed enhanced release of TNF«x after treatment with GIADI [19]. Moreover, a
rodent model of infection with Giardia showed increased levels of TNF« in plasma [57].
Another study in mice proposed a protective role of this pro-inflammatory cytokine in
giardiasis since animals devoid of TNFx showed that peak Giardia load levels were around
10-fold higher compared with control mice [58]. However, in the same study, transepithelial
resistance was reduced to the same extent despite a much lighter parasite burden in
TNFax-responsive mice. Certainly, TNF-« has a very important role in the early control of
giardiasis, as previously demonstrated in Giardia infection using mouse models [58]. On
the other hand, the atrophy of intestinal villi and dysfunction of the gut epithelial barrier
detected in biopsy specimens from chronically infected patients with giardiasis can also be
observed when healthy intestinal biopsy specimens are treated with TNF« [59,60]. Hence,
the affectation on epithelial integrity during giardiasis might be due to parasite factors such
as GIADI and host-defense factors such as TNF«.

We found that the release of the anti-inflammatory cytokine IL-10 was decreased in
those DCs incubated in the presence of GIADI. This is in accordance with a previous report
where the IL-10 production was found impaired in LPS-activated human monocyte-derived
DCs (moDCs), which were exposed to GIADI [18]. Another study reported that children
with symptomatic giardiasis had increased mucosal levels of pro-inflammatory cytokines,
including TNF«. Such pro-inflammatory cytokines decreased after antigiardial treatment
with the concomitant resolution of symptoms and an increase in IL-10 levels [61].

Regarding IL-13, we found that GIADI increased the release of this pro-inflammatory
cytokine by DCs. This increase in IL-13 has been suggested to be important for the
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development and maturation of IL-17A-producing cells [62], which in turn may be essential
for the rapid clearance of Giardia by humans [63].

Ligand binding to TLRs is the first event in a signaling process that allows defenses to
be put in place for clearance of the infection and long-term protection via the molecular
memory of the adaptive immunity. Considering the state of the art in cytokines release
via TLRs stimulation, our results reinforce the proposal that GIADI could be an important
factor in giardiasis that impairs the secretion of anti-inflammatory cytokines while enhanc-
ing the pro-inflammatory ones. The strengthened 3D structure of GIADI could help the
parasite to long-term modulate the host immune response even after the loss of its enzyme
activity. Even though AlphaFold is currently the most robust tool for predicting the 3D
structure of proteins, it has not replaced the use of experimentally resolved 3D structures
for molecular docking. However, it is important to note that it represents a good strategy
to accelerate the design of new ways to treat diseases. Further studies are guaranteed to
clarify how GIADI could participate in balancing the pathogenic versus host-protective
factors during giardiasis.

4. Materials and Methods
4.1. Recombinant GIADI Expression and Endotoxin Removal

The expression and purification of GIADI were performed as previously described [16].
Once recombinant GIADI was purified, endotoxin levels were determined with the com-
mercial Pierce™ LAL Chromogenic Endotoxin Quantitation Kit (Thermo Fisher, Waltham,
MA, USA) according to the manufacturer’s instructions. Since endotoxin concentration
was above 1 EU/mL, it was removed from pure GIADI fraction by membrane affinity
using syringe filters (Acrodisc™ Units with Mustang™ E Membrane, PALL, Port Wash-
ington, NY, USA). The endotoxin levels were 1.5 EU/mL before removal and 0.02 EU/mL
after this process. As previously reported, these latter endotoxin concentrations do not
influence the studied cells [64,65]. Nonetheless, to exclude any influence from endotoxin
remnants, we added recombinant GIADI to the cells in the presence of 100 ug/mL of the
endotoxin-blocker polymyxin B (Invivogen, Toulouse, France).

4.2. Reporter Cell Lines

THP1-XBlue™-MD2-CD14 human monocytes were used as reporter cell-line. This
cell line endogenously expresses all human TLRs and has been genetically modified with
the SEAP inducible reporter gene under the control of NF-«B and AP-1 promoters. It also
has an extra insert for the expression of MD2 and CD14 accessory proteins, enhancing
TLR signaling [30,66]. Human embryonic kidney cells (HEK-Blue™) expressing either
human TLRs 2, 3, 4, 5, 7, 8, or 9 were used. Furthermore, this cell line has a SEAP
reporter gene system. It is important to note that the HEK-Blue™ TLR2 cell line also
expresses the TLRs 1 and 6. TLR2 forms active heterodimers with TLR1 and TLR6 [66].
All these cell lines were acquired from Invivogen (Invivogen, Toulouse, France). THP1-
XBlue™-MD2-CD14 and HEK-Blue™ cell lines were cultured in RPMI-1640 medium with
2 mM glutamine and DMEM medium (Lonza, Basel, Switzerland), respectively. RPMI-
1640 contained normocin 100 pg/mL (Invivogen, Toulouse, France) and DMEM medium
penicillin/streptomycin 50 U/mL and 50 ug/mL. (Gibco, Leicestershire, UK). Both media
were supplemented with 10% heat-inactivated fetal bovine serum (Sigma, St. Louis, MO,
USA), sodium bicarbonate 1.5 g/L (Sigma, St. Louis, MO, USA), and sodium pyruvate
1 mM (Biowest, Nuaillé, France). Selection antibiotics (Invivogen, Toulouse, France) were
the same as those previously reported [21]. Cell lines were passaged twice weekly and
worked at 80% confluency, according to the manufacturer’s instructions.

4.3. GIADI-TLRs Interaction Assays

In order to test TLRs activation, THP1-XBlue™-MD2-CD14 and HEK-Blue cell lines
were incubated for 24 h at 37 °C and 5% CO,, in 96-well plates, at cell densities previously
reported [21] in the presence or absence of 10, 50, 100, 500 1000 and 2000 ng/mL of freshly
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purified GIADI with 100 pg/mL of polymyxin B (InvivoGen, Toulouse, France). In order to
challenge rabeprazole with the highest dose of GIADI to evaluate how efficiently this drug
inhibited the capacity of GIADI to activate TLRs, the highest GIADI working concentration
was added alone or in combination with 50 or 750 M of rabeprazole (Sigma, St. Louis,
MO, USA). Culture medium and agonists for each TLR reported [21] were included as
positive and negative controls, respectively. Afterward, TLR activation was determined by
quantitation of SEAP production. To this end, 20 uL of supernatant were incubated with
Quantiblue™ reagent (Invivogen, Toulouse, France) for 1 h at 37 °C. Change in absorbance
was measured at 655 nm in a Bio-Rad Benchmark Plus microplate spectrophotometer reader
(Bio-Rad Laboratories B.V, Veenendaal, The Netherlands). Data were normalized relative
to the negative control, which was set to 1.

HEK TLR2 cell lines express TLR2, TLR1, and TLR6 since signaling of TLR2 acti-
vation is dependent on TLR2/TLR6 and TLR1/TLR?2 interaction. Activation and dimer-
ization of TLR2/1 and TLR2/6 were confirmed by stimulation with the specific agonists
Pam3CysSerLys4 (Pam3CSK4) and lipopeptide (FSL-1), respectively.

4.4. Dendritic Cells Culturing and Stimulation with GIADI

In order to investigate whether GIADI can influence cytokine production of DCs,
human dendritic cells (DCs) were generated from CD34+ progenitor cells harvested from
umbilical cord blood (MatTek Corporation, Ashland, MA, USA). DCs were defrosted and
incubated with a maintenance medium containing cytokines (DC-MM, MatTek Corporation,
Ashland, MA, USA) according to the manufacturer’s instructions, for 24 h at 37 °C, in
96-well plates at a density of 70 x 10* cells/well to allow them to attach to the well bottom.
After 24 h of incubation, DCs were incubated for 48 h at 37 °C and 5% CO, in a culture
medium containing 500 ng/mL of freshly produced GIADI. In another set of experiments,
to challenge DCs with the minimal dose of GIADI that activated TLRs, DCs were incubated
with 500 ng/mL of GIADI in combination with 50 pM of Rabeprazole. For all cases, cell
supernatants were collected and stored at —80 °C for their subsequent use. Six independent
assays were performed. DCs treated with 10 ng/mL of lipopolysaccharide (LPS) from
E. coli K12 (Invivogen, Toulouse, France) served as positive controls, and cells incubated
only with a culture medium were used as negative controls.

4.5. Quantitation of Dendritic Cells Cytokines Production

In order to measure the levels of cytokines TNFe« IL-10, IL-6, IL-13, MCP-1/CCL2,
and MIP-1/CCL3, a magnetic Luminex ® Assay (R&D systems, Biotechne, Minneapolis,
MN, USA) was used according to manufacturer’s instructions. Briefly, serial dilutions of
each cytokine standard were prepared. A mixture of magnetic microbeads with immobi-
lized antibodies was added to a 96-well plate, followed by the addition of undiluted DC
supernatants or standards. The plate was incubated overnight at 4 °C in constant shaking.
After three washing steps, detection antibodies were added, and the plate was incubated
for 30 min at room temperature under continuous shaking. After three more washing steps,
the plate was incubated with streptavidin-PE for 30 min in constant shaking. Finally, after
washing, magnetic microbeads were resuspended in 100 pL/well of wash buffer, followed
by the plate analysis using a Luminex 200 system (Biotechne, Abingdon, UK). Cytokine
data were analyzed with xPONENT 4.2 software (Luminex Corporation, ‘s-Hertogenbosch,
The Netherlands).

4.6. Protein Thermal Shift Assay

The thermal shift assay was performed using a Protein Thermal Shift™ Dye Kit
(x1000; Thermo Fisher Scientific; Waltham, MA, USA). Each reacted sample (60 puL) was
mixed with SYPRO Orange dye (x2) (60 puL), and 20 pL was dispensed into a tube. Using
the StepOnePlus real-time PCR system (Applied Biosystems, Carlsbad, CA, USA), the
sample was thermally denatured by increasing the temperature from 25 °C to 99 °C at
a rate of 0.16 °C/min; the fluorescence intensity was measured. Data were analyzed
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using Protein Thermal Shift Software v1.0 (Applied Biosystems; Foster City, CA, USA) to
determine the Tm value. The Tm value was used based on the Boltzmann fitting of the
fluorescence/temperature raw data (TmB value).

In the thermal shift assay, when a fluorescent dye is added to a protein and heated,
the dye binds to exposed hydrophobic sites, which causes it to fluoresce, and the change in
fluorescence intensity can be measured to analyze the structural changes in the protein.

4.7. Fluorescence Emission Spectra

The intrinsic fluorescence is used to follow the exposure to solvent of aromatic amino
acid residues that occurs during the protein unfolding, which is accompanied by a decrease
in quantum yield and a redshift of the maximal emission wavelength. Fluorescence ex-
periments were performed using a Perkin-Elmer LS55 spectrofluorometer (Perkin-Elmer,
Waltham, MA, USA) at 25 °C and a protein concentration of 65 pug/mL. The intrinsic
fluorescence of the enzymes was determined at an excitation wavelength of 295 nm, and
the emission spectra were recorded from 310 to 500 nm, with an integration time of 1s,
using excitation and emission slits of 3.5 nm each. Each spectrum was the average of three
scans with two experimental repetitions. The spectra of blanks were subtracted from those
containing protein.

4.8. Prediction of the Three-Dimensional (3D) Structure of GIADI

Since the experimentally determined 3D structure of GIADI is still unavailable, we
used its primary sequence (UniProt code Q27657) to predict the 3D atomic coordinates
of folded protein structure. AlphaFold Monomer v2.0 pipeline [35] was used in the Co-
lab server (https://colab.research.google.com/github/sokrypton/ColabFold /blob/main/
AlphaFold2.ipynb (accessed on 2 July 2022)). The predicted protein structure started from
their sequence, using a slightly simplified version of AlphaFold v2.0 without selecting
a specific existing structural template. Notably, the obtained protein structure of the
monomer includes the C-terminal end, which is absent in any other homology models
previously described [16,67,68]. This latter is relevant since GIADI is the enzyme of its type
that shows the most extended C-terminal domain described until today [68]. The dimer
was constructed with PyMOL [69] using crystallographic symmetry based on the atomic
coordinates of arginine deiminase from Pseudomonas auruginosa (PDB code: 2A9G).

4.9. Prediction of the Probably Binding Mode of GIADI to TLRs by Using the AlphaFold-Predicted
Structure and Molecular Docking

Before docking analyses, YASARA Energy Minimization Server [70] was used to attain
a minimum energy arrangement of the AlphaFold-predicted 3D structure of GIADI. The
HDOCK server for integrated protein—protein docking [24] was used to carry out molecular
docking between the dimer of the AlphaFold-predicted structure of GIADI and TLR2-TLR1
(PDB code: 2Z7X) or TLR4-MD2 (PDB code: 3FXI) dimers. In our analyses, we established
GIADI as the ligand molecule while TLR2-TLR1 or TLR4-MD2 dimers were established
as receptor molecules. Results of HDOCK simulations were confirmed by submitting
HDOCK-generated protein—protein complexes to PRODIGY [71].

4.10. Statistical Analyses

Data were analyzed with GraphPad Prism™ software (version 8.2.1 for Windows™,
San Diego, CA, USA). The normal distribution of data was assessed with the Shapiro-Wilk
test. Normally distributed data were analyzed with one-way ANOVA followed by Dun-
nett’s multiple comparisons adjustment. Non-parametric distributed data were analyzed
with the Mann-Whitney U test or Friedman test, followed by Dunn’s multiple comparisons
adjustment test. Results are expressed as mean + SD or the median and interquartile
range (IQR) for data with parametric and non-parametric distribution, respectively. A
p-value < 0.05 was statistically significant (* p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001).
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CAPITULO 8

Discusion General y Conclusiones



El intestino es un complejo ecosistema, el cual juega un papel crucial en la salud humana. Los componentes que coexisten
en este sistema estan altamente concentrados en el epitelio intestinal. Ellos establecen una comunicacién continua en el
mismo sitio en donde se asimilan los nutrientes y donde ocurre la modulacion del sistema inmune (Martin, Miquel, Ulmer,
Langella, & Bermudez-Humaran, 2014). Los factores que regulan el ambiente intestinal tienen implicaciones locales y
sistémicas, las cuales dependen de los alimentos que consumimos y contindan junto con los microorganismos que acomparan
dichos alimentos. Es por ello que una dieta occidentalizada, rica en grasas y carbohidratos de alto indice glicémico, junto con
un consumo insuficiente de fibras dietéticas (FDs), causan un incremento en la incidencia global de enfermedades no

transmisibles (Patry & Nagler, 2021).

Por el contrario, un alto consumo de FDs ayuda al envejecimiento sano y disminuye el riesgo de desarrollar enfermedades
cronicas (Dreher, 2018). El tracto gastrointestinal (Gl) y el sistema inmune intestinal son piezas esenciales en este circulo
virtuoso, destacandolos como blancos para contrarrestar varias enfermedades. Sin embargo, los mecanismos que subyacen
dichos efectos benéficos de las FDs no han sido descubiertos por completo. El papel de la ingestion de fibra en la salud
depende fuertemente del tipo de fibra. Los fructanos son un grupo importante de FDs que poseen benéficos directos a la
salud. Los fructanos son carbohidratos a base de fructosa cuya longitud de cadena o grado de polimerizacion (GP)son
variables (Roberfroid, 2005). Aquellos extraidos de plantas son carbohidratos no estructurales y solubles en agua que sirven

como reservorios de energia (Van den Ende, 2013).

El tipo de FD consumida varia marcadamente por region geografica (Stephen et al., 2017). En Europa, los fructanos
extraidos de la planta de la achicoria (Cichorium intybus) son los mas utilizados en suplementos alimenticios como fuente de
FD (Fan, Cao, & Zhang, 2016). Mientras que en regiones como Latinoamérica, las plantas de la familia del agave (Agave
tequilana, A. americana, A. angustifolia, etc.), las cuales son endémicas de la regién, representan una fuente rica en fructanos.
Debido a que estos fructanos también podrian ser utilizados como FDs para la suplementacion de los alimentos (Lopez &
Urias-Silvas, 2007; Lopez-Velazquez et al., 2015), comprender los mecanismos que subyacen los efectos de los fructanos,
podria ayudar al desarrollo de estrategias nutricionales. Dichas estrategias podrian ser dirigidas a poblaciones vulnerables

que habitan las regiones donde el agave es endémico y mas alla.

El consumo de los fructanos influencia benéficamente el desarrollo inmune y la funcién de la barrera intestinal (Vogt
et al., 2015). Mas aun, sus beneficios dependen del tipo de fructano y de su GP. Estos oligosacaridos pasan por el estbmago
sin mayor hidrdlisis debido a que resisten las enzimas humanas digestivas. Posteriormente, alcanzan el colon, donde la
microbiota intestinal los utiliza para generar productos metabdlicos, tales como los acidos grasos de cadena corta (SCFAs,
por sus siglas en inglés) (Lambertz, Weiskirchen, Landert, & Weiskirchen, 2017). La achicoria y el agave son dos plantas
estudiadas principalmente por sus fructanos y su influencia en la salud (Capitulo 1). La evidencia cientifica mas extensa
acerca del papel de los fructanos en la salud es atribuible a sus propiedades prebiéticas (Vandeputte et al., 2017). Por ejemplo,
el impacto de los fructanos incorporados a la formula infantil y su efecto en los perfiles de la microbiota intestinal a es vasto
campo de estudio (Closa-Monasterolo et al., 2013; Costalos, Kapiki, Apostolou, & Papathoma, 2008; Kapiki et al., 2007; Knol
et al., 2005; Lopez-Velazquez et al., 2013; Lopez-Velazquez et al., 2015; Wernimont, Northington, Kullen, Yao, & Bettler,
2015). Evidencia creciente indica que las enfermedades intestinales, la obesidad e incluso el cancer podrian ser tratados con
fructanos de la achicoria o del agave (Espinosa-Andrews, Urias-Silvas, & Morales-Hernandez, 2021; Quifiones-Mufioz,
Villanueva-Rodriguez, & Torruco-Uco, 2022; Wan et al., 2020), como se muestra en el Capitulo 1. Aunque también cruciales
en la salud, los efectos directos de los fructanos, especialmente los del agave, en las células inmunes y su potencial de

proteger la barrera intestinal no han sido estudiados tan extensivamente.
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En esta tesis nos propusimos comprender como y en qué medida los fructanos del agave pueden modular y proteger
contra enfermedades, asi como apoyar a la salud. Para determinar los efectos directos inmunomoduladores de los fructanos
del agave, los estudiamos y comparamos con los efectos de los fructanos de la achicoria para evaluar el impacto de estos dos
fructanos estructuralmente diferentes (lineales vs ramificados) en la sefializacién de los receptores tipo Toll (TLRs). Mediante
técnicas de docking molecular, estudiamos el modo de interaccion de estos fructanos con los TLRs y propusimos una
explicacién mecanistica de los resultados experimentales. También, se utilizaron inhibidores de las vias MyD88 y TRIF para
determinar la via por la cual estos fructanos ejercen sus efectos en la activacion de NF- kB/AP-1. Ademas, pudimos identificar
diferencias atribuibles al GP al probar diferentes longitudes de cadena de estos dos tipos de fructanos. Dichas caracteristicas
de los fructanos nos permitieron revelar el impacto que tiene la estructura en: a) la produccién de citocinas por las células
dendriticas (DCs) expuestas a estos fructanos, b) su efecto protector en in modelo in vitro de epitelio intestinal dafiado, c) sus
efectos en la expresion del mMRNA de las uniones estrechas en células Caco-2 bajo condiciones fisioldgicas e inflamatorias, y
d) su influencia en la expresion de genes relacionados a la mucosa y al estrés del reticulo endoplasmico (RE) en calulas

intestinales caliciformes (goblets, por su terminologia en inglés (GCs)).

Yendo mas alla de los efectos de los fructanos e inspirados en sus efectos en los TLRs, en la segunda parte de esta
tesis tomamos provecho de nuestra experiencia previa para estudiar al parasito Giardia lamblia y sus proteinas como otros
factores que participan en la modulacién del ambiente intestinal. G. lamblia es un modelo celular para estudiar diferentes
manera en las que tratar las parasitosis intestinales y para comprender la compleja comunicacién hospedero-parasito via
factores de virulencia y TLRs. Este microorganismo causa la enfermedad diarréica llamada giardiasis, la cual afecta
principalmente a nifios, adultos mayores y sujetos inmunocomprometidos (Ankarklev, Jerlstrom-Hultqvist, Ringqvist, Troell, &
Svard, 2010). La giardiasis puede causar diferentes grados de severidad, variando de una diarrea autolimitante, al desarrollo
de enfermedad intestinal cronica inflamatoria (Troeger et al., 2007). Sin embargo, la existencia de diferentes grados de
severidad en la giardiasis atn no ha sido completamente elucidada. Esta podria resultar de la inmunomodulacion provocada

por la interaccion hospedero-parasito.

Varias proteinas de Giardia han sido propuestas como factores utilizados por el parasito para evadir al sistema
inmune (Prucca & Lujan, 2009; Répolo, Feliziani, & Touz, 2019). Entre varias proteinas multifuncionales en G. lamblia, la
arginina deiminasa (GIAD) es de especial interés por ser considerada una enzima que juega multiples papeles regulatorios
durante el ciclo de vida de este parasito (Touz et al., 2008). Uno de los mas importantes papeles de GIADI es facilitar la
comunicacion entre el parasito y el hospedero. Debido a que los TLRs son de los componentes humanos que median dicha
comunicacién molecular con los parasitos, también nos propusimos estudiar como GIADI interactia con los TLRs para

comprender mejor las propiedades inmunomoduladoras de esta proteina cuando es liberada al lumen intestinal.

Estudiamos las interacciones potenciales de los TLRs con la enzima GIADI y las respuestas de DCs semejantes a
las de infantes después de ser expuestas a esta enzima. Se realizaron estudios espectroscopicos para establecer la influencia
de la estructura 3D en en proceso de activacion de los TLRs. Ademas, probamos a GIADI como un blanco contra la giardiasis
mediante socking molecular y ensayos de inhibicion enzimatica con farmacos modificadores de cisteinas para proponer un
nuevo método de tratamiento para la giardiasis. Esos ensayos fueron realizados con la proteina recombinante GIADI, asi
como la enzyma aislada de lisados de trofozoitos de G. lamblia. Finalmente, también investigamos como dichos farmacos

impactan la capacidad de enquistamiento de G. lamblia.
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La estructura molecular de las fibras dietéticas dirige en gran parte sus capacidades inmunomoduladoras y de

proteccion de la barrera intestinal cuando pasan a través del sistema gastrointestinal.

Los fructanos junto con los galactooligosacaridos (GOS), los oligosacaridos de le lecha humana (hMOs, por sus siglas en
inglés), los almidones y las pectinas son carbohidratos no digeribles (NDCs, por sus siglas en inglés). Estos NDCs han sido
ampliamente estudiados, demostrando la relacién cercana que existe entre su estructura y sus funciones cuando pasan a
través del tracto gastrointestinal (Beukema, Akkerman, et al., 2021; Beukema, Jermendi, et al., 2021; Cheng, Akkerman, Kong,
Walvoort, & de Vos, 2020; Cheng et al., 2021; Figueroa-Lozano et al., 2020; Fransen et al., 2017; Kong, de Jong, de Haan,
Kok, & de Vos, 2022; Kong et al., 2019; Lépine et al., 2019; Logtenberg et al., 2021; Prado et al., 2020; Vogt et al., 2014). De
estos NDCs, los fructanos de la raiz de la achicoria han sido ampliamente estudiados. En cuanto a su estructura quimica, los
fructanos de la achicoriason llamados fructanos de tipo inulina (ITFs) debido a su composicién de unidades de fructosa unidas

mediante enlaces glicosidicos (2—1)-D-fructosil-fructosa. Esto les confiere una estructura lineal.

Algunos de ellos pueden contener un residuo terminal unido mediante un enlace a-(1—2)-D-glucopiranosil (Vogt et al., 2013).
Los fructanos del agave pertenecen a los fructanos de tipo graminano (GTFs, por sus siglas en inglés) debido a que son una
mezcla de enlaces glicosidicos B(2—1) y B(2—6) (Lopez, Mancilla-Margalli, & Mendoza-Diaz, 2003). Esto les da la estructura

ramificada mas compleja que se ha descrito hasta la fecha (Pérez-Lopez & Simpson, 2020).

La capacidad de activacion o inhibicion de los TLRs ha sido estudiada para algunos hMOs, pectinas e ITFs (Cheng,
Kiewiet, Groeneveld, Nauta, & de Vos, 2019; Sahasrabudhe et al., 2018; Vogt et al., 2014; Vogt et al., 2013). En el capitulo 3
estudiamos la capacidad inmunomoduladora de los GTFs y la comparamos con la de los ITFs. Independientemente del GP,
encontramos que solo los GTfs inhiben fuertemente la activacion de los TLRs 2 y 4. Este efecto inhibidor ha sido observado
previamente en el TLR2 por las pectinas (Sahasrabudhe et al., 2018). Estos hallazgos revelan las actividades
inmunomoduladoras diferenciales que poseen los NDCs, las cuales estan intimamente relacionadas a su estructura quimica.
La fuerte capacidad inhibitoria de los GTFs podria tener apkicaciones prometedoras principalmente en desérdenes
inflamatorios intestinales, o en el campo de los trasplantes como adyuvantes para la reduccion de la respuesta inflamatoria
contra capsulas inmunoaislantes para el trasplante celular, justo como fue propuesto para las pectinas (Hu et al., 2021). Estas
aplicaciones, entre ofras, representan un campo de investigacion promisorio y aportan mas evidencia acerca del efecto

benéfico que estas FDs tienen en la salud humana.

El uso de estudios de docking molecular para proponer potenciales explicaciones mecanisticas acerca de los
fenémenos biologicos observados (revelando las interacciones moleculares de las fibras dietéticas u otras moléculas

con los TLRs)

El modo de interaccién a nivel molecular de los fructanos de la achicoria y del agave nunca se habia estudiado antes. Los
GTFs poseen un fuerte efecto inhibidor de la activacion inducida de los TLRs 2 y 4 como se demostré en el Capitulo 3.
Basados en estudios de docking molecular, propusimos una explicacién mecanistica para este fenémeno biolégico observado.
Dicho efecto inhibitorio de la activacion de TLR2 y TLR4 podria ser debido a la competencia de los GTFs con el sitio de unién
al agonista natural de dichos TLRs. Estos hallazgos han allanado el camino para el disefio experimental de futuros estudios
in vitro o in vivo para la demostracion de nuestras predicciones realizadas mediante docking. Se podria utilizar mutagénesis
sitio dirigida para confirmar experimentalmente el papel de las interacciones predichas entre los GTFs y los TLRs. Nuestra
estrategia de docking también sirvié para proponer una explicacién mecanistica acerca del fuerte efecto inhibidor del del TLR2

ejercido por las pectinas (Jermendi et al., 2022). Considerados en conjunto, estos hallazgos dan lugar al uso del docking
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molecular para la prediccion de la interaccion de los NDCs con componentes del sistema inmune. Esto podria ser una

poderosa herramienta para proponer nuevas aplicaciones de los NDCs dirigidos a desérdenes inflamatorios especificos.

Inspirados en como los fructanos de la achicoria y del agave interactdan con los TLRs, en el Capitulo 7 describimos
la interaccién de la enzima de G. lamblia arginina deiminasa (GIADI) con los TLRs. Mas aun, los estudios espectroscopicos
mostraron que la capacidad inmunomoduladora de GIADI es dependiente de su estructura 3D. También, eoncontramos que
la estructura 3D de GIADI esta reforzada por enlaces disulfuro. Ademas de la interaccion encontrada de GIADI con residuos
clave de los TLRs 2y 4, el perfil de citocinas que encontramos después de la interaccion de GIADI con las células dendriticas,
nos permiti6 demostrar la capacidad inmunomoduladora de GIADI via los TLRs. Nuestros resultados podrian tener
implicaciones mas alla del nivel molecular, podrian estar contribuyendo a explicar parcialmente la existencia de la pléyade de
cuadros clinicos que se observan en sujetos con giardiasis (Troeger et al., 2007). Mas aun, en el caso de G. lamblia, muchas
de sus proteinas son exportadas al medio intestinal mediante una secrecion no convencional, y GIADI forma parte de estas
proteinas (Balmer & Faso, 2021). Una vez que GIADI es secretada, se piensa que compite por las pozas de arginina como
estrategia para impedir la sintesis de 6xido nitrico del hospedero (Touz et al., 2008). Todo esto da origen a mas preguntas
acerca de la influencia de esta proteina en otros componentes del sistema inmune o de las células epiteliales intestinales.
Estos hallazgos contribuyen al mejor entendimiento de los mecanismos que G. lamblia utiliza para evadir al sistema inmune y

garantizar su supervivencia en el intestino humano.

Estudios de docking como base del disefio experimental de investigacion en farmacos de reposicionamiento

Debido a la existencia de cepas de G. lamblia que son resistentes a los farmacos de primera linea para tratar la giardiasis
(Leitsch, 2015), aun es necesaria la investigacion dirigida hacia la busqueda de tratamientos alternativos. El reposicionamiento
de farmacos es una estrategia bien conocida que ahorra tiempo y recursos econémicos en la busqueda de nuevos farmacos
efectivos (Farha & Brown, 2019). Consiste en la busqueda de nuevas aplicaciones a los farmacos previamente aprobados
para su uso en humanos (Pushpakom et al., 2019). En el Capitulo 2, fuimos mas alla de la caracterizacion de GIADI como un
potencial blanco de farmacos para combatir la giardiasis. Tomamos nuestra previa experiencia en el disefio racional de
farmacos como modelo (Enriquez-Flores et al., 2011; Garcia-Torres et al., 2016; Hernandez-Alcantara et al., 2013; Lépez-
Velazquez et al., 2019; Reyes-Vivas et al., 2014). El disefio racional de farmacos consiste en la busqueda de ciertas moléculas
a partir de la prediccion in silico de su accion potencial en determinado blanco, por ejemplo, en la inhibicion de la actividad
enzimatica. Usualmente el disefio de farmacos termina en el ensayo de la molécula en estudios clinicos, hasta su liberacién
final en el mercado farmacéutico (Gupta et al., 2021). Siguiendo los pasos del disefio racional de farmacos, comenzamos con
la realizacién de estudios de docking molecular para predecir la potencial interaccion de los farmacos omeprazol, rabeprazol,
sulbutiamina y aurotiomalato con GIADI. Encontramos que GIADI puede ser un buen blanco para la propuesta de
antigiardiasicos alternativos, debido a que todos estos farmacos establecieron interaccion con diferentes residuos de cisteina
de la proteina. Esto nos dio argumentos cientificos para proceder con los estudios experimentales in vitro, donde encontramos
que la proteina recombinante es inactivada en una manera dosis dependiente por todos estos farmacos. Posteriormente,
demostramos in vivo que sélo el omeprazol y el rabeprazol inactivaron a la enzima junto con la disminucién de la sobrevida
del parasito. Nuestro grupo de investigacion previamente habia descrito a la enzima de Giardia triosafosfato isomerasa como
otro blanco del omeprazol, rabeprazol y otros derivados (Garcia-Torres et al., 2016; Reyes-Vivas et al., 2014). Todos estos
hallazgos en conjunto, soportan futuros estudios clinicos para el reposicionamiento de estas moléculas, que actdan como

inhibidores de la bomba estomacal de protones, como antigiardiasicos alternativos.
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El docking molecular también podria dar una explicaciéon para la posible modulacion de los fructanos a la barrera

epitelial intestinal

En el Capitulo 4 demostramos el efecto protector de los fructanos en la barrera epitelial intestinal. Este efecto fue observado
en cultivos de células epiteliales intestinales (IECs, por sus siglas en inglés), las cuales fueron expuestas a moléculas que
dafian la barrera intestinal. Basados en reportes previos (Demel, Dorrepaal, Ebskamp, Smeekens, & De Kruijff, 1998;
Vereyken, Chupin, Demel, Smeekens, & De Kruijff, 2001; Vereyken, Van Kuik, Evers, Rijken, & de Kruijff, 2003), propusimos
como posible explicaciéon de nuestros hallazgos que los fructanos fortalecen la barrera mucosa intestinal mediante el
establecimiento de una interaccion con las IECs, mientras que, al mismo tiempo, compiten con los sitios de union de las
moléculas disruptoras en la barrera intestinal. Dicha interaccion es dependiente de la estructura del fructano aplicado.
Entonces, los fructanos lineales podrian tener una mayor area de interaccion con la membrana citoplasmatica, comparado
con los fructanos ramificados, los cuales poseen una estructura mas compleja. Como se hizo con los TLRs (Capitulo 3), la
prediccion mediante docking molecular de dichas interacciones de los fructanos con los componentes intestinales, tales como
la barrera de mucosa, la membrana citoplasmatica, el glicocalix, las proteinas de membrana, y/o las células del tejido linfoide
asociado al intestino (GALT, por sus siglas en inglés) tales como las células de Paneth y las células microplegadas (células
M), podrian aportar evidencia de otros potenciales sitios intestinales de union para los fructanos. Mas aun, estas predicciones
podrian servir para el disefio de experimentos para estudiar dichas interacciones a nivel molecular. No se sabe si estos
fructanos pueden ser absorbidos en el intestino por las IECs, lo cual podria ser otra hipotesis a estudiar. Para ir mas alla,
estudios complementarios en la localizacién celular de los fructanos mediante, por ejemplo, microscopia, podrian ayudar a
confirmar o refutar nuestra hipotesis. Estos planteamientos podrian contribuir a los mecanismos que expliquen los efectos
benéficos de estas FDs en la salud humana. Con este conocimiento, el disefio de FDs especificas para ciertos desérdenes

inflamatorios podria ser mas racional.

Las condiciones inflamatorias fueron inducidas por el uso de moléculas que dafian la integridad del epitelio (Lucioli
et al., 2013; Tai et al., 1996). Mas aun, incluimos disruptores que actian mediante diferentes vias de sefializacion, esto para
investigar los posibles mecanismos que subyacen los efectos observados. Encontramos que los efectos protectores
observados por los fructanos fueron dependientes de las diferentes vias que llevaron a la disrupcion. Para estudiar mas a
detalle los mecanismos que expliquenn nuestros hallazgos, la realizacion de estudios funcionales que incluyan moléculas que
inhiben dichas vias de sefalizacion (Gonzalez-Mariscal, Tapia, & Chamorro, 2008), podrian proporcionar mas evidencia

mecanistica.

Para la elucidacion de los mecanismos que subyacen los efectos benéficos de los fructanos en la salud intestinal,
los estudios de expresion génica necesitan ser complementados con estudios funcionales y/o estudios in vivo y

viceversa

Para tener un panorama general de los efectos directos de los fructanos de la achicoria y del agave en la salud intestinal, en
los Capitulos 4-6 estudiamos las diferentes células especializadas que constituyen el epitelio intestinal. Entonces, como
células tipo enterocito incluimos a las células Caco-2 y T84, como células productoras de mucosa incluimos a la linea celular
tipo goblet LS174T, y como representantes de las células inmunes intestinales, incluimos a las células dendriticas.
Primeramente, en el Capitulo 4 mediante estudios funcionales de resistencia transepitelial, demostramos que ambos, los
fructanos de la achicoria y los del agave tuvieron efecto protector y antiinflamatorio en la disrupcion de la barrera inducida
quimicamente. Sin embargo, los estudios de expresion génica realizados en los Capitulos 5 y 6 mostraron que los efectos de

proteccion fueron dependientes del tipo de fructano. Estos hallazgos indican la necesidad de ambos, los estudios funcionales,
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asi como los estudios de expresion génica para una caracterizacion integral de los efectos de los fructanos en las IECs. Mas

aun, futuros estudios in vivo también podrian contribuir a disectar los efectos observados de una manera mas extensiva.

El impacto de los fructanos de la achicoria en la comunicacion entre las células epiteliales intestinales con aquellas
del sistema inmune intestinal, tales como las células dendriticas fue previamente descrito por nuestro grupo de investigacion
(Bermudez-Brito et al., 2015). Esto no habia sido investigado para los fructanos del agave. En el Capitulo 6 mostramos que
las células dendriticas exhibieron respuesta antiinflamatoria cuando fueron expuestos a los fructanos. Mas aun, demostramos
que dichas respuestas reguladoras de las DCs son mas fuertes cuando son expuestas al medio de cultivos que fue
previamente utiulizado por las IECs, mismas que a su vez, fueron incubadas en presencia de los fructanos. Estos hallazgos
revelan que los fructanos de la achicoria y del agave juegan un papel importante en dicha intercomunicacion intestino-sistema
inmune. Los componentes celulares y/o metabolitos responsables de estos hallazgos siuen desconocidos. Entonces, los
estudios de expresion génica en ambos tipos celulares, las IECs y las dendriticas podria apoyar a la elucidacion de los
mecanismos que subyacen dicha intercomunicacién. La metabolémica podria ser una herramienta promisoria para un estudio

mas a profundidad en este campo de investigacion (Spacova et al., 2020).
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Conclusiones y perspectivas futuras

Tomados en conjunto los capitulos de esta tesis contribuyen a un mejor conocimiento de los efectos inmunomoduladores
directos de moléculas como los fructanos y las proteinas de parasitos como GIADI, asi como los mecanismos compartidos
por los cuales interfieren con la inmunidad del hospedero. En el caso de los fructanos, el conocimiento generado aqui podria
ser Util para el disefio de alimentos funcionales enriquecidos con fructanos del agave, especialmente en regiones como

Latinoamérica donde el agave es endémico.

Como se discutié previamente, las investigaciones conducidas en esta tesis han abierto la breha para varias lineas
de investigacion a futuro. Los estudios mas promisorios son los que permitiran la aplicacion de los fructanos del agave como
prebidticos . como se demostré para los fructanos de la achicoria (Logtenberg et al., 2020), seria interesante investigar si hay
alguna preferencia de la microbiota intestinal por la fermentacién de fructanos del agave dependiendo de su GP. Los pasos
necesarios para proponer a los fructanos del agave como prebidticos podrian ser dirigidos para determinar si dichos efectos
varian con el sexo y/o la edad del hospedero (desde la infancia hasta la adultez). El efecto prebidtico de los fructanos del
agave también podria ser estudiado en la prevencién y el tratamiento de condiciones como la resistencia a antibiéticos, la

enfermedad inflamatoria intestinal, la obesidad y el cancer.

En el caso de GIADI, el conocimiento generado nos permite entender mejor como se lleva a cabo la intercomunicacion
hospedero-parasito. Ademas podriamos utilizar los farmacos de reposicionamiento estudiados para dafiar la estructura 3D de
GIADI y de esta manera impedir su interaccion con los TLRs. Con esto se podria modular o atenuar la intercomunicacion
hospedero-parasito para apoyar la expulsién del parasito por el hospedero. El impacto general de las moléculas estudiadas

en las IECs y las DCs descrito en esta tesis se muestra en la Figura 1.
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Figure 1. Impacto general de los fructanos de la achicoria y del agave, asi como de GIADI en las células epiteliales intestinales. Abreviaturas:
A23187, iondforo de clacio; DON, deoxinivalenol; ITF 1, fructano tipo inulina I; ITF 1l, fructano tipo inulina Il; GTF |, fructano tipo graminano [;
GTF I, fructano tipo graminano Il; MUC2, mucina-2; HSPA5, miembro 5 de las proteinas de choque térmico familia A (Hsp70) (BiP); XBP1,
proteina 1 de unién a caja X; TFF3, factor trébol; CHST5, sulfotransferasa 5 de carbohidrato (N-acetilglucosamina-6-O); RETNLB, beta tipo
resistina; IL-8, interleucina 8; CSM, medio utilizado por Caco-2; MCP-1, proteina quimioatractora 1; MIP-1A, proteina 1-alfa inflamatoria; IL-6,
interleucina 6; TNFa, factor de necrosis tumoral alfa; IL-1RA, proteina antagonista del receptor de interleucina 1; IL-10, interleucina 10; IL-1p,
interleucina 1B, GIADI arginina deiminasa de Giardia; TLR2, receptor tipo Toll 2; TLR4, receptor tipo Toll 4.
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