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Resumen extendido

V. Resumen extendido

Introduccion

Los virus entéricos rotavirus (RV) y norovirus (NoV) causan gastroenteritis aguda, una
enfermedad que se manifiesta con diarrea, vémitos, malestar general, fiebre, deshidratacién e
incluso la muerte del paciente en los casos mas graves. En el aflo 2016 RV ocasiond la muerte de
128.500 nifios menores de 5 afos y NoV la de 218.800 personas de todos los grupos de edades,
siendo la mayoria de los casos registrados en paises de bajos ingresos. A pesar de la reduccidn
significativa de las muertes en las ultimas dos décadas gracias a la introduccidn de la vacuna contra

RV (RVV), la prevalencia de esta enfermedad continua siendo preocupante.

Aunque se han detectado distintos compuestos con capacidad antiviral frente a RV y NoV,
como la nitazoxanida, actualmente no se dispone de ningun tratamiento frente a estos virus, por lo

gue estas infecciones son tratadas principalmente evitando la deshidratacién del paciente.

RV es un virus de ARN de doble cadena que pertenece a la familia Sedoreoviridae. Su genoma
estd fragmentado en 11 segmentos, donde cada uno codifica una proteina, excepto el segmento 11
gue codifica dos. El virion estd compuesto por una triple capa (TLP), donde la capa interna se
compone de la proteina VP2, la intermedia por la proteina VP6 y la mas externa estda compuesta por
las glicoproteinas VP7 y VP4. En funcidén de las caracteristicas antigénicas de la proteina VP6, RV se
clasifica en 10 grupos (A-J), siendo el grupo A el responsable de las infecciones humanas. Este grupo
se divide a su vez en genotipos G, en funcion de la glicoproteina VP7 y en genotipos P, en funcién de
la proteina sensible a proteasas VP4. La cepa mas comunmente notificada en todo el mundo es la
G1P[8], seguida de G2P[4], G3P[8], G4P[8], GOP[8] y G12P[8]. La proteina VP4 se proteoliza en su
paso por el sistema digestivo en las subunidades VP5* y VP8*, siendo esta Ultima responsable de la
interaccidn con el receptor celular. Actualmente, un total de 116 paises han incluido RVVs en su
programa de vacunacién, lo que ha reducido su incidencia, pero un gran numero de nifios siguen

muriendo cada afio debido a este virus.

Por otro lado, NoV, que se ha convertido en la principal causa de AGE después de la
introduccion de la RVV, es un virus ARN monocatenario, poliadenilado y de polaridad positiva que
pertenece a la familia Caliciviridae. Su capside estd formada por las proteinas VP1 y VP2. VP1 se

subdivide en los dominios S (porcion interna de la capside) y P (porcién protuberante), dividiéndose
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este Ultimo a su vez en los subdominios P1 y P2. El subdominio P2 se localiza en la parte mas externa
de VP1, por lo que es el responsable de la interaccidon con el receptor en la célula diana. En funcién
de la secuencia de la proteina VP1, NoV se clasifica en 10 genogrupos (GI-GX), de los cuales Gl, Gll,
GIV, GVl y GIX infectan humanos. El genotipo Gll.4 Sydney 2012 es la cepa mas prevalente de NoV,
y a diferencia de RV, no existe una vacuna disponible. Actualmente la vacuna HIL-214 se encuentra

en la fase clinica 2b, donde se han encontrado resultados prometedores.

Los antigenos de grupos histosanguineos (HBGAs) actuan como receptores tanto para RV
como para NoV. Son carbohidratos complejos presentes en las superficies células sanguineas,
mucosas del tracto respiratorio, genitourinario y gastrointestinal, asi como oligosacdridos libres en
saliva, sangra y leche materna. La sintesis de HBGAs es catalizada por varias enzimas, incluyendo al-
2 fucosiltransferasa (FUT2), al-3 o al-4 fucosiltransferasa (FUT3) y dos glucosiltransferasas (enzimas
A y B), a partir de los precursores lacto-N-biosa (LNB) y N-acetil-lactosamina. FUT2 determina el
estado secretor, mientras que FUT3 determina el estado Lewis. La ausencia de una enzima funcional
FUT2 lleva a individuos secretor negativos, mientras que la ausencia de FUT3 lleva a individuos Lewis
negativos, lo que implica la falta de HBGA especificos. Tanto RVs como NoVs reconocen a los HBGAs
de manera dependiente de genotipo, lo que significa que la presencia o ausencia de ciertos antigenos
afecta la capacidad viral de infectar las células huésped. Se ha reportado que el estado secretor es

una de las causas de susceptibilidad a los RVs P[8] y P[4], asi como a los NoVs Gll.4.

Por otra parte, la microbiota intestinal contiene una amplia variedad de enzimas glicosil-
hidrolasas (GH) que permiten la utilizacién de glicanos del huésped como fuente de nutrientes. Estas
enzimas incluyen fucosidasas vy sialidasas para eliminar fucosas y acido sidlico de las cadenas de
glicanos, asi como exo- vy endo-B-N-acetilglucosaminidasas, [-galactosidasas, a-N-

acetilglucosaminidasas, endo-B1,4-galactosidasas y a-N-acetilgalactosaminidasas.

Diversos estudios han demostrado el papel de la microbiota intestinal en la modulacién de las
infecciones virales. Por una parte, inhiben la infecciéon de virus entéricos al unirse a sus receptores
blogueando la adhesidn viral; unidn a los virus promoviendo su eliminacién en las heces; estimulando
el sistema inmune; la secrecién de moco; asi como cambios en la glicosilacion. Por otra parte,
también se ha demostrado que las bacterias intestinales pueden desempefiar un papel en la
promocién de infecciones de virus entéricos al estabilizar viriones, promover su adhesion a células

huésped y alterando la respuesta inmune antiviral.
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Los principales modelos celulares empleados en el estudio de RV son las células MA104, Caco-
2 y HT29, junto con el modelo de enteroides humanos (HIEs). A excepcidn de la primera, el resto
expresan HBGAs en su superficie. NoV, por su parte, no replica en las lineas inmortalizadas, pero si
en HIEs. En cuanto a modelos in vivo, ratones y cerdos gnobidticos son usados en el estudio de RV y

NoVs, ademads de pez cebra para este ultimo.

Las principales cepas de RV empleadas para la realizacion de experimentacién basica son
aquellas adaptadas a su cultivo en el laboratorio, concretamente las cepas Wa y SA11, que han sido
adaptadas en la linea celular MA104. En cuanto a NoV, al no poder replicar en cultivos celulares
convencionales, se emplean particulas P y particulas pseudovirales (VLPs). Las primeras provienen de
la expresion del dominio P, que resulta en dimeros. Doce de esos dimeros forman las particulas P,
gue mantienen la capacidad de unién a HBGAs. Las VLPs, por su parte, consisten en proteinas VP1
ensambladas, sin ARN viral, por lo que no son infecciosas. También se usa comunmente el NoV

murino.

Puesto que tanto RV como NoV infectan células del tracto gastrointestinal, el empleo de cepas
adaptadas a cultivo de RV, cepas de NoV murino, y lineas celulares que no expresan HBGAs podria

ocasionar sesgos y/o resultados dificilmente extrapolables a humano.

Hipdtesis y objetivos

Una vez establecido que RV y NoV reconocen HBGAs del tracto gastrointestinal, que la
microbiota posee GHs para obtener nutrientes a partir de los glicanos, que la microbiota favorece la
replicaciéon de RV y NoV y teniendo en consideracion las interacciones que tienen lugar entre el
huésped, la microbiota y los patdgenos, la principal hipdtesis planteada en el presente trabajo
converge en el papel de las enzimas GHs de la microbiota intestinal, concretamente de las

fucosidasas, en la replicacién de RV y NoV.

Por tanto, el principal objetivo de la tesis fue estudiar el efecto de las fucosidasas codificadas
por la microbiota intestinal en las infecciones de RV y NoV. Para ello, los objetivos especificos que se

establecieron fueron:

- El estudio del metagenoma de heces infantiles y la busqueda de fucosidasas no

caracterizadas mediante analisis bioinformatico.
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- Laclonacién, purificacidon y caracterizacién de fucosidasas seleccionadas.

- El mantenimiento de lineas celulares con diferentes perfiles de HBGA.

- La deteccidn de aislados clinicos de RV y NoV capaces de replicarse en células dCaco-2 y
HIEs.

- Elestudio de la replicacion de aislados clinicos de RV y de la cepa de RV adaptada a cultivos
celulares Wa en lineas celulares con diferentes perfiles de HBGA.

- Elestudio del efecto de las fucosidasas en la replicacion de RV y NoV en cultivos celulares,
HIEs y ratones.

- El estudio del efecto de un inhibidor de fucosidasas en la replicacién de RV y NoV en

cultivos celulares, HIEs y ratones.

Material y métodos

-Estudio del metagenoma y caraterizacion de fucosidasas

En primer lugar, se llevo a cabo la extraccién de ADN de una muestra fecal que contenia heces
de 4 nifios lactantes de entre 1 y 3 afios, para posteriormente construir una libreria que fue
secuenciada con el equipo MiSeq Sequencer. Tras realizar las comprobaciones de calidad, corte de
adaptadores y filtrado oportunas, se llevd a cabo el ensamble metagendmico usando metaSPAdes. A
continuacion, se emplearon segun el siguiente orden el programa RAST-MGRAST, la base de datos
Cluster of Orthologous Genes, el servidor dbCAN2 y los programas SignalP y CLUSTAL Omega para
obtener finalmente las secuencias de fucosidasas putativas que no habian sido previamente

caracterizadas.

Se clonaron un total de diez fucosidasas en el vector pQE80 L etiquetadas con 6x histidina en
posicién amino terminal. Un clon de cada fucosidasa fue expresado en E. coli BL21, junto con dos
fucosidasas previamente caracterizadas, AfcA y AfcB (proveidas por el Dr. Katayama, Japon). Las
bacterias se crecieron hasta alcanzar una ODggo de 0,5, tras lo que se indujeron con 0,1 mM IPTG a
18 oC durante 16 h. Posteriormente, las bacterias se recogieron por centrifugacién durante 10 min a
7.000 g a 4 °C vy se resuspendieron en tampodn de lisis (0,015 g de lisozima, 3 U de DNasa y PMSF 0.8
mM). Los extractos celulares se purificaron mediante cromatografia de afinidad con columnas de 5
mL HisTrap empleando el equipo Akta Prime FPLC. Las proteinas obtenidas se resuspendieron en PBS

1X con 15% de glicerol.
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A continuacion, se llevd a cabo la caracterizacién de las fucosidasas aisladas del metagenoma,
junto con AfcA y AfcB mediante ensayos Western blot y Dionex. Tras comprobar la especificidad de
los distintos anticuerpos primarios en la técnica de Western blot, se incubaron diferentes
glicoconjugados con las fucosidasas obtenidas durante 16 h a 37 2C. Posteriormente, las muestras se
separaron en geles de poliacrilamida y se transfirieron a membranas de nitrocelulosa. Tras bloquear
e incubar con los respectivos anticuerpos primarios especificos producidos en ratén frente a los
diferentes glicanos y el anticuerpo secundario comun anti-ratén, se revelaron las membranas. La
desaparicion de la banda correspondiente al determinado glicoconjugado evidencia que la fucosidasa
empleada es capaz de hidrolizar la fucosa que contiene dicho glicoconjugado. Alternativamente, se
utilizé el equipo Dionex, que permitié ver el efecto directo sobre los propios oligosacaridos; para ello
se incubaron los oligosacaridos con las respectivas fucosidasas y posteriormente se analizaron las
muestras en el equipo HPLC Dionex. La presencia de fucosa como parte del producto de digestion
evidencid que la fucosidasa empleada era capaz de hidrolizar el enlace entre la fucosa y el resto del

oligosacarido.

-Preparacion de filtrados virales de heces humanas

Se resuspendieron 0,5 g de heces humanas positivas para RV o NoV en el tampén TNC 1X o
PBS respectivamente. Tras disgregar los sélidos presentes mediante la accién de una pipeta y la
posterior incubacién a temperatura ambiente, las muestras se sonicaron y se centrifugaron.
Finalmente se filtré el sobrenadante secuencialmente mediante filtros con el tamafio de poro cada

vez menor, tras lo que las muestras se alicuotaron y almacenaron a - 80 2C hasta su utilizacion.

-Mantenimiento de lineas celulares

Las lineas celulares Caco-2 y MA104 se mantuvieron en medio minimo esencial (MEM)
suplementado con 10 % suero bovino fetal, penicilina, estreptomicina, glutamina y aminoacidos no
esenciales. Las lineas celulares HT29 y HT29 M6 se cultivaron en medio minimo esencial modificado
por Dulbecco (DMEM) suplementado con 10 % suero bovino fetal, penicilina, estreptomicina y

bicarbonato sddico. Ambas se crecieron en frascos T75, una vez que los frascos alcanzaron un 80-
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90% de confluencia, las células se pasaron a placas de 96 pocillos. Para los experimentos con las

células Caco-2, se requirié de un periodo de diferenciacién celular complementario de 14 dias.

-Mantenimiento de enteroides intestinales humanos

Los HIEs se mantuvieron en matrigel con el medio de crecimiento de organoides (OGM). Para
las infecciones en 3D, estos se diferenciaron con medio de diferenciacién (ODM) durante 5 dias. En
el caso de las infecciones 2D, tras un periodo de crecimiento de 7 dias, se disociaron y se sembraron
en placas de 96 pocillos. Una vez alcanzaron la confluencia, se sometieron a un proceso de

diferenciacion durante 5 dias.

-Infecciones de lineas celulares y enteroides intestinales humanos con RV

Una vez las placas alcanzaron la confluencia, se llevé a cabo el cribado de los filtrados de RV
para detectar aquellos con capacidad de infeccién sobre células Caco-2 diferenciadas (dCaco-2). Para
ello, los virus se activaron durante 1 h a 37 2C con 10 pg/mL tripsina IX. El indculo se afiadié a los
pocillos correspondientes durante 1 h (2 h en el caso de HIEs en crecimiento 3D) tras la cual se elimind
y se afiadié medio MEM completo sin suero suplementado con 1 pg/mL tripsina IX. Una de las placas

se guardo congelada a — 802C, mientras que la otra se incubd a 37 2C el tiempo estipulado.

A continuacioén, tanto las lineas celulares previamente nombradas como los HIEs se infectaron
con los aislados clinicos seleccionados, junto con la cepa adaptada a cultivo Wa, empleando el medio

MEM suplementado sin suero.

-Infeccidn de enteroides intestinales humanos con norovirus

Se ensayo¢ la capacidad de los diferentes aislados clinicos de NoV para infectar HIEs. Para ello,
se diluyeron los NoV en medio ODM vy se afiadieron a cultivos 2D o 3D de HIEs durante 1 h o 2 h,
respectivamente. Tras ello, se elimind el indculo y se anadié medio ODM completo. Finalmente, las
células correspondientes al periodo de infeccidn de 1 o0 2 h se resuspendieron en tampdn de lisis y se
congelaron a—809C. El resto de células se incubaron a 37 2C el tiempo determinado y posteriormente

se congelaron de igual forma.
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-Efecto de fucosidasas e inhibidor de fucosidasas en la replicacién de rotavirus en células

Caco-2 diferenciadas y de norovirus en enteroides intestinales humanos

A continuacion, se estudié el efecto de las fucosidasas de la microbiota intestinal en la
replicacion de aislados clinicos de RV, asi como de la cepa Wa y aislados clinicos de NoV. Para ello, se
utilizaron células dCaco-2 en el caso de RV y células HIEs en el caso de NoV, ambas se trataron con
las fucosidasas seleccionadas durante 2 h a 37 2C. Posteriormente, se lavaron las células y se realizé

la infeccidon segun el protocolo previamente descrito.

En el caso del estudio del inhibidor de fucosidasas, se incubaron tanto los RV como los NoVs
durante 1 h con el iminosacarido 1-deoxyfuconojyrimicin (DFJ), en el caso de RV, la incubacién se
realizé durante el proceso de activacidon por tripsina. Una vez transcurrido el proceso de incubacién,

la infeccion prosiguid acorde al procedimiento descrito con anterioridad.

-Extraccién de ARN y qPCR

El proceso infectivo se monitorizé mediante PCR cuantitativa a tiempo real (qPCR), para ello,
una vez realizados los diferentes experimentos, se realizé la extracciéon de ARN de los diferentes
cultivos y las gPCR pertinentes. Los datos se analizaron mediante el método 222 para comprobar

expresion diferencial.

-Infeccién del modelo animal murino con rotavirus y norovirus

Se utilizaron diferentes grupos de ratones de la cepa C57BL/6, que fueron infectados con el
RV adaptado a cultivo Wa y con un aislado clinico de NoV perteneciente al genotipo Gll.4 2012
Sydney. Inicialmente se deplecioné la microbiota propia con un céctel de antibidticos (1 g/L
ampicilina, 1 g/L metronidazol, 1 g/L neomicina y 0.5 g/L vancomicina) en el agua de bebida. Tras tres
semanas del tratamiento con antibidticos, se inicid el proceso experimental. Se realizaron un total de
3 experimentos diferentes, cada uno de ellos condicionado a un determinado virus, un grupo fue

infectado con RV y otro con NoV:
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Grupo 1: se administrd a dos grupos de ratones 50 pug/ratén de fucosidasa AfcA, suministrada
en liposomas, una vez al dia durante 2 dias, al tercer dia, se infectaron con 10 equivalentes

gendmicos de RV o NoV.

Grupo 2: se infectaron dos grupos de ratones con 101° equivalentes gendmicos de RV o NoV

junto con 20 mM del inhibidor de fucosidasa DFJ.

Grupo 3: Se infectaron dos grupos de ratones con 10° equivalentes genémicos de RV o NoV

como controles.

Para todos los grupos, se recogieron heces hasta el séptimo dia post infeccién. A partir de
dichas muestras, se realizé la extraccion de RNA y se cuantificaron los respectivos titulos virales
mediante gPCR, para ello se utilizé una recta de regresién de equivalentes de genoma generada con
cantidades conocidas de DNA plasmidico con la secuencia diana de los cebadores empleados en la

propia qPCR.

Resultados vy discusidn

-ldentificacién y caracterizacién de glicosil-hidrolasas del metagenoma bacteriano

Se identificaron un total de 60.354 secuencias proteicas con funcién conocida, estas
incluyeron diferentes proteinas con actividad GH, de las cuales 36 tenian actividad fucosidasa y 22
de ellas presentaron secuencia codificante completa. Tras descartar proteinas previamente
caracterizadas o con alto porcentaje de similitud, se seleccionaron un total de 10 fucosidasas, Fuc18,

Fucl9A, Fuc35A, Fucl584, Fuc193, Fuc39, Fuc2358, Fuc5372, Fuc30 y Fuc35B.

Se expresaron y purificaron las diferentes fucosidasas, junto con AfcA y AfcB. Los resultados
de la caracterizacion enzimatica mediante ensayo Western blot reveld que uUnicamente AfcA
presentaba actividad fucosidasa al-2. Respecto a la actividad fucosidasa al-3/4, AfcB mostrd
actividad completa, mientras que las fucosidasas Fuc18, Fuc19A y Fuc39 era una actividad parcial.
Las fucosidasas Fuc39, Fuc35A, Fucl584, Fucl93, Fuc2358, Fuc5372 y Fuc30 presentaron una

actividad minima o nula.

Alternativamente, se utilizé el equipo Dionex para comprobar la actividad sobre los

oligosacaridos y se pudo comprobar que Fucl8, Fuc39 y Fuc35B presentaban actividad al-3/4

XVi



Resumen extendido

completa, mientras que Fucl9A y Fucl1584 presentaban actividad parcial. También se detectd que

Fuc35A, Fuc2358 y Fuc5372 tenian actividad al-2 parcial.

Estas diferencias encontradas en Western blot y mediante Dionex fue atribuida a una mejor
accesibilidad de las fucosas en los oligosacaridos empleados en el ensayo Dionex, que podrian no ser
accesibles en las neoglicoproteinas empleadas en Western blot por impedimentos estéricos. Por
tanto, se emplearon las fucosidasas AfcA y AfcB tanto en los ensayos con las células dCaco-2 y HIEs
como en los ensayos con ratones, ya que estos presentan oligosacdridos mucho mas complejos y
Unicamente las fucosidasas con capacidad de cortar fucosas presentes en los glicoconjugados

resultarian efectivas.

-Cribado de rotavirus y norovirus

4 de los 41 aislados clinicos de RV obtenidos presentaron capacidad de replicacion en células
dCaco-2, concretamente los RV RV7, RV18, RV39 y RV41. La baja tasa de muestras positivas
observada podria deberse a la presencia de contaminantes en las heces que inhibieran la replicacion
viral, asi como la coinfeccidon con otros virus o bacterias. Aunque se restringié la presencia de
bacterias en las muestras virales mediante la filtracién de las propias muestras, el periodo de
almacenamiento de las heces desde su recoleccidn hasta la preparacién de las mismas podria haber
afectado a la viabilidad de los RVs, ya que algunas de las muestras fecales fueron almacenadas
durante un periodo de tiempo elevado. Finalmente, los virus RV7 y RV39 fueron los elegidos para su
utilizacidon en experimentos posteriores debido a su robustez en la replicacidn puesta de manifiesto

tras la realizacién de varios experimentos independientes.

Posteriormente, se concluyd que el tiempo de infeccién adecuado para los RV seleccionados

erade 72 h en células dCaco-2 y de 48 h en HIEs.

En cuanto a NoV, Unicamente dos de los cinco analizados replicaron en cultivos 3D de HIEs,
los NoV NoV43 y NoV44, de los cuales se seleccioné el NoV43 para realizar los experimentos debido

a su mayor robustez en los diferentes experimentos de replicacion.
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-Infeccidn con rotavirus en lineas celulares con diferente composicion de HBGAs

Una vez identificados aquellos RV con capacidad de replicacion (RV7, RV39 y Wa), se investigd
el papel en la infeccion de los diferentes HBGAs presentes en la superficie celular. Se utilizaron las
lineas celulares dCaco-2, HT29, HT29 M6, junto con cultivos 2D y 3D de HIEs como lineas celulares
productoras de HBGAs. Alternativamente, las lineas MA104 y Caco-2 sin diferenciar (uCaco-2) fueron
seleccionadas como lineas sin la presencia de HBGAs en su superficie. Los resultados indicaron que
RV7 y RV39 replicaron de manera mas eficiente en las células dCaco-2 y HIEs que en las células uCaco-
2 y MA104, es decir, en células que expresan HBGAs en su superficie. Lo mismo ocurrié para el RV7
en las células HT29 y HT29 M6. Por su parte, Wa resulté en una mayor replicacion en la linea celular
MAZ104. Estos hallazgos indican que los aislados clinicos, es decir, aquellos RVs humanos que circulan
de forma habitual entre la poblacién, infectan de manera mas eficiente las lineas celulares con
presencia de HBGAs en su superficie y que, por tanto, se asemejan mads al ambiente intestinal. Al
contrario, la cepa Wa, RV adaptado al cultivo en laboratorio, replica mejor en las células MA104 y de
manera deficiente en las otras lineas celulares ensayadas, llegando al extremo de no poder adherirse

a las células HT29, HT29 M6 y cultivos 3D de HIEs.

-Efecto de las fucosidasas en la replicacidn de rotavirus y norovirus

Una vez se caracterizada la replicacién de los RVs en las distintas lineas celulares, se estudid
el efecto de las fucosidasas en la replicacion de RV7, RV39 y Wa en las células dCaco-2. Respecto al
RV7, el tratamiento con AfcB causé una mayor adhesion, aunque no se obtuvieron resultados
significativos. A su vez, el tratamiento con fucosidasas ocasioné un aumento en la replicacién,
obteniendo resultados comparables con ambos virus no adaptados (RV7 y RV39). El rendimiento viral
se duplicé cuando las células se trataron con las fucosidasas AfcA o AfcB de manera independiente.
Sin embargo, el tratamiento simultaneo con ambas enzimas supuso el mayor rendimiento viral,
incrementando 5,8 veces el titulo viral en el caso de RV7 y 2,8 en el caso de RV39. En cuanto a la
replicacidn, esta fue similar cuando las células no recibieron tratamiento o fueron tratadas con AfcB,
mientras que el tratamiento con AfcA o con ambas enzimas resultd en una mayor replicacion. En
cuanto al virus Wa adaptado a cultivos celulares, se obtuvo una mayor adhesidn tras tratar las células

con AfcA y con AfcB simultaneamente y un mayor rendimiento viral al emplear AfcB.
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Interesantemente, resultados previos del laboratorio mostraron que la fucosa al-4 presente
en los antigenos Lewis del precursor tipo 1 (fucosa-al-4-N-acetil-glucosamina) dificulta la unién del
antigeno de Htipo 1y sus precursores al bolsillo de unién de la proteina VP8* del genotipo P[8]. Dado
gue la unién de la proteina VP8* de la cepa Wa es mads débil, la eliminacion de la fucosa parece
beneficiar la unién viral, asi como incrementar el titulo viral después de 72 h. Ademas, en los virus
del género Influenza, responsables de la gripe, estd cominmente descrito y aceptado que las
actividades hemaglutinina y neuraminidasa deben estar equilibradas para garantizar una replicacién
idonea. Dado que, a diferencia de los virus de la influenza, los RVs no poseen su propia fucosidasa,
estos podrian estar aprovechando la actividad fucosidasa proporcionada por los miembros de la
microbiota. Teniendo esto en cuenta, nuestros resultados parecen indicar que para una actividad
lectina (capacidad de las particulas virales para unirse a los carbohidratos) mas débil (cepa Wa), la
fucosidasa AfcA superaria la actividad éptima necesaria para una replicacidon adecuada, mientras que
en el caso de lectinas de mayor afinidad presentes en los RV7 y RV39, la adicién de la actividad al-2
fucosidasa equilibraria el proceso de unién/liberacién viral promoviendo la replicaciéon dptima del

virus in vitro.

La replicacion de NoVs en cultivos 3D de HIEs también se vio afectada por el tratamiento con
fucosidasas. En este caso, se observd una disminucién de la de la adhesion, del rendimiento viral y
de la replicacién. Estos datos en conjunto estarian evidenciando que el tratamiento con las

fucosidasas resulta perjudicial para el equilibrio de unién/liberacién de NoVs humanos in vitro.

Por ultimo, se estudid el papel de las fucosidasas in vivo en el modelo de ratdn. Se observd un
aumento en la eliminacién de RV en ratones tratados con AfcA, con diferencias estadisticamente
significativas durante los dias 1 y 2 en comparacion con los ratones del grupo control. Ademas, el
periodo de excrecion viral se prolongé dos dias, ya que se pudo detectar ARN viral en los dias 5y 6
en comparacion con el grupo de control que sélo excretd virus durante 4 dias. El experimento
realizado con NoV también mostré un aumento significativo en la excrecidn viral durante los dias 1y
4. Es importante destacar que, en el modelo de infeccion murino, la microbiota autéctona fue
eliminada con antibidticos y, por tanto, la actividad fucosidasa fue aportada por los enzimas
recombinantes. Hay que tener en cuenta que las diferencias encontradas in vitro e in vivo con la cepa
Wa y los NoV procedentes del filtrado de heces podrian explicarse por anomalias en el equilibrio

entre la actividad lectina y la actividad fucosidasa.
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-Efecto del inhibidor de fucosidasas

Una vez confirmada la capacidad de las fucosidasas a mejorar o disminuir la replicacién de RV
y NoV en funcién del equilibrio lectina/fucosidasa en los diferentes modelos celulares estudiados, se
procedid a analizar el efecto del inhibidor de fucosidasas DFJ. Inicialmente se hipotetizé que en los
propios filtrados virales existia cierta cantidad de fucosidasas bacterianas, ya que, por ejemplo, AfcA
y AfcB son enzimas extracelulares que pueden ser co-purificados con los propios virus después del
proceso de filtracidn; a su vez se han encontrado muchas otras fucosidasas extracelulares en el
microbioma de las heces. Los experimentos realizados in vitro mostraron que la infeccion de células
dCaco-2 con RVs tratados con DFJ resulté en una disminucién en la replicacion viral. Mediante analisis
por gPCR, se observo que la inhibicién maxima se obtuvo con una concentracidon de DFJ 800 nM, sin
embargo, se obtuvieron diferentes niveles de inhibicién en funcién del virus utilizado. La cepa Wa
también fue inhibida a pesar de su adaptacidn a cultivos celulares carentes de HBGAs en su superficie,
lo que implicaria que la fucosidasa celular FucAl1 humana, presente en los endosomas de las células

huésped, también podria desempefiar un papel en las infecciones por RV in vitro.

El efecto del inhibidor de fucosidasas en la replicacién de los filtrados de NoVs se estudid en
cultivos de HIEs, disminuyendo significativamente la replicacion del NoV43 cuando se utilizaba DFJ a

una concentracién de 2 uM.

Finalmente, se pasé a estudiar el efecto del inhibidor de fucosidasas en el modelo de infeccion
murino. Estos fueron infectados con los virus Wa o con el filtrado de heces de NoV Gll.4 Sydney 2012
junto con 20 mM de DFJ. El efecto del inhibidor se reprodujo en ambos virus, ocasionando una ligera
reduccion en la eliminacion viral que no fue significativa durante los primeros tres dias de la infeccion
en compararon con los grupos de control. A su vez, los ratones mostraron una reduccién significativa
en la eliminacion viral en el dia 4 en ambos virus; en RV, hubo una disminucién de 2,87 veces en la
eliminacidn viral a los 4 dias, mientras que en el caso de NoV humano sdlo se detecté ARN viral

durante 3 dias en el grupo tratado.

Segun la informacion disponible, esta es la primera vez que este iminosacdrido inhibidor de
fucosidasas ha sido utilizado in vivo, por lo que la biodisponibilidad del compuesto es desconocida,
lo que podria interferir en los resultados. Los iminosacaridos se han investigado como antivirales para
la gripe, el virus de la inmunodeficiencia humana, la hepatitis C y el virus del dengue, entre otros, lo

gue facilita el camino para la investigacion de inhibidores de fucosidasas como inhibidores de RV y
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NoV. En el caso de la gripe, uno de los tratamientos comercialmente disponibles consiste en un
inhibidor de la neuraminidasa, es decir, un inhibidor de la actividad sialidasa. El oseltamivir, conocido
comercialmente como Tamiflu, es la opcién mds utilizada y se administra dos veces al dia durante
cinco dias. Multiples estudios han demostrado la eficacia del inhibidor en la reduccion de
complicaciones relacionadas con la gripe y su mortalidad sin efectos secundarios graves,
especialmente cuando se administra dentro de los 2 dias posteriores a la aparicién de sintomas. Estos
datos indican que la administracidn ocasional de un inhibidor de GH para el tratamiento viral no
implicaria riesgos para la salud. Consecuentemente, dados los cientos de miles de casos y muertes
gue RV y NoV causan anualmente en todo el mundo (principalmente en paises de bajos ingresos) la

introduccidn de un antiviral que reduzca esas cifras tendria un gran impacto en la salud humana.

Conclusiones

En el presente trabajo nos centramos en el efecto de las modificaciones de HBGAs en la
infeccion por RV y NoV, es decir, sus receptores y/o co-receptores. Especificamente, en el papel de
las fucosidasas. Para ello, se emplearon fucosidasas con actividades al-2 y al1-3/4 en células dCaco-
2, HIEs y en un modelo murino de infeccidn por RV y NoV. Se detectd un aumento en la replicacion
de aislados clinicos de RV, la cepa de RV adaptada a cultivo celular Wa y aislados clinicos de NoV en
los diferentes modelos cuando habia un equilibrio entre lectina y fucosidasa. Mas tarde, se evalud
un inhibidor de la fucosidasa. Nuestros resultados confirmaron que la actividad de la fucosidasa es
relevante para la biologia de ambos virus. El hecho de que la mayoria de los virus respiratorios con
actividad de hemaglutinina lleven consigo sus propias glicosidasas para equilibrar el proceso de
unidn/desprendimiento, mientras que tanto RV como NoV no llevan esta actividad glicosidasa, podria
explicarse por un papel de las fucosidasas de la microbiota intestinal, asi como de la fucosidasa
humana endosomal FucAl. Los resultados presentados aqui muestran por primera vez un nuevo

objetivo terapéutico para dos virus que necesitan fucosa para su proceso de infeccion.
Las conclusiones mas relevantes extraidas de esta tesis son las siguientes:

1. La microbiota intestinal expresa una amplia variedad de enzimas hidroliticas, segln lo
determinado por el estudio del metagenoma. Entre otras, se detecté la presencia de B-

galactosidasas, B-N-acetilhexosaminidasas, a-sialidasas y a-L-fucosidasas que podrian ser
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utilizadas por los miembros de la microbiota para alimentarse de los glicanos del huésped
presentes en la superficie del tracto gastrointestinal.

Las a-L-fucosidasas AfcA y AfcB demostraron una actividad fucosidasa al-2 y al-3/4
completa, respectivamente, en neoglicoproteinas, lo que condujo a su selecciéon para
experimentos posteriores.

El cribado de RV en dCaco-2 reveld un bajo porcentaje de muestras positivas capaces de
replicar, lo que puede ser atribuido a la coinfeccién con otros virus o bacterias, presencia
de inhibidores de replicacion viral o a largos periodos de almacenamiento.

El tiempo de infeccién adecuado para RV en dCaco-2 es de 72 hy en HIEs es de 48 h.

Los aislados clinicos RV7 y RV39 replicaron de manera mas eficiente en tipos celulares con
expresion de HBGA, principalmente en dCaco-2 y HIEs en 3D. Por su parte, la cepa Wa
adaptada a cultivo celular mostré una mayor replicacion en MA104, que carece de
expresion de HBGAs, reforzando asi su preferencia por lineas celulares sin HBGAs.

La infeccidon de aislados clinicos de RV en células dCaco-2 tratadas con la fucosidasa al-
3/4 resulté en un aumento en la adhesidn viral. El tratamiento celular con la fucosidasa
al-2 mejord la replicacion viral. El tratamiento con ambas fucosidasas resulté en un efecto
sinérgico donde se obtuvo el rendimiento viral maximo.

La infeccién de Wa en dCaco-2 mostro resultados significativos después del tratamiento
con la fucosidasa a1-3/4 AfcB, lo que provocd un aumento en la adhesidon y replicacion
viral, y, por lo tanto, un mayor rendimiento.

El papel de las fucosidasas en la infeccidn del aislado clinico de NoV en HIEs en 3D mostrd
una disminucién en la adhesion y replicacion viral después del tratamiento con la
fucosidasa AfcB.

La incubacién de RVs con DFJ resultd en una disminucién de la replicacion viral en dCaco-
2 tanto para el RV clinico RV7 como para el adaptado al cultivo celular Wa.

DFJ disminuye la replicacion de NoV, como se observé tras la infeccion de NoV tratados
con DFJ en HIEs en 3D.

El modelo murino con microbiota deplecionada es un modelo adecuado para el estudio
de la replicacion de RV y NoV in vivo. Los ratones infectados con RV y NoV excretaron virus
durante 4 dias.

El tratamiento con la fucosidasa AfcA en ratones que posteriormente fueron infectados

con RV mostrd una mayor eliminacién viral los dias 1 y 2 tras la infeccidn, asi como un
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15.

periodo de eliminacién mas largo que en los ratones de control. En los ratones tratados
con AfcA, se detectd ARN viral hasta el dia 6, mientras que solo hasta el dia 4 en el grupo
de control.

El tratamiento con la fucosidasa AfcA provocd una mayor excrecion viral en ratones
infectados con NoV, con diferencias significativas detectadas en los dias 1 y 4 tras la
infeccidn.

El inhibidor de fucosidasas en ratones infectados con RV y NoV causé una disminucién
significativa en la excrecidn viral el dia 4 post infeccidn para ambos virus, donde incluso
NoV no fue NoV.

Las propiedades antivirales de DFJ demostradas con RV y NoV en los diferentes modelos
celulares y animales lo convierten en candidato para su investigacién como un antiviral

contra virus que infectan a través de fucosas.
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Abstract

V. Abstract

Rotavirus (RV) and norovirus (NoV) are enteric viruses that cause acute gastroenteritis (AGE).
The symptoms associated with this disease are diarrhoea, vomiting, malaise, fever, dehydration and
in the most severe cases, mortality. In 2016, RV caused the death of 128,500 children under 5 and
NoV of 218,800 people of all age groups, with the majority of the cases occurring in low-income
countries. Despite a substantial decrease in deaths in the last 20 years after RV vaccine (RVV)

introduction, the prevalence of this disease remains a concern.

RV is a double-stranded RNA virus that belongs to the Sedoreoviridae family. Its virion is a
triple-layered particle (TLP), being the most external layer composed of the glycoprotein VP7 and the
protease-sensitive protein VP4, which define the G and P genotypes respectively. The most reported
strain worldwide is G1P[8], followed by G2P[4], G3P[8], G4P[8], G9P[8] and G12P[8]. VP4 is cleaved
post-translationally into the subunits VP5* and VP8*, being the second one responsible for cellular

receptor interaction.

As for NoV, the leading cause of viral AGE after RVV introduction, it is a single-stranded RNA
virus, polyadenylated and with positive polarity, which belongs to the family Caliciviridae. Its capsid
is composed of VP1 and VP2 proteins, with the P2 subdomain of the VP1 at the outermost part. The

genotype Gll.4 Sydney 2012 is the most prevalent strain. Contrary to RV, no vaccine is available.

Histo-blood group antigens (HBGAs) act as RV and NoV receptors or co-receptors. These are
complex carbohydrates found on the mucosal surfaces of the gastrointestinal tract, among others.
This means that both RV and NoV have lectin activity. The synthesis of HBGAs at the digestive tract
is catalysed by an al-2 fucosyltransferase (FUT2), an al-3 or al-4 fucosyltransferase (FUT3) and two
glycosyltransferases (A and B enzymes). FUT2 determines the secretor status while FUT3 the Lewis
status. These enzymes catalyse the production of Lewis antigens (lewis?, lewis®, lewis* and lewisY
antigens), H type-1 and type-2 antigens, A type-1 and type-2 antigens and B type-1 and type-2
antigens. The absence of functional FUT2 leads to secretor negative individuals while the absence of
FUT3 to Lewis negative individuals, and thus, the absence of specific HBGAs. RVs and NoVs recognize
HBGAs in a genotype-dependent manner, thereby the presence or absence of specific antigens
affects the viral ability to infect its host cells. Secretor status is reported to be a cause of P[8] and P[4]

RVs and Gll.4 NoVs susceptibility.

XXV



Abstract

Gut microbiota present a wide range of glycosyl hydrolases (GHs) that allow them to use the
host glycans as a nutrient source. They possess fucosidases and sialidases to remove fucoses and
sialic acid from the end of the glycan chains, as well as exo- and endo-B-N-acetylglucosaminidases,
B-galactosidases, a-N-acetylglucosaminidases, endo-B1,4-galactosidases, and o-N-
acetylgalactosaminidases. Many studies have stated the role of bacteria in the promotion of RV and
NoV infections. Among other mechanisms, they might modulate viral replication by modifying the

HBGAs.

The present work has been focused on the investigation of the role of the GHs of the gut
microbiota on RV and NoV infections. It was hypothesized that bacterial fucosidases may modulate
RV and NoV attachment and replication. To test this hypothesis, it was performed a metagenome
study from infant faeces. A total of 10 bacterial fucosidases were selected and characterized. Finally,
two fucosidases from the microbiota member Bifidobacterium bifidum JCM 1254, previously
characterized, were chosen to perform further experiments, being AfcA, with al-2 fucosidase activity

and AfcB, with a1-3/4 fucosidase activity.

Later, two clinical RV isolates (RV7 and RV39) and the cell culture-adapted RV strain Wa were
used to infect various cell lines with different HBGAs composition. Differentiated Caco-2 (dCaco-2),
HT29, HT29 M6 and human intestinal enteroids (HIEs) were employed as cell lines bearing HBGAs,
while MA104 and undifferentiated Caco-2 (uCaco-2) served as cell types without HBGAs. It was
detected that clinical isolates replicated more efficiently on those cell lines displaying HBGAs on their
surface, while Wa on MA104, cell type which lacks HBGAs on which Wa had been adapted. Once it
was determined that HBGAs are relevant for human circulating RV infection, the role of fucosidases
was studied. AfcA and AfcB fucosidases were used to treat dCaco-2 prior to RV infection. Results
showed higher attachment, viral yield and replication for RV7 and RV39. A less but notable increase
in viral yield was also detected for Wa. As for NoV, infections were performed on 3D HIEs. However,
decreases in viral attachment, yield and replication were observed after fucosidase treatment.
Fucosidases were also tested on mice. Those were infected with Wa and GlI.4 NoV after treatment
with AfcA, where it was detected significant increases of the viral shedding for the two viruses, even

a more prolonged shedding in the case of RV.

Since both RV and NoV seemed to benefit from the fucosidase treatment, the effect of a
fucosidase inhibitor, the 1-deoxyfuconojyrimicin, was also investigated. Once it was confirmed the

specificity of the compound, viral stocks were incubated with different concentrations of the
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inhibitor. Many assays were performed in vitro an in vivo including the infection of clinical RV isolates
and Wa in dCaco-2 cells, NoV infection of 3D HIEs, and RV Wa and NoV infection of mice. All the
experiments gave the same result: viral treatment with the fucosidase inhibitor caused a decrease in

viral replication.

We can conclude that the HBGAs binding activity (lectin) /fucosidase balance is relevant for
both enteric viruses, RV and NoV. In the in vitro models the addition of bacterial fucosidases resulted
in an increased RV replication and this effect was found in vivo in RV and NoV infections in mice.
Furthermore, the fucosidase inhibitor 1-deoxyfuconojyrimicin HCl showed an antiviral effect in both
viruses in vitro and in vivo pointing to a new antiviral target and opening new avenues for the

development of new antiviral treatments.
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1. Introduction

1.1. Enteric viruses and their relevance in human health. Rotavirus and norovirus

classification and structure

Despite the reduction in the diarrhoeal related-deaths in the last 20 years (from 2.6M in year
2000 to 1.5M in year 2019), diarrhoeal diseases remain one of the most important causes of death
in children under 5 in developing countries. According to World Health Organization (WHO),
diarrhoeal diseases were one of the top 10 causes of death worldwide and the top 5 in low-income

countries in 2019 [1].

Gastrointestinal viruses such as rotaviruses (RVs) and noroviruses (NoVs) cause acute
gastroenteritis (AGE). A variety of symptoms are associated with this disease, including diarrhoea,
vomiting, malaise, fever and dehydration among others, which in the most extreme cases may result
in death. Enteric viruses are transmitted by the faecal-oral route, by direct contact with infected
patients or by contact or consumption of food or contaminated water. Treatment includes

rehydrating with oral fluids and taking probiotics since no antiviral medication is available [2,3].

RV is a double-stranded RNA virus that belongs to the family Sedoreoviridae [4], whose
genome is fragmented into 11 segments. Each segment codes for one protein, except for segment
11, which codes for two. Six of the proteins are structural (VP1, VP2, VP3, VP4, VP6 and VP7) and the
other six non-structural (NSP1-NSP6). RV infectious virion is an icosahedral particle with a triple-
layered capsid, where the internal layer is composed of VP2 molecules. It encloses the viral genome,
and the VP1 and VP3 proteins, located in the inner surface of the VP2 layer. They form the
transcription complex, being VP1 the viral RNA dependent RNA polymerase (RdRp), and VP3 the
capping enzyme. The core is surrounded by the middle layer capsid VP6, forming the double-layered
particle (DLP). The outer layer is composed of VP7 and VP4 proteins, thus generating the triple-
layered particle (TLP) (Fig. 1). These two outer capsid proteins elicit neutralizing antibodies.
Furthermore, trimers of VP4 extends from VP7 as spikes, and it is composed of the subunits VP5*
and VP8%*, the second one responsible for cellular receptor interaction during the infection process
[5]. VP4 and VP7 forms trimers, the second one being stabilized by Ca?*. Removal of Ca?* in vitro

causes the dissociation of VP7 and VP4 outer membrane [6-9].
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Figure 1. Structure of RV.

RV structure consists of an inner layer of VP2, a middle capsid layer of VP6 and an outer one of VP7 and spikes of
VP4. The core is constituted by VP2, the transcription complex formed by VP1 and VP3, and the viral genome. VP6
protein defines RV groups. The external capsid layer protein VP4 is proteolytically cleaved in VP5* and VP8*
subunits. VP4 and VP7 elicit immune response [10]. This is a schematic representation and it’s not in proportion.

Based on the sequence and antigenic differences of VP6, RVs are classified into 10 groups (A-
J), where group A is responsible for most human infections. This group is further classified into P and
G genotypes. P genotypes are based on sequence differences of the protease-sensitive protein VP4,
where 58 genotypes are found, while G genotypes depend on the sequence differences of the
glycoprotein VP7, where 42 genotypes have been described [11]. Since VP4 and VP7 are coded by
different segments, a great variety of combinations can be found. Globally, the most reported strains
are G1P[8], G2P[4], G3P[8], G4P[8], GIP[8] and G12P[8], with G1P[8] being the most prevalent

worldwide.

Most human RV infections occur in infants and children. Currently, there are oral, live
attenuated RV vaccines (RVVs) from human and/or animal strains that replicate in the human
intestine, eliciting an immune response. Rotateq obtained the WHO prequalification in 2008, Rotarix
in 2009 and Rotavac and Rotasiil in 2018. Rotateq and Rotasiil are pentavalent, being the first one
composed of the human-bovine reassortants G1, G2, G3, G4, and P[8], and the second one of G1, G2,
G3, G4 and G9. Rotarix and Rotavac are monovalent, being Rotarix composed of G1P[8] and Rotavac
of G9P[11]. Up to now, 116 countries have included them in their universal vaccination program: 76
countries use Rotarix, 16 countries Rotateq, 8 use Rotarix and Rotateq, 3 use Rotavac, 3 use Rotasiil

and 1 uses Rotavac and Rotasil [12,13].

Despite that 48% of the global population is unvaccinated and 32% do not have access to the

vaccine [14], thanks to RVVs introduction the number of child deaths associated with RV has
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decreased from 518,000 (range, 465,000—-591,000) in 2000 to 215,000 (range, 197,000-233,000) in
2013 [15], 146,000 (118,000-183,000) in 2015 [16] and 128,500 (104,500-155,600) in 2016 [17]. The
trend keeps decreasing but an alarming number of children keep dying every year because of RV

infections.

After the introduction of RVVs, NoVs have been replacing RV outbreaks. Regarding NoVs, they
belong to the Caliciviridae family, and have a polyadenylated single-stranded RNA of positive polarity,
which is covalently bound to a non-structural protein NS5 at the 5’ end and polyadenylated at the 3’
end. Its genomic RNA codes for three open reading frames (ORFs), where ORF1 codes for a large
polyprotein that is proteolytically cleaved into six mature non-structural proteins (NS1/2 to NS7).
These proteins are p48 (NS1/2), nucleoside-triphosphatase (NTPase, NS3), p22 (NS4), VPg (viral
protein genome-linked, NS5), protease (NS6) and the RdRp (NS7). The ORF2 codes for the major
capsid protein VP1 and ORF3 for the minor structural protein VP2 (Fig. 2). There is also a subgenomic
RNA which codes for ORF2 and ORF3 and it is also covalently linked to the VPg protein at the 5’ end
and polyadenylated at the 3’ end. 90 dimers of VP1 compose the viral capsid, which is further
subdivided into the shell (S) and protruding (P) domains. The S domain alone, which is highly
conserved, can assemble the capsid shell. The P domain, on the other hand, is more variable and
consists of two subdomains, P1 and P2. The P1 domain connects S and P2 that is VP1 outermost
structure, thus acting as a target for neutralizing antibodies and key to host receptor interactions.

VP2 interacts with the S domain of the VP1 and stabilizes the formation of the capsid [18].
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Figure 2. Structure of NoV.

NoV structure consists of the major capsid protein VP1 and the minor capsid protein VP2. VP1 is divided in the S
and P domains. P is further subdivided in P1 and P2, being P2 found in the most external part, thus eliciting
neutralizing antibodies. VP2 is found in the core virion along with viral genome. VP2 confers stability to the virion.
Viral genome is covalently bound to VPg protein at the 5’ end and polyadenylated at the 3’ end [19]. This is a
schematic representation and it’s not in proportion.

The classification of NoVs is based on VP1 amino acid sequence diversity, and 10 genogroups
have been described so far (Gl to GX). The ones able to infect humans are Gl, GlI, GIV, GVIII and GIX,
the two first ones responsible for most cases [20]. Genogroups are then subdivided into genotypes,
where Gll.4 is more prevalent, followed by GlII.3 [21]. New GlI.4 variants have emerged every 2 to 3
years since 1990, which include GlI.4 US95/96 strain in 1995, GIl.4 Farmington Hills in 2002, GIl.4
Hunter in 2004, Gll.4 Den Haag in 2006, Gll.4 New Orleans in 2009, and Gll.4 Sydney in 2012 [22]. Up

to now, a total of 49 genotypes have been described [20].

At this moment there is no NoV vaccine available, which could be due to the extreme diversity
presented by NoVs, the incomplete understanding of immunity to NoVs, and the lack of a robust cell
culture system or animal model to replicate human NoVs [23—-25]. Despite this fact, there are some
NoV vaccine candidates, as HIL-214, previously known as Tak-214, firstly developed by Takeda
Pharmaceuticals and then by HilleVax. It is a VLP-based bivalent, made of Gl.1 and Gll.4, and it has
passed clinical phase 2b with promising results, since it can provide cross protection, and is also well

tolerated [24,26].

1.2.  Rotavirus and norovirus replication cycle

The first step in RV and NoV infection is the viral attachment to target cells, the mature

enterocytes of the small intestine. In the case of RV, VP4 is proteolytically cleaved into VP5* and VP8*
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subunits by trypsin, which enhances viral infectivity and facilitates virus entry into cells. The three
subunits of the VP4 trimer remain associated with the virion after the cleavage. Once proteolysis has
taken place, the spikes are well defined and appear dimeric protrusions (the third trimer subunit
remains within the shell), contrary to the unproteolyzed spikes (not visible by standard cryo-electron
microscopy), which leads to a lower infectivity. This indicates that the proteolysis of the VP4 spikes
makes the viral entry more efficient [27-29]. After VP4 cleavage, RV attachment to host cells is
mediated by the VP8* subunit, and it has been described that integrins [30,31], sialic acid (SA) [32],
Hsc70 [33,34] and histo-blood group antigens (HBGAs) [35] act as viral receptors or co-receptors.
Following binding, RV particles enter the cells by endocytosis or direct membrane penetration,
leading to the release of DLPs in the cytoplasm [27] (Fig. 3). The transcription complex formed by the
RdRp, VP1 and capping enzyme VP3 together with VP2 and VP6 generates capped positive single-
stranded RNAs from each of the 11 double-stranded RNA genome segments, which are released to
the cytoplasm from inside the DLPs. The transcripts are then either translated (early in the replication
cycle) or used as templates for the synthesis of the double-stranded RNA genome (late in the
replication cycle). NSP2 and NSP5 interaction results in the formation of cytoplasmic inclusions
bodies, known as viroplasms. Such viroplasms concentrate the viral components required for
genome assortment and replication and the assembly of viral particles. In these inclusions, several
interactions between VP1, VP2, VP3, VP6 and NSP6 with the positive single-stranded RNA take place,
which results in the assortment and packaging of the RNA into cores, where VP1 and VP2 trigger
double-stranded RNA synthesis [36]. DLPs are then formed by the addition of the VP6 layer. DLPs bud
from viroplasms into adjacent cellular membranes, where NSP4 is inserted and acts as an intracellular
receptor for DLPs by interacting with VP6 [37]. DLPs are transiently enveloped. NSP4 serves as a
viroporin, which creates pores and facilitates the increase of cytoplasmic Ca?* levels required for viral
particle formation [38]. DLPs then acquire the outer-capsid proteins VP7 and VP4. RV TLPs are
released from non-polarized cells by lysis or by budding process in polarized cells. As for the function
of NSP1, it antagonizes host interferon (IFN), which facilitates the evasion of immune responses [39].

NSP3 inhibits host protein translation [40,41].
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Figure 3. Rotavirus replication cycle.

Attachment of RV to host cells is mediated by the VP8* subunit. After binding, RV particles enter the cells through
endocytosis or direct membrane penetration, releasing DLPs in the cytoplasm. The transcription complex, formed
by RdRp VP1 and the capping enzyme VP3, with VP2 and VP6, generates capped positive single-stranded RNAs,
which are released from the DLPs and are either translated or used as templates for the synthesis of double-
stranded RNA genome. NSP2 and NSP5 form viroplasms that concentrate viral components required for genome
assortment and replication. VP1, VP2, VP3, VP6 and NSP6 interactions in viroplasms lead to RNA assortment and
packaging into cores, where VP1 and VP2 trigger double-stranded RNA synthesis. DLPs are formed by adding the
VP6 layer, then bud from viroplasms into cellular membranes, with NSP4 acting as an intracellular receptor and also
increases cytoplasmic Ca?* levels. Then, DLPs are transiently enveloped, and then acquire the outer-capsid proteins
VP7 and VPA4. Finally, TLPs are released by lysis or budding processes. Adapted from [10].

In the case of NoVs, it is the P domain the one responsible for host cell interactions. P1
subdomain has moderate sequence diversity, while P2 has a highly variable amino acid sequence
[42], which is the most exposed part of the particle and contains the receptor binding sites. The
HBGAs have been described as human NoV receptors. Following viral attachment, NoVs particles are
internalized by endocytosis or direct penetration (Fig. 4). Then, they are disassembled, releasing viral
RNA in the cytoplasm. Once the VPg-linked RNA is released, VPg recruits host cell translation initiation
factors [43], which results in the translation of the non-structural polyprotein and the VP1 and VP2

proteins. The protease NS6 is auto-cleaved, which later cleaves the rest of the NS proteins that have
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specific functions in the replication and infection process [44]. After that, the positive single-stranded
RNA is transcribed into negative RNA, which are used as templates for the synthesis of new positive
genomic and subgenomic RNA by the action of RdRp. VPg, NTPase, and p48 participate in this
process. Finally, it takes place the viral assembly, encapsidation and exit. The lack of human NoV

replication models hinders the understanding of the complete process of the NoV replication.
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Figure 4. Norovirus replication cycle.

Following attachment to cellular receptors, NoV particles are internalized by endocytosis or direct penetration.
Subsequently, disassembly of the particles releases viral RNA into the cytoplasm. The VPg recruits hots cell
translation initiation factors, leading to the translation of the non-structural polyprotein and VP1 and VP2 proteins.
The NS6 protease undergoes auto-cleavage, which later cleaves the remaining NS proteins. Then, the positive
single-stranded RNA is transcribed into negative RNA, serving as templates for the synthesis of new positive
genomic and subgenomic RNA by the RdRp enzyme, assisted by VPg, NTPase, and p48. Finally, viral assembly,
encapsidation and exit take place [45].
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1.3.  HBGAs as rotavirus and norovirus receptors

In both, RVs and NoVs, HBGAs act as receptors to initiate viral infections, this implies that
both viruses possess lectin activity. HBGAs are complex carbohydrates that not only are present on
the surface of red blood cells but also in many other tissues, as mucosal surfaces of the respiratory,
genitourinary and digestive tracts; as well as in the form of free oligosaccharides in some biological

fluids, such as saliva, blood and milk [46].

The synthesis of HBGAs is carried out by stepwise addition of monosaccharides to precursors,
by the action of glycosyltransferases coded by three major HBGA gene families. These three gene
families are known as the secretor, Lewis and ABO families that code for an a-1,2 fucosyltransferase
(FUT2), an a-1,3 or a-1,4 fucosyltransferase (FUT3) and two glycosyltransferases (A and B enzymes),
respectively. The two precursors that can be modified by FUT2 and FUT3 enzymes are: type-1
precursor (galactose-B1-3-N-acetyl-glucosamine, known as lacto-N-biose (LNB)), and type-2
precursor (galactose-B1-4-N-acetyl-glucosamine, known as N-acetyl-lactosamine). FUT3 adds an L-
fucose to the N-acetyl-glucosamine of type-1 and type-2 precursors with an al-4 or al-3 linkage,
respectively, generating Lewis? (Le?) antigen in the first case, and Lewis* (LeX) in the second one. On
the other hand, FUT2 adds a fucose to the precursors through an al-2 linkage, thus generating type-
1 and type-2 H antigens. Type-1 and type-2 H antigens can be further modified by FUT3, A or B
enzyme. FUT3 adds an L-fucose to the N-acetyl-glucosamine of those antigens by al-4 or al-3
linkage, resulting in Lewis® (Le®) and LewisY (LeY) antigens; A enzyme adds a N-acetyl-galactosamine
to the galactose by al-3 linkage, generating A type-1 and A type-2 antigens; and finally B enzyme
adds a galactose to the galactose by a1-3 linkage, generating B type-1 and B type-2 antigens (Fig. 5)
[46-48].
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Figure 5. Biosynthesis route of HBGAs.

Type-1 and type-2 precursors are modified by either FUT3 that adds fucose in a1-3/4 to N-acetyl-glucosamine, or
FUT2 that adds fucose in al-2 to the galactose, to produce Lewis or H antigens. H antigens can be modified by FUT3,
A or B enzymes, to produce Lewis, A or B bloods groups, respectively. LNB, lacto-N-biose; Le?, Lewis?; Le®, Lewis®; H
type-1, H type-1 antigen, A type-1, A type-1 antigen; B type-1, B type-1 antigen; N-Acetyl-Lac, N-acetyl-lactosamine;
Le*, Lewis*; LeY, Lewis’; H type-2, H type-2 antigen, A type-2, A type-2 antigen; B type-2, B type-2 antigen. Adapted
from [48].
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FUT2 and FUT3 are polymorphic genes, which result in the absence or decreased amount of
type-1 and type-2 H antigens in the case of FUT2, and the absence or decreased amount of Lewis
antigens in the case of FUT3. Individuals who lack functional FUT2 are known as non-secretors, while
the ones without FUT3 as Lewis negative individuals. Due to the role that HBGAs play as RV and NoV
receptors, the presence or absence of specific antigens affects the viral ability to infect its host cells.
As HBGA distribution varies widely between populations and ethnic groups, this is an important

factor to consider regarding vaccine efficacy and protection in different populations [49-51].

1.3.1. Rotavirus and HBGAs

RVs bind HBGAs in a P genotype-dependent manner because it is the VP4 protein the one that
interacts with the HBGAs (the viral lectin). Studying these recognition pattern provides new

information about genetic susceptibility and RVV effectiveness among different populations.

P[4] and P[8] were reported to recognize Le® and H type-1 HBGAs [52], but other authors
found no interaction of the P[8] with the Le®[53]. P[6] VP8* only binds H type-1 [52], while P[9], P[14]
and P[25] were found to specifically bind A antigen [54-56]. P[11] binds type-2 precursor [57,58] and,
as for P[19], it recognizes mucin core glycans with the GIcNAc-B1-6-GalNAc motif and the type-1
HBGA precursor [59].

Several studies have also been performed in order to elucidate the role of secretor status in
susceptibility to RV infections. Studies conducted in Spain, USA and France concluded that 99-100%
of patients infected with RVs were secretors and <1% non-secretors, while the proportion of non-
secretors in control groups was 30% in Spain, 23% in USA and 19% in France [60—62]. In the Spanish
and French studies all the individuals were infected with P[8] RV and in USA 90% with P[8], 9% with
P[4] and 1% unknown. These studies indicate that positive secretor status was strongly associated
with susceptibility to P[8] and P[4] genotypes, which aligns findings from other investigations [63,64].
As for Lewis positive or negative status, studies concluded that Lewis negative individuals are more
susceptible to be infected with P[6] genotype [65—68]. Such differences in RV specificity could explain

why RVV efficacy varies in different countries.
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P[4] and P[8] RV infections predominate in Europe, North and Central America and Asia, where
secretor individuals are more common (80% of secretors vs 20% of non-secretors in Caucasians) [69].
As for Sub-Saharan Africa, where Lewis negative individuals are more common (32% of Lewis
negative individuals in Africa vs 6-8% in Europe), it is P[6] the predominant genogroup [70]. These
differences in HBGA distribution and specificity of RV infection may be one of the reasons why RVVs
are less effective in certain countries. A systematic review reported that vaccination in low mortality
countries provides higher protection against severe RV AGE (more than 90%) as compared to high
mortality ones (35-54%) in children followed up to 2 years after vaccination (Table 1) [71]. This could
be explained by the fact that regions with high mortality rates have a higher prevalence of the P[6]
genotype. Since the existing vaccines do not offer protection against this genotype, this results in an

unprotected population against the circulating RV.

Table 1. Vaccine efficacy depending on the mortality rate of countries in children followed up two years after

vaccination.

Vaccine efficacy

Vaccine Low mortality countries Medium mortality countries High mortality countries

Rotarix 90% 77% 35%
RotaTeq 96% 79% 44%
Rotasiil No data No data 44%
Rotavac No data No data 54%

No studies were conducted in low and medium mortality countries for Rotasiil and Rotavac vaccines. Data obtained

from Bergman et al 2021 [71].

1.3.2. Norovirus and HBGAs

The outermost part of the P domain, P2, acts as the as the viral lectin binding to HBGAs. ELISA-
based binding assays, saliva binding assays or carbohydrate binding assays are normally performed
to elucidate the recognition pattern of NoVs with HBGAs, which use P particles or VLPs (virus-like
particles), that retain HBGA-binding function. These studies determined that the prototype Norwalk
(GI.1) binds both A and H antigens, VA387 (Gll.4) recognizes A, B and H antigens, MOH (GII.5) and
Hiro (GII.12) binds to A and B and VA207 (GII.9) to Le* and LeY [47,72].
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As for the relevance of secretor status in NoV infections, there is not a clear conclusion yet.
Secretor status was found to be associated with susceptibility to GlI.6 in a foodborne outbreak in
Sweden. Among secretor individuals, 56% reported diarrhoea and/or vomiting, compared to 17% of
non-secretors [73]. In another study, NoV predominantly infected children with secretor status, only
1.5% of infected children were non-secretors, compared to the 18% in the control group. The
majority of genotypes were GlI.4 Sydney (76%) and Gl1.17 (10.9%) [74]. Lopman et al concluded that
all infections caused by Gll.4 in a study conducted in Ecuador occurred in secretor children. However,
infections with non Gll.4 were higher in non-secretor individuals [75]. Reyes et al also concluded that
the incidence of NoV Gll was 4-fold higher in secretors than in non-secretors, but in the case of Gl,
the incidence was similar in both groups [76]. However, other study found the opposite results,
where secretor status was associated with Gl infections, but not with Gll [77]. Another study of a
foodborne outbreak in Sweden with GI.3 NoV reported that symptoms had the same frequency in
secretors and non-secretors individuals [78]. Rodriguez et al found that salivary Ig-A titers against a
mix of Gl.1, Gll.4 and GII.9 NoV P-particles were significantly higher in secretor-positive individuals
[79]. These findings suggest, with some exceptions, that secretor individuals are susceptible to suffer
from GIl.4 NoV infection, whereas non-secretors are resistant to this genotype. However, non-Gll.4

genotypes appear to infect people regardless their secretor status.

The parenteral NoV vaccine now being developed by HilleVax show that secretors and non-

secretors had a similar total immunoglobulin response to a single dose of the vaccine [80].

1.3.3. Microbiota and host glycans

Not only RVs and NoVs take advantage of host glycans but also the microbiota. Up to 86% of
the human gut microbiome codes for genes responsible for the cleavage of the carbohydrate
moieties of mucins and human milk oligosaccharides, with 89% encoding genes to metabolize the
resulting monosaccharides [81], since they use host glycans as a nutrient source. The mucins are
highly glycosylated proteins, being MUC2 the one that represents the major soluble and gel-forming
mucin at the small intestine and colon [82,83]. Mucin glycan degradation by the microbiota involves
the action of glycosyl hydrolases (GHs), a group of enzymes that hydrolyse the glycosidic bonds

between carbohydrates or between a carbohydrate and a non-carbohydrate moiety. Initially, they
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target fucoses and sialic acid, present at the terminal location of the mucin oligosaccharides chains,

which prevents the action of other GHs.

a-L-Fucosyl residues are commonly found at the end of glycoconjugates, such as blood group
antigens, milk oligosaccharides, gastric and submaxillary mucins, and serum glycoproteins. The most
relevant a-L-fucosidase enzymes belong to GH29 and GH95 families, which differ in their mechanism
of action. A total of 98 and 18 have been characterized, respectively [84]. These enzymes are present
in numerous members of the gut microbiota, including Bifidobacterium bifidum [85], B. longum
[86,87], Ruminococcus gnavus [88] or Akkermansia muciniphila [89]. Three intracellular a-
fucosidases from the GH29 family found in lactobacilli have been characterized, being AIfA, AlfB and
AIfC [90]. The first one releases a1-6 fucose residues from some oligosaccharides with low efficiency.
On the other hand, AIfB removes al-3 fucose and AIfC al-6 fucose of fucosyl-N-acetylglucosamine
with high efficiency [90]. B. bifidum codes for an extracellular al-2 fucosidase named AfcA, which
belongs to the GHI5 family. It showed complete activity on 2’-fucosyllactose, and partial on lacto-N-
fucopentaose | and H type-1 antigen, all of them containing an al1-2 fucose [91]. B. bifidum also codes
for AfcB, another extracellular enzyme with al-3/4 fucosidase activity. This fucosidase was able to

remove the fucose from the tested substrates containing a1-3/4 fucoses [85].

Sialic acid is another source of nutrients located at the ends of the mucin glycan chains, being
N-acetylneuraminic acid (Neu5Ac) the most common form of sialic acid found in humans. Sialidase
activity can be found in Clostridium perfringens [92], R. gnavus [93], A. muciniphila [94], and some
strains of Bifidobacterium such as B. bifidum, B. breve, B. dentium, B. longum, B. mongoliense and B.
scardovii [84,95,96]. They all express GH33 sialidases, also known as neuraminidases. In bacteria, the
genes involved in the metabolism of sialic acids are usually found clustered as a Nan cluster. However,
some bacteria have incomplete packages of enzymes for using sialic acid, since some of them encode
the sialidase but lack de Nan operon required to consume the released monosaccharide [97], while

others, as the pathogen Clostridium difficile, encode de Nan operon but not the sialidase [98].

Later, the rest of monosaccharides and oligosaccharides that compose the glycan moieties
are available to be cleaved by exo- and endo-B-N-acetylglucosaminidases (GH84, GHS85), B-
galactosidases (GH2, GH20, GH42), a-N-acetylglucosaminidases (GH89), endo-B1,4-galactosidases
(GH98) and a-N-acetylgalactosaminidases (GH101, GH129) [84].
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1.4. Enteric viruses and microbiota

Enteric viruses, such as RV and NoV, infect the gastrointestinal tract, a complex ecosystem
where host, bacteria, viruses, fungi and pathogens continuously interact. Although bacterial
composition depends on the genetics, diet, and health status, among others, a core microbiome is
shared between individuals. In adulthood, gut microbiota is predominated by Bacillota and
Bacteroidota (former Firmicutes and Bacteroidetes), with lower abundances of Pseudomonadata and
Actinomycetota (former Proteobacteria and Actinobacteria) [99]. The establishment of the
microbiota begins during childhood, influenced by prenatal and postnatal factors (delivery mode,
breastfeeding, use of antibiotics, etc.) [100]. RVs and NoVs have co-evolved with the bacterial gut
microbiota, so some aspects of virus infectivity may be modulated by them, either by promoting

inhibitory effects or infectivity through numerous mechanisms.

1.4.1. Bacterial inhibition of rotavirus and norovirus infections, in vitro and animal model studies

Due to their beneficial effects against enteric viral infections, bacteria play an important role
in maintaining human health. The proposed mechanisms include bacterial binding to receptors, thus
blocking viral attachment, as well as attachment to viruses which facilitates their elimination through
faeces. Also, stimulating the host immune system, mucus secretion and changes in glycosylation

pattern on the surface of target cells, along with others (Fig. 6) [2,48,101].

Many studies have demonstrated the role microbiota has in protection against RV and NoV
infections. Segmented filamentous bacteria incubation with RV reduces infectivity in vitro and it also
protects mice against RV infection [102]. The colonization of gnobiotic pigs with Escherichia coli Nissle
1917 resulted in a significant reduction in RV shedding titters by modulating an immune response
[103-106] and also incubation of Caco-2 cells with such bacteria caused a 50% reduction in RV
attachment [103]. HT29-MTX cells were incubated with bacteria-derived soluble factors from
Bacteroides thetaiotaomicron and Lacticaseibacillus casei, which resulted in the blockage of RV
infection by modifying the cell surface glycans [107]. Both Caco-2 and HT29-MTX are transformed
cell lines widely used in the study of RV thanks to the expression of HBGAs on their surface and their
resemblance to human gut, as later explained in section 1.6.1. Additionally, bacterial flagellin induces

the production of IL-22 and IL-18, which prevent RV infection in mice [108]. Ruminococcus gauvreauii
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can bind RV by HBGA-like substances in bacterial surface, which resulted in a 3-fold decreased RV

replication in Caco-2 cells [109].
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Figure 6. Mechanisms by which microbiota inhibits viral infections.
Microbiota can inhibit the replication of enteric viruses by a great variety of mechanisms, which include competitior

for binding sites, bacterial binding to viruses, displacement, mucus generation and stimulation of immune system,
among others.

As for NoV, L. casei, E. coli Nissle 1917 and Bifidobacterium adolescentis, prevented the
attachment of GI.1 VLPs or P-particles in vitro [110,111]. It also has been proven that a reduced virus
faecal shedding was obtained when gnotobiotic pigs colonized with Lacticaseibacillus rhamnosus GG

and E. coli Nissle 1917 were infected with NoV GlI.3 and Gll.4 genotypes [112].

1.4.2. Bacterial promotion of rotavirus and norovirus infection, in vitro and animal model

studies

Intestinal microbiota is able not only to inhibit RV and NoV infection, but also promote it. Kuss
et al [113] and Kane et al [114] were the first to demonstrate that microbiota can enhance viral

infections by infecting germ-free and antibiotic-treated mice with poliovirus, reovirus and mouse
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mammary tumour virus (MMTV). A decrease in viral infections was observed when compared to
infections of microbially-colonized mice. They found that poliovirus binds lipopolysaccharides on the

surface of bacteria, which significantly enhanced yield [113], as also does MMTV [114,115]. According

to these findings, enteric viruses exploit intestinal microbes for replication and transmission.

stabilization of virions, promotion of virus attachment to host cells and alteration of antiviral immune

Microbiota might facilitate RV and NoV infection through different mechanisms, that include

response (Fig. 7) [2,48,101].
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Figure 7. Mechanisms by which microbiota promotes viral infections.

Microbiota can promote the replication of enteric viruses by stabilizing virions and their attachment and modifying

immune responses.

have a reduced infection when compared to unfiltered ones. It is possible that the virus attaches to

the HBGA-like sugars present on bacteria's surfaces [116]. Some of the bacterial species that express
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HBGA-like sugars are Enterobacter cloacae, E. coli and Helicobacter pylori. Also, incubation of filtered
samples with synthetic H antigen or inactivated E. cloacae restored their infectivity, thus confirming
that NoV interactions with HBGA-like substances could facilitate the infection of and attachment to
B cells. It was also discovered that H. pylori could also promote NoV replication by modulating the
expression of HBGA in the host, since the virulence factor CagA is related to the expression of HBGAs
[117]. Additionally, it was found that NoV P-particles enhanced their attachment to HT29 cells when
cells were pre-treated with lactic acid bacteria or when adding bacteria to cells with already attached
P-particles (more than 4-fold increase). It was suggested that bacteria might prevent their release
with washes and increase P-particle retention on cell surface. Rubio et al also found that when P-
particles and bacteria were added at the same time to cells, it resulted in a reduction of P-particles
attachment, which may be explained by the reduction of available P-particles to bind cells due to
their interaction with bacteria in suspension [111]. It was also demonstrated that gnobiotic pigs with
human gut microbiota transplantation resulted in increased Gll.4 NoV shedding when compared to
germ free gnobiotic pigs [118]. Finally, Eshaghi et al investigated the effect of B. bifidum in NoV VLPs
attachment to oyster digestive tissue extract [119]. Oysters filtrate water, and in the case of
contamination, they can accumulate NoVs thanks to the presence of HBGA-like carbohydrates on
their intestines [120]. As for B. bifidum, it codes for two fucosidases with al-2 and a1-3/4 activities
[85]. It was found that the treated extract attracted significantly more VLPs than the untreated one

[119].

Based on the above statements, it is clear that gut microbiota plays a dual role in RV and NoV
replication through a wide range of mechanisms, instead of being only a protective factor for the

host.

1.4.3. Microbiota in rotavirus and norovirus infection, human studies

Gut microbiota varies greatly among populations, which may be attributed to age, sex, diet,
health status and antibiotic use. Additionally, different faecal microbiota profiles are also found in
healthy individuals with different HBGA composition [121,122], highlighting the influence of host
genetics on the intestinal microbiome composition. The modulation of the gut microbiota depending
on the availability of fucosylated carbohydrates may be related to the ability of some intestinal

bacteria to use L-fucose as a carbon source, thus facilitating their growth and that fucosylated HBGAs
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can act as binding sites, promoting bacterial attachment and persistence in the gastrointestinal tract.
The intestinal microbiota plays many specific functions, including nutrient metabolism, maintenance
of structural integrity of the gut mucosal barrier, immunomodulation and protection against
pathogens. The role of gut microbiota in immunomodulation have been proved using germ free mice,
which exhibit underdeveloped mucosal immune tissue characteristics, such as defective formation
of lymphoid organs, but restored after microbiota reconstitution [123]. Therefore, microbiota could
also be affecting RVV response, apart from HBGA composition and RV specificity. Understanding the

interplay between microbiota and RVV response could be relevant in improving vaccine efficacy.

Specific bacterial taxa have been associated with RVV responses. Harris et al found in Ghana
that RVV responders, the ones with anti-RV IgA antibodies >20 IU/mL after Rotarix vaccination, are
positively correlated with Streptococcus bovis and non-responders with members of the Bacteroidota
phylum. Additionally, the enterobacteria-Bacteroidota ratio was significantly higher in responder
infants [124]. Microbiota composition of Ghanaian children was compared to that of Dutch infants,
who didn’t receive RVVs but were assumed to be responders due to the seroconversion rates
exceeding 90% in Northern European countries. The study found that Dutch infant microbiota
composition was significantly more similar to Ghanaian responders than non-responders. Secretor
status is unknown among these infants. They speculate that S. bovis may be immunostimulatory,
acting as an adjuvant to the RVV. The same group performed a new study in Pakistan, observing
higher levels of Gram-negative bacteria as Serratia and E. coli in Rotarix responders. When compared
to Dutch infants, they were also more similar to Pakistan responders [125]. Another study conducted
in Zimbabwe, where low Rotarix vaccine seroconverters were found, determined that Bacteroides
thetaiotaomicron was the only bacterium associated with responders (high anti-RV IgA titer) [126].
Parker et al also compared intestinal microbiota of Rotarix responders and non-responders in India.
Contrary to the previous results, they found no differences between both groups [127]. Differences

in methodology could be responsible for such discrepancies between studies.

Fix et al performed a study with RotaTeq vaccine in Nicaragua. Responders, the ones with >
4-fold increase in RV-specific IgA titers, had higher abundance of Pseudomonadata and Eggerthella,
while non responders had higher abundance of Fusobacteria and Enterobacteriaceae, but such
differences were not statistically significant. Therefore, gut microbiota seems to have a limited

impact on response to RotaTeq vaccination according to this study [128].
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In the view of these results, Harris et al performed a new study with adults to investigate
whether microbiota modulation by antibiotics had any effect on RVV response in adults. Three groups
were formed: a group without antibiotic treatment, a group receiving vancomycin and another one
receiving broad-spectrum antibiotics [129]. Treatment with vancomycin was aimed to reflect
microbiota composition of responders according to their previous study [124], thus boosting anti-RV
immune responses, since the treatment significantly depletes Bacteroidota phylum and increases
Pseudomonadata [130]. As expected, treatment with vancomycin resulted in a depletion in the
relative abundance of Bacteroidota and Bacillota, along with an increase in Pseudomonadata. The
broad-spectrum treatment also caused such decrease in Bacteroidota and Bacillota but no the
increase of Pseudomonadata. Although no significant differences were found among experimental
groups in terms of IgA titers, vancomycin group showed an increased anti-RV IgA boosting (2-fold
increase) by day 7. RV shedding the week after vaccination was more common in vancomycin and
broad-spectrum treatments. Differences in the microbiota composition in faeces were evident
between the groups and correlations between enrichment in Bacteroidota populations at the boost
at day seven were observed. Additionally, several taxa, including Prevotellaceae, Cloacibacillus
everynsis, and members of Pseudomonadata such as Escherichia and Shigella were associated with
increased viral shedding [129]. This study shows how alteration of gut microbiota composition can
impact RVV immunogenicity, as proved by RVV boosting on day 7 and increased viral shedding in

vancomycin group as compared to the control.

St Jean et al also studied the effect of antibiotic use by children prior to completion of RVV
series on RVV response. The most common antibiotic prescribed was penicillin. No negative impact
on the effectiveness of RVV was observed. Indeed, they found that antibiotics may have improved
the response to Rotarix vaccine. However, antibiotic treatment could reduce the duration of the
vaccine-induced immunity, since children who took antibiotic experienced more RV diarrhoea as
compared to the ones without such treatment even though they were associated with increased
seropositivity [131]. Another research also investigated the effect of antibiotics on RV specific IgA
responses in infants. The seroresponse rates 1 month after the last Rotarix or RotaTeq vaccination
showed similar results between infants exposed or not to antibiotics in all studied groups. Also,
antibiotic treatment did not affect neutralizing antibody responses [132]. Contrary to the general

thought that antibiotic treatment may disrupt the gut microbiome and thus decrease immune
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response to RVV, these studies demonstrate that vaccine effectiveness was not diminished by

antibiotic treatment, and in some cases, even enhanced it.

All this data could help to improve the effectiveness of RVV, which could have a significant

impact on reducing RV related-deaths in low-income countries.

As for NoV, it was found that abundancies of Ruminococcus and Faecalibacterium is inversely
associated with salivary anti-NoV IgA levels. This suggests that such specific bacteria are associated
with lower susceptibility to NoV infections [79]. Regarding HIL-214, NoV currently under
development, there are not studies about the changes in microbiota after vaccination. Such studies

would enhance vaccine efficacy in case it is necessary.

1.5.  Antivirals, therapeutic strategy against rotavirus and norovirus

Although RVVs are accessible, RV was responsible for the death of 128,500 of children under
5in 2016 [17]. Furthermore, there is no NoV vaccine available at the moment. In this regard, it would
be extremely beneficial the development of a therapeutic strategy to treat RV and NoV infections.
Currently, there are no commercial antivirals available to treat RV or NoV, so the diseases are mainly
managed by treating dehydration. However, in the last years considerable progress has been made

towards the development of antivirals.

As previously mentioned, Shi et al found that segmented filamentous bacteria interfere with
replication of RV [102], which raises the idea of using specific bacteria to treat RV infections.
However, despite some studies show the beneficial effects of some probiotics (Bifidobacterium and
Lactobacillus mainly) in diminishing diarrhoea duration, defecation times or RV shedding [133-137],
many others failed to find positive effects in the treatment of patients suffering from RV-related
diarrhoea with the same bacteria [138—142]. The variations observed in clinical trials could be
attributed to factors such as the number of subjects, the probiotic used, application methods, doses,
and the approach used to evaluate the effects. In order to have more reliable results, standardized

and controlled trial conditions are required to assess the efficacy of probiotics in viral AGE.

Different drugs have also been studied in the treatment of RV and NoV. The compound 7-

deaza-2'-C-methyladenosine inhibits replication of RV, NoV and sapovirus, and it was demonstrated
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that it inhibits transcription of RV genome [143]. Brequinar, leflunomide, gemcitabine, 6-thioguanin
and ML-60218, were also able to reduce RV replication [144—147]. Tohmé et al and Netzler et al
reviewed those and many others compounds able to diminish RV and NoV infections at different
levels of the replication cycle [148,149]. They include attachment, entry and release inhibitors,
polymerase inhibitors and immunomodulators among others. One of them is nitazoxanide, which has
demonstrated broad-spectrum antimicrobial activity against a range of bacterial, protozoan and viral
infections. It is currently approved by the FDA for treating Giardia and Cryptosporidium infections
[150]. A randomized, placebo-controlled, double-blind clinical trial was conducted to evaluate its
effectiveness in treating RV and NoV infections. Treatment resulted in a significant reduction in the
duration of symptoms from 2.5 to 1.5 days when compared to control groups [151]. Despite the small
sample size in the study (26 individuals with RV and 13 with NoV), leading to the need for cautious
analysis of the data, nitazoxanide has promising results against RV and NoV infections. Other studies
also investigated the effect of nitazoxanide in RV infections, revealing significant reductions of
diarrhoea and hospitalization duration [152—-154]. La Frazia et al studied the mechanism of action in
an in vitro RV model, and they concluded that it hampers the NSP5-NSP2 interaction disturbing the
viroplasm formation and stabilization, leading to reduced RV yields [155]. Additionally, nitazoxanide
successfully treated immunosuppressed transplant patients infected with NoV [156,157]. However,
some studies determined that such treatment is ineffective against NoV infections [158—160], so
some new studies should be performed in order to elucidate the role of nitazoxanide in NoV

replication.

1.6.  Models to study rotavirus and norovirus

The mechanisms underlying RV and NoV replication as well as therapeutic strategies have
been extensively studied in vitro and in vivo. Different strains, particles, cellular and animal models

have been used.

1.6.1. Cellular and animal models to study rotavirus and norovirus

Different cellular models are used to study RV in vitro. They include MA-104, Caco-2, HT29

cells and human intestinal enteroids (HIEs). MA104 cells, an epithelial monkey kidney cell line, are
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permissive to RV entry and replication. However, they do not present HBGAs in their glycocalyx. Caco-
2 cells come from human colon carcinoma and they spontaneously differentiate 11 days after
confluency, which leads to the expression of several morphological and functional properties
characteristic of mature enterocytes. They start to polarize, acquiring apical brush border with
microvilli, and tight junctions form between adjacent cells, apart from expressing most receptors
[161], like HBGAs [162,163], transporters and enzyme activities typical of enterocytes. It is important
to take into account that different culture conditions and number of passages could lead to different
properties, so results may not be directly comparable between laboratories. As for HT29 cell line, it
also expresses characteristics of mature intestinal enterocytes. This cell line can also differentiate 15
days after confluency. The main difference between HT29 and Caco-2 cells is that the first one can
produce mucin at high levels [164]. These immortalized cell lines are easy to maintain. However, their
main limitation is that they consist of a single epithelial cell population. This problem is solved with
HIEs, also described as mini-guts or mini-intestines, which are produced from different regions of the
small intestine from donors. After cultivation in differentiation media, they exhibit a similar cellular
composition and biological and physiological properties to that of the human gastrointestinal
epithelium. They include enterocytes, goblet cells and paneth cells. HIEs can be infected in 3D o0 2D
monolayer [165-168]. HIEs could be employed in personalized medicine approaches since they
derived from individuals. However, this also leads to variability issues between cultures from
different donors. Another disadvantage is that their maintenance is expensive, time consuming and

requires specialized expertise.

A different situation is found in NoV replication in vitro. Human NoV cannot be cultivated in
the immortalized cell lines described above, like MA104 or Caco-2 cells. Consequently, the
investigation of the virus has been limited until the recent discovery of its ability to replicate in B-
cells and HIEs. Firstly, Jones et al cultivated human NoV in B-cells. However, it yields a low level of
replication [116]. A major breakthrough in NoV research occurred in 2016, when human NoV were

successfully replicated in HIEs [169].

As for in vivo systems, mice and gnobiotic pigs are commonly used in the study of RV and NoV.
It was described an adult mice model with depleted microbiota after antibiotic treatment which
allowed RV and NoV replication in high titers [170,171]. Zebrafish larvae is also used as in vivo model

to study NoV replication. This model breeds rapidly, up to 82% of the human disease-related genes
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have at least one zebrafish orthologue, and also is transparent, which facilitates the study of NoV

infections [172,173].

1.6.2. Viral strains and particles commonly used in rotavirus and norovirus experiments

Regarding RV, cell culture adapted strains as human Wa and simian SA11 strains are
frequently used in the study of RV. Such strains have been adapted in MA104 after serial passaging.
They have contributed to the understanding of pathogenesis, immune responses and antiviral

treatments of RV.

In the study of NoV, VLPs and P-particles are used. The VLPs consist of self-assembled viral
capsid protein VP1 without a viral RNA genome, so they are not infectious. In the absence of infection
systems for human NoV, VLPs play a critical role in determining how NoV interacts with host cells and
immune responses, as well as vaccine development. The expression of the P domain alone results in
P dimers. Twelve of such P dimers form P-particles, which retain the ability to bind HBGAs. As VLPs,
they are also used in vaccine development and virus-host interactions studies [174,175]. Additionally,
murine NoV is a valuable tool for studying human NoV, since it is able to replicate in cell cultures
[143]. Both have similar replication mechanisms, genome route of infection and environmental
stability [176—178]. However, results may not directly be translated to human NoV since it belongs

to the genotype V and does not show gastric symptoms in infected mice.

1.6.3. Possible translation problems with some viral strains and cellular models

Human RV and NoV have been investigated using the above explained models, which has
resulted in a much better understanding of the mechanisms underlying viral replication, as well as
vaccine development, which is based on such information. Nevertheless, many studies have used RV
cell culture adapted strains and cell lines as MA104 cells, that lack HBGAs on their surface, which act
as RV and NoV receptors or co-receptors, as well as murine or simian strains, as documented with
some examples in Table 2. It is not surprising that they might behave differently to wild viruses that
infect humans, so conclusions about human RVs and NoVs and its infection processes should be made

with caution when employing such strains and cell lines.
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Table 2. Examples of studies that employed RV and NoV strains different from human ones, and cell lines without

HBGAs on their surface.

Virus employed Cell lines employed Purpose of the study Reference

Murine RV EC, Rhesus HT29, MA104 Antiviral compound [102]

Murine NoV, SA11, ST3 HG23, MA104, NSP5-EGFP MA104  Antiviral compound [143]

Wa, simian SA11 HT29, Caco-2, SW620, MA104 Antiviral compound [179]
Simian SA11, murine D6/2 BHK-T7, MA104 Replication [39]
Simian SA11 Caco-2 Antiviral compound [180]
Simian SA11 MA104, NSP5-EGFP MA104 Antiviral compound [181]
Adapted wild type Rhesus MA104 RV-shedding model [182]
Adapted wild human RV REH Kinetics [183]
Wa, simian SA11 HT29, MA104 Antiviral compound [184]

In blue, cell lines without HBGAs.

A better approach would be the use of wild viruses obtained from human RV* or NoV* faeces,
and use them directly in infection experiments, without adapting, as well as P particles or VLPs in the
case of NoV. Also, cell lines with HBGAs on their surfaces are recommended, such as differentiated
Caco-2 cells, HT29, HIEs, among others in RV experiments to study the virus host interactions without

excluding the relevant HBGAs.
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2. Hypothesis and objectives

A key process of enteric viral infections along with receptor attachment is detachment.
Respiratory viruses, including influenza virus (Orthomixoviridae) or SARS (Coronaviridae), which
infect via the mucosa and bind to sialic acid beside the lectin activity, have their own GHs on their
surface that facilitate detachment from receptors, enabling them to continue infecting host cells
[185]. By contrast, enteric viruses such as RV and NoV do not present GHs to facilitate their

detachment from HBGA:s.

As previously mentioned, microbiota not only protect their host from viral infections but there
is also evidence that they promote viral replication through various mechanisms. In addition, gut
microbiota members possess a wide range of GHs that enable them to feed from host glycans present
in the digestive tract, that include a-L-fucosidases, sialidases, exo- and endo-B-N-
acetylglucosaminidases, B-galactosidases, a-N-acetylglucosaminidases, endo-B1,4-galactosidases,
and a-N-acetylgalactosaminidases [85,86,88,92,93,186,187]. Fucoses are present on the external

moiety of HBGAs and thus are susceptible to cleavage by bacterial fucosidases.

On the other hand, RVs and NoVs bind HBGAs in a genotype-dependent manner. There is
evidence that secretor individuals have more incidence of infection by P[4] and P[8] RVs and Gll.4

NoVs and thereby changes in HBGAs affect their replication [73,74,188,189].

Since RV and NoV recognize HBGAs of the gastrointestinal tract, which are modified by gut
microbiota thanks to GHs, literature indicates that gut microbiota promotes RV and NoV infection
[101,116,118] and the intestine is a complex environment where host, microbiota and pathogens
continuously interact, it was hypothesised that bacterial GHs, more specifically, bacterial fucosidases,

may play a key role in RV and NoV infection.

To test the present hypothesis, the main objective of the thesis was focused on the effect of
bacterial fucosidases coded by intestinal microbiota members during RV and NoV infections. In order

to achieve this objective, the following specific objectives were proposed:

1. To study the metagenome of infant faeces and search for non-characterized fucosidases

by bioinformatic analysis.

2. To clone, purify and characterize the selected fucosidases.
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3. To find RV and NoV clinical isolates able to replicate on dCaco-2 and HIEs, respectively.

4. To study the RV clinical isolates and cell culture-adapted RV strain Wa replication on

cellular lines with different HBGA profile.

5. To study the effect of fucosidases on RV and NoV replication in cellular cultures, HIEs and

mice.

6. To study the effect of a fucosidase inhibitor on RV and NoV replication in cellular cultures,

HIEs and mice.
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3.1. Faecal samples and microbial DNA extraction

Stool samples were obtained from four exclusively breastfed infants between the ages of 1
and 3 months. The samples were collected in anaerobic jars with Oxoid AnaeroGen anaerobic
atmosphere generation system sachets (Thermo Scientific), immediately stored at 4 °C and
cryopreserved within the next 12 h. Cryopreservation media contained 80% BHI (Brain Heart Infusion,
Pronadisa) 2X concentrated supplemented with 0.1% of cysteine and 20% skim milk (200 g/L). Faeces
were diluted in cryopreservation media 1:2 (vol/vol) and stored in aliquots at -80 2C. A pooled faecal
sample containing one sample from each infant was used to isolate total DNA. The MasterPure
Complete DNA and RNA purification kit (Epicentre) was employed following the manufacturer's
instructions with some modifications. This included an incubation step with lysozyme (0.13 mg/mL)
and mutanolysin (0.03 U/uL) at 37°C for 1 h right after adding the lysis solution, as well as a cell
disruption step using 0.1 mm diameter glass beads (FastPrep 24-5 G Homogenizer, MP Biomedicals,
CA, USA). The concentration of DNA was measured using a Qubit 2.0 fluorometer (Life Technology).
The use of human samples was approved by the Ethical Committee for Human Research of the
University of Valencia, with registration number H1544010468380. Written informed consent was

obtained from a parent of each of the subjects.

3.2.  Metagenomic analysis

A genomic DNA library was constructed using a TruSeq DNA library kit. The size of the
amplicons was verified using a Bioanalyzer DNA 1000 chip from Agilent Technologies. The library was
sequenced on a MiSeq Sequencer using a 2x300 bp paired-end run (MiSeq reagent kit v3), following
the instructions provided by Illumina. The sequencing was performed by the Central Service of

Research Support at the University of Valencia (Spain).

The raw reads generated by the MiSeq Sequencer underwent quality checks, adapter-
trimming and filtering using the AfterQC [190] and FastQC version 0.11.8
(http://www.bioinformatics.babraham.ac.uk) tools. Metagenomic assembly was conducted using

metaSPAdes [191]. For functional profiling of the sequenced metagenome, the RAST-MGRAST web
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server [192,193] was utilized. The annotation of ORFs was performed using the Cluster of
Orthologous Genes (COG) database [194]. To predict the genes encoding GHs belonging to the GHI95
family defined by the CAZy database, the dbCAN2 meta server [195] was employed. SignalP 4.1 was

used to predict the presence of signal peptides [196].

The CLUSTAL Omega sequence alignment program from EMBL-EBI [197] was used to calculate
the percentage of amino acid identity matrix for the putative a-L-fucosidases. Multiple alignments of
the a-L-fucosidase sequences were conducted using ClustalW and ClustalX version 2 [198] along with
the analysis tool web services provided by EMBL-EBI [197]. Cluster analyses were performed using

the unweighted pair group method with arithmetic mean (UPGMA).

3.3. Cloning of fucosidases

Ten potential a-L-fucosidase genes were amplified by PCR using Phusion high-fidelity DNA
polymerase (Thermo Fisher Scientific). These genes were amplified from total DNA extracted from a
combined faecal sample, using specific primers (Table 3). The resulting PCR fragments were digested
with specific restriction enzymes and inserted into pQE80 L vectors with the T4 DNA ligase (Thermo
Fisher Scientific), also digested with the same enzymes. This vector possesses the start codon ATG
followed by a 6xHis-tag and the multiple cloning site, thus allowing the expression of 6xHis-tagged
proteins. The restriction enzymes employed were BamH|l (GAGATCC), Hindlll (AAAGCTT), Pstl
(CTGCANG), and Sphl (GCATGAC). The resulting plasmids pQEfucl8, pQEfucl9A, pQEfuc30,
pQEfuc35A, pQEfuc35B, pQEfuc39, pQEfucl93, pQEfucl584, pQEfuc2358, and pQEfuc5372 were
used to transform E. coli DH10B by electroporation with a Gene Pulser apparatus (Bio-Rad), following
manufacturer’s instructions. The transformed E. coli were selected on Luria-Bertani (LB) agar
supplemented with ampicillin at 100 pg/mL incubated at 37 °C. Later, DNA sequencing was
performed to confirm the correct sequence of the inserts, by Eurofins Genomics

(http://www.eurofinsgenomics.com).
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Table 3. Primers used to amplify ten putative a-L- fucosidases from pooled faecal sample.

Primer Sequence (5’ - 3’)

Fuc18BamHI TTTTGGATCCTGTCAGAGTGTTTCGGCAC
Fucl8Hindill TTTTAAGCTTCTATCGACACCCAATTTCCG
Fuc19ABamHI TTTTGGATCCCAACACACATTTGTACATAAAC
Fucl9APstl TTTTCTGCAGTCACTTCTTGTTTTGTTTCGG
Fuc30BamHI TTTTGGATCCCAAACTAAGTCGTTGCACC
Fuc30Hindill TTTTAAGCTTTCATCTTCTCTCACAATATAC
Fuc35ABamHI TTTTGGATCCACTACCGAAGACAATTTGCAT
Fuc35APstl TTTTCTGCAGTCAGAAATATTCTACTTTTAGC
Fuc35BBamH]I TTTTGGATCCCAAGAGAAAATAATTGTATGTC
Fuc35BHindlll TTTTAAGCTTTTAATATATTGCGAAAGACTTTA
Fuc39BamHI TTTTGGATCCTGTGGACTGACGAAAGAAAAC
Fuc39Hindill TTTTAAGCTTTCAAGGAGCTACGGTCAC
Fuc193BamHiI TTTTGGATCCACACATATTGTTCAAAATCAATA
Fuc193Hindlll TTTTAAGCTTCTACTCCAATATAAGTTCTA
Fuc1584BamHI TTTTGGATCCCAAATCTCGGAAAAAGCATTTG
Fuc1584Pstl TTTTCTGCAGTTATTTTGCCTCTACCTTCAG
Fuc2358Sphl TTTTGCATGCATGATAAGCCTTGAAGAGATTG
Fuc2358HindIll TTTTAAGCTTCTAAAAGCTGATGCGCAAAAC
Fuc5372BamHI CTGGGATCCCAAGATACCCTGCAAAATGAGACC
Fuc5372Hindlll ATTAAGCTTGGCTGCAGGTCGACCCTAGCTAGG

Underlined, recognition sequence of restriction enzymes.

3.4. Fucosidase obtention and characterization

3.4.1. Expression and purification of fucosidases

One clone of each fucosidase, PE179 (pQEfuc18), PE180 (pQEfucl19A), PE181 (pQEfuc30),
PE182 (pQEfuc35A), PE183 (pQEfuc35B), PE184 (pQEfuc39), PE185 (pQEfucl93), PE186
(pQEfuc1584), PE187 (pQEfuc2358), and PE188 (pQEfuc5372), along with two a-L-fucosidases from
B. bifidum with His-tags, AfcA and AfcB, provided by Takane Katayama [85,91], were expressed in E.

coli BL21. The bacteria were grown overnight in a total volume of 5 mL of yeast extract tryptone
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medium (2xYT) medium, supplemented with 100 pg/mL of ampicillin at 37 C with agitation at 250
rom. The following day, the preinoculum was transferred to 1 L of 2xYT medium containing the
mentioned antibiotics and incubated at 37 2C with agitation until the ODego reached 0.5 (=4 h). Then,
0.1 mM IPTG was added to induce protein production and cultures were further incubated overnight
at 18 oC with agitation. Subsequently, the cells were harvested by centrifugation at 11,100 g for 30
min and resuspended in 15 mL of phosphate buffer saline 1X (PBS) containing 0.015 g lysozyme, 3 U
DNase and PMSF 0.8 mM, followed by 30 min agitation at room temperature. Then, the cell lysates
underwent 10 cycles of sonication, each lasting 30 seconds with 30 second intervals. Cell debris was
removed by centrifugation at 40,000 g for 40 minutes and cell extracts were then purified by affinity
chromatography with 5 mL HisTrap columns (Cytiva) using an Akta Prime FPLC system (Cytiva). After
washing the column with buffer A (PBS 1X pH 7), proteins were then washed with 5% and 10% of
buffer B (PBS 1X Imidazole 500 mM pH 7), and finally eluted with 100% buffer B. Fractions of interest
were analysed by 10% SDS-PAGE gels, and buffer B was changed with Amicon 30 kDa centrifugal units
(Millipore). Finally, proteins were resuspended in PBS 1X containing 15% glycerol and kept frozen at

-80 2C. Proteins concentrations were determined by Bradford.

3.4.2. Fucosidases characterization
3.4.2.1.  Characterization of the fucosidase activity on neoglycoproteins

Fucosidase activities to hydrolyse HBGAs were characterised by Western blot using the
following neoglycoproteins (IsoSep), HSA conjugated to: LNFP | (H type-1), Le?, Leb, Le* and LeY. First,
the specificity of the different primary antibodies and lectin employed was tested. Glycoconjugates
were separated in a 12% SDS-PAGE gel and transferred onto nitrocellulose membrane for Western
blot analysis. A total of 7 membranes were prepared. Subsequently, the membranes were blocked
by incubating them with 5% skim milk in PBS 1X containing 0.05% of Tween 20 (PBS-T) for 1 h at room
temperature. Later, membranes were washed three times with PBS-T and incubated with the primary
antibodies or lectin for 1 h at room temperature (anti-H antibody [catalog no. 922102, BioLegend];
anti-Le? antibody [catalog no. 922202, BiolLegend]; anti-Le® antibody [catalog no. SAB4700761,
Sigmal; anti-Le*antibody [catalog no. 912901, BioLegend]; and anti-LeY antibody [catalog no. 912501,
BioLegend]; anti-HSA antibody conjugated to horseradish peroxidase [HRP] [catalog no. ab8941,

Abcam] or lectin [Ulex europaeus agglutinin conjugated to HRP; catalog no. L8146; Sigma]). Then,
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membranes with primary antibodies non conjugated to HRP were washed 3 times and incubated with
the secondary antibody anti-mouse-HRP in a 1/10,000 dilution in PBS-T. Finally, membranes were
washed three times with PBS-T, and the immunoblots were developed with the Immobilon Western

reagent (Millipore). Also, glycoconjugates were analysed by Coomassie.

After determining that each antibody and lectin only recognised their specific glycoconjugate,
characterization of fucosidases by Western blot was performed. Each fucosidase was incubated with
each glycoconjugate overnight at 37 2C, in a reaction mixture of 25 pL, containing 5 ug of fucosidase
and 1 g of substrate in PBS 1X. Following the incubation, samples were separated in 12% SDS-PAGE
gels and transferred onto nitrocellulose membranes for Western blot analysis, following the

procedure explained above.

3.4.2.2.  Characterization of the fucosidase activity on soluble oligosaccharides

The capacity of the fucosidases to hydrolyze natural fucosyloligosaccharides (Biosynth
Carbosynth) was evaluated using H type-1, H type-2, Le?, Le®, Le*, LeY, blood group A trisaccharide
(BG A), blood group B trisaccharide (BG B), 2’-fucosyllactose (2’ FL), 3-fucosyllactose (3FL) and 6-
fucosyl-N-acetylglucosamine (6FN) (Table 4). The reaction mixture (10 pL) containing 2 mM substrate
in PBS 1X and 2 pg of enzyme was incubated at 37 2C for 16 h. Following incubation, the reaction
mixture was diluted 1/10 with deionized water and analysed by high-performance liquid
chromatography using ICS3000 chromatographic system (Dionex) and a CarboPac PA100 column with
pulsed amperometric detection. A gradient ranging from 10 to 100 mM NaOH for 30 min at 27 2C
with a flow rate of 1 mL/min was employed. The identification of reaction products was confirmed

by comparing their retention times with those of standard carbohydrates.
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Table 4. Structure of glycans used in fucosidase characterization.

Glycan Structure
LNEP | Fucose-al-2-galactose-p1-3-N-acetyl-glucosamine-B1-3-galactose-B1-4-glucose
H type-1 Td'a N-acetyl-glucosamine-B1-4-galactose- al-2-fucose
al-2
Le? 813 o 1-4 Galactose-B1-3-N-acetyl-glucosamine-al-4-fucose
B13 14
Leb Fucose-a1-2-galactose-pf1-3-N-acetyl-glucosamine-al-4-fucose
a1-2
N Galactose-p1-4-N-acetyl-glucosamine-al-3-fucose

Le Bl4 413

LeY Fucose-a1-2-galactose-f1-4-N-acetyl-glucosamine-al-3-fucose
H type-2 p1-4 N-acetyl-glucosamine-B1-4-galactose- al-2-fucose

o 1-2
BG A al-3 N\ N-acetylgalactosamine-a1-3-galactose-al-2-fucose
al-2
BG B a1\ @12 Galactose-al-3-galactose-al-2-fucose
2'FL B 1-4 Glucose-B1-4-galactose-al-2-fucose
al-2
B1-4
3FL Galactose-pB1-4-glucose-al-3-fucose
al-3
6FN I"‘ 16 N-acetyl-glucosamine-al1-6-fucose

LNFPI, lacto-N-fucopentaose | that includes the H type-1 antigen; Le?, Lewis? antigen; Le®, Lewis® antigen; BG A,
blood group A trisaccharide; BG B, blood group B trisaccharide; H type-2, H type-2 antigen; Le*, Lewis X antigen; LeY,
LewisY antigen; 2'FL, 2’-fucosyllactose; 3FL, 3-fucosyllactose; 6FN, 6-fucosyl-N-acetylglucosamine. Circle, glucose;
yellow circle, galactose; blue square, N-acetyl-glucosamine; red triangle, fucose.
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3.5. Fucosidase inhibitor characterization

To determine the half maximal effective concentration (EC50) of the fucosidase inhibitor 1-
deoxyfuconojirimycin HCl (DFJ) (Biosynth), 10 pg of four fucosidases were incubated with increasing
concentrations of DFJ (ranging from 0 to 1,000 nM) for 1 h at 37 2C in a total volume of 100 pL in PBS
1X. The fucosidases employed were Fuc2358 and Fuc5372 from the metagenome study, and AlfB and
AIfC, previously characterized in the laboratory [90]. Subsequently, the colorimetric substrate 4-
nitrophenyl-a-L-fucopyranoside (pNP-Fuc) was added to the mixture at 1 mM. The p-nitrophenol
released was measured at 405 nm 15 min later, using the spectrophotometer MultiSkan FC.
Absorbance data was used to calculate the EC50 using drc package (version 3.0.1, [199]) in R version
4.1.2 running under macOS Big Sur 11.7.6. Plots were generated using ggplot2 (version 3.4.3). To
test the specificity of DFJ, 10 pug of the lacto-N biosidase LnbB previously characterized in the
laboratory were incubated with different concentrations of DFJ for 1 h at 37 2C. Later, the
colorimetric compound p-nitrophenyl B-D-galactopyranoside (pNP-gal) was added to the mixture at

a concentration of 5 mM. After 15 min the absorbance was measured at 405 nm.

3.6.  Human virus stool filtrates preparation

Faecal samples that tested positive by BD-MAX for RV and NoV were obtained from the
Hospital Clinico Unversitario de Valencia. The G and P genotypes of RV samples were examined using
a seminested PCR method following the protocols of the EuroRotaNet surveillance network [200]. All
the selected RV* stool samples belonged to the P[8] genotype, as well as the G1, G9 and G12
genotypes. NoV genotypes were examined by RT-PCR. PCR products were purified with NZYGelpure
kit (Nzytech) and sequenced upstream and downstream. Viral genogroup, genotype and variant were
assigned by using the Norovirus Typing Tool and the Human Calicivirus Typing Tool [201]. All used

samples belonged to the Gll.4 genotype.

To prepare the stool filtrates, a previously described method [169] was followed with some
adjustments. Initially, 0.5 g of RV* or NoV* stool was weighed and placed in a 15 mL conical tube,
then diluted in 4.5 mL of TNC 1X buffer (20 mM Tris HCl pH8, 100 mM NaCl, 1 mM CaCl;) in the case
of RV or PBS 1X in the case of NoV. The presence of CaCl; in the TNC buffer allowed the correct

conformation of the TLPs of RV. The solid components were disrupted using a 1 mL pipette, followed
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by 30 seconds of vortexing. After a 5-minute incubation at room temperature, the samples were
vortexed again for 30 seconds. Subsequently, they underwent three cycles of sonication for 30
seconds each (using a Branson Sonifier 250), with a 1-minute interval between each sonication. The
output control was set at 7. Afterwards, the suspension was centrifuged at 4,500 g for 10 minutes at
4 °C to eliminate debris. The supernatant was collected in a new 15 mL centrifuge tube and

centrifuged at 4,500 g for 10 minutes at 4 2C.

Next, the supernatant was sequentially filtered using syringe filters with pore sizes of 5, 1.2,
0.8,0.45,and 0.2 um (Merck and Whatman). The resulting 10% stool filtrate was aliquoted and stored
at -80 °C.

3.7. Rotavirus VP4 and VP7 sequencing

VP4 and VP7 of the RVs able to replicate in differentiated Caco-2, as well as that of Wa were
sequenced by Sanger in Principe Felipe Institute, Valencia (Spain), using the primers listed in table 5

[202]. Sequence alighments were obtained using BioEdit software 7.0.5.3.

Table 5. Primers used to sequence VP4 and VP7 of RV.

Primer Sequence (5’ - 3’)

VP4 forward TGGCTTCGCCATTTTATAGACA
VP4 reverse ATTTCGGACCATTTATAACC
VP7 forward ATGTATGGTATTGAATATACCAC
VP7 reverse AACTTGCCACCATTTTTTCC

3.8. Transformed cell lines experiments

3.8.1. Cell cultures maintenance

The cell lines Caco-2 and MA104 were cultured in minimum essential medium (MEM)
supplemented with 1% penicillin and streptomycin (P/S), 1% glutamine, 1% non-essential amino

acids, and 10% foetal bovine serum (FBS). HT29 and HT29M6 cells were grown in Dulbecco's modified
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Eagle's minimum essential medium (DMEM) supplemented with 1% P/S, 1% sodium bicarbonate, and
10% FBS. All cell types were maintained in T75 flasks at 37 °C in a humidified atmosphere with 5%

CO,. The medium and supplements used were purchased from Gibco.

When the flasks reached 80-90% confluency, they were washed with 7 mL of DPBS (Corning)
and detached using 1 mL of verseno trypsin (Lonza) for 10 minutes at 37 °C. The cells were then
resuspended with 9 mL of complete medium, and 2 mL of the suspension were transferred back into
each flask. A 10 puL sample was taken for cell counting and viability assessment, which was performed
by diluting the cells 1:1 with trypan blue solution (Sigma) and using dual chamber counting slides and

an automated cell counter (Biorad, TC20).

Subsequently, cells were seeded into 96-well plates with flat bottom, seeding 10° cells per
well in a volume of 200 pl to ensure full confluency within 24 hours. For Caco-2 cells, differentiation
occurred 11 days after confluency, and experiments were conducted 14 days after confluence. During
those 14 days, the media was changed three times. If differentiation was not required, cells were

infected on the following day. Cells were used until passage 30 to ensure genetic stability.

3.8.2. Infection of cell lines with human rotavirus

Once 96 well plates achieved confluency, and differentiation in the case of Caco-2, RV
infection was performed. For each infection experiment, two or more plates were used if the
replication was analysed by gPCR. One plate served as the 1-hour time point to assess viral adhesion,
while the other plates were used to determine viral replication. Only one plate was necessary if

impedance experiments were conducted.

Viral filtrates were thawed at room temperature and diluted 1:100 in complete medium,
either MEM or DMEM (depending on the cell type), without FBS. The dilution was supplemented with
10 pg/mL of trypsin IX (Sigma) to activate the virus. The viral dilution was prepared in either 96-well
plates with round bottoms (for volumes below 250 pL) or sterile crystal tubes (for volumes above 250

uL) and incubated at 37 °C for 1 hour.

Meanwhile, the cells were washed twice with complete MEM/DMEM without FBS.

Subsequently, 180 pL of complete medium without FBS, supplemented with 1 pg/mL of trypsin IX,
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were added to each well. After the viral activation period, 20 pL of the 1:100 viral dilution was added
to the corresponding wells, resulting in a 1:1,000 dilution of the virus in a 200 pL infecting volume.
The cells were infected for 1 hour at 37 °C with 5% CO,. Following the incubation, the inoculum was
aspirated and 100 pL of complete MEM/DMEM without FBS, supplemented with 1 ug/mL of trypsin
IX, was added to each well. The plate designated as the 1-hour time point was frozen at -80 °C, while
the other plates were further incubated at 37 °C with 5% CO; until the desired time point was

reached.

For impedance experiments, Caco-2 cells were seeded in 96 wells xCELLigence E-plate
(Agilent). After confluency and differentiation, infection experiments were conducted as explained
above. After viral adhesion, plates were engaged into the xCELLigence RTCA SP [SP = single plate]
instrument (Agilent) and incubated at 37 2C for 72 h. Impedance values were recorded every 20

minutes.

Each experiment was performed in triplicate to ensure reliability and consistency of the
results. The wild-type strain Wa was utilized in all experiments to study how a human G1P[8]cell

culture-adapted virus replicated under the tested conditions.

3.8.2.1. Cellular treatments with fucosidases

In order to study the impact of fucosidases on viral replication, cells were treated prior to
infection with the enzymes. These procedures included treatment with either AfcA, AfcB or both AfcA
and AfcB simultaneously. For this purpose, cells were washed twice with 200 uL of complete medium
without FBS. Then, 20 ug of each fucosidase were added to each well in complete medium without
FBS in a total volume of 200 pL. Cells were incubated for 2 h at 37 2C and 5% CO,. After the incubation,
cells were washed again twice with complete medium without FBS, and the infection was proceed as

indicated before.
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3.8.2.2. Viral treatment with fucosidase inhibitor

To investigate the effect of a fucosidase inhibitor in viral replication, DFJ was employed. It was
diluted in mQ water. During RV activation, such inhibitor was added to the viral dilution at the desired
concentrations and incubated for 1 h at 37 2C. Then, viral infections were performed as explained

above.

3.8.3. Immunofluorescence of differentiated Caco-2 cells with clinical RV

Caco-2 cells were seeded in 24-well plates containing a circular coverslip treated with poly-L-
Lysine to allow cell attachment at a density of 10° cells per well in 2 mL of medium. The medium was
changed once a week. Once the cells were differentiated, the infection process was initiated. Initially,
the clinical RV V7 was activated in a 1:100 dilution in MEM medium without FBS, supplemented with
10 pg/mL trypsin IX. After incubating for 1 hour at 37 2C and 5% CO,, the cells were washed twice
with MEM medium without FBS. For the infection, 500 puL of medium without FBS, supplemented
with 1 ug/mL trypsin IX, were added to each well, along with 50 uL of the activated virus, in order to
achieve a viral dilution of 1:1,000. The plate was then incubated for 1 hour at 37 2C and 5% CO,.
Subsequently, the inoculum was removed, and 1 mL of medium without FBS, supplemented with 1
ug/mL trypsin IX, was added to each well. The plate was further incubated for 24 hours at 37 °C,
under a humidified atmosphere with 5% CO,. After the incubation period, the medium was aspirated,
and the cells were washed twice with 1 mL of PBS 1X. To fix the cells, 500 uL of cold methanol was
added to each well, and the plate was incubated at -20 2C for 20 minutes. Following this, the cells
were washed twice again with PBS 1X. For blocking, 500 pL of PBS 1X containing 5% BSA was added,
and the plate was incubated for 30 minutes at room temperature. Subsequently, each coverslip was
carefully lifted and placed facedown on top of a 50 pL drop of the primary antibody on a piece of
parafilm in a 1:50 dilution in Dako solution. The primary antibody used was a mouse monoclonal a-
VP6 obtained previously in the laboratory. The coverslips were incubated with the primary antibody
for 2 hours at room temperature. After incubation, the coverslips were washed three times by gently
scrubbing them in drops of PBS 1X. The same procedure was repeated for the incubation with the
secondary antibody. In this case, a-mouse antibody labelled with alexa 488 at a concentration of

1:300 was used, mixed with DAPI at 300 nM in Dako solution. After 1 hour of incubation in darkness,
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the coverslips were washed three times with PBS 1X and placed face down on a slide with a drop of
fluorescent mounting medium (Dako). Then, the circular coverslips were covered with bigger squared
coverslips and sealed with nail polish. Preparations were observed using a confocal microscope LEICA

TCS-SP8.

3.9. Human Intestinal Enteroids experiments
3.9.1. HIEs 3D and 2D cultures preparation

Three different HIEs were employed. The intestinal epithelial cell line (InEpC) was purchased
from Lonza (CC-2931), the jejunum J2 line was provided by Prof. Mary K. Estes (Baylor College of
Medicine, Houston, TX) and fetal ileum FI124 lines was provided by Prof. Jason Spence (University of
Michigan, Ann Arbor, MI). HIEs were maintained as undifferentiated 3D HIEs domes embedded in
Matrigel in growth media (OGM). For 3D infections, HIEs were differentiated by adding
differentiation media (ODM) to the wells 4 days after splitting. 5 days later, infections experiments
were performed. For 2D infections, the undifferentiated 3D cultures were collected 7 days after
splitting in DPBS with 0.5 mM EDTA and washed twice. The pellet obtained after centrifuging cells at
250g at 4 2C for 5 min were resuspended in TryplE, a recombinant enzyme that dissociate HIEs into
single cell suspension. During a 20 min incubation at 37 2C, the cell suspension was vigorously
resuspended every 5 min, and then cells were counted and pelleted by centrifugation. Subsequently,
they were resuspended in OGM supplemented with Y-27632 and CHIR99021. The first one is an
inhibitor of Rho-associated, coiled-coil containing protein kinase (ROCK), which blocks cell apoptosis.
CHIR99021 inhibits the glycogen synthase kinase-3 (GSK-3) activity, thus promoting the Wnt pathway.
The cells were seeded into collagen-coated wells of a 96-well plate at a density of 10° cells/well. Once
a confluent monolayer was obtained after 2-5 days, HIEs were differentiated by adding ODM. After

5 days, infection experiments were performed.

Media was changed every other day. All media used in HIEs maintenance, differentiation and

infection are summarized in table 6.
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3.9.2. Infection of HIEs 3D with rotavirus and norovirus

On the infection day, 3D HIEs domes were collected in a 15 mL falcon tube treated with AARS
(anti-adherence rinsing solution) and washed 3 times with CMGF- to remove Matrigel. Afterwards,
HIEs were pelleted and resuspended in 2 mL of RV or NoV infection medium. A 100 pl aliquot was
pelleted, resuspended in TryplE, incubated for 20 min at 37 2C to obtain single cells, and counted. A
total of 2:10° or 4-10° cells were used for each experimental condition in RV or NoV infections,
respectively. The desired amount of HIEs was distributed in 15 mL tubes treated with AARS or low
binding microtubes up to 2 or 1 mL of incubation media, respectively. In the case of RV infections, RV
was trypsin activated and then added to the cells at the desired MOI. For NoV, the activation step is
not required. During a 2 h incubation at 37 2C and 5% CO., cell suspension was resuspended every

30 min with wide bore tips. Then, cells were washed 3 times with CMGF- and pelleted.

Table 6. List of media used in HIEs maintenance, differentiation and infection.

Media Composition

CMGF- Advanced DMEM/F12 + 2 mM GlutaMAX-1 + 10 mM HEPES + 100 U/mL P/S +

100 pg/mL Primocin

OoGM IntestiCult Organoid Growth Medium (STEMCELL) + 100 U/mL P/S + 5 pg/mL
plasmocin
oDM CMFG- + 50 ng/mL mouse recombinant EGF + 100 ng/mL mouse recombinant

Noggin + 10 nM Lue15-Gastrin | + 500 nM A-83-01 + 1 mM N-acetylcysteine
+1X B27 supplement + 1X N2 supplement + 5 uM DAPT

OGM for 2D HIEs OGM + 10 uM Y-27632 + 10 uM CHIR99021

RV incubation medium ODM + 0.25 mg/mL pancreatin

NoV incubation medium  ODM + 500 uM GCDCA + 2 uM Ruxolitinib

For infection in suspension, each tube was resuspended with the appropriate amount of ODM
supplemented with 1 pg/mL trypsin for RV infection. 400 uL was necessary per condition. The 2 h
time point was collected in tubes, while the remaining suspension was seeded in AARS treated 48

well plates, adding 400 pL of cell suspension per well.

For infection in domes, each tube containing the HIEs was resuspended in the appropriate

amount of geltrex, with 25 uL per condition. The 2 h time point was again collected in tubes, while
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the rest was added to prewarmed 24 well plates with 3 domes per well (total 25 puL/well). 500 pL of
ODM supplemented with 1 ug/mL trypsin or NoV infection media was then added. For NoV infection,

only infection in domes was carried out.

Lysis solution of the RNA extraction kit (RNAeasy mini kit, Qiagen) was added to the 2 h time
points and aliquoted at -802C. Plates were incubated the desired time. Then, lysis solution was added

to each well, and stored at -80 ©C.

3.9.2.1.  NoV Infection of HIEs 3D with fucosidase treatments

It was also studied the effect of fucosidases in NoV infections of 3D HIEs before infection.
After cell count and distribution in 15 mL tubes, 20 ug of each fucosidase was added per condition to
each tube. After 2 h incubation at 37 2C and 5% CO; with occasional mixing, cells were washed 3
times with CMGF-, resuspended in the correspondent infection media and proceed with the infection

as explained above.

3.9.2.2.  NoVinfection of HIEs 3D with fucosidase inhibitor treatment

To study the effect of the fucosidase inhibitor DFJ, it was incubated at concentrations from 0
to 15 uM with the clinical NoV43 for 1 h at 37 2C in ODM before infection. Then, viral infection

proceeded as indicated before.

3.9.3. Infection of HIEs 2D culture with rotavirus and norovirus

To perform infection of 2D monolayers, media was removed from the wells and viral
preparations were added at the desired MOl in a total volume of 100 uL. In the case of RV infections,
RV was trypsin activated in ODM and then added to the cells. For NoV, no activation step is required,
being resuspended in NoV incubation media. After 1 h at 372C and 5% CO,, viral inoculum was
removed and wells were washed 2 times with 100 pL of CMGF-. Finally, 200 pL of ODM supplemented

with 1 pg/mL of trypsin or NoV incubation media was added to each well for RV or NoV infections,
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respectively. The 1 hpi wells were collected with lysis buffer of the RNA extraction kit and stored at -
80 2oC. The remaining timepoints were incubated the desired time at 37 2C and 5% CO.. Then, lysis

solution was added to the wells and stored at -80 2C.

3.9.4. HIEs viability assay

Fucosidases and fucosidase inhibitor DFJ toxicity was tested in HIEs. Once 3D HIEs were
differentiated, collected, counted, and distributed in 15 mL tubes, the enzymes (10 and 20 pg/well)
and inhibitor (concentrations ranging from 0 to 15 uM) were added. After an incubation step of 2 h
at 37 2C and 5% CO,, cells were seeded in a 24 well plate, and cell viability was assessed following

manufacturer’s instructions, CellTiter-Glo® 3D Cell Viability Assay (Promega).

3.9.5. Immunofluorescence of 2D monolayers of INEpC and FI124 lines treated with fucosidases

InEpC and FI124 HIEs lines were seeded into 96 well-plates at a density of 10° cells/well. Once
confluency was achieved after 3-5 days, ODM was added. 4 days later, each well was treated with 20
ug of AfcA, AfcB or both fucosidases simultaneously. Fucosidases were resuspended in ODM in a total
volume of 200 uL/well and incubation took place for 2 h at 37 2C and 5% CO.. Afterwards, wells were
washed twice with 200 pL of CMGF- and fixated with 100 uL of ice cold MeOH at -20 2C for 20 min.
Subsequently, cells were washed twice with 100 pL of PBS 1X and blocked with 100 pL of blocking
buffer containing 3% BSA, 0.2% Triton X-100 and 1% goat serum for 30 min at room temperature.
Once blocking was finished, cells were incubated with UEA-I lectin conjugated to fluorescein (Vector
laboratories) at 1:1,000 and DAPI at 1:1,000 dilution for 1 h at room temperature in agitation and
darkness. Finally, each well was washed twice with 100 uL of PBS and maintained in PBS. Cells were

observed using Leica DMi8 inverted fluorescence microscope (Leica Microsystems).

3.10. RNA extraction, RT-qPCR and 244

The plates used in RV infections of transformed cell lines were thawed at 37 ¢C, and

subsequently the supernatant and cells were collected in a microcentrifuge tube. Following the
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instructions provided with the Viral RNA extraction kit (Macherey Nagel), RNA was extracted from

the collected samples.

To extract RNA from RV or NoV infections of HIEs, tubes containing infected cells and lysis
buffer were thawed at room temperature. RNA was extracted following manufacturer’s instructions

(RNAeasy mini kit, Qiagen).

To determine the viral replication, qPCR analysis was conducted using an Exycler 96
instrument (Bioneer) in the case of transformed cell lines or QuantStudio 5 (AppliedBiosystems) in
the case of HIEs. The qPCR master mix consisted of NZYSpeedy qPCR Probe Master Mix at a
concentration of 1X (NZY), forward and reverse primers and a probe specific to RV or NoV at a
concentration of 0.25 uM, forward and reverse primers and an Hypoxanthine
phosphoribosyltransferase 1 (HPRT1) probe specific to the cells at a concentration of 1X (IDT), RT SSllI
enzyme (20 U/sample, Invitrogen), and diethyl pyrocarbonate treated water (DEPC, Invitrogen). The
following cycling conditions were applied: 30 minutes at 50 2C, 10 seconds at 95 2C and 45 cycles of
15 seconds at 95 2C and 1 minute at 60 2C. The replication of the virus was quantified using the 2-45¢t

method. All primers and probes are sum up in table 7.

Table 7. Primers and probes employed in gPCR.

Primer Sequence (5’ - 3’)

RV forward primer JVKF CAGTGGTTGATGCTCAAGATGGA

RV reverse primer JVKR TCATTGTAATCATATTGAATACCCA

RV probe JVKP FAM-ACAACTGCAGCTTCAAAAGAAGWGT
NoV forward primer COG2F CARGARBCNATGTTYAGRTGGATGAG

NoV reverse primer COG2R TCGACGCCATCTTCATTCACA

NoV probe RING2 FAM-TGGGAGGGCGATCGCAATCT

HPRT-1 forward and reverse
Hs.PT.58v.45621572 (IDT)
primers, and probe
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3.11. Mice infections

3.11.1. Viral stocks and liposome preparations

Mice were infected with the cell culture adapted RV Wa and a human NoV from a clinical

sample.

As for Wa stock, 10 confluent MA104 T150 flasks (approximately 1.5-107 cells/flask) were
infected with activated Wa at a M.O.l of 1. After 7 days of incubation at 37 2C and 5% CO,,
supernatants were centrifuged at 5,500 g for 15 min at 4 2C to remove cell debris. The resultant
supernatant was again centrifuged at 100,000 g for 2 h at 4 2C in a Himac R25ST-0507 rotor coupled
to a Himac CR-30N centrifuge. The pelleted viruses were resuspended in TNC 1X overnight at 4 2C.
The following day, viruses were ultracentrifuged in a sucrose gradient (30-70%) in a SW41 rotor
coupled to a Beckman L80 ultracentrifuge at 150,000 g for 4 h at 4 2C. The 30-70% fraction was
collected and pelleted again in the SW41 rotor coupled to a Beckman L80 ultracentrifuge at 150,000
g for 4 h at 4 oC. Finally, Wa was resuspended in TNC 1X.

NoV stock was prepared by resuspending 1 g of a positive Gll.4 Sydney 2012 faeces with 9 mL
of PBS 1X. After 5 min of vigorous mixing and vortex, the sample was centrifugated at 15,000 g for
20 min at 4 2C to remove bacteria and cell debris. The supernatant was then ultracentrifuged at
150,000 g for 2 h at 4 °C in the SW41 rotor coupled to a Beckman L80 ultracentrifuge. The pelleted

virus was resuspended in 10 mL of PBS and stored at — 20 2C.

Both viruses were titrated by gPCR. The quantified plasmids containing the RV or NoV qPCR
target sequence were diluted in nuclease free water obtaining 10-fold dilutions. The standard curve
was generated using 102 to 10%° copies of plasmid DNA by RT-qPCR in duplicates using the primers of
table 7. By extrapolating the data of the standard curve, RV and NoV quantities of the viral stocks
were calculated. The mice were orally inoculated with 10'° genome copy equivalent (GCE) of each

virus.

Fucosidase AfcA was administered to mice in liposomes. The enzyme-containing lipid vesicles
were fabricated with the solvent casting method. A mixture of 0.45 g of phospolipon POPC (Lipoid)
and 12 mg of cholesterol (Acofarma) as surfactant were solved in 50 mL of methanol. The solution

was then distilled using a rotatory evaporator (BUCHI) for 12 h at 55 2C and 250 bar. The resulting
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lipidic layer was reconstituted with 5 mg of liophilized AfcA solved into 10 mL of PBS 1X for 1 h at 30

oC. Mice were treated with 50 pg of enzyme, in a volume of 150 pL.

All viruses and enzymes were administered orally with an intragastric tube.

3.11.2. Infection experiments

Groups of six C57BL/6 mice between 6 and 8 weeks old were used in the study. After
reception, mice were acclimated in the animal facility for 1 week. All groups received antibiotic
cocktail containing 1 g/L ampicillin, 1 g/L metronidazole, 1 g/L neomycin, and 0.5 g/L vancomycin in
drinking water ad libitum to deplete mice gut microbiota, which was changed every 3 days during the
course of the whole experiment, as described before [170]. Mice were fed a purified-defined germ-
free diet (AIN-93G, Envigo, Barcelona, Spain). Three weeks after the beginning of the antibiotic
treatment, infection experiments were carried out. The use of the mice was approved by the Ethical
Committee of the University of Valencia and the General Direction of Livestock and Fisheries of the
Ministry of Agriculture, Rural Development, Climate Emergency, and Ecological Transition, with

registration number 2022 VSC PEA 0290.

A total of three set of experiments were conducted, with each of them further divided in two

groups, one group infected with RV and the other with NoV (Fig. 8).

Set 1: Two groups of mice were treated with 50 pg of fucosidase AfcA once a day for 2 days

and then infected the following day with RV or NoV.

Set 2: Two groups of mice were infected with RV or NoV along with 20 mM of fucosidase

inhibitor DFJ.

Set 3: Two groups of mice were infected with RV or NoV as controls.
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Mice Antibiotic Fucosidase RV or NoV End of
; reception cocktail treatment infection experiment
Set 1 : FUCOSIdase p Fucosidase treatment p
treatment | | | ] |
1 week 3 weeks 2 days 7 days
Mice Antibiotic RV or NoV infection + End of
Set 2: Fucosidase | reception  cocktail Fucosidase inhibitor experiment
inhibitor | |
1 week 3 weeks . 7 days
Mice Antibiotic RV or NoV End of
reception  cocktail infection experiment
Set 3: Control | |
1 week 3 weeks ' 7 days

Figure 8. Mice intervention.
Schematic representation of the experimental procedure for the three sets of experiments.

Faeces were collected daily from the day of the viral infection and continued for 7 days. They were
stored at -20 9C. After that, mice were euthanized with 2% isoflurane and blood samples collected,

as well as the spleen of 1 mouse per group stored in RNAlater for further analysis (Sigma).

3.11.3. Quantification of RV and NoV from stool samples by RT-gPCR

RNA was extracted from faecal samples with the Viral RNA extraction kit (Macherey Nagel).
First, faeces were weighted in order to finally normalized the results depending on faeces quantity.
After that, 700 pL of the lysis solution was added to the =80 mg of stool samples, which were then
sonicated for 45 sec using a Branson Sonifier 250, with output set at 2. Later, samples were incubated
at 70 2C for 5 min and centrifugated at 21,000 g for 5 min. RNA from the supernatant was then

extracted following manufacturer’s instructions.

RNA was diluted 1/10 and then the RT-gPCR was performed using the StepOne 48 wells
thermocycler (AppliedBiosystems), with primers and probes corresponding to RV and NoV of table 7.
The standard curve was generated by serial end-point dilution, amplifying 10-fold dilutions of the

guantified plasmid containing the RV or NoV target sequence by RT-qPCR in duplicates.
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3.12. Statistical analysis

Graphs are represented as means + SEM. Statistical differences were determined with the GraphPad
Prism 8.0.1 software, using the unpaired t-test to compare the means between two distinct groups.

A p value £ 0.05 was considered significant.
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4. Results

4.1. ldentification of glycosyl hydrolases from infant faecal microbial metagenome

A total of 60,354 sequences with predicted proteins with known functions were identified
from the faecal microbial metagenome with the RAST-MGRAST server [192,193]. Using the COG
database [194], various types of enzymes involved in the degradation of HMOs were found, including
B-galactosidases, B-N-acetylhexosaminidases, a-sialidases and a-L-fucosidases. The most prevalent
glycosidases were putative B-galactosidases (COG1874, COG2723, and COG3250) which comprised
224 enzymes from the GH35, GH42, GH2 and GH1 glycosyl hydrolase families of the CAZy database.
B-galactosidases were followed by [B-N-acetylhexosaminidases (COG3525) since 42 enzymes
belonging to the GH20 were identified. As for a-L-fucosidases (COG3669), 36 of them were found,
which belonged to GH29 family. When using dbCAN2 server [195], 27 putative a-L-fucosidases were
identified, where it was also found some of the other major family of a-L-fucosidases GH95. Finally,

there were identified also seven sialidases (COG4692 and COG4409) from the GH33 family.

4.2. Sequence analysis and biochemical characterization of GH29 a-L-fucosidases

22 out of 36 ORFs that coded for putative a-L-fucosidases showed a complete coding
sequence. The amino acid sequence from those genes were subjected to BLAST searches against the
nr database, finding the most significant matches (>98% identity) with a-L-fucosidases annotated in
bacterial genomes of Bacteroides thetaiotaomicron, Bacteroides caccae, Ruminococcus gnavus,
Phocaeicola vulgatus (formerly Bacteroides vulgatus), Phocaeicola dorei (formerly Bacteroides dorei),

and Streptococcus parasanguinis.

An amino acid identity matrix of these sequences revealed four clusters of enzymes with
sequence identities higher than 69%  (Fuc1584/Fuc1821, Fucl144/Fuc584/Fucl327,
Fucl1/Fuc19B/Fuc47 and Fucl8/Fuc59/Fuc289/Fuc499) which suggest that enzymes within the
same cluster might share similar substrate specificities. Moreover, upon comparing these sequences
with previously characterized a-L-fucosidases, it was found that Fucll and Fuc2l exhibited 99%

identity with BT_2970 and BT_2192 from B. thetaiotaomicron [203] respectively. Similarly, Fuc29 and
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Fucl144 demonstrated 99% and 87% identity respectively with the a-L-fucosidase ATCC_03833 from
R. gnavus [204] and BF3242 from Bacteroides fragilis [205].

Fucl8, Fucl9A, Fuc30, Fuc35A, Fuc35B, Fuc39, Fuc193, Fuc1584, Fuc2358 and Fuc5372 were
selected for further analysis, since to the best of our knowledge, no proteins homologous to these a-
L-fucosidases had been characterized to date. SignalP 4.1 [196] predicted the presence of signal
peptidesin all the selected a-L-fucosidases, except for Fuc2358. Raw Sequence data files are available
in the NCBI Sequence Read Archive (SRA, http://www.ncbi.nlm.nih.gov/sra) under Bioproject
number PRINA814838. The sequences of the genes encoding the a-L-fucosidases characterized here
have been deposited at the GenBank database under the accession numbers ON170361 to

ON170370.

4.3. Purification of fucosidases

The ten selected fucosidases from the metagenome study (Fuc18, Fuc19A, Fuc35A, Fuc1584,
Fuc193, Fuc39, Fuc2358, Fuc5372, Fuc30 and Fuc35B) as well as the AfcA and AfcB fucosidases
(provided by Dr Katayama) were purified as indicated in material and methods. The purified enzymes
were analysed by SDS-PAGE in 10% polyacrylamide gels and stained with Coomassie blue (Fig. 9).
Each one of the fucosidases migrated at the expected molecular weight (Fuc18 70.36 kDa, Fuc19A
53.65 kDa, Fuc35A 52.14 kDa, Fuc1584 76.1 kDa, Fuc193 53.19 kDa, Fuc39 68.03 kDa, Fuc2358 57.98
kDa, Fuc5372 50.88 kDa, Fuc30 52.15 KDa, Fuc35B 49.63 kDa, AfcA 205 kDa, AfcB 152.26 kDa). It can
be observed that all proteins were obtained with a purity higher than 80% since some contaminants

or degradation products can be observed in each preparation.

4.4, Fucosidases characterization

Activity characterization was conducted for all enzymes, comprising those obtained in the
metagenome analysis as well as AfcA and AfcB. The analysis involved the incubation of the enzymes
with the different neoglycoproteins at 37 2C overnight. The glycans conjugated to HSA were LNFP |,
Le?, Le®, LeX, LeY, whose structures are shown in table 4. During the incubation process, the enzymes

targeted and removed the specific fucose residues from the glycoconjugate, thus the primary
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antibody will not recognize the sugar. The activity of the enzyme was confirmed then by the loss of

signal in the Western blot.

Figure 9. Purified fucosidases from infant gut microbiome, with AfcA and AfcB.
Coomassie of 5 ug of each a-L-fucosidase obtained. On the right, the molecular mass (kDa).

First, the specific affinity of the primary antibodies and lectins was confirmed (Fig. 10). An
anti-H antibody was used to detect LNFP |, which recognized the H1 structure fucose-al-2-galactose-
B1-3 N-acetyl glucosamine. Also, the UEA-I lectin that recognized the al1-2 fucose in the H2 structure
fucose-a1-2-galactose-f1-4 N-acetyl glucosamine that is present in the LeY antigen was employed.
With these two recognition proteins, fucosidase al-2 activity was detected. The presence of the
glycoconjugates in all the membranes was confirmed by a final incubation step of each of them with
the anti-HSA antibody. Each antibody recognised only their respectful glycoconjugate, except for
anti-Le®, which also showed a weak signal in the lane of Le?. This observation can be attributed to the
fact that Le® and Le? share the same structure, except that Le® has an al-2 linkage that binds the

fucose to the galactose, so the antibody is able to recognise Le?, although less efficiently.
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Figure 10. Specificity of primary antibodies and lectin by Western blot.

The figure shows the specificity of the primary antibodies and lectin employed in the characterization of the a-L-
fucosidases by Western blot. The Western blots and Coomassie were used to confirm the presence of the
glycoconjugates. LNFP I, lacto-N-fucopentaose I; Le?, Lewis ?; Le®, Lewis ?; Le*, Lewis ¥; LeY, Lewis Y; anti-Le?, anti-
Lewis? primary antibody; anti-Le®, anti-Lewis® primary antibody; anti-Le*, anti-Lewis* primary antibody; anti-Le?,
anti-LewisY primary antibody; anti-H, anti-H type-1 antigen primary antibody; UEA-I lectin, Ulex Europaeus
agglutinin I lectin; anti-HSA, anti-human serum albumin antibody.

Once it was stablished that each antibody and the UEA-I lectin recognized their specific sugar,
the activity of the fucosidases were studied by Western blot analysis (Fig. 11). AfcA had al1-2 activity,
as observed by the absence of signal of the anti-H antibody and UEA-I lectin glycoconjugates. It was
also the only fucosidase with this enzymatic function. Regarding AfcB, it released the al1-3/4 fucoses
from all the sugars containing them, thereby confirming the documented activity of AfcA and AfcB
[85,91]. Fucl9A displayed al-3 but no al-4 activity. However, it didn’t release the al-3 fucose
present on LeY. In contrast, Fuc35B exhibited al1-4 and not al-3 activity, but it didn’t cut the fucose
present on LeP. Fucl8 and Fuc39 showed al-3/4 activity. Nonetheless, they were unable to

completely remove the signal of anti-LeY, and also anti-Le® in the case of Fuc39, Fuc35A, Fucl1584,
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Fuc193, Fuc2358, Fuc5372 and Fuc30 released minimal amounts of fucose present in the tested

glycoconjugates. The control included only glycoconjugates.
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Figure 11. Characterization of fucosidases by Western blot.

Glycoconjugates were incubated with the a-L-fucosidases overnight and later blotted and incubated with their
specific antibody. Absence of signal indicates the removal of the fucose from the glycoconjugate detected by the
antibody or lectin. LNFP I, lacto-N-fucopentaose [; LeY, Lewis ¥; Le?, Lewis ?; Le®, Lewis ?; Le*, Lewis *; anti-H, anti-H
type-1 antigen primary antibody; anti-Le?, anti-Lewis? primary antibody; anti-Le®, anti-Lewis® primary antibody; anti-
Le*, anti-Lewis* primary antibody; anti-LeY, anti-LewisY primary antibody; anti-HSA, anti-human serum albumin
antibody.

To further characterize the 10 enzymes identified after the metagenomic analysis, the
hydrolysis of various non conjugated fucosyloligosaccharides (Table 4) was measured by Dionex
[187]. With this method, the products generated during their hydrolysis were analysed and the
presence of a peak at the same migration time than fucose was used to study it release, indicating
that the enzyme has the specific fucosidase activity required to cut the oligosaccharide present in the
reaction. Some differences were found when compared to Western blot since the enzymes had
higher activity against the free substrates than against the glycoconjugates. The results (Table 8)
showed that Fuc18, Fuc39 and Fuc 35B were able to release a1-3/4 fucose from all tested substrates,
but the last one less efficiently. Fuc19A and Fuc1584 released al-3 fucoses from Le*, LeY and 3FL,
while only al-4 fucose from Le? but not from LeP. Fuc1584 also displayed al-6 activity. Fuc35A
displayed partial al-2, al-3 and al-6 fucosidase activity. As for 2358, it was able to remove fucose
from all the tested substrates, except for Le®, BG A and BG B, thus possessing a1-2, a1-3, al-4 and
al-6 activity. Fuc30 presented al-6 fucosidase activity. Fuc5372 showed partial al-2 fucosidase

activity. Finally, Fuc193 did not remove fucose from any tested substrate efficiently.
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Table 8. Characterization of fucosidases from the metagenome study by Dionex.

Percentage of hydrolysis

Substrate Linkage Fucl8 Fucl9A Fuc35A  Fucl5384 Fucl93 Fuc39 Fuc2358 Fuc5372 Fuc30 Fuc35B
detected

H type-1 al-2 0 0 0 0 0 0 81 2 0 0
Led al4 100 74 66 84 14 100 100 0 0 100
Leb al-2 and a1-4 100 14 8 27 0 100 32 0 0 72
Le* al-3 100 100 100 100 36 100 100 0 0 82
Le¥ al-2 and a1-3 100 100 73 94 22 100 100 0 0 62
H type-2 al-2 0 0 74 0 8 0 100 77 0 0
BG A al-2 0 0 0 0 0 0 3 40 0 0
BGB al-2 0 0 0 0 0 0 3 43 0 0
2*EL al-2 2 0 96 0 8 0 100 100 0 0
3FL al-3 100 79 54 85 8 100 20 10 0 98
6FN al-b 0 0 73 100 15 0 100 11 100 0

In blue, percentage of hydrolysis between 70-90. In green, percentage of hydrolysis between 91-100. H type-1; H
type-1 antigen; Le?, Lewis? antigen; Le®, Lewis® antigen; Le*, Lewis * antigen; LeY, Lewis’ antigen; H type-2, H type-2
antigen; BG A, blood group A trisaccharide; BG B, blood group B trisaccharide; 2'FL, 2’-fucosyllactose; 3FL, 3-
fucosyllactose; 6FN, 6-fucosyl-N-acetylglucosamine.

Among all tested enzymes, Fuc2358, Fuc35A and Fuc5372 showed partial al-2 fucosidase
activity. However, those did not present any activity against the glycoconjugates, being AfcA the only
fucosidase able to function on those. As for a1-3/4 activity, Fuc18, Fuc39, Fuc 35B and AfcB had the
ability to release fucose from all the tested sugars containing them. However, only AfcB released the
al1-3/4 fucose residues found in the glycoconjugates. Consequently, AfcA and AfcB were selected for
further experiments to ensure effective al-2 and a1-3/4 activity on both cell and animal models,
since these two showed complete activity on the glycoconjugates by Western blot analysis. As HBGAs

do not possess al-6 fucoses, fucosidases with al-6 activity were not selected.

AfcA activity was also confirmed by immunofluorescence of 2D HIEs, using the lines InEpC and
F1124 (Fig. 12, Fig.13). 2D monolayers were incubated with AfcA, AfcB or AfcA and AfcB
simultaneously. Later, they were incubated with the lectin UEA-I conjugated to fluorescein and DAPI.
It can be observed that the presence of AfcA causes the loss of the UEA-I lectin signal in both HIEs

lines (Fig. 12d,j, Fig. 13d,j), which means the removal of the al-2 fucoses recognized by the lectin.
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Signal remains intact when no treatment is performed (Fig. 12a, Fig, 13a) or treatment with AfcB (Fig.

12g, Fig. 13g).

InEpC line

DAPI

AfcB AfcA Control

AfcA + AfcB

Figure 12. Incubation of 2D HIEs of the InEpC cell line treated with the fucosidases AfcA and AfcB with UEA-I and
DAPI.

InEpC HIEs were incubated with a)-c) no enzyme, d)-f) AfcA fucosidase, g)-i) AfcB fucosidase or j)-1) AfcA and AfcB
fucosidases simultaneously. After fixation and blocking, lectin UEA-I (green) and DAPI (blue) were added to detect
al-2 fucoses and cellular nucleus, respectively. Merged images are also shown. InEpC, intestinal epithelial cells.
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Figure 13. Incubation of 2D HIEs of the FI124 cell line treated with the fucosidases AfcA and AfcB with UEA-I and DAPI.
FI124 HIEs were incubated with a)-c) no enzyme, d)-f) AfcA fucosidase, g)-i) AfcB fucosidase or j)-I) AfcA and AfcB
fucosidases simultaneously. After fixation and blocking, lectin UEA-I (green) and DAPI (blue) were added to detect al-
2 fucoses and cellular nucleus, respectively. Merged images are also shown. FI1124, fetal ileum 124.
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4.5.  Clinical rotaviruses screening

A total of 41 RV* stool filtrates were prepared and used to infect dCaco-2 cells for 72 hpi. After
RNA extraction, the fold increase is analysed by 222t A fold increase >3 was considered viral
replication. 4 clinical isolates showed ability to replicate in dCaco-2 under tested conditions, called
RV7, RV18, RV39 and RV41 (Fig. 14). Also, dCaco-2 cells were infected with the cell-culture adapted
RV strain Wa. Some of the viruses didn’t attach to the cells (e.g. RV8, RV19 or RV20, not shown) and
others did not replicate efficiently (fold increase <3). Finally, RV7 and RV39 were selected to continue
further experiments, since RV18 and RV41 showed high variability when the infection experiments

were repeated. No cytopathic effect was detected in any infection experiment.
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Figure 14. Viral replication of RV* stool samples and the culture-adapted RV strain Wa in dCaco-2 cells at 72 hpi.

A total of 41 RV* stool samples were prepared and used to infect dCaco-2 cells, along with Wa for 72 hpi. A fold
increase >3 was considered efficient viral replication. Viral preparations that did not attach to cells are not shown.
RV, rotavirus; dCaco-2, differentiated Caco-2; hpi, hours post infection.

The sequences of the VP4 (Fig. 15) and VP7 (Fig. 16) of the selected clinical isolates and the
Wa strain were obtained. RV7 and RV39 are G9P[8] while Wa is G1P[8]. The VP4 sequences of RV7
and RV39 are identical. Regarding VP7, there are two nucleotide variations between the clinical
isolates at the positions 638 and 641. When comparing VP4 sequences of Wa strain with the ones
from RV7 and RV39, a total of 55 mismatches are found. As for VP7, it can be observed a total of 212

mismatches with RV7 and 210 with RV39.
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Figure 15. VP4 sequences of Wa strain and clinical isolates RV7 and RV39.
Three aligned VP4 sequences of the clinical isolates RV7, RV39 and the cell culture-adapted Wa strain are presented.
Sequence alignments were obtained with Bioedit software version 7.0.5.3.
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Figure 16. VP7 sequences of Wa strain and clinical isolates RV7 and RV39.

Three aligned VP7 sequences of the clinical isolates RV7, RV39 and the cell culture-adapted Wa strain are presented.

Sequence alignments were obtained with Bioedit software version 7.0.5.3.

4.6. Clinical rotaviruses and Wa time course

In order to obtain the maximum viral replication, dCaco-2 cells were infected with the

selected clinical isolates as well as with Wa at different time points (24, 48, 72 and 96 hpi) (Fig. 17).

RV7 showed the highest replication 96 hpi (p value=0.0238). As for RV39, the highest replication was

detected at 72 hpi (p value=0.0067). Although Wa replication did not yield significant differences at

the analysed time points replication was similar at 48, 72 and 96 hpi. RV7, RV39 and Wa did not show

statistical differences between 72 and 96 hpi. For these reasons 72 hpi was the selected time point

for further experiments.
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Figure 17. Time course of RV7, RV39 and Wa in dCaco-2.

DCaco-2 were infected with the selected RV isolates RV7 and RV39, as well as with the cell culture-adapted Wa
strain for 1, 24, 48, 72 and 96 hpi. RV, rotavirus; dCaco-2, differentiated Caco-2; hpi, hours post infection. p values
<0.05 are represented as *, p values <0.01 are represented as **.

Time course experiments were also performed in 3D HIEs. Once stablished, differentiated 3D

HIE cultures were infected with RV7 to optimize RV replication. The infection was carried out in drop
or suspension format. The tested MOIs were 100, 10 and 1 and the infected cells were collected after
2 hpi, 24 hpi, 48 hpi and 72hpi. Only the MOI 100 yielded data for all the time points by gPCR. To
analyse the data, the value 1 was assigned to the total amount of virus that attached to the cells at 2
hpi in drop the format, so it can be compared where the viral production is higher (Fig. 18). In the
suspension experiment, the fold increase rose sequentially until day 2, observing a decrease at day
3. In the drop experiment, the highest yield was obtained at 24 hpi, decreasing in days 2 and 3.

Overall, the highest viral quantities were obtained by infecting the cells in suspension and incubating

them for 2 dpi.
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Figure 18. Fold increase of RV7 after infection of 3D HIEs.

3D HIEs were infected with RV7 with MOI 100 in drop and suspension formats for 2, 24, 48 and 72 hpi. Hpi, hours
post infection.

In the view of these results, differentiated 3D HIE were also infected with RV39 and Wa in
suspension format for 2 hpi, 24 hpi and 48 hpi with a MOI of 100 (Fig. 19). For RV39, the highest fold
increase occurred at 48 hpi. However, in the case of Wa, neither attachment nor replication were

observed under the tested conditions, despite studying an MOI of up to 1,000.
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Figure 19. Fold increase of RV39 after infection of 3D HIEs.
RV39 was used to infect 3D HIEs in suspension with a MOI of 100 for 2, 24 and 48 hpi. Hpi, hours post infection.
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4.7. Immunofluorescence of differentiated Caco-2 cells infected with a clinical rotavirus

Clinical RV7 was also used in an immunofluorescence experiment, in which dCaco-2 cells were
infected. Anti-VP6 primary antibody and DAPI were used to stain the virus and the cell nuclei,

respectively. In the figure 20, it can be observed dCaco-2 cells infected with RV7.

Figure 20. Immunofluorescence of dCaco-2 cells infected with the RV7 filtrate for 24 h observed at 40X.
In blue, cell nucleus stained with DAPI, in green, RV7 VP6 protein. DCaco-2, differentiated Caco-2.

4.8. Infection of cell lines with different HBGA composition

To investigate variations in viral replications between clinical isolates and a cell-culture
adapted strain, cell lines with different HBGAs composition were infected with RV7, RV39 and Wa.
As cell lines with HBGAs, dCaco-2, HT29, HT29 M6, 2D HIEs (J2 cell line) and 3D HIEs (InEpC cell line)
were employed. UCaco-2 and MA104 served as cell lines without HBGAs. The results (Fig. 21) showed
that the replication of clinical isolates was higher in those cell lines that express HBGAs on their
surface (dCaco2, HT29, HT29 M6 and HIEs) as compared to uCaco-2 and MA104, where fold increases
lower than 5 were obtained. In contrast, Wa replicated more efficiently in MA104, a cell line lacking
HBGAs. Moreover, it did not attach to HT29, HT29 M6 and 3D HIEs, further supporting its preference

for cell lines without HBGAs.
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Figure 21. Viral replication at 72 hpi of clinical isolates RV7, RV39 and the cell culture-adapted RV strain Wa in cell

lines with different HBGAs composition.
Viral replication of RV7, RV39 and Wa was studied in a) dCaco-2, b) uCaco-2, c) MA104, d) HT29, e) HT29 M6 cells,

f) 2D HIEs (J2 cell line) and g) 3D HIEs (InEpC cell line). Hpi, hours post infection; RV, rotavirus, dCaco-2,
differentiated Caco-2; uCaco-2, undifferentiated Caco-2; HIEs, human intestinal enteroids; @, no viral attachment.

p values < 0.05 are represented as *, p values <0.01 are represented as **.

4.9. Role of fucosylated HBGAs in the infection of differentiated Caco-2 cells with

clinical rotaviruses and Wa

Since it was observed that HBGAs are relevant for the infection of wildtype RVs, it was
investigated the relevance of the fucose present in the receptors. The experimental approach
involved two treatments: a first step of fucosidase treatment to the cells for 2 h followed by RV

infection, or alternatively, fucosidase inhibitor treatment of the viral stocks during activation.

The toxic screening performed to study the toxicity of the fucosidase inhibitor and the fucosidases
on 3D HIEs of the InEpC line (Fig. 22) confirmed the absence of toxicity in the tested compounds. The

cells that received no treatment were assigned a survival rate of 100%. When HIEs were incubated
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with the compounds and enzymes at different concentrations, the percentage of survival remained
closed to 100% in all tested conditions. Therefore, any decrease in replication that could be observed

in experiments is not attributable to a toxic environment.
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Figure 22. Toxicity of fucosidases and DFJ on 3D HIEs.
The figure shows the percentage of survival of 3D InEpC HIEs after 2 h incubation with the fucosidases AfcA and
AfcB, and the fucosidase inhibitor DFJ at different concentrations for 2 h. DFJ, 1-deoxyfuconojyrimicin.

% survival

4.9.1. Fucosidase treatment

Cells were treated with the previously characterized fucosidases, AfcA and AfcB. For 2 h, cells
were treated with AfcA to remove al-2 fucoses, with AfcB to remove a1-3/4 fucoses, or with both
simultaneously, to then proceed with the viral infection. 100% of adhesion was assigned to the
controls. The results (Fig. 23a) showed an increase in RV7 adhesion when al-3/4 fucoses were
eliminated, but not when only a1-2 fucoses were removed. Treatment with both enzymes caused an
increase in adhesion for RV7, but with no significant differences. Adhesion of Wa was increased when
cells were incubated with AfcA and AfcB, but not significant data was obtained when cells were
treated alone with the latest fucosidase (Fig. 23g). Adhesion of RV39 didn’t seem to be affected by

the enzymes (Fig. 23d).

Regarding the replication, it was analysed in two different ways. In the viral yield analysis (Fig.
23b, e, h), viral quantities can be compared, since in the calculation of the fold increase by the 2-25¢t
method the value 1 was given to the total amount of virus that attached to the cells when no

treatment was performed (control of adhesion). Later, the 100% of viral yield was assigned to the
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control at 72 hpi. Since all the treatments are compared to the same reference value, it can be easily
detected variations in viral amounts. In this case, results were similar for both RV7 and RV39.
Treatments with either AfcA or AfcB yielded equivalent outcomes, resulting in a 2.6-fold for RV7 and
a 1.9-fold for RV39. When the treatment was performed with both enzymes, the maximum viral
guantity was achieved (5.8-fold for RV7 and 2.8-fold for RV39). In the case of RV7, significantly more
virus is produced in all the treatments, while AfcA and combined treatment of AfcA and AfcB resulted
in significant differences for RV39. As for Wa, AfcB treatment resulted in an increased viral yield (2.13-

fold).

As for the viral replication analysis, each condition at 72 hpi was compared to the same
condition at 1 hpi (Fig. 23c, f, i) for the calculation of the fold increase, so it can be studied how the
virus replicates depending on the treatment performed. Later, 100% of replication was assigned to
the control at 72 hpi. Again, similar results were obtained for both clinical isolates. Clinical RV
replication was similar when no treatment or treatment with AfcB was carried out, indicating that
the removal of a1-3/4 fucoses from the cell surface does not affect the replication itself. Regarding
AfcA treatment, the removal of al-2 fucoses significantly improved the replication (4.2-fold for RV7
and 3.6-fold for RV39). Treatment with both enzymes simultaneously produced similar findings than

treatment with only AfcA for RV7 and RV39 (5.5-fold increase for RV7 and 3.4-fold increase for RV39).

Regarding the cell culture-adapted strain, Wa attached significantly more when combined
treatment with AfcA and AfcB was applied. It was also detected an increased when cells were treated
with AfcB without significant results. As for the viral yield, it was detected a 2.12-fold after cellular

treatment with AfcB. Finally, no statistically significant data was obtained in Wa replication.
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Figure 23. Effect of the fucosidases AfcA and AfcB on infection of RV7, RV39 and Wa on dCaco-2 cells.
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Graphs show the percentage respect to control of a) d) g) adhesion, b) e) h) viral yield and c) f) i) viral replication
of RV7, and RV39 and Wa in dCaco-2 pretreated with the fucosidases AfcA and AfcB alone or simultaneously.
dCaco-2, differentiated Caco-2. p values < 0.05 are represented as *, p values <0.01 are represented as **.

Based on these results, it can be concluded that the removal of a1-3/4 fucose affects the

initial stages of clinical RVs replication by enhancing adhesion, while the removal of al-2 fucoses
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enhances later stages of replication. This explains why the total amount of virus is higher when both
fucosidase activities are present in the case of clinical RVs. For Wa, AfcB also seemed to improve viral

attachment, but the replication itself was not enhanced by AfcA.

4.9.2. Fucosidase inhibitor treatment

After studying how the presence of fucosidases affects RV replication, it was investigated the
effect of a fucosidase inhibitor, DFJ. It was hypothesised that fucosidases may be present in viral
stocks, since their origin was faeces that are rich in bacterial glycosidases [187,206]. First, it was
calculated the EC50 of DFJ in four a-L fucosidases, two from the metagenome study (Fuc2358 from
S. parasanguinis and Fuc5372 from P. dorei), and two produced by L. casei BL23 (AlfB and AIfC). The
assay was performed using the colorimetric substrate pNP-fuc (Fig. 24a-d). The fucosidase activity of
the enzymes was reduced 99.04% in the case of Fuc2358 (EC50=117.58 + 5.05 nM), 97.32% for
Fuc5372 (EC50=33.03 + 6.65nM), 94.01% for AIfB (EC50=169.18 + 14.84 nM) and 98.96% for AIfC
(EC50=246.83 £ 23.57 nM), thereby proving its inhibitory properties of the DFJ on the fucosidases.
The inhibitor was also incubated with the lacto-N-biosidase LnbB (Fig. 24e). Its activity was reduced
a 10% after 1 h incubation with DFJ, with a EC50 of 731.07 * 1,487.6 nM, which confirms the

specificity of the compound.
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Figure 24. EC50 of DFJ on the fucosidases Fuc2358, Fuc5372, AlfB and AlfC, and lacto-N-biosidase LnbB.

Graphs show the EC50 of the fucosidase inhibitor DFJ on the fucosidases Fuc2358 and Fuc5372 from the
metagenome study, AIfB and AIfC from L. casei, and the lacto-N-biosidase LnbB. Enzymes were incubated with
DFJ concentrations ranging from 0 to 1,000 nM. The absorbance of the colorimetric substrate pNP-fuc in the
case of fucosidases and pnp-gal for the lacto-N-biosidase was measured at 405 nM. DFJ, 1-
deoxyfuconojyrimicim;  pNP-fuc,  4-nitrophenyl-a-L-fucopyranoside; = pNP-gal, p-nitrophenyl B-D-

galactopyranoside.

Later, the effect of DFJ on RV replication was tested on dCaco-2. During RV activation, the

fucosidase inhibitor was added, so the enzymes present on viral stocks would be deactivated. RV7

and Wa were treated with the fucosidase inhibitor at 500 nM (Fig. 25), more than 20 times the

maximum EC50 obtained previously with the different fucosidases. Viral replication of RV7 and Wa

was decreased a 51.63% and 94.87% respectively, by the inhibition of fucosidases, indicating that the

activity of those enzymes is relevant for RV replication.
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Figure 25. Effect of the fucosidase inhibitor DFJ on the replication of the clinical isolate RV7 and Wa in dCaco-2.
Graphs show the replication of a) RV7 and b) Wa treated with the fucosidase inhibitor at 500 nM for 2h in dCaco-2
72 hpi. DFJ, 1-deoxyfuconojyrimicin; dCaco-2, differentiated Caco-2. p values < 0.05 are represented as *.

Later, RV7 and Wa were treated with increasing concentrations of the inhibitor (Fig. 26),
obtaining the highest inhibition at 800 nM. In this case, the EC50 of RV7 was 395.94 + 78.67 nM and
that of Wa 67.72 + 11.87 nM.
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Figure 26. EC50 of DFJ on RV7 and Wa viruses.
Figure shows the EC50 of the fucosidase inhibitor DFJ on RV7 and Wa viruses during infection of dCaco-2.

The effect of the DFJ was also studied by impedance, which measures the cell monolayer
integrity. In that experiment, dCaco-2 cells were infected with RV7 and Wa that were previously
treated with the inhibitor. The results (Fig. 27) showed that the cell index was significantly higher
when the viruses were treated with DFJ, which means that the integrity of the monolayer is higher,
since less cells detached or lost thigh junctions due to viral replication. Cell index is lower for both
viruses when no treatment is performed, thereby RVs replicated more. After 20 h, no detectable

changes were observed.
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Figure 27. Cell index obtained by impedance after infection of dCaco-2 with RV7 and Wa treated with the fucosidase
inhibitor.

Figures show cell index data every 20 min of the infection of dCaco-2 for 72 hpi with a) RV7 and b) Wa treated with
the fucosidase inhibitor DFJ at 800 nM. DFJ, 1-deoxyfuconojyrimicin; dCaco-2, differentiated Caco-2; hpi, hours post
infection. p values < 0.01 are represented as **.

The same results were obtained in dCaco-2 cells by gPCR and impedance when viral stocks
were treated with a fucosidase inhibitor prior to infection, where viral replication decreases when
fucosidases are inactive, which highlights the relevance of such enzymes during RV replication. These
findings are consistent with the previous experiments, where the cellular treatment with fucosidases

results in an enhanced replication. The inhibition of fucosidases does not completely hinder RV

replication, suggesting the involvement of other factors that play a relevant role in RV replication.

4.10. Role of fucosylated HBGAs in the infection of human intestinal enteroids with

clinical noroviruses

Later, HIEs from the InEpC line were infected with clinical NoVs. HIEs were split once a week
and used to obtain differentiated 3D HIE domes or 2D HIE monolayers (Fig. 28). 3D HIEs grow from
day O to day 7 after passage, presenting a cystic morphology, which consists of a lumen surrounded
by epithelial cells (Fig. 28a, b, c, d). Once they were differentiated, borders became brighter and
thicker (Fig. 28e, f, g). When 3D HIEs were seeded in 96 well-plates to form a 2D monolayer,

confluency was achieved 2-5 days later (Fig. 28h).
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Figure 28. Progression of 3D InEpC HIEs growth embedded in Matrigel from day 0 to day 9 after passage, and 2D
monolayer of FI124 HIEs.

Images show the growth of a 3D HIEs dome on a) day 0, b) day 2, c) day 4 and d) day 7 after passage. On day 4,
some wells were differentiated, and it can be observed the growth of a 3D HIEs differentiated dome on a) day 7
after passage, day 3 post differentiation, f), g) day 9 after passage, day 5 post differentiation. Figure h) shows a
confluent 2D monolayer of FI1124 day 7 after seeding.

4.10.1. Infection optimization

A total of five NoV* stool filtrates were prepared and tested in 3D HIEs, named NoV43, NoV44,
NoV45, NoV46 and NoV47, all of which belonged to Gll.4 2012 Sydney genotype. The infection was
performed in domes, colleting timepoints at 2 hpi and 48 hpi. Two of the five NoV samples replicated
in 3D HIEs under the tested conditions, specifically NoV43 and NoV44 (Fig. 29). NoV43 exhibited a
fold increase that almost arrived to 2,000 while NoV44 fold increase was less than 100. Due to

reproducibility problems and lower fold increase, NoV43 was chosen for further experiments.
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Figure 29. Fold increase of NoV43 and NoV44 after infection of 3D HIEs.
NoV43 and NoV44 infected 3D HIEs at 2 dpi in drop format with MOI of 100.

4.10.2. Fucosidases treatment

3D HIEs InEpC were also treated with the fucosidases AfcA and AfcB, followed by the infection
of NoV43 (Fig. 30). Results indicated that removal of al1-2 fucosidases by AfcA significantly increases
viral attachment, while AfcB treatment caused a reduction (Fig. 30a). As for the viral yield,
significantly less viral particles were produced when cells were treated with AfcB or with both
enzymes (Fig. 30b). Regarding viral replication, fucosidase treatment caused a reduction, with a
significant reduction obtained with AfcA or AfcA and AfcB treatment (Fig. 30c). Data indicates that,
contrary to results obtained in RV experiments with dCaco-2 cells, removal of al-2 and al-3/4

fucoses from the surface of HIEs results in a decrease viral production and replication.
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Figure 30. Effect of the fucosidases AfcA and AfcB on infection of NoV43 in 3D HIEs.

Graphs show the percentage respect to control of a) adhesion, b) viral yield and c) viral replication of NoV43 in 3D
HIEs of the InEpCline pretreated with the fucosidases AfcA and AfcB alone or simultaneously. HIEs; human intestinal
enteroids. p values £ 0.05 are represented as *, p values <0.01 are represented as **.
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4.10.3. Fucosidase inhibitor treatment

Differentiated 3D HIEs were infected with the clinical NoV isolate previously treated with the
fucosidase inhibitor. When NoV43 was treated with the DFJ at 2 uM concentration, viral replication
in 3D HIEs decreases drastically (Fig. 31). 3D HIEs were also infected with NoV43 incubated with

different concentrations of DFJ in order to calculate the EC50, which resulted to be 54.79 + 95.19 nM.
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Figure 31. Influence of the fucosidase inhibitor DFJ on NoV43 replication on 3D HIEs.
Figure shows a) the replication of NoV43 treated with the fucosidase inhibitor DFJ at 2 uM in the 3D HIEs model of
the cell line InEpC, and b) EC50 of NoV43. HIEs; human intestinal enteroids. p values < 0.01 are represented as **.

4.11. Role of fucosylated HBGAs in the infection of mice with rotavirus and norovirus

Due to the observed influence of the treatments in dCaco-2 cells and HIEs, mice experiments
were carried out. To infect mice, Wa was produced in cell culture, human NoV was obtained from a
positive stool sample, and liposomes containing AfcA were generated. The capacity of AfcA to remove
al-2 fucoses was confirmed after the lyophilization process (Fig. 32a) and also after the production
of liposomes (Fig. 32b). Lyophilized enzyme was resuspended in the appropriate amount of PBS. Both
lyophilized enzyme and liposomes were incubated with LNFP | for 24 h. The incubation of the lipidic
vesicles took place in the presence of triton, which facilitated the release of the enzyme by disrupting
the lipidic membrane. The following day, samples were separated by SDS-PAGE, transferred to a
membrane, and incubated with the anti-H antibody. In the case of the lyophilized enzyme (Fig. 32a),

it was confirmed its activity by the absence of signal when incubating the membrane with the anti-H
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antibody, as also occurs with AfcA without lyophilize. The figure 32b shows that the enzyme also

retained its activity after the formation of the liposomes.
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Figure 32. Confirmation of fucosidase activity of lyophilized AfcA and liposomes containing AfcA.

AfcA fucosidase activity to hydrolase al-2 fucoses was evaluated after a) lyophilization and b) liposomes formation
by Western blot. Following an incubation step with LNFP I, the resulting membrane was incubated with antiH
antibody to confirm the absence of signal. Anti-H antibody, H type-1 antigen primary antibody.

Once viral stocks and liposomes were prepared, mice experiments were conducted according
to the schedule of section 3.11.2. First, control animals were analysed to determine the days on which
viral particles were detectable in the faeces of the mice (Fig. 33). As for Wa strain, both 1 and 2 dpi
exhibited the same copies of RV copies, 1-10° + 3.6-10° copies/g. The viral copies gradually decreased
from day 2 until day 4, finding none on day 5. Regarding NoV, viral particles increased from day 1
(9.49-10* + 1.47-10% copies/g) to day 2 (1.71-10° + 7.17-10* copies/g), when the maximum amount

was obtained. It decreased up to day 5, when no viral RNA was found.
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Figure 33. Viral shedding of mice infected with Wa strain and Gll.4 2012 NoV in mice.
Mice were infected with a) RV Wa and b) GlI.4 2012 NoV for 10 days, collecting faeces every day to analyse viral
shedding. Dpi, days post infection.

4.11.1. Fucosidase treatment

AfcA treatment was administered to mice before the infection, thus following the same
procedure as for dCaco-2. The results of RV-infected mice (Fig. 34a) showed higher viral shedding in
the fucosidase treated mice, with significant differences detected at 1, 2, 5 and 6 dpi. Viral shedding
was also higher at 3 and 4 dpi, although no statistical differences were detected. Interestingly, AfcA
treatment resulted in a longer infection. Figure 32 shows that Wa was detected from 1 dpi to 4 dpi.
However, in mice treated with AfcA, virus was also detected at 5 and 6 dpi. Similar results were
obtained for NoV infection (Fig. 34b). Mice treated with AfcA prior to infection had significantly
higher viral copies at 1 and 4 dpi, and higher but not significant at 2 and 3 dpi. In this case, the

infection did not last longer than in control mice.
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Figure 34. Viral shedding of mice infected with Wa strain and Gll.4 2012 NoV previously treated with AfcA.

Mice were treated for 2 days with the fucosidase AfcA and later infected with a) Wa and b) GII.4 2012 NoV (grey
lines). Control results are also shown (coloured lines). Dpi, days post infection. p values < 0.05 are represented as
*, p values <0.01 are represented as **.

4.11.2. Fucosidase inhibitor treatment

To further confirm the role of fucosidases in RV and NoV infectivity, the fucosidase inhibitor
DJF was also studied in mice. When mice were infected with RV or NoV together with the inhibitor,
there were no significative differences during the 3 first days after infection, even if a reduction in
viral shedding could be seen, especially in NoV (Fig. 35). More interestingly, the viral shedding was
significative lower at day 4 in the mice infected with RV (Fig. 35a). Similarly, the mice infected with

NoV shed viruses only for three days instead of four, showing a shorter shedding period (Fig. 35b).
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Figure 35. Viral shedding of RV Wa and NoV GlI.4 2012 treated with the fucosidase inhibitor.

Mice were infected with a) RV Wa and b) NoV GII.4 2012 treated with the fucosidase inhibitor (grey lines). Control
results are also shown (coloured lines). Dpi, days post infection. p values < 0.05 are represented as *, p values <0.01
are represented as **,
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The antiviral effect of the fucosidase inhibitor in mice was also consistent with the results obtained
in dCaco-2 for RVs and in HIEs for NoVs, where the incubation of the compound with the viral stocks

reduced replication.
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5. Discussion

RV and NoV are the main responsible for viral gastrointestinal infections worldwide, commonly
characterized to cause diarrhoea, vomiting, malaise, fever, and dehydration, leading to the death of
the patients in the most extreme cases and they are transmitted through the faecal-oral route. The
introduction of RVVs has reduced RV incidence considerably. However, it’s been estimated that RV
caused more than 258 million episodes of diarrhoea and 128,500 (104,500-155,600) deaths among
children under 5 in 2016, with 104,733 (83,406-128,842) deaths occurring in sub-Saharan Africa [17].
After RVV introduction, NoV is recognized as the leading cause of AGE in all age groups. In 2016, it
caused a total of 218,800 (170,900-277,200) deaths, with 212,500 (164,800-270,800) occurring in low
and middle-income countries [207]. These data might even underestimate the true values since in
low-income countries accurate techniques used to detect RV and NoV are frequently not available,
and also most of the diarrhoeal cases remain aetiologically unknown. The same occurs for the mild

cases that don’t require hospitalization or emergency room visits in developed countries.

Both RV and NoV bind to HBGAs located on the surface of host cells to initiate the infection
process [35,47,72]. Nevertheless, owing to the variations that FUT2 and FUT3 genes present,
individuals can be secretor or non-secretor, as well as Lewis-positive or negative individuals. Since
RVs and NoVs interact with HBGA in a genotype-specific manner, individuals’ susceptibility to these
infections varies based on their specific HBGA profiles [49-51]. Secretor status is reported to be a

cause of P[8] and P[4] RVs and Gll.4 NoVs susceptibility [74,75,188,189,208].

RVVs have less efficacy in low-income settings (Table 1), which may be explained by the
HBGAs distribution, RV genotypes, and microbiota composition, among others. The complete

understanding of such facts would help improve vaccines and thereby, reduce RV-related deaths.

As for NoV, five of the ten described genogroups can infect humans (Gl, GlI, GIV, GVIII and
GIX) [20]. Among them, the GII.4 variants have caused all six major NoV pandemics of AGE in the last
two decades, being the last pandemic variant, Gll.4 Sydney 2012, the one that has dominated ever
since [21,22]. Due to the absence of a cell line model able to replicate NoV until recently [169], its
study has been hindered, and so, the development of a vaccine. The vaccines most advanced in
clinical trials are based on VLPs [24,26], which have shown to be safe in adults and infants, but also

P-particles [209,210] and adenovirus vector-based vaccines [211] are under development. The
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implementation of a NoV vaccine would drastically reduce its related deaths, with the greatest

impact on low-income countries.

On the other hand, there are no antivirals commercially available to treat RV or NoV
infections. However, nitazoxanide, which has FDA approval for treating Giardia and Cryptosporidium
[150], has promising results in the treatment of RV and NoV [151-153,156]. Nevertheless, other

studies have not reported any improvement in NoV infections [158—-160].

It is also important to highlight that, in terms of RV and NoV research, cellular lines or strains
that differ from target cells or wild-type viruses are used (Table 2). While these investigations have
undoubtedly enhanced the comprehension of RV and NoV binding and replication mechanisms, and
even contributed to vaccine development, among others, extrapolating those data to human RVs and
NoVs should be made with caution since such findings may differ from what takes place in natural
human infections. That is why the present work employs cellular and animal models with host cells

similar to the human gut, as well as wild type human RVs and NoVs.

Since RV and NoV continue to cause hundreds of thousands of deaths worldwide, it is
imperative to keep working on antivirals and vaccine development. To do so, it is important to
investigate their infection mechanisms. In the present work, we focused on the role of GHs enzymes
produced by microbiota members in RV and NoV attachment and replication. In particular, the role
of fucosidases, given that fucoses are the outermost monosaccharide present on HBGAs (Fig. 5), for
what clinical RV and NoV isolates were prepared and used in the infection of different cellular and
animal models. Not only clinical isolates were used in the study of RV replication, but also the cell

culture-adapted strain Wa, which belongs to the G1P[8] genotype.

With that aim, it was performed a metagenome study of infant faeces to find non-
characterized a-L-fucosidases produced by intestinal microbiota. Putative GHs such as B-
galactosidases, B-N-acetylhexosaminidases, a-sialidases, and a-L-fucosidases were identified. Out of
the total 36 a-L-fucosidases found in the metagenomic analysis, 10 were selected for
characterization, being Fucl8, Fucl9A, Fuc30, Fuc35A, Fuc35B, Fuc39, Fucl93, Fucl584, Fuc2358,
and Fuc5372. Thus, it can be observed how the GH activity in general and the fucosidase activity in
specific, is commonly found on microbiota. That activity that is used by the bacteria to feed
themselves will also modify the local glycosylation profile affecting to the HBGAs that serve as NoV

and RV attachment factors and consequently affect viral infections.

88



Discussion

Along with these 10 fucosidases, AfcA and AfcB were also used. These two enzymes are
produced by B. bifidum JCM 1254 and were previously characterized by Dr Katayama [85,91]. B.
bifidum is a commensal bacterium frequently detected in the stool of breast-fed infants [212,213],
attributed to the presence of human milk oligosaccharides [214,215]. B. bifidum is also present in the
adult life, since it can metabolize mucins, where AfcA and AfcB participate. AfcA and AfcB were not

found in the metagenomic study, which could be attributed to the use of only 4 samples.

Enzyme characterization was performed by Dionex (Table 8) and Western blot (Fig. 11).
Glycoproteins conjugated to HSA were employed in the Western blot method, where the absence of
signal determine the hydrolytic activity of the fucosidases. By Dionex, free oligosaccharides were
used, and hydrolytic activity was assessed by analysing the reaction products, where the presence of
fucose would confirm the enzymatic reaction. Both methods are widely used in enzyme
characterization thanks to their sensitivity. However, they yielded similar but not identical results. By
Western blot analysis, only two enzymes from the metagenomic study showed partial al-3/4
fucosidase activity, Fucl8 and Fuc39, and none al-2. On the other hand, six of the ten selected
fucosidases showed complete or partial al1-3/4, and three al-2 fucosidase activity by Dionex. Such
difference in results was attributed to the better accessibility of fucoses on the free oligosaccharides,
which might not be accessible in the neoglycoproteins due to the steric impairment. We only focused
on enzymes with complete activity, being AfcA and AfcB by Western blot, and Fuc18 and Fuc39 by
Dionex. Since complete fucosidase al-2 activity was only detected on AfcA, this enzyme was selected
for further experiments. AfcB was able to hydrolyse substrates with less accessible fucoses (i.e.,
neoglycoproteins, conjugated to HSA), while the fucosidases from the metagenomic analysis only the
most accessible ones (i.e., free oligosaccharides). To ensure proper fucosidase a1-3/4 activity on the
surface of host cells in cellular and animal models, much more complex than free oligosaccharides,

AfcB was selected for further experiments.

After successfully producing and characterizing AfcA and AfcB, a screening to find human RVs
able to replicate without previous cell culture adaptation steps took place. The selected faeces were
positive to P[8] (33) and to P[4] (8) genotypes, since secretor positive status is associated with
susceptibility to P[8] and P[4] genotypes [64,188,189,208,216] and thus infection of wild type RVs
from those genotypes depend on HBGA composition. Both Caco-2 and HT29 are suitable cellular
models to study RV replication in vitro. However, it was decided to work with dCaco-2 cells due to

previous laboratory experience, they spontaneously differentiate after confluency and grow faster
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under tested conditions. Viral replication was analysed as fold increase, in which the total amount of
virus present at the studied time point is compared to the total amount of virus that attached to cells
1 hpi, normalizing the results based on the number of cells in each well using the HPRT 1 gene. Out
of the total 41 clinical isolates evaluated on dCaco-2, only 4 replicated (RV7, RV18, RV39 and RV41),
being all four P[8] RVs (Fig. 14). The low rate of positive samples observed might be due to the
presence of contaminants in the faeces that inhibit viral replication, as co-infection with other viruses
or bacteria. Although the presence of bacteria in the viral stocks was prevented due to the filtration
steps, the storage of faeces from collection to preparation of the filtrate stocks may have affected
the viability of RVs as well, since some of the faecal samples were stored for a long period of time.
Finally, RV7 and RV39 were used in subsequent experiments due to their robustness in replication

after several independent experiments.

The VP4 and VP7 sequences of RV7 and RV39 revealed identical sequences for VP4 and had
only two nucleotide variations for VP7, which shows the high conservation of VP4 and VP7 proteins
in the circulating P[8] RVs. Nevertheless, VP4 and VP7 proteins from Wa exhibit differences from
those found in clinical isolates, where multiple mismatches were detected along the sequences.
These differences between circulating RVs and Wa could be attributable to the adaptation of Wa to
replicate in MA104. MA104 cells have a kidney origin that differs from those found in the intestinal
tract, which are the natural RVs target. Differences in sequences and thus in VP4 and VP7 proteins

may have an impact on attachment and replication during infection experiments.

After studying the appropriate infection conditions, we compared the replication differences
of the clinical isolates RV7 and RV39 and the cell culture-adapted strain Wa on various cell lines.
These included uCaco-2, dCaco-2, HT29, HT29 M6, MA104, 2D HIEs from the J2 line and 3D HIEs from
the InEpC line, which differ on the presence of HBGAs on their surface among others. We speculated
that, as the Wa has been adapted in MA104, cell line lacking HBGAs on its surface, it might present
different ability to bind to HBGAs than circulating RVs, and thus it might behave differently than
clinical isolates. Indeed, it has been previously demonstrated that the VP8* from the Wa strain has a
weaker recognition of the H-type-1 and the precursor type-1 antigens than the VP8* of a clinical
isolate with almost identical sequence to the ones utilized here [53]. Once Caco-2 cells spontaneously
differentiate after achieving confluency, they express HBGAs on their surface, used by clinical RVs as
receptors to initiate viral infections. Previous studies indicate that Le®, Le, LeY, H-type 1 and H-type

2 antigens are more abundant in the cellular glycocalyx in dCaco-2 when compared to uCaco-2
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[162,163,217]. However, not all those investigations reported the presence of the same antigens,
which could be due to the different techniques and antibodies employed. It is worth noting that
Caco-2 cells were isolated from a blood type O secretor and Lewis positive individual [162,218],
indicating the expression of secretor and Lewis antigens in these cells, with the exception of A and B
blood antigens. On the other hand, HT29 cells were isolated from a blood type A secretor and Lewis
positive donor [218,219], thus expressing secretor, Lewis and type A HBGAs. Although HT29 and HT29
M6 cells also differentiate after achieving confluency when media composition is changed, and thus
presenting characteristics more similar to human intestine, they already express HBGAs
constitutively in an undifferentiated state [219], reason why differentiated HT29 were not used. The
main difference between HT29 and HT29M6 is the secretion of mucus by the last one, representing
an environment more analogous to the human intestine. As for MA104, although these cells do no
express HBGAs, they are permissive to RV replication. HIEs used for 2D infections belong to the J2
line, which were isolated from a secretor and Lewis positive individual [220,221]. Finally, the specific
HBGAs expressed by InEpC HIEs which were used for 3D infections remain unknown. However, we
detected the expression of type-2 H antigen by incubating untreated HIEs with the UEA-I lectin (Fig.

12), thus confirming the presence of HBGAs.

The results of the in vitro infection experiment indicate that clinical strains replicated better
in those cell lines with HBGAs on their surface when compared to uCaco-2 and MA104, while the
opposite occurred for Wa (Fig. 19). RV7 and RV39 replicated more efficiently on dCaco-2 (fold
increase > 25) and HIEs (fold increase > 1,500) than in uCaco-2 and MA104 (fold increase <5). The
same occurred for RV7 on HT29 and HT29 M6 (fold increase >13). On the other hand, Wa showed
the highest replication on MA104, cell line where it had been adapted, achieving a fold increase of
1,115.26 £ 360.29. These findings indicate that clinical isolates, that is, human circulating RVs, infect
more efficiently cell lines with HBGAs on their surface, more alike to the intestinal environment. In
contrast, Wa, the cell culture-adapted RV widely used in experiments, replicates better in MA104 and
poorly in the other cell lines tested, not even attaching to HT29, HT29 M6 and 3D HIEs. Here we state
the significance of HBGAs in the infection of clinical RV isolates, while they are not as relevant for
Wa, due to its adaptation to the MA104 cell line, which lacks these carbohydrates. As result,
conclusions obtained using cell culture-adapted strains should be considered with caution. For RVs,

the use of non-cell culture adapted viruses in experiments is not common, since the majority of RV
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studies performed include cell culture-adapted strains or adapted wild type RVs, as sum up in table

2.

Once it was characterized the replication of RVs with clinical origin in cellular models that
express HBGAs, the role of fucosidases was determined in dCaco-2 cells. The monolayers were
treated with fucosidases prior to infection. AfcA removes al-2 fucoses attached to galactose and
AfcB al1-3/4 fucoses attached to N-acetyl-glucosamine, and also are not toxic to cells (Fig. 28). It was
also stablished that AfcA is able to remove al-2 fucoses from the surface of 2D HIEs (Fig. 13) as
evidenced by the absence of signal when incubated with the UEA-I lectin. This suggests its proper
activity on dCaco-2, and also that of AfcB. The 2 h treatment completely remove the fucose signal on
HIEs, although it was not studied whether fucoses regenerate over time. However, we hypothesised
that this might be the case due to the expression of a-fucosyltransferase by dCaco-2 cells to produce

HBGAs [222].

Contrary to the expected, the treatment with fucosidases for 2 h on dCaco-2 before RV
infection resulted in an increased replication, obtaining comparable results with both non-cell culture
adapted viruses (RV7 and RV39). The highest viral yield was obtained when cells were treated with
both enzymes simultaneously, while treatment with either AfcA or AfcB yielded similar data (Fig. 20b,
e). These results indicate that the removal of al-2 fucoses by AfcA results in an increased replication
(Fig. 20c, f), while the activity of AfcB provokes an increased viral attachment to cells, since the viral
replication is the same than when no treatment is performed (Fig. 20c, f) but the final viral yield is
higher (Fig. 20b, e). It was also noted for RV7 in the analysis of adhesion (Fig. 20a, d), but not
statistically significant data is obtained. Interestingly, when the cell culture-adapted Wa strain was
employed, an increase in viral yield was found when the AfcB was utilized. Previous results from the
laboratory showed that the Lewis fucose (fucose-a-1-4-N-acetyl-glucosamine) impairs the binding of
the H-type 1 antigen and its precursors to the binding pocket of the VP8* [53]. Since the binding of
the VP8* of the Wa strain is weaker, this removal seems to benefit viral attachment and higher viral
titter after 72 hpi. Furthermore, it is well established for influenza viruses that the hemagglutinin and
neuraminidase activities must be in balance to ensure a maximum replication [223]. Since contrary
to influenza viruses, RVs do not carry their own fucosidase, they might be taking profit of the
fucosidase activity provided by the microbiota members. Taking this into account, our results seem
to indicate that for RV Wa that has a weaker lectin activity (that is, the capacity of viral particles to

bind carbohydrates) the AfcA will exceed the optimum fucosidase activity required for an optimal
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replication, while in the case of higher affinity lectins (V7 and V39) the addition of the a1-2 fucosidase

activity balances the attachment/detachment process promoting viral replication in vitro.

In the present thesis, infections were also performed to elucidate if the bacterial fucosidases
AfcA and AfcB influenced NoV replication in 3D HIEs. One human viral sample belonging to the GlIl.4
Sydney 2012 was able to infect 3D HIEs satisfactorily. Our results showed significant decreases on
attachment, viral yield and replication of the clinical isolate after fucosidase treatment of HIEs (Fig.
30). This might indicate that the treatment with these enzymes is detrimental for the
attaching/detaching balance for human NoVs in vitro. HIEs have been extensively used in the study
of human NoV replication [169,224,225] as well as antivirals experiments [226,227]. The original
method was designed to use HIE on 2D monolayers, which is labour intensive and time consuming.
However, a promising protocol in which NoV infections are performed on 3D HIEs showed equally
efficient results and was the one selected to perform the experiments with the fucosidase inhibitor
in the present thesis. The use of 3D HIEs allows for reduced experimental times, reproducibility, and
simpler procedures [225]. The differences detected on RV replication between 2D and 3D infections
(Fig. 21f, g) could be attributable to the different line employed, being J2 for 2D infections and InEpC

for 3D infections.

The role of fucosidases was also studied in vivo in a mice model previously described by our
research group [170,171]. The AfcA enzyme was selected because its activity had demonstrated to
produce an increase in viral replication in vitro in the two RV filtrates. Furthermore, mice possess and
express the FUT2 in the gut [228]. Although it has been stated and demonstrated along the thesis
that cell culture-adapted strains like Wa do not behave the same than clinical isolates, as RV7 and
RV39, Wa still keeps lectin activity [53]. This is a viral strain that is available in many laboratories and
this fact will facilitate the reproducibility of the experiments for other research groups. Also, no
information is available about mice infection with non-cell culture-adapted RVs, so initial
experiments were decided to employ Wa. For NoVs, since there are not yet cultured strains, a new
viral filtrate was prepared from a clinical sample belonging to the Gll.4 Sydney 2012 genotype.
Fortunately, an increase in RV shedding was observed in mice treated with AfcA, with statistically
significant differences at 1 and 2 dpi compared to control mice (Fig. 34a). Furthermore, the duration
of the viral shedding was extended by two days, since viral RNA was detected at 5 and 6 dpi compared
to the control group that only shed viruses for 4 days. More interestingly, the experiment performed

with NoV also showed significative increased viral shedding at 1 and 4 dpi (Fig. 34b). It is important
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to notice that the mice infection model has its microbiota depleted with antibiotics and most of the
fucosidase activity will be the one provided in the experiment. The differences found in vitro and in
vivo with the RV Wa strain and the NoV stool filtrate might be explained as well by the
lectin/fucosidase balance. The gut of the mice has a thicker mucin layer than the culture models, in
this scenario it is reasonable to think that the increased fucosidase activity will facilitate the crossing
of the viruses through the mucus layer and the glycocalyx. Indeed, it has been previously reported
for a bovine coronavirus that crossed the species barrier and infected humans that the only mutation
needed for its adaptation to humans was the loss of esterase activity that is thought to be needed to
cross the thicker mucus layer of the bovine respiratory airways [229]. This might also explain the
reduced replication of RV7 and RV39 filtrates on HT29M6, which possess a mucus layer, as compared

to HT29 (Fig. 21). That layer would be more difficult to cross without the addition of fucosidases.

To our knowledge this is the first time that the role of fucosidases have been assayed for RV
infections, but previous research has looked into the role of sialidases. It was early established that
most non-human RVs were dependent on the presence of sialic acid after the treatment of
monolayers with sialidase previous to infection [230], more recently, studies utilizing porcine
intestinal enteroids have shown that the sialidase treatment might both decrease RV replication as
well as increase it [231,232]. This results also point to the lectin/glycosidase balance theory to explain

different outcomes after the treatment of cells with glycosidases prior to RV infection.

Previous researchers had studied the role of fucosidases and fucosidase expressing bacteria
utilizing NoV VLPs in different experimental setups. Eshaghi et al discovered that treating oyster
digestive tissue extract with B. bifidum JCM 1254 attracted more GlI.4 NoV VLPs compared to controls
[119]. Oysters retain NoVs due to the presence of structures similar to human HBGAs on their
digestive ducts [233,234], whereas B. bifidum JCM 1254 is the bacterial strain that produces the
fucosidases AfcA and AfcB [85,91]. Like the in vivo study with mice, the addition of fucosidases in this
case favours the lectin/glycosidase balance, thus increasing viral attachment. It was also studied the
impact of a commercial al-2 fucosidase treatment on lettuce regarding the attachment of GI.1 and
Gll.4 NoV VLPs, which binds NoV thanks to the presence of H-like HBGA on the leaves. The results
showed binding inhibition of VLPs after fucosidase treatment [235,236]. In this case, the fucosidases
seem to cause a disequilibrium that results in a decreased attachment. Other researchers found that
treatment of paraffin-embedded human duodenal tissue sections with an al-2 fucosidase

(fucosidase Il from Xanthomonas manihotis) for 6 h resulted in an increased NoV VLPs attachment,
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which favours the lectin/glycosidase balance. However, treatment for 18 h with renewal of enzyme
every 6 h resulted in the binding loss [237], and thus, the loss of equilibrium. The mentioned studies
did not investigate whether fucosidase treatment led to a complete or partial removal of fucoses

present and since VLPs were utilized, viral replication could not be studied.

Since the addition of fucosidases led to an increased replication for both RV and NoV, the
effect of a fucosidase inhibitor was also evaluated. The initial hypothesis was that the viral filtrates
would carry certain amount of bacterial fucosidases, for instance AfcA and AfcB are extracellular
enzymes that would co-purificate with the viruses after filtration and many other extracellular
fucosidases have been found in the microbiome of stools [187]. To test this, the viral filtrates were
incubated with a fucosidase inhibitor (DFJ) for 1 h previously to infection. The DFJ is an iminosugar, a
sugar analogue in which the endocyclic oxygen is replaced by a nitrogen atom [238]. Due to the
structure similarity to sugar molecules, the tested compound binds to the active site of fucosidases,
inhibiting fucose removal of carbohydrates. Armstrong and colleagues revealed the cryo-EM
structure of the inhibitor bound to the active site of the human fucosidase FucAl [239]. The
fucosidase inhibitor has been proven to be active against a wide range of a-L-fucosidases in vitro
[240-243]. Prior to perform the experiments with the viruses, the inhibitor properties of DFJ were
confirmed on four different bacterial fucosidases from different bacterial species (Fig. 24). The
compound did not show activity against a different glycosidase, the lacto-N-biosidase LnbB (Fig. 24e),

enzyme at the tested concentrations, showing its specificity for fucosidases.

The in vitro experiments showed that infection of dCaco-2 cells with fucosidase inhibitor-
treated RVs resulted in a decrease in viral replication as observed by both gPCR and impedance
measurements. By qPCR, it was observed that the maximum inhibition was obtained at DFJ 800 nM,
with different levels of inhibition depending on the virus utilized (Fig. 25). Interestingly, the Wa strain
was also inhibited despite its cell culture origin, this implies that the cellular fucosidase FucAl,
present in the endosomes of the host cells [244,245], may also play a role in RV infections in vitro. In
impedance experiments, the cell index is measured in real-time and indicates monolayer integrity.
The higher the cell index, the better the monolayer integrity. When RVs infect cells, monolayer
integrity is compromised, with the lowest cell index measured when cells were infected with
untreated RV7 or Wa (Fig. 27). On the other hand, treatment of the virus with the fucosidase inhibitor
leads to a decrease in the cell index but not as much as the untreated virus, which implies less cellular

damage and, indirectly, less viral replication. Results from the time course experiment (Fig. 17)
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showed that the highest replication was achieved at 72 - 96 hpi. However, it was observed that the
cell index decreased up to 20 hpi, point from which it remained steady. These data suggest that
monolayer integrity damage occurs during the first 24 hpi, and even though RVs continue to replicate,
no additional monolayer damage occurs. Although RV did not cause cell detachment as observed
under the microscope during infections, it might have caused the loss of tight junctions, which is
detected by the equipment. The measure of the electrical resistance to study how viruses affect
monolayer integrity has been previously used. It is also well established that RV infection causes a
decrease in the transepithelial electrical resistance in polarized cells [246,247]. Other investigation
detected that SA11 infection of dCaco-2, another cell culture-adapted RV strain, caused occludin
reduction, the major component of tight junctions. They also observed that electrical resistance
reduction was significantly prevented by L. rhamnosus GG [248], a bacterium that reduces viral faecal

shedding and diarrhea duration [249,250].

The effect of the fucosidase inhibitor on NoVs filtrates replication was studied on HIEs. The
viral filtrate employed replicated efficiently in 3D HIEs and the replication decreased significantly

when 2 uM of the fucosidase inhibitor was used. (Fig. 29, Fig. 30).

Finally, the effect of the fucosidase inhibitor was tested on mice, which were infected with
Wa or Gll.4 Sydney 2012 stool filtrate NoV along with 20 mM of DFJ. When compared to control
groups, the same pattern was found for both viruses. There was a slight reduction in viral shedding
that was not significative during the three first days of infection. More interestingly, the mice showed
a significative reduction in viral shedding at 4 dpi in both viruses (Fig. 35). For RV there was a 2.87-
fold decrease in viral shedding at 4 dpi while in human NoV, the mice only shed viruses for 3 days in
the treated group. To our knowledge, this is the first time that this iminosugar has been used in vivo
so the bioavailability of the compound is unknown, which might be interfering with the results.
Iminosugars have been investigated as antivirals for influenza [251-253], human immunodeficiency
[254,255], hepatitis C [256] and dengue viruses [257,258], among others, which paves the way to the
investigation of fucosidase inhibitors as RV and NoV inhibitors. In the case of influenza, one of the
commercially available treatments consist of a neuraminidase inhibitor, that is, a sialidase inhibitor.
Oseltamivir, commercially known as Tamiflu, is the most used option, and it is administered twice a
day for five days. Multiple research studies have demonstrated the efficacy of the inhibitor in
reducing complications related to influenza and mortality, particularly when administered within 2

days of the appearance of clinical symptoms [259,260], with no severe secondary effects [261,262].
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These data indicate that the administration of occasional GH inhibitor for viral treatment does not
involve health risks. Owing to the thousands of hundreds of cases and deaths that RV and NoV cause
yearly worldwide, mainly on low-income countries, the introduction of an antiviral that decreases

even slightly those numbers would have a great impact on human health.

In the present work we focused on the effect of HBGA modifications on RV and NoV infection,
that is, their receptors and/or co-receptors. Specifically, on the role of fucosidases. To this end,
fucosidases with a1-2 and al1-3/4 activities were employed on dCaco-2, HIEs and mice prior to RV or
NoV infection. It was detected an increased replication of RV clinical isolates, the cell culture-adapted
RV strain Wa and NoV clinical isolates in the different models when there was present a
lectin/fucosidase balance. Later, a fucosidase inhibitor was evaluated. Our results confirmed that the
fucosidase activity is relevant for the biology of both viruses. The fact that most respiratory viruses
with hemagglutinin activity carry their own glycosidases to balance the attachment/detachment
process while both RV and NoV do not carry such glycosidase activity could be explained by a role of
the gut microbiota fucosidases as well as to the human endosomal FucAl fucosidase. The results
presented here show for the first time a novel therapeutic target for two viruses that need fucose for

their infection process.
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Conclusions

Gut microbiota express a wide range of GHs, as determined by the metagenome study.
Among others, it was detected the presence of B-galactosidases, B-N-acetylhexosaminidases,
a-sialidases, and a-L-fucosidases that might be used by microbiota members to feed from
host glycans present on the surface of gastrointestinal tract.

Western blot and Dionex are sensitive and suitable techniques to characterize enzymes.
However, the complexity of the glycans use in Western blot makes this technique more
appropriate for the detection of fucosidases with complete activity on complex substrates.
The a-L-fucosidases AfcA and AfcB demonstrated complete al-2 and al-3/4 fucosidase
activity, respectively, on neoglycoproteins, which led to their selection for further
experiments.

The RV screening on dCaco-2 revealed the low percentage of positive samples able to
replicate, which can be attributed to co-infection with other viruses or bacteria, presence of
viral replication inhibitors or long storage times.

VP4 and VP7 sequences are conserved among P[8] circulating RVs, but they differ from Wa
probably due to the adaptation steps performed on MA104.

The appropriate infection time for RV on dCaco-2 is 72 hpi, and on HIEs is 48 hpi in the
suspension format.

Clinical isolates RV7 and RV39 replicated more efficiently on those cellular types with HBGA
expression, mainly on dCaco-2 and 3D HIEs. In contrast, the cell culture-adapted Wa showed
a higher replication on MA104, which lacks HBGAs expression, thus reinforcing its preference
for cell lines without HBGAs.

Infection of RV clinical isolates of dCaco-2 cells treated with the a1-3/4 fucosidase resulted in
an increased viral attachment. Cellular treatment with the al-2 fucosidase enhanced viral
replication. Treatment with both fucosidases resulted in a synergic effect where the
maximum viral yield was obtained.

Wa infection of dCaco-2 showed significant results after treatment with the a1-3/4 fucosidase
AfcB, that provoked an increased attachment and thereby higher yield.

The role of fucosidases on the infection of the clinical NoV isolate on 3D HIEs showed a
decrease in viral attachment (AfcB) and replication (AfcA and/or AfcB) after treatment with

bacterial fucosidases.
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The fucosidase inhibitor DFJ was active against the tested a-L-fucosidases, where more than
a 94% of activity reduction was detected. Its specificity was confirmed after the incubation
with a lacto-N-fucosidase, when only a 10% activity reduction was obtained.

The incubation of RVs with DFJ resulted in a decreased viral replication in dCaco-2 for both
clinical and cell culture-adapted RVs, detected by qPCR and impedance experiments.

DFJ decreases NoV replication, as observed after infection of DFJ-treated NoV in 3D HIEs.
Lyophilization and liposome formation processes performed with AfcA did not affect its
fucosidase activity, as detected after incubation with the substrate LNFP I, thus confirming its
correct function for mice experiments.

The microbiota-depleted mice is a suitable model for the study of RV and NoV replication in
vivo. Mice infected with RV and NoV shed viruses for 4 days.

Fucosidase treatment on mice that were posteriorly infected with RV showed higher viral
shedding at 1 and 2 dpi as well as longer shedding period than control mice. In AfcA-treated
mice RNA was detected until 6 dpi, while only 4 dpi in the control group.

Fucosidase treatment caused higher viral shedding on mice infected with NoV, with significant
differences detected at 1 and 4 dpi.

The fucosidase inhibitor on mice infected with RV and NoV caused a significant decrease on
viral shedding at 4 dpi for both viruses, not even detected for NoV.

The antiviral properties of DFJ demonstrated with RV and NoV in the different cellular and
animal models makes it suitable for its investigation as an antiviral against viruses that infect

through fucoses.
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