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RESUMEN

En este trabajo estudiamos las interacciones iniciales rotavirus-célula hospedera. que
conducen a una infeccién productiva, especificamente las relacionadas con la unién a proteinas
celulares de superficie que los rotavirus utilizan como receptores para infectar. Como parte de lu
caracterizacién de la naturaleza bioquimica de los receptores celulares de los rotavirus, se demostré
que el tratamiento de las células MA104 derivada de rifién de mono, con inhibidores metabdlicos
de la N-glicosilacion (tunicamicina) e inhibidores de la sintesis de glicolipidos (PDMP), la
infectividad de los rotavirus RRV, nar3 y Wa parcialmente se bloque6 mientras que no hubo efecto

cuando las células se trataron con inhibidores de la O-glicosilacién. Igualmente se demostrd que la
extraccién del colesterol de la membrana citoplasmitica con metil-B-ciclodextrina. se redujo la
infectividad de los tres rotavirus en mas de 90%, sin afectar la unién de los virus a la célula.

El tratamiento de las células MA 104 con el detergente no i6nico, B-octil glucésido (OG), en

condiciones no citoliticas, convirtié las células en refractarias a la unién y a la infeccién
probablemente por la extraccién de los receptores para rotavirus. Este fenémeno se correlaciond
con la inhibicién de més del 95% de la infectividad, cuando se pre-incubd el extracto OG con los
rotavirus. Por electroforesis preparativa se aislaron del extracto OG cinco bandas de proteinas que
inhibieron la infeccién y el andlisis de la secuencia de aminodcidos de dos de esas bandas (72 y 110
kDa), revelaron la presencia, entre otras, de la proteinas “heat shock cognate” (hsc70) y de la

subunidad (3 integrina, respectivamente.

La relevancia de la integrina B3 para la infeccién de los rotavirus se establecié por la

observacion de que anticuerpos (Ac) dirigidos contra esta proteina redujeron en 50% la
infectividad de los virus RRV, nar3 y Wa. En correlacién con este hallazgo, la infectividad de los

rotavirus se redujo en aproximadamente 70% cuando las células se pre-incubaron con Vitronectina.
un ligando de la integrina B3. Dado que se habia sugerido que las integrinas at2pf 1, adfl y axf2
estaban implicadas en el proceso de entrada de los rotavirus a la célula, utilizamos una mezcla de

Acs dirigidos contra esas integrinas y contra avf33. Los resultados mostraron claramente un efecto

aditivo en el bloqueo de la infectividad cuando se mezclaron los Acs contra a2Bl y avp3.

sugiriendo que estas dos integrinas pueden estar involucradas en diferentes etapas de la infeccion.
La expresién de la integrina 3 en las células CHO transfectadas, norma)mente poco

susceptibles a la infeccién, aumentaron la infectividad por rotavirus. Las células CHO transfectadas

establemente con el gene de la integrina (33, que sobreexpresan la integrina olIbB3 y ovB3. fueron



tres a cuatro veces mds susceptibles a la infeccidn por rotavirus que la linea parental CHO. Este

incremento se revirtié cuando se incubaron las células con Acs contra B3 o con vitronectina.

Ademds, se observé que la interaccién de avfp3 con los rotavirus ocurre en un paso posterior a la

unidn, probablemente en la penetracion, dado que no se bloquea, o se blogquea muy poco la unién
de los rotavirus, cuando se incuban las células con la vitronectina, o con los Acs contra las

integrinas avB3. También mostramos que la unidén de los rotavirus con la integrina B3 es

independiente de la secuencia Arg-Gly-Asp (RGD), esto se esperaba por el hecho que ni VP4 ni
tampoco VP7 tienen este motivo de unién a integrinas.

Mediante citometria de flujo, inmunofluorescencia y biotinilacion de las proteinas de la
célula, demostramos que la proteina hsc70 se encuentra en la superficie de las células MA104. Para
evaluar el papel de esta proteina durante la entrada de los rotavirus, analizamos la capacidad de los
Acs monoclonales contra hsc70 de bloquear la infectividad. Cuando se pre-incubaron las células
con los Acs, éstos bloquearon de manera especifica los rotavirus RRV, nar3 y Wa en
aproximadamente 80%. Estos Acs no impiden la unién de los rotavirus a la célula, sugiriendo que
actuan en un paso posterior a la unién. En correlacién a esta observacién, hubo una inhibicion de
mds del 90% en la infectividad cuando se adicioné la proteina recombinante hsc70 humana a

células a las que previamente se habian adherido particulas de rotavirus a 4°C, contra 40-50% de

inhibicién de la infectividad cuando la proteina se incubd con los rotavirus antes de la infeccidn.
indicando que la proteina hsc70 puede interactuar mds eficientemente con los virus cuando éstos ya
se han unido a la célula. Aunque el papel de la proteina hsc70 no se ha determinado aidn, estos
datos sugieren que €sta proteina puede estar implicada en la entrada de los rotavirus a la célula
MA104.
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ABSTRACT
In this work we studied the rotavirus-host cell early interactions that lead to a productive
infection, specifically those related to the binding of cells with proteins that rotaviruses used as
receptors for infection. As part of the biochemical characterization of the rotavirus cell receptors.
we have shown that the infectivity of rotaviruses RRV, nar3, and Wa is partially blocked by
metabolic inhibitors of N-glycosylation (tunicamycin) and by glycolipid synthesis (PDMP). yet it
is not affected by the inhibition of the cellular O-glycosylation. In addition, we also showed that

sequestration of cholesterol from the cell membrane with methyl-B-cyclodextrin reduced the

infectivity of the three viruses by more than 90% without affecting their binding to the cell.

In a different approach we showed that treatment of MA104 cells with the non-ionic
detergent B-octylglucoside (OG), under non-lytic conditions, renders the cells largely refractory to
binding and infection by rotaviruses, most probably due to the extraction of the rotavirus
receptor(s). Accordingly, pre-incubation of the viruses with the OG extract inhibited infectivity by
more than 95%. Five protein bands with the ability to block rotavirus infectivity were purified by
preparative electrophoresis from these extracts. Amino acid sequence analysis of bands of 72 and

110 kDa revealed the presence, of the heat sock cognate protein (hsc70) and of the B3 integrin
subunit, among other proteins, respectively.

The relevance of B3 integrin for rotavirus infection was established by the fact that
antibodies to this integrin subunit reduced the infectivity of RRV, nar3 and Wa rotaviruses by 50%
. In accordance with this finding, when vitronectin, a B3 integrin ligand, was pre-incubated with
the cell, it specifically blocked rotavirus infectivity up to 70 %.

Since it has been suggested that integrins o231, 04B1, and aXp2 may play a role in
rotavirus entry, we performed blocking experiments using mixes of antibodies directed to these

integrins and to V3. A clear additive blocking effect was found when antibodies to integrins

02B1 and aVP3 were mixed, suggesting that these two integrins might be involved in different
stages of rotavirus infection.

The expression of B3 integrin into the poorly permissive CHO cells was shown to facilitate
the infectivity of rotaviruses. We found that when CHO cells were transfected in stable form with
the B3 integrin gene, overexpressing either allbB3 and aVB3 integrins, were three to four times
more susceptible to rotavirus infection than the parental CHO cell line. This increase in infectivity

was shown to be blocked by incubation of the cells with either MAbs to B3 or vitronectin.



Furthermore, it was shown that the interaction of rotaviruses with otVf3 is at a post-attachment
step, probably penetration, since vitronectin and antibodies to B3 do not, or only slightly. inhibit

rotavirus cell attachment. Also, the interaction of rotaviruses with B3 integrin was found to be

RGD-independent, as is expected since neither VP4 nor VP7 have this integrin binding motif.

We have shown the presence of hsc70 protein on the surface of MA104 cells: this was
demonstrated by flow cytometry and immunofluorescence of non-permeabilized cells.

To evaluate the role of this protein during rotavirus entry, MAbs to hsc70 were tested for
their ability to block infectivity. When pre-incubated with the cell, these MAbs specifically blocked
the infectivity of rotaviruses RRV, nar3 and Wa by about 80%. Despite this efficient blocking
activity, the MAbs to hsc70 did not prevent virus cell attachment, indicating that they interfere with
the virus infectivity at a post-binding step. In accordance with this observation, when recombinant
human hsc70 protein is added to the viruses after they have become attached adsorbed to the cell at
4°C, the inhibition of virus infectivity is higher than 90% (versus 40-50% inhibition if the protein
is incubated with the viruses before infection), indicating that the protein can interact more
efficiently with the viruses when they are already bound to cells. These data suggest that hsc70
protein is involved in rotavirus entry to MA104 cells, although its precise role has yet to be

determined.



Introduccion
Generalidades

Los rotavirus son el principal agente etioldgico de diarreas en nifios menores de tres aftos
en todo el mundo. Igualmente son causa importante de diarrea infantil severa en las crias de
muchas especies de animales, entre las que se encuentran especies de importancia econémica para
el hombre.

Estos virus ocasionan aproximadamente el 40 % de las diarreas severas en todo el mundo.
lo cual repercute en 870 mil muertes anuales por deshidratacién de nifios menores de cinco aios.
Estos virus son Ia causa del 35- 70% de las hospitalizaciones por diarrea severa en paises en vias
de desarrollo (31, 44, 47).

Los rotavirus infectan las células epiteliales del intestino delgado, en donde se replican y
producen cit6lisis. Atin no estd claro que factor({es) desencadena(n) la diarrea, aunque hay varios
candidatos como:

[} La destruccion parcial de las vellosidades del intestino lo que disminuye
significativamente la retencién de fluido, desencadenando la diarrea (14).

2) Durante la infeccién, los rotavirus promueven la activacién de las células nerviosas
entéricas, las cuales estimulan a las células epiteliales de las vellosidades a incrementar su secrecién
de CI' y agua (56).

3) La activacién de las células epiteliales puede estar mediada por la inflamacién del
intestino o por la proteina viral NSP4, la cual se ha reconocido como una enterotoxina (2).

La ruta de infeccidn de los rotavirus es fecal-oral y son altamente contagiosos. A pesar de
los tratamientos del agua para hacerla potable y las medidas higiénicas convencionales, se estima
que en los paises desarrollados y subdesarrollados la mayoria de los nifios entre 3 y 5 afios han
sido ya infectados al menos una vez por estos virus (31). En la actualidad no existe una vacuna
efectiva que proteja eficientemente de la infeccidén por estos agentes. Es por ésto que resulta
importante el estudio de la biologia molecular del virus y los mecanismos inmunolégicos del
huésped, para poder, eventualmente, desarrollar medidas racionales de proteccién contra la
infeccién.

Caracteristicas generales.

Los rotavirus pertenecen a la familia Reoviridae, son virus de simetria icosahédrica que
carecen de membrana lipidica y se caracterizan por tener tres capas concéntricas de proteina que
envuelven un genoma de 11 segmentos de RNA de doble cadena (dsRNA) (21). Al microscopio
electrénico se pueden observar tres tipos de particulas: de triple capa, doble capa y nucleocdpsides
o "cores" (19).



El genoma de los rotavirus codifica para doce proteinas: seis estructurales (VP1. VP2,
VP3, VP4, VP6, VP7) y seis no estructurales (NS1, NS2, NS3, NS4, NS5, NS6). Las proteinas
estructurales forman el virién y se distribuyen en la capa externa, la capa intermedia y la pared de la
nucleocépside. La cubierta externa estd formada por 260 trimeros de la glicoproteina VP7, y por 60
dimeros de la hemaglutinina viral VP4; ésta dltima se proyecta de la superficie del virus como
espigas de 10-12 nm. La capa intermedia estd formada por 260 trimeros de VP6, siendo ésta la
proteina mds abundante en el virién, con aproximadamente, el 51% de la masa viral. La pared de la
nucleocdpside o “core” estd constituida por 60 dimeros de la proteina VP2, que engloban al genoma
viral y a pequefas cantidades de VPI, que es la polimerasa viral y de VP3, una proteina con
actividad de guanililtransferasa. Cada uno de los segmentos del genoma de los rotavirus codifica
para una proteina, con excepcién del segmento 11, que lo hace para dos proteinas.

La glicoproteina VP7 de la capa externa es la segunda proteina estructural mds abundante en
el viridn, tiene un peso molecular aproximado de 35 kDa y es altamente inmunogénica, induciendo
la produccion de anticuerpos neutralizantes (19). La otra proteina que constituye la capa externa
del virién, VP4, es una proteina no glicosilada que también induce anticuerpos neutralizantes y es
capaz de inducir inmunidad protectora en ratones. Propiedades como el rango del huésped. la
virulencia, el tropismo y la capacidad de los rotavirus de aglutinar eritrocitos (hemaglutinacion.
HA) (19) han sido asociadas a esta proteina; asf mismo, VP4 juega un papel importante en los
primeros eventos de replicacién de los rotavirus.

La infectividad de los rotavirus se incrementa por tratamiento del virus con tripsina (12. 26.
46) ocasionando un corte especifico sobre VP4, lo cual produce dos polipéptidos, VP8 (extremo
amino de 28 kDa) y VP35 (extremo carboxilo de 60 kDa) (17, 20). Se ha propuesto que este corte
proteolitico €s necesario para la penetracion del virus a la célula y aunque no se conoce el
mecanismo, se ha sugerido que los extrernos recien generados podrian jugar un papel importante
en la penetracién, probablemente por cambios conformacionales en la proteina VP4 (1, 53).

Ciclo de replicacién

Los rotavirus se replican en el citoplasma de la célula hospedera. La infeccidn se inicia con
la interaccién de alguna(s) de la(s) proteina(s) de la capa extemna del virién, con moléculas de la
membrana celular. Después de la unién con el receptor, los rotavirus penetran la célula y pierden la
capa externa, activindose la transcripcién del virus. Los RNAs de polaridad positiva que son
sintetizados por la RNA polimerasa viral, cumplen dos funciones: como mRNAs para la traduccion
de las proteinas virales, y como templados para la sintesis de los RNAs negativos formando asi el
RNA gendmico. La seleccién, el empaquetamiento, y la replicacion de los segmentos del genoma.
asf como parte de la morfogénesis del viridn, se llevan a cabo en estructuras electrodensas

citoplasmdticas, denominadas viroplasmas, que estin compuestos, entre otras cosas, de RNA y de
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proteinas virales. Una vez formadas las particulas de doble capa (DLPs), éstas abandonan el
viroplasma, y adquieren la capa externa al gemar a través de la membrana del reticulo endoplismico
(RE). Durante el proceso de gemacién los virus son envueltos por una membrana [ipidica
transitoria que se pierde conforme las particulas migran dentro del RE y ésta es reemplazada por la
capa de protefnas (VP7 y VP4) a través de un mecanismo que se desconoce ain. Los viriones
maduros son liberados de 1a célula por lisis (18).

In vivo, los rotavirus tienen un tropismo celular especifico; la infeccién viral sélo se lleva a
cabo en los enterocitos diferenciados de las vellosidades del intestino delgado (19). In vitro, la
infeccion eficiente por rotavirus estd restringida a una variedad de lineas celulares epiteliales de
origen renal (por ejemplo, MA104 de rifién de mono), e intestinal {por ejemplo, células de cincer
de colon, CaCo-2).

Se sabe que la unién o adsorci6n inicial, el ensamble y la liberacién de particulas no son el
principal determinante de la susceptibilidad de una célula a la infeccién, dado que diversas lineas
celulares poco susceptibles, son capaces de unir virus y de generar progenie viral cuando el virus
se introduce por lipofeccién, de forma tan eficientemente como en las células permisivas (3). Estas
observaciones sugieren que la penetracion del virus a través de la membrana es el paso limitante de
la infeccién, debido probablemente a que las células poco susceptibles carecen de algunas de las
moléculas responsables de la internalizacién del virus.

Interaccién virus célula: adsorciéon y penetracion
Adsorcion

Los receptores virales son uno de los determinantes de rango de huésped y de tropismo
celular; la uni6n del virus a la cé€lula puede ser un proceso de varios pasos, en los que el virus se
une a més de una molécula celular. Estos receptores muiltiples pueden actuar en conjunto para
modular o complementar sus funciones, pero también pueden ser pasos secuenciales en los que la
unién del virus a un primer receptor puede inducir cambios conformacionales que le permiten
unirse al siguiente receptor (37).

Entre los rotavirus, las dos proteinas de la capa externa VP4 y VP7 han sido asociadas al
proceso de adsorcién a la célula hospedera (4, 25, 26); sin embargo, los resultados mds recientes
favorecen a VP4 como la proteina viral responsable de la adsorcion del virus a la célula

La unién de algunos rotavirus de origen animal con su célula huésped se lleva a cabo a
través de la interaccion del virus con dcido sidlico (AS) que estd presente en la superficie de la
célula, ya que el tratamiento de las células con neuraminidasa (enzima que remueve AS de la
membrana) o la preincubacion pre-incubacidn del virus con la glicoforina (glicoproteina con alto

contenido de residuos de AS), se reduce la unién del virus a la célula en forma significativa. con la



consecuente reduccién en la infectividad viral. Es por esto que se ha sugerido que el receptor para
algunos rotavirus animales es un compuesto celular que contiene dcido sidlico (AS) (25, 48. 84).

A diferencia de los rotavirus aislados de animales, la mayoria de los rotavirus aislados de
humanos, no requieren la presencia de AS en la superficie de la célula (al menos AS del tipo que
requieren los rotavirus de origen animal), ya que el tratamiento de las células con neuraminidasa no
afecta la unién ni la infectividad de estos virus. Hasta la fecha no se sabe que moléculas celulares
contienen los AS que unen a cada una de las diferentes cepas de rotavirus de origen animal. aunque
se tienen algunas observaciones que sugieren que el gangliésido GM1 une dos cepas humanas
(Kun y Mo) (8) y que el gangliésido GM3, aislado de enterocitos de cerdo, une una cepa porcina
(OSU) (25, 48, 84). Dado que tanto los rotavirus de origen humano como los de origen animal
infectan a los mismos tipos celulares, se ha sugerido que independientemente del requerimicnto
inicial por AS, la ruta que siguen estos virus para infectar a las células es la misma y que se trata de
pasos secuenciales que finalmente convergen en la misma molécula que les permite penetrar al
citoplasma. La interaccion de la cepa RRV de rotavirus de simio con AS se lleva a cabo a través de
la proteina VP8, especificamente a través de una regién que involucra los aminodcidos Tyr 155.
Tyr 188 y Ser 190 (43).

A partir de la cepa de rotavirus de simio RRYV, dependiente de AS, en nuestro laboratorio se
han aislado variantes que ya no requieren la presencia de AS en las células para infectarlas y por lo
tanto son resistentes al tratamientc con neuraminidasa (llamadas nar, “neuraminidase resistant™).

El fenotipo de independencia al AS segrega con el gene 4, que codifica para la proteina
VP4, La secuenciacién del gene de VP4 de las mutantes nar, reveld los siguientes cambios en

comparacion con el gene silvestre: L37—P, K187—5R y Y267—C. El anilisis de secuencia de los

virus revertantes de una de las variantes nar, mostré que el cambio K187—R es indispensable para

mantener el fenotipo AS independiente (61).

El aislamiento y caracterizacion de las variantes nar ha permitido proponer que la primera
interaccidn de los rotavirus con AS no es esencial y que existen otras interacciones, posteriores a la
interaccién con AS que son necesarias para que el virus ingrese a la célula.

La unién del virus RRV a la célula se puede bloquear utilizando anticuerpos monocionales
dirigidos conira VP8, pero no con anticuerpos contra VP5 o VP7. Por otra parte, la unién de la
variante nar3 no se bloquea con anticuerpos contra VP8, sin embargo, la infectividad de ambos
virus (nar3 y RRV) es bloqueada por Acs monoclonales dirigidos contra VPS5. Esto sugiere que los
rotavirus tienen, al menos, dos dominios de unién a la célula, uno en VP8 que interacciona con
alguna molécula que contiene AS, y otro en VP5 que se une a otro receptor de manera siilico-

independiente (86).



Ahora bien, dado que anticuerpos dirigidos contra VPS no son capaces de inhibir la unidn
de RRYV a la célula, pero si su infectividad, se ha propuesto que RRV se une al AS através de VP8
y posteriormente sufre un cambio conformacional que le permite interactuar con el segundo
receptor, resistente a neuraminidasa, a través de VPS. Probablemente, el virus mutante nar ya
posee este cambio conformacional y no requiere de la primera interaccién con AS, uniéndose
directamente con el segundo receptor, AS-independiente (86).

Experimentos de competencia entre rotavirus de diferente origen apoyan la idea de que la
penetracion del virus a la célula es un proceso de varios pasos; en nuestro laboratorio se encontrd
que el virus de origen humano Wa, es capaz de competir la infectividad del virus animal YM y de la
variante nar3, pero ninguno de éstos fue capaz de competir la infectividad de Wa (62).
Posiblemente, el virus humano Wa se une a una molécula celular que es necesaria para la
infectividad de los virus YM (AS-dependiente) y nar3, en un paso posterior a la unién inicial. y
€sto podria representar un paso comin en la infeccién de todos los rotavirus.

Basados en los experimentos de competencia entre los rotavirus YM, nar3 y Wa y los
eventos de unién que se han descrito para RRV y nar3, se han propuesto tres pasos en el proceso
de unién del virus a la célula hospedera: primero, la unién a AS por algunos rotavirus como RRV a
través de la proteina VP8; segundo, la unién al segundo receptor resistente a neuraminidasa. a
través de la proteina VP35, como lo hace nar3; el tercer paso, se piensa que estaria definida por el
sitio de unién de los virus de origen humano como la cepa Wa, aunque aiin no se ha definido que

proteinas celulares y virales estarfan involucradas en este paso.

Penetracién.

En una infeccién viral, el paso siguiente a Ia unién es la entrada del virus al citoplasma
celular o penetracion. Se conocen tres mecanismos por los cuales un virus puede atravesar la
membrana de una célula susceptible: a) Penetracién directa a través de la membrana plasmiitica: b)
Endocitosis mediada por receptor y c) Fusidn directa con la membrana plasmdtica (7).

a) Penetracién directa. En general, se desconoce el mecanismo molecular de la penetracién
directa y como es que el virién cruza la membrana plasmitica y se libera al citoplasma. Sin
embargo, este mecanismo ha sido descrito para algunos virus como adenovirus, poliovirus y las
particulas subvirales intermediarias (ISVS's) de reovirus (7).

b) Endocitosis mediada por un receptor. En esta via, los virus después de unirse a su
receptor especifico en la superficie de la célula son endocitados. Ejemplos de virus que dependen
de este sistema para entrar a la célula son: VSV, Sindbis e Influenza. El virus de la influenza
requiere del ambiente dcido de los endosomas para sufrir cambios conformacionales en la
glicoproteina viral (HA). Estos cambios son necesarios para fusionar la membrana viral con la

membrana endosomal y poder liberar el genoma viral al interior de la célula (7, 59).
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¢) Fusién directa. Algunos virus provistos de cubierta lipidica fusionan su envoltura con la
membrana plasmdtica para penetrar. La actividad de fusién en estos virus es catalizada por
glicoproteinas virales, homo o hetero-oligoméricas. Estas proteinas de fusién son sintetizadas
como precursores, por lo que requieren de un corte proteolitico especifico para poder tlevar a cabo
su funcién. El corte expone una secuencia hidrofébica responsable de interactuar con la membrana
blanco (59). En general, estas proteinas virales son transmembranales, su extrerno amino terminal
estd orientado extramembranalmente y contienen en su secuencia una o mds héptadas de leucina
que pueden formar una estructura de “coiled coil” (29). Se ha observado que los virus con
membrana lipidica, por lo general, fusionan su envoltura con la membrana plasmatica de células o
con la membrana endosomal; mientras que los virus no envueltos, tedricamente pueden atravesar la
membrana plasmdtica de manera directa, luego de interaccionar con su(s) receptor(es) cn la
superficie de la célula

El mecanismo por el cual los rotavirus penetran a la célula no ha sido esclarecido aun.
aunque algunos estudios de microscopia electrénica apoyan dos mecanismos:

1) Endocitocis mediada por receptor, se basa en la observacién de particulas virales en
“"coated pits" y endosomas secundarios (53, 65).

2) Penetracion directa, se basa en la observacién de que los rotavirus tratados con tripsina
se encuentran en el citoplasma, fuera de vesiculas endosémicas y sélo son internalizadas particulas
de doble capa, es decir, que estdn desprovistos de la capa externa. En cambio, los virus no
cortados, o neutralizados con anticuerpos contra VP4 y VP7, se observan en el interior de
vesiculas fagociticas y lisosomas tardios, en este caso, los componentes de la capa externa si se
internalizan (26, 77, 78). También se ha observado que los virus activados con tripsina tienen un
tiempo medio (t1/2) de internalizacién de 3 a 5 minutos y son infecciosos. En contraste, los virus
sin activar con tripsina desaparecen de la membrana celular con un t1/2 de internalizacidn de 30 a
50 minutos y no son infecciosos (46). Por todo lo anterior, se propone que los rotavirus cortados
con tripsina son infecciosos y penetran rdpidamente por la via directa; mientras que fos virus sin
cortar penetran por la via endocitica y no dan lugar a una infeccién productiva (46. 77. 791 A
pesar de lo anterior, no existen pruebas directas que indiquen de manera inequivoca el mecanismo

de penetracidn de estos virus.

Moléculas celulares implicadas en el proceso de entrada de los rotavirus

Como se ha mencionado, existen varios componentes de la membrana celular que podrian
estar involucrados en la unién y penetracién de los rotavirus. Asi, se han propuesto moléculas tales
como los monosialoganglidsidos en enterocitos de cerdo (68), la GMI en células MA 104 (67) v las
glicoproteinas de 300-330 kDa en enterocitos de ratén (4). Sin embargo. no se ha demostrado



¢) Fusién directa. Algunos virus provistos de cubierta lipidica fusionan su envoltura con la
membrana plasmdtica para penetrar. La actividad de fusién en estos virus es catalizada por
glicoproteinas virales, homo o hetero-oligoméricas. Estas proteinas de fusién son sintetizadas
como precursores, por lo que requieren de un corte proteolitico especifico para poder llevar a cabo
su funcién. E! corte expone una secuencia hidrofébica responsable de interactuar con la membrana
blanco (59). En general, estas proteinas virales son transmembranales, su extremo amino terminal
estd orientado extramembranalmente y contienen en su secuencia una o mds héptadas de leucina
que pueden formar una estructura de “coiled coil” (29). Se ha observado que los virus con
membrana lipidica, por lo general, fusionan su envoltura con la membrana plasmitica de células o
con la membrana endosomal; mientras que los virus no envueltos, teéricamente pueden atravesar la
membrana plasmdtica de manera directa, luego de interaccionar con su(s) receptor(es) en la
superficie de la célula

El mecanismo por el cual los rotavirus penetran a la célula no ha sido esclarecido atn.
aunque algunos estudios de microscopia electrénica apoyan dos mecanismos:

1) Endocitocis mediada por receptor, se basa en la observacién de particulas virales en
“coated pits” y endosomas secundarios (55, 65).

2) Penetracion directa, se basa en la observacion de que los rotavirus tratados con tripsina
se encuentran en el citoplasma, fuera de vesiculas endosémicas y sélo son internalizadas particulas
de doble capa, cs decir, que estdan desprovistos de la capa externa. En cambio, los virus no
cortados, o neutralizados con anticuerpos contra VP4 y VP7, se observan en el interior de
vesiculas fagociticas y lisosomas tardios, en este caso, los componentes de la capa externa si se
internalizan (26, 77, 78). También se ha observado que los virus activados con tripsina tienen un
tiempo medio (t1/2) de internalizaciéon de 3 a 5 minutos y son infecciosos. En contraste, los virus
sin activar con tripsina desaparecen de la membrana celular con un t1/2 de intemalizacién de 30 a
50 minutos y no son infecciosos (46). Por todo lo anterior, se propone que los rotavirus cortados
con tripsina son infecciosos y penetran rdpidamente por la via directa; mientras que {os virus sin
cortar penetran por la via endocitica y no dan lugar a una infeccién productiva (46. 77, 79). A
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directamente que los ganglidsidos o estas glicoproteinas participen directamente como receptores

virales.
Recientemente Coulson (13) encontré que las integrinas o2B1, a4fl y oxP2 estin

involucradas en la unién y/o penetracién de los rotavirus a la célula, ya que los Acs contra estas
integrinas, o péptidos sintéticos que contienen las secuencias tipicas de ligandos a estas integrinas.

son capaces de inhibir la infectividad de los rotavirus hasta en 30%.
Durante el desarrollo del presente trabajo encontramos que las proteinas integrina 3. hsc70

de choque térmico y la protefna isomerasa de puentes disulfuro (PDI-like Erp37). estin
involucradas en el proceso de adsorcién y penetracién de los rotavirus. A continuacion se
describen algunas de sus caracteristicas.

Integrinas

Las integrinas son moléculas heterodiméricas formadas por las cadenas o y p asociadas de
manera no covalente. La cadena o varia en tamafio entre 120 y 180 kDa y la cadena f entre 90 -
110 kDa. Se conocen 8 cadenas B y 14 cadenas ¢t Aunque en teoria, las diferentes combinaciones
o} podrian dar mds de 100 heterodimeros, se sabe que la gama de combinaciones no es tan amplia
dado que muchas cadenas ¢ pueden asociarse s6lo con una cadena P, aunque también varias
cadenas o (04, 0.6, ov y quizas otras) pueden asociarse con mds de una cadena f3; la subunidad
ov es particularmente promiscua a este respecto (42). En mamiferos, el mRNA de varias integrinas
sufre procesamiento ("splicing") alternativo en los dominios citoplasmiticos, por ejemplo, fi. B3.

B4, 03 y a6, lo que ocasiona mayor variabilidad entre los heterodimeros.

Con el término integrinas se quiso reflejar el papel que tienen estas proteinas al integrar la
matriz extracelular con el citoesqueleto (32). Estas proteinas participan en la adhesién de la célula a
la matriz extracelular, aunque también estdn implicadas en la proliferacion, migracidn.
diferenciacién, esparcimicnto y sobicvivencia de las células (11, 42, 71). Las integrinas se
expresan en una gran variedad de células y muchas células expresan varias integrinas.

Algunas integrinas unen mas de un ligando y un ligando puede unirse a mas de una
integrina. Por ejemplo, proteinas que tienen la secuencia Arg-Gly-Asp (RGD) tales como
fibronectina, vitronectina y colageno tipo VI, entre otras, son reconocidas por varias integrinas

(581, allbP3, y muchas avB) (42, 73). Sin embargo, vitronectina también puede unirse a ovPB3
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a través de una secuencia bdsica, ademds de la secuencia RGD (81); allbf3 reconoce ademds. la
secuencia KQAGDV en fibrinégeno. Otras integrinas reconocen diferentes secuencias como

ligando; asi, a2 une DGEA en coldgeno tipoi, c4B1 une EILDV en un segmento alternativo de

fibronectina y ax32 une GPRP en fibrinégeno. La mayorfa de los ligandos que se unen a las
integrinas son proteinas de la matriz extracelular.
Las evidencias se inclinan a sefialar que en las dos cadenas off, los sitios de unidn a

ligando yacen en, o estdn cerca, de la cara interna del sitio de contacto entre las dos cadenas (32.
42, 71).
Las integrinas son glicoproteinas membranales que contienen un sélo segmento

transmembranal hidrofébico y son resistentes a proteolisis en células intactas. En muchas
integrinas el segmento citoplasmatico es corto (50 amino dcidos o menos) excepto }4 que tiene mds
de 1000 aminodcidos. Las integrinas tienen una cabeza globular compuesta por cada una de las
asas formada por cada cadena o y B. Todas las cadenas f tienen cuatro segmentos plegados

repetidos, ricos en cisteina, por lo que se cree estin unidos por puentes disulfuro. El extremo
amino terminal de 40-50 kDa estd fuertemente plegado formando un asa con puentes disulfuro y

contribuye al dominio de unién de los ligandos. Todas las cadenas O contienen un segmento

homoélogo con siete plegamientos repetidos; las tltimas tres o cuatro repeticiones contienen la
secuencia Asp-x-Asp-x-Asp-Gly--x-x-Asp, o secuencias relacionadas, que probablemente
contribuyen con las propiedades que tiene esa cadena de unir cationes divalentes.

Los cationes divalentes (Ca++, Mg++, Mn-++), son esenciales para la funcién de adhesion
de las integrinas (40, 50, 74). La naturaleza de los cationes puede afectar la afinidad y la

especificidad de unién a los ligandos, ademds de ser necesarios para la asociacion de las cadenas o
y B en algunos casos. Por ejemplo, el fibrindgeno se une a «lIbf3 de manera ripida en presencia
de Ca++, pero el Ca++ no asocta fibrinégeno a av3. En cambio, Mn++ permite la unién de

fibrindreno a las dos integrinas. La porcidon que une cationes divalentes de la cadena o también
& B

contribuye a la union de los ligandos (32, 42). Se ha sugerido que las integrinas poseen diferentes
sitios de unién para los cationes y que éstos influyen en los cambios conformacionales de las

integrinas y asi regulan la unién con su ligando. Por ejemplo, la proteina osteopontina, que posce
una secuencia RGD, estd presente en la leche y en dreas de crecimiento 0seo, se une a ovf3 en

presencia de Mn++ pero esta unién se inhibe en presencia de Ca++ (74).



Los dominios citoplasmdticos de las integrinas interactian principalmente con proteinas del
citoesqueleto. Las diferentes cadenas o varian en la secuencia citoplasmatica, lo que hace suponer
que diferentes receptores para un ligando determinado puedan diferir en su asociacién con el

citoesqueleto. Por ejemplo, a5B1 estd en los contactos focales mientras que o331 no lo estd.
aunque ambas interactuan con fibronectina. Similarmente, otvf33 estd en los contactos focales.

mientras que avB5 no, aunque ambas interactuan con el sitio RGD de la vitronectina (42, 73). Esto

significa que diferentes cadenas de integrinas pueden mediar una respuesta celular diferencial. en
respuesta a un ligando extracelular comin.
Dada la amplia variedad de integrinas, cada célula puede variar sus propiedades adhesivas

mediante la expresion diferencial de las integrinas. Por ejemplo, las integrinas aIIbB3 se expresan

solamente en plaquetas, mientras que las integrinas avB3 se expresan en una amplia variedad de
tejidos (32, 73). Ademds, la célula puede modular las propiedades de unién a las integrinas. Por
ejemplo, o2f1 en plaquetas, une especificamente coligeno y no une laminina, mientras que

cuando esti en otras células puede reconocer ambos ligandos.
Ademis de sus funciones en una célula normal, las integrinas son moléculas importantes
durante €] ciclo de replicacién de ciertos virus, al interactuar con productos virales. La proteina Tat

del virus de la inmunodeficiencia hurmmana (VIH) (32) interactia con oVPS de manera

independiente de RGD (81). Otros virus como el virus de la fiebre aftosa (“foot-and-mouth disease
virus”, FMDYV) (52), adenovirus (82), (33) y echovirus (5) contienen la secuencia RGD. a través

de la cual interactiian con integrinas. La interaccién de los adenovirus con avB3 es esencial para la
entrada de los virus a la célula. La interaccién de echovirus con o231 es independiente del estado
de activacién de a2f31 y del catién divalente. Hantavirus, un virus de la familia Bunvaviridae. se

une y probablemente ingresa a la c€lula a través de su interaccién con la integrina allbB3 o avf3

(27, 28); la entrada de este virus es independiente del catién divalente y el péptido RGD no
bloquea la infectividad. Recientemente, se encontré que las dos proteinas de la capa externa de los
rotavirus, VP4 y VP7, contenian motivos de unién a integrinas en su secuencia. VP4 contiene la

secuencia DGE, caracteristica de ligandos que unen a la integrina o2f1; VP7, por otro lado.
contiene la secuencia GPR, ligando de las integrinas axB2 y la secuencia LDV, ligando de las

integrinas 04 1. De acuerdo a ésto, se demostré que anticuerpos contra las integrinas o2, B2. y



o4, al igual que péptidos que mimetizan los sitios ligando, bloquean la infectividad de una cepa de
rotavirus de simio (SA11) y una cepa aislada de humanos (RVS5) (13). Se demostré, ademds. que
las integrinas at2B1 y ad4f]1 pueden mediar la unidn y entrada de los rotavirus SA1l en la linea

celular K562 (38).

HSC70

Los organismos vivos responden a estimulos de estres aumentando la sintesis de un grupo
de proteinas colectivamente llamadas proteinas de estrés. El estrés por choque térmico ha sido ¢l
mas estudiado y en este caso, las proteinas que se inducen se han denominado genéricamente como
proteinas de choque térmico o hsp’s (por sus siglas en ingles “heat shock protein™). Estas proteinas
son ubicuas y son de las protefnas mds conservadas en la naturaleza, lo cual sugiere que tienen
funciones esenciales en la célula. Algunas de ellas ayudan en el plegamiento, transporte y ensamble
de otras proteinas, por lo cual se les conoce como chaperonas. En procariotes las "hsp’s” tienen un
peso molecular entre 10 kDa y 100 kDa, y en eucariotes se han descrito las familias de hsp60.
hsp70, hsp90 y la familia de las pequeiias hsps (51).

La protefna *“heat shock protein” hsc70 pertenece a la familia de proteinas de choque
térmico de 70 kDa (hsp’s70) y se identific6 primero en células sometidas a estr€s, aunque
posteriormente se encontrd también en células no estresadas. La familia hsp70 se clasifica segun la
expresion de la proteina en la célula, como proteinas de expresion constitutiva que incluyen la
hsc70, grp75 mitocondrial, grp78 o BIP de reticulo endopldsmico, y en proteina de expresion
inducible como la “heat shock protein™ hsp70 y la hsp72 (51).

La hsc70 se compone de dos dominios principales: un dominio de ATPasa que tiene una
estructura terciaria similar a actina (22) y un dominio carboxi-terminal que tiene una estructura
secundaria similar al dominio de unién a péptidos del complejo mayor de histocompatibilidad
(MHC) de clase I (22, 23, 41, 75, 76). La proteina hsc70 se asocia transitoriamente a cadenas
polipeptidicas nacientes, previniendo plegamientos prematuros o agregaciones durante la sintesis
protéica, asi mismo, se requiere para ¢l traslado de polipéptidos precursores a través de las
membranas de la mitocondria, del reticulo endopldsmico (RE) y de lisosomas (24, 30). Ademis. se
tia encontrado que 1as hsp estan 1nvolucradas en la disociacién de complejos protéicos. de manera
dependiente de ATP (9, 54).

Los miembros de la familia hsp70 tienen diferente especificidad de sustrato, de tai manera
que la proteina BIP (residente del RE) no sustituye las funciones de la hsc citoplasmatica. Se sube
que la proteina hsc70 participan en el ensamble de microttibulos in vive, y estdn involucradas en ¢l

ensamble de filamentos de actina (36).



En bacterias, la infeccién con fagos lleva a un aumento en la sintesis de las protefnas de
estrés tales como GroEL y DnaK, a pesar de una disminucién generalizada en la sintesis total de

proteinas bacterianas. Esas protefnas de estrés interaccionan con componentes virales y
contribuyen al ensamble correcto y a la replicacién de una variedad de bacteriéfagos como A. T4y

TS. Durante la infeccién en células eucaridticas, una gran variedad de virus como adenovirus.
herpesvirus, alfavirus, paramyxovirus, rhabdovirus, citomegalovirus (CMVs) y poxvirus (45)
inducen una respuesta de estrés que conduce a un aumento en la sintesis de mRNA's que codifican
para las proteinas de estrés, con la consecuente produccién de éstas. En la mayoria de los casos las
proteinas inducidas pertenecen a la familia de las hsp60, hsp70 y hsp90, aunque las proteinas
inducidas y el mecanismo por el cual se inducen dependen del virus y del tipo de célula infectada.
Algunos virus pueden directamente aumentar la expresién de los genes de estrés; por ejemplo. en
adenovirus la proteina viral E1A induce la sintesis de hsp70 actuando directamente como un trans-
activador transcripcional (45). En infecciones con algunos virus como vaccinia. se anulan la
transcripcién de la mayoria de los mRNA celulares, en tanto que la transcripcién y la traduccién de
la mayoria de los genes de las proteinas de estrés continiian (45). La infeccién por adenovirus lleva
a un bloqueo en el transporte de muchos mRNAs desde el niicleo al citoplasma; sin embargo. no se
afecta el transporte de los mRNA’s de las hsp70, los cuales se acumulan en el citoplasma a una
velocidad normal. En infecciones por rotavirus, que abate severamente la sintesis de proteinas
celulares, se ha observado que las protefnas BIP (GRP78) y GRP94 no se ven afectadas (83).
Estos estudios sugieren que muchos virus, incluyendo aquellos que disminuyen la transcripcién y
traduccién en la célula infectada, permiten la expresién de las proteinas de estrés en niveles
normales o aumentados (45), probablemente porque se requieren para su replicacién y/o ensamble.
De acuerdo con lo anterior, en muchos sistemas se ha demostrado la asociacién entre componentes
virales y proteinas de estrés. La proteina hsp70 se asocia con el precursor Pl de poliovirus
(“capsid-assembly intermediates’™) y coxackievirus en células infectadas (57). Durante la infeccion
con vaccinia, la proteina hsp70 coprecipita con proteinas de vaccinia y la cantidad de hsp70
asociada con las protefnas virales correlaciona directamente con los niveles de expresion de los
genes virales. Esto sugiere que hsp70 puede actuar como una chaperona en el ensamble del virus
vaccinia. Del mismo modo. se ha observado qne después de adaptar fibreblastos embrionarios
humanos a altas temperaturas ¢ infectarlos con citomegalovirus, la produccién de viriones se
aumenta. Esto también apoya la idea que las proteinas de estrés, inducidas por el calor, ayudan
durante la replicacidn viral (45).

Por otra parte, se ha reportado que la hsc70, detectada en la superficie celular por citometria

de flujo, actiia como receptor celular para la formacién de sincicios inducidos por el retrovirus



HTLV-1 en células MOLT-4 (69), ya que anticuerpos monoclonales (Ac M) contra hsc70 bloquean
la formacién de sincicios inducida por HTLV-1.

Aunque las principales funciones que se han descrito para hsc70 son citoplasmadticas. y se
desconoce atin c6mo esta proteina se transporta y se ancla en la membrana. A este respecto se ha
encontrado por citometria de flujo e inmunofluorescencia, que la proteina hsc70 estd en la
superficie de la membrana citoplasmatica de algunas lineas celulares y células tumorales (39). (64).
(10), (6), espermatozoides y células germinales durante el desarrollo del testiculo (58), asi como en
células normales luego de someterlas a choque térmico (66).

Aunque se desconoce aiin cémo estd unida la hsc70 a la membrana citoplasmatica. dado
que no tiene dominios trasmembranales, se ha observado que esta proteina se une de manera
especifica a sulfogalactosilceramida y sulfagalactosilglicerolipido (58), lo que ha permutido
especular que la hsc70 podria estar anclada en membrana citoplasmdtica a través de

glicoesfingolipidos.
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PLANTEAMIENTO DEL PROBLEMA

Al momento de iniciar el presente trabajo no se tenia conocimiento de que clase de
moléculas estaban implicadas en el proceso de entrada de los rotavirus a la célula, es decir. no se
tenfa certeza de la naturaleza bioguimica del posible receptor. Habian evidencias sobre el papel que
pudiesen tener los glicoesfingolipidos a través del 4cido sidlico, pero habfa incertidumbre del papel
de las proteinas. Se sabfa que la infeccidn in vitro por rotavirus estaba restringida a una variedad de
lineas celulares epiteliales de origen renal, (p.e MA104), e intestinal, (p.e. CaCo-2). Se sabe que
muchos rotavirus de origen no humano se unen a una molécula de la superficie celular que contiene
dcido sidlico (AS) y que el tratamiento de las células con neuraminidasa, para retirar el AS. o la
incubacién del virus con sialoglicoproteinas, (p.e. la glicoforina), se reduce la union y la
infectividad del virus a la célula.

A diferencia de los rotavirus animales, no es claro si los rotavirus de origen humano se
unen a células permisivas a través de una molécula independiente de dcido sidlico o si requieren
igualmente del AS para su unién a la célula. Por otra parte, en nuestro laboratorio, se aislaron
variantes a partir de la cepa de rotavirus de simio (RRV), dependiente de AS, las cuales no
requieren la presencia de AS en las células para infectarlas (60). Dado que los rotavirus de origen
humano y los de origen animal infectan a los mismos tipos celulares, estos datos sugerian que.
aparte de la dependencia o no de AS, la ruta que seguian los virus era la misma y que se trataba de
pasos secuenciales que finalmente convergen a la misma molécula celular que les permitia penetrar
al citoplasma. Por estas razones, nos interesamos en identificar y aislar las moléculas
independientes de AS, utilizando un rotavirus animal RRV dependiente de AS, su mutante nar3.
independiente de AS y el rotavirus que infecta humanos Wa, independiente de AS.

Inicialmente nos propusimos caracterizar la naturaleza bioquimica del o los receptores de
rotavirus en células MA104, que son células permisivas de la infeccidén de los rotavirus. para
determinar si esta molécula era una proteina, glicoproteina o glicolipido. Para ello empleamos dos
enfoques: a) El uso de inhibidores de la glicosilacién, inhibidores de la sintesis de glicolipidos y se
retiré el colesterol de la membrana citoplasmadtica, para estudiar su efecto sobre la célula en la
infectividad de RRV, nar3 y Wa, dado que el colesterol y los glicolipidos forman parte de los
microdominios lipidicos o “rafts”.

Se sabia que el octil giucdsido (OG) al 0.2% era capaz de extraer proteinas de la superficie
celular sin alterar la viabilidad de las células. Este detergente no idnico habfa sido dtil en la
bisqueda de receptores para los virus Semliki Forest, Papovavirus, virus de la estomatitis
vesicular, polioma virus, SV40 y el virus de la rabia. b) Por estas razones, utilizamos el OG para
identificar la naturaleza bioquimica de la(s) molécula(s) receptor(as) y aislarla(s) para su
identificacién por secuencia peptidica.
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Del extracto de OG se aislaron cinco proteinas que tenian capacidad de inhibir la
infectividad de los rotavirus. Una vez conocidas las secuencias peptidicas de cada una de las
proteinas se fijaron unas preguntas para determinar si alguna de estas proteinas pudiera estar
implicada en el proceso infeccioso de los rotavirus. Tales preguntas fueron:

1. Esté la proteina en la superficie de la membrana citoplasmatica ?. Para esto empleamos
tres técnicas, citometria de flujo, inmunofluorescencia y biotinilacién de proteinas de la superficic
celular.

2. Anticuerpos especificos contra la proteina, al incubarlos con las células, inhiben la
infecci6n de rotavirus ?. Para ello, se utilizaron Acs monoclonales y/o policlonales contra cada una
de las proteinas.

3. Al incubar la proteina soluble con los rotavirus, se bloquea la infeccién ?. En este caso.
se emplearon proteinas comerciales y o recombinante humana, expresada en bacteria.

4. Al transfectar el gene para la proteina, se aumenta la infeccion de los rotavirus 7. Para
responder a ésta pregunta se utilizaron células ya transfectadas que expresan establemente la
proteina de interés o se transfectaron células susceptibles y poco susceptibles con el gene de
interés. El desarrollo de cada una de las preguntas nos permitié proponer dos proteinas como

candidatas a receptor de los rotavirus.



HIPOTESIS

Debido a que en la infeccién por rotavirus existe un tropismo especifico a la célula y al tejido, asi
como restriccion de hospedero, la especificidad de la infeccion puede estar mediada, al menos
parcialmente, por la interaccidn entre el virus y proteinas de la membrana citoplasmadtica que actian

como moléculas receptoras.
OBJETIVOS

OBJETIVO GENERAL
Caracterizacidn del receptor de rotavirus independiente de 4cido sidlico.

OBJETIVOS ESPECIFICOS

1.Caracterizar la naturaleza bioquimica de! receptor de rotavirus independiente de dcido sidlico. en
células de mono rhesus, MA104.
2. Identificar y purificar la molécula receptora por métodos bioquimicos.




RESULTADOS
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SUMMARY

We have tested the effect of metabolic inhibitors, membrane cholesterol depletion. and
detergent extraction of cell surface molecules, on the susceptibility of MA104 celis to be infected
by rotaviruses. Treatment of cells with tunicamycin, an inhibitor of protein N-glycosylation.
blocked the infectivity of the SA-dependent rotavirus RRV and its SA-independent variant nar3 by
about 50%, while the inhibition of O-glycosylation had no effect. The inhibitor of glycolipid
biosynthesis, PDMP, blocked the infectivity of RRV, nar3, and the human rotavirus strain Wa by

about 70%. Sequestration of cholesterol from the cell membrane with B-cyclodextrin reduced the

infectivity of the three viruses by more than 90%. The involvement of N-glycoproteins.
glycolipids, and cholesterol in rotavirus infection suggests that the virus receptor(s) might be
forming part of lipid microdomains in the cell membrane. MA 104 cells incubated with the nonionic
detergent octyl-B-glucoside (OG) lost their ability to bind rotaviruses by about 60%, the same
degree to which they became refractory to infection, suggesting that OG extracts from the cell
surface potential virus receptor(s). Accordingly, when pre-incubated with the viruses, the OG
extract inhibited the virus infectivity by more than 95%. This inhibition was abolished when the
extract was treated with either proteases or heat, but not when it was treated with neuraminidase.
indicating the proteic nature of the inhibitor. Two protein fractions of around 57 and 75 kDa were
isolated from the extract, and these fractions were shown to have rotavirus blocking activity. Also.
antibodies to these fractions efficiently inhibited the infectivity of the viruses in untreated as well as
in neuraminidase-treated cells. Five individual protein bands of 30, 45, 57, 75, and 110 kDa.
which exhibited virus blocking activity, were finally isolated from the OG extract. These proteins
are good candidates to function as rotavirus receptor(s).
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INTRODUCTION

Rotaviruses, the leading cause of severe dehydrating diarrhea in infants and young children
worldwide, are non-enveloped viruses that posses a genome of 11 segments of dsRNA contained
in a triple-layered protein capsid. The outermost layer is composed of two proteins, VP4 and VP7.
VP4 forms spikes that extend from the surface of the virus, and has been associated with a variety
of functions, including the initial attachment of the virus to the cell membrane, and the penetration
of the virion into the cell (14). Rotaviruses have a very specific cell tropism. infecting only
enterocytes on the tip of intestinal villi (26), suggesting that specific host receptors must exist. In
vitro, they also display a strict tropism, binding to a variety of cell lines, but infecting efficiently
only those of renal or intestinal epithelium origin (15). Despite the advances in the molecular and
structural biology of the virus, little is known about the rotavirus cell receptors. Somc animal
rotavirus strains interact with sialic acid (SA) on the cell surface, and this interaction has been
shown to be a requirement for the efficient attachment and infection of the virus to susceptible cells
(9, 17, 27, 34, 39, 57). Accordingly, a number of glycoconjugates have been shown to bind to
and to block the infectivity of animal rotaviruses in vitro and in vivo (3, 4, 6, 17, 32, 46, 52-54,
56, 57). Some of these glycoconjugates have been suggested may play a role as possible
receptors, like GM3 gangliosides in newborn piglet intestine (47), GM1 in LLC-MK2 cells (32).
and 300-330 kDa glycoproteins in murine enterocytes (3). More recently, it has also been

suggested that 2P 1, oxPB2, and 04P1 integrins may be involved in rotavirus cell entry (11. 24).

The binding of animal rotaviruses RRV and SAll to a SA-containing cell receptor has
been shown to be nonessential since variants whose infectivity is no longer dependent on the
binding to these acid sugars have been isolated (35, 39). The secondary importance of SA as an
attachment site for rotaviruses, at least under laboratory conditions of infection, is also reflected by
the fact that the infectivity of most, if not all, human rotavirus (HRV) strains is not affected by the
neuraminidase-treatment of cells (9, 17, 19, 41). Recently, through competition infection assays.
using the SA-dependent rhesus rotavirus RRV, its SA-independent variant nar3, and the naturally
neuraminidase-resistant HRV strain Wa, the existence of at least three cell surface sites involved in
the interaction of rotaviruses with MA 104 cells during the early steps of infection was determined
(41).

In this study we used two approaches to characterize the cell surface structures that could
serve as rotavirus receptors. In the first approach, MA104 cells were treated with metabolic
inhibitors of glycosylation as well as glycolipid synthesis in order to determine the effects on the
infectivity of rotaviruses RRV, nar3, and Wa. In the second approach, the putative receptor(s) for

rotaviruses were extracted with the nonionic detergent octyl-B-glucoside (OG) under noncvtolvtic



conditions. The molecules present in the extract, which were shown to inhibit rotavirus mfectl‘vxty
when incubated with the viruses in solution, were biochemically characterized and partially

purified.



MATERIAL AND METHODS

Cells and viruses. The human rotavirus strain Wa and the rhesus rotavirus RRV were obtained
from Harry B. Greenberg, Stanford University, Stanford, CA. The SA-independent rotavirus
RRYV variant nar3 has been previously described (39, 40). All rotavirus strains were propagated in
MA104 cells as described previously (13). The rhesus monkey epithelial cell line MA104 was
grown in Eagle’s minimal essential medium (MEM) supplemented with 10% fetal bovine serum
(FBS) and was used for all experiments carried out in this work. BHK-21, CHO, and 1929 cells
were grown in MEM containing 10 % FBS. Reovirus type | and poliovirus type 3, Leon strain.
were kindly provided by C. Ramos (CISEI, National Institute of Public Health, Cuernavaca.
Mor., Mexico) and R. M. del Angel (CINVESTAV-IPN, Mexico City, Mexico).

Infectivity assay. MA104 cells in 96-well plates were washed twice with PBS, and then about
1000 focus-forming units (ffu’s) of a trypsin-activated cell lysate containing rotaviruses RRV.
nar3, Wa, or of control viruses, reovirus and poliovirus, were adsorbed to the cells for 45 min at
4°C, After the adsorption period, the virus inoculum was removed, the cells were washed once
with PBS, MEM was added, and the infection was left to proceed for 14 h at 37°C. The infected
cells were detected by an immunoperoxidase focus detection assay, using as detecting antibody a
rabbit polyclonal hyperimmune serum to porcine rotavirus YM, as described previously, (33). The
ffu's were counted with the help of a Visiolab 1000 station (Biocom, France). This station, which
was used for both image acquisition and analysis, is configured with a Matrox Meteor RGB frame
grabber and a 8295 Cohu RGB CCD color TV camera. Motorized stages Marzhauser (Germany)
were adapted to an inverted Nikon Diaphot 300 microscope. The stage control unit was a
Marzhauser Multicontrol MC2000, piloted by Explo (Biocom, France). Macro command files for
Explo were developed in order to perform a semi-automated counting of the infected cells. In this
manner, an accurate positioning in the center of each well is achieved automatically for later

predefined scanning and visual counting of infected cells within a selected well area.

Treatment of MA104 cells with metabolic inhibitors. Monolayers of MA104 cells in 96-

well plates were grown to confluence, either 2 pg/ml tunicamycin (Boehringer) or 2 mM benzyl N-

acetyl-a-D-galactosamide (BenzylGalNAc) (Oxford Glyco Systems) in MEM was added and the
cells were further incubated for either 24 h (tunicamycin) or 3 days (BenzylGalNAc). To inhibit the
synthesis of glycolipids, 60%-confluent MA 104 cells were treated with 25 uM d,I-threo- 1 -phenyi-

2-decanoylamino-3-morpholino-1-propanol (PDMP) (Matreya, Inc.) in MEM with 10% FBS for 3
days, replacing the medium with fresh drug daily. After treatment with the respective drug. the
cells were washed twice with PBS, and then infected with rotaviruses, reovirus or poliovirus. as
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described above. In order to determine the reconstitution of the cells’ susceptibility to virus
infection after drug treatment, the cells were washed twice with PBS at time zero, then MEM was
added, and the cell monolayers were kept at 37°C. At the indicated times the cells were washed
once with PBS and infected as described above. Cell viability was determined by exclusion of
trypan blue (22).

The effect of tunicamycin and BenzylGalNAc on the cellular synthesis of N- and O-
glycans, respectively, was evaluated by detection of sugars on immunoblots, using a digoxigenin
glycan detection kit (Boehringer Mannheim, No. 1500-783). Under the treatment conditions
described above, glycoconjugates were reduced by about 50 % in both tunicamycin- and
BenzylGalNAc-treated cells as compared to untreated cells (not shown).

Extraction and immunochemical analyses of lipids from MA104 cells. PDMP-treated
or untreated MA104 cells were harvested by centrifugation and washed twice with PBS. Total
lipids were extracted essentially as described in Guo et al. (19). Thin-layer chromatography was
carried out in a solvent system of chloroform/methanol/water containing 12 mM MgCl, (5:4:1).
The plastic plate was dried for 2 h at 37°C and then soaked by capillarity in n-hexane containing
10% poly (isobutyl methacrylate) (Aldrich). The glycolipids were then detected immunochemically
on the thin-layer chromatograms, as reported (30), employing the same carbohydrate detection kit
described above. After treatment of MA104 cells with PDMP, as described above, the content of
mono and disialogangliosides was about 30 to 40% of that found in untreated cells (not shown).

Cholesterol depletion of MA104 cell monolayers. Confluent MA104 cell monolayers in
96-well plates were washed twice with PBS and then incubated with 10 mM methyl-B-cyclodextrin

(Aldrich) in PBS for 1 h at 37°C with occasional shaking. After this time the cells were washed
twice with PBS and infected as described above.

To replenish the cells with cholesterol after methyl-B-cyclodextrin treatment, the drug was
removed, the cells in 96-well plates were washed twice with PBS, and then the cells underwent

essentially the same treatment as described by Falconer et al. (16). Briefly, 200 pl of MEM-7%

fetal calf serum with or without 0.1 mM cholesterol (5-cholesten-3-ol-3B-hydroxy-5-cholestene)

(Sigma) which was freshly made in 100 % ethanol, was added per well and left for the indicated
periods of time. At the end of the incubation time the cells were washed twice with MEM and
infected as described above.

To determine the cholesterol content of untreated or cyclodextrin-treated MA 104 cells, the
cells in suspension were pelleted, then the pellet was suspended in 0.8 % OG by extensive



vortexing, and the suspension was cleared by centrifugation for 5 min at 5000 rpm in an
Eppendorf centrifuge. The cholesterol present in the supernatant, or present in the cyclodextrine
extract of cells, was assayed spectrophotometrically using the Boehringer Mannheim Diagnostic
Kit (No. 139050). All cholesterol determinations were made in the presence of 0.2% OG.

Octyl-B-glucoside treatment of MA104 cell monolayers. Confluent MAI04 cell

monolayers in 96-well plates were washed twice with PBS. The cells were then incubated with
0.2% OG (Pierce) in MEM for 90 min at room temperature with occasional shaking. After this
time, the cells were washed twice with PBS and infected as described above. In order to determine
the cell viability and the degree of cell membrane permeabilization that may have been caused by
the detergent, we evaluated the ability of the cells to exclude the vital dye trypan blue and the level
of the cytoplasmic enzyme lactate dehydrogenase in the OG extract (25). Treatment of cells with
0.2% OG was shown to release less than 5% of the total lactate dehydrogenase activity. One
hundred percent lysis was determined by homogenization of the cells in 0.2% OG.

Binding assay. Rotavirus binding was determined by a nonradioactive assay, essentially as
described by Zirate et al. (59). Briefly, a suspension of 5 X 10* MA104 cells either untreated,

previously treated with PDMP or tunicamycin, or extracted with octyl-B-glucoside (OG) or

cyclodextrin, as described above, were incubated for 1 h at 4°C with 300 ng of trypsin-activated
purified viruses in MEM-1% bovine serum albumin (BSA). The cell-virus complexes were washed
three times with ice cold PBS containing 0.5% BSA. During the last wash, the cells were
transferred to a fresh Eppendorf tube, and then lysed in 50 mM Tris [pH 7.5], 150 mM NaCl.
0.1% Triton X-100. The viruses present in the lysates were quantified by an enzyme-linked
immunoassay (59). In all assays, a binding control with no cells was performed.

To assay the binding blocking activity of the OG extract, 300 ng of purified virus particles

were incubated with 20 pg/ ml of OG-extracted proteins for 90 min at 37°C. The virus-OG extract

mixture was then added to MA104 cells in suspension and the assay was performed as described
above. The blocking activity of the hyperimmune sera to the 57 and 75 kDa protein fractions (<ee
below) was assayed by pre-incubating the MA104 cells with a 1:5 dilution of the corresponding
preimmune or hyperimmune sera for 1 h at 4°C. After washing the cells with PBS the viruses
were added and the assay was carried out as described above.

Effect of the OG extract on rotavirus infectivity. Confluent MA104 cell monolavers in
T-flasks were washed twice with PBS/0.5 mM EDTA and left to detach in this buffer for 30 min at
37°C. The cells were counted, pelleted at 85 x g for 5 min at 4°C, resuspended at a concentration
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of 2.2 t0 2.5 x 10’ cells/ml in MEM with 0.2% OG, and incubated with gentle shaking for 90 min
at room temperature. After this time the cells were pelleted and the concentration of extracted
proteins in the supernatant was determined by the method of Lowry (Bio-Rad); a typical

concentration was approximately 5 plg protein/10° cells. The inhibitory activity of this extract on

the infectivity of rotaviruses was measured by incubating dilutions of the extract in MEM with the
virus for 90 min at 37°C. As a control, the viruses were incubated with 0.2% OG in MEM. To test
for the specificity of inhibition, reovirus and poliovirus were assayed in the same manner as were
rotaviruses. The biochemical nature of the inhibitory factor present in the OG extract from

untreated cells was determined by boiling (95°C) for 15 min, by incubation of the extract (50 ug of

protein/ml) with 2 mg/ml of TPCK-treated trypsin (Sigma ) for 1 h at 37°C, or with 36 mU/mi of
neuraminidase for 2 h at 37°C.

Preparative gel electrophoresis. The proteins extracted from about 5 x 107 cells (in 2 mi of
0.2% OG) were adjusted with non-reducing Laemmii sample buffer to give the following final
concentrations: 62.5 mM Tris-HCI [pH 6.8], SDS 2%, glycerol 10%, and bromophenol blue
0.025%. These proteins were immediately loaded, without heating, in a single lane of a 3 mm-
thick, 14 cm-wide, preparative 11% SDS-polyacrylamide gel. The gel was run at 8 mA until the
bromophenol blue ran out of the gel. After electrophoresis, the gel was stained in 1% Coomassie
blue R-250 in water (22), and slices of about 3 mm-wide were cut and minced in PBS; the proteins
in the gel pieces were eluted into PBS by mild shaking for 48 h at room temperature. The eluted
proteins were split in several aliquots and precipitated with five volumes of acetone, washed twice

with 80% cold acetone, and dried for 1 min in a Savant evaporator. To analyze the precipitated
proteins, one protein aliquot was resuspended in reducing (5% B-mercaptoethanol) Laemmli

sample buffer, boiled for 3 min, and run in an 11% SDS-polyacrylamide gel. The ability of the
eluted proteins to block rotavirus infectivity was tested, as described above, using a second protein

aliquot resuspended in MEM with 1 mM [-mercaptoethanol. After the first round of gel

purification, the protein fractions with inhibitory activity were run in a second preparative 7%
pelyacrylamide gel and all the Coomassie biue-sizined bands were cut out again, eluted, and
assayed for inhibitory activity. After three rounds of preparative gel electrophoresis, 5 protein
bands, all of which blocked rotavirus infectivity, were isolated (see Fig. 8). In each case. after

cutting the bands, the proteins were eluted, acetone-precipitated, and resuspended in MEM with |
mM [-mercaptoethanol, as described above. Starting from the second preparative gel. the proteins

were recovered by electroelution: the gel slices were immersed in sample buffer (2% SDS. 19.2
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mM glycine, 2.5 mM Tris-base) and electroeluted in an ISCO chamber for 45 min (3 Watts) using
0.1% SDS, 192 mM glycine, 25 mM Tris base as a running buffer

Preparation of polyclonal antibodies. The proteins eluted from fractions 6 (~57 kDa) and
10 (~75 kDa) (see Fig. 5A), which were shown to have the maximal inhibitory activity for
rotavirus infection, were used to immunize rabbits, as described (22). Briefly, New Zealand white

rabbits (3 to 4 kg) were immunized subcutaneously with 500 pg of protein in Freund’s complete

adjuvant. Two booster injections were given subcutaneously at two week intervals with the same
amount of protein emulsified in Freund’s incomplete adjuvant. The rabbits were bled after the third
immunization. A sample of serum was obtained from each animal before immunization.

The ability of the sera to block rotavirus infectivity was assayed by incubating dilutions of
the sera with monolayers of MA104 cells in 96-well plates for 90 min at 37°C. The cells were
washed twice with PBS and then infected as described above. The preimmune sera were used as
negative controls. The hyperimmune sera were tested for their ability to recognize viruses RRV.
nar3 and Wa by an ELISA, as described in Menchaca et al. (37); at the lowest dilution tested
(1:100) no reactivity was found (not shown). These antisera did not inhibit the hemagglutination
of RRYV and nar3 (not shown).

Western immunoblot. The proteins present in the 0.2% OG extract were separated in an 1%
polyacrylamide gel and transferred to nitrocellulose. The transferred proteins were incubated with
the sera to the 57 and 75 kDa fractions, diluted 1:1000 in PBS. The bound antibodies were
developed by incubation with protein A-peroxidase, and 3-amino-9-ethyl-carbazole (Sigma) was
added as a substrate, as previously described in Arias et al. (1).

Immunofluorescence. MAI04 cells grown on glass coverslips to approximately 80%
confluence were fixed with 4% paraformaldehyde in PBS for 20 min at 37°C. After this time the
cells were washed twice with PBS, either permeabilized or not by incubation with PBS-0.5%
Triton X-100 for 5 min at room temperature, and then washed twice with PBS with gentle
swirling. The fixed cells were blocked with IM glycine for 1 h at 37°C, washed twice with PBS,
and then incubated with a 1:1000 (anti 57 kDa fraction) or 1:1500 (anti-75 kDa fraction) dilution of
the sera for 90 min at 37°C. The cells were washed four times with PBS and then incubated in the
dark for 1 h at 4°C with a goat anti-rabbit IgG coupled to fluorescein isothiocyanate (Dako. Co.).
diluted 1:100 in PBS. The cells were washed 4 times with PBS and mounted on glass slides on
10% glycerol in PBS. The slides were analyzed using a Bio-Rad MRC-600 microscope. The
preimmune sera were used as negative controls.
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RESULTS

Inhibitors of N-glycosylation and glycolipid synthesis block rotavirus infection.
To assess the biochemical nature of the cellular receptor for rotaviruses, MA104 cells were treated
prior to infection with specific inhibitors of glycosylation. Two inhibitors were used: tunicamycin.
which blocks an early step in the N-glycosylation pathway involving transfer between UDP-
GlcNAc and dolichol-1-phosphate (12), and BenzylGalNAc, which is a competitive inhibitor of
the transferase (N-acetyl-a-D-galactosaminyl transferase) involved in the first step of the
biosynthesis of most types of O-linked carbohydrates (5). In addition, we used the synthetic
analog of ceramide, PDMP, to inhibit the biosynthesis of the glycosphingolipid precursor
glucosylceramide (45). The cells pretreated with the inhibitors were then infected with either wt
RRYV, the neuraminidase-resistant RRV variant nar3, or with the HRV strain Wa.

Treatment of cells with 2 ug/ml tunicamycin for 24 h before infection inhibited the

infectivity of rotaviruses RRV and nar3 by about 50%, while pre-incubation of the cells for three
days with PDMP, the inhibitor of glycolipids synthesis, blocked the infectivity of the viruses by
about 80% (RRV and Wa) or 60% (nar3) (Table 1). On the other hand, the inhibition of O-
glycosylation by BenzylGalNAc had no effect on the infectivity of RRV, while it increased the
infectivity of nar3 and Wa by about 50%, indicating that in conditions where the cell surface O-
linked carbohydrates are decreased, these viruses infect the cell more efficiently. The total cell
content of N- and O-glycoproteins was reduced by at least 50% by the corresponding inhibitory
drug (not shown). The infectivity of reovirus and poliovirus, which were used as controls. was
not inhibited by any of these three drugs, with poliovirus actually showing a two-fold increase in
infectivity in the cells treated with tunicamycin (Table 1) as has been reported for other viruses like
HIV-2 and B-lymphotropic papovavirus (28, 43).

Under the conditions employed, the inhibitors did not have a significant effect on cell
protein synthesis, as judged by electrophoresis of *[S]-labeled proteins, nor in the viability of
cells, as judged by trypan blue exclusion {(not shown). To control for a possible non-specific. toxic
effect of the drugs on the replication of rotaviruses, in a separate experiment we added the
inhibitors immediately after the virus had been adsorbed for 45 min at 4°C. Under these conditions
the drugs did not affect rotavirus infectivity, with the exception of rotavirus Wa, whose infectivity
was decreased about 50% by tunicamycin; for this reason, this inhibition was considered to be
nonspecific. The effect of the inhibitors was reversible since the cells became fully susceptible to
rotavirus infection by about 20, and 24 h after removing tunicamycin and PDMP, respectively (not
shown). Altogether these results suggest that glycolipids and N-glycosylated, but not O-
glycosylated proteins, are important for rotavirus infection. To determine if the treatment of cells
with tunicamycin and PDMP inhibited the attachment of the virus to the cell surface or if the
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inhibition of infectivity occurred at a post-attachment step, we performed binding assays using
cells treated with the different drugs. We found that treatment of cells with tunicamycin did not
affect the binding of either of the three viruses tested, while treatment of cells with PDMP did not
affect the attachment of RRV and Wa, but decreased the binding of nar3 by 54% (Table 2). This
level of inhibition in the attachment of the virus to cells is very similar to the 60% inhibition in the
infectivity of nar3 caused by PDMP (Table 1), which suggests that most if not all of the blockage
in the infectivity of nar3 in PDMP-treated cells is due to an inhibition of the binding of this variant

to the cell surface.

Infection of octyl-B-glucoside-extracted cells. As a different approach to characterize the

rotavirus receptor, we used the nonionic detergent OG to extract the receptor from the cell
membrane under noncytolytic conditions, as has been described for other virus receptors (2. 10.
23, 36, 49, 55). MA104 cells were incubated with 0.2% OG for 90 min at room temperature:
under these conditions the cells maintained their viability and integrity, as judged by trypan blue
exclusion, and the low levels of lactate dehydrogenase activity, a cytosolic marker, detected in the
medium of the OG-treated cells (less than 5% of total enzyme activity). The cells extracted with the
detergent were found to be about 60% refractory to infection by the three viruses tested (Table 1).
As described above for the metabolic inhibitors, this effect was alse found to be reversible: if the
detergent was washed away after the treatment period, the cells fully regained their susceptibility
for infection at about 8 h post-treatment (Fig. 1A), which most probably accounts for the time of
synthesis, transport, and accumulation of the receptor in the cell membrane at the levels needed for
the virus to efficiently infect the cell. Of interest, the attachment of all three viruses to OG-extracted
cells was inhibited by 60 to 70% (Table 2), indicating that the reduced infectivity of the viruses in
OG-treated cells might be due to a decreased ability of the virus particles to bind to the cell surface.

The OG extract inhibits rotavirus infection. Since treatment of MA104 cells with OG
diminished both the ability of the viruses to attach to, and thus to infect cells, it is likely that the
detergent was extracting cell surface molecules involved in the initial interaction of rotaviruses with
the cell, possibly the rotavirus receptor (s). If this were the case, the molecule(s) present in the GG
extract could interact with the virus in solution, preventing the binding of the virus to the cell
membrane, and thus blocking its infectivity. We found that incubation of the OG extract with either
of the three rotavirus strains, indeed blocked their infectivity in a concentration-dependent manner

{Fig. 1B). At the maximum concentration tested, 400 pg/ml of protein, the infectivity of the

viruses was inhibited by about 95%, with a 50% inhibition achieved with about 40 pg/ml of

protein. In contrast, the infectivity of poliovirus and reovirus was not affected by the extract (Fig.

32




IB). These results strongly suggest a specific interaction of the viruses with the OG-solubilized

cell surface molecules. Pre-incubation of the viruses with a solution of 0.2% OG did not affect

their infectivity. The infectivity in the presence of OG was taken as the 100% value for each virus.
The inhibition of rotavirus infectivity caused by the OG extract seems to be due to a

blockage in cell attachment since pre-incubation of the viruses with 20 pg/ml of the OG-extracted

protein prevented the cell binding of RRV by 40%, of nar3 by 41%, and of Wa by 43% (Table 3).
These figures are in close resemblance to the degree of inhibition of infectivity achieved with this
concentration of extract (see Fig. 1B).

The inhibitory capacity of OG extracts obtained from BHK, CHO, and L cells, which are
about 1000-fold less susceptible to rotavirus infection than MA104 cells, was determined. As can
be seen in Fig. 2, the OG extracts from the three poorly permissive cells showed some inhibitory
activity, although in all cases this activity was less pronounced than that observed with the extract
from MA 104 celis.

Biochemical nature of the inhibitory component present in the MA104 OG cell
extract. To determine the biochemical nature of the inhibitory component present in the OG cell
extract, we tested the effect of heat inactivation, neuraminidase, and proteolytic treatment on the
inhibitory activity of the extract. We found that either boiling for 15 min or treatment with trypsin.
completely abolished the inhibitory activity, while treatment with neuraminidase had no effect on
the blocking capacity of the extract (Fig. 3). These results indicate that the inhibitory component of
the extract is a protein.

The profile of proteins extracted with OG is shown in Fig. 4A, lane 5. Treatment with
either tunicamycin or PDMP, or with neuraminidase modifies this profile (Fig. 4A. lanes 2-4).
reflecting the modification in the carbohydrate content of glycoproteins caused by tunicamycin and
neuraminidase. In the case of PDMP, this result suggests that the impaired synthesis of glycolipids
alters either the transport of proteins to the plasma membrane or their extractability from the cell
surface by OG. In this regard, it is of interest that the OG-extract from PDMP-treated cells failed to

block rotavirus infectivity {(not shown), suggesting that the inhibitory proteins could not be
extracted from these cells.

Cholesterol depletion of MA104 cells inhibits rotavirus infectivity. It has been
proposed that glycosphingolipids, cholesterol, and proteins can interact specifically in cell
membranes to form microdomains, termed rafts (46). Given the involvement of glycolipids and N-

glycosylated proteins on rotavirus infectivity, we tested if depletion of the cell cholesterol would

have any effect on virus infectivity. For this, we incubated the cells with 10 mM B-cyclodextrin for



1 h at 37°C, which has been shown to selectively extract cholesterol from the plasma membrane, in
preference of other membrane lipids (28). Under these conditions about two thirds (65%) of the

cell cholesterol was removed (see Material and Methods). The treatment of cells with -

cyclodextrin inhibited the infectivity of RRV, nar3, and Wa rotavirus strains by more than 90%.
while it had no effect on the infectivity of reovirus and poliovirus (Table 1). Noteworthy, the
binding of the three rotavirus strains was not affected (Table 2), indicating that the decrease in the
cholesterol content of the cell affects virus infectivity at a post-attachment step.

The protein profile of cells treated with B-cyclodextrin was not very different from that of

untreated cells (Fig. 4B, lanes 1 and 2), even though this antibiotic extracted a small amount of
protein from the cells (Fig. 4B, lane 3).
To demonstrate that the depletion of cholesterol was the cause for the reduction of virus

infectivity after the B-cyclodextrin-treatment, cells in 96-well plates were washed twice with MEM

and then, either MEM alone, MEM-7% FBS, or MEM-7% FBS containing 0.1 mM cholesterol
was added for different times. At the end of the incubation period the cells were washed twice and
infected with rotaviruses. At 8h post-treatment, the cells incubated in the presence of cholesterol
fully recovered their susceptibility to rotaviruses, while the cells incubated with MEM alone or
MEM-7% fetal calf serum were still about 80 and 50% refractory to rotavirus infection,
respectively (not shown).

Fractionation of the inhibitory components present in the OG extract from MA104
cells. To characterize the proteins that block rotavirus infection, we fractionated the OG extract
obtained from MAI104 cells by preparative SDS-polyacrylamide gel electrophoresis. After gel
electrophoresis slices of a single-lane gel were cut, the proteins were eluted in PBS, concentrated

by precipitation with acetone, and then the proteins were resuspended in PBS with 1| mM -

mercaptoethanol. This method has been successful for recovering proteins with enzymatic activity
(20, 48). The proteins obtained from the different fractions (Fig. 5B) were tested for their ability to
block rotavirus infection. Proteins eluted from two well defined regions of the gel, around 57 kDa
and 75 kDa, had the ability to cfficicntly inhibii ihe infecuvity of all three rotaviruses tested (Fig.
5A). The pattern of inhibition observed in Fig. 5A was found to be consistent in independent gel
fractionation experiments.

Antibodies to the OG extract protein fractions inhibit rotavirus infection. Protein
fractions 6 and 10 in Fig. 5A, which represent the peak of inhibitory activity, were used to
imrnunize rabbits. The hyperimmune sera obtained against these two fractions were found to block



the infectivity of all three strains of rotavirus when pre-incubated with the cells for 90 min at 37°C
prior to addition of the virus, while the preimmune sera had no effect (shown for the serum to the
75 kDa protein fraction in Fig. 6A). The inhibitory effect of the two antisera was not additive since
their mixture inhibited rotavirus infectivity by about 70% at a dilution of 1/100 (not shown). Of
interest, both sera blocked the infectivity of HRV Wa and that of the SA-independent variant nar3
in cells treated with neuraminidase (shown for the serum to the 75 kDa fraction in Fig. 6B).
suggesting that they contain antibodies to a SA-independent rotavirus receptor. In a binding
inhibition assay, the serum to the 75 kDa fraction did not inhibit the attachment of rotavirus RRV to
MA 104 cells, but inhibited 32% of the binding of nar3, and 72% of that of rotavirus Wa (Table 3).
The blocking specificity of these antisera was confirmed by the following assays: they did not
recognize any of the three viruses by ELISA and did not inhibit the hemagglutination activity of
RRYV and nar3. Furthermore, the sera were shown not to inhibit the infectivity of poliovirus nor
that of reovirus in a focus-forming unit reduction assay as described in Material and Methods for
rotavirus (not shown).

By Western blot the sera to the 75 kDa fraction recognized a protein of about 73 kDa. and
to a lesser extent a protein of about 57 kDa in the 0.2% OG cell extract (Fig. 6C, lane 3). Of
interest, the serum to the 57 kDa protein fraction also recognized proteins of 73 and 57 kDa.
although the latter protein was recognized more efficiently than the 73 kDa polypeptide by this
serum (Fig. 6C, lane 4). The preimmune sera did not recognize any of these proteins (Fig. 6C.
lanes 1 and 2).

The hyperimmune sera were shown to recognize proteins on the surface of the MA104
cells, as judged by their reactivity with non-permeabilized cells by flow cytometry (not shown) and
by indirect immunofluorescence (shown for the anti-75 kDa serum in Fig. 7). The pattern of
immunofluorescence (for both anti 57 and 75 kDa sera) was patchy over the surface of the cell. but
there was a higher concentration of the fluorescent signal on the intercellular junctions (Fig. 7A).
In permeabilized cells, a weak signal mainly associated with the nuclei was found (Fig. 7B). No
fluorescent signal was detected when the preimmune sera were used to stain either permeabilized or
non-permeabilized cells (Fig. 7C and 7D).

Furification of the cellular proteins which block rotavirus infectivity. The proteins
with rotavirus blocking activity were purified by SDS-PAGE from an OG extract obtained from
MA104 cells. After three rounds of purification by gel electrophoresis, using the inhibitory activity
of the proteins as marker, we were able to isolate 5 bands with molecular weights of approximately
110, 75, 57, 45, and 30 kDa (Fig. 8) which were able to inhibit the infectivity of all three rotavirus
strains tested. Although these proteins consistently inhibited rotavirus infectivity through the
rounds of purification carried out, the final amount of protein recovered was small. which
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prevented us from determining the precise specific inhibitory activity for each protein, and testing if
they were recognized by the hyperimmune sera. Table 4 shows the results of a blocking infectivity
assay with the purified proteins; in this blocking assay, the same amount of protein shown in the
gel of Fig. 8 was used. The relative inhibitory activity of each protein for all three viruses was
found to be 75 kDa >110 kDa > 45 kDa = 30 kDa > 57 kDa. Given the fractionation method
employed, it is quite possible that each of these bands may represent more than one protein

species.
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DISCUSSION

The entry of rotaviruses into MAI104 cells seems to be a multistep process involving
interactions of the virus surface protein VP4, and maybe VP7, with more than one cell surface site
present in either the same or different cellular structure(s) (11, 41).

In the present study we employed two approaches to characterize the biochemical nature of
the rotavirus receptor(s): In the first approach we used metabolic inhibitors of glycosylation and
synthesis of glycolipids to study their effect on the infectivity of three different rotavirus strains.
We found that the inhibitor of protein N-glycosylation, tunicamycin, diminished the infectivity of
rotaviruses RRV and nar3 despite their differential dependence on SA for infectivity, implying that
these viruses interact with N-linked glycoproteins at some point during cell entry. The fact that the
treatment of cells with this drug did not affect the binding of the viruses suggests that the blockage
occurs after the initial attachment of the virion to the cell surface. Tunicamycin has been
successfully employed to specifically analyze the role of N-glycans as receptors for several viruses
(7, 28, 43, 44).

Treatment of MA 104 cells with PDMP, an inhibitor of glycolipid biosynthesis, resulted in
the more pronounced inhibition of infectivity observed for all three rotavirus strains (Table 1).
Interaction of rotaviruses with gangliosides GM1 and GM3 has been reported (47, 52), and this
interaction has been shown to be SA-dependent. In this case, however, the inhibition caused by
PDMP seems not to be the result of a deficient attachment of the SA-dependent rotavirus RRV to
the cell surface since it was not significantly affected (Table 2). This observation suggests that
RRV does not interact, or at least not exclusively, with the SA present on PDMP-sensitive
gangliosides. On the other hand, the binding of the SA-independent variant nar3 was decreased in
PDMP-treated cells, suggesting that either glycosphingolipids, or more likely a protein whose
correct transport or conformation depends on their presence, might be used by nar3 to attach to the
cell . Of interest, the binding of the HRV strain Wa was not affected by PDMP, in agreement with
the suggestion that nar3 and Wa, despite of both having an infectivity resistant to neuraminidase
treatment of cells, bind to different cell surface sites (41). Finally, the fact that PDMP, but not
tunicamycin, affected the attachment of nar3 suggests that the inhibition caused by the N-
glycosylation inhibitor is not due to its reported ability to inhibit ganglioside biosynthesis (50. 58).

In addition to the invoivement of N-glycosylated proteins and glycolipids on rotavirus
entry, we found that cholesterol depletion inhibited the infectivity of rotaviruses by more than 90%
(Table 1). These findings are of interest with regard to the recent description of functional lipid
microdomains, or rafts, in the cell membrane (51). These rafts have been proposed to be composed
of cholesterol, glycosphingolipids (gangliosides among others), and a specific set of associated
proteins. The rafts are thought to function as specialized platforms for apical cell sorting of proteins
and signal transduction. For some proteins which have been shown to form part of these lipid
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microdomains (oxytocin receptor, placental alkaline phosphatase, gD1-decay accelerating factor),
the disassembly of the rafts by cholesterol depletion disrupts or modifies the receptor activity. even
though the receptor might be present in the same abundance on the cell membrane (21, 29). In this
regard, the finding that the attachment of RRV, nar3, and Wa to cholesterol depleted cells is not
affected, while their infectivity is severely impaired, is consistent with the possibility that the
rotavirus receptor(s) might be forming part of some of these lipid microdomains. It is tempting to
hypothesize that in cholesterol-depleted cells the receptor(s) retain their ability to bind rotavirus
particles, but in order to fully promote virus entry they must be organized in a lipid microdomain.
In addition, the fact that the OG extract from PDMP-treated cells failed to show inhibitory activity
suggests that PDMP treatment may have disrupted lipid rafts organization such than one or more of
the active proteins shown in Fig. 8 never became associated or localized within these membrane
microdomains and as result are not extracted with OG. Experiments are in course to test this
hypothesis.

The infectivity of the two nonenveloped viruses that were used as controls, poliovirus and
reovirus, was not inhibited by the described drugs showing that the effect observed on the
infectivity of rotaviruses was specific. The human poliovirus receptor is an integral membrane
protein with the conserved amino acids and domain structure characteristic of members of the
immunoglobulin superfamily (31, 38). The nature of the reovirus receptor is less well-defined:
most of the available evidence suggest that reovirus binds to multiple sialoglycoproteins rather to a
single homogeneous species on the cell surface (8, 18, 42).

In a second approach to characterize the rotavirus receptor, MA104 cells were incubated
with a solution of 0.2% OG. It has been shown that at low concentrations, like the one used in this
work, OG is able to extract proteins from the cell surface without impairing the viability of the cells
(see results, and refs. 23, 36). This nonionic detergent has been useful to obtain the receptors for
Semliki Forest virus, parvovirus, vesicular stomatitis virus, polyoma virus, SV40 virus, and
rabies virus from intact cell monolayers (2, 10, 23, 36, 49, 55). MA104 cells extracted with OG
lost their ability to bind rotaviruses by about the same extent (60%) they became refractory to
infection, suggesting that OG extracts from the cell surface the receptor molecules needed by all
three strains of rotavirus to attach and thus to infect the cell. In agreement with this finding is the
fact that the OG extract, when pre-incubated with these viruses, inhibited both their binding to and
infection of MA104 cells. This suggests that the putative OG solubilized cell receptors are able to
interact with the viruses in solution. The inhibitory activity of the OG extract was lost by treatment
with proteases and heat, but not by treatment with neuraminidase indicating that the active
component is a protein,

To test for a correlation between the susceptibility of the cell line and the ability of the OG
extract to inhibit rotavirus infection, we obtained OG extracts from BHK, CHO, and L cells which
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are about 1000-fold less susceptible to rotavirus infection than MA104 cells. The extracts from
these three cell lines inhibited the infectivity of rotaviruses to different degrees, but in general to a
lower extent than that achieved with the MA104 cell extract (Fig. 2). As suggested in this work and
by others (11, 41), these results might be explained if there were more than one cell surface
molecule implicated in rotavirus infection, which would make possible the absence of one of the
receptor molecules in the less susceptible cell lines, while other surface components, which could
be extracted with OG, and block rotavirus infectivity would still be present.

Two protein fractions with blocking activity for rotavirus infectivity were obtained by gel
fractionation of the MA104 cells’ OG extract. The hyperimmune sera prepared against these two
fractions were shown to react primarily with two polypeptides of 73 and 57 kDa. Although it is not
possible to be certain if the more immunogenic proteins are the active inhibitory components of the
extract, it seems at least that the inhibitory antibodies present in both hyperimmune sera recognize
the same cell surface molecule or different molecules in a protein complex since the blocking
efficiency of the individual sera was not an additive, and the cell surface recognition pattern
obtained with both antisera was strikingly similar.

Five individual protein bands with inhibitory activity for rotavirus infectivity were isolated
from the OG extract. These proteins need to be assayed to test the specificity of their inhibitory
activity and to investigate if they are somehow related to each other. However, the fact that all of
these proteins block the infectivity of RRV, nar3, and Wa rotaviruses, suggest that at least one of
them, or a complex formed by more than one, could be a common cellular receptor for rotaviruses.
The determination of the identity of these proteins should help to advance in the definition of the
cell surface molecules involved in the interactions that seem to occur between rotaviruses and the
cell surface during infection.

As a working hypothesis, we propose that the rotavirus receptor is likely to be a complex
of several cell components including gangliosides, N-linked glycoproteins, and probably other
proteins which might all associate in lipid rafts and need the lipid microdomain organization to
function efficiently in the binding and internalization of rotavirus particles. The protein components
of this proposed complex could include the integrin molecules that have been reported recently (11.
24).
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FIGURE LEGENDS

Fig. 1. (A) Recovery of the susceptibility of MA104 cells to rotavirus infection after extraction
with OG. Cell monolayers in 96-well plates were extracted with 0.2% OG, and allowed to recover
in MEM at 37°C. At the indicated times, the monolayers were washed with PBS and infected with
rotaviruses. (B) Inhibition of rotavirus infectivity by the OG extract from MAI04 cells. The
indicated concentrations of OG-extracted protein were incubated with the viruses for 90 min at
37°C. The virus-protein mixtures were used to infect MA 104 cell monolayers in 96-well plates. In
both (A) and (B), percent infectivity is referred to the infectivity of the viruses incubated in 0.2%
OG. Error bars represent 1 standard error of the mean of three or more experiments carried out
each in duplicate.

Fig. 2 Inhibition of rotavirus infectivity by OG extracts from cells poorly permissive to rotavirus
infection. OG-extracted proteins (20 pg/ml) from CHO, BHK or L cells, or from MA 104 cells (as

indicated) were incubated with the viruses for 90 min at 37°C. The virus-protein mixtures were
used to infect MA104 cell monolayers in 96-well plates. Percent infectivity is referred to the
infectivity of the viruses incubated in 0.2% OG. Error bars represent 1 standard error of the mean
of three experiments carried out each in duplicate.

Fig. 3. Biochemical nature of the inhibitory factor present in the OG extract. A 0.2% OG extract
was obtained from cells in suspension. Just prior to the incubation with the virus, the extract was
either boiled (95°C) for 15 min (heat), incubated with 2 mg of trypsin per ml of extract for | h at
37°C (trypsin), or incubated with 36 mU/ml of neuraminidase (NA). The untreated extract {no

treatment) was used as positive control. Viruses and extract (100 pg of protein extract per ml of

virus) were mixed and incubated for 90 min at 37°C, and then MA104 cells in 96-well plates were
infected with the virus-protein mixtures. The percent infectivity is referred to the infectivity of
viruses incubated with a solution of 0.2% OG in MEM (virus control). Error bars represent |
standard error of the mean of three or more experiments carried out each in duplicate.

Tig. 4. Analysis of the proteins extracted from MA104 cells. Cell monolayers were treated with
either neuraminidase, tunicamycin or PDMP, as described under Material and Methods. and the
cells were then extracted with 0.2% OG for 90 min at room temperature (A). The extracted proteins
were separated by electrophoresis under reducing conditions in an 11% SDS-polyacrylamide gel
and silver stained. OG-extracted proteins from MA104 cells treated with neuraminidase (lane 2).
tunicamycin (lane 3), PDMP (lane 4), or untreated cells (lane 5) are shown. Lane 1, molecular

weight markers. (B) Cells in suspension were extracted with 10 mM B-cyclodextrin for 1h at
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37°C, as described in Material and Methods. Proteins in untreated cells (lane 1), in extracted cells
(lane 2), and those present in the cyclodextrin extract (lane 3) were analyzed by gel electrophoresis
in a proportion 1:1:2.

Fig. 5. Inhibition of rotavirus infectivity by OG-extracted proteins fractionated by gel
electrophoresis. About 250 pg of proteins extracted with 0.2% OG from MAI104 cells were

separated by preparative SDS-polyacrylamide gel electrophoresis under nonreducing conditions.
After electrophoresis the gel was stained with Coomassie blue in water, gel slices were cut out. and
the proteins eluted. A) Inhibitory activity of the eluted proteins present in the fractions shown in
(B). Only the portion of the gel where inhibitory activity was found is shown; the remaining higher
and lower molecular weight protein fractions had no inhibitory activity.

Fig. 6. Inhibitory activity of hyperimmune sera to OG-extracted proteins. The OG protein fractions
6 and 10 shown in Fig. 5B, containing polypeptides of around 57 and 75 kDa, respectively, were
used to raise antibodies in rabbits. Serial dilutions of the preimmune (dashed lines) and
hyperimmune (continuous lines) sera to the 75 kDa protein fraction were incubated with untreated
(A) or neuraminidase-treated (B) MA104 cells for 90 min at 37°C before addition of the virus.
Similar inhibition results were obtained with the serum to the 57 kDa protein fraction (not shown).
Error bars represent 1 standard error of the mean of three or more experiments carried out in
duplicate. (C) Immunoblot analysis of the OG-extracted proteins. The proteins extracted from
MA104 cells with 0.2% OG were separated in an 11% SDS-polyacrylamide gel under reducing
conditions and transferred to nitrocellulose. The transferred proteins were incubated with a 1000-
fold dilution of the preimmune (lanes 1 and 2) or hyperimmune (lanes 3 and 4) sera to the 57 kDa
(lanes 2 and 4) or 75 kDa (lanes | and 3) protein fractions. The bound antibodies were developed
by incubation with protein A-peroxidase and a chromogenic substrate.

Fig. 7. Immunofluorescence of cells incubated with the serum to the 75 kDa OG protein fraction.
MAI104 cells were fixed with paraformaldehyde, and permeabilized (B and D) or not (A and C)
with Triton X-100. The cells were incubated with 2 dilution 1:1500 of the preimmune (C and D) or
hyperimmune (A and B) sera to the 75 kDa protein fraction for 90 min at 37°C followed by
staining with a goat anti-rabbit IgG coupled to fluorescein isothiocyanate.

Fig. 8. Isolated proteins with inhibitory activity for rotavirus infectivity. The protein bands that
were shown to block rotavirus infectivity after three rounds of purification by preparative gel
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electrophoresis (see Table 4) were analyzed in an 11% polyacrylamide gel_under reducing
conditions. The protein bands were detected by silver-staining.
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Table 1. Effect of metabolic inhibitors, cell membrane cholesterol depletion, and octyl-B-glucoside on the
infectivity of rotaviruses in MA 104 cells.

57

% infectivity (S.E.)” of the indicated virus strain

Inhibitor® RRV nar3 Wa Reovirus Poliovirus
No treatment 100 100 100 100 100
PDMP (25 pg/ml) 202 40(9.4) 23(3.3) 95 (3) [14 (0)
Tunicamycin (2 pg/ml) 56 (2.5) 48 (2.8) -t 31 ¢(5.5) 192 (15)
BenzylGalNAc (2 mM) 101 (0.5 150 4.8) 147 (7.2) 110 4.5) 108 (4.5)
Octyl-B-glucoside (0.2%) 41 (5.4) 41 (2.4) 39 (4.8) 89 () 199 (29)
B-cyclodextrin (1 mM) 9 (1.8) 6 (2.3) 5(1.8) 96 (0) 95 (3)

"MA 104 cell monolayers were incubated with the indicated concentration of inhibitor for 1 h (B-cyclodextron ),

24 h (tunicamycin), or 72 h (PDMP, and BenzylGalNAc) at 37°C, or for 90 min (octyl-B-glucoside) at room

temperature, before virus infection.
®S.E., one standard error of the mean of at least three independent experiments carried out in duplicate.
“The infectivity of Wa was inhibited by about 50 %, regardless if tunicamycin was added to the cells 24 h

before, or immediately after the virus adsorption; thus, this inhibition was considered as non-specific.




Table 2. Effect of metabolic inhibitors. cell membrine cholesterol depletion,
and octyl-B-glucoside on the binding of rotaviruses to MA 104 cells.

% binding (S.E.)’ of the indicated virus strain

Inhibitor® RRV nar3 Wa

No treatment 100 100 100
PDMP (25 pg/ml) 1019 46 (20) 104 (12.5)
Tunicamycin (2 pg/ml) 111 a4 101 (12.5) 94 21)
Octyl-B-glucoside (0.2%) 32 4.5) 40 (7.5) 33¢0.5)
B-cyclodextrin (1 mM) 112 (6.5) 109 (16) 116 (4.5

"MA 104 cell monolayers were incubated with the indicated concentration of
inhibitor for 1 h (B-cyclodextrin ), 24 h (tunicamycin), or 72 h (PDMP) at 37°C,
or for 90 min (octyl-B-glucoside) at room temperature, before the assay.

*S.E., one standard error of the mean of at least three independent experiments

carried out in duplicate.
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Tuble 3. Effect of the OG extract. and antibodies to 75 kDa OG protein fraction,
on the binding of rotaviruses to MA104 cells,

% binding (S.E.)* of the indicated virus strain

Inhibitor® RRV nar3 Wa

0.2 % OG (control) 100 100 100

OG extract (20 pg/ml) 60 (2.5) 59 @) 57(1.5)
No serum (control) 100 100 100
Polyclonal antibedies to

the 75 kDa OG fraction

-——Pretmmune serum 102 (10) 97 ®) 105 5.5
----Hyperimmune serum 92 (6.5) 68 (2.5) 28 (3.5)

Rotaviruses were incubated with the indicated concentration of OG extracted
proteins for 90 min at 37°C. The virus-OG extract mixture was then added to

MA 104 cells in suspension, and the assay performed as described in Material and
Methods. The blocking activity of the hyperimmune sera to the 75 kDa protein
fractions was assayed by pre-incubating the MA104 cells with a 1:5 dilution of

the preimmune or hyperimmune sera for 1 h at 4°C. After washing the cells, the
viruses were added, and the assay carried out as described in Material and Methods.
bS.E., one standard error of the mean of at least three independent experiments

carried out in duplicate.
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Table 4. Blocking of rotavirus infectivity by purified OG-extracted proteins
from MA104 cells

% infectivity of the indicated virus”

Protein Protein relative
(kDa) amount” RRV nar3 Wa
110 2 50 51 38
75 1 41 17 29
57 5 62 50 68
45 10 55 23 31
30 15 44 25 23

*The amount of each protein incubated with the rotavirus strains is the
same as that shown in the gel of Fig. 8. The 75 kDa band was the less
abundant, and was considered as 1 (about 10 ng) in relative terms. The
concentration of this protein during the infectivity assay was about

100 ng/ml.

*The infectivity blocking assay was carried out only once due to the scarce

material available.
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Abstract
Rotavirus strains differ in their need for sialic acid (SA) to initially bind to the cell surface.
however, the existence of a post-attachment cell receptor, common to most, if not all rotavirus

strains, has been proposed. Here, we show that antibodies to av and B3 integrin subunits, and the

avfi3 ligand, vitronectin, efficiently blocked the infectivity of the SA-dependent rhesus rotavirus
RRYV, its SA-independent variant nar3, and of the naturally neuraminidase-resistant human

rotavirus strain Wa. Vitronectin and anti-B3 antibodies, however, did not block the binding of the

viruses to the cell surface, indicating that rotaviruses interact with avp3 at a post-binding step.

probably penetration. This interaction was shown to be independent of the tripeptide motif
arginine-glycine-aspartic acid present in the natural ligands of this integrin. Transfection of CHO

cells with otvP3 genes significantly increased their permissivity to all three rotavirus strains, and
the increment of virus infectivity was reverted by incubation of the cells with either antibodies to
B3 or vitronectin. These findings implicate vB3 integrin as a common cellular receptor for both

SA-dependent and -independent rotaviruses, and suggest that this integrin could determine, at least
in part, the susceptibility of cells to be infected by rotaviruses.
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Introduction

Rotaviruses, the leading cause of severe dehydrating diarrhea in infants and young children
worldwide, are non-enveloped viruses that posses a genome of 11 segments of dsRNA contained
in a triple-layered protein capsid. The outermost layer is composed of two proteins, VP4 and VP7.
VP4 forms spikes that extend from the surface of the virus, and has been associated to a variety of
functions, including the initial attachment of the virus to the cell membrane, and the penetration of
the virion into the cell (1).

Rotaviruses have a very specific cell tropism, infecting only enterocytes on the tip of
intestinal villi (2), what suggests that specific host receptors must exist. In vitro, they also display
a strict tropism, binding to a variety of cell lines, but infecting efficiently only those of renal or
intestinal epithelium origin (3). Despite the advances in the molecular and structural biology of the
virus, little is known about the rotavirus cell receptors. It has been known for sometime that some
animal rotavirus strains attach to sialic acid (SA) on the cell surface, and this interaction has been
shown to be required for the efficient infection of the virus to susceptible cells both in vitro and in
vivo (4). However, the binding of animal rotaviruses to a SA-containing cell receptor has been
shown to be non essential, since variants whose infectivity is no longer dependent on the binding
to these acid sugars have been isolated (5). The secondary importance of SA as the attachment site
for rotaviruses is also reflected by the fact that the infectivity of most, if not all, human rotavirus
(HRV) strains, is not affected by neuraminidase (NA)-treatment of cells (6-8).

Integrins are a family of o/f heterodimers of cell adhesion receptors that mediate cell-

extracellular matrix and cell-cell interactions, and are known to function as signaling receptors for a
variety of cellular effects including spreading, migration, proliferation, differentiation and survival
(9-11). These cell molecules are turning out to be commonly used as receptors for many different
viruses, including echoviruses 1, 8, 9, and 22 (12-15), coxsackievirus A9 (16), foot-and-mouth
disease virus (17, 18), papillomavirus (19), adenovirus (20), adeno-associated virus type 2 (21).

and hantaviruses (22), with integrin avf3 being, so far, the most frequently employed as virus

receptor (14, 16, 17, 20, 22).
Recently, it was found that rotavirus surface proteins contain sequence binding motifs for

integrins o231, 4P 1, and 0x32, and antibodies to these integrins, and peptides containing these
sequence motifs, were shown to block the infectivity of the simian rotavirus strain SA11, and the
HRYV strain RV5 (23). In addition, it was shown that integrins 2B 1 and 481 can mediate the

attachment and entry of rotavirus SA11 into the human myelogenous leukemic cell line K562 (24).
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We recently found that the nonionic detergent octyl-B-glucoside (OG) is able to extract

proteins from MAI104 cells, under noncytolitic conditions, which inhibit the infectivity of
rotaviruses when preincubated with the virus before cell infection, and we purified from such an
extract several polypeptides that retained the ability to block virus infectivity (25). In this work we
identify one of these proteins as the B3 integrin subunit, and we show that integrin atvB3 interacts

with SA-dependent and -independent strains at a post-attachment step, and is able to promote
rotavirus infection of the poorly permissive CHO cells.



Materials and Methods
Cells and Viruses. MAI104 cells were cultured in Eagle’s minimal essential medium (MEM)
supplemented with 10% fetal calf serum (FCS). CHO cells were grown in Dulbecco’s modified

MEM (DMEM), 10% FCS. CHO cells transfected with integrins oIIbf3 (CHO-AS), and ovf3

(CHO-VNRC) (26), were grown in DMEM, 10% FCS, in the presence of 400 ug/mi of G418

(GIBCO). Rotavirus strains RRV, Wa, and nar3 (5, 8) were propagated in MA104 cells (8).
Reovirus serotype 1 was obtained from C. Ramos, Instituto Nacional de Salud Publica.
Cuernavaca, Mor., Mexico, and was grown in 1.929 cells as previously described (27). Poliovirus
type 3 was obtained from R.M. del Angel, CINVESTAV, Mexico D.F. and grown in MA[(4
cells. Rabbit polyclonal antibody against reovirus type 1 was kindly provided by P. Lee.
University of Calgary, Alberta, Canada.

Ligands, Peptides, and Antibodies. Laminin, glycophorin A, chondroitin sulphate A,
bovine serum albumin (BSA), and collagen type I were obtained from Sigma Chemical Co.
Fibronectin was from GIBCO, and vitronectin was either purchased from Sigma or purified from

human plasma, as described (28). All proteins were used at 10 pg/ml, unless otherwise indicated.
Peptides GRGDSP, and GRGESP (thereafter called RGD and RGE, respectively) were obtained
from GIBCO, and used at 400ug/mi. Polyclonal goat IgG antibodies directed to an epitope located

at the amino terminus of integrin subunits a2, a3, o4, av, ox, ollb, B2, and B3, and MAb 4B7R
to subunit f1, were obtained from Santa Cruz Biotechnology, and used at 20 pg/ml. MAbs to
integrins al (FB12), a2 (P1E6) o3 (PIBS), o4 (P1H4), o5 (P1D6), a6 (NKI1-GoH3), av
(P3G8), allb (CA3), avB3 (LM609), Bl (P4G11), B2 (P4H9), B3 (25EI1l), B4 (ASC-9).
purchased from Chemicon, were used at 10 pug/ml. MADbs to integrins a2 (P1E6, 3.2 pg/ml), B2
(MHM?23, 41 pg/ml), and a4 (P4G9, 8.1 pg/ml), were from DAKO, and used at the
concentrations indicated. MAb BS-IVF2 1o 5 {Upstatc Biotechnology) was used at 10 pg/mi.

MAD 26 to B3 (Transduction Laboratories) was used at 5 pg/ml.

Infectivity Assay. MA104 or CHO cells in 96-well plates were washed twice with MEM., and
then about 1000 focus-forming units (ffu’'s) of rotaviruses RRV, nar3, or Wa. or of control
viruses, reovirus and poliovirus, were adsorbed to the cells for 45 min at 4°C (for 1h at 37°C in the
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case of CHO cells). After the adsorption period, the virus inoculum was removed, the cells were
washed twice with MEM, and the infection was left to proceed for 14 h at 37°C. The infected cells
were fixed and detected by an immunoperoxidase focus detection assay, as described previously
(29). The ffu’s were counted with the help of a Visiolab 1000 station (Biocom, France) (25).

Blocking Assays. To evaluate the blocking activity of integrin ligands and antibodies, and of
RGD and RGE peptides, MA104 or CHO cells were washed twice with MEM, and were then
incubated with the indicated concentrations of the reagents in MEM, for 60 min (90 min for

antibodies) at 37°C. For all incubations with vitronectin, MEM containing 400 uM Mn** instead of

Ca’ was used (30). For all other procedures, including washings, regular MEM with Ca™ was
used. After the incubation step, the reagents were removed and the cells were infected as described

above. To evaluate if antibodies to B3 and vitronectin were able to inhibit rotavirus infectivity if

added after the virus had been adsorbed, MA104 cells in 96-well plates were washed twice with
MEM, chilled on ice for 5 min, and the virus adsorbed at 4°C for 60 min. The cells were then

washed twice with ice-cold MEM, and either vitronectin (1.5 pg/ml) or anti-B3 antibodies (Santa

Cruz Technology, 20 ug/ml) were added, and incubated for 1h at 4°C. The cells were washed once
with MEM, and the infection was left to proceed for 14 h at 37°C before immunostaining for the
virus. As control for these experiments, vitronectin or anti-f3 antibodies were added for 1 h at 4°C

before addition of the viruses for 1 h at 4°C, or were added to the cells after the virus had been
adsorbed for 1h at 37°C.

Binding Assay. The binding assay was carried out as described by Zdrate et al. (31). Briefly, a

suspension of 5 X 10° cells, preincubated with either 20 ftg/ml of a goat polyclonal antibody to the
B3 integrin subunit (Santa Cruz Technologies), or with 1.5 pg/ml of vitronectin for 1 h at 4°C.

were mixed with 300 ng of purified virus in MEM-1% BSA in a final volume of 200 pl. and

incubated for | h at 4°C with gentle mixing. The cell-virus complexes were washed three times
with ice cold PBS containing 0.5% BSA. In the last wash, the cells were transferred to a fresh

tube, and then treated with 50 pl of lysis buffer (50 mM Tris [pH 7.5], 150 mM NaCl. 0.1%

Triton X-100). The virus present in the lysates was quantified by an enzyme-linked immunoassay
(31). In all binding assays, a binding control with no cells was performed.
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Results
Antibodies to ov33 integrin inhibit rotavirus infectivity. Several protein bands with the
ability to block rotavirus infection were isolated from MA104 cells by extraction with the nonionic
detergent octyl-B-glucoside (25). Tryptic peptides from one of these proteins, of apparent
molecular weight of 110 kDa, were sequenced; one of them was found to be identical to amino

acids 266 to 279 of the human B3 integrin subunit, while two other peptides were derived from

filamin and spectrin proteins. Given this finding, we tested antibodies to B3 for their ability to

block the infectivity of the SA-dependent simian rotavirus RRV, its NA-resistant variant nar3. and
the naturally NA-resistant HRV strain Wa. A monoclonal antibody (Mab 26) to this integrin
inhibited the infectivity of all three rotavirus strains by 40 to 45%, depending on virus strain (Fig.

1A). Since B3 is known to associate with integrin subunits otv and ollb (9), we tested the blocking
activity of antibodies to these integrin subunits; a polyclonal antibody to av, or a MAb (LM609)
that recognizes both otv and (3 subunits, inhibited the infectivity of rotaviruses (Fig. 1B), while a
MAD to subunit aIlb had no effect (not shown).

Since integrins a2f1, a4B1, and oxP2 have been suggested to play a role during rotavirus
infection (25), we compared the blocking activity of antibodies directed to each subunit of these
integrins with the activity of antibodies to av and B3 (Fig. 1B). Antibodies to a2, a4, and 2
were able to inhibit the infectivity of all three rotavirus strains by 22 to 44%, depending on the

antibody, and the virus strain tested, while MAbs to ¢x and $§1 had low, or no inhibitory capacity.
depending on the virus strain. On the other hand, antibodies to either orv or B3 inhibited all strains
by 44 to 50%, with exception of nar3, whose infectivity was reduced by 27% by the v antibody.
We also tested antibodies to integrin subunits a1, a3, a5, a6, B4, and BS; none of them,

including those to allb, blocked the infectivity of any of the three viruses by more than 9% (rnot

shown).
The block in infectivity by MAbs to o2 and 3 integrins is additive. When antibodies

directed to each subunit of a given integrin heterodimer were mixed, no additive inhibition of
infectivity was observed (not shown). However, when combination of antibodies directed to
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different integrins were tested, antibodies to 021 and avP3 had a clear additive blocking effect

(Student’s ¢ test, p< 0.001), suggesting that these integrins are involved in different stages of
rotavirus infection. None of the other integrin antibody combinations blocked the infectivity of the

viruses additively (Fig. 2).

Inhibition of rotavirus infectivity by integrin ligands. The incubation of cells with

various integrin ligands showed that vitronectin, which is known to interact with avf33, blocked

rotavirus infectivity by about 60-70 % at 0.5 ug/ml (Fig. 3); fibronectin, which is also an avp3
ligand, inhibited infectivity by 30 to 50% when used at 20 times that concentration; and collagen
type I, which binds to 21, blocked virus infectivity by about 20% at 10 pg/ml. Other integrin

ligands and glycoproteins, such as laminin, chondroitin sulphate, glycophorin A, and BSA had no
effect on rotavirus infectivity when incubated with the cell before virus infection (not shown).

Rotaviruses interact with a region of avf}3 different from its RGD-binding site.

Typically, avf3 integrin recognizes its ligands through the tripeptide RGD (9), however, neither

VP4 nor VP7 proteins, of any of the rotavirus strains tested have this consensus sequence. To
evaluate if rotaviruses were interacting with this integrin by an RGD sequence that could be
conformed in the tridimensional structure of the viral proteins rather than being continuous, or

through a region in the avP3 integrin, different from the RGD-binding site, we evaluated the

ability of an RGD peptide to block the viral infectivity. Incubation of the cells with this peptide
inhibited by about 20% the infectivity of all three rotavirus strains, as compared to the 70%
inhibition caused by vitronectin (Fig. 4). Pre-incubation of the cells with RGD before addition of
vitronectin relieved the blocking capacity of this protein, indicating that RGD efficiently blocked

the attachment of vitronectin to ov@3. A control peptide, RGE, neither blocked rotavirus
infectivity, nor relieved the blocking effect of vitronectin. These results indicate that rotaviruses

Liwd ¢, I+ B TS TN
Uiia o Ovpo i

ugh a 1cgion different from the RGD-binding site, and suggest that vitronectin
might be blocking rotavirus infectivity through steric hindrance. The fact that the RGD peptide was
able to block at low levels the infectivity of rotavirus suggests that the virus binds to avB3 through

a site close to the RGD-recognition domain.
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Rotaviruses interact with avB3 at a post-attachment step. To find out if the interaction
of rotaviruses with civ3 was at the level of attachment or at a post-attachment step, we carried out
rotavirus binding inhibition experiments with vitronectin and antibodies to §3. Vitronectin was
found not to inhibit the binding of any of the rotavirus strains tested, while antibodies to the (33

subunit blocked the binding of the viruses only slightly (Fig. SA). These results suggest that ov(33
is not used by rotaviruses for their initial attachment to the cell surface. In agreement with this
observation is the fact that if vitronectin or the anti-B3 antibody are added to the cells after the

viruses had been adsorbed at 4°C, they still inhibit their infectivity (Fig. SB). Of interest, the effect
of the antibody, when added after adsorption of the virus, was more pronounced than when added
before the virus. On the other hand, if the virus was adsorbed for 60 min at 37°C (temperature that

allows the internalization of the virus into the cell), before vitronectin or the anti-B3 antibody are

added, no inhibitory effect was observed (not shown).

Recombinant (3 integrin promotes rotavirus infection of CHO cells. To test if

expression of B3 integrin could facilitate the infectivity of rotaviruses into the poorly permissive
CHO cells, we tested the infectivity of all three rotavirus strains in CHO cells and in the stably
transfected CHO variant cells VNRC and AS5, which express the ovB3 and allbB3 integrins.

respectively (26). We found that both P3-expressing cells were three to four times more
susceptible to rotavirus infection than the parenta] CHO cells, and this increase in infectivity was
shown to be blocked by incubation with either an antibody to B3, or vitronectin (shown in Fig. 6
for VNRC cells), indicating that the augmented infectivity observed in these cells is due to the

expression of B3 integrin.
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Discussion
To understand the early events of rotavirus infection we have undertaken the comparative
characterization of three rotavirus strains: the SA-dependent simian rotavirus RRV, its NA-resistant
variant nar3, and the HRV strain Wa, which is naturally resistant to NA-treatment of cells.
Through competition infection assays with these three viruses we have described the existence of at
least three cell surface sites involved in the interaction of rotaviruses with MA104 cells during the

early steps of infection (8). In this work we have identified integrin avf3 as a post-binding
receptor for rotavirus in these cells.
The binding of rotaviruses to avp3 was shown to be RGD-independent, consistent with

the fact that neither of the surface proteins, VP4 and VP7, nor the protein that forms the
intermediate layer of the virus, VP6, have an RGD sequence motif. It remains to be determined
which of the viral proteins is responsible for interacting with this integrin. The cellular entry of

hantaviruses has also been shown to be mediated by B3 integrins (22), and similar to rotaviruses.
their entry was not blocked by RGD peptides, and was still mediated by aIIbp3-integrin mutants
defective in ligand binding, indicating that their interaction with B3 is independent of the integrin

binding to physiologic ligands. The binding of avP3 to sequences other than RGD is not without

precedent, since such an interaction has been reported for other proteins, including matrix
metalloproteinase 2, basic fibroblast growth factor, and ADAM 23/MDC3 human disintegrin (32).
We have reported that rotavirus nar3 binds to MA104 cells through the VPS5 domain of VP4

(31), and more recently we have found that this attachment is mediated by integrin 0281 (Zirate et
al., manuscript in preparation). We have also found that RRV interacts with this integrin after
initially binding to a SA-containing compound, through the VP8 domain of VP4. The role of a2 1

in the infection of rotavirus Wa is still not clear, but it seems to be used by the virus in a second
interaction after attaching to a so far unknown receptor (Zdrate et al., unpublished observations).

The fact that antibodies to a2B1 and avB3 blocked rotavirus infection in an additive manner

suggesis ilial these integrins play a roie at different stages of virus entry, and this observation is

consistent with the idea that regardless of the cell molecule recognized in the first instance by these
three rotavirus strains, they all engage in a post-attachment interaction with integrin avB3. In this

context, it is of interest that rotaviruses bind to essentially every cell line that has been tested.
however, they only infect efficiently cells of intestinal or renal origin (3). Thus, the interaction with

avP3 could be responsible, at least in part, of the restricted cell range of these viruses.
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By flow cytometry, integrin avf3 has been found in MA104, COS7, and Caco-2 cells (not

shown, and ref 33), which are all susceptible to rotavirus infection. On the other hand, this integrin
was not detected, or was barely detected, in CHO, BHK, and K562 cells (not shown, and ref 34),
which are about 100- to 1000-fold less susceptible to infection by these viruses. Thus, there seems
to be a correlation between the susceptibility to rotavirus infection and the presence of integrin

avB3; however, analysis of a larger panel of permissive and semi-permissive cells is needed to

confirm this observation.
Rotavirus infection was initially reported to be mediated by integrins by Coulson’s group
(23, 24). They showed that the binding of rotavirus SA11 to the human myelogenous leukemic ceil

line K562 was increased by expressing integrins a2f1 and ¢4f! via transfection (24), and this

increased binding was shown to lead to an augmentation in the productive infection of the
transfected cell lines. It was also shown that treatment of K562 cells with the phorbol ester phorbol
12-myristate 13-acetate (PMA) significantly increased the infection of cells, without increasing the

level of virus binding, and it was concluded that the induction of the endogenous a2f1 gene
expression was the most likely basis for the augmented infectivity. It is known, however, that in
addition to the induction of 021, PMA also induces high expression levels of integrin avB3 in

K562 cells (34). The fact that Hewish et al. did not detect an enhancement in the binding of SA Ll
virus to PMA-treated cells, suggests that the increase in infectivity observed was the result of a
post-binding interaction. Thus, it is likely that at least a fraction of the increased infectivity
. observed in PMA-treated K562 cells could had been contributed by the induced expression of

avf3. Since CHO cells do not to express a2f1 on their surface (unpublished observation), the

enhancement of rotavirus infectivity observed in the B3—expressing cells VNRC and AS is likely to
be due only to the enhanced expression of this integrin.
Integrin subunit B3, as well as integrin o2 1, have been reported to be present in murine

and human enterocytes, mostly associated to the basolateral surface of cells (35-37). Thus, if these
integrins are involved in facilitating rotavirus cell entry in a natural infcction, they migiit be initaily
available for virus interaction in limited amounts, unless the regions of cell-cell contact are
disrupted to expose their basolateral surface. In this regard, it is of interest a recent report where
rotaviruses were shown to induce structural and functional alterations in tight junctions of polarized
intestinal Caco-2 cell monolayers (38). In this context, it is also of interest that the enteroviruses

coxsackievirus A9 and echovirus 9 can employ integrin avp3 as cellular receptor (14, 16), and that
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adenovirus-mediated gene delivery to the intestinal epithelium is dependent, or significantly
increased, by the presence of avf3, among other integrins (33, 36).

The requirement for several cell molecules, which may be needed to be present and
organized in a defined manner, might explain the exquisite cell and tissue tropism of these viruses.

This idea is consistent with the fact that although expression of integrins otvPB3 in CHO cells (this

work) or a2P1 in K562 cells (24) enhances the susceptibility of these cells to rotavirus infection,

the level of permissivity achieved does not really approach that of MA104 cells, suggesting that
other cellular molecules important for rotavirus entry are missing. It remains to be established
which, if any, of the receptor molecules described so far is indeed non replaceable, and if in fact
there exists a unique pathway of infectivity for rotaviruses, with distinct entry points for different
strains.
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Figure Legends
Fig. 1. Rotavirus infectivity is inhibited by antibodies to avB3 integrin. Antibodies to 83 integrin

(A) or to different integrin subunits (B} were added to monolayers of MA104 cells for 90 min at
37°C. After incubation with antibody, the cells were washed twice with MEM, and then RRV.
nar3, or Wa viruses were adsorbed for 45 min at 4°C, the viral inoculum was removed ,and the
infection was left to proceed for 14 h at 37°C. At this time, the cells were fixed and
immunostained, as described under Materials and Methods. Data are expressed as percentage of the
virus infectivity obtained when the cells were preincubated with MEM as control. The bars
represent the standard error of at least three independent experiments performed in duplicate. In
(B), the dotted lines at 80% and 100% infectivity are shown for reference. The antibody used in

panel A was MAb26. The antibodies used in panel B were: polyclonal goat antibodies to od, ox.
av, and B3 (20 pg/ml); MAb 4B7R to Bl (20 pg/mi); MAb LM609 to avB3 (10 yg/ml); and

MAbs P1E6 (3.2 pg/ml) and MHM23 (41 pg/ml) to o2 and B2, respectively.

Fig. 2. Antibodies to ovf3 and o2f1 integrins inhibit rotavirus infectivity additively.

Combinations of antibodies directed to different integrins were tested for their ability to block the
infectivity of rotaviruses, as described in the legend for Fig. 1. Data are expressed as percentage of
the virus infectivity obtained when the cells were preincubated with MEM as control. The bars
represent the standard error of at least three independent experiments performed in duplicate. The
dotted lines at 80% and 100% infectivity are shown for reference. The antibodies used were the
same described in the legend for Fig. 1, except for MAb LM609, which was not employed.

Fig. 3. Inhibition of rotavirus infectivity by integrin ligands. MA104 cells were incubated with
either vitronectin (0.5 wg/ml), fibronectin (10 yg/ml) or collagen type 1 (10 pg/ml) for 60 min at

37°C, washed, and infected with rotaviruses as described in the legend for Fig. 1. Data are
expressed as percentage of the virus infectivity obtained when the cells were preincubated with

MEM as control. The bars represent the standard crror of at least three independent experiments

performed in duplicate.

Fig. 4. Rotaviruses attach to a site in ov33 different from the integrin RGD-recognition domain.
MA 104 cells were incubated with either MEM, or peptides GRGDSP (RGD) or GRGESP (RGE)
(400 pg/ml) for 60 min at 37°C. The cells were washed, and then vitronectin (Vn, 1.5 pg/ml) was
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subsequently added to control (MEM) or peptide-incubated cells for 60 min at 37°C. After this
time, the cells were washed and infected with rotaviruses as described in the legend for Fig. 1.
Data are expressed as percentage of the virus infectivity obtained when the cells were preincubated
with MEM as control. The bars represent the standard error of at least two independent
experiments performed in duplicate.

Fig. 5. Rotaviruses interact with atv[33 at a post-attachment step. (A) MA104 cells in suspension
were incubated with a goat polyclonal antibody (20 pg/ml) to B3 integrin, or with vitronectin (Vn,

1.5 pg/ml) for 1 h at 4°C, the cells were washed once with PBS, and subsequently mixed with

purified RRV, nar3, or Wa rotaviruses for 1 h at 4°C. After washing, the cells were lysed, and the
attached viruses were quantitated by an enzyme-linked assay (31). (B) MA104 cells in 96-well

plates were incubated with rotaviruses for 1h at 4°C, and then either B3 antibodies or vitronectin (at

the same concentrations used in panel A), were added for 1h at 4°C (1st virus/2nd Ab or Vn). In
the control experiment (1st Ab or Vn /2nd virus), vitronectin and antibodies were added before the
viruses, using the same incubation conditions. The cells were then further incubated for 14h at
37°C, and immunostained for the virus as described under Material and Methods. Data are
expressed as percentage of the virus binding, or infectivity, when the cells were preincubated with
MEM as control. The bars represent the standard error of at least two independent experiments
performed in duplicate.

Fig. 6. Recombinant B3 integrin promotes CHO cell infection. Parental CHO cells (CHO) or CHO

cells stably transfected with the av and B3 integrin subunit genes (VNRC) (26) in 96-well plates
were infected with rotaviruses, as described under Material and Methods. VNRC cells were also

infected after they had been preincubated with either vitronectin (1.5 pg/mly (VNRC+Vn) or 3

goat polyclonal antibodies (20 pg/ml) (VNRC+ B3 Ab). Data are expressed as percentage of the
virus infectivity obtained when the cells were preincubated with MEM as control. The bais
represent the standard error of at least four independent experiments performed in duplicate. The
same increase in infectivity observed for VNRC cells, as compared to parental CHO cells, was also

observed in CHO cells transfected with the oIb and B3 integrin subunit genes (CHO-AS cells. not

shown).
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MATERIALES Y METODOS
(No reportados en los articulos)

Materiales y métodos para determinar que la proteina hsc70 puede ser uno de los
receptores para rotavirus.

Anticuerpos. En la técnica de Western blot se usaron los siguientes Acs: Anticucrpos
policlonales especifico para hsc70 que reconoce 12 amino icidos (SPA-816, Stressgen) diluido
1:1000 en PBS; y Acs policlonales especifico para hsp70 (SPA-812, stressgen), diluido 1:5000.
Los siguientes Acs se utilizaron para bloquear la infeccién de rotavirus: Acs especificos contra
hsc70: el Ac monocional MA3-014 (Affinity), se diluyd 1:100. Los Acs monoclonales especificos

para hsp70: el Ac SPA-810 (Stressgen) se usé a una concentracién de [0 pg/ml y MA3-(X)9

(Affinity) se uso en dilucién 1:100. Acs monoclonales que reconocen hsc/hsp70 : MA3-001. MA3-
006, MA3-007, MA3-008, (Affinity) se diluyeron 1:100, SPA-822, SPA-820 (Stressgen) y ol

w27 (Neomarkers) se usaron a una concentracién de 10 pg/ml. Igualmente se utilizé un Ac

policlonal de conejo inmunizado con la proteina recombinante hsc70 humana. expresada en

bacteria; este Ac se purificéd con sulfato de amonio (35) y se utilizdé a una concentracion de 80

pug/ml, También se usdé el Ac m especifico contra hsp 90, SPA-830 (Stressgen) a una

concentracion de 10 ug/ml.
Los Acs utilizados como control en el bloqueo de la infeccién fueron los siguientes: Ac monoclonal
contra Vimentina V9 (Zymed), Ac m contra ¢-tubulina Z022 (Zymed), Ac m contra o-actinina

MAB1682 (Chemicon), Ac m contra filamina MAB 1678 (Chemicon) diluidos [:100. Los Acs

policlonales contra el extremno aminoterminal de caveolin-1 (SC-894) y caveolin-2 Sc-1858 (Sunta
Cruz) se usaron a una concentracién de 10 pg/ml.

Proteinas. Para determinar si el virus se une a la proteina hsc70 soluble y si esta interaccion
bloquea la infectividad viral, se pre-incubaron diferentes concentraciones de proteina hsc70 o de
proteinas control, con rotavirus y este complejo se afiadio a la célula. Las proteinas hsc70 (SPP-

0. Strscsgen) de origen bovino, G-aciuina (Sigma), espectrina (Sigma). hsp70 (Sigma) v

albiimina (Sigma) se usaron desde 0.83 hasta 830 ng/ml; la hs¢70 humana de origen recombinanie.
producida en bacteria, se us6 desde 12.5 hasta 200 ng/ml.
Bloqueos de la infectividad con anticuerpos. Para estudiar la inhibicion de la infeccion

con los Acs antes mencionados. se procedid de dos maneras: 1) Los Acs se incubaron con céltulas

MA104 en placas de 96 pozos durante 90 minutos a 37°C. Las placas se pre-enfriaron sobre hiclo




durante 5 minutos, se elimind el Ac y se infectaron con aproximadamente 1000 unidades
formadoras de focos (uff) con los rotavirus RRV, nar3 o Wa por adsorcién durante 45 minutos a

4°C, Los Acs del mismo isotipo se utilizaron como controles negativos. Posteriormente. las placas
se lavaron dos veces con MEM sin suero, se afiadieron MEM y las placas se incubaron durante 14
horas a 37°C. La infeccién se detecté por la técnica de inmunoperoxidasa. como focos de

infeccion. Para los ensayos de bloqueo de la infeccidn, en células MAIO4 y células CaCo.
utilizando Acs policlonales contra hsc70 humana recombinante, se procedié de la misma manera y
como control se usé el Ac preinmune.

2). Para analizar si los Acs bloquean la infectividad de los rotavirus después que el virus se¢ ha

unido a la célula, todo el procedimiento se hizo a 4°C y se procedié de la siguiente manera: lus

células se pre-enfriaron sobre hielo, la mitad de la placa se incubd con rotavirus. durante 50
minutos, para permitir que éstos se unieran a la célula; posteriormente se lavaron y se incubaron
con el Ac, durtante 50 minutos (1o virus/2o Ac). Como control, en la otra mitad de la placa se
invirtié el procedimiento (lo Ac/2o0 virus). Las células se lavaron y se continud con la inteccion
como se describid anteriormente.

Bloqueos de la infectividad con la proteina hsc70. Para analizar si la proteina hsc70 se
une al virus y de esta manera bloquea la infeccién se incubaron en tubos Eppendorff diferentes

concentraciones, de la proteina hsc70 o de las proteinas control como o-actinina, espectrina, hsp70

y albimina, con los rotavirus RRV, nar3 y Wa durante 90 minutos a 37°C, en medio MEM. Como

control, se incubd con sélo MEM. Para la infeccidn, las placas de 96 pozos con células MA IO ~e¢
lavaron dos veces con MEM sin SFB, se preenfriaron sobre hiclo durante 5 minutos y se afiadié la

mezcla de virus-proteina a las células durante 45 minutos a 4°C. Posteriormente se removio el
indculo, las células se lavaron una vez con MEM, se afiadié6 MEM y se incubaron durante 14 horas
a 37°C. Las células infectadas se detectaron por la técnica de inmunoperoxidasa. Como control de

la especificidad se incubd la proteina hsc70 con reovirus y poliovirus de manera similar a lo
descrito para rotavirus

Para analizar a que nivel estaba el efecto inhibitorio de la proteina hsc70, si estaba en la unién o en
un paso posterior, se realiz6 el siguiente ensayo: células MA 104 confluentes, crecidas en placas de
96 pozos, se lavaron dos veces con MEM, se pre-enfriaron sobre hielo durante 5 minutos y e

incubaron con aproximadamente 1000 unidades formadoras de focos (uff) con los rotavirus RRV.
nar3 o Wa por adsorcién durante 45 minutos a 4°C. Después, las células se lavaron dos veces con

MEM frio y se afadié hsc70 o hsp70, como proteina control. a una concentracién de 0.83 husta
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13.28 pg/ml, en MEM por 30 minutos a 4°C, con agitacidn ocasional. Las placas se incubaron
durante 14 horas a 37°C y la infeccién se detectd por la técnica de inmunoperoxidasa. Como
control, las células se infectaron con los rotavirus durante 60 minutos a 37°C. se lavaron con

MEM, se adiciond proteina hsc70 y se dejaron durante 14 horas a 37°C.

Ensayo de unién. El ensayo de unién de los rotavirus a la célula MA104 se hizo utilizando la
técnica descrita por Zarate (86). Brevemente, 5 X 10* células MAI04 en suspension se

preincubaron con Acs dirigidos contra Hsc70 por una hora a 4°C. Después de lavar las células con
PBS, se incubaron con 300 ng de virus purificado, manteniendo las células en 1% de albumina
sérica bovina (ASB) en MEM durante una hora a 4°C. El complejo virus-célula se lavo tres veces

con PBS -ASB 0.5% frio. Durante el dltimo lavado las células se transfirieron a un nuevo tubo de
eppendorf y éstas se lisaron en 50 mM de Tris (pH 7.5), 150 mM NaCl, 0.1% Triton X-100. El
virus presente en el lisado se cuantificé por la técnica de ELISA. En todos los casos se realizé un
control de unién sin células. Para conocer si la proteina hsc70 bloguea la infectividad impidiendo la
unién de los rotavirus, se pre-incubd la proteina hsc70 con los rotavirus durante 90 minutos a

37°C y el complejo hsc70-rotavirus se afiadio a las células MA 104 por una hora a 4°C. Despuds de

lavar las células, s¢ procedié en la misma forma a la descrita para los Acs contra hsc70. Para

conocer si la hsc70 es capaz de desprender los rotavirus una vez que €stos se unieron a las células.

se incubaron con los rotavirus a 4°C durante 60 minutos. Después de lavar las células con PBS. se

incubaron con 13.28 pg/ml de proteina hsc70 durante 30 minutos. Posteriormente se lavaron y se¢

continué como lo descrito para los Acs contra hsc70.
Biotinilacion de proteinas de superficie celular. Las monocapas de células MAIO4 se
lavaron dos veces con PBS a temperatura ambiente y se incubaron en obscuridad con | mg/ml de

immunoPure NHS-SS-Biotin (sulfosuccinimidyl 2-(Biotinamido) ethyl- 1-3 Dithiopropiunate)
(Pierce) por 30 minutos a 4°C. Posteriormente las células se lavaron y se incubaron en PBS con
0 1 M de glicina por 30 minutes a 4°C. Transcurrido estc ticmpo, las cflulas se lavaion con PBS
que contenfa 0.537mM de EDTA y se incubaron durante 30 minutos a 37°C para desprenderias.

Las células se contaron y se centrifugaron a 85 x g por 5 minutos a 4°C. Se incubaron 22 a 25 X

10° de células con | ml de medio MEM que contiene el detergente B-octil-glucdsido 0.2 (OG
0.2%) durante 90 minutos a temperatura ambiente con agitacion suave, para solubilizar moléculas

de la membrana citoplasmatica. Después, las células se centrifugaron y se recupero el extracto OG




0.2%. Se incubaron 100 ui del extracto OG con 5 ul de Ac especifico contra hsc70 (SPA-816.

Stressgen) durante 1 h a temperatura ambiente o toda la noche a 4°C. Se afiadi¢ Sepharosa-proteina

Ay se incub6 30 minutos en agitacién constante. Como control se incubé el extracto OG con un
Ac de! mismo isotipo contra una proteina irrelevante. Se hizo un lavado con PBS-albimina al 1< v
tres con PBS solo. El inmunoprecipitado se separé por SDS-PAGE al 11% junto con un extracto
OG 0.2% no biotinilado. El gel se transfirié a papel de nitrocelulosa y se analizé por Western Blot
usando avidina-peroxidasa para el extracto inmuno-precipitado y el Ac contra hsc70 (SPA-816.
Stressgen) para incubarlo con la porcién del extracto OG 0.2% no biotinilado. El Ac SPA-316 s¢
revel6 afiadiendo proteina-A conjugada con peroxidasa. La peroxidasa se reveld usando como
sustrato 3-amino-9etil-carbazol (Sigma)

Inmunofluorescencia. Las células MAI04 se crecieron en cubreobjetos hasta obtener
aproximadamente 80% de confluencia. Las células se lavaron dos veces con PBS y se fijaron con

paraformaldehido al 4% a 37°C durante 20 minutos. Se lavaron tres veces en PBS con agitacion y

se permeabilizaron, 0 no, incubdndolas con PBS-0.5% de Triton X-100 por cinco minutos a

temperatura ambiente, se lavaron dos veces con PBS en agitacién suave. Las células fijadas se

bloguearon con glicina IM una hora a 37°C. Se lavaron dos veces en PBS con agitacion y se

incubaron con el ac m MA3-014, especifico para hsc70 diluido 1:50, durante 90 minutos a 37°C.

Las células se lavaron cuatro veces con PBS en agitacién y se incubaron con el Ac anti-ratén
acoplado con isotiocianato de fluoresceina (FITC) (DAKO Co.) diluido 1:100 en PBS durante una

hora a 4°C, en obscuridad. Las células se lavaron 4 veces y se colocaron sobre portaobjetos con

10% de glicerol en PBS. Las ldminas se analizaron al microscopio confocal (Bio-Rad MRC-600 y
con el apoyo del programa software CoMOS MPL-1000). Todos los planos analizados en el

microscopio confocal tenian 0.54 pm de grosor. Como control negativo se usé un Ac m del mismo

isotipo.
Citometria de flujo. Las células MA104 se crecieron en monocapa, se lavaron dos veces con

0.537mM de EDTA en PBS a temperatura ambiente y se desprendieron incubdndolas 30 minutos a

37°C. Se centrifugaron las células y se incubaron en medio MEM sin suero bovino fetal por lo
menos una hora a 4°C. Se resuspendieron las células (2.5X10°) en PBS con 2% de suero bovino

fetal y 0.02% de azida de sodio (solucidén de lavado). El primer Ac se incubd una hora a 4°C v

{uego las células se lavaron dos veces con 4 ml de la solucién de lavado. El segundo Ac anti-raton

diluido 14 pg/ml (Biosource) acoplado con isotiocianato de fluoresceina, en la solucién de lavado.
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se incubd una hora a 4°C, en la obscuridad. Las células se lavaron dos veces y se resuspendieron

en 50 pl de la solucion de lavado, se fijaron con 50 pl de 2% de paraformaldehido en PBS y
analizaron en el fluorocitémetro (Bekton-Dickinson).

Choque térmico. Las células MA 104 confluentes (crecidas en monocapa en placas de 96 pozos
mantenidas en MEM con suero fetal bovino al [0%) se sometieron a choque térmico durante 20

minutos a 47°C. Se removio el medio de cultivo cuidadosamente y las células se incubaron con los
rotavirus RRV, nar3 y Wa (aproximadamente 500 unidades formadoras de focos (uffi) por
adsorcidon durante 60 minutos a 37°C y se continud el procedimiento que se describid

anteriormente.
Western blot. Para evaluar si los dos sueros hiperinmunes contra las dos fracciones de proteina
obtenidas por electroforesis preparativa del extracto B-octil-glucdsido 0.2% (articulo anexo

“Biochemical characterization of rotavirus receptors in MA104 cells”), reconocen la proteina
hsc70, 2 ug de proteina hsc70 de origen bovino (SPP-750 Stressgen) o la hsc70 humana

recombinante, expresada en bacteria, se resuspendié en un buffer de disociacion no reductor. con
una concentracion final de Tris-HC1 0.0625 M, pH 6.8; SDS 2% p/v; glicerol 10% v/v y azul de

bromofenol 0.025%. La muestra se cargé en un gel de poliacrilamida al 1% sin 2 (-

mercaptoetanol y sin hervirse. La hsc70 se analizé por Western Blot, usando los sueros
hiperinmunes contra las fracciones de 57 y 75 kDa del extracto OG 0.2%. El suero contra la
fraccién de 75 kDa se us6 a una dilucién de 1:1000 y el Ac contra {a fraccidn de 57 kDa ¢ usé
1:500 en PBS. Como controles se usaron los Acs pre-inmunes y el Ac especifico contra hac70
(SPA-816 Stressgen) en dilucién 1:1000 en PBS. Los Acs se revelaron con proteina-A conjugida
con peroxidasa, utilizando como sustrato 3-amino-9etil-carbazol (Sigma)

Aislamiento de proteinas en la fracion insoluble del detergente Triton X100,
denominados microdominios lipidicos o “rafts”. Las células MA104 se lavaron dos veces
con PBS que contiene 0.537mM de EDTA a temperatura ambiente y se incubaron durante 30
minutos a 37 °C para desprenderlas. Todos los siguientes pasos se hicieron a 4 °C. Se lisaron
10X 10°células en 500 ul de huffer (S0mM de Tris-C!, pH 7.5, 150mM de NaCl, 2mM de EDTA.
2mM de DTT ) con 1% de Tritén X100 durante 30 minutos. Posteriormente. el lisado se llevo
40% de sacarosa, adicionando 500 ul de sacarosa al 80%, preparada en el buffer descrito. Sohre
1ml] del lisado se hizo un gradiente lineal de sacarosa (5% - 30%) utilizando el mismo butfer sin
Tritén X100. El gradiente se centrifugd durante 15 - 22 hr a 200.000 x g en un rotor SW4|
(Beckman). Las fracciones se colectaron de la parte inferior del tubo hasta la superior por

aspiracion, utilizando una bomba peristditica. Cada fraccidn colectada se precipité con 5 volumenes




de acetona y se analizaron mediante la técnica de Western blot utilizando Acs contra la hsc70.
Como control, se hizo el mismo procedimiento a células previamente tratadas con ciclodextrina.
para retirar el colesterol de la membrana citoplasmadtica o a células lisadas con el detergente octil
glucdsido al 0.8%, en lugar del 1% de Tritén X100, para solubilizar los microdominios lipidicos.
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RESULTADOS ADICIONALES

LA PROTEINA HSC70 PUEDE SER UNO DE LOS RECEPTORES PARA
ROTAVIRUS.
La proteina hsc70 esta en la superficie de la membrana citoplasmatica.

La Hsc70 es una proteina ubicua que se localiza comunmente en el alcleo y en el
citoplasma de la célula. Sin embargo, esta proteina también se ha encontrado en la membrana
citoplasmadtica de varias lineas celulares, asi como en células infectadas con virus, en células de la
espermatogénesis y en células normales después de un chogue térmico (6, 10, 39, 58. 64. 66).

Para tratar de entender si la proteina hsc70 estd implicada en el proceso de entrada de los
rotavirus a la célula, era importante determinar si ésta proteina estd en la superficie celular. Para
ésto, utilizamos Ac monoclonales detectando a la proteina por tres técnicas: biotinilacion de
proteinas de superficie de membrana, citometria de flujo y epifluorescencia.

Se biotinilaron las proteinas de la superficie celular y se inmunoprecipitaron del extracto de
OG 0.2% utilizando un Ac m contra hsc70. El extracto OG 0.2% no biotinilado, revelado con un
Ac m contra hsc70, permitié ubicar la proteina hsc70 biotinilada, revelada con avidina peroxidasa
(Fig. ).

Por citometria de flujo, utilizando dos Ac m contra hsc70 se observé incremento de la senal
de fluorescencia, con respecto al Ac m control, del mismo isotipo, sugiriendo que la protcina hsc70
se encuentra en la superficie de las células (Fig. 1).

Igualmente, en la inmunofluorescencia de células no permeabilizadas, utilizando ¢l Ac m.
contra hsc70, se observé un patrdn irregular en la superficie celular pero con mayor intensidad de
la fluorescencia en las uniones intercelulares (Fig. 1). En las células permeabilizadas, se encontrd
una seital débil principalmente en el nicleo (no mostrado). No se detectd sefial fluorescente con
Acs control! utilizados en las células permeabilizadas y no permeabilizadas.

En base a este hallazgo concluimos que la proteina hsc70 estd en la superficie de las células
MAI104 (Fig. 1), aunque se desconoce como puede llegar a la membrana citoplasmitica ya que no
tiene secuencia sefial para exportacion ni para transporte a reticulo endopldsmico o Golgi.
Anticuerpos contra la proteina hsc70 inhiben la entrada de los rotavirus.

Para analizar la capacidad que uenen jos Acs especificos contra la proteina hs¢70 de
bloquear la infectividad de los rotavirus, se pre-incubaron con las células. Igualmente. se utlizaron

Acs especificos contra hsp70, hsc/hsp o policlonales generados con hs¢70 recombinante humana.
expresada en bacterias. La incubacién fue durante 90 minutos a 37 °C antes de adicionar el virus.

Encontramos que los Acs especificos contra hsc70 bloquean la infectividad de los rotavirus RRV.

nar3 y Wa, mientras que los Ac monoclonales contra hsp70. que se usaron como control. no
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mostraron efecto inhibitorio. Los Ac monoclonales que reconocen hsc/hsp bloguearon
aproximadamente el 60% para RRV y Way 50% para nar3 (Fig. 2A). Estos Acs monoclonales.
que reconocen hsc/hsp, tuvieron un efecto aditivo cuando se mezclaron, inhibiendo la infectividad
en aproximadamente 80% (Fig. 2B). E! Ac monoclonal especifico contra hsc70 bloqued 30% la
infectividad de RRV y 40% la de nar3 y Wa. Los Acs policlonales inhibieron la infectividad de los
tres virus en un 65% en células MA104 y CaCo-2 (Fig. 3), mientras que el suero preinmune no
bloqueé la infeccién. Los Acs contra hsc70 no bloquearon la unién de los virus a la célula.
independientemente del orden en que se agregaron el virus y los Acs a éstas, lo que sugiere que el
bloqueo de la infectividad ocurrié en un paso posterior a la adsorcién (Fig. 4).

El hecho de que los Acs contra hsc70 sélo bloqueen la infectividad de los rotavirus v no la

de otros virus como polio y reovirus, indica que el efecto de estos Acs es especifico. Los rotuvirus
tampoco fueron bloqueados por Acs dirigidos contra otras proteinas no relacionadas como o-
actinina, vimentina, tubulina, espectrina o filamina (Fig. 2A y datos no mostrados).

Observamos que mezclar los Acs contra las integrinas ox, f2, B3 y la hsc70. éstos ticnen

un efecto aditivo en bloquear la infeccién de los rotavirus, tanto cuando se afiaden antes de unir ¢l
virus, como cuando se afiade después de unir el virus a la célula, alcanzando el bloqueo al 99% en
este dltimo caso (Fig. 5).

Por otro lado, €l suero hiperinmune generado contra la fraccién de 75 kDa, descrito en el
articulo “Biochemical characterization of rotavirus receptors in MA104 cells”™, reconoce la hsc70
humana recombinante, expresada en bacterias, en un ensayo de western blot cuando la muestra se
analiza por electroforesis en condiciones no desnaturalizantes (Fig. 6). En estas mismas
condiciones, el suero contra la fraccién de 57 kDa no reconocid la hsc70 (datos no mostrados).

La proteina hsc70 soluble inhibe la entrada de los rotavirus a la célula.

Para estudiar si la proteina hsc70 soluble bloquea la infectividad viral. se incubaron
diferentes concentraciones de esta proteina con rotavirus antes de agregarlos a la céluta para evaluar
su infectividad. La proteina hsc70 de origen bovino y la hsc70 recombinante humano. producida
en bacteria, bloquearon en 50% la infectividad de las tres cepas de rotavirus (Fig. 7A). En
contraste, la infectividad de poliovirus y reovirus no se vid afectada cuando estos virus se
incubaron con la proteina hsc70 (datos no mostrados). Estos resultados sugieren gue ia prowina
hsc70 se une a los rotavirus de manera especifica, quizd compitiendo con la proteina hsc70
presente en la superficie de la célula, reduciendo asi la infeccién.

Para determinar si la proteina hsc70 inhibia la infeccion a través de bloquear la unidn del
virus a la célula o en un paso posterior, se hicieron dos tipos de ensayos: en €l primero la proteina

hsc70 se preincubd con los rotavirus y luego este complejo se adiciond a fas células. manteniendo

la temperatura a 4 °C. En este ensayo. solamente inhibid la unidn de Wa en 30% y no se inhibio la
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unién de RRV y nar3 (Fig. 7B). En el otro ensayo de unidn, el virus se afiadid a fa célula v
posteriormente se afiadid la proteina hsc70 (Fig. 8B). En este tipo de ensayo, la hsc70 no desplazd
la unién de ninguno de los tres virus, sugiriendo que la proteina hsc70 interactia con el virus.
después de que el virus se ha unido a otras moléculas celulares.

Estos resultados concuerdan con los ensayos de infectividad, en los que obhservamos que

la proteina hsc70 es capaz de bloquear mds de 90% la infectividad de los rotavirus. cuando se
afiade a la célula después que el virus se ha unido a 4 °C (Fig. 8). Esto apoya la idea que la

interaccion del virus con la proteina hsc70 tiene lugar en un paso posterior a la unién inicial del

virus con la célula. Asi mismo, la proteina hsc70 no inhibié la infeccién cuando se agregé al
cultivo 60 minutos después de que el virus habia sido incubado con la célula a 37 °C. tiempo al

cual el virus penetré € inici6 la infeccion en las células .

Aln no sabemos si la hsc70 reconoce algunas regiones hidrofébicas de VP4 o de VP7. las
dos proteinas de la capa externa del virus, o de VP6, la proteina de la capa intermedia. Sin
embargo, en resultados preliminares utilizando la técnica de ELISA encontramos que la hsc70
reconoce de manera especifica a la particula viral que carece de las dos proteinas de la capa externa.
que se conoce como particula de doble capa “DLP”, donde la proteina expuesta es VP6.

Para conocer si el efecto de hsc70 es especifico o también estd implicada su homdloga la
proteina inducible hsp70, se incubd la proteina soluble hsp70 con los rotavirus o se afudid la
proteina hsp70 después de unir el rotavirus a la célula (Fig.8). Los resultados indican que la
actividad de hsc70 en la entrada de los rotavirus a la célula es especifica pues la proteina soluble
hsp70 no bloqueé la infeccidn.

El choque térmico a las células MA104 aumenta la infectividad de los rotavirus.

Al someter las células MA104 crecidas en placas de 96 pozos, mantenidas en MEM con
suero fetal bovino al 10%, a choque térmico se aumento la infectividad de los rotavirus RRV. nar3
y Wa de 3 a 4 veces con respecto a las células que no fueron sometidas al choque térmico (Fig. 9).
El aumento de la infectividad probablemente se debe a un aumento de la expresién de la hsc70 en la

superficie celular ya que se correlaciona con el aumento en la expresion de la proteina hsc70. en la

[}

membrana citopldsmica, observado mediante la técnica de citometrfa de flujo y al hecho de que ¢l

M 3 1 P P
anmento de la infectividad disminuye cuando se

cr

loguea cou Acs conira fa hsc70 (Fig 9).
La proteina hsc70 se encuentra en microdominios lipidicos o “rafts”

Los datos de este trabajo sugieren que la integrina B3 y la hsc70 estin en los

microdominios lipidicos de baja densidad (“rafts™) (Fig. 10). La ubicacién de estas proteinas
parece ser especifica debido ya que éstas proteinas no se encuentraron en los “rafts™ cuando «e hizo

el mismo procedimiento a c€lulas previamente tratadas con ciclodextrina. para retirar el colesterol
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de la membrana citoplasmadtica 0 a células lisadas con el detergente octil glucdsido al 0.8%. en
lugar del 1% de Tritén X100, para solubilizar los microdominios lipidicos (Fig 10).
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Figura 1. La proteina hsc70 estd en la superficie de la membrana de células MA 104, (A).
Citometria de flujo. Se utilizaron dos AcsM contra hsc70, un IgG contra el péptido 122-264 v
un IgM. (B). Inmmunofluorescencia. Se utilizé un AcM conira hsc70, en células no
permeabilizadas, como control se utilizé un AcM del mismo isotipo (C). Biotinilacion de
proteinas de la superficie celular.1.Extracto OG no biotiniiado, como primer Ac se usd un
AcM contra hsc70 y se reveld con protemna A-peroxidasa . 2. Inmunoprecipitacion de las
proteinas biotiniladas utilizando un AcM contra hsc70 y reveladas con avidina peroxidasa. 3.
Control de la inmunoprecipitacidn, utilizando un AcM del mismo isotipo, contra una proteina
irrelevante. Las células fueron tratadas segun se describe en materiales y métodos
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Figura.2. Anticuerpos contra la proteina hsc70 inhiben la entrada de los rotavirus. Células MA 104

se incubaron con los Acs en placas de 96 pozos durante 90 minutos a 37 °C. Las placas s¢ pre-
enfriaron sobre hielo durante 5 minutos. se eliminé el Ac y se infectaron con los rotavirus RRV.

nar3 o Wa por adsorcidon durante 45 minutos a 4 °C. Acs contra las proteinas actininay hsp70 se¢
utilizaron como control. Las placas se lavaron, se adiciond MEM vy se incubaron durante {4 horas

a 37°C. (A). Se utilizaron 4 AcM contra dominios diferentes de hsp70/hsc70. Cada Ac reconoce fa
regién entre los aminodcidos: 1). 122-264, 2} v 3). 473.479 4}, 504-617 de hap70/hse70 (B

Los 4 AcM fueron mezclados. Como control un Ac M contra hsp70 y contra a-actina.
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Figura.3. Anticuerpos policlonales contra la proteina hsc70 humana. expresada
en bacterias, inhiben la entrada de los rotavirus en ¢élulas CaCo. Se incubaron

80 ng/ml de Acs con las células en placas de 96 pozos durante 90 minutos a 37

°C. Las placas se enfriaron sobre hielo durante 5 minutos. se eliminé el Ac y e
infectaron con los rotavirus RRV, nar3 o Wa por adsorcion durante 45 minutos

a4 °C. Los Ac preinmunes se utilizaron como control. Las placas se lavaron. ¢
adicioné MEM y se incubaron durante 14 horas a 37°C.
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Figura. 4 .El efecto inhibitorio de los Acs contra hsc70 ocurre después de unirse cl
virus a la célula. La mitad de la placa se incubd primero con rotavirus durante 50
minutos, para permitir que €stos se unieran a la célula, se lavaron y segundo s¢
incubaron con el Ac durante 50 minutos (lo virus/2o Ac). Como control, en la otra
mitad de ia placa se invirti6 el procedimiento (1o Ac/2o virus). Las células se lavaron
y se continud con la infeccién como se describe en materiales y métodos. Sc¢

utilizaron Acs policlonales contra hsc70 a una concentracion de 80 pg/ml . Las barras
representan el error estandar de al menos tres experimentos realizados por duplicado.
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Figura. 5 Acs contra las integrinas ax, §2, 83 y la protefna hsc70, bloquean
el 99% la infectividad de los rotavirus, cuando se incuban después de unir el

virus a la célula. Todo el procedimiento se hizo a 4 °C. La mitad de la placa
se incubd primero con rotavirus durante 50 minutos, para permitir que éstos
se unieran a la célula, se lavaron y segundo se incubaron con el Ac durante
50 minutos (lo virus/2o0 Ac). Como control, en la otra mitad de la placa se
invirtié el procedimiento (lo Ac/20 virus). Las células se lavaron y se
continudé con la infeccidén como se describe en materiales y métodos. Se

mezclaron 20 ug/ml de Acs policlonales contra la integrinas ax, 83y B2 oa

la mezcla de Acs contra las integrinas se afiadié 80 ug/ml de Acs policlonales

contra la proteina hsc70. (A). Primero Ac/Segundo virus {(B). Primero
virus/Segundo Ac. Las barras representan el error estandar de al menos tres
experimentos, realizados por duplicado.
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Figura 6. El suero hiperinmune contra la fraccién de 75 kDa, descrito en el articulo
anexo “‘Biochemical characterization of rotavirus receptors in MA 104 cells™. reconoce la
hsc70 humana recombinante, expresada en bacterias. La muestra se separé por
electroforesis en condiciones no reductoras, junto con el extracto OG y se detectd en un
ensayo de Western blot utilizando el suero hiperinmune. 1. Extracto de OG. 2. Proteina

hsc70 (2 pg).
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Figura. 7. La infectividad de los rotavirus es bloqueada por la proteina hsc70. Se incubaron en
medio MEM en tubos eppendorff diferentes concentraciones de la proteina hsc70 o de las proteinas

control como o-actinina y espectrina con los rotavirus RRV, nar3 y Wa durante 90 minutos a 37 °C,
Como control, el virus se incubd con sélo MEM. (A). Para la infeccidn, se adiciond el virus-

proteina a las células MA104 y se incubé durante 45 minutos a 4 °C. Posteriormente. el inoculo fue

removido, las células fueron lavadas y se adicioné MEM para incubarlas durante 14 horas a 37 °C.
{B). Para la unién, se adicioné el virus-proteina a las células MA104 y se incubd durante &)

minutos a 4 °C. Posteriormente el indculo fue removido, las células fueron lavadas y lisadas para
cuantificar el virus unido por la técnica de ELISA. Las barras representan el error estandar de al
menos tres experimentos, reatizados por duplicado.
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Figura. 8. La proteina hsc70 humana, pero no la hsp70, inhibe la infectividad de los
rotavirus al adicionarse después de unir el virus a la célula. Células MA104 tueron

incubadas con los rotavirs RRV, nar3 ¢ Wa durante 45 minutos a 4 °C. como se describe
en materiales y métodos. (A). Para la infeccién, a las células se les adicioné hsc70 o

hsp70 (como proteina control), a una concentracién de 0.83 hasta 13.28 ug/ml. ecn MEM

por 30 minutos a 4 °C. Las placas se incubaron durante 14 horas a 37°C y la infeccién
se detect por la técnica de inmunoperoxidasa. (B). Para la unién, a las células se les

adiciond hsc70 a una concentracion de 13.28 pg/ml, en MEM por 60 minutos a 4 °C,
Posteriormente el inéculo fue removido, las células fueron lavadas y lisadas para
cuantificar el virus unido por la técnica de ELISA. Las barras representan el error
estandar de al menos tres experimentos, realizados por duplicade.
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Figura. 9. El choque térmico en las células MA104 aumenta la infectividad de los
rotavirus. Las células en placas de 96 pozos se sometieron a choque térmico durante 20

minutos a 47 °C. El medio fue removido cuidadosamente y fueron incubadas con
aproximadamente 500 unidades formadoras de focos (uff) del rotavirus Wa por
adsorcidn durante 60 minutos a 37 °C. (A). 1). Células infectadas sin Ac contra hsc70.
2). 80 pwg/mi de Acs contra hsc70 se incubaron con las células en placas de 96 pozos
durante 90 minutos a 37 °C. Las placas se pre-enfriaron sobre hielo durante 5 minutos.
se elimind el Ac y se infectaron con el rotavirus Wa por adsorcién durante 45 minutos :
4°C. Los Ac preinmunes se utilizaron como control. Las placas se lavaron, se adiciono
MEM vy se incubaron durante 14 horas a 37 °C. Las barras representan el error estdndar
de al menos tres experimentos, realizados por duplicado. (B). Citometria de flujo
comparando las células con choque térmico respecto a las células sin choque térmico. Se¢
utilizé un Ac policlonal especifico contra hsc70 que reconoce la regidn entre los
aminodcidos 556-568. 1). Hsc70 en células normales. 2). 1isc70 en ¢éluias con choque
térmico. Como contro! se utiluizé un Ac policlonal del mismo isotipo.
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Figura. 10. Las proteinas hsc70 y la integrina 33 se encuentran en los microdominios lipidicos. “rafts™ en
las células MA104. Las células se lisaron con 1% de Tritén X100 durante 30 minutos y sobre el lisado.
en 40% de sacarosa, se hizo un gradiente lineal de sacarosa (5% - 30%) sin tritén X100. El gradiente tue
centrifugado durante 15 - 22 hr a 200.000 x g en un rotor SW41. Las fracciones se recolectaron desde la
parte inferior del tubo hasta ia superior por aspiracién (fracciones 1 al 11). Cada fraccidn se precipité con
5 volumenes de acetona y las fracciones se analizaron por Western blot utilizando Acs especificos. Como
control, se hizo el mismo procedimiento a células previamente tratadas con ciclodextrina (CD). para retirar
el colesterol de la membrana citoplasmatica o a células lisadas con el detergente octil glucdsido (OG) al
0.8%, en lugar del 1% de Tritén X100, para solubilizar los microdominios lipidicos. Los cuadros rellenos

indican la presencia de la correspondiente proteina en cada fraccion.
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Tabla 1. Proteinas identificadas por el andlisis de secuencia, de las las fracciones obtenidas
a partir del extracto de octil glucésido de células MA104 .

Fraccién No péptidos  proteina PM (kDa) Identidad
(kDa) secuenciados correspondiente
110 1 Integrina Beta-3 90 14/14 (100%)
I hsp 70 70 18/18 (100%)
1 Filamina 270 13/13 (100%)
1 Espectrina 260 12/12 (100%)
75 1 hsc70 73 12/12 (100%)
1 hsc70 73 16/16 (100%)
1 Actinina 190 12/13 (92%)
1 Actinina 190 15/18 (83%)
57 1 PDI-like Erp57 57 16/16 (100%)
1 hsc70 73 23/23 (100%)
45 1 o-Actina 45 16/16 (100%})
| o-Actina 45 18/18 (100%)
30 1 o-Actina 45 16/16 (100%)

1 o-Actina 45 18/18 (100%)
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Tabla 1. Resumen de los estudios realizados a las proteinas identificadas por el andlisis de
secuencia, de las fracciones obtenidas a partir del extracto de octil glucdsido de células

MA104 .

Proteina Presencia Acs contrala Laproteina  Aumenta la infeccién
correspon-  enlasuper-  proteina inhi- soluble inhibe al transfectar el gene de
diente ficie celular  ben la infecién la infeccién  la proteina

Integrina Beta-3 si si si si

hsp 70 no no no -

Filamina no no no -

Espectrina no no no -

hsc70 si si si ?

ot-Actina no no si -

PDI-like Erp57 * sl si ?

Simbolos: (*) Sin realizarse. (-) no se hizo por considerar que no estd implicada en el
proceso infeccioso de los rotavirus. (?) PDI ain no se ha hecho, hsc70 se estd realizando.
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DISCUSION
Los receptores para rotavirus en células MA104 involucran a una o varias glicoproteinas
N-glicosiladas, cuya funcién de receptor depende de esfingolipidos y de la presencia del
colesterol.

Al abordar el primer objetivo del trabajo, que consistié en caracterizar la naturaleza bioguimica del
(0 los) receptore(s) de rotavirus independiente(s) de icido sidlico en células MA 104, encontramos que al
tratar las células con tunicamicina, inhibidor de la N-glicosilacién, la infectividad de los rotavirus RRV v
nar3 disminuyé en aproximadamente 50%, sugiriendo que estos rotavirus interactdan con glicoproteinas
N-glicosiladas durante el proceso de entrada a la célula. Al tratar las células con un inhibidor de O-
glicosilacidn, la infectividad de nar3 y Wa aumenté hasta en un 50%. Quizas el retirar los O-azucares de
las glicoproteinas permite que los rotavirus tengan un mejor acceso a su(s) molécula(s) receptora(s). El
tratamiento de las células MA104 con PDMP, un inhibidor de la biosintesis de glicolipidos. también
disminuy¢ la infectividad de los tres rotavirus, RRV, nar3 y Wa (Tabla 1. Articulo anexo “Biochemical
characterization of rotavirus receptors in MA 104 cells”}. El efecto de PDMP y tunicamicina se pucde deber
a una alteracién en las proteinas implicadas en el proceso de entrada de los rotavirus, que estin presentes
en la membrana citoplasmadtica, ya que estos inhibidores metabdlicos no afectaron la unién del virus ni
alteraron la infectividad cuando se afadieron después de la adsorcidon de los rotavirus a la cclula.
descartando asi la posibilidad de que tengan un efecto negativo sobre la replicacién del virus.

Ademas de los inhibidores metabdélicos, el tratamiento con ciclodextrina tuvo un efecto dristico en
la infectividad de los rotavirus (Tabla 1. Articulo “Biochemical characterization of rotavirus reccptors in
MA104 cells™), sugiriendo que el colesterol también estd involucrado en la entrada de los rotavirus a la
célula.

La disminucidn en la infecciéon de RRV, nar3 y Wa, al modificar las N-glicoproteinas. tos
glicolipidos y el colesterol, sugiere que en el proceso de infeccion de los rotavirus, estd involucrado un
complejo molecular en la membrana. Recientemente, se describié la existencia de microdominios lipidicos
funcionales en la membrana celular (denominados “rafts”) que estdn compuestos de colesterol.
glicoesfingolipios (gangliésidos entre otros) y un grupo especifico de proteinas asociadas. Se¢ cree gue

estos “rafts” funcionan como plataformas especializadas para seleccionar las proteinas y determinar su

=]

2). Dcbido a gue la umdn de RRV, nar3 y Wa a las células depletadas de colesterol no se vid
afectada, pero si su infectividad, suponemos que los receptores de rotavirus pudieran estar formando parte
de algin microdominio lipidico. Se ha observado que al eliminar el colesterol de la membrana
citoplasmdtica, los “rafts” se desensamblan y como consecuencia, existe una alteracién o modificacion en
la distribucién de los componentes de la membrana, aunque €stos se mantienen con la misma abundancia.

es decir, la cantidad de moléculas que se extraen con ciclodextrina, de la membrana citoplasmaitica. aparte

108




del colesterol, es muy baja. (34), (49). En el caso de rotavirus, la eliminacion del colesterol con
ciclodextrina no afectd su unién, lo que indica que los componentes de la membrana se conservaron: sin
embargo, al desensamblarse éstos la infeccién no progresé. Estas observaciones corretacionan con ¢l

hecho que al tratar las células MALO4 con ciclodextrina no se afecta la intensidad de lu
inmunofluorescencia para las proteinas hsc70 e integrina 3, pero si su distribucion. Mientras que en

ausencia de ciclodextrina la fluorescencia esta distribuida en forma homogenea en la membrana
plastmatica, en células tratadas se observa la fluorescencia en zonas discretas donde hay una mavor
intensidad (datos no mostrados).

Los efectos observados con tunicamicina, PDMP y ciclodextrina sobre la infeccion de rotavirus.
parecen ser especificos, y no un efecto toxico generalizado, ya que no se afectd la infeccion de las células
tratadas con tales compuestos por otros virus como poliovirus y reovirus; ademds, las células MAI04
recuperaron su susceptibilidad a la infecci6n por rotavirus después de retirar los tres compuestos.

En resumen, con los datos hasta aqui descritos, concluimos que el (los) receptor(es), para rotavirus
en células MA104 podria involucrar una o varias glicoproteinas N-glicosiladas, cuya funcién de receptor
depende de los esfingolipidos y de la presencia de colesterol. Entre las proteinas N-glicosiladas pudieran
estar las integrinas.

Al incubar células MA 104 con el detergente octilglucésido al 0.2% (OG 0.2%) las células pierden
su capacidad de unir a los rotavirus y consecuentemente, su susceptibilidad a la infeccion lo cual sugiere
que el OG extrae moléculas de la superficie célular que son necesarias para la unién y la infeccién de los
rotavirus. En concordancia con lo anterior, el extracto celular con OG. preincubado con el virus. inhibid
tanto la unién como la infeccién de los rotavirus a células MA104. La actividad inhibitoria del extracto de
OG se perdi6 al tratarlo con proteasas o hervirlo, pero no por el tratamiento con neuraminidasa. indicando
que la naturaleza del componente inhibitorio es de naturaleza proteinica y que los AS asociados a los
componentes del extracto no parecen participar en el efecto inhibitorio del mismo.

Al retirar el detergente de las células, éstas recuperan su susceptibilidad a la infeccidn a las 8 horas
de post-tratamiento (fig. 1A. Articulo “Biochemical characterization of rotavirus receptors in MAI04
cells™). Este tiempo representaria el necesario para que la célula sintetice, transporte y acumule nuevimente
el o los receptor(es) en la membrana necesarios para la infectividad eficiente del virus,

Para identificar los componentes del extracto de OG que bloquean la infectividad de rotavirus.
aislamos dos fracciones proteinicas que conservaron su capacidad bloqueadora. Las dos fracciones de
aproximadamente 75 y 57 kDa se utilizaron para generar antisueros contra cada una. Los sueros
bloquearon la infectividad de los rotavirus y por inmunofluorescencia reconocen el mismo patron en L

superficie celular. Igualmente, por Western blot ambos sueros reconocieron el mismo patron de protemas.
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lo que sugjere que los anticuerpos inhibitorios estdn dirigidos hacia las mismas moléculas en la superticie
celular. En apoyo a esto, se encontr6é que las fracciones que tiemen pesos moleculares aparentes
correspondientes a 75 y 57 kDa contienen en comun, la proteina hsc70.

Posteriormente, aislamos del extracto de QG cinco fracciones proteinicas que bloguearon
infectividad de los rotavirus y los péptidos derivados de cada una de las cinco fracciones proteinicas ¢ 110
kDa, 75 kDa, 57 kDa, 45 kDa y 30 kDa) se secuenciaron (Tabla 1. Resultados anexos). De las proteinas

identificadas en 110 kDa y 75 kDa, solamente la integrina B3 y la hsc70 parecen estar implicadus en ¢l

proceso infeccioso de los rotavirus (como se discutird mas adelante). Las demds proteinas probablemente
cormresponden a fragmentos de proteinas contaminantes que no se eliminaron durante la extraccion v
manipulacién de las muestras. Los datos preliminares, tratando las células con dos reactivos impermeables
que son bloqueadores de grupos sulfidrilos, sugieren que la proteina reportada en la fraccion de 57 kDa.
similar a la disulfuro isomerasa (PDI -like Erp57), puede también estar implicada en el proceso de entrada
de los rotavirus a la célula.

Algunos reportes indican que la proteina actina, identificada en las fracciones de 45 kDay 30 kDa.
se encuentra en la superficie de las células endoteliales (16, 63); sin embargo, no la detectamos en |
superficie de células MA104 por inmunofluorescencia o citometria de flujo. Debido a la homologia
estructural entre la actina y la hsc70 (22, 36, 41) es posible que el efecto inhibitorio de las fracciones de 43
y 30 kDa esté determinado por actina mimetizando el papel de hsc70. Otra posibilidad es que el efecto
inhibitorio de actina sea un artefacto experimental que ocurre porque actina probablemente se unein vivo
rotavirus cuando este estd intracelularmenie y en el ensayo, al incubar la actina con los rotavirus.
igualmente la actina se estd uniendo al virus y esto impide que el virus reconozca a los receptores cclulares.

lo que lleva a una disminucién en la infeccién.

La integrina B3 es un co-receptor post-uniéon para los rotavirus

Para estudiar el papel que tiene la integrina B3 sobre la infectividad de rotavirus. realizamos
ensayos de infectividad en presencia de Acs especificos contra la integrina 33.

La integrina B3 puede formar heterodimeros con las subunidades allb y av. por lo que también se

utilizaron Acs contra estas subunidades. Los Acs policlonales contra av y B3 bloquearon parcialmente la

infectividad de las tres cepas de rotavirus, aunque el efecto no fue aditivo cuando se utilizé la mezcla de
ambos Acs. Esto es lo que se espera si el virus utiliza regiones equivalentes en las dos subunidades v fos

Acs estdn reconociendo esta regién. Sin embargo, pudiera ocurrir que el virus reconociera dos sitios

diferentes en cada una de las subunidades av y B3, si fuese este el caso se esperaria un efecto aditive al
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bloguearlos con Acs policlonales. La subunidad av puede formar heterodimeros con otras subunidades .

por lo que no se sabe si el efecto inhibitorio del Ac contra v ocurre por impedimento estérico.

También evaluamos los ligandos naturales como la vitronectina, fibronectina, coligeno o laminina
en ¢l bloqué de la infectividad de los rotavirus. Con excepcion de laminina, los ligandos bloguearon la
infectividad de las tres cepas de rotavirus, siendo mds efectiva la vitronectina. Debido a que laminina v
otras protefnas no relacionadas no bloquearon la infectividad de los rotavirus, consideramos que cl
bloqueo de vitronectina, fibronectina y coldgeno es especifico.

Tanto los Acs contra B3 como la vitronectina no afectan la unién del virus a la célula. sin embargo.
si bloguean la infectividad de éste, ain cuando el virus se adsorbe a la célula previamente a la adicion del
Ac o de vitronectina, lo cual sugiere que B3 participa en un paso posterior a la unién del virus a la célula.

El efecto inhibitorio de los Acs o la vitronectina puede ser por impedimento estérico, no permitiendo que el

virus se una a la integrina, o porque modifique la estructura de la integrina, impidiendo que los rotavirus la
reconozcan. La vitronectina y los Acs contra B3 no bloquearon la infeccion de rotavirus cuando se

adicionaron después que el virus habfa penetrado a la célula, lo que descarta la posibilidad que la
vitronectina pueda estar activando sefiales en la célula que alteren la replicacion de los rotavirus

intracelularmente.
Las células CHO transfectadas con los genes de las integrinas olIbPB3 (células CHO-AS) y av(33

{(células CHO-VNRC) para expresar dichas proteinas en la superficie celular y que fueron descritas
previamente (15), presentaron un aumento de 2.5 a 3.7 veces en su susceptibilidad a los rotavirus W
nar3 y RRV comparadas con las células CHO no transfectadas. El aumento en la infectividad de estos

virus obedecié a un aumento en la expresién de allbB3 en células CHO-AS5 y avf3 en célulus CHO-

VNRC, ya que la infectividad se bloqueé con vitronectina o con Ac especificos contra $3. confirmando

asi la participacién de estas integrinas en la infeccidn con rotavirus.
Para estudiar si los rotavirus pueden emplear un repertorio mayor de integrinas en el proceso de

entrada, utilizamos un panel de Acs dirigidos contra éstas. midiendo su capacidad para bloguear lu
infeccién. Los resultados fueron similares a los reportadas para las integrinas a2B1, axB2 y adf!l 13y
(38); sin embargo, el mayor grado de inhibicién de la infectividad por rotavirus se obtuvo con Acs
especificos contra avP3 y con el ligando especifico (vitronectina) de esta integrina. La combinacion de los

Acs contra diferentes integrinas, solamente se observd un efecto aditivo en la inhibicién de la infeccwin
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cuando se usaron Acs contra las cadenas o2 y B3, sugiriendo que los rotavirus utilizan estas dos integrinas
en diferentes etapas del proceso infeccioso. Probablemente el efecto inhibitorio observado con los Ac
contra las cadenas B! y av, que son las subunidades de a2Pp1 y de av[B3, respectivamente. es por

impedimento estérico.

La proteina hsc70 esti presente en la superficie de las células MA104 y puede ser uno
de los receptores para rotavirus.

Al estudiar la localizacién celular de las protefnas identificadas en la fraccién de 75 kDa del extracto de OG.
encontramos que la protefna hsc70 estd en la superficie de las células MA104. Se desconoce como ¢t
llega a la membrana citoplasmética, ya que carece de una secuencia sefial para su transporte a RE o al
aparato de Golgi. La hsc70 es una proteina ubicua que se localiza comunmente en el nicleo y el citoplasima
de la célula; sin embargo, también se ha localizado en la superficie de varias lineas celulares. de células
infectadas con virus, de células de la espermatogénesis y de células normales después de un choque
térmico (6, 10, 39, 58, 64, 66).

Para evaluar el papel de hsc70 en la infectividad de rotavirus, utilizamos Acs especificos contra la
proteina, asi como la proteina hsc70 de distintos origenes. Al igual que los Acs contra la integrina 3. los

Ac monoclonales contra la hsc70 bloquearon la infectividad pero no la unién de los rotavirus a la célula. lo
que sugiere que el bloqueo de la infectividad ocurre en un paso posterior a la unién. El uso de la proteina
hsc70 mostrd resultados un poco diferentes ya que inhibe la infectividad de los tres rotavirus en la misma
proporcién (50%), mientras que los ensayos de unién inhiben 30% a la cepa humana Wa, sin  afectar la
unién de las cepas RRV y nar (Fig. 7. Resultados adicionales). Esto sugiere nuevamente que la proteina
hsc70 bloguea la infeccién después de que el virus se ha unido a otras moléculas celulares. aunque ¢l caso
de la cepa humana podria ser parcialmente distinto. Afadiendo la proteina hsc70 después de unir el virus o
la célula, el bloqueo en la infectividad fue superior a 90%, apoyando la idea que la interaccion del virus
con la protefna hsc70 tiene lugar en un paso posterior a la unién inicial del virus con la céluli. En un
ensayo de unién, adicionando la proteina hsc70 después de unir el virus a la célula. no hubo diferencias
con el control, descartando que la inhibicidn en la infeccidn fue porque hsc70 desplazd la unidn del virus
con la célula. La proteina hsc70 tiene un dominio hidrofébico de 30 kDa en el extremo carboxi-terminal. o
través del cual interactia con péptidos para facilitar su plegamiento, ensamble y desensamble adecuados.
Probablemente, la hsc70 solamente reconoce regiones hidrofébicas del virus. las cuales pueden exponerse
cuando éste se ha unido con alguna(s) molécula(s) de la célula. lo cual podria inducir cambios
conformacionales en la particula viral.

Queda por determinar si hsc70 reconoce algunas regiones hidrofébicas de las dos proteinas de i

capa externa del virus, VP4 y de VP7. o de la proteina de la capa intermedia (VP6). Sin embargo. on




resultados preliminares utilizando la técnica de ELISA encontramos que hsc70 reconoce a fa particula viral
que carece de las dos proteinas de la capa externa, en donde la proteina expuesta es VP6. Pudiera estar
ocurriendo que los rotavirus requieren para la unién a la proteina hsc70 que se den unas primeras uniones
con otras moléculas como las integrinas. Los diferentes pasos, en ]a unién con varias integrinas. facilitana
cambios conformacionales en los virus que le permiten exponer la proteina hidrofébica VP6 para que
ocurra la unién con la hsc70. La proteina hsc70 unida al virus pudiera actuar como chaperona ¥ fucilitar la
entrada de los rotavirus al citoplasma celular.

La participacién de hsc70 en la entrada de los rotavirus a la célula parece ser especifica. ya que
proteina hsp70 o Acs monoclonales contra ésta no bloquearon la infeccidn, a pesar de que la proteina es
84% homologa a hsc70 (70). Igualmente, Acs contra hsc70 no bloquearon la infectividad de otros virus
como polio y reovirus (Fig. 2. Resultados adicionales).

La penetracion del rotavirus a la célula puede ser un proceso de varios pasos.

Con base en los resultados obtenidos en el laboratorio, se ha propuesto que la penetracion de
rotavirus ocurre en tres pasos: 10. Algunos rotavirus de origen animal como RRV se unen a moléculas de
4cido sidlico (AS) presentes en la membrana a través de la proteina VP8. Esta interaccion podria ser de
naturaleza promiscua y por si sola no conduciria a la penetracién viral. 20. Como resultado de la primera
interaccién con AS, el virus podria sufrir un cambio conformacional, que le permite interaccionar con uni
segunda molécula de manera independiente de AS, ahora a través de VP5. Debido a que el virus nar3 no
depende de AS para infectar la célula, se ha propuesto que este virus ya posee dicho cambio
conformacional, lo que hace que no requiera de la primera interaccién con AS y por lo tanto. sea capaz de
unirse directamente al segundo receptor AS-independiente (86). 3o. El tercer paso de la penetracion
también incluirfa una interaccién entre una molécula celular carente de AS y probablemente un dominio de
VPS y/o VP7 y quizds de VP6.

La molécula que contiene ¢l AS en las células que es la responsable de la primera interaccion con
los rotavirus de origen animal, no se ha identificado aunque se ha propuesto que el gangliosido GMI y/o ¢l
gangliésido GM3 podrian ser esa molécula (25, 48, 84). Otra posibilidad es que la primera interaccion con
AS sea directamente con el AS de las integrinas que, como se mencioné anteriormente. juegan un papel
importante durante la infectividad viral y/o con el AS de otras moléculas, a través de interacciones
parcialmente inespecificas que induzcan los cambios conformacionales necesarios en el virus para
interaccionar con otros sitios de manera mds especifica.

De manera general. se piensa que las primeras interacctones de un virus con su célula hospedera
simplemente facilitan una adsorcién mds estrecha a ia superficie celuiar, a través de interacciones mis
especificas, como es el caso del virus herpes simplex, donde previamente a la union especitica. el virus

interacciona con el heparan sulfato de los proteoglicanos. Sin embargo. en ciertos casos. la moléeula
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celular con la que un virus interacciona inicialmente, puede adicionalmente servir como un receplor
funcional para la entrada del virus; la interaccién del virus VIH con la molécula CD4 es un ejemplo de ésto.

La segunda interaccién de los rotavirus con la célula se hizo evidente a través de la caracterizacion
de las variantes nar3, cuya infectividad ya no depende de la interaccién inicial del virus con AS. En este

caso, se encontré que la variante nar3 se une a la célula mediante la interaccién de la proteina VPS5 con lu

integrina a2B1 (85), lo cual correlaciona con el hecho de que la proteina VP4 contiene la secuencia de los
tripéptidos DGE e IDA, reconocidos como sitios de interaccién con las integrinas o2Bl y adfl.

respectivamente (13). Sin embargo, Acs contra @2 no bloquean la infectividad de nar3 y Wa cuando ~c

adicionan a la célula después de agregar el virus, por lo que el efecto inhibitorio de estos Acs no es en un
paso posterior a la unién. Sabemos que VPS5 estd implicada en esta segunda interaccion. pero existe I

posibilidad de que VP7 (que contiene la secuencia de los tripéptidos GRP y LDV. ligandos para las

integrinas axB2 y 41, respectivamente), participe en ésta, ya que se observaron inhibiciones parciales

en la infeccién cuando la célula se pre-incubé con Acs contra las integrinas 021 y cdBl. 21 y oxff2.

La tercera interaccion de los rotavirus con su célula hospedera durante la penetracién se evidencio
por experimentos de competencia entre las tres cepas de rotavirus (RRV, nar3 y Wa). siendo I cepa
humana Wa capaz de bloquear la infectividad de RRV, nar3 y de otra cepa de origen humano (DS1). Con

base en los experimentos descritos en secciones anteriores, las proteinas hsc70 y avB3 podriun estar

involucradas en esta tercera interaccion.

Cuando evaluamos el papel de los Acs contra las integrinas observamos que el efecto inhibitorio de
los Acs fue mds drastico cuando éstos se afiaden después de unir el virus a la célula. que si se adicionan
antes de unir el virus. Probablemente, en la(s) primera(s) interaccidn(es) del virus con la célula. s¢ inducen
cambios conformacionales en las integrinas que exponen dominios que hacen mds estrecha la unién de los

Acs a las proteinas y por tanto, bloquean mds eficientenente la infeccién. Igualmente, observamos que i
mezclar los Acs contra las integrinas ox, B2, B3 y la hsc70 tienen efecto aditivo en bloquear la infecciin

de los rotavirus, tanto cuando se afiaden antes de unir el virus, como cuando se afiaden después de unir ¢l
virus a la célula, alcanzando un bloqueo del 99% en este dltimo caso (Fig. 4). Esto sugiere que las
integrinas y la hsc70 probablemente son la mayoria de las moléculas, sino es que todas las que el rotavirus

utiliza para ingresar a la célula.
La interaccién de los rotavirus con la integrina a.vB3 es independiente del motivo RGD. va gue

péptidos que contienen la secuencia RGD. no bloquearon la infectividad de rotavirus. La interaccion de los
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hantavirus con la integrina avf3 es igualmente RGD independiente, por lo tanto para identificar la proteina

viral de rotavirus que se une a la integrina otvB3, comparamos la secuencia de las proteinas virales que

usan los hantavirus para unirse a la célula, con las secuencias de las proteinas de la capa externa de
rotavirus. Encontramos una regién conservada de la proteina VP7, entre el aminodcido 167 a 175, con la
proteina G1G2 de hantavirus. Resultados preliminares sefialan que péptidos sintéticos de esta region

homéloga son capaces de bloquear la infeccién de los rotavirus, lo que indicaria que VP7 es lu proteina
que interactia con la integrina avP3. Estos y otros estudios que actualmente se realizan con [a proteina

viral VP4, permitirdn conocer mds detalladamente las moléculas del virus que interaccionan con las
moléculas de la célula que participan en el proceso de entrada y que han sido descritas en este estudio.

En conclusién, pensamos que durante la penetracién los rotavirus interaccionan con diferentes
moléculas en la superficie de la célula en un proceso que involucra varios pasos secuenciales v
posiblemente cambios conformacionales tanto en el virus como en las moléculas celulares. En terminos
generales, pensamos que existen tres grandes pasos en la penetracidn: lo. El primer paso se caracteriza por
la unién a 4cido sidlico y estaria involucrada la proteina viral VP8 y posiblemente los AS de ganglidsidos o
de integrinas. 20. El segundo paso seria independiente de AS y estaria implicada la proteina VP5 junto con

las integrinas o2B1, o4l y axB2. 3o0. En el tercer paso, estarfan participando VP5 y/o VP7 y las

proteinas avP3 y hsc70, aunque hsc70 podria representar un paso comun, actuando como chaperona para

facilitar la entrada del virus al citoplasma de la célula, de los tres rotavirus RRV, nar3 y Wa.
De esta manera, pensamos que las moléculas celulares que participan en la penetracion de rotavirus

pudieran estar formando un complejo que incluye ganglidsidos, integrinas y hsc70. En este sentido.
hemos encontrado que la integrina B3 y hsc70 estin en los microdominios lipidicos de baja densidad

(“rafts”). Es probable que los rotavirus requieran de la organizacién de los microdominios lipidicos para
que su penetracién a la célula sea eficiente.
El tropismo celular y la especificidad de drgano.

En virologia susceptibilidad se define como la capacidad que tiene una célula o un amimal de ser
infectados. La infeccidn de una céluia susceptible no conileva a que se de la replicacion del genoma viral y
la produccién de progenie. Una infeccién productiva ocurre en células permisivas en las que la replicacién
del genoma y el ensamblaje de las particulas virales, resultan en una progenie infecciosa. En ¢l caso de
rotavirus, no se sabe si hay células suceptibles y no permisivas para la infeccién: en cambio. si existen
células permisivas que son poco susceptibles, como las 1929, HEp2 (3), BHK-21. CHO. 3T3 v HeLa.

entre otras. Las lineas celulares poco susceptibles para rotavirus requieren de una multiplicidad alta para




ser infectadas; sin embargo, son capaces de unir virus y de sostener una replicacion de! genoma viral v
producir progenie viral, cuando el virus se introduce por lipofeccién (3) y (datos no publicados de nuestro
laboratorio). Estos resultados muestran que la penetracion a través de la membrana de estas c€lulas e el
paso limitante de la infeccidn, ya que aunque poseen las moléculas de superficie responsables de lu union
de rotavirus, son incapaces de mediar eficientemente su penetracion al citoplasma para iniciar la
transcripcién y replicacion de su genoma. Al parecer, la presencia de los receptores celulares para fos
rotavirus es uno de los determinantes de rango de huésped y de tropismo celular.

Por los resultados de este trabajo, pensamos que mds de una molécula celular estd involucrada en la
entrada de los rotavirus. Aunque no sabemos si estos receptores se usan de manera alternativa o actdan en
conjunto modulando o complementando sus funciones, las evidencias sugieren lo dltimo.

Un ejemplo del uso de receptores alternativos ha sido descrito para el VIH. En este caso. a la
molécula CD4 se le ha llamado receptor y a otras moléculas, como las quimocinas. que participan en las
interacciones del VIH con la célula huesped, se les ha denominado co-receptores. Por ejemplo. en
linfocitos T, CD4 es el receptor primario que une al virus eficientemente, pero €ste no es importante para
unir el virus en macréfagos, células dendriticas y de la microglia; en estas células CD4 estd en muy bujus
cantidades y los co-receptores complementan eficientemente la unién del VIH. Al transfectar genes de
moléculas de adhesién como las ICAM-1, se ha observado que la infeccién del VIH puede aumentar hasta
diez veces. Esto sugiere que multiples interacciones del virus con estos co-receptores son tan eficientes en
mediar la unién del virtén, como la interaccién de gpl20 con CD4. En las células con muy pocas
cantidades de CD4 se hace importante la sobre-expresion de dichos co-receptores (80).

In vivo, los rotavirus tienen un tropismo hacia los enterocitos diferenciados de las vellosidades del
intestino delgado (19). In vitro, la infeccién eficiente por rotavirus estd restringida a lincas celulares
epiteliales de origen renal (por ejemplo, MA104 de rifién de mono) e intestinal (por ejemplo. células de
cdncer de colon CaCo-2).

Al analizar individualmente la presencia de integrinas y hsc70 en diversas lineas celulares.
susceptibles y poco susceptibles, encontramos que se encuentran expuestas en la superficie de las células
analizadas, lo cual, por si mismo, no explica su susceptibilidad. Una posibilidad es que. ademis de la
presencia de las integrinas y hsc70, se requiera que dichas proteinas estén en una organizacion especial.
por ejempio, formando un complejo, para permitir que ocurra eficientemente la infeccién. Dicho complejo
puede ser particular de cada célula. Esto explicaria que al tratar las células con ciclodextrina no e afecte la
unién del virus a la célula, pero si se afecte severamente la infeccion porque se altera la conformacion del
complejo, alterdndose la actividad receptora, sin alterar la presencia de los componentes. Tambicn puede
estar ocurriendo que las diferencias en la susceptibilidad se deban a que diferentes células no poseen todas

las moléculas responsables de la internalizacion del virus. no estén en las cantidades adecuadas o presentan
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isoformas. Esto explica que después de tratar las células con PDMP o con tunicamicina. no se altere la
unién del virus a la céluta. En este caso, puede ocurrir que no se afectan todas las moléculas que el
rotavirus utiliza para su primer unién, pero se puede estar afectando la cantidad de algin componente del
complejo y esto afecta la eficiencia de la infeccién.

En cierta forma el intestino es un érgano sometido a constante estrés, porque estd expuesto constantemente
a microorganismos del medio ambiente, patégenos o no y posee una rica flora microbiana. Igualmente esti
expuesto a cambios drdsticos en el pH, pardsitos, sustancias irritantes que incluyen aquéllas con radicales
libres como el alcohol, las drogas medicinales, etc. Todas estas condiciones pueden hacer que la presencia
de hsc70 en la membrana citoplasmadtica de las células intestinales sea importante. Debido a ésto. resulta

imperioso verificar que la hsc70 este in vivo en la superficie de las células del intestino.
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Conclusiones

. Por los estudios realizados con los inhibidores metabélicos, asf como por la caracterizacin bioquinmici
de los receptores celulares, podemos conclir que los receptores para rotavirus en células MAIO4.
involucran a una o varias glicoproteinas N-glicosiladas, cuya funcién de reccptor depende de

esfingolipidos y de la presencia de colesterol.

2. La integrina B3 y la proteina hsc70 participan en la infeccién en un paso posterior a la union.
probablemente en la penetracion..

3. Hemos encontrado que la integrina B3 y la proteina hsc70 estdn en los microdominios lipidicos de baju

densidad (“rafts”).
4. Las moléculas celulares que participan en la penetracién de los rotavirus pudieran estar formando un
complejo que incluye ganglidsidos, integrinas y hsc70. Es probable que los rotavirus requieran de la

organizacién de los microdominios lipidicos para que su penetracién a la célula sea eficiente.
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Perspectivas

Las células epiteliales MA104 de origen renal han sido una herramienta Gtil en la busqueda ¢
identificacién de moléculas candidatas a receptor de los rotavirus; de su estudio sabemos que las integrinas
y la hsc70 podrian funcionar como receptores. Es imperioso verificar si éstas moléculas estin presentes in
vivo en los enterocitos de las vellocidades del intestino delgado.

La disminucién en la infectividad de los rotavirus al modificar las n-glicoproteinas, glicolipidos y el

colesterol, sugiere que durante este proceso estd involucrado un complejo molecular en la membrana.
probablemente en microdominios lipidicos (“rafts™). Es impértante determinar si ovp3 y hsc70 estin

formando un complejo, ya sea a través de una asociacion estrecha entre éllas o sélamente compartiendo el
mismo dominio lipidico en esos microdominios. Con este propdsito, podrian realizarse experimentos de
coinmunoprecipitacion.

Igualmente, es interesante investigar si los rotavirus se asocian a los “‘rafts” en algin momento
durante el proceso asociacién-penetracion, lo cual sugeriria que estos microdominios (y sus componentes)
Juegan un papel importante en estos procesos.

Para comprender el papel de la(s) integrina(s) en la unién y penetracion de los rotavirus a la célufa.
podria evaluarse el papel que tiene cada una de estas moléculas, asi como de variantes mutagenizadas.
sobre la infectividad de los rotavirus en células transfectadas con los genes de las integrinas
correspondientes. La idea seria utilizar lineas celulares que normalmente no expresen las integrinas a
estudiar.

In vitro, las células MA 104 son iitiles para el estudio del mecanismo de unidn y penetracion de los
rotavirus a su célula hospedera. Es interesante analizar el papel que tienen la proteinas virales que
conforman la capa externa del virus VP7 y VP4 (y sus productos VPS5 y VP8) asi como VP6. de manera
independiente, en la infeccién a células MA 104; especificamente, serfa til realizar ensayos de union de fas

proteinas virales a cada una de las moléculas identificadas como posibles receptores.
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Abstract
The entry of rotaviruses into epithelial cells seems to be a multistep process. Infection competition
experiments have suggested that at least three different interactions between the virus and cell
surface molecules take place during the early events of infection, and glycolipids as well as
glycoproteins have been suggested to be primary attachment receptors for rotaviruses. The
infectivity of some rotavirus strains depend on the presence of sialic acid on the cell surface,
however, it has been shown that this interaction is not essential, and it has been suggested that
there exists a neuraminidase-resistant cell surface molecule with which most rotaviruses interact.
The comparative characterization of the sialic acid-dependent rotavirus strain RRV, its
neuraminidase-resistant variant nar3, and the human rotavirus strain Wa has allowed to shoe that

o2P1 integrin is used by nar3 as its primary cell attachment site, and by RRV in a second
interaction, subsequent to its initial contact with a sialic acid-containing cell receptor. We have also
shown that integrin VB3 and protein hsc70 are used by all three rotavirus strains as co-receptors.

subsequent to their initial attachment to the cell. We propose that the functional rotavirus receptor is
a complex of several cell molecules most likely immersed in glycosphingolipid-enriched plasma
membrane microdomains.
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Group A rotaviruses are nonenveloped viruses that posses a genome of 11 segments of
double stranded RNA contained in a triple-layered protein capsid. The outermost layer is composed
of two proteins, VP4 and VP7. The smooth external surface of the virus is made up of 780 copies
of glycoprotein VP7, while 60 spike-like structures, formed by dimers of VP4, extend from the
VP7 surface (Estes, 1996).

VP4 has essential functions in the virus life cycle, including receptor binding and cell
penetration (Crawford et al., 1994, Lopez et al., 1985, Ludert et al., 1996). The properties of this
protein are therefore important determinants of host range, virulence, and induction of protective
immunity. The role of VP7 during the early interactions of the virus with the cell is not clear.
although it has been shown that it can modulate some of the VP4-mediated virus phenotypes.
including receptor binding (Beisner ef al., 1998, Méndez et al., 1996), and it has been suggested
that it might interact with cell surface molecules after the initial attachment of the virus through the
spike protein (Coulson et al., 1997, Estes, 1996, Méndez et al., 1999). For rotaviruses to enter the
cell, VP4 has to be cleaved by trypsin into two subunits, VPS5 and VP8 (Arias er al., 1996, Lopez
et al., 1985).

Rotaviruses have a very specific cell tropism, infecting only the enterocytes on the tip of the
intestinal villi , suggesting that specific host receptors must exist. In vitro, they also display a strict
tropism, binding to a variety of cell lines, but infecting efficiently only those of renal or intestinal
epithelium origin .

Different rotavirus strains display different requirements to bind, and thus infect.
susceptible cells. The cell attachment of some rotavirus strains isolated from animals (other than
humans) is greatly diminished by treatment of cells with neuraminidase (NA), indicating the need
for sialic acid (SA) on the cell surface (Ciarlet & Estes, 1999, Fukudome er al., 1989, Keljo &
Smith, 1988, Méndez et al., 1993). The interaction with a SA-containing receptor, however. does
not seem to be essential, since variants which no longer need SA to infect the cells can be isolated
from the SA-dependent strains (Ludert et al., 1998, Méndez et al., 1993). In addition. many
animal rotavirus strains are NA-resistant and most, if not all, strains isolated from humans are also
NA-resistant (Ciarlet & Estes, 1999, Fukudome et al., 1989, Méndez et al., 1999). Thus, there is
a great interest in identifying the NA-resistant cellular receptor(s) for rotavirus, to determine the
roie it (they) may have on the narrow tropism observed for this virus. In this context. it is also of
importance to define the viral proteins, and their specific domains, involved in contacting the cell
receptor(s).

To understand the early events of rotavirus infection we have undertaken the comparative
characterization of three rotavirus strains: the SA-dependent simian rotavirus RRV, its NA-resistant
variant nar3, and the human rotavirus (HRV) strain Wa, which is naturally resistant to NA. A




summary of the advances and approaches we have taken to characterize the early events of
infection of these viruses is presented.

The interaction of rotavirus with its host cell is a multistep process. Several lines of
evidence suggest that rotaviruses need to interact with more than one cell surface molecule to enter
the cell, using during this process different domains of the virus surface protein VP4 (Fig. 1). The
following studies, which support these multiple interactions, were carried out in the rhesus
monkey kidney epithelial cell line MA 104, which is highly susceptible for rotavirus infection.

a) In an infection assay designed to detect competition for cell surface molecules at both
attachment and post-attachment steps (Méndez ez al., 1999), it was found that HRV Wa efficiently
competed the infectivity of the SA-dependent porcine rotavirus strain YM, and that of the variant
nar3 both in untreated, as well as in NA-treated cells. This competition was nonreciprocal since
YM and nar3 did not compete the infectivity of Wa. In contrast, a two-direction competition
between the variant nar3 and a SA-dependent strain was found. The fact that the competition
between the two NA-resistant strains nar3 and Wa was not reciprocal indicates that they bind to
different molecules. In addition, the SA-dependence phenotype clearly differentiates strains, like
RRV or YM, from nar3 and Wa. Altogether, these findings suggest the existence of at least three
cellular structures involved in rotavirus cell infection, with at least one being shared by human,
SA-dependent, and animal, NA-resistant, variant strains.

b) The comparison of the binding characteristics of wtRRV and nar3 to MA104 cells
showed that both, the SA-dependent and SA-independent interactions of these viruses with the cell
are mediated through two different domains of VP4 (Méndez et al., 1993). It was shown that RRV
attaches to the cell through VP8, while nar3 does so through the VP5 domain of VP4 (Zirate et «l..
2000b). This observation is supported by the fact that neutralizing antibodies to VP8 blocks the
attachment to cells of RRV, but not of its variant nar3, while a MAb to VPS5 (2G4) inhibits the
binding of nar3, but not that of RRV. In addition, recombinant VP8 and VP35 proteins produced in
bacteria as fusion products with GST, are capable of inhibiting the binding and infection of wt and
variant viruses, respectively, when pre-incubated with the cell (Table I, Zirate et af., 2000a).
While nar3 only needs to interact (through VPS) with the NA-resistant receptor, wtRRV seems to
engage in the two intcractions described in a sequenttal manner, since MAb 2G4, despite of
selectively blocking the binding of nar3, efficiently neutralizes the infectivity of both viruses (see
also below).

c) The sequential interaction of RRV with two molecules on the surface of MA104 cells is
further supported by the observation that MAb 2D9, which is directed to a cell surface antigen.
specifically blocks the infectivity of both wtRRV and nar3, but competes only the attachment of the
variant, indicating that wtRRV is blocked at a post-binding step (Lopez er al., 2000). Since MAb
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2D9 also blocks the infectivity of nar3 in NA-treated cells, and it prevents the cell attachment of the
recombinant protein GST-VP5, but does not affect the binding of GST-VP8 (Fig. 3). it would
seem to be directed to the NA-resistant receptor used by nar3 to attach to the cell, or to a molecule

closely associated to it.

Multiplicity of rotavirus receptors. Despite the advances in the molecular and structural
biology of these viruses, little is known about the rotavirus cell receptors. A number of
glycoconjugates have been shown to bind to, and to block the infectivity of, SA-dependent animal
rotavirus strains, and some of them have been suggested to play a role as possible receptors. like
GM3 gangliosides in newborn piglet intestine (Rolsma et al., 1998), GMI1 in LLC-MK2 cells
(Superti & Donelli, 1991), and 300-330 kDa glycoproteins in murine enterocytes (Bass ef al.,
1991). It has also been suggested that the NA-resistant ganglioside GM1 may act as a receptor for
some HRYV strains in MA104 cells (Guo e al., 1999). Recently, it was reported that VP4 contains

the DGE and IDA tripeptide sequence motifs known to interact with integrins 21 and a4B1,
respectively, while VP7 contains the «X[2 integrin ligand site GPR, and the a4f1 binding motif
LDV (Coulson et al., 1997, Hewish et al., 2000). Antibodies to the integrin subunits o2, 2. and

o4, as well as peptides that mimic the ligand sites were shown to block the infectivity of the SA-
dependent rotavirus SA11 and the HRV strain RVS5 (Coulson et al., 1997), and it was also shown
that integrins a2B1 an a4l can mediate the attachment and entry of rotavirus SA1l into the

human myelogenous leukemic cell line K562 (Hewish et al., 2000).

As part of the biochemical characterization of the rotavirus cell receptors, we have recently
shown that the infectivity of rotaviruses RRV, nar3, and Wa is partially blocked by metabolic
inhibitors of N-glycosylation (tunicamycin), and glycolipid synthesis (PDMP), while it is not
affected by the inhibition of the cellular O-glycosylation (Guerrero et al., 2000b). In addition, we
also showed that sequestration of cholesterol from the cell membrane with methyl-B-cyclodextrin

reduced the infectivity of the three viruses by more than 90%, while not affecting their binding to
the cell (Table II). The involvement of N-glycosylated proteins, glveolipids, and cholesterol in
rotavirus infection suggest that the virus receptor(s) might be forming part of the cell membrane
glycosphingolipid-enriched lipid microdomains, termed rafts (Simons & Ikonen, 1997).

In a different approach we showed that treatment of MA104 cells with the non-ionic
detergent B-octylglucoside (OG), under non-lytic conditions, renders the celis largely refractory to
binding and infection by rotaviruses (Table II) (Guerrero et al., 2000b), most probably due to the
extraction of the rotavirus receptor(s). Accordingly, pre-incubation of the viruses with the OG
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extract inhibited infectivity by more than 95% (Fig. 2). Five protein bands with the ability to block
rotavirus infectivity were purified by preparative electrophoresis from these extracts, and amino
acid sequence analysis of two of these bands, of 72 and 110 kDa, revealed the presence. among

other proteins, of the heat sock cognate protein (hsc70) and of the B3 integrin subunit.

respectively.

a2P1 integrin mediates the cell attachment of the NA-resistant RRV variant nar3.
The initial interaction of nar3 with the cell surface is likely to be with integrin 021, through the
DGE integrin binding domain present in VPS5, since: i) antibodies to the o2 subunit reduce by 30%

the infectivity of both wt RRV and nar3, but only block the cell attachment of nar3; ii) MAbs to o2

block the attachment of the GST-VP35 fusion protein but not that of GST-VP8 (Fig. 3); iii) GST-
VPS5 specifically displaces up to 75% of the cell binding of nar3, while a GST-VP5 mutant

polypeptide in which the o2 integrin binding motif DGE was changed to AGE no longer displaces

it; and iv) a synthetic VP4 peptide which comprises the o2f1 integrin binding motif DGE
efficiently inhibits the attachment of nar3, but not that of RRV (Fig. 3) (Zdrate er al., 2000a).

Even though the behavior of MAb 2D9 is similar to that of «2f1 integrin antibodies (Fig.
3), 2D9 is probably not directed to this integrin, since its pattem of staining of mouse small

intestinal cells is quite different from that obtained with o2$1 MAbs (unpublished data).
Nevertheless, the cell structure recognized by 2D9 must be in close proximity to integrin 21 on

the surface of MA 104 cells, since MAb 2D9 displaces the binding of antibodies to a2f1 by flow
cytometry (Z4rate et al., 2000a). 2D9 might serve as an altemative cell receptor for the variant
nar3, since cells that lack a2B1 but are 2D9-positive, like L or CHO, can be infected by this virus.

albeit at much lower efficiency (unpublished data).

Integrin B3 functions as a co-receptor for rotaviruses. The relevance of B3 integrin for

rotavirus infection was established by the fact that antibodies to this integrin subunit reduced by
50% the infectivity of RRV, nar3 and Wa rotaviruses. In accordance to this finding. when

vitronectin, a B3 integrin ligand, was pre-incubated with the cell, it specifically blocked rotavirus

infectivity up to 70 % (Guerrero et al., 2000c).




Since integrins a2P1, 04B1, and aXB2 have been suggested to play a role during
rotavirus entry (Coulson et al., 1997), we performed blocking experiments using mixes of

antibodies directed to these integrins and to a'VP3. A clear additive blocking effect was found

when antibodies to integrins 21 and VB3 were mixed, suggesting that these two integrins
might be involved in different stages of rotavirus infection (Guerrero et al., 2000c).

The expression of B3 integrin into the poorly permissive CHO cells was shown to facilitate
the infectivity of rotaviruses. We found that CHO cells stably transfected with the B3 integrin gene

(Diaz-Gonzélez et al., 1996), overexpressing either alIbB3 and otVB3 integrins, were three to four
times more susceptible to rotavirus infection than the parental CHO cell line. This increase in
infectivity was shown to be blocked by incubation of the cells with either MAbs to B3 or
vitronectin (Fig. 4) (Guerrero et al., 2000c). Furthermore, it was shown that the interaction of

rotaviruses with VB3 is at a post-attachment step, probably penetration, since vitronectin and
antibodies to B3 do not, or only slightly, inhibit rotavirus cell attachment. Also, the interaction of

rotaviruses with B3 integrin was found to be RGD-independent, as expected from the fact that

neither VP4 nor VP7 have this integrin binding motif (Guerrero ef al, 2000c).

Hsc70 mediates rotavirus infectivity. From the MA104 cell proteins extracted with OG, the
band of 72 kDa, which was identified as hsc70, had the highest blocking activity for all three
rotavirus strains tested. Hsc70 is a constitutive member of the stress-inducible hsp70 protein
family, which functions in normal cellular physiology. The hsp70 proteins are a family of highly
conserved proteins associated to a number of functions, including protein folding, translocation
across biological membranes, and assembly and disassembly of oligomeric complexes {Hart!,
1996)).

Despite the fact that hsc70 has no export signal sequence, it has been shown that it can be
exposed in the surface of various cell types (Multhoff & Hightower, 1996). The presence of this
protein on the surface of MAIO4 cells was demonstrated by flow cytometry and
immunofluorescence of non-permeabilized cells (Fig. 5} (Guerrero et al., 2000a).

To evaluate the role of this protein during rotavirus entry, MAbs to hsc70 were tested for
their ability to block infectivity. When pre-incubated with the cell, these MAbs specifically blocked
the infectivity of rotaviruses RRV, nar3 and Wa by about 80%. Despite this efficient blocking
activity, the MADbs to hsc70 did not prevent virus cell attachment. indicating that they intertere with
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the virus infectivity at a post-binding step. In support of this observation is the fact that if
recombinant human hsc70 protein is added to the viruses after they had been adsorbed to the cell at
4°C, the inhibition of virus infectivity is higher than 90% (versus 40-50% inhibition if the protein
is incubated with the viruses before infection), indicating that the protein can interact more
efficiently with the viruses when they are already bound to cells (Guerrero er al., 2000a). These
data suggest that hsc70 protein is involved in rotavirus entry to MA104 cells, although its precise
role has yet to be determined.

A model for the early interactions of rotaviruses with MA104 cells. As a summary of
the data presented here, we propose the following working model (Fig. 6), which takes into
account the currently available information:

2 Wild type RRYV interacts primarily with a SA-containing cell receptor through the VP8
domain of VP4. The identity of the SA-containing molecule has not been determined. although
good candidates are ganglioside GM3 (Guo et al., 1999, Rolsma et al., 1998), or the SA present in
the integrin molecules (see below). The SA-binding domain of VP8 is located between amino acids
93 to 208, with residues 155, and 188 to 190, having an important role in this function (Fig. 1)
(Fiore et al., 1991, Fuentes Panana et al., 1995, Isa et al., 1997).

» Subsequent to the initial interaction with SA, RRV interacts with a second cell receptor.

most probably a2f1 integrin, through the DGE integrin-binding motif located in the VP5 subunit
of VP4 (Z4rate et al., 2000a). The ability of the NA-resistant variant nar3 to interact directly with
this integrin is likely to be the result of a slight different conformation of its VP4 protein, compared
to that of the wtRRV protein (Méndez et al., 1993, Méndez et al., 1996).

Although the present data clearly indicate the existence of two different interactions between
wt RRV and the cell surface, it has not yet been established whether two cell molecules, or two

sites in the same molecule (e.g. ®2P1), interact with VP8 and VP5. The fact that in infection

competition assays the wt and variant viruses compete with each other reciprocally, suggests that if

it is not the same cellular entity, the two cell molecules must be in close proximity.
» Integrins 041 and aXf2 have been implicated in rotavirus cell infection (Coulson et

ai., 1997, Guerrero et al., 2000c, Hewish et al., 2000). The role of these integrins has not been
determined yet, however, given that not additivity was observed when mixes of antibodies to these
and other integrins were tested, they may represent alternative interaction sites for rotaviruses.

< The results obtained in the infection competition assay described above suggest that HRV
Wa initially attaches to a cell surface molecule that is used by RRV and nar3, in a subsequent step

after their interaction with o231 integrin. It can not be ruled out, however. that the attachment
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receptor for Wa is not actually used by RRV and nar3, but that HRV Wa interferes with the
infectivity of these viruses by binding to a molecule that might be located in close proximity (o

either a2 1, or to co-receptors 0.VP3 and hsc70. The cellular molecule used by HRYV Wa to bind

to cells, and the viral protein domains responsible for this interaction have not been yet

characterized.
3 We have found that hsc70 and integrin o/V(3 play important roles for infection of all

three rotavirus strains at a post-attachment step, most likely penetration, however the precise
function of these proteins has to be characterized.

> The essential components of the glycosphingolipid-enriched membrane domains. termed
rafts, are glycoproteins, glycosphingolipids, and cholesterol. Since these three components have
been found to be important for the initial steps of rotavirus infection (Guerrero et al., 2000b): and

a2B1, aVP3, and hsc70 proteins have been observed to be present in rafts (unpublished data. and

Green et al., 1999), we propose that some or all of the various virus-cell interactions described
above might take place in these lipid microdomains.

The data presented here is consistent with the existence of several rotavirus receptors which
might be tightly organized, maybe forming a complex in glicosphingolipid-enriched rafts. The
requirement for several cell molecules which need to be present and organized in a precise fashion.
might explain the exquisite cell and tissue tropism of these viruses. It remains to be established
which, if any, of the receptor molecules described so far is indeed non replaceable, and if in fact
there exists a unique pathway of infectivity for rotaviruses, with distinct entry points for different
strains.

In conclusion, much remains to be learned about the process of binding and penetration of
rotaviruses. The characterization of the nature of the interactions that occur between the cellular and
viral partners, and the signal transduction pathways potentially triggered by the early virus-cell
contacts, should give insight into the elaborated mechanism used by these viruses to enter cells.
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Figure legends
Fig. 1 Distinctive structural features of the outer shell protein VP4. The trypsin
cleavage region is indicated by an arrow, which defines the boundary between VP8 and VP5. In
VP8, the hemagglutination domain (HA) (aa 93 to-208) is shadowed; the asterisks below this
domain indicate aa 155, and 188 to 190, which are important in the SA binding activity of this
protein. The disulfide bridges between Cys 203 and Cys 216, and between Cys 318 and Cys 380,
are indicated by S=S. In VPS5, the position of the DGE and IDA tripeptide sequence binding motifs

which might putatively be recognized by integrins 021 and a4B1, respectively, are shown. The

hydrophobic region (HR), which has been proposed to be a putative fusion domain, and a
predicted heptad repeat (coiled-coil) which might form part of a coiled-coil structure are also
depicted.

Fig. 2. Inhibition of rotavirus infectivity by the OG extract. The indicated
concentrations of OG-extracted protein were incubated with the viruses for 90 min at 37°C. The
virus-protein mixtures were used to infect MA104 cell monolayers, after an adsorption period at
4°C, the inoculum was removed and the infection was left to proceed for 14h at 37°C. At this time
the cells were fixed, and the infectious titer was determined by an immunoperoxidase focus assay.
Percent infectivity is referred to the infectivity of the viruses incubated in 0.2% OG. Error bars
represent one standard error of the mean of three independent experiments carried out in duplicate.
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Fig. 3.- Effect of antibodies to the cell surface, and of a VP4 peptide, on the
binding of RRV and nar3 viruses. Purified RRV or nar3 viral particles or affinity purified
GST-VPS and GST-VP5 fusion protein were preincubated with the indicated MAbs or with the
synthetic peptide. After incubation, the virus or protein mixtures were added to a suspension of
MAI104 cells, and incubated with gentle shaking. The amount of cell bound virus, or fusion
protein, was determined by an ELISA, as described (Zarate et al, 2000b). A MAD to the integrin

subunit o2 (02 MAD), and a MADb directed to an unknown antigen on the cell surface (2D9 MAb)
were tested. The VP4 synthetic peptide evaluated comprises amino acid residues 300 to 321 of the
protein, and contains the DGE sequence binding motif for integrin a21. Data are expressed as the

percentage of virus or recombinant protein binding, in the absence of antibodies or peptide. The
arithmetic means and standard deviations of two independent experiments are shown.

Fig. 4.- The expression of B3 integrin in CHO cells facilitates rotavirus cell

infection. Monolayers of control CHO cells or CHO cells expressing integrin allbp3  (Diaz-

Gonzdlez et al., 1996), in 96-well plates, were infected with 2 X 10 ffu’s of RRV, nar3 or Wa
viruses per well. After 60 min adsorption at 37°C, the infection was left to proceed for 16 h at
37°C, time at which the cells were fixed and immunostained. In the condition where the cells were

preincubated with vitronectin (CHO/ olIbB3 + Vn), the integrin ligand (1.5 pg/ml) was added for

1h at 37°C before virus infection. Data are expressed as percentage of the virus infectivity obtained
in the CHO cells. The arithmetic mean from two independent experiments performed in duplicate
are shown. The standard error is shown.
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Fig. 5.- The heat shock cognate protein 70 (hsc70) is present on the surface of
cells. Non permeabilized MA104 cells, fixed with paraformaldehyde, were incubated with MADb
MA-014 to hsc70 (left panel), or with a control IgM antibody (right panel), and the cells were then
stained with goat anti-mouse IgM antibodies conjugated to fluorescein-isothiocyanate.

Fig. 6.- A model for the early interactions of rotaviruses with MA104 cells. Wild
type RRV interacts primarily with a SA-containing cell receptor through the VP8 domain of VP4.
Subsequent to this initial interaction, which might induce a conformational change in VP4, the

virus interacts with a second, NA-resistant cell receptor, here proposed to be o281 integrin. This
interaction is through the DGE binding motif of VPS5, present at aa 308-310. This second virus-cell

interaction might facilitate a third interaction of the virus with B3 integrin and/or hsc70. The SA-

independent variant nar3 is proposed to interact directly, through VP35, with the o2f1 integrin. For

the sake of ‘clarity, the SA-containing and NA-resistant cellular receptors are depicted here as two
separate entities, however, they could be two domains of the same receptor molecule (see text).
The nature of the attachment site for the HRV strain Wa has not been determined, however, we

propose that it binds to a molecule that is in close proximity to 0:2p1 (see text). The antigen
recognized by MAb 2D9 (2D9-Ag) has not been identified, but we assume that it should also be

close to the 2B 1 integrin (see text). After their initial contact with the cell, ail three rotavirus

strains are proposed to interact with B3 integrin and/or hsc70, interaction that might mediate the

penetration of the viruses into the cell’s interior. In this model most, if not all, of the molecules
involved in rotavirus binding and entry are proposed to form a complex, probably embedded in
glicosphingolipid-enriched lipid microdomains on the cell surface.
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Table 1. Inhibition of binding and infectivity of RRV and nar3 viruses by MAbs to VP4
and by VP8 and VPS5 recombinant proteins

% Binding and infectivity in the presence of the indicated
MAbs or recombinant proteins

no oVP8 aVPs

Virus MAb  (7Al2) (2G4) GST GST-VP8 GST-VP5
Binding®

RRV 100 9 84 102 25 97

nar3 100 72 9 99 100 24
Infectivity®

RRV 100 8 9 87 44 102

nar3 100 20 16 110 104 50

“Expressed as the percentage of virus binding in the absence of antibodies or recombinant
roteins.
Expressed as percentage of the virus infectivity obtained in the absence of antibodies or
recombinant proteins. The arithmetic means from two independent experiments performed
in duplicate are shown.
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Table 2. Effect of metabolic inhibitors. cell membrane cholesterol depletion, and octyl-B-ghucoside on the
infectivity and binding of rotaviruses in MA 104 cells.

% Infectivity %eBinding
Inhibitor* RRV nar3 Wa RRV nar3 Wa
No treatment 100 100 100 100 100 100
PDMP (25 ug/ml) 20 40 23 110 46 104
Tunicamycin (2 pg/ml) 56 48 - 111 101 94
BenzylGalNAc (2 mM) 101 150 147 ND ND ND
Octyl-B-glucoside (0.2%) 41 4] 39 32 40 33
B-cyclodextrin (1 mM) 9 6 5 112 109 116
OG extract® 5 3 4 60 59 57

*MA 104 cell monolayers were incubated with the indicated concentration of inhibitor for ! h (B-cyclodextrin),

24 h (tunicamycin), or 72 h (PDMP, and BenzylGalNAc) at 37°C, or for 90 min (octyl-B-glucoside) at room
temperature, before virus infection.

®Rotaviruses were incubated with either 20 or 400 Hg/ml of OG-extracted proteins, for the binding and infectivity

inhibition assays, respectively. At 20 pg/ml, the infectivity of all three viruses was inhibited by about 40%.

The mean of at least three independent experiments carried out in duplicate is shown.
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