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Como resultado del Examen de Fondo realizado, con fundamento en el Articulo 45
de la Decision 486 de la Comisidn de la Comunidad Andina, se comunica:

1. Documentos estudiados

Descripcion: Folios 34 a 69 16/Diciembre/2008
Reivindicaciones: Folios 70 a 74 16/Diciembre/2008
Folios 96 a 99 24/Marzo/2009
Dibujos: Folios 76 a 78 16/Diciembre/2008
Prioridad: EP 06360027.4 20/Junio/2006
US 60/861,452 29/Noviembre/2006

2. Analisis de la Prioridad

Se acepta la reivindicacion de Prioridad porque esta solicitud fue presentada dentro
del plazo establecido (Art. 8 D 486), y su contenido técnico corresponde con el de la
prioridad reivindicada.

3. Modificaciones aceptadas

Se acepta el capitulo reivindicatorio modificado (Folios 96 a 99) porque no se -amplia
el objeto de la Solicitud.
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4, Objeto de la invencién

Titulo de la solicitud: “Proceso para producir poxvirus y composiciones de poxvirus”.

El problema planteado en esta solicitud consiste en la necesidad de producir y
purificar poxvirus para propoésitos profilacticos o terapéuticos.

Para resolver este problema técnico la solicitud en estudio proporciona un poxvirus
que es un EEV sin especificidad de infeccién objetivada y composiciones que lo
contienen.

El objeto de la presente Solicitud se relaciona con la Clasificacion Internacional de
Patentes (CIP): AB1K 48/00, 35/76, 39/00: C12N 15/863, 5/06, 7/02.

5. Reivindicaciones relativas a un uso o a un segundo uso (Art 14y 21 D 486)

El uso de las reivindicaciones 17 — 19 no es patentable, de acuerdo con el Art 14.
6. De la Solicitud de Patente
Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las reivindicaciones 1 — 7 carecen de concision porque utilizan las expresiones “un
virus vaccinia Ankara modificado recombinante”, “una secuencia exégena que
codifica una molécula que tiene directa o indirectamente una funcién citotéxica”, “un
gen suicida”, “un antigeno Asociado a Tumor (TAA)”, “una secuencia exégena que
codifica un antigeno”, "dicho antigeno se deriva de un virus®, “comprende los
elementos necesarios para la expresion de la secuencia exégena’, lo cual dificulta
determinar la extension del objeto que se busca proteger. Se recuerda al solicitante
que un polipéptido, un &cido nucleico (un vector recombinante) se caracterizan por la
secuencia de aminoacidos y polinucledtidos, respectivamente. Por o tanto se invita
al solicitante para realizar una delimitacién correcta de la invencion, definir cada
término de manera apropiada basandose en los ejemplos de la descripcion (Folios
62 a 69), haciendo una generalizacion razonable de estos y de acuerdo a las
definiciones establecidas en los Folios 40 a 44, como por ejemplo definir el antigeno
asociado a tumor como MUCT y definiendo la secuencia de los vectores
recombinantes.

La reivindicacion 8 carece no es clara ni concisa porgue no se definen la naturaleza
de las células de empaque, el periodo de tiempo de cultive y las condiciones de
recuperacion de las particulas poxviricas.

La reivindicacién 13 no es clara porque no se define la proporcidn de los
componentes dentro de la composicién.

Debido a que la solicitud se refiere a material biolégico, es necesario presentar el
Certificado de Deposito para las cepas de virus rzcombinantes del que trata la
invencion,

La reivindicacién 12 no es clara porque utiliza el térm,10 “benzonasa’, el cual es una
marca registrada (Benzonase®). Asi mismo, la reivindicacién hace referencia a que
“no se utiliza nuecleasa”, pero benzonasa es en si una nucleasa. Se sugiere hacer Ia
aclaracion respectiva.
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Se requiere al Solicitante hacer las aclaraciones necesarias.
7. Determinacidn del Estado de la Técnica
El estado de la técnica se determind con base en la fecha de presentacion de la

solicitud de prioridad: Junio 20 de 2006, y se encontraron los siguientes documentos
que anticipan el objeto de esta solicitud:

item Documento . Titulo Fecha de Publicacién

The cytoplasmic and
transmembrane domains of the
Journal of Virology. | vaccinia virus B5R protein target a
D1 Vol. 71, Pag. 3178- | chimeric human Abril/1997
3187 immunodeficiency virus type 1
glycoprotein to the outer envelope
of nascent vaccinia virions

A novel virus binding assay using
confocal microscopy:

Journal of Virology, demonstration that the -

D2 Vol 71 4;’?? 4032+ | i niracellular and extracellular Mayor1997
- vaccinia virions bind to different
cellular receptors
Transduction of human dendritic
Cancer Immunology ) . . _
D3 immunotherapy. Vol. cells with a recombinant modified 22/Agosto/2001

vaccinia Ankara virus encoding
50, Pag. 397-407 MUCH and IL-2

D1 http:/Awww.ncbi.nim.nih.gov/pubmed?term=9060681 divulga un virus vaccinia
recombinante que es un EEV sin especificidad de infeccion objetivada y que expresa
la proteina quimérica BSR-HIV (Resumen y Pag. 3179, columna izquierda, Gltimo
parrafo).

D2 hitp:/ijvi.asm.org/content/7 1/5/4032 full.pdf+htm| divulga un virus vaccinia recombinante
que es un EEV sin especificidad de infeccidn objetivada, porque no menciona que
comprenda un ligando heterdlogo localizado en la superficie del virus y que sirva de
unién a una molécula localizada en la superficie de una célula blanco (Resumen y
Pag. 4033-4034).

D3 hitp:/Awww.nebi.nim. nih.gov/pubmed?term=11726134 divulga un virus vaccinia Ankara
recombinante que codifica el antigeno asociado a tumor MUC1 y 1L-2 (Resumen).

8. Examen de Patentabilidad (Art 14 D486)

Novedad (Art 16 D486)

La reivindicacion 1 consiste en un virus vaccinia Ankara modificado recombinante,
en donde dicho virus vaccinia Ankara modificado recombinante es un EEV sin

especificidad de infeccion objetivada.

Comparacion de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

1

Caracteristicas esenciales D1 D2 D3 |
Un virus vaccinia Ankara Un virus vaccinia Un virus vaccinia | Un virus vaccinia
modificado recombinante, en recombinante gue recombinante que | Ankara
donde dicho virus vaccinia es un EEV sin es un EEV sin | recombinante  que |
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Ankara modificado

recombinante es un EEV sin
especificidad de infecciéon

objetivada.

especificidad de

infeccion abjetivada

y que expresa la

proteina quimérica

BSR-HIV

especificidad de
infeccién objetivada,
porque ng menciona
que comprenda un
ligando heterdlogo
localizada en la

codifica el antigeno
ascciade a tumor
MUCT yIL-2

(Resumen),

(Resumen y Pag. superficie del virus y
3179, colurnna que sirva de unién a
izquierda, ultimo una molécula
parrafo). localizada en |la
superficie de una
célula blanco

{Resumen y Pag.
4033-4034).

Las caracteristicas esenciales de la composicion de la reivindicacion 1 habian sido
divulgadas previamente en D1, D2 y D3 porque:

D1 divulga un virus vaccinia recombinante que es un EEV sin especificidad de
infeccion objetivada, porque no menciona que comprenda un ligando heterélogo
localizado en la superficie del virus y que sirva de unidén a una moiécuia localizada en
la superficie de una celula blanco (Resumen y P&g. 3179, columna izquierda, Ultimo
parrafo). D1 también ensefa que el virus vaccinia expresa la proteina qwmerlca
BS5R-HIV (Resumen).

D2 divulga un virus vaccinia recombinante que es un EEV sin especificidad de
infeccion objetivada, porque no menciona que comprenda un ligando heterdlogo
localizado en la superficie del virus y que sirva de unidén a una molécula localizada en
la superficie de una célula blanco (Resumen y Pag. 4033-4034). D2 también ensefia
que una composicion que comprende 3% de EEV (Pag. 4034, parrafo 1).

D3 divulga un virus vaccinia recombinante que codifica el antigeno asociado a tumor
MUC1 y IL-2 (Resumen).

En consecuencia, la reivindicacion 1 carece de novedad, segln lo divuigado en los
documentos D1, D2 o D3.

Las reivindicaciones dependientes 2 — 7 no mencionan alguna caracteristica que
haga nueva al virus de la reivindicacién 1, por lo cual se considera que no son
nuevas.

La reivindicacién 13 consiste en una composicién que comprende el virus vaccinia
Ankara modificado recombinante de acuerdo con una cualquiera de las
reivindicaciones 1 a 7 o0 se obtiene mediante un proceso de acuerdo con una de las
reivindicaciones 8 a 12.

Comparacién de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

]

Caracteristicas esenciales D2

Una composicidn que comprende el virus Una composicion que comprende un virus
vaccinia Ankara modificado recombinante de vaccinia recombinante gue comprende 3% de
acuerdo con una cualguiera de fas EEV

reivindicaciones 1 a 7 o se cbtiene mediante un
proceso de acuerdo con una de las
reivindicaciones 8 a 12.

(Resumen y Pag. 4034, parrafo 1)
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Las caracteristicas esenciales de la composicién de la reivindicacion 1 habian sido
divulgadas previamente en D2, el cual divulga una composicién que comprende un
virus vaccinia recombinante que comprende 3% de EEV (Resumen y Pag. 4034,
parrafo 1).

En consecuencia, la reivindicacién 13 carece de novedad, segun lo divulgado en el
documento D1.

Las reivindicaciones dependientes 14 — 16 no mencionan alguna caracteristica que
haga nueva a la composicion de la reivindicacion 13, por lo cual se considera que no
$On nuevas.

Nivel Inventivo (Art18 D486)

Las reivindicacion 8 consiste en un proceso para producir un poxvirus intacto, un

poxvirus atenuado y/o un poxvirus recombinante sin especificidad de infeccion

objetivada que comprende las etapas de:

a) Preparar un cultivo de células de empaque

b) Infectar dicho cultivo celular

¢y Cultivar dichas células infectadas durante un periodo de tiempo apropiado

d) Recuperar las particulas poxviricas producidas a partir del sobrenadante de
cultivo y/o las células de empaque

e) Una etapa de aclaracion de la mezcla obtenida a partir de la etapa d),
permitiendo el retiro de los residuos celulares, en donde dicha etapa de
aclaracion es una etapa de filtracion profunda

f) Una etapa de concentracidn, en donde dicha etapa de concentracién es una
etapa de microfiltracion, y

g) Una etapa de diafiltracién

Y en donde dicho proceso esta libre de productos animales.

Comparacion de las caracteristicas técnicas esenciales, con las del Estado de la Técnica:

Caracteristicas esenciales

D1

Un proceso para producir un poxvirus intacto, un
poxvirus atenuado y/o un poxvirus recombinante
sin especificidad de infeccién objetivada que
comprende las etapas de:

(a) Preparar un cultivc de células de empagque

Un proceso para producir un poxvirus intacta, un
poxvirus atenuadoe y/o un poxvirus recaombinante
sin especificidad de infeccién objetivada que
comprende las etapas de:

(i) Preparar un cultivo de células CV-1

(Pag. 3178, "Materials and methods™)

(b) Infectar dicho cultivo celular

(i) Infectar dicho cultivo celular

(Pag. 3179, "Materials and methods”)

{c} Cultivar dichas celulas infectadas durante un
periodo de tiempo apropiado

(i) Cultivar dichas células infettadas durante 2
dias

(Pag. 3179, “Isolation of recombinant viruses”)

(d) Recuperar las  particulas  poxviricas
producidas a partir del sobrenadante de
cultivo y/o las células de empagque

{(iv) Recuperar las  particulas  poxviricas |
producidas a partir del sobrenadante de |
cultivo y/o las células de empague '

(Pag. 3179, "Purification of EEV and IMV")

(e) Una etapa de aclaracién de la mezcla .

obtenida a partir de ta etapa d), permitiendo el

(v} Una etapa de purificacion en gradientes de
densidad de CsCl

Expediente 08-133446 1er Art 45



122

retiro de los residuos celulares, en donde

dicha etapa de aclaracién es una etapa de | (Pag. 3179, “Purification of EEV and IMV*)
filtracién profunda

(fi Una etapa de concentracian, en donde dicha
etapa de concentracion es una etapa de
microfiltracién, y

{g) Una etapa de dizafiltracidn
Y en donde dicho proceso esta libre de productos
animaies. i

El documento D1 se considera el estado de la técnica cercanc a la invencion definida
en la reivindicacion 8 porque divulga un proceso para producir un poxvirus intacto, un
poxvirus atenuado y/o un poxvirus recombinante sin especificidad de infeccion
objetivada que comprende las etapas de: (i) Preparar un cultivo de células CV-1
(Pag. 3178, "Materials and methods™), (i) Infectar dicho cultivo celular (Pag. 3179,
“Materials and methods”), (iii) Cultivar dichas celulas infectadas durante 2 dias

(Pag. 3179, “Isolation of recombinant viruses”), (iv) Recuperar las particulas
poxviricas producidas a partir del sobrenadante de cultivo y/o las células de
empaque (Pag. 3179, "Purification of EEV and IMV") y (v) Una etapa de purificacion
en gradientes de densidad de CsClI (Pag. 3179, "Purification of EEV and IMV"),

La diferencia entre la invencion, definida en la reivindicacion 8 y el proceso de D1
consiste en que la solicitud en las etapas (e) — (g) utiliza operaciones de filtracién y
diafiltracion para purificar el producto.

Esta diferencia no parece conceder un efecto técnico inesperado o una ventaja al
proceso reclamado en esta solicitud porque no permite mejorar la purificacion del
poxvirus de acuerdo a la descripcién.

El problema técnico objetivo de esta solicitud consiste en suministrar un proceso
para producir un poxvirus alternativo al ya conocido en D1.

Teniendo en cuenta que D1 ya divuigaba un proceso para producir un poxvirus
intacto, un poxvirus atenuado y/o un poxvirus recombinante sin especificidad de
infeccion objetivada que comprende las etapas de: (i) Preparar un cultivo de células
CV-1 (Pag. 3178, "Materials and methods”), (ii) Infectar dicho cultivo celular (Pag.
3179, “Materials and methods"), (iii) Cultivar dichas células infectadas durante 2 dias
(Pag. 3179, ‘Isolation of recombinant viruses™), (iv) Recuperar las particulas
poxviricas producidas a partir del sobrenadante de cultivo y/o las células de
empagque utitizando un homogenizador (Pag. 3179, "Purification of EEV and IMV") y
(v) Una etapa de purificacion en gradientes de densidad de CsCl (Pag. 3179,
“Purification of EEV and IMV"), y que es bien conocido en el estado del arte que el
proceso de diafiltracion es una técnica que se utiliza para remover completamente,
reemplazar o disminuir la concentracion de sales y solventes de soluciones de
proteinas, péptidos, acidos nucleicos y otras biomoléculas, asi como para concentrar
la muestra, minimizando el riesgo de pérdida de la muestra o contaminacién’, la
persona del oficioc medianamente versada en la materia habria inferido sin mucho
esfuerzo de su parte, optimizar la etapa de purificacion del producto para obtener un
proceso de preparacion de poxvirus.

1. Pall Life Sciences Scientific and Technical Report. Diafiltration: A Fast, Efficient Method for
Desalting, or Buffer Exchange of Biological Samples. 2003
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De manera que la solucién propuesta por esta solicitud en la reivindicacién 8 y sus
dependientes 8 — 12, es obvia y no tiene Nivel Inventivo.

9. Conclusion

Los requisitos de Patentabilidad de la presente Solicitud estan afectados asi:

item Documento t _Reivindicaciones afectadas Requisito que afecta
Journal of Virology, .
D1 Vol. 71, Pag. 3178- 1-12 Novedad y Nivel
3187
Journal of Virology, !
D2 Vol. 71, Pag. 4032- 1-7y13-16 Novedad |
4041
Cancer Immunology
D3 Immunotherapy. Vol, 1-7 Novedad
50 Pag. 397-407

En cumplimiento del articulo 45 de la Decisidén 486 de la Comisidn de la Comunidad
Andina, se le indica que debe dar respuesta dentro del término de sesenta (60) dias
contados a partir de la fecha de notificacion de la presente comunicacién. En caso
de no dar respuesta al presente requerimiento, o si a pesar de la respuesta
subsistieran los impedimentos para la concesion, se denegara la patente.

Se invita al solicitante se sirva indicar, si asi lo considera, su renuncia al término
faltante para dar respuesta a este requerimiento y presentarla por escrito

Notifiquese el presente oficio conforme a lo dispuesto en el numeral 5.2, literal e}, del
capitulo quinto del titulo primero de la Circutar Unica No. 10 de 2001,

r———________
. NS
JOSE LUIS SALAZAR LOPEZ
Director de Nuevas Creaciones (C)

El anterior requerimiento fue notificado por fijacion en lista, de fecha

Elaborado por; Juan David Moncalean W
Revisado por: Consuelo Leguizamén.
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The Cytoplasmic and Transmembrane Domains of the Vaccinia
Virus B5R Protein Target a Chimeric Human Immunodeficiency

Virus Type 1 Glycoprotein to the Quter Envelope
of Nascent Vaccinia Virions
EHUD KATZ,t ELIZABETH J. WOLFFE, anp BERNARD MOSS*

Laboratory of Viral Diseases, National Institute of Allergy and Infectious Diseases, Bethesda, Marviand 20892-0445

Received 26 September 1996/Accepicd 10 December 1096

The outer envelope of the extracellular forin of vaccinia virus (EEV) is derived from the Golgi membrane and
contains at least six viral proteins, Transfection studies indicated that the EEV protein encoded by the BSR
gene associates with Golgi membranes when synthesized in the absence of other viral preducts, A domain
swapping strategy was then used to investigate the possibility that the BSR protein contains an EEV targeting
signal. We constructed chimeric genes encoding the human immunodeficiency virus (HIV) type 1 glycoprotein
with the cytoplasmic and transmembrane domains replaced by the corresponding 42-amino-acid C-terminal
segment of the BSR protein. Recombinant vaccinia viruses that stably express a chimeric BSR-HIV protein or
& control HIV envelope protein with the original cytoplasmic and transmembrane domains were isolated. Cells
infected with recombinant vaccinia virnses that expressed either the unmodified or the chimeric HIV envelope
protein formed syncytia with cells expressing the CD4 receptor for HIV. However, biochemical and microscopic
studies demonstrated that the HIV envelope proteins with the BSR cytoplasmic and transmembrane domains
were preferentially targeted to the EEV. These data are consistent with the presence of EEV lucalization signals

in the cytoplasmic and transmembrane domains of the BSR protein.

Poxviruses, of which vaccinia virus is the prototype, have
double-stranded DNA genomes within complex core struc-
tures that are surrounded by multiple membranes (12, 43}, The
surface of intracellular mature virions (IMV) is composed of
two tightly apposed membranes derived from the intermediate
compartment between the endoplasmic reticulum and the
Golgi complex (35, 61). Some IMV arce subsequently wrapped
by cellular cisternae derived from the trans Golgi network,
thereby acquiring two additional membranes (11, 31, 42, 56,
64). The resulting four-membrane intracellular enveloped viri-
ons (IEV) are transported by actin-containing microfilaments
1o the periphery of the cell (10, 30, 63). The outermost viral
membranc of the IEV fuses with the plasma membrane, pro-
ducing two related forms of externalized virions: cell-associ-
ated enveloped virions {CEV) that mediate cell-to-cell infec-
tion (3) and released extracellular enveloped virions (EEV)
that mediate long-range transmission (47).

The protein components of the IMV and EEV membranes
arc predominantly if not cxclusively viral (46, 33). Viral genes
encoding many of the proteins associated with the IMV and
EEV membranes have been identified. The proteins associated
with the IMV membrane or its precursors are nonglycosylated
and are encoded by the A17L (35, 52, 66), A27L (37, 53), DSL
(39, 44, 60), D13L (62), and L1R (50, 51, 67) genes. The EEV
membranes contain one nonglyeosylated protein encoded by
the F13L gene (2, 32, 57, 58) and glycosylaled proteins en-
coded by the A33R (54), A34R (4, 15, 41), A36R {45), A56R
(6, 59), and BSR {22, 23, 33, 63) genes.

* Corresponding authar. Mailing address: Laboratory of Viral Dis-
eases, NIATD, NIH, Building 4, Room 229, 4 Center Dr., MSC 0445,
Bethesda, MD 20892-0445. Phone: (301) 496-9869. Fax: (301) 480-
1147, E-mail: bmoss@nih.gov.

t Permanent address: Department of Virology, Hebrew University-
Hadassah Medical School, Jerusalem 91120, Israel.
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The detection of EEV proteins in the Golgi network, wrap-
ping cisterna, and outer EEV membrane of infected cells sug-
gests that some viral proteins possess Golgi network retention
and EEV targeting signals (31, 56). It may not be necessary for
all EEV proteins {o have such signals, since some could be
targeted by interaction with another protein that has one. Al-
ternatively, Golgi network retention might require the forma-
tion of oligomeric structures composed of several proteins. Of
the six known EEV proteins, A34R and AS6R are not required
for EEV formation, A36R enhances EEV formation only 2.5-
to 5-fold (43), and no information is yet available for A33R.
Deletion of the F13L (2) or BSR (23, 65) gene prevents wrap-
ping of the IMV with Golgi network, indicating a key role for
these proteins in EEV formation. Moreover, the latter proteins
both concentrate in the trans Golgi network during vaccinia
virus infection {56). The F13L product is not an integral mem-
brane protein, and acylation is required for membrane associ-
ation (31, 48, 58), whereas the BSR protein is a type 1 integral
membrane glycoprotein {33). Based on the information pre-
sented above, we considered that the B3R protein was likely o
have Golgi network retention and EEV targeting signals. Here,
we report that the BAR protein localized in the Golgi network
when expressed by itself in transfected cells and that the 42-
amino-acid C-ierminal segnment of the B3R protein, which
constitutes the transmembrane (TM) and cytoplasmic do-
mains, was sufficient (o target a chimeric HIV-1 envelope (em-)
glycoprotein to the EEV membrane in infected cells,

MATERIALS AND METHODS

Viruses and cells, HeLa 53 (ATCC CCL 2.2), BS-C-1 (ATCC CCL 26). CV-1
(ATCC CCL 70). Cos-7 (ATCC CRL 1651), and RK,, (ATCC CCL 37} celis
were grown in Eagle miimum essential medium {Quality Biologicals, Gaithers-
burg, Md.) supplemented with 10% fetal calf seram. Vaccinia virus strains WR
(ATCC VR-1354) and THD-I (derived from ATCC VR-156) and recombinant
viruses prepared from them were propagated as previcusly described (18). Re-
combinant vaceinia viruses were handled under BL-2 conditions by individuals
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who had recently received a smallpox vaccination, in accordimee with reconts
mendations of the Tmmunization Practices Advisory Committee (34).

Antibodies, Two human immunodeficiency virus (HIV)-specific antisern were
kindly provided by P. Earl: mouse monoclonal antibody {MAB} 47 (173, which
reacts with the V3 loop of HIV env. and rahbit polyclonal antiscrum 2144, raised
against purified gpl40 (HIV-1 env protein lacking the TM and cytoplasmic
domains). L. Payne and G, Hiller provided MAD 20 (48), which reacts with gp42
encoded by the vaccinia virus BSR open reading (rame (ORF) (33), and a rabbit
polyclonal antiserum against p37 encoded by the F131 ORF (29). respectively.
MADs to FL1AL and B3R were gifis of G. Griffiths (56). We prepared rabbit
antisera 1o 2 12-amino-acid peptide, COKNNDQYRKFHEK, of the cytaplasmic tail of
the gp42 (B5R) protein and tc a 23-amino-acid peptide. RLVETLPENMDFR
SDLHLTTYEC, of the N terminus of the p37 (F13L} protein. A MAb 10 the
mfluenza virus hemagglutinin (HA) (25) was provided by J. Yewdeil.

Plasmid expression vectors contuining the BSR und F13L ORTs, A copy of the
B3R ORF flanked by Bglll sitcs was generaled by PCR with purified vaccinia
virus strain WR DINA as a wemplate and primers EW12. 8'-GGGAGATCTAA
AATGAAAACGATTTCCGTTGTT-3". and EW13, 5'-GGGAGATCTAGATT
ACGGTAGCAATTTATGGAA-Y (restriction endonuclease sites are under-
lined}. In o simitar fashion, a copy of the F13L ORF flunked by EcoRl sites was
generated with primers EW22, 5'-GGGGAATTCAAAATGTGGCCATITGC
ATCGGTA-Y', and EW23, 5-GGGGAATTCTTTTTAAATTTTTAACGATT
TACT-3". The PCR produets of 1,021 and 1,240 bp were cloned into either the
Belll or EcoRI site of the simian virus 40 early promoter expression vector pSG3
(28) (provided by R. Rosales), generating pSG342.1 and pSG537.1, respectively,
Correct orientation of the DNA inserts was determined by DNA sequencing.

Construction of a chimeric BSR-HIV-1 env gene. DNA encoding the ectodo-
main of the HIV-1 env protein (4%) was derived from plasmid pPELS {19), in
which the env protein was medified o eliminate eryptic vaccinia virus ranscrip-
tional termination signals, and from pPE12CB (17). in which the codons [or i2
amino acids surraunding the proteolytic cleavage site berween gpl20 and gpdl
were replaced with codons for Ser-Arg. The Ssl-Ybal {ragment from pPE1S was
lignted with §stl- and Xbal-cut pUCLE (that had been modified by deletion of the
HindlIl] site). The resultant plasmid, pEKI, encodes the full-length cleavable
FHEV-1 vav protein. The HindI1-Sis] fragment of the plasmid pPEI2CE was
exchanged with the parallel fragment [rom pEKI, giving rise to 1he plasmid
pER2 encoding the noncleavable HIV-1 env protein. A threesstep recombinani
PCR prolocol was then performed. In the first step, DNA segments containing
the Hindlll site to the TM region of the FIIV-1 emnv protein and the T™ and
cyteplasmic domains of BSR were synthesized separatelv. The primers for the
HIV-1 env segment were as foliows: A, §'-CAATTACACAAGCTIAATACAC
TCC-Y' (the /indIIl site is underlined). and B, 5'-ATGATAAGTTGCTTATAT
ATACCACAG-3', containing nucleotides 983 Lo 974 of BIR (in italics) and 2034
t0 2020 of the HIV-1 env gene. The B3R fragment was generated with primers
C. 5'-GGTATATAAAAGCAACTTATCATATAATC, containing nucleotides
2024 to 2034 of HIV-1 env and nucleotides 974 10 991 of B5R (in italics), and D,
5" GUGOGAGCTCGCGGCCGCTTACGGTAGCAATTTATG-3'.  containing
the restriction sites for Sl and MedI (underlined}. o stop codon. and nuclectides
1099 1o 1085 of the cytoplasmic domain of BSR (in italics). The rwo DNA
fragments formed by PCR were Ihen recombined in a third amplification reac-
tien, using primers A and D, to generate a 300-bp [ragment containing the
sequence encoding the chimeric BSR-HIV-1 env protein. The HindI11-$51 frag-
menlts {enceding the C-terminal sequences of H1V-1 em) of pEK1 and pEK2
were replaced with the findIl]- and Ssri-cut DNA formed in fhe third PCR. The
two plasmids formed (pEK3 and pEK4) were then digested with Sall and Norl,
and the ORFs were tigated o Salt- and Motl-cleaved pSCllg g agn (3 vecior
provided by 1. Bacik that containg Safl. Bg/l. apel, Kpnl. and Neorl sites inscrted
into the Sl site of pSC11 [7]), giving rise to pEKS (with cleavable em) and
pEK6 {with noncleavable ¢n),

Isolation of recombinant viruses, Reenmbinant vaceinia viruses were prepared
as previously described (20). CV-1 cells were infected with vaccinia virus (WR or
IHD-J strain) at | PFUfcell, After 2 h, calcium phosphate-precipitated pEKS or
pEK6 was added. and the infected-transfected vells were hurvested after 2 days.
Cambined thymidine kinase-negative (T} selection and B-galaclosidase color
screening were used for repetitive plague purifications of the recambinanis
WR/EKS, WR/EKG. [HD/EKS. and THDVEKS. The transfer vectors pPELS and
pPE!2 (obuained frem P. Earl [16. 19]) were used 1o construct the recombinant
IHD viruses IHD/PE16 and IHD/PEI2. containing genes encoding nonchimeric
HIV-1 env proteins. with or without cleavage sites, respectively. A recombinant
virus (IHD/SC11). containing the expression vector only (without any HIV env
ingert). was also construcred and isolated,

Purification of EEV and IMV. EEV and IMV were isolated {rom RK, 5 cells at
48 h after infection. EEV were collected by centrifugation of clarified culture
medium in an SW28 rotor at 14,000 rpm for 1 h al 4°C. IMV were collected by
sedimentation of the cytoplasm. from Dounce-homogenized cells, through a
cushion of 36% sucrose in an SW28 rotor at 13,500 rpm for 80 min at 4°C. Both
EEV and IMV were purified in CsCl density gradients (46). The virus suspen-
sions (0.5 ml) were layered on preformed, discontinuous layers of CsCl (2.5 ml
of 1.3¢ g/ml. 3.5 mi of 125 g/ml, and 4.5 ml of 1.20 ghnly in 10 mM Tris. pH 9.
Cenlrifugation was done in an 3W41 rotor at 32.000 rpm for 1 h at 15°C. When
EEV fram clarified medium of infected cultures were purified, a single band a1
a refractive index of 1.357 appeared: when the cvtoplasmic extract was sedi-
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menled. 1wo bands wilh refractive indexes of 1.357 (containing IEV or CEV} and
1.360 (containing IMV} were detected. Virus bands were collected and uscd
directly for immunogold staining or sedimented and kepr ac =70°C for immu-
neblotting,

Transient synthesis of the BSR and F13L proteins. Cos-7 cells were grown on
caverslips in 2d-well plates to approximately 75% confluency and then trans-
fected with 2 g of polyethylene glycol-precipitated pSGS, pSGS42.1, or
pSG537.1 in serum-free medium with Lipofectin reagent (Gibeo Life Technol-
ogics. Gaithersburg, Md.) as recommended by the manufacturer. Transfected
cells were incubated at 37°C for 4 10 5 h, at which fime an equal volume of
medium containing 20% fetal calf serum was applied to each well. The incuba-
tion was allewed to proceed for a further 40 h. and cells were fixed in 3%
paraformaidehyde.

Indirec! inmunoflunrescence microscopy. Indircet immunofiuorescence mi-
croscopy of transfected Cos-7 cells was performed as previously described (33).
Briefly, cell monolayers on coverslips were infected with 5 PFU of recombinant
vaceinia virus per cell; after § h, the cells were washed with phosphate-buffered
satine (PBS) and fixed in 3% paraformatdchyde. Permeabilization and subse-
quent washing steps were carried out in PBS with 0.05% sapanin {Calbiochem,
San Diego. Calif.). The ¢ells were incubated with rat MAb 15B6 or 19C2 to F13L
or BSR EEV proigin, respectively (56); washed; and then incubated with fiue-
rescein dsothiocyanate-conjugaled goat anli-rabbit antibody (DAKQ Corp.
Carpinteria, Calil.). Golgi apparatus colocalization was performed with rhodam-
ine-conjugated Ricinus communis agglulinin I {Vector Laboratories).

Immunostaining of virus plaques. BS-C-1 cell menolayers were infected with
a recombinan virus, fixed on the fellowing day with an equal mixture of ethanol
and acetone, and then incubated with rabbit polyclonal antiserum {1:1.000) 10
HIV gpld0. Denkey antibodies prepared against rabbit immuncglobulin G con-
jugated 1o horseradish peroxidase {Amersham Life Science. lne. Arlingion
Heights, T11.). were then added. followed by (he substraie 3.3' dimethoxvbenzi-
dine (o-dianisidine) {Sigma Chemical Co., St. Louis, Mo.) and H.O.. When the
expected antigen was made, a brown color (the oxidized {form of dianisidine} was
visualized by light microscupy (27).

Immunohlotiing. Polypeptides from cell extracts or purified virions were dis-
sociated with 2% sodium dodecyl sulfate (SDS) and 5% mercaptocthansl at
L00C and resolved by cleetrophoresis in a 10% polvacrylamide gel (36). The
proteins were transferred w0 2 nitrocellulose membrane (NitroPure; Micron
Separations Inc.. Westborough, Mass.) by electrophoresis in 150 mM glycine-20
mM Tris-HCl {pH §.0)-20% methanol al 70 mA for 15 h. The membrane was
incubated with blocking buffer (0.5% gelatin, 0.13% Tween 20 in PBS) for 1 h
and was then incubated wilh specific antibodies in the same huffer for 310 4 h.
The membrane was extensively washed with 0.5% Tween 20 in PBS and im-
meysed in dlocking buffer supplemented with 1 pCi of '*1-labeled protein A {30
mCi/mg; Amersham International, Amersham, United Kingdom) per ml. The
membrane was washed again and exposed 1o X-ray film (BioMax MR: Easiman
Kodak. Rochester, N.Y.).

Reprobing of blots, Blots that had previously been developed with >I-protein
A were rehydrated and incubated with 1:500 dilution of antiserum in PBS
containing 1% Tween 20 for 2 h. After being washed, the blors were incubaled
with a 1:2,000 dilution of goat anti-rabhil immunoglobulin G conjugated to
alkaline phosphatase (Sigma Chemical Co.) for 45 min and washed, and bound
antibody was detected with the BCIP (S-bromo-4-chloro-3-indolylphosphate
toluidiniumj-nitroblue tetrazolium phosphatase system (Kirkegaard & Perry
Laboratories, Gaithersburg. Md.).

Syncylium assay (1), HeLa cell menolayers were infected with 10 PFU of
either vaccinia virus recombinant vCB3 which contains the eDNA of the human
CD4 gene (5). WR/EKS, or WR/EKS per cell. After 2 h at 37°C, the cells were
dispersed. suspended at 5 x 10° cells per ml of growth medium, and incubared
for 15 h at 31°C in a pelyallomer wbe {10 which the cells do not firmly adhere).
After being washed and counted. 75,000 cells that had been infected with vCBJ
were mixed with an equal number of cells that had been infected with WR/IZKS
or WR/EKG. The cell mixtures (0.6 ml} were seeded in each well of a 24-well cell
culture cluster (Costar Co., Cambridge. Mass.). incubated for 20 b ut 37°C. and
then fixed with methanol-acelone (1:1) and stained with erysial violer (0.1% in
0.1 M citric acid).

Emmuoogold labeling of thawed cryosections. RK,; cells were grown in 60-
mm-diameter dishes. infected with 10 PFU of recombinant vaceinia virus per cell,
fixed. and prepared far ulirathin cryosectioning as previously described (66) with
a leica/Reichert Uhracryomicrotome FCS. Thawed sections were incubated
with serum (1:500) from rabbils that had been immunized against purified HIV
£p140 {ollowed by protein A conjugated w 10-nm-dizmeter colloidal gold (De-
partment of Cell Biology, Utrecht University School of Medicine, Utrechl, The
Netherlands) and (hen stained with 0.1% wranyl acetate (Electron Microscopy
Sciences, Fort Washinglon, Pa.y in 1.8% methylcellulose and viewed wilth a
Philips CM100 electron microscope.

Immunogald labeling of EEV. Carbon-coated grids were Hioated on a suspen-
sign of CsCl-purified EEV or IMV. After being blocked with 153 Teleostean
gelotin (Sigma Chemical Co.) in PBS. the grids were layered successively on
solutions conlaining MAb D47 (47.2 wp/ml) ar the MAD to influenza virus HA
{474 pg/ml) for 30 min and then on 10-nm-diameter colloidal gold conjugated to
protein A. The grids were washed and fixed with 1% glularaidehyde (Electron
Microscopy Sciences) in PBS and then negatively stained with 2% uranyl acetaie.
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FIG. 1. Iniracellular localization of the BSR and FI13L proteins expressed separately in 1he absence of other viral proteins. Cas-7 cells were grown on coverslips and
cither untransfeeted (1) or transfected with the pSGS vector (A) or pSG4Z.1 encoding the BSR gene {B. C. and F) or pSG37.1 encoding the F131 pene {E). After
45 h, the cells were examined by indirect immuncfiucrescence microscopy with antibody 1o the BSR protein (A, B, and C) or the p3? protein encoded by F13L (I and
E) and fluoresecin-canjugated anii-rabbit amibody. For Gelgl apparatus localization (F). rhodamine-conjugated R. communis agglutinin was used. The arrows and
arrowheads in panels C and F point to Golgi cotocatization of antibody to BSR and R. communis agglutinin.

RESULTS

Intracellular localization of the BSR and F13L proteins.
Plasmid expression vectors containing cither the vaccinia virus
B5R or FI3L ORF were transfected into uninfected Cos-7
cells to determine the intracellular locatization of the encoded
proteins in the absence of other viral gene products. Immuno-
fluorescence microscopy of BR-transfected cells revealed an
intensely staining juxtanuclear mass with the characteristic ap-
pearance of the Golgi apparatus as well as some punctate
staining (Fig. 1B). The B3R Golgi staining (Fig. 1C) was con-
firmed by colocalization with R. commumnis agglutinin 1 (Fig.
iF). Apparent staining of the endoplasmic reticulum and
plasma membrane were discerned in cells that highly expressed
B5R (data not shown).

In cells transfected with the FI3L gene, staining of FI3L

appearcd bBrightest around the nucleus but was diffusely dis-
tributed throughout the cell {Fig. 1E). Untransfected cells or
cells {ransfected with the vector alone showed low background
staining (Fig. 1A and D). These data suggested that of the two
proteins, BSR and F13L, the former was preferentially con-
cenirated in the Golgi apparatus.

Construction of recombinant vaccinia viruses that express
chimeric membrane glycoproteins. The TM domain, alone or
together with the cytoplasmic domain, is necessary for the
localization of several Golgi resident proteins (40). In view of
the results discussed in the previous section, we decided 10 use
a domain swapping stratcgy to determine whether the corre-
sponding region of the BSR protein contains an EEV targeting
signal.

The junction between the TM domain and ectodomain of
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cleavage site HAecombinant v|rus ulate their expression (7). We chose a relatively weak promoter

gp120 [ o4t to prevent overexpression, which might perturb the normal

[ rami e ot 1 85! IHD/PE16 process of EEV formation and possibly lead to premature
retention of the recombinant protein in the wrong compart-

= -——- — ] 64 IHDPE12 ment. Conveniently, the vector directs recombination into the
v TK locus of the vaccinia virus genome, providing both TK
) "0 IHD/EKS selection and B-galactosidase color screening of recombinant

viruses. Initially, the weli-characterized WR strain of vaccinia

—— 2 I 710 IHD/EKG virus was used for recombination. Subsequently, the same
transfer vectors were used with the THD-J strain of vaccinia
virus because of the high proportion of EEV compared to

£ HIV envelope protein CEV produced as a result of a point substitution in the A34R

[ vaccinia BSR {transmembrane ard cyteplasmic omains} gene (4). The two viruses with chimeric genes retaining the

FIG, 2. Structures of chimeric BSR-HIV env proteins expressed by recombi- %Pégpﬂgf_ﬂrt.dea}r’ﬁgb tSI‘(]e_S' W:en? dfsfgnél_eddw.Rﬂ?ﬁ E:;\l/(}lligl?(/
nant vaceinia viruses. The cytoplasmic and IT™M domains of the HIV-1 env protein 25 The o Wi \ OUL ClCAVIEE SIECs WeT ¢ dcsigna c - .
are relained in the recombinant genes in vaceinia viruses IHD/PE16 and THIY and IHD/EKG (Fig. 2). As controls, IHD-J recombinant viruses
PEL2, whereas they are replaced by the B3R cytoplasmic and TM domains in the with full-length (nonchimeric) cleavable and noncleavable

recombinant genes encoded by IHD/EKS and iHD/EKG. The site of cleavage HIV-1 env ¢enes were desienaied [HD 6 and [HD 12
between the gpl20 and gp4l domains of thé HIV-1 env protein was deleted in Y ge desig /PEL /PEI2,

IHD/PEI2 and THI¥YEKS, Amine acid numbers are indicated. IHD refers to the respectively (Flg' 2}

strain of vacciniz virus used 1o consiruct the recombinant viruses. Corresponding Expression of the chimeric HIV-1 env glycoprotein in recom-
WR strain recombinant vaccinia viruses are similarly named. with WR in place binant-vaccinia virus-infeeted cells. The plaques formed in
of [HD.

BS-C-1 cclls by recombinant vaccinia viruses expressing the

chimeric HIV env genes were indistinguishable from thosc

formed by ordinary vaceinia virus (Fig. 3), indicating no ad-
the vaccinia virus BSR protein had been determined by mu- verse effect on cell-to-cell virus spread due to an impairment in
lagenesis: when the predicted TM region was deleted, the B5SR formation of extracellular virus. We also compared the spread
protein was secreted (33). The DNA encoding a 42-amino-acid of the recombinant viruses in monolayers of CD4* and CD4~
segment, containing the cytoplasmic and TM domains of the HelLa cells and found no difference due to the presence of the
B5R protein, was attached to the sequence encoding the HIV env receptor (data not shown). Immunoperaxidase stain-

. ectodomain of the type 1 membrane glycoprotein encoded by ing of recombinant virus plaques using antiscrum to the HIV
HIV-1 (24). During transit through the Golgi complex, the  env protein provided initial evidence of expression of the chi-
HIV-1 env glycoprotein is normally cleaved into noncovalently meric genes (Fig. 3).

linked ppl120 and gp4l subunits that readily dissociate, result- Hel a cells infected with recombinant viruses containing the
ing in the loss of gp120 from the plasma membrane or virion  chimeric (IHD/EKS6) or nonchimeric (IHD/PE12) HIV env
surface. For this reason, two chimeric genes were canstructed: gene were examined by indirect immunofluorescence micros-
one with the pormal, cleavable site between the gpl20 and - copy with the D47 MAD to the V3 loop of the gp120 domain of
gp41 domains and the other with the cleavage site delcted. the I{IV-1 env. In both cases, we ohserved apparent staining of

The chimeric genes were inserted into a plasmid transfer the endoplasmic reticulum, Golgi apparatus, and plasma mem-
vector so that the P7.5 promoter of vaccinia virus would reg- brane {Fig. 4A and B}. However, a comparison of the two
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FIG. 3. Immunoperaxidase staining of recombinant virus-infected cells with antiserum against HIV-1 env. To show individual plaques. BS-C-1 cells were infected
with & low multiplicity of vaceinia virus WR (A), WR/EKS (B), and WR/EKG {C). The cells were fixed on the following day, incubated with palyclonal antibody to HIV-1
erv, and developed with an immunoperoxidase stain, Areas of the cell monalayers containing a virus plaque were photographed.
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FIG. 4. lmmunofluorescence microscapy of cells infected with recombinant vaccinia viruses. HeLa cells were infected with THIVEKG (A and D), IHD/PE12 (B aid
L) or THD/SCL1 (C and F) for 8 h. The cells were then fixed. permeabilized, and incubated first with mouse MAb D47 to HIV env {A. B, and C) or rabhit polvclonal
antibody to the vaccinia virus P37 protein (D, E, and F) and then with rhodamine-conjugated rabbit anti-mouse antibody or fizorescein isothiocyanate-conjugated goat
anti-rabbit antibody. The coverslips were mounted, and the cells were viewed with o fluorescence microseope. Armows in A and D point 1o examples of colocalized

punctate staining.

indicated an additional punctale staining pattern in ceils ex-
pressing the chimeric env protein (Fig. 4A). Only background
staining occurred in cells infected with a control vaccinia virus
expressing B-galactosidase (Fig, 4C).

To investigate whether the punctate staining of the chimeric
protein might represent enveloped virions, the infected cells
were also incubated with antibody o the p37 EEV protein
encoded by F13L. The F13L staining showed a characteristic
juxtanuclear and punctate staining representing Golgi network
and Golgi network-wrapped virus particles, respectively (Fig.
4D, E, and F). Some areas of p37 punctate staining colocalized
with the chimeric TIIV env protein (Fig. 4A and D), consistent
with the association of the latter with enveloped vaccinia viri-
Ons.

Fusion activity ol the chimeric env glycoprotein. Infection of
CDd-expressing human cells with HIV-1 or with recombinant
vaccinia viruses that encode the HIV env protein results in
syncytium formation {1, 38). HIV env-medialed fusion can be
distinguished from vaccinia virus-mediated [usion (13, 26), as
the former occurs at neutral pH, is CD4 dependent, and re-
quires gp120-gpd1 cleavage.

HeLa cells infected with WR/EKS or WR/EKS6 were mixed
with HeLa cells infected with recombinant vaccinia virus vCB3

which expresses CD4. Cells infected with WR/EKS formed
syncytia (Fig. 5A), whereas cells infected with WR/EKS6 (Fig.
5B) did not, since the gp120-gp41 cleavage site was deleted. In
addition, cells infected with wild-type vaccinia virus instead of
vCB3 did not fusc with cells infected with WR/EKS (data not
shown). These results demonstrated that some chimeric pro-
tein was properly folded and [ocated on the cell surface, con-
sistent with studies of B5SR localization (56). Evidently the B5SR
cytoplasmic and TM domains could functionally substitute for
those of the HIV env glycoprotein.

SDS-polyacrylamide gel electrophoresis (PAGE) analysis of
recombinant HIV proteins. The size and glycosylation of the
HIV env proteins were examined by immunoblotting of ¢yto-
plasmic extracts of cells infected in the absence or in the
presence of tunicamycin, an inhibitor of N glycosylation.
Polypeptides of approximately 160 kDa were detected with
antibody to the HIV-1 env glycoprotein in extracts of cclls
infected with THD/EKS ar IHIVEKSG (Fig. 6, left blat). Since
gp120 is extensively shed into the medium afier cleavage of the
precursor (8), the glycosylated 160-kDa protein was the pre-
dominant band with IHD/PE12 as well as THD/PE16 (Fig. 6.
left blot). In the presence of tunicamycin, the chimeric
polypeptides from IHD/EKS and IHD/EK6 migrated s pre-
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FIG. 5. HIV env-mediated syneytinm formation. HeLa cells wers inlected separately with recombinant vaccinia vires vCB3 (which expresses the cDNA of the human
Cix gene) and either WR/EKS or WR/EKSG for 15 h. At this time, cells infected with vCB3 were mixed wilh cells infected with WR/EKS {A} or WR/EKSG (B) and

incubated for an additional 20 h hefore being stained with crystal violer.

dicted for 8-kDa bands (Fig. 6. right blot). The slower mobil-
ities of the unglycosylated, nonchimeric polypeptides ex-
pressed by IHD/PE1G and THD/PEL2 are consisient with the
longer cytoplasmic domain of the HIV-1 env protein compared
to that ol B5R. The absence of the cleavage site of env in
THIVEKSG and IHD/PE12 appeared to increase the amounts of
env detected particularly in the presence of tunicamycin, pos-
sibly by increasing protein stability,

The cytoplasmic domain of BSR is common 1o both the
authentic B3R protein and the chimeric BSR/MHIV env protein.
We immunized rabbits with a peptide derived from the ¢yto-
plasmic domain and used the antisera to probe blots containing
proteins from cells infected with THD/EKS and [{HD/EKS.
After incubation with "*[-protein A, the relative amounts of
BSR and BSR/HIV env protein were determined with a
Phosphorlmager. The results indicated that the chimeric pro-
lein from cells infected with THD/EKS and 1HDVEKS6 repre-
sented approximately 5 and 7%, respectively, of authentic
B3R, The relatively small amount of chimeric protein was
consistent with the weak promoter used for expression.

Association of the chimeric glycoprotein with EEV. The cru-
cial experiment was to determine whether the chimeric glyco-
proteins were specifically incorporated into EEV. Similar
amounts of EEV were purified by CsCl gradient centrifugation
from the medium of cells infected with the various recombi-

nant viruscs. EEV proteins were analyzed by SDS-PAGE and
immunobletting with polyclonal antibody to the HIV env pro-
tein or with MAb D47 1o the V3 loop of the gp120 portion (Fig.
7). Both antibodies reacted with a 160-kDa polypeptide
present in EEV derived from cells infected with IHD/EKS and
IHID/EKS (which express HIV env with B5R cytoplasmic and
TM domains) but not in EEV from celis infected with THD/
PE16 or THD/PEI2 (which express HIV env with HIV cyto-
plasmic and TM domains). Evidence that a similar amount of
EEV protein was present in each lane was obtained by re-
probing the blots in Fig. 7 with antibody to the p37 protein
{data not shown), Only when the gel was overloaded, by elec-
trophoresis of 10 times the amount of IHD/PE12 or IHD/PE16
EEV, was gpl60 detecled by immunoblotting. In contrast (o
the results oblained with EEV, gpl60 was not detlected by
immunoblotting of CsCl-purified IMV from the cvtoplasm of
cells infected with any of the recombinant vaccinia viruses, We
concluded that the cytoplasmic and TM domains of the BSR
protein sclectively targeted the chimeric HIV env protein to
EEV,

The larger amount of EEV-associated env protein from cells
infected with THIDD/EKS6 than IHD/EKS (Fig. 7) was consistent
with the removal of the gp120-gp41 cleavage site in the former
and the lability of the gpl20-gp4l association in the latter.
Scveral other specific and nonspecific bands were noted: the
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FIG. 6. SDS-PAGE analysis of glycosylated and nonplycosylated recombi-
nant proteins, RK,; cells were infected with 1 PFU of the recombinant viruses
deseribed in the legend to Fig. 2 or THD/SC1t {which expresses 8-galactosidase)
per cell. Tunicamycin {5 pp/mi} was added to one set of cultures (+wnicamycin)
at 1 h after infection. The cells were harvested after 2 days and suspended in
PBS. Immunablotting with polyclonal antiserum {(1:2,000) against HIV cnvelope
anligen was performed following SDS-PAGE. An aworadiograph is shown,
Afrows point to gpl6é0. gpl20. and unglycosylated env proteins, The numbers on
the left are molecular masses (in kilodalions).

POLYCLONAL

J. VIROL.

HIV-specific protein of about 80 kDa was detected with poly-
clonal antibody but not with the V3 loop-specific MAb, be-
cause it represents a degradation preduct formed by cleavage
within the V3 loop of the HIV emv protein; the protein of
approximately 60 kiDa apparently reacts nonspecifically with
protein A; lower-molecular-weight polypeptides were present
in all lanes probed with the polyclonal antibody and evidently
represent cross-reacting bands.

Immunogold labeling of the EEV surface. Further experi-
ments were designed to determine whether the chimeric pro-
tein is displayed on the surface of the EEV. Two separate
procedures were uscd. Thawed cryosections of cells infected
with rccombinant vaccinia virus IHD/EK6 were stained with
MADb D47 and protein A-conjugated colloidal gold and then
examined by electron microscopy. A field showing immuno-
gold labeling of the outer membrane of EEV that have been
released {from infected cells but not of intracytoplasmic IMV is
presented in Fig. 8A. Significant immunogold labeling of EEV
from cells infected with IHD/PE12 was not detected {data not
shown).

In the second procedure, CsCl gradient-purified EEV on
carbon-coated grids were incubated with MAb D47 and then
exposed to protein A-comjugated colloidal gold. An clectron
micrograph of an immunogold-labeled EEV from IHD/EKA-
inlected cells is shown in Fig. 8B. As controls, replicate grids
were incubated with a MAb of the same isotype but to the
influenza virus HA. The gold grains were visualized by electron
microscopy, and their numbers per 100 EEV are indicated in
Table 1. The largest number of grains was assaciated with EEV
from cells infected with IHID/EK6 and IHD/EKS; the relatively
few grains associated with EEV formed in cells that expressed
nonchimeric HIV envelope (IHD/PE16 and 1HD/PE12) were
comparable to the background obtained with EEV fram cells
infected with a recombinant vaccinia virus that expressed B-ga-
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FIG. 7. Detection of chimeric proteins in EEV. EEV were purified by CsCl gradient centrifugation from the media of cells infected with recombinant vaccinia
viruses. Purified EEV (0.4 optical density vnit at 260 nm) were dissociaied with SIS, and the component proteins were resolved by PAGE. The proteins were
transferred to a nitreeellulose membrane and probed with a polyclonal antibady 1o the HIV-1 env protein (1:1,000) or with V3 leop-specific MADb D47 (1:500) followed
by '*1-labeled protein A. An zutoradiograph is shown. The upper arrowheads point 1o full-length e proteins, and the lower one points 1o a proteolytically degraded

form. The lane on the extreme lefi contains radioactively labeled marker proteins.
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FIG. 8. Iminurogold labeling of EEV from celis infected with IHD/EKG. (A) Thawed cryosections of Fela cells infected with THIWEKS were incubated with MAb
D47 and then with 10-nm-diameter colluidal pold conjugated to protein A. (B) CsCl gradient-purified EEV, [rom the medium of IKIVEKS-infeeled RE, , ceils, were
adsarbed onto a carban-coated grid and incuhated with MAb D47, The grid was then layered on 10-nm-diameter colinidal gold conjugated to protein A, fixed, and

stained in uranyl acetate. Electron micrographs are shown,

lactosidase alone (IHD/SC11) or when the MAD used was to
the unrelated influenza virus HA. .

DISCUSSION

The goal of this project was o identify a vaccinia virus
membrane prolein that ¢contains EEV targeting signals. The
following criteria were used in choosing a candidate protein:
Golgi localization during a natural infection, presence in IEV
and EEV membranes. and requirement for EEV formation,
The type 1 membrane glycoprotein encoded by the B3R gene
(23, 56, 65) and the acetylated protein encoded by the F13L
gene (2, 31, 48, 58) have these characteristics. We then set
another criterion: Golgi localization in the absence of other
viral proteins. Immunccytochemical studies of transiected cells
indicated that the B3R protein localized in the Golgi compart-
ment even under these conditions, whereas the F13L protein
did not appear 1o do so. Thus far, independent Golgi localiza-
tion has not been demonstrated for any other vaccinia virus
protein, although this property may not be unique 1o the B5R
product.

We considered several experimental approaches to deter-
mine whether BSR contains an EEV targeting signal, including
random and directed mutagenesis and domain swapping. The
latter strategy was attractive, since the three domains of type 1
membrane proteins generally constitute independent folding
units, and consequently, exchanging domains of heterologous
prateins is frequently tolerated without global disruption of
structure (14). Moreover, the ability to confer a novel EEV
localizalion property to 2 hetlerologous protein represents a

TABLE 1. Immunogold labeling of LV wish MAb 10 HIV-1 gpl20

Recombinant No. of gold grains/100 EEV wilh;

virusg

Anli-gp120 Anti-HA®
IHIYEKS 121 18
THD/EKS 248 23
IHD/SCLL 2] 10
THD/'E L6 33 9
IHD/PEL2 13 6

7 D47 MAb to V3 loop of HIV-1 gpl20.
5 MAb 1o the influenza virus HA.

gain of function and is likely to be specific. In contrast, muta-
tions within domains arc often associated with misfolding, and
a loss of function would not necessarily correlale with disrup-
tion of specific signals. In choosing the cytoplasmic and T™M
domains as sites ol Golgi and EEV localization domains, we
were puided by studies with other proteins resident in the trans
Golgi network (40}. Na consensus Golgi localization sequences
have been defined. but the TM and cytoplasmic domains are
important for some proteins resident in the Golgi network,

Many choices were available for the heterologous ectodo-
main. The HIV-1 env protein was sclected in part because it is
a well-characterized membrane glycoprotein, antibodics 1o it
are available, and it has specific and readily assayable biolog-
ical activilies such as CID4 binding and induction of cell [usion.
Another purpose, 1o be considered elsewhere, was based on an
effort to enhance the immunological response to the HIV
protein expressed by a recombinant vector. Recombinant vac-
cinia viruses expressing the natural HIV env have been con-
structed and safely used in phase 1 human studies (9). Al-
though we did not think it likely that incorporation of a
chimeric HIV ¢nv protein into EEV would extend the atready
broad host range of vaccinia virus, all studics were carried cut
under BL-2 conditions by investigators who had reccived a
recent smallpox vaccination,

The biclogical properties of the chimeric HIV-1 emv protein
were examined as an indicator of intracellular trafficking and
praper folding of the chimeric molecule. The chimeric protein
was able to induce specific syncytium formation, which re-
quires recognition of CD4 by gp120 and {usion by gpdl. Al-
though the B3R cytoplasmic and TM demains did not abrogate
biological functions of the HIV-1 ectodomain, they did confer
an additional property. The chimeric protein was associated
with vaccinia virus EEV that were released nto the medium
and purificd by CsCl gradient centrifugation. The association
was EEV specilic, as the chimeric protein was not delected in
similarly purified IMV. Furthermore, purified EEV particles
were decorated by antibodies to the ectodomain of the HIV-1
glycoprotein, whereas IMV particles were not. Greater
amounts of chimeric protein were detected on EEV when the
gpl20-gp4l cleavage site was deleted, consistent with the
greater stability of the covalently linked segments. By contrast,
when the HIV-1 env protein cytoplasmic and TM domaing
were used, the gel had to be overloaded with EEV to detect the
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HIV-1 env glycoprotein by immunoblotling, and the numbers
of immunogold grains associated with EEV particles were
close to background.

In planning these experiments, we had elected o use a
relatively weak promater for the expression of the chimeric
protein so as not to perturb EEV formation or alter cellular
trafficking. The amount of the chimeric protein was found to
be approximately 6% of that of BSR by Western blotting of
cytoplasmic extracts using antiserum to the common cytoplas-
mic domain. Although we attempted to compare the amounis
of native and chimeric BSR proteins in purified EEV, the
background and low signal intensity prevented this. Therefore,
the targeting efficiency of the chimeric pretein may be less than
that of authentic BSR.

Although the simplest interpretation of our data is that the
B5R TM or cytoplasmic domain contains an EEV targeting
signal, there is also a possibility that the 42-amino-acid C-
terminal sequence interacts with authentic BSR or other viral
proteins that serve as chaperones. In this context, the B5R
protein migrates as an oligomer under nonreducing canditions
by SDS-PAGE (22, 33). The ectodomain of the HIV-1 env
protein itself forms dimers and higher-order oligomers (21),
and experiments with other ectodomains will be needed to
determine whether this property contributed to EEV lacatiza-
L1on.

Another step in the analysis of the BSR targeting signal will
be to determine whether both the cyloplasmic and TM do-
mains are required for function. It will be of particular interest
if Golgi network retention and EEV targeting sigrals can be
scparated. In this regard, the M protein of mouse hepatitis
virus, which is resident in the trans Golgi network and is ex-
pressed by a recombinant vaccinia virus, was detected on IMV
wrapping membranes but could not be detected in the majority
of EEV particles {56),
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A Novel Virus Binding Assay Using Confocal Microscopy:
Demonstration that the Intracellular and Extracellular
Vaccinia Virions Bind to Different Cellular Receptors
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Vaccinia virns (VV) produces two antigenically and structurally distinct infectious virions, intracellujar
mature virus (IMV) and extracellular enveloped virus (EEV), which bind to unidentified and possibly different
cellular receptors. Studies of VV binding have been hampered by having two infectious virions and by the
rupture of the EEV outer membrane in the majority of EEV virions during purification. To overcome these
problems, we have developed a novel approach to study VV binding that is based on confocal microscopy and
does not require EEV purification. In this assay, individual virus particles adsorbed to the cell are simulta-
neously distinguished and quantified by double immunefiuorescence labelling with antibody markers for EEV
and IMY, By this method, we show unequivocally that IMV and EEV bind to different cellular receptors. Three
independent observations allow this conclusion. First, the efficiencies with which IMV and EEV hind to
different cell lines are unrelated; second, cell surface digestion with seme enzymes affects IMV and EEV
binding differently; and third, the binding of a monoclonal antibody to cells prevents IMV binding but net EEV
binding. This technique may be widely applicable for studying the binding of different viruses.

Vaccinia virus (VV) is a poxvirus and produces large (250-
by 350-um) and complex virions that contain a double-stranded
DNA genome and more than 100 polypeptides (8). There are
two morphologically distinet infectious forms of virions, intra-
cellular mature virus (IMV) and extracellular enveloped virus
(EEV) (2, 10). IMV represents the majority of infectious prog-
eny and remains within the cytoplasm of the infected cell until
cell lysis. EEV is released from the cell and possesses an extra
lipid envclope with at Jeast 10 associated proteins which are
absent from IMV (14, 15). These proteins endow EEV with
different bioclogical and immunological propertics (24, 19).
Despitc the fact that EEV constitutes only a very minor frac-
tion of total infectivity, it has two important biological prop-
erties. First, it mediates long-range dissemination of virus both
in vitro and in vivo (15); second. it is the form of virus against
which immune responses thal are necessary for protection
against infection by orthopoxviruses are induced (1, 3, 13).

Because EEV has an extra lipid envelope containing pro-
leins absent from IMV, it is possible that each farm of VV
binds to distinct cellular receptors and consequently could
have different tropisms. Surprisingly. this question. which is
important for the understanding of VV pathogenesis and for
the use of VV as a live recombinant vaceine, has not been
investigaled so far. Recenlly, Chang et al. deseribed the isola-
tion of a mouse immunoglobulin M {IgM)} monoclonal anti-
body (MAb), B2, which reacts with a trypsin- and pronase-
sensitive and neuraminidase-resistant cell surface epitope (5).
When bound on the cell surface, MAb B2 was shown 1o pre-
vent IMV binding, but its effect on EEV binding or infectivity
was not tested.

Binding studies require purified virus, and this is particularly
true for ¥V, which produces two forms of infectious virions.
Despite the fact that EEV is the only form actively released

* Corresponding author, Mailing address: Sir William Dunn Scheol
of Pathelogy. University of Oxford. South Parks Rd., Oxford OX1
ARE. United Kingdom. Phone: 44-1865-275521. Fax: 44-1865-275501,
E-mail: geoffrey.smith@path.ox.acuk.
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from the cell, the supernatant of infected cells cannot be used
as a source of pure EEV because it contains contaminating
IMV released from lysed cells. Furthermore, because IMV is
much more abundant than EEV {=100-fold for the Western
Reserve strain), breakage of only a minor proportion of cells
produces averwhelming contamination. Recently, Ichihashi
has shown that biophysical methods to separate EEV from
IMV cause damage to the cuter envelope of EEV virions, as
demonstrated by their sensitivity to MAbs that neutralize IMV
(4). Once the EEV membrane is ruptured, the particle retains
full infectivity as an IMV. Similarly, if the EEV cnvelope pre-
sents a defect which reduces the specific infectivity of EEV
virions, the rupture of the EEV membrane increases the spe-
cific infectivity (12). Because damaged EEV could bind to the
cell via an EEV or IMV protein, purified EEV should not be
used for binding studies,

To overcome these difficultics, we have developed a novel
binding assay based on confocal microscopy which does not
require purified virions. By this assay. we demonstrate that
IMV and EEV bind to different cellular receptors. This
method should be applicable for studying many different vi-
TUSCS.

MATERIALS AND METHODS

Cells and viruses, BS-C-1 cells {African green monkey kidoey cells: ATCC
CCL-28) and RK;, cells (rabbit kidney cells: ATCC CCL-37) were grown in
minimum essential medium (MEM) (Gibeo} supplemented with 10% fetal bo-
vine serum (FBS). Hela cells (ATCC CCL-10) were grown as suspension cul-
tures as described elsewhere (6).

The International Health Depariment-T VV strain, which produces large
amounts of EEV, was grown in RK, cells infected with | PFU per cell. Three
virus preparations were produced from the infected cultures. For fresh EEV. the
culture supernatant was harvested ar 24 h after infection and cenlrifuged 10
remove detached cells and cell debris {1,000 x g, 20 min, 4°C). A {resh EEV
preparation was produced before eich experiment. Alternatively, 48 h after
infection. IMV and EEV were purified as described previously {13). Purified
IMV and EEV were stored at — 70°C and were sonicated at 40 am for 30 s before
use. Virus infectivity was titrated by plaque assay with BS-C-1 cells. Unless
otherwise specified. cells were incubated with serial dilutions of the virus in
phosphate-puffered saline (PBS) {3 mM KCl, 1.5 mM KII,PO,, 0.14 M NaCl. 6.5
mM Na,HPO, [pH 7.2]) containing 26% FBS (0.5 ml per well of 6-well cluster
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FIG. 1. Visualization of IMV and EEV by conventional fluorescent microscopy. Purified EEV {A through D) and IMV {(E through H) (167 PFU/ml in PBS) were
incubated for 30 min at 37°C on the surface of glass coverslips coated with fibronectin, After being wushed with PBS, the virions adsorhed to fibronectin were treared
as described in Materials and Methods for indireet immunoBuoreseent staining. MAb ABLL (B and F) and MAb 19C2 (I) and H) werc used as primary antibodics
and were revealed by FITC-GAM and FITC-RAR sccondary antibod fes, respectively. The samples were then examined with 4 conventional Rucrescent microsccpe
{magnification, » 1,000; Axioplan microscope: Zeiss). Panel pairs (A and B, C and D, E and F; and G and H) represent the same field examined for DAP] and FITC

fluorescent emissions, respectively. Bar. 2 wm. «DSL. anti-D8L; aBSR, anti-RSR.

dishes) for 1 h at 4°C, washed with PBS-2%% FBS. and overdaid with 1.5%
carboxymethyl cellulose (CMC) in MEM with 2.5% FBS (11). After 2 days, cells
were stained with 0.19 crystal violet in 15% cthanol and the plaques were
counted. To determine only the infectivity associated with EEV, any contami-
nating IMV infectivity was neutralized by the addition of MAh 5B4/2F2 (final
dilution. 1/2.560) against 1he 14-kDa fusion protein (A27L gene product) of IMV
.
MAbs. Culture supernatant from a murine hybridoma secreting the IgM MAD
B2 was kindly provided by W. Chang (5). Murine MAb AB1.1 (13), raised against
the DL IMV surface protein, and ral MAb 19C2 (18), raised against the BSR
EEV surface protein, were also used.

Capping of the MAh B2-reactive epitope. Capping of the MAb B2-reactive
epitope was induced in Hela cells grown as suspension cultures. Cells (10%) were
incubated for 1 h on ice with 0.2 ml of MAb B2-undiluted supematant, Then cells
were washed with cold PBS~109% FBS (PBSF) and further incubated for 30 min
on ice with a rabbil anliserum 1o mouse [gM (RAM-IgM; Serotec) (i6 pg/10°
cells in 0.2 ml of PBSF). After washing with cold PBSF, capping was induced by
incubation at 37°C for 10 min followed by cooling to 0°C 10 siap the process.

Cell surface enzymatic digesttons. Tiypsin (1.25 mg/ml; from bovine pancreas;
Boehringer Mannheim), pronase { mg/ml: from Strepromyces griseus: Boehr-
inger Mannheim). and ncuraminidase (40 mU/m): [rom Fibrip cholerae; Bochr-
inger Mannheim) digestions were earried out in PBS for 30 min on ice. Cells
were then washed exiensively with cold PBS-2% FBS.

Indireet immunofluarescent staining for conventional microscopy and eonfo-
cal microsenpy. Virns particles bound to fibronectin-coaled coverslips or cells
were fixed in PBS containing 4% parafermaldehyde (wifvol) for 20 min on ice.
Alter being washed with PBS, samples were permeabilized in ethanal-PBS (90:10
[volfvol]) at 0°C for 2 min. Then samples woere extensively washed with PBS and
incubated in PBSF containing the appropriate concentration of the primary MAD
a1 37°C for 45 min. MAk ABLL (diluled 1/300), biolinylated MAb AB1.1 (di-
hated 1/100), or MAD 19C2 (diluted 1/16) was used as rhe primary antibody. After
heing washed with PBSF. samples were incobated in PHSF containing the ap-
propriale sccondary reagent at 37°C for 30 min. Fluorescein isothiecyanate
(FITC)-conjugated F{ab'), poat anti-mousc 1gG (GAM) (8 pg/mi) (Sigma).
rhodamine-conjugated streptavidin {Rd-Strep) (3.3 wg/ml) {Serotec), and FITC
(10 pgfml) (Serotec)- or R-phycoerythrin (PE) (10 pg/ml) (Scrotec)-conjugated
F{ab’), rabbit anti-rat 1gG (RAR} were used as secondary conjugates, respec-
tively. After extensive washing with PBSF and a final wash step with distilled
warer, samples were mounted in Mowiol-DAPI (6-diamin-2-phenylindoie-dihy-
drochloride} mounting medium as described clsewhere (17). This mounting
medium contained 1 wg of DAPT per ml.

Quantification of cell surface MAh B2-reactive epitope by indirect immuno-
fiuorcscent staining and flow cytometry. Hela cells (10°) grown as suspension
cultures were incubated for § h on ice in 0.2 m) of MAh B2 pure supernatant or

in 0.2 ml of PRSF containing a mouse isotype IgM negative control (10 pgf10®
cells) (Serotec). After being washed with cold PBSY, celts were further incuhated
with a FITC-conjugated sheep antiserum to mouse IgM (SAM-IgM) (Scrotec)
{16 12g/10° cells in 0.2 ml of PBSF) on ice for 30 min. After being washed with
cold PBSF, cells were fixed in PBS containing 4% formaldehvde (volivol) and
analyzed by flow cytometry. :

Confocal-microscopy analysis. Cells were analyzed with a Big-Rad MRC 1000
confacal microscope (run with Comes software) hy using approprizte filters. the
full dynamic range of grey scale, and Kalman (iltration. Optical sections perpen-
dicular to the z axis were performed every 0.6 pM throughout the sample. The
confocal picrures were reconstructed by projection of sections,

Flow cytometry analysis. Flow cytometry analysis for FITC emission signal was
performed with a FACScan flow cytometer (Becton Dickinson) as described
previously (207,

Statistical analysis. Student’s r test was used 10 test the significance of results
(P < 0.05).

RESULTS

IMY and EEV particles can be visualized by conventional
fluorescent microscopy. VV is a very lurge virus (approximate-
ly 250 by 350 nm); therefore, we investigated whether indirect
immunofluorescent staining could be used as a novel assay to
study VV binding to cells. Purified IMV and EEV (197 PFU/ml
in PBS) were first incubated for 30 min at 37°C on the surface
of glass coverslips coated with fibronectin, After being washed
with PBS, adsorbed virions were treated as described in Ma-
terials and Methods for indirect immunofluorescent staining
with MAb ABL.1 (anti-D8L gene product) (Fig. 1B and F) or
MADb 19C2 (anti-B5R gene product) {Fig. 1D and H). Staining
of viral DNA with DAPI enabled each isolated IMV and EEV
particle to be visualized (Fig. 1A, C, E, and G). A much
brighter signal was sbserved when virions (IMV or EEV) werc
revealed by indirect immunofluorescent staining, As expecied,
both IMV and EEV permeabilized particles were stained by
MAb ABI.1 directed against the TMV surface prolein DSL.
Importantly, all the virions detected by DAPI staining were
also revealed by staining with MAb AB1.1 (Fig. 1; comparc
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panels A and B and panels E and F). In contrast, MAb 19C2,
which recognizes only EEV particles (18), stained 3% of the
purified IMV particles revealed by DAPI staining (n = 400},
indjcating that the majority of the virions of this preparation
were IMV (Fig. 1; compare panels G and H), Consistent with
this, 95% (n = 598 PFU in the absence of MAb 5B4/2F2) of
the purified IMV PFU were neutralized by MAb 5B4/212.
Taken together, these data indicate the reasonably high purity
of the purified IMV preparation and the efficiency with which
MAb 5B4/2F2 neutralizes IMV infectivity.

For the purified EEV preparation, 96% of virions were
stained by MAb 19C2 {determined by observation of 400
DAPI-positive particles), indicating that the majority of the
virions of this preparation were EEV. When purified EEV was
submitted to neutralization assav with MAb SB4/2F2, 65%
{n = 453 PFU in the absence of MAb 5B4/2F2)} of the PFU
were neutralized, Taking into account that only 31% of the
infectivity of the original culture supernatant used for EEV
purification was neutralized by MAb 5B4/2F2, these data in-
dicated that the purification procedure led 1o isolation of EEV
with a damaged outer membrane, allowing access of IMV-
neutralizing antibody. Despite several atiempts using different
protocols, we were not able to purify EEV without obtaining a
large fraction of damaged particles. Therefore, all further in-
vestigations on EEV biology were carried out with fresh EEV
prepared at 24 h postinfection from the cell supernatant. For
EEV infectivity assays, any contaminating IMV was neutral-
ized by the addition of MAb 5B4/2F2. For binding studies, we
developed a double immunofluorescent staining which permits
IMV and EEV bound on the cell surface to be counted and
differentiated simultaneously.

Simultaneous identification of IMV and EEV on the cell
surface by double immunofluorescent staining and confocal
microscopy analysis. Fresh EEV contains 15 to 25% contam-
inating IMV; therefore, its use for binding studies requires an
assay which permits differentiation of IMV and EEV. With
that goal in mind, we used a double immunoflucrescent stain-
ing with MAbs AB 1.1 and 19C2 against the DSL and B5R
gene products, respectively, on fixed and permeabilized sam-
ples (Fig. 2). Biotinylated MAb AB1.1 and MAb 14C2 were
uscd as primary MAbs and were subsequently revealed by
Rd-Strep and EITC-RAR, respectively. By this staining proce-
dure, EEV virions appeared as double {(red and green) [oci
while IMV virions were single (red) luorescent foci on the cell
surface. Each fluorescent focus was shown 1o represent an
isolated particle and not a virus cluster by measuring the sizes
of spots. The mean diameter of Rd fluorescent foci was 409.3
nm (standard deviation [SD] = 13.1; n = 20), which is similar
Lo the dimension of a single vaccinia virion. This also demon-
strated that the virus preparations contained disaggregated
particles.

Determination of physical particle/PI'U ratios. The ability to
visualize individual VV virions and to determine their pheno-
types by double immunofiuorescent staiming provided a simple
way to delermine the numbers of EEV and IMV particles per
volume unil. To do this, the VV preparation whose titer was to
be determined was serially diluted in distilled water. One mi-
croliter of each dilution was then loaded in triplicate on the
surface of 2 glass coverslip coated with fibronectin (washed
with distilled water and dried beforehand). After being dricd
completely, virions were fixed 1o fibroneciin with 4% parafor-
maldehyde in PBS for 30 min on ice. Then samples were
permeabilized and treated for double immunofluorescent
staiming as described above. The numbers of EEV (double-
positive) and TMV  (single-positive) particles were  then
counted on the cntire arca corresponding to cach drop from

J, VIROL.

dilutions giving between 100 and 1,000 virions/drop. The mean
number of the three measurements multiplied by the dilution
factor enabled the number of EEV or IMV virions/ml to be
calculated. Simultaneously, the totai infectivity (EEV plus
IMV) was determined by plagque assay with B5S-C-1 cells in
triplicate and the infectivity associated with EEV was deter-
mined by plaque assay in the presence of MAb 5B4/2F2. To
ensure that all the infectious particles had sufficient time to
bind to cells, the virus was adsorbed for 3.5 h at 37°C (0.5 ml
per well of 6-well cluster dishes). The particle/PFU ratio of
IMV was calculated from analyses of purified IMV and fresh
EEV. while thc EEV particle/PFU ratio was calculated by
analysis of fresh EEV. The data given are the means from
three independent virus preparations. The IMV particle/PFU
ratios were 45 (SD = 11.1;# = 3} and 64.6 {(SD = 16.5;n = 3)
in fresh EEV and purified IMV, respectively. The EEV parti-
cle/PFU ratio of fresh EEV was 12,7 (SD = 6,1; # = 3). Thesc
data indicate that EEV has a higher specitic infectivity than
does IMV under the conditions tested and that the purification
of IMV reduces the specific infectivity,

Cell surface protease treatment affects differently IMV and
EEV binding. The binding assay described above enables the
identification and differentiation of IMV and EEV bound to
the cell surface and consequently allows the use of virus prep-
arations containing both IMV and EEV for binding studies.
Therefore, it can be applied to investigate simultaneously the
effects of a specific treatment on IMV and EEV hinding. We
used this feature of the binding assay 1o investigate whether
IMV and EEV bind to identical or separate receptors.

If IMV and EEV bind to separate cellular receplors and
these receptors have different biochemical compositions, cell
surface treatment with some enzymes might affect differently
IMV and EEV binding. To test this hypothesis, we investigated
whether treating cells with different enzymes affected differen-
tially IMV and EEV binding and infectivity. Binding and in-
fectivily assays were performed concurrently with RK,; and
BS-C-1 cells. Binding assays were also performed with Hela
cells grown in suspension. Cell surface treatmenis with trypsin,
pronase, and neuraminidase were carried out as described in
Malcrials and Melhods. It was not possible 10 use BS-C-1 cells
for protease experiments due to their high sensitivities to these
enzymes causing detachment from the culture vessel.

Trypsin digestion did not alfect either IMV binding or in-
fectivity (Table 1). Statisticaily similar numbers of IMV parti-
cles were counted on the surfaces of cells digested with trypsin
and those that were mock treated (Table 1), This observation
was made with both RK; and Hela cells and with both
sources of IMV (purified IMV and fresh EEV). When RK,
cells were subjected to the infectivity assay with purified IMV
as the inoculum, similar numbers of PFU were observed for
mock- and trypsin-treated cells (Table 1). Surprisingly, and in
contrast to IMV, EEV bound more efficiently 10 trypsin-
treated cells than to normal cells. The number of EEV counted
on trypsin-treated cells was 2.0 times that observed on control
cells. Similarly, EEV generated 2.3 times more plagues on
trypsin-treated RK;, cell monolayers than on mock-treated
monolayers {Table 1).

Pronase treatment had opposite ellects on IMV and EEV
binding. Pronase treatment of RK,; and HeLa cells reduced
the amount of IMV bound on the cell surface by 92 and $7%,
respectively (Table 1 [purified IMV used as the inoculum]).
Similarly, when RK,; cell monolayers were ireated with pro-
nase before infection, the number of TMV plaques was de-
¢reased by 90% in comparison with the control (Table 1), In
contrast to IMV, cell surface pronase treatment enhanced
EEV binding and infectivity. RK, - and HeLa ceils treated with
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FIG. 2. Detection and identification of IMV and EEV on 1he cell surface by double immunoflunrescent siaining and confocal microscopy. RK,5 cells were mack T
infected {A through C) or infected cn ice with purified IMV (D through F) or fresh EEV (G through 1), Cells were then treated as described in Materials and Methods ~
for simultaneous detection of DL and BSR gene products by double indirect immunofluorescent staining. Biotinylated MAb ABL1 and MAb 19C2 were used as [
primary MAbs and were revealed by Rd-Strep and FITC-RAR, respectively. All three panels horizontally analyze the same cells. The first (A, D, and G) and second ¢
(B. E. and H) columns of panels are analyses for Rd and FITC flucrescent emissions, respectively. In the third (C, ¥, and I} column Rd and FITC signals are merged. E
The arrowheads in panel G identify particles (IMV) which were detected by MAb ABL.L but nut by MAb 19C2. Bar. 2 pm. aDSL. anti-D3L; « B3R, anti-B3R. v

pronase bound 2.94 and 2.72 times more EEV, respectively,
than did control cells (Table 1). The results of infectivity assays
led to a similar conclusion: the numbcr of PFU observed after
EEV infection of pronase-treated monolayers was 3.17 times
higher than that after infection of control cells (Table 1).

Cell surface treatment with neuraminidase enhanced slightly
the binding of both IMV and EEV. Whereas IMV binding and
infectivity were increased by about 139 (Table 1), a greater
cffect was observed with EEV, where both binding and infec-
tivity were increased by aboul 50% (Table 1).

Treatment with each enzyme therefore produced different
effects on IMV and EEV, suggesting that these virions bind to
different receptors. In support of this, IMV and EEV also
bound to diflerent cell lines with various efficiencies (Table 1),
In contrast to IMV, the efficiency of EEV binding was not

consiant for the cell lines tested. If IMV and EEV bind to an
identical receptor, any variation in the expression of this pu-
tative receptor between different cell lines should affcet IMV
and EEV binding 1o the same extent. On the other hand, if
IMV and EEV bind to separate receptors, the efficiency of
IMV and EEV binding is expected to fluctuate independently
between different cell lines. The results obtained with mock-
treated cells showed that the numbers of IMV counted on the
cell surface for the three cell lines tested were similar {Table
1}. Both scurces of IMV (purified IMV and fresh EEV) led to
this observation. In contrast, the efficiency of EEV binding
varied between cell lines. Statistically different numbers of
EEV were detected on the surface of the three cell lines in-
fected with fresh EEV (Table 1). For example, 4.9 times maore
EEV was detected on BS-C-1 cells than on RK,; cells. This
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TABLE 2. Effects of MAb B2 on the abilities of cells 1o suppart IMV and EEV hinding and plaque formation®

Binding assay” [nfectivity assay’

Cell line Inoculum Mack MAb B2
Mock MAb B2
MV EEV MV EEV
BS-C-1 Puritted IMV 2,057 = 87 (100) NA? 350+ 34(17) NA 1004 2322
Fresh EEV 241 = 26 (100} 3,278 £ 122 (100) 46 * 25(19) 3245 = 87 (9N 100 = 4 106 =7
RK; Purified IMV 2,103 = 89 (100) NA 878 % 82 (42) NA 100 = 6 335
Fresh EEV 268 = 20 (100} 687 = 39 (100) 136 = 43 (51) 701 £ 73 (102) 100 = 4 96 =7
Hela Purified IMV 2,198 > 110 (100) NA 474 * 22 (22) NA NA NA
Fresh EEV 294 = 33 {100) 483 = 62 (100) 552 8(19) 466 = 35 (97) NA NA

* For binding ard infectivity assays, adherent cells were grown in a 1-well culture chamber slide (Nunc) and 6-well cluster dishes (Falcon, respectively. For HeLa
cells, both incubations {10° cells/0.2 ml) and infections (i0° celis/ml) were performed in suspension. Before infeetion. cells were incubaled with undituted MAb B2
supernatant (450 wl per 1-well chamber slide or per weil of 6-well cluster dishes) or with MEM-10% FBS {mock-treated cetls) for 1 h on ice and then extensivelv washed
with cald PBS-2% FBS.

*# Mock- and MAD B2-treated cells wers infected on ice for 1 h with either purified IMV (MOI of 10 PFU/cell) or fresh EEV (MOI of 4.6 PFU/fcell, with 74% resistant
to MAb 5B4/2F2 neutralization} diluted in PBS-2% FBS. After being washed, cells were treated as described in the test to reveal IMV and EEV virions hy double
immunofiuorescent staining. The numbers of IMV and EEV virions hound on the surfaces of 200 cells were then determined by confocal-microscopy examination. The
data are the averages — SDs for triplicate measures. Parenthetical data are the results expressed as percentages of the contral,

“Mock- and MADb B2-treated cell monolayers were infeeted on ice for 1 h with either purified IMV ar fresh EEV (comaining MAb 5B4/2F2; final dilution, 1/2.560)
to abtain approximately 200 piaques per well on mock-treated monolayers. After being washed, cells were overlaid with CMC, and the plagues were counted 2 days

later, The data are expressed us percentages of the controd and are averages = SDs for duplicate cultures,

TNA, not applicaple.

HeLa cells grown in suspension by the protocol described in
Materials and Methods,

To visualize and to control capping, cells were tixed before
(Fig. 3A, panel b) or alier (Fig. 3A. pancl ¢) incubation at 37°C
for 10 min. MAb B2/RAM-1gM complexes were then revealed
by FITC-conjugated goat anti-rabbit IgG (GARB). Before the
37°C incubation period, the distribution of MAb B2-reactive
epitope on the cell surface was mostly diffuse despite the pres-
ence of several small clusters (Fig. 3A, panel b). These clusters
were artifacts of the three-step staining procedure (MAb B2,
RAM-IgM, and FITC-GARB]) as they were not observed when
cells were subjected to indirect immunofluorescent staining
with MAb B2 followed by FITC-SAM-IgM (data not shown),
However, afier 10 min at 37°C, all the FITC fluorescence was
clustered, indicating capping of MAb B2-reactive receptor
{Fig. 3A. panel ¢). The specificity of MAb B2 staining was
controlled by using an irrelevant mouse IgM MAD as the pri-
mary antibody (Fig. 3A; compare pancls a and b).

To address the effect of MAb B2-reactive receplor capping
an EEV binding, the following three preparations of Hela
cells were subjected to the binding assay (Fig. 3B): (i) cells
preincubated with an irrelevant mouse IgM MAD {negative
control cells) (panel a), {ii) cells treated as described in Ma-
terials and Mcthods to induce MAb B2-reactive receptor cap-
ping bul with omission of the 10-min incubation period at 37°C
(MAb B2-labelled cells) {(panel b), and (iii) cells lrealed to
induce capping of MAb B2-reactive receptor (MAb B2-capped
cells) {panel c).

Figure 3B shows that the capping of MAb B2-reactive re-
ceptor did not affect EEV binding, since similar numbers of
EEV pariicles were observed on the surfaces of negative con-
irol, MAb B2-labelled, and MAb B2-capped cells. The capping
of MAb BZ-reactive receptor did not increase the degree to
which IMV binding was inhibited by MAb B2, since similar
numbers of particles were observed on cells whether or not
capping was induced (Fig. 3B; comparc pancls b and ¢).

The capping of MAb B2-reactive receplor very probably
reduces access to any part of this receplor by steric inhibition,
The observation that EEV binding was not affected by the
capping of MAb B2-reactive receptor might be explained in
two ways. Either MAb B2-reactive receptor is not involved in
EEV binding or EEV is able to bind to MAb B2-rcactive

receplor despite its capping. If the latter was true, EEV bind-
ing sites and MADb B2-reactive malecule clusters would colo-
calize on the surfaces of MAb B2-capped cells. To test this, we
used a double immunoflucrescent staining to visualize simul-
taneously MAb B2-reactive molecule clusters and EEV (Fig.
4). Onc hundred cells, containing 254 bound EEV, were cx-
amined by confocal microscopy 10 determine the relative lo-
calization of EEV binding sites and MAb B2-reactive molecule
clusters. All but six EEV particles (which were observed at the
periphery of MAD B2-reactive molecule clusters) were present
at positions clearly isolated from the MAD B2 clusters, and
three represcntative cells arc shown in Fig, 4,

MADb B2 prevents IMYV hinding by steric inhibition. Chang
et ab. have shown that the MAb B2-reactive epitope is sensitive
to trypsin digestion (5). However, these data did not determine
the effect of trypsin digestion on IMV binding. Table 1 shows
that cell surface trypsin digestion docs not affect IMV binding,
suggesting that thc MAb B2-reactive cpitope is not the IMV
binding site and consequently that MAb B2 prevents IMV
binding by steric inhibition. To be certain about this, it was
necessary to demonstrate that rrypsin digestion destroyed all of
the MAb B2-reactive epitope present on the cell surface. To
examine this, the MAb B2-reactive cpitope on the surfaces of
mock-digested and trypsin-digested cells was quantified by in-
direct immunofluorescent staining and flow cytometry (Fig. 5).
Trypsin-treated cells had a relative fluorescence intensity iden-
tical to that of nepative control cells (mock-treated cells
stained with an irrelevant mouse IgM MAb as the primary
antibody), indicating that the great majority of MAb B2-reac-
tive epitopes were destroyed after trypsin treatment (Fig. 5).
As this trealment has no eflect on IMV binding, the mecha-
nism by which MAb B2 prevents IMV binding must be steric
inhibition.

DISCUSSION

VV produces two types of infectious particles, IMV and
EEV. EEV is an IMV particle with an additional outer mem-
brane that contains proteins that are absent from IMV, This
EEV outer membrane explains why IMV-neutralizing antibod-
ies fail to inhibit the infectivity of EEV particles (15). The EEV
outer membrane has been described as a loose and extremely
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F1G. 3. {A) Capping of MAb B2-reactive receptor. HeLa cells grown as suspension cultures were processed as described in Materials and Methods to induce
vapping of MAb B2-reactive melecules (b and ©). To visualize capping, cells were fixed before (b) or after (¢) incubation at 37°C for 10 min and MAb B2/RAM-[gM
complexes were revealed by FITC-GARB (12 wg/10° cells in (.2 ml of PBSF). (a) Cell incubated with an irrelevant primary mouse IgM MAD and then wreated as
described for panel b. Bar, 2 pm. (B) Effect of MAb B2-reactive receptor capping on EEV binding. The following three preparations of HelLa cells were subjected to
the binding assay: cells preincubated for 45 min at 0°C with an irrelevant mouse 1gM MAb (Serotec) (10 wg/10% cells por 0.2 mi of PBSF) (negative conirol cells) (a).
cells treated as described in Malerials and Metheds 1o induce MAD B2-reactive receptor capping withoul incubation at 37°C for 10 min (MAb B2-labelied cells) (b).
and cells treated (o induce capping of MAD B2-reactive receptor (MAb B2-capped cells) (c). These three cell preparalions were then infected (10° cells/ml) on ice for
1 h with either purified (Purif) [MV (MOI of 10 PFU/cell) or fresh EEV (EEV prep) (MOI of 5.1 PFU/cell, with 79% resistamt to neutralization by MAb SB4/2F2)
diluied in PBS-2% FBS. After being washed with PBS-2% FBS lo remove unadsorbed virus, cells were treated as deseribed in the text (o reveal virions by double
indirect immunofluorescent staining. The numbers of IMV (black bars) and EEV (hatched bars) virions bound on the surfaces of 200 cells were then determined by
confocal-microscopy examination. Dara are expressed as percentages of the control and are the averages = SDs for triplicate measures. For contral cells infecied with
purificd TMV, a mean of 2,253 IMV virions was observed. For canirol eells infected with [resh EEV, means of 217 IMV virions and 509 EEV virions were ohserved.

pp. physical particle.

fragile structure, and even when virions from the supernatant
of infected cells were analyzed by cryoelectron microscopy,
only a minonity of particles had a complete and intact outer
membrane (16). The data presented here show that the puri-
fication of EEV leads to the isolation of a majority of particles
with a damaged outer membrane. as revealed by their sensi-
tivilty 1o 2 MAD that ncutralizes IMV. Similar observations
have been published recently by Ichihashi (9), who showed that
treatments such as sonication and onc cyele of frecze-thawing
were sulficient 10 rupture the EEV membrane. Because dam-
aged EEV could bind 1o the cell via an EEV or IMV protein,
puritied EEV should not be used for binding studies.

We took advantage of the fact that VV virions are very large
to visualize them by fluorescent microscopy (conventional or
confocal) after chemical (DNA labelling with DAPI) or indi-

rect immunofluorescent labelling. The ability to visualize indi-
vidual particles was then exploited to develop an original bind-
ing assay using double indirect immunofluorcscence to
differentiate and count IMV and EEV bound to the cell sur-
face by confocal-microscopy analysis. This binding assay has
several useful features, (i) By its capacity to reveal and identify
simultaneously IMV and EEV, it enables unpurified prepara-
tions containing both forms of VV ta be uvsed. (ii) This assay
does not require any prelabelling of the virus. (iii) The results
generaled are absclute numbers of virus particles/cell. not rel-
ative numbers represenling the mean score of the celt culture:
therefore, this assay could identify which cells in a heteroge-
nous culture bind IMV and/or EEV even if only a small frac-
tion of cells do so. (iv) The assay gives steric information
concerning the location of the virus binding site on the cell. {(v)
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FIG. 4. Concomitant detection of EEV {red signal) and MAb B2-reactive molecule ciusters (green signal) on the surfaces of HeLa cells, HeLa cells were grown
as suspension culures and were processed as deseribed in Materials and Methods to induce capping of MAb B2-reactive molecules. Cells were then infecied with [resh
EEV at the MO! of 3.5 EEV PFU/cell (10 cells/ml} on ice far 1 h, After being washed with cold PBS-2% FBS, cells were fixed in PBS containing 4% paraformaldehyde
[wtfvol} for 20 min on ice. MAD BZ/RAM-1gM complexes were revenled by FITC.GARB, EEV were revealed by indirect immunofluorescent staining with MAb 19C2
as the primary antibody and PE-RAR as the sccondary antibody. Cells werce first incubated simuliancousty with FITC-GARB and MAb 19C2 for 45 min at 37°C and
atler being washed were incubated with PE-RAR at 37°C for 30 min. After final washing, cells were mounted and examined by confocal microscopy. The three
horizontal Tows are analyses of three different cells. The first and second panels of each line are the emissions of red and green fluorescences. respectively. and the third

panel is the merged image of the red and green emissions, Bar, 2 wm.

It cnables staining with three or more antibodies, providing a
way to investigale any correlation between the expression of a
particular receptor and the capacity of a cell to bind EEV or
IMV in a mixed cell population.

By this binding assay, we have shown that IMV and EEV
bind to different cellular receptors. This conclusion is based on
three observations, (i) The efficiencics with which different cell
lines bind EEV and IMV are unrelated, (i) cell surface treat-
ments with some enzymes affect IMV and EEV binding dif-
ferently, and (iii) MAb B2 bound on the cell surface does not
aflect EEV binding, even after capping of the unidentified
molecule to which it binds.

In regard to the capacitics of different cell lines to support

EEV and IMV binding, we observed that while BS-C-1, RK;,
and HeLa cells bound IMV wilh similar efficicncics, these cells
showed considerable variation in their capacilies 10 bind EEV
(Table 1), suggesting that the two forms of VV bind to different
receptors. Theoretically, it should be possible to find cell lines
which support exclusively IMV or EEV binding or cell lines
which do not support the binding of IMV and EEV. These cell
lines might be very useful in identifying IMV and EEV recep-
tors by screening expression libraries of cDNA.

Cell surface treatments with trypsin, pronase, and neuramin-
idase affected IMV and EEV binding in different ways. The
most spectacular effect was observed with pronase treatment,
which ncarly abolished IMV binding while EEV binding was
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RELATIVE CELL NUMBER

RELATIVE FLUORESCENCE INTENSITY

FIG. 5. MAb B2-rcactive cpitope is removed [rom the cell surface after
trypsin treatment. Hela cells grown as suspension cultures were mack (A and B)
or trypsin {C) treated as described in Materials and Methods, Cell surface MAb
B2-reactive cpitope was quantified by flow cytometry. {A) Background staining
of mock-treated cells stained with & mause isotype [gM negative control and with
secondary antibudy, (B and €) Mock- and trypsin-treated celis stained for de-
tection of MAb B2-reactive cpilope, respectively.

enhanced (Table 1). This resutt showed that the IMV receptor
must be composed of a peptide. The fact that pronase treat-
ment seems to increase the accessibility of the EEV receptor
docs not prove that this receptor is not a protein; it could be a
protein strongly resistant to protease treatment,

Lastly, the binding of MAb B2 to the cell surface, which
inhibits IMV binding, has no effect on EEV binding, even after
capping of the MAb B2-reaclive molecule, indicating that this
molecule is not a binding receptor for EEV. As to the inhibi-
tion of IMV binding by MAb B2, our results broadly confirm
those published by Chang el al. (5), except that the degree 1o
which IMV binding was prevented by MAb B2 was slightly
different and that complete inhibition was not achieved. These
results suggest that although the molecule recognized by MAb
B2 is the major IMV receptor, it is not the only IMV receptor.
Finally, our data demonstrate that MAb B2 prevents IMV

I VIROL.

binding by steric inhibition, because although trypsin ireat-
ment destroyed MAb B2 binding to cells, IMV binding was not
affected.

Although saturation binding experiments were not possible
due to the low concentration of EEV in fresh supernatants, we
believe that the binding of virions to cells was specific. First,
every bound IMV gave rise 10 a plaque, whereas for EEV only
one in five virions did so. Second, the use of different cell types
and the treatment of cells with three enzymes or MAb B2
affected the hinding of IMV and EEV to cells and their infec-
tivity to the same degree. If some binding was nonspecific, this
would not have been so.

VV (and other orthopoxviruses) are unusual in that they
produce two types of infeclious virions, with different struc-
tures, antigenicity and biological properties. This is probably
advantageous to the virus in enabling transmission in different
ways but may also broaden the cell, tissue, or host tropism. The
determination of the extent to which tropism may be broad-
ened will require the identification of the IMV and EEV re-
ceptors and an analysis of their distribution. In vivo it may be
that some cells express preferentially or exclusively IMV or
EEV receptors. Consistent with this possibility, an analysis of
only three cell lines has already shown considerable variation
in EEV binding {Table 1). Another complication is that there
is more than one MV receplor, since MAb B2 only partially
inhibited IMV binding (Table 2). Possibly EEV will also have
several cellular recepiors that are bound by different EEV
glycoproteins.

In conclusion, we have described a novel method based on
confocal microscopy to study virus binding. This assay has been
applied (o the study of VV binding, a field which has hitherto
been complicated by the existence of two structurally and an-
tigenically distinct forms of virus (IMV and EEV} which have
not been physically purified from each other without damaging
the outer envelope of CEV. Although the utility of this tech-
nique has been demonstrated here with VV, it should be ap-
plicable 1o any virus that is larger than 50 nm.
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Abstract The epithelial mucin MUCI is considered an
opportune target antigen for cancer immunotherapy, as
it is over-expressed and exhibits aberrant glycosylation
in malignant cells. Because dendritic cells (DC) are
powerful initiators of immune responses, efforts have
focused on tumor antigen-bearing DC as potent cancer
vaccines. In this study we have characterized the trans-
duction of monocyte-derived DC with a highly attenu-
ated vaccinia virus vector [modified vaccinia Ankara
(MVA)] encoding human MUCI and the immunostim-
ulatory cytokine IL-2. Analysis of transduced DC cul-
tures generated rom a number of donors revealed
MUCI expression in the range of 27-54% of the cells
and a co-regulated secrelion of bioactive IL-2. As shown
by FACS analysis with MUC-specific antibodies, the
MVA-MUCI/IL-2-transduced DC predominantly ex-
pressed the fully processed glycoform of MUCI, typical
of that displayed by normal epithelia. Over a 3-day pe-
riod after transduction, transgene expression declined
concurrent with an increase in MV A-induced cytopathic
effects. The transduced DC stimulated allogeneic lym-
phocyle proliferation, indicating that DC immunostim-
ulatory function is not impaired by vector transduction.
In the presence of IL-2, MVA-transduced DC were able
1o enhance autologous lymphocyte proliferation, Also,
vector expression was analyzed in DC cultures treated
with TNF-a. a known DC maturation factor. As indi-
cated by the up-regulation of several DC maturation
markers, neither virus infection nor transgene expression
influenced the maturation capacity of the cells. The
MVA-MUCUT/IL-2 vector effectively transduced both
immature and TNF-z-matured DC. Overall, our results
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are encouraging for the clinical application of MVA.
MUC!/IL-2-transduced DC.

Keywords Dendritic cells - Modified vaccinia Ankara -
MUCI - Immunotherapy - IL-2

Introduction

The mucin MUCI is a large, (ransmembrane glycopro-
tein localized to the apical membrane of normal epi-
thelial tissue. Aberrant expression of the protein is
observed in a number of different carcinoma types
(prostate, lung, breast, ovarian, pancreatic, renal) [for
reviews, see 39, 51} and certain hematopoietic neoplasms
[52]. MUC! is considered an opportune tumor-associ-
ated antigen (TAA) for immune targeting based on
several novel [eatures observed in the malignant siate:
(1) over-expression; (2) aberrant glycosylation, revealing
novel epitopes for targeting; (3) loss of the normal apical
distribution, allowing greater cxposure to the immune
system. Moreover, there is evidence of occasional anti-
body and cytotoxic T cell (CTL) imniune responses to
MUCI in cancer patients, suggesting that MUCI im-
munization has the potential to stimulate stronger anti-
MUC! responses [39, 51].

For pre-clinical testing, transgenic mice that express
human MUCI] in a normal tissue distribution pattern
have provided an opportunity to investigate novel vac-
cine approaches for generating human anti-MUCI
tumor immunity [2, 13, 25, 38, 44]. Of importance,
tolerance to human MUCI can be overcome without
inducing autoimmunity. In several clinical trials, cancer
patients have been vaccinated by direct administration
of MUCI polypeptides [22, 26, 33]. In general, anii-
MUCI antibody responses predominate with few. if any,
MUC]1-specific CTL responses detected. Although nei-
ther toxicity nor autoimmunity is evident, overt tumor
regression has not been observed. Recently. a vaccinia
virus (VV) vector containing both a MUC! cDNA
and a ¢cDNA encoding the immunomedulatory cytokine
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interleukin 2 (IL-2) was used in a phase I/IT vaccine trial
of breast cancer paticnts [47]. Intramuscular vaccination
resulted in no serious side effects, and two of nine
patients generated MUCT-specific CTL.

Because strong anti-tumor CTL responses are con-
sidered vital for tumor eradication [21], dendritic cell
(DC)-based tumor vaccination has emerged as a prom-
ising approach to cancer immunotherapy [for reviews.
sce 21, 40, 41]. DC are the most potent antigen-pre-
senting cclls for stimulating naive and memory T cell
responses, including both CD4' T helper cells and
CD8™ CTL [21, 41]. Strategies involve loading DC with
specific TAA peptide/protein or RNA; pulsing DC with
whole tumor cell products, such as RNA, apoptotic
bodies and peptides eluted from major histocompati-
bility complexes (MHCs); and directly fusing DC with
tumor cells {21, 25, 37, 40]. In a recent phase I study,
vaccination with DC pulsed with MUCI-derived pep-
tides induced CTL immune responses in at least some
patients with metastatic breast or ovarian cancer [10].

A further approach for loading DC with TAA is the
introduction of TAA transgenes into DC [[or review see
34]. Advantages include prolonged duration of TAA
presentation to the immune system by the gene-ex-
pressing DC and display of multiple TAA peptide epi-
topes by diverse HLA alleles, obvialing the requirement
to define the patient’s HLA haplotype when pulsing with
a TAA peptide. Both recombinant viral vectors (ade-
novirus, poxvirus, retrovirus, herpes virus) and plasmids
have been used to introduce transgenes into DC [34].

MUC! expression in DC has been obtained by
transfection with MUCIl-encoding plasmid DNA ar
RNA [35, 45}, as well as by transduction with MUCI
recombinant viruses derived from murine retrovirus [27,
28} and adenovirus [24]. Limilalions for the application
of plasmid DNA and RNA include relatively low
transfection efficiencies and lack of durable expression,
especially with RNA molecules [34]. Transduction with
murine retroviral vectors rcquires the isolation and
transduction of dividing CD34™ progenitors prior to
cytokine-induced DC differentiation [27, 28]. This
approach is not applicable to DC differcntiated from
non-dividing monocytes derived from peripheral blood,
a common source of cells for ex vivo DC generation
(6, 21].

In this report, we have investigated the in vitro
transduction of monocyte-derived DC with a MUCI/IL-
2 VV-type vector. Although direct administration of this
vector type demonstrated CTL responses in at least
some patients [47], our rationale is that improved
MUCI!-specific CTL responses would be observed upon
immunization with gene-modified DC. For this study,
the recombinant vector was prepared using the highly
attenuated VV strain, modified vaccinia virus Ankara
(MVA). In contrast to conventional VV sirains, MVA
exhibits limited replicative capacity in mammalian cells
and has lost several functional cytokine receptors that
may contribute to VV immunc evasion and virulence {3,
7, 50]. We demeonstrate that both immature and TNF-a-

matured DC are effectively transduced with MVA-
MUCI/IL-2, resulling in detectable expression of both
MUCI and bioactive IL-2. Although the MVA vector
can induce virus-related cytopathic effects over time, the
functional capacity and maturation status of DC aré not
overtly altered. Our results suggest that DC modified
with this MVA recombinant vecior may prove clinically
relevant as a vaceine for the generation of anti-MUC]
tumor responses.

Materials and methods

Dendritic celis and cell cuiture

DC were generated {rom imonocyte-derived peripheral blood
mononuclear cells (PBMC).  Briefly, periphcral Dblood was
obtained from healthy danors, and PBMC were purified over
Ficoll-Hypaque (Pharmacia Corp.. Peapack, N.I.), The cells were
washed three times with sterile phosphale-buffered saline [PBS
(Nexell Therapeutics, Irvine, Calif))] and plated in 25 ml of AIM-
V medium {Gibeo/BRL, Gaiihersberg, Md.) at a4 concentration of
1.5-2x10% cells per T-75 flask (Corning Inc., Corning, N.Y.).
Monocytes were allowed to adhere for 2 h at 37°C in 2 humid-
ified 3% COs incubator. The non-adherent PBMC were removed
and frozen for future use in Origen Freezing Media (IGEN
International Inc., Gaithersberg, Md.) at —80 °C. The plastic
adherent cells were subsequently cultured in 25 ml of AIM-V
media supplemented with 1000 Uml GM-CSF (Immunex, Seat-
tle. Wash.}. 1000 U/ml Interleukin-4 (Schering-Plough. Kenil-
worth, N.I.} and 5x10™° M 2-ME (Gibco/BRL). The cells were
then incubared for § days (= day). For maturation, TNF.x
(R&:D Systems) was added at 200 TU/ml during the last 2 days of
culture. The DC yield was rypically 5-10% of the input PBMC.
The MCF-7 human breast cancer cell line was obtained [rom the
Americar Type Culiture Collection {Rockville, Md.) and cultured
in RPMI-1640 medium (GIBCO/BRL) supplemented with 10%
heat-inactivated fetal bovine secrum [FBS (HyClone. Logan.
Utah)] and 2 mM r-glwamine. Cell viability was evaluated by
trypan blue dye exclusion.

Monaoclonal antibodies and FACS analysis

The DC phenotype was assessed bv immunostaining followed by
FACS analysis using fluoreseent-conjugated monoclonal antibod-
ies recognizing HLA-DR (MHC class ). CDla. CD14 (monocyte
lineage marker), the co-stimulatory molecules CD&6 and CDEN,
and the CD83 DC maturation marker (BD Pharmingen, San
Diego. Calif), The monoclonal antibedies HMFG-1, HMFG-2
and SM-3, which recognize differentially glycosylated forms of
MUC-1, were kindly provided by Dr. J. Burchell (kmperial Cancer
Research Fund, London, England) [L1. 12, 23]. FITC-conjugated
goat anti-mousc antibody (Sigma Chemical Co., St. Louis, Mo.)
was used a4 secondary antibody. Washes were performed in PBS.
Cells were subsequently fixed in 2% paraformaldehyde/PBS.
Apoplosis and necrosis were assessed by staining with FITC-
Anmexin V/propidium 1odide using the Apoptosis Detection Kit
(Caltag Laboratories, Burlingame, Calif)). as described by the
manufacturer. Flow cytometry was performed on a FACScan
(Becton Dickinson, San Jose. Calif.) with staining pattern analysis
performed using the WinMDI sofiware (J. Trouer. Scripps Insui-
tute, La Jolla, Calif).

Viral vectors and gene transduction of target cells
The recombinant MVA-MUCI vector encodes the human MUCI

containing 5 copies of the tandem repeat under the control of the
earlyflate pHSR promoter. The vector MVA-MUCI/IL-2 addi-



tionally encodes the human 1L-2 ¢DNA under the control of the
vaccinia early/late p7.5 promoter, which is placed head-to-head
with the MUCI sequence. DC were plated in 6-well dishes
(Corning) at 1-2x10° cellsfwell. Recombinant virus was added in a
total ot 2 m] of AIM-V media. Plates were spun at 1000 g for 1.5 h
at room temperature. The co-centrifugation of MVA virus and DC
improved transduction (data not shown), as previously reported for
recombinant retrovirus and adenovirus vectors [36, 42], Directly
after the centrifugation period. the viral-containing medium was
removed, and the cells were returned to AIM-V media containing
1000 TU/ml each of GM-CSF and IL-4. For DC maturation
studies, TNF-x (R&D Systems, Minneapolis, Minn.) was added at
200 1U/ml to media containing GM-CSF and 1L-4. With respect to
the multiplicity of infection (MOI) with MVA virus, | plague-
forming umit {pfu) of MVA is composed of a clump of virus par-
ticles, unlike replicative VV strains (48]. Therefore, | pfu of MVA is
likely to infect several cells.
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Fig. 1A, B Dose-response expression of MVA-MUCI/IL-2 vector
by DC. A DC were transduced at the indicated MO1 and analyzed
for expression 24 h later. MUC! expression was determined by
immunostaining with the anti-MUC1 HMFG-1 antibady followed
by FACS analysis. IL-2 levels were assessed by ELISA analvsis of
cell supernatants. B FACScan representation of MUC] expression
at 24 h post-transduction at the indicated MOI of 0.1 shown in A.
Papels depict DC swined with the ant-HMFG-1 antibody with
and without virus transduction and immunostaining with the
control isotype (ise) antibody. Immunostaining of MCF-7 breast
cancer cells is shown for comparison, Percent MUCI positive cells
are indicated
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I1L-2 cytokine analysis

Expression of 1L-2 by transduced cells was determined by analyz-
ing supernatants for levels of secreted TL-2. Cells were centrifuged
at 1000 g for 5 min, and supernatants were removed and stored at
-20 °C. Samples were thawed and analyzed for human IL-2 using a
commercial enzyme-linked immunosarbent assay (ELISA) kit
(Bivsource International. Camarillo. Calif'). ELISA values (ngfmi)
were converted to TU/ml according to the manufacturer. Standard
deviations between duplicate samples were routinely ess than 15%.
IL-2 bioxctivity was confirmed by determining whether the secreted
protein supported the proliferation of activaied peripheral blood
lymphocytes {4]. PBMC were activated by plating ceils at 1x10°
cells/ml in ATM-V media in 24-well dishes that were pre-coated
with a solution of 2 ug/ml murine anti-CD3 menoclonal antibody
(BD Pharmingen) in PBS. PBMC were maintained for 3 days,
washed and plated in tripkicate at 1x10° cells in 96-well dishes in
100 pl of fresh AIM-V media and 100 pl of supernatant from in-
dividual DC cultures. Supernatants were derived from DC that had
been transduced as described above and maintained for 3 days in
AIM-V media without the addition of GM-CSF and IL-4 10 avoid
potential proliferative effects induced by these cytokines. Controls
included supernatant from the same DC cultures that were not
transduced or AIM-V media only and AIM-V media containing
100 IU/mi recombinant human IL-2 (Cetus, Emeryville, Calif.).
After 5 days, PBMC proliferation was assessed by [*H]-thymidine
incorporation as described previously [43). Mean counts per minute
(cpm) values were calculated and standurd deviations determined.

Mixed lymphocyie reaction (MLR) assays

Frozen, non-adherent PBMC that were obtained following
monocyie adherence {described above) were thawed al 37 C and
rested overnight in ATM-V media at 1x10° cells/ml in a4 24-weli
culture dish. PBMC (2x107 cells) were added 1o 4x10* DC plated in
triplicate in 200 pl of AIM-V media in a flat-bottom, 96-well cul-
ture dish. Autalogous MLR assays were performed using DC and
PBMC derived from the same donor. DC and PBMC obiained
from separate donors were used for the allogeneic MLR assavs, To
those cultures receiving exogenous IL-2, recombinant human 1L-2
(Cetus, Emeryville, Calif.) was added to 100 IU/ml. After 5 days,
proliferation was determined by [*H]-thvmidine incorporation as
previously described [43).

Results

Dose-response expression of the MVA-MUCI/IL-2
vector by DC

Monocyte-derived DC obtained from culturing in GM-
CSF and IL-4 generally showed characteristic expression
of HLA-DR class i, CDla, CD34, CDg&6 and CD80
with <15% of the cells displaying the monocyte lineage
marker CD14 (data not shown). Viable staining ol the
cells at days 6-8 revealed the morphologic appearance of
DC with veiled edges and multiple processes (data not
shown), A dose-response experiment was initially per-
formed comparing expression of the MVA-MUCI,IL-2
vector at ingreasing multiplicities of infection (MOIs).
DC were transduced at three different MOls and incu-
bated for 24 h prior to determining TL-2 and MUC]
antigen expression, With respect to IL-2 scoretion,
increasing MOTs clearly resulted in higher levels of TL-2
(Fig. 1A). Similarly, there was a parallel increase in
MUCI1 expression, as determined by imniunostaining
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with the anti-MUC! antibody HMFG-1, which recog-
nizes a highly glycosylated form of MUCI {12]. At the
highest MOI tested (an MOI of 1), the DC culture
contained extensive amounts ol cellular debris and dead
cells, based on microscopic examination, preventing
accurate measurement of MUCI expression. DC re-
ceiving lower doses of virus (MOIs of 0,01 and 0.1) were
~90% viable, as determined by trypan blue dye staining,
similar to non-transduced DC. Figure 1B shows FACS
anatysis for MUCI expression by DC cultures infected
at an MOI of 0.1 and analyzed 24 h post-transduction.
Non-transduced DC appeared negative for immuno-
staining with the HMGF-1 antibody. For comparison,
anti-HMFG-1 staining of MUCl-expressing MCF-7
breast cancer cells is shown; the percentage of positive
cells was routinely 45-55%.

MVA-MUCI/IL-2-transduced DC were further an-
alyzed for expression of ditlferentially glycosylated forms
of MUCI. As detected by immunostaining with the
HMFG-1 antibody, the cells primarily displayed highly
glycosylated molecules (Table 1), which are exhibited
most abundantly on normal epithelium [51]. A much
lower percentage of cells was stained with the SM-3 or
HMFG-2 anti-MUCI antibodies. borh of which recog-
nize tumor-assaciated, under-glycosylated MUCT mol-
ceules. Typical of the MCF-7 breast cancer cell ling, a
combination of all 3 glycoforms of MUC1 was expressed
[L1. 12). As previously shown for MCF-7 cells, surface
staining was heterogencous with SM-3 epitopes dis-
played on ~350% fewer cells than HMFG-2 epitopes
[31].

Expression of MVA-based MUC! vegtors
by DC generated from different donors

To examine DC donor variation in the expression the
MVA-MUCI/IL-2 vector, cultures of DC derived from
five different blood donors were transduced at an MOI
of 0.1 and analyzed for MUCI and IL-2 expression at
24 h post-transduction. As shown in Fig, 2A, MUC1-
positive cell expression varied between 27 and 54%. 1L-2
secretion profiles correlated with the MUC] levels in
that higher amounts were detected in those cultures with
higher numbers of MUC[-expressing DC. In addition,
DC derived from three different donors were transduced
with both the MVA-MUCI/IL-2 vector and an MVA-
MUCI virus, lacking the [L-2 cDNA insert. The per-
centages of MUCI-positive cells were comparable for
the two vectors (Fig. 2 B). These results suggest that

Table 1 DC expression of MUCI glycofarms

Anti-MUCT antibedy DC (" +)} MCF-7 (% +)
HMFG-1 28 57
HMFG-2 <1 27
SM-3 <] 14

co-expression of IL-2 does not alter DC expression of
the MUCI! transgene.

Bioactivity of transgene-derived 1L-2

The immunostimulatory activity of IL-2 was confirmed
by determining whether the 1L-2 secreted by DC trans-
duced with the MVA-MUCI/IL-2 vector was capable of
sustaining the proliferation of activated PBMC. Super-
natants were removed from cultures 72 h after trans-
duction with the MVA-MUCI or MVA-MUCI/IL-2
vector (MOI 0.1} and subscquently added to previously
activated PBMC cultures. As shown in Fig. 3, super-
natams derived from non-transduced DC or DC (rans-
duced with MVA-MUC! vector exhibited little, if any,
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Fig. 24, B Donor DC expression of MVA veciors encading
MUCI. DC cultures generated from separate donors were
transduced at an MO! of 0.} and analyzed 24 h later for veclor
expression. A Cells from five donors were immunostained with the
anti-MUCI HMFG-1 antibody. followed by FACS analysis.
Supcrnatants were analyzed by ELISA for IL-2 cxpression.
B Cells from three donors were transduced with either the MVA-
MUCL or MVA-MUCI/IL-2 veclor, MUCIL expression was
determined by HMFG-] antibody immunostaining and FACS
analysis
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Fig. 3 Biocactivity of MVA-MUCI/IL-2 transgene-cncoded I1-2.
Supcrnatants derived from non-transduced DC or cells transduced
with either MVA-MUCT or MVA-MUCI/[L-2 were added to pre-
activated PBMC. as described in the Materials and methods.
ELISA values of IL-2 (IU/ml}) added 10 each sample are indicated.
Additional samples of PBMC received media only ar media to
which recombinant human 1L-2 was added (100 1Li/ml). PBMC
profiferation was assessed 5 days laler by measuring [*H]-thymidiue
incerporation. Mean counts per minute {cpm) are given [or
triplicale samples: standard deviations are shown

[L-2. as determined ELISA analysis and failed to sup-
port high-level PBMC proliferation. In contrast, super-
natant derived from DC transduced with MYA-MUCIH/
IL-2 and added at 160 IU/ml 11.-2 maintained PBMC
proliferation at levels comparable to PBMC receiving
100 TU/m] recombinant human 1L-2. This data indicat-
ed that the MVA-encoded [1.-2 is functionally active and
capable of supporting PBMC expansion.

Time-course of MVA-MUCI/IL-2 expression and
MV A-induced cylopathic cffccts

Expression levels of MVA-derived MUC] and IL-2 were
monitored at 24, 48 and 72 h post-transduction. As
depicted in Table 2, the percentage of MUCI-positive
cells declined over each consecutive 24-h time period,
from 54% at 24 h post-transduction to only 10% by
72 b post-transduction. IL-2 secretion monitored over
cach time period was also reduced. Moreover, as deter-
mined by trypan blue dye exclusion, there was a con-
comitant decline in cell viability that appeared to
correlate with the loss in MUC1-positive cells, Compa-

Table 2 Time course of MUC| expression and DC viability. DC
were plated at 2x10° cellsywell and infected at an MOI of 0.1.
Medium was exchanged daily and analyzed for IL-2

Time % MUCT +  IL-2 (IU/well) % Viability
post-transduction

24 h 54 660 89

48 h 36 401 58

72 h 10 123 9
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rable results have been obtained for transduced DC
generated {rom 2 other blood donors (data not shown).

The cell death observed over time in the MVA-
MUCI/IL-2-transduced cultures was most likely a con-
sequence of known MVA-mediated cytopathic effects
that can occur in infected human cell types, including DC
[14, 16]. To confirm that DC cell death was attribut-
able 1o the MVA vector and not overtly influenced by
expression of MUCL or IL-2, cells receiving either
MVA-MUCI/IL-2 or a wild-type MVA virus lacking the
transgenes (MVA-w1) were compared for the extent of
cell death. Figure 4 shows FACS analysis of apoptotic
and necrotic IDC 48 h after vector transduction (MOI
0.1). Apoptosis was indicated by Anncxin V staining,
while necrosis was determined by propidium iodide (P1)
staining. Relative to the non-transduced DC population,
both the MVA-wt and MVA.-MUCI/IL-2 transduced
DC culturcs exhibited significant numbers of cells that
appeared to have experienced apoptosis, followed by
necrosis bused on dual staining by both Annexin V and
PI (MVA-wt, 17%; MVA-MUCI/IL-2, i5%). More-
over, both populations contained higher levels of apop-
totic cells at this time point, as indicated by Annexin V
staining only (MVA-wt, 18%; MVA-MUCI/IL-2. 16%).
With respect to viable cells that were negative for
Annexin V and Pl staining, the MVA-wt-transduced
culture displayed only slightly fewer viable cells than the
MVA-MUCI/IL-2 population (MVA-wt, 49% viable;
MVA-MUCI/IL-2, 53% viable). Overall, the observed
cytopathic effects appeared to be mediated by the MVA
viral vcctor with no obvious effects of MUCI/IL-2
transgene expression on DC viability,

Functional activity of MVA-transduced DC

The ability of DC 1o induce proliferation of allogencic
PBMC has served as a reliable indicator of DC immu-
nostimulatory function [21]. Recent studies have report-
ed that transduction with a wild-type vaccinia virus
vector can inhibit the ability of DC to stimulate alloge-
neic PBMC proliferation [19, 30]. The functional prop-
erties of non-transduced DC and DC transduced with
the various MVA vectors (MVA-wt: MVA-MUCI:

DC

+ MVA- +MVA-
wt MUCIAL-2

PI

Annexin V

Fig. 4 MVA-mediated cell death in DC cultures. DC were
transduced with either MYA-MUC!/IL-2 or MVA-wt (MOI 0.1)
and analyzed 48 h later. Apoplotic and necrotic cells were
determined by staining with FITC-Annexin 'V and propidium
iodide {P1) followed by FACScan analysis
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MVA-MUCI/IL-2) were compared in an allogeneic
MLR assay. DC cultures were transduced at an MOI of
0.1, followed by the addition of allogeneic PBMC at a
DCPBMC ratio of 1:5. Cultures were assessed 5 days
later for mnduced PBMC proliferation. Analysis of sepa-
rate aliquots of the DC cultures at 24 h post-transduction
indicated 32% and 30% MUC -positivity in populations
exposed to the MVA-MUCI and MVA-MUCI/IL-2
vectors, respectively. Controls included non-transduced
DC cultures plus PBMC co-cultivated in 100 IU/ml of
[L-2. as well as PBMC alone with or without exogenous
IL-2 addition. As shown in Figure 5A, comparable levels
of allogeneic PBMC proliferation were observed in
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Fig, 5A. B Functionai activities of MVA-iransduced DC, as
indicated by MLR assays. A DC were transduced at an MOI of
0.1 with the MVA viral veclors (MVA-wi: MVA-MUCI; MVA-
MUCI/IL-2}. Allogeneic PBMC (2%107 cells) were cultured in the
absence or presence of the DC populations (4x!0* cells). Recom-
binant human 1L-2 (100 [U/m)) was added as indicated ( + IL-2).
[*Hl-thymidine uptake was subsequently measured § days after co-
cultivation. B An aulologous MLR assay was performed as
described in A. Data are reported as mean counts per minute
(cpm) of triplicates =SD

MVA-transduced and non-transduced cultures, Neither
the IL-2 cxpressed by the MUCI/IL-2 transgenc nor
exogenous IL-2 influenced proliferative responses. Most
likely, this reflects the highly stimulatory nature of
the allogeneic DC; allo-PBMC proliferation would not
necessarily be further enhanced by IL-2 addition. PBMC
alone exhibited minimal proliferalion, which was aug-
mented by the addition of exogenous IL-2. Even though,
the overall level of proliferation remained far less than
cultures containing DC. These findings indicate that
MVA-transduced DC cultures in general, and those
expressing MUCI and IL-2 in particular, are function-
ally capable of stimulating an allogeneic PBMC response.

The concept of including the IL-2 ¢cDNA insert in
the MVA vector was 10 provide further immunostinu-
latory support to autologous lymphocytes that would
be exposed to the MVA-MUCI/IL-2-transduced DC
in vivo. With this consideration, proliferation of auto-
logous PBMC cultured in the presence of DC trans-
duced with the MVA vectors was assessed in an
autologous MLR assay. PBMC were mixed with the
respective DC cultures at a ratio of 5:1 immediately
following the 1.5-h transduction period. In separate
cultures maintained in the absence of added PBMC, the
MVA-MUCI/IL-2 DC secreted IL-2 at 228 TU/10° cells
by 24 h post-transduction. MUCI positivity was 31%
and 28% in the MVA-MUC!I and MVA-MUCI/IL-2
DC cultures, respectively. The proliferative activity of
autologous PBMC cultured in the presence of MVA-
MUCI/IL-2 DC was markedly higher than that
observed in samples receiving non-transduced DC or
DC transduced with MVA-wt or MVA-MUC]! vector
(Fig. 5B). The addition of exogenous IL-2 (100 1U/ml)
to reactions containing DC transduced with MVA or
MVA-MUCI increased PBMC proliferation to tevels
comparable to the MVA-MUCI/IL-2 cultures (Fig. 3B).
Although exogenous IL-2 addition improved prolifera-
tion of PBMC exposed to non-transduced DC, the effect
was ~4-fold lcss than that observed in the MVA-irans-
duced cultures. Similar results have been observed using
DC and PBMC derived from a second donor (data not
shown), These observations demonstrate that 11-2,
either provided by transgene expression or exogenous
addition, stimulates the proliferation of autologous
PBMC upon exposure to MVA-iransduced DC. Possi-
bly, the donor PBMC are responding to MVA antigens.

MVA vector transduction of DC matured
in the presence of TNF-x

We examined whether transduction with the MVA-
MUCI/IL-2 vector would alter the maturation of DC
exposed to TNF-e.. This cytokine is known to induce DC
maturation and. thereby, augment antigen-specific T cell
responses [6, 9, 21]. Moreover, TNF-g-matured DC have
been applied in cancer vaccine trials in which the DC
appear to stimulate antigen-specific CTL responses [10,
37]. DC derived from two separate donors were exposed
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to the MVA-MUCI/IL-2 virus (MO1 0.1) and cultured
with or without TNF-a addition for 48 h. Comparable
levels of MUCT and [L-2 were observed in the presence
or absence of TNF-u (Fig. 6A). As indicated by assess-
ment of the levels of CD82 expression, a primary indi-

[ (-} TNFa 0) virus
B (+) TNF N(+) virus
% MUC1+ -2(Ufwelt) 0 %CDE3+
40 1000
30 300 1 60 4
‘ 6004
20 ‘ 401
400
) 20
10 200 0 |’E "
0 0 0 T T T 1
A L5 T4T ST #T
T2
B.
50
|1 o3
9 i
a |l
B+
95 }
>
<l g ‘ il
o0 4
81 ?ﬁ‘
© ' |
»

D20

Fig. 6A, B Effect of MVA 1ransduction on TNF-sinduces] DC
maturation. A DC populations derived {rom two scparate donors
(! and 2) were transduced with the MVA-MUCI/IL-2 vector (MOI
0.1} and cultured for 48 h in the presence of GM-CSF and IL-4
cytokines with or without the addition of TNF.x (200 TU/ml).
MUCI expression was delermined by immunostaining with the
HMFG-1 antibody followed by FACS analysis. ELISA analysis of
cell supcrnatants was used to menitor IL-2 expression and
accumulation during the 48-h incubation period. Surface expres-
ston of the CD83 maturation marker was monitored by immuno-
staining and FACS analysis of both non-transduced and
transduced cultures, with or without the addition of TNF-2 (=T,
+ T} B MVA-MUCI/IL-2 DC. cultured in the presence or absence
of TNF.x for 48 h, were dual immunosiained and analyzed for
MUCI expression and markers of DC maturation. Analysis of
staining wilh control. isotype antibodies is also shown {iso). Upper
panel, co-staining for MUCL and CD$3. Nwmbers represent
percentages of cells present in each quadrant based en FACScan
analysis: wpper left, CD837 only, upper right, CD83* MUCI™;
fawer right, MUC1 ™ only, lower left. CD83” MUCI™, Lower panel,
co-staining for CD80 and CD86 maturation markers. Note that
TNF-z induced an increase in intensity of cells expressing both
markers
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cator of DC maturation [21], virus transduction did not
appear to affect TNF-a-induced maturation (Fig. 6A).
CD&3 expression was upregulated 3—6-fold in both non-
transduced and transduced cultures.

In a separate experiment, dual flow cytometry was
performed to confirm that matured DC displaying CD83
also expressed the MUCI transgene. As shown in
Fig. 6B, DC transduced and cultured in the absence of
TNF-0 exhibited relatively low leveis of the CDR3
marker (36% positive), as expected, with MUCI
expression detected in both CD83-positive (16% MUCI
positive) and -negative cells {(11% MUC! positive).
Transduced DC that were subseguently matured in the
presence of TNF-x displaved an overall higher level of
CD83 expression with the majority of cells (93%) dis-
playing CD&3. The majority of cells exhibiting MUCI-
positivity were of the CD83™ mature phenotype (31%).
As is well kanown for maturing DC populations [21), the
ca-stimulatory molecules CD80 and CD86 were also
substantially upregulated by TNF-a treatment (Fig. 6B),
along with enhanced expression of the MHC 11 molecule
HLA-DR (data not shown). Non-transduced DC
showed a similar upregulation of these markers upon
TNF-x exposure (data not shown). Taken together,
these results indicate that MYVA-MUCI/IL-2 transdue-
tion and genc expression are not inhibitory 1o TINF-2-
induced maturation. Conversely, TNF-x maturation
does not modify expression of the MVA-encoded
transgenes.

With respect to MVA-mediated cell death, Annexin-
V and PI co-staining demonstrated that infection (ol-
lowed hy TNF-a exposure results in a loss in viability, as
observed for immature DC populations exposed to vi-
rus, By 48 h post-transduction with cither MVA-wt or
MVA-MUCI/TL-2 virus, ~50% of the cells remained
viable (data not shown). TNF-x maturation of previ-
ously transduced DC did not appear to impact the cy-
topathic effects of the MVA virus.

If DC cultures were instead first matured in the
presence of TNF-x for 48 h followed by MVA-MUCI;
IL-2 exposure (MOI1 0.1), expression levels of the MUCI
and TL-2 transgenes werc comparable (o immature,
transduced DC (Fig. 7). Moreover, virus transduction
and expression did not substantially alter levels of the
CD83 marker induced by prior TNF-2 exposure. Fur-
ther FACS analysis revealed no effects of virus trans-
duction on the upregulated expression of HLA-DR.
CDS80 and CD86 molecules (data not shown). Overall,
TNF-a-matured DC were as susceptible to MVA virus
infection and transgene expression as immature DC.
Based on DC marker evaluations, the MVA-MUC1/IL-
2 virus did not alfect the DC maturation status.

Discussion

DC are attractive cancer vaccine agents, based on their
ability to efficiently present TAAs and prime CTL ant-
tumor responses [6, 21, 41). Transduction of DC with
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Fig. 7 MVA-MUCI/IL-2 transduction of TNF-z-matured DC.
DC populations were cultured in the presence of GM-CSF and IL-
4 with or without TNF-2 (200 U/ml) for 48 h prior to exposure to
the MVA-MUCI/IL-2 virus {(MOI 0.1). Cells were analyzed for
MUCI, L-2 and CDR3 expression at 24 h post-transduction as
described in Fig. 6A

recombinant virus vectors is considercd an efficient
means of loading DC with TAA for DC immune display
of TAA antigenic peptides [34]. Herein, we have char-
acterized the transduction of monocyte-derived DC with
an MVA vector expressing genes for both the MUC!
TAA and the immunostimulatory cviokine IL-2.
Moreover, we have investigated biological aspects of
MVA  vector-DC  interact:ons that could mfluence
clinical application of the MVA-MUCI/IL-2-trans-
duced DC.

Thus lar, reports of DC transduced with recombinant
MVA vectors have been limited [16, 7], although there
have been several studies applying recombinant VV
veetors derived from conventional virus strains (Western
Reserve, Copenhagen) [19, 49, 18, 30]. An MVA vector
encoding the melanoma TAA tyrosinase has been shown
to expiess in monocyte-derived DC; however, potential
virus-related effects on the target DC were not addressed
[17). In a second study, MVA-mediated gene transfer
into CD34™ stem cells or CD34 "-derived DC was in-
vestigated rather than DC derived from monocytes [16].

With respect to transgene cxpression in MVA-
MUCI/IL-2-tranduced DC cultures, an MOI of 0.1
provided significant expression of both MUCI and IL-2,
with the levels of IL-2 secretion consistently reflecting
the MUC! positivity. Following transduction with
cither the MVA-MUC] or MVA-MUCI/IL-2 vector,
MUC] expression levels were virtually identical, indi-
cating that the MUCI/IL-2 dual-expression vector is of
a favorable design and that 1L-2 co-expression does not
alter the level of MUCI production. A co-regulation of

the MUC! and TL-2 transgenes is anticipated, as the
MUCI and IL-2 transgenes arc cach driven by similar
promoter elements that carry both early and late tran-
scriptional signals (pHRS and p7.5, respectively). In
studies with other VV strains, early promoters have been
shown to retain activity in monocyte-derived DC, while
late promoter activity is suppressed, along with virus
replication [18, 19, 30]. Consequently, known replicative
strains of VV are phenotypically similar to MVA in that
virus production is attcnuated in DC cultures,

MVA-MUCI/IL-2-transduced DC predominantly
display fully glycosylated MUCI, comparable to that
found on normal epithelia. There is only low-icvel ex-
pression of under-glycosylaled forms that are typical of
tumor cells, including the MCF-7 breast cancer cells in
this study [12, 13]. As a non-malignant cell type, DC
would not be expected to exhibit changes n glycosyl-
transferase activitics that arec known to give risc to tu-
mor-associated glycoforms of MUCI [51]. Our results
are compatible with one other study in which CD34™
cells were transduced with a retroviral vector encoding
MUCI and subsequently differentiated intoc DC; under-
glycosvlated MUC1 molecules were only weakly de-
tected [27]. In theory, the glycosylation status of MUC]
expressed by DC should not affect MHC class 1 peptide
display, because class T molecules are loaded with pep-
tide in the ER before transport and glycosylation in the
Golgi apparatus [S1}. Moreover, vaccination with DC
transfected with human MUCI RNA induces MUCI-
specific CTL and anti-tumor immunity in mice bearing
tumors expressing human MUC! [35]. Although the
MUC! glycosylution status was not determined, this
result mdicates that DC expressing MUCI are capable
of processing and displaying MUCIT peptides in the
context of MHC class T molecules.

The significant loss in DC expressing the MUCI/IL-2
transgenes over a 3-day period post-transduction cor-
relates with enhanced cell death. Comparable percent-
ages of apoptotic and necrotic cells were observed in
cultures transduced with either MVA-wt or the MVA-
MUCIH/IL-2 wvector, indicating that the loss in cell
viability is MVA-related. Similarly, MVA-associated
toxicity has been observed in transduced CD34%-de-
rived DC cultures [16]. The occurrence of cells staining
for both Annexin-V and Pl suggests that our MVA-
transduced cells die via apoptosis followed by necrosis, a
phenomenon previously scen in DC cultures transduced
by a standard VV strain (Western Reserve) [19, 49|
MVA-induced DC death does not necessarily abviate
the application of such cultures as a cancer vaccine.
Previous findings have demonstrated that necrotic cell
debris and apoplotic bodies derived from either DC or
tumor cells can be phagocytosed by viable DC that
subsequently cross-prime CD4™ and CDS™ antigen-
specific T cells [3, 20, 29, 46).

Due to the extensive cell death observed in the
MVA-transduced DC cultures, impairment of the alle-
stimulatory capacity might be expected. However, DC
cultures transduced with either the MVA-wi. MVA-
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MUCI or MVA-MUCI/IL-2 vectors displayed immu-
nostimulatory activitics equivalent 10 non-iransduced
DC. Maost likely, the delaved cell death that occurs over
several days provides ample time for the PBMC to
mount a strong allo-proliferative response. Further-
more, neither the presence of IL-2 expressed by the
MVA-MUC/IL-2 transgene nor the addition of exoge-
nous 1L-2 enhanced allo-PBMC proliferation. Because
the lymphocyte response to allogeneic MHC antigens is
extraordinarily robust and results in T cell sceretion of
immunostimulatory cytokines (including IL-2) [1],
additional IL-2 would not necessarily further augment
proliferation. For our MLR analyses. immature DC
generated in the presence of GM-CSF and 1L-4 were
used. In similar studies of immature DC transduced
with non-attenuated VYV, both enhanced and reduced
allo-MLR responses have been observed [18, 30]. These
diffcrences have been atiributed to variances in indi-
vidual donor lymphocyte responses [18),

In autologous MLR assays, PBMC proliferation wus
strongest in cultures containing MVA-MUCI/IL-2
transduced DC or upon addition of IL-2 to DC trans-
duced with the MVA-wt or MVA-MUCvirus. These
results indicate that the predominant PBMC response is
against vaccinia virus antigens, as suggested by others
applying VV-transduced DC [18]. Because our donors
were vaccinaled in childhood against smallpox, these
individuals most likely possess low levels of vaccinia-
specific, memory lymphocytes that are primed by the
MVA-transduced DC and further expanded by IL-2
supplementation. In general, our findings portend well
for the use of a recombinant MVA vector encoding 1L-2
to support the outgrowth of low-frequency T cells.

Precursor lymphocytes recognizing MUCI arc rare,
but can be detected in PBMC populations derived from
at least some MUC-vaccinated patients [10, 47}, Mul-
tiple in vitro stimulations with MUCI peptide-pulsed
DC have been shown to generate tumor-reactive CTL
from PBMC of only a limited number of heatthy donors
[9]. Further experimentation will clarify presumed
MVA-specific T cell responses and determine whether
the MVA-MUCI/IL-2-transduced DC can prime T cell
reactivity against MUCI. We do have promising pre-
liminary results in mice immunized with DC transduced
by the MVA-MUCI/IL-2 vector; vaccinated animals
injected with human MUCI-expressing mouse tuimor
cxhibic improved, tumor-free survival {manuscript in
preparation).

Important issues for clinical development of MVA-
MUCH/IL-2-transduced IDC are whether TNF-¢ matu-
ration influences recombinant MVA transgene expres-
sion and. conversely, whether MVA transduction would
interfere with TNF-x induced maturation. Immature
DC efficiently process antigen for MHC display, while
matured DC initiate stronger antigen-specific T cell
responses due to upregulation of MHC molecules,
co-stimulatory molecules (such as CD80, CD86 and
CD40) and certain chemokine receptors [21]. Thus,
immunization with DC that have been transduced and
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subsequently matured would prove more effective in
sensitizing anti-MUCI T cells in vivo. Morcover, recent
studies in humans have suggested that ex vivo matura-
tion of DC is essential for the immune efficacy of DC
[13, 32]. As indicated by known markers of maturation,
MVA-MUCI/IL-2 transduction does not alter the
potential of DC 1o undergo TNF-2-induced maturation
or modify the maturation status. Furthermore, the levels
of MUCI]and TL-2 produced in immature and mature
DC cultures arc approximately the same.

Our results are in distinct contrast to previous find-
ings of DC mfected with non-attenuated VV strains. VV
infection prior to maturation dramatically inhibits the
upreguiation of such molecules as HLA-DR, CD83 and
the T cell co-stimulatary molecules CD80 and CDR6.
Muturation followed by VV transduction results in a
loss of CD83, CD86 and CD80 expression [19, 30].
Consistent with the marker phenotype, the lunctional
capacity of VV-transduced DC to stimuiate PBMC re-
sponses 1s also reduced [19, 30]. Possibly, our resuits are
accounted for by the type of culture media emploved or
the TNF-2 maturation method, both of which differ
from previous VV-DC studics. A more plausible cxpla-
nation is that conventional VV strains, unlike MVA,
express known “immune evasion genes” encoding
functional receptors for TNF-g, IFN-y and IFN-«/f
[5. 7] that could well aitenuate cytokine-induced DC
maturation. Because MVA infection does not interfere
with DC maturation, we would speculate that MVA-
MUCI/IL-2 transduced DC would be more efficient
in generating anli-MUC] tumor responscs than DC
infected with conventional, non-attenuated VV vectors.
Although further analyses are required to define the
complex cffects of MVA-derived vectors on target DC
cells, vaccination with MVA-MUCI/IL-2-transduced
DC may well elicit effective anti-tumor T cell responses
and prove broadly applicable for the treatment of a wide
nwnber of known MUCIT™ tumor types.
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Diafiltration: A Fast, Efficient Method for Desalting,
or Buffer Exchange of Biological Samples

By Larry Schwartz, Senior Technical Manager, Fall Life Sciences

Diafittration is a technigue that uses ultrafiltration
membraneas to completely remove, replacs, or
lower the concentration of salts or solvents
from solutions containing proteins, peptides,
nucleic acids, and other biomolecules. The
process selectively tilizes permeable (porous)
membrane filters to separate the components
of solutions and suspensions based on their
molecular size. An ultrafiftration membrane
retains molecules that are larger than the pores
of the membrane while smaller molecutes such
as salts, solvents and water, which are 100%
permeable, freely pass through the membrane.

This article will cover the concepts of protein
concentration and diafitration. 1t will compare
different ways of performing diafitration and
their impact on process time, volume, product
stability, and recovery.

CONCENTRATION

The solution retainad by the membrane is
known as the concentrate or retentate. The
solution that passes through the membrane
is known as the fillrate or permeate.

A membrane for concentration is selected based
on its rejection characteristics for the sample to
be concentrated. As a general nule, the molecular
weight cut-off (MWCQO) of the membrane should
be 1/3rd to 1/6th the molecular weight of the
molecuie to be retained (3-6X Ruie). This is to
assure complete retention. The closer the MWCO
is to that of the sample, the greater the rigk for
some small product loss during concentration,
The risk increases if diafiltration will also be
used since the relative loss depends on the
total volume of filtrate that will be generated.
Membrane flux rate (fiftrate flow rate per unit area
of membrane) is related to pore size. The smaller
the pores, the lower the flux rate for the same
applied pressure. Therefore, when selecting a
membrane for concentration / diafiltration, one
must consider the time factor versus product
recovery. In most biclogical applications,
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recovery outweighs the time consideration.
The process time can aiways be reduced by
increasing the amount of membrane area used.

Figure 1 balow provides an example of
concentration. The sample is placed in a device
containing a suitable ultrafiltration membrane
that will retain the large molecules. Pressure is
applied until half the volume has passed througi
the membrane. The large molecules are retained
in half the original volume {concentrate), which
also contains half of the salt molecules. The filtrate
contains the other half of the sali molecules but
none of the large molecules, Therefore, the
large molecules are concentrated as liguid and
salt are removed. The salt molecule to volume
ratio in the concentrate remains constant so
the ionic strength of the concentrated sokution
remains relatively constant.

Figure 1.
2ZX Concentration ot Sample by Ulrafiltration

APPUED —
PRESSURE =

ht ;‘;,'i.,i' & CONGENTRATE
or RETENTATE
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[
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INITIAL ;ih’lAL or FILTRATE

® Large mclecules — bigger than pores ih membrane

* Small meiecules - salts or solvent

The ionic strength of the concentrate (retentate)
solution can subsequently be reduced by
"washing” the remaining saft out with water, a
process cafled diafiltration, This is essentially a
dilution process and is performed in conjunction
with a concentration process. Water is added
while filtrate is removed. If the washing sciution
is another buffer instead of water, the new buffer
salt will replace the initial salt in the sample.



For simplicity, the above and subsequent examples use a direct
flow filtration device such as a centrifugal concentrator. The same
principles apply to cross flow filtration devices such as
cassettes and hollow fibers where the retentate is recirculated.

BENEFITS OF DIAFILTRATION

Conventional techniques used for salt removal or buffer
exchange such as membrane dialysis and column-hased
gel filtration can be effective but have limitations. Dialysis
procedures can take up to several days, require large volurmes
of water for equilibration and risk product loss through
manual manipulation of the dialysis bags. Gel filtration results
in a dilution of the sample and often requires an adoitional
ultrafitration step to concentrate it back. Adding steps to a
process can risk sample loss or possibie contarmination,
With diafiltration, salt or solvent rémoval as welt as buffer.
exchange can be perfonmed quickly and conveniently,
Another big advantage of diafiltration is that the sample is
concentrated on the same system, minimizing the risk of
sample loss or contamination.

There are several ways to perform diafiltration. While the end

result may be the same, the time and volume required to

complete the process may vary considarably. [t is importani

0 understand the differences in the methods used and
dhen {0 choose one over the other.

ONTINUOUS DIAFILTRATION

.he technique of continuous diafittration (also referred to as
constant volume diafiltration) involves washing out the original
buffer salts (or other low molecular weight species) in the
retentate (sample) by adding water or a new buffer to the
retentate at the same rate as filtrate is being generated. As a
result, the retentate volume and product concentration does
not change during the diafiltration process. If water is used
for diafiltering, the salts will be washed out and the
conductivity lowered. i a buffer is used for diafiltering, the
new puffer salt concentration will increase at a raie inversely
proportional to that of the species being removed.

The amount of sali removed Is related to the filtrate volume

generated, relative to the retentate volume. The filtrate volume

generaied is usually referred tc in terms of “diafiltration

volumes”. A single diafiitration volume (DV) is the volume

of retentate when diafiitration is started. For continuous
iafiltration, liquid is added at the same rate as fittrate is
enerated. When the volume of filirate collected equals

e starting retentate volume, 1 DV has been processed.

Using continuous diafifiration, greater than 99.5% of a 100%
permeable sclute can be removed by washing through 6
retentate volumes (60V) with the buffer of choice.

Molecules that are larger than salts and sclvents, but which
are still smaller than ihe pores in the membrane, can also be
washed out. The permeability of these molecules, however,

Life Sciences

\<b

may be less than 100%. [0 such cases, it will take more liquid,
i.e. more DV's, to completely wash a partially permeable
molecute through the membrane, compared to a 100%
permeable moiecule. Typically, the farger the molecule, the
lower the permeability and the greater the wash volume
required.

The permeability of a molecule through a specific membrane
can be determined by measuwring the concentration of the
mclecute in the filtrate compared to the concentration in the
reientate under specified conditions.

% permeability = (Conc. myaue / CONC. perprare ) X 100

Permeability is often described in terms of "Rejection
Coefficient" of the membrane, i.e, the membrane's ahility to
hotd back cr reject a given molecule from passing through.

Rejection Coefficient = 1 - (Conc. s / CONC. geronare -
A rejection coefticient of 1 equals 0% permeability
A rajection coefficient of O equals 100% permeability

Permeability will he affected by such factors as transmembrane
pressure (TMP), crossflow rate, retentate concentration, pH,
and ionic strength, and gel layer formation (concentration
polarization). therefore, the permeability may change during
the process. '

Table 1 shows the relationship betwean permeability through
a membrang and the number of digfiltration volumes
required for removal of permeating species. As noted earlier,
a greater volume of buffer is required to remove a molecule
that is partially retained. To remove 99.9% of & molecule that
i5 25% permeabie to the membrane requires 9 DV's, while
for a 100% permeable species, only 7 DV's are required.

Table 1;
Continuous (Constant Volume) Diafiltration

Diafiltration Permeability 100% Permeability 75%
Volumes | Rejection Coefficient = 0 | Rejection Coefficient = 0.25
1 83% 53%
2 86% 7%
3 95% 89%
4 98.2% 86%
5T eman | 97.6%
5 99T% 98.9%
7 99.9% 99.4%
8 99.7%
9 99.9%

0% - Salts, sobvents, buffers, etc.

Z25%- Molecules lower in MW than MWCQO
of membrane but bigger than salts



DISCONTINUOUS DIAFILTRATION - Sequential Dilution

Discontinuous diafiltration by sequential dilution involves first
diluting the sample with water or replacemeant buffer to a
predetaermined volume. The diluted sample is then
concentrated back to its original volurme by ulirafiliration.
This process is repeated until the unwanted salts, solvents,
or smatler molecules are removed. Each subsequent dilution
removes morg of the small molecules.

As shown in Figure 2, the sample is generally diluted with an
agual volume of buier (1DV). Alternatively, multiple volumes
can be added at once, provided the process tank is large

encugh to held the entire volume. Diluting the sample usually
lowers the viscosity, which may increase the filtrate flux rate,

Figure 2.
Discontinuous Diafiltration —~ Sequential Dilution
2X 2 x
Daution 2x Dilution 2X Diijution 2%
Te Conc. Conc. Cong,
58
cw |5 - _ 5e i e
@ : - A
=05 wo s
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. Slan 1 V=502, 2 DV=75% 3 DV=88%

% Remaval Exchange

& |arge molecules - bigger than pores in membrane

¢ Small molecules — saits or solvaent

DISCONTINUOUS DIAFILTRATION - Volume Reduction

Discontinucus diafittration by volume reduction reverses this
procedure. The sampile is first concentrated to a predetermined
volume, and then diluted back to its original volume with
water or replacement buffer. This is repeated until the
unwanted salts, solvents, or smaller molecules are removed.
Each subseguent concentration and dilution removes more
of the smaill molecule (Figure 3).

Figure 3.
Discontinucus Diafiltration with Volume Reduction
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Aftar the last buffer addition to complete diafiliration, the sample
may be concentrated before analysis or the next purification
step is performed.

The final preduct, after diafiltration by cither method
{discontinuous 2X volume reduction or seguential dilution} is
at the same volume and concentration as when diafiltration
started. The salt concentration has been equally reduced in
both examples. However, the volume of diafiltration buffer
used by the volume raduction method was half that used in
sequential dilution. This is because the initial concentration
step reduced the volume in half, A digfiltration volume is
equal to the volume where dilution cccurs. Therefore, half
the velume was required,

This being the case, it would seem that concentrating
before digfiltration, by aither discontinuous sequential
dilution or constant volume diafiltration, should reduce the
required diafiltration buffer volume and save time. And in
most cases this is true. The factor we have not accounted
for is filtrate flux rate, which eguates to process time. As the
product becomes concentrated, viscosity increases and the
filtrzate flux rate decreases. The filtirate flux rate varies
inversely as the log of the concentration factor.

J=kin{Cs/ Cyg)
Where
J = Filtrate Flux Rate
k = constant
Cqs = gel layer concentration
Cq = retentate (bulk flow) conceniration

This becomes very significant as the product concentration
(Cg) increases above a few percent and is dependent on the
characteristics of the specific molecules that make up the
sample. 5o, although it might take significantly less volume
io diafilter a concentrated sample. it could take considerabiy
more time compared {c a less concentrated sample. Simple
protocols are available to find optimum conditions io
maximize productivity.



gﬁl;;‘uctim from Sample using Volume Reduction or Constant Volume Diafiltration
Diafiltration 2X Volume Reduction Continuous Diafiltration
Volumes {Constant Volume)
100% Fermeable 75% Permeable 100% Permeable 75% Permeahie
0% Hetention” 25% Retention® 0% Retention” 25% Retention”
i 50% 41% 63% 53%
2 75% £5.% 86% 77%
3 88% B 95% 89%
4 ) 94% 88% 98.2% 95%
5 ' %69% | 9% 003% 97.6%
6 98.4% 95.6% 99.7% 98.9%
7 099.2% 97.4% 1 _59.9% 99.4%
8 99.6% 98.4% 99.7%
9 83.8% 99.0% 99.9%
10 99.2% 99.4%

*Retantion of smaller molecules

0% - Salts, solvents, buffers, etc.

2%- Molecules lower in MW than MWCQO of memtyrane but bigger than salts

CONTINUOUS OR DISCONTINUOQUS DIAFILTRATION -
WHICH TECHNIQUE SHOULD BE USED?

When deciding which technique to use and where in the
process to perform diafiltration, consider the following factors:

1} Initial sample volume, concentration and viscosity
2) Reguired final sample concentration
3) Stability of sample at various concentrations

4) Volume of buffer required for diafiliration

&) Reservoir size available

)
)
5) Total processing time
)
7} Economics

The choice of which method 1o tse must be based on
veral criteria. Scale is an important consideration. What
vie wilt do at laboratory scale may be very different than at
rocess scale, especially if the process is automated. At lab
scale discontinuous diafitration is often used for simplicity.
Continucus diafiltration requires a pump or equipment to
add the diafiltration sclution at a constant rate. Both
techniques can be automated for process applications.
If we eliminate the equipment issue and focus on the
process, we can compare the differences,

The ionic strength, buffer composition and stabilizer
concentration can affect stability of the sample. Diafiitration
may remove salts or stabilizing molecules, resulting in
protein product denaturation and aggregation. The process
of concentrating and diluting 2 protein solution can also
affect molecular interactions resulting in denaturation or
aggregalion as well as subsequent precipitation and product
loss. It is necessary to evaluate the effect of concentration
on the preduct to determine where diafiltration is best
performed relative to concentration effects.

Continucus diafiltration offers an advantage cver disconitinuous
diafiltration in that the retentate concentration remaing
constant. It is often seen as a more gentle process relative
1o the stability of the product.

WHEN TO PERFORM DIAFILTRATION - BEFORE OR
AFTER CONCENTRATION?

We have already seen that concentrating a sample first can
significantly reduce the volume of diafiftration sciution required.
We have also seen that continuous diafittiration takes less
volume than discontinuous diafiltration with seqguential
diution. Therefore, if the sample is first concentrated to the
final conceniration required and then centinuous diafitration
perfcrmed, acceptable results should be chtained,
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However, above a certain concentration, filtrate flux rates
may become prohibitively stow. It may actually takes longer
to diafilter the concentrated sample than it would if the
sample were first diluted 1o reduce the concentration. in this
situation, even though continucus digfiltration of the diluted
sample requires a greater diafiltration volume, the total
processing time would be iess due to the faster filtrate flux
rate. {Process Time = Fiitrate flow rate x Vclumg)

In general, the optimum retentate concentration for
performing {continuous) diafiitration is at:

IN (Co/Crl = 1 or Ch pygmem = Co/e = 0.37C, ™
Where

C., = gel layer concentration

C. = retentate concentration.

Cropmme = Nighest retentate concentration where
digfittration should be performed

The Cg value for a sample can be determined from

experimentation by concentrating a sampie on a membrane

and recording and plotting data for filtrate flux rate vs. log

concentration (or concentration factor). The curve can then

be extrapoiated to filtrate flux rate = “0". The C value will

pe the same for this product regardless of the starting
ncentration or filtrate flux rate.

.igure 4.

Determination of the Cg Value for & product
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In this example (Figure 4! the C; valug is a congcentration
factor of approximately 33X, Therefore the optimal
concentration to perform diafiitration would be 0.37C,, =
2.2X. If the starting product concentration is Smg/mL, then
yhafiltration should be performed whan the concentration
bachas 61mg/mL. If the fina! concentration will be less than
G1mg/mL. then diafiltration should be perfarmed after
concentration, unless it is necessary to remove a specific
molecule prior to concentration.
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The ultrafiltration product selected may dictate choice of
continuous or discontinuous diafitration, Stirred cells and
centrifugal devices are best suited for discontinuous
diafiltration because of their made of operation. Tangential
flow devices have the advantage of being useful for either
diafiltration technique.

Summary .

‘Diafittration is a fast and effective technique for desalting or
buffer exchange of solutions. 1t can be performed in a

continuous or discontinuous mode. Continuous diafiltration
usually takes iess velume to achieve the same degree of
salt reduction as discontinuous diafiltration with sequential
gitution and can be easier to perform.

Continuous diafiltration is also perceived as a kinder and
gentler process on active biomolecules. On the other hand,
discontinuous diafiltration with volume reduction takes less
volume than continuous diafiltration. Concentrating the
sample before diafiltration usually reducas the required
filtrate volume and saves time. However if the sample
viscosity becomes tco great. the filtrate flux rate decraases
and the procass time can increase substantially, Determining
the Cg, for the sample can help answer the question - At
what concentration should | perform diafiltration?

Inittal volumes from a few milliliters up to thousasnds of kters
can he processed using Pall's Tangential Flow Filtration {TFF)
proclucts. Pall's tangential flow systems allow easy addition
of membrane surface area, providing the flaxibility to reduce
processing time or scale up the process. This range of
devices and systerns provides scalability as well as the
flexibility 1o work with almost any sample volume. Pall's
highly selective OMEGA™ polyethersuifone (PES) memibranes
with narrow pore size distribution and high flow rates provide
fast processing time and efficient separation for diafiltration.

* Industrigl Ultrafiltration Design and Application
of Diafiltration Processes, Beatonr & Klinkowski,
J. Separ. Proc. Technal., 4(2) 1-10 {1983)



Glossary

Digfiltration. Diafiliration is a technique that uses ultrafiltration
membranes to completely remove or iower the concentration
of salt or solvent, or to replace buffer salts from solutions
containing proteins and other large molecules,

Diafiltration Volume: One diafiltration volume equals the
initial voiume in which the molecule of interest is suspended.
The number of diafiltration volumes reguired dapends on
whether the permeating species is freely passing (salts,
buffers, solvents) or partially retained.

Continucus Diafiltration: The technigue of continuous
digfiltration {also referred to as constant volume diafiltration)
invalves washing out the original buffer salts (or other iow
maolecular weight species) in the retentate {sample) by
adding water or a new buffer to the retentate at the same
rate as filtrate is being generated

Discontinuous Diafiltration-Seguential Dilution:
Discontinuous diafiltration by sequential dilution involves
first diluting the sample to a predstermined volume, then
concentrating the sample back to its original volume with
water or replacement buifer. This is repeated until the
unwanied salts, solvents, or smaller molecules are
removed. Each subsequent dilution removes mors of

& small molecules

.i_spg__ntinuou_s_ Diafiltration-Volume Reduction:

viscontinuous diafitration by volume reduction involves first
concentrating the sample to a predetermined volume, then
diluting the sample back to its original volume with water or
replacement buffer. This is repeated until the unwanted
salts, solvents, or smalfler molecules are removed. Each
subsequent concentration and dilution removes more of the
small molecule.
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