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RECURSO DE REPOSICION

CARLOS R. OLARTE, mayor de cdad y vecino dc Bogota, D.C., identificado como aparece al pie
de mi firma, en mi condicién de apoderado de la sociedad solicitante, y dentro del término legal
previsto por el articulo 51 del Cédigo Contencioso Administrativo, me permito interponer
RECURSO DI REPOSICION en contra de la Resolucion No. 13049, notificada por edicto
desfijado cl 04 dc abril de 2014.

I. ANTECEDENTES

— La solicitud dc patente ventilada en este expediente fue presentada el 26 de abril de 2012,
con Capitulo Reivindicatorio original de 37 reivindicaciones. ‘

— La Supcrintendencia de Industria y Comercio (SIC) emitié cl primer y unico examen éfe
fondo fijado cn la lista 034 dcl 27 de agosto de 2013, correspondiente al oficio 15748,
objctando cl nivel inventivo de la presente invencion.

— En respucsta al examen de fondo, el 18 de encro de 2014 se adjunta un Capitulo
Rcivindicatorio Modificado con un total de 14 reivindicacioncs.

— La SIC por medio de la Resolucién No. 13049 niega las Reivindicaciones 1 a 14, por

supucsta falta dc nivel inventivo.
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2. OBJETO DEL RECURSO

Que se revoque la resolucién recurrida, y en su lugar se conceda el privilegio de patente de
invencién para las reivindicaciones pendientes de la presente solicitud o aquellas que el Despacho

considere cumplen con los requisitos de patentabilidad.
3. FUNDAMENTO DEL RECURSO

Con referencia a los argumentos presentados por la SIC en la Resolucion No. 13049 para desvirtuar
¢l nivel inventivo de las Reivindicaciones 1 a 14 de la presente solicitud, difiero respetuosamente
del andlisis cxpucsto, y procedo a refutar cada uno de dichos argumentos, exponiendo las

motivaciones técnicas que desvirtiian la posicion de ese Despacho.

3.1, a- 1) La SIC insiste en que la solicitud de patente W02008076321 (D1) afecta el

nivel inventivo de la presente invencion.

l.a SIC argumenta que D1 divulga un anticuerpo que se une especificamente a TSLP humana para

¢l tratamicnto de desérdenes inflamatorios (resumen, pags. 25 y 26).

Ademas, D1 divulga vectores que comprenden el anticuerpo, acidos nucleicos, ¢l método para
producir los anticucrpos, células huésped que comprenden el vector y composiciones de los
mismos. D1 ademds divulga que los anticuerpos pueden tener sustituciones conservativas (pagina

3, parrafo 3; pagina 14; pagina 22; pagina 24).

Iin particular, la SIC presenta la siguiente tabla comparando los elementos esenciales entre D1 y la

presente invencion:

Caracteristicas esenciales D1
Un compuesto cle unién, caracterizado porque se une Un anticuerpo que se une a TSLP humana que
especificamente a TSLP humana que comprende: comprende (Resumen. Pags. 25y 26):
HCDR1 con la SEC ID NO: 1, GYIFTDYAMH HCDR1 con la SEC ID NO: 1, GYIFTDYAMH
HCDR2 con la SEC ID NO: 2. TFIPLLDTSDYAQKFQG HCDR2 con la SEC ID NO: 2, TFIPLLDTSDYNQNFKG
HCDR3 con la SEC ID NO: 3, MGVTHSYVMDA HCDR3 con la SEC ID NO: 3, MGVTHSYVMDA
LCDR1 conla SEC ID NO: 4, RASQPISISVH LCDR1 con la SEC ID NO: 4, RASQPISISVH
LCDR2 con la SEC ID NO: 5, FASQSIS y LCDR2 con la SEC ID NO: 5, FASQSIS ¥
LLCDR3 con la SEC ID NO: 6, QQTFSLPYT LCDR3 con la SEC ID NO: 6, QQTFSLPYT

A partir de la anterior tabla, la SIC scfiala que la diferencia entre la Reivindicacion 1y el anticuerpo
divulgado por D1 ¢s que la CDR2 de SEQ ID NO:2 tiene tres aminodcidos difcrentes (N, K y K)

que reemplazan a (A, Ky Q) en el anticuerpo reclamado en DI.. Fl Examinador sefiala que el
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cfecto que logra incluir los tres aminoacidos diferentes (N, K y K) que reemplazan a (A, Ky Q) es

cvitar la desamidacién de los anticuerpos.

l.a SIC argumenta que no hay cvidencia de que como consecuencia de la sustitucion de tres
aminoacidos cn la CDR2 se haya logrado algun efecto inesperado, como el efecto de lograr la
desaminacién, por lo tanto los compuestos de union reivindicados son obvios para la persona

medianamente versada en la materia.

Adicionalmente, estc despacho sefiala que resulta previsible que se hayan realizado las sustituciones
de los aminoécidos cn la CDR2 de N por K y K por Q, debido a que contemplan sustituciones
conscrvativas en donde los aminoacidos pertenecen al mismo grupo de aminodcidos hidrofilicos; la
sustitucion de N por A también se considera previsible, teniendo en cuenta que el aminodcido N
pertencee al grupo de aminoécidos hidrofilicos y A al grupo de aminodcidos con caracteristicas

intecrmedias, por lo que las Reivindicaciones 1 y 13 carecen de nivel inventivo.

b- 1) En primer lugar me permito sefialar que la presente invencidn se refiere a
compucstos de unién que se une especificamente a TSLP humana que comprenden:
— una region variable de cadena pesada de anticuerpo o un fragmento de union
a TSLP del mismo, comprendiendo dicha regiéon variable de cadena pesada:
una secuencia de CDR-H1 que comprende SEC ID NO: 1; una secuencia de
CDR-H2 que comprende SEC ID NO:2; y una secuencia de CDR-H3 que
comprende SEC ID NO: 3;y
— una region variable de cadena ligera de anticuerpo o un fragmento de unién a
TSLP del mismo, comprendiendo dicha regién variable de cadena ligera: una
sccuencia de CDR-L1 que comprende SEC ID NO:4; una secuencia de CDR-
2 que comprende SEC ID NO:5; y una secuencia de CDR-L3 que
comprende SEC ID NO:6.

i) Tal y como lo sciiala el Despacho, las secuencias de la presente invencion
presenta sustitucioncs de aminodcidos particulares de la SEQ ID NO: 2 modificando los

aminoacidos (N, N, K) por (A, K, Q).
I.os cambios mencionados anteriormente permiten evitar el potencial problema de la desamidacion

de los anticuerpos. lLa desamidacion de Asn (N) es comun, y dicha degradacion de las proteinas

pucde afcctar significativamente su estructura y funcion, pudiendo dar lugar a cambios en las
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interacciones anticuerpo-antigeno, y por lo tanto representando un problema grave durante el

desarrollo de las terapias a base de anticuerpos.

Por lo tanto, cs importante evitar estos posibles problemas de desamidacion en anticuerpos
destinados para uso humano, sin que se produzcan cambios en cualquiera de las caracteristicas

importantcs del anticuerpo (tales como la afinidad de unioén).

ii1) En cuanto al arte previo citado por este despacho, me permito sefialar que D1
sc reficre a compucstos de unién que se unen especificamente a TSLP humana, para el tratamiento
de enfermedades inflamatorias.  El anticuerpo de D1 CDR-H2 contiene dos residuos asparaginas
(N) cn las posiciones 61 y 63 de SEQ ID NO: 4, por lo que podria potencialmente ser desamidado,
dc ese modo alterando su estructura, lo que puede causar problemas graves que afecte a la seguridad

y/o cficacia de dicho anticuerpo.

Adicionalmente, cl problema que pretende resolver D1 es la generacion de nuevos anticuerpos, sin
tener en cuenta el problema de desamidacion abordado por la presente invencion. D1 divulga que
los cambios en los residuos del marco (FR), implicados en el soporte de los bucles de CDR, son
requeridos para mantener la afinidad de unidén. Adicionalmente, D1 seflala que aunque se ha
reportado ¢l uso dec injertos de CDR y preservacion de restos del marco en anticuerpos

humanivados, es dificil predecir si una sccuencia particular puede resultar en un anticuerpo

con propiedades de union deseadas al igual que propiedades biolégicas buscadas.

1v) Teniendo en cuenta lo anterior, y contrario a lo sefialado por este Despacho,

la presente invencidn tiene diferencias drasticas con D1 que la SIC esta considerando superficiales
dcbido al andlisis crrado que lleva a cabo. Las diferencias se encuentran tanto a nivel estructural
f

como frente al problema técnico que pretenden resolver cada una de las invenciones. De esta

forma, incluso D1 scfiala que no es posible predecir que una estructura de anticuerpo particular

pucda tener la afinidad y la actividad biologica deseada.

A continuacién mc permito sefialar las diferencias estructurales de los anticuerpos de la presente

invencion frente al anticuerpo divulgado por D1:
a) D1 da a conocer una region variable de cadena pesada que comprende una

CDR-H2 con una identidad de sélo 83,1% con la SEC ID NO: 2 de la

presente invencion;
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b) dc mancra similar, D1 difiere de la SEQ ID NO: 7 de la presente invencidn,
pucsto que comprende hasta tres residuos de aminoacidos modificados;
¢) no hay enscfianza o sugerencia alguna en D1 que lleve a la persona
mcdianamente versada en la materia a un vector de expresion para un acido
nuclcico que codifica una region variable de cadena pesada depositado como
PTA-10482;
. d) DI ensefla un anticuerpo que se une a la TSLP, depositado como PTA-7951,

lo cual es estructuralmente diferente de la presente invencidn.

Dc csta forma, lo que el despacho ve como una simple modificacion en residuos de aminoécidos,
llcva a una diferencia en la secuencias de aproximadamente 17% en el CDR-H2, y tal como lo

menciona D1 cualquier modificacion en los anticuerpos puede Hevar a cambios en la afinidad

y de la misma forma en la actividad biolégica. Lo anterior muestra que la SIC se encuentra

hacicndo un anélisis limitado y simplista de la presente invencion.

V) Frente al argumento de la SIC de que no existe evidencia de que las
modificacioncs cn los aminoacidos lleven a un efecto inesperado, como el efecto de desaminacion,
mc permito respetuosamente, una vez mas, llamar la atencidn del Despacho sobre la figura 1 de la
presente invencion, la cual muestra una alineacion de SEQ ID NO: 11 de la presente solicitud
contra SEC ID NO:14 de D1 (es decir, una alineacién de las cadena pesadas del anticuerpo

rcivindicado cn csta invencidn y el anticuerpo descrito en D1).

ln la Figura 1, la “Secuencia 1” corresponde a SEC ID NO:11 de la presente solicitud y la
“Sccuencia 2” corresponde a SEC ID NO:14 de D1. En el anticuerpo reivindicado en esta

invencion, la asparagina (N) en posicion 61 de SEC ID NO: 14 de D1 fue cambiada por alanina

(A) y la asparagina en posicién 63 de SEC ID NO: 14 fue cambiada a lisina (K). Estos cambios

fucron rcalizados para evitar la potencial desamidacién de estos residuos. Ademas, la lisina (K) en

posicion 65 de SEC ID NO: 4 de D1 fue cambiada a Glutamina (Q). Este cambio fue realizado

para disminuir las posibilidades de crear inmunogenicidad. Se realizé un cambio adicional en

posiciéon 72 de SEC ID NO: 14 de D1, donde una treonina (T) fue cambiada a una alanina (A). Este

cambio fuc realizado para mcjorar la afinidad de unién del anticuerpo.
l.o antcrior demuestra la realizacion de cambios particulares, por medio de los cuales se logro, no

solo cvitar la desamidacion, sino también disminuir las posibilidades de crear inmunogenicidad y

mcjorar la afinidad de unién del anticuerpo.

Pagina 5 dc 14



l‘j.

OLARTEMOURE

OLARTE MOURE & ASOCIADOS LTDA.

Vi) Dc nuevo, la desamidacidon de los residuos de asparagina es comun en la
dcgradacion de proteinas y ésta puede cambiar la estructura y la funciéon de péptidos o proteinas,
resultando potencialmente en la pérdida en la actividad, asi como alteraciones en la farmacocinética

y antigenicidad de la proteina.

Iin ¢l caso dc los andlogos del factor de liberacion de la hormona de crecimiento humano,
Leu’ hGRE(1-32)NIH,, la desamidacion del residuo 8 de asparagina a isoaspartato lleva a
interrupciones de la estructura helicoidal, tal y como se describe en Vlasak'. Este efecto también ha
sido demostrado cn la calbidina bovina Dy, en donde la desamidacion del residuo 56 de asparagina

causa perturbaciones locales en ¢l producto. Maés aun, se ha demostrado que los anticuerpos

desamidados son menos potentes en su union con el antigeno comparado con los anticuerpos no

degradados, dcbido a que la desamidacion en CDRs puede ser asociada con cambios en las
intcraccioncs antigeno-anticuerpo”. Por lo tanto resulta necesario determinar si hay sitios de

potencial desamidacion dentro de un farmaco candidato potencial3.

De acuerdo con lo anterior, el problema que pretende resolver la presente invenciéon es como
generar un anticuerpo anti-TSLP, que no pueda ser desamidado y por lo tanto, su estructura no se

distorsionc, cvitando scrios problemas que afectan la seguridad y la eficacia de los anticuerpos.

l.a producciéon de anticuerpos no desamidados dirigidos contra TSLP no puede ser considerado
como una rutina de experimentacion para una persona medianamente versada en la materia, ya que

las cnsciianvzas disponibles en ¢l areca enseflan que la sustitucién de residuos de asparagina

disminuyc la unién de los anticuerpos y por lo tanto hace anticuerpos inefectivos, tal y como se

menciona cn cl articulo “generation of a humanized anti-glypican 3 antibody by CDR grafting and
stability optimization™. Este problema ha sido descrito en documentos publicados posteriormente,
como sc cvidencia cn el articulo “Identification and multidimensional optimization of an
asymmetric bispecific IgG antibody mimicking the function of factor VII cofactor activity””.
Adicionalmente, ¢l articulo “Isomerization of an aspartic acid residue in the complementarity-

determining regions of a recombinant antibody to human IgE: Identification and effect on binding

" Josef Vlasak ct al., “Identification and Characterization of Asparagine Deamidation in the Light Chain CDR1 of a
Humanized IgGl  Antibody,” Analytical ~Biochemistry 392, no. 2 (September 15, 2009): 145-54,
doi: 10.1016/).ab.2009.05.043. ‘
? Ibid.
* Iihua Huang et al., “In Vivo Deamidation Characterization of Monoclonal Antibody by LC/MS/MS,” Analytical
(17em/sny 77,1n0.5 (March 1,2005): 1432-39, doi:10.1021/ac0494174.

' Kiyotaka Nakano ct al., “Generation of a Humanized Anti-Glypican 3 Antibody by CDR Grafting and Stability
()pmm/dtlon ” Anti- (‘ancel Drugs 21, no. 10 (November 2010): 907-16, doi:10.1097/CAD.0b013¢32833f5d68.

> Zenjiro Sampei et al., “ldcnuf‘catlon and Multidimensional Optimization of an Asymmetric Bispecific 1gG Antibody
Mimicking the luncllon of Factor VIII Cofactor Activity,” PloS One 8, no. 2 (2013): e57479,
doi:10.1371/journal.ponc.0057479.
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affinity”® quc es partc del estado de la téenica muestra en la tabla 4 (pagina 1901) que las
sustituciones del residuo de Asp (1.32 a Glu) en V104 o el V10 (Asp LK30, 1.32 o0 L34 a Ala)

disminuycn la union relativa a Igk.

Por cl contrario y dc manera sorprendentemente, la presente invencion revela anticuerpos

mejorados quc superan cl problema de la desamidacion preservando la afinidad por la TSLP

humana y cvitando problemas futuros de inmunogenicidad.

vii)  En resumen, adicional al hecho de que D1 no ensefia o sugiere de ninguna
mancra los cambios cspecificos que deben ser llevados a cabo sobre los anticuerpos alli descritos
para llegar a los dc la presente invencion, existe arte previo que muestra que el realizar cambios
sobrc los CDRs, y en cspecial las sustituciones de residuos de asparagina, se generan disminucion
cn la actividad bioldgica de los anticuerpos. Es decir, existen ensefianzas que llevarian a la persona
medianamente versada en la materia a conclusiones contrarias a las obtenidas en la presente

invencion.

3.2,  a- In cstc punto vale la pena sefialar que de acuerdo con los lineamientos del
Instructivo para cl examen de solicitud de patentes de invencion y modelo de utilidad de la SIC, la
presente invencidn muestra indicios claros de la existencia de nivel inventivo, en cuanto resuelve un
problema técnico sin resolver antes de la invencion que adicionalmente implica existe una
superacién de un perjuicio téenico’, en tanto que el problema técnico de la desamidacion (no
abordado por DI1), scgun las enseflanzas del arte previo, no deberia resolverse por medio de la
sustitucion de residuos de asparagina, ya que la persona medianamente versada en la materia estaria
nceesariamente predispuesta a esperar que tal modificacidén disminuya la afinidad de unién de los
anticucrpos; sin embargo, la presente invencién muestra que contrario a lo indicado en el arte
previo, si resulta posible resolver el problema de la desamidacién por medio de la sustitucion de

residuos de asparagina, sin afectar la afinidad de union de los anticuerpos.

Ademas, ¢l MAP también establece que las invenciones en el campo de la quimica tienen nivel

inventivo cuando los compuestos ticnen una estructura inesperada (no derivable por la persona

® J Cacia ct al., “Isomerization of an Aspartic Acid Residue in the Complementarity-Determining Regions of a
Recombinant Antibody to Human Igk: Identification and Effect on Binding Affinity,” Biochemistry 35, no. 6 (February
13, 1996): 1897-1903, doi:10.1021/bi951526¢.

7 Instructivo Lxamen de Solicitudes de Patentes de Invencion y Modelo de utilidad. Superintendencia de Industria y
Comercio. 2012. Seccion 2.13. Pagina 69. (disponible electrénicamente en
http://api.sic.eov.co/Documentos/Guia_Examen_Patentes.pdf).
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medianamente versada en la materia) o cuando presentan un efecto téenico inesperado o mejorado

impredecible del arte previo®. En el presente caso, los compuestos tienen una estructura no obvia

respecto al arte previo, y la actividad presentada por los mismos es sorprendente, lo que es una clara

cvidencia de nivel inventivo.

b- Por otro lado, frente a la objecion de la SIC referente a que las sustituciones de los
anticucrpos dc la presente invencidn resultan obvias, me permito sefialar que D1 no ensefia o
sugicre realizar sustituciones aminoacidicas, por medio de las cuales sea posible obtener los
anticucrpos dc la presente invencion. Mas aun, en este caso €l Despacho se encuentra haciendo un
analisis crrado dcl nivel inventivo, ya que de acuerdo con el instructivo para el examen de
solicitudes de patentes de invencidén y modelos de utilidad es “necesario ademas de identificar el
documento del estado de la técnica mas cercano, identificar las diferencias entre la invencion y las

caracteristicas téenicas divulgadas en el documento y en el estado de la técnica debe existir alguna

indicacion para modificar o adaptar la solucion del estado de la técnica mas cercano a fin de

llegar a la invencion reivindicada’™.

Claramente, cn D] no cxiste ninguna enseflanza o sugerencia que siquiera lleve a la persona
mcdianamentc versada cn cl arte a plantearse el posible problema de la deaminacion de anticuerpos,
y mucho menos como este podria llegar a ser resuelto, incluso cuando D1 muestra explicitamente
que cualquicr modificacion cn los CDRs puede llevar a cambios impredecibles en la actividad de

los anticuerpos anti-TSLP.

Iin cste punto valc la pena preguntarse ;de qué manera la persona medianamente versada en el arte,
a partir de las enseflanzas de D1 llegaria a determinar que los aminoacidos asparagina (N) de la
posicion 61 de la SEQ ID NO: 14, la asparagina en la posicién 63 y la lisisna (K) en la posicion 65
fucran modificadas por alanina (A), lisina (K) y glutamina (Q) respectivamente, y de esta forma
llcgar a la obtenciéon de un anticuerpo mejorado, que mantenga su afinidad de unién y evite la
desaminacién? Ia respuesta contundente es que no existen indicaciones particulares de dichas
modificaciones ¢n D1, por lo que la persona medianamente versada en la materia no se veria guiada
a modificar los anticuerpos de forma tan especifica para obtener los anticuerpos de la presente
invencion y mucho menos esperar que se mantenga la actividad, ya que D1 incluso sefiala de forma

explicita que cualquier variacion en los CDR alteraria la actividad de los anticuerpos, ya que dichas

* Manual Andino de Patentes. (2004). Seccién 10.8.1 (http://www.comunidadandina.org/public/patentes.pdf).

% Instructivo Examen de Solicitudes de Patentes de Invenciéon y Modelo de utilidad. Superintendencia de Industria y
Comercio. 2012. Scccion 2.13. Pagina 69. (disponible clectrénicamente en
hitp:/api.sic.gov.co/Documentos/Guia Examen Patentes.pdf).
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variacioncs llevan a cambios en la conformacion de la estructura terciaria y cuaternaria de las

proteinas, que ¢s la que determina su actividad.

c- El andlisis del nivel inventivo no puede basarse en si la invencion era posible de
alcanvzar, ya quec claramente cra posible, pues los anticuerpos modificados de la invencién de hecho
cxisten.  Aplicar un estandar de "posibilidad de alcanzar", haria que ninguna invencion fuera
susceptibles de patentarse, haciendo inviable el sistema de patentes. Del mismo modo, el analisis
de patentabilidad no puede implicar la cuestiéon de si las técnicas de investigacion aplicadas son
comuncs u obvias, sino mas bien si el objeto especificamente reclamado podria haber sido

cvidentemente derivado del arte previo (sin necesidad de investigacion adicional alguna). En otras

palabras, para la fecha de prioridad aqui reclamada, la cuestion a determinar es si la persona

medianamente versada en la materia, habria realizado la invencién, motivado por el conocimiento

general y estimulado por el arte previo. Es decir, la_evaluacion de nivel inventivo debe basarse

unicamente en si existen sugerencias explicitas v suficientes en el arte previo para lograr

desarrollar de manera obvia los anticuerpos aqui reclamadaos, las cuales, como se demostré a

lo largo del presente memorial, no existen. Por consiguiente, aunque en D1 se incluyen

anticucrpos anti- ISP, de ninguna manera se considera el problema de la deaminacién de dichos

anticuerpos y la mancra de como este problema puede ser solucionado.

Asi las cosas, no cxiste motivacién alguna en el arte previo para que la persona medianamente
versada cn la materia pueda desarrollar inequivocamente los anticuerpos de la presente invencion y
csperar una actividad biolégica como la aqui reclamada. De hecho la persona medianamente
versada en cl arte, a partir de D1, ni siquiera hubiera contemplado el problema de la deaminacion de
anticucrpos y hubicra podido realizar ilimitadas sustituciones de anticuerpos para obtener
anticuerpos diferentes, sin solucionar el problema planteado por la presente invencion. La tnica

mancra de pensar que dicha modificacion puntual podria realizarse v tendria los efectos

establecidos en la presente solicitud es que la Examinadora se base en la misma divulgacion

del Capitulo Descriptivo de la presente invencion. En conclusion, los anticuerpos reclamados en

la presente invencidn revisten nivel inventivo.
d- Fn este punto vale la pena llamar la atencion del Despacho sobre el Instructivo para
¢l Examen de Solicitudes de Patentes de Invencion y Modelos de Utilidad de la Superintendencia de

Industria y Comercio, donde se establece que:

“La invencién no tiene nivel inventivo cuando la combinacién de los elementos que

proveen la solucion esta revelada en el estado de la téenica, es decir, no basta con la
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existencia de los clementos de manera aislada o individualmente considerados para

concluir la falta de nivel inventivo, sino que ellos en su totalidad e integridad

enseiien de mancra cvidente la manera de legar a la solucion al problema

técnico™' (mi subrayado, mi negrilla)

Si aplicamos las directrices del Instructivo al presente caso se puede concluir que:

- ¢l arte previo citado (D1) no ensefia los elementos caracteristicos de la presente
invencion, ni siquicra de manera aislada, pues a lo sumo menciona secuencias de
anticucrpos anti TSLP y sin enseflar especificamente las modificaciones especificas
necesarias en los aminodacidos: asparagina (N) de la posicion 61 de la SEQ ID NO:
14, la asparagina en la posicion 63 y la lisisna (K) en la posicion 65;

- a partir de las ensefianzas de D1, la persona medianamente versada en la materia
llegaria a anticuerpos estructuralmente diferentes a los de la presente invencion, sin
modificaciones en los residuos de asparagina, ya que dichas modificaciones en los
CDRs llevaria a cambios en la afinidad de unidn de los anticuerpos;

- la divulgacién de D1 en su totalidad e integridad NO ensefia de manera evidente
como llegar a la presente invencidén y asi proporcionar la solucidén al problema

técnico.

33. a IIn respuesta a mis argumentos en el primer examen de fondo, la SIC sefiala que a
partir de los cjemplos presentados en la presente invencion, no se demuestra que el compuesto de
union divulgado tenga menor potencial de desaminacion en comparacion con el anticuerpo de D1,
ni se prucba que como consecuencia de la diferencia estructural con los cambios en los aminoédcidos
cspecificos sc evite el problema de la desaminacion. Tampoco se muestra evidencia del efecto

téenico sorprendente, puesto que la actividad de los anticuerpos es similar.

b- Al plantear el anterior argumento, la SIC demuestra una vez mds, que realiza un
analisis limitado de la presente invencién. Es decir, aparentemente la SIC analizara el nivel
inventivo simplemente teniendo en cuenta la magnitud subjetiva de las diferencias de la presente
invencion versus ¢l arte previo. Por lo tanto, la SIC toma un documento que tiene un cierto grado
dc similitud con los anticuerpos de la presente invencién, y aunque ni siquiera planté un problema
técnico cercano, lo utiliza para afectar el nivel inventivo, sin sustentar de qué manera resulta

cvidente la modificacion de los residuos de asparaginas y lisina de la secuencia SEQ ID NO: 2.

' Instructivo Fxamen de Solicitudes de Patentes de Invencién y Modelo de utilidad. Superintendencia de Industria y
Comercio. 2012. Seccidn 2.13. Pagina 69. (disponible electrénicamente en
hitp://api.sic.cov.co/Documentos/Guia_Examen_Patentes.pdf).
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Fn cste punto me permito referirme nucvamente los ejemplos de la presente invencidn, los cuales
mucstran que los anticucrpos de la presente invencidn tienen caracteristicas diferentes a los
anticucrpos de D1. En particular, la Tabla 3 muestra las diferencias en los valores de KD para cada

uno de los anticuerpos cvaluados, en donde se incluyen anticuerpos divulgados por DI, y se

cvidencia de forma clara que existe una diferencia en la actividad alcanzada:

TABLA 3
Valores KD Determinados por Kinkxa
 mAb TSLP Expresién Kn(pM)
Anticucrpo 1 humana HEK293 1,1
ﬁm—/\micucrpo 2 humana HEK?293 1,7
o _/—\micucrpo 3 humana HEK?293 1,6
i Anticuerpo 4 humana HEK?293 3,2

— Anticuerpo 1: Anticuerpo de rata parental 23B12;

— Anticuerpo 2: MAb Anti TSLP hu humanizado 23B12 (que comprende la cadena

pesada de SEC 1D NO:14 y la cadena ligera de SEC 1D NO:16 de D1);

— Anticuerpo 3: mAb 23B12 anti TSLP hu humanizado (que comprende la cadena

pesada de SEC ID NO: 14 con una mutacién en posicion 72 de T a A, y la cadena

ligera de SEC ID NO: 16 de D1);

— Anticucrpo 4: mAb 23B12 anti TSLP hu humanizado (que comprende la cadena
pesada de SEC ID NO: 11 y la cadena ligera de SEC ID NO: 12 de la presente

invencion).

4 . .
Claramcnte, a pesar de las diferencias estructurales producto de los cambios realizados, los
anticuerpos dc la presente invencidn contindan proporcionan afinidad para TSLP humana, tal como

sc evidencia en la tabla 4 a continuacién (Ejemplo 4 que muestra la afinidad de los anticuerpos para

I'SI.P humana y Cyno de la siguicnte manera):

I - XD D
~_TISLP Anticuerpo 1 | Anticuerpo 2 | Anticuerpo 3 Anticuerpo 4
No No
humana 141 determinado | determinado 172
~ _humana 130 150 128 No determinado
humana No No No 155, 142, 339,170, 153
o | determinado determinado determinado ’ ’ o
No No No
a* X . 339
~ h_ujnana determinado | determinado determinado
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No No No
anak Kk
humana, determinado | determinado | determinado 299
No No
. cyno 159 determinado | determinado 138, 80, 115
cyno No NO No 127
- .___y determinado dcterminado | determinado
No No No
%%
L Sy_r_]ﬁ_ determinado determinado | determinado 381

Adicionalmente, las Tablas S y 6 cn ¢l Ejemplo 5 muestran la capacidad de los diversos anticuerpos
anti-TSLP dc neutralizar bioldégicamente TSLP humana y cyno fue evaluada por la aplicacion de
biocnsayos de proliferacion a corto plazo que utilizan células las cuales expresan receptores de

I'SLLP humana y cyno rccombinantc, como se muestra a continuacion:

EC 50 (ug/ml) Inhibicion de Proliferacion
ISP Anticuerpo 1 Anticuerpo 2 | Anticuerpo3 | Anticuerpo 4
No No
humana 0,022 determinado determinado 0,041
humana 0,025 0,092 0,054 No
B determinado
No No
B humana 0.014 determinado determinado 0,024
No No
A ¥
__humdnd 0,083 determinado determinado 0,215, 0,137
No No
cyno 0,064 determinado determinado 0,117, 0,077
No No
. _C}Tfj o 0,122 determinado determinado 0,158
No No
L _Cyj(i 0,054 determinado determinado 0,067

lin este orden de ideas, es evidente que la Unica razén para considerar que la presente invencidén no
¢s inventiva, cs que la SIC no aplicé el método “Problema-solucion” y efectué un andlisis
retrospectivo, donde a partir de los conocimientos adquiridos al leer la presente solicitud, intenta
cncontrar cn cl estado de la técnica fragmentos que demuestren que tedricamente se podria haber

|

llegado a la invencidon que aqui se reivindica. ¢

c- n conclusidn, de acuerdo con la Resolucién aqui recurrida, la SIC evidentemente:

- se cquivoca al ignorar los efecto técnicos que presentan las variantes reivindicadas

cn la presente solicitud;

- realiza un cxamen post facto o retrospectivo, donde de manera subjetiva y

arbitraria afirma que dado que documento D1 ya divulgaba anticuerpos anti TSLP,

cra obvio desarrollar los cambios en los aminoacidos especificos;
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- no considera los argumentos de la respuesta a la accion oficial, donde se evidencian
las diferencias y efectos técnicos inesperados existentes entre los anticuerpos

mejorados de la presente invencion y los anticuerpos de D1.

Si la SIC hubicra realizado un analisis acertado de las ensefianzas del arte previo y de los
argumcentos presentados en mi respuesta al primer examen de fondo, habria concluido que una
pcersona medianamente versada en la materia no habria encontrado en D1 la informacién relevante
para desarrollar inequivocamente las modificaciones en los aminoacidos especificos y llegar a los
aminodcidos dc la presente invencion. Una conclusién contraria, como la que realiza la SIC, s6lo
cvidencia un andlisis retrospectivo donde no se aplicé o fue incorrecta la aplicacion del método

problema--solucion, pues no se reconoce la existencia de los efectos técnicos inesperados, como se

scfiald anteriormentc.

4. Para terminar, de conformidad con lo establecido en el articulo 59 del Cédigo Contencioso

Administrativo, solicito respetuosamente que todos y cada uno de los puntos planteados en el

presente recurso scan resueltos de manera individual, completa y motivada, respecto de las razones

dc hecho, derecho y/o conveniencia que lleven a esa Superintendencia a adoptar la decision que

cstime frente a la solicitud aqui formulada.

3. NOTIFICACION

Receibiré notificaciones cn mis oficinas ubicadas en la Carrera 5 No. 34-03, de Bogota.

Atcntamente,

R s

CARLOS R. OLARTE
C.C. No. 79.782.747 dc Bogota
1T.P. 74.295

ANEXOS:

—  ANEXO 1: Joscf Vlasak ct al., “Identification and Characterization of Asparagine Desamidation
in the Light Chain CDR1 of a Humanized IgG1 Antibody,” Analytical Biochemistry 392, no. 2
(Scptember 15, 2009): 145-54, doi:10.1016/j.ab.2009.05.043.

— ANEXO 2: Lihua Huang ct al., “In Vivo Desamidation Characterization of Monoclonal
Antibody by LC/MS/MS,” Analytical Chemistry 77, no. 5 (March 1, 2005): 1432-39,
doi:10.1021/ac0494174.
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— ANEXO 3: Kiyotaka Nakano et al., “Generation of a Humanized Anti-Glypican 3 Antibody by
CDR Grafting and Stability Optimization,” Anti-Cancer Drugs 21, no. 10 (November 2010):
907-16, doi:10.1097/CAD.0b013e32833£5d68.

— ANEXO 4: Zenjiro Sampei ct al., “Identification and Multidimensional Optimization of an
Asymmetric Bispecific 1gG Antibody Mimicking the Function of Factor VIII Cofactor
Activity,” PloS One 8, no. 2 (2013): €57479, doi:10.1371/journal.pone.0057479.

— ANEXO 5:J Cacia et al., “Isomerization of an Aspartic Acid Residue in the Complementarity-

Determining Regions of a Recombinant Antibody to Human IgE: Identification and Effect on
Binding  Affinity,”  Biochemistry 35, no. 6 (February 13, 1996): 1897-1903,
doi:10.1021/b1951526c¢.
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Charge heterogencity
Deamidation

Monoclonal antibady

Despite technological advances, detection of deamidation in large proteins remains a challenge and the
use of orthogonal methods is needed for unequivocal assignment, By a combination of cation-exchange
separation, papain digestion, and a panel of mass spectrometry techniques we identified asparagine
deamidation in light chain complementarity determining region 1 (CDR1) of a humanized IgG1 monoclo-
nal antibody. The reaction yields both Asp and isoAsp, which were assigned by Edman degradation and by
isoAsp detection using protein isoaspartate methyltransferase. The deamidated antibody variants were
less patent in antigen binding compared to the nondegraded antibody. Changes in near-UV €D spectra,
susceptibility to papain cleavage in an adjacent CDR2 loop, and the tendency of the newly formed isoAsp
to undergo isomerization suggest local perturbations in the structure of the isoAsp-containing antibody.

™ 2009 Elsevier Inc. All rights reserved.

Deamidation of Asn residues is a common degradation of pro-
1eins and it can significantly impact protein structure and function
| 1-4]. At neutra! and basic pli, deamidation proceeds via formation
of a five-member ring intermediate—succinimide [5-7]. The reac-
tion is initiated by deprotonation of the peptide bond nitrogen, fol-
lowed by a nucleophilic attack on the side chain carbonyl, loss of
ammonia, and a formation of succinimide, Succinimide is unstable
and hydrolyzes into a mixture of two products—isoaspartate (iso-
Asp)' and Asp (Fig. 1). The ratio between isoAsp and Asp in short
peptides is usually 3:1 to 4:1 [5=7]: however, it can be shifted more
toward Asp in proteins [8-11], presumably because Asp, as a natural
amino acid, can be better accommodated in the protein structure. Al
acidic pH deamidation oceurs as well, but predominantly by direct
hydrolysis of the side chain amide, yielding only Asp [7,12]. The rate
of deamidation depends on protein sequence and conformation, as
wells as on external factors such as temperature, pH, and others.

* Corresponding authors,

Fongdl addresses: roxana_ionescu@merck.com (R lonescu), alain.beck@pierre-
fabrecom (A, Beck)

I Abbrevigtions used: CDRE. complementarity determining region; CEX, cation-
exchange HPLC: soAsp, isoaspartate; ¥y, variahle heavy chain domain; Cy, constant
heavy chain domaing ESETOE, electrospray-time-of-flight; RP-HPLC, reversed-phase
ligh-performance liguid chromatography: LG, light chain; Fd, heavy chain VyCyl
domains; 11D, laser induced decomposition; LT2, light chain tryptic peptide 2; PTH-
AN, phenylthiohydantoin-amino acids: 4-MUP, 4-methylumbelliferyl phosphate;
FCH0, effective concentration for achieving 50% binding; 5AH. S-adenosyl-i-homo-
cysteine; DSC. cifferential scanping calorimetry; €D, circular dichroism: MS, mass
spectrometry. PIMI, protein isoaspartyl O-methyliransferase.

O003-269%5 - see front matter < 2009 Elsevier Inc. All rights reserved,
do: 10.1016/).4b.2009.05.043

The rate of deamidation as a function of the sequence has been stud-
ied in short model peptides and it mainly depends on the amino acid
residue following asparagine, Asn-Gly being the most susceptible to
deamidation [5.12-15]. Higher order structures usually impose
structural constraints, attenuating deamidation rates |8,16-19].
Due to the expanding pharmaceutical use of monoclonal anti-
bodies, assessing fine details of the structure of these large mole-
cules, improving their stability, and understanding of their
degradation have received significant attention. Human IgG anti-
bodies consist of two identical heavy and light chains, each assem-
bled from immunoglobulin domains, The heavy chain contains four
domains—Vy, Cj1, Cyy2, and ;3. The N-terminal domain is referred
to as variable (V) due to its different length and sequence among
different antibodies. The remaining three domains, referred to as
constant (Cy), define individual isotypes (e.g., 1gG1). Similarly,
the light chain contains one variable domain (V) but only one con-
stant domain (C, ). In the folded state, human IgG contain three rel-
atively independent fragments connected via a hinge region—two
identical Fab fragments and an Fc fragment. Antigen binding is
mediated by the variable domains, mainly by three loops connect-
ing individual i-strands in each domain, called complementarity
determining regions (CDR). Depending on the antibody sequence
and/or structure, Asn located in the CDRs can undergo deamidation
rapidly, presumably due to their relative flexibility and solvent
exposure [11,20-22]. In addition, several deamidation-prone Asn
residues have been identified in the constant regions of human
1gG [19]. Deamidation in the CDRs can be associated with changes
in antibedy-antigen interactions and therefore represents a
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Fig. 1, The mechanism of asparagine deamidation and aspartic acid isomerization
via succinimide intermed:ate. Theoretical monaisotopic masses of Asn, Asp, and
isoAsp residues and of the succinimide intermediate are indicated,

serious concern during the development of antibody-based thera-
peutics [11,20].

Materials and methods
Antibody

The 1gG1 monoclonal antibody was manufactured at Merck &
Co., Inc., and formulated in a liquid formulation at pH 6.5, Unless
stated otherwise, forced degradation studies were carried out in
the same formulation,

Cation-exchange PLC and fraction purification

Cation-exchange HPLC (CEX) was performed using a ProPac
WCX-104 » 250 mm column (Dionex, Sunnyvale, CA) and a gradi-
ent elution of 0-35% B in 50 min at a flow rate of 0.5 mlfmin (mo-
bile phase A was 10 mM sodium phosphate, pH 6.5; mobile phase B
was 10 mM sodium phosphate, 0.5M NacCl, pH 6.5). For fraction
purification, a larger 9 = 250-mm column was used with 2 ml/
min flow rate and a gradient adjusted to fit the different prepara-
tion purposes. IgG variants (A1, A2, and M) or the corresponding
Fab-fragment variants (FabB, FabD, and FabM} were isolated using
CEX. In order to obtain enough material, the degradation was
accelerated by incubating the antibody or its Fab fragment at
45 °C. For MS analysis, Fab-fragment variants were isolated from
i“ab fragments obtained by papain digestion of [gG after forced deg-
radation. To avoid the loss of FabD (isoAsp) due to papain cleavage
in 1.C CDR2, for other analyses, Fab-fragment variants were ob-
tained from a Fab fragment sample after forced degradation.

Papain digestion

Monoclonal antibodies were digested with immobilized papain
(Fab Preparation kit, Pierce, Rockford, IL) following the manufac-
turer's instructions; the digestion was carried out at 37 °C over-
night. The Fab and Fr fragments were separated using a Protein
A column included in the kit.

LC ESI TOF analysis of CEX isofated Fab fragments

Fab-fragment samples were diluted with water (1/2) and ana-
lyzed on a ZORBAX 300SB-C8 reversed-phase column 2.1 x
150 mm, 3.5 um {Interchim, France), using an Alliance liquid chro-
matugraphy system coupled to a LCT electrospray-time-of-flight
(LCT ESI-TOF) mass spectrometer (Waters, France). Reversed-phase
1PLC conditions invelved a gradient using two mobile phases.

Solvent A consisted of acidified water (0.05% TFA) and solvent B of
n-propanol fwater (90/10) containing 1% formic acid and 0.02% TFA,
The gradient stayed for 19 min at 0% B, increased from 0 to 50% B in
1 min, and was followed by isocratic elution at 50% B during
10 min with a flow rate of 0.25 mlfmin, The column temperature
was kept at 60 °C and the elution was monitored between 210 and
300 nm. The LCT ESI-TOF was set to run in W positive ion mode with
acapillaryvoltage of 3800 V, sample cone voltage of 150 V, m/z range
of 900-3000 at 1 s per scan, mass resclution of 10000, and was cali-
brated using 2 pg/ul solution of cesium iodide in 2-propancl{water
solution({50/50). The samples were diluted with watertoreacha con-
centration between 0.5 and 2 mg/ml and 4 to 10 pg were injected.
Control Fab (FabCtr) was injected at the beginning and the end of
each set of Fab-fragment samples. To avoid cross-contamination a
blank run was performed between each sample. The MaxEnt algo-
rithm {Waters, France) was used Lo determine molecular masses.

LC-ESI-TOF analyses of reduced Fab fragments

Fab-fragment samples (10 pg) in 10 mM sodium phosphate, pH
6.5, + NaCl obtained after CEX purification were lyophilized and sol-
ubilized in 30 pl of 100 mM Tris-HCI, 2 mM EDTA, 6 M guanidine
HCl, pH 8.0, to a final concentration of 0.33 mg/ml. Samples were
flushed with N.. Disulfide reduction was performed by incubating
Fab solution with 20 mM DTT for 2 h at 37 °C. The reaction was
quenched by adding acetic acid (final concentration 10%) and n-pro-

panol (final concentration 20%). The resulting light chains (LC) and

heavy-chain fragments (Fd or Vi,Cy 1) were then separated on a ZOR-
BAX 300SB-C8 reversed-phase column, 2.1 x 150mm, 3.5 um
{Interchim, France). Reversed-phase HPLC conditions involved gra-
dient using two mobile phases. Solvent A consisted of acidified water
(0.05%TFA) and solvent B of n-propanol/water (90/10) containing 1%
formic acid and 0.02% TFA. The gradient was increased from 2 to 35%
Bin 30 min, from 35 to 80% in 1 min, followed by isocratic elution at
80% B for 4 min witha flow rate of 0.25 ml/min. Column temperature
was 60 °C and the elution was monitored between 210 and 300 nm.
The LCT ESI-TOF was set to run in W positive ion mode with a capil-
lary voltage of 3400 V, sample cone voltage of 150 V, m/z range of
900-2500 at 1 s per scan, mass resolution of 10000, and was cali-
brated using 2 pg/pl solution of cesium iodide. Cesium iodide solu-
tion (0.1 ug/pl) solubilized in acetonitrile/water (50/50) was
introduced into the lockspray electrospray unit and the ion at m/
z=1172.1837 was used to perform mass correction. The reduced
samples were diluted with water to the half and an aliquot of
2.5 pg was injected at each run. Reduced control Fab samples were
injected upfront and at the end of each series of analyses.

Reduction and alkylation of CEX-isolated Fab fragments for
identification of the deamidation site

The Fab samples (300 pg) in 10 mM sodium phosphate, pH 6.5,
and NaCl obrained after CEX purification were lyophilized and sol-
ubilized in 200wl 100 mM Tris-HCl, 2 mM EDTA, 6 M guanidine
HCl, pH 8.0, buffer to a final concentration of 1.5 mg/ml. Samples
were flushed with N,. Disulfide reduction was performed by incu-
bating Fab solutions with 20 mM DTT (final concentration) for 2 h
at 37 °C. lodoacetamide was then added to a final concentration of
25 mM and the reaction was allowed to proceed in the dark for 1 h
at room temperature. The reaction was quenched by the addition
of acetic acid (final concentration 10%) and n-propanol (final con-
centration 20%).

Light chain (LC) and heavy chain V,,C;,1 demains (Fd) separation

Alkylated 1.C and Fd fragment were separated on a ZORBAX
300SB-C8 reversed-phase column 4.6 = 150 mm, 3.5 um (Inter-
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chim, France), RP-HPLC conditions involved gradient using two
mobile phases. Solvent A consisted of acidificd water (0.05% TFA)
and solvent B was n-propanol/water (90/10) containing 0.1% for-
mic acid, The gradient was increased from 20 to 35% B in 30 min,
from 35 to 80% in 1 min, and was followed by isocratic elution at
80% B for 5 min with a flow rate of 1 mljmin. The column temper-
ature was 60 °C and the elution was monitored between 210 to
300 nm. Fd and LC fractions were collected using UV detection
and then frecze-dried.

LC-ESI-TOF analyses of trypsin-digested light chains

Reduced and alkylated 1L.C (~60 pg) were solubilized with 50 pl
of water and sonicated, Then 200 pl of 50 mM Tris/Tris-HCl, 1 mM
CaCly, pH 7.5, buffer; 25 pl of acetonitrile, and 10 pl trypsin in
water solution (0.5 pg/ul, enzyme/substrate ratio of 1/12 wjw)
were added. Samples were incubated at 37 °C for 7 h. The reaction
was quenched by adding 0.5 pl of TFA. LC-ESI-MS analyses of pep-
tide mixtures obtained by enzymatic digestion were carried out
using an Alliance system coupled to a LCT ESI-TOF mass spectrom-
cler. RP-HPLC conditions involved gradient using two mobile
phases. Solvent A consisted of acidified water (0.1% TFA} and sol-
vent B was acetonitrile containing 0.08% TFA, The gradient stayed
for 5 min at 0% B, and then increased from 0 to 60% B in 60 min,
from 60 to 80% in 5 min, followed by isocratic elution at 80% B
for 5 min, Peptides were separated on a reversed-phase Xbridge
BEH 300 C18, 3.5 um, 2.1 = 150 mm (Waters, France) with a flow
rate of 0.25 ml/min and were detected at 214 nm {extracted from
a range of 200-300 nm) by a Waters 996 photodiode array detec-
ter, The LCI ESI-TOF was set to run in W positive ion mode with
a capillary voltage of 1000V, sample cone voltage of 35V, m/z
range of 200-2000 at 1 s per scan, mass resolution of 10000. The
mass spectrometer was calibrated with a 0.005% solution of
11,P0O, in water/acetonitrile (50/50). (Glu}-Fibrinopeptide B, human
solution (500 fmol/pl) solubilized in acetonitrile/water (50/50)
with 0.1% formic acid, was introduced into the lockspray electro-
spray unit. The ion at m/z 785.8421 was used to perform mass
correction.

MALDI-TOI-TOF analysis of peptides obtained from trypsin-digested
light chains

Samples were prepared by standard dried-droplet preparation
on stainless-steel MALDI, target-cyano-4-hydroxycinnamic acid
as matrix. MS and Ultraflex-MS-MS spectra were acquired with a
Bruker Ultraflex TOF/TOF with gridless jon optics under control
of Flexcontrol 2.0. This instrument, equipped with the Scout (Brii-
ker Bremen, Germany) high-resolution optics with X-Y multisam-
ple probe and gridless reflector, was used at a maximum
accelerating potential of 20 kV and was operated in the reflector
mode. lonization was accomplished with a 337 nm beam from a
nitrogen laser with a repetition rate of 3 Hz. The output signal from
the detector was digitized at a sampling rate of 2 Gllz. External cal-
ibration of MALDI mass spectra was carried out using singly
charged monoisotopic peaks of a mixture of human angiotensin
Il (mfz 1046,542), substance P {mjz 1349.643), bombesin (m/z
1619.823), and ACTH 18-39 (m/z 2465,199). Monoisotopic peptide
masses were automatically annotated using the XMASS 5.1.2 NT
software package, Collision cell and the Ultraflex device providing
thie second fon source was accelerated to 7 kV and the postacceler-
ation after Ultraflex was 19 kV. In the standard mode, the Ultraflex
TOF[TOF uses laser-induced decomposition (LID) for the generation
of MS-MS fragments. Their masses were analyzed after ion
reflector passage. Ultraflex data were processed using the de novo
analysis moadule of Biotools protein sequence analysis package
(Version 2.2).

EDMAN degradation

LT2 peptides were isolated using UV detection and the collected
peptide solutions were diluted with water in order to keep an ace-
tonitrile concentration below 15%, The N-terminal sequences of
purified peptides were determined by automatic EDMAN degrada-
tion on an Applicd Biosystems ¢L.C Procise microsequencer. The
PVDF membrane (ProSorb Cartridge) was wetted with 10 pl of
methanol. LT2 peptide solution was added on the PVDF membrane
and dried. Phenylthiohydantoin-amino acids (PTH-AA) were iden-
tified by chromatography on a CI18 column (PTH C-18,
0.8 x 200 mm) ar 269 nm.

Determination of the binding activity

The binding activity was determined by ELISA. Plates were
coated with the antigen, blocked, and then incubated with a series
of dilutions of cach sample. Antigen-antibody complexes were de-
tected with monoclonal mouse anti-human IgG Fc fragment anti-
body (clone H2) conjugated with alkaline phosphatase (Southern
Biotechnology Associates Inc., Birmingham, AL), using a fluorogenic
substrate SuperPhos, 4-methylumbelliferyl phosphate (4-MUP)
(Virolabs, Chantilly, VA). The fluorescence was excited at 355 nm
and detected at 460 nm. Four-parameter logistic fit was applied
to cach dilution series and the effective concentration for achieving
50% binding (EC50) was obtained by comparison of the fitted curve
with a —70 °C standard.

ISOQUANT

Samples were diluted 1:1 into RapiGest (Waters Corporation,
Milford, MA), DTT was added to a final concentration of 1 mM,
and the solutions were incubated for 5 min at 100 °C. The samples
were then digested by Trypsin {Sigma, Saint Louis, MO), 1:20 {w/w
Trypsin/Fab) at 37 °C for 2 h. The amount of isoAsp was measured
using the ISOQUANT isoaspartate detection kit (Promega, Madison,
WI). The detection of S-adenosyl-i-homocysteine (SAH) was
achieved by reversed-phase HPLC using Thermo Electron-Hypersil
BetaBasic-C18 column, 150 » 4.6 mm, particle size 3 pm (Thermo
scientific, Waltham. MA}; detection was at 260 nm; mobile phase
A: 3% acetonitrile in 0,01 M potassium phosphate pH 6.2; mobile
phase B: 100% acetonitrile; gradient: 0-30% B in 5 min. The isoAsp
content was calculated by comparing the area of the SAH peak in
the sample with a standard curve generated from a dilution series
of SAH standard [23].

Differential scanning calorimetry (DSC)

DSC measurements were performed on a VP-Capillary DSC Plat-
form (MicroCal, LLC, Northampton, MA) at 0.35 mg/ml protein con-
centration and scan rates of 0.25 and 0.5 °Cfmin. The protein was in
10mM phesphate buffer, pli 6.5. DSC profiles were calculated
using the Origin 7.0 software. Buffer background was subtracted
and thermograms were normalized to the molar concentration of
the protein, The final excess heat capacity thermogram was ob-
tained by interpolating a cubic baseline in the transition region.
The thermograms were analyzed using the equations for a "two-
state irreversible model” described in Kurganov et al. [24] and
the software TableCurve 2D (Systat Software, Inc).

Circular dichraism (CD) spectroscopy

€D measurements were performed on a Jasco-810 spectropolar-
imeter. The near-UV CD of samples in 10 mM phosphate, pH 6.5,
and protein concn 1 mg/ml was measured at 20 °C using 1-cm cells
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and the following data acquisition parameters: bandwidth 2 nm,
response time 4 s, speed 10 nmfmin, accumulation 5.

Results and discussion
Cation-exchange HPLC resolves acidic variants Al and A2

Following storage at elevated temperatures the humanized
1gG1 monoclonal antibody described in this report shows signifi-
cant heterogeneity detected by CEX (Fig. 2A). The chromatogram
consists of three fractions designated A1, A2, and M; each contain-
ing additional heterogeneity. Basic peaks in each fraction represent
lysine variants of the antibody (labeled as K and KK in Fig. 2A). The
acidic peaks were attributed to changes in the Fe fragment and will
be discussed elsewhere. Here we describe the identification of the
degradation responsible for the formation of Al and A2 and also
present characterization of these two degradation variants.

To aid the identification of the degradation, we and others
[11,25] have used papain digestion to generate Fab and Fe frag-
ments. The Fab fragment of A1 contains two CEX peaks of equal
intensity—a nondegraded Fab peak, FabM, and an acidic peak FabB
(Fig. 2A,inset). In the case of the Fab fragment prepared from A2, a
more complex chromatogram was observed due to unexpected pa-

A CEXof A1 Fab fragment N ‘
FabB FabM
K ‘
KK
1 P 6 30 34 38 42 46
Flutears time [roin]
B | FaoM |
|
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g |
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e 22 26 0 34 3% a2 46
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Fig. 2, (A) CEX profile of a stressed antibody and the Fab fragment of the Al acidic
vartant {inset). The antibody was stored for approxamately 1 maonth at 45 °C. Two
acidic fractions Al and A2 with significant CEX separation from the nondegraded
fract:on M are indicaled in gray boxes, Fach of the three fractions (A1, AZ, and M)
aas correspending lysine vanants (K and KK) due to incomplete heavy chain
C-terminal Lys removal (determined hy carboxypeptidase B treatment as previously
described [38]) and additional acidic vanants due to degradation in the Fo fragment.
Due to the low signal of A1 and A2, their KK variant is not apparent. Inset: CEX of
Fab fragments prepared from purified Al fraction by papain digestion. FabM, the
nontdegraded Fab fragment; Fabl, Fab fragment contaiming the degradation. (B) CEX
profile of a stressed Fab fragment. The Fab fragment was exposed to the same
conditions as the [gG in panel A. Note the homogeneity of peaks FabB and FabD
compared to 1gG fractions Al and A2 due to absence of the Fe-related heterogeneity.

pain cleavages in the V; domain (discussed later in the paper).
However, not considering papain digestion artifacts, the Fab frag-
ment from the A2 fraction would contain (similarly to A1) a nonde-
graded Fab peak, FabM, and an acidic peal FabD. Despite the
significant heterogeneity of the M fraction in the stressed sample
(Fig. 2A), the Fab fragment of the M fraction contains only one peak
{FabM} corresponding to the nondegraded molecule (not shown),
This observation together with the fact that Fab fragments exposed
to elevated temperatures show formation of homogeneous degra-
dation peaks FabB and FabD (Fig. 2B) suggests that the heterogene-
ity within A1, A2, and M is located in the Fc fragment.

The presence of two Fab peaks in A1 and A2 (one degraded and
oneintact)ina 1:1 ratio shows that only one Fab is degraded in the
whole lgG, which is in agreement with the kinetics of degradation
{lonescu and Vlasak, manuscript in preparation). Since FabB and
FabD are homogencous fractions {lacking the nondegraded Fab
and also the Fc part) compared to their A1 and A2 counterparts,
they are more amenable to experimentation and therefore the
identification of the chemical nature of this degradation and some
characterization experiments were carried out using Fab frag-
ments. To obtain sufficient amounts of FabB and FabD, the degra-
dation was accelerated by incubating the 1gG at 45°C. Fab
fragments were then prepared from the 1gG by papain digestion.
Alternatively, due to the unexpected papain cleavage of the A2 var-
iant, a Fab fragment was first prepared from a fresh material and
then subjected to forced degradation at 45 °C, which led to accu-
mulation of FabB and FabD (Fig. 2B).

Mass spectrometry analyses of intact and reduced FubB and FabD
suggest deamidation in the light chain

CEX-isolated Fab fragments where sequentially analyzed by L.C-
MS following “top-down/bottom-up” strategy [26-28]. First, LC-
ESI-TOF mass spectrum was recorded for FabB, FabD, and FabM
isolated from a sample stored for approximately 1 month at
45 °C (Fig. 2A), as well as for a Fab fragment prepared from a non-
stressed material (FabCur). Then, the Fab fragments were reduced
and alkylated and analyzed by LC-ESI-TOF mass spectrometry
(Supplementary Fig. 1). The experimental mass of FabCtr
(48096 Da} was in a good agreement with the calculated mass
(48096 Da). As expected, after reduction and alkylation two frag-
ments were generated and well separated by RP-HPLC. They were
identified by online MS as the light chain (LC) ({calc.
mass = 24063.0 Da, exp. mass = 24063.0 Da) and the heavy chain
V€1 domain (also referred to as the Fd fragment, calc. mass =
24043.0 Da, exp. mass = 24043.0 Da), respectively. As anticipated,
similar profiles and masses were observed for FabM from the
stressed sample (exp. mass = 48096 Da, L.C exp. mass = 24063.2 Da,
Fd exp. mass = 24042.7 Da). For FabB, a mass increase of 1 Da was
observed (48097 Da) and also recorded for the corresponding L.C
(24064.0 Da), indicating a possible deamidation in the LC. The mass
of the FabB Fd fragment had the expected value {24043.0 Da). For
FabD, a 0.8 Da increase in mass was detected for the LC, but not
far the whole Fab (48096 Da) or the Fd fragment (24042.8 Da).
Considering that the precision of mass measurements in the
present study was 20 ppm, a mass difference of 1 Da could be
detected with a good confidence for a 25 kDa protein {(e.g., LC or
Fd fragment), but not for a 50-kDa protein like the Fab fragment.
Based on the MS data obtained for LC and Fd from CEX-isolated
Fab-fragment variants, a bottom-up approach was performed by
peptide mapping of the LC,

Identification of deamidation in light chain Asn33

Light chains of different Fab-fragment isolates (FabCtr, FabB,
FabD, and FabM) were separated from their Fd fragments by
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Fig. 3. (A} ESI- MS isotopic distributions [M+31°] of LT2 peptides. (B) MALDI-MS analysis of trypsin digested LC from FabCur, FabB, FabD, and FabM.

RIP-HPLC and then subjected to digestion with trypsin to confirm
and localize the presumed deamidation. The resulting peptide
maps were analyzed by two complementary MS methods, LC-
ESI-TOF and MALDI-TOF (Fig. 3). By LC-ESI-TOF, no detectable
changes in retention times were observed in the RP-HPLC peptide
maps of the LC (Supplementary Fig. 2) but approximately a 1 Da
mass increase was observed for the sccond tryptic peptide (1.T2)
derived from both FabB and FabD (+0.3 Da for M+311") compared
to the calculated isotopic profile and to 112 from FabCur or FabM
'Fig. 3A). For all four Fab fragments, the remaining peptides
showed masses corresponding to their theoretical values, indicat-
ing that the only degradation that occurred in 1.C was deamidation
in the 12 peptide. Similarly, by MALDI-TOF (Fig. 3B} a mass in-
crease of approximately 1 Da was observed for the LT2 peptide of
Fabi (3578.70 Da, M+H") and FabD (3578.69 Da) compared to Fab-
Ctr (3577.54 Da), FabM (3577.57 Da), and to the calculated mass
(3577.84 Na), confirming the LC-ESI-TOF data. [.C-ESI-TOF peptide
mapping was also carried out with isolated Fd fragments. In agree-
ment with the intact-mass measurements (above), no differences
were observed in the IFd-fragment maps from FabCtr, FabB, FabD,
and FabM: both in the retention times of the individual peptides
and in their isotopic envelopes {not shown).

LT2 (residues 25-55) is a 31-amino acid peptide with two Asn
located at positions 33 and 35 (...N33GN5sT. . ). For each trypsin
digestion sample (FabCtr, FabM, FabB, and FabD), LT2 peptides
were identified and fragmented by MALDI-TOF|TOF (not shown).
The results showed that deamidation occurred only at position
33 and not at position 35. Asn35 deamidation was only observed
under harsh sample preparation conditions (not shown), which
confirmed that our MS analytical conditions were able to detect
this deamidation. In summary, MS measurements showed that
both FabB and FabD and thus their corresponding IgG acidic vari-
ants Al and A2, respectively, have been formed by deamidation
of LC-Asn33, which is located in the first complementarity deter-
mining region (CDR1). CDR localization and the fact that Asn33 is
followed by a glycine support our observation that this Asn is a
deamidation hotspot,

Several reports described Asn deamidation in CDRs of monoclo-
nal antibodies [11,20-22]. The occurrence of deamidation (and
other degradations as well) in CDRs is presumed to be related to
their greater flexibility and solvent exposure compared to other re-
gions of the antibody. Antibodies generally differ in the sequence
of their CDRs, which determines their antigen specificity. However,
the same CDR motifs can be found in many antibodies, mainly
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those derived from the same germline gene. This is particularly
true for COR1T and CDR2, which, unlike CDR3, are coded in the
germline. Indeed, the COR1 Asn-Gly-Asn-Thr motive (found in
murine germline genes of the VK1 and VK2 families) is present
in other antibodies. In nimotuzumab, no susceptibility to deamida-
tion was noted [29]. In contrast, @ hybridoma-expressed murine
monoclonal antibody with similar CDR1 was found to contain only
Asp33, presumably due to deamidation induced during production
[30]. It is therefore plausible that the mouse-germline derived Asn-
Gly-Asn-Thr CDR1 motif could be a deamidation hotspot in other
antibodies as well.

Detection of isoAsp33 in FabD) by EDMAN degradation and ISOQUANT

Considering that FabB and FabD are resalved by CEX yet they
contain deamidation of the same residue, LC-Asn33, it is likely that
they represent the two deamidation products—Asp and isoAsp.
Separation of Asp and isoAsp antibody variants by CEX has been
shown for other antibodies [11]. In order te discriminate between
Asp33 or isoAsp33, and as another means to confirm the deamida-
tion, 112 peptide was isolated by RP-HPLC from the tryptic digest
ol the reduced/alkylated 1.C of each Fab sample (FabCtr, FabB, FabD,
and FabM). Isolated peptides were applied onto a PVDF membrane
and subjected to microsequencing by EDMAN degradation for 14
cycles (upfront microsequencing analysis, PTH-AA standards were
injected). The expected native sequence was observed for the first
14 amino acids of the 12 peptide obtained from FabCtr and FabM.
Forthe 112 peptide of FabR, Asp was found at position 33 instead of
Asn and the presence of an Asn at position 35 was conflirmed. For
Fabl) 1712 peptide, the EDMAN degradation was stopped after ami-
no acid at position 32, Based on the MS/MS data for this peptide
and to explain differences observed in CEX retention of FabB and
FFabl), this was expected and consistent with an isoAsp residue at
position 33,

Additional evidence for the presence of LC-isoAsp33 in FabD
was obtained by measuring the overall isoAsp content in FabB
and FabD using the ISOQUANT kit, which utilizes the ability of
protein i-1soaspartyl O-methyltransferase (PIMT) to selectively rec-
ognize isoAsp residues in proteins. Similar levels of isoAsp (mol
isoAsp/mol protein) were found in FabB (0.53) and FabM (0,37).
In contrast, FabD (1.25) contained about 1 mol more than FabB
or FabM, confirming that FabD is the isoAsp and FabB is the Asp
product of [.C-Asn33 deamidation.

Changes in antigen binding of A1 and A2

To assess the impact of LC-Asn33 deamidation on antibody
function, the binding activity (measured as relative ECsq) of 1gG
acidic variants A1 and A2 was determined using an ELISA assay.
A1 [1.C-Asp33/Asn33), A2 (1.C-isoAsp33/Asn33), and M (LC-Asn33/
Asn33) were purified from a sample stored for 3 months at 37 °C.
This sample had reduced binding to 76% (#3.2) compared to an un-
stressed control, Both Al and A2 variants had low activities—39%
(+7.2)and 60% (+3.3), respectively (standard deviation in parenthe-
sis is derived from two independent experiments). The M fraction
from the stressed sample was almost fully active (96%, £1.8), de-
spite only 76% activity of the whole stressed sample. Together,
these results demonstrate that deamidation variants Al and A2
are less potent in antigen binding and that the loss of binding
activity following temperature stress is caused by the increase in
Al and A2 concentration, Since the activity was determined using
igG variants A1 and A2, which still contain one nondegraded Fab
fragment, it is not clear whether the deamidation completely abol-
ished binding or just reduced affinity.
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Fig. 4. (A) Near-UV CD spectra of FabM (LC-Asn33) and FabD (LC-isoAsp33). (B) DSC
thermograms. Buffer-corrected heat capacity normalized to protein concentration
is shown as symbols. Fxperimental data were fitted using nonlinear least-square
fitting {TableCurve 2D soliware, version 5.01) to the two-state irreversible model
(lines) using equation described by [24], The samples were in 10 mM phosphate, pH
6.5, scan rate of 0.5 °C/min, concentration 0.35 mg/mlL

Circular dichroism spectroscopy

The impact of LC-Asn33 deamidation on the antibody secondary
and tertiary structure was evaluated by far-UV and near-Uv CD,
respectively, No dilferences between the native Fab fragment and
its LC-Asp33 and LC-isoAsp33 variants were observed in far-Uv
CD spectra, indicating that these variants have comparable second-
ary structures. Near-UV €D spectra (Fig. 4A) showed subtle but
reproducible decrease in ellipticity (in the 260-280 nm region) of
the isoAsp33-containing Fab compared to the native Fab (sufficient
amount of FabB (LC-Asp33) was not available lor the measure-
ment). The near-UV CD spectrum is alfected by the microenviron-
ment around aromatic residues and disulfides and is sensitive to
the tertiary structure of the protein. Therefore, the observed
changes in the near-UV CD spectrum suggest alterations of the ter-
tiary structure on replacement of LC-Asn33 with isoAsp,

Differential scanning calorimetry

The thermal stability of the Fab fragment and its twa deamida-
tion products was evaluated by DSC. One transition corresponding
to the unfolding of the Fab fragment was observed in all samples
(Fig. 4B). FabB (LC-Asp33) had an additional shoulder in front of
the main transition, suggesting changes in the unfolding coopera-
tivity of the four immunoglobulin domains in the Fab fragment.
The apparent melting temperatures (in 10 mM phosphate at pH
6.5, 0.5 °C/min scan rate) for FabB, FabM, and FabD were 85.3,
80.8, and 78.8 °C, respectively. A similar trend of decreasing appar-
ent melting temperature in the order FabB-FabM-FabD was ob-
served under different conditions: different buffers (phosphate or
histidine), with and without 2 M GuHCI, and at two scan rates
0.25 and 0.5 °C/min {only 0.5 °C/min was tested for FabB due to a
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limited amount of material). The DSC profiles were highly repro-
ducible; in duplicate scans the variability between T, was less
than 0.1 °C. Comparable results were obtained for the correspond-
ing lgC variants A1, A2, and M, although the differences were less
pronounced, presumably due to averaging between the degraded
and the intact Fab in each IgG molecule.

Overall, DSC measurements showed nonnegligible and highly
reproducible differences in thermal unfolding between the intact
tab fragment and both of its LC-Asn33 deamidation variants. Due
to the irreversibility of Fab-fragment unfolding, equilibrium ther-
modynamics analysis cannot be performed. Instead, a quantitative
comparison can be obtained from models which take into account
kinetic processes such as aggregation. For many proteins irrevers-
ible denaturation monitored by DSC can be described by a rela-
tively simple “two-state irreversible model” [24,31-33], where
the native protein (N) undergoes irreversible denaturation to a fi-
nal product (D) with a first-order rate constant (k) that changes
with temperature according to the Arrhenius equation, This model
is in reasonably good agreement with our experimental data
(Fig. 4B8). Small deviations from the model (as reflected by differ-
ences between the experimental and the calculated thermograms)
and the dependence of the activation energy (F,) on the scan rate
suggest that the unfolding does not strictly follow the one-step
irreversible model and that additional steps are involved [24].
Parameters derived from the fitting show differences between
the three variants in both kinetic {represented by 77, the tempera-
ture where the rate constant of denaturation cquals 1 min ) and
energetic (represented by F,, the activation energy of unfolding)
factors of irreversible denaturation, At the same scan rate (0.5 °C/
min), there 15 a systematic decrease in E, from FabD-FabM-FabB
[121-115-104) and a systematic increase in 1™ (354,7-357.2-
462.2). These trends show that both the activation energy of
unfolding and the aggregation properties are affected by deamida-
tion and that formation of Asp (FabB) or isoAsp (FabD) has the
opposite impact on both F; or T° relative to the unaltered protein
(FabM).

Limited protenlysis with papain

In addition to the two deamidation products FabB and FabD,
two other acidic peaks (FabA and FabC) were observed by CEX in
Fab fragments prepared from the IgG by papain digestion (not
shown). Examination of Fab fragments from 1gG fractions Al, A2,
and M revealed that these two peaks originated only from the A2
fraction, i.e., the LC-isoAsp33-containing variant. FabA and FabC
were identified by mass spectrometry as LC-Asn33 deamidation
variants with additional fragmentations in the LC (Supplementary
Figs. 3 and 4). FabA 1.C was clipped at Ser57-Asn58 and Tyr61-
Gly62 bonds (located in CDR2 loop), while the LC of FabC was
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Fig. 5. Limited proteolysis with papain. CEX of FabM (LC-Asn33), FabD (LC-
[sonsp33), and FabB {1.C-Asp33) (left panel); after incubation with papain (right
panel). FabB, Fabl, and FabM were ohtained by CEX from a Fab fragment stored for
39 days at 45 °C.

clipped at the TyrG1-Gly62 bond only. The clipping was not de-
tected in an undigested antibody, and, when a Fab fragment was
subjected to temperature stress, accumulation of FabB and FabD
but not FabA or FabC was observed (Fig. 2B). These results sug-
gested that FabA and FabC were introduced artificially during pa-
pain digestion, Further confirmation was obtained by direct
digestion of FabR, FabD, and FabM. Following incubation with pa-
pain, FabB (Asp) and FabM (Asn) remained mostly unchanged;
however, the intensity of FabD (isoAsp) decreased significantly
and two new peaks—FabA and FabC appeared in the sample
(Fig. 5). The susceptibility of the LC CDR1 isoAsp33 variant to cleav-
age in the adjacent CDR2 loop suggests differences in the local con-
formation compared to the native or the LC-Asp33-containing
antibody.

Evidence for isomerization af LC-isoAsp33 to Asp33

Following the time course of the degradation, the ratio between
A2[FabD (isoAsp) and Al/FabB (Asp) was gradually changing in fa-
vor of A1/FabB, suggesting that A2/FabD (isoAsp33) was undergo-
ing isomerization. To obtain more direct evidence for the
isomerization, purified FabB, FabD, and FabM were set at acceler-
ated stability at 45 °C (Fig. 6). As anticipated, deamidation of FabM
led to the formation of FabB and FabD. FabB (1.C-Asp33) was rela-
tively stable showing only a small increase of more acidic species
of unknown nature. In contrast, FabD (LC-isoAsp33) was convert-
ing rapidly into a peak with the same retention time as FabB,
and it also showed additional degradations represented by a num-
ber of small, more acidic, peaks. Further evidence for isomerization
was obtained by measuring isoAsp content (using the ISOQUANT
kit) in FabB, FabD, and FabM following storage at 45 °C. At lime
zero, FabB, FabD, and FabM contained 0.53, 1.25, and 0.37 mol iso-
Asp/mol of antibody, respectively. After 3 months at 45 *C (Fig. 6)
the level of isoAsp changed to 0.91, 1.26, and 0.97, respectively;
i.c., in FabB and FabM it increased by approximately 0.5 mol iso-
Asp/mol of antibody but it remained the same for FabD. We inter-
pret this observation as follows—during the extended storage at
45 °C, degradations elsewhere in the molecule lead to accumula-
tion of isoAsp in all three Fab fragments; however, the increase
of isoAsp in FabD is compensated by a loss of isoAsp33 due to
isomerization. [nterestingly, no conversion of FabB (Asp} into FabD
(isoAsp) was observed. This implies that the isomerization is prac-
tically unidirectional and that at equilibrium Asp would be the
only product.

pH dependence of LC-Asn33 deamidation

To assess the impact of ptl on LC-Asn33 deamidation, the anti-
body was formulated in 100 mM sodium phosphate (with varying

Time 0 3 months at 45 °C
:/,'V"_::x\
FabM: Asn | Asp  ISOASP Asn
|
I N
FabD | : - A
isoAsp [ Asp  isoAsp
| |
e =

Fig. 6. lsomerization of LC-isoAsp33. CEX of FabM (LC-Asn33}, FabD (LC-isoAsp33).
and FabB {LC-Asp33) (left panel); after incubation at 45 °C for 3 months (right
panel), FabB, FabD, and FabM in the left panel were obtained by CEX from a Fab
fragment stored for 39 days at 45 °C,
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tien). The isomerization rate was set o a constant value for all canditions.

pth and stored at 37 °C. The accumulation of Al and A2 was mon-
itored by CEX, The reaction rate was minimal at the lowest pH
tested—pil 5 (below pti 5 the level of clipping and aggregation hin-
dered the analysis) and significantly accelerated with increasing
pH, as observed for deamidation in model peptides [6,7] and other
proteimns [34] (Fig 7A). At 37 °C, the half-life was about 2 weeks at
pt 8 and almost 1 year at pH 5. To determine whether the ob-
served pi dependence was due to intrinsic properties of deamida-
tion [(ic., Dbase-catalyzed reaction) or whether it was also a
contribution of changes in protein structure, we measured near-
UV and far-UV CD spectra for antibodies formulated in the tested
buffers (Supplementary Fig. 5). No differences were seen by far-
UV €D, indicating that the secondary structure remained the same
across the pll range. Near-UV CD spectrum was slightly different
for the sample formulated at pH 8 campared to the other samples,
suggesting subtle changes in protein tertiary structure at pH 8. In
addition, DSC measurements with the protein in different buffers
presented a shift to higher values of the apparent melting temper-
atures as the plf was increased (data not shown). Therefore,
although protein stability is slightly impacted across the pH range
studied, this is not accompanied by significant changes in protein
structure and this data suggest that the pH dependence of LC-
Asn33 deamidation is likely due to intrinsic properties of deamida-
tion reaction and not due to variations in protein conformation.

In addition Lo the significant impact on deamidation rate, pH
alsu slightly affected the ratio of A2 {isoAsp) and Al (Asp) rates
‘Fig. 7A). At pH 8 the ratio between A2/A1 rates was 2.1, gradually
decreasing with pH and reaching a value of 1.3 at pH 5. Similar pH
dependence of the ratio of isoAsp/Asp has been observed in pep-
tides |6,7].

Ixamples of experimental data for pH 6.0, 6.5, and 7.0 (Fig 7B)
illustrate the impact of pH on AZ and A1 rates, on their ratio, and also

show the existence of A2 (isoAsp)-to-Al (Asp) isomerization. The
slope of the two curves (Al and A2) is steeper at higher pH due to
higher deamidation rates. At higher pH, the two curves (Al and
A2)initially move away [rom each otherat a larger angle than at low-
er ptl, due to a higher rate of A2 formation compared to the Al rate.
As the degradation proceeds, the curves come again closer to each
other (and will eventually cross) as a result of A2-to-Al isomeriza-
tion. The position of the crossover point depends on the difference
between A1 and A2 rates, which drives the divergence of the curves
and, at the same time, on the A2-10-A1 isomerization rate, which
brings them together. Accurate determination of the isomerization
rate is difficult because isomerization becomes an important factor
only after significant levels of A2 had accumulated. At that stage of
degradation, other, relatively slower degradations could become
significant, preventing reliable quantification of the isomerization
rate. For the modeling presented in Fig. 7B, the isomerization rate
was set to a constant value (0,013 days ') for all conditions. The
good agreement between the observed and the predicted values of
Al and A2 fractions suggests that the isomerization rate is relatively
constant across the pH range studied. Data analysis using the isom-
erization rate as an additional parameter did not improve signifi-
cantly the goodness of the fit, but reduced the precision in
retrieving the A1 and A2 rates.

In the case of rhuMab HER2 [11], deamidation of light chain
Asn30 to Asp30 (isoAsp30 was not detected) was observed at pH
7.2-7.4, but not at pH 5. Interestingly, although Asn30 was found
stable at low pH, the population of Asp30 was depleted in time
at pH 5 presumably by formation of succinimide. For the antibody
presented in this paper, we did not observe so different outcomes
of the degradation of 1.C-Asn33 at low and high pH. Although the
rate of deamidation was significantly slower as pH was decreased,
the formation of both Asp33 and isoAsp33 was observed across the
entire pH range studied.

Summary of the impact of L.C isoAsp33 on the antibody molecule

Deamidation of Asn33 located in LC CDR1 region was detected
as acidic charge variants by CEX, The separation of Asp and iso-

CDR1

N33-H?f' TS
( i 5

— Y

SS?"’NSB

Fig. 8. The crystal structure of a VL domain (pdh file 1CLY). 1CLY LC has significant
sequence homology with the LC of the antibody examined in this report. CDR1 loop
is indicated in red; Asn33 is shown in green. CDR2 1s indicated in blue; the two
cleavage sites in COR2 are shown as yellow balls, The numbering and the residues
shown are those of the investigated antibody and not of 1CLY. This figure was
generated using the program MOLMOL [39],
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Asp-bearing antibodies, which have identical net charge, would
suggest some level of structural differences between these two
variants. This was supported by other independent measurements.
1.C CDR1-1soAsp variant (and not the Asp variant) can be cleaved by
papain in an adjacent CDR2 loop (Fig. 8), indicating that the con-
version of Asn33 residue into isoAsp33 impacted not only the
residue itsell but also surrounding regions. Susceptibility to
proteolysis is commonly used Lo probe conformational changes
in proteins [35]. The sites of proteolysis typically exhibit greater
flexibility and the scission often occurs across several peptide
honds in the more flexible region [36]. It is therefore conceivable
that the flexihility of CDR2 and/or its exposure to solvent is in-
creased in the CDR1-isoAsp33 variant.

The isoAsp residues formed by Asn deamidation showed a ten-
deney to gradually isomerize to Asp. Similar observation was re-
ported for RNAse A |9]. In KNAsc A, deamidation of Asn67 yields
both Asp and isoAsp and their initial ratio is determined by the
rates of succinimide hydrolysis. As the degradation proceeds, the
ratio becomes shifted toward the Asp variant as a result of a ther-
modynamic contral on the reaction. Higher free energy of the iso-
Asp variant (due to its impact on KNAse A structure) compared to
its Asp counterpart drives the isoAsp-to-Asp isomerization. The
rates ol isoAsp-lo-Asp and Asp-to-isofAsp isomerization define
Asplisufsp ratio at equilibrium. In parallel with RNAse A, our
observations indicate that the isoAsp-containing antibody is in a
thermodynamically unfavorable state compared to the Asp variant.

Spectroscopic methods such as €D, fluorescence, and second-
derivative UV absorbance did not show significant differences be-
tween the TgGlovariants A1 (LC-Asp33/Asn33), A2 (L.C-isoAsp33/
Asn33), and M (1.C-Asn33/Asn33) (not shown). However, when
the contribution from the nondegraded Fab fragment and the Fc
frapgment (and thus signal averaging) was remaved by analyzing
puriflied Fab-fragment variants we could detect differences in
near-UV CD spectra between the nondegraded FabM and the LC-
isoAsp33-bearing FabD, indicating changes in the tertiary structure
on replacement of 1.C Asn33 with isoAsp.

Together the aforementioned observations demonstrate that
the replacement of LC-Asn33 with isoAsp has greater impact on
the antibody structure than the replacement with Asp. Changes
in protein structure following deamidation and particularly due
to the presence of isoAsp have been observed in other proteins,
In the case of an analog of human growth hormone releasing factor,
Leu?” hGRF(1-32)NI1,, the substitution of Asn8 with isoAsp (but
not with Asp) led to local disruption of the helical structure [37].
Another example is bovine calbindin Dy, where deamidation of
Asn56 caused local perturbations in the isoAsp product but not
in the Asp product |4]). The most detailed assessment of the impact
of deamidation on the protein has been conducted for Asn67 of
RKNAse A [noted above). As for LC-Asn33 in the antibody described
here, Asn67 of RNAse A is followed by glycine and it is also located
m an cxternal loop. The crystal structure of isoAsp67 RNAse
showed that the presence of isuAsp breaks up the hydrogen bond
network that makes the loop rigid and that it also changes the
overall orientation of the AsnG7-containing loop with respect to
the protein core [3].

In conclusion, our data demonstrate that deamidation of an Asn
residue in a CDR loop can have significant impact on various prop-
erties of the antibody, including chromatographic behavior, anti-
gen binding, and antibody structure.
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The spontancous nonenzymatic deamidation of glutaminyl
and asparaginyl residuces of peptides and proteins has
been observed both in vitro and in vivo., Deamidation may
change the structure and function of a peptide or protein,
potentially resulting in decreased bioactivity, as well as
alterations in pharmacokinetics and antigenicity of the
protein pharmaccutical. Thercefore, it is necessary to
monitor the effect of storage and formulation conditions
on deamidation of a protein drug candidate. Of particular
interest is the investigation of in vivo deamidation mech-
anisms of protein drug candidates. Several methods are
available to characterize the deamidation of peptides and
proteins, We present here a LC/MS/MS method used to
evaluate the deamidation of an antibody after in vivo
administration. A humanized monoclonal IgG1 antibody
(MAD) has several “hot spots” for spontancous deamida-
tion. One site, amino acid residue Asn55 located in the
CDR2 region of the heavy chain, is of particular interest
since deamidation at this site greatly decrcascs the
binding activity. MAb was administered to cynomolgus
monkeys by intravenous and subcutancous routes. At
various times after dosing, monkey serum was prepared
and MAb captured by the immobilized antigen or a goat
anti-human IgG Fey antibody. The captured MAb was
treated with trypsin followed by endoproteinase Glu-C,
The digests were separated on RP-HPLC and analyzed by
MS/MS on Q-Tof Global mass spectrometer. Using this
method, we were able to determine the deamidation half-
life of amino acid residuc Asn55 in vivo and the ratio of
the deamidated derivatives, i.c., isoAsp55 and Asp55.
The method is rapid and sensitive with low-nanogram
quantitics of protein detected in the biological matrix.

Nonenzymatic deamidation of asparagine (Asn) or glutamine
(Gln) is & major degradation pathway of peplides or proteins and
can oceur spontancously during manipulation, purification, and
long-term storage. Deamidation can cause structurally and biologi-
cally important alterations in peptides and proteins through the
introduction of unfavorable negative charge. For example, de-
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! Biotechnology Discovery Rescarch,
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amidation of an Asn residue has been shown to cause a 25-500-
fold reduction in the potency of human growth hormone releasing
factor.! Studies® * have shown that there may be a close relation-
ship between several discasce states and in vive deamidation of
proleins, such as prion disease, Alzheimer's disease, and cataract
formation. Robinson and Robinson® suggested in vivo deamidation
of Asn residues of proteins as a molecular timer of biological
cvents and as a mechanism for pestsynthetic production of unique
proteins of biological significance.

Nonenzymatic deamidation of proteins and peptides involves
the formation of a succinimidy] intermediate.”™® The deamidation
rate is dependent on the solution pH, temperature, solvent
diclectric constant, ionic strength, primary sequence, local polypep-
tide conformation, and tertiary structure.** ' With regard to the
primary sequence, deamidation rates depend on the amino acid
residues adjacent to Asn and Gin in the peptide chain. Glycine
(Gly) and serine (Ser) are found to be the most destabilizing
C-terminal amino acids for deamidation of Asn. Serine, and lo a
lesser extent threonine (Thr) and lysine (Lys), also appeared to
favor deamidation of Asn when they are localed at its N-terminal
side.™* Although Gln residues can also be deamidated, the rate
of deamidation is much slower than the Asn residue under the
same circumstances, Deamidation half-times of Asn and Gln in
synthetic pentapeptide chains at neutral pHs and 37 °C are in the
range of 1-500 days for Asn and 100-5000 days for Gln.?
Deamidation of Asn residucs of proteins and peptides results in
the formation of both isomeric o- and f-aspartyl residues, with
the f-derivatives typically predominate in a ~3:1 ratio?7
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Table 1. Concentration of MAb in Cynomolgus Monkey Serum Samples Introduced by Intravenous (IV) or

Subcutaneous (SC) Injection

concentration (ug/mL) of MAb

IV injection

5C injection

time th) mankey 1 monkey 2
0.25 28.3 287
4
2 107 117
48
120 34 29
2 0.43 0.2

monkey 3

314

123

348
1.1

monkey 1 monkey 2 monkey 3

8.2 LY 9.3
14.2 4.3 186

7.1 78 6.2

0.76 LO6 0.39

Antibodies are the first line of defense of the adaptive immune
response and are found in the blood plasma and extracellular
fluids. Many monoclonal antibodies are marketed and being tested
in clinical trials as therapeutics in autoimmune and inflammatory
cs. oncology, and other therapeutic arcas.™!* Typically,
therapeutic monoclonal antibodies have in vivo hal-lives of days
lo weeks, staying in the circulation much longer than therapeutic
growth factors, cytokines, and peptides. Hence, in vivo deamida-
tion of a therapeutic monoclonal antibody may potentially have
an impact on its efficacy, especially, when deamidation occurs in
the binding regions. Characterization of in vivo deamidation of
therapeutic monoclonal antibody could aid in development of more
robust protein and antibody therapeutics.

Many methods are available to detect and quantify deamidation
of Asn residues. Deamidation intraduces negative charge and
changes the protein mass (NI, vs OH, A = 1 Da) and hydro-
phaobicity. Separation techniques including clectrophoretic (IEF,
cllEF, 2 urea gel electrophoresis'), and chromatographic (reversed-
phase,' ion exchange, ™" and hydrophilic interaction™) methods
can be used o separate or isolate deamidated forms. Identification
of deamidated forms can readily be achieved using mass spee-
trometry, ** and N-terminal sequencing, as well as enzymatically
using protein 1-iospartyl/n-asparty] carboxyl methyltransferase
In this paper, we present a sensitive and rapid LC/MS/MS method
for the evaluation of in vive deamidation in therapeutic monoclonal

antibody (MAb).

tlisc:

EXPERIMENTAL SECTION
Materials. MAb, mutants, and human antigen were recom-
binant products of Eli Lilly and Co. Trypsin, TPCK treated, was

t13) Andreakas, B Taylor, P C; Feldmann, M. Curr. Opin. Bintechnol, 2002,
13, Bi5—620,

(14 Trikha, Mo, Yan, L Nakada, M1, Curr. Opin. Biotechnal. 2002, 13, 609
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(1) Tsuji, K., Bacavnsky]. L., Bronson, G, E. Anal. Chem. 1992, 64, 1864
WY

(18) Teshima, G.; Stults, ). T Ling, V. Canova-Davis, E. f Bisl. Chem. 1991,
266, 13544 137,

(19 Aswad, D W [ Biel. Chem. 1984, 259, 10714—10721.
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1999, 125, 182186
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Chem, 2003 8, 15142 - 15152,

(23 Johnson, B. A; Aswad, D W. Anal. Binchem, 1991, 192, 384381,

bought from Worthington Biochemical Corp. (Frechold, NJ), and
endoproteinase Glu-C was a product of Roche Diagnostics Corp.
(Indianapolis, IN). CNBr-activated Sepharose 4 Fast Flow was
bought from Amersham Pharmacia Biotech AB (Uppsala, Swe-
den). AlfiniPure goal anli-human IgG, Fey is a product of Jackson
ImmunoResearch Laboratories, Inc. (West Grove, PA). The
immobilized antigen (2 mg/mL resin) or goat anti-human [gG,
Fey (10 mg/mL resin) resin was prepared according to the
standard procedure provided by the vendor. All other chemicals
were analytical grade and commercially available,

Experiments. Cation Exchange Chromatogram of MAb. Sterile-
filtered MAb samples, at 1 mg/mlL in PBS (10 mM sodium
phosphate, 150 mM sodium chloride buffer, pH 7.4), were kept
at 4 °C and 37 °C for one week and analyzed by cation exchange
chromatography (CEX). Prior to loading, MAb samples were
exchanged into 20 mM sodium phosphate buffer at pH 6.5 (pump
A huffer) using a Millipore centrifugal filter with 10 000 MWCO
membrane. Samples were run on a Dionex Propac WCX-10
column with a flow rate of 1 mL/min using a lincar gradient from
0 o 45% of 20 mM sodium phosphate, 250 mM NaCl, pH 6.5
(pump B buffer).

Monkey pK Study of MAb. MAb was administered to male
cynomolgus monkeys (#n = 2/group) as a single intravenous bolus
or subcutaneous administration of 1 mg/kg. Blood samples were
collected over a 4-week period and serum prepared. Concentra-
tions (see Table 1 for sample information) of MAb in serum
samples were determined by an antigen-capture ELISA method.

MAb in Vitro Experiment. One-milliliter aliquots of monkey
serum were spiked with 1 or 10 ug of MAb, respectively, and the
samples were then incubated at 37 °C for 96 h. The serum was
either directly subjected to capture and LC/MS/MS analysis or
stored at —20 °C for later analysis.

MAb Capture from Monkey Serwm. Approximately 200 ul. of
serum from each monkey, collected during the monkey pK study,
was mixed with ~2 L. of immobilized antigen or anti-human IgG
Fey antibody resin and the solution was then incubated at ambient
temperature, gently shaking for 2 h. The resin was separated by
centrifugation, and the supernatant was removed, The resin was
washed with PBS buffer containing 0.2% Tween 20 followed with
three PBS buffer washes. The antibody was released from the
resin by treatment with 15 ul. of 0.15% formic acid aqueous
solution at ambient temperature for 15 min. The supernatant
containing the captured antibody was lyophilized to dryness using
a centrifugation vacuum system.
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Enzymatic Digestions of Captured Monaclonal Antibody. The
Iyophilized material of each sample was reconstituted in 2 ul of
8 M urea and 0.5 M Tris buffer. pH &0, with 2.5 mg/mL
dithiothreitol (DTT), and the solution was then incubated at 37
°C for 30 min. To the solution, 2 uL. of a selution containing 10
mM ammonium bicarbonate buffer and 10 mg/mL jodoacetamide
was added and the sample was incubated at ambient temperature
in the dark for 10 min. The solution was diluted with 35 ul. of 10
mM ammonium bicarbonate buffer and treated with 1 al. of 0.1
g/ ml trypsin solution at 37 °C for 9 min, followed by treatment
with T ulof 0.1 mg/mL Glu-C solution at 37 =C for an additional
60 min. The purpose of subjecting the sample to a subsequent
Glu-C digestion was to further reduce the peptide size thereby
facilitating the separation of native and deamidated peptides and
enhancing the sensitivity of LC/MS/MS method. The enzymatic
activity was quenched by adding 1 L of 10% acetic acid solution,
and the samples were either immediately analyzed by LC/MS/
MS or stored at - 20 °C until LC/MS/MS analysis.

Enzymatic Digestion of Stressed MAb, Deamidated MAb was
generated in vitro by thermally stressing the protein at pH 7.4,
The protocol subjected a 50-ul. antibody sample at 1 mg/mL to
37 °C for one week in PBS (10 mM sodium phosphate, 150 mM
sodium chloride buffer, pH 7.4). The sample was subsequently
denatured and reduced by the addition of 50 mg of urea, 1 4L of
O0 mg/ml DTT, and 20 ul. of 3 M Tris buffer, pH 8.0. The
resulting solution was incubated at 37 °C for 30 min. The protein
was alkylated by adding 6 L of 50 mg/ml. fodoacetamide solution
and incubating at room temperature in the dark for 15 min, The
solution was desalted on a 1-mL spin column packed with P-6 resin
(Bio-Rad: Hercules, CA). The desalting columns were washed and
cluted with 0,025 M NHHCO4 buffer. About 250 «l. of protein
fraction was collected for cach sample from the column. Each
protein fraction was mixed with 1 gL of 1 mg/ml. trypsin solution,
and then the mixture was incubated at 37 °C for ~3 h. A 5ul.
aliquot of 0.1 mg/ml. endoproteinase Glu-C solution was added
1o a ~100-ul. aliquot of the tryptic digests, and the mixtures were
incubated al 37 °C for 2 h, The reaction was quenched by adjusting
the solution pIl with acetic acid.

Reversed-Phase HPLC Chromatograpiy. A Waters Alliance
HPLC system, model 2960, was used to separate the enzymatic
digests of antibody starting material or captured material from
monkey serum, The HPLC column was a Zorbax 300SB C18, 2.1
< 150 mm, b-mm particle size column. The flow rate was 0.2 mL/
min and the column was at ambient temperature. The mobile
phase was as follows: solution A, 0.15% (v/v) formic acid aqueous
solution: solution B, 0.12% formic acid in acetonitrile. Prior to
sample injection, the eolumn was cquilibrated at 12% solution B
for 15 min. After the injection of sample, a gradient clution was
performed from 12 to 25% solution B over 12 min, then to 90%
solution B over | min, held al 90% solution B for 1 min, and then
rapidly returned to initial conditions. An Agilent 1100 HPLC
system was used to analyze the enzymatic digests of the stressed
satnples with the same conditions except a different gradient was
used. The column was cquilibrated at 5% solution B, and clution
achieved by increasing solution B to 30% over 50 min, then 90%
aver 3 min, and subscquently held at 90% solution B for 1 min
before being rapidly returned to initial conditions.

1434 Analytical Chemistry, Vol. 77, No. 5, March 1, 2005

295

245 4

185 4

12.0 170 220 270
Time (min)
Figure 1. Cation exchange chromatography of MAb. Control sample
at 4 °C vs a stressed sample kept at 37 °C for 7 days in PBS buffer
at pH 7.4.

Mass Spectrometry. An Applicd Biosystem Sciex APl 150EX
(Thornhill, ON, Canada) single-quadrupole mass spectrometer
cquipped with a nebulizer-assisted electrospray source was used
for LC/MS peptide map analysis of thermally stressed MAb
samples. The single-quadrupole mass spectromeler was operated
in the positive-ion mode with a mass scan range of 3001500 Da,
using a declustering potential of 30 V, focusing potential of 250
V, and scan rate of 2 s/scan. LC/MS/MS was performed on a
Micromass Q-TOF Ultima Global with the following settings: a
capillary voltage of 3.46 kV, a cone voltage of 100 V, a collision
energy of 22 ¢V, a mass range of 100-2000, a desolvation
temperature of 4100 °C, and a desolvation gas flow of 600 L/h,
For single-quadrupole mass spectrometry, the HPLC stream was
split ~1:4 with the smaller fraction of the stream diverted into
the mass spectrometer. For the Micromass Q-TOF mass spec-
trometer, the HPLC effluent was introduced directly into the mass
spectrometer without splitting the stream.

RESULTS AND DISCUSSION
Nonenzymatic deamidation of Asn or Gln residues of a peptide

or prolein is greatly aflected by the amino acid residues near the
Asn and Gln in the peptide chain. Gly and Ser located C-terminally
to the deamidation site were found to be the most destabilizing.
The MAb investigated in this study contains three Asn-Gly
sequences, One of these sequences, Asnd5 of the heavy chain, is
in the binding region (CDR2), while the other two are in the Fe
region, Figure 1 shows the CEX chromatograms of the thermally
stressed MAb, in PBS buifer at 37 °C for one wecek, relative to a
control sample at 4 °C. The main peak (peak 0) corresponds Lo
anlibody lacking Lys residuces at the C-terminus of both heavy
chains. The acidic peaks (peaks 1 and 2) were greatly increased
alter a one-week incubation at 37 °C and thus were attributed lo
deamidation in the antibody.

Identification of Deamidation at Asn55 of MAb, To confirm
that the increases in acidic peaks were due to Asn deamidation,
LC/MS was used to analyze the enzymatic digest of the thermally
stressed samples. The total fon chromatograms (TICs) of the
control and thermally stressed MAb samples are shown in Figure
2. Based on mass analysis, the three peaks identified correspond
to peptide masses (1444.8 for peak 1, 1445.7 for peak 2, and 1445.8
for peak 3), which are consistent with the native form and
deamidated derivalives of heavy-chain peptide 51-63 (5 ILPGNG-
NINYNEKq). As shown in Figure 2, the deamidated
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Figure 3.

LC/MS/MS TIC (A) with the sct mass (mi2) at 723 (equal to the doubly charged ion of peptide 51-63) and (B) the XIC from the ion

at m'z810 613, which covers the doubly charged ion of the fragment (y11) of peptide 51- 63

dervatives were more abundant in the thermally stressed sample.
The half-life of deamidation in PBS at 37 *C was estimated to be
-~ days by CEX analysis. BlAcore analysis for the deamidated
form of the MAbL or the MAb mutein (N55D)), in which Asn55
was recombinantly replaced with Aspas, indicated that deamida-
tion at Asndb greatly reduced the binding affinity to antigen by
14 (data not shown). Asn residues in the other two Asn-Gly siles
in the Fe region were also deamidated, but al a much slower rate
compared with that of the Asn35 residue; however, the deamida-
tion in the Fe region is not expected to influence the binding
alfinity to antigen. In this paper, the focus is solely on Asn
deamidation in the Fab region. Nonetheless, the method discussed
is generally applicable 1o the characterization of Asn deamidation
in the Fe region or in other proteins or peptides.

Ieavy-chain peptide 51 63, which contains the Asnb5 residue,
was obtained by trvplic digestion followed by treatment with
endoproteinase, Glu-C. The native peptide 51- 63 and its deami-
dated derivatives were separated into three peaks by reversed-

phase HPLC. Figure 3 is the LC/MS/MS TIC for the doubly
charged ion of peptide 51—63 and its derivatives. MS/MS spectra
for each peak are shown in Figurce 4. The y-series of ions are the
predominant fragments. From these [ragment (y-series) ions,
peaks 1-3 contain the same v-series (=8) of ion for low-mass
fragments, indicating that the C-terminal amino acid residues
between Gly56 and Lys 61 are the same for all three peaks; but
the y9—y11 ions from peaks 2 and 3 arc 1 Da higher than the
corresponding ions from peak 1. The mass difference between
the v9 and y8 is 114 Da for peak 1, matching an Asn residue, and
115 Da for peaks 2 and 3, 1 Da higher than Asn residue mass,
thus corresponding to either deamidated derivative, Asp or IsoAsp
of the Asn residue. Asp and [soAsp possess isobaric mass and
are generally indistinguishable by mass spectrometry. However,
the area of peak 2 is twice that of peak 3. Under neutral or alkaline
pH, a deamidation derivative ratio of IsoAsp/Asp of ~3/1 has been
observed 27 Assuming this ratio of IsoAsp/Asp holds for this study
and that the ionization elficiency of the peptides are not altered
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Figure 5. XICs of the double-charged ion of the fragment (y11) (
AsnbbAsp mutein

hy the deamidation, peak 2 is assigned as the IsoAsp derivative
and peak 3 the Asp derivative. To unambiguously assign the peaks
and assess the assumptions made regarding the deamidation
derivative ratio and ionization cfficiencies, LC/MS/MS analysis
of Na5D mutein was used to confirm peak 3 as the Asp derivative
(Figure 5) and thus by deduction, peak 2 is the IsoAsp derivative
of the peptide 51 64,

Method Qualification for Use in in Vivo Sample Analysis.
The MAb immunoextracted from monkey scrum was not very
pure, particularly in samples with very low MAb concentration
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the ion from miz 610 to 613), of peplide 51- 63 of wild-type MAb and its

(for example, <1 ug/ml). Consequently, peptides from the
contaminating proteins could interfere with the quantitative
determination of the TIC from LC/MS/MS, Since the doubly
charged ion of the y11 (data not shown) is the dominant fragment
in the MS/MS spectrum of the peptide 5163, the quantitative
results of deamidation in the peptide 51-63 can be determined
from the extracted ion chromatogram (XIC) of the y11 ion (see
Figure 3b). Based on LC/MS/MS analysis for a standard sample,
i.e., the MAb spiked into monkey serum, the quantitative results
obtained from TIC and XIC for the deamidation of the Asndb are



Table 2. LC/MS/MS Data Obtained for the Peptide 51 63 at Different Concentrations of MAb

prak arca from XIC
amount {ng)

relative %

injected Asnbh [soAspas Aspbh Asn55 IsoAspha Aspbh [soAsp/Asp
10 2113 65.9 29.2 69,0 215 9.5 23
ol 9117 278.1 1171 69.8 21.3 9.0 2.4
100 1505.6 457.1 217.2 69.1 21.0 10.0 2.1
500 T089.2 22921 1088.3 67.7 219 10.4 2.1
av 68.9 214 9.7 2.2
S 09 0.4 0.6 0.1
RSD, % 1 2 6 6
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Figure 6. TICs of the double charged ion of peptide 51-63 and XICs of the double-charged ion of y11 fragment of peptide 5163 from

monkey scrum samples at different time paints,

very similar (data not shown). Furthermore, the quantitative
results obtained by LC/MS/MS are consistent with those obtained
by the other methods, such as CEX and capillary isoclectric
focusing for a standard sample. Again, the results suggested that
the jonization cfficiency of both native and deamidated peptide
51 63 was very similar,

To evaluate the limit of quantitation and linearity of the LC/
MS/MS method for deamidation characterization of peptide 51—
63, a series of digests with different concentrations of MAb were
analyzed. The area for cach of three peaks was integrated from
XIC to caleulate the relative pereentage of each peak. The resulls
are shown in Table 2. Lincar regression analysis for the data
indicated that the response is lincar (B =0.99) from 10 to 500
ng/injection of MAb for the native peptide 51-63 and ils
deamidated derivatives. In fact, quantitative determination of
deamidation of peptide 5163 only requires relative percent and
not absolute value. Data shown in Table 2 demonstrate that the
pereent of deamidation of peptide 51-63 is independent of the
amount injected over the range studied. These results show that
LC/MS/MS can accurately determine the relative percent of
deamidation of peptide 51-63 when = 10-ng amounts of MAb are
available.

Analysis of in Vive Monkey Serum Samples. Serum
samples were obtained from cynomolgus monkeys at various lime
points after subcutaneous or intravenous administration of the
MAD and were analyzed by LC/MS/MS Lo determine the extent
of deamidalion of amino acid residue Asn 55 of the heavy chain.
Most of the time points had more than enough antibody (=1 ug/
ml) for LC/MS/MS analysis. However, several of the later time
point samples had MAb concentrations as low as 200 ng/mL, and
only 200 uL of serum was available for analysis. However even
under these circumstances, if the capture efficiency is sufficient,
enough antibody is present to determine deamidation by LC/MS/
MS. Although we did not determine the capture efficiency, the
quantitative results (see below) indicated that enough MAb could
be captured from the serum for quantitative analysis, Figure 6 is
the TIC with the set mass (m/2) cqual to 723 (which equals the
doubly charged ion mass of the peptide 51-63) and XIC [rom
the ion (m/z) 610-613 (which covers the doubly charged
fragment 53—63 (i.e., y11)) at time points 0.25, 24, 120, and 312
h. For the 312- and 120-h time points, an impurity peak dominated
the TIC tracing; thus, it was diificult to quantify the extent of
deamidation at Asn55 from the TICs. However, only three peaks,
all related to peptide 5163, were present in the XICs, The XICs

Analytical Chemistry, Vol 77, No. 5, March 1, 2005 1437



1dUq /
Serun Sample II"J \'\
- % J TeoAspss
‘I.I \ ; -~ \ A "I\‘ 23

[I T T ;.IIIJ T ‘ B _JI’I \ ..‘-.--I ’[/ | T T L) L)

1 - Negatve Control
H ] | A f \
% IIL Jl ‘.'\ l\{' I I’V i |
X i i.l’j r | ir\*. AR A 1y \ nh
P A b T P R

Figure 7. XICs of monkey scrum sample of MADB and negative controls (vehicle serum).

for monkey serum MAb sample and the negative control (vehicle
serum) are shown in Figure 7. No significant peaks for vehicle
serum were detected, indicating that the method is specific for
peptide 51 63, For the monkey serum MAb sample, the area of
cach peak was determined from the XIC and the caleulated relative
pereent of native peptide 51 -63 and its deamidated derivative
ascertained. The results are summarized in Table 3, As the shown
in the table, the extent of deamidation was ~25% in the time 0.25-
and 4-h samples. This is the amount of deamidation occurred
during the protein production and storage.

With increasing circulation time of the antibody in monkey
blood, the percent of deamidation at Asn55 increased, but at all
lime points the ratio of IsoAsp/Asp derivative is consistent, 2:1.
Several conclusions can be drawn from these data. The MAb
continuously deamidates in monkey blood, as expected, through
a process consistent with a nonenzymatic mechanism. Moroever,
the ratio of IsoAsp:Asp remains constant during the time course
studied (IsoAsp:Asp — 2:1), suggesting that the clearance rales
for IsoAAsp derivative and Asp derivative are similar, If this were
not the case, the ratio of IsoAsp/Asp would change with increasing
circulation time.

Rate of Asnd5 Deamidation in Vivo. Assuming that the in
vivo clearance of native Mab (Asnbb) and its deamidated deriva-
tives (IsoAspbh and Aspbhb) are similar, the deamidation rate of
MAb in vivo could be calculated (rom the relative percent of
deamidation. Nonenzymatic deamidation of Asn and Gln residue
is a first-order reaction, .., the rate [Ry of deamidation derivative
formed is proportional to the concentration of the native forny;

Ry dID]/dt = d[N]/dt = k[N]|
dINJ/(IN] + [D])/dt = —kIN]/(IN] + [D])
diN] /dt = —k[N].

NI, = A cxp(kt)

In[N]. kt+ C (1)

where [N, is relative percent of native form, [N] and [D] are
concentrations of native and deamidated derivatives, respectively.
Fquation 1 was used to fit the data (o obtain parameters of & (rate
constant) and C (In(percent of native MAb)) at time zero.
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Table 3. LC/MS/MS Data Obtained from Analysis of
Monkey Serum Samples

% deamidation for SC

[soAsp/ IsaAsp/
time () M1 M2 M3 Asp M1 M2 M3  Asp

0.25 20b 246 258 1.9

% deamidation for [V

4 256 261 260 1.9
24 287 308 257 2.0

48 357 362 353 1.9
120 455 465 406 1.9 447 43 150 2.0
312 67.9 555 64.0 2.1 68.0 667 62.5 21
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Figure B. Logarithm of relative native peptide of monkey serum
sample vs time for in vivo PK study.

The plot of the logarithm of relative percent of native MAb as
a function of time is linear and shown in Figure 8 The linear
regression {it predicts that slope (—k) equals —0,0022 and —0.0025
for IV and SC administration, respectively, and the intercept (C)
equals 4.31 and 4.30 for IV and SC administration, respectively.
From these data, the half-life of deamidation of the Asn55 of MAb
in monkey is ~277 h for both IV and SC. However, since
antibodies are dimers possessing two heavy chains, i.e., two Asn55
residues, and assuming the deamidations at these two Asn55 are
independent of each other, the hali-life of the deamidation of intact
MAD is hall of that ascribed to the Asnb5 peptide, or 140 h or 6
days in monkey. The rate of deamidation does not appear to be
dependent on the route of administration (SC vs [V).

As discussed above, this LC/MS/MS methodology enabled
the guantitative determination of Asn and Gln deamidation in a
peptide or protein from a complex biological matrix. In this
methodology, it is beneficial that the chromatographic separation



be of high enough resolution to resolve amidated and deamidated
forms of the same peptide, If the amidated and deamidated forms
coclute, the single mass unit increase due to deamidation will only
be observable, in most instruments, by an alteration in the isotopic
distribution pattern. The methodology also requires that a suf-
ficient number of MS/MS spectra for a specific parent ion be
acquired for quantitation. This may preclude simultaneous quan-
titation of the relative extent of deamidation at multiple sites within
a mixture of proteins in a single LC/MS/MS run. In some cases
it may also be advantageous to add an alternate enzymatic
digeslion protocol to generate suitable sized peptides before 1L.C/
MS/MS analysis.

CONCLUSION
Nonenzymatic deamidation of Asn or Gin of a peptide or

protein is one of the major degradation pathways observed in vivo
as well in the manufacturing and storage of biopharmaceuticals.
Deamidation of a protein ar peptide introduces additional negative
charge, which may cause structural changes in the molecule.
These structural changes may further introduce changes in
biological function, leading to a decrease in activity or function,

Deamidation of 2 protein or peptide introduces an unnatural amino
acid residue, IsoAsp, and may change ils antigenicity. Hence,
deamidation of a protein or peptide biopharmaceutical must be
carcfully monitored. There are many available methods to
characterize and quantify deamidation of protein or peptide.
However, these methods require pure materials or large quantities
of samples and cannot handle complex mixtures.

As we discussed in this paper, by combining HPLC/MS/MS
and microscale immunopurification, it is possible to characterize
deamidation in vivo with low-picomole or high-femtomole amounts
of material. Specifically, we have described a LC/MS/MS method
to characterize deamidation of Asn55 of the heavy chain of a
monoclonal antibody, MAD, in vivo. The method is sensitive and
rapid with analysis accomplished in less than one day. To our
knowledge, this is the firsl paper describing a rapid and sensilive
method to characterize in vivo deamidation of a protein or peptide
pharmaceutical.
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Glypican 3 (GPC3), a glycosylphosphatidylinositol-
anchored heparan sulfate proteoglycan, is expressed
in a majority of hepatocellular carcinoma tissues. The
murine monoclonal antibody GC33 that specifically
binds to the COOH-terminal part of GPC3 causes
strong antibody-dependent cellular cytotoxicity against
hepatocellular carcinoma cells and exhibits strong
antitumor activity in the xenograft models. To apply
GC33 for clinical use, we generated a humanized GC33
from complementarity-determining region grafting
with the aid of both the hybrid variable region

and two-step design methods. The humanized
antibody bound to GPC3 specifically and induced
antibody-dependent cellular cytotoxicity as effectively
as a chimeric GC33 antibody. To improve stability of the
humanized GC33, we further optimized humanized
GC33 by replacing the amino acid residues that may
affect the structure of the variable region of a heavy
chain. Substitution of Glué with Gin in the heavy
chain significantly improved the stability under high
temperatures. GC33 also has the risk of deamidation

Introduction

Glvpican 3 (GPC3) is a member of the glypican family of
heparan sulfate proteoglycans that are attached w the cell
surfacc by a glveosylphosphatidylinositol anchor [1].
lLoss-of-function mutations of GPC3 in humans cause
Simpson-Golabi-Behmel  syndrome, an X-linked  con-
dition characterized by prenatal and postnatal overgrowth
[2]. GPC3 regulates cell growth positively and negatively
in a cell type-dependent manner. Overgrowth of Simpson—
Golabi-Behmel syndrome and also of GPC3 knockout mice
suggests a negative regulation of cell growth by GPC3 [3].
In contrast, GPCY sumulates the growth of hepatocellular
carcinoma cells (HCC) a witrn and i wren by activating the
canonieal Wit signaling [4].

GPC3 expression has been shown to be markedly ele-
vated in 1HCCs av both the mRNA and protein levels
[3-8]. GPC3 immunostaining was observed in more than 70%
of the HCC padents. We recently found  that GPC3
membrane expression might be involved in the increase of
macrophages in human TICC [9,10]. In addition. Shirakawa
et el [11] reported that GPC3 expression is corrclated with a
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of the -Asn-Gly- sequence in the complementarity-
determining region 1 of the light chain. As substitution

of Asn diminished the antigen binding, we changed the
neighboring Gly to Arg to avoid deamidation. The resulting
humanized anti-GPC3 antibody was as efficacious as
chimeric GC33 against the HepG2 xenograft and is now
being evaluated in clinical trials. Anti-Cancer Drugs
21:907-916 © 2010 Wolters Kluwer Health | Lippincott
Williams & Wilkins.
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poor prognosis in HCC patients. As there are detectable
levels of GPC3 in the sera of HCC patients, soluble GPC
levels may be used as a prediction marker for prognosis [ 12—
14]. Furthermore, clevated levels of GPC3 have also been
reported in melanoma [15,16] and gastric cancer [17].

Farlicr, we generated a monoclonal antibody  (mAb)
against the COOH-terminal part of GPC3, which induced
antibody-dependent cellular evtotoxicity (ADCC) against
the GPC-positive human HCC cells but not the GPC3-
negative cells [18]. The mAb, designated as GC33,
exhibited marked tumor growth inhibition of subcuta-
neously transplanted HepG2 and Hull-7 xenografts thac
expressed GPC3 [19]. To apply GC33 for clinical use, we
generated a humanized version. This study describes the
humanization of GC33 in derail,

Methods

Construction of chimeric GC33

GC33 hybridoma was obtained in the earlier study by
immunizing soluble GPPC3 [18]. "Toral RNA was prepared
from hybridoma cells using the RNcasy Plant Mini Kit

[301: 10.1087/CAD.0b0 1323283315468
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(Qiagen, Chatsworth, California, USA), The variable
regions of the heavy chain (VII) and the light chain
(VL) ¢INAs were obtained by rapid amplification of
¢DNA ends using a SMART RACE ¢DNA amplification
kit (Clontech, Palo Alto, California, USA) and the 3-end
primers  designed for cach chain of immunoglobulin
(k, v22). The PCR products were cloned into pGEM-T
lasy Vector (Promega, Madison, Wisconsin, USA) and the
scquences of VI and VL for GC33 were determined. The
framework regions (FRs) and complementarity-determin-
ing reginns (CDR) were determined as reported [20]. To
produce chimeric GC33, in which the mouse variable
resions were linked 1o the human TgGl and Kk constant
regians, the ¢DNA far the VI region was cloned ac the
HindH[/Baml1l sites of HEF-VEL-gy1 [21] that carries
the constant region of human IgG1l, whereas the VL
region was cloned at the Hind[T/BamHI sites of HEF-
VI.-gx [21] harboring the constant region of the human
& chain. "'he resulting plasmid DNA was transfected into
CHO cells by clectropolation. The mAbs in the culture
media were purified by protwein A-Sepharose  affinity
chromatography followed by dialysis against PBS.

Construction of humanized GC33

The mAb GC33 was humanized using the CDR-grafting
method as described carlier [21=23], The first versions
(hGC33VHa, hGC33VEa) of the humanized GC33 VH
and V1. regions were gencrated using 14 overlapping
oligonucleotides ranging from 36 to 50 bp, with 20 bp of
complementarity, in a PCR-based protocol, The PCR
primers for hGC33VEa and hGC33VEHa are shown in
Tubles 1 and 2, respectively. The signal sequence of the
accession number of §40357 that has a high homology
with ABO64105 was used as the signal sequence of the VL
chain. "The DNA fragments were cloned at the HindIII/
Baml1l sites of the HEF expression vectors. CHO cells
expressing humanized GC33 were established and the
humanized GC33 was purificd by protein A-Sepharose
affinity chromatography followed by size-exclusion chro-
matography (SEC). "I'he hybrid variable regions, in which
some 'Ry of the humanized variable regions had been

Table 1 Sequence of the overlapping PCR primers for humanized
antibody light chain variable region hGC33VLa

Primers Sequence

hVLthin 5'-llcaagettoccacoatg, gectacggea-3'

PV rbam 5'-tigggatcecactcacgtttgatctccagetiggtes-3'

hvLY 5'-atganatacciatigcctacggoageogeiggattgttattactegegge-3'
VL2 5'-igagtcatcacaacatcggecatggeeggotgggccgegagtaataacaa-3’
RVL3 b'-gagtigigaigacicantctccacicleectgccegtcacocotggaga-3’
nViad 5"-cictgactagatctgcaggagatggaggccggototecaggggtgacggg-3'
nVLb 5'-tgeagalctagicagageciiglacacagtaalggaaacacetattiaca-3’
VLG 5'-Igtggagactgreciggatictgocaggtaccaalgtaaataggtgtitee-3°
w1y 5'-ceagggeagtctecacagetoctgatetat Htecaaccgattitc-3'
nViB 5'-gatccactgecactgaacctgicagggaccccagasaatcggtiggaaac-g'
nVLg 5'-ticagtggeagiggatcaggeacagattitacactgaaaatcageagagt-3'
a0 b'-gagcag coaac geetccactetgetgattticag-3°
VIR b'-ggggtitattacigetete tacacatgttcctcctacgtitggeca-3’
nvL12 b titgatclecagetiggteccotggecaaacgtaggagg-3'

VL, light ehain.
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Table 2 Seguence of the overlapping PCR primers for humanized
antibody heavy chain variable region hGC33VHa

Prmers Sequence

nVHthin 5'-ttcaagcticcaccalggaciggacetggaggticete-2°
h¥Hrbam 5'-ttgggatccactcaccigaggagacggigaccaggg-3'

hVH1 5’-atggactggacciggagglicetoittglggtggeageagctacaggigt-3'
hVH2 5'-getecapactccaccagatgeacctigggactggacacetgtagatgetge-3'
hVH3 5'-ctggtogagtctggagetgaggtgaagaagectggggectcagtgaaggt-3'
hVH4 5'-tcggtgaaggtgtatccagaagectigcaggagaceticactgaggeoea-3'
hVH5 5'-ggatacaccticaccgactatgaaatgcactggglgcgacaggceectgg-3'
hVHB 5'-ggatcaagagetcccatceactcaagooctigtccaggggectgtegeac-3'
hVH?7 5'-atgggagctcligatcclaaaactgglgatactgectacagicagaagtt-3'
hVH8 3'-gattegtcegegptaategtgactatgeeetigaacticigactgtagge-3'
hVHS 5'-attaccgoggacgaatccacgageacagectacatggageigageagect-3
hVH10 5'-cgracagtaatacacggcegtgtcetcagateicaggetgeteageteca-3'
hVH11 5'-cegtgtattactgigogagatictacicelatacitactggggecaggga-3'
hVH12 5-tpaggagacggigaccagaaticoctggecccaglaag-3'

VH. heavy chain.

replaced with mouse FRs, were constructed by overlap
extension PCR, Additional changes of amino acids were
introduced into the humanized GC33 VH and VL by
site-dirccted  mutagenesis  using a  QuikChange kit
(Stratagene, La Jolla, California, USA).

Enzyme-linked immunosorbent assay

Soluble human GPC3 core protein (sGPCG3 Aheparan
sulfate, 1-563, mutated Serd495 and Ser509 ro Ala) was
prepared as described earlier [18]. Microtiter plates were
coated with | pg/ml of sGPC3 HS and blocked with 1%
BSA. The plates were then incubated with mAbs at the re-
quired dilutions, Bound mAbs were detected with alkaline
phosphatase-labeled anti-human lg VL. x (Sigma, Wood-
lands, ‘Texas, USA). Absorbance at 405nm was mea-
sured with a microplate reader and the results were analyzed
using GraphPad Prism (GraphPad Software, San Diego,
California, USA). Competition enzyme-linked immunosor-
bent assay (ELISA) was performed with biotinylated mouse
GC33 that had been prepared using a Biotin Labeling Kit
(Roche Diagnostics, Penzberg, Germany). sGPC3 AHS
coated microtiter plates were incubated with biotinvlated
mouse GC33 in the presence of various concentrations of
humanized GC33. After washing, the binding of biotinvlated
GCG33 was detected using alkaline phosphatase-conjugated
streptavidin (Invitrogen, Carlsbad, California, USA).

Antibody-dependent cellular cytotoxicity assay

ADCC from the humanized GC33 was determined by
a *'Crorelease assay [18). SK-03, an SK-HEP-1 derived
transfectant expressing human GPC3, was used as the
target cell line [19]. As the effector cells, human
peripheral blood mononuclear cells were purified from
whole blood samples of healthy volunteers using Ficoll-
Paque Plus (GE Healtheare. Uppsala. Sweden). "Target
cells were labeled with 0.1 mCi of *'Cr-sodium chromate
(New England Nuclear, Boston, Massachusetts, USA) at
37°C for 1h. The *'Cr-labeled cells were incubated with
serial dilutions of antibodics in the presence of effector

L



cells atan 15T ratio of 30 - 1. After incubation at 37°C for
4 h, the supernatants were colleeted and the radioactivity
of cach supcrnatant was counted with a y-counter.
Specific cell eviotoxicity was calculated using the fol-
lowing formula: cell eviotoxicity (%) = (A=C)/(B-C), in
which A, B, and C represent the radioactivities of the
supernatants of the target cells incubated with the
antibody plus cffector cells, eclls lvsed with 2% nonidet
=40, and nontreated cells, respectively.

Accelerated stability study

I'he humanized antibodies were diluted in the formulation
buffer (20 mmol/l sodium acetate, 150 mmol/l NaCl at pH
6.0 ar a concentration of 0.5mg/ml and stored for 0-2
weeks at 60°C. SEC was then carried out on an Alliance
(2690/5) TTPLC system (Waters, Milford, Massachusetts,
USA) cquipped with a "T'SKgel SuperSW3000 column
{"losoh, Tokvo, Japan). The column was cquilibrated with
S0 mmol/l sodium phasphate pll 7.0, 300 mmol/l NaCl.
Samples were injected onto the column and cluted iso-
cratically at a flow rate of 0.3 ml/min with the equilibration
buffer. Protein clution was monitored at 280 nm. lor
quantification purposes, all species cluted before and after
the main peak were integrated, and represent  high
molecular weight species and low molecular weight species,
respeetively,

Animals and drug administration

The human hepatoblastoma cell line [epG2 was ob-
tained from AT'CC and the cells were eulrured in Fagle's
minimal essential medium (Sigma) supplemented with
10% fetal bovine serum, nonessential amino acids, and
Fmmol/l sodium pyruvate. Six-weck-old male, CB-17
severe combined immunodeficient mice were intraper-
ioneally injected with 200 pg of anti-asialo GM1 antibody
(Wiako, Osaka, Japan) and then subeutancously inocu-
lated with 3 x 10" cells of HepG2 suspended in 50%
Matrigel (Becton Dickinson, San Jose, California, USA).
When the tumor volume reached approximately 200 mm?*,
the mice were intravenously administered the indicated
doses of the anu-GPC3 antibody once a week for 3
weeks. The control mice received the same volume
(10ml/kg) of PBS. Tumor volume was estimated using
the equation F ab’/2, in which a and b are the tumor
length and width, respectively.

Results

Humanization of GC33

T'he ¢DNAs coding for the mouse GC33 VH and VL
regions were isolated by PCR and -rapid amplification
of ¢cDNA ends, respeetively. The deduced amino acid
scquences from the ¢DNAs showed tvpical mouse VL
and VH variable regions belonging to k V9L subgroup [1
and VI subgroup 11 (A) (Fig. 1). A chimerie GC33, in
which the VI region was linked to the human k constant
region and the VI region to the human lgGl constant

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

Humanization of anti-GPC3 antibody Nakano ef al. 909

region, was cloned into an expression vector and used as
a positive control for the evaluarion of the humanized
antibodies.

MAb GC33 was humanized using CDR grafting [21-23].
To select suitable human variable domains to serve as
framework donors. the amino acid sequences of GC33 VH
and VL. were independently aligned against the entire
repertoire of human antibody sequences contained in
the Kabat Database (frp/iftp.ediacubipubidatabasesibabet)
and the ImMunoGene'Ties Database (IMG'L Aepafiimge.
cines.frf). Canonical residues are key residues in the CDR
and/or framework that determine the conformation of the
CDR loop. Residues 24. 26, 27, 29, 71, 94 of the VH are
part of the canonical structure [24]. as arc residues 2, 48,
64, 71 of the VI, [25]. We scarched the antibody
scquences that marched these canonical residues with
GC33. The FRs of the VII of human antibody DN13 [26]

were 75% identical to the GC33 VI and the FRs of

the human antibody K64 (GenBank accession number
AB064103) were 89% identical to the GC33 VL. We
selected the variable regions of these two human anti-
bodics as frameworks for the humanized GC33 antibody
VH and VL, respectively.

First, three CDRs from the GC33 VL or VH were directly
grafted onto the human antibody VL. or VI frameworks to
generate humanized antibodv genes. The CDR-gralted
antibody VL. (hGC33V0a) and VH (hGC33VHa) were
synthesized using an overlap extension method. The
resultant humanized V71 gene and FF. gene were cloned
into expression vectors and were coexpressed with the GC33
chimeric antibody VH (¢cGC33VH) or VL (¢cGC33VL)
expression vector in COS7 cells, yielding a humanized anti-
body (hGC33VHa/hGC33VLa), hemihumanized antibodies
(hGC33VHa/cGOIIVL, cGCAVH/NGC33VEa), and a chi-
meric antibody (cGCIVH/eGC33VL). These antibodies
in the COS7 cell culture supernatant were quantified by
sandwich ELISA and the binding activity was evaluated by
soluble GPC3-coated ELISA. The results showed a three-
fold decrease in the antigen binding activity of the human-
ized GC33 VH compared with the chimeric GC33 VH
(data not shown) and additional altcrations to the human
frameworks were required. "T'he humanized GC33 VIL bound
to the antigen as effectively as the chimeric antibody (data
not shown) and so no additional versions of the humanized
VL. regions were required.

To identify which mouse FR was required to create a
functional antigen-binding site, hvbrid variable regions
were constructed [22]. When the FR3 of hGC33VHa was
replaced by the mouse FR3, the binding activity was
comparable with the chimeric antibody (data not shown).
Thus, some amino acids in the mouse FR3 are thought to
be critical in recreating a functional antigen-binding site.
For the design of a sccond set of humanized GC33 VH
regions, a structure model of the mouse GC33 variable re-
gions was built using the molecular operating environment
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Fig. 1
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Amino acid sequence of humanized GC33 heavy chain (VH) (a) and light chain (VL) (b) vanable regions. mGC33VH and mGC33VL, respectively,
indicate VH and VL variable regions of murine GC33 mAb. The VH of the human antibody DN 13 was chosen as the framework for the humanized VH
and the VL of human antibody K64 was chosen for the humanized VL. hGC33VHa, hGC33VHc, hGC33VHh, and hGC33VHk are different versions

of the humanized VH va

ablo region. hGC33VLa and hGC33VLa Arg are different versions of the humanized VL vanable region. Dashes represent

amino acids that are the same as the corresponding residues in mouse GC33. Amino acids are numbered according to Kabat database.
() Structural model of GC33 antibody. Gomplementarity-determining regions (CDRs) of light chains are shown in dark gray. CDRs of heavy chains

arc shown in light gray.

The five amino acid substitutions are highlighted in red. FR, framework rogion,
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software (Montreal, Canada) (Fig. 1c), and five amino
acid residues in FR3 (positions 66, 67, 69, 73, and 93)
were seleeted to ereate a Vernier zone to adjust the CDR
structure and fine-tune the fit to the antigen [21,27-30].
Additional versions were sequentially  constructed by
combining various amine acid residues of interest, and,
as a result, two additional aleeracions, [le@9 to Leu (1691.)
and Ala93 to Thr (AY3T), were found to retain the
full antigen binding activity with minimum alterations
(g, 2a): the resultant humanized antibody was desig-
nated as hGC33VIHe. [n competitive binding assays, the
humanized antibody hGC33VEHe showed the same ability
as chimerie GC33 to inhibit the binding of biotin-labeled
murine GC33 o soluble GPC3 (Fig. 2b). The data were
fitted to an cquation for simple competition to provide
the 105, vielding relative binding affinities (Fig, 2). To
cvialuate the antitumor activity, the humanized antibody
and the chimerie antibody were subjected 1o ADCC
assays using the GPCG3-transfected cell line SK-03 with
human peripheral blood mononuclear cells used as the
target and  effector cells, respectively. The chimeric
antibody cffectively induced Y'Cr release from the SK-
03 cells in a dose-dependent manner. The humanized
G killed GPC3-expressing cells as cffectively as the
chimeric GC33 (Fig. 2¢). These results indicate that
the framework CDR in the humanized GC33 preserve
the nutive CDR conformations.

In contrast, to remove any artificial FR sequences in the
humanized antibody, two-step design methods were
carried out [23]. The hGC33VHce antibody was subjected
to 4 homology scarch of the databases, The first half of
the FR3 region {positions 66-82) of ABO67018 and the
last half of the FR3 region (positions 79-94) of A]506422
showed  higher similarity  to humanized  GC33Vie.
Therefore, the humanized GC33 VI region was further
engineered by introducing the alteracion of Glu73 to Lys
and Arg86 to Thr, which resulted in amino acid residues
that matehed the mosaie of the two FR3 scquences
derived from ABO67018 and AJ606422 (Fig. 1). This
humanized antibody designed  sceond, designated  as
hGOIAVITWKGC33VE, and in which all the FRs were
from naturally processed human FRs, bound to the anti-
gen as effecuvely as the humanized antibody designed
first (1g. 2).

Optimization of humanized GC33

We performed further optimization of humanized GC33
using knowledge attained from carlier publications. First,
we searched for amino acid residues with a risk of
interfering with stable conformation. Jung e al [31]
reported that VET domain framewarks can be grouped into
four distinct types, depending on the main chain
conformation of framework 1. They established rules for
the combinations of aminoe acids allowed at positions Hé,
H7, and 119 that maintain the stability of antibodies. The
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buried side chain of [16, which can be cither a glutamate
or a glutamine residuc in almost all VI sequences, affects
the stability of single chain variable fragment, and Glu
in position H6 requires cither a proline or a glycine
residue in position [19. The VH domain of murine GC33
belongs to the structural subrype [11 {6Q789A), but the
substitution of GIné to Glu occurred in the humanized
GC33. This alteration causes a deviation from the com-
binations of amino acids allowed and may have a negative
effect on the swability of the antibody. To assess this
possibility, we made the alteration of Glu6 to Gln and the
resulting hGC33VHEK retained 100% of the antigen
binding activity and ADCC activity (Fig. 2). Next, we
compared the stability of humanized antibodies using an
accelerated stability study. Three versions (hGC33VHe/
hGC33VLa, hGCIIVHE/hGC33VEa, and hGC33VIIK/
hGC33VE0a) of humanized GC33 were formulated at a
concentration of 0.5mg/ml and stored at 60°C for 0, 1,
and 2 wecks. The fragments and aggregates of the
antibodies were detected by SEC. Figure 3a shows the
rates of high molecular weight species and low molecular
weight species. In the case of hGC33VIHe/hGC33VLa,
the rate of monomer antibodies decreased to 51%
after incubation at 60°C for 2 weeks. In contrast, the
monomer rate for hGC3AVHK/WGC33VEa was greater
than for either hGC3I3VIIe/hGC33VLa or hGC33VHh/
hGC33VLa. The test samples of the accelerated stability
study were further analvzed for their binding activity
against sGPC3. hGC33VHK/MWGC33VEa retained the bind-
ing activity after incubation at 60°C for 2 weeks, where-
as hGC33VH/hGC33VEa and hGC33VHW/HGC33VEa
showed about a two-fold decrease in the antigen binding
activity (Fig. 3b). We concluded that the substitution of
Glnéd with Glu improved the stability of the antibody.

Next, we evaluated the risk of degradation from the
amino acid residues of the antibodies. Nonenzymaric
deamidation of Asn or Gln is a major degradation pathway
of peptides and proteins and can occur spontaneously
during manipulation, purification, and long-term storage.
The reaction is initiated by deprotonation of the peptide
bond nitrogen, followed by a nucleophilic attack on the
side chain carbonyl, loss of ammonia, and the formaton of
succinimide. Suecinimide is unstable and is hydrolyzed
into a mixture of two products: isoaspartate and Asp [32].
Deamidation can cause structurally and biologically
important alterations in proteins through the introduction
of an unfavorable negative charge. Some mAbs have been
reported to lose acrivity because of deamidation or
isomerization in the CDR regions [33]. With regard to
the primary sequence, deamidation rates depend on the
amino acid residues adjacent to Asn in the peptide chain,
Ser and Gly are found to be the most destabilizing
C-terminal amino acids for the deamidation of Asn
[34). The humanized GC33 contains three Asn-Gly
sequences. One of these sequences, Asn28 of the VL, is

Bx
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Fig. 2
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Analysis of chimeric and humanized GC33. (a and d) Binding of antibodies to soluble human glypican 3 (sGPC3) as measured by enzyme-linked
immunosorbent assay. (b and ¢) Competitive binding assay measuring the ability of humanized and chimeric GC33 to compete with biotin-labeled
murine GC33. The ICs, values are shown, (c and ) Antibody dependent cellular cytotoxicity. *'Cr-labeled SK-03 was incubated with human
penpheral bload mononuclear cells at an E: T ratio of 50:1 in the presence of the indicated concentration of the antibody. (a—c): hGC33VHc/
hGC33Via (A), hNGC33VHh/hGC33VLa (V), hGC33VHKhGC33VLa (e), mGC33VH/MGC33VL(L!). (d-f): hGC33VHK/hGC33VLa (e),

nGC33VHK/MGC33VEa Arg (A), mGC33VH/mGC33VL (L1). OD, optical density; VH, heavy chain; VL, light chain.
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la) Accelerated stability test of humanized GC33, Percentage of species with high molecular weight (HMW), low molecular weight (LMW), and
monomer antibodies calculated from the peak of the sive-exclusion chromatography of humanized antibodies (hGC33VHe/hGC33VLa, hGC33VH/
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at pH 8.0, (b) Binding activity of humanized GC33 after the accelerated stability test. (@): Binding activity after incubation at 4 C. (0): Binding
activity after incubation at 60 C. OD, optical density; VH, heavy chain; VL, light chain.

i the binding region (CDR1), whereas the other two are
in the immunoglobulin constant region.

1o study the effect of deamidution on the activity of
antibodics. we replaced Asn28 with Asp by site-direcred
mutagenesis (N28D)). and found chat murant N28D
wreatly reduced the binding alliniey o the antigen
(Fig. 4). We concluded rhat Asn28 has a risk of
deamidation char would resule in che loss of binding
acoivite. Sitemdirected  nutagenesis o improve  the
stability of the mAbs by aveiding deanudation at “hot-
spot’ aesidues such as Asn2¥ s not always  feasible
hecause this mechod may cause significant reduction in
mAD poteney. Therefore. we substituted the ncighboring
GIv29 by ocher amino acids to gere rid of the deamidarion,
The mucane hGCIVEa_Arg, in which Gly29 of the VL

Copyright © Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.

was teplaced with Arg. bound o rhe uncigen as effectively
as the chimeric antbodies (Fig. 2d and ¢) and showed
ADCC activiey as strong and as effective as hGC33VEa

(Fig. 26).

The final version of humanized GC33 (hGC33VHE,
hGC3I3VEa_Arg) specifically bound to GPC3 and induced
ADCC as effectively as chimeric GC33. The binding
affinity of humanized GC33 was determined by Scatchard
analysis, in which increasing concentrations of radioactive
iodine-labeled antibodies were incubated with human
hepatocellular carcinoma Hul-7 cells. The dissociation
canstant (or Ky value) of humanized GC33 for GPC3 was
caleulated to be 0.673 + 0.024 nmol/l (mean * standard
deviavon) from three independent experiments. When
administered o the severe combined immunodeficient

9
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Fig. 4

‘ —8— hGC33VHK, hGC33VLla
—&— hGC33VHK, hGC33Vla_N28D
- mGCaavH, mGCaavL
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1
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Antigen binding assays for humanized GC33 and N38D mutant that
mimic the effect of deamidation. Senal dilutions of chimeric GC33
imGC33VH/MGC33VL), humanized GC33 (hGC33VHK/hGC33VLa),
and the deamidation mimic mutant (HGC33VHk/hGC33VLa_N28D)
were acded to soluble human glypican 3-coated wells. Bound
antibodies were detectod with alkaline phasphatase-labeled anti-human
Ig light chain k. OD, optical density; VH, heavy chain; VL, light chain.

Fig. 5
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Antitumor activity of humanized GC33 and chimeric GC33 in HepG2
xenograft models. Sovere combined immunodceficiont mice were
inoculated subcutancously with 5 = 10° cells of HepG2. When the
tumors reached an average volume of 200 mm®, the mice were
agministered 5 mg/kg of humanized GC33 (O), chimera GC33 (A) or
cnly PBS (vehicle, B). GC33 and PBS were administered once a
woek for 3 weeks. Tumor volume is indicated. Each data paint is the
mean valuo of five animals; bars, standard doviation. Arrows indicate the
days on which GC33 was administered.

mice transplanted with HepG2 cells, Smghkg of the
humanized GC33 significantly inhibited tumor growth.
The antitumor activity of the humanized GC33 was
almost the same as chimerie GC33 (Fig. 3).

Discussion

To reduce the immunogenicity of murine mAbs, huma-
nized antibodies have been developed by grafting the
CDRs of a mouse anubody onto the corresponding
regions of a human antibody. [lowever, the transfer of
murine CDRs alone usually results in a significant loss of
antigen binding activity because certain FRs are critical
for the preservation of the CDR conformation. A number
of alterations in human FRs are required to recreate a
functional antigen-binding site. The number of changes
in the human FRs depends heavily upon human IR
selection and should be minimized to avoid immuno-
genicity in humans. As a general approach, key residues
in FRs arc idenuficd by comparing canonical structures
[35,36] with packing residucs and consensus amino acid
scquences for the subgroups of the variable regions
[30.37] and by carefully examining a structural model of
the variable regions. In many cases, however, a random
mutation approach is still required.

To assist in this process, we have devised a useful method
based on the construction of mouse=human hybrid
variable regions [22]. In the case of the humanized
GC33, the use of a hybrid of variable region enabled us to
identify the importance of the lle69 and Ala93 in FR3,
which was found to be eritical for FR residuces to yicld
100% antigen binding activity. To remove the artifictal FR
scquences in the humanized antibody, we have also
devised a useful method based on redesigning the
modified FRs [23]. In the case of the humanized
(GGC33, the FR3 of hGC33VHe. for which two amino acid
substitutions were required for optimal antigen bindings,
was redesigned. We constructed  hGC33VHK, which
comprised all the scquences found in the naturally
processed human FRs. Although  naturally processed
human variable regions have somatic mutations with
respeet to the germ-line segments, their immunogenicity
is apparently less than that of artificially generated IFR
sCquences.

In addition, using ua knowledge-based approach, we
optimized the stability of humanized GC33. From data
of carlicr humanized antibodics obtained in-house and
from public sources, we realized that cerrain residues
were important for stability and therefore selecred some
amino acid residues for modification. According to Jung
et al. [31], the marked structural variability of the VH
framework 1 region is caused by three residues (H6, H7,
H9), and deviation from the allowed combinations of
these amino acids may lead to severely reduced stability,
They generated six mutants of single chain variable
fragment forms, and the thermodynamic stability was

Lippincott Williams & Wilkins. Unauthorized reproduction of this article is prohibited.



compared after equilibrium denaturation with urea. In
the case of GU33, we found the rules can be applied to
the stability of 1glG forms. Our data may not direetly
indicate long-term swability with normal storage condi-
tions; however, we can conclude that substitution of
amino acids is cffective in improving the stability of
antibodies.

Next, we substituted the amino aeid residuc at risk of
deamidation in CDR1 of the VL. We found that the
substitution of Asn28 with Asp, which mimics deamida-
tion, greatly reduced the binding activity to the antigen.
In this study, we sucecessfully avoided the risk of the
deamidation of Asn28 by substituting the neighboring Gly
with Arg. Sire-directed muragenesis of Asn28 is not
always feasible because this merhod may cause significane
reduction in mAb potency. 1lowever, hGC33VLa Arg
retained the binding activity and the ADCC activity
(Fig. 2), "The parental humanized GC33 (hGC33VHK/
hGC33VIEa) did not cause a reduction in the binding
activity even at 60°C for 2 weeks, so we have vet to prove
whether this alteration (GIv29 to Arg) can reduce the rate
of deamidation.

Tumanized anu-GPCS antibodices are expected o be a
potent immunotherapy for HCC patients. The antitumor
activity and immunogenicity of this humanized antibody
in human patents will be tested in celinical studies.
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Abstract

In hemophilia A, routine prophylaxis with exogenous factor VIl (FVIIl) requires frequent intravenous injections and can lead
to the development of anti-FVIIl alloantibodies (FVIIl inhibitors). To overcome these drawbacks, we screened asymmetric
bispecific IgG antibodies to factor IXa (FIXa) and factor X (FX), mimicking the FVIII cofactor function. Since the therapeutic
potential of the lead bispecific antibody was marginal, FVIll-mimetic activity was improved by modifying its binding
properties to FIXa and FX, and the pharmacokinetics was improved by engineering the charge properties of the variable
region. Difficulties in manufacturing the bispecific antibody were overcome by identifying a common light chain for the
anti-FIXa and anti-FX heavy chains through framework/complementarity determining region shuffling, and by pl
engineering of the two heavy chains to facilitate ion exchange chromatographic purification of the bispecific antibody from
the mixture of byproducts. Engineering to overcome low solubility and deamidation was also performed. The
multidimensionally optimized bispecific antibody hBS910 exhibited potent FVIll-mimetic activity in human FVIll-deficient
plasma, and had a half-life of 3 weeks and high subcutaneous bioavailability in cynomolgus monkeys. Importantly, the
activity of hB5910 was not affected by FVIIl inhibitors, while anti-hBS910 antibodies did not inhibit FVIII activity, allowing the
use of hB5910 without considering the development or presence of FVIIl inhibitors. Furthermare, hBS910 could be purified
on a large manufacturing scale and formulated into a subcutaneously injectable liquid formulation for clinical use. These
features of hBS910 enable routine prophylaxis by subcutaneous delivery at a long dosing interval without considering the
development or presence of FVIII inhibitors. We expect that hBS910 (investigational drug name: ACE10} will provide
significant benefit for severe hemophilia A patients.
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development of inhibitory anti=-PVIT alloantibodies, known as
“inhibitors” [6]. Onee FVIID inhibitors have developed, routine

Introduction

Hemaophilia As cansed by an X-linked inherited dysfunction ol supplernentation with exogenous FVIT will be no longer effective
T tagin o ViR B N AT | (R, i s i . A
commulation factor VT IV, Patens with severe hemaphilia A, and the usage of exogenous FVIL for treating on-going bleeds is

who lave phsma FVI levels of less than 1% of nonmal, typically
experience bleeding events several times a month [1]. Routine

supplementation with exogenous human FVII to maintan VI

at 1 of normal or above I8 effective for reducing joint
bleedmeg ovents and improving joint status and  health-related
cuality of lile i hemophilia A patients [ 2], However, there are two
1t

jor drawhacks to this prophylactie usage of exogenous FVIILL

]
Uhe first drawback is the necessi

ty of [requent intravenous
i 1 " . . ¥ ¥ T, e ) Lrlxe " {4 i
drimnstration !llll" miravenous ‘:lII'll‘HT“\ \\i'l.hl\ “1 I'\ III e

breause of ts low subeutancous bioavatlability and its

shore plasimae hall=lite [3:00]0 The second  drawback s the

FIOS ONE | www.plosonc.org

restricted. Insuch cases, alternative agents, such as actuvated factor
VII and activated prothrombin complex concentrate, which are
more expensive and have less stable hemostatic effects, need to be
used to cantrol bleeding [7,8]. Therefore, a new agent tha
resolves these drawbacks of exogenous FVIL is awaited in the field
of the bleeding prophylaxis of severe hemophilia A,

Monoclanal antibodies have hecome an important therapeutic
Ojiliun in numerous discases and are :‘.\g}m':r-rl o p]ily A greater
role in the future ol disease treatment [9,10], Various monoclonal
antibodies have been generated [T these nat only include those
with antagonistic activity hut also those with agonistic activity [12],
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catalvtic activity [13], and allosterie acuvity [H]. Antibody
engineering technologies 1o generate bispeeific antibodies have
been extensively studied due to the huge potential of these
antibodies for therapeutc applications [15]. Bispeailic antibodies
can be applied o simultancously target two discase related
antigens, retarget effector eells apainst the target cell [16], and co-
lHeare wwo different antigens on the same eell [17].

I'VIIT i cleaved by thrombin or factor Xa (FXal and the
resultiant fetor VI (FVIH) presents a heterotrimeric structure
comsisting of the Al subumit, the A2 subunit, and the light chain
[18]. Simultancous hinding of FVIa to FIXG and FX by the light
chain and the A% subunit, and by the Al subunit, respectively,
contributes to FVIL cofactor activity which places FIXa and FX
into proximity, and also allosterically enhances the catalytic rate
constant of FIXa [19.20.21,29.93] (g, 1A).

Consicering this function of FVIIT and the versatilives of
antibodies, we hypothesized that a bispecifie antibody recognizing
arm could mimic the
VI cofactor activity by placing FINa and FX in spatially
appropriate positions, and by allosterically enhancing the catalytic
actvity of FIXa (Fig. 1B) [23]. We have recently reported
2 recombinant huntanized hispecilic antibody o FIXa and I'X,
termed. BBS24, which exerted  coagulation activity in FVIIIT-
deficient plasma, vven in the presence of FVIT inhibitors, and

FINa with one arm and FX with the other

showed moero hemostatie activity in a cynomolgus monkey model
of acruired hemophilia A, and had high subcwaneous bio-

A FVilla

s 3
Cedvant

FEEESSISSFOESTRESD Fe

Phosphalipid membrane

B Bispecific antibody

Factor VIII Mimetic Bispecific IgG Antibody

availability and a 2-week hall-lile in cynomaolgus monkey [23].
Although the pharmacological concept of FVIT-mimetic bispecific
antibody was clearly demonstrited in this report, the detail of this
anti-FIXa/FX asvinmetric bispeeific 1gGoantibody wenification
was not ¢leseribed, and morcover, it required Trther optimization
i several ways before the clinical use of such an agent in humans.

For therapeutic development, optimization of the hispecific
antibody by molecular  engineering 1o enable  large-scale
manulacturing of the hispecific antibody ac clinieal grade would
be required. Although a varicty of moleeular farmats for bispecific
antibodies have been studicd, including single-chain diabody,
tandem sebv, IeG-scbyv, DVD-Ig, CrossMab, and dual-binding
Fab [24], we seleeted an asymmetric bispeeific 1gG format because
it is the only format that can recognize FINa and FX with each
arm and has a long half=life and a native [g6 structure. However,
recombinant production of this format is challenging in compar-
ison to the other formats because it consists of two different heavy
chains and two dilferent light chains which would result in the
secretion of a mixture of ten different combinations of heavy and
light chains [25]. Purification of one desired bispecific antibody
from a mixture including nine miss-paired byproducts 1s nearly
tmpossible, Engineering technologies w resolve such a dilliculty
have been previously reported. First, identification ol a common
light chain by phage display as the partner of the two heavy chains
can reduce the number of heavy and light combinations 1o three:
one heterodimeric bispecific antibody and two homodimeric

23 3B3IIIIIITISIITIRINIIIOIS >

Phospholipid membrane

I3 XD XIS S5 IS I I OGS D

Figure 1. Schematic illustrations of cofactor actions of FVilla and a bispecific antibody promoting the interaction between FiXa and
EX. (A) FVIlla farms a complex with FiXa and supports the interaction between FIXa and FX through its binding ability to both factors on the
phespholipid membrane, (B] A bispecific antibody binding te FiXa and FX would promote the interaction between FIXa and FX and exert FVIIl-

mimetic activity an the phospholipid membrane,
doi: 10,1371/ journal. pone.005/7479.9001

PLOS ONF | www plosonc.org

February 2013 | Volume 8 | Issue 2 | e57479

-



selection ol a common
lght chain with potent VI -mimetic activity based on the

monospecilic antibodies [26]. However,

binding allinity hy phage display was not feasible [or our hispecific
antibody, because higher binding affinitics was considered not to
lead o higher activity, To date, alternative approach to obtain
commoaon light chain has not been reported. Second, engineering

the Cgd domain w facilitate e heteradimerization ean minimize

wunt of homodimeric hyproducts [25,26]. Nevertheless, the
ney of heterndimerization is ot complete; therefore, a small
amount of homodimerie byproduct is formed, which needs w be
removed i the downstream purification process,  However,

L

because the ]iit)p':‘l.\_'.i[{.‘nl |:|:‘n||t'r[ir'h ol the homodimeric hypnu’iucu
are often similar to those of the rarget bispecific antibody,
pecilic antibody on a large scale for clinical
applications 1s sull challenging. To date, technologics to address

purifving the target bi

this issue hive a0t heen reported, Therefore, improving the
manufacturabiliv: ol this wpe of FVII-mimete anubody by
mnlecular engineering is required for therapeutic application.
Morcover, for maxunizing the liwrupmnic pDI(‘IIti(‘l| of FVIII-
mimetic bispeeific antibody, opumization to increase the FVII-
mimetic activity of the hispecific antibady, prolong the half-life,
mprave the phvsicochemical properties of the antibody and
mogenicity of the humanized antibody would be
This would enable more effective and  long-term

reduce the imn
regjuired
prophylaxis with stronger hemostatic effect for hemophilia A
patents by a subrutancous formulaton with a longer dosing
interval,

[n this paper, we report molecalar identification and multidi-
wioml optimization of a FVII-mimetic bispecific antibody
whicht ca b used Tor clinical application. At the start of this study,
weexamined bispecific combinations of large number of mono-
and anti-FX antihodies, and identified the lead
ant-FING/ZEX Dispecilic IgGo antbody having FVII-mimetic
v. Then, this lead bispecific antibody was subjected 10
muludimensional llp‘illli}(}lti(]ll jrocesses [‘_E‘F] 144 i.mprow: hath its
therapeutic potential and  manufacturability. We  successfully
generided a humanized bispecific 1eG oamibody having sufficient

e

i |l’\||| il]ﬂi—l'

activity,

PV -mumetic activity for prophvlactic use even in the presence of
FNIL mbibitors, high  subentancous  bioavatlability: with  an
approximately deweek plasma hall-life in cynomolgus monkeys,

aned minimal nmunngenicity risk. In addition, molecular engi-
neering enabled punficaton on a large manulacturing seale and
formulation into g liquid fornealation of 150 mg/ml, {or sub-
cutaneous delivery. We expeet that this anti-FIXa/UX hispecilic
antibody mimicking PV cofactor activity will provide significant
henelit for managing bleeding events i severe hemophilin A

jratients.

Results

Research Flow of Identification and Multidimensional
Optimization of Lead FVIIl-mimetic anti-FIXa/FX Bispecific
Antibody

Vigure 2 shows the flow of the sereening process to idenufy the
leael hispecific amibody with o commaen light chain (BS13). BS15
wits genentted by combinatorial sereening of

preific antibodies
composeed of anti-FIXNa and anti-FX antibodies derived  [ram
immn

ration, followed by sereening ol comunon light chains and
then frmework/complementarity determining region (FR/CDR)
shuflling.

Figure 3 represemis the multidimensional optimization flow 1o
aenerate  the bispecilic antibody with  the most appropriate
properties tor climeal application (hBS910) from the lead bispecific
antibody (BS15). BS1H was firstly humanized to generate hBSI1,

PLOS ONE | www.plosone.org

Factor Vill Mimetic Bispecific 1gG Antibody

followed hy engineering 1o improve FVI-mimetic  activity
(hBSI06), improve pharmacokinetics hBS128 and hBS228),
enable purification of target bispecilic anubody (hBS366 and
hBS376), improve solubility (hBSH60), remove deamidation site
(hBS664), and reduce immunogenicity nisk (deimununization) to
generate a multidimensionally  optimized  hispecific antibody
(hBS910). Through this multidimensional optimization process,
the numbers of variable region variants that we have generated for

anti-FIXa heavy chain, anti-FX heavy chain and commaon light
chain were approximately 300, 300 and 400, respectively, and the
number ol bispecific 1gG anubodies that we have prepared and
cvaluated 15 approsimately 24000 Supplementary table 81
represents the nuwmber of muttions which were introduced into
LBS1 to generate bispecific antibodies deseribed in this report.

Identification of Lead Anti-FIXa/FX Bispecific Antibody
with FVIll-mimetic Activity

Approximately 200 monoclonal antiboclies against FIXa or FX
were obtained from animals immunized wath either human FIXa
or FX. Approximatcly H.000 bispecific Iglc antibodies that
mmpriwd dilferent combinaions of anti-FINa and  ami-FX
antibodies m each arm were expressed. Although the expression
product of two dillerent heavy chain and twao dillerent light chain
genes consists af a mixture of ten different species with different
heavy and light chain cambinnions, including the one desired
bispecific antibody and the nine iniss-paired antihodies (miss-
paired antibody includes 1wo  homodimenic antibodies  with
a carrect heavy and light chain pair), Fe heterodimerization
mutations would theoretically enable expression of an antibody
mixture containing at least approximately 20% of the target
bispecific antibody (see methods for detail) [25]. A total number of
94 bispecific antibodies, or combinations of ant-FIXa heavy chain
and anti-F'X heavy chain, which had FVIT-mimetic activity were
successfully identified by an enzymatic assay, Heavy chain
combinations were selected from the point of high FVIT-mimetic
activity, not from the point of the similarity of the cognate light
chain.

Next, in order o identify & commaon light chain for the different
heavy chains 10 FIXa and FX. the selected heavy chain
combinations were expressed with either one of cognate light
chains, Out of 188 light chain commonized bispecifie antibodies,
the most potent one, termed ¢l which consisted ol rat and-FIXa
Vi and mouse anti-FX V' chimerized with human 1eG, and rat
anu-FIXa V, chimerized with human x (¢ L), was selected lor the

Finally, in order to design a more potent common light chain,
we perlormed FR/ZCDR shullling. Since the cognate light chain
for the selected anti-I'X Vyy (c2L) was not cffeetive as a common
light chain at all [data not shown), we tried 10 seek another
elfective comman light chain with a high homology to ¢2L. From
our antibody source, we identified a light chain (3L whose CDR
sequence had =85% homology 1o that al ¢21,, and found out that
it was effective as a common light chain for the selected two heavy
chains, Therefore, we decided to use ¢31 for FR/CDR shulling,
too. Then, CDRs of el L, ¢21, and ¢3L were shuffled among cach
other and gralted onwo the FRs of ¢l 1 and €31, 10 generate twenty
four light chain viriants Gsupplementary Fig, S2A). Twenw four
light chain variants were expressed with the two heavy chains, and
the most potent common light chain, BS15L, & mouse—rat hybrid
V. chimerized with human x, was identified (supplementary Tig,
S2B). Thus, the light chain communized bispecilic antibody with
BS1A1. was sclected as the lead chimeric hispecific IgGoantibady
(termed BS135).
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Humanization of Lead Chimeric Bispecific Antibody

The lead chimeric bispecific IgG antibody, BS15, was subjected
tor bnanization, CDRs of the ant-FEXa heavy chamn, the ami-FX
heavy chain and the common light chain were grafied onto
homologons hunun antibody FRs, which were the FRs of Vi3,
Vil and V1 sublumilies respectively, by using a conventional
CDR grafiing approach |28, A humanized  hispeeific g6,
antiboely,
taining FVTH-mimetic activity (supplementary Fig, 83)

ned hBS1 was successlully generated while main-

Improving FVIIl-mimetic Activity of the Bispecific
Antibody

Although the humanized hispeeific amtibody hBST enhanced
N aetivation dose=dependently,  demonstrating FVIT-mimetic

thvite, s therapeutic patential was maeginal and s FVII-
mmetic activite necded o be Em!lrn\'t'ti lisr liu‘r‘ilpl'Llli(' .'|}|p|'i(.‘il-
v Therefore, we :'x;:'mn-d mutations it the CDRs of hBS1 w
unprove the

eliective

FVIT-mimetie activity, and we idengfied several
mutations i the CDRs of the three chains. Following
extensive studies 1o identily elleetive cambinations ol mutations
shat additively or synergistically improved FVIT-mimetic activity,
iy generared hBS 106, hBST06 demonstrated marked
ool FYHT-mimetic '.u'li\"ll}' over hBS|, ilIL'|u(|i||g
maxiimum activity, in the enzymatic assay (Fig. 4A),

W sieeessi

Improven

During the course of subsequent optimization of hBS106 from
the point ef other aspects, FVIT-mimetic activity was monitored
for caeh mutation so that the mutation would not compromise the
activity, Moreover, further serecning for mutations to further

mmprove the activity was performed in parallel  with other
optimizanons, Finally, we successfully generated hBS910, whose
activity wis even higher than that of hRBSTO6 (Fig. dA).

Improving Pharmacokinetics of the Bispecific Antibody
T ass

ss the pharmacokimetics of hBS1OG, the variant with
improved PVIT-mimetic activity, the time course of the plasma
g ABY and s pharmacokinetic
parameters supplementary Lable 82) were determined in mice,
Clearanee of hBS1
than the clearance of aiman IgGy antbody reported in miee after
subiutaneous injection (3 20 mLAday/ke) |?.5-‘I-

A

coneeniration l.'l]‘. ‘]!1‘!\ AI“iEIl]IlV" ity

06 167 mL/dav/ kg was unexpectedly larger
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A homology model of hBSTU6 was used 1o explore the
molecular features responsible for the poor pharmacokinetics,
and a positive charge cluster was identified on the surtace of Fvoolf
the anu-FIXa arm (supplementary Fig, S4). To remove
cluster, we nitially atempted subjecting bsine and  arginine
residues in the cluster 1o mutagenesis, However, these residues
were found o be indispensable for the FVIH-mimete activity
(data not shown), Therefore, we explored the mtroduction of

this

negatively charged residuey near the custer w newtralize the
positive charge, and we identified a Tyvr30Glu mutation in the
common light chain that achieved this without any reducton in
FVHl-mimetic activity, With hBST28, a variant of hBS106 with
the single Tyr30Glu mutation, we observed improved  plasma
concentration and an approximately 4-fold improvement in the
clearance compared 1o hBSTUG. Furthermore. the isoclectric point
(pl) of hBS128 was lowered by introducing multiple mutations in
the vartable regions. hBS228, o variam of hBS128 with lowered
pl, demonstrated further improved plasma concentration and
approximately 2-lold imprevement in clearance compared 1o
LBS128 (Fig. 4B, supplementary Table 82). During the course of
subsequent optimization of hBS
to turther improve the pharimacokinetics of the hispecific antibody.

#. we constantly made an ellort

Isoelectric Point Engineering to Facilitate Purification of
the Target Bispecific Antibody

Having a commaon light chain reduces the number of pairs of
heavy and light chains to three, and engineering the Cy3 domain
enables prelerential secretion of heterodimerized heavy chains,
However, it is still difficult 1o completely prevent miss-paired
homodimerization in large-scale production, Therefore, a down-
stream purification process o remove homaodimerie byproducts is
essential for pharmaceutical development. Ton exchange chroma-
tography (IEC) is the major purification process by which to
remove impurities after Protein A purification. The retention of
IgG antibodics by [EC is determined by the electrostatic charge of
the antibody  molecule, which
Therefore, the pls of hBST28 and hBS228, variants with improved
pharmacokinetics, and pls of their homodimeric byproducts were
determined by clEF (Fig. 5A . For bhoth hBS128 and hBS224, the
pls of the hispecilic antibody aud the homadimene hyproducts

can he measured as s pl

| i hBS106
it ; hBS128
* hBS228
1
0 2 4 6 8 10 12 14
Time {day)

Figure 4. Improvement of therapeutic potential of the bispecific antibody. (A} Improving FVIll-mimetic activity of the bispecific antibody.
tfect of hBS1 (circles), ABS106 (squares), and hBS910 {diamonds) on FX activation in the presence of FIXa, FX, and synthetic phospholipid is shown.
The Y-axis indicates the absorbance at 405 nm of the chromogenic substrate assay (in many cases, the bars depicting s.d. are shorter than the height
of the symbols). (B) Improving pharmacokinetics of the bispecific antibody. Time profiles of plasma cancentration of hBS106 (circles), hB5128
(squares), and hH5228 [diamonds} in mice after subcutancous injection at a dose of 1 mg/kg arc shown. All the data were collected in triplicate and

are expressed as mean ¢ sd.
dai:10.1371/journal ponc.0057479.9004
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Figure 5. Isoelectric point engineering to facilitate purification of the target bispecific antibody. (A) lsoelectric points of target bispecific
{sgquares) antibodies and homodimeric byproducts (anti-FIXa monospecific antibodies (circles) and anti-FX monospecific antibodies (diamonds))
determined by ¢ltt, (B) Cation exchange purification chromatogram of the target bispecific antibody of hBS560 from its homadimeric byproducts
with step-wise elution with different NaCl concentrations. Peak 1, anti-FX homodimeric antibody; Peak 2, target bispecific antibody; Peak 3, anti-FIXa
homodimeric antibedy. Each peak arca of peak 1, prak 2 and peak 3 was 9.9%, B5.7% and 4.4%, respectively.

doi:10.1371/journal.pone.0057479.g00%

were very close 1o cach ather, indicating that purification of the
bispecific antibody hBS128 or hBS228 from the mixwure of
homodimeric byproducts is not feasible.

To facilitate the purification ol the hispecilic antbody, we
anplemented ploengineering into cither one of the heavy chain
vartable regions w increase the pl difference between the bispecilic
antibody  and the homodimeric bypraducts. We  successfully
geecrated two varients, hBS366 (pl of the anti-I'X heavy chain
i lowered) and RBSAYG (pl of the ant-FIXa heavy chain s
loweredl, i which FVHT-mimetic activity was maintained. The

difference o the pl o betwern the hispecific antibody  and
homaodinerie byproducts markedly inercased (Fig. 5A).

BBSA6R6 was further optimized from the point of solubility (detail
graphl, to generate hBS560. The target malecular

in the nest parsg
form aft WBSH60 (heteradimeric bispecific antibody) was well

sepirated from the two homodimeric byproducts by using cation
exehinge chromatography withe stepewise elution (Fig, 5B). During
the course of subsequent optimization of hBS5360, the pl difference
hetween the two heavy chains was carelully maintained. The
multidimensionally optimized variant hBS910 was capable of
being purificd on @ large production scale (25300-liter fermenta-

liu:l_-

Improving Solubility Properties of the Bispecific Antibody
hBSLOG, & variant with improved FVHT-mimetic activity, had
unespectedly low solubility, exhubiting cither preeipitation or
ligguid liguid phase separation [30] (sapplementary Vig, S3). This
lirek of solubility was partially due to the pesitive charge cluster,
suice the TyednGlu mutation deseribed above markedly improved
the solubility. However, tor hBS376, the variant whose anti-FIXa
heavy cliain plowas lowered, it coneentrations of 4 and 40 mg/
ml., precipitation and phase separation still occurred in phosphate
baller of pbl 3.5 w 7.0 and NaClol 100 mM or less (Fig, 6A),
To improve the solubilisy of hBS376, mutitions in the variable
vegions of hIS370 were explored. Several effective mutations
ncluding substitutions of hydrophobic residues inte hydrophilic

residues were adentificd, and  their combinations suceessfully

generated  hBSH6U, Precipitation and  phase separaton of

P1OS ONE | www plosone.org

hBSH60, the variant with improved solubility, was markedly
suppressed and oceurred only below 40 mM NaCl (Fig. 6A). The
solubility of hBSHEU was more than 100 mg/ml. During the
course ol subsequent optimization of hBS360, the elfect of
mutations on the solubility was canstantly monitored and we
made further etforts on improving the solubility. We successfully
generated hBSA10, a multidimensionally optimized variant, which
did not exhibit precipitation or phase separation under the
conditions tested (Mg, AL Furthermore, hBSO10 could be
concentrated up Lot least 200 ma/ml.

Remaving Deamidation Site in the CDR of the Bispecific
Antibody

An aceelerated stability study revealed that hBS560 exhibited
aspiragine deamidation in the third complementanity-determining
region of the heavy chain (HCDR3) (Asn99) of the anti-FIXa arm
alter incubation at M) C for 2 weeks, as shown by the increase in
the acidic peak n the cation exchange chromatography analysis
(Mg, GB) [31], and reduction of PVIT-mimetic activity wis
observed (data not shown). A single mutation of Asn99 to another
amino acid 1o remove this deamidation site was not feasible due w
the loss of VIH-mimetic activity and solubility, Subsequently,
a double muotation  was explored, and hBSG60, in which
a 9% Are and Asnf9Glu double mutation was introduced to
hBS5H60, was identilicd to maintun the FVIH-mimetic activity,
hBS66O showed no increase in the acidic peak after incubation,
demonstrating that the deamidation site was removed (Fig, 6B).
During the cowrse of subsequent  optimization  of hBS660,
deamidation was carclully monitored, and suecesslully generied
hBS910, a multidimensionally optimized variant, which did not
exhibit deamidation.

Deimmunization of Humanized Bispecific Antibody by
Removing T-cell Epitopes

During the course of multidimensional optimization of hBSI,
the eflects of each mutation on immunr}gfnicﬁy were evaluated |;l)'
Lpibase (Lonza), an i slico T-cell epitope prediction system [32].
Anv mutation that was predicted o merease the potential

February 2013 | Volume 8 | Issue 2 | e57479
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Figure 6. Improvement of pharmaceutical properties of bispecific antibodies. (A) Anibody solution profiles of hBS376 and hB5560 at
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determined (P, precipitation; L, liquid liquid phase separation; -, clear liquid). (B) Cation exchange chromatography of hBS560 and hB5660 before
{black) and after incubation at 40' C for 2 weeks (red). Acidic peak indicating deamidation at HCDR3 increased after incubation at 40 C for 2 weeks for

hBS5560. No marked increase of acidic peak was observed for hBS680,
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mmunogenicity risk was avoided as much as possible. Simulta-
neously, to generste a bispecific antibody  with  minimum
immunngenicity visk, any mutdion that was predicted to decrease
the potential immunogenicity visk by reducing the number of T-
cell l‘pi'.d'

The inmmminogenicity risk score of hBS910, the multidimension-
ally optimized variant, was markedly decreased compared o the

es was sereened.

lead chimerie antthody (B813) and its humanized version (hBS1),
and was comparable (o trastuznmab and palivizumab which are
nan-inymunogenic in elinical supplementary Fig. S6A). Morcover,
Epidunx (EpVax), another moafics immunogenicity prediction
systemn [35.34], also predicted that the sequence of hBSY10 was
minimallv immunogenic supplementary Fig. S6B8),

Therapeutic Potential of the Multidimensionally
Optimized Bispecific Antibody, hBS910

To examine the therapeutie potential of hBSAL0. uts FVIII-
mimetic activite wis compared with human FVIT by using
thrombin generation assay (1'GA) (23,35
HAY

6] in commercially
thle: human FVIH-deficiem plasma which was derived fram
astngle donor with severe hemeophilia A without FVIT inhibitors
(Fig. YAL RBSUI0 dose-d sed peak height {defined
as the peak concentration of free thrombin) in the same manner as
recombinant human FVIIT chIVITE The thrombin ger

ependently in

ration

activity. o hBS910 was also ehserved  even in plasma ol

4 hemophilic A donor who has FVIT inhibitors, whereas | U/
ml ol thI'VIHT did not exhibiv any effects (dat not shown), On the
ather hand, while palyclonal anti-idiotype antibodies o the anti-
FINa Fab or anti-FX Fab of hBS910 completely inhibited the
activity of hBSO10. they did not interfere with thIVI acuvity at
all (data not shown).

To assess the potenual for subcutancous delivery with a long
dostingg interval, hBSYTU was inuavenously and subcutaneously
administrated 1o evnomolgus monkeys, and the time course of the
antibody plasma concentration and pharmacokinetic parameters
were obtained (Fig. 7B, supplementary Table 831, The sub-
cutancous  bloavadlability: was suflicienty high (#86%) and the
plasma hal-life was approximately 3 weeks. Morcover, hBS910
could be formubined o a0 150 mg/ml. liquid formulation for
subcutancous delivery in the chinieal setting without any significant
aggrregation or degradation during storage,

Discussion

The lead bispectlic antibody was identified [rom approximately
10L000 different bispecific antibodics. Bispeeific antibodies meeting
the erterin for FVIT colactor activity were extremely rare
(<035, This seems reasonable since such a bispeeific antibody
requires sintltancous hinding o the appropriate epitope of both

FIXa and I'X inorder o place these two factors into a spatially
appropriate position and precisely bring the catlytic site of FIXa
close to the cleavage site of FX. Requirement of simultaneous
binding to FIXa and FX by a single bispecific antibody was

supported by the fact that only a bispecific antibody, and neither
monospecific antibodies nor a mixture of them, exhibited FVITI-
wie aetivity Gupplementary Fig, 87).

Generally, the biological activity of antagonistic antibodies can
be improved by increasing the binding affinity to the target antigen
[37.38]. The biological activity ol agonistic antibodies, on the
other hand. is reported 10 he inversely correlated with the affinity
to the antigen, presumibly due to the necessity to dissociate from
the antigen o repeatedly induce agonistic signals (o the target
1391 1o the case of our hispecific antibody, the antibody needs to
hind to both FINa and FX with sufficient alfinity to promote the

m
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Figure 7. Therapeutic p ial of Itidi ionally opti-

mized bispecific antibody, hB5910. (A) FVIll-mimetic activity of
hBS910 in thrombin generation assay (TGA). Effect of hB5910 (circles} or
recombinant human FVIIl (squares) on thrombin generation in FVIII-
deficient plasma is shown. The reaction was triggered by FXla, synthetic
phasphelipid, and Ca”™*. The Y-axis indicates the peak height, a thrombin
generation parameter (in many cases, the bars depicting s.d. are shorter
than the helght of the symbols), Data were collected in triplicate for
each plasma lot and are expressed as mean + s.d. (B) Pharmacokinetics
of hBS910 in cynomolgus monkeys. Time profiles of plasma concen-
tration of hBS910 after intravenous (circles) or subcutancous (squares)
injection are shown.

doi:10.1371/journal pone 0057479.9007

interaction between the factors. while after X activation by FIXa,
I"Xa needs to be rapidly dissociated from the antibody to proceed
to the subsequent coagulation reaction and to enable the antibody
ta turn over, Therefore, we assumed that a simple increase in the
binding affinity to both FIXa and X would not necessarily
improve the FVIH-mimetic activity. Consequently, generation of
viriants that had improved activity required screening of a lurge
number of variants in which mutations had been introduced via
structure-based or random MUAgEnesis. These mutations were
mainly introduced to the residues that were predicted to directly or
indireetly contact the antigen by the homology modeling of the
lead antibody or experimentally identified o affect FVI-mimetic
acuviy,

To gain insights ino the mechanisms underlying the improve-
ment in activity, kinetic analyses of hBS1, hBS106, and hBS910
{bispecific antibodies each with different FVIH-mimetic activity}
binding to FIXa and FX were performed by SPR analysis
{supplementary Tig. S8A, B). However, because the kinetic
parameters ol these antibodies were differently affected by the
fiing conditions of the sensorgrams, we were not able to obtain
meaningful  kinetie parameters with which to compare these
antibodies, Nevertheless, the binding properties of these antibodies

february 2013 | Volume 8 | Issue 2 | e57479
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were abviously dilferent, and these changes might have contrib-
ated o the improvement i activine It appears that the binding
alfinity ol BBSH10 o FIXa is weaker than hBST and hBS106, and
RBSHTO has faster association and  dissociation rate for FX.
Althoagh this endeney might result in rapid wmover of X
activation by the bispeeitic antibody and explain the highest
PN T =mimetic acuvity of hBSS10, it does not explain the large
difference of FVHI-mimetic activity between hBS1 and hBS106.
Sinee hispee

antibody needs w sty place catalytie site of
IING 1o the cleavage site of FX and may require allosteric effect
ot FINa i order o mimic the funcuon of FVIIL it ean he
postulted that the improved FVH-mimetic activity of hBS106
eel o hBST may be derived not only [rom the changes in
the bineling kineties but also from the subtle changes in the binding
epitope,

L

hinding angle or allosteriec etfect cansed by the mutations
introduced,

The PV H=mimetic activity of 30 nM hBSS 10 was equivalent 1o
EVIHT activity s 000 IU /il (1% of normal level), and the
activity af 300 oM BBSUTO was greater than chVIE activity at

1L/ mL (10% of normal level) in the TGA using human FVITI-
defivient plisma. “The activity wis also ohserved even in the
o of FVII inhibitors, which is reasonable considering the
lack of humology between the sequences off hBSSE0 and FVILL
Recemly, we have demonstrated that FVHI-mimetic bispecific
antiboy. hBS23. exerts hemostatic activity s in
acquired hemopliha A model using eynomolgus monkey, which
was considered sullicient for routine prophylaxis [23]. hBS23 i
one of the FVI-mimetie activity 1111}1.*0\1(1 variants obtained
: ¢ hBS910,

and has similar FVHT-mimetic actmaty as hBS 106, Kinetic analysis
124] of bIS?23 and hBSO10 demonsirated that hBS910 showed
es the coffect an increasing &, /h, compared 10 hBS23
funpublished datal, In human FVHI-deficient plasma, hBSSG10
required only two third of plasma concentration to exhibit the
vauivilent activity to hBS23 in the TGA, suggesting that hBS910
.5 tmes the activity 1o promote thrombin burst {unpublished
- When compared with FVITL this o s hemostatie efleet
Thus, the above

jresetl

termied

thuring the multidimensi

nal aptin

ation o Eener:

two

wits eonsistent with is e st activity in TGAL

could exert FVII-mimetic activity in hemophilia A
cient to achieve routine prophvlaxis regardless of the
presenee of FVHT inhibitars, The amino acid sequence of 1BS23 is
doeseribed i oour patent as an antibody name Q153-Gak/] 142-
G/l l[dJ k, and that ol hBS910 s deseribed in the patent [Igawa
i 4, Kojima 'L, Soeda T, Muto A, o al, Multi-speeific
antye ,-hmdm;: maolecule ha 'ing alternative function o [unction
ol hlood coagnlation factor VI WO/ 201 2/067 176,

It is highly desirable that our bispecific antibody be able to be
administered sulicutianeously with i long interval between doses.
['he poor pharmacokinetics of hBSI06 in mice was partially
charge cluster, and the single

1 hBS

patients s

T, Sampet

attribnied w the l;!t'g-! pnsi!i\'l'
Tyrd0Glu mutation to neutralize this charge cluster markedly
unproved the plurmacokineties. Such a charge cluster may
hinding to the extraccllular matrix which

MCTreise I"Hl:'l“ii)l'l']ﬁl

increase the clenrance of the maolecule,
reparted that antiboedies with lower pl have better pharmacoki-
neties, and engineering antibodies 1o lower the pl improved their
This approach was suceessfully applicd to

hBSOI0 exhibited & plasma hal-ife of
approxinately 3 weeks in cynomolgus monkeys, which is longer

Recently, it was

pharmacnkinetcs [29],

our bispecific antibody.
than the haltlives of hBS23 (approximately 2 weceks) [23] and
el or fully human IgG antibodies [40,41], pre-
sumibly due to the benefit of pl engineering. Since the half-lives of
IeC artibodies are generally longer in humans than in eynomolgus

other lun
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monkeys [H2], we expect thit hBSS10 would have & half-life of al
least 3 weeks in humans, which is overwhelmmngly longer than that
ol exogenous FVTIL 0.9 days) [1], Furthermore, hBS910 exhibited
86% subcutancous bivavailability, consistent with that of other
IgG antibodies [2643,41], providing a huge advantage over
exogenous FVIIT which requires intravenous administration [5].
This high subcutancous hioavailahiliy: and long  hal-life of
hBS910 strongly supports the feasibility of routine prophylaxis
by subcutancous administration with a long dosing interval,

We ntilized an iz sifico T-cell epitope prediction system, Epibase,
to minimize the number of 'T-cell epitopes present in the bispecilic
antibody. The immunogenicity risk of hBIS910 was predicted not
only by Epibase but also by EpiMatrix 1o be comparable with that
of non-immunogenic antibodies, Considering that up to 30% of
patients develop inhibitors against exogenous FVIL [43], immu-
nogenicity is an impartant issuc i the routine prophylaxis of
hemophilia: A Although the tue immunogenicity of hBS910
needs to be evaluated clinically. it is notewarthy that two different
in siftee systems predicted hBSULD 1o be non-immunogenic,
However, the possibility that a small number of patients could
develop anti-hBS910 antibodies cannot he ruled ow, In case
1BSA10 becomes metlective owing to developiment of anti-hBS910
antibodies, it is important that they do not cross-react with FVIHI
so that exogenous FVIIL weatment remains as an alternative. In
addition to the fact that there is no homaology between the amino
acid sequences of hBSGLO and FVIIL, the risk of such cross-
reactivity. wis found (o be negligible hecause polvelonal anti-
idiotype antibodies against hBS910 did not inhubit the thrombin
generation activity of FVIIL 'This demonstrates that the de-
velopment of anti-hBS8910 antihodies would not compromise the
use of exogenous human FVII therapy.

No recombinant bispecifie gl antibody has yet reached the
market. One of the reasons is the dillicalty in large-scale
manufacturing at clinical grade, ldentification of a commaon light
chain is an important step for manufacturing asymmetric hispecilic
IgG antibodies, A previous study utilized a phage display library to
identify a common light chain for the two heavy chains against
different antigens [26]. However, sinee high-affinity: binding 1o
FIXa or FX would not necessarily resalt in high FVIH-mimetic
activity, sclection of a commuon light chain with potent activity
based on the binding allinity by phage display was not feasible, We
suceessfully identified a potent comman light chain by a novel FR/
CDR shuflling approach. Since we were able 10 ohtain the
common light chain (BS15L) that had much beter potency than
the parental light chain {c1L) from the inital twenty four light
chain variants, we did not perform further shuffling of FRs.
Because residues in the FR ofien affects antigen hinding of the
antibody, we propese that shullling of both CDRs and FRs would
be an eflicient and general approach o identily potent common
light chains lor bispecific antibodies. This novel approach enables
incorparation of the henelicial residues from cach CDR and FR
into a common light chain, Although it might be not suitable for
serecning comman light chain against large panels of heavy
chains, this approich can be generally applicable for identification
of u common light chain for the seleeted pair of heavy chains
without using a library display system, Inour other asymmetric
hispecific antibodies with the sime molecalar format, common
light chains for two different heavy chains could be successfully
identified by this approach.
directly identify humanized common light chain by preriorming
CDR shullling on the human FRs. This could he a more efficient
approach since it abbreviates the following humanization process.
However, since FR residues are often importam for antigen
binding property. we ook more eawtious approach in this FVIII-

[ some cases, it was possible to
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mimetic bispecilic antibody, and performed CDR shuflling on ity
cognate I'Rs to idemtify a potent common light chain, followed by
Buttanization of the identiticd common hght chain.

Although the heavy chain heteradimerization elliciency de-
pended on the expressian balimee ol each heavy cham, our Fe
heterodimerization inutations achieved approximately 85% cffi-

cieney for WBSHGO {n the svstem ol unoptimized  eéxpression
ion of a small amount of

balance (Fg. 3B Nover

hwless, expre

manospecilic: homaodimeric antibocie nevitable even with Fe

heterodimerization mutatians, I the case ol our hispecific
antibody, byproducts are anti=FIXa and ant-FX bivalent mono-

specific antibodies: These byproducts are nat simply impurities

with no activity, but they have the potental o competitively
inhilne the activity of the bispeeific antibody by bivalent binding 1o
the factors, Theretore, homodimenie byvproducts need 1o be
removed as much as possible by a downstream process. However,
the only molecular difference hetween a homaodimeric byproduct
the heavy chain variable region of
one arn Since antibody variable regions generallv have similar
sequences except for the CDRs, it was assumed that separation of
byproducts from the bispeeitic antibody by THC would be
dilicult. Therefore, we took the advantage of pl engit ng, and
engineered the heavy chain aise the pl
difference between the bispeeific antibody and the byproducts,
thereby improving the sepavation by [EC, pl engineered hBS910
could be actually punficd from 2a00-liter fermentation by Prortein
A and TEC using conventional antibody purification processes.
Such a newvel pl engineermg approach would be  generally
applicible 1o Geilitate the purification ol hispecific TgG antibaclies.

and the bispecific antibody

such

ihle l'l'gi(m to iner

T'a realize subewancous delivery in a clinical sewting, bispecific
wntihodies need 1o be lormulated into a high concentration {i.e,
=100 meg/ml) sinee the volume that can be subcutancously
njeeted 18 generally limited o less than 1.5 ml [46]. However,
nBS376 exinbited phase separation cven at 4 me/ml. Phase
separition of antibody solutions it an upper plise with low
antiboely concentration and @ lower phase with high antibody
concentition not only ill'l'l"l](!t'.\i high concentration formulation
cs ciflicult [30]. It

has been recently reported that low solubility of amtibodies has

but also makes downstream purification proc

been overeome by mroducing  specific mutations into the
motecubin surface [ F7] bur mutations 1o prevemt phiase separation
Bave not been reported. We demonstrated that phase separation of
BWBS3Y0 could alse be climinated by invoducing multiple
mutations into the molecular surface, KBSY1O exhibited no phase
separation under the conditions wsted, and could be conecentrated
up toat !
since FVHL s unstable under liguid  formulation, all the
marketed PV apents are distributed as lvophilized formulation,
and  the

st 200 me/ml without any issuc.

refore require reconstitution before  injection. Liquid
process, and thus would

b e b more convenient for the patients. Taowever, tannclonal

formulation allows injection without t

0 deamidation
aine residues it CDHs eesuling e eeduction ol

antihadies stared i aguenus soluton often undery

nl the aspony

the hiological aciiviy of the witibody, which wis the cise for
BWBSAGE 5] Althouzh il general simategy s o emnve the
deamidation site by matne the asparagine vesidue sell w
anenhier aning acid, this stegegy was nat leasible in the case ol
HBSHGH, A simultaneous  double mutation approach enabled
stepmee of hBSG10 ae 40 C for 2 weeks without reduction of
activity. Consequently, hBS910 could he stably stored in a patient-
friendlv 150 mg/ml liquid formulation, which would cnable
approximately 3 ing/ke subcutaneous delivery in humans (1.5 mL
njection for a 75 kg patient). Counsidering the FVI-mimetic
activity determined by TGA and  the pharmacokinetics in
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cynomolgus monkeys, such 2 formulation would provide eflective
prophylaxis by subcutancous delivery with a long dosing interval,

Iu conclusion, we have generated a novel humanized anti-
FIXa/FX bispecilic 1gG antibody, hBS9LO, through a process of
identifying  the lead  candidate  from approximately 10,000
bispecific combinations, followed by a muludimensional optimi-

zation process Ly inl[)rm'(' both the {iu'r;!p:'uli{ puu'liti;:l andd the
manufacturabiliny. hBS910 overcomes the two major drawbacks of
routine prophylaxis by exogenous FVTIL First, while exogenous
FVIT requires frequent intravenous administration, hBS910 can
be subcutaneously administered with o long dosing interval.
Sccond, while the development of FVIT inhibitors is a critical
issue for exogenons VL aur study suggests that hBS910 can be
used without [ear of developing FVTI inhibitors and can be used
in patients who have already developed PV inhibitors, We
believe that hBS910, with its multidimensionally optimized profile,
will provide significant mmprovement i the quality of life of
hemophilia A patents by reducing not only bleeding but also the
burden on the patients themselves, their parents, and all medical
stafl. Potential of hBSI1U investigatonal drug name; ACEU10) in
hemophilia A patient s cu

rrenthy being evaluated in clinical study.

Materials and Methods

Ethics Statement

Animal studies were performed in accordance with the Guide-
lines for the Care and Use of Laboratory Animals at Chugai
Pharmaceutical Co. Lid, under the approval of the company's

Institutional Animal Care and Use Committee, The company is
fully accredited by the Association for Assessment and Accredi-
tation of Laboratory Animal Care International (hup:/ /www.
aaalac.org). Details of evnomaolgus mankey care and maintenance,
including shelter and availability of food, water, and environmen-
tal enrichment are as follows, Idenufication of individuals;
individual animals were identified by microchip number. Each
cage was identfied by a cage number indicated on the cage rack,
cage type; a staindess steel cage, housing density; | animal/cage,
emperature; 18°C 1o 28 € relative humidity; 35% 1o 75%, ar
change frequencys a least 10 tmes per b, llumination timing;
12 h per day, from 7:00 am w 7:00 pm, feed; cynomolgus
mankeys were daily provided approximately 100 g of solid chow
(Cerufied Primawe Dier 3048, Japan SLC) and supplementary
foods (1/2 peeled by t potato] and drinking
water; animal room tap water, provided ad libitum using the

ana ot A0 g of swi

autornatic water supply system The studies involved injection of

the agents and collection of blood samples which did not require
procedures that would cause more than slight or momentary pain
or distress o the animals, All injections and blood collection were
conducted by trained and qualified priunate therapeutic staff in
Chugai Pharmaceutical. Provisions were made in the approved
protocol for veterinary intervention in the case of any distress or
morbicity from the injected agent, however no adverse events
oceurred  during the studies or during the recovery pertod.
Therefore, no scartfication ol the animals was conducted.

Generation of Anti-FIXa/FX Bispecific Antibodies
Appraximately 200 monoclonal antibodies o FINa or FX were
obtained from FIXa or FX immunized mice, rats, and rabbus.
The Vi and Vi of those antihodies were then combined with
engincered human lgG, or IgG, that included mutations o
facilitate Fe heterodimerization. These engineered human 1gG, or
1y, which included the knobs-into-holes mutations [26], were
generateed by introducing the same substitutions as those of [gG
knobs-into-holes 1o the corresponding positions of IgG, and 1gG,
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ey channs, aned were used through the sereening for the lead
enuification, Anu-FINa/FX bispecific  were  gencrated by
HIER293 cells co-transfected with mixture of four plasmids
encoding anti-FINa heavy and light chain and ant-IX heavy

anel light chain supplementary Fig. 81 At the sereening step for
lead wdentifiention, we used knobs-into-holes. mutatons which
crld achieve ar least M% eflicicney of the two heavy chain
heterodimerizaton, If the assembly of @ heavy chain with o light

chains oceurs with equal  probability, 25% of heavy chain
heterodimene anubodies will have the correet heavy and light
chain pair [25]. Theoretically, in the supernatant of transfected
cells, this would  result in av least  approximatcly  20%
909 x25% - 22.5% ) of antihodies 1o be the target bispecifie
ant and less than 3% (10% x233% = 2.3%) of antibodies w
b hamodimeric antibodies with @ correct heavy and light chain

ihody,

pair. Transfected cells were enltured in 96-well cultare plates, and
cither  filtrawed culture  supernatants or Protein A purified
antibodies were used for evalition. We also generated bispecilic

antthodies with a comman

ghit chain, ant-FIXa monospecilic
I consisting of anu-FINa heavy chiin and a common light
chain, and anti-IX monaspecific 126G oconsisting of anti-I'X heavy
chain and a commaon light chain by the method described above,
The engineered  human 1gGy o including the knohs-into-holes
mutations was used during the carly stage of the multidimensional
optimization, and u diflerent engineered lgG, including eleetro-
static steering nuitations (23] was used during the lae stage
optimization, By using the engineered lgGy, approximately 85—
3% of the Protein A purlicd antibody would he the targe
bispecific antibody and the rest would be homodimeric antibodies.
of hBS910, homodimeric

antibodies were removed by jon exchange ehiromatography.

For the detstled  characterization

Screening Bispecific Antibodies for FVIll-mimetic Activity
(Enzymatic Assay)

IIIIH.' il!]i“l\ i‘!l ('i!('h il}]l;ll(](lY 10 r_'ﬂhilIH'l' I'lei\‘ﬂ'il{illizl'(l l"xil
generation was evaluated inoan enzymatic assay with purified
human ceagulation factors (Enzyme Rescarch Laboratories). The
FNG generation reaction wis performed in the presence of | nM
human FIXa, 140 nM human FX, 20 gM syathetic phospholipid
(10 phosphatidylserine,  60% phosphatidylcholine and  30%
phosphatidylethanolamine: Avanti Polar  Lipids) prepared  as
jrrev msly deseribed i-lH[, and antibodies at room termperature
for 2 min in TBS containing 3 mM CaCl, ! mM MgCl, and
O0.0% wt/vol) BSA (I 1.6], The reaction was stopped by the
addition off EIYEA at appropriate time points. "The activity of the
FXa generated was determined by absorbance at 103 nm after the
222 (Chromogenix), Data

addition ol t'llr'mn:J;:t'uir substrate §-7

waere eollected i wiphicate.

FR/CDR Shuffling of the Light Chains

CDRs of three light chains (ol L. 21, and ¢31) were shuflled
amony eich other then graiied onto the FRs of vither ¢1 L or ¢31
to generate light chain variants (supplementary Fige S2A) Since
21 and o310 had adepueal CDRID and CDR2 sequences, we
senerated twenty Tour light chains (welve CDR combinations in
wo IRs) including parental 1l and ¢31. Light chain variant
genes were generated by assembly PCR, and the twenty four

bispecific antibodies with these light chains were prepared as
deseribed above, FVI-mimetie acuvity of cach antibody was
evalited in AT assay with stundard techniques using APIT

reagent Sysmex) and FVIT deficient plasma {(Sysmex!.
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Pharmacokinetic Study of Bispecific Antibodies in Mice

1 mg/kg doscs of cach hispecific antibody were administered to
Ca7BL/G] normal mice (Charles River) by single subcutancous
injection (n =13 lor cach group). Blood samples were collected at an
appropriate tme alter cach administration. Plisma concentration
ol bispecific antibodics was determined by human 1gG-specific
ELISA. Pharmacokinetic parameters were caleolated by Win-
Nonlin Professional software (Pharsighu.

Determination of Isoclectric Point (pl) by Capillary
Isoelectric Focusing (clEF)

clEF analyses of antibodies were performed with a PAB0O plus
Pharmaceutical Analysis System and 32 Karat soliware (Beckmin
Coulter) as deseribed  in the cIEF  application guide (PN
ATBRTREAAL Bricflv, antibodv solutions (approximartely 1 mg/
ml. in PBS) were diluted 1125 with ¢IEF master mix solution
cattaining <[E1F gel. urea, Pharmalyte 3-10, arginine, iminodia-
cetic acid, and pl markers. A neuwal capillary was preconditioned
by rinsing with urea solution, and samples were mjected and
focused. The pl ol cach of the antibodies was determined from the
pl markers.

Separation of Bispecific Antibodies by Cation Exchange
Chromatography

Using an AK'TAexplorer 108 (G Healtheare), two Hi'T'rap SP
I 1T mL columns (GE Healtheare! were connected in tandem and
equilibrated by 20 mM sodium phosphate, ptl 6.0, The elution
bulfer contained an appropriate cancentration of NaCl in this
cquilibration buller. “The load sample was first prepared from
cultire supernatant using MabSeleet Sure (GE Healtheare), and
was then dialyzed with equilibration bufler, The sample antibody
solution was applied 10 the Hi'Trap 8P FI ecolumn at 1.5 mg/ml.
resin. After washing with equilibration buller, antbodies were
cluted with 10} column volumes (CV) of equilibration buffer
containing 150 mM NaCl and then with 15 CV of 220 mN NaCl
buller in a stepwise manner, and finally with 15 CV of NaCl buffer
in a linear gradient 1o 450 m\L

Salubility Analysis of Bispecific Antibodies

Stock solutions of bispecific antibodics were prepared by dialysis
against water ar 50 mM NaCl solutions, followed by ultrafiliration
concentration. Samples were prepared by adding lormulation
stock solution to antibady stock solution using a Hydra [1 Plus One
liquicd-handling robot (Matrix). After centrifugation, | pl. of rach
sample was stored in an Intelli-Plate 96-2° (Art Robbins) at 20°C
for 1 day, and then images of cach well were taken hy Rock
Imager 54 (Formulatrix). The state of cach antibody solution was
determined as either o clear solution, precipitation, or liguid—
liquid phase separation.

Accelerated Stability Study of Bispecific Antibodies

Solutions of bispecific antibocies were dialyzed against PBS,
pH 7.4 (Sigma). | mg/ml, ol cach antibody solution was stored at
HFC for 2 weeks and then analyzed by cation exchange
chromatography (1EC) using BioPro 8P columns (YMC) at room
temperature.  The mohile phase  (A) was 200imM sodium
phosphate, pH 3.8, and the mobile phase (B} was 20 mM sodium
phosphate and 500 mM NaCl, pli 5.8.

In silico Evaluation of Immunogenicity of the Variable
Region of Bispecific Antibodies

T-cell epitope prediction of the bispecific antibody variants and
immunogenicity  risk scores ol antibodies were provided by
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st (Leomza),  Immunogenicity seales of antibodies  were

provided by EpiMarrix (Fpiy

ax’,

Thrombin Generation Assay (TGA)

Calibrated avtomated thrombography [33] was employed using
i Ofwell |:'|I;1lt' Huorameter (Thermao Fisher 51_‘il'l1l{|]i') t‘rlllippl:i]
with a 3907160 Rler set, a dispenser, and the analyzing software
Thrombinoscope soltware version 3.0.0029; Thrambinoscope) to
measure thrombograms. Brcfly, cach concentration of bispecific
wtibody or thIEVIHT (Bayer Healtheare) was added 1o FVII-
ient plasma (< 1% FVI activity) either without inhibitors or
with inhibitors against PV (George King Bio-Medical), Each
comcentration of hispecific amtibody or thFVIT was also added 1o

delic

plasni: containing  polvelonal  vabbit  anti-idiotype  anubodies
agaitst ant-FIXa Fab or anu-FX Fab (300 pg/ml. cach). Into
cach well was dispensed 80 pl. of the plasm, to which was then
added 20 Wl of the triggering solution containing 047 nM human
Nt (Eazyme Rescarch Laboratories) and 20 gM synthetic
phospholipid but no Ca™' . For calibration, 20 ul. of Thrombin
Calihrator (Thrombinoscope) was added instead of the triggering
0 ul of FuCa-reagent prepared  from FluGa-kio
(Thrambinoscape) was dispensed 1o initiazte the reaction. The

suluion,

thrombograms and peak height were analyvzed by the sofltware.
Data were collected i triplicate.

Pharmacokinetic Study of hBS910 in Cynomolgus
Monkeys

A single dose ol 0.3 mgdkg of hBSS10 was intravenously or
subrutaneousily administered to male cynomolgus monkeys (n=13

Lo

wh group). Blood samples were collected at an apprapriate
time alter cach administration. Plasma concentration of hispecific
antibodios was determined by human [eGespeeific ELISA,
Pharmacokinetic  parameters were  caleulated by WinNonlin
Protessiond soltware (Pharsighn).

Kinetic Analysis of Bispecific Antibodies Binding to FIXa
and FX Using Surface Plasmon Resonance

Kinetic analysis of bispeetfic antibodies was performed by
surfuce plusmon resonance (SPR) 1lhill§3,' a Biacore 1200 syslem
(G Healtheare), MabSeleet SuRe Ligand (Recombinant Protein
A GE Heabtheare) was immaobilized onto a CMA sensor chip (GE
Healthoarel, Then, anti-FIXa or anti-FX monospecific antiboics

were injected into Now cell 2 1o be captured. Natalizumab (Biogen-
Iefee Ine as a control humam [pG ) andbody was also injected into
Tomy vl captured. Then, (0, 80, 160, 320, 640, or
80 aM human FIXa or FX dissolved iy running bufler (10 mM
HEPES [pH 74, 150 mM NaGl, (005% surfactant P20, 2.5 mM
CaCli) was injected ara Mow rate of 30 pl/min 1 monitor the
association phase for 1240 s and the dissociation phase for 30 s.

o b

Supporting Information
Figure 51 Generation of anti-FIXa/FX bispecific anti-
bodies. Heavy chinn virinble regions (Vi) of anu-FIXa or anti-
X anubodies were Tused with engineered human IgGy or leG,
constant reeion having mutations 1o facilitate Fe heterodimeriza-
tion. Light chain variable regions V) were fused with human € or
region,  Bispecific antibodies were generated by
expression with two pairs of geoes, anti-FIXa and ant-I'’X heavy
chan and light chain genes (or a common light chain gene).
(PD¥

Figure §2 FR/CDR shuffling of the light chain. (A} CDRs

of three hght chains (1L, ¢21 and ¢3L) were shullled ameong each

k. constant
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other and gralied onto the FRs of oL and ¢41. Each light chain
variant was expressed with the selected amti-FIXa and ann-I'X
ins, (B) Effects of bispecific antibodies (67 nM) with light
chain variants on APTT assay in PVIH-deficient plasma are
shown, The Y-axis indicates the AFTT (s All the data were
collected in duplicate and are expressed as mean,

(PDF)

heavy che

Figure 83 Effcct of humanization of the lead chimeric
antibody (BS15) on FVIII-mimetic activity. [ffect of
chimerie antibody BS13 (circles) or hunumized antibody hBS|
(squares) on I'X activation in the presence of FIXa, FX, and
synthetic phospholipid. The Y-axis indicates the 405 nm ahsor-
bance at BX0 min of chromogenic development in the chromo-
genic substrate assav. All e data were collected in iriplicate and
are expressed as mean * s (in many cases, the bars depicting s.d.
are shorter than the height of the symbaols).

{PDF)

Figure 84 Positive charge cluster and Tyr30Glu muta-
tion on anti-FIXa Fv of hBS106. The positive charge cluster
consists of arginine or lysine residues at Kabat position 60, 61, and
95 in the heavy chain and Kabat positions 24, 27, 31, 53, 54, 61,
and 66 in the light chain of hBS106, Tyrosine located at Kabat
position 30 in the light chain was mutated 10 gluamic acid 1w
neutralize the positive charge cluster, Blue, red and gray colored
surface indicates positively charged. negatively  charged and
newtral protein surface, respectively, Red and green line indicates
heavy and light chain, respectively,

(PDI)

Figure S5 Precipitation and liquid-liquid phase sepa-
ration of bispecific antibody solution. Micro CCD camera
mmages of states of bispeeific anibody solution showing a clear
solution, precipitation, and liquid-liquid phase separation.

(PDIF)

Figure 56 J[n silico prediction of immunogenicity of
bispecific antibodies. (A} Immunogenicity risk score of BS15,
hBSI, hBS910, wastuzumab, and palivizumab predicted by
Epibase. (B} Immunogenicity scale of hBSH10 and other marketed
monoclonal antbadies by Epidatris, In both prediction systems,
higher score indicates higher risk of immunogenicity in human,

(PDF)

Figure 87 Necessity of bispecific binding to FIXa and
FX for FVIII-mimetic activity. Eilect of the bispecific
antibody (hBS910) (circles). monospecilic ant-FIXa  antibody
{squares), monospecific anti-FX anibody (triangles), or a mixture
of the two monnspecific antibodies (diamaonds) on FX activation in
the presence of FIXG, FX, and synhete phospholipid. The Y-axis
indicates the 405 nm absorbance at 30 min ol chromogenic
development in the chromogenic substrate assay. All the data were

collected in wiplicate and are expressed as mean = sd {in many
cases, the bars depicting s.d, ave shorter than the height of the
syinhols), Monospecilic antibodies agamst FIXa or FX antibodies
or the mixture of them did not exhibit any detectable activity even
at 120 min of chromogenic development.

(PDF)

Figure 88 Surface plasmon resonance analysis of bis-
pecific antibodies binding to FIXa and FX. Sensorgrams of
hBS1, hBS106, and hBS910 binding to FIXa (A) and X (B) at
a concentration of 80 nM, 160 M, 320 nN, G40 nM, and

1280 nM.
(PDF)

February 2013 | Valume 8 | Issue 2 | e57479



-

Acknowledgments

Wethank gur colleagues at Chogad Rosearch Instivate for Medical Science,

Ine. wned Chugai Phammaceutical oo Lael, K. Nagana, H, Sana, T
Sakamoto, T Matsgura, Ro Takemoto, ML Hiramona and H. Kisunura
for civrving out moawe stuciess Mo Fun, Y. Nakata, Ho Ishida and F

Isnmuea far
plhivsicochemical sy

antibody gencration: 5. Ohtsu for carrving ot the
and M Yashiula for carrving out the clEF analvsis,

References

Geraghoy &, Dunkley T,
Peactive patieris in t..
vare, Fiemmp!
ManvesJabis \!] \'Inlllr: T
L0 Traphsla
severe emepaliilia. N Faogl ] Mk 357
NIV, Fogany P Jesephson NC,
prophiviasis practices and |

Harringron €6 Lindvall K. Maahs J. o0 al (20
srapy = global progeess towards optital

Nel AT, Raflici L), e al. (2002} Suryey
ling characweristies of children with

e Ain VS Baensophilia veannent centres. Haemophilia 18:

sevete
Bl bl
Brarkaat

s O ML Spates G Seheathy 12, Tritsch 80 evoal 12012 Popudation
o oob recrmhinat Gweror VI the seliionships of pharmacoki-
el body weight, Blood 115 612 G618,
wr Bl Schroeder JA. Fahis SAC Momgomery RR(20012)
recovery of VIWE sl VT Rallowime intraperitoneal injection
veenees from inwavenons and subeutaneans injection ae omeee,
avmnphilia 630 wdn
Berntorpy B Shapivg AD 2002 Modern haemophilia vane, Lancet 379 1=
L
Asternark |, Donficld SML DiMichele DN Gringerd A Gilbent 8A, e al, (2007
A tncdammized compariset of bvpassing agents in hemophilin complicated by an
mbilutor: the FEIBA NuvoSeven Comgarative [FENOU) Stady, Biowd 109:
il

rissinger € Geringert Ao Anemen By Bernorp B, Biasoli G, ecal. (2011 Andi-
ihibitor coapulant complex prophylass in bermophilia with bibitors,
N Engl [ Med 33 168410642
Chan AC, Carter PJ 20100 Therapeane ardibenlios for auteininunity amd
inflanunation, Nat Res Dinmaeal (00301514,
Weiner DAL Sarama W, Wang S 20000 Masoclaal aibodies:
platliezes for canwer immunotherapy. Nag Roew Imanot 100 817327
Brok &, Wurch 1, Baille €, Corvaia N 2010 Steate andd clallenges for the
ai ol therageute antibodios, Nat Rev Dol 1 345352,
Zooswll VS Devries P Jakeh OG0 Xie Nooe all 2007 A potent
rupetin g D antibaody onesaces throngh o aovel binding
st Blowsd 1000 230020413
Mavorow AV, Amara N G JY Muoss JAC Blixon MS. ey al. (2000 Cavalvtic
ghrelin inercases wholi=hody metabalic rate and
recliines 1l 1 Gting mice, Prow cad Sei U S A 105 [ TH7-1 112
Bhaskar ¥, Goldline D Bedinger DH, Li A, Kusn HE, of ale (20125 A fully
ftpan, allosteric sonochonal antibecly diat activates the nsulin receptor and
! Dhiabsertes 61 F-1271,
sivilai 8, Tarhm P19y Brpecific wibod
siearment of diselss Clin Exp Immuanal 79 4 I
Bacierie DA Kuoter I, Burgoun BO2000 BUVE: Teaching antibodies to engage 1=
orlis lor eancer therapw. Crer Onin Mal Ther 112022230,
Ao Motfan B Scheer JML et al (20000 Bevelopimen
fe o therapoutie huian bispeeifie annbody thit
] Bl Cher 285; 908000 2054

man Factor V'

pharma
Betics o age

bl al

versatile

welation

arithedy ¢

ok ghveermic cowtinl

el for diag and

Vs 8.1
Rarwnnnastr

st

submit struciore
4 2 cimer and AL

] Bied Chem 20

Koshibu K P9IED The A2 subunit eof actor VIH2 modulates the acivee

tor INa | Biol Clhem 273 190039 (90514

n K, Fav P)(1097) I!m"l[iv'nlum al a Lacter X nteractive site i the Al

t factor VITHa | Biol € Iu m 270 A0H2- 2081,

Tapan KA, Fa AL subinenr of Geter VL and the

serine protease domain ol factar X slenified Dy ceroclenmby cooss-linking

Themnb Hae £ BLA

barting B, Domath M]L san Monets JA Menens. K194 Tdeniifieatinn of

a Ssanlienge ite for blonsd coagualiatiog f ton IXa on the light chain of b

Lt ¥ L'II I Bl ( i tetth Wi 7 l Gt

sty

factars I\‘ anrl \ restares hmm \II[ lu mastatic u:m:_\ in
A maodel, Nat Med [He 13700 [574.
R0 Dual targeting steategios with bispecifie antibodies, MAbs

PLOS ONE | www.plosone.org

Factor VIl Mimetic Bispecific IgG Antibody

Author Contributions

Provided direction and guidance:
hispecitic antibody, directed and organized the program: K.
Conceived and designed the experiments: 11l
Performed the l'XF]l‘TiIIIl’.IIl!G:

K.

e

3

3z

1

.

=

Ah

7.

3n.

10,

b

. Deng R, Iyor

YN Provided the hypothesis of the
Hatton,
L Kojima I Kitazawa,
TITSYON CMTW ET AM KY AH MF
Harava TT 55 KE Wrote the paper: 25 TL

‘Thomas M, Stubenrauch K. Cronsdale R, etal (2002
|

Rlen €, Sustmann €,
!I‘)EIEM III AWCTOOMTTHY l’l:“ LTI BT FIAE (5] B ES '||| hl!‘)“lhl ill lf'[hll"
TaCr antibodies. MAhs 12 6553001

Merchamt AM, Zha Z. Yuan JQ, Goddard A, Adann W, et al, (1998) An
elficient ronte ta human bipecifi I;{h Nat Hlulr(hluu 16: H7T-681.

fgawa T, Trunoda H, Kuramoehi 1709 Iy Engnecnng
the varable region of therapeutic 1z0 antibodie 259,

Jones T, Dear PH, Foote |, Neuberger MS, Winte G .lqah\ Replacing the
complementarite-determining regions i a lbuman antibody with those rom
a mouse. Natee 3210 522 505

Lgawa T, Tsunonda L Taehibraz T M A Mizsoto Vet al, (20000 Reduced
climination of T antibodics by engineering the varable region. Protein Eng
Des Sel 20 285392,

Mason BIY, Zhang L, Bemmele RE Jes Zhang | 2001 Opalescenee of an lgG2
manoclonal antibody solution as 1t relates 1o Bguid-liguid phase separation,
J Pharm Sci 100 43874349

WViasak J, Bussar MO, W

5, Wigmner-Ronset B Schaeler M, et ol [2000)
Identification and characterization ol asparagine deamidation i the light chain
CDRI of a bumanized lgGloanibody, Anal Biochem 392: 115151

Van Walle [, Gansermans Y. Pavvens PW. Sts P Lasters [ (2007)
Immunogenicity soreemng e proten deuge development. Expert Opin Biol
Ther 7: 105418,

De Groot AS, McMury J, Moise [ (2008) Prediction of immumogemicity:
silice: paradigms, ex viva and moviva coreelates. Cuaee Opi Pharmacal B G20
L,

Weber CA, Mela P Avdivg M. Moise Lo Marnn B, e
fricnd or foe? Immunogenmicity ol Biologos mocontes
Hh-970

Hembker HC, Giesen P AL Dien B, Regnanlt ¥, e Smcde B, ot al, (2005
Calibated automated  thrombin seneration scasurement in clotting plasma
Pathephysiol Hacmost Theomb 0% 115

Shima M, Matsuotn T, Ouiwara K (2008) New
Tacemophilia treatment. Tlacmopl 14 Suppl &: B340

Mavnard JA, Maassen G Lepipla STHL Draske K. Panerson L. en al, (2002
Protection ag wanit antibody Fragmenn corrclates
with amigen allinie, Nar Buotechnol #Hk 59500

Al [2009) T cell epitope:
Adv Drug Dieliv Rew 61:

assays fin monstoring

£ oanthr tesm by recor

. Johuson 8, Giriego SD, Plarr DS, Doyle ML, Woods R et al, (1894) A direet

comparison of the activities of two humatized respiratory synevtial ving
mouoelonal antibodies: ME |l| 1 and RSITZI ] Dnfecr Dis 180: 4540,
Lacy SE, DeVries Bf, Xir ung B, Lestiewski RR. et al. (2008] The poteney
ul erythiropuietin-minic .ll']lﬂ)dlllu venrelates inversely with aflinity. ] Immumnol
1d1: 12821207,

Lin Y5, Nguyen O, Mendoea JLo Eseandon B Fei 13, et al (1994 Preclinical
pharmacakinetics, iterspecies soabing, and tissue (Iu.l_rdmhml of @ hoimamzed
menoclanal antbody aganst viscalar endathe growth factor ] Pharmacal
Exp "Pher 268; 371378,

Bevincoss 1], Chow FS, Tabin 1P, Kuwok 1 Davis GB, et al (2000
Pharmacekmetics aned pharmacodynamics of a humankeed monoclonal anuliody
o Taetor 1N in cynomolbgus monkeys. | Pharmacel Ly Th RLO-f1n

5, Thedl
human pharmacaks
have we fearned” MAhs 5 0l-hk

Vogmesster Y, N X, Theil FE Khawli LA, Teach MW (2012) Phunmacoki-
netics and oxicology ol therapeatie protems: Advanees and  challenges
Wardd | Biol Chem 32 T4-42

Rachter WF, Bl Lo3G. Mams ME (2002) Mechanstic deterr s of
biatherapeution absorpuon fallowing SC adminstranon. AAPS | 4 550-570.
Fischer K. Lewandowski D, Mardjie van den Berg 1L Janssen MP (2012
Validlity of assessing inhibitor development w hacmophilin PUPS using registry
data: the HASS project. Haemophilia 18: c241-240

Shure 8). Shabirokh £, Lan | 2001 Challe he develapment of high
protein concemtration forndations, | Pharm 44: 1350 1402,

Pepisky RB, Silvian 1, Berkowitz A, Farrington G Ligovskes AL et al £2010)
Improving the salubility ol anti-LINGO- | monaclonal antibody L% by isorype
switching anel trgeted mutagenesis, Protein Sei 190 954966,

Okuda M, Yamamoto Y 20040 Uselulness ol syvnthetic: phospliohpid
mepsurenment of activiled partial thromboplastin e 4 new preparadion
procedure to reduce barch difference, Chin Labe Haemaral 26: 215225,

. Morensen DL, Fielder B, e 1201 1] Frojecting
ies ol therapeute antihodies from nonclinical data: what

February 2013 | Volume 8 | lssue 2 | e57479



p

Freyo D G

Biochemistry 1996, 33, 18971903 1897

[somerization of an Aspartic Acid Residue in the Complementarity-Determining
Regions of a Recombinant Antibody to Human IgE: Identification and Effect on
Binding Affinity
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ABSTRACT: This report describes the effeet on antigen binding of an isomerized aspartate residuc located
in the complementarity-determining regions (CDRs) of a recombinant monoclonal antibody. The antibody,
which binds human Igli, contains two Asp-Gly sequences within its CDRs, but only onc site was found
1o be labile to isomerization. lIsolation and characterization of antibody fragments differing in the labile
sequence were facilitated by using a technique involving hydrophobic interaction chromatography (HIC)
that scparates aspartyl. isoaspartyl. and cyclic imide variants to the residue located in CDR-LI. The
variants were isolated for structural characterization and for determination of their relative antigen binding
affinitics. Mutants were constructed with altered residues to obviate the effects of isomerization and
were evaluated for their ability to bind to Igk. Inspection of published crystal structures of CDRs of
antibodies indicated that hydrogen binding of the Asp side chain of the unrcactive residue may be the
constraint that prevents isomerization. The strategy outlined here may prove to be of genceral utility in
the biochemical and immunochemical characterization of recombinant antibodics.

Monoelonal antibodies (MAbs) are characterized by highly
sclective binding of a target antigen. The selectivity can be
exploited for detection of the antigen in diagnostic applica-
tions, for purification in immunochromatographic techniques,
to inhibit biochemical interactions in witro, or as human
therapeutics. The therapeutic uselulness ol MAbs can be
improved in many applications by employing recombinant
IINA technology to produce humanized MAbs (rhMAbs).
I hese molecules are produced by splicing the residues from,
cg.. a murine MAb that confer antigen specificity into a
human immunoglobulin framework (Jones ef al.. 1986). This
process vields a protein that is identical to human antibodics,
save for the highly variable residucs within the complemen-
tarity-determining regions (CDRs). The resulting molecule
is less prone to eliciting an immunogenic response when
administered 1o humans than are MAbs derived from other
species, such as mice.

rhMAbs are subjcet to degradation reactions that affeet
all proteins, such as isomerization of aspartate residues. As
shown in Figure 1. aspartate residues (1) in Asp-Gly
sequences can isomerize to isoaspartate (11) through a cyclic
imide intermediate (I11) at an appreciable rate (Geiger &
Clarke, 1987). The cquilibrium, rate, and pll dependence
ol this reaction have been studied in model peptides separated
by reversed-phase HPLC' (Oliyai & Borchardt, 1993). Since
the reaction is reversible, and the intermediate is relatively
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Abbreviations  huFecRL human high-affinity Tel’ receptor; HIC,
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chromatography: EDTA, ethvlenediaminetetraacetic acid, P phen-
vithiohydantom
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Fioure | Chemical mechanism for isomerization of Asp-Gly (1)
sequences. The reaction proceeds reversibly through a stable eyclic
imide intermediate (111), resulting in an isoaspartic acid-containing
sequence ([T).

stable, peptides with labile Asp residues can be found in three
forms containing cither Asp, iso-Asp, or eyclic imide (cAsp)
at the pertinent position. The tendencey to undergo isomer-
ization has been postulated to depend on the local flexibility
of the portion of the molecule containing the Asp-Gly se-
quence (Geiger & Clarke. 1987). In this mechanism, suffi-
cient local flexibility is required to accommodate the struc-
wral differences of the three species. The three forms inter-
convert and so approach an equilibrium that is temperature-
and pll-dependent (J. Frenz and J. Cacia, in preparation).

As human therapeutics, monoclonal antibodies are subject
to the same stringent oversight of their structural character-
istics and consistency of manufacture as other protein
pharmaceuticals, Sensitive analytical techniques are required
to characterize 2 MAb intended for clinical uses to fully
characterize its relevant features. Variants gencrated by
spontaneous mutagenesis or degradative processes may alter
the specificity and strength of antigen binding, particularly
il the residuc(s) involved arc in the CDRs of the MAb,
Variants that are silent with respeet to antigen binding also
present manufacturing and product consistency issues but
may not dircetly impair the efficacy of the MADb as a drug.
One example is the variable degree of post-translational
processing of the C-terminal lysine in the Fe region of 1gGs.
which has been attributed 1o carboxypeptidase activity
(McDonough ef al.. 1989). A sccond example is the recent

©@ 1996 American Chemical Society
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Frovee 20 Primary structures of the complementaritv-determining
regions (CDRs) of the E25 rhMAb The CDRs are defined as
described in Presta er el (1993).

wdentification ol a genctic mutant of a recombinant mono-
clonal antibody. involving a point mutation in the Fe region
of the molecule (Harris et al.. 1993).

1:25 is a rhMAD that prevents binding of Igk antibodies
1o high-affinity receptors (Presta ef aof., 1993) and thereby
shows promise as a treatment for allergic diseases (Chang
efal., 1990). E25 (Figure 2) comains Asp-Gly sequences
in CDR-L.1 at 1.32—33 (i.c.. residues 32—33 in the light
chain) and in CDR-12 at 1155—56. This report describes
the evidence for the occurrence of iso-Asp and cAsp residues
in 125 samples incubated at 37 °C and pll 5.2

FXPERIMENTAL PROCEDURES

Muaterials. Recombinant human monoclonal antibody E25
was cloned, expressed. and purified ar Genentech, Inc. The
antibody was prepared at 5 mg/ml. in a buffer containing
10 mM acetate (pll 5) and incubated in a 37 °C water bath
to generate the isomeric lforms of the antibody characterized
in this studv. E25 mutant Fabs were prepared using site-
direeted mutagenesis and purificd as described (Presta er al.
1993},

Hvdrophobic Interaction Chromatography.  Analytical
HIC was performed on a 4.6 x 30 mm TSK-Butyl NPR
column (Tosoh Haas. Montgomeryville. PA). Buffer A
consisted o' 2 M ammonium sulfate in bufter B [20 mM
I'ris and 20% glyveerol (pll 8.0)]. The column temperature
wis maintained at 40 °C, Intact E25 (5 pg) was injected
and cluted with a 15 min lincar gradient from 60 10 33%
bulfer A at a flow rate of | mL/min, Antibody fragments
al 1225 were scparated with a 20 min linear gradient from
90 1w 38% buffer A. The HIC column was washed with
100% buffer B for 10 min following cach run and equili-
brated at the initial gradient conditions for 10 min prior to
injection. All chromatography was performed on a Hewlett-
PPackard (Palo Alto, CA) 1090M HPLC system with detection
by UV absorbance at 214 nm.

Preparative collection was performed on E25 Fab and
Ffab'), fragments for characterization using a TSK Phenyl
SPW column (7.5 % 75 mm). The column was run at 40
‘C and 0.8 ml/min. Buffer A contained 2 M ammonium
sultate in bulfer B |25 mM sodium phosphate and 20%
glyeerol (pll 7.0)]. A 70 min lincar gradient was run from
70 10 20% bufter A, Fractions were collected manually and
concentrated using Centricon-10 microconcentrators (Ami-
con. Beverly, MA).

Pepsin Digestion of 1225, Samples of E25 were diluted
s-fold with 0.1 M sodium citrate (ptl 3.5). Pepsin (Wor-
thington Biochemicals. Frechold, NJ) was freshly resus-
pended in citrate buller and added to 1525 samples in a final

Cacia et al.

pepsin:E25 ratio of 1:100 (wiw). The samples were then
incubated at 37 °C for 2 h and injected into the HPLC.

Papain Digestion of 125, Samples of intact or Flab'),
25 were exchanged into papain digest bufler containing
0.1 M sodium phosphate and 2 mM ethylenediaminetet-
raacetic acid (EDTA) (pHl 7.0) using Bio-Spin 30 columns
(Bio-Rad, Hercules, CA). Freshly prepared r-cysteine was
added to the samples to achicve a concentration of 10 mM.
Papain (Worthington Biochemicals) was added at a papain:
1225 ratio of 1:100 (w:w) to the samples which were then
incubated at 37 °C for 4 h. Samples were frozen at —20 °C
until Fab fragments were preparatively collected or analyzed
by HIC.

Tryptic Peptide Mupping. S-Carboxvmethylation of E23
Iab fragments was performed prior to digestion with trypsin.
Samples were concentrated and exchanged using Centricon-
30 microconcentrators (Amicon) into a solution containing
8 M urea. 035 M Tris. and 1| mM EDTA at pll 8.3,
Digestion and mapping conditions were cssentially as
described (Harris ef af., 1993). Peak fractions were collected
manually.

Liquid Chromatography—Mass Spectrometry (LC—MS).
Mass spectrometric analyses were performed using a Sciex
(Thornhill, Ontaria) AP1 Il instrument operating in the
positive-ion mode. The HPLC solvents A and B were 0.1%
trifluoroacctic acid (TFA) in water and 0.1% TFA in
acctonitrile. respectively.  The E235 Fab fragments were
injected onto a TSK-Pheny! 5PW column cquilibrated with
10% solvent A at 45 °C with a flow rate of 0.5 mL/min. A
linear gradient was run to 60% solvent A in 40 min. The
column eluate was split at a ratio of 1:100 and introduced
into the mass spectrometer at a flow rate of 10 uL/min.

N-Terminal Sequence Analysis. The cyclic imide inter-
mediate was identified and sequenced using a previously
deseribed procedure (Kwong & [Harris. 1994). E25 Fab
tryptic fragments were sequenced on an Applied Biosystems
(Foster City. CA) Model 477TA/120A svstem. Molar values
for the PTH amino acids were gencrated by peak arca
comparisons o an external standard mixture.

IgEZ Recepror Binding Intubition Assay. The biological
activity of E25 variant [ragments and site-directed mutants
was assessed by measuring their respective abilities to inhibit
the binding of human Igki to the human high-affinity IgE
receplor, huFceRl. as described previously (Presta et al..
1993). An intact 125 standard was used to quantify samples.

RESULTS
HIC Separation of 1225 Isoforms

The hydrophobic interaction chromatography condi-
tions—including column choice. bufler composition, and pll
and column temperature—were optimized for resolution of
isoforms of intact £23. as described elsewhere (1. Frenz. J.
Cacia, and R, Keck. in preparation). The chromatogram of
1i25 incubated at 37 °C for 21 days. shown in Figure 3,
contains scven peaks that represent forms of the antibody
containing combinations of heterogencities at different sites
on the bivalent antibody. as detailed below. One source of
heterogeneity is the partial processing ol a C-terminal lysine
on the heavy chain. This can be shown by treatment of the
antibody with carboxypeptidase B, which cleaves basic
residues from the C-terminus of proteins and climinates peaks

1
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Identilication of Variants in Recombinant Antibodics
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Frovke 30 Separation by hvdrophobic interaction chromatography
ol intact 1225, Peaks labeled 17 correspond to the variants
identified in Table | Separation conditions are deseribed in the
text
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Iiure 4- Separation by hydrophobic interaction chromatography
of the mixture resulting from papain digestion of 1:25. The portion
af the chromatogram labeled Fab includes the three heterodimeric
{ragments containing cither Asp. iso-Asp. or cAsp at position 32
The portion labeled Fe includes the homodimeric ¢ fragments that
contain one or both of the unprocessed C-termunal lysine residues,
as well as the major constituent. the Tully processed fragment, The
separation conditions are described in the text

I and 2 from the chromatogram. without affecting the
positions ol peaks 3 7 (data not shown). The remaining
source ol heterogeneity in these peaks was identificd as
deseribed below.

Characterization of 125 Isoforms

Papain Digestion and HIC Separation of C-Terminal
IHeterogeneity. A convenient way 1o localize the sources of
heterogencities on an antibody moleeule is by selective
protease digestion followed by separation ol the resulling
fragments. Both papain and pepsin digestion followed by
HIC separation were emploved 1o characterize the hetero-
genetly observed in the 1823 antibody. Papain cleaves the
1:25 malecule on the C-terminal side of His-11228 10 yicld
two Fab [ragments and an Fe {ragment. The digest mixture
can be resolved on an HIC column as shown in Figure 4,
Two peaks in the chromatogram yielded massces that cor-
respond to the expeeted mass of the Fab fragment, 48 194,
by LC—MS. as shown in Table 1. "The third peak yiclded a
mass 16 amu smaller. The Fe fragment was resolved into
three peaks, but treatment of the antibody with carboxypep-
tidase I3 prior to papain digestion (data not shown) results
in disappearance of the two peaks cluting slightly ahead of

Biochemusiry, Vol 35, No. 6, 1996 1899
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Figure 50 Portions of the chromatograms of mixtures resulting
from trypsin digestion of purified Fab-I and Fab-111 E25 variants.
This portion of the chromatogram contains the four peaks labeled
a—d that were collecled and subjected 1o N-terminal sequence
analysis. The reversed-phase HPLC separation of the digest mixture
was carricd out as described in the text.

Table 1: Mass Spectrometric Analyses of E25 Fab Variants

Fab  expected  observed
sample mass mass dentity
Fab-1 48194 48194 L1 -217 HI-228 (Asp @ 1L.C-32)
Fab-Il 48194 48194  L1-217, HI-228 (iso-Asp @ LC-32)
Fab-llI 48176 48178 [.1-217. HI1-228 (cAsp @ LC-32)

Table 2 N-Termunal Sequence Results of 1525 Fab Tryptic Peptides

peak sequences observed identity
a 4D pmol of GPSVFPLAPSSK HI128—139
2.5 pmol of DYFPEP H154—159

b 5.0 pmol of ASQSYDYDGDSYMNW  L25-46 (Asp (@ 32)

5.0 pmol of NTFYLQMNSLR H77-87
1.5 pmal of LLIY L5053
¢ 6.0 pmol of ASQSVDY! 1.25—46 (1s0-Asp @ 32)
73 pmol of GPSVEFPLAPSSK HI128—139
3.0 pmol of DYFPEP HI34—-159
d 10 pmol of NTFYLOMMNSLR L50—53
2.0 pmol of LLIY H77—-87

@ Sequence reaction terminated

the main peak. Hence. these peaks represent forms of the
antibody that retain ¢ither or both of the C-terminal lysines,
This procedure thus provides a means for quantification of
the extent of processing ol these residues: in this case, about
3.5% of the E25 molecules contains both lvsine residues.
16.5% contains a single lysine. and 80% lacks both residues.

Characterization af Fab Fragments. The identities of the
Fab fragments were cstablished as follows. The peaks
identified in Figure 4 as Fab-l and Fab-11. which have the
mass expected of the correet Fab fragment (Table 1), were
individually collected and digested with trypsin and the
resulting peptides separated by reversed-phase HPLC. The
tryptic maps for the two forms of Fab were essentially
identical except lor the portions compared in Figure 5. The
four peaks labeled a—d were collecied and subjected to mass
spectrometry and 15 cycles of N-terminal sequencing. Mass
spectrometric analysis of the collected fractions indicated that
peaks b and ¢ both contained a peptide with the mass
expected (2568 amu) for the full length L2546 peptide that
contains the labile Asp-L.32 residue. The sequences obtained
for the four peaks are shown in Table 2 and reveal that peak
b [rom the map of the Fab-I {ragment contains the full length
unmodified L2546 peptide (Table 2). Peak ¢, in the map
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IGure 6. Separation by hvdrophobic interaction chromatography
of the mixture resulting from pepsin digestion of 25 The peaks
lubeled 3" 7" correspond to the variant identitics summarized in
lable 3. The separation conditions are deseribed in the text.

ol the Fab-11 fragment, contains a peptide beginning with
Ala-1.25 along with the two peptides found in peak a.
Termination of the sequencing reaction at eycle 6, just before
an expected Asp residue in a peptide that mass spectrometry
indicates is the full length 1.25-46 tryptic peptide. suggests
that the Asp-1.32 residuc has isomerized to isoaspartate
(Allen, 1981). Isomerization of the Asp residue does not
change the mass of the peptide. IHence, Fab-1 is the fragment
containing the expected Asp-1.32 residuc. and Fab-I1 is the
fragment with the isoAsp variant,

The Fab-I1T fragment was found by LC—MS 1o have a
mass of 49 178 (Table 1). This mass is in close agreement
with the value ol 48 176 cxpected of the succinimide
intermediate of the isomerization reaction, according to the
scheme shown in Figure 1. The identity of this fragment as
the eyelived aspartate (eAsp) form ol the Fab was consistent
with its observed rapid conversion to a mixture of Fab-1 and
Fab-1I under mild conditions (data not shown), This
assignment was further supported by a procedure that has
been desceribed for direet idemtification of cyclic imide
intermediates in proteins (Harris & Kwong, 1994). HIC
peaks Fab-I and Fab-1IT were collected and subjected to this
procedure in which hydroxylamine is used to cleave the
protein at succinimide residues.  Fab-l yiclded only the
expected N-terminal sequences of the heavy and light chains
alter hvdroxylamine treatment (data not shown). Fab-Ill,
on the other hand, gave a scquence beginning with Gly-L33
in addition to the heavy and light chain sequences, consistent
with the chain cleavage ol the evelic imide at Asp-1.32 that
oceurs upon treatment with hydroxylamine,

Henee. these results demonstrate the occurrence of the
isomerization products in CDR-1.1 of the E25 antibody and
the assignment of Fab-1 as the Asp-containing fragment, Fab-
Il as the so-Asp-containing fragment, and Fab-111 as the
cAsp form.

Pepsin Digestion Followed hy 1HC Separation.  Two
sources af heterogeneity were identified by papain map-

ping: partial processing of the C-terminal lysine on cach of

the heavy chains and isomerization of Asp-1.32. To dem-
onstrate that these two Teatures account for the occurrence
ol seven peaks in the 1235 chromatogram shown in Figure
3. digestion with pepsin was employed.  This treatment
cleaves the Fe portion of the antibody. removing C-terminal
heterogencity.  The resulting mixture can be separated into
five components by HIC, as shown in Figure 6. that
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Frgure 7: Separation of mixtures generated by papain digestion
of F(ab’), variants of [:125  Peaks 3'—7", shown in Figure 6, were
individually collected, subjected o papain digestion and separated
under the same conditions as in Figure 4, resulting in the three
Fab fragments labeled Fab-1. Fab-Il, and Fab-I11

correspond with peaks 3—7 in the chromatogram of intact
225 shown in Figure 3. The Fiab’), fragments are better
resolved on the HIC column. and so these were used rather
than the intact antibody for characterization of the combina-
tions of variants found in 125, The F(abh"); peaks are labeled
3'=7" to emphasize their relationship to the scparation of
the components of intact E23.

Papain Digestion and COR Mapping of Frab’), Frag-
ments. Each ol the F(ab’)> peaks in Figure 6, denoted 3'—
7. was individually collected and subjected to digestion with
papain in order to identify differences among the species.
Papain digestion of cach of the bivalent F(ab'}), variants yields
two antigen binding fragments that can be resolved by HIC.
Figure 7 shows chromatograms identifying cach ol the Fab
fragments released by digestion of cach of the peaks collected
from the chromatogram shown in Figure 6. The papain
digest of peak 3’ compriscs only the Fab-I variant; that is, it
contains the expected Asp-1.32 residue in both antigen
binding sites. Peak 4" viclds roughly equal amounts of Fab-I
and Fab-I1 and so has Asp-L32 in onc binding site and iso-
Asp-1.32 in the other binding site of the antibody, while peak
5’ shows all three forms of Fab in the papain map. Peak 6’
yields mainly Fab-1lI and Fab-1II in an approximately 2:1
ratio, with only trace amounts of Fab-1. Peak 7" yiclds
mainly Fab-II1, with much smaller amounts of the other two
species. The assignments ol identities to peaks 57" are
complicated by the relatively rapid hydrolysis of cAsp
residues under the conditions employed for the papain
digestion, Fab-I11 is the isoform containing cAsp-1.32 and
appears in the papain maps of peaks 5'—7°. Hydrolysis of
this residue to Asp and iso-Asp must be taken into account
in order 1o interpret the papain maps of these fragments.
Hence, peak 3" represents the species of antibody with Asp-
.32 in one antigen binding site and cAsp-1.32 in the other.
By this reasoning. the appearance of a relatively small
amount of the iso-Asp form ol the Fab following digestion
is due to hydrolysis ol the cAsp form. Fab-1II. Peak 6
represents the coclution ol antibody fragments containing
is0-Asp in both binding sites and the isoform with iso-Asp
in one site and cAsp in the other, Finally. peak 7° consists
of the fragment with cAsp in both antigen binding domains.
Henge. this analysis distinguishes those isoforms that are
unmodified (peak 3% from those with one unmodificd antigen
binding sitc (pcaks 4" and 5°) and from those that are
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Fable 30 Identities and Binding Alfinities of E23 [soforms
Hesolved by HIC

Table 4; Idemities and Relative Binding Atfinities for thuMAb-123
Fab Variants and Mutants

number of Lys residues at
peak  F(ab"), residues at L-32 sites in relative Fab'),
1 peak [D" position H451¢ bivalent antibody  binding affinity*

I NA 2 Asp-Asp NA

2 NA 1 Asp-Asp NA

3 L 1 Asp-Asp 1004 3.8
I iy 1} Asp-1s0-Asp 42k 15
3 5 0 Asp-cAsp 51406
o [ f) 150-Asp-150-Asp 154035

1s0-Asp-cAsp
i T 0 cAsp-cAsp 22107

“HIC peak number of the intact antibody, as shown in Figure 3
" HIC peak number of the Flab”); antibody (ragment, as shown in Figure
5 NA - not apphicable owing to removal of Fe fragment by pepsin
2 indreates the presence of both Lys-H451 residues on the antibody,
I indicates a single remaiming Lys residue, and 0 denotes that both
1.ys residues have been removed from the molecule, ¥ Entrics refer to
the principal variant occurring, in residue 32 in each of the hght chains
The two entnies indicate the two individual light chains in the bivalent
antthody  Asp = aspartate, 1so-Asp = isoasparntate. and cAsp = cyclic
mmide mtermediate i the conversion between Asp and 1so-Asp
Activity measurements are normalized to the native Asp-Asp form
of the antibody

madified in both sites (peaks 6" and 7%). The assignments
al the seven peaks in the chromatogram of E25 shown in
Figure 3 can be made by analogy 1o the results obtained on
pepsin-digested antibyd and are summarized in ‘Table 3 along
with the identities " the F{ab’), variants. The assignments
in Table 3 only show the principal components of cach of
the peaks of the intact antibody, since there are expected to
be coclutions o minor components that sport difTerent
combinations of light chain Asp-1.32 and heavy chain Lys-
11451 heterogeneity.

In Uitro Activity of £25 Fab'): Varianis

The effeet of isomerization of Asp-1.32 on the allinity of

1:25 for Tgl, was assessed by measuring the ability of F(ab’),
variants purified by HIC to inhibit binding of Igl- to its high-
alTinity receptor. Peaks 37" from a separation such as
shown in Figure 6 were collected and tested for their relative
ability 1o block binding of IgE to the receptor, hukeeRI, with
results shown in Table 3. The singly modificd forms of the
antibody (peaks 4" and 5%) have roughly half’ the binding
affinity for [gk as the native form of the antibody (peak 37).
Furthermore, when the antibody is moditied at both func-
tional valences (peaks 6° and 7°). the relative binding affinity
is again halved with respect to the singly modified species.

Tntervaction of 25 Varianis with lgh

The effect of variations in the Asp-1.32 residue on the
alfinity ol 1225 tor Igls was further assessed by quantilication
ol the ability of Fab variants to inhibit binding ol Tgk to its
reeeptor. The residues important in afTecting the affinity of
1:25 tor lgl were previously defined (Presta er al., 1993).
Ihis study included Fab fragments that were prepared by
site-dirccted mutagenesis ol the labile Asp-1.32 and nearby
residues. The mutants were used 10 probe the importance
of various residues, including Asp-1.32. in IgE binding and
o examine the leasibility of stabilizing the molecule with
respect 1o isomerization while maintaining antigen recogni-
tion. The results. summarized in Table 4. indicate that
changing Asp-1.32 decreased the relative binding allinity for

Fab vaniam  identity (vanauon from sequence relative
or mutant shown in Figure 2} binding aftiniy
E25 Fab-I CDR sequences shown in Figure 2 100+£39
E25 Fab-Il  Asp-L32 — iso-Asp 134£07
E25 Fab-1ll  Asp-1.32 - cAsp 16426
V1o Asp-L30 = Ala
Asp-L32 -+ Ala <10
Asp-1.34 — Ala
V100 Asp-1.32 - Ala P s Ze i
VIo3 Asp-1.32 — Ala
Asp-H33 - Ala 56+20
His-11105 —= Ala
ViD4 Asp-L.32 — Glu 3321

@ Activity measurenents are normalized to the native Asp-Asp form
of the antibody

IgE significantly, whether the mutant residue was an alanine
(V100). glutamate (V104), or the isomerization variants of
aspartate (Fab-Il and Fab-1I1). Previous studies (Presta er
al.. 1993) had shown that the affinity of the antibody for
Igk can be eliminated by mutating Asp-1.30 and Asp-1.34
along with Asp-1.32, as shown by the result obtained for
the V10 mutant. The loss of binding suffered by changing
Asp-1.32 10 Ala can be partially recouped by changing two
residues in the heavy chain to Ala, as in the V103 Fab.

DISCUSSION

Among the modifications undergone by proteins following
expression are chemical changes such as the isomerization
of an Asp-Gly scquence described here. The biological
significance of isomerization of aspartate residues is un-
known. but an enzyme has been identified, protein isoaspartyl
methyltransferase, that methylates iso-Asp residues and that
may be a repair enzyme for reconversion of these residues
o Asp (Aswad. 1984; Ota & Clarke. 1989). Hence.
isomerization of Asp residues, under certain conditions, likely
oceurs in vivo. The in vive role of isomerization of Asp
residucs in the CDR of a natural antibody is probably
negligible, since polyvelonal antibodies consist of a diverse
assemblage of sequences with varving alTinities, so any
secondary chemical effect on a particular sequence will be
insignificant. Hence, there would be no evolutionary pres-
sure to avoid labile sequences in the CDR, as there might in
other proteins, where significant chemical modifications
would have structural and functional consequences for the
organism, In the special case of monoclonal recombinant
antibodies, which have significant technological importance.
chemical modification of CDR residues following expression
may be conscquential and should be taken into account in
the engincering of a therapeutic antibody.

An Asp-Gly sequence in a recombinant human monoclonal
antibody was shown here to undergo isomerization to a
f-amino acid. through a eyvelic intermediate, giving rise to
variants of the antibody that differed at this site, containing
cither iso-Asp-Gly or succinimide in place of the expected
sequence. Identification of the reaction products was
lacilitated by the use of hvdrophobic interaction chroma-
tography for separation of variants of the intact antibody and
fragments generated by selective protease digestion. Fol-
lowing digestion with papain, the three variant Fab fragments
could be puritied by HIC (Figure 4). The residue at the labile
position, where Asp was expected, was determined by a
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combination of tryptic mapping, mass spectrometry, and
N-terminal sequencing, Termination of the Lidman sequenc-
ing reaction was used to identify the isoAsp residue in a
peptide that had the same mass as the expected sequence.
Electrospray mass spectrometry of the Fab fragment was
sufficiently accurate o demonstrate the incrcase in mass (18
amu) expected lor the evelic imide-containing variant, even
though the fragment itsell has a mass near 50 kDa. Pepsin
digestion was then emploved to generate Fab'), fragments,
1o permit identification of forms of the antibody that carried
different combinations of the isomerization product in each
ol the antigen binding sites. The oceurrence of isomerization
at a single residue accounted for all of the heterogencity
found in the CDRs of the antibody.

lividence for isomerization was found in the Asp-1.32-
Gily-1.33 sequence in CDR-1.1. but not {or the other potential
seluence, Asp-1155-Gly-1156. that is in CDR-H2 of the
antibody, The two sequences are both present in loops that
interact with antigen and so arc exposed to the same
environmental conditions during the incubation that gave rise
W isomerization in CDR-1.1. Analysis by HIC separation,
peptide mapping, sequencing, and mass spectrometry indi-
cated only the presence ol the expected H2 sequence and
no evidence for isomerization at this site. The marked
difference in reactivity of the two sequences confirms the
role of higher-order structure in the rate of reactions, such
as isomerization and deamidation, that proceed in proteins
through a cvelic intermediate (Geiger & Clarke, 1987).

Monoclonal antibodics, such as E25, provide a useful ool
{or mvestigation of the influence ol structure on the reactivity
ol a peptide sequence sinee the erystal structures of many
ab fragments have heen solved and can be compared to
clucidate the likely conformation of a given sequence. In
order o investigate why the Asp-Gly sequence in 125 CDR-
[.1 forms isoaspartate but the same sequence in 125 CDR-
112 does not. we compared CDR loops from Fab crystal
structures in which the size and sequence of the CDRs were
similar to those in 1:23, CDR-L.1 is a member of the murine
x-light chain subgroup III, and in this subgroup, a Tyr-Gly
sequence is most common, though 8 of 89 sequences contain
Asplor Asn)-Gly (Kabat er al.. 1991). Only two such crystal
structures are available in the Protein Data Bank (Bernstein
et al, 1977): TACY has Tyvr-Gly (Ghiara et al., 1994) and
1GGE has Asp-Gly (Rini er al., 1993). The CDR-LI loops
from these two erystal structures were superimposed using
backbone atoms of the first two and last two residues of the
CDR (ic.. residues 24, 25, 33, and 34). For these two loops,
much ol the loop can be superimposcd except for the residues
near the Tyr-Gly and Asp-Gly sequences (Figure 8, left).
F'or CDR-H2, five Fab crystal structures contain a CDR-H2
with the same size and similar sequence as E25; 1GGB (Rini
et al. 1993) and | VIR (Bhat er af., 1994) have an Asp-Gly
sequence (Asp side chains shown in Figure 8, right), 3SHEM
(Padlan er al.. 1989) and I1BAF (Brunger er al., 1991) have
a Ser-Gly sequence. and TFAB (Saul & Poljak. 1992) has a
Ihr-Gly sequence. The five CDRs were superimposed using
backbone atoms of residues 49, 50, 39, and 60. In contrast
0 CDR-L.1, the five CDR-112 loops have similar conforma-
tion, with 3HFM being the most dissimilar (Figure 8. right).
Four of the five have a type | reverse turn (with the Gly
residuc as the fourth residue of the wrn; 3HFM does not
have the wrn). and the side chain at position 54 accepts a
hvdrogen bond from ghe backbone peptide > NI of residue
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Froure 8 Crystal structures ol (left) CDR-L1 and (right) CDR-
112 sequences similar to those of E25. The structures of the CDR
loops were drawn from published coordinates and superimposed
at the first and last two residues of the fragments illustrated as
described in the text. The side chains of aspartic acid or asparagine
residues in the position corresponding to Asp-1.32 or Asp-HS3 in
the pertinent sequences are shown.

56. The presence of the reverse turn as well as the side
chain—backbone hydrogen bonds may stabilize the confor-
mation of CDR-H2 and thereby prevent formation of
isoaspartate.  The results suggest that the sequence is too
constrained to undergo the isomerization reaction observed
in CDR-L1. The relatively large differences in crystal
structures of the CDR-L.1 sequences. on the other hand,
suggest that this part of the antibody is relatively uncon-
strained. accounting for its greater reactivity, Examination
of the crystal structures of these sequences thus is a useful
tool for the explanation of the large dilference in reactivities
ol the two Asp-Gly sequences in the antibody.

No structural determination of the perturbation caused by
isomerization has been reported for a protein, but the
potential for alteration in structure is suggested by Figure 1.
The products of isomerization difter from the Asp-Gly
sequence, with the peptide backbone lengthened by a
methylene group in the iso-Asp-Gly variant and incorporating
a five-membered ring in the cAsp form. Small changes in
sequence of the CDRs have been shown to cause significant
losses of binding affinity in E25 (Presta et al., 1993), so we
examined the cffect ol isomerization on affinity of binding
to IgE. F(ab’), fragments. which could be purified more
easily than variants of intact E235, were tested in an assay
for inhibition of binding of IgE to its receptor. The results
(Table 3) demonstrate a reduced ability of the products of
the isomerization rcaction to bind IgE. The forms of E25
that are modificd at onc antigen binding site retain half the
activity of the unmodified F(ab’); in this assay., Variants
that contain isomerization products in both binding sites
retain only about 20% of the activity of the fragment with
the expected sequence. Hence, isomerization of the Asp-
Gly sequence of CDR-L1 of 1125 is associated with loss of
affinity for antigen.

Further studies incorporating previously reported findings
(Presta e al.. 1993) were undertaken to evaluate modifica-
tions to the CDRs that prevent isomerization in the antigen
binding sites. A previous study (Presta er al, 1993)
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demonstrated the key importance of the three Asp residues
found in CDR-L1T of E235 on antigen recognition. Mutation
af the three residues to alanine ¢liminates alfinity for Igh as
shown by the result abtained for the V10 mutant. Mutation
ol only the labile Asp-1.32 residuc to alanine reduces the
relative potency of the Fab by about 4-fold (Table 4).
Substitution of Asp with Ala has the effeet of removing the
highly polar carboxylate side chain of the acidic residue,
without, presumably, altering the protein’s @-carbon struc-
ture, Henee, this side chain plays a role in afTinity for IgE.
Ihe resulting mutant cannot undergo isomerization bul
cxhibits an allinity that is only slightly better than that of
the variant isoforms (Fab-I1 and FFab-III) and so is not an
mmprovement over E250 The V104 mutant retains the acidic
side chain ol residue 132 by substituting a glutamate residue
tor aspartate, but this mutant also shows significantly reduced
affinity for antigen, and also is no improvement over 1125,
Mutation of His-I11035 to alanine has previously been shown
(Presta et al.. 1993) to increase the alTinity of E23 for Igli,
so this change was incorporated into a mutant in which both
potential sites of isomerization were mutated. with a partial
improvement in binding affinity. as shown by the result
obtained tor the V103 mutant. This mutant cannot undergo
isomerization. and so represents a chemically stable specics,
but does not exhibit the same potential as 125 for blocking
the binding of Igl wo its receptor, Thesce studies demonstrate
sensitivity of antigen recognition to subtle sequence changes
in the CDRs and the tradeofts incurred in engineering out a
labile sequence.

Ihe work reported here demonstrates the difficulty of
predicting whether an Asp residue will undergo isomerization
and the need for experimental techniques for making this
determination. We have investigated the utility of hydro-
phobic interaction chromatography (HIC) in the characteriza-
tion ol the antigen binding domains of a monoclonal antibody
that binds to lgls. Previous studies have shown that HIC is
selective for gross diflerences in antibody structure and thus
has been uselul in the purification of bispecific antibodics
(Nchlock e al., 1992}, hyvbrid MAbs (Abe & Inouye. 1993).
I'tab’y; fragments (Morimoto & Inouye, 1991), and MAbs
containing asymmetric Fab glycosylation (Grebenau er al.,
1992), Other modes of chromatography, such as chromato-
locusing (Jungbauer er al. 1990) and cation-exchange
(MeDonough er al., 1989), have been used to identify and
purity isoforms found in MAb preparations, generally
rellecting much greater sequence and structural variations
than expected for a recombinant protein,  HIC under the
conditions emploved here shows high selectivity for the CDR
of thMADbs and therefore may be useful for identification of
structural differences that atTect antigen binding alTinitics.
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