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1. Resumen



Los aptameros son oligonucleétidos de cadena sencilla (ADN o ARN) que
reconocen su diana con alta especificidad y afinidad, teniendo propiedades equiparables a
las de los anticuerpos. Sin embargo, por su composicion no proteica presentan ventajas
significativas en cuanto a su tamafo, produccién y modificacion, ademas, no generan
inmunogenicidad o efectos toxicos. Estas caracteristicas los hacen excelentes candidatos
para el desarrollo de nuevas plataformas biotecnolégicas, para su aplicacibn como agentes

de imagen o terapia.

El aptdmero truncado Sgc8-c es de ADN (41 bases) y fue modificado previamente
por este grupo de trabajo agregandole, en el extremo 5, un grupo aminohexilo. Sgc8-c
reconoce especificamente y con alta afinidad al receptor PTK7 (Kd4=0,78 nM). Este
receptor, que actla como co-receptor en varias vias celulares, es un biomarcador tumoral
que se sobreexpresa en diferentes tipos de leucemia, tumores gastricos, canceres de

colon, pulmén, mama y préstata, e incluso en metastasis.

Durante este posgrado, en el capitulo | de esta tesis se describe la evaluacion de la
marcacion de Sgc8-c como agente de imagenologia molecular en cancer, generando una
sonda fluorescente y otra portadora de un radionucleido emisor gamma. Para ello, se

realizaron modificaciones quimicas en el extremo 5 del aptamero incorporando:

() un fragmento estructural derivado del fluoréforo Alexa Fluor™ 647 (Sgc8-c-
Alexab647), lo que permitio hacer estudios de imagen optica en la regién del infrarrojo
cercano, logrando un contraste 6ptimo, debido a que las moléculas presentes en los tejidos

no exhiben importante absorcion en esa region espectral,

(I un fragmento estructural derivado de &cido 1,4,7-triazaciclononano-1,4,7-
triacético, lo que permitid la coordinacion con el radionucleido emisor gamma galio-67
(Sgc8-c-NOTA-5’Ga) para poder realizar imdgenes gamma con una mayor penetracion en
el tejido y mejorando la capacidad de medir las sefiales con alta sensibilidad, adquiriendo

imagenes cuantitativas de todo el cuerpo.

Se evaluaron condiciones de reaccion y purificacion, y posteriormente se realizé la
caracterizacion fisicoquimica, asi como la verificacion del reconocimiento por su receptor,
mediante ensayos en diferentes lineas celulares tumorales. Para la evaluacion bioldgica,
se estudiaron las caracteristicas farmacocinéticas, se adquirieron imagenes in vivo y ex

vivo con ambas sondas y se evalud su biodistribucién, en diferentes modelos de ratones
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portadores de tumor, siendo la primera vez que estas sondas son ensayada en un modelo
de melanoma metastasico. Estos estudios indican que ambas sondas reconocen con alta
especificidad su blanco y, junto con la rapida depuracion en sangre, resultan en una

captacion con excelente relacién tumor/no-tumor.

Los resultados previos, junto con otros descriptos por nuestro grupo, proporcionaron
las bases para el desarrollo del capitulo Il de esta tesis, donde se evalu6 la capacidad del
aptamero Sgc8-c para dirigir farmacos al sitio de accion. Para ello, se desarrollaron
conjugados aptdmero-farmaco para terapia a través de la incorporacion covalente de una
subestructura derivada del farmaco dasatinib en el extremo 5” del aptamero Sgc8-c. Asi, se
estudiaron diferentes condiciones de reaccion variando el disolvente, el tiempo, la
temperatura, la fuente de calor, el pH y los contraiones. El conjugado aptamero-farmaco,
Sgc8-c-carb-da, se caracterizé fisicoquimicamente y se evalud su capacidad de liberar
dasatinib a distintos pH. Por udltimo, se realizé una evaluacion biolégica in vitro en un
modelo de linfoma, proporcionando una prueba de concepto del valor terapéutico de Sgc8-

c-carb-da.

En conjunto, los resultados de este trabajo con el aptamero Sgc8-c abren las
puertas al desarrollo de herramientas biotecnolégicas versatiles con aplicacion en

biomedicina.

Palabras clave: Aptamero, Cancer, Imagenologia Molecular, Terapia, Sondas

imagenoldgicas, Conjugados aptamero-farmaco, Entrega activa



2. Introduccion y Antecedentes



2.1. Aspectos generales del cancer

El cancer es la segunda causa de muerte entre enfermedades no transmisibles,
siendo responsable de mas de 9 millones de defunciones anuales a nivel mundial
(Globocan, 2020; Sung, 2020). Una de cada cinco personas en todo el mundo desarrolla
cancer durante su vida (Globocan, 2020; Sung, 2020). En Latinoamérica, Uruguay es el
pais que presenta las tasas de incidencia y mortalidad mas altas por cancer (Globocan,
2020; Garau, 2022). Segun la International Agency for Research on Cancer, la tasa de
incidencia estimada estandarizada por edad para el afio 2020 fue de 269,3 cada 100.000
personas al afio para todos los tipos de cancer, en ambos sexos (Globocan, 2020; Ferlay,
2021).

En el periodo analizado entre los afios 2015 y 2019 por el Registro Nacional De
Cancer se describio que en el sexo femenino los tipos de cancer con mayor incidencia
fueron de mama (75,33 cada 100.000 mujeres), colo-recto (25,17), pulmén (14,87), cuello
uterino (14,35) vy tiroides (12,50). Mientras que los tipos de cancer mas frecuentes en el
sexo masculino fueron de prostata (58,78 cada 100.000 hombres), pulmén (45,69), colo-
recto (37,05), vejiga (16,97) y rifidn (18,57) (Figura 1) (CHLCC, 2020; Garau 2022).

A. B
BLLERES INCIDENCIA  MORTALIDAD HOMBRES INCIDENCIA ~ MORTALIDAD

Mama 75.3 Préstata

Colo-recto* Pulmén
Puimén Colo-recto*
Cuelo de Utero Rifién
Tiroides Vejiga
Pancreas Estémago
Rinén Linfoma No Hodgkin
Cuerpo de Utero Pancreas

Ovario Cavidad Oral y Faringe

Linfoma No Hodgkin Leucemia

100 80 60 40 20 0 20 40 €0 80 100 100 80 60 40 20 0 20 40 80 80 100

Tasa Estandarizada por edad a la poblacion mundial (casos por 100.000) Tasa Estandarizada por edad a la poblacion mundial (casos por 100.000)

Figura 1. Incidencia del cancer en Uruguay entre los afios 2015 y 2019. Principales sitios de
Incidencia con su respectiva Mortalidad en Mujeres A. y Hombres B. (*) La categoria colo-recto
involucra los cédigos C18-C20 de la CIE-O 32 Ed. IARC-OMS (colon, recto sigmoidea y recto).
Extraida y adaptada de CHLCC, 2020.



El cancer se considera una enfermedad de etiologia multifactorial, que posee la
potencialidad de afectar a cualquier célula del organismo (Alberts, 2004; PDQ, 2023).
Dentro de los factores involucrados se encuentran los genéticos, hormonales, problemas
inmunitarios, la edad y los factores ambientales o externos, como la exposicién a agentes
infecciosos, a diferentes fuentes de radiacion y al estilo de vida, como el tabaquismo y una
mala alimentacion (PDQ, 2023). Dichos factores pueden interactuar ejerciendo su accion
en conjunto o en serie, y afectar las funciones de las células, incidiendo principalmente en
su division y crecimiento (Islami, 2021). Esto puede derivar en la proliferacion celular
incontrolada, lo que conduce a la formacion de agregados celulares que crecen y terminan
originando o promoviendo el desarrollo del cancer (Islami, 2021; PDQ, 2023). Ademas,
estas células tumorales pueden migrar e invadir tejidos circundantes o distantes,

continuando con su crecimiento y originar metastasis (Michor, 2004; Islami, 2021).

Entre los diversos rasgos que caracterizan a las células tumorales se encuentran las
alteraciones fenotipicas de las células que van a determinar cambios morfologicos y
funcionales (Baba, 2007; Hanahan, 2011). A nivel funcional se pueden encontrar los
siguientes cambios: evasion de los factores supresores del crecimiento y mantenimiento de
la sefalizacion proliferativa; evasion del sistema inmunoldgico; promocion de la
inmortalidad replicativa; resistencia a la muerte celular; desregularizacién del metabolismo
celular; induccion de la angiogénesis y activacion de la invasion y la metastasis;
inestabilizaciéon y mutacién del genoma; inflamacion promotora de tumores (Hanahan,
2011; Sanchez, 2013). A nivel morfoldégico se puede encontrar la sobreexpresion de
moléculas a nivel de la superficie celular, u otros compartimientos celulares o promover la
situacién opuesta, entre otras (Sanchez, 2013). En el 2022 Hanahan describié nuevos
pardmetros para incorporarse como componentes centrales de las caracteristicas
distintivas de la conceptualizacibn del cancer. Estos son: plasticidad fenotipica;
reprogramacion epigenética no mutacional; microbiomas polimorficos y senescencia celular
(Hanahan, 2022).

Es fundamental identificar los mecanismos de estimulo y proliferacion celular, con el
fin de crear estrategias especificamente dirigidas contra dianas celulares que participan en
estos procesos (Pinheiro, 2021). Asimismo, el analisis de los genes, proteinas y
microambiente que caracteriza a los tumores, otorga informacion especifica para la
busqueda de biomarcadores tumorales y la identificacion de potenciales blancos
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terapéuticos (Sanchez, 2013; Pinheiro, 2021). Mediante estrategias de deteccion precoz de
tumores se han reducido las tasas de mortalidad de todos los tipos de cancer (Globocan,
2020; Ferlay, 2021). En este sentido, se ha demostrado que el factor prondstico mas eficaz
esta relacionado con la extension de la enfermedad al momento del diagnéstico (Klein,
2020; Pinheiro, 2021). Es por ello que las investigaciones adquieren gran relevancia al
buscar optimizar los métodos de diagndstico, asi como los tratamientos existentes, e

incorporar el desarrollo de nuevas estrategias y enfoques.

2.2 Aptameros

2.2.1. Caracteristicas de los aptameros

Los aptameros han ganado una posicion destacada en el campo de la biotecnologia.
El nombre en si, que deriva de una combinacién de la palabra latina aptus, que significa
"ajustar a", y el término griego meros, que significa "particula”; sugiere fuertemente la

versatilidad de estos compuestos (Gonzalez, 2016).

Los aptadmeros son oligonucleétidos monocatenarios pequefios, de &acido
desoxirribonucleico (ADNss) o de acido ribonucleico (ARN), de entre 20 y 100 bases de
largo. Presentan una estructura tridimensional Unica y estable, caracterizada por bucles,
tallos, u horquillas. Se unen a blancos moleculares selectivamente, con alta afinidad y
especificidad mediante enlaces no-covalentes. Los aptameros interaccionan con el ligando,
principalmente, a través de las fuerzas electrostaticas y motivos conformacionales.
Participan en la union fuerzas de van der Waals, interacciones de carga y enlaces de
hidrégeno. La estructura tridimensional que presentan los aptameros favorece una mayor
interaccion, formando complejos fuertes a través de ajustes conformacionales (Musumeci,
2017; Calzada, 2020). La union del blanco con el aptamero se ve afectada por la
complementariedad de conformacion espacial; por lo tanto, investigar estructuras
tridimensionales de interacciones aptamero/blanco, a nivel atbmico y molecular, pueden

ayudar al descubrimiento de farmacos basado en estas estructuras (Reinemann, 2014).

Los aptameros son capaces de unirse a moléculas que no son acidos nucleicos,
como moléculas organicas e inorganicas, iones metalicos, péptidos, proteinas, diversos
10



componentes celulares, toxinas, bacterias, e incluso se pueden unir a blancos no
inmunogénicos contra los que es dificil generar anticuerpos de alta afinidad y especificidad
(Smith, 2018; Calzada, 2020; Garcia Melian, 2023).

Los aptameros son seleccionados a partir de bibliotecas masivas mediante el
proceso in vitro denominado Evolucion Sistematica de Ligandos por Enriquecimiento
Exponencial (SELEX) (Ellington, 1990; Tuerk, 1990). Este proceso utiliza una biblioteca de
secuencias de acidos nucleicos (> 10'° oligonucleétidos aleatorios). Estas secuencias son
incubadas con un blanco molecular de interés, y las secuencias que presenten
reconocimiento con el blanco, son aisladas y amplificadas por PCR o RT-PCR, y el pool
enriquecido es expuesto nuevamente a una nueva ronda de seleccion. Por lo general, se
realizan entre 6 y 10 rondas de seleccion. Luego de la seleccion, se realiza una
secuenciacion y un analisis informatico exhaustivo y finalmente, las secuencias
seleccionadas son sintetizadas quimicamente y caracterizadas individualmente, evaluando
su afinidad por el blanco (Gonzalez, 2016; Calzada 2020). En suma, SELEX es una técnica
que, por sus caracteristicas, permite obtener aptameros con la selectividad por su blanco y

valores de constante de disociacion (Kd) deseables (Kinghorn, 2017; Calzada, 2020).

Sin embargo, la técnica de SELEX se ha ido perfeccionando para que el
procedimiento de seleccidon sea aun mas eficiente. Dentro de sus variantes se encuentra
Cell-SELEX, que agrega células como blanco de interés (Figura 2). En contraste con los
otros enfoques, Cell-SELEX elige un aptamero enfrentandolo a toda la célula, esto asegura
que los blancos moleculares en la membrana celular estén en su estado natural y
representen su estructura de plegamiento normal. Por lo que, Cell-SELEX permite
seleccionar aptameros con un gran potencial de selectividad por su blanco, identificar
nuevos blancos presentes en lineas celulares tumorales, y también, distinguir entre
‘molecular signatures” de varios tipos de células sin conocimiento previo de sus

propiedades moleculares (Kaur, 2018; Li, 2021).
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Figura 2. Representacién esquematica de la seleccion de aptameros utilizando la técnica
Cell-SELEX. Extraida de Chen, 2016.

Luego de ser seleccionados y sintetizados, los aptameros puedes ser modificados
post-SELEX con el objetivo de mejorar sus caracteristicas intrinsecas (Gao, 2016). Los
aptameros pueden lograr afinidades por su blanco similares a las que presentan los
anticuerpos, pero con varias ventajas (Tabla 1) (Zhang, 2019; Calzada 2020). Entre estas
se destacan el bajo peso molecular de los aptameros entre 8 a 15 kDa, lo que mejora la
absorcion tisular y la internalizacion celular, y también la depuracion sanguinea (Zhang,
2019). Las metodologias de sintesis quimica son rapidas, reproducibles y robustas,
obteniendo un producto que es estable en amplio rango de pH y temperatura. Los
productos ademas tienen escasa toxicidad y no presentan inmunogenicidad como los
anticuerpos. Esto dltimo, brinda un perfil de seguridad biolégica para los enfoques
farmacéuticos (Bouchard, 2010; Lui, 2017; Calzada, 2020).

Los aptameros permiten ser facilmente modificados quimicamente sin afectar el
reconocimiento por su blanco, para incorporar funcionalidades, incrementar su estabilidad
biologica y diversificar sus aplicaciones clinicas. Las modificaciones quimicas se pueden
generar a nivel de los fosfatos, en los extremos 3’ y 5’ terminal, en las ribosas y en las
bases nitrogenadas, incorporando grupos funcionales de interés. Esto asegura y facilita la
conjugacion especifica con una amplia variedad de biomateriales (Famulok, 2011;
Calzada, 2017a; Calzada, 2017b; Adachi, 2019; Odeh, 2020). Las principales desventajas
de los aptameros son la degradacion por la accion de las nucleasas, lo cual genera mayor
filtracion renal y menor vida media en plasma. Sin embargo, los aptameros cuentan con

una estabilidad intrinseca, mayor a la esperada para un oligonucle6tido convencional, pero
12



ademas las modificaciones quimicas también pueden mejorar enormemente esta
caracteristica. Por ejemplo, para aumentar el tiempo de circulacion en sangre es posible
acoplarlos a otras moléculas como fragmentos derivados de polietilenglicol (PEG),
nanoparticulas, fragmentos derivados de biotina, lo que aumenta su masa molecular (Tabla
1) (Haruta, 2017).

Las ventajas que presentan los aptameros garantizan biodisponibilidad e integridad
quimica en condiciones fisiolégicas (Adachi, 2019; Calzada 2020). Asimismo, los convierte
en moléculas versatiles para un amplio rango de aplicaciones: cuantificacion de la
expresion de un blanco tumoral a través de biosensores, terapia, diagnostico e

imagenologia molecular (Famulok, 2011; Zhang, 2019; Calzada 2020).

Tabla 1. Ventajas y desventajas de los aptameros. Extraida y adaptada de Ospina, 2020.

No requieren modelos biologicos para su
produccién

Su desarrollo apenas comienza

Tiempo de produccion breve (1 a 3 meses)

Farmacocinética variable

Facil de escalar

Proclives a filtracion renal

Pueden modificarse quimicamente para
evitar degradacion

Corta vida media

Largo tiempo de almacenamiento a
temperatura ambiente

Se unen a una amplia variedad de blancos
inmundgenos y no inmundgenos

Los aptameros no modificados
guimicamente se degradan facilmente en el
plasma

Menor tamafio para acceder a tejidos o
células (12-15 kDa)

Bajo costo de produccion

La sintesis quimica disminuye la
variabilidad entre lotes

La secuencia de nucleétidos se almacena
para posteriores producciones

Especificidad y afinidad iguales o mejores
gue las de los anticuerpos monoclonales
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2.2.2.5gc8-c: aptadmero de estudio

El grupo de investigacion de Shangguan y colaboradores desarrollaron un panel de
aptameros de ADNSss, que llamaron aptameros Sgc, para el reconocimiento especifico en
células T de leucemia linfoblastica aguda (T-ALL), mediante la técnica de seleccién Cell-
SELEX. En ese proceso, una biblioteca de ADNss que contenia regiones de secuencias

aleatorias, se incubo con la linea celular CCRF-CEM (células diana).

Entre las secuencias identificadas, Sgc8, un aptamero de 88 bases, mostré unirse
con alta especificidad y afinidad a un blanco en la superficie celular presente en células de
T-ALL, presentando una Kq de 0,80 + 0,09 nM (Figura 3) (Shangguan, 2006; Shangguan,
2007).

Este mismo grupo de trabajo continué profundizando en la caracterizacion del
aptamero Sgc8, e identific6 que el blanco molecular selectivo es la proteina
transmembrana tirosina quinasa 7 (PTK7). Este receptor se sobreexpresa en la linea
celular CCRF-CEM (T-ALL) que utilizaron para su seleccion (Shangguan, 2008) y en varios
tipos de tumores (Xiao, 2008). Ademés, comprobaron que Sgc8 se internaliza mediante
endocitosis al igual que el anticuerpo anti-PTK7, luego de la unién a la proteina, siendo una
interaccidn receptor-dependiente (Xiao, 2008). Sin embargo, también evidenciaron que el
anticuerpo anti-PTK7 no competia con el aptAmero Sgc8 (Shangguan, 2008), esto se debe
a que la unién a PTK7 sucede en diferentes sitios de reconocimiento. La distancia entre los
sitios de union del aptamero Sgc8 y el anticuerpo en la proteina de membrana PTK7 de las
células CCRF-CEM, en el entorno fisiologico natural, es de 13,4 = 1,4 nm (Chen, 2010a).

Durante el analisis de la estructura del aptamero Sgc8 para estudiar el
reconocimiento por su blanco, se realizaron modificaciones en la secuencia de Sgc8. Se
encontrdé que la secuencia truncada, Sgc8-c, de 41 bases y con una estructura de tallo-
bucle, presenta una Kqd igual a 0,78 nM por PTK7 (Figura 3). De todas las secuencias
analizadas, Sgc8-c presenta caracteristicas muy similares al aptamero original, por lo que
la secuencia de Sgc8-c es la minima requerida para la éptima unién al blanco (Shangguan,
2007).
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Figura 3. Estructura de los aptameros Sgc8 (izquierda) y Sgc8-c (derecha), con sus Kq para
PTKY. Extraida y adaptada de Shangguan, 2007.

Debido a su especificidad de union por el PTK7, Sgc8-c es una biomolécula de

reconocimiento de gran interés en el campo de la imagenologia molecular para el

desarrollo de nuevos agentes imagenoldgicos. Por su naturaleza quimica y tamafio

molecular, asi como los fundamentados antecedentes, fue el aptamero de eleccién para

explorar nuevas posibilidades. Para realizar la marcacion del aptdmero y generar nuevas

sondas imagenologicas, nuestro grupo de trabajo modificd el extremo 5’ del Sgc8-c, donde

se incorpor6 una cadena alifatica de 6 carbonos y un grupo amino libre para sus

posteriores conjugaciones (Figura 4). Este aptamero, de aqui en mas llamado Sgc8-c-NHz,

presenta una masa molecular de 13 kDa (Calzada, 2017a).

Figura 4. Estructura representativa del aptamero Sgc8-c-NHa.
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2.2.3.PTK7: blanco molecular de Sgc8-c

Los receptores de tirosina quinasa (RTK) son receptores transmembrana y
constituyen el mayor grupo de receptores que presentan un rol fundamental en las vias de
sefalizacion celular, en diversos procesos bioldgicos durante el desarrollo y la vida adulta
(Grassot, 2006). Los RTK generalmente son proteinas grandes que contienen entre 800 y
1600 amino&cidos y estan compuestos por tres dominios. Un dominio N-terminal en la
region extracelular altamente variable y responsable de la union y especificidad por el
ligando. Un dominio transmembrana Gnico y un dominio tirosina quinasa intracelular
altamente conservado en el extremo C-terminal, que se une y fosforila al sustrato, siendo el
responsable de la actividad catalitica (Grassot, 2006; Sun, 2014). Estos receptores son
activados por la union al ligando, produciendo la dimerizacion del receptor, lo que genera
una cascada de sefiales a nivel intracelular, que da como resultado numerosos cambios
celulares involucrados en la regulacién de procesos celulares, incluyendo el ciclo celular,
proliferacion, metabolismo, diferenciacion, migracién y la comunicacién célula-célula
(Regad, 2015; Butti, 2018). Los RTK se subdividen en varias familias en funcion de la
similitud del dominio tirosina quinasa, del dominio extracelular o su organizacién génica
(Chen, 2015). Dentro de las 20 subfamilias se encuentra la proteina tirosina quinasa 7
(PTK7) (Lapraz, 2006; Butti, 2018), siendo el blanco molecular del aptamero que se ha

evaluado en esta tesis.

Los transcriptos que codifican la proteina PTK7 se identificé inicialmente en el
ARNmM de melanocitos y posteriormente, en carcinoma de colon, por esto también es
denominada como quinasa-4 de carcinoma de colon (CCK4) (Peradziryi, 2012). PTK7 es
una pseudoquinasa de membrana, que contiene 1070 aminoacidos y su masa molecular
es de 118,5 kDa (Jung, 2002). Esta constituida por siete dominios extracelulares similares
inmunoglobulinas, una region transmembrana y yuxtamembrana y un dominio C-terminal
cataliticamente inactivo con homologia con la familia de tirosina quinasas (Figura 5)
(Murphy, 2014). En humanos, se han identificado cinco isoformas de PTK7 en testiculos,
gue se generan por “splicing” alternativo (Jung, 2002).
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AA: 44-108 141-207 231-320 334-398  418-499 515-577 604-671 704-726 796-1062
PKP&21L522|: GXGXXG cambia en GXSXXG
sitio de escision de HDRL cambia en HKDL
Proteina PTK7, 1070 aa, 118.5 KDa MT1-MMP DFG cambia en ALG

Figura 5. Estructura y organizacion de PTK7. Gen PTK7, donde cada cuadro representa un
exon; y proteina PTK7 donde se observa las tres regiones y el sitio de protedlisis mediada por MT1-

MMP. Ig: dominio inmunoglobulina.TM: dominio transmembrana. JM: yuxtamembrana. Extraida de

Lhoumeau, 2012.

A pesar de que aun no se ha identificado ningun ligando especifico y que no
presenta actividad quinasa, PTK7 regula diversas actividades celulares como la polaridad
celular planar, la motilidad celular polarizada, la morfogénesis y la migracion celular, que
son esenciales en la sobrevida de los organismos (Lin, 2012; Xu, 2016). PTK7 participa en
sefiales de polaridad celular involucrando la via de sefializacion Wingless (Wnt), regula las
vias Wnt canonicas y no canonicas, principalmente en el desarrollo embrionario
(Peradziryi, 2012). Se ha descrito que ocurre protedlisis en el dominio extracelular de PTK7
mediado por la metaloproteinasa de matriz tipo 1 (MT1-MMP) (Figura 5), afectando la

polaridad planar celular y la migracion celular (Lichtig, 2019).

En humanos, se ha descripto la sobreexpresion de PTK7 en distintos tipos de
cancer, incluidos cancer de colon (Mossie, 1995), adenocarcinoma pulmonar (Endoh,
2004), cancer gastrico (Gorringe, 2005), cancer de mama (Ataseven, 2014), leucemia
mieloide aguda (Jiang, 2012), linfoma (Calzada, 2017a), carcinoma de células escamosas
de esoéfago (Shin, 2013), cancer de prostata (Zhang, 2014), colangiocarcinoma
intrahepatico (Jin, 2014), células de glioma (Liu, 2015), melanoma (Easty, 1997, Calzada,

2017a) e incluso en metastasis (Dong, 2017).
17



En células tumorales, PTK7 regula la migracion e invasion endotelial (Shin, 2008).
PTK7 puede heterodimerizar con el receptor 1 del factor de crecimiento endotelial vascular
(VEGFR1) y favorecido por VEGF-A, consigue promover la migracion e invasion en células
y formacién de tubos durante la angiogénesis (Lee, 2011). También se ha encontrado que
en un grupo de células progenitoras mieloides, PTK7 induce sefiales promigratorias y
antiapoptoticas (Prebet, 2010). Asimismo, se ha observado que la interrupcién de la
expresion de PTK7 puede reprimir la proliferacion celular y promover la apoptosis en
cancer de colon e higado (Meng, 2010). Por otro lado, se ha asociado la sobreexpresiéon de
PTK7 a resultados clinicos adversos en el cancer colorrectal y a la invasividad de las
células tumorales, por lo que PTK7 podria servir como predictor del prondstico de dichas

patologias (Lhoumeau, 2015).

2.3. Aptameros en el desarrollo de agentes de imagenologia molecular
para diagnostico en cancer

2.3.1. Imagenologia molecular

La imagenologia molecular es la visualizacion, caracterizacion y medicion in vivo de
procesos biolégicos, tanto a nivel molecular como a nivel celular (Weissleder, 2001). Es
una técnica que permite monitorear y registrar la distribucion espaciotemporal de procesos
moleculares o celulares, asi como también realizar imagenes en 2D o 3D, otorgando
informacién anatémica vy fisiolgica del paciente, mediante la administracion de sondas al

paciente o mediante equipamiento externo (Weissleder, 2006; Calzada, 2020).

Es una modalidad imagenolégica que combina biologia molecular, quimica nuclear,
medicina de radiacion y ciencias de la computacion. Puede proporcionar una lectura de
todo el cuerpo, siendo un sistema no invasivo y permitiendo la evaluacion de la patologia
en su contexto, lo cual es clave para entender la progresion del tumor sin alterar el entorno
bioldgico (Chen, 2015; Calzada, 2020). Asimismo, la deteccion es cuantitativa mediante la
deteccibn de procesos biolégicos que estan alterados en el organismo, mas
especificamente biomarcadores. Esta deteccion se puede realizar por medio de sondas

imagenologicas especificas para cada biomarcador o blanco (Alford, 2009).
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Esta herramienta tiene un gran potencial en el diagnéstico y manejo de
enfermedades como el cancer, enfermedades neuroldgicas y cardiovasculares (Aebersold,
2005). La deteccion no invasiva de marcadores moleculares puede proporcionar: un
diagnéstico mas temprano, la estadificacion tumoral, la cuantificacion de una lesion, y
seguimiento de la misma (resultados estadisticamente mas precisos a través de estudios
longitudinales que se pueden realizar en el mismo paciente), ayuda en la eleccion de un
tratamiento mas efectivo, la precision de la dosis, un pronéstico mas preciso; facilitar la
deteccidbn de metastasis; y permitir la cirugia guiada, entre otros (Weissleder, 2006;
Hartewell, 2006; Cai, 2006; Gibbs, 2012).

Existen diversas modalidades de imagenes para la investigacion biomédica y
aplicacion clinica. Las modalidades de imagen predominantes se pueden clasificar en dos
categorias. Por un lado, algunas modalidades de imagen, como la ecografia, la resonancia
magnética nuclear y la tomografia computarizada proporcionan informacién anatémica que
depende de los cambios asociados a la enfermedad. En cambio, las de segunda categoria
pueden ofrecer informacion funcional de la enfermedad y rastrear procesos biolégicos in
vivo. Estas modalidades de imagen incluyen tomografia por emisién de positrones (PET),
tomografia computarizada por emision de foton Udnico (SPECT), imagenes de
bioluminiscencia Optica/fluorescencia, imagenes de resonancia magnética molecular
(mMRI) y espectroscopia de resonancia magnética (MRS) (Massoud, 2003). PET y SPECT
ofrecen ademas la posibilidad de cuantificacion de procesos biolégicos asociados a
enfermedades. Ademas, se utilizan comunmente sistemas hibridos que combinan dos o
mas modalidades (Catana, 2006; Even-Sapir, 2003). Las modalidades mas utilizadas y sus

ventajas y desventajas relativas, junto con aspectos claves, se muestran en la Tabla 2.

Entre las diversas modalidades de imagenes, algunas modalidades, como PET,
SPECT e imagenes oOpticas, requieren la inyeccion de sondas moleculares al paciente para
adquirir la sefial de imagen, mientras que otras, como imagenes 6pticas y mMRI, pueden
seguir la enfermedad ya sea a través de las sondas moleculares exdgenas o a través de
las moléculas enddgenas (Massoud, 2003). Debido al papel fundamental que presentan las
sondas moleculares para generar una 6ptima imagen molecular, es necesario que el
disefio y desarrollo de la sonda biolégicamente activa cumpla con ciertas caracteristicas,
las cuales se describen en la siguiente seccion (Gambhir, 2002; Gibbs, 2012; Calzada,

2020).
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Tabla 2. Modalidades seleccionadas para imagenes moleculares en oncologia. Ventajas y

desventajas relativas. Extraida y adaptada de Rowe, 2022.

Optico

Fluorescencia Orientacion quirdrgica

Radiacion no ionizante; fotodinamica y
fotoinmunoterapia/Profundidad de
penetracion moderada (investigacion,
traslacional)

Caracterizacion de

Radiacion no ionizante; alta especificidad

hematoencefalica;
caracterizaciéon tumoral

Fotoacustica . . o optica/Profundidad de penetracion en
tejidos; guia quirargica : : L
tiempo real/moderada (investigacion)
Entrega dirigida de
medicamentos; Radiacion no ionizante; escaneres
Ultrasonido alteracion de la barrera | facilmente disponibles; bajo costo

(investigacion traslacional y clinica)

Resonancia magnética

Tumores cerebrales,

Espectroscopia . .
cancer de proéstata

Contraste enddgeno; amplia
disponibilidad/Baja sensibilidad;
metabolitos limitados (investigacion
traslacional y clinica)

Particulas de
oxido de hierro
ultrapequefay
superparamagnét
ica (USPIO)

Seguimiento de células
deteccién de fagocitos;
metéstasis en los
ganglios linfaticos

Alternativa al gadolinio; teranostico/Puede
alterar los estudios de resonancia
magnética nuclear posteriores; algunas
reacciones adversas; ralentiza el flujo de
trabajo; utilidad clinica incierta
(investigacion clinica)

Caracterizacion del

Hiperpolarizacion .
metabolismo tumoral

Sefal alta; potencial para investigar una
amplia gama de vias metabdlicas/Caro; las
vias en estudio pueden verse perturbadas
por una alta concentracion de agentes
hiperpolarizados (investigacion)

Radionucleido

Gammagrafias 6seas;
tumores cerebrales;
mapeo de ganglio

Ampliamente disponible/Baja sensibilidad;

especificos;

SPECT . . . baja resolucion; uso decreciente en
centinela; dosimetria de . .
L oncologia (clinica)
radiacion para
terandstica
PET Blancos moleculares Alta sensibilidad y potencial para alta

especificidad/Infraestructura compleja;
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metabolismo agentes costosos (investigacion
(glucosa/glutamina) traslacional y clinica)

Abreviaturas: SPECT = single photon emission computed tomography; PET = positron emission tomography;

USPIO = ultrasmall superparamagnetic iron oxide nanoparticles.

2.3.2. Disefio de sonda para diagndéstico basadas en aptameros

El desarrollo de sondas en base a aptdmeros es una herramienta de gran potencial
para diagnostico en cancer mediante imagenologia molecular, debido a sus caracteristicas
para reconocer con alta afinidad y especificidad biomarcadores que se sobreexpresan en
las diferentes células tumorales (Weissleder, 2001; Calzada, 2020; Garcia Melian, 2023).

Las sondas para imagenologia molecular son moléculas utilizadas para visualizar,
caracterizar y cuantificar los procesos biologicos de forma no invasiva (Weissleder, 2001).
Brevemente, las imagenes se logran mediante la administracion sistémica o localizada de
la sonda imagenoldgica, seguida de un tiempo para la acumulacion de la sonda en el sitio
especifico en paralelo a la depuracion del resto del organismo para lograr una alta relacién
sefal/fondo (Figura 6) (Bohrmann, 2022). En dicho momento, se realiza la adquisicion de
la imagen por un equipo imagenoldgico externo. Es de destacar que no se busca ningun

efecto farmacoldgico tras la administracion al paciente de la sonda (Calzada, 2020).

Inyeccién

K~ \
I\h (Y 3
T - L 1 1 - 1
o s Metabolismo Acumulacién Obtencién
Distribucién

y eliminacién sitio- de imagenes
Figura 6. Imdgenes moleculares representativas in vivo en un ratén. Para obtener la imagen se

especifica

inyecta por via intravenosa una dosis de la sonda y se distribuye por todo el cuerpo. La sonda se
acumula en el sitio especifico (en este caso en el tumor) y se elimina a través de los 6rganos
excretores. La obtencion de imagenes se realiza cuando la relacion entre la sefial especifica y el

fondo es favorable. Extraida y adaptada de Bohrmann, 2022.
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Una sonda para imagenologia molecular tiene tres componentes fundamentales: un
agente de imagen, un conector y una molécula de reconocimiento (en este caso un
aptamero) (Figura 7) (Calzada, 2020; Bohrmann, 2022). El agente de imagen produce una
sefal y para las distintas modalidades de formacién de imagenes se necesitan sondas con
agentes diferentes. Por ejemplo, para la formacion de imagenes SPECT se usan emisores
gamma puros como agentes de imagen, mientras que para realizar imagenes 6pticas se

utilizan moléculas fluorescentes (Chen, 2010b).

Blanco
molecular

Aptamero

Conector

— de -
ey imagen w

TN

Figura 7. Esquema de una sonda basada en aptdmeros para imagenologia molecular. Se
observa el agente de imagen (verde), el conector, el aptdmero y el blanco molecular (amarillo).

Extraida y adaptada de Bohrmann, 2022.

En este caso, la molécula de reconocimiento son los aptdmeros que dirigen e
interactian con el biomarcador que se sobreexpresa en las células tumorales (Weissleder,
2001; Weissleder, 2006). El conector utilizado en las sondas puede acoplar la molécula de
reconocimiento con el agente de imagen (imagenéforo). Esto favorece que no se modifique
la especificidad o afinidad de la molécula de reconocimiento. También se puede modificar
la farmacocinética y la biodistribucién de la sonda, en base a sus caracteristicas como la
longitud, la flexibilidad y la hidrofilia (Weissleder, 2001).

Debido a que es necesario optimizar muchos aspectos para obtener el mejor
resultado de imagen, es necesario tener varias consideraciones para desarrollar una sonda

para imagenologia molecular (Calzada, 2020).
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Las estrategias de imagenes moleculares se basan en gran medida en la naturaleza
de los biomarcadores, lo que a su vez afecta el disefio de la sonda. Entonces, el
biomarcador apropiado asociado con el proceso biolégico de la enfermedad debe
identificarse, seleccionarse e incluso validarse en un sistema de prueba. Por ello, el disefio
de estas sondas comienza con la seleccion adecuada del aptamero para el blanco
molecular de interés (Chen, 2010b; Calzada, 2020). Asimismo, la alta afinidad con el
blanco molecular o biomarcador es un requisito para lograr una alta captacion tumoral.
Requiere valores de Kd en el rango de nM o menores y cualquier incorporacion puede

afectar ese valor, al cambiar la carga u otras caracteristicas de unién (Calzada, 2020).

La alta especificidad es un parametro que permite que la sonda interactie con el
biomarcador particular y discrimine el blanco molecular especifico entre otros. Gracias a
esta especifidad, las sondas pueden proporcionar informacién de distintos procesos
bioldgicos, las cuales son muy Utiles para comprender la biologia de enfermedades
especificas. La union altamente especifica reduce la captacion no especifica de la sonda
de imagen en otros tejidos. Ademas, la pureza de la sonda de imagen tiene estrecha
relacion con el contraste de la imagen, debido a que el agente de sefial libre aumenta el
ruido de fondo, afectando la medicion real. A su vez, el aptamero sin conjugar compite con
el sitio especifico, disminuyendo la sefial observada por la sonda, por lo que el proceso de
preparacién de la sonda debe tener altisimos rendimientos o estrictos procesos de
purificacion (Chen, 2010b; Calzada, 2020). La actividad especifica es importante, ya que

cuanto mas componente de sefial posea la sonda, mejor sera la imagen (Calzada, 2020).

La estabilidad in vivo de una sonda de imagenologia es un gran desafio porque los
numerosos sistemas metabolizantes presentes en el suero o en el tejido especifico pueden
degradar la sonda (Calzada, 2020). Las sondas deben presentar una alta sensibilidad, ya
que es crucial reducir la perturbacion y los efectos farmacoldgicos en los sistemas y
procesos biolégicos a un nivel minimo (Chen, 2010b). Esto va acompafado de la baja
inmunogenicidad y toxicidad, si bien por lo general las sondas se administran en dosis

bajas, es necesario controlar sus efectos farmacologicos (Chen, 2010Db).

Por dltimo, la produccion, reproducibilidad y factibilidad econdémica deben
optimizarse. El bajo costo y la disponibilidad de las sondas, junto con una metodologia
reproducible, hara que estas herramientas sean ventajosas para su uso clinico (Chen,

2010b; Calzada, 2020).
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2.3.3. Aptameros en el diagnostico

La deteccion temprana del cancer aumenta significativamente las posibilidades de
supervivencia y efectividad al tratamiento. Los métodos comunmente utilizados para la
deteccion temprana del cancer son la ecografia, la tomografia computarizada, la
resonancia magnética nuclear y los ensayos bioquimicos, genéticos y moleculares como
los ensayos de biomarcadores presentes en suero o plasma, e inmunohistoquimica. Sin
embargo, los biomarcadores de cancer se encuentran comunmente en bajas
concentraciones, dispersos en forma heterogénea y, a menudo, se mezclan con otras

proteinas, lo que dificulta su deteccion temprana (Ciancio, 2018).

Los aptdmeros son una herramienta extremadamente prometedora para el
diagndéstico temprano del cancer debido a sus caracteristicas de alta afinidad, especificidad
y sensibilidad (Kurt, 2016). De esta forma hay una gran variedad de aptameros que se
estan empleando en el diagndstico en cancer. Por ejemplo, se utiliza un aptamero que
reconoce CD30 marcado con IRD800CW para obtener imagenes in vivo del linfoma (Zeng,
2014), asi como un aptdmero especifico del cancer de pancreas marcado con una
subestructura derivada del fluor6foro Cy5 para la obtencién de imagenes in vivo de este
cancer (Wu, 2015). El aptamero AS1411 junto con el péptido dirigido a la barrera
hematoencefalica es utilizado para la obtencién de imagenes in vivo de gliomas (Ma,
2014). Por otro lado, el aptdmero D3P-21 fue desarrollado para diagnosticar tumores de
prostata independientes de andrégenos en ratones (Civit, 2019). Todos ellos muestran una
capacidad de orientacidon tumoral rapida y especifica, alta relacion sefial/ruido y éptimas

propiedades farmacocinéticas.

Ademas de obtener imagenes con fluoréforos, los aptameros se pueden conjugar
con perlas magnéticas para mejorar la resonancia magnética (Yu, 2011), como es el caso
del aptamero del receptor 2 del factor de crecimiento endotelial vascular (VEGFR2)
conjugado con nanomateriales magnéticos para la obtencion de imagenes por resonancia
magnética del glioma (Kim, 2013). El aptamero de la molécula de adhesion epidérmica
(EpCAM) también se ha conjugado con nanomateriales magnéticos para imagenes de
resonancia magnética del cancer gastrico (Heo, 2014). Todos mejoran significativamente la
sensibilidad y la biocompatibilidad de las imagenes dirigidas al tumor y reducen la
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citotoxicidad, mejorando aun mas el potencial de aplicacién clinica de la resonancia

magnética.

También se ha disefiado una técnica sensible para el diagnostico de células
cancerosas en la sangre utilizando el sistema conjugado aptamero-nanoparticula, que
comprende el aptamero Sgc8 y nanoparticulas de silice marcadas fluorescentemente (Tan,
2016). En otra modificacion, el aptamero Sgc8 fue conjugado con nanoparticulas de oro
con una capa de Oxido férrico magnético para desarrollar un biosensor altamente sensible

para detectar la leucemia de células T (Khoshfetrat, 2017).

Recientemente, con el éxito de las terapias que modulan los puntos de control del
sistema inmune, se describen varias sondas de aptameros anti PD1, PD-L1, y CTLA-4,

entre otros, con fines diagndsticos, asi como terapéuticos (Garcia Melian, 2023).

2.3.4.Caracteristicas de los agentes de imagen de este estudio

2.3.4.1. Caracteristicas del fluor6foro Alexa Fluor™ 647

Realizar imagenes oOpticas en el rango de 600 a 1000 nm del espectro
electromagnético del infrarrojo cercano (NIR) otorga varias ventajas. Por ejemplo, los
cromoforos bioldgicos, en particular la hemoglobina, absorben fuertemente la luz visible,
limitando asi la profundidad de penetracion en longitudes de ondas cortas a unos pocos
milimetros. Sin embargo, en el NIR, el coeficiente de absorcién de luz de las moléculas
biol6gicas es minima y permite mejorar la penetracion de los fotones a través del tejido, a
nivel de profundidad y de uniformidad (Hilderbrand, 2010; Zhao, 2018). Asimismo, a alta
longitud de onda, los tejidos tienen menor autofluorescencia y la dispersion de luz
disminuye en el NIR, generando asi, menor interferencia de fondo con una mayor relacion
sefal/fondo; lo que permite obtener imagenes Opticas con alto contraste (Hilderbrand,
2010).

Estos requisitos son claves para su uso como agentes de imagen in vivo. Por tanto,
las sondas de imagenes generadas con moléculas que absorben en el NIR se utilizan

predominantemente en investigacion (Borlan, 2021). Ademas, algunas han recibido la
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aprobacion de la Administracion de Alimentos y Medicamentos (FDA) para uso clinico (Yu,
2016) debido a que, por ejemplo, tienen baja toxicidad, efectos secundarios insignificantes.
Estas se usan para monitorear la funcion cardiaca, el gasto hepatico y la angiografia
retiniana (Boumaza, 2001; Berlier, 2003).

El éster N-hidroxisuccinimidilo (NHS) de Alexa Fluor™ 647 (Figura 8), cuyo
fluoréforo pertenece a la familia de Alexa Fluor, ha sido utilizado para conjugacion a bio-
sistemas a través de un enlace covalente. Las moléculas fluorescentes Alexa Fluor
presentan un amplio rango de longitudes de onda de emision y de excitacion. Los
fluoréforos de dicha familia también resultan interesantes por su composicién quimica ya
que poseen una adecuada lipofilia, comparados con otros fluoréforos, y no presentan
problemas de solubilidad en medios biolégicos (Berlier, 2003). Alexa Fluor™ 647, presenta
un espectro de excitacion/emision de 650/668 (Figura 9) y se ha descripto su uso en el
desarrollo de agentes imagenoldgicos en cancer a nivel pre-clinico y como potencial
herramienta en cirugias guiadas (Saccomano, 2016; Calzada, 2017a; Comeo, 2020;
Castelli, 2021; Arévalo, 2022).

Figura 8. Estructura del éster N-hidroxisuccinimidilo de Alexa Fluor™ 647. Utilizado en

esta tesis como agente acoplante.
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Figura 9. Espectro de emisién y excitacion de Alexa Fluor™ 647. Extraido de la

plataforma “SpectraViewer” de Thermofisher Scientific Inc.

2.3.4.2. Quimica de galio-67

El radionucleido metdlico galio-67 (6’Ga) se produce en ciclotrén a partir de zinc-68 y
se comercializa en forma de citrato o cloruro de Galio. El ’Ga decae por captura
electrénica al nucleido estable 67Zn, con un periodo de semidesintegracion de 78,3 horas
(3,26 dias). En su decaimiento se emiten varios fotones gamma, siendo los principales los
de 93 keV con 37 % de abundancia, 185 keV con 20 % de abundancia, 300 keV con 17 %
de abundancia y 394 keV con 5 % de abundancia (Figura 10) (Mattsson, 2015; Drugs and
Lactation Database, 2021). Estas propiedades radiofisicas, hacen a ¢’Ga adecuado para
generar sondas emisoras gamma para el uso en imagenologia molecular, principalmente
para la toma de imagenes in vivo hasta las 72 horas (Calzada, 2017a; Calzada, 2017b;
Zhang, 2017).

A su vez, otra caracteristica de ’Ga es la emisién de electrones Auger durante el
decaimiento, que son de baja energia, por lo que también se consideran particulas
adecuadas para la inactivacion de células tumorales, produciendo una accién citotdxica en
las mismas. Estas particulas son extremadamente radiotéxicas ya que, si en su recorrido
colisionan con el ADN, pueden inducir la ruptura del mismo (Williams, 2008). Sin embargo,
es una terapia de corto alcance, es decir, solo es eficiente si la desintegracion radiactiva
ocurre cerca del ADN. Entonces, para que %’Ga pueda ser utilizado como potencial
radionucleido terapéutico, es necesario que la sonda o radiofarmaco se internalice en la
célula, se transloque al nucleo e, idealmente, se incorpore al ADN (Williams, 2008;
Othman, 2017).

27



Tir=3.2590d

51

3/

Ts T4€Cs

r

/ 184.57
Yo s Y1
Cs ecy
172

9330
(Tiz=9.1x 10°5)

1
i
I
I
i
1
]
i
i
i
]
i
i
|
Tio Yo Y3 Y2 !
eCq ecy ecy !
512 0 <
stable “Zn

Figura 10. Diagrama del decaimiento de galio-67. Extraido y adaptado de Attie, 1998.

Para lograr radiomarcar una molécula con %’Ga®*, que es un i6n metdlico, es
necesaria la incorporacion de un quelante bifuncional, para que sea coordinado
fuertemente, formando asi un complejo termodinamicamente estable. Un quelante
bifuncional, posee grupos funcionales para la quelacion del radiometal (primera funcion) y
otros para el acoplamiento de una molécula (segunda funcion) como un péptido, aptamero,
entre otros (Tolmachev, 2008). Mayoritariamente se utilizan para lograr minimizar la
interrupcion o alteracion de la actividad biolégica del agente de reconocimiento tras la
incorporacion del radionucleido metalico (Okoye, 2019). De esta forma, se pretende no
modificar sustancialmente la interaccion de la molécula, luego del marcado, con su blanco
molecular (Okoye, 2019). El quelante bifuncional a utilizar se selecciona en base a la
naturaleza y estado de oxidacién del ibn metalico, asi como la estabilidad del complejo
final, entre otras propiedades de interés (Liu, 2004). En este posgrado se utilizé ¢’GaClz
como forma quimica del radionucleido galio-67, en el que el galio se encuentra con estado
de oxidacion +3, por lo que los quelantes bifuncionales ideales para ser usados son los
polidentados con atomos donadores como aminas y carboxilatos. Entre ellos se puede
mencionar a los derivados del &cido 1,4,7,10-teraazaciclododecano-N,N",N"",N"""-
tetraacético (DOTA) (Guo, 2009) y a los derivados de &cido 1,4,7-triazaciclononano-
N,N",N""-triacético (NOTA) (Valdovinos, 2017). Estos quelantes son preferidos en la
complejacién por el incremento de la estabilidad termodinamica y, por ende, la baja inercia
guimica de los complejos de Ga*® formados, comparado con los analogos de cadena
abierta (por ejemplo, derivados de &acido dietilentriaminopentaacético, DTPA) (Simedek,
2012). Adicionalmente, la geometria de la cavidad de DOTA vy la preferencia del ién Ga3*

por la coordinacion octaédrica regular promueve como resultado un inadecuado ajuste del
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ion metélico en el macrociclo de este ligando. Por el contrario, el ligando NOTA presenta
una cavidad que es casi ideal para pequefios iones metalicos que dan complejos
octaédricos como el Ga3" (Simeéek, 2012). Ademés, en cuanto a los radiofarmacos
portadores de un macrociclo derivado de NOTA se han descripto muy buenas
estabilidades frente a diferentes desafios bioldgicos (Jain, 2018).

Un quelante bifuncional derivado de DOTA se utilizé en nuestro laboratorio para la
generacion de aptameros radiomarcados para imagenologia molecular teniendo excelentes
resultados (Calzada, 2017b). Con el objetivo de continuar profundizando en el desarrollo
de sondas radiomarcadas basadas en el aptdmero Sgc8-c, en este trabajo de posgrado se
eligio utilizar derivados del quelante bifuncional NOTA, por las potenciales ventajas
mencionadas en el parrafo anterior, para finalmente generar la sonda portadora del emisor

gamma %’Ga.

Asi, en este trabajo, se utlizo el quelante bifuncional &acido 2-S-(p-
isotiocianatobencil)-1,4,7-triazaciclononano-N,N",N""-triacético ~ (p-SCN-Bn-NOTA) que
exhibe un grupo isotiocianato activado para reaccionar con nucledfilos y una estructura
macrociclica, con tres grupos carboxilicos, presentando un ndcleo mas pequefio que el del
ciclo de DOTA (Figura 11).

CO,H  CO,H

)
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Figura 11. Estructura del agente acoplante utilizado en este trabajo, para incorporar el

guelante NOTA al aptamero Sgc8-c.
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2.4. Aptameros en el desarrollo de biofarmacos para terapia en cancer

2.4.1.Disefios de conjugados aptamero-farmaco

La terapia dirigida tiene como objetivo aumentar la toxicidad especificamente en los
tejidos tumorales mientras reduce la toxicidad en los tejidos sanos (American Cancer
Society, 2008). Asi como los “Antibodies Drug Conjugates” (ADC), los aptameros son
candidatos prometedores para su aplicacion en terapia dirigida debido a sus
caracteristicas, principalmente su alta especificidad, selectividad, facil internalizacion
celular, rapida capacidad de acumulacion tisular y capacidad de modificacion (Ni, 2021).

La terapia dirigida basada en aptdmeros ha empleado dos estrategias:

(1) aptdmero per se como agente terapéutico, como antagonista para bloquear la
interaccion de dianas asociadas a la enfermedad o agonista para activar la funcién de los

receptores especificos;

(2) aptdmero como agente de entrega activa, para dirigir otros agentes terapéuticos
a las células o tejidos especificos (conjugado aptdmero-farmaco - ApDC) (Huang, 2014).

En este caso, el aptamero no necesariamente debe tener un efecto farmacoldogico.

El conjugado aptamero-farmaco, al igual que la sonda imagenoldgica, puede constar
de tres componentes: el aptamero, el conector y el farmaco (porcién que tiene actividad
bilégica) (Kim, 2021). Aunque existen ejemplos de desarrollos de sistemas més sencillos.

En los conjugados, los ligandos reconocen especificamente los biomarcadores
asociados con el cancer y administran farmacos a las células tumorales especificas. Los
farmacos se conjugan al aptamero, en general a través de conectores con grupos
funcionales que aseguran la estabilidad de los conjugados y también permiten la liberaciéon

selectiva del farmaco en células o tejidos tumorales (Zhu, 2018).

La estabilidad general y la reversibilidad estructural de los aptameros permite
disefiar varios tipos de conjugados aptamero-farmaco para dirigirse a las células
especificamente, mejorando la concentracion local del farmaco y eficacia terapéutica (Kim,
2021).
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Uno de los tipos de conjugados covalentes aptamero-farmaco son los construidos en
base a andlogos de nucledtidos (Figura 12A). Los analogos de nucleosidos citotoxicos y
las nucleobases estuvieron entre los primeros agentes quimioterapéuticos que se
introdujeron para el tratamiento médico del cancer (Galmarini, 2002). Los analogos de
nucledtidos son familias farmacolégicamente diversas, que incluyen: agentes
antitumorales, agentes antivirales y moléculas inmunosupresoras (Kim, 2021). Estos
conjugados se pueden realizar mediante la insercion de analogos de nucleotidos,
bioldgicamente activos, entre la secuencia del aptdmero. El farmaco actla como un
antagonista metabdlico o compite con los &cidos nucleicos fisiolégicos o interactla con
muchos blancos intracelulares para inducir citotoxicidad. Sin embargo, podria ocurrir una
accion dual si el aptamero presenta también efecto anticancerigeno (Galmarini, 2002; Ni,
2021).

Otro tipo de conjugados aptamero-farmaco son los conjugados por intercalacion, u
otro tipo de interaccibn de baja energia, reversible del farmaco (Figura 12B). Los
conjugados fisicos, no covalentes, se generan mediante la interaccién del farmaco a la
estructura del aptdmero. Las estrategias que se utilizan para la insercién al aptamero, es
similar a la que ocurre en el ADN celular, donde, por ejemplo, se intercalan moléculas entre
dos pares de bases adyacentes en la doble hélice del ADN (Zeng Z, 2021). Aunque aun se
continla estudiando como es este mecanismo, estos conjugados tienen la ventaja de
poder acoplar facilmente farmacos a aptdmeros, sin pasar por un proceso de sintesis
quimica o proceso de modificacion complicado (Kim, 2019). Hay muchos estudios que
utilizan este tipo de conjugacion, intercalando farmacos como doxorrubicina con grandes
resultados (Bagalkot, 2006). Sin embargo, esta estrategia presenta la desventaja de que el
reconocimiento y afinidad del aptamero por el blanco molecular puede verse afectado, al
intercalarse el farmaco, debido a los cambios tridimensionales del oligonucleétido (Zeng,
2021).
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Figura 12. Diferentes conjugados aptameros-farmacos. ApDC construido por analogos de
nucleotidos A. ApDC por intercalacién u otro tipo de interaccion de baja energia del farmaco al
aptadmero B. ApDC mediante el uso de un conector entre el farmaco y un aptamero C. Extraida de
Kim, 2021.

Otro tipo de conjugado aptamero-farmaco es el que se obtiene por el uso de un
conector quimico (Figura 12C). La union covalente de farmacos a aptameros mediante
conectores se ha explorado ampliamente y es el mas utilizado para la generacion de los
conjugados. Ademas, presenta mayor potencial para modificaciones especificas y tienen
una funcién escindible para luego liberar el farmaco en el sitio de accion. La escision puede
ser dependiente de temperatura, por dinamicas labiles al pH, por productos quimicos, por

reacciones enzimaticas, entre otros (Zhu, 2018, Ni, 2021).

Han sido descripto tres tipos de métodos para unir un conector a un aptamero. El
primero es formando una hidrazona que implica contar con cetonas y aldehidos y un
agrupamiento hidracina. El grupo hidrazona, inestable en medio acido, se descompone por
hidrélisis cuando el aptamero y el farmaco son internalizados por endosomas y lisosomas

acidos; de esta forma se libera el farmaco (Zhu, 2018).

El segundo es la quimica relacionada con agrupamientos de tioles. Esta estrategia
se usa comunmente en mercapto-farmacos (portadores de agrupamiento -SH) y se los
hace reaccionar con un aptamero portador de un grupo —SH para formar un enlace
disulfuro. También se ha descripto el uso de fragmentos derivados de mercapto-PEG en el
farmaco y en el aptamero que concomitantemente aumenta la estabilidad del compuesto
(Da Pieve, 2010).
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El tercer tipo de conector son los que pueden ser escindidos por la catepsina B, que
es una proteasa de lisosomas que se sobreexpresa en varias células tumorales y esta
involucrada en numerosos procesos de carcinogénesis en humanos. La catepsina B tiene
varios sustratos, sin embargo, secuencias como fenilalanillisina (Phe-Lys) son mas
especificas. El conjugado aptdmero-farmaco se internaliza por endocitosis y se transporta
al lisosoma, donde la catepsina B escinde selectivamente el conector, logrando la

liberacion intracelular controlada del farmaco (Qi, 2022).

En este trabajo de tesis se utilizé otro tipo de conector, carbamato, tanto por las
caracteristicas de estabilidad del mismo como por motivos estructurales, descripto en el
articulo IV (Sicco, 2021).

2.4.2. Aptameros en terapia

Si bien la terapia con aptameros per se no fue enfoque de este posgrado, resulta

importante destacar los recientes avances en el campo de la biomedicina.

La mayoria de los tratamientos contra el cancer implican radiacion, extraccion
quirdrgica o quimioterapia combinada con farmacologia mas reciente como la
inmunoterapia (Yildizhan, 2018). Sin embargo, estos enfoques son, en algunos casos,
invasivos o, en otros, tienen una amplia gama de blancos moleculares que causan efectos
indeseables en el tejido sano circundante, lo que lleva a efectos secundarios en los
pacientes. Nuevos tratamientos intentan eliminar las células tumorales de manera mas
precisa y con un impacto minimo en las células sanas adyacentes. Los aptameros son

candidatos prometedores para su aplicacion en terapia dirigida (Ni, 2021).

La primera formulacién de un aptamero que fue aprobada por la FDA para su uso
clinico es Macugen (Pegaptanib). Este aptamero se utiliza para el tratamiento de pacientes
con degeneracion neovascular macular de la edad, por inhibicion de la expresiéon del factor
de crecimiento endotelial (Gryziewicz, 2005). Aparte de Pegaptanib, el aptdmero mas
avanzado para la terapia en cancer es AS1411 y se encuentra en fase Il (Ireson, 2006). El
aptamero AS1411, dirigido a la proteina nucleolina, también se ha utilizado como
conjugado aptamero-farmaco. Este se conjugé con doxorrubicina y se observé la utilidad

del conjugado para la administracion dirigida del farmaco en la linea celular de cancer de
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higado humano (células Huh7) in vitro y en un modelo de xenoinjerto murino de carcinoma

hepatocelular (Trinh, 2015). Recientemente, el aptamero ApTOLL se encuentra en estudios

de fase 1b/2a, donde se evalud su seguridad y eficacia en combinacion con el tratamiento

endovascular para pacientes con accidente cerebrovascular isquémico, surgiendo asi

nuevos candidatos con excelentes resultados (Hernandez, 2023). En la Tabla 3 se detallan

aptameros en fases de desarrollo clinico (Opsina, 2020).

Tabla 3. Aptameros en fases de desarrollo clinico. Extraida y adaptada de Ospina, 2020.

Pegaptanib™ Factor de Degeneracion macular | Aprobado
(Macugen) crecimiento vascular | relacionada con la edad | por la FDA
endotelial (VSGF) Fase IV
REG1™ Factor de Enfermedad de la Fase lll
coagulacion IXa arteria coronaria
E10030™ Factor de Degeneracion macular | Fase I
(Ophthotech crecimiento relacionada con la edad
Corporation) derivado de
plaquetas (PDGF)
AS1411™ Nucleolina Leucemia mieloide Fase Il
(antisoma) aguda
REG1™ Factor de Intervencién coronaria | Fase |l
coagulacion IXa percutanea
ARC1779™ Dominio Al, factor | Microangiopatias Fase Il
(Archemix) de von Willebrand trombaticas y
enfermedad de la arteria
carotida
NOX-E36™ Citocina CCL2 Diabetes mellitus de tipo | Fase |l
(Noxxon Pharma) 2
NU172™ (ARCA) | Trombina Derivacion Fase Il
cardiopulmonar para
mantener el estado de
la anticoagulacion
ARC19499™ Inhibidor de via del | Hemofilia Fase |
(Baxter) factor tisular (TFPI)
ARC1905™ Componente 5 del Degeneracion macular | Fase |
(Ophthotech) complemento relacionada con la edad

En fase preclinica, el apthmero Sgc8 también fue conjugado para administrar

doxorrubicina especificamente en las células T de leucemia linfoblastica aguda (Taghdisi,

2010). Pero para mejorar la estabilidad de ese conjugado, el aptdmero se unid
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covalentemente al farmaco mediante un conector labil en medio acido (Huang, 2009).
Luego, con el objetivo de aumentar la capacidad de carga util de aptamero-farmaco, se
informd sobre otro sistema de administracion de doxorrubicina, denominado “hanotrains”
de ADN anclado en aptamero (aptNTrs) con una relacion molar farmaco/Sgc8 aptamero-
NTr de 50:1. Este compuesto muestra la inhibicion del crecimiento de células tumorales in
vitro e in vivo (Zhu, 2013).

Otros portadores de nanoparticulas, como las nanoparticulas de silice mesoporosas
(MSN), también han sido evaluados como método para mejorar la eficacia terapéutica. Se
desarroll6 un MSN modificado con el aptamero Sgc8 para administrar doxorrubicina a las
células leucémicas con alta eficacia terapéutica y reduccion de la toxicidad (Yang, 2019).
En cuanto a la terapia génica, se desarroll6 un conjugado aptamero-ADNzima en forma de
Y circular para una terapia génica in vivo altamente eficaz a través de la escision del ARN
por ADNzima Este farmaco oligonucleétido proporcioné un enfoque novedoso para

aplicaciones terapéuticas practicas (Zhang, 2020).

Se ha desarrollado el aptamero A9g, de ARN, anti-PSMA (antigeno prostatico
especifico de membrana) con capacidad de inhibir la actividad enzimatica de PSMA,
reduciendo la capacidad migratoria e invasiva de las células cancerosas prostaticas in vitro.
El aptdmero A9g demostrd ser seguro y no toxico en estudios in vivo (Ning, 2020). Por otro
lado, el aptamero de ARN Apt63 puede discriminar facilmente entre lineas celulares de
cancer de préstata en funcién de su potencial metastasico. Las células cancerosas sin
propiedades metastasicas no se unen a Apt63, mientras que el aptamero podria unirse a la
subunidad b de la ATP sintasa presente en la membrana plasmatica de las células
tumorales metastasicas. Esta union tiene el potencial de destruir el mecanismo de
existencia fundamental de las células tumorales y puede causar una muerte celular rapida
(Speransky, 2019).

Por dltimo, como se menciond anteriormente, hay un gran desarrollo en lo que
refiere a aptdmeros contra los puntos de control del sistema inmune como terapia, que
intentan reproducir el éxito de estas terapias basadas en anticuerpos, con las ventajas que

los aptameros representan (Garcia Melian 2023).

2.4.3.Dasatinib: farmaco utilizado en este estudio
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Dasatinib es un inhibidor de la tirosina quinasa de amplio espectro, incluidas las
quinasas de la familia BCR-ABL y SRC, que presenta una masa molecular de 488,0 Da, y
que se administra por via oral (Figura 13) (Braun, 2020). En el 2006, recibi6 la aprobacion
de la FDA para tratar la fase leucemia mieloide cronica (LMC), leucemia linfoblastica
cronica y la leucemia linfoblastica aguda Philadelphia positiva (LLA Ph positiva), con
resistencia o intolerancia a la terapia previa (Talpaz, 2006; Simoneau, 2013). Demostro ser
un farmaco mas potente y efectivo, durante mas tiempo que otros tratamientos anteriores

para la LMC, como imatinib y nilotinib (O'Hare, 2005).

@%

Figura 13. Estructura de dasatinib.

Dasatinib se une fuertemente a la quinasa BCR-ABL y tiene actividad contra muchas
de las formas mutantes de BCR-ABL, tanto las conformaciones activas como inactiva
(McCormack, 2011). Consecuentemente, se ha visto que dasatinib es eficaz contra las
mutaciones BCR-ABL resistentes a imatinib, que han alterado la conformacién inactiva
(Hiwase, 2008; McCormack, 2011).

La absorcién de dasatinib es principalmente un proceso pasivo, se une en gran
medida a las proteinas plasmaticas (96 %) y se distribuye ampliamente en el espacio
extravascular. Los transportadores de cationes organicos (OCT1, OCT-2 y OCT-3) no
desempefian ningun papel en la captacion celular de dasatinib, pero este farmaco es un
sustrato de los transportadores de salida (ABCB1 y ABCG2) en las células leucémicas
(Furmanski, 2013). Ademas, la absorcion de dasatinib depende del pH acido, por lo que el
transportador ABCC4 ubicado en el estbmago y el tracto gastrointestinal, junto con el pH

acido, facilitan la absorcién gastrica del farmaco (Eley, 2009).
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La via principal de eliminacion de dasatinib es la biotransformacion oxidativa a través
de la cual se forman los metabolitos circulantes. Estos metabolitos incluyen productos de
hidroxilacién, oxidacion de alcohol, N-oxidacion, N-desalquilacidn, conjugacion de sulfato y
glucuronidacion, y metabolitos secundarios que son subproductos de metabolitos primarios
(Figura 14) (Kumar, 2022).
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Figura 14. Via metabélica de dasatinib. Extraido de Kumar, 2022.

El uso de dasatinib en terapias dirigida que inhiba la actividad de la quinasa BCR-
ABL puede provocar respuestas hematolégicas y citogenéticas en las personas afectadas.
En un ensayo clinico con hepatocitos primarios de rata, se observé que dasatinib aumenta
el nivel de especies reactivas de oxigeno, reduce el glutation en la célula, disminuye el
potencial de membrana de las mitocondrias y, eventualmente, mejora otros eventos para
promover el estrés oxidativo (Xue, 2012). Ademas, dasatinib puede inducir una respuesta
apoptética a través de distintos mecanismos, como el de la regulacién de la actividad de
Akt/mTOR, al mismo tiempo que evita la liberacion exosémica (Figura 15) (Liu, 2016;
Vaidya, 2018).
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Figura 15. Vias de sefializacion implicadas en la toxicidad inducida por dasatinib. Extraida de
Vaidya, 2018.

Se ha profundizado en la evaluacién de dasatinib, en estudios preclinicos y clinicos,
para el tratamiento de tumores malignos sélidos, incluido cancer de mama (Reissig, 2001),
cancer de células renales (Sun, 2018), cancer de pulmén de células no pequefias, cancer
de préstata y glioma (Araujo, 2010).

Recientemente, se realizaron estudios clinicos en humanos utilizando un agente
derivado de dasatinib, donde se evalué la factibilidad de usar '8F-dasatinib (*8F-SKI) para
imagenes PET en pacientes con neoplasias malignas. También se validé su uso para la
deteccién de tumores no invasivos in vivo dirigidos por tirosina quinasa en modelos
preclinicos. A pesar de las dosis bajas inyectadas y una eliminacion rapida de la sangre,
los ensayos mostraron una captacion tumoral significativa y un buen contraste de imagen
(Krebs, 2020).
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3.0Dbjetivos
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3.1. Objetivo general

- Evaluar la potencialidad del aptamero Sgc8-c para su aplicacibn en imagenologia

molecular y terapia en cancer.

3.2. Objetivos especificos
- Capitulo I: Sgc8-c como agente de imagenologia molecular en cancer

A

Sintetizar y caracterizar fisicoquimicamente derivados del aptamero Sgc8-c con la

capacidad de generar sondas portadoras de emisores gamma.

o
1

Profundizar en la sintesis y caracterizaciéon in vitro de una sonda fluorescente

derivada del aptamero Sgc8-c.

C- Sintetizar y caracterizar in vitro e in vivo una sonda derivada del aptdmero Sgc8-c
portadora de un emisor gamma, como potencial agente diagndstico en cancer en un

modelo tumoral de linfoma.

D- Profundizar en la caracterizacion biolégica in vitro e in vivo de las sondas

fluorescente y portadora de un emisor gamma desarrolladas en dos modelos

tumorales de melanoma.

- Capitulo II: Sgc8-c como agente potencial bioterapéutico selectivo en cancer

A- Generar nuevos conjugados aptamero-farmaco mediante la incorporacion covalente

al aptdmero Sgc8-c.

B- Evaluar biol6gicamente in vitro la capacidad del aptamero Sgc8-c para dirigir el

farmaco antitumoral al sitio de accion.
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4. Capitulo I: Sgc8-c como agente de imagenologia
molecular en cancer
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4.1. Articulo I: Sintesis, purificacion y caracterizacion
fisicoguimica de los derivados del aptamero Sgc8-c y de
una sonda fluorescente.

doi:10.1111/cbdd.13135.
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Aptamers, oligonucleotides with the capability to bind to a target through non-covalent
bonds with high affinity and specificity, have a great number of advantages as scaf-
fold to prepare molecular imaging agents. In this sense, we have performed post-
SELEX modifications of a truncated aptamer, Sgc8-c, which bind to protein tyrosine
kinase 7 to obtain a specific molecular targeting probe for in vivo diagnosis and in
vivo therapy. Herein, we describe the synthetic efforts to prepare conjugates between
Sgc8-c and different metallic ions chelator moieties in short times, high purities, and
adequate yields. The selected chelator moieties, derived from 1,4,7,10-tetraazacyclo
dodecane-1.4,7,10-tetraacetic acid, 2-benzyl-1.4,7-triazacyclononane-1,4,7-triacetic
acid, and 6-hydrazinonicotinic acid, were covalently attached at the 5’-aptamer posi-
tion yielding the expected products which were stable in aqueous solution up to 75°C
and in typical aptamer storage conditions at least for 30 days.
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through imaging allows the evaluation of pathology without
disturbing the biological environment. In cancer, tumor strati-

Molecular imaging consists of the in vivo visualization,
characterization, and measure of biological processes at the
cellular or molecular level.!’ Details such as localization,
size, morphology, and structural changes of an affected area
could be seen through conventional imaging techniques.m
Visualization of molecular characteristics non-invasively

fication, metastasis detection, guided surgery, as well as quan-
tification of an injury are different applications in this field.">!

Identification of new molecular biomarkers and the devel-
opment of specific molecular targeting agents against them
are very important for image diagnosis and therapy.[(’I In this
sense, aptamers, which are oligonucleotides (ssDNA or RNA)
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with a three-dimensional structure characterized by loops
or hairpins, have the ability to bind to a target through non-
covalent bonds with high affinity and specificity. 791 Aptamers
are selected through massive complex combinatorial libraries
by an in vitro process well-known as Systematic Evolution of
Ligands by Exponential Enrichment (SELEX).M Thus, it of-
fers advantages over other conventional-specific recognition
molecules commonly used as therapy or imaging agents, such
as antibodies. In vitro selection and chemical modifications
are fast, inexpensive, and have less variability compared with
antibodies and do not generate in vivo immunogenicity or tox-
icity.IlOI Moreover, the low molecular weight (~15 kDa) and
charges of most aptamers promote rapid tissue penetration
and fast clearance, achieving high target/non-target ratios.!"!)
Furthermore, FDA approved aptamers as therapeutic agent,!'?)
and several researches are carrying out.'*!%!

Sgc8-c is a truncated sequence of the original aptamer
Sgc8, which showed binding properties to protein tyrosine
kinase 7 (PTK7) membrane receptor. Although Sgc8-c has
only 41 nucleotides, the K value is 0.78 nm for the PTK7
receptor.“g| PTK7 is able to participate as a co-receptor, its
proteolysis by MT1-MMP is involved in the progression of
cancer, and furthermore, the participation of PTK7 in angio-
genesis, cellular migration, and invasion, via VEGF path-
ways, has been described.”*?¥ PTK7 overexpression has
been observed in several colon, differentiated gastric, lung,
prostate, and breast tumors and their metastases.>* ")

Recently, we have explored Sgc8-c aptamer as the
base of a molecular probe tagging with the fluorophore
AlexaFluor647% (Sge8-c-Alexa647) and radiolabeling with
#™Te via the HYNIC chelator.”®! Near-infrared probe was
able to recognize melanoma and lymphoma in vivo. However,
lack of in vivo targeting of the radiolabeled probe could be
explained by labeling modifications. Gamma rays have bet-
ter tissue penetration and the ability to accurately measure
in tissue, which permit whole-body quantitative imaging.*”!
For this reason, we were interested to exploring new Sgc8-c-
radiolabeled probes and how chemical modifications could
be change in vivo targeting.

Herein, we reported the optimization of the Sgc8-c
derivative preparations, able to co-ordinate metallic ra-
dionuclides. For this reason, we selected the frameworks
derivatives from 1.4,7,10-tetraazacyclododecane-1,4,7,10
-tetraacetic acid (DOTA), and 2-benzyl-1.4,7-triazacyclo
nonane-1,4,7-triacetic acid (NOTA) which are able to co-
ordinate, for example, with metallic ions such as Ga**, Zr**,
cu’, In**, Lu**, Y**, or Bi**, among others. Furthermore,
we optimized the derivatization of Sgc8-c with the moiety
6-hydrazinonicotinyl (from HYNIC), using a different pre-
cursor that it was previously described,”™ which is able to
co-ordinate, for example, with metallic ions such as Tc™, or
Re™*, among others. Additionally, we analyzed properties of
the aptamer conjugates in different conditions.

2 | METHODS AND MATERIALS

21 |

All commercially available starting materials, reagents, and
solvents were used without further purification unless oth-
erwise stated. 5’-Aminohexyl-modified Sgc8-c aptamer
(~13 kDa, 5'-/AM/ATC TAA CTG CTG CGC CGC CGG
GAA AAT ACT GTA CGG TTA GA-3', Sgc8-c-NH;)
was purchased by IDT technologies (Integrated DNA
Technologies, Coralville, USA). ESI-MS was performed by
IDT technologies. All buffers were prepared with sterilized
MilliQ water.

Advance of the reaction and quality of the product were
followed by reverse-phase HPLC chromatography (RP-
HPLC) (Agilent 1200 Series Infinity Star, Santa Clara-
USA) with a 5 pm C-18 Kinetex column (Phenomenex) run
with aqueous solution of triethylamine (50 mwm, pH 7.5)/5%
acetonitrile (solvent A) and methanol (solvent B), flow
rate 1 ml/min, and performed in a gradient of A:B (90:10)
to A:B (40:60) over 30 min (UV detection). Purifications
in the scaling-up procedures were performed in same
conditions.

Chemistry

2.1.1 | Synthesis of Sgc8-c-DOTA (1)

Sgce8-c-NH, was reacted with 1,4,7,10-tetraazacyclododec
ane-1.,4,7,10-tetraacetic acid mono-N-hydroxysuccinimide
ester as HPF6 - CF;CO,H salt (NHS-DOTA, B-280,
Macrocyclics, Inc. TX-USA) as: NHS-DOTA (26.0 mg,
34 pmol) dissolved in dry DMSO (3.85 pl) was added to
a solution of Sgc8-c-NH; (2.2 mg, 0.17 pmol) dissolved
in a mixture of equal volume of sodium phosphate buffer
(0.1 M) and sodium bicarbonate (0.1 m), at final volume of
400 pl, pH = 8.3. The mixture of reaction was stirred at
room temperature for 2 hr. Reaction was stopped by MilliQ
washing of Sge8-c-DOTA by microcon® Centrifugal
Filters (10 kDa cutoff) or PD10 column (GE Healthcare
Life Sciences, Little Chalfont-UK) and followed by spec-
trophotometry at 260 nm. Yield (by RP-HPLC)=77%;
ESI-MS = 13238.5 Da (with co-ordinated potassium);
expected: 13238.5 Da (with co-ordinated potassium). In
addition, molecular weight changes were followed by gel
electrophoresis (native polyacrylamide (15%)).

After purification by RP-HPLC, fractions, correspond-
ing to the product, were stored at —20 and 4°C dissolved in
MilliQ water or lyophilized.

2.1.2 | Synthesis of Sgc8-c-NOTA (2)

Sgc8-c-NH, was reacted with 2-S-(4-isothiocyanatobenzyl)
-1.,4,7-triazacyclononane-1.4,7-triacetic acid as 3 HCI salt
(p-SCN-Bn-NOTA, B-605, Macrocyclics, Inc. TX-USA)
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as: p-SCN-Bn-NOTA (20.0 mg, 36 pmol) dissolved in dry
DMSO (4.5 pl) was added to a solution of Sge8-c-NH,
(2.3 mg, 0.18 pmol) dissolved in a mixture of equal volume
of sodium phosphate buffer (0.1 M) and sodium bicarbo-
nate (0.1 m), at final volume of 400 pl, pH = 8.3. The mix-
ture of reaction was stirred at room temperature for 2 hr.
Reaction was stopped by MilliQ washing of Sge8-c-NOTA
by microcon® Centrifugal Filters (10 kDa cutoff) or PD10
column (GE Healthcare Life Sciences, Little Chalfont-UK)
and followed by spectrophotometry at 260 nm. Yield (by
RP-HPLC) = 70%; ESI-MS = 13325.6 Da (as sodium salt
and with co-ordinated potassium); expected: 13325.0 Da
(as sodium salt and with co-ordinated potassium). In ad-
dition, the molecular weight changes were followed by gel
electrophoresis (native polyacrylamide (15%)).

After purification by RP-HPLC, fractions, correspond-
ing to the product, were stored at —20 and 4°C dissolved in
MilliQ water or lyophilized.

2.1.3 | Synthesis of Sgc8-c-HYNIC (3)

Sgc8-¢-NH); was reacted with 6-(2-trifluoroacetylhydrazinyl)
nicotinic acid N-hydroxysuccinimide ester (NHS-HYNIC-
TFA)®” as: NHS-HYNIC-TFA (2.7 mg, 7.8 pmol) dis-
solved in dry DMSO (1.8 pl) was added to a solution of
Sgc8-¢-NH, (0.5 mg, 0.04 pmol) dissolved in a mixture of
equal volume of sodium phosphate buftfer (0.1 m) and sodium
bicarbonate (0.1 m), at final volume of 400 pl, pH = 8.3. The
mixture of reaction was stirred at room temperature for 2 hr.
Reaction was stopped by MilliQ washing of Sgc8-c-HYNIC
by microcon® Centrifugal Filters (10 kDa cutoff) or PD10
column (GE Healthcare Life Sciences, Little Chalfont-UK)
and followed by spectrophotometry at 260 nm. Yield (by
RP-HPLC) = 48%; ESI-MS = 13044.3 Da; expected:
13045.0 Da. In addition, the molecular weight changes were
followed by gel electrophoresis (native polyacrylamide
(15%)).

After purification by RP-HPLC, fractions, correspond-
ing to the product, were stored at —20 and 4°C dissolved in
MilliQ water or lyophilized.

2.2 | Stability studies
2.2.1 | Physical stability
Thermal stability

Stabilities of the aptamer conjugates, including Sgc8-c-
Alexa647."* were checked at different temperatures, 25, 37,
45, 60, and 75°C, incubating on MilliQ water during 30 min.

After time-points, aliquots of the reaction mixture were
filtered (0.22 pm) and analyzed by RP-HPLC (see previous
conditions) and gel electrophoresis.

CR-WiLEY-22

Briefly, for the gel electrophoresis, 1 pg of the sample
was suspended on MilliQ water (10 pl), heated at 75°C for
10 min, chilled on ice for 10 min, and mixed with run buffer
(1 pl). The samples were loaded into the gel. The gel electro-
phoreses were performed on 15% native polyacrylamide gel
in 1x TAE buffer using a constant voltage of 100 V and an
amperage of 0.04 A. Silver nitrate staining was used for visu-
alization. The molecular ruler Bio-Rad 170-8201, for 20 bp,
was used as molecular weight marker.

Stability in storage conditions
Additionally, stabilities of the aptamer conjugates, includ-
ing Sgc8-c-Alexa647.m] were weekly checked storing them,
dissolving on MilliQ water, or lyophilized, at —20 and 4°C,
during 30 days.

After time-points, aliquots of the reaction mixture were
filtered (0.22 pm) and analyzed by RP-HPLC and gel elec-
trophoresis as described above.

2.2.2 | Functional stability

Aptamer conjugates, including Sge8-c-Alexa647,* (10 pmol)
were incubated with DNAse I (0.2 units) in aqueous solution of
NaCl (0.9%) at room temperature during 2 hr.

After time-points, samples were analyzed by gel electro-
phoresis as described above.

3 | RESULTS AND DISCUSSION

3.1 | Covalent bonding of chelators to
aptamer Sgc8-c

s s 28 s
Given our previous results,”®! we decided to use the Sgc8-c

aliphatic amine derivative, Sge8-c-NH, (Figure 1), as starting
nucleophilic material and evaluate the reaction with various
activated bifunctional agents. Gentle and room temperature
reactions were chosen for this. In this sense, we used 1,4,
7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid mono-
N-hydroxysuccinimide ester (NHS-DOTA), 2-S-(4-isothioc
yanatobenzyl)-1.4,7-triazacyclononane-1.4,7-triacetic ~ acid
(p-SCN-Bn-NOTA), and 6-(2-trifluorocetylhydrazinyl)nico-
tinic acid N-hydroxysuccinimide ester (NHS-HYNIC-TFA)
as electrophilic reagents (Figure 1). These entities have dem-
onstrated their ability to co-ordinate different metallic ions to
produce new radiopharmaceuticals and, according to these
structural differences, to produce conjugates ((1), (2), and
(3), Figure 1) with different physicochemical properties, that
is, lipophilicity, stability, water solubility, and consequently
different biodistribution properties.*"**/ On the one hand,
due to the potential instability of the aptamer in the reaction
milieu conditions and, on the other hand, the need to perform
rapid syntheses in the production of radiopharmaceuticals,
the following variables were studied that would guarantee
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FIGURE 1  Organic chemistry reaction for the syntheses of Sgc8-c-metallic ions coordinators ((1)-(3))

rapid and efficient procedures: (i) reactants molar ratios; (ii)
time; and (iii) solvent of reaction. The advances of the reac-
tions and the desired products yields were studied by reverse-
phase HPLC chromatography (RP-HPLC). In reference to
the temperature of reactions, although the stability of aptam-
ers is guaranteed even at high temperatures,* we performed
the optimization studies always at room temperature.

Firstly, the reactants molar ratios were varied, between
1:2 and 1:200 (aptamer:activated chelators), using sodium
bicarbonate buffer (0.1 m, pH = 8.3) as solvent of aptamer
and DMSO to dissolve NHS-DOTA, p-SCN-Bn-NOTA, or
NHS-HYNIC-TFA (for details, see Experimental Section), at
room temperature and during 2 hr. The results showed that
the yields increased with the amount of the electrophiles
(Figure 2a) resulting the best conditions, in all the cases,
where the ratio was 1:200.

Secondly, due to the low yields in the cases of conju-
gates Sge8-c-DOTA (1) and, especially Sge8-c-HYNIC (3)
(Figure 2a), at 1:200 ratio, led us to analyze different reaction
times varying it between 0.5 and 24 hr. The results clearly
showed that the increase in reaction time conducted to lower
yields of products resulting the best time of incubation 2 hr
(Figure 2b). Over 24 hr, no significant changes in yields were
observed.

Thirdly, trying to improve the conjugates yields, we ana-
lyzed different solvents of reactions assaying different aque-
ous buffer solutions. The nature and ionic strength of the

buffer, in which aptamer-ligand interaction occurs, could sig-
nificantly influence in the biological binding,I34I On the other
hand, no previous aptamer synthetic studies using different
buffers have been performed.***>) In this sense, besides so-
dium bicarbonate buffer (0.1 m, pH = 8.3), sodium phosphate
buffer (0.1 M, pH = 8.3), and a mixture of equal volume of
both buffers were studied as solvent of reactions. In these
studies, we also included the effect of buffers in the yield
of Sge8-c-Alexa647"" preparation. When sodium bicarbon-
ate buffer was changed by sodium phosphate buffer, a clear
increment in the yields was observed in all the cases being,
especially for Sge8-c-HYNIC (3) (Figure 3a), still low. For
this reason, we probed mixtures of both buffers, finding that
equal volumes of both buffers produced the best yields of the
desired conjugates (Figure 3b) reaching the highest values of
77% for Sge8-¢-DOTA (1), 70% for Sge8-¢-NOTA (2), 48%
for Sge8-c-HYNIC (3), and 52% for Sge8-c-Alexa647.

These syntheses were scaled up to a level of five times
with identical results in yields. For future radiolabeling
steps is very important to start from a pure sample due to
additional radiolabeled reactions could be produced extra
impurities turning a poor final product. In this sense, we
performed effort to take off the Sge8-c-NH, from conju-
gated sample. By RP-HPLC, isolation purities higher than
99% of the conjugates (1)-(3) were obtained. The RP-
HPLC profiles of the scaling-up procedures are shown in
Figure 4.

46



SICCO ET AL. Cb&% —Wl LEY 751
@ ] 0 ] I Sc8cDOTA
[_1Sgc8cNOTA
A I Sgc8cDOTA 40 - [C—1Sgc8HYNIC
[_1Sgc8cNOTA
1 Sgc8HYNIC 35
50
30
;\3 40 § 25
kel kel
£ 30 & 20-
15
20
10
10
[ 5
0 T T T T 04 T T
1:2 1:50 1:100 1:200 0.75 2 24
Aptamer:activated chelator ratios Time (hr)

FIGURE 2 Conjugates (1)-(3) yields in different synthetic experimental conditions (a) varying the ratio aptamer:activated chelators (in
sodium bicarbonate buffer, 0.1 M, pH= 8.3, at room temperature and during 2 h of incubation): (b) varying the time of reaction (in sodium
bicarbonate buffer, 0.1 M, pH= 8.3, at room temperature and in an aptamer:activated chelators ratio of 1:100)

FIGURE 3 Conjugates (1)-(3) and
Sge8-c-Alexa647**! yields using different
aqueous buffers of reactions (a) Sge8-c-
HYNIC (left) and Sgc8-c-Alexa647 (right)
syntheses (in a Sge8-c-NH,:NHS-HYNIC-
TFA and Sgc8-c-NH2:NHS-Alexa647 ratios
of 1:200, at room temperature and during 2
h of incubation); (b) Conjugates (1)-(3) and
Sgc8-c-Alexa647 syntheses (in reactants
ratios of 1: 200, at room temperature and
during 2 h of incubation)
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The conjugates were obtained free of residual-activated che-
lators and unreacted chemical reagents by size exclusion

Sgc-8-DOTA Sgc-8-NOTA Sgc-8-HYNIC ~ Sgc-8-Alexa647

filter (10kDa cutoff). In order to know the incorporation
of chelators to the aptamer we isolated, from the RP-HPLC
in the scaling-up procedures (Figure 4), and analyzed by
ESI-MS each compound present in the synthetic reaction
milieus. Surprisingly, significant changes in time reten-
tion on RP-HPLC were observed for each isolated probe
(Figure 4, tg_gges.c.Np2 = 1 1.4 min, tg ge8.c.poTa = 12.5 min,
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R, Sge8c-NOTA = 16.9min, tr  gpes.cHynic = 19.4min, tg,
Sge8-c-Alexa6d7 = 19.8 min).

The ESI-MS analyses (see example in Fig. S1b) showed
that the first RP-HPLC-eluted product corresponded, in all
the cases, to Sge8-c-NH,. Particularly, in the case of the
synthesis of Sge8-c-HYNIC (3), a third product, with in-
termediate tp, was isolated (product (B) in Fig. Sla) in a
yield of <10%. According to the ESI-MS results, product
(B) corresponded to the Sge8-c-NH, as trifluoroacetate
salt (Figure 5) coming from that counterion of the hydro-
lysis of NHS-HYNIC-TFA reagent on the reaction condi-
tion. Consequently, the lowest yield in the conjugation of
(3) could be explained by the low nucleophilicity of Sgc8-
¢-NH, in this condition.

In all the cases, the ESI-MS experiments confirmed the
incorporation of one unit of chelators per unit of Sge8-c-NH,.

3.2.2 | Gel electrophoresis studies

Molecular weight analysis of each conjugate was also per-
formed using gel electrophoresis. The results of these experi-
ments were completely in agreement with those of ESI-MS
confirming the molecular weight of the desired conjugates (1)—
(3) (Figure 5). In these experiments, we included the previously
fluorescent probe developed by us,* that is, Sgc8-c-Alexa647,

! 1 2 3 4 5
——
e

FIGURE 5 Polyacrylamide 15% electrophoresis profiles.
1: Sge8-c-NH2; 2: Sge8-c-HYNIC; 3: Sge8-c-DOTA; 4: Sge8-c-
NOTA; 5: Sge8-c-Alexa647. MWM: DNA-molecular weights marker

migrating according to its expected molecular weight. The
different conjugates are migrated following their molecu-
lar  weight: MWgyg iz = 12,813 Da, MWgyg.nynic
3= 13.045 Da. Mngcs_‘._DUrA n= 13,238 Da, MWSch{_
NOTA (2) = 13,325 Da, and MngcS-c-AlexaﬁM =13,678 Da. In
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FIGURE 6 Stability results in (a) aqueous solution at different temperatures; and (b) in storage conditions with the time

general, profiles consistent with low molecular weight frag-
mentation were not detected (Figure 5) ensuring the quality of
the synthetic products and the purification processes.

33 |

Physical stabilities of the conjugates (1)-(3) and Sgc8-c-
Alexa647 were analyzed in MilliQ water, at different temper-
atures, and under different storage conditions during the time.
According to RP-HPLC and gel electrophoresis profiles, the
conjugates were stable in water up to 75°C for 30 min of in-
cubation (Figure 6a). Additionally, RP-HPLC and gel elec-
trophoresis results confirmed the integrity of each conjugate,
(1)~(3) and Sgc8-c-Alexa647, under the different storage as-
sayed conditions, that is, dissolved in MilliQ water and lyo-
philized, and during the time (at least for 30 days) (Figure 6b).
In all the cases, electrophoresis profiles were consistent with
the absence of low molecular weight fragmentation.

Functional stabilities toward DNAse showed that after
15min and 2 hr of incubation, the conjugates (1)-(3) and
Sgc8-c-Alexa647, such as the parent aptamer Sge8-c-NHj,
suffered from relevant degradation. However, image analy-
ses resulted on the conjugates (1)~(3) were found to be more
resistant against degradation than fluorescent probe 15 min
after enzyme incubation (Figure 7). After 2 hr, no significant
differences are observed but still remaining some aptamer
without degradation for all samples.

Stability studies of the conjugates

4 | CONCLUSIONS

The molecular strategy of selectively targeting the supply
of radiopharmaceuticals has the potential to improve results
while simultaneously minimizing exposure of normal tissues.

8ge8-DOTA  SgeBcNOTA  Sge8-c-Alexab47
) @ =) @ &) @

Sge8-cHYNIC
()

Sge8-<NHs
DNaseI () &)

FIGURE 7 Polyacrylamide 15% electrophoresis profiles. Top:
15 min of incubation; Bottom 2 h of incubation

In this sense, the molecular design and the corresponding syn-
thetic organic chemistry that allow the use of covalent bonding
to different ionic-metal chelators or bioactive frameworks to
a specific aptamer have previously been described ['22%:36-%

In this article, a series of Sgc8-c aptamer derivatives with
ionic—metallic chelator frameworks were designed, synthe-
sized, and physicochemical characterized as potential chela-
tors of radionuclide to prepare molecular radiopharmaceutical
probes. The organic chemistry reactions used herein for the
synthesis of conjugates (1), (2), and (3) were performed: (i) in
relatively short reactions times; (ii) with organic solvent com-
patibility, that is, DMSO; (iii) with the absence of secondary
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reactions; (iv) with the absence of aptamer degradation; (v) in
good-to-excellent yields of the desired products; and (vi) with
flexibility to be used with other aptamers. The generated
products, (1), (2), and (3), showed different retention times on
RP-HPLC. This feature could be explained by significative
differences on the lipophilicities of the different used chelator
frameworks. Thus, this difference could modify the in vivo
biological behavior, especially the biodistribution and clear-
ance, and it should be further studied. The chelator framework
could also be the responsible of conjugates stabilities.

High purity of probes is a main step to get good radio-
pharmaceutical yields. The implemented purification pro-
cesses, RP-HPLC, allowed to obtain the desired conjugates
(1), (2), and (3) with adequate purity, with the absence of any
detectable low molecular weight aptamer fragments or large
molecular weight aptamer aggregates, and retained biological
activity.”®) Additionally, the conjugates displayed good stabil-
ities in conditions for further radiolabeled processes, aqueous
milieu up to 70°C, and in typical aptamer storage conditions.

4.1 |

The generated conjugates potentially could provide a spec-
trum of desirable new radiopharmaceutical molecular probes
with the ability to locate on the exterior surface membrane of
tumor cells.

Given this perspective, the covalent aptamer chelators
represent potential molecular strategy for enhancing imaging
procedures to detect many neoplastic cell types that overex-
press PTK7 membrane receptor.

Currently, we are working in the optimization of radiola-
beling processes with 57Ga or “™Tc with (1) and (2) or (3),
respectively.

Future directions
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4.1.1. Material suplementario del articulo |
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FIGURE S1 (a) RP-HPLC profiles of the scaling-up procedure of the preparation of Sgc8-
c-HYNIC. The results of the ESI-MS of each isolated product are shown. (b) ESI-MS for
the main products present in the Sgc8-c-HYNIC synthesis reaction milieu. Top to bottom:
products according to increasing tr in RP-HPLC (see Figure S1a).
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Sintesis y purificacién de la sonda fluorescente: Sgc8-c-Alexa647

La sintesis de la sonda Sgc8-c-Alexa647 se realiz6 teniendo como base el protocolo
descripto anteriormente en el laboratorio (Calzada, 2017a) y el protocolo utilizado para la
generacion de los tres derivados del aptamero mencionados en el articulo | (Sicco, 2018).
Brevemente, el aptamero Sgc8-c-NH2 se disolvié en el buffer de reaccion de la mezcla de
volumenes iguales de fosfato de sodio (0,1M) / bicarbonato de sodio (0,1M), y se reaccioné
con el doble de concentracién de NHS Alexa Fluor™ 647 disuelto previamente en DMSO
seco; a pH: 8,32. La reaccion se agitdé a temperatura ambiente durante 2 h, y se detuvo con
lavados con MiliQ mediante filtros centrifugos microcon® (corte de 10 kDa). Se obtuvo un
rendimiento por RP-HPLC del 55,1% y se purifico también mediante RP-HPLC, obteniendo
una pureza > 99%. Las condiciones utilizadas en el RP-HPLC fueron las mismas que para

los derivados generados en el articulo | (Sicco, 2018).

53



4.2. Articulo II: Sintesis, caracterizacion y evaluacion
biolégica de la sonda Sgc8-c-NOTA-%"Ga.

doi: 10.1089/cbr.2019.3402.

Los resultados publicados en este articulo fueron destacados en una carta al editor
(Filippi, 2020).

54



Downloaded by 190.64.49.67 from www.liebertpub.com at 09/16/22. For personal use only.

CANCER BIOTHERAPY AND RADIOPHARMACEUTICALS
Volume 35, Number 4, 2020

© Mary Ann Liebert, Inc.

DOI: 10.1089/cbr.2019.3402

Sgc8-c Aptamer as a Potential Theranostic
Agent for Hemato-Oncological Malignancies
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Pablo Cabral,' Maria Moreno,* Hugo Cerecetto,' and Victoria Calzada'

Abstract

Background: Aptamers represent an emerging class of oligonucleotides that have the ability to bind ligands
with high affinity. Sgc8-c aptamer recognizes PTK7, a member of the catalytically defective receptor protein
tyrosine kinase family that is upregulated in various cancers, including hemato-oncological malignancies.
Herein, an Sgc8-c-NOTA-radiolabeled probe was prepared for theranostic purpose.

Materials and Methods: In this work, an Sgc8-c-radiolabeled probe against PTK7 was prepared, and biological
evaluations—pharmacokinetic studies, biodistribution analysis, and in vivo molecular imaging—were per-
formed. To obtain the radiolabeled probe, a modified 5’-amino-derivative of the Sgc8-c aptamer was bound to
the metal chelator NOTA, and subsequently labeled with “"Ga with high yield and radiochemical purity. The
precursor, Sgc8-c-NOTA, the radio probe Sch-c-NOTA-mGa, and its nonradioactive complex, Sgc8-c-
NOTA-*""'Ga, were purified by reverse-phase high-performance liquid chromatography and characterized by
electrospray ionization mass spectrometry. The binding ability of Sgc8-c-NOTA-*’Ga was studied in vitro
against purified PTK7 receptor. In addition, the binding was also evidenced against the hemato-oncological A20
cell line, derived from B lymphocytes, and the corresponding A20-green fluorescent protein (GFP)-transfected
cells. The proof of concept was performed on A20-GFP tumor-bearing mice, in which the biodistribution of the
radiolabeled probe was evaluated through imaging, using X-ray, fluorescence, and y modalities. The specific
uptake of the probe was confirmed by blocking with the Sgc8-c aptamer in an in vivo competition assay.
Results: The biodistribution results showed considerable uptake in tumor since 2h, with highest at 48h
postinjection. However, the blood and muscle ID/g (injected dose per gram of tissue) activities were decreasing
with time and tumor/no-target ratios increasing to 20 at 24 h postinjection. These results are consistent with the
in vivo images.

Conclusions: This study supports the utility of Sgc8-c-NOTA radiolabeled as a theranostic agent.

Keywords: aptamer, PTK7, lymphoma, theranostic

targets from small molecules to live cells.> Thus, a wide
range of biotechnology purposes have been developed such
ptamers are small single-stranded oligonucleotides —as biosensors,® dru§ delivery systems,” flow cytometry, im-

Introduction

highly selective for different targets." They can be ar-
tificially selected by the Systematic Evolution of Ligands by
Exponential Enrichment (SELEX) against a large variety of

aging, diagnostics,” and therapeuthics.” Aptamers are con-
sidered promising tools safe for in vivo use, as they have been
reported to possess essential clinical aspects, such as
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nonimmunogenic and nontoxic properties.'” However, ap-
tamers have been shown to be rapidly degraded by nucleases,
and for this reason, different chemical modifications have
been reported for prestabilization and protection.'' More-
over, chemical modifications could modulate fundamental
aspe%s like residence time circulation and tissue distribu-
tion. =

Sge8-c is a 41 nb DNA aptamer selected with cell-
SELEX by Tan et al.'* This aptamer recognizes PTK7, a
member of the catalytically defective receptor protein ty-
rosine kinase family, which is overexpressed in several
cancer cell lines. Patient screenings have demonstrated that
PTKZ7 is expressed in hemato-oncological malignancies like
acute myeloid leukemia, biphenotypic acute leukemia, and
myeloproliferative syndromes.'® This expression profile
makes PTK7 a tumoral marker candidate for developing
diagnostic and therapeutic strategies.

In this sense, the authors previously demonstrated the
potential of Scg8-c as a molecular imaging agent, for lym-
phoma and melanoma pathologies, using a fluorescent and
two radiolabeled probes. Lymphomas represent a diverse
group of neoplastic disorders of lymphocytes and are very
frequent, requiring imaging to help the clinician in the
therapies.'> Within the radiolabeled probes, they obtained
promising preliminary results with a ®’Ga-DOTA Sgc8-c
derivative, reporting good tumoral biodistribution and im-
aging results.'® This radio probe showed increased liver
uptake and bone uptake over time, consistent with hepato-
biliary metabolism and some potential degree of instability
of coordinated gallium. In addition, tumor/blood and tu-
mor/muscle ratios were higher than 6, increasing with time.
This in vivo behavior could be modified using a different Ga
chelator, such as NOTA (1,4,7-triazacyclononane-1.4,7-
triacetic acid).'” To verify the chelator influence, herein,
they report on the synthesis of a second series of “"Ga-
radiolabeled Sgc8-c, using 4-{[1.,4,7-tri(carboxymethyl)-
1.,4,7-triazacyclononane-2-yllmethyl}phenylthiourea as a
connector/chelator and its evaluation in vitro and in vivo.
In vitro studies included the determination of logD, PTK7-
and cell-binding abilities. /n vivo experiments included de-
termination of pharmacokinetic behavior, biodistribution,
and imaging using a grc-es[ablished model of hemato-
tumor-bearing animals."

Materials and Methods

General methods

Chemistry. Pure commercially available materials, re-
agents, and solvents were used without further purification.
5’-Aminohexyl-modified Sgc8-c aptamer (~ 13kDa, Sgc8-c-
NH,) was purchased from IDT Technologies (Integrated
DNA Technologies, Coralville, I0). All buffers and aqueous
solutions were prepared usin% metal-free MilliQ water. As
previously described in detail, ? advance of the reaction and
the product quality were followed by reverse-phase high-
performance liquid chromatography (RP-HPLC; Agilent
1200 Series Infinity Star, Santa Clara, CA) with a 5 um C-18
Kinetex column (Phenomenex). For each run, an aqueous
solution was used, consisting of triethylamine (50mM, pH
7.5)/5% acetonitrile (solvent A) and methanol (solvent B), at
a flow of rate 1 mL/min, and performed using a gradient of
A:B (90:10) to A:B (40:60) over 30 min (ultraviolet [UV] or y

detections). Purifications of the precursor and gallium com-
plexes were performed with the same solvent gradient.'®'®:'

Biology. The A20 cell line derived from mouse B lym-
phocytes of a naturally occurring reticulum cell sarcoma in
an old BALB/cAnN mouse was used and obtained from the
American Type Culture Collection (Manassas, VA). In ad-
dition, A20/green fluorescent protein (GFP)-transfected cells
were constructed in the authors’ laboratory based on the
method described by Kalil et al.>° Briefly, 2x 10° cells were
transfected with commercial pEGFP-N1 plasmid (Clontech
Lab, Palo Alto, CA) (500ng) in Dulbecco’s modified Ea-
gle’s medium (50 uL) with lipofectamine (Life Technolo-
gies, Carlsbad, CA) for 48 h. Afterward, the culture media
were changed and the cells were grown in the presence of
geneticin (200 ug/mL) (Sigma-Aldrich, St. Louis, MO) for 1
month. The highest fluorescent cells (0.4%) were selected
using flow cytometry (MoFlo; Beckman Coulter, Pasadena,
CA). A20 and A20/GFP cells were grown in suspension in
RPMI-1640 media (Sigma-Aldrich) supplemented with 10%
(v/v) fetal bovine serum (FBS), 2mM L-glutamine, and
0.05 mM f-mercaptoethanol (Sigma-Aldrich). All cell lines
were cultured at 37°C with 5% (v/v) CO,.

Confirmation of PTK7 expression by A20/GFP cells using
flow cytometry. Briefly, expression levels were evaluated by
staining the cells with the anti-PTK7-PE (phycoerythrin)
antibody (Clone Type: Polyclonal, Catalog No: 033359-PE;
United States Biological) and detected in a FACS Canto II
flow cytometer (BD Biosciences, San Diego, CA). Data were
analyzed using FACS Diva and FlowJo software. The human
acute lymphoblastic leukemia cell line CCRF-CEM (ATCC,
Manassas, VA) was used as a positive control,'* while the
malignant glioma derived cell line U-87 MG (HTB-14RTM;
ATCC) was used as a negative control in this study.?'

Animals. All protocols for animal experimentation were
carried out in accordance with guidelines for the care and use
of animals and the procedures were approved by the Uni-
versity’s Ethical Committee for Animal Experimentation,
Uruguay, to whom this project was previously submitted
(Approval No: 240011-001891-17). Animals purchased from
DILAVE (Montevideo, Uruguay) were housed in boxes with
up to five animals and kept with water and food ad libitum,
with 14 h of light and 10 h of darkness. They were monitored
daily, registering the animals’ behavior. In the case of ani-
mals bearing tumors, the tumors were palpated to record their
presence, location, and volume, where they reached a max-
imum diameter of 5mm. Isoflurane was used for anesthesia.
At the end of the experiments, all animals were sacrificed by
cervical dislocation.

Synthesis of Sgc8-c-NOTA

Sgce8-c-NOTA was prepared according to the authors’
previous report.

Sgc8-c-NOTA gallium
coordination (Sgc8-c-NOTA-Ga)

Sge8-c-NOTA was coordinated with stable gallium based
on the following: Sgc8-c-NOTA (20 ug, 1.5 nmol) was dis-
solved in ammonium acetate buffer (0.1 M, pH=6.0, 300 uL)
and ®7'GaCl, in excess (427128; Sigma-Aldrich) was added.
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The mixture was stirred at 60°C for 30 min, and the reaction
was followed using RP-HPLC. The new product (checked at
A=260nm, tg=23.6min) was collected from the RP-HPLC
analysis and the structure was confirmed by electrospray ion-
ization mass spectrometry (ESI-MS; IDT Technologies).
Yield: 50%. ESI-MS, Sgc8-c-NOTA-*""'Ga, found: 13327.1
Da (M-2H); expected: 13329.5 Da. The same synthetic pro-
cedure was performed using radioactive *’GaCl; solution
(Tecnonuclear, Buenos Aires, Argentina), using 30.7 MBq per
each 0.4nmol of Sgc8-c-NOTA in a final volume of 1000 pL
with ammonium acetate buffer (0.1 M, pH=6.0). The RP-
HPLC radioactive peak had a fp =23.8 min. The radiolabeling
yield and radiochemical purity were monitored using RP-
HPLC with a y detector comparing with retention time of the
UV signal of the precursor and cold complex. Radiochemical
purity: 97.2%. The final specific activity, calculated by divid-
ing the obtained radioactivity by the mass unit of Sgc8-c-
NOTA used for the reaction, was 76.7 MBg/nmol.

In vitro characterization

Media reaction stability studies with time and tempera-
ture. Sgc8-c-NOT. A-"Ga (0.08nmol) was maintained in
media reaction (400 uL) at room temperature (25°C) for
48 h. After 24 and 48 h, aliquots were studied by RP-HPLC.
On the other hand, Sgc8-c-NOTA-*’Ga (0.08nmol) was
incubated in media reaction (400 uL) at different tempera-
tures (25°C, 37°C, 45°C, 60°C, and 75°C), for 30 min. After
the time points, aliquots from samples at each temperature
were studied by radio-RP-HPLC.

Serum fetal bovine stability. The probe (0.08 nmol) was
incubated with FBS (200 uL) at 37°C for 24 h. After 30 min,
and 2 and 24 h, the mixture was filtered by 10 and 30kDa

®

microcon™ centrifugal filters and studied by RP-HPLC.

Distribution coefficient (logD). To determine the distri-
bution of Sgc8-c-NOTA-*’Ga between n-octanol and
phosphate buffered saline (PBS), pH=7.5, aliquots of the
probe (0.075 nmol) were diluted in 500 L of PBS, and after
adding 500 uL of n-octanol, the mixture was centrifugated at
13,000 rpm for 10 min at room temperature. Subsequently,
aliquots (200 uL) of both layers were collected and mea-
sured in a y counter (PC-RIA MAS; Stratec), followed by
the logD calculation (n=4, eight replicates).

Bioactivity experiments

The maximum binding capacity assay was performed
following the Lindmo method.?* Different amounts of pure
receptor PTK7-1 (TP700163; Origene, MD) were prepared
in triplicate in 2mL of PBS (pH=7.5) to give final con-
centrations of 9x107%, 18x107%, 35x107, 71x1077,
0.140, 0.575, 1.150, and 4.600 nM, subsequently adsorbed in
Nunc tubes (Brandt®). After incubating for 24 h at 4°C, with
continuous gentle orbital shaking, the tubes were washed
two times with PBS. Finally, 100,000 cpm of Sgc8-c-
NOTA-*’Ga was incubated for 2h at room temperature in
the darkness and with continuous orbital shaking. The tubes
were washed two times with PBS and the radioactivity was
quantified using a y counter (PC-RIA MAS; Stratec). Non-
specific binding was determined by incubating Sgc8-c-
NOTA-’Ga without receptor.

SICCO ET AL.

Cell binding was studied in A20 and A20/GFP cell lines.
All cells were washed twice by gentle centrifugation with
sterile PBS (pH=7.4) and 1.0 X 10° cells were re-suspended
in PBS (final volume of 1 mL) and incubated with 100,000
cpm of Sgc8c-NOTA-"Ga. The probe was incubated for
0.5, 2, and 4 h at 37°C. Cells were washed twice with PBS
and radioactivity in the pellets was quantified in a y counter
(PC-RIA MAS; Stratec). Competition binding assays were
performed with excess Sgc8-c-NH, (5 ug, 0.4 nmol) incu-
bated for 30 min at 37°C. After incubation with Sgc8-c-NH,,
the cells were washed with PBS and incubated with 100,000
cpm of Sgc8c-NOTA-%"Ga. The probe was incubated for 2 h
at 37°C. The cells were washed twice with PBS and radio-
activity in the pellets was quantified as described above.

Pharmacokinetic studies

The pharmacokinetic profile was assessed by adminis-
tering an intravenous (IV) bolus of individual doses of
5.5-9.2 MBq of Sgc8c-NOTA-“"Ga into the tail vein of fe-
male Wistar rats, weighting 200-250 g (n=3). Blood sam-
ples were collected in a capillary tube from the orbital sinus
at 0.25, 0.5, 1, 2, 4, 6, 18, 24, and 48h following probe
administration. Samples were weighed and radioactivity was
measured in a y counter (PC-RIA MAS; Stratec). Urine and
fecal matter were also collected over a 48-h period to assess
renal elimination. A compartmental pharmacokinetic anal-
ysis was performed for blood and urine data using the
software for nonlinear mixed-effects modeling NONMEM
7.4.1.%* Model development was conducted based on the
Akaike information criteria and goodness-of-fit plots.

In vivo experiments

Tumor model was generated in female BALB-c mice at
4-6 weeks of age, subcutaneously injected with 1 X 10° A20/
GFP cells resuspended in 200 pL of culture media. Forma-
tion of tumors was observed 2 weeks later, reaching maxi-
mum sizes of 5mm of diameter.’* No animal died during
the study.

Biodistribution. When the tumors were palpable, Sgc8c-
NOTA-%"Ga (~ 1850 kBq) was IV administered through the
tail vein. At 0.5, 2, 24, 48, and 72h after probe adminis-
tration, the mice (n=35 per time point) were sacrificed by
cervical dislocation and the organs were weighed and
measured in a y counter (PC-RIA MAS; Stratec). Radio-
activity levels in each tissue were expressed as percentages
of the injected dose per gram of tissue (%ID/g) and as
percentages of injected dose (%ID). An in vivo blocking
experiment was performed in a separate group (n=5), with a
previous injection of 100-fold excess of Sgc8-c-NH, apta-
mer. A half hour before the injection of the radioactive
probe (~ 1850 kBq), 0.5 nmol of Sgc8-c-NH, was admin-
istrated through the tail vein. The mice were sacrificed 2h
after the radioactive probe injection and measurements were
performed as previously described. Tissue decay correction
and organ weight correction were applied, and the tu-
mor/blood and tumor/muscle ratios were calculated.

Imaging. When the tumors were palpable, Sgc8c-
NOTA-*’Ga (~ 1850 kBq) was IV administered through the
tail vein. After 2, 24,48, and 72 h, the mice were anesthetized
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with isoflurane. Images were taken with the In-Vivo MS FX
PRO instrument (Bruker, Billerica), using the X-ray, fluo-
rescence, and y modes (10 min acquisition). After each im-
aging time point, the mice were sacrificed for organ dissection
and imaged and counted separately using the same imaging
instrument (In-Vivo MS FX PRO instrument; Bruker). The
organ weight correction was applied and the tumor/blood and
tumor/muscle ratios were calculated.

Statistical analysis

Statistical analysis was performed using the Student’s
t-test with p-values of significance indicated in each case.

Results
Radiolabeling

The synthesis of Sgc80-NOTA-67Ga was a one-step pro-
cedure from the precursor Sge8-c-NOTA' and ©’GaCls,
under optimized conditions (Fig. 1). Aptamers are chemically
stable in neutral conditions and low temperatures and are
soluble in nonorganic solvents. For these reasons, several
radiolabeling conditions (pH/buffer of reaction, temperature,
time, Sgc8-c-NOTA concentration, and radioactivity) were
studied to produce the desired product with high labeling
efficiency, in a short time. In all experiments, the highest
purity grade reagents available and metal-free water were
used to minimize the effects of metal contaminants interfer-
ing with gallium radiolabeling.

At pH values between 3 and 7, Ga** forms insoluble
Ga(OH);, but deprotonation of NOTA-carboxylic moieties
for better complexation requires pH higher than 5. Thus,
buffer systems with an adequate pH play a relevant role in
the labeling procedure. Within this context, two buffer
systems of reaction were studied, sodium acetate (0.1 M,
pH=5.0)2° and ammonium acetate (0.1 M, pH=5.0),'® at
37°C for 30min. In sodium acetate buffer, no radiolabeled
(rdl) was observed, while a little degree of rdl was evi-
denced in the ammonium acetate (Supplementary Table S1).
Consequently, using ammonium acetate buffer, the authors
modified the temperature and time of the reaction, finding
that a modest improvement in the rdl was reached working
at 60°C, in accordance with their previous findings,'® de-
creasing the rdl when the reaction was carried out for up to
45min (Supplementary Table S1). Due to the very slow
gallium incorporation, which was possibly a result of the
low pH, they studied two additional pH conditions, pH=5.5
and pH=6.0, finding that a slight change in the rdl was

Sgc8-c-NOTA

observed at pH=5.5 (compare rdl for run 2 in Supplemen-
tary Table S1 and run 4 in Supplementary Table S2) with
best improvement at the highest pH studied (run 7 in Sup-
plementary Table S2).

To establish a mild radiolabeling method in ammonium
acetate buffer (0.1 M, pH=6.0), the complexation reaction
was studied at 37°C during the time (Supplementary
Table S3). This temperature did not result in better condition
and as it was observed in other experiments, prolonged
times produced rdl diminution (see also run 3 in Supple-
mentary Table S1 and run 5 in Supplementary Table S2). In
contrast, the rdl efficiency at pH=6.0, 60°C, and 30-min
incubation period was dependent on the molar quantity of
the precursor (Supplementary Table S4), increasing from
40% to 77% when using 0.08 and 0.4 nmol (corresponding
to concentrations of 0.2 and 0.4 uM), respectively, of Sgc8-
¢-NOTA. Finally, rdl was studied as a function of the ”'Ga
activity (Fig. 2 and Supplementary Table S5). The rdl effi-
ciency was activity dependent, reaching the best value at
30.7 MBq of ®’GaCls, with a slight decrease at 37 MBq. It
showed that higher volumes of the ®’Ga solution (Supple-
mentary Table S5) could incorporate higher concentrations
of metal cation contaminants, like Fe(IIl), decreasing the
“’Ga incorporation.”’

In the optimal condition, pH=6.0, 60°C, 30 min, 0.4 uM
of Sge8-c-NOTA, and 30.7MBq of *’GaCl; (run 19 in
Supplementary Table S5), purification of the resulting
Sgc8-c-NOTA-"Ga was not required, because the rdl was
over 95% and the reaction buffer was compatible with bi-
ological systems. The identity of Sgc8-c-NOTA-%"Ga was
investigated by HPLC and ESI-MS. The HPLC analytical
results of the Sgc8-c-NOTA-*’Ga were compared with the
same conjugate that was complexed with stable *7'Ga
nuclides, using ®*7'GaCls, under similar conditions at its
radioactive counterpart. Figure 3 shows a clear overlap of
the corresponding peaks in the UV detector chromatograms
of RP-HPLC for the ¢ 7'Ga-com£]exed Sgc8-c derivative,
Sgc8-c-NOTA-"7'Ga, and the ®’Ga-radiolabeled desired
product, demonstrating similar identities. In addition, the
identity of the Sgc8-c-NOTA-°*"'Ga was confirmed by
ESI-MS (Supplementary Fig. S1).

In vitro characterization

The Sgc8-c-NOTA-"Ga distribution coefficient (logD,
pH=7.5) was —2.41+0.11. The results of the stability in
media reaction studies showed that the radio probe was
stable at room temperature (25°C) for 48 h and up to 75°C

S
NH
OT : NH \—\_\_\
/N
- - v (0]
N.» .N
& ’Gla- A-/_Tof 5' Sgc8-c
NS
o
(0]

Sgc8-c-¥7Ga-NOTA

FIG. 1. Reaction scheme for the complexation of ’Ga®* with Sgc8-c-NOTA.
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for 30 min (Supplementary Figs. S2 and S3). Probe stability
on FBS resulted in high serum protein binding, >90%, and
instability of free aptamer (66%) was observed after 2h of
incubation (Supplementary Fig. S4). Similar results were
obtained in the authors’ previous reports.'®

The PTK?7 receptor affinity studies (Fig. 4) for the radio
probe showed a K; value at the low nanomolar, that is,
0.019 nM, indicating the binding affinity was not modified.

Besides, radio probe binding studies on tumor cell lines
were performed based on previous results.'®'® A signal
increase was observed over time for A20 and good binding
since the first time point, 30 min, for A20/GFP tumor cell
line, demonstrating the Sgc8-c- -NOTA-""Ga binding capa-
bility (Fig. 4).

In addition, to demonstrate that their model was ade-
quate in the proof-of-concept study, the authors demon-
strated that A20/GFP cells are able to express PTK7, using
flow cytometry to analyze the A20/GFP cells (Supple-
mentary Fig. S5).

pHE5O l
T
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1.1 Activity (MBq)

pH= 60

In vivo characterization

The gharmacokinetic analysis showed that Sgc8-c-
NOTA-""Ga followed a two-compartment pharmacokinetic
disposition in the body, with elimination from the central
compartment. All mass transferences were assumed to fol-
low first-order kinetics. Renal clearance was estimated using
urine data in a sequential manner (i.e., after estimating
pharmacokinetic parameters for probe disposition in body
using blood data). Complete results and goodness-of-fit plots
are included in the Supplementary Data. The elimination
clearance (CL), including renal and no renal elimination
pathways, was estimated to be 1.26 mL/h, the volumes of
distribution for the central (Vc) and peripheral compartments
were 7.39 and 11.4L, respectively, and the distribution
clearance (Q) was 1.22mL/h. Renal clearance (CLr) was
estimated at 0.172mL/h. Interindividual variability was
found significant for Ve (CV=19.7%), Q (67.0%), and CLr
(45.9%). Using these primary pharmacokinetic parameters, a

Y Sgc8-c-57Ga-NOTA
100
67Gac'3
0 Mww«mmw—nn%w-\ww«—‘ % AN
0,00 5,00 10,00 15,00 20,00 25,00
101
uv
Sgc8-c-NOTA
B Y
0 3
/V\, Sgc8-c-%971Ga-NOTA
0,00 5,00 10,00 15,00 20,00 25,00

FIG. 3. RP-HPLC analysis (y-radiodetection, up, and UV detection at 260 nm, down) to assess the identity of the Sgc8-c-
NOTA-*’Ga. RP-HPLC, reverse-phase high-performance liquid chromatography; UV, ultraviolet.
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FIG. 4. Binding capacity. (A) PTK7-maximum binding capacity assay performed with Sgc8-c-NOTA-Ga. (B) Binding
of Sgc8-c-NOTA-*’Ga to A20 cell line. ##p<0.01 (Student’s r-test).

volume of distribution at steady state (Vss) of 18.8 mL and an
elimination half-life of 15.1 h were obtained. Also, renal
elimination accounted for 14.1% of the administered dosage
(Supplementary Fig. S6).

The biodistribution of Sgc8-c-NOTA-*"Ga in A20/GFP
tumor-bearing BALB-c mice is shown in Figure 5. Low
blood values were observed at all assayed time points. After
30min postinjection, a value of 12.90+2.06%ID/g was
observed, which decreased over time to 2.96 +0.49%ID/g at
48h postinjection. The hepatic activity levels remained
constant along the assay, close to 20%ID/g, in agreement
with hepatobiliary metabolism. In addition, the bone ra-
dioactivity did not increase significantly with time, indi-
cating coordinated gallium stability with similar behavior to
that previously reported for Sgc8-c-DOTA-%"Ga.'® Bone
radioactivity reached the maximum value at 24h postin-
jection (7.99 +1.00%ID/g for Sgc8-c-NOTA-°"Ga), with no
affect on the quality of the images. It could be the result of
some level of gallium release from Sgc8-c-NOTA-*"Ga
under physiological conditions. The urine activity slightly
increased up to 24 h.

The tumor uptake increased with the time being signifi-
cantly higher since 48h postinjection (29.87+0.85%ID/g)
(Supplementary Fig. S7). In vivo blocking studies with
Sgc8-c-NH, showed, a statistically nonsignificant, decrease
in tumor signal (Fig. 5). There was no significant uptake in
the other no-target organs.

100+

80+

%IDlg

@B 05h CJ2n Blocking 24h

The blood and muscle ID/g activities decreased with time,
resulting in better tumor/no-target ratios with time, reaching
tumor/blood ratios higher than 7 and tumor/muscle ratios
higher than 20, 24 h postinjection, for both ratios (Fig. 6).

In vivo imaging results showed consistent abdominal
signal and high tumor uptake, which is mainly in the 24-h
time point (Fig. 7).

Discussion

Aptamers are a versatile tool in biotechnology field.
Sharing characteristics of peptides and antibodies, aptamers
have advantages due to their easy synthesis and facile
chemical modification.'® These biomolecules can be mod-
ified to be functional for diverse approaches. In addition,
their charge and low molecular weight result in a fast tissue
penetration and clearance. Thus, aptamers have properties
that make them ideal for theranostics purposes. Theranostics
allow imaging visualization and treatment with the same
probe, enabling personalized therapy.?*

Previous studies showed Sgc8-c as a promising apta-
mer.'®?? This work studied an Sge8-¢ derivative that was
performed and radiolabeled with “’Ga. The NOTA conju-
gation was performed because of good properties as bi-
functional chelator for M>* %! ag 177Lu, 9°Y, 213Bi, and
’Ga, which is a y emitting radionuclide (¢,,,="78 h) used to
perform imaging over days. ®*Cu, a # and positron emitter

Biodistribution of Sgc&-c-NOTAs"Ga in lymphoma

FIG. 5. Biodistribution.
Results for Sgc8-c-
NOTA-*"Ga at 0.5, 2, 24,
48, and 72h postinjection

in A20/GFP tumor-

bearing BALB-c mice.
*Hxkp <0.0001, *p<0.05
(Student’s r-test). GFP, green
fluorescent protein.

Blood Liver Hearth Lungs Spleen Kidneys Thyroid Muscle Bone Stomach Gut Tumor

@l 48h @ 72h
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FIG. 6. Tumor/blood and tumor/muscle ratios. **p <0.01,
*p<0.05 (Student’s r-test).

radionuclide, has also been chelated by NOTA and widely
studied for positron emission tomography and ther-

. 3 4 : : :
anostics.*® Previous studies,®** together with the authors

results showed only one peak in the HPLC-analysis and the

incorporation of only one gallium atom per molecule of

aptamer, according to MS results, and, therefore, allowed us
to propose the Ga coordination in the NOTA cage (Fig. 1).

Radiochemical purity and specific activity were evaluated
for Sgc8-c-NOTA-"Ga, and optimization procedure showed
that the buffer with an adequate pH plays a relevant role in
the labeling procedure. The rdl was over 95% and the identity
of radio probe was verified using the chromatographic
properties of the stable complex, Sgc8-c-NOTA-*"7'Ga. The
Sgc8-c-NOTA-Ga distribution coefficient (logD;s) was

l 646.66

502.77

| 358.89

.zwscu

-1.4e+001
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—2.41+0.11, being a little more hydrophilic than the DOTA
analogue previously described by the authors’ group, that
is, logD;5=—1.87+0.05 for Sgc8-c-DOTA-"Ga.'® This
change could modulate the in vivo behavior according to their
aims. The radiolabeled probe showed high stability in buffer
reaction and high binding serum protein.

Affinity studies showed a K, value at low nanomolar for
the PTK7-receptor, consistent with the data against entire
CCRF-CEM cells, that is, K; 0.80nM, obtained by Tan
et al.'* The radiolabeled probe was evaluated in vitro and
in vivo in a lymphoma model.

The animal studies resulted in a two-compartment phar-
macokinetic disposition in the body of the Sgc8-c-
NOTA-%’Ga. The biodistribution of Sch—c—NOVTA—"TGa in
A20/GFP tumor-bearing BALB-c mice resulted in no sig-
nificant uptake in the no-target organs. Compared to the *’Ga-
radiolabeled analogue prepared using Sgc8-c-DOTA,'® the
authors could state that the change in the NOTA-connector/
chelator did not modify the in vivo biodistribution as they
expected, based on logD values.'

Tumor uptake increased with the time being significantly
higher for 48h postinjection (Supplementary Fig. S7).
However, the blood and muscle ID/g activities decreased
with time, resulting in higher tumor/no-target ratios 24h
postinjection for both ratios (Fig. 6). These results were
compared with a blocking control group, obtaining nonsig-
nificant tumor uptake decrease. High serum protein binding
can result in lack of blocking. In addition, high receptor
expression could impose a low blocking result. The com-

petition could be improved with changes in injected doses of

radio probe and blocking agent in the future.
Biodistribution results were consistent with the in vivo
images using multimodal tools. The authors observed high

Issa 3 33

53865
65

I 525.00

405.24
| XY

M

285.48

. 16572 31

-1.8e+001

-6.2e+001

FIG.7. Examples of multimodal images of radio probe-injected animals. Images were acquired at 24 h (A), 48 h (B), and
72h (C) postinjection. Up: whole animal X-rays and y live images; tumor is arrow indicated. Down: ex vivo X-ray and y
images, including T: tumor, L: liver, I: intestine, B: bone, and K: kidneys. Ex vivo images also include lungs, blood, heart,
muscle, stomach, thyroid, and spleen. Inset: additional A20/GFP cells fluorescence acquisition is highlighted in orange

scale for liver and tumor. GFP, green fluorescent protein.
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tumor uptake and an abdominal signal at 24h postinjection
(Fig. 7, up). In addition to the well-defined tumor image at
24 h, at 48 and 72 h, there were image-asymmetries that are
evidence of possible tumor presence, which was confirmed
with co-localization studies (Fig. 7, down inset). When the
organs were analyzed separately (ex vivo), it was possible to
distinguish high tumor and liver signals (Fig. 7, down),
which agreed with the biodistribution studies (Fig. 5). In
some cases, the signals from the tumor were the highest.
In addition, using the multimodal combination of X-ray,
fluorescence, and 7y, they could co-localize the fluores-
cent tumoral cells and the radio probe in the same loca-
tion where the GFP was visualized in the studied tumors
(Fig. 7, inset), being an adequate positive control of specific
interaction.

Furthermore, additional investigation is needed to enhance
tumor retention over time. However, tumor uptake could be
improved with doses and time acquisition adjustments. In
addition, studies with human tumor xenograft murine model
should be done as previous translational sleg. Finally, the
high tumor/no-target ratios of Sgc8-c-NOTA-’Ga highlight
its potential as theranostic agent.

Conclusions

In this study, the authors observed considerable uptake of
the radio probe in the A20-tumor since the initial time point,
increasing after 24 h, with the concomitant signal decreasing
in the blood and muscles. Consequently, target/no-target
signal ratios were very high for this mouse model and this
effect improved image contrast. Thus, they confirmed the
utility of the Sgc8-c aptamer as theranostic agent for
hemato-oncological malignancies.
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4.2.1. Material suplementario del articulo I

SUPPLEMENTARY TABLE S1. INFLUENCE OF TEMPERATURE AND TIME IN THE SGC8-c-NOTA
57GA-RADIOLABELED USING AMMONIUM ACETATE BUFFER

Sgc8-¢-NOTA  Activity (MBq)/GaCl; Final reaction

Run (nmol) vol (uL) vol (uL) Buffer pH T (°C) t(min) rdl (%)
1 0.08 3.7-7.4/23-46 400 Ammonium acetate (0.1 M) 5.0 37 30 5.0
2 60 30 7.0
3 60 45 5.0

rdl, percentage of radiolabeled (measured by RP-HPLC-y detection).

SUPPLEMENTARY TABLE S2. INFLUENCE OF TIME AND PH IN THE SGc8-c-NOTA
%7GA-RADIOLABELED USING AMMONIUM ACETATE BUFFER

Sgc8-c-NOTA  Activity (MBq)/GaCl; Final reaction

Run (nmol) vol (uL) vol (uL) Buffer T (°C) t(min) pH rdl* (%)
4 0.08 3.7/23 400 Ammonium acetate (0.1 M) 60 30 35 25.1
5 60 11.7
7 30 6.0 40.0

SUPPLEMENTARY TABLE S3. INFLUENCE OF TIME IN THE SGC8-C-NOTA *’GA-RADIOLABELED USING AMMONIUM
ACETATE BUFFER (0.1 M, PH=6.0) AT 37°C

Sgc8-c-NOTA  Activity (MBq)/GaCl;  Final reaction

Run (nmol) vol (uL) vol (uL) Buffer pH T (°C) t (min) rdl* (%)
8 0.08 3.7-7.4/23-46 400 Ammonium acetate (0.1M) 6.0 37 30 29.5
9 60 34.0
10 90 3.9
11 120 42

SUPPLEMENTARY TABLE S4. INFLUENCE OF APTAMER CONCENTRATION IN THE SGC8-c-NOTA
7GA-RADIOLABELED USING AMMONIUM ACETATE BUFFER

Activity (MBq)/GaCl; Final reaction Sgc8-c-NOTA
run vol (uL) vol (uL) Buffer pH T (°C) t(min) (nmol) rdl* (%)
12 3.7-11.1/26-78 400 Ammonium acetate (0.1 M) 6.0 60 30 0.08 40.0
13 1000 0.4 77.0

SUPPLEMENTARY TABLE S5. INFLUENCE OF ACTIVITY IN THE SGC8-c-NOTA
%7GA-RADIOLABELED USING AMMONIUM ACETATE BUFFER

Final reaction Sgc8-c-NOTA Activity
Run vol (uL) Buffer pH T (°C) t(min) (nmol) (MBq))/GaCl; vol (uL)  rdl* (%)
14 400 Ammonium 6.0 60 30 0.08 3.7126 40.0
15 acetate (0.1M) 7.4/52 61.0
16 14.8/104 79.0
17 1000 0.4 11.1/78 77.0
18 21.6/152 82.0
19 30.7/215 97.2
20 37/260 86.0

64



Supplementary Data

13295.8

3.1E+0024
2.4E+0024

1.8E+002

13327.1

Intensity

1.2E+002

6.1E+001

0.0E+000:

12430 12810 13130 13450 13770 i 14090
Mass (Da)

SUPPLEMENTARY FIG. S1. ESI-MS of RP-HPLC-isolated product with fz =23.6 min from the Sgc8-c-NOTA com-
plexation process with **7'GaCl; (Fig. 3).
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SUPPLEMENTARY FIG. S4. Fetal bovine serum stability by RP-HPLC for t0 (a), 30 min (b), 2h (¢), and 24 h (d) of
incubation. Serum without aptamer is indicated in (e).
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4.3. Articulo IIl: Evaluacion bioldgica de las sondas
Sgc8-c-NOTA-"Ga 'y Sgc8-c-Alexa647, en los modelos

de melanoma metastatico y no metastatico.

doi: 10.1038/s41598-021-98828-6.
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Metastatic and non-metastatic
melanoma imaging using Sgc8-c
aptamer PTK7-recognizer

Estefania Sicco’2, Amy Ménaco?, Marcelo Fernandez?, Maria Moreno?, Victoria Calzada'™" &
Hugo Cerecetto?

Melanoma is one of the most aggressive and deadly skin cancers, and although histopathological
criteria are used for its prognosis, biomarkers are necessary to identify the different evolution
stages.The applications of molecular imaging include the in vivo diagnosis of cancer with probes
thatrecognize the tumor-biomarkers specific expression allowing external image acquisitions and
evaluation of the biological process in quali-quantitative ways. Aptamers are oligonucleotides that
recognize targets with high affinity and specificity presenting advantages that make them interesting
molecular imaging probes. Sgc8-c (DNA-aptamer) selectively recognizes PTK7-receptor overexpressed
in various types of tumors. Herein, Sgc8-c was evaluated, for the first time, in a metastatic melanoma
model as molecular imaging probe for in vivo diagnostic, as well as in a non-metastatic melanoma
model.Firstly, two probes, radio- and fluorescent-probe, were in vitro evaluated verifying the high
specific PTK7 recognition and its internalization in tumor cells by the endosomal route. Secondly,

in vivo proof of concept was performed in animal tumor models. In addition, they have rapid clearance
from blood exhibiting excellent target (tumor)/non-target organ ratios. Furthermore, optimal
biodistribution was observed 24 h after probes injections accumulating almost exclusively in the tumor
tissue. Sgc8-cis a potential tool for their specific use in the early detection of melanoma.

Melanoma is one of the most aggressive and deadly types of skin cancer'?, with an annual increase in incidence
during the last decade between 15 and 25 per 100,000 individuals®. Although histopathological criteria such as
tumor thickness, mitotic rate, histologic subtype and ulceration*”, are usually used for its prognosis, biomark-
ers are necessary to identify whether the primary melanoma has metastasized or even differentiate the stages of
its evolution®’”. Malignant melanomas have been reported to have increased activity of protein tyrosine kinase
7 (PTK7)**. This membrane receptor is highly conserved in different species and is involved in signal trans-
duction pathways that mediate cell growth, cell polarity, differentiation, and survival'®!!. However, PTK7 may
participateas a co-receptor and its protection by type 1 membrane metalloprotease is implicated in the progres-
sion of cancer'#"*. PTK7 has also been shown to be a key regulator in the Wnt/B-Catenin or Wnt/planar cell
polarity pathway, and correlates with aggressive clinicopathological characteristics in cancer'***. In addition,
this receptor is overexpressed in different types of leukemia, colon, lung, prostate, breast,Gastric tumors, and
even metastases'®-2. Furthermore, it participates in the migration and endothelial invasion of tumor cells**-.

It is possible to identify the expression of tumor biomarkers using molecular imaging, a non-invasive tech-
nique that manages to evaluate the strategies for in vivo administration of the tumor target***”. Molecular imag-
ing consists of in vivo visualization, characterization and measurement of biological processes at the cellular or
molecular level”” %, and is a very useful tool for diagnosing cancer. The use of probes that have optimal imaging
characteristics provides clinically essential information for this disease, which would allow a correct selection
of the treatment to be followed and the monitoring of its effects®.

In addition, aptamers have been used as a component of molecular imaging probes since they have the ability
to bind, through non-covalent interaction bonds, with high affinity and specificity for a molecular target™*'.
They are oligonucleotides (ssDNAs or RNAs) that have a three-dimensional structure characterized by loops,
stems or hairpins. Aptamers have properties equivalent to antibodies in terms of their recognition by the molecu-
lar target, however they offer great advantages. The chemical synthetic process of aptamers allows a low cost

1Area de Radiofarmacia, Centro de Investigaciones Nucleares, Facultad de Ciencias, Universidad de La Republica,
11400 Montevideo, Uruguay. *Departamento de Desarrollo Biotecnoldgico, Instituto de Higiene, Facultad de
Medicina, Universidad de La RepuUblica, 11600 Montevideo, Uruguay. 3Laboratorio de Experimentacién Animal,
Centro de Investigaciones Nucleares, Facultad de Ciencias, Universidad de La Republica, 11400 Montevideo,
Uruguay.: ‘email: vcalzada@cin.edu.uy
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production and no batch to batch variability*>**. They have physicochemical properties, such as stability at
different temperatures and pH***, and can be easily modified to continue improving their biological stability
and pharmacokinetics*****’ Furthermore, aptamers molecular weight (~ 15000 Da) and charge provide rapid
penetration into target tissues and elimination from the body®!*®. Also, aptamers do not generate immunogenicity
or toxic effects. Therefore, the characteristics of aptamers provide great advantages for their use in the develop-
ment of new molecular imaging agents™.

Previously, we have modified the Sgc8-c aptamer to generate molecular imaging probes in the diagno-
sis of cancer””~*2. The Sgc8-c aptamer is DNA (41 nt) and selectively recognizes the PKT7 receptor with a
K;=0.78 nM'***. We have developed potential molecular imaging probes in different tumor models, through
in vitro and in vivo evaluation, with an emphasis on hematological diseases. In this sense, radiolabelled probes
(Sgc8-c-NOTA-"Ga, Sgc8-c-DOTA-7Ga, Sgc8-c-HYNIC-*"Tc) have been reported to have better tissue penetra-
tion and ability to accurately measure tissue, and as a result, it allows quantitative images of the whole body**.
Likewise, the fluorescent probe (Sgc8-c-Alexa647) allows the generation of optical images in the near infrared
region with little interference, achieving optimal contrasts due to the molecules present in the tissues, that do not
exhibit high absorption in that spectral region***’. Different versatile platforms have been reported, where the
conjugation of Sgc8-c aptamer enhances the cellular uptake capability of the material, achieving specific images
in vivo*-%, even in deep tissues*. These features are very useful to perform, for example, guided surgeries in
real time*”*%. Using the appropriate imaging probes, it is even possible to identify metastases®. Recently, we
have studied these probes as imaging tools in a melanoma model, obtaining interesting results regarding tumor
uptake®. Moreover, the sensitive and effective detection of PTK7 may represent a good strategy in the early
diagnosis of melanoma. Based on this, the present work evaluates for the first time two potential different probes
developed with of Sgc8-c in the metastatic melanoma model. Likewise, it also delves into another non-metastatic
melanoma model, in order to optimize biological control methods, both biodistribution and imaging, achieving
a sensitive and effective detection of PTK7 with these probes.

Results and discussion

PTK7 expression in B16F10 cells. Firstly, we evaluated the presence of PTK7 in metastatic melanoma
B16F10 cells by flow cytometry and Western blot, as it was previously evaluated in non-metastatic BI6F1 mela-
noma cells***. Flow cytometry assays performed with a commercial anti-PTK?7 antibody as probe revealed
that approximately 40% of the B16F10 cells expressed detectable levels of PTK7. Of note, near to 80% of the
positive control CCRF-CEM cells stained for PTK7, while the negative control, US7MG cells, showed null sig-
nal (Fig. 1A). Additionally, the Western blot studies confirmed the presence of PTK7 receptor on B16F10 cells
(Fig. 1B, full-length gels are shown in Fig. S1 in Supporting Information). In this assay, it was observed that the
probe also recognizes two fractions of PTK?7. It has been reported in different cell lines that this receptor has
different cleavage sites, which generate different matching cell-associated forms™>°.

In vitro binding studies. As it was previously described**, Sgc8-c-NOTA-Ga and Sgc8-c-Alexa647
probes were stable, according to RP-HPLC and gel electrophoresis results, in water up to 75 °C for 30 min of
incubation and in addition the integrity of these conjugates under different storage conditions was confirmed.
The observed electrophoresis profiles were consistent with the absence of low molecular weight fragmentation.
Furthermore, for the precursor Sgc8-c-NOTA, the probe Sgc8-c-Alexa647 and as well as the original aptamer
Sgc8-c-NH,, functional stabilities in DNase I, after 15 min and 2 h of incubation was studied observing similar
level of degradation. After 15 min of incubation with the enzyme, it was found that Sgc8-c-NOTA was more
resistant to degradation than the fluorescent probe (Sgc8-c-Alexa647). After 2 h, for all the samples, there was
still aptamer without degradation. The behavior on fetal bovine serum (FBS) was also studied resulted in>90%
serum protein binding, and 66% instability™.

Two different strategies were employed to analyze the ability of Sgc8-c probes to interact to BI6F10: the use
of the radiolabelled probe (Sgc8-c-NOTA-*"Ga) that can be measured byGamma counter system, and the use of
the fluorescent-probe (Sgc8-c-Alexa647), which allows analysis by flow cytometry and Western blot.

The results showed that the Sgc8-c-NOTA-“Ga probe binds to the B16F10 cell line. It was found that the
binding percentage increased with time with significant differences at 4 h of incubation (Fig. 2). Regarding the
blocking test of cells with the unlabeled aptamer, it was observed that the percentage of binding to the labeled
probe decreases (compare 2 h of incubation and blocking incubation, p <0.05, Fig. 2) indicating that there was
a competition between both compounds confirming the probe interaction with PTK7.

For fluorescent flow cytometry assays, melanoma B16F10 cells were incubated with different concentrations
of Sgc8-c-Alexa647. Figure 3 shows the percentage of positive cells and the specific mean fluorescence index
(MEFI). Results showed that the percentage of PTK7 positive cells is dependent on probe concentration, reaching
a maximum of 80% of B16F10 cells with approximately 0.5 uM. Furthermore, the MFI indicates the amount of
the probe that binds to PTK7, more precisely, the abundance of proteins at individual population cell level*!, thus
this suggests that the BI6F10 cell line expresses significant high levels of the PTK7 receptor (Fig. 3).

According to cytometry analysis, saturation concentration was reached at 0.3 uM of aptamer without achiev-
ing 100% of the B16F10 cells. This phenomenon could be explained by different cell division and differentiation
stages in cell culture. In addition, as mentioned above, a molecular cleavage phenomenon has been described
upon Sgc8-PTK?7 interaction®. If the cleaved PTK?7 receptor had been excreted into the supernatant of the
medium, as result of cleavage mechanism of the aptamer-PTK7 complex, it would be the cause of not reaching
saturation when the process was analyzed by flow cytometry. Then, if the cleaved PTK7 receptor is excreted into
the supernatant of the medium, its detection by flow cytometry would not be possible. However, all experiments
were performed in ice so the chances of cleavage are almost null. Besides, Western blot studies using supernatants
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Figure 1. (A) Flow cytometry with cell lines B16F10, CCRF-CEM and U87MG. Histograms of cell lines

after for incubation with anti-PTK7-PE antibody (in blue) and control (in red). (B) Grouping of Western blot
cropped of proteins extracted from the supernatant (S) and pellet (P) of BI6F10 cells culture. Incubation was
performed with the Sgc8-c-Alexa647 probe (Probe) and with the anti-PTK7-PE antibody (Antibody). Arrow
indicates the presence of PTK7 only in the cell pellet. White dividing line indicates difterent gels (performed in
parallel) and exposures (full-length gels are shown in Fig. S1 in Supporting Information).

rejected this hypothesis. The results indicated that both the antibody and the fluorescent probe only recognize
proteins from the cell pellet (Fig. 1B) showing that there was no detectable molecular cleavage in the supernatant.
Based on these results, we propose the hypothesis that the rapid complex internalization does not allowing satu-
ration due to the absence of the membrane receptor™. For this reason, fluorescent confocal microscopy studies
were performed to demonstrate the internalization of the receptor (see below).

In vivo binding studies. In order to perform the in vivo biological studies we first analyzed the ability
of the Sgc-8-c-Alexa647 probe to recognize in vivo the PTK7 presence in target organs. For this, flow cytom-
etry studies were performed on B16F10-tumors, and liver, spleen and bone marrows as negative controls. The
results showed that the fluorescent-probe marked, from early times, tumor cells al high levels, while in the rest
of the non-target organs the percentage of positive cells was very low (Table 1), showing that the probe binds
specifically to the PTK7 receptors that are on melanoma cells. In these studies, it is interesting to observe that
the union of the probe to the tumor cells is maintained for a longer time than in the other non-target organs,
without observing a significant tendency. This could be due to tissue homogenization to analyze the cells by flow
cytometry, because everything that is retained in the extracellular matrix or contained in the different tissues is
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Figure 2. Binding assay with Sgc8-c-NOTA-"Ga in the B16F10 cell line. The probe was incubated for 0.5, 2
and 4 h. Blocking: represents the competition test performed by incubating the cells with an excess of unlabeled
aptamer (Sgc8-c-NH,). **p <0.01, *p<0.05 (Student’s f test).
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Figure 3. Flow cytometry of B16F10 cell line treated with Sgc8-c-Alexa647. Percentage of positive cells and
specific MFI after incubation with the fluorescent probe.

Liver 3.80+251 0.70+0.35 0.30+0.17

Spleen 1.10+£040 | 220+1.15 | 0.60+0.15
Bone marrow 0.93+0.25 140049 0.60+0.21

BI6F10-tumor 8640+3.67 |81.20+4.55 | 82.80+5.84

Table 1. Percentage of positive cells for in vivo exposed organs to probe Sgc8-c-Alexa647 analyzed by flow
cytometry.

lost, while observing only the specific binding of the probes in the single cells. Additional information can be
observed with in vivo imaging and biodistribution studies.

Confocal microscopy. Another mechanism proposed for Sgec8-PTK7 interaction is complex
internalization*’. For this reason, fluorescent confocal microscopy studies were performed to demonstrate the
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Sgc8-c-Alexa647 Hoechst WGA-green Overlay

Figure 4. Confocal microscopy of B16F10 tumor cells incubated with fluorescent probe Sgc8-c-Alexa647. Cells
were incubated with the probe for (A) 2 h, (B) 4 h, and (C) 16 h. Magenta: Sgc8-c-Alexa647 (white arrows),
Blue: Hoechst and Green: WGA-green. Scale bar: 10 um.

internalization of the receptor on the studied tumor cells. To perform confocal microscopy assays, BI6F10 tumor
cells were incubated with the Sgc8-c-Alexa647 probe during different times. At early time point, it was evident
that the Sgc8-c-Alexa647 probe was internalized by the cells (Fig. 4).

Since it was observed that Sgc8-c-Alexa647 is internalized, we analyzed if the probe was also co-localized
within the endosomes like other aptamers-probes?. For that, tumor cells were incubated with the fluorescent
probe for different times and subsequently the early endosomes were analyzed. Sgc8-c-Alexa647 was observed
to co-localize within endosomes in both melanoma cell lines (Fig. 5 and Fig. S2 in Supporting Information).
Similarly, it was observed that the signal from the probe showed a tendency towards polarization. This is in
agreement with what has been previously seen, that PTK7 is not uniformly distributed in the cell membrane,
presenting a dynamic role in cell polarization®.

In vivo biological studies. In vivo studies using both Sgc8-c-Alexa647 and Sgc8-c-NOTA-Ga probes
were performed in murine metastatic melanoma model. To do this, once the induced tumors were palpable,
probes were i.v. administered, and imaging and biodistribution studies were performed at different times after
injection. The results showed interesting characteristics regarding the uptake of the probes in the tumor (Figs. 6,
7). Rapid tissue penetration was visualized, with tumor retention of both probes (Figs. 6, 7). Using the fluores-
cent probe, a tumor uptake of 32.9 +3.5% was observed at 2 h post-injection, increasing significantly at 24 h
(42.4+1.5%) and at 48 h (50.3 +1.6%) (Figs. 6A, 8). At 2 h post injection of the fluorescent probe, 33.2 +15.6%
was eliminated in urine, decreasing to 42.6+13.8% at 24 h post-injection (Fig. 6). No significant signal was
observed in non-target organs (Fig. 6A). A similar tendence was observed in the non-metastatic melanoma
model (Fig. $3).

The radiolabeled probe showed an increasing tumor uptake 24 h after injection. At 2 h post-injection, a
tumor uptake of 8.4 +1.6%ID/g was observed, increasing significantly at 24 h (28.8+6.2%ID/g). Then, at 72 h
after injection, tumor uptake decreased slightly (17.7 +0.1% ID/g) (Fig. 6B). Urinary excretion was observed at
early time points. A value of 9.1 +4.9% ID was observed at 0.5 h post-injection, which decreased to 4.2+ 1.6%ID
at 2 h (Fig. 6). These data were determined by the renal values that were due to the elimination of the probes
or their metabolites (Figs. 6B, 8). After 24 h post-injection, it was possible to distinguish signals from liver and
intestines in the in vivo and ex vivo images, considering hepatobiliary metabolism for later time points (Figs. 6B,
9). However, non-significant signal comes from other organs, which allowed us to observe a clear signal from
the tumor (Fig. 9).

Differences in signal values between organs and tumor were evident with both probes, resulting in an optimal
tumor/non-tumor organ ratio, having a significant increase over time (Fig. 7). Mainly at 48 h post-injection with
radiolabeled probe in the metastatic model, generated by B16F10 cells, showed a tumor/muscle ratio of 35.5 +13.7
(Fig. 7B and Fig. $4 for B16F1 model in Supporting Information), which is an excellent value to consider in vivo
images. Likewise, it was observed that tumor uptake increased significantly with time in both models (Fig. S5 in
Supporting Information). However, it was observed that the tumor uptake was slightly higher in the metastatic
melanoma model, generated with the B16F10 cell line, than with the B16F1 non-metastatic melanoma model
(Fig. 6 and Fig. S5 in Supporting Information). This difference could be explained by an increase in the expression
of PTK?7, since it has been seen that in metastatic melanomas, this receptor is one of the tyrosine kinases that
participates in the positive regulation of the formation and function of the invadopodia’. Also, this difference in

Scientific Reports|

(2021)11:19942 | https://doi.org/10.1038/s41598-021-98828-6 nature portfolio

73



www.nature.com/scientificreports/

Sgc8-c-

Alexa647 Dveriay

Figure 5. Sgc8-c-Alexa647 co-localize within endosomes. Confocal microscopy of (A) B16F10 and (B) B16F1
tumor cells incubated for 0.5, 2 and 4 h with the probe. Magenta: Sgc8-c-Alexa647, Blue: Hoechst and Green:
Rab5. Scale bar: 10 pm.

the distribution of the probes, which is also observed in the images obtained by confocal microscopy, could be
affected by a structural heterogeneity in the tumor vasculature, since it has been seen that the models generated
with the B16F10 line show a significant improvement in vascular density®’.

In vivo blocking studies with Sgc8-c-NH, showed a statistically significant decrease of tumor signal for the
fluorescent probe (Fig. 6 and Fig. $3, Supporting information), confirming specific probe training. These assays
also reproduce the results seen in hematological models*, indicating that there was competition between the
probe and the unlabeled aptamer. In addition with the results of the in vivo binding study (Table 1), we confirm
the in vivo specific interaction of the probe with PTK7.

Conclusions
The results described herein together with our previous studies***, showed that both probes developed with
the Sgc8-c aptamer are potential tools for their specific use in the early detection of melanoma. The results of
in vitro studies were consistent with those obtained for biodistributions and the in vivo imaging. We obtained
interesting characteristics related to the uptake of the probes in the tumor, with optimal tumor/non-target organs
ratios, which are global benchmarks that encourage us to continue working on this. Although we found the best
ratios at 24 h, other acquisition time points can be evaluated to find a better one. Like antibodies, aptamer-based
probes are feasible in the clinic. One of most remarkable results is the low backgrounds versus high uptake in
tumor which is very good and convenient. These methodologies applied here allowed us to detect differences
in the expression of the tumor marker PTK?7 in two different melanoma tumor models. However, it should be
studied in depth whether this difference in the expression of PTK?7 is really involved in signaling pathways that,
consequently, grants greater metastatic power to cells.

The optimal tumor uptakes of the probes in metastatic melanoma, make them promising tools to facili-
tate in vivo diagnosis and thus to select an appropriate therapy. These probes could also be advantageous for
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Figure 6. Biodistribution of the probes in B16F10 tumors. (A) Biodistribution of Sgc8-cAlexa647 and (B) Sgc8-
c-NOTA-9Ga. ****p<0.0001; ***p <0.001, **p <0.01; *p<0.05 (Student’s f test).
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Figure 7. Tumor/blood and tumor/muscle ratios in the tumor model generated with B16F10 cells. (A)
Sgc8-cAlexa647 and (B) Sgc8-c-NOTA-“"Ga in the tumor model generated with BI6F10 cells. ****p<0.0001,
*p <0.001, *p<0.05 (Student’s ¢ test).

developing intraoperative imaging devices, combined or not, the properties of both probes for use in guided
surgeries; identifying and pointing out the tumor margins, helping in the surgical resection of tumors and even
helpful in detecting metastases*>'. A deepened study with the metastatic melanoma model is currently in pro-
gress with the aim to improve the use of probes in early diagnosis that allows the selection of an efficient and
personalized therapy, and even for monitoring after remission.

ScientificReports|  (2021)11:19942 | https://doi.org/10.1038/s41598-021-98828-6 nature portfolio

75



www.nature.com/scientificreports/

-1.2e+003

707.94

Figure 8. Ex vivo images with Sgc8-c-Alexa647 probe. Tumor (T), kidneys (K) and liver (L) were observed for
melanoma tumor model generated with B16F10 cells 24 and 48 h post-injection of the probe.

Figure 9. Multimodal images of animals injected with Sgc8-c-NOTA-Ga probe. (A) In vivo and (B) Ex vivo
images at 24, 48 and 72 h post-injection of the probe. Arrow indicates the locations of the tumors. T: tumor, L:
liver and K: kidneys. Ex vivo images also include bone, lungs, blood, heart, muscle, intestine, stomach, thyroid,
and spleen.

Our results support the potential role of the Sgc8-c-NOTA-"Ga and Sgc8-c-Alexa647 as molecular imaging
probes optimum to improve strategies in non-invasive molecular diagnosis in melanoma, as well as theranostic
approaches.

Methods
Synthesis and purification of Sgc8-c-NOTA-"Ga and Sgc8-c-Alexa647. The synthesis and purifi-
cation of both probes were performed following previous reports from our laboratory**#!-42,
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In vitro biological studies tumor cell lines.  Mus musculus melanoma B16F1 (ATCC, CRL-6323), Mus
musculus metastatic melanoma B16F10 (ATCC, CRL-6475) and Homo sapiens glioblastoma U87 MG (ATCC,
HTB-14) cell lines were grown in adherence in Dulbecco’s Modified Eagle’s Medium (DMEM) (Capricorn, Ebs-
dorfergrund, Germany) supplemented with 10% FBS (Sigma-Aldrich, St. Louis, USA) and 2 mM vr-glutamine
(Sigma-Aldrich, St Louis, USA). Homo sapiens, acute lymphoblastic leukaemia CCRF-CEM (ATCC, CCL-119)
cell line was grown in a suspension of RPMI-1640 medium (Sigma-Aldrich, St. Louis, USA) supplemented with
10% FBS and 2 mM L-glutamine. The CCRF-CEM and U87 MG cell lines were used as a positive and negative
controls, respectively’”*. All cell lines were provided from ATCC (American Type Culture Collection, VA, USA)
and were cultured at 37 °C with 5% CO,.

Binding studies for radio-probe. For in vitro cell binding assays, 1.0 x 10° cells from the B16F10 cell line
were washed with sterile Phosphate-buffered saline (PBS) pH 7.4, centrifuged at 1000 rpm for 3 min and incu-
bated with 100,000 cpm of the Sgc8-c-NOTA-"Ga probe by 0.5, 2 and 4 h at 37 °C. In addition, a competition
assay was performed by incubating cells with an excess of underivatized aptamer (Sgc8-c-NH,, 5 pg, 0.4 nmol)
for0.5h a37 °C. After 0.5 h, these same cells were incubated with the labeled probe for an additional 2 h at 37°C.
At the end of the incubation time, the medium was removed, and cells were resuspended and washed twice with
PBS, centrifuging at 1000 rpm for 3 min. The test was done in quintupled. The activity retained in the cells was
measured on aGamma counter (PC-RIA MAS, Stratec).

Binding studies for fluorescent-probe. The murine tumor cell line B16F10, and the human tumor cell
lines CCRF-CEM and U87 MG, were washed with sterile PBS pH 7.4, centrifuged at 1000 rpm for 3 min and
approximately, 5x 10° cells were incubated at 37 °C for 30 min with different concentrations of the Sgc8-c-
Alexa647 probe (0.007, 0.3 and 1 uM). After incubation, the medium was removed by centrifugation at 1000 rpm
for 3 min and washed with PBS, and centrifuging again at 1000 rpm for 3 min. The test was done in quintupled.
For each sample, 10,000 events were detected using a 635 nm excitation, laser detector and BP 660/20 nm. The
FACS Canto II flow cytometer (BD Biosciences, San Diego, CA, USA) equipment and data were analyzed using
FACS Diva and FlowJo software. These results were validated with an anti-PTK7-PE antibody (United States
Biological. Clone Type: Polyclonal. Catalog Number: 033359-PE). Specific mean fluorescence indices (MFIs)
were calculated as the mean fluorescence of Sgc8-c-Alexa647 cells positive in the presence of aptamer over the
mean fluorescence of the entire cell population in the absence of aptamer.

Westernblotting. Supernatants and cell pellets from B16F10 cell cultures were collected separately. Pellets
were washed with sterile PBS pH 7.4, centrifuged at 1000 rpm for 3 min and stored at — 20 °C until use. Superna-
tant proteins were obtained by precipitation with trichloroacetic acid (TCA). Briefly, supernatants were centri-
fuged for 15 min at 4000g at 4 °C recovered and passed through a 0.22 um filter. Then, TCA (10% final solution)
was added and incubated for 1 h on ice. Pellets were obtained by centrifugation, for 30 min at 13,000 rpm and at
4°C, and further washed three times with 1 mL of acetone and allowed to dry. Finally, proteins were resuspended
in 500 uL of PBS pH 7.4. The amount of sample to be used in the Western blot was normalized, quantifying the
samples using the bicinchoninic acid assay. Subsequently, these samples were run on a 12% SDS-PAGE gel at
100 V and the blotting membrane was transferred overnight at 400 mA at 4 °C. The membrane was blocked with
5% milk in PBS pH 7.4, for 2 h at room temperature (RT). Subsequently, it was incubated with either the Sgc8-
c-Alexa647 probe (10 pg, 0.8 nmol) or the anti-PTK7-PE antibody, at the concentrations recommended by the
manufacturer. Three washes with PBS/TBS were performed before the membrane was observed in an imaging
equipment (In-Vivo MS FX PRO instrument, Bruker, Billerica, USA).

Confocal microscopy. To perform confocal microscopy assays, 1x10° cells from the B16F10 and B16F1
tumor cell lines were grown on round glass coverslips (12 mm) inside 24-well plates. These cells were incubated
with the Sgc8-c-Alexa647 probe (10 pg, 0.8 nmol) for different times (2, 4, and 16 h). Cells were washed with
sterile PBS pH 7.4 and fixed with 4% paraformaldehyde. Subsequently, the coverslips were placed in a humid
chamber, the cells were blocked with 2% bovine serum albumin in PBS for 20 min at RT and then they were
blocked for an additional 15 min, also at RT, with the same solution but adding Triton (0.3%). Cells were incu-
bated for 1 h at RT with the Hoechst 33342 nuclear marker (1:100, Immuno Chemistry Technologies, LLC) and
with the WGA-green membrane marker (1:100, thermofisher scientific, USA). They were washed three times
with PBS pH 7.4 and three more times with mili Q water. The coverslips were mounted with ProLong (ther-
mofisher Scientific, USA) and the images were acquired in the confocal microscope LEICATCS-SP5-DMI6000
(HeNe laser, 10 mW: 633 nm). To determine if the probe was internalized endosomically, we followed the same
protocol as before, incubating for 0.5, 2 and 4 h and instead of using a membrane marker, the early endosomal
marker Rab5 (rabbit, 1:100, C8B1 mAb 3547, Cell Signaling Technology, USA) was used. The secondary anti-
body anti-rabbit IgG, Alexa 488-conjugated (goat, 1:500, ab 150077 Abcam, USA) was used.

In vivo biological studies. Animals. Female C57BL/6 mice, 8-12 weeks of age, were used for the in vivo
evaluation. Animal experimentation protocols were approved by the Ethical Committee of the University for
Animal Experimentation, Uruguay (approval number: 240011-001891-17), all experiments were performed
following the principles outlined in the Declaration of Helsinki and complying with the ARRIVE guidelines.
Animals were purchased from URBE (Unidad de Reactivos y Biomodelos de Experimentacion, Facultad de
Medicina-Universidad de la Republica, Montevideo, Uruguay). Animals were housed in wire mesh cages (racks
with filtered air) at 20 + 2 °C with cycle of 14 h of light and 10 h of darkness. They were fed ad libitum to standard
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pellet diet and given water ad libitum and were used after a minimum of 3 days acclimation to the housing con-
ditions. Animals were monitored daily, recording their behavior and the presence or absence of tumor. Tumor
location and volume was recorded, checking that they did not exceed a diameter of 5 mm. Isoflurane was used
for anesthesia and at the end of the experiments the animals were sacrificed by cervical dislocation.

Binding studies for fluorescent-probe.  For this assay 2.5 x 10° cells/ 100 mL of the B16F10 cell line were injected
subcutaneously into the right flank of C57BL/6 mice. Once tumors were palpable (10-12 days), the Sgc8-c-
Alexa647 probe (25 pg, 2 nmol) was injected intravenously (i.v.) through the tail vein. At 0.5, 2 and 24 h post
injection, mice were sacrificed to obtain the tumor, liver, spleen and marrow derived from the femur. Organs
and tissues were disaggregated by passing through a cell strainer 70 um (BD Bioscience) and resuspended in
sterile PBS pH 7.4. For each sample, 10,000 events were detected using the same laser, detector, and equipment
mentioned above. The test was done in quintupled. Data were analyzed using FACS Diva and Flow]Jo software.

Imaging and biodistribution. To generate the melanoma tumor model murine cells B16F1were inoculated in
the C57BL/6 mice, as described above for BI6F10. Once melanomas were palpable, the Sgc8-c-Alexa647 probe
(25 pg, 2 nmol) was injected i.v. and at 0.5, 2, 24 and 48 h post- injection (n =5 per time group), mice were sac-
rificed. Ex vivo images of organs (liver, heart, lungs, spleen, kidneys, thyroid, muscle, bone, blood and tumor)
were acquired using the imaging equipment above mentioned, with the X-ray and fluorescence model. The
results were expressed in ROI'and the tumor/blood and tumor/muscle ratios were calculated. In vivo specificity
was evaluated in a competition test. One group of mice (n=>5) was first i.v. injected with Sgc8-c-NH, in excess
of 5 times more than the probe. After 30 min post-injection, the same mice were i.v. injected with the Sgc8-c-
Alexa647 probe. After 2 h mice were sacrificed, images acquired and organs weighed. Similar evaluation was
performed for the radiolabelled probe. Sgc8-c-NOTA-“Ga was i.v. injected (~ 1850 kBq) and biodistribution
of the probe was followed until 72 h post-injection. Over time, the animals were anesthetized with isoflurane
to perform the images in vivo. Live images were acquired for 0.5, 2, 24, 48 and 72 h after injection by X-rays
andGamma modalities in the imaging equipment. For the biodistributions animals were sacrificed, images were
acquired and the levels of radioactivity in the tissue were measured using a Gamma counter (PC-RIA MAS,
Stratec). Radioactivity levels were expressed as percentage of injected dose per organ gram (%ID/g) and injected
dose (%ID). Competitive blocking assays were also performed, injecting mice first with 0.5 nmol of Sgc8-c-NH,
and after 30 min re-injected with Sgc8-c-NOTA-Ga and at 2 h the imaging and biodistribution studies were
performed.

Statistical analysis. ~ Statistical analysis was performed using the Student’s f test because the data are independ-
ent and have a normal distribution. The p values of significance are indicated in each figure.
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Figure S1. Full-length gels of proteins extracted from the supernatant (S) and pellet (P) of
B16F10 cells culture. Exposition was performed with A. the Sgc8-c-Alexa647 probe, or B. the
anti-PTK7-PE antibody. Gel 1 has been incubated with the antibody and Gel 2 with the probe.
Both gels show the grouping of Western blot cropped of proteins extracted from the supernatant
(S) and pellet (P) of BIGF10 cells culture, used to generate Figure 1B of the article. Gel 1 lanes
(from left to right): 14-11, negative control (samples incubated without the probe); 9, molecular
weight marker; 8, BI6F10 cell supernatants; 7, BI6F10 cell pellets; 6-3, A20 cell supematants
and pellets. Gel 2 lanes (left to right): 14-11, negative controls (samples incubated without the
antibody); 9, molecular weight marker; 6, B16F10 cell supernatants; 5, BI6F10 cell pellets.
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Sgc8-c-
Alexa647

Figure S2. Sgc8-c-Alexa647 co-localize within endosomes. Confocal microscopy of
A. CCRF-CEM and B. U87MG tumor cells incubated for 0.5, 2 and 4 h with the probe.
Magenta: Sgc8-c-Alexa647, Blue: Hoechst and Green: Rab5. Scale bar: 10 pm.
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Figure S3. Biodistribution of Sgc8-c-Alexa647 probe in B16F1 tumors. * p < 0.05
(Student's t-test).
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Figure S4. Tumor/blood and tumor/muscle ratios in the tumor model generated
with B16F1 cells using Sgc8-cAlexa647 probe. * p <0.05 (Student's t-test).
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Figure S5. Biodistribution of the probes in tumor. In A. Biodistribution of Sgc8-c-NOTA-
%/Ga and in B. Sgc8-cAlexa647 in the tumor model generated with B16F10 cells. In C.
Biodistribution of Sgc8-cAlexa647 in the tumor model generated with B16F1 cells. **** p <
0.0001, *** p < 0.001, ** p <0.01, * p < 0.05 (Student's t-test).
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ABSTRACT

The conjugation of drugs to target therapeutics has become a promising method that could improve the effi-
cacy of therapy and reduce side effects. Herein, we describe the efforts to covalently link the anti-lymphoma
agent dasatinib to the truncated aptamer Sgc8-c, expecting the new hybrids to specifically damage lymphoma
cells but with minimal toxicity towards non-target cells. Two linkages, ester and carbamate, with variable pH
labilities were used to connect Sgc8-c with dasatinib. Different reaction conditions were studied by varying the
solvent, time, temperature, heat source, pH and counter-ions. Each product from the reaction mixture was
analysed by qualitative electrospray ionization time-of-flight mass spectrometry, identifying the nucleic acid
modifications formed under the different experimental conditions. Among the reactions, depurinations from
the 3’-extreme mainly occurred as lateral processes. Preparation of the carbamate-linked Sgc8-c—dasatinib
hybrid Sgc8-c-carb-da was successful but the ester-linked hybrid only produced lateral undesired products.
The potential biotherapeutic Sgc8-c-carb-da displayed the ability to trigger dasatinib at endosomal pH, which
is optimal because this could be the aptamer’s cellular uptake route.

KEYWORDS: biotherapeutics, Sgc8-c, dasatinib, drug delivery, synthesis, depurination

INTRODUCTION its target, leading to a loss of specificity. Advantages have
been found using a series of covalent binding strategies

The advantages of aptamers in terms of size, ease of pro- between drug and aptamer at a site not relevant for recog-

duction and ease of chemical modification (Breaker, 2004;
Hwang et al, 2010) make them excellent candidates for the
development of new biotechnological platforms to pro-
duce biotherapeutics (Famulok and Mayer, 1999; Hicke et
al, 2006; Tong et al, 2010). Specifically, the use of aptamers
as a vehicle for the selective delivery of drugs for clinical
use has been described in the literature (Patil et al, 2005;
Yazdian-Robati et al, 2017). The first examples included
the use of DNA-intercalating drugs (Bagalkot et al, 2006;
Taghdisi et al, 2010) such as doxorubicin and daunorubicin;
however, these drugs could affect aptamer recognition by

nition, thus avoiding loss of bioactivity (Zhao et al, 2015).
However, the partially stable covalent bonds used, such as
amides (Zhao et al, 2015), do not allow release of the drug
under physiological conditions, potentially losing the activ-
ity provided by this component of the molecule.

The truncated DNA aptamer Sgc8-c, which has 41 bases
and specifically binds to the PTK7 receptor (Shangguan et
al, 2007), has been studied in our laboratory to develop
tumour imaging agents (Calzada et al, 2017a; Calzada et al,
2017b; Sicco et al, 2018; Sicco et al, 2020). We found that
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Sgc8-c was able to recognize PTK7 in vivo in murine mela-
noma and lymphoma models (Calzada et al, 20173; Calzada
et al, 2017b; Sicco et al, 2020). This behaviour provided
us with the basis to develop potential therapeutic agents,
using this truncated aptamer to direct anti-tumour drugs
specifically to the site of action.

Herein, we propose covalently incorporating an anti-tumour
agent into the structure of Sgc8-c using molecular hybridiza-
tion strategies. The selected anti-tumour agent was dasat-
inib, which is a BCR-ABL kinase inhibitor approved by the
Food and Drug Administration (USA) for the treatment of
chronic myelogenous leukaemia (D’Cruz and Uckun, 2013;
McClafferty et al, 2018) and Philadelphia chromosome-
positive acute lymphoblastic leukaemia (Jabbour and Kan-
tarjian, 2016; Sasaki et al, 2020). Dasatinib is also a potent
inhibitor of five other critical oncogenic tyrosine kinase
families: SRC, c-KIT, PDGF receptors, Bruton tyrosine kinase
(BTK) and ephrin receptor kinases (Hantschel et al, 2007;
Araujo and Logothetis, 2010; Umakanthan et al, 2019). For
example, inhibition of BTK can lead to the downstream
mitigation of cell growth, proliferation, adhesion, migra-
tion and survival of B-cell malignancies, including chronic
lymphocytic leukaemia, mantle cell lymphoma, marginal
zone lymphoma and Waldenstrom macroglobulinaemia
(Moore and Thompson, 2021). In view of this, dasatinib
was incorporated into Sgc8-c using different (i.e. ester and
carbamate) covalent connectors. These connectors were
considered because they display different abilities to be
hydrolysed, chemically or enzymatically, and hence pro-
mote the release of the drug at the site of action (Babu et
al, 2020). Therefore, these potential therapeutic agents will
use the aptamer as a vehicle for the selective delivery of
dasatinib in tumour cells with overexpression of PTK7.

MATERIALS AND METHODS

Chemicals

All chemicals necessary for the reactions and to pre-
pare suitable buffers were purchased from Sigma-Aldrich
(St. Louis, MO, USA). Water was purified and deionized
(18MQ/cm?) in a Milli-Q water filtration system (Millipore
Corp., Milford). Dasatinib was purchased from Hong Kong
Guokang Bio-Technology Co., Ltd (Baoji City, China). The
5’-(6-aminohexyl)-modified Sgc8-c truncated aptamer
(12813 Da, Sge8-c-NH,) was purchased commercially from
IDT Technologies (Integrated DNA Technologies, Inc., 1A,
USA).

Synthesis of dasatinib intermediates

Dasatinib phenylcarbonate (2)

This intermediate was prepared according to Carpino
et al (Method Il, Carpino et al, 1973) using dasatinib (1)
in alcohol (1 equiv) and phenylchloroformate (1 equiv),
modifying the reaction time (2hr) and the base (trimeth-
ylamine, 2 equiv). The reaction was monitored by thin
layer chromatography (TLC) (dichloromethane:methanol
= 95:5). The final product (2) was structurally character-
ized using nuclear magnetic resonance spectroscopy (*H
and®C) and heteronuclear single quantum coherence
(HSQC) and heteronuclear multiple bond correlation
(HMBC) experiments.

16

Chloroacetyl dasatinib (3)

This intermediate was prepared according to Baker and
Bordwell (Method I, Baker and Bordwell, 1955) using 1
(1 equiv) and chloroacetyl chloride (1 equiv), modifying
the base (trimethylamine, 3.5 equiv) and the solvent (dry
dichloromethane). The reaction was monitored by TLC
(dichloromethane:methanol = 95:5). The final product
(3) was structurally characterized using nuclear magnetic
resonance spectroscopy (*H and®*C) and HSQC and HMBC
experiments.

Synthesis of Sgc8-c-carb-da

First, commercial Sgc8-c-NH, (0.5mg) was washed with
Milli-Q water and reaction buffer using Microcon® centrifu-
gal filters (10kDa cut-off) or a PD-10 column (GE Healthcare
Life Sciences, Little Chalfont, UK).

Intermediate 2 (200equiv) dissolved in dimethylsulphoxide
(DMSO; 400! for each 0.5mg of aptamer) was added to
washed Sgc8-c-NH, (1equiv) dissolved in a mixture of equal
volumes (50:50) of sodium phosphate buffer (0.1M) and
sodium bicarbonate buffer (0.1M) at pH 8.3 (200pl for each
0.5mg of aptamer) (Sicco et al, 2018). This mixture was
left to react for 1 h at 60°C and N,N-dimethylformamide
(DMF; 100pl for each 0.5mg of aptamer) was added, with
the reaction maintained at 60°C for an additional 47hr. The
reaction was stopped by washing Sgc8-c-carb-da with Milli-
Q water using Microcon® centrifugal filters (10kDa cut-off).
The reaction was monitored by reversed-phase high-per-
formance liquid chromatography (RP-HPLC; Agilent 1200
Series Infinity Star, Santa Clara, USA) with a 5um C-18
Kinetex column (150 x 4.6 mm; Phenomenex) run with an
aqueous solution of triethylamine (50mM, pH 7.5)/5% (v/v)
acetonitrile (solvent A) and methanol (solvent B) at a flow
rate of 1ml/min and an A:B gradient of 90:10 to 40:60 for
30min (UV detection). Purification of Sgc8-c-carb-da was
performed in the same RP-HPLC conditions. The desired
product and subproducts were characterized using elec-
trospray time-of-flight mass spectrometry (ESI-TOF-MS; IDT
Technologies).

Physicochemical characterization of Sgc8-c-carba-da
Thermal stability (Sicco et al, 2018)

Sgc8-c-carba-da was incubated in Milli-Q water at 25°C,
37°C, 45°C, 60°C and 75°C for 30min. Subsequently, the
mixtures were filtered (0.22um) and analysed by RP-HPLC
(see previous conditions) and gel electrophoresis. Briefly,
for gel electrophoresis, 1.0ug of the sample was suspended
in Milli-Q water (10ul), heated at 75°C for 10min, chilled
on ice for 10min and added to electrophoresis buffer (1
). The samples were loaded into the gel. The gel electro-
phoreses were performed on 15% (w/v) native polyacryla-
mide gel in 1X TAE buffer using a constant voltage of 100V
and a current of 0.04A. Silver nitrate staining was used
for visualization. BioRad 170-8201 (20bp) was used as a
molecular weight marker. These tests were carried out in
duplicate.

Storage stability (Sicco et al, 2018)

The stability of Sgc8-c-carba-dain Milli-Q water at-20°Cand
4°C for 30 days was checked weekly. At these time points,
aliquots of the reaction mixture were filtered (0.22pum) and
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analysed using RP-HPLC (see previous conditions) and gel
electrophoresis as described above. These tests were car-
ried out in duplicate.

Lipophilicity

Sgc8-c-carba-da was placed in an Eppendorf tube with
500p! of 1X phosphate-buffered saline (PBS, pH 7.4) and
500l of n-octanol, centrifuged at 13000 rpm for 10min at
room temperature and 200pL aliquots were removed for
quantification on a spectrophotometer at 260nm. This test
was carried out five times.

Dasatinib-releasing ability studies

To study the in vitro releasing capacity of the carbamate
group at different pH, Sgc8-c-carba-da was challenged
against a mixture of equal volumes (50:50) of sodium phos-
phate buffer (0.1M) and sodium bicarbonate buffer (0.1M)
adjusted to pH 5.0, 5.5 and 7.4 with hydrochloric acid. The
solutions were kept at a constant temperature of 37°C and
fractions were removed at different times (0.5, 3, 6, 24, 30
and 48hr) for analysis by RP-HPLC (see previous conditions).

RESULTS

Chemical conjugations

The syntheses of the differently designed Sgc8-c—dasatinib
conjugates were planned as two-step procedures. First,
we prepared two different dasatinib derivatives (2 and 3;
Figure 1) in excellent yields to study two different releas-
ing moieties (ester and carbamate) that give us different
biological responses of the bio-conjugates. Then, using RP-

d o N
N \>‘Nm ‘fo @ Schc-NHz

Na3PO4 buffer (0.1 M, pH 8.3): Me
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HPLC, we analysed the optimal experimental conditions to
link Sge8-c-NH, to 2 or 3. For this, we initially studied the
coupling of Sge8-c-NH, to carbonate 2 in order to test the
reaction solvents, molar ratios of reactants, time, tempera-
ture, heat source and other reaction conditions (Sicco et al,
2017; Sicco et al, 2020).

According to previous results with the coupling of Sgc8-c-
NH, (Sicco et al, 2017), we selected an initial reactant molar
ratio of 1:50 (aptamer:2) and room temperature to study
the optimum reaction solvents. In this regard, we chose
a mixture of equal volumes of sodium bicarbonate buffer
(0.1M, pH 8.3) and sodium phosphate buffer (0.1M, pH 8.3)
as the solvent for Sge8-c-NH, and different organic solvents
were studied to dissolve 2. The use of DMSO, triethylamine
(Et,N) or DMF did not produce consumption of Sgc8-c-NH,
in the first 24hr of reaction (runs 2—4, Table 1) whereas
acetone produced complete Sgc8-c-NH, decomposition
(run 1, Table 1). However, when long reaction times were
studied (i.e., 120hr), the use of DMSO, Et,N or DMF gener-
ated new compounds in very low yield, one of them being
the product of interest, Sgc8-c-carba-da (see ESI-TOF-MS
characterization below) (runs 5-7, Table 1). In order to
improve the yield of Sgc8-c-carba-da, we studied a mix-
ture of organic solvents and a selected mixture of buffers
working at higher temperature. For example, at 60°C new
products began to appear after 3hr of reaction (runs 8-10,
Table 1). In these cases, the worst results were observed
with the higher amount of Et,N and the best results were
obtained when a mixture of the four solvents was used (run
10, Table 1).

@p«ww 3N
\‘/

Sgc8-c-carba-da

NaHCO;, buffer (0.1 M, pH 8.3)

DMSO:DMF (1:1:4:1) yield= 67.8 %
60°C/48h
2,
Cl /[kO
Et3N / CH,Cl, / ice bath
\(g >‘NH
i aVa
)bvN L/
dasatinib, 1 e
o]
P
Cl
Et;N / CH,Cl, / ice bath
1) Nal / DMSO / rt / 30 min
cl ~N
H h/ S—NH o 2) ] —N
N cl o Senn -
SRR a VIS S \\ & e g
el N):N NL_/NJ Sgc8-c-NH; e N/ & Y0
, \‘/
3 Me NayPO, buffer (0.1 M, pH 8.3): Me Sgc8-c-ester-da
NaHCO;, buffer (0.1 M, pH 8.3): : .
DMSO:DMF (1:1:4:1) yield=0 %

60°C/48h

Figure 1. Schematic procedures designed and studied for the preparation of Sgc8-c-carba-da and Sgc8-c-ester-da.
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Table 1. Selected initial experimental conditions assayed to optimize the preparation of Sgc8-c-carba-da.

run solvent ra.::‘(:;:;s-c‘?l\?:la;z) temperature (°C) | time (hr) Vielig: asf:'c:-c- Vieldpt:tf’ :zi(:;daw
1 mix bufe:acetone (30:1)
2 mix buf:DMSO (30:1)¢
3 mix buf:EtzN (30:1) 2 0 0
4 mix buf:DMF (30:1) 25
5 mix buf:DMSO (30:1) 1.3 0.6
6 mix buf:Et,N (30:1) 1:50 120 0.9 0
7 mix buf:DMF (30:1) 0 0.7
8 mix buf:DMF:Et,N (4:1:5.5) 0.3 04
9 mix buf:DMF:EtN (3:4:1) 60 3 23 0
10 buf:DMSO:DI\rAn}IT):(EtsN (3:3:1:1) 61 0

*See (ESI-TOF-MS characterization); ®Mixture of equal volumes of
buffer (0.1M, pH 8.3); volume:volume

sodium bicarbonate buffer (0.1M, pH 8.3) and sodium phosphate

Table 2. Selected experimental conditions assayed to optimize the preparation of Sgc8-c-carba-da when varying the ratio of reac-

tants and reaction time.

| e [T | RGN | metn | OGRS | Y
1 1:2 0 ]
2 1:10 0.8 0
3 1:50 42 0
4 1:100 60 24 8.0 24
5 1:200 48.8 29
6 1:300 39.0 0
7 | mix buf<:DMSO:DMF 1:400 220 0.7
8 (2:4:1) (vaviv) 2 30 0
9 4 7.0 0
10 6 116 0
11 1:200 60 8 17.0 0
12 30 51.8 1.9
13 48 67.8 2.9
14 72 49.4 0

*See (ESI-TOF-MS characterization); "Unreacted Sgc8-c-NH, completes the 100% yield; ‘Mixture of equal volumes of sodium bicarbo-

nate buffer (0.1M, pH 8.3) and sodium phosphate buffer (0.1M, p:

For these reasons, our next goal was to optimize the
amount of reactants and the reaction time using as sol-
vent the mixture of buffer together with DMSO and DMF
(Table 2). With reference to the amount of reactants (runs
1-7, Table 2), working at 60°C for 24hr the best result was
obtained with a ratio of 1:200 (aptamer:2) (run 5, Table 2),
a result that was completely in agreement with our previ-
ous findings with other organic reagents instead of 2 (Sicco
et al, 2017). Regarding reaction times (runs 5 and 8-14,
Table 2), working with the reactant ratio of 1:200 at 60°C
the optimal time was 48hr of incubation. Other analyses
were also performed, such as variation of temperature,
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microwave irradiation as mode of heating, different reac-
tion conditions (e.g. variation in pH), incorporation of addi-
tives (i.e. propylene glycol, Tween-20 or MgCl,) and reagent
2 addition scheme (see Supporting Information, Table S1).
All these analyses demonstrated that the best conditions
to obtain Sgc8-c-carba-da were to use reactants in the ratio
1:200 (aptamer:2) and a mixture of buffer:DMSO:DMF
(2:4:1, v:viv) as solvent at 60°C for 48hr.

For the desired product Sgc8-c-ester-da, designed by the

reaction between Sge8-c-NH, and intermediate 3 (Figure
1), the best conditions described above for Sgc8-c-carba-
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da were used. In the first stage, sodium iodide was added
to increase the reactivity of chloroacetyl chloride. Unfortu-
nately, under the studied experimental conditions it was not
possible to generate Sgc8-c-ester-da. The main products
detected (see ESI-TOF-MS characterization below) were
mainly the result of acetylations of the desired product,
showing that the reactivity of the ester group of intermedi-
ate 3 (or the corresponding iodo-analogue) is very high com-
pared with the aptamer-nucleophilic moieties (see below).

ESI-TOF-MS characterization of reaction products

To establish the identity of the final products of the reaction
and consequently isolate the desired product, the different
entities generated under particular conditions were sepa-
rated by RP-HPLC and characterized by ESI-TOF-MS, with
gel electrophoresis additionally used as a complementary
evaluation. For example, Figure S1A (Supplementary Data)
shows the reaction mixture for the preparation of Sgc8-c-
carba-da in the conditions of run 11 of Table 2, whereas Fig-
ure S1C (Supplementary Data) shows the reaction mixture
for the attempt to prepare this biotherapeutic in acetic acid
(see Supplementary Data, Table S1, run S11), where a very
different compound appeared as the main product. After
isolation from the reaction mixture and ESI-TOF-MS char-
acterization of each compound, the following conclusions
could be reached (see Supplementary Figure S2): (i) the
compound with a retention time (t) near to 11min (peak A
in Supplementary Figure S1A) corresponded to Sge8-c-NH,;
(i) the compounds with t, near to 12 and 14min (peaks B
and C in Supplementary Figure S1A corresponded to the
desired product, but with 3"-depurinations (B) possibly by
the loss of deoxyadenosine and OH; C possibly by the loss
of formyladenine and four H); (iii) the compound with t,
near to 21min (peak D in Supplementary Figure S1A) cor-
responded to the desired product but with fragmentation/
hydrolysis of the pyrimidine ring from 3’-adenine and the
addition of PO,; (iv) the product with t, near to 24min
(peak E in Supplementary Figure S1A) corresponded to the
desired product, Sgc8-c-carba-da (ESI-TOF-MS spectrum in
Supplementary Figure S1D); and (v) the product in acidic
milieu with t, near to 26min (peak F in Supplementary Fig-
ure S1C) could correspond to the desired product but has
a new purine fragment added (deoxyadenosine 3"-diphos-
phite) (see Supplementary Figure S2). The analyses by gel
electrophoresis were completely in agreement with the MS
studies (Figure 2).

3A:

Sgc8-c-NH;

Sgc8-c-Alexa647 Sgc8-c-NH;

19

The same analysis procedure was performed for the reac-
tion mixtures used to obtain Sgc8-c-ester-da. In these
cases, none of the isolated products corresponded to
the desired one. We were unable to identify the product
Sgc8-c-ester-da from the reaction mixtures, the isolated
compounds being the result of both 3’-depurinations and
iodo- or chloroacetylation processes (see analysis of the
most relevant products in Supplementary Figure S3). As
mentioned above, the iodo- or chloroacetyl esters were so
reactive that they promoted iodo- or chloroacetylations as
side reactions on phosphates or nucleophilic bases of the
aptamer. Attempts to improve the reaction conditions were
not performed.

The desired product, Sgc8-c-carba-da, was purified by RP-
HPLC (tR = 24.4min; see Materials and Methods, chroma-
tographic conditions, peak E in Supporting Information,
Figure S1A) in 67.8% yield and with purity higher than 99%
(see Supplementary Figure S1B).

Physicochemical characterization of Sgc8-c-carba-da

The physical stability of Sgc8-c-carba-da was analysed
in Milli-Q water at different temperatures and under dif-
ferent storage conditions over time. The RP-HPLC and gel
electrophoresis results confirmed integrity in all cases.
Furthermore, the electrophoresis profiles were consistent
with the absence of low-molecular-weight fragmentation.
Sgc8-c-carba-da was stable in water up to 75°C for 30min of
incubation and under the different storage conditions ana-
lysed (dissolved in Milli-Q water and lyophilized) (Figure 3).

The lipophilicity of Sge8-c-carba-da, calculated as logD, .,
was -1.35 + 0.04. The potential biotherapeutic Sgc8-c-
carba-da was hydrophilic and a little more lipophilic than
other Sgc8-c-probes previously developed by us (Table 3)
(Calzada et al, 20173, Calzada et al, 2017b; Sicco et al, 2020).
The slightly less hydrophilic character could be the result of
incorporation of the apolar framework from dasatinib. The
logD, ; value, of the same order as for other probes, could
indicate that the biological behaviour of Sgc8-c-carba-da
was similar to that of other imaging agents.

Dasatinib-releasing ability of Sgc8-c-carba-da
The hydrolysis ability of the carbamate moiety in Sgc8-c-

carba-da, releasing dasatinib from the biotherapeutic,
was evaluated in vitro at different pH. The selected values

3B:

Sgc8-c-Alexa647

Figure 2. Gel electrophoresis analyses. Examples of two different electrophoretic analyses, including the products isolated from
the reaction mixtures shown in Supporting Information, Figures S1A and S1C (isolated peaks A—F). In both runs, standards were
included: Sgc8-c-NH, and Sgc8-c-Alex647 (MW = 13678D) (Calzada et al, 2017a; Sicco et al, 2018).
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Table 3. Lipophilicities of different Sgc8-c-NH, derivatives.

20

Sge8-c-NH, derivative
Sgc8-c-Alex647 Sgc8-c-HYNIC-*"Tc Sgc8-c-DOTA-Ga Sgc8-c-NOTA-“Ga Sgc8-c-carba-da
LogD, , -1.90+0.30 -2.3610.29 -1.87+0.05 -2.41+0.11 -1.35+0.04
Reference Calzada et al, 2017a Calzada et al, 2017b Sicco et al, 2020 This paper
A 10971 1 r—1 r— B 1004 | . " "
-20°C
80 804 H 4°C
60 604
[S] [S]
=] =}
< 40 < 40
20+ 204
0 T T T T T 0- — T T
RT 37 45 60 75 0 7 14 30

Temperature °C

Days

Figure 3. Stability studies. (A) Sgc8-c-carba-da was stable at different temperatures when incubated for 30min. (B) Sgc8-c-carba-da
was stable under different storage conditions (dissolved in Milli-Q water or lyophilized, both at -20°C and 4°C) for 30 days. AUC: area
under the curve from the RP-HPLC analysis. The measurements were carried out in duplicate.

correspond to physiological (7.4), intratumoural (5.5) and
endosomal (5.0) pH. Complete Sgc8-c-carba-da hydrolysis
was observed at 30hr after incubation but only at endoso-
mal pH was dasatinib released in a short time (from 0.5hr).
For cytoplasmatic and intratumoural pH, it was observed
that dasatinib release began at times close to 24hr but this
was not complete at 30hr.

CONCLUSIONS

Aptamers are promising molecular drug-delivery vehicles
(Tang et al, 2020; Sameiyan et al, 2021), possessing optimal
properties that include a ligand-specific response, short
sequence, low immunogenic potential and easy function-
alization. In our previous studies, we modified the Sgc8-c
aptamer to generate imaging probes (Calzada et al, 20173,
Calzada et al, 2017b; Sicco et al, 2018, 2020). Synthesized
and evaluated in vivo, Sgc8-c-fluorescent and -radioactive
agents showed the ability to recognize different tumoural
systems (i.e., melanoma and lymphoma). Herein, a Sgc8-c-
dasatinib hybrid was designed, synthesized and studied as
a potential dasatinib-releasing biotherapeutic. A 5’-amino
derivative of Sgc8-c was used to conjugate to dasatinib
using two different linkages: carbamate and ester. The bio-
therapeutic with a carbamate connector was efficiently
prepared with near to 70% vyield under optimal condi-
tions (i.e., using a 200-fold excess of dasatinib derivative
2 in a mixture of adequate solvents). The biotherapeutic
was successfully purified using RP-HPLC to obtain a prod-
uct with high purity (near to 100%). The physicochemical
properties of the biotherapeutic, such as stability and lipo-
philicity, are adequate for its use as a future drug. Addi-
tionally, the ability to release dasatinib was pH-dependent,
the endosome being the best place to release the drug as
cytoplasmatic and intratumoural pH gives only slow and

incomplete hydrolysis. These data are very interesting: (i)
as we have previously reported that probes based on the
Sgc8-c aptamer have rapid tumour uptake and blood clear-
ance (Calzada et al, 2017a, Calzada et al, 2017b; Sicco et al,
2020), when Sgc8-c-carba-da is evaluated in vivo it will be
expected to reach the site of action with minimal hydrolysis
at the non-target sites; and (ii) as the route of some aptam-
ers’ internalization has been confirmed as endosomal (Xiao
et al, 2008; Porciani et al, 2018), when Sgc8-c-carba-da
penetrates the tumour cell via the endosome the release
of dasatinib will take place.

The findings reported here highlight the potential of a
simple aptamer as an anti-tumour delivery vehicle. Experi-
ments related to the bioactivity of Sgc8-c-carba-da are cur-
rently underway.
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LIST OF ABBREVIATIONS

DMF: N,N-Dimethylformamide

DMSO: Dimethylsulfoxide

ESI-TOF: Electrospray lonization Time-of-Flight
FDA: Food and Drug Administration

HMBC: Heteronuclear Multiple Bond Correlation
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HPLC: High Performance Liquid Chromatography
HSQC: Heteronuclear Single Quantum Coherence
MeOH: Methanol

MS: Mass Spectrometry

PBS: Phosphate Buffered Saline

PTK7: Protein Tyrosine Kinase 7

RP: Reverse Phase

TAE: Tris base, acetic acid and EDTA

TLC: Thin Layer Chromatography
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Table S1. Selected of other experimental conditions studied to optimize the preparation of
Sgc8-c-carba-da.

reactants yield of yield of
) temperature | .
run Solvent molar ratio (°c)/mwi® time | Sgc8-c- secondarz
(Sgc8-c-NH;:2) carba-da | products
S1 25 0 0
S2 37 2.0 0
S3 50 f:: 1.9 0
S4 80° 5.2 0
d
35 | mix buf:DMSO:DMF 1_00 L g
S6 (2:4:1) (viviv) mwi / |0\2/ 8 0 0
potency min
s7 M/ lew | 5 5.9 0
potency min
<8 mwi / higeh 5 0 0
potency min
sg | mix buf:DMSO:DMF 60 48 245 0
A oy he
si0| 2 (E/(',VS'\)/) PN L2090 60 72 | g1 60.5
2 | Py
mix buf©:DMSO:DMF -
S11 | (2:4:1) (v:v:iv) + acetic P 0.8 94.5
acid (0.1)
mix buf:DMSO:DMF
S12 (1:1:0.5) (viviv) + 1.8 0
propylene glycol (1) 60
mix buf“:DMSO:DMF 53
S13 (1:1:0.5) (viviv) + hi 0 0
Tween 20 (0.2)
mix buf©:DMSO:DMF
S14 | (2:4:1) (v:viv) + MgCl, 4.8 0
(5mM)
2 addition
- Initial: 20 eq
mix buf:DMSO:DMF | -2 h:50 eq 30
22 (2:4:1) (viviv) -4 h:50eq 60 hr Tl 9
-22h:50 eq
-26 h:30 eq

®mwi: microwave irradiation. ° See ESI-TOF mass spectrometry characterization. “Mixture of
equal volume of sodium bicarbonate buffer (0.1M, pH 8.3) and sodium phosphate buffer
(0.1M, pH 8.3). dDegradation of Sgc8-c-NH; was observed. d Complete degradation of Sgc8-c-
NH, was observed.
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Figure S1. Studies of the reactions in order to identify the desired product, Sgc8-c-carba-da:
(A) RP-HPLC profile of the reaction according to run 11 of Table 2; (B) desired product after
purification by RP-HPLC; (C) RP-HPLC profile of the reaction in acetic acid (run S11, Table S1,
Supporting Information); (D) ESI-TOF-MS spectrum of the product corresponding to peak E in
Figure 2A; and (E) gel electrophoresis of Sgc8-c-NH; and purified peak E.
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Simple Summary: Aptamers are oligonucleotides that recognise their target with high specificity
and affinity, having properties comparable to those of antibodies; however, they present important
advantages in terms of their size, production, and modification. These characteristics make them
excellent candidates for the development of new biotechnological platforms and their application as
imaging or therapy agents. The Sgc8-c aptamer binds to PTK7, allowing the recognition of haemato-
oncological malignancies, among others. Thus, we have developed aptamer-drug conjugates by
chemical synthesis, hybridizing Sgc8-c and dasatinib, a drug proposed for lymphoma chemotherapy.
Here, we demonstrated that the aptamer-drug conjugate, Sgc8-c-carb-da, specifically inhibited
lymphocyte growth, produced cell death, caused cell proliferation arrest, and affected mitochondrial
potential. In addition, Sgc8-c-carb-da showed higher (2.5-fold) cytotoxic effects than dasatinib in an
in vitro cell-directed assay that mimics in vivo conditions. These findings provide proof-of-concept of
the therapeutic value of Sgc8-c-carb-da for lymphoma, creating new opportunities for the chemical
synthesis of novel targeted biotherapeutics.

Abstract: Aptamers are emerging as a promising new class of functional nucleic acids because they
can specifically bind to any target with high affinity and be easily modified chemically with different
pharmacophoric subunits for therapy. The truncated aptamer, Sgc8-c, binds to tyrosine-protein kinase-
like 7 receptor, a promising cancer therapeutic target, allowing the recognition of haemato-oncological
malignancies, among others. We have previously developed aptamer-drug conjugates by chemical
synthesis, hybridizing Sgc8-c and dasatinib, a drug proposed for lymphoma chemotherapy. One of
the best-characterised Sgc8-c-dasatinib hybrids, namely Sgc8-c-carb-da, was capable of releasing
dasatinib at an endosomal-pH. Herein, we probed the therapeutic potential of this aptamer-drug
conjugate. Sgc8-c-carb-da specifically inhibited murine A20 B lymphocyte growth and produced
cell death, mainly by late apoptosis and necrosis. In addition, Sgc8-c-carb-da generated an arrest
in cell proliferation, with a cell cycle arrest in the Sub-G1-peak. The mitochondrial potential was
altered accordingly to these pathways. Moreover, using an in vitro cell-targeting assay that mimics
in vivo conditions, we showed that Sgc8-c-carb-da displayed higher (2.5-fold) cytotoxic effects than
dasatinib. These findings provide proof-of-concept of the therapeutic value of Sgc8-c-carb-da for
lymphoma, creating new opportunities for the chemical synthesis of targeted biotherapeutics.

Keywords: lymphoma; aptamer; drug delivery; aptamer-drug conjugates; biotherapeutics; PTK7

1. Introduction

Aptamers are oligonucleotides that recognise their target with high affinity and speci-
ficity and have properties comparable to antibodies; however, they have significant advan-
tages in terms of size, production, and chemical modifications [1-3]. Therefore, they are
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excellent candidates for the development of new biotechnological platforms for applications
as imaging or therapeutic agents [3-6].

Sgc8-c isa DNA aptamer, a truncated form of Sgc8, which has 41 bases and specifically
binds to the tyrosine-protein kinase-like 7 (PTK7) receptor [7], also known as colon carci-
noma kinase 4 (CCK4). This receptor, which acts as a co-receptor in several cell pathways, is
a tumour biomarker that is overexpressed in different types of leukaemia, gastric tumours,
colon, lung, breast, and prostate cancers, and even in metastases [8-12]. Likewise, it is
involved in the migration and endothelial invasion of tumour cells [8,13,14].

Our research group has studied the truncated DNA aptamer Sgc8-c as a tool for the
development of tumour imaging agents [15-21]. We found that Sgc8-c was able to recognise
the PTK? receptor in vivo in murine melanoma and lymphoma models. These findings
provided us with the basis to develop potential therapeutic agents, using this truncated
aptamer to direct anti-tumour drugs specifically to the site of action via the PTK7 receptor.

The use of aptamers as probes for the selective delivery of drugs for clinical use has
already been described in the literature [22,23]. Among the first examples, the use of
DNA-intercalating drugs, like doxorubicin and daunorubicin, has been reported [22,24,25];
however, due to the intercalation process, such agents could affect aptamer target recog-
nition, leading to a loss of specificity. A series of covalent binding strategies between
the drug and the aptamer at a non-relevant site for recognition have been explored to
avoid bioactivity loss [26]. Partially stable covalent bonds were used, such as amides [26].
Nevertheless, these constructions do not ensure the release of the drug under physiological
conditions, potentially losing the activity provided by the drug component of the molecule.
We recently described a molecular hybridisation strategy to covalently incorporate the anti-
tumour agent dasatinib into the structure of Sgc8-c to generate potential biotherapeutics
for haemato-oncology [27].

Dasatinib is a BCR-ABL kinase inhibitor approved by the Food and Drug Administra-
tion (FDA; USA) for the treatment of chronic myelogenous leukaemia and Philadelphia
chromosome-positive acute lymphoblastic leukaemia [28]. We analysed different covalent
connectors between dasatinib and the truncated aptamer and found that a carbamate
moiety was able to preferentially release the drug at endosomal pH, which is optimal as
the endosome is the Sgc8-c cellular uptake route [27]. Thus, we envisioned the generated
hybrid agent, Sge8-c-carb-da (Figure 1), to be highly attractive for therapeutic intervention.
Therefore, we selected a lymphoma model to evaluate the potential of Sgc8-c-carb-da as
a proof-of-concept for an aptamer-drug conjugate (ApDC) for biotherapy.

Xo)
) EACAG).

~eVYeal
‘\C/\c )

| Sgc8-c-carb-da

)

- MW = 13327 ©
% = ©)
IolgD~,,5 }35. N ) . & S
- ib at pH e derived
A . A _ fragment
- stable in storage conditions ( PTK?
recognizer

dasatinib

derived 0D

fragment HN" TS g

antitumor N7

activity N NN

K/N\/\o
carbamate
connector
hydrolysable
moiety

Figure 1. Schematic representation of Sgc8-c-carb-da structure and characteristics. Fragments corre-
spond to anti-tumour activity (dasatinib-derived moiety), target recognition (Sgc8-c-derived frag-
ment), and carbamate connectors (hydrolysable at endosomal pH [27]).
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2. Material and Methods
2.1. Chemical Components

Dasatinib was purchased from Hong Kong Guokang Bio-Technology Co., Ltd. (Baoji City,
China).

The 5'-(6-aminohexyl)-modified Sgc8-c aptamer [12813 Da, 5'-(aminohexyl) ATC TAA
CTG CTG CGC CGC CGG GAA AAT ACT GTA CGG TTA GA -3/, Sgc8-c-NH,] was
purchased from IDT Technologies (Coralville, IA, USA).

Sgc8-c-carb-da (Figure 1) was synthesised and purified as described previously [27].
Briefly, dasatinib was coupled to a reactive pool, carbonate [29]. This intermediate product,
dasatinib phenyl carbonate, was dissolved in dimethyl sulfoxide (DMSO). The aptamer
Sgc8-c-NH; was dissolved in a sodium phosphate buffer (0.1 M) and a sodium bicarbonate
buffer (0.1 M) (50:50 v:v) (pH 8.3) and then mixed with dasatinib phenyl carbonate, and
the mixture was maintained at 60 °C. After 1 h, N,N-dimethylformamide was added, and
the reaction was maintained at 60 °C for 47 h. The reaction was stopped by washing
Sgc8-c-carb-da with Milli-Q water using Microcon® centrifugal filters. Finally, the product
was purified by reversed-phase high-performance liquid chromatography.

Water was purified and deionised (18 M)/ cm?) in a Milli-Q water filtration system
(Millipore Corp., Milford, UK).

2.2. Biological Components

All cell lines were obtained from the American Type Culture Collection (ATCC; Man-
assas, VA, USA): Mus musculus B lymphoma A20 cell line (TIB-208), Homo sapiens acute lym-
phoblastic leukaemia CCRF-CEM cell line (CCL-119) as the PTK7-positive control [30], and
Homo sapiens glioblastoma U87 MG cell line (HTB-14) as the PTK7-negative control [31]. A20
and CCRF-CEM were cultured in Roswell Park Memorial Institute (RPMI)-1640 medium
(Sigma-Aldrich, St. Louis, MO, USA) supplemented with 10% (v/v) foetal calf serum
(FCS; Capricorn, Ebsdorfergrund, Germany) and 2 mM L-glutamine (Sigma-Aldrich) at
37 °C with 5% CO,. U87 MG was grown in Dulbecco’s Modified Eagle’s Medium (DMEM;
Capricorn) supplemented with 10% FCS and 2 mM L-glutamine.

2.3. In Vitro Biological Assays
2.3.1. Cytotoxicity Assay

Cells (5 x 10* cells/well) were seeded in a 96-well plate and cultured for 48 h at 37 °C
in 5% COy, with different concentrations of Sgc8-c-carb-da, Sgc8-c, or dasatinib, ranging
from 400 to 80,000 nM. In addition, cells were incubated with 20% DMSO (Sigma-Aldrich)
and culture medium as controls. Then, the medium was removed, and cells were washed
with 1X phosphate buffered saline (PBS), and 5 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT; Sigma-Aldrich) was added to each well. The plates
were incubated for 4 h at 37 °C in 5% CO,. To dissolve MTT crystals, a 20% sodium dodecyl
sulfate (SDS) solution (Sigma-Aldrich) was added to the plates and further incubated
overnight at room temperature in dark conditions. Finally, the plates were read at 570 nm
to determine the optical density (OD) in each well. Cell cytotoxicity (%) was calculated
using the following formula: [(OD in the studied condition—OD with DMSO)/(OD in
control medium—OD with DMSO)] x 100. The half maximal inhibitory concentrations
(ICsp), defined as the concentrations that induce 50% cytotoxicity, were determined from
the viability vs. concentration curves using the software GraphPad8 (version 8.0.1).

2.3.2. Washing Method

To study the role of Sgc8-c as a delivery system, we used an adaptation of a previously
described Washing Method (WM) [32], which mimics the in vivo conditions. Cells were
incubated with the studied agents (Sgc8-c-carb-da, Sgc8-c, or dasatinib) for 30, 60, or
120 min to allow specific binding to PTK-7. Afterward, the media was removed, and the
cells were washed with PBS. Then, cells were incubated at 37 °C in the corresponding
culture medium for up to 48 h. The MTT assay was developed as described above.
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2.3.3. Cell Death Studies

Induction of cell death was studied by flow cytometry to detect early and late apoptosis
and necrosis using Annexin V conjugated to FITC (AV; BD Pharmingen) and propidium
iodide (PI; Sigma-Aldrich). For this, cells (5 x 105 cells/well in 24-well plates) were
incubated with 200, 400, and 800 nM of Sgc8-c-carb-da or dasatinib for 24 h at 37 °C with
5% CO,. The washing method was also carried out in these studies to evaluate the role of
Sgc8-c as a delivery system.

After the incubation period, the cells and supernatant were washed with cold FACS
buffer (1 x PBS, 2% FCS, and 25 mM EDTA), then centrifuged at 1800 rpm for 3 min at 4 °C.
After that, the pellets were resuspended in 200 pL of FACS buffer and incubated with 2 L
of AV for 30 min in ice. Two more washes were performed with cold FACS buffer, and
cells were further incubated with 5 pL of IP for 5 min. Samples were acquired in a FACS
Canto II (BD Biosciences, San Diego, CA, USA). The results were analysed using FACS
Diva (version 6.1.3) and Flow]o software (version 7.6).

2.3.4. Mitochondrial Membrane Potential Assay

Changes in the mitochondrial membrane potential (Am) were analysed using the
cationic carbocyanine dye JC-1. A20 cells were seeded in a 24-well plate (5 x 10° cells/ well)
and incubated with 200, 400, and 800 nM of Sgc8-c-carb-da or dasatinib for 24 h at 37 °C
with 5% CO;. To assess the potential of Sgc8-c as a delivery system, after 1 h of in-
cubation with the compounds, cell cultures were washed with PBS and further incu-
bated in the culture medium for 24 h. Likewise, cells were incubated with 1000 nM
of the uncoupler carbonyl cyanide-p-trifluoromethoxy phenylhydrazone (FCCP; Sigma-
Aldrich) for 15 min at 37 °C, as a positive control (100% JC-1 monomer retention, back-
ground of J-aggregate formation), or with culture medium, as a negative control (100%
J-aggregate formation, background of JC-1 monomers). All samples were washed with
PBS, centrifuged at 1800 rpm for 3 min, and incubated with 500 nM of 5,5',6,6'-tetrachloro-
1,1/,3,3'-tetraethylbenzimidazolylcarbocyanine iodide (JC-1; Sigma-Aldrich, St. Louis, MO,
USA) [33,34] in culture medium for 30 min at 37 °C. Cells were washed again with PBS and
analysed by flow cytometry, determining green monomers (Ex 485 nm/Em 535 nm) and red
J-aggregates (Ex 560 nm/Em 595 nm). Ten thousand events were acquired and analysed us-
ing the Diva and FlowJo software (version 7.6). The percentage of JC-1 monomer retention
was calculated using the following formula: % JC-1 monomer in the studied condition—%
JC-1 monomer FCCP. Likewise, the percentage of J-aggregate formation was calculated
using the following formula: % J-aggregates in the studied condition—% J-aggregates in
control media.

2.3.5. Arrest of Cell Proliferation Assay

To evaluate cell proliferation, cells (2.6 x 10° cells/mL) were stained with 3 uM of
the fluorescent compound succinimidyl-carboxyfluorescein ester (CFSE; Sigma-Aldrich)
for 10 min at 37 °C with 5% CO,. Afterward, cells were washed with 1 mL of FCS for
every 3 mL of cell suspension, then with PBS. Cells were resuspended in the corresponding
medium, seeded in 24-well plates, and incubated with the ICs of the agents (Sgc8-c-carb-da
or dasatinib, determined for each of the cell lines) and two serial dilutions. In addition,
cells were incubated with 20% DMSO or culture medium as controls for cell arrest and
proliferation, respectively. Once again, the washing method was performed to assess
the potential of Sgc8-c as a delivery system. After 48 h, cells and supernatants were
collected together, washed with PBS, and analysed by flow cytometry. For each sample,
10,000 events were acquired in a FACS Canto II. The results were analysed using FACS Diva
and Flow]Jo software. Cell proliferation (%) was calculated using the following formula:
[(% cell proliferation in the studied condition—% cell proliferation with DMSO)/(% cell
proliferation in control medium—Y% cell proliferation with DMSO)] x 100.

104



Cancers 2023, 15,922

50f13

2.3.6. Cell Cycle Analysis by DNA Content

A20 cells were seeded in 24-well plates (5 x 10° cells/well) and incubated with 200,
400, and 800 nM of Sgc8-c-carb-da or dasatinib at 37 °C with 5% CO; for 24 h. To determine
the role of Sgc8-c as a delivery system, samples were washed with PBS after one hour of
incubation to remove compounds and further incubated with only the culture medium until
24 h were completed. Then, all samples were fixed with cold 70% ethanol at 4 °C for 2 h.
To avoid the formation of lumps and guarantee cell fixation, the cell suspension was added
dropwise to the ethanol with continuous, gentle shaking. Samples were washed twice
with PBS and centrifuged at 2000 rpm at 4 °C for 3 min, then incubated with 0.1 mg/mL of
Ribonuclease A (RNAse A; from bovine pancreas, Sigma-Aldrich, St. Louis, MO, USA) in
0.1% Triton X-100 (in PBS) at 37 °C for 30 min. After that, samples were stained with 5 uL
of Pl in cold RNAse buffer and incubated at 4 °C for 5 min. Samples were analysed by flow
cytometry, acquiring 10,000 events, and the height, width, and area of the PI curve were
acquired to perform an adequate analysis [35] using FACS Diva (version 6.1.3) and Flow]Jo
software (version 7.6).

2.4. Statistical Analysis

Statistical analysis was performed using the Student’s t-test, and the p values of
significance are indicated in each figure.

3. Results and Discussion
3.1. Sgc8-c-carb-da Displays Cytotoxic Activity against A20 Cells

The capability of Sge8-c-carb-da to act as a biotherapeutic agent was determined. First,
its cytotoxic potential was evaluated against A20 lymphoma cells by MTT assay, showing an
IC5 of 820 nM (Figure 2, Table 1). In parallel, the cytotoxic potential of dasatinib against A20
cells was assessed (ICso of 740 nM) (Figure 2, Table 1), demonstrating that Sgc8-c-carb-da
maintained the cytotoxic activity of dasatinib (ICs0,dasatinib/ IC50,5gc8-c-carb-da = 0.91)
(Figure 2, Table 1). Therefore, this drug-delivery system would not affect the biologi-
cal activity of dasatinib. Additionally, dasatinib does not have the ability to intercalate
with DNA since it is not a pi-rich system [36,37]. Therefore, we expect no topological
modifications of the aptamer and, consequently, no loss of target recognition.

L -+ dasatinib
-# Sgc8-c-carb-da
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2
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nM

Figure 2. Doses-response curves for dasatinib and Sgc8-c-carb-da in A20 cells using the MTT
method. Cytotoxicity was evaluated by MTT. Graph shows mean + standard deviation (SD), n =10
per condition.
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Table 1. Cytotoxic effects of Sge8-c-carb-da, dasatinib, and Sgc8-c against A20 cells, PTK7-positive
CCRF-CEM, and negative U87 MG controls, expressed as ICs.

IG5 (nM)
]CSD,dasatinib/ICSO,Sg&c-catb—da
Cell Line Sgc8-c-carb-da Sgc8-c Dasatinib
A20 820 +30 >80,000 740 +20 091
CCRF-CEM 7477 + 80 >80,000 12,260 + 30 1.64
U87 MG 16,350 + 30 >80,000 20,160 + 70 123

To further test whether Sgc8-c-carb-da activity was the result of each component of
the hybrid agent (i.e., dasatinib and Sgc8-c), the cytotoxicity of Sgc8-c was also evaluated,
being higher than 80,000 nM (Table 1, Figure S1A in Supplementary Materials). These
results clearly showed that the Sgc8-c-carb-da cytotoxic activity against A20 lymphocytes
is the result of the dasatinib component since the truncated aptamer Sgc8-c did not display
cytotoxic activity in the experimental assayed conditions. Hence, Sgc8-c was not included
in the following mechanistic experiments.

As expected, the ICsy for Sgc8-c-carb-da in PTK7-negative U87 MG cells [31] was
higher than in A20 cells (ICso 16,350 nM) (Table 1, Figure S1C in Supplementary Materials),
and no difference was observed for Sgc8-c-carb-da and dasatinib activities (ICsq dasatinib /
ICs0,sg8-c-carb-da = 1-23), with both ICsy values being extremely high. These cells are
considered negative controls, as they are not susceptible to any of these agents.

On the other hand, the IC5 for Sgc8-c-carb-da in PTK7-positive CCRF-CEM cells [30]
was also higher than in A20 cells (IC5y 7477 nM) (Table 1, Figure S1B in Supplementary
Materials), revealing that this biotherapeutic agent is less effective in these cells, albeit
CCRF-CEM cells express the PTK7 receptor, unlike U87 MG cells.

However, Sgc8-c-carb-da displayed almost 2-fold higher activity than dasatinib
(IC50,dasatinib /- ICSO,Sch—c _catb-da = 1.64), suggesting the relevance of the PTK7 receptor in
facilitating drug delivery into these cells, which are less sensitive to dasatinib.

The lack of differences in cytotoxic activity between dasatinib and the new ApDC
(IC50, dasatinib / IC50,5gc8-c-carb-da = 0.91) could suggest the absence of Sgc8-¢’s functional
effect. In order to investigate whether the cellular binding of Sgc8-c-carb-da via PTK7
enhances its bio-response, an in vitro cell-binding study was performed. For that, a
washing protocol was applied (see Materials and Methods Section 2.3.2), where cells
were incubated with different concentrations of Sgc8-c-carb-da for 30, 60, or 120 min
to allow binding to PTK7, then the assay media containing the biotherapeutic agents
were removed, and the cells were washed. The ICs) values were determined as de-
scribed before [32] (Table 2, Figure S2 in Supplementary Materials). Sgc8-c-carb-da in-
creased the activity of dasatinib against A20 cells in all studied incubation times (Table 2,
Figure 3, and Figure S2A,D in Supplementary Materials), being four times more cytotoxic
after 120 min of incubation. Even at shorter incubation periods, the cytotoxic activities
expressed as ICs dasatinib / ICSO,Sgcs-c _carb-da- Were higher (2.82 and 2.42 for 30 and 60 min,
respectively). Moreover, Sgc8-c-carb-da showed an increase in cytotoxic activity in PTK7-
positive CCRF-CEM cells compared to dasatinib, particularly after 120 min of incubation
(ICs50,dasatinib / ICSO,Sgc&-c —catb-da = 2-08, Table 2, Figure S2B,E in Supplementary Materials).
However, Sgc8-c-carb-da did not display different activity than dasatinib, with or with-
out the washing step, in PTK7-negative U87 MG cells (ICs0,dasatinib/ ICs50,sg8-c-carb-da ~ 1
Table 2, Figure S2C,F in Supplementary Materials). The reduced ICs) g¢ 8. c-carb-da N these
cells could be explained by the lack of receptor mediation in the biopharmaceutical up-
take (ICs0,5gc8-c-carb-da 16,350 nM versus 32,580 nM after 48 h and 120 min of incubation,
respectively), confirming that this limited activity is PTK7-independent.
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Table 2. Cytotoxic effects of dasatinib and Sgc8-c-carb-da against A20 cells, PTK7-positive CCRF-
CEM, and negative U87 MG controls after different drug exposure times, expressed as ICs.

Exposure Time (min) ICs0 (nM)
T ICs0,dasati 'L,ICSO,SgCS-c-caxb-da
A20 Dasatinib Sgc8-c-carb-da
30 1070 + 20 380 + 20 2.82
60 1650 + 80 680 + 130 243
120 1750 + 20 440 + 20 398
CCRF-CEM
30 18,460 + 40 15,110 £ 20 122
60 11,800 + 20 9520 + 20 124
120 12,650 + 20 6060 + 20 2.08
Us87 MG
30 30,120 + 20 31,310 + 40 0.96
60 33,950 + 30 32,230 + 10 1.05
120 32,010 + 20 32,580 + 20 098
100
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Figure 3. Evaluation of Sgc8-c-carb-da binding via PTK7 in A20 cells. Dose-response curves for
dasatinib or Sgc8-c-carb-da after 48 h of incubation with A20 cells, with (WM) or without the washing
method (60 min of drug exposure followed by a wash and further incubation). Cytotoxicity was
evaluated by MTT. Graph shows mean + SD, n = 10 per condition.

Altogether, these results show the potential of Sgc8-c-carb-da as a biotherapeutic
agent since it promotes A20 cell cytotoxicity in a PTK-7-mediated manner; however, the
MTT assay is a comprehensive measurement of cell cytotoxicity and reflects many altered
pathways, including cell death, cell proliferation arrest, and changes in mitochondria
dynamics, among others. Therefore, the next experiments were addressed to unravel the
mechanisms behind Sgc8-c-carb-da’s cytotoxic effect.

3.2. Sgc8-c-carb-da Promotes A20-Cell Apoptosis and Necrosis

The mechanisms of A20 cell death (i.e., early and late apoptosis and necrosis) promoted
by Sgc8-c-carb-da were assessed by flow cytometry using AV and PI. For that, A20 cells
were incubated with 800 nM of Sgc8-c-carb-da or dasatinib in the same conditions as
described above. After 24 h of incubation, 45.6% of dasatinib-treated A20 cells died, mainly
by late apoptosis (17.8%) and necrosis (20.6%), whereas 69.3% of Sgc8-c-carb-da-treated
cells died, triggering a significant increase in late apoptosis (33.6%, p < 0.01) and necrosis
(30.5%, p < 0.01) (Figure 4). Note 11.2% of cell death was observed in the control conditions.
When A20 cells were exposed to the biomolecules for only 60 min, then washed away and
incubated for another 23 h, a reduction in cell death was observed (p < 0.01). Dasatinib
induced early apoptosis (9.5%) as much as late apoptosis (10.4%) and necrosis (9.9%), while
for Sgc8-c-carb-da, early apoptosis was significantly lower (6.0%, p < 0.01), slightly shifting
the death process toward late apoptosis (11.2%) and especially to necrosis (13.6%, p < 0.05).
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Figure 4. Percentage of cell death of A20 cells obtained after incubation with 800 nM dasatinib
or Sgc8-c-cab-da for 24 h, with (WM) or without the washing method (60 min of drug exposure
followed by a wash and further incubation). Graph shows mean + SD, n = 3 per condition. * p < 0.05,
**p <0.01 (Student’s t-test).

To assess whether the observed cell death was preceded by alterations in mitochon-
drial structure and transmembrane potential, changes in mitochondrial membrane po-
tential were analysed using the JC-1 assay. In living cells (normal AYM), the JC-1 dye
enters and accumulates in the mitochondria and spontaneously forms red fluorescent
J-aggregates. Conversely, in unhealthy (apoptotic) cells (altered A¥YM), the JC-1 dye does
not reach sufficient concentration at the mitochondrial to promote J-aggregate formation,
thus retaining its original green fluorescence [38]. This assay was performed after the treat-
ment of A20 cells with different doses of Sgc8-c-carb-da or dasatinib, as described above.
Sgc8-c-carb-da caused a decrease in J-aggregate formation (Figure 5A) and an increase in
the retention of JC-1 monomers, slightly greater than that of dasatinib in a dose-dependent
manner (Figure 5B); however, no differences were observed when cells were treated with
Sgc8-c-carb-da or dasatinib for only 60 min, washed, and later incubated for another 23 h
(Figure 5A,B). These results showed a Am that is indicative of a mitochondrial membrane
compromise, in agreement with previous data for dasatinib in other cellular systems [39].
This behaviour could be related to the activation of cellular pathways, particularly apopto-
sis, which is associated with the response to this drug and generates an uncoupling of the
mitochondrial potential [33,34]. In this regard, no differences in the percentage of (early
plus late) apoptotic cells were observed when cells were treated with Sge8-c-carb-da or
dasatinib for only 60 min, washed, and later incubated for another 23 h (Figure 4).

3.3. Sgc8-c-carb-da Triggers Cell Proliferation Arrest, Mainly in the subG1 Phase

Along with cell death, we assessed the potential of Sgc8-c-carb-da to promote cell
proliferation arrest. A20, CCRF-CEM, and U87 MG cells were stained with CFSE to track
cell division. In each cell division, daughter cells will receive half of the CFSE label of
their parent cell and so on, allowing the tracking of different cell generations. Thus,
when cells proliferate, CFSE fluorescence decreases. CFSE-stained tumour cells were
treated with the ICsp of Sgc8-c-carb-da or dasatinib for 48 h. The results showed that
both compounds caused the arrest of A20- and CCRF-CEM-cell proliferation, revealed by
a higher percentage of cells that did not undergo division (Figure 6A and Figure S3A in
Supplementary Materials). On the other hand, no differences were observed between U87
MG cells treated with Sgc8-c-carb-da or dasatinib with the control condition (Figure S3B in
Supplementary Materials).
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Figure 5. Changes in mitochondrial membrane potential induced by Sgc8-c-carb-da. Quantification
of the JC-1 assay obtained from incubation of the A20 cell line with 200, 400, and 800 nM of dasatinib
or Sgc8-c-carb-da for 24 h, with (WM) or with the washing method (60 min of drug exposure followed
by a wash and further incubation). (A) Percentages of J-aggregate formation and (B) percentages
of JC-1 monomer retention are shown. Graph shows mean =+ SD, n = 3 per condition. * p < 0.05
(Student’s t-test).
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Figure 6. Arrest of cell proliferation in A20 cells after incubation with Sgc8-c-carb-da and dasatinib
(800 nM) for 48 h, with (WM) or without the washing method (60 min of drug exposure followed by
a wash and further incubation). (A) Cell proliferation histogram, controls of proliferation, and cell
arrest: incubation with medium (100% proliferating cells) and 20% of DMSO (0% proliferating cells),
respectively. (B) Percentages of proliferating cells are shown. (C) Mean fluorescence indices (MFI) for
CFSE. Graph shows mean =+ SD, n = 3 per condition. *p < 0.05, ** p < 0.01 (Student’s f-test).

The percentage of proliferating cells was lower, and concordantly, the CFSE mean
fluorescence index (MFI) was higher after treatment with 800 nM Sgc8-c-carb-da than
dasatinib for 48 h (Figure 6B,C). Likewise, when A20 cells were incubated for 60 min
(washing method), Sgc8-c-carb-da promoted a higher cell arrest than dasatinib, with the
percentage of proliferative cells being 81.0% and 87.0% for Sgc8-c-carb-da and dasatinib,
respectively (Figure 6B). These observations could be explained by the ability of the aptamer
to interact with PTK7 and facilitate the delivery of dasatinib intracellularly, arresting
cell proliferation.

Since A20 cell proliferation arrest was detected upon Sgc8-c-carb-da treatment, the cell
cycle distribution was assessed via flow cytometry. Sgc8-c-carb-da generated significant
changes in the cell cycle with respect to dasatinib, observing a decrease in the G1, S, and
G2/M phases and an increase in the Sub-G1 (Figure 7A-C,F). After 24 h of incubation
with Sge8-c-carb-da (800 nM), 51.10% of the cell population had stopped in Sub-G1, while
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30.30% of the cells were in G1, 8.60% in S, and 10.15% in the G2/M phases (Figure 7C,F).
This cell cycle distribution differed from that found after 24 h of incubation with dasatinib
(800 nM) (37.60% of the cell population stopped in Sub-G1, while 56.05% were in G1, 3.25%
in S, and 3.00% in the G2/M phases; Figure 7B,F). The Sub-G1 peak is associated with cell
apoptosis [40], confirming that Sgc8-c-carb-da facilitated dasatinib-mediated apoptosis. In
line with previous assays, when A20 cells were incubated with Sgc8-c-carb-da (800 nM)
for only 60 min, followed by a washing method, only 17.85% of the cell population was
arrested in Sub-G1, while 71.20% of the cells were in G1, 5.75% in S, and 5.15% in the G2/M
phases (Figure 7D-F). These analyses confirmed that both agents have similar effects on the
cell cycle progression in a dose-dependent manner (Figure 54 in Supplementary Materials).
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Figure 7. Analysis of cell cycle phases. Assay was performed on A20 cells after incubation with
800 nM Sgc8-c-carb-da and dasatinib for 24 h, with (WM) or without the washing method (60 min
of drug exposure followed by a wash and further incubation). Histograms of cells incubated with
(A) control culture medium, (B) dasatinib for 24 h, (C) Sgc8-c-carb-da for 24 h, (D) dasatinib for
60 min then washed, and (E) Sgc8-c-carb-da for 60 min then washed. (F) Percentages of cells in the
different cell cycle phases after incubation under the mentioned conditions. Graph shows mean + SD,
n =3 per condition. * p < 0.05, ** p < 0.01 (Student’s f-test).

4. Conclusions

Here, we report the potential Sgc8-c-carb-da ApDC, which combines a truncated
aptamer that recognises the PTK7 receptor as a target-specific component and dasatinib
sub-structure as a cytotoxic component. The site-specific drug attachment was achieved
by covalent conjugation via a carbamate moiety of the amino aptamer to the dasatinib
primary alcohol [27]. One of the relevant properties of Sgc8-c-carb-da is its capability to
release dasatinib in a pH-dependent manner, with the endosome (pH 5.0) being the optimal
place for drug release. This property is highly relevant because it implies some advantages
to traditional treatment. On the one hand, Sgc8-c aptamer-based probes have significant
tumour uptake and blood clearance [16,19,21]. Hence, the in vivo use of Sgc8-c-carb-da
would facilitate drug delivery to the site of action with minimal hydrolysis at the non-
target sites, enhancing drug availability at the tumour site and reducing systemic toxicity.
On the other hand, since the endosomal route has been confirmed for some aptamers’
internalisation [16,41,42], and particularly endosomal Sgc8-c-uptake in A20 cells [15], once
Sgc8-c-carb-da penetrates lymphoma cells, dasatinib release would take place, facilitating
drug delivery at the appropriate site of action. Thus, this system merits further exploration
in haemato-oncology indications.
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The objective of the current study was to establish the potential of Sgc8-c-carb-da
as an ApDC on A20 lymphoma cells. Here, we demonstrated these hypotheses: (i) the
dasatinib does not undergo biological activity loss; (ii) higher cytotoxic activity is observed
in the PTK7-over-expressing cells (A20 and CCRF-CEM vs. U87 MG cells); and (iii) the
ApDC displays higher activity than dasatinib in a washing method set-up, highlighting the
relevance of Sgc8-c as a delivery system.

In addition, we explored the mode of action of this ApDC in different biological-
behaviour studies (i.e., the PTK7-dependence of cytotoxic effects, cell death pathways, and
cell cycle perturbation) and compared it to the drug alone. Sgc8-c-carb-da reveals signifi-
cant cytotoxicity against A20 cells, potentiating dasatinib biological activity.
Sgc8-c-carb-da promotes cell death by necrosis and apoptosis, accompanied by changes
in the mitochondrial membrane potential. It also generates cell proliferation arrest, which
results in an increase in the Sub-G1 peak and decreases in the S and G2/M phases. Collec-
tively, these results confirm the hypothesis that the Sgc8-c aptamer acts as a tumour-specific
vehicle for dasatinib, binding to PTK7 and delivering the drug into the cell, enhancing its
biological activity. To further translate the Sgc8-c platform as a drug delivery system into
tumours, there is still a need for pre-clinical and, ultimately, clinical investigations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/cancers15030922/s1, Figure S1: Dose-response curves for dasatinib,
Sgc8-c-carb-da, and Sgc8-c-NH, using the MTT method in (A) A20, (B) CCRF-CEM, and (C) U87
MG cells. Figure S2: Dose-response curves for dasatinib or Sgc8-c-carb-da after 48 h of incubation,
with (WM) or without the washing method (60 or 120 min of drug exposure followed by a wash and
further incubation), in the different cell lines: (A) A20 (60 min), (B) CCRF-CEM (60 min), (C) U87
MG (60 min), (D) A20 (120 min), (E) CCRF-CEM (120 min) and (F) U87 MG (120 min). Cytotoxicity
was evaluated by MTT. Graph shows mean + SD, n = 10 per condition. Figure S3: Arrest of cell
proliferation induced by Sgc8-c-carb-da and dasatinib in (A) CCRF-CEM and (B) U87 MG cell lines.
Figure S4: Phases of the cell cycle induced by Sgc8-c-carb-da and dasatinib in A20 cells. Assay
performed on the A20 cells after incubation with 200, 400, and 800 nM Sgc8-c-carb-da and dasatinib
for 24 h, with (WM) or without the washing method (60 min of drug exposure followed by a wash
and further incubation). Graph shows mean + SD, n = 3 per condition.
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5.2.1. Material suplementario del articulo V

Targeted-lymphoma drug delivery system based on the Sgc8-c aptamer.

Estefania Sicco'?, Hugo Cerecetto!, Victoria Calzada'* and Maria Moreno?*

SUPPLEMENTARY MATERIALS
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Figure S1: Dose-response curves for dasatinib, Sgc8-c-carb-da, and Sgc8-c-NH: using the MTT
method in (A) A20, (B) CCRE-CEM, and (C) U87 MG cells. Graph shows mean + SD, n = 10 per
condition.
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Figure S2. Dose-response curves for dasatinib or Sgc8-c-carb-da after 48 h of incubation, with (WM)
or without the washing method (60 or 120 min of drug exposure followed by a wash and further
incubation), with the different cell lines: (A) A20 (60 min), (B) CCRF-CEM (60 min), (C) U87 MG (60
min), (D) A20 (120 min), (E) CCRF-CEM (120 min), and (F) U87 MG (120 min). Cytotoxicity was
evaluated by MTT. Graph shows mean + SD, n = 10 per condition.
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Figure S3. Arrest of cell proliferation induced by Sgc8-c-carb-da and dasatinib in (A) CCRF-CEM and
(B) U87 MG cell lines. Cell proliferation arrest histogram, controls of proliferation, and cell arrest:

incubation with medium (100% proliferating cells) and 20% of DMSO (0% proliferating cells),
respectively.
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Figure S4. Phases of the cell cycle induced by Sgc8-c-carb-da and dasatinib in A20 cells. Assay
performed on the A20 cells after incubation with 200, 400, and 800 nM Sgc8-c-carb-da and dasatinib

for 24 h, with (WM) or without the washing method (60 min of drug exposure followed by a wash
and further incubation). Graph shows mean + SD, n = 3 per condition.
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6. Discusion general
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Capitulo I: Sgc8-c como agente de imagenologia molecular en cancer

En base a los alentadores antecedentes generados por el laboratorio sobre la
implementacion de nuevas estrategias de Imagenologia Molecular en cancer basados en
aptameros y a la excelente experiencia en marcacion de moléculas (Calzada, 2012;
Camacho, 2013; Garcia, 2014; Calzada, 2017a; Calzada, 2017b) es que se planted, en
una primera instancia, profundizar con el desarrollo de sondas para imagenologia

molecular utilizando como plataforma estructural estos bio-sistemas.

En el articulo I, se disefiaron, sintetizaron y caracterizaron tres derivados del
aptdmero Sgc8-c y quelantes bifuncionales, para la preparacion posterior de sondas
radiomarcadas. Ademas, se profundiz6 en la sintesis y caracterizacion de una sonda
fluorescente, previamente generada por nuestro grupo (Calzada, 2017a). Estas sintesis
qguimicas se lograron estandarizar y sistematizar, obteniendo excelentes rendimientos para
la incorporacion de todos los quelantes. Se gener6 una metodologia versétil, lo que
permitird su utilizacion con otros aptdmeros. Del protocolo se destaca que se realizé a
temperatura ambiente y que los tiempos de reaccién quimica utilizados fueron cortos, con
ausencia de degradacion del aptamero y sin reacciones secundarias. Asimismo, la
reaccion es compatible con disolventes organicos, como dimetilsulféxido (DMSO) o
dimetilformamida (DMF), clasicos disolventes utilizados en sustancias hidrofilicas
(Arakawa, 2018), e incluso DMF también presenta funciones importantes como catalizador

y estabilizador (Heravi, 2018).

Los derivados del aptamero que se generaron tienen una modificacion estructural
muy pequefia en término de su masa molecular, sin embargo, mostraron diferentes
tiempos de retencién en las corridas por RP-HPLC. Se logré generar una metodologia de
RP-HPLC que distinguié los diferentes conjugados estudiados y, también, la sonda
fluorescente. Esta caracteristica podria explicarse por diferencias significativas en las
lipofilias de los diferentes quelantes utilizados y por las distintas masas moleculares que
presentaron los derivados y la sonda. Esto, por tanto, podria modificar el comportamiento
biologico in vivo, especialmente la biodistribucion y depuraciéon de las sondas que se
generen con estos derivados. En este trabajo de posgrado se continué con el estudio del
comportamiento bioldgico del derivado generado con el quelante bifuncional NOTA, Sgc8-
c-NOTA.
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La pureza de las sondas fue una de las caracteristicas que se consideré relevante
para obtener un buen contraste en las imadgenes (Chen, 2010b; Calzada, 2020). En este
sentido, el proceso de purificacion que se utilizo, RP-HPLC, permitié6 obtener los tres
conjugados deseados y la sonda fluorescente con una pureza préoxima al 100 % (segun la
técnica de cuantificacion utilizada). No se detectaron, en ningun caso, fragmentos de
aptamero de baja masa molecular o agregados de aptdmero de gran masa molecular. Esto
podria significar que se obtuvieron todos los aptameros en estequiometria 1:1

(aptdmero:quelante bifuncional).

La estabilidad es otra caracteristica deseable, ya que los transforma en potenciales
sistemas para la generaciéon futura de sondas (Chen, 2010b). Los derivados mostraron
excelentes estabilidades en condiciones para generar las sondas radiomarcadas, siendo
estables en medios acuosos y en un amplio rango de temperaturas (desde temperatura
ambiente hasta 70 °C). Adicionalmente, presentaron estabilidad en condiciones clasicas de

almacenamiento.

En el articulo II, se disefid, sintetizd, caracterizo y evaludé una sonda radiomarcada
con %’Ga, generada a partir de un derivado del aptdmero Sgc8-c, Sgc8-c-NOTA, para su
empleo en diagnoéstico de neoplasias hemato-oncoldgicas.

Para este trabajo se utiliz6 el derivado Sgc8-c-NOTA generado en el articulo |
(Sicco, 2018). La conjugacion NOTA se eligi6 debido a sus buenas propiedades como
quelante bifuncional para M3*, ideal para emisores gamma como 8’Ga, que se utiliza para
generar imagenes durante dias y ha sido estudiado para tomografia por emision de
positrones y teranostico (Kang, 2019; Woo, 2019). Ademas, se ha observado que este
guelante bifuncional presenta una rapida cinética de complejacién a temperatura ambiente

y una excelente estabilidad in vivo (Okoye, 2019).

Con la finalidad de confirmar la estructura de la radio-sonda desarrollada y asegurar
la incorporaciéon de un solo atomo de galio por molécula de aptamero, Sgc8-c-NOTA se
coordind con galio estable (5¥7*GaCls) en idénticas condiciones que las utilizadas en el
radiomarcado. Asi, se corroboro la estructura del compuesto obtenido por espectrometria
de masas ESI-MS vy, por la coincidencia en tiempos de retencién en RP-HPLC, se plantea
qgue la radio-sonda es estructuralmente idéntica al complejo con galio estable. En este

sentido, se propone que la coordinacion con ’Ga es la deseada.
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El procedimiento de marcacion se optimizé mostrando que el pH del buffer es
relevante para obtener una Optima marcacién. Esto concuerda con lo descripto en la
literatura, donde se observa que el quelante bifuncional NOTA puede formar diferentes

guelatos estables con galio, cuya estructura es dependiente del pH (Shetty, 2010).

Se evalué la pureza radioquimica y la actividad especifica para Sgc8-c-NOTA-%Ga.
En cuanto a la pureza radioquimica de Sgc8-c-NOTA-%’Ga fue superior a 95 %. La sonda
radiomarcada mostré alta estabilidad en el buffer de reaccion, a diferentes temperaturas y
en el tiempo. Al estudiar la estabilidad de la sonda en suero fetal bovino, se observé una
alta union a proteinas séricas, > 90 %, y ademas se observo inestabilidad del aptdmero
libre (66 %) después de 2 h de incubacion. Se obtuvieron resultados similares en ensayos

previos con sistemas similares (Calzada, 2017b).

La sonda marcada presentd un coeficiente de distribucion, logD7s = -2,41+ 0,11,
siendo mas hidrofilico que el analogo DOTA, previamente descrito, logD7,5= -1,87 + 0,05
(Sgc8-c-DOTA-%7Ga) (Calzada, 2017b). Este cambio podria modular el comportamiento in
vivo de la sonda. Los estudios de afinidad mostraron un valor de Kq para el receptor PTK7
de 0,019 nM, lo que indica que la afinidad de uniéon no se modificoé al incorporar el quelante
y el radiometal. Este valor de Kq es consistente con lo descripto por los investigadores que
seleccionaron el aptdmero Sgc8-c (Shangguan, 2007).

Los estudios de union de la sonda radiomarcada a lineas de células tumorales
mostraron un aumento de la sefial con el tiempo para la linea murina de linfoma no-
Hodgkin a células B, A20, y con la linea de célula tumoral A20/GFP (transfectada con
Green Fluorescent Protein), lo que demuestra la capacidad de unién de la sonda. El
analisis farmacocinético mostré que la sonda se ajustd a un modelo farmacocinético bi-
compartimental en el cuerpo, con eliminacion del compartimento central, es decir, por

sangre y 6rganos muy perfundidos como rifién e higado.

Se demostré que el modelo tumoral era adecuado para el estudio de prueba de
concepto, ya que se confirmd, mediante citometria de flujo, que la linea celular tumoral
A20/GFP expresa PTK7. En el modelo de animales portadores de tumores A20/GFP, la
sonda present0 una biodistribucion con captacion tumoral, sin captacion significativa en
células no blanco y una eliminacién por via hepatobiliar y por via renal; esto ultimo se
encuentra en concordancia con la farmacocinética. Esto confirmé que el cambio en el
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guelante bifuncional, de DOTA (Calzada, 2017b) a NOTA, no modificé la biodistribucion in

Vivo como era de esperar, segun los valores de logD obtenidos.

La captacion del tumor aumentd con un tiempo significativamente mayor durante las
48 h post-inyeccion. Sin embargo, las actividades ID/g de la sangre y del musculo
disminuyeron con el tiempo, lo que dio como resultado que las relaciones de tumor/no
tumor sean mas altas a 24 h post-inyeccion de la sonda. Consecuentemente, esto mejoro
el contraste de las imagenes, observandose asi una notable mejoria en la captacion
tumoral. Estos resultados se compararon con un grupo control de bloqueo con aptamero
sin modificar (Sgc8-c-NH2), obteniendo una disminucién no significativa de la captacion
tumoral. Lo que podria deberse a que el aptdmero libre Sgc8-c-NH2 se esta uniendo a las
proteinas séricas y, por ende, no consigue competir con los receptores PTK7 de las células
tumorales. Asimismo, una sobreexpresion de este receptor en las células también podria
resultar en un bloqueo leve. Por lo que estos ensayos deben mejorarse, en principio, con
cambios en las dosis inyectadas tanto de la sonda como del aptamero libre. También se
podria cambiar la molécula de bloqueo, pero los anticuerpos anti-PTK7 reconocen sitios de
unién al ligando diferentes que el aptamero Sgc8 (Shangguan, 2008; Chen, 2010a).

Los resultados de la biodistribucion de la sonda radiomarcada fueron consistentes
con las imagenes in vivo logradas, donde se observd una éptima captacion tumoral y una
sefial abdominal a las 24 h post-inyeccion de la sonda. Se lograron imagenes tumorales
bien definidas a las 24, 48 y 72 h. Mediante las imagenes ex vivo se evidencié que la
captacion de la sonda provenia del tumor, resultados que fueron obtenidos mediante el uso
de co-localizacion con el GFP que expresaban las células tumorales A20/GFP utilizadas
para generar el modelo. Para generar estas imagenes se utilizO una combinacion
multimodal de imagenes de fluorescencia, de radioactividad (gamma) y de rayos X;
resultando en un apropiado control positivo de interaccion especifica. Ademas, con estos
estudios ex vivo fue posible distinguir las sefiales fuertes provenientes del tumor y del
higado, y en menor medida de rifiones e intestino; coincidente con los resultados de los
ensayos de biodistribucién. Si bien se adquirieron imagenes con una considerable
captacioén tumoral, es necesario ajustar la dosis de las sondas o el tiempo de adquisicion
para mejorarlas, incluso el microambiente tumoral podria estar afectando la penetracién de
la sonda en el tejido tumoral. Por lo que es necesario recurrir a otros modelos tumorales
que permitan evaluar el potencial de las sondas imagenolégicas. Recientemente, nuestro
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grupo describié la evaluacion de Sgc8-c en cancer de colon en un modelo de xenoinjerto
de ratdon, donde se observo que presentan excelentes captaciones tumorales a las 2 horas
post-inyeccion de la sonda fluorescente y una Optima relacion tumor/musculo a este tiempo
(Arévalo, 2021; Arévalo, 2022). En base a estos resultados, se podria evaluar la sonda
radiomarcada en modelos murinos de xenoinjerto tumorales, para mejorar la captacion
tumoral y relaciones tumor/no tumor a tiempos post-inyeccién mas cortos que los obtenidos

hasta el momento.

Finalmente, para este modelo tumoral de ratédn la relacién de tumor/no tumor con la
sonda Sgc8-c-NOTA-%’Ga fue muy alta, mejorando, por consecuencia, el contraste en las
imagenes. Estos resultados demuestran el potencial del aptamero Sgc8-c como agente
diagnoéstico para estas neoplasias hemato-oncoldégicas, lo cual fue destacado en una carta
al editor (Filippi, 2020).

En el articulo 1ll, se evalud por primera vez el aptamero Sgc8-c en un modelo de
melanoma metastasico como sonda de imagen molecular para diagnostico in vivo, asi
como en un modelo de melanoma no metastasico. Los antecedentes para el uso de este

modelo tumoral fueron los trabajos previos del grupo (Calzada, 2017a).

Se emplearon dos estrategias diferentes y complementarias para analizar la
capacidad de las sondas para interactuar con las células de melanoma metastatico
(B16F10): (1) el uso de la sonda radiomarcada (Sgc8-c-NOTA-%’Ga) que permiti6 medir
mediante el sistema de contador gamma y (2) el uso de la sonda fluorescente

(Sgc8-c-Alexab47) que permitio el analisis por citometria de flujo y Western blot.

Primeramente, se verificd la sobreexpresion de PTK7 en las células de melanoma
metastatico mediante la incubacién con un anticuerpo o la sonda fluorescente (Sgc8-c-
Alexa647), tanto en los ensayos por citometria de flujo como los estudios por Western blot.
Incluso, el indice de fluorescencia medio especifico (MFI) que se obtuvo para la poblacion
de células B16F10, sugiere que estas células expresan niveles altos de PTK7. En el
ensayo de Western blot, se observd que la sonda fluorescente reconocio dos fracciones de
PTK7. Esto se puede deber a que PTK7 presenta sitios de escision (Lichtig, 2019) vy,
ademas, como se menciond, el anticuerpo y el aptamero reconocen sitios distintos de
PTK7 (Shangguan, 2008; Chen, 2010a). A su vez, se comprobdé que la sonda
Sgc8-c-NOTA-9’Ga se une a la linea celular B16F10 y los ensayos de competencia
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realizados con el aptamero sin marcar, Sgc8-c-NHz, mostraron diferencias significativas,

confirmando la interaccién de la sonda con PTKY.

La internalizacion compleja por la interaccion Sgc8-PTK7 es un mecanismo que se
confirm6 mediante microscopia confocal, donde se observo la sonda fluorescente de forma
intracelular en diferentes lineas tumorales. Este mecanismo ya ha sido descripto para
algunos aptameros (Xiao, 2008). A su vez, se confirmd que la internalizacion a la célula es
por via endosomal. Esto también ha sido descripto en otras sondas basadas en aptameros
(Jacobson, 2015).

Se realizé una prueba de concepto in vivo en modelos de melanoma metastético y
no metastatico en ratones. Ambas sondas presentaron una excelente relacion tumor/no
tumor, con una rapida depuracion sanguinea. Los resultados de los estudios in vitro fueron
consistentes con los obtenidos para las biodistribuciones y las imagenes in vivo. En la
biodistribucién, nuevamente, para ambas sondas se observé una captacion tumoral casi
exclusiva a las 24 horas post-inyeccién. Al igual que para el modelo de linfoma, es
primordial desarrollar nuevas evaluaciones para mejorar los tiempos de adquisicion. Todos
estos hallazgos permitieron explorar nuevas herramientas para mejorar la farmacocinética
y la captacion tumoral, mediante la co-asociacion de estas sondas de aptameros a
nanoestructuras. En particular, la co-asociacion de la micela polimérica T908 con la sonda
mostré una biodistribucidén y un perfil farmacocinético diferentes y deseables, lo que podria
contribuir a la permanencia en el organismo y la entrega de direccionamiento pasivo en un

microambiente tumoral (Castelli, 2021).

Por otro lado, las metodologias aplicadas permitieron detectar diferencias en la
expresion del marcador tumoral PTK7 en los dos modelos tumorales de melanoma. Por
ello, es importante profundizar en el estudio de la expresion de PTK7, con el objetivo de
conocer si las diferencias en la expresion que se observaron en los ensayos estan
realmente involucradas en vias de sefializacion que, en consecuencia, otorgan un mayor

poder metastasico a las células tumorales.

Los resultados que se presentan en los articulos | (Sicco, 2018), Il (Sicco, 2020) y III
(Sicco, 2021a) de este trabajo de posgrado, junto con los resultados de los trabajos del
area (Calzada, 2017a; Calzada, 2017b; Castelli, 2021; Arévalo, 2021; Arévalo, 2022),
respaldan el papel potencial de Sgc8-c-NOTA-6’Ga y Sgc8-c-Alexa647 como herramientas
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de imagenologia molecular Optimas para mejorar las estrategias en el diagndstico
molecular no invasivo en melanoma y linfoma, asi como los potenciales enfoques
teranodsticos. Otorgan, ademas, las bases para desarrollar el disefio de nuevos agentes

bioterapéuticos basados en aptameros.
Capitulo II: Sgc8-c como agente potencial bioterapéutico selectivo en cancer

En el articulo IV, se disefd, sintetiz6 y caracterizO un conjugado covalente

aptamero-farmaco basado en Sgc8-c para su uso como bioterapéutico selectivo en cancer.

Para generar el nuevo conjugado, Sgc8-c-carb-da, se incorpord covalentemente a la
estructura del aptamero un fragmento derivado del farmaco dasatinib, mediante un
conector carbamato. Este agrupamiento tiene la caracteristica de que es hidrolizable
quimica y enzimaticamente, por ende, tiene la capacidad de liberar el farmaco a distintos
pH (Bartoschek, 2000; Xia, 2022).

Se transformé dasatinib en un intermedio reactivo, fenilcarbonato, via el grupo
alcohol primario presente en la estructura del farmaco. Se confirmd espectroscopicamente
la estructura (*H-RMN, **C-RMN, HSQC y HMBC). Posteriormente, este intermedio se hizo
reaccionar covalentemente con Sgc8-c-NHz. Para optimizar la sintesis se analizaron
diferentes condiciones de reaccion variando: el disolvente, el tiempo, la temperatura, la
fuente de calor, el pH y los contraiones. De los diferentes productos generados durante la
reaccion, se identificé el producto de interés, Sgc8-c-carb-da, a través de espectrometria
ESI-MS. El mayor rendimiento que se alcanzé en la sintesis del conjugado aptamero-
farmaco, en escala de 0,5 mg, fue del 67,8 %. Se purifico por RP-HPLC, siguiendo las
condiciones previas utilizadas para el desarrollo de las sondas y se obtuvo con una pureza
del 99 %. El escalado, en escala de 100 mg (ya que, debido a la alta masa molecular de
Sgc8-c-carb-da, se requiere una importante cantidad del mismo para trabajar con un
namero estadisticamente significativo de animales en los estudios in vivo) conllevd a un
importante detrimento en el rendimiento de reaccién (28,3 %, datos no publicados), lo que
se convirtid en una limitante para el posterior estudio sobre animales de experimentacion

(ver mas adelante).

Adicionalmente, mediante electroforesis y RP-HPLC se complemento la informacion
sobre la integridad de Sgc8-c-carb-da, los perfiles fueron consistentes con la ausencia de

fragmentos de baja masa molecular en el pico de RP-HPLC que correspondié al producto
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de interés. El conjugado presenté estabilidad frente a diferentes temperaturas y en
condiciones de almacenamiento estandar para aptameros. El valor logD7s es de -1,35 +
0,04, que resulta ser del mismo orden que las sondas imagenoldgicas, lo que podria
indicar que el comportamiento bioldgico in vivo de Sgc8-c-carba-da puede ser similar al de
otros agentes de imagen. Las propiedades fisicoquimicas del bioterapéutico son

adecuadas para su uso como futuro farmaco.

Adicionalmente, Sgc8-c-carb-da fue capaz de liberar dasatinib completamente in
vitro a pH endosomal (5,0), luego de 0,5 h de incubacidn, sin liberacion a pH fisiolégico
(7,4) o intratumoral (5,5). Esta propiedad de Sgc8-c-carb-da de liberar dasatinib
dependiente del pH, es muy relevante porque implica algunas ventajas para el tratamiento
tradicional. Por un lado, las sondas basadas en aptameros Sgc8-c tienen una captacion
tumoral y una depuracion sanguinea significativas (Calzada, 2017a; Calzada, 2017b;
Sicco, 2020; Sicco, 2021a; Castelli, 2021; Arévalo, 2021; Arévalo, 2022), por lo que se
espera que Sgc8-c-carb-da facilite la administracion del farmaco al sito de accion, a través
de la interaccion aptdmero-PTK7, con una minima hidrdlisis en los sitios inespecificos;
mejorando asi, la disponibilidad del farmaco y reduciendo la toxicidad sistémica. Por otro
lado, al confirmarse que las sondas generadas se internalizan por via endosomal (Sicco,
2021a), se espera que, una vez internalizado Sgc8-c-carb-da en las células tumorales, se
provoque la liberacion de dasatinib favoreciendo la administracion del farmaco en el sitio
de accion apropiado. El sistema desarrollado cumple con las caracteristicas previstas, y
por tanto merece una mayor exploracién en las indicaciones hemato-oncoldgicas. Esto
permitird evaluar el potencial del aptdmero como un vehiculo de administracion de

farmacos en el érgano blanco.

En el articulo V, se evalu6 el potencial terapéutico de Sgc8-c-carb-da, conjugado
aptamero-farmaco desarrollado en el articulo IV, que combina un aptamero que reconoce
el receptor PTK7, como un componente especifico del blanco (células tumorales) y la

subestructura de dasatinib, como un componente citotoxico (Sicco, 2021b).

El conjugado aptdmero-farmaco mostré actividad citotoxica contra las células A20,
sugiriendo que dasatinib no pierde actividad biolégica al acoplarse a la estructura del
aptamero. También, se observo mayor actividad citotéxica en células que sobreexpresaban
PTKY. Por lo tanto, este sistema de entrega de farmacos no afectaria la actividad bioldgica

del mismo. De igual manera, no se esperaba que el aptdmero sufriera modificaciones
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topologicas, ni pérdidas en el reconocimiento por su blanco, ya que dasatinib no se
incorpord por intercalacion con el oligonucleétido (Luo, 2011; Korashy, 2014). En este
estudio, ademas Sgc8-c no presentd actividad citotoxica en las concentraciones
estudiadas, como si sucede con otros aptameros (Kim, 2018); indicando que funcionaria

Gnicamente como vehiculo para dasatinib en el conjugado aptamero-farmaco.

Por otro lado, la falta de diferencias en la actividad citotoxica entre dasatinib y el
conjugado aptamero-farmaco Sgc8-c-carb-da, podria deberse a la ausencia del efecto
funcional de vehiculo de Sgc8-c, debiéndose exclusivamente a una ruptura del
oligonucledtido en el medio biologico y a la liberacién de dasatinib. Para investigar si la
unioén celular de Sgc8-c-carb-da a través de PTK7 es responsable de su biorrespuesta, se
realizd un estudio de union celular in vitro, donde se aplicd un protocolo de lavado post-
exposicion de potencial agente citotoxico a las células en estudio. En estos ensayos, se
observé que Sgc8-c-carb-da fue mas citotdxico que en los tratamientos con dasatinib solo.
El conjugado Sgc8-c-carb-da resultd ser cuatro veces mas citotoxico que dasatinib
después de 120 min de incubacion y lavado posterior. Estos resultados destacaron la

relevancia de Sgc8-c como sistema de administracion mediada por PTK7.

Los resultados obtenidos por ensayos de MTT muestran el potencial de Sgc8-c-
carb-da como agente bioterapéutico. Sin embargo, el ensayo MTT es una medida integral
de la citotoxicidad celular y refleja muchas vias alteradas. Por lo tanto, se ahondd en el

estudio de los mecanismos detras del efecto citotoxico de Sgc8-c-carb-da.

Asi se evidencio que Sgc8-c-carb-da promueve la muerte celular, de manera dosis
dependiente, en tiempos tempranos por apoptosis y en tiempos tardios por necrosis.
Asimismo, se encontr6 un porcentaje de muerte celular distinto al observado por MTT. Esto
puede deberse a que éste ultimo depende de la actividad mitocondrial. Cuando se aplicé el
método de lavado de los compuestos, nuevamente el porcentaje de muerte celular
aumentaba significativamente para Sgc8-c-carb-da con respecto al dasatinib. Por otro lado,
se corroboré que la muerte celular observada estuvo precedida por alteraciones en la
estructura mitocondrial, debido a que se encontraron cambios en el potencial mitocondrial

para ambos compuestos, siendo levemente mayor para Sgc8-c-carb-da.

Sgc8-c-carb-da generé un arresto celular, dosis-dependiente, significativamente
mayor que dasatinib, gracias a la capacidad del aptdmero para interactuar con PTK7 y
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facilitar la administracion intracelular de dasatinib, deteniendo la proliferacion celular. Por
altimo, el arresto de la proliferacion celular generada por Sgc8-c-carb-da, también resulté
en un aumento significativo y dosis-dependiente del pico Sub-G1 y disminuciones en las
fases G1, S y G2/M. EIl pico Sub-G1 esta asociado a la apoptosis celular (Yu, 2008), en

este caso generada por Sgc8-c-carb-da.

Dados estos resultados, se estaria confirmando la hipétesis de que el aptdmero
Sgc8-c actia como vehiculo para el dasatinib, interaccionando con PTK7, ingresando a la
célula y mejorando su actividad biolégica. Ademas, con los lavados realizados en los
ensayos, se corroboro que Sgc8-c-carb-da sigue ejerciendo su efecto citotoxico porque ya
se encuentra dentro de la célula o unido al receptor. A pesar de la exitosa demostracion del
concepto, el potencial de Sgc8-c-carb-da no pudo ser aln evaluado in vivo.

El principal obstaculo para la no realizacion de estudios in vivo fue econémico. Ya
que, en el escalado de la sintesis del conjugado de 0,5 mg a 100 mg, del aptdmero de
partida Sgc8-c-NH2, no fue posible reproducir el rendimiento de la sintesis a pequefa
escala (disminucion del rendimiento de 67,8 a 28,3 %). Debido a la alta masa molecular del
conjugado, y a la estequiometria de 1:1, la cantidad necesaria para realizar futuros estudio
con animales de experimentacion implicaria partir de cantidades proximas a los 500 mg del
aptamero Sgc8-c-NH2 (considerando una Unica administracion de Sgc8-c-carb-da, a una
dosis equivalente a la identificada como activa para dasatinib, en 10 animales de 20 g de
masa corporal, datos no publicados). Esto implicaba un elevadisimo costo del aptdmero de
partida (U$S 3100, Proforma de julio de 2020, BIOSPRING The Oligo Company).

Continuar profundizando en su evaluacion biolégica nos permitira conocer

adecuadamente este sistema de administracion de farmacos en tumores.
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7. Conclusiones
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En el presente trabajo de posgrado se profundizé en el estudio del potencial que
presenta el aptamero Sgc8-c para su aplicacion en imagenologia molecular y en terapia de

cancer.
- Capitulo I: Sgc8-c como agente de imagenologia molecular en cancer

Se desarrollaron y estudiaron dos sondas con alto grado de pureza, una portadora
de un emisor gamma, Sgc8-c-NOTA-5’Ga y otra fluorescente, Sgc8-c-Alexa647. Las
preparaciones y purificaciones se lograron sistematizar, consiguiendo reacciones de
tiempos cortos, rendimientos excelentes, con compatibilidad con disolvente organicos y sin
presencia de reacciones secundarias. Ademds, la versatii metodologia desarrollada

permite la aplicacion con otros aptameros.

Ambas sondas se caracterizaron fisicoquimicamente y presentaron una excelente
estabilidad frente a diferentes temperaturas, medios acuosos y condiciones clasicas de
almacenamiento. Presentaron una lipofilicidad 6ptima para el comportamiento biolégico in

Vivo.

Las sondas mantienen la afinidad y especificidad por el blanco molecular PTK7, y se
demostré que se internalizan por via endosomal, en las distintas lineas celulares tumorales

estudiadas.

En las evaluaciones bioldgicas in vivo ambas sondas mostraron una Optima
captaciéon tumoral, con una répida depuraciéon sanguinea, indicando que ambas son
herramientas potenciales para su uso especifico en la deteccion precoz del melanoma y
linfoma. Asimismo, la sonda Sgc8-c-NOTA-%"Ga presenté una relaciéon tumor/no tumor muy
alta para el modelo de linfoma, mejorando el contraste de las imagenes. Confirmamos asi,
la utilidad del aptamero Sgc8-c como agente diagnéstico para neoplasias hemato-

oncoldgicas.
- Capitulo Il: Sgc8-c como agente potencial bioterapéutico selectivo en cancer

Se generd, con un alto grado de pureza, un conjugado aptamero-farmaco Sgc8-c-
carb-da, mediante la incorporaciéon de un fragmento derivado de dasatinib conectado

covalentemente al aptamero Sgc8-c. Esta reaccion también se logré estandarizar.
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Sgc8-c-carb-da presentd Optimas propiedades fisicoquimicas, como la estabilidad y

la lipofilia.

Se observé que el conjugado covalente aptamero-farmaco tiene la capacidad de
liberar dasatinib a pH endosomal, siendo el lugar 6ptimo para la liberacion del farmaco.

En los diferentes estudios del comportamiento biolégico de Sgc8-c-carb-da, se
observé que dasatinib no pierde su actividad bioloégica y que la actividad citotdxica es

mayor cuando la célula sobreexpresa PTK?Y.

Sgc8-c-carb-da promueve la muerte celular por apoptosis y necrosis, acompafnada
de cambios en el potencial de la membrana mitocondrial. También genera una detencion
de la proliferacion celular, lo que resulta en un aumento en el pico Sub-G1 y disminuciones

enlasfases Sy G2/ M.

Sgc8-c-carb-da presenta mayor actividad anti-tumoral que dasatinib, en una modelo
que simula la depuracién del compuesto (protocolo de lavado), lo que destaca la relevancia
de Sgc8-c como sistema de entrega de farmacos por interaccion con un receptor especifico
sobreexpresado en la linea celular de estudio. Por esto ultimo, se estaria confirmando la
hipotesis que el aptamero Sgc8-c actia como vehiculo para el dasatinib, interaccionando
con PTK7, ingresando a la célula.

En este trabajo se exploraron diferentes enfoques del uso de aptameros en
aplicaciones biomédicas. Sin dudas, tras varios afios de investigacién el sistema de
estudio, aptdmero Sgc8-c, resulta ser muy prometedor y consistente en cuanto a su
potencial como agente de reconocimiento por PTK7 con todos los beneficios para
diagnéstico por imagenes y terapia mediada que eso conlleva. Ademas, de este trabajo se
concluye que los aptameros resultan ser moléculas sumamente versatiles y una gran
oportunidad para el desarrollo en diversas areas, sin descuidar la rigurosidad en los puntos
gue se han destacado en el manuscrito y en concordancia con las recientes

recomendaciones de la International Society of Aptameros (McKeague 2022).
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8. Perspectivas
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En base a los excelentes resultados tanto en la sintesis como en las imagenes y

biodistribuciones;

i) profundizar en la evaluacion preclinica y en el desarrollo de sondas para

imagenologia molecular basadas en aptameros;

i) analizar diferentes dosis de administracion, tiempos de adquisicion de imagenes,

otros radionucleidos con fines terandsticos;

iii) diseflar nuevos conjugados covalentes aptamero-farmacos, con nuevas
moléculas citotoxicas. Si bien en este posgrado se logré una sintesis 6ptima del conjugado
aptdmero-dasatinib 'y presentd potenciales caracteristicas para ser usado como
bioterapico, no fue posible durante el desarrollo de la tesis continuar con los estudios en
animales (por el inadecuado rendimiento en el escalado del biofarmaco Sgc8-c-carb-da).
Por lo que, seria interesante realizar conjugados con otras moléculas u otro tipo de
conjugacion aptamero-farmacos que permita, por ejemplo, una mayor estequiometria

farmaco: aptamero;

iv) profundizar en la administracion selectiva de farmacos mediada por aptameros.
Los Optimos resultados de la sintesis quimica y purificacion, la confirmacién de la
internalizacién de Sgc8-c por via endosomal, no solo en la linea celular A20 sino que
también para las lineas celulares CCRF-CEM, B16 F10 y B16F1, y la demostracion de la
liberacion del farmaco a pH endosomal, sientan las bases para continuar trabajando en

esta linea de investigacion.
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