UNIVERSIDAD NACIONAL AUTONOMA DE MEXICO

PROGRAMA DE DOCTORADO EN CIENCIAS BIOMEDICAS
INSTITUTO DE INVESTIGACIONES BIOMEDICAS
INMUNOLOGIA

EFECTO DE LA EXPOSICION NEONATAL A BISFENOL A (BPA) SOBRE LA RESPUESTA INMUNE AL CANCER DE MAMA EN
UN MODELO MURINO

TESIS
QUE PARA OPTAR POR EL GRADO DE:
DOCTORA EN CIENCIAS

PRESENTA:
MARGARITA ISABEL PALACIOS ARREOLA

TUTOR PRINCIPAL:
DR. JORGE MORALES MONTOR
INSTITUTO DE INVESTIGACIONES BIOMEDICAS, UNAM

COMITE TUTOR:
DR. LUIS IGNACIO TERRAZAS VALDES
UNIDAD DE BIOMEDICINA, FES IztAcALA, UNAM

DR. IGNACIO CAMACHO ARROYO
FAcuLTAD DE Quimica, UNAM

CIuDAD DE MEXICO, NOVIEMBRE DE 2017



e e

Universidad Nacional - J ~  Biblioteca Central
Auténoma de México -

Direccion General de Bibliotecas de la UNAM
Swmie 1 Bpg L IR

UNAM - Direccion General de Bibliotecas
Tesis Digitales
Restricciones de uso

DERECHOS RESERVADQOS ©
PROHIBIDA SU REPRODUCCION TOTAL O PARCIAL

Todo el material contenido en esta tesis esta protegido por la Ley Federal
del Derecho de Autor (LFDA) de los Estados Unidos Mexicanos (México).

El uso de imagenes, fragmentos de videos, y demas material que sea
objeto de proteccion de los derechos de autor, serd exclusivamente para
fines educativos e informativos y debera citar la fuente donde la obtuvo
mencionando el autor o autores. Cualquier uso distinto como el lucro,
reproduccion, edicion o modificacion, sera perseguido y sancionado por el
respectivo titular de los Derechos de Autor.



A mi padre, mi madre y mi hermana, mis primeros grandes amores.

A la persona que ilumina mis dias.

A esa fuerza que, en contra de la entropia, logra ser fuente de orden, de belleza y de

vida.



Este proyecto de investigacion se realizé en el laboratorio de Interacciones Neuro-
Inmuno-Enddcrinas, dirigido por el Dr. Jorge Morales Montor, con el apoyo #176803 del
Consejo Nacional de Ciencia y Tecnologia (CONACyT) y el proyecto IN208715 del
Programa de Apoyo a Proyectos de Innovacion Tecnoldgica (PAPIT) de la Direccion
General de Asuntos del Personal Académico (DGAPA) de la UNAM.

Durante su proyecto de doctorado, Margarita Isabel Palacios Arreola recibié una beca de
CONACYyT (468654).



Agradecimientos

Agradezco en primer lugar a mis padres por su amor y apoyo incondicional, por ser
ejemplo de superacion, trabajo y ética, por ensefiarme a creer en mi misma, por

alentarme a perseguir mis suefnos.

A mi hermana, por motivarme siempre a ser mas humana.

A Radul, por ayudarme a moldear la persona que soy ahora, por darme fuerzas en los

momentos dificiles y caminar a mi lado en los dias soleados.

A mis amigos, por crecer a mi lado y hacer de ese proceso algo entrafiable.

Al Dr. Jorge Morales, por nutrirme académicamente con retos y trabajo.

A mis compafieros del laboratorio de Interacciones NeurolnmunoEnddcrinas, por el

apoyo, por supuesto y con gusto incluyo, por la amistad.



indice

RESUIMEN ...ttt ettt e e et e e et r e e e e e e e e e an e e ennnes 1
ADSTITACT ..o 3
Lista de abreViaturas ..........couviiiiiiiiiiiiieeeeee e 5
1. Introduccion
IO R O T [ot =Y o [= 1 0 =T o - R 7
1.1.1 Anatomia de la glandula mamaria.........ccccccooeiiiiiiiiiiineenninie, 7
1.1.2 TUMOIES MAMANIOS.....cciiiiiiiiiieiieieeeeee ettt e e 7
1.1.3 EStadiStiCaS ......cceiiiiiiiiiiiiieeeeeeeeeeeee e 8
1.2 INMUNOPALOIOGIA .. ..o 8
1.2.1 Inmunovigilancia e inmunosubversion.............cccvvveeeeeeeeiiiiiinnee, 9
1.2.1.1 Células NK ..., 11
1.2.1.2 Macrofagos asociados a tumor ..........ocooeiiieininnn... 12
1.2.1.3 Linfocitos T CitOtOXICOS ......ouveieiiiiiiiieeieeee, 13
1.2.1.4 Linfocitos T reguladores ...........coooveiiiiiiiiiiiieene, 14
1.3 Linea 4T1 como modelo murino de cancer de mama..........ccccccee..... 15
1.4  Red neuroinmMuNOENdOCIING..........ccuvviiiiiiiiiiiiiiiieeeieeeeeeeeeee e 16
1.4.1 Modulacion del sistema inmune por esteroides sexuales............. 16
1.5 Compuestos disruptores endiCrinoS ..........cccevveveeeeiiiiieiieieeeieieeeeeeeeen 17
L 0. L B A 17
1.5.1.1 Fuentes y niveles de eXpoSiCiON ...........ccoevvvvviiieieeeeeeeeiiiiiannn, 18
1.5.1.2 Asociacion con cancer de Mama.........ccceeeeeeeeeeeeeeeeeeee e, 19
1.5.1.3 Efectos sobre el sistema inmunoldgico...........cccccceeeeriiinnnnnne. 20
N 1 (Yot =To (=] (= 20
3. Planteamiento del problema............cooooiiiii i, 21
A, HIPOESIS.....oeeiieiiie ettt e e e e e e e e e e e e eaaaaa 22
5. Objetivos

5.1  ODbJetiVO gENEIAL.......uuuiiiiiiiiiiiiiiiiiiiiiiiii i 22



5.2 ODbjetivos PartiCUIAreSs ............oeiie i 22
. Materiales y métodos

6.1  RAIONES ...oeiiiiiiiiiee e 23
6.2  DeClaraCion GLICA ..........ccuvuiiiiiiiiiiiiiiiiiiiiiiieieeeeeeeeeee et 23
6.3  Administracion neonatal de BPA ...........coovvviviiiiiiiiiiiiiieeeeeeeeeeeeeeeeee 23
6.4  Evaluacion de pardmetros endOCriNOS...........cuvvvvvviieeiiieiiiiiiieiiieeeeeeen 24
6.4.1 APertura vaginal ...........ccoviiiiiiiiiiiie e 24
6.4.2 CiClO ESral.....cccvviiiiiiiiiiiiiiiiiieeee 24
6.4.3 Niveles séricos de 17B-estradiol..............ueiiiiiiiiiiiiiiiiiiieeeeeees 25
6.5 Modelo de adenocarcinoma mamario murino: linea 4T1................... 25
B.5.1 CUIIVO «.ovviiiiiiiiiiiiiiiiieeeeeee e 25
6.5.2 INOCUIACION ....cevviiiiiiiiiiiiiiieeeeeeeeee e 25
6.6  ObtenciOn de MUESIIAS.........ccvvviiiiiiiiiiiiieeeeeeeeeeeeee e 26
B.6.1  SUEBTO... ittt et aaaans 26
6.6.2 Organos lINFOIOES..........couiiieee et 26
B.6.3 TUIMON ... e e e e e e e e e e e ennnns 27
6.7  Citometria de flUujO.........ccuuiiiiiiiiie e 27
6.8  INMUNOFIUOIESCENCIA. ......ceeeeieiiie e 32
B.9  RT-PCR ..t e e 33
6.9.1 EXtracCion de RNA .........ooiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeee et 33
6.9.2 RetrotranSCriPCION ..........uueiiiiiieeeiiiiiiiiiee e 34
B.9.3 PR ... 35
. Resultados
7.1  Evaluacion de parametros endiCrinOS........cooceevvvvvviviiiiiieeeee e, 38
7.2  Evaluacion de tumores MamarioS..........cuuvvveveeereieeeieiiieeeeeeeeeeeeeeeeeeees 39
7.3  Analisis de subpoblaciones celulares ..........ccccccvvvvvvvviiiiiiiiiiiiiieeeen, 41
7.3.1 Infiltrado tUMOral........ccooiiii e 41
7.3.2 Nobdulos linfaticos periféricos drenantes..........cccoevvvvviiiiieeeeeeennnn, 44
7.3.3 BAZO e 45
7.4  Expresion de citocinas intratumorales ............ccevvvvvviiiiiiiiiiiiiiiiiieenen, 47

7.5 Expresion de marcadores de activacion de macrofagos ................... 49



7.6  Expresion de ERa en subpoblaciones celulares................cccooviiie 50

7.6.1 INfiltrado tUMOral........ccooiiiieie e 50
7.6.2 Nobdulos linfaticos periféricos drenantes...........ccoevvvvvvieiiieeeeeeeennn, 51
7.6.3 BAZO ..o 54
S TR I o U1 [ 57
S T 0o ] [ox 11153 o] 1= 1SR 62
L10.REFEIENCIAS ...coeeiiiiiiiiieieeeee e 63

Anexo I: Articulo original

Anexo lI: Otras publicaciones



Resumen

El Bisfenol-A (BPA) es un compuesto disruptor enddcrino de carécter estrogénico.
La exposicion al BPA durante etapas tempranas del desarrollo puede derivar en efectos
a largo plazo. Dado que los sistemas inmunologico y enddcrino interactian
bidireccionalmente, la disrupcion enddcrina puede causar alteraciones en el sistema
inmunolégico, incluida la respuesta antitumoral. En este trabajo estudiamos las
potenciales alteraciones en la respuesta antitumoral en la vida adulta tras una exposicién

neonatal a BPA.

Ratones neonatos (3er dia postnatal) de la cepa singénica BALB/c fueron
expuestos a una dosis Unica de 250 ug/kg de BPA. Una vez que se alcanzé la plena
madurez sexual, se indujo la formacién de un tumor mamario al inyectar células de la
linea 4T1, la cual deriva de un adenocarcinoma mamario espontaneo de raton BALB/c y

por lo tanto permite el uso de individuos compatibles e inmunocompetentes.

Transcurridos 25 dias desde la induccion, los ratones del grupo expuesto a BPA
desarrollaron tumores de mayor tamafio (Peso normalizado contra control = 1.88;
intervalo de confianza 95% (1.C.): 1.48, 2.28; p= 0.007).

Para evaluar la respuesta inmune antitumoral a nivel local, se realizdé un analisis
del infiltrado leucocitario de la masa tumoral mediante citometria de flujo e
inmunofluorescencia. Asimismo, se analizaron las subpoblaciones celulares presentes
en los nédulos linfaticos periféricos drenantes y el bazo, para evaluar la respuesta a nivel
regional y sistémico, respectivamente. Se observé que el microambiente tumoral de los
individuos expuestos a BPA presentaba un mayor porcentaje de linfocitos T reguladores
(42.8%, 1.C. 30.3%, 55.3% vs 21.5%, I.C. 14.1%, 28.9% en control intacto; p= 0.0031).

Se analizé por RT-PCR la expresion de las citocinas proinflamatorias en el
microambiente tumoral y se observo que las citocinas proinflamatorias TNF-a e IFN-y
presentaban un menor nivel de expresion en el grupo expuesto a BPA. Adicionalmente,
por analisis de RT-PCR se evalud el perfil de activacion de los macréfagos asociados a

tumor, observandose que presentaban un perfil de activacion alternativa en todos los



grupos experimentales. Sin embargo, el grupo expuesto a BPA mostr6 una menor

expresion del marcador Fizz-1.

Dado el caracter estrogénico del BPA, se evalud la expresion del receptor de
estrégenos ERa en los linfocitos T, B, células NK y macréfagos, hallandose diferencias
en la expresion de este receptor en los linfocitos T totales, macréfagos y células NK

asociados tanto a la exposicién al BPA como al desarrollo tumoral.

En conclusion, la exposicion neonatal a BPA modifica la respuesta antitumoral en
la vida adulta, siendo uno de los probables mecanismos la alteracion de los patrones de

expresion de ERa en las células del sistema inmune.

Estos hallazgos muestran un nuevo aspecto en el cual la exposicion a BPA puede
contribuir al desarrollo y progresion del cancer de mama: la modulacion de la respuesta

inmune antitumoral.



Abstract

BPA is an oestrogenic endocrine disrupting chemical (EDC) compound. Exposure
to BPA in as early as pregnancy leads to lifelong effects. Since endocrine and immune
systems interact in a bidirectional manner, endocrine disruption may cause permanent
alterations of the immune system, affecting a future anti-tumoral response. In this work,
we studied the potential alterations in anti-tumoural immune response in adult life, after a

neonatal exposure to BPA.

Neonate (PND 3) female syngeneic BALB/c mice were exposed to a single dose
of 250 pg/kg BPA. Once sexual maturity was reached, a mammary tumour was induced
injecting 4T1 cells in situ, these cells are derived from a spontaneous adenocarcinoma in

a BALB/c mouse and therefore allows for an immunocompetent recipient.

After 25 days of injection, showing no major endocrine alterations, BPA-exposed
mice developed larger tumours (Relative weight compared to unexposed control = 1.88;
95% confidence interval (Cl): 1.48, 2.28; p= 0.007).

As a mean to study local anti-tumoural immune response, tumour leukocytic
infiltrate analysis was performed by flow cytometry and immunofluorescence, revealing a
higher proportion of regulatory T lymphocytes in the BPA-exposed group (42.8%, CI
30.3%, 55.3% vs 21.5%, CI 14.1%, 28.9% in unexposed control; p= 0.0031).

RT-PCR analysis of tumour samples showed a decreased expression of
proinflammatory cytokines TNF-a and IFN-y. Moreover, RT-PCR analysis of activation
profile of TAMs showed that, while all samples displayed an alternative activation profile,
the TAMs from BPA-exposed group had a lower expression of Fizz-1.

Since BPA is an oestrogenic EDC, ERa expression was assessed by flow
cytometry in T lymphocytes, B lymphocytes, NK cells and macrophages, revealing
differences associated both to BPA exposure and tumour development.

In conclusion, neonatal exposure to BPA modifies anti-tumoural immune response

in adulthood, probably by altering ERa expression patterns in cells of the immune system.



These findings show a new aspect whereby early life BPA exposure can contribute to
breast cancer development and progression by modulating the anti-tumoral immune

response.
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1. Introduccién

1.1 Cancer de mama
El cancer de mama es un conjunto de enfermedades caracterizado por la
proliferacion de células anormales (transformadas) que deriva en un crecimiento

descontrolado del tejido mamario.

1.1.1 Anatomia de la glandula mamaria

La mama se encuentra localizada sobre la pared toracica. La porcion glandular
esta situada en el centro, rodeada y atravesada por tejido adiposo; la grasa proporciona
a la mama su consistencia blanda. La glandula se compone de 12 a 20 l6bulos, los cuales
se dividen en lobulillos y éstos a su vez en alvéolos secretorios. Los I6bulos desembocan
en los ductos, los cuales convergen hasta un sitio debajo del pezén en forma de
conductos lactiferos. La mama cuenta con unos ligamentos que penetran desde la piel
hasta la aponeurosis pectoral, proporcionando un armazén de bandas de tejido fibroso

gue sostienen a los lobulillos y l16bulos .

1.1.2 Tumores mamarios

Los tumores mamarios son el resultado del crecimiento desmesurado de las
células de algun tejido mamario. A los tumores derivados del epitelio mamario se les
denomina genéricamente carcinomas y a aquéllos derivados del mesénquima,
sarcomas.

Dentro de los carcinomas se encuentran dos grandes grupos: el ductal, que se
origina en los conductos mamarios y el lobular, que tiene origen en los |6bulos. En ambos
casos, el tumor puede encontrarse localizado, en cuyo caso se le denomina carcinoma
in situ o, por el contrario, puede encontrarse diseminado, en cuyo caso se denomina
carcinoma infiltrante 2.

Los tumores de origen mesenquimatoso, que es parte del tejido conjuntivo,
ocupan aproximadamente el 1% de todos los tumores mamarios malignos. Entre ellos,

el mas frecuente es el fibrosarcoma, el cual se caracteriza por un crecimiento rapido *.



1.1.3 Estadisticas

El cancer de mama se encuentra entre los tipos de cancer mas frecuentes. A nivel
mundial, de acuerdo al Ultimo reporte de Globocan 2, en 2012 ocup6 el primer lugar en
prevalencia a 5 afios en poblacion adulta de ambos sexos, seguido del cAncer de prostata

y colorrectal.

En México, en 2014, el INEGI 3 report6 que del total de casos de cancer
diagnosticados en la poblacion de 20 afios y mas, el cancer de mama es el de mayor
presencia, con 19.4% del total, representando el 30.9% de los casos de cancer en
mujeres. En 2015, el mismo instituto reportd que la incidencia de este cancer entre la
poblacion de 20 afios y mas fue de 14.8 casos nuevos por cada 100,000 personas, que
equivaldria a 11,250 casos totales considerando el total poblacional en ese rango de
edad.

Es importante mencionar que también en 2014 se observé un incremento en la
tasa de mortalidad por tumor maligno de mama, en comparacion con afios previos,
siendo de 15.21 defunciones por cada 100,000 habitantes. Este dato continudé con la
tendencia en ascenso de la mortalidad de este padecimiento, desde el afio 2007 3, lo
cual llama a la reflexion, dados los constantes esfuerzos dirigidos a su tratamiento y

deteccion precoz.

1.2 Inmunopatologia del cancer

La intervencién del sistema inmunolégico en el cancer comienza con la deteccion
de las células transformadas y no con el ataque y contencion del desarrollo de una masa
tumoral establecida. En la década de los 50s, Burnett propuso la teoria de la
Inmunovigilancia 4, en la cual las células del sistema inmunoldgico innato detectan a las
células transformadas, las atacan y despiertan una respuesta del sistema inmunoldgico
adaptativo para eliminarlas, en cuyo defecto se genera una masa tumoral y se inicia el

cancer.



1.2.1 Inmunovigilancia, Inmunoedicion e inmunosubversion

El proceso anteriormente descrito es mas complejo de lo que originalmente se
creia y comprende no soOlo una serie simple de eventos, sino procesos y etapas

alternativas, tales como la Inmunoedicién, y la Inmunosubversién 6.

A pesar de que, en un principio, durante la inmunovigilancia se detecte y se genere
una respuesta inmunoldgica robusta contra las células transformadas, no todas son
eliminadas, existiendo células que logran evadir el reconocimiento y ataque del sistema
inmunoldgico. Estas células proliferan y, en respuesta, se generan nuevos mecanismos
del sistema inmunoldgico (tales como la respuesta humoral) que imponen una nueva

presion de seleccién inmunologica sobre las células transformadas.

Durante este proceso, denominado Inmunoedicion, se generan clonas de células
transformadas con menor inmunogenicidad y con mayor resistencia a los mecanismos
citotoxicos del sistema inmunoldgico. Otra caracteristica es que estas clonas tienen
mayores propiedades inmuno-moduladoras, tales como una mayor habilidad para
producir y secretar factores solubles que modifican el microambiente tumoral de manera
gue afecta las funciones efectoras de las células del sistema inmunolégico e induce

tolerancia inmunoldgica y anergia en ciertos tipos celulares.

En este proceso, llamado inmunosubversién, intervienen los linfocitos T
reguladores (Treg), junto con diversos elementos en el microambiente tumoral,
convirtiendo esta etapa en la estrategia clave mediante la cual las células exitosamente

editadas escapan a la presion del sistema inmunolégico®".

A continuacién, se describe brevemente el papel que juegan distintas poblaciones
celulares del sistema inmunoldgico en estos procesos, que pueden observarse de

manera resumida en la figura 1.
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Figura 1. Inmunovigilancia e inmunosubversion. Los elementos de la inmunidad innata son los
primeros en intervenir; las células NK detectan células anormales o estresadas y las atacan
principalmente secretando perforina y granzimas, produciendo la apoptosis de las células
tumorales. Los cuerpos apoptéticos son fagocitados y procesados por las células presentadoras
de antigeno (CPAs), ya sean macrofagos (M) o células dendriticas (C.D.), las cuales migran
hacia los no6dulos linfaticos periféricos (NLP) y presentan antigenos a los linfocitos.
Posteriormente, las clonas de linfocitos T helper (Th) y T citotéxicos (LTCs) que fueron activados
proliferan y orquestan la inmunidad adaptativa antitumoral. Por su parte, las células tumorales
modifican el microambiente tumoral produciendo factores inmunomoduladores tales como el
TGF-, el cual disminuye la actividad de las células citotoxicas y las CPAs (con lo que se favorece
la generacion de linfocitos T reguladores inducidos (iTreg), se promueve la proliferacién de los
Treg ya existentes y modifica el perfil de activacién de los macrofagos asociados a tumor (MATS)
hacia un fenotipo protumoral, generando mas moléculas inmunomoduladoras y factores
angiogénicos &,
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1.2.1.1 Células NK

Las células NK (del inglés, Natural killer) son células efectoras del sistema
inmunolégico innato que controlan varios tipos de tumores, virus y patdégenos
microbianos limitando su crecimiento y diseminacion, principalmente mediante su
actividad citolitica °. Estas células son uno de los principales elementos que orquestan
el proceso de inmunovigilancia, pues se ha asociado su baja actividad con un mayor
riesgo de cancer 9. Las células NK vigilan constantemente las células del organismo
sensando sus moléculas de superficie para determinar si son propias y se encuentran
sanas. Para ello, las células NK expresan multiples receptores de inhibicion que tienen
afinidad por las moléculas del complejo principal de histocompatibilidad (MHC) de clase
I, las cuales son altamente polimérficas incluso entre individuos de la misma especie y
cuya expresion puede verse alterada ante fendmenos de estrés y algunas patologias
1112 por otra parte, estas células también expresan receptores de activacion, cuyos
ligandos rara vez se expresan en células normales, pero se expresan en respuesta al

estrés y la transformacion celular.

Una vez activadas, las células NK utilizan dos principales mecanismos efectores:
la exocitosis de granulos que contienen perforina y granzimas A/B y la sefalizacion por
medio de ligandos receptores de muerte celular, tales como FasL (Ligando de Fas) y
TRAIL (Ligando Inductor de Apoptosis Relacionado con TNF). Adicionalmente, las
células NK activadas producen citocinas que controlan el crecimiento tumoral y
promueven la activacion de otros tipos celulares, como el interferon gamma (IFN-y) y el

factor de necrosis tumoral alfa (TNF-a).

Por su parte, las células tumorales utilizan diversos mecanismos para resistir y
evadir a las células NK, incluyendo su inhibicion mediante interacciones por contacto, la
secrecion de factores inhibitorios como el factor transformante del crecimiento beta (TGF-
B) y la modificacién del microambiente tumoral, favoreciendo el reclutamiento y
diferenciacion de linfocitos T reguladores y favoreciendo el crecimiento de las células

tumorales 13.

11



1.2.1.2 Macro6fagos asociados a tumor

Los macréfagos son células fagociticas residentes en casi todos los tejidos. Ante
eventos como dafio tisular e infeccion, los monocitos circulantes son reclutados hacia el
sitio del evento y se diferencian a macréfagos tisulares. Los macréfagos expresan una
variedad de receptores de superficie que les permiten reconocer moléculas
caracteristicas en patodgenos, células estresadas o0 necroticas, cuerpos apoptoéticos y
restos celulares. Una vez que entran en contacto con estos elementos, los macréfagos

los fagocitan y los procesan.

Los macroéfagos, asi como las células dendriticas, son considerados células
presentadoras de antigeno profesionales (CPAs) y constituyen el vinculo entre la
inmunidad innata y la inmunidad adaptativa. Después de que un patégeno o una célula
dafada es fagocitada y procesada, el macrofago migra hacia el nédulo linfatico mas
proximo y en el transcurso madura, adquiriendo la expresion de moléculas
coestimuladoras de superficie (CD40, CD80, CD86), las cuales le permiten activar a
linfocitos T.

Si bien actualmente se sabe que los macréfagos pueden presentar toda una gama
de perfiles de activacion 4, en términos generales es posible hablar de dos clases de
macréfagos: clasicamente activados (M1) y alternativamente activados (M2). Los
macrofagos M1 se generan tras la estimulacion con IFN-y solo o en conjunto con
moléculas bacterianas tales como el lipopolisacarido (LPS). Por otra parte, los
macrofagos M2 son polarizados por distintos estimulos, como las citocinas interleucina
(IL-) 4, IL-13, IL-10, TGF-B y glucocorticoides415.

En cuanto a su funcién efectora, en términos generales los macréfagos M1
combaten microorganismos y producen grandes cantidades de citocinas
proinflamatorias, mientras que los macréfagos M2 modulan la respuesta inflamatoria,
promueven la angiogénesis y la remodelacion y reparacion de tejidos. Sin embargo, es
importante destacar que los estados de polarizacion M1 y M2 son los extremos de un

amplio rango de estados funcionales 4.

12



Los macroéfagos asociados a tumor (MATS) suelen presentar un fenotipo similar al
M2 141617 "e| cual esta caracterizado por la expresion de Arg-1, Fizz-1y Ym-1, entre otros
y una minima expresion de iNOS. Sin embargo, el fenotipo funcional de los MATs no es
homogéneo entre los diversos tipos y modelos de cancer y se ha planteado que incluso

puede ser variable dependiendo de la localizacién dentro del tumor 18,

En la mayoria de los tipos de cancer, incluido el cancer de mama, los MATs son
antiinflamatorios y se correlacionan con un mal pronéstico 1°. Esto se debe a que los
MATs no son CPAs competentes, ya que la expresion de moléculas coestimuladoras se
ve disminuida, a tal grado que, en vez de activar a linfocitos T, ocasionan la anergia de

estas células.

Por otra parte, estos macrofagos producen IL-10, la cual es una citocina
inmunomoduladora que disminuye la activacion de linfocitos T cooperadores, citotéxicos
y células NK, entre otros. Ademas, la participacion de los MATs no se limita a la
inmunomodulacion en el microambiente tumoral, pues contribuyen de manera directa a
la vascularizacion de mismo, produciendo factores angiogénicos como el factor de
crecimiento vascular-endotelial (VEGF), ademas de que favorecen la invasividad al

secretar metaloproteasas que degradan la matriz extracelular 2.

1.21.3 Linfocitos T citotdxicos

Los linfocitos T citotoxicos (LTCs), caracterizados por la expresion del correceptor
CDS8, son activados por las CPAs en los nédulos linfaticos, tras lo cual experimentan una
expansion clonal, adquieren su fenotipo efector y migran hacia el sitio en el que ha
ocurrido el evento que activé a las CPAs. Una vez que los LTCs encuentran alguna célula
gue expresa el antigeno contra el cual estan dirigidos inducen la muerte de la misma por
contacto, mediante TRAIL o mediante la secrecion de perforina y granzimas.
Adicionalmente, los LTCs secretan IFN-y y TNF-a 2. El IFN-y contribuye a la activacion
de los macréfagos y células dendriticas, aumentando su capacidad fagocitica, ademas
de favorecer la diferenciacion de los linfocitos T helper hacia un fenotipo Thl. Por su

parte, el TNF-a es considerado un inhibidor de la tumorigénesis pues induce la muerte
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por apoptosis de células transformadas, ademas de ser una de las citocinas clave para

la respuesta inflamatoria.

En cuanto a la respuesta inmune antitumoral, los LTCs son capaces de infiltrar y
eliminar a las células transformadas durante etapas tempranas del desarrollo tumoral,
pero pierden su capacidad citotoxica ante la exposicidbn cronica al microambiente
tumoral. Pese a lo anterior, se sabe que estos linfocitos alin son capaces de producir IL-
2 e IFN-y.

1.214 Linfocitos T cooperadores

Los linfocitos T cooperadores (T helper, en inglés), caracterizados por la expresion
del correceptor CD4, se encuentran tanto en circulacion como residiendo en nodulos
linfaticos y 6rganos linfoides en su estado virgen. Cuando estos linfocitos son activados
por las CPAs, proliferan y adquieren su caracter efector, dependiendo del microambiente
en el que se encuentren. Una vez activados, los T helper migran hacia el sitio del evento
gue inicio la respuesta inmune, en donde producen citocinas y quimiocinas que modulan

y orquestan esta respuesta.

Existe una variedad de linfocitos T helper, dependiendo del perfil de citocinas que
producen. Entre los mas representativos, se pueden mencionar a los T helper (Th-) 1,
Th2 y Thl7. Los Thl se caracterizan por secretar IFN-y y TNF-a. Los Th2 producen IL-
4, IL-5 e IL-13. Los Th17 secretan IL-17A, IL-17F, IL-6, IL-22 y TNF-a.

Se ha reportado que los Thl parecen favorecer la respuesta inmune antitumoral,
al secretar citocinas proinflamatorias que ejercen un efecto directo sobre las células
tumorales y sobre otras poblaciones en el microambiente tumoral. En este sentido el IFN-
Y, la principal citocina Th1 juega un papel importante al ser antiproliferativa y
antiangiogénica, a la vez que estimula a las células NK y a los LTCs, incrementando su
capacidad citotdéxica, mientras que activa a macréfagos y a células dendriticas. Por su
parte, el TNF-a también posee propiedades antiproliferativas e incrementa la expresion

de moléculas del MHC clase | tanto en las células tumorales como en las CPAs,
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facilitando la presentacion de antigeno y la susceptibilidad de las células tumorales a los

mecanismos citotdxicos 22.

1.2.1.5 Linfocitos T reguladores

Los linfocitos T reguladores (Treg) constituyen entre el 5y el 10% de los linfocitos
T CD4* en la periferia y modulan la respuesta inmune mediante mecanismos de
supresion 23, Los Treg se caracterizan por la expresion del factor de transcripcion FoxP3

y una elevada expresion del receptor de IL-2, CD25 4.

Los Treg inhiben la actividad de las CPAs mediante un mecanismo dependiente
de contacto que involucra las interacciones FasL/Fas y PD1/B7-H1, asi como
mecanismos independientes de contacto mediados por IL-10, TGF-B, IL-27 e IL-35 23,
Asimismo, dada la elevada expresion de CD25, estos linfocitos consumen altas
cantidades de IL-2, lo que conduce a una privacién de esta citocina, la cual deja de estar
disponible para otras poblaciones, como los LTCs y los T helper, reduciendo su potencial

de activacion.

De manera general, los Treg promueven el desarrollo del cancer al suprimir la
respuesta inmune antitumoral. De hecho, la eliminacion de estos linfocitos por medios
guimicos o mediante terapia de anticuerpos restaura la respuesta inmune antitumoral en

varios modelos animales, lo que deriva en la erradicacion de los tumores 2°.

1.3 Linea 4T1 como modelo murino de caAncer de mama

A pesar de existir una variedad de modelos animales de cancer de mama, muchos
presentan desventajas que limitan su validez como herramienta traslacional. Los
primeros modelos en los que se utilizaba un xenotransplante de células provenientes de
carcinomas mamarios presentaban la desventaja de la representacién exclusiva de una
clona celular, ademas de ofrecer la perspectiva de un tumor en un contexto inmunolégico

sumamente deprimido, lo cual no es la regla entre los pacientes. Por otra parte, las lineas
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celulares murinas que pueden ser transplantadas tampoco logran representar la
enfermedad, pues la metéstasis que ocurre en varios de estos modelos es hematdgena
y casi exclusivamente pulmonar, mientras que el cancer de mama se caracteriza por
producir metastasis por via linfatica y no sélo hacia el pulmén, sino hacia el higado y
cerebro, los cuales son 6rganos que rara vez se ven afectados en modelos murinos que
no han sido especificamente disefiados para hacer homing hacia estos sitios. Por otra
parte, los modelos transgénicos en los que se sobreexpresa un oncongén resultan en

tumorigénesis multifocal, lo cual no es una presentacién comun en la clinica 6.

La 4T1 es una linea celular derivada de un adenocarcinoma mamario de
surgimiento espontaneo en un ratén BALB/c (H-29) por lo que no se requiere de ratones
parcial o totalmente inmunodeprimidos, sino que puede introducirse en individuos
inmunocompetentes de la cepa BALB/c haploidéntica. Una vez transplantadas, las
células 4T1 son altamente tumorigénicas, invasivas y, a diferencia de otros modelos
tumorales, tiene la capacidad de generar metastasis espontaneas en distintos 6rganos,
incluyendo nédulos linfaticos, higado, pulmén, cerebro y hueso ?’. Por lo tanto, los
tumores generados a partir de la linea 4T1 presentan caracteristicas que los hacen utiles
como modelo animal del cancer de mama humano. Y de manera particular, este modelo
resulta util para estudiar la respuesta inmune antitumoral, al desarrollarse en un contexto

inmunocompetente.

Esta linea celular ha sido utilizada por algunos grupos como modelo murino de
cancer de mama triple negativo, caracterizado por la falta de expresién de los receptores
de estrégenos progesterona y la no sobreexpresion del receptor Her2 28-3°, Sin embargo,
la American Type Culture Collection (ATCC) no ha evaluado la expresion de estos
receptores en la linea 3! y en nuestro grupo se encontré que expresa tanto el receptor de

estrégenos ERa como el receptor nuclear de progesterona (PR).

1.4 Red neuroinmunoenddcrina

El sistema inmunolégico interactia bidireccionalmente con el sistema

neuroendocrino, de manera que estos sistemas no constituyen entidades fisioldgicas
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independientes, sino que forman parte de una compleja red fisiolégica, en la que las
citocinas, hormonas peptidicas, hormonas esteroides y neuropéptidos regulan vy
modifican tanto la respuesta inmune como diversos fenbmenos neuroenddcrinos y, en

conjunto, mantienen la homeostasis del organismo 2.

1.4.1 Modulacion del sistemainmune por esteroides sexuales

En los mamiferos, el sexo se determina desde la concepcidn, tras la cual ocurre
el desarrollo fisiolégico y enddcrino, generandose multiples diferencias entre machos y
hembras. Desde el periodo previo a la pubertad hasta la edad reproductiva, estas
diferencias se basan en la produccion, secrecién y concentraciones circulantes de
estroégenos, progesterona y testosterona y en la funcion y desarrollo del eje hipotalamo-
hipofisiario-gonadal 32-3%, Ademas de los efectos sobre la diferenciacién gonadal y demas
organos reproductivos, las hormonas sexuales determinan las diferencias sexuales en

cuanto a la respuesta inmune generada ante el mismo estimulo antigénico.

Este dimorfismo se manifiesta de varias maneras. Por ejemplo, las hembras de
varias especies producen mayores niveles de inmunoglobulinas y tipicamente
desarrollan una mayor respuesta humoral contra las infecciones. Las hembras también
suelen producir mas frecuentemente anticuerpos autorreactivos, lo cual se refleja en la

mayor incidencia de enfermedades autoinmunes en mujeres 3637,

Las hormonas sexuales modulan una gran variedad de fenémenos en el sistema
inmunoldgico, incluyendo la maduracion y seleccion de los timocitos, el transito celular,
la proliferacion de linfocitos, la expresion de moléculas del MHC de clase Il y sus
receptores, asi como la produccién de citocinas 353839, Los efectos moduladores de los
esteroides sexuales estan mediados por la expresion de receptores especificos para
estas hormonas en las células del sistema inmunoldgico, siendo los receptores a
estrogenos clasicos (ERa y ERp), el receptor a progesterona (PR) y el receptor a

andrégenos (AR) los mas relevantes 4°
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1.5 Compuestos disruptores endécrinos

La actividad humana, particularmente la industrial, ha traido consigo el incremento
en gran variedad de compuestos contaminantes en el medio ambiente. Entre dichos
contaminantes, se encuentran los denominados compuestos disruptores enddcrinos
(CDE). Los CDE han sido definidos como agentes exdgenos que interfieren con la
sintesis, secrecion, transporte, metabolismo, mecanismo de accién o eliminacion de las

hormonas propias del organismo 1.

Algunos CDE pueden presentar actividad estrogénica, anti-estrogénica o anti-
androgénica. Compuestos como el Dietilstilbestrol (DES), la genisteina, ftalatos,
pesticidas organoclorados y los Bisfenoles (particularmente el A) son algunos de los CDE
mas ampliamente estudiados al respecto. Estudios epidemioldgicos y experimentales,
han demostrado alteraciones irreversibles en el eje reproductivo de la descendencia
como consecuencia de la exposicion intrauterina y/o neonatal a este tipo de compuestos

en diferentes especies 4251,

1.5.1 BPA

El Bisfenol A (BPA), es un CDE de caracter estrogénico, caracterizado por su alta
afinidad a los receptores nucleares de estrogenos ERa y ERB 5253, Si bien se ha
reportado que la afinidad del BPA por estos receptores es baja (alrededor de 1/100 con
respecto al 17B-Estradiol) 45, se ha identificado la unién del BPA a otros receptores
como el GPR30 y el ERR-y, a través de los cuales puede ejercer sus efectos 52:56-58,
Ademads, datos recientes sugieren que el BPA puede ser considerado como un
modulador selectivo del receptor de estrogenos (SERM, por sus siglas en inglés), ya que

este compuesto y el 17B-estradiol no siempre ejercen los mismos efectos #°.

1511 Fuentes y niveles de exposicion

El BPA es ampliamente utilizado como mondémero en la elaboracion de

policarbonatos, resinas epéxicas —usados en la fabricacion de envases de alimentos y
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recubrimientos de latas, respectivamente— y selladores dentales, todos ellos materiales
de uso cotidiano. Este compuesto puede liberarse de estos materiales por polimerizacion
incompleta o hidrolisis de los enlaces éster de los polimeros que lo contienen, lo cual
puede ocurrir al someterlos a altas temperaturas, condiciones acidas o por mecanismos

enzimaticos 5962,

Los datos acerca de la exposicion al BPA son controversiales, pero con base en
el andlisis de fluidos corporales humanos, se ha estimado un nivel sérico medio de
aproximadamente 2 ng/ml 3. Cabe resaltar que el BPA se ha detectado en diversos
fluidos y tejidos, incluidos la leche materna, la placenta, el cordén umbilical y el fluido
seminal 3, Lo que se ha determinado con certeza es que la principal fuente de exposicion
a este CDE es la via oral 8364 Tomando en cuenta los datos de liberaciéon de BPA de
productos enlatados y contenedores de alimentos, la FDA reportd un estimado de 2.4 a
0.16 pg/kg peso corporal/dia para nifios de 0 a 12 meses y de 0.19 ug/kg peso

corporal/dia para adultos ©°.

15.1.2 Asociacion con cancer de mama

Por su condicion de CDE, el BPA se ha asociado con un mayor riesgo de padecer
cancer de mama. Una de las primeras evidencias de que la exposicion a CDEs
estrogénicos podia incrementar el riesgo de cancer de mama surgid a partir de la
observacion de que mujeres mayores de 40 afios hijas de mujeres que habian recibido
DES durante la gestacién, presentaban una mayor incidencia de cancer de mama en
comparacion con la poblacién no expuesta 6.

Con respecto al BPA, multiples estudios han encontrado que la exposicion a este
compuesto durante el periodo perinatal y prepuberal alteran el desarrollo de la glandula
mamaria en roedores 67-%° e incluso en primates no humanos 7°. Es importante destacar
gue los efectos sobre el desarrollo de la glandula mamaria tienen repercusiones directas
sobre la susceptibilidad al cancer, al generar hiperplasia ductal, disminuir la apoptosis y

generarse lesiones preneoplasicas en las glandulas mamarias %72,
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1.5.1.3 Efectos sobre el sistema inmunoldgico

Con respecto a los efectos que el BPA ejerce sobre el sistema inmune, existe
evidencia de que puede modificar la actividad de diversos tipos celulares, mas no se ha
llegado a un consenso, probablemente porque los efectos observados dependen en gran
medida de la dosis, el esquema de exposicion y el contexto en el que se estudia. Sin
embargo, se ha reportado que el BPA afecta a diversos tipos celulares del sistema
inmunolégico, modificando su porcentaje, funcionalidad, expresion de citocinas,
moléculas de superficie y produccién de inmunoglobulinas 3-8, De forma interesante,
existen reportes de que el BPA interfiere con la diferenciacion de ciertos tipos celulares

79.80 @ incluso con el desarrollo de érganos inmunes en aves 8L,

2. Antecedentes

Como antecedente directo, un trabajo previo de nuestro grupo de investigacion &2
encontré que la disrupcion enddcrina neonatal al cuarto dia postnatal con una dosis
farmacoldgica de 173-estradiol resulté en cambios en la susceptibilidad a una infeccién
parasitaria en la etapa adulta -revirtiendo incluso el dimorfismo sexual caracteristico de
dicha infeccion- y en la respuesta inmune asociada, incrementandose la expresion de
IFN-y en las hembras neonatalmente estrogenizadas e IL-4 en los machos

neonatalmente estrogenizados.

Otro aspecto interesante fue el hallazgo de que esta disrupcion modificé los
patrones de expresion de los receptores de estrégenos y progesterona en el hipotalamo

y el hipocampo.

Esto demostr6 que la disrupcion endocrina neonatal es capaz de modificar
permanentemente al sistema inmune, manifestandose dichos cambios ante un reto

antigénico en la etapa adulta.

Uno de los principales mecanismos mediante los cuales los CDEs pueden causar
efectos a largo plazo modificando la expresion genética es la alteracién de los patrones
epigenéticos. En este sentido, estudios recientes han confirmado que el BPA puede

ocasionar cambios epigenéticos .
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Particularmente, se ha reportado que la exposicion a BPA durante periodos
criticos del desarrollo puede modificar los patrones epigenéticos que controlan la

expresion de receptores de estrégeno en tejidos reproductivos y en el cerebro 8487,

Utilizando el modelo del pez cebra, el grupo de Santangeli y colaboradores 8°
reportd que la exposicion a BPA causo6 una regulacion a la baja de la expresion de los
genes que codifican para el receptor ERa en los ovarios, asi como de otros genes

involucrados en la esteroidogénesis, el crecimiento y maduracion de los ovocitos.

Por otra parte, el grupo de Doshi 8 mostré que ratas macho expuestas a BPA
durante los primeros cinco dias posteriores al nacimiento presentaron una significativa
hipermetilacion de los promotores de los receptores ERa y ERp, asociados a un

incremento en la expresion de las metiltransferasas Dnmt3a y Dnmt3b.

En conjunto, existe evidencia de que la disrupcién endécrina neonatal con un
compuesto estrogénico puede modificar el comportamiento del sistema inmunoldgico
ante un estimulo antigénico, a la vez que de manera particular el BPA puede modificar
epigenéticamente la expresion de los receptores de estrogenos, los cuales son un
elemento fundamental en la regulacion a la que estan sujetas las células del sistema

inmunoldgico en el contexto de la red neuroinmunoendadcrina.

3 Planteamiento del problema

Dado que una alteracién endécrina durante el periodo critico del desarrollo de un
organismo puede modificar permanentemente la respuesta del sistema inmune a todo
tipo de estimulos antigénicos, a que se ha documentado una constante exposicion al
BPA desde el periodo perinatal y a que se han encontrado asociaciones entre la
exposicion a BPA y el cancer de mama, es de nuestro interés evaluar los efectos que la
exposicidn neonatal de BPA ejerza sobre los principales componentes del sistema

inmune involucrados en la inmunopatologia tumoral en la etapa adulta.
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4 Hipbtesis

La exposicion neonatal a Bisfenol A en el raton modificara durante la etapa adulta
la proporcién de los linfocitos T reguladores, células NK, MATs y su funcién (secrecion
de citocinas IL-1B, IL-10, TGF-B, IFN-y y TNF-a), lo que redundara en una mayor

progresion de tumores mamarios inducidos experimentalmente.

5 Objetivos

5.1 Objetivo general

Identificar los efectos que se presenten en la respuesta inmune antitumoral en

individuos que hayan sido expuestos neonatalmente al disruptor enddcrino Bisfenol A.

5.2 Objetivos particulares

e Estudiar el efecto de la administracion neonatal de BPA al tercer dia postnatal
(DPN) sobre el desarrollo de masas tumorales inducidas por la inoculacién de
células 4T1 en tejido mamario durante la etapa adulta, comparando la progresion
y masa final de las tumoraciones producidas en los distintos grupos.

e Determinar por citometria de flujo los porcentajes de las principales
subpoblaciones celulares involucradas en el control inmunoloégico del cancer (NK,
Treg, MATS) en bazo, nédulos linfaticos periféricos y masa tumoral en ratones
controles y tratados neonatalmente con BPA.

e Evaluar la secrecion de IL-10, IL-1B, TGF-B, IFN-y y TNF-a en la masa tumoral en
ratones controles y tratados neonatalmente con BPA.

e Analizar por citometria de flujo la expresion del receptor a estrogenos, isoforma
alfa (ERa) en las células NK, Treg y MATs en bazo, nddulos linfaticos periféricos

y masa tumoral en ratones controles y tratados neonatalmente con BPA.
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6. Materiales y métodos

6.1 Ratones

En todos los experimentos se utilizaron ratones hembra de la cepa singénica
BALB/c AnN (H-2% obtenidas de Harlan México (Facultad de Quimica, UNAM, México).
Los animales se mantuvieron en las instalaciones de la Unidad de Modelos biol6gicos
(UMB) del Instituto de Investigaciones Biomédicas (lIB) con condiciones controladas de
temperatura (22°C) y ciclos luz-obscuridad de 12 horas, con agua y alimento Purina Diet
5015 (Purina, S. Louis, MO) ad libitum.

6.2 Declaracioén ética

El cuidado y las préacticas experimentales con los animales se llevaron a cabo en
las instalaciones de la UMB del 1IB, con la autorizacion de protocolo #155, en adherencia
a las normas mexicanas (NOM-062-ZO0-1999) y con seguimiento a las
recomendaciones hechas por el Instituto Nacional de Salud (NIH) de los Estados Unidos
de América (Guide for the Care and Use of Laboratory Animals). La eutanasia de los
animales experimentales se realiz6 de manera humanitaria, evitando al maximo el

sufrimiento.

6.3 Administracion neonatal de BPA

Se determiné la fecha de nacimiento, designando al dia de hallazgo de camada
como dia 0.5 postnatal. Al tercer dia postnatal se identifico a las crias hembra mediante
medicién de distancia ano-genital y cada camada se asigné a uno de tres grupos
experimentales. El grupo Intacto no recibido ningun tratamiento neonatal. Las crias
hembras del grupo Vehiculo recibieron una inyeccion subcutanea de 20 ul de aceite de
maiz (Sigma, St. Louis MO). Las crias hembras del grupo BPA recibieron una inyeccién
de BPA equivalente a 250 pg/kg de peso corporal. En cada experimento independiente

se asignaron entre 8 y 10 crias por cada grupo.
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6.4 Evaluacion de parametros enddcrinos

6.4.1 Apertura vaginal

Este parametro se registrd6 como indicativo del inicio de la pubertad de los ratones
hembra. A partir de los 28 dias de nacidas, todas las hembras de los tres grupos fueron
inspeccionadas en busqueda de apertura vaginal mediante sujecion dorsal y ligera
extension con los dedos indice y pulgar de la piel alrededor del &rea vaginal. Se registré

la fecha en la que se observé la apertura de la cavidad vaginal.

6.4.2 Ciclo estral

Una vez establecida plenamente la madurez sexual, a partir de las 8 semanas de
edad, se seleccionaron 4 hembras de cada grupo experimental para evaluar su ciclo
estral mediante un lavado vaginal con 50 ul de solucién salina al 0.9% (PiSA, Guadalajara
México), con el cual se realizd un frotis en portaobjetos que posteriormente fue tefiido

con Giemsa y observado en el microscopio.

Se asigno la fase del ciclo estral correspondiente a cada frotis con base en los

siguientes criterios de interpretacion:

e Proestro: predominancia de células epiteliales nucleadas ocasionalmente
acompafadas de células epiteliales cornificadas. Leucocitos escasos o0 ausentes.

e Estro: abundantes células epiteliales cornificadas escamosas, en cumulos.

e Metaestro: predominancia de leucocitos con presencia de células epiteliales
cornificadas escamosas y ocasional presencia de escasas células epiteliales
nucleadas.

e Diestro: abundancia de leucocitos con ocasional presencia de escasas ceélulas

epiteliales nucleadas.
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6.4.3 Niveles séricos de 17@3-estradiol

Se utilizaron muestras de suero obtenidas durante el sacrificio, correspondientes
a la fase de diestro y se determinaron los niveles séricos de estradiol utilizando el kit de
EIA DetectX® Serum 17(3-Estradiol (Arbor Assays, Ann Arbor MI) de acuerdo a las

instrucciones del fabricante.

6.5Modelo de adenocarcinoma mamario murino: linea 4T1

6.5.1 Cultivo

La linea celular 4T1 (ATCC® CRL-2539) fue amablemente donada por el Dr.
Pedro Ostoa-Saloma y cultivada en medio RPMI 1640 (Sigma, St. Louis MO) con 10%
de Suero Fetal Bovino (By Productos, Guadalajara, México). Al alcanzar el 70-80% de
confluencia, se procedia al subcultivo mediante la retirada del medio, dos lavados con
PBS y la incubacién con una solucion de Tripsina-EDTA 0.25% (Gibco, Grand Island NY)

durante 5 minutos.

Después del segundo subcultivo, las células fueron cosechadas, suspendidas en
solucion salina al 0.9% (PiSA, Guadalajara México), contadas y llevadas a una

concentracion de 250,000 células/ml para ser inoculadas en los ratones.

6.5.2 Inoculacién

Los ratones fueron sometidos a anestesia mediante la inhalacién de una
mezcla de aire y sevofluorano (Abbot, México DF) al 5%, tras lo cual se procedi6 a la
asepsia del vientre bajo, se localiz6 el 4° pezén y con una jeringa de 1 ml con aguja 27G
se procedid a la inyeccion de 40 pl de suspension celular, equivalente a 10,000 células,
en el cojinete graso de la glandula mamaria inguinal. Se monitore6 el desarrollo de la

masa tumoral durante 25 dias, tras los cuales se procedio a la eutanasia.

25


https://www.atcc.org/Products/All/CRL-2539.aspx

En cada experimento independiente se inocul6é a 4 ratones de cada uno de los
grupos experimentales definidos por la intervencién neonatal (Intacto, Vehiculo y BPA),

resultando en los siguientes grupos:

Intacto-control
Intacto-4T1
Vehiculo-control
Vehiculo-4T1
BPA-control
BPA-4T1

6.6 Obtencion de muestras

Transcurridos los 25 dias de desarrollo tumoral, los ratones se sacrificaron para
la obtencién y procesamiento de los tejidos mencionados a continuacion. El sacrificio se
condujo de manera humanitaria, sometiendo a los ratones a anestesia con sevofluorano,
procediendo posteriormente a la puncion cardiaca que condujo a la muerte por

hipovolemia.

6.6.1 Suero

Este procedimiento se realiz6 estando cada animal bajo anestesia, utilizando una
jeringa de 1 ml con aguja desprendible de calibre 27G. La aguja se retird para colocar la
sangre recolectada en tubos de microcentrifuga de 1.5 ml, se permitié6 que ocurriera la
coagulacioén de la misma y posteriormente se centrifugé a 3,500 rpm, a 4°C, durante 10
minutos. Una vez separado el suero, se hicieron alicuotas de 20 ul y se almacenaron a -

20°C hasta su andlisis.

6.6.2 Organos linfoides

Posterior a la puncion cardiaca, se procedié a la diseccion de los 6rganos
linfoides: bazo y nédulos linfaticos inguinales. Estos se colocaron en pozos de placa de

cultivo con 1 ml de PBS y se mantuvieron sobre hielo.
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Los nodulos y la mitad del bazo se mantuvieron en frio en PBS hasta su
procesamiento para citometria de flujo y la otra porcion de bazo se coloc6 en un tubo de
microcentrifuga con 500 pl de reactivo TRIzol (Ambion, Carlsbad CA), tras lo cual se
colocé en hielo seco para congelarlo rapidamente. Posteriormente, las muestras de bazo
congeladas se almacenaron a -70°C hasta su posterior procesamiento para extraccion
de RNA.

6.6.3 Tumor

Para la diseccidon del tumor, se realizé una incision sobre la linea media abdominal
y dos més desde el extremo caudal de la incision hacia las patas traseras; con ayuda de
pinzas y tijeras de punta redonda se realiz6 una diseccion roma para exponer la cara
interna de la piel, en donde se ubica el tumor. Utilizando un bisturi, se procedi6 a separar

el tumor de la piel, cuidando de cortar Unicamente el tejido conectivo que los une.

Una vez separado el tumor de la piel, se pesd en una balanza analitica (Kern &
Sohn, GmBH) y se registro el peso. Posteriormente se dividié en tres partes iguales; una
de ellas se almacend en un tubo de microcentrifuga con reactivo TRIzol y se congel6 en
hielo seco inmediatamente, otra parte se mantuvo en frio en PBS hasta su procesamiento

para citometria de flujo y la tercera porcién se proceso para inmunofluorescencia.

6.7 Citometria de flujo

El bazo y los nédulos linfaticos periféricos inguinales se disgregaron mediante el
paso por una malla de nylon. Los eritrocitos del bazo se lisaron incubando 10 minutos en
buffer de lisis de eritrocitos (0.15 M NH4Cl, 1 M KHCOg3s, 0.1 mM NazEDTA, pH 7.3). Las
muestras de tejido tumoral se picaron finamente y se incubaron durante 20 minutos en
medio de digestion (RPMI 1640, 10 U/ml DNasa | (Roche, Mannheim Germany), 0.5
mg/ml Colagenasa IV (Sigma, St. Louis MO)), la digestion se detuvo afiadiendo 50 ul de

SFBy se procedio a la disgregacion con malla. Las células de todos los tejidos se lavaron
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y suspendieron en buffer de tincion (solucién amortiguadora de fosfatos (PBS), 2% SFB,
0.02% NaNs3).

Las tinciones se realizaron en placas de 96 pozos con fondo U. En cada pozo se
colocé una cantidad de suspensién celular equivalente a 1 x 108 células y se incubaron
durante 20 minutos a 4°C con anticuerpo anti-CD16/CD32 (TruStain®, BioLegend, San
Diego CA) para bloquear los receptores FC (CD16 y CD32) de la superficie celular y
evitar una tincién inespecifica. Posteriormente, se realiz6 un lavado con buffer de tincién
y se incubaron durante 20 minutos a 4°C con los anticuerpos para tincion de superficie
(ver Tabla 1), protegidas de la luz. Una vez tefida la superficie celular, las células se
lavaron con buffer de tincion, se fijaron y permeabilizaron con el kit de fijacién y
permeabilizacion para FOXP3 (Tonbo biosciences, San Diego CA) de acuerdo a las
instrucciones del fabricante. Una vez permeabilizadas, las células se incubaron durante
30 minutos a 4°C con los anticuerpos para tincién intracelular (ver Tabla 1), protegidas
de la luz. Posteriormente, se lavaron con buffer de permeabilizacién y se incubaron
durante 20 minutos a 4°C con el anticuerpo secundario (ver Tabla 1). Finalmente, las
células se lavaron con buffer de permeabilizacion y se resuspendieron en 200 pl de buffer
de tincion. Las células tefiidas se capturaron utilizando el citbmetro Attune (Life

Technologies) y se analizaron con el software FlowJo® (Tree Star Inc.).

La identificacion de las subpoblaciones celulares se llevé a cabo mediante las

estrategias de seleccion de regiones ilustradas en las figuras 2-5.
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Tabla 1. Anticuerpos utilizados en las tinciones para citometria de flujo.

Anticuerpo Clona Fluoroéforo Marca
Anti-CD3 145-2C11 APC Cy®7 Biolegend, San Diego CA
Anti-CD4 GK1.5 PE Biolegend, San Diego CA
Anti-CD8 53-6.7 PerCP Biolegend, San Diego CA
Anti-CD25 PC61.5 VioletFluor®450 Tonbo biosciences, San

Digeo CA

Anti-Foxp3 150D AlexaFluor®647 Biolegend, San Diego CA
Anti-CD19 6D5 PE Biolegend, San Diego CA
Anti-F4/80 BM8 AlexaFluor®647 Biolegend, San Diego CA
Anti-NKp46 29A1.4 PE Biolegend, San Diego CA
Anti-ERa H-184 - Santa Cruz bt., Dallas TX
Donkey anti-Rabbit | Poly4064 DyLight®488 Biolegend, San Diego CA
19G

APC Cy7, aloficocianina acoplada a Cychrome® 7; PE, ficoeritrina; PerCP, proteina clorofila
peridinina

Para las subpoblaciones de linfocitos, a partir de las caracteristicas de tamafio y
complejidad asociadas a los parametros FSC-A y SSC-A, respectivamente, se
selecciono el &rea correspondiente a estas células, como se muestra en el panel superior
izquierdo de la figura 2. Posteriormente, dentro de esta region se modifico el parametro
de las ordenadas de modo que mostrara el canal de fluorescencia correspondiente al
fluoréforo APC Cy7, con el que se tifid la molécula CD3 y se seleccioné la poblacion
positiva a este marcador, caracteristico de los linfocitos T (fig. 2, panel superior derecho).
Dentro de esta region, observando los parametros de fluorescencia correspondientes a
PE y PerCP, con los que se tifieron los correceptores CD4 y CD8, respectivamente, se
seleccionaron las poblaciones positivas a estos marcadores, determinantes de los
linfocitos T cooperadores y los linfocitos T citotéxicos, respectivamente (fig. 2, panel
inferior derecho). Finalmente, para identificar a los linfocitos T reguladores, se utilizaron
dos marcadores: CD25 y Foxp3 cuya cotincién, dentro de la region CD4*, determiné la

identidad de los Treg (fig. 2, panel inferior izquierdo).
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Figura 2. Estrategia de identificacion de subpoblaciones de linfocitos T. Dot plots representativos

de la secuencia de seleccion de regiones de interés. Datos analizados con el software Flow Jo.

La identificacion de los linfocitos B consistid Gnicamente en la ubicacion de la
poblacién CD19* dentro de la regidn correspondiente a los linfocitos, como se muestra

en la figura 3.

Como se muestra en la figura 4, para la identificacion de las células NK se

selecciond un area similar a la asociada a los linfocitos, pero abarcando células mas
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grandes y complejas. Posteriormente se seleccion6 la poblacion NKp46+ dentro de la

misma.
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Figura 3. Estrategia de identificacion de linfocitos B. Dot plots representativos de las regiones de

interés. Datos analizados con el software Flow Jo.
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Figura 4. Estrategia de identificacion de células NK. Dot plots representativos de las regiones de

interés. Datos analizados con el software Flow Jo.

Para la seleccion de los macréfagos, con base en los parametros de tamafo y
complejidad se selecciond una region correspondiente a las células de mayor tamafio y
complejidad, excluyendo a las células linfoides de menor tamafio. Dentro de esta region

se localizaron las células positivas al marcador F4/80, como se aprecia en la figura 5.
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Figura 5. Estrategia de identificacion de macr6fagos. Dot plots representativos de las regiones

de interés. Datos analizados con el software Flow Jo.

Finalmente, dentro de cada poblacion se determiné el porcentaje de células
positivas al receptor ERa, asi como la intensidad mediana de fluorescencia de las células

positivas.

6.8Inmunofluorescencia

Las muestras de tejido tumoral se fijaron en paraformaldehido al 4% en PBS (pH
7.1) durante 20 minutos, se lavaron con PBS y se sometieron a crioproteccion
sumergiéndolos en sacarosa al 30% en PBS durante toda la noche en refrigeracion, se
embebieron en compuesto O.C.T. TissueTek (Sakura Finetek, Torrance CA) y se

congelaron a -70°C.

Se realizaron cortes de 10 um en criostato, las cuales se montaron en portaobjetos
cargados. Los portaobjetos con los cortes se colocaron en una camara de vacio durante
una hora para asegurar la adherencia de los cortes. Los cortes se hidrataron
cubriéndolos con PBS vy retirando el mismo mediante el uso de un dispositivo de vacio.
Posteriormente, se sometieron a un proceso de permeabilizacion cubriéndolos con Triton
X-100 (Sigma, St. Louis MO) al 1% en PBS durante 10 minutos. Transcurrido este tiempo
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se retird el Triton X-100 y se lavaron dos veces cubriéndolos con PBS, esperando 5
minutos y retirando el mismo. Los cortes se bloquearon cubriéndolos con solucion de
albumina de suero bovino (Sigma, St. Louis MO) al 1% en PBS durante 2 horas. Después
de retirar la solucion de albumina, los cortes se incubaron durante 1 hora a 4°C,
protegidos de la luz, con los anticuerpos anti-CD4-PE (GK1.5) [1:300] y anti-Foxp3-
AlexaFluor®647 (150D) [1:100] (BioLegend, San Diego CA) diluidos en solucién de
albumina. Posterior a ello, los cortes se lavaron 4 veces con PBS y se montaron con
medio histologico Fluoroshield (Sigma, St. Louis MO). Los cortes se almacenaron a 4°C,
protegidos de la luz, hasta su observacion en el microscopio confocal LSM5 Pascal (Carl
Zeiss).

6.9RT-PCR

6.9.1 Extraccion de RNA

La obtencion de RNA de las muestras de bazo y tumor se realizd por la técnica de

extraccion organica con reactivo TRIzol siguiendo las instrucciones del fabricante.

Las muestras de tejido almacenadas en TRIzol a -70°C se descongelaron
lentamente en hielo y se cortaron en trozos lo mas pequefos posible con ayuda de pinzas
y bisturi, tras lo cual se colocaron en tubos de ensaye de vidrio estériles, agregando 1 ml
de TRIzol por cada 100 mg de tejido y se mantuvieron en hielo hasta su homogenizacion.
Las cuchillas del homogenizador se limpiaron con una serie de soluciones: saturada de
NacCl, etanol al 75%, agua libre de RNasas (tratada con DEPC) y TRIzol. Una vez limpias
las cuchillas, se introdujeron en el tubo de ensaye y se procedié a la homogenizacion de
las muestras de tejido. Entre cada muestra se limpié el homogenizador con agua libre de
RNasas y TRIzol. El homogenizado se transfirid a tubos de microcentrifuga de 1.5 mly
se agregaron 200 pl de fenol-cloroformo 5:1 (Amresco) por cada ml de homogenizado.
La mezcla se agitdé en vortex durante 30 segundos, tras lo cual se centrifugd a 13,000
rom a 4°C, durante 15 minutos. Se recuperd la fase acuosa en un nuevo tubo de
microcentrifuga, se afadieron 200 ul de cloroformo (Sigma) y se agité en vortex durante

30 segundos, tras lo cual se centrifugd a 13,000 rpm a 4°C, durante 15 minutos. Se
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recupero la fase acuosa y en un nuevo tubo de microcentrifuga y se le agregé un volumen
igual de isopropanol (Sigma) a 4°C. Esta mezcla se mantuvo a 4°C durante un minimo
de 8 horas para permitir la precipitacion de RNA. Posteriormente se centrifugd a 13,000
rpm a 4°C durante 15 minutos, se decanto el isopropanol y se lavo la pastilla de RNA con
etanol al 75% en agua libre de RNasas. Se centrifugd nuevamente bajo las mismas
condiciones, durante 5 minutos, se retiré el etanol con ayuda de una micropipeta y se
colocé cada tubo sobre una gasa estéril para permitir la evaporacion de los residuos de
etanol. La pastilla de RNA se disolvié agregando entre 20 y 50 pl de agua libre de RNasas

de acuerdo a su tamairio.

Para determinar la concentracion del RNA obtenido, se hizo una dilucion 1:70 de
cada muestra de RNA en agua libre de RNasas y se leyd en un espectrofotémetro
(GeneQuant) a 260 y 280 nm por duplicado. Mediante la formula general (RNA = ABS260
* D.O. * dilucién = ng/ pl) utilizando el software del espectrofotometro, se obtuvo la

concentracion de cada muestra.

La integridad del RNA extraido se verificd corriendo 2 ug de RNA en un gel de

agarosa al 1.5% + 5 pl de SYBR Safe (Thermo Fisher Scientific) por cada 100 ul de gel.

6.9.2 Retrotranscripcion

El RNA obtenido se retrotranscribié a cDNA utilizando el kit de M-MLV Reverse

Transcriptase (Invitrogen, Carlsbad CA) de acuerdo a las instrucciones del fabricante.

Se hicieron dos mezclas de reactivos, escalando las cantidades por cada reaccion (nX),
como se muestra en la Tabla 2.

Por cada muestra se agreg6 a un microtubo de PCR lo siguiente: 2.5 pl de Mix A,
5 ug de RNA y agua libre de RNasas, c.b.p. 17 pl. Los tubos se introdujeron al
termociclador GenAmp (Applied biosystems) y se mantuvieron a 65°C durante 5 minutos,
posteriormente se retiraron del termociclador y se mantuvieron el hielo durante 3 minutos,
tras los cuales se agregaron 8 ul de Mix B a cada uno. Una vez que el termociclador se

encontré a 37°C, se introdujeron los tubos y se mantuvieron a esa temperatura durante
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50 minutos. Una vez terminada la reaccion, el cDNA obtenido se almacen6 a -20°C hasta
su uso para amplificacion por PCR.

Tabla 2. Mezclas de reactivos para la reaccion de retrotranscripcion de RNA.

Reactivo 1X

Mix A

Oligo (dT)iz1s 0.5

Mg/ul 0.5 ul

dNTPs 10 mM clu 2 ul
Mix B

Buffer FS 5X 5ul

DTT0.1 M 2 ul

M-MLV RT 200 U/ pl | 1 pl

6.9.3 PCR

Una vez obtenido el cDNA, se procedio a la amplificacion de los genes de interés
mediante la reaccion de cadena de la polimerasa (PCR) utilizando el kit de Taq DNA
Polimerasa (Biotecnologias universitarias, México), siguiendo instrucciones del
fabricante. Brevemente, por cada reaccion se preparé una mezcla de reactivos,

escalando las cantidades por cada reaccion (nX), como se muestra en la Tabla 3.

Tabla 3. Mezclas de reactivos para la reaccion de PCR.

Reactivo 1X
Amortiguador 10X 2.5 pl
MgCl2 30 mM 1.25 pl

dNTPs 10 mM c/u 2 ul

Oligo Sentido 20 uM | 1.7 pl
Oligo Antisentido 20
UM 1.7 pl

H20O libre de RNasas | 13.6 ul
Taq DNA pol. 5 U/pl | 0.25 pl
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Se agregaron 23 pl de mezcla de reaccion a cada microtubo para PCR y se
afiadieron 2 pl de cDNA. Posteriormente se introdujeron al termociclador GenAmp y se
procesaron de acuerdo al siguiente programa general:

95°C 5 min

94°C 1 min

T™  1min n ciclos
72°C 1 min

72°C 7 min

4°C

Las secuencias de oligonucleotidos utilizados, asi como la TM, ciclos y tamafio

del producto obtenido se detallan en la Tabla 4.

Una vez obtenidos los amplificados, se corrieron en un gel de agarosa al 1.5% +
5 yl de SYBR Safe (Thermo Fisher Scientific) por cada 100 ul de gel. Para normalizar el
nivel de expresion con respecto al gen de expresion constitutiva (18S), los amplificados
de cada gen de interés se corrieron paralelamente con los amplificados de la subunidad
18S. Una vez terminado el corrimiento electroforético, se captur6 cada gel con el
fotodocumentador MultiDoc-It (UVP, Upland CA) y se obtuvieron los valores de densidad
Optica de cada banda utilizando el software ImageJ (National Institutes of Health, USA).
La expresion normalizada de cada gen se obtuvo mediante el cociente de la densidad
Optica de la banda del gen de interés entre la intensidad de la banda de 18S de cada

muestra.
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Tabla 4. Oligonucleétidos utilizados para las reacciones de PCR.

iINOS Antisentido

CAGGATGTCCTGAACGTAGACCTT

, L : ™ . Producto

Oligonucledtido Secuencia °C) Ciclos (pb)
IL-18 Sentido TCATGGGATGATGATGATAACCTGCT 62 35 502
IL-1B Antisentido CCCATACTTTAGGAAGACACGGATT
IL-10 Sentido AACTGGTAGAAGTGATGCCCCAGGCA 63 35 937
IL-10 Antisentido CTATGCAGTTGATGAAGATGTCAAA
TNF-a Sentido GGCAGGTCTACTTTGGAGTCATTGC 63 30 300
TNF-a Antisentido | ACATTCGAGGCTCCAGTGAATTCGG
IFN-y Sentido AGCGGCTGACTGAACTCAGATTGTAG 60 30 247
IFN-y Antisentido | GTCACAGTTTTCAGCTGTATAGGG
TGF-B Sentido CTTCAGCTCCACAGAGAAGAACTGA 61 30 208
TGF-B Antisentido | CACAATCATGTTGGACAACTGCTCC
18S Sentido CGCGGTTCTATTTTGTTGGT 60 o5 219
18S Antisentido AGTCGGCATCGTTTATGGTC
Arg-1 Sentido CTTGCGAGACGTAGACCCTG 64 40 387
Arg-1 Antisentido | TGAGTTCCGAAGCAAGCCAA
Fizz-1 Sentido GGTCCCAGTGCATATGGATGAGAC 58 40 206
Fizz-1 Antisentido | CACCTCTTCACTCGAGGGACAGTT
YM-1 Sentido TCACAGGTCTGGCAATTCTTCTG 60 40 437
YM-1 Antisentido TTTGTCCTTAGGAGGGCTTCCTC
INOS Sentido CAGCTCCACAAGCTGGCTCG

63 40 657
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7. Resultados

7.1 Evaluacion de parametros enddcrinos

Dado que la estrategia experimental involucra el desarrollo de un tumor en un
tejido sensible a hormonas, era importante determinar si los efectos observados se
debian a una alteracidon hormonal persistente o al efecto directo o indirecto de la

disrupcion enddcrina neonatal sobre el sistema inmunolégico.

Para evaluar los potenciales efectos reproductivos de una Unica administracion
neonatal de 250 ug/kg de peso corporal de BPA, se monitoreo el inicio de la pubertad,
determinada por la edad a la cual ocurre la apertura vaginal. Como se muestra en la
figura 6, la exposicion neonatal a esta dosis de BPA no alter¢ el inicio de la pubertad,

como se ha reportado con dosis mas altas o con exposiciones prolongadas.

A B
Apertura vaginal Estradiol sérico
40 - 60
—_
30_ p— e
40+
» E
8 20 e
a g
20
10+
0 . 0 T
Intacto Vehiculo BPA Intacto Vehiculo BPA

Figura 6. Evaluacién de parametros enddcrinos. A: edad de presentacion de la apertura vaginal
como indicador del inicio de la pubertad; B: niveles séricos de 173-Estradiol en fase de diestro a
las 12 semanas de edad, determinados por EIA. Datos de 2 experimentos independientes

expresados como media + DE; n = 14 por grupo en A y 8 por grupo en B.
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Una vez que los ratones alcanzaron la plena madurez sexual (8 semanas de edad)
se realizé un seguimiento del ciclo estral. Si bien se observaron algunos individuos con
ciclos no canonicos (caracterizados por un diestro prolongado de 3 0 4 dias con evolucion
a estro), estos se encontraban distribuidos entre los 3 grupos experimentales de
exposicion (Intacto, Vehiculo y BPA) y no representaban mas de un 16% de cada grupo,

por lo que se determind que no existieron diferencias entre los grupos experimentales.

Adicionalmente, la exposicion a BPA no tuvo efecto sobre los niveles basales de

estradiol sérico, determinados en la fase de diestro, como se observa en la figura 6.

7.2 Evaluacién de tumores mamarios

A partir de los 7 dias posteriores a la inoculacién de 10,000 células de la linea
4T1, se monitored el desarrollo tumoral registrando el diametro mayor de la masa tumoral
palpable a través de la piel. En la figura 7 A se muestra el seguimiento del tamafio
superficial de las masas tumorales hasta el dia 20 post-inoculacion, el cual no muestra

diferencias entre los tres grupos.
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Figura 7. Seguimiento del desarrollo tumoral. Una vez evidente el surgimiento de los tumores,
éstos fueron medidos con vernier. A: Diametro mayor (D) en centimetros (cm) de las masas
tumorales; B: imagen representativa de la disposicion irregular de las masas tumorales que no

permitié correlacionar el seguimiento temporal con el desarrollo final de los tumores.
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Sin embargo, esta medida se descart6 para el resto de los experimentos, pues no
refleja el tamano total de la masa tumoral, como se puede observar en la figura 7 B.

Transcurridos 25 dias de desarrollo tumoral, al momento del sacrificio, se
compararon las masas tumorales. La figura 8 muestra las imadgenes representativas de
los tumores correspondientes a los tres grupos experimentales y permite observar que
el grupo expuesto a BPA presentaba tumores de mayor tamafio. Dada la irregularidad
de las masas tumorales, la magnitud del desarrollo tumoral se determiné mediante el
peso de las mismas, el cual se normalizé con respecto al control para homogenizar los
resultados entre experimentos independientes. Como se muestra en la figura 8, los
tumores del grupo BPA se desarrollaron hasta obtener un peso 88% mayor que en el
grupo intacto. La diferencia fue significativa contra los dos grupos no expuestos a BPA,
con una mediade 1 (I.C. = 0.8 — 1.19) para el grupo Intacto, 1.12 (I.C. = 0.98 — 1.25) para
el grupo Vehiculoy 1.88 (I.C. = 1.48 — 2.28) para el grupo BPA.
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Figura 8. Crecimiento tumoral. A: imagenes representativas de los tumores en los tres grupos
experimentales, cuadricula milimétrica de fondo; B: evaluacion del peso final de los tumores tras
25 dias de desarrollo. Datos de 3 experimentos independientes expresados como media + DE;

n = 12 por grupo; ** p = 0.007 vs Intacto, p = 0.0025 vs Vehiculo.
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7.3 Analisis de subpoblaciones celulares

Se analizaron distintas subpoblaciones celulares a nivel local, regional y sistémico
mediante tinciones de citometria del infiltrado leucocitario tumoral, nédulos linfaticos

periféricos drenantes y bazo de los sujetos experimentales.

7.3.1 Infiltrado tumoral

La figura 9 muestra las subpoblaciones analizadas en tejido tumoral. Como se
puede apreciar, la composicion celular es homogénea entre los grupos (fig. 9 A-C), con
excepcion de los linfocitos T reguladores, los cuales se encontraban incrementados en
el grupo expuesto a BPA (fig. 9 D-E), constituyendo un 13.93% (I.C. 10.06, 17.79) de los
linfocitos CD3* CD4*, en comparacién con un 7.82% (I.C. 5.77,9.87) y 7.33% (I.C. 3.81,
10.85) en los grupos Intacto y Vehiculo, respectivamente.

Sin embargo, incluso tras la digestién y disgregacion de las muestras de tejido
tumoral, la cantidad de células del infiltrado leucocitario era baja y se planted la
posibilidad de que no representaran adecuadamente al mismo. Por ello se realiz6 un
analisis adicional por inmunofluorescencia para la identificacion de los linfocitos T

reguladores, la cual parecia ser una subpoblacion de interés.

Como se puede observar en la figura 10, la tincidon por inmunofluorescencia
confirmd que en el grupo expuesto a BPA existe una mayor proporcion de linfocitos T
reguladores, representando un promedio de 42.8% (I.C. 30.27, 55.33) de los linfocitos T
CD4*, en comparacion con un 21.54% (I.C. 14.14, 28.98) en el grupo Intacto y 21.88%
(I.C. 11.52, 30.64) en el grupo Vehiculo.
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Figura 9. Andlisis del infiltrado leucocitario tumoral. Determinacion de subpoblaciones
inmunoldgicas por citometria de flujo. A: linfocitos T cooperadores; B: linfocitos T citotdxicos; C:
macrofagos; D: linfocitos T reguladores, * p = 0.0335 vs Intacto, p = 0.0247 vs Vehiculo. Datos
de 3 experimentos independientes expresados como media + DE; n = 12 por grupo; E: capturas
representativas del andlisis del porcentaje de Treg, region: CD3*, CD4* provenientes de 10,000
linfocitos colectados.
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Figura 10. Evaluacion de la abundancia de linfocitos T reguladores por inmunofluorescencia. A:
identificacion representativa de T helper (flechas) y Treg (puntas de flecha) mediante tincion
membranal de CD4 (rojo) y nuclear de Foxp3 (verde); B: imagenes representativas de la tincion
en las muestras de tumores, barra de escala: 50 ym, aumento original: 40X; C: porcentaje de
Treg expresado como el porcentaje de células Foxp3* en las células CD4*. Datos de 2
experimentos independientes expresados como media =+ DE; n = 8 por grupo; ** p = 0.0031 vs

Intacto, p = 0.0070 vs Vehiculo.
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7.3.2 Nobdulos linfaticos periféricos drenantes

El analisis de este tejido permite evaluar la respuesta inmunoldgica a nivel

regional.

Como se puede apreciar en la figura 11, el desarrollo tumoral modifica las
subpoblaciones estudiadas, de manera que promueve la proliferacion de linfocitos T
citotéxicos mientras que disminuye la proporcion de linfocitos T cooperadores. De igual
manera, se observa un incremento en los linfocitos B como consecuencia del desarrollo

del tumor.

De manera importante, el porcentaje de linfocitos T reguladores se duplica en los
animales con desarrollo de tumor. Este resultado permite sugerir que el incremento de
Treg en el infiltrado leucocitario tumoral tiene un componente importante de Treg
naturales que proliferaron previamente en el NLP drenante, ademas de los Treg
inducidos que pudiesen haberse generado por efecto del microambiente tumoral.

Con respecto al efecto de la disrupcion endocrina neonatal, no se observan

diferencias significativas en ninguna de las subpoblaciones analizadas.
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Figura 11. Analisis de las subpoblaciones inmunes en NLP drenantes. Determinacion de
subpoblaciones inmunoldgicas por citometria de flujo. A: linfocitos T cooperadores; B: linfocitos
T citotoxicos; C: Linfocitos T reguladores; D: linfocitos B. Datos de 3 experimentos
independientes expresados como media + DE; n = 12 por grupo. Notacion: (b # a), p < 0.05.

7.3.3 Bazo

Al evaluar la respuesta inmunolégica a nivel sistémico, en el bazo, se observaron
efectos drasticos como consecuencia del desarrollo tumoral, independientes de la
exposicién al BPA. Llama la atencién que los linfocitos T reguladores se encuentran
virtualmente ausentes en este tejido en los animales a los que se les indujo el desarrollo

de tumores mamarios (fig. 12 C). De manera analoga, los linfocitos B, las células NK y
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los macréfagos se encuentran disminuidos en los animales portadores de tumor (fig. 12

D,EyF).
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Figura 12. Analisis de las subpoblaciones inmunes en bazo. Determinacién de subpoblaciones

inmunoldgicas por citometria de flujo. A: linfocitos T cooperadores; B: linfocitos T citotoxicos; C:

Linfocitos T reguladores; D: linfocitos; E: células NK; F: macréfagos. Datos de 3 experimentos

independientes expresados como media + DE; n = 12 por grupo. Notacion: (b # a), p < 0.05.
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Sin embargo, no se observaron diferencias significativas por efecto del tratamiento

neonatal en los grupos sanos ni en aquéllos con desarrollo de tumor.

7.4  Expresion de citocinas intratumorales

Como elemento fundamental del microambiente tumoral, se determino la
expresion de citocinas proinflamatorias (IL-1B8, TNF-a e IFN-y) y reguladoras (IL-10 y
TGF-B) en el tejido tumoral, por medio de RT-PCR. Como se puede observar en la figura
13, el microambiente tumoral muestra una clara polarizacién hacia el fenotipo regulador,

denotado por la predominancia de la expresion de TGF-(8 (fig. 13 E).

Sin embargo, llama la atencién que el grupo expuesto a BPA, a pesar de presentar
una mayor proporcion de linfocitos T reguladores, no muestra una mayor expresion de
TGF-B o IL-10 (fig. 13 D, E). No obstante, la expresion de TNF-a, asi como la de IFN-y,
se encontraron disminuidas en el grupo expuesto a BPA (fig. 13 B, C), sugiriendo que

en este grupo hay una menor respuesta proinflamatoria.
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Figura 13. Expresion de citocinas intratumorales. Determinacion por RT-PCR de las citocinas
proinflamatorias: A: IL-13, B: IFN-y, C: TNF-a e inmunomoduladoras: D: IL-10 y E: TGF-B.
Expresion normalizada respecto a la subunidad 18S ribosomal, de expresion constitutiva. Datos
de 2 experimentos independientes expresados como media + DE; n = 10 por grupo. En B, *p =
0.0216 vs Intacto, p = 0.0034 vs Vehiculo; en C, * p = 0.0244 vs Intacto.
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7.5 Expresion de marcadores de activacion de macrofagos

Los macrofagos asociados a tumor (MATS) representan una poblacion importante
del infiltrado tumoral, en donde pueden adquirir un amplio rango de fenotipos de
activacion comprendido entre el de activacion clasica (M1) y el de activacion alternativa
(M2). Por medio de RT-PCR, se evalué la expresién de marcadores de activacion clasica
(INOS) y alternativa (Arg-1, Fizz-1y Ym-1).
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Figura 14. Perfil de activacion de MATs. Expresion de marcadores de activacion clasica en A;
iINOS vy alternativa en B: Arg-1 y C: Fizz-1 determinada por RT-PCR. Expresién normalizada
respecto a la subunidad 18S ribosomal, de expresion constitutiva. Datos de 2 experimentos
independientes expresados como media + DE; n = 10 por grupo; * p = 0.0326 vs Intacto, p =
0.0476 vs Vehiculo.

Los MATs de todos los grupos mostraron un perfil de expresion sugerente de
activacion alternativa, como se observa en la figura 14, en la que se aprecia una mayor
expresion de Arg-1, con respecto a la expresion de iINOS. Sin embargo, los MATs del
grupo expuesto a BPA mostraron una menor expresion de Fizz-1 (fig. 14 C), con una
expresion normalizada promedio de 0.307 (I.C. 0.09, 0.51), comparada con un nivel de
expresion de 0.834 (I.C. 0.52, 1.27) en el grupo intacto y 0.821 (I.C. 0.47, 1.26) en el

vehiculo.
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Por otra parte, no se observd expresion del marcador Ym-1 en ninguna de las

muestras analizadas.

7.6  Expresiéon de ERa en subpoblaciones celulares

Las células del sistema inmune estan sujetas a modulacion por esteroides
sexuales, mediada por receptores presentes en estas células. Dado el caricter
estrogénico de la disrupcién enddcrina causada por el BPA, se analizo6 la expresion del
receptor ERa en las subpoblaciones celulares de interés a nivel local, regional y

sistémico.

7.6.1 Infiltrado tumoral

En el microambiente tumoral, se observé un mayor porcentaje de linfocitos T con
expresion francamente positiva de ERa en el grupo expuesto a BPA, en comparacion

con el grupo Intacto, asi como un mayor nivel de expresion del mismo (fig. 15 A).

Los MATs infiltrados en los tumores de los individuos del grupo BPA también
mostraron un mayor porcentaje de células positivas a ERa; sin embargo, el nivel de
expresion en los mismos fue significativamente menor, como se aprecia en la figura 15
B. Este resultado podria estar relacionado con la menor expresion de Fizz-1 que
presentaron los macr6fagos de este grupo, pues la sefializacion via el receptor de

estrégenos promueve la expresion de esta proteina 8.
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Figura 15. Evaluacion de la expresion de ERa en poblaciones inmunes en el microambiente
tumoral por citometria de flujo. Porcentaje de células ERa* (panel izquierdo) y nivel de expresion
representado por la intensidad mediana de fluorescencia (panel derecho) en A: linfocitos T y B:
macro6fagos. Datos de 2 experimentos independientes expresados como media + DE; n = 10 por

grupo; * p < 0.05 contra controles no expuestos a BPA.

7.6.2 Nodulos linfaticos drenantes

A nivel regional, se analizaron los nddulos linfaticos periféricos inguinales, los mas
préximos al area de desarrollo del tumor. Por la naturaleza de este tejido, sélo se

analizaron poblaciones linfoides, al ser las mas representadas.

En cuanto a los linfocitos T, se observO que en todas las subpoblaciones
analizadas el porcentaje de positividad a ERa fue cercano al 100%, con minima

variabilidad entre los grupos experimentales (fig. 16 A-C panel izquierdo). Sin embargo,
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es evidente que en los animales con desarrollo tumoral el nivel de expresion del receptor

disminuye aproximadamente un 50% (fig. 16 A-C, panel derecho).

Por su parte, los linfocitos B presentaron un porcentaje de positividad ligeramente menor
al de los linfocitos T, pero sin cambios entre grupos experimentales, como se muestra en
el panel izquierdo de la figura 16. A diferencia de los linfocitos T, el nivel de expresion

de ERa no se vio disminuido en los individuos con desarrollo tumoral.
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Figura 16. Evaluacion de la expresion de ERa en poblaciones inmunes en NLP drenantes por
citometria de flujo. Porcentaje de células ERa* (panel izquierdo) y nivel de expresion
representado por la intensidad mediana de fluorescencia (panel derecho). Datos de 2
experimentos independientes expresados como media £ DE; n = 10 por grupo. Notacién: (b # a),
p <0.05.
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7.6.3 Bazo

A nivel sistémico, en el bazo, se observo que los linfocitos T de los animales que
desarrollaron tumores presentaban una menor expresion de ERa, en comparacion con
los individuos sanos (fig. 17 A-B). Si bien este fendmeno se presentd en todos los grupos

de tratamiento, éste fue mas evidente en los grupos tratados con Vehiculo y BPA.

Se observé un comportamiento similar en los linfocitos B y macrofagos, en los
cuales la proporcion de células positivas disminuyo en los animales portadores de tumor

en los grupos Vehiculo y BPA (fig. 18 Ay C).

El bazo fue el Unico tejido en el que fue posible analizar la expresion de ERa en
las células NK, principalmente porque esta poblacién no se encuentra representada en
los nodulos linfaticos y se encontraba practicamente ausente en el microambiente
tumoral en el momento en el que se realizo el andlisis. El primer hallazgo fue que los
bazos de los animales de los grupos 4T1 (con desarrollo tumoral) se encontraban
privados de células NK, por lo que sélo fue posible evaluar la expresion de ERa en los
animales de los grupos control, encontrandose que la exposicion a BPA no sélo
incremento el porcentaje de células positivas, sino que éstas mostraban un mayor nivel

de expresion, como se muestra en la figura 18 B.
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Figura 17. Evaluacién de la expresion de ERa en poblaciones inmunes bazo por citometria de

flujo. Porcentaje de células ERa* (panel izquierdo) y nivel de expresiéon representado por la

intensidad mediana de fluorescencia (panel derecho) en A: linfocitos T cooperadores, B: linfocitos

T citotéxicos y C: linfocitos T reguladores. Datos de 2 experimentos independientes expresados

como media = DE; n = 10 por grupo. Notacién: (b # a), (c # b # a), p < 0.05; ND (datos no

disponibles).
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Figura 18. Evaluacion de la expresion de ERa en poblaciones inmunes bazo por citometria de
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Discusioén

El objetivo principal de este trabajo fue evaluar las repercusiones a largo plazo de
una disrupcion enddcrina durante el periodo neonatal sobre el sistema inmunoldgico,

particularmente los potenciales cambios en la respuesta antitumoral.

En los roedores, la etapa critica de desarrollo del sistema inmunolégico
comprende tanto la gestacion como el periodo neonatal. Mas alla de la formacion de los
organos linfoides y la hematopoyesis, la maduracion del sistema inmunoldgico tiene lugar
entre el nacimiento y el dia 30 postnatal. Ademas, se ha demostrado que los dias 2-4
postnatales son criticos en cuanto al desarrollo de la inmunidad adaptativa mediada por
linfocitos T y el desarrollo de linfocitos T reguladores, dado que la remocion quirdrgica
del timo o mediante el tratamiento con ciclosporina a esta edad, pero no después, resulta

en fenémenos de autoinmunidad multiorganica 8%-°1,

Tomando en cuenta lo anterior, se decidio utilizar una Unica dosis de BPA al tercer
dia postnatal, ocasionando asi una disrupcién enddcrina durante un periodo critico en el

desarrollo del sistema inmunoldgico.

A pesar de lo breve de la exposicion, el modelo experimental que se utilizd
involucraba el desarrollo de un adenocarcinoma mamario embebido en la glandula
mamaria 7, lo que resulta en un sistema sensible a las hormonas. Esto supondria un
sistema en el que todo cambio observado en cuanto al desarrollo tumoral podria deberse
tanto a factores enddcrinos —tales como mayores niveles de estradiol sérico— como a

factores inmunolégicos.

Originalmente se planted el uso de la linea 4T1 como una estrategia experimental
gue permitiria excluir el aprovechamiento del estradiol como factor de crecimiento, dado
gue existen reportes que sefalan que esta linea celular es un modelo de cancer de mama
triple negativo, esto es, que no expresa receptores de estrogenos, de progesterona o el
receptor HER2 2830y, por lo mismo, su desarrollo seria independiente de los niveles
hormonales de los individuos. Sin embargo, en el laboratorio se detectd que esta linea

celular si expresa el receptor ERa. Esto planteé la posibilidad de que los cambios
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observados en cuanto al desarrollo tumoral pudieran ser atribuidos tanto a factores
endocrinos como a factores inmunolégicos o la interaccidén de los mismos, ya que el ERa

permite a las células aprovechar los estrogenos como factores de crecimiento.

Por lo anterior, se decidio evaluar el grado de alteracion enddcrina que pudiese
ocurrir ante el esquema de exposicion al BPA que se manejo, es decir, una unica dosis
de 250 pg/kg al tercer dia postnatal. Si bien se encuentra bien documentado que la
administracion de BPA a roedores produce una variedad de efectos sobre el sistema
enddcrino, particularmente en el eje reproductivo, tales como inicio temprano de la
pubertad, alteraciones del ciclo estral e incluso en el desarrollo de la glandula mamaria
44459293 13 mayoria de estos efectos se observan tras exposiciones prolongadas en el

periodo perinatal o prepuberal y a dosis mayores °2,

Como se reportd en la seccidn de resultados, no se observaron alteraciones en
cuanto a la edad de inicio de la pubertad, la regularidad del ciclo estral ni los niveles
basales de estradiol sérico, lo que nos permite sugerir que los efectos observados en
cuanto al desarrollo tumoral son debidos principalmente a factores inmunolégicos y no a

alteraciones enddcrinas significativas.

De manera sobresaliente, como consecuencia de una Unica exposicion al BPA,
se promovié el crecimiento tumoral. Estudios previos han asociado al BPA con el riesgo
de desarrollar cancer de mama, pero principalmente como consecuencia de alteraciones
en el desarrollo de la glandula mamaria y una mayor susceptibilidad a la carcinogénesis
67-72_ Sin embargo, nuestros resultados muestran un nuevo aspecto mediante el cual el
BPA puede contribuir al desarrollo y la progresién del cancer de mama, pues en el
modelo utilizado, la glandula mamaria del raton no fue el objeto de la transformacién
celular, sino el nicho en el que se introdujeron células tumorales que se desarrollaron en

mayor o0 menor medida dependiendo de la respuesta inmunolégica generada.

Al analizar el infiltrado leucocitario de los tumores, se observo que los tumores del
grupo expuesto a BPA presentaban una mayor proporcion de Treg, lo cual corresponde
con el mayor desarrollo de los tumores en este grupo. Se sabe que los Treg expresan
las citocinas inmunomoduladoras IL-10 y TGF-B, a la vez que limitan la produccion de

citocinas proinflamatorias por otros tipos celulares 23249, Llamé la atenciéon que al
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analizar la expresion de citocinas intratumorales, no se observaron cambios en cuanto a
la expresion de las citocinas inmunomoduladoras en el grupo expuesto a BPA. Sin
embargo, este grupo si mostré una menor expresion de las citocinas proinflamatorias
IFN-y y TNF-a, por lo que, en términos generales, el microambiente tumoral en los
ratones expuestos a BPA si presentaba un caracter menos proinflamatorio. De cualquier
manera, es importante sefialar que los mecanismos de regulacién de los Treg no se
limitan a la produccion de citocinas inmunomoduladoras, sino que incluye otros aspectos
gue no se evaluaron, tales como la citotoxicidad e inmunosupresioén por contacto y la
privacion de IL-2. Por otra parte, las citocinas en el microambiente tumoral se evaluaron
de forma indirecta mediante RT-PCR, la cual aporta informacién sobre la abundancia
relativa del RNA mensajero que codifica para cada proteina de interés, mas no indica la

abundancia real de la proteina ya sintetizada.

Por otra parte, el microambiente tumoral no se define inicamente por las células
de la inmunidad adaptativa. De hecho, los MATs constituyen una poblaciéon muy
importante en este microambiente. Se sabe que los MATs adquieren un fenotipo muy
particular al encontrarse en el microambiente tumoral, mas similar a la activacion
alternativa que a la activacion clasica >°:°7, Los MATs encontrados en las muestras de
tumor mostraron una muy baja expresion de INOS y, comparativamente, una mayor
expresion de Arginasa, lo que los ubica dentro del espectro de la activacion alternativa.
Result6 interesante que en las muestras provenientes de ratones expuestos a BPA se
observ6 una menor expresion de Fizz-1, también conocido con RELM-a o HIMF. Aunque
éste es utilizado como otro marcador de activaciéon alternativa de macréfagos, su papel
en la fisiologia de estas células no estd completamente elucidado. Si bien se ha
planteado que puede actuar como modulador de la inflamacion de tipo 2 en el pulmén
98,99 se desconocen los efectos que pueda tener en el contexto intratumoral. Por lo tanto,
si bien los macréfagos en todos los grupos presentaban un perfil de activacion
alternativa, aquéllos infiltrados en los tumores del grupo expuesto a BPA presentaba un

perfil distinto al de los presentes en los grupos control.

Es pertinente mencionar que, si bien se observan asociaciones entre el mayor

desarrollo tumoral en el grupo expuesto a BPA y los cambios en las poblaciones
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infiltradas en el microambiente tumoral, no es posible determinar una relacion causal
entre ambos. En este sentido, seria necesario estudiar las subpoblaciones a lo largo del
proceso de desarrollo tumoral en un contexto libre de variables adicionales, para poder
descartar que los cambios en las mismas respondieran puramente al grado de desarrollo

del tumor.

Un aspecto muy importante de este trabajo fue la evaluacion de la expresion del
principal receptor de estrogenos, el ERa, en las células del sistema inmunolégico. Como
se menciond anteriormente, las hormonas esteroides sexuales modulan la respuesta de
estas ceélulas por medio de sus receptores. Los efectos que estas hormonas ejercen
sobre las células inmunes son muy diversos y dependen del tipo celular, la concentracion
de cada hormona en particular, la combinacion de las mismas e incluso las isoformas de
los receptores que se expresan en un determinado momento 10102, Por |o anterior,
incluso en el contexto de un nivel hormonal invariable, el cambio en el nivel de expresién

de un receptor puede modificar la sensibilidad de una célula a una hormona en particular.

Considerando que las células inmunes expresan una variedad de receptores
hormonales, no se puede sacar conclusiones definitivas basadas Unicamente en la
evaluacion de ERa. Sin embargo, es posible hacer asociaciones entre los efectos que el

principal ligando (17B-estradiol) ejerce sobre estas células y los cambios observados.

Se ha reportado, por ejemplo, que el estradiol promueve una respuesta de tipo
Th2 y que altas concentraciones de esta hormona promueven la produccion de IL-10,
mientras que inhiben la produccion de TNF-a e IFN-y 49193 Considerando esto, resulta
interesante que los linfocitos T del infiltrado tumoral del grupo expuesto a BPA
presentaron un mayor nivel de expresion de ERa, lo cual se encuentra acorde con el
hallazgo de una menor expresion de TNF-a e IFN-y. Por otra parte, se ha reportado que
los estrégenos promueven la expresion de FOXP3 (el factor de transcripcion que controla
la diferenciacion hacia Treg) a través de ERa 194106 |o cual podria estar relacionado con
el incremento de la proporcion de Treg en el microambiente tumoral, dado que los

linfocitos T en este tejido mostraron un mayor nivel de expresion de ERa.
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Por otra parte, se ha observado que los estrdgenos son capaces de influir en la
polarizacion de los macrofagos, promoviendo la activacion alternativa durante el proceso
de cicatrizacion cutanea . Ante esto, podria establecerse una relaciéon entre el menor
grado de expresion de ERa en los macrofagos del grupo expuesto a BPA y su menor

expresion de Fizz-1.

Algo muy interesante es lo que ocurre con las células NK. Estas células no fueron
identificadas en el microambiente tumoral ni en los bazos de los animales que
desarrollaron tumor (grupos 4T1). Sin embargo, el analisis de la expresion de ERa en
estas células en los animales sanos mostré que, independientemente del desarrollo
tumoral, el tratamiento neonatal con BPA caus6 un incremento en la expresion de ERa.
Con respecto al 17B3-estradiol, se sabe que altas concentraciones de esta hormona, tal
como ocurre en la gestacion, se asocian a una menor citotoxicidad de estas células. De
tal forma, el incremento en la expresion de ERa podria resultar en una mayor sensibilidad
de las células NK a las mismas concentraciones de estrogenos, lo cual podria resultar
en una menor citotoxicidad de estas células en los individuos expuestos al BPA, incluso

sin cambios en los niveles circulantes de estrégenos.

El hecho de que no haya sido posible analizar esta poblacion celular en los
individuos que desarrollaron tumores dificulté su estudio en este modelo en particular,
dado que esta poblacion interviene en etapas mas tempranas del desarrollo tumoral. Sin
embargo, ya se encuentran en proceso nuevos experimentos que permitiran evaluar esta

poblacién a tiempos mas tempranos.
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Conclusiones

La exposicién neonatal a una Unica dosis de 250 pg/kg de BPA al tercer DPN no
produce alteraciones evidentes en el eje reproductivo, contrario a lo que se reporta para
dosis mayores y periodos de exposicion mas prolongados.

Este trabajo muestra que la disrupcion enddcrina por BPA ocurrida durante un
periodo critico de desarrollo favorece un mayor desarrollo tumoral en la vida adulta, el
cual esta asociado a alteraciones en la respuesta inmune. Esta disparidad se caracteriza
por una mayor proporcion de linfocitos T reguladores infiltrados en el microambiente
tumoral, menor expresion de citocinas proinflamatorias y cambios en el perfil de

activacion de los macrofagos asociados a tumor.

Dado que la exposicion a BPA modifico los patrones de expresion del receptor
ERa en las células del sistema inmunolégico y considerando que este es uno de los
principales mecanismos de regulacion de estas células dentro de la red
neuroinmunoendocrina, es posible esta sea una de las causas subyacentes de las

alteraciones observadas.
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BPA is an oestrogenic endocrine disrupting chemical compound. Exposure to BPA in as early as
pregnancy leads to lifelong effects. Since endocrine and immune systems interact in a bidirectional
manner, endocrine disruption may cause permanent alterations of the immune system, affecting a
future anti-tumoral response. Neonate (PND 3) female syngeneic BALB/c mice were exposed to a single
dose of 250 ug/kg BPA. Once sexual maturity was reached, a mammary tumour was induced injecting
4T1 cells in situ, these cells are derived from a spontaneous adenocarcinoma in a BALB/c mouse and
therefore allows for an immunocompetent recipient. After 25 days of injection, showing no major
endocrine alterations, BPA-exposed mice developed larger tumours. Tumour leukocytic infiltrate
analysis revealed a higher proportion of regulatory T lymphocytes in the BPA-exposed group. RT-PCR
analysis of tumour samples showed a decreased expression of TNF-a and IFN-~, as well as the M2
macrophage marker Fizz-1 in the BPA-exposed group. Flow cytometry analysis revealed differences in
ERo expression by T lymphocytes, macrophages and NK cells, both associated to BPA exposure and
tumour development. These findings show a new aspect whereby early life BPA exposure can contribute
to breast cancer development and progression by modulating the anti-tumoral immune response.

Human activity has led to an increased amount of environmental contaminants, including endocrine disrupting
chemicals (EDCs). EDCs are defined as exogenous compounds interfering with the synthesis, secretion, metabo-
lism, transport, mechanism of action, and elimination of endogenous steroid hormones'. Bisphenol A (BPA), an
oestrogenic EDC, is characterized by its high affinity to nuclear oestrogen receptors (ERa and ERB3)*2. Moreover,
BPA is widely used in the production of polycarbonate plastics, epoxy resins (used in food containers and can lin-
ings, respectively), as well as dental sealants; all of them used daily by people. BPA can leak from these materials
when exposed to high temperatures, acidic conditions, or saliva, thus leading to human exposure*°.

BPA causes several endocrine alterations, not only in the reproductive organs’~! but also in mammary gland
development'?~", and brain sexual differentiation'®-?". The nature and magnitude of these effects depends on the
dose, exposure course, and the developmental stage at which the exposure occurs. Regarding the latter, endocrine
disruption during critical developmental stages could lead to lifelong effects.

It is well known that BPA exposure can occur as early as during gestation, as evidenced by reports of BPA
presence in amniotic fluid, foetal serum, and breast milk*"?2 In this regard, there is an existing concern about the
effects that BPA could exert in a developing organism, including the immune system.

Concerning the immune system in mice, the critical developmental stages encompass both the gestational
and neonatal periods. Beyond the immune organ formation and hematopoiesis, the maturation of the immune
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de México, AP 70228, Ciudad de Mexico, CP, 04510, Mexico. 2Laboratorio de Genotoxicologia y Mutagénesis
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Figure 1. Endocrine parameters assessment. (a) Vaginal opening as puberty onset indicator. (b) Serum
17B3-Oestradiol levels at diestrus phase at 12 weeks of age measured by EIA. Data from 2 independent
experiments are expressed as mean & SD; n = 14 in (a) and 8 in (b).

system occurs between birth and post natal day 30(PND 30)*. Moreover, it has been demonstrated that PND 2-4
are critical for T lymphocyte development, since thymectomy or cyclosporine treatment at this age, but not later,
results in multi-organ autoimmunity*-2¢.

On the other hand, cancer is the second cause of death worldwide; according to the WHO?, it accounted for
8.8 million deaths in 2015. Breast cancer is among the most prevalent types of cancer, and several environmental
factors have been linked to an increased incidence of this ailment. When talking about cancer, there are multiple
factors that should be taken into account, not only those contributing to cellular stress, DNA damage, and emer-
gence of transformed cells, but also the mechanisms responsible for the detection and elimination of cancer cells.
In this context, the immune system, particularly cell populations such as NK cells, T lymphocytes, regulatory T
lymphocytes (Treg), and Tumour Associated Macrophages (TAMs), as well as their secreted cytokines, play a
major role in preventing cancer development or controlling its progression?®%°.

The endocrine and immune systems are not independent physiological entities, but parts of a net of bidirec-
tional interactions mediated by hormones, cytokines and even neurotransmitters which have been widely docu-
mented in recent years®® 3. Regarding sexual steroid hormones, they regulate the distribution and functionality
of several immune cell populations, modulating the immune response, maturation and selection of thymocytes,
lymphoid proliferation, and cytokine production®’. The modulatory effects of sex steroids are mediated by spe-
cific receptors present in immune cells, namely oestrogen receptors (ERa, ER3), progesterone receptor (PR), and
androgen receptor (AR), as well as membrane oestrogen and progesterone receptors, among others®..

Since sexual steroids modulate the immune system, exogenous agents such as EDCs could also influence it.

Therefore, we decided to assess the potential alteration of the anti-tumoral immune response caused by BPA
exposure at a critical developmental stage, specifically during the neonatal period. Our results clearly demonstrate
that BPA administered during the neonatal period has an impact on tumour size, weight, and immune-endocrine
microenvironment during adult life.

Results

Endocrine Parameters. The experimental strategy involves the development of a tumour within hor-
mone-sensitive tissue; therefore, it was important to discriminate whether the observed effects could be attributed
to the direct or indirect effect of neonatal endocrine disruption on the immune system or caused by a persistent
hormonal alteration.

In order to assess the potential reproductive effects of a single 250 ng/kg bw BPA dose, puberty onset was
determined by the age of vaginal opening. Contrary to what has been reported with higher or more prolonged
exposures, neonatal BPA exposure did not alter puberty onset (Fig. 1a)®°.

In addition, the oestrous cycle was also monitored once sexual maturity was fully established (8 weeks old),
finding no difference between the experimental groups (data not shown). Furthermore, BPA exposure had no
effect on baseline levels of serum oestradiol during the diestrus phase (Fig. 1b).

Tumour size and weight. A significant promotion of tumour development was observed in the
BPA-exposed group. At 25 days after the inoculation of tumour cells, it was evident that the mice subjected to
neonatal BPA exposure developed larger tumours (Fig. 2a). Indeed, after measuring tumour weight, those found
in BPA-exposed mice showed an 88% increase in weight when compared to unexposed groups (Fig. 2b), i.e. in
the BPA group, the mean relative weight was 1.88 (CI 1.48, 2.28) compared to a mean relative weight of 1 (CI 0.8,
1.19) for the Intact group and a mean relative weight of 1.12 (CI 0.98, 1.25) for the Vehicle group.

Tumour infiltrate. The flow cytometry analysis of leukocytic infiltrate in tumours revealed that the cellular
composition was mostly similar between the groups (Fig. 3a—-c); however, Treg were increased in the BPA-exposed
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Figure 2. Tumour growth. (a) Representative images of tumours of the three experimental groups; millimetric
grid as background. (b) Evaluation of final weight after 25 days of tumour development; data from 3
independent experiments are expressed as mean + SD; n=12; **p =0.007 vs Intact, p=0.0025 vs Vehicle.

group (Fig. 3d,e), comprising a 13.93% (CI 10.06, 17.79) of CD4+ lymphocytes when compared to 7.82% (CI
5.77,9.87) and 7.33% (CI 3.81, 10.85) in intact and vehicle groups, respectively.

Further, immunofluorescence analysis of tumour sections confirmed the greater proportion of regulatory
T lymphocytes within the tumours of BPA-exposed mice (Fig. 4), comprised by an average of 42.8% (CI 30.27,
55.33) of CD4 + cells, compared to 21.54% (CI 14.14, 28.94) in the intact group and 21.88% (CI 11.52, 30.64) in
the vehicle group.

Tumour associated macrophages (TAMs) represent an important subset of leukocytic infiltrate in many kinds
of tumours, where they may display a classical (M1) or an alternative (M2) activation phenotype. By means of
RT-PCR, the relative expression of classical (iNOS) and alternative (Arginase, Fizz-1 and Ym-1) activation mark-
ers was assessed. TAMs of all groups were clearly activated in an alternative manner, as evidenced by a higher
arginase expression when compared to iNOS (Fig. 5a,c). However, TAMs from the BPA-exposed group showed a
lower Fizz-1 relative expression mean (0.307; C10.09, 0.51) when compared to the intact (0.834; CI10.52, 1.27) and
vehicle groups (0.821; CI 0.47, 1.26) (Fig. 5b). Ym-1, on the other hand, was not expressed in any of the tumour
samples.

In contrast to the tumour infiltrate, which usually shows Treg enrichment, the spleen of tumour-bearing mice
appeared nearly devoid of these cells. Further, a major finding involved the virtual absence of NK cells from the
tumour infiltrate and were drastically diminished in the periphery of all tumour-bearing mice, in contrast to
healthy ones.

Intra-tumoral cytokine expression.  As part of the tumour immunological microenvironment analysis,
we determined the relative expression of pro-inflammatory (IL-13, TNF-q, and IFN-~), as well as regulatory (IL-
10 and TGF-B) cytokines in tumour tissue. The cytokine milieu in all groups is clearly skewed towards a regula-
tory phenotype, as denoted by the predominance of TGF- relative expression (Fig. 6e).

However, it drew our attention that, whilst having a greater regulatory T proportion, the tumour samples
of the BPA-exposed group did not exhibit a greater expression of TGF-3, nor IL-10 (Fig. 6d,e). Moreover, both
TNF-a and IFN-~ expression was decreased in the BPA-exposed group (Fig. 6b,c), suggesting that the overall
tumour microenvironment in this group displays a lesser pro-inflammatory character.

ER-o expression. The cells of the immune system are modulated by sex steroids, mediated by receptors
present in these cells. Given the oestrogenic character of the endocrine disruption caused by BPA, we analysed
ERa expression in the main immune subpopulations at both local and systemic levels.

We observed a greater proportion of ERa-positive T lymphocytes in the tumour microenvironment of
BPA-exposed mice, accompanied by an elevated expression level of the receptor (Fig. 7a).

The macrophage infiltrate of the BPA-exposed group also showed a larger percentage of ERa-positive cells;
however, ERa expression in this group was significantly lower (Fig. 7b). This is a noteworthy finding, as it could
account for the decreased Fizz-1 expression found in the same tissue, considering that oestrogen signalling pro-
motes the expression of this protein®.

At systemic level, we found that the T lymphocytes of tumour-bearing mice had lower ERa expression com-
pared to their healthy counterparts (Fig. 7c). Though this phenomenon was observed in all groups, the deviation
in ER« expression between healthy and tumour-bearing mice was greater in the Vehicle and BPA groups than in
the Intact group. A similar behaviour was noted in splenic macrophages, where the proportion of ERa-positive
cells was decreased in tumour-bearing mice of the Vehicle and BPA-exposed groups (Fig. 7d). As ER« expres-
sion remained constant in healthy mice regardless of the neonatal treatment, these findings suggest that neona-
tal stress, but not BPA exposure could play a role in the modulation of ERa expression in response to tumour
development.
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Figure 3. Analysis of tumour leucocytic infiltrate. Determination of immune subpopulations by flow
cytometry, (a) T helper lymphocytes, (b) cytotoxic T lymphocytes, (c) macrophages and (e) Treg; *p=0.0335
vs Intact, p=0.0247 vs Vehicle. Data from 3 independent experiments are expressed as mean £ SD; n=12.
(d) Representative contour representations of cytometric analysis of Treg percentage; gate: CD3", CD4* from
10,000 lymphocytes collected.

The analysis of ERa expression in NK cells was only possible at systemic level, since this population was
absent from the tumour microenvironment at this time point. Moreover, the spleens of tumour-bearing mice
was depleted of NK cells. Nevertheless, the analysis on ERa expression in NK cells of healthy mice revealed that
neonatal BPA-exposure not only increased the percentage of ERa positive cells, but also increased its expression
level (Fig. 7e).

Discussion

Our experimental model involves the growth of a mammary adenocarcinoma tumour embedded within the
mammary gland of a mouse®, resulting in a hormone-sensitive system. Originally, the use of 4T1 cells was con-
templated as a strategy excluding the use of oestradiol as a growth factor, given that this cell line does not express
the oestrogen receptor ERa®*-%; however, we detected the presence of this receptor in the 4T1 cell line. This posed
the possibility that the observed changes in tumour growth could be attributed to either endocrine (e.g. higher
serum oestradiol levels) or immunological factors, or both. Whilst it has been well documented that BPA admin-
istered in rodents exerts several effects on the endocrine system, particularly on the reproductive axis, such as
early puberty onset, oestrous cycle alterations, and even altered development of the mammary gland®* 2%, the
majority of these effects occur after a prolonged perinatal or pre-pubertal exposure to higher doses®.

Therefore, we evaluated the potential endocrine alterations produced by the tested exposure scheme, i.e. a
single dose of 250 pg/kg bw at postnatal day 3. As a result, we did not observed any alterations regarding puberty
onset, regularity of the oestrous cycle, or basal oestradiol levels in serum. The latter suggests that the observed
effects, regarding tumour progression, are mainly due to immunological factors.

Remarkably, tumour growth was promoted as a result of a single neonatal BPA exposure. Previous studies
have associated BPA with breast cancer risk, mainly as a consequence of mammary gland alterations and carcino-
genesis susceptibility!4~173* 40 Nevertheless, our results show a new aspect whereby BPA can contribute to breast
cancer development and progression by modifying the anti-tumoral immune response.

The analysis of the tumour leukocytic infiltrate showed that the BPA-exposed group had a larger proportion
of Treg lymphocytes, in accordance with a greater tumour growth. It is known that Tregs express the immuno-
modulatory cytokines IL-10 and TGF-3 while at the same time limiting the production of pro-inflammatory
cytokines by other cells*'~*. It appeared odd that we did not observe any changes in the expression of immuno-
modulatory cytokines in the BPA group; instead, this group showed a lower expression of the pro-inflammatory
cytokines IFN-~ and TNF-oy; therefore, the tumour microenvironment of this group was indeed modified in gen-
eral terms. In any case, the expression level was assessed at mRNA level, which is limiting when considering the
post-transcriptional regulations that may be affecting final protein synthesis. Regardless, the immunomodulatory
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Figure 4. Evaluation of tumour Treg abundance by immunofluorescence. (a) Representative identification of T
helper lymphocytes (white triangles /\) and Treg (white arrowheads A ) by immunofluorescence staining of
membranal CD4 (red) and nuclear Foxp3 (green); scale bar, 50 pm; original magnification, x40. (b)
Representative images of immunofluorescence staining of tumour samples. (c) Treg proportion expressed as the
percentage of Foxp3™ cells of CD4 " cells; **p=0.0031 vs Intact, p=0.0070 vs Vehicle; data from 2 independent
experiments are expressed as mean + SD; n = 8.
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Figure 5. TAMs activation profile. Relative expression of alternative activation markers (a) Arginase and

(b) Fizz-1 and classical activation marker (c) iNOs determined by RT-PCR. Expression relative to 18 S
ribosomal subunit as constitutive expression reference. *p =0.0326 vs Intact, p=0.0476 vs Vehicle; data from 2
independent experiments are expressed as mean 4 SD; n= 10.

role of Treg lymphocytes is complex, as their effector mechanisms are not limited to the cytokine expression, and
also mediate contact-dependent immunosuppression and IL-2 depletion.

Moreover, tumour microenvironment is not only defined by adaptive immunity cells; in fact, TAMs comprise
a very important population. It is known that TAMs acquire a particular phenotype while in the tumour microen-
vironment, more similar to alternative (M2) than classical (M1) activation**¢. TAMS found in the analysed
tumour samples did show a greater expression of arginase (M2 marker) compared to iNOS (M1 marker); how-
ever, it results interesting that the samples from BPA-exposed mice showed lower Fizz-1 expression. Although
Fizz-1 is considered a M2 marker, the role of this protein is still not clear, and while it has been postulated that
it can act as a modulator of type 2 inflammation in the lungs, there is no information concerning its role in the
context of tumour microenvironment.
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Figure 6. Intratumoural cytokine expression. Relative expression of proinflammatory (a) IL-103, (b) IFN-~,

(c) TNF-q, and immunomodulatory cytokines (d) IL-10 and (e) TGF-3, determined by RT-PCR. Expression
relative to 18 S ribosomal subunit as constitutive expression reference. In (b) *p =0.0216 vs Intact, p=0.0034 vs
Vehicle; in (c) *p =0.0244 vs Intact; data from 2 independent experiments are expressed as mean = SD; n=10.

One of the most relevant aspects of this study was the evaluation of the major oestrogen receptor in immune
cells (ERa). As previously stated, sexual steroid hormones modulate the response of immune cells via its recep-
tors; the effects that these hormones exert are diverse and greatly dependent on cell type, hormone concentration
and combination, and even the expressed isoforms of the receptors*~*°. Even in the context of an invariable hor-
mone concentration, a change in the expression of a receptor may modify the sensibility of a cell to this hormone;
in other words, it is not only a matter of how much hormone is present, but also how much the cell is sensing.

Considering that immune cells express a plethora of hormonal receptors, it is not possible to draw definitive
conclusions based only on the evaluation of ERc. Nevertheless, it is possible to associate the changes in the
expression of this receptor in immune cells to the changes observed in the modulation of these cells. For example,
it has been reported that oestrogen promotes Treg differentiation via ERa**->2, which could account in part for
the increased Treg ratio in the tumour microenvironment, as T lymphocytes in this tissue showed a higher ERa
expression level. Furthermore, oestrogen has also been shown to influence macrophage polarization, promoting
an alternative activation during skin repair®?. In this manner, the modulation of ERa in TAMs could also relate to
the observed changes in their activation profile.

As for what caused the changes in ERa expression, it has been reported that BPA exposure during critical
developmental stages is able to modify the epigenetic patterns, affecting the expression of oestrogen receptors in
reproductive tissues and in the brain®>>>%*. Considering the latter, it is a plausible possibility that immune cells
are also subjected to epigenetic modulation due to developmental BPA exposure. However, such hypothesis needs
to be confirmed.

Conclusion

The present work demonstrates that exposure to a single dose of BPA during the neonatal period induces changes
in the immune system, leading to a differential anti-tumoral immune response during adulthood, causing greater
tumour growth. This disparity is characterized by a greater intra-tumoral Treg proportion, decreased expression
of pro-inflammatory cytokines, and a slightly different TAM activation profile. Because BPA exposure modi-
fied the expression pattern of ERax in immune cells, it is a plausible mechanism underlying the altered immune
response caused by BPA exposure.

Methods

Ethics statement. Animal care and experimental practice were conducted at the Unidad de Modelos
Bioldgicos (UMB) in the Instituto de Investigaciones Biomédicas (IIB), Universidad Nacional Auténoma de
México. All experimental procedures in the animals were approved by the Institutional Care and Animal Use
Committee (CICUAL), permit number 155, adhering to Mexican regulation (NOM-062-Z0O0-1999), and in
accordance with the recommendations from the National Institute of Health (NIH) of the United States of
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Figure 7. Flow cytometry evaluation of ERa expression in immune cells. Percentage of ERa positive cells (left
panel) and ERa expression level (right panel) of immune cells in the tumour microenvironment (a,b) and in the
spleen (c-e). (a,c) T lymphocytes, (b,d) macrophages, (e) NK cells. Data from 2 independent experiments are
expressed as mean + SD; n=10. *p < 0.05 compared with unexposed controls. In (c-e) white bars, control =no
tumour induction; black bars, 4T1 = tumour induction; letters above each column indicate statistical differences
among groups: a, no significant difference; b, p < 0.05 compared to a; ¢, p < 0.05 compared to b; ND, no data
available since this subpopulation was absent from the tissue.
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America (Guide for the Care and Use of Laboratory Animals). Euthanasia of experimental animals was per-
formed humanely by cervical dislocation after anaesthesia with 5% sevofluorane (Abbot, México).

Animals. Mice of the syngeneic strain BALB/c AnN (H2-d) were purchased from Harlan México (Facultad
de Quimica, UNAM, México). The animals were housed at UMB with controlled temperature (22°C) and 12-hrs
light-dark cycles, with water and Purina LabDiet 5015 (Purina, St. Louis MO) chow ad libitum. After neonatal
treatment, only female mice were used for experimentation.

Neonatal BPA exposure. To resemble the human final gestational stage and aiming at the murine critical T
lymphocytes developmental window, mice were exposed at PND3.

Briefly, 72 hours after birth female pups were identified by ano-genital distance. Only female pups received
treatment, though whole litters were assigned to experimental groups to avoid pup reallocation stress. The Intact
group received no neonatal treatment. The vehicle group received a dorsal subcutaneous injection of 20 ul corn
oil vehicle (Sigma, St. Louis MO). The BPA group received 250 ug/kg bw of BPA. Given that neonate rodents have
minimal glucuronidation activity, which is the major metabolic mechanism for BPA clearance® ¢, this dose
approximates to a brief, 5 day exposure to the FDA reference dose of 50 pg/kg bw/day, but performed in a single
administration, thus avoiding excessive manipulation stress.

Though the main exposure route is commonly oral, subcutaneous injection was selected instead as no differ-
ence between oral and subcutaneous routes are observed in neonate mice in this case®.

Pups were weaned at 21 days of age and placed in standard cages, 5 mice per cage.

Assessment of endocrine parameters.  Vaginal opening. From 25 days old forth, the vaginal opening was
examined by holding the mice in a dorsal restraint and using a light extension of the peri-vaginal skin.

Estrous cycle. At 8 weeks old, the oestrous cycle was assessed using a vaginal smear wash of 50 pl saline solu-
tion (PiSA, Guadalajara México), followed by Giemsa stain and light microscope observation.

Serum Oestradiol. Serum samples obtained at sacrifice, corresponding to the diestrus phase, were used
to determine oestradiol levels, using EIA DetectX® Serum 17B0estradiol kit (Arbor Assays, Ann Arbor MI),
according to manufacturer’s protocol.

Cell culture. The 4T1 cell line (ATCC® CRL-2539) was kindly donated by Dr. Pedro Ostoa-Saloma and cul-
tivated in RMPI 1640 medium (Sigma, St. Louis MO) supplemented with 10% FBS (ByProductos, Guadalajara
México). Subculture was performed at 70-80% confluency. After a second subculture, the cells were harvested
and resuspended in 0.9% saline to a concentration of 250,000 cells/ml for inoculation.

Mammary tumour induction.  Upon sexual maturity (8 weeks old), mice of every exposure group were
randomized into secondary experimental groups, i.e. Control (without tumour induction) and 4T1 (tumour
induction) groups. Mice assigned to 4T1 groups were treated as follows:

Mice were anesthetized by inhalation of a mixture of air and 5% sevofluorane. After low abdomen asepsis, 4
nipple was located and 10* 4T1 cells were introduced by a single injection into the mammary fat pad. Tumour
growth was monitored for 25 days.

Flow cytometry. The spleen was mechanically disaggregated using a 50 um nylon mesh and washed with
PBS. Spleen erythrocytes were lysed with ACK buffer (150 mM NH,CI, 10 mM KHCO;, 0.1 mM Na,EDTA, pH
7.3) for 10 minutes and washed with PBS. Tumour samples were finely cut and incubated 20 minutes in digestion
medium (RPMI 1640, 10 U/ml DNase (Roche, Mannheim Germany), 0.5 mg/ml type IV Collagenase (Sigma, St.
Louis MO)). Digestion was stopped by adding 50 ul FBS and mesh disaggregation was performed, followed by
PBS wash. Cells from all tissues were resuspended in FACS buffer (PBS, 2% FBS, 0.02% NaN).

Approximately 1 x 10° cells were incubated with anti-CD16/CD23 (TruStain®, BioLegend, San
Diego CA) for 30 minutes at 4 °C, washed and stained. For the characterization of cellular subpopula-
tions, the following antibodies were used: APCCy7-conjugated anti- CD3e (145-2C11), PE-conjugated
anti-CD4 (GK1.5), AlexaFluor®647-c0njugated anti-Foxp3 (150D), PerCP-conjugated anti-CD8 (53-6.7),
AlexaFluor®647-conjugated anti-F4/80 (BM8), PE-conjugated anti-NKp46 (29A1.4) (all from BioLegend, San
Diego CA), and VioletFluor®450—conjugated anti-CD25 (PC61.5) (Tonbo biosciences, San Diego CA). For
intra-nuclear staining, Foxp3/Transcription Factor Staining Buffer kit (Tonbo biosciences, San Diego CA) was
used according to manufacturer’s protocol. For oestrogen receptor alpha detection, a rabbit polyclonal anti-ERc
(H-184) (Santa Cruz bt., Dallas TX) was used, followed by DyLight®488-conjugated Donkey anti-Rabbit IgG
(BioLegend, San Diego CA). Using an Attune cytometer (Life Technologies) with blue and red laser, the obtained
data was analysed with the Flow]Jo software (Treestar Inc.).

Immunofluorescence. Tumour tissue samples were fixed in 4% paraformaldehyde (in PBS pH 7.1) for
20 minutes, cryoprotected in 30% sucrose (in PBS, pH 7.1) overnight, embedded in O.C.T. compound (Sakura
Finetek, Torrance CA) and frozen at —70°C. 10 um thick sections were washed with PBS, permeabilised with
0.1% Triton X-100 (Sigma, St. Louis MO) in PBS for 10 min and blocked with 1% Bovine Serum Albumin (Sigma,
St. Louis MO) for 2 hours. The sections were then incubated overnight at 4 °C with PE-conjugated anti-CD4
(GK1.5) and AlexaFluor®647-conjugated anti-Foxp3 (150D) (BioLegend, San Diego CA). After thoroughly wash-
ing with PBS, the sections were mounted in fluorescence mounting medium Fluoroshield® (Sigma, St. Louis MO)
and stored at 4 °C until examination with confocal microscope (LSM5 Pascal, Carl Zeiss).
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IL-13 Sense TCATGGGATGATGATGATAACCTGCT

IL-13 Antisense CCCATACTTTAGGAAGACACGGATT 62 202
IL-10 Sense AACTGGTAGAAGTGATGCCCCAGGCA

IL-10 Antisense CTATGCAGTTGATGAAGATGTCAAA 6 7
TNF-a Sense GGCAGGTCTACTTTGGAGTCATTGC

TNF-a Antisense ACATTCGAGGCTCCAGTGAATTCGG 6 300
IFN-~ Sense AGCGGCTGACTGAACTCAGATTGTAG

IFN-~ Antisense GTCACAGTTTTCAGCTGTATAGGG o0 .
TGF-(3 Sense CTTCAGCTCCACAGAGAAGAACTGA

TGF-3 Antisense CACAATCATGTTGGACAACTGCTCC o %
18S Sense CGCGGTTCTATTTTGTTGGT 60 219
18S Antisense AGTCGGCATCGTTTATGGTC

Arg-1 Sense CTTGCGAGACGTAGACCCTG 64 387
Arg-1 Antisense TGAGTTCCGAAGCAAGCCAA

Fizz-1 Sense GGTCCCAGTGCATATGGATGAGAC

Fizz-1 Antisense CACCTCTTCACTCGAGGGACAGTT 8 2%
YM-1 Sense TCACAGGTCTGGCAATTCTTCTG

YM-1 Antisense TTTGTCCTTAGGAGGGCTTCCTC 60 7
iNOS Sense CAGCTCCACAAGCTGGCTCG

iNOS Antisense CAGGATGTCCTGAACGTAGACCTT 6 657

Table 1. Oligonucleotide sequences used for RT-PCR.

RT-PCR. Tumour tissue samples were frozen in TRIzol® reagent (Ambion, Carlsbad CA) immediately after
recollection. Total RNA was extracted with same reagent, following manufacturer’s protocol. Briefly, the tissue
was disrupted in TRIzol® reagent (1 ml/0.1 g tissue) and 0.2 ml of chloroform was added per each ml of reagent.
After centrifugation at 13,000 rpm for 15 minutes, the aqueous phase was recovered. RNA was precipitated with
isopropyl alcohol, washed with 75% ethanol, and dissolved in RNAse-free water. RNA concentration was deter-
mined by absorbance at 260 nm, and its integrity was verified following electrophoresis on 1.0% agarose gel.

Total RNA samples were immediately reverse-transcribed, using M-MLV Reverse Transcriptase
(Promega, Madison WI) and dT12-18 primers (Invitrogen, USA). Then, cDNA was specifically amplified by
semi-quantitative PCR, using TagDNA polymerase (Biotecnologias Universitarias, UNAM. México) and Mus
musculus-specific primers (see Table 1). The relative expression of each amplified gene was obtained by densito-
metric analysis, using the 18S-ribosomal RNA amplicon as a constitutive control.

Statistical analysis. The general experimental design considers 2 independent variables: neonatal exposure
(Intact, Vehicle of BPA) and mammary tumour induction (Control or 4T1). The data regarding tumour develop-
ment and tumour microenvironment only considers the exposure variable, as all animals belong to 4T1 group.
Data from 2-3 independent experiments are charted as mean =+ standard deviation and analysed with Prism 6®
software (GraphPad Software Inc.). Data distribution normality was assessed via Shapiro-Wilk test. Thereafter,
a one-way ANOVA (a=0.05) was performed, followed by a Tukey post-hoc test. Differences were considered
significant when p < 0.05, with the actual p value being stated in each figure legend. The data regarding oestrogen
receptor expression considers both independent variables and therefore, a two-way ANOVA (o= 0.05) was per-
formed, followed by a Holm-Sid4k post-hoc test, with the same significant difference criterion.

Data availability. The datasets generated and analysed during the current study are available from the cor-
responding author on reasonable request.
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Chemokines are small proteins that primarily regulate the traffic of leukocytes under homeostatic conditions and during specific
immune responses. The chemokine-chemokine receptor system comprises almost 50 chemokines and approximately 20 chemokine
receptors; thus, there is no unique ligand for each receptor and the binding of different chemokines to the same receptor might have
disparate effects. Complicating the system further, these effects depend on the cellular milieu. In cancer, although chemokines are
associated primarily with the generation of a protumoral microenvironment and organ-directed metastasis, they also mediate other
phenomena related to disease progression, such as angiogenesis and even chemoresistance. Therefore, the chemokine system is
becoming a target in cancer therapeutics. We review the emerging data and correlations between chemokines/chemokine receptors
and breast cancer, their implications in cancer progression, and possible therapeutic strategies that exploit the chemokine system.

1. Introduction the system further, the effects also depend on the cellular
microenvironment.

Breast cancer has gained particular relevance in recent
years due to the high incidence in both developed and less
developed regions [4]. Breast cancer is basically defined
by the presence of a malignant tumor that originates from
breast tissue, either from lobes, ducts, or stroma. The tumor
cells proliferate and are able to invade surrounding tissues,
lymph nodes and distant organs. According to the size of
the primary tumor, the involvement of lymph nodes, and the
presence of distant metastasis, the stage of breast cancer can
be determined, ranging from stage 0 to stage IV [5].

The intervention of the immune system in cancer does
not begin with the fighting and effort to restrain an estab-

Chemokines are small proteins that primarily regulate the
trafficking of leukocytes under homeostatic conditions and
during specific immune responses. They share a secondary
structure, and based on their amino acid composition—
specifically, the presence of a conserved tetra-cysteine
motif—they are grouped into 4 families: C, CC, CXC, and
CX3C [1, 2]. Chemokines guide the migration and adhesion
of leukocytes and influence other cellular functions, such as
proliferation, maturation, angiogenesis, and malignant trans-
formation [1, 2]. These effects are mediated by binding to G-
protein-coupled receptors (GPCRs) with 7 transmembrane
domains [2].

The chemokine system comprises almost 50 chemokines
and approximately 20 chemokine receptors [2, 3]. Upon
the binding of different chemokines to the same receptor,
there can be a variety of biological effects. Complicating

lished tumoral mass but with the detection of transformed
cells since they began proliferating. In the late 50, Burnet
proposed the immunosurveillance theory [6], which pro-
poses that the immune system cells are capable of detecting
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transformed cells, attacking them and eliciting an specific
(adaptive) response to eventually succeed and eliminate them
all or fail, leading then to the formation of a tumoral mass and
cancer onset.

Nowadays, it is known that this process is more complex
than previously thought and consists not only of that simple
event series, but can comprise alternative processes, such
as immunoediting and even immunosubversion [7, 8]. The
previous could be depicted by the paradoxical fact that a
greater infiltration of immune cells in breast cancer neoplasia
has been correlated with a worse disease prognostic, and how
this can also be explained by the polarization phenomena that
immune cells experience in the tumoral microenvironment,
which induces the acquisition of a protumoral phenotype.

Chemokines and chemokine receptors play a key role
along these processes, since they not only comprise the main
regulatory system leading leukocyte infiltration in primary
tumors, but also intervene in cancer cells proliferation and
in metastasis guidance.

Nearly every tissue expresses chemokines and chemokine
receptors. Normal breast expresses a set of chemokines
at generally low levels [9]. We review the emerging data
and correlations between chemokines and breast cancer,
from their implications in cancer progression to therapeutic
strategies that exploit the chemokine system.

2. Breast Cancer Cells
Proliferation and Tumor Growth: Is
There a Function for Chemokines?

Chemokines not only are associated with the establishment of
a protumoral microenvironment and organ-directed metas-
tasis, but also mediate disease progression, favoring the
growth and proliferation of tumor cells. Several chemokines
have been described as participating in these processes.

One of those chemokines implicated in breast cancer
progression is CCL2 (formerly known as MCP-1), which
is a potent chemotactic factor that regulates the migration
and infiltration of monocytes, memory T lymphocytes, and
NK cells, signaling through CCR2 and CCR4 [10]. CCL2 is
expressed at high levels in both tumor and tumor microen-
vironment cells, exerting its protumoral effects indirectly
by promoting angiogenesis and enriching leukocyte infiltra-
tion [11, 12], primarily with tumor-associated macrophages
(TAMs), which produce immunomodulatory factors that
promote angiogenesis and tumor growth.

Moreover, CCL2 mediates development of the cancer
stem cell (CSC) phenotype. Cancer-associated fibroblasts
(CAFs) and fibroblasts that are activated by coculture with
cancer cells secrete high levels of CCL2, which affects the
sphere-forming phenotype (stem cell-specific) of breast can-
cer cells and CSC self-renewal [13]. The promotion or CSC
phenotype is of great relevance in cancer biology, given that
this population of self-renewing, chemo- and radioresistant
cells is thought to maintain the tumor heterogeneity, as well
as giving rise to metastasis.

Another member of the CC family of chemokines that
has been related to breast cancer progression is CCL20.

Journal of Immunology Research

This chemokine primarily targets lymphocytes and dendritic
cells, although it also attracts neutrophils weakly, upon bind-
ing to receptor CCR6. Recently, Marsigliante and colleagues
[14] correlated high CCL20 concentrations with extensive
cellular proliferation, mediated by increased cyclin E (which
is required for the transition from Gl to S phase) and
decreased p27 (an inhibitor of cyclin D).

Cell cycle regulation is clearly a key element in cancer pro-
gression and recently CXCL8, a member of the CXC family,
has been identified as a promoter of cell cycle progression.
Shao and colleagues demonstrated that silencing CXCL8
using siRNA in the MDA-MB-231 breast cancer cell line
resulted in the upregulation of p27, downregulation of cyclin
D1, and thus a delay in the progression from GI to S phase
[15]. Besides cell cycle regulation, CXCL8 has been implicated
in CSC phenotype. It has been reported that breast cancer
stem cells express CXCRI, which upon binding of CXCL8
increase their activity (measured as sphere-formation) and
self-renewal [16].

Although traditionally implicated in organ-directed
metastasis, CXCR4 is a chemokine receptor that has been
linked to cancer progression. Its constitutive activation in
MCEF-7 breast cancer cells enhances tumor growth and
metastasis, which can be reversed by its inhibition [17].

In contrast, the chemokine CXCLI14, which is abundantly
expressed in normal tissue but downregulated in breast
cancer tissue and cell lines, negatively regulates the growth
and metastasis of breast cancer as its expression is positively
associated with patient survival and a lower incidence of
metastasis. Overexpression of CXCL14 was recently reported
to inhibit cell proliferation in vitro and decrease xenograft
tumor growth in vivo [18].

3. Chemokines and Tumor Microenvironment

Cancer cells are not the only decisive factor in the course
of the disease—there are other factors, both systemic and in
the tumor microenvironment, that can limit or promote the
growth of cancer cells and their mobility and dissemination
to other organs.

When talking about the progression of cancer, one of the
key elements of the tumor microenvironment is the myeloid
cell population, particularly macrophages. On recruitment to
the tumor microenvironment, macrophages are influenced
by the cytokine milieu and local growth factors, resulting
in the acquisition of a protumoral phenotype. The resulting
TAMs produce angiogenic and immunomodulatory factors
(e.g., IL-10 and TGF-f3) which induce regulatory T lym-
phocytes (T,.,) and facilitate remodeling of the extracellular
matrix, promoting cancer cell motility. Because a primary
function of chemokines is to attract and direct leukocytes
(Figure 1), their significance is evident, regarding leukocyte
infiltration into the tumor microenvironment.

CCL2 and CCL5 (RANTES) chemokines have been
extensively studied in breast cancer. As mentioned before,
CCL2 is a potent chemoattractant of monocytes (Figure 1);
in addition to monocytes, CCL5 recruits T helper type
2 lymphocytes (Th2) and eosinophils, signaling through
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FIGURE 1: Chemokines influx the tumor microenvironment. (a)
CCLI19, CCL20, and CCL21 act as chemoattractants for dendritic
cells (DC); (b) CX3CLI has been related to infiltration of DCs as
well as activated (cytotoxic) CD8+ T lymphocytes and NK cells.
These last two populations are also chemoattracted by (c) CXCL9
and CXCL10. DCs, T CD8+ lymphocytes, and NK cells are thought
to contribute to antitumoral immune response. (d) CCL2 and CCL5
are both chemoattractants for monocytes (Mon), which (e) within
tumor microenvironment acquire a TAM phenotype. (f) CCL22
expression correlates with T, infiltration, which together with
TAMs promotes tumor survival and progression.

the receptors CCRI, CCR3, and CCR5 [2, 11]. These
chemokines have similar expression patterns—they are
detected in cancer cells in primary tumors, tumor-infiltrated
lymph nodes, distant metastases, and cells that are adjacent
to the tumor (e.g., TAMs and fibroblasts) but are expressed at
low levels in healthy breast tissue [11, 12].

An increase in the CCL2 expression levels correlate with
the extent of TAM infiltration in primary tumors and in ani-
mal xenograft models, a causal relationship based on findings
where blocking CCL2 with neutralizing antibodies decreases
macrophage infiltration, tumor growth, and angiogenesis
(associated to some extent with the presence of TAMs) in a
mouse model of breast cancer [19, 20]. Although CCL5 is also
linked to macrophage infiltration in animal models of breast
cancer [21, 22], in human breast xenografts, CCL5 expres-
sion correlates negatively with macrophage recruitment [19],
implying the participation of other chemokines.

In addition to macrophages, the leukocyte infiltrate in
the tumoral niche includes T lymphocytes, dendritic cells
(DCs), NK cells, and other granulocytes, which also influence
the fate of cancer cells at the cellular level and by mod-
ifying the tumoral microenvironment with cytokines and
chemokines. The chemokines CCL19, CCL20, and CCL21
regulate the traffic of DCs (Figure 1), and their overexpression
in experimental tumor systems has antitumoral effects [12].
Although the function of DCs in cancer immunology is still
under investigation, the effects of the overexpression of these
chemokines correlate with increased DC infiltration.

T lymphocytes and NK cells are important populations
in tumor immunology—activated lymphocytes orchestrate
immune response against cancer cells, and NK cells are
central innate effectors that recognize and have cytotoxic

effects on stressed and transformed cells. In this context, CXC
chemokines CXCL9 (also known as Mig) and CXCL10 (IP-10)
control the migration of activated T cells and NK cells [23,
24], which can enhance the antitumoral response (Figure 1).
Moreover, these chemokines belong to the antiangiogenic
ELR(-) CXC subfamily (further discussed later) [25, 26]. In
addition, CXCLI2 (SDF-1) was recently shown to promote
CD8" cytotoxic T lymphocyte activity when overexpressed
in a syngeneic model of breast carcinoma [27].

CX3CLI (also known as Fractalkine) is the only known
member of the CX3C chemokine family and signals through
CX3CRI. This receptor is expressed on monocytes, NK cells,
and T lymphocytes, to mediate several functions, including
migration, adhesion, and proliferation [28]. As discussed, T
lymphocytes and NK cells are key populations in antitumoral
immunity—a response in which CX3CL1 is thus expected to
be involved. Park and colleagues [29] described a positive
correlation between CX3CLI expression in breast carcinoma
specimens and the number of stromal T CD8" lymphocytes,
intratumoral DCs, and stromal NK cells (Figure 1). Con-
sistent with these results and the antitumoral properties of
these subpopulations, elevated CX3CLI expression may be
associated with significantly better disease-free survival.

Conversely, T,., infiltration is associated with a poor
prognosis. It is now clear that T, induce an immun-
omodulatory state by producing IL-10 and TGF-pf, which
inhibit APC maturation and the expression of costimulatory
molecules as well as decreasing the cytotoxic potential of NK
cells and cytotoxic T lymphocytes. CCL22 is a chemokine
that signals through CCR4 and is a chemoattractant for
monocytes, dendritic cells, NK cells, and chronically acti-
vated T lymphocytes. Recently, CCL22 was linked to T,
infiltration (Figure 1) in gastric, esophageal, and ovarian
carcinomas [30-32]. Consistent with its significance in T,
infiltration, breast tumors that lack CCL22 are not infiltrated
by the T,, subpopulation [33]. Moreover, in human breast
carcinoma cell lines, CCL22 was secreted at low basal levels
and upregulated in response to inflammatory signals.

4. The Function of
Chemokines in Angiogenesis

Angiogenesis is a hallmark of cancer. The resulting tumor-
associated neovasculature that is generated addresses the
tumor’s growing demands for nutrients and oxygen [34] and
enables the tumor to grow and avoid excessive necrosis.

The CXC chemokine family comprises angiogenic and
antiangiogenic chemokines (Table 1). Angiogenic chemo-
kines, such as CXCLI, CXCL2, CXCL3, CXCL5, CXCL6, and
CXCLS8, are generally distinguished by an ELR motif. These
chemokines mediate their angiogenicity through CXCR2 and
interact alone or with other angiogenic factors (e.g., VEGF)
to effect angiogenesis (Figure 2) [26]. CXCL8 is considered
one of the most potent inducers of angiogenic processes [12]
such as rapid stress fiber assembly, chemotaxis, enhanced
proliferation of and tube formation by endothelial cells [26].
Noteworthy, Haim and coworkers [35] reported that estrogen
upregulates the transcription and secretion of CXCL8 in
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TaBLE 1: Angiogenic and antiangiogenic members of CXC
chemokine family.

TS T
Angiogenic ELR" chemokines Antiangiogenic non-ELR

chemokines

CXCL1 CXCL4
CXCL2 CXCL9
CXCL3 CXCLIO
CXCL5 CXCLI1
CXCL6 CXCL14
CXCL7

CXCLS8

breast tumor cells additively through estrogen receptor «
(ER«), adding a novel role of estrogen in promoting tumor
growth (Figure 2).

Although CXCLI2 is a non-ELR-CXC chemokine, it has
been implicated as an angiogenic chemokine based on evi-
dence of its involvement in blood vessel formation, inducing
endothelial cell migration and proliferation, stimulating tube
formation, and enhancing VEGF release (Figure 2) [12].

Angiostatic CXC chemokine family members include
CXCL4, CXCL9, CXCL10, CXCLI1]1, and CXCL14. CXCL4,
CXCL9, and CXCLI0 signal through CXCR3, which, on
ligand engagement, blocks microvascular endothelial cell
migration and proliferation (Figure 2) in response to various
angiogenic factors [26].

CCL2 and CCL5 have been also suggested to shift the
balance in the tumor microenvironment towards increased

vascularity. CCL2 acts directly on endothelial cells to promote
angiogenesis and correlates closely with positive endothelial
growth regulators, such as vascular endothelial growth factor
(VEGF), thymidine phosphorylase (TP), and CXCL8 [20]. In
an indirect manner, CCL2 increases the presence of TAMs,
which produce other angiogenic factors [11] (Figure 2).

In addition to the development of new blood vessels,
tumors also undergo a process denominated Lymphangi-
ogenesis—the growth of lymphatic vessels—which con-
tributes to lymphatic metastasis [36] and is thus a major
event in the development and spread of cancer. Peritumoral
lymphangiogenesis involves the secretion of VEGF-C and
VEGF-D, which act on the lymphatic endothelium and
are upregulated in the MCFI10 breast cancer cell line [37].
Further, CXCLI12 is a chemoattractant for lymphangiogenic
endothelial cells (LECs), inducing the migration and tubule
formation of LECs in vitro and lymphangiogenesis in vivo
and correlating with lymphatic vessel density in cancer tissues
[36].

5. The Function of Chemokines in Metastasis

Metastasis is the dissemination of cancer cells to distant
organs and tissues, such as the liver, lung, brain, and bone.
This process is the most devastating attribute of cancer
and significantly influences its morbidity and mortality [38].
Cancer metastasis is not a fortuitous or randomly driven
process but is governed by many factors that, for example,
allow cancer cells to move, detach from the ECM (which
is achieved by the expression of matrix metalloproteases
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and heparanase), intravasate, migrate to distant organs and
be able to fluorish in a different niche from the one in
which they developed. How other cellular populations in
the tumor microenvironment contribute to ECM remodeling
is beyond the scope of this section, but notably cancer-
associated fibroblasts (CAFs) have a significant function in
this process.

The CXCL12-CXCR4 axis is one of the most extensively
studied pairs in metastasis, primarily with regard to its
involvement in organ-directed metastasis. Its function in
metastasis begins with cancer cell mobility—the binding
of CXCLI2 to CXCR4 activates various intracellular signal
transduction pathways and effector molecules that regu-
late chemotaxis, migration, and adhesion. Low-CXCR4-
expressing MCF-7 cells fail to metastasize when injected
into mice, whereas CXCR4-high MDA-231 cells are efficient
in forming distant organ metastases [39]. Similarly, CCL21,
through its receptor CCR7, triggers actin polymerization,
pseudopodia formation, and the directional migration and
invasion of breast cancer cells, particularly to lymph nodes,
where CCL21 is highly expressed [40].

CXCR4 expression is higher in malignant breast tumor
compared with its normal counterpart [40]. It controls
chemotaxis toward its ligand, CXCLI12, which is highly
expressed in the lung, bone, liver, and lymph nodes, organs to
which breast cancer cells preferentially metastasizes [41, 42].
With regard to brain metastasis, it remains unknown how
cancer cells breach the brain-blood barrier (BBB) and invade
this tissue, but it is possible that CXCLI12-expressing CNS cells
are chemoattractants for metastatic breast cancer cells [43].

Triple-negative breast cancer (TNBC) is a very aggres-
sive subtype with few therapeutic alternatives and a poor
prognosis. CXCR4 expression was recently reported to be
more frequent in TNBC versus other subtypes, and CXCR4-
positive patients had a significantly higher rate of metastasis,
larger primary tumors, and shorter overall- and disease-free
survival [44].

Chemokines that are expressed by osteoblasts and bone
marrow endothelial cells have been implicated in driving
bone metastasis. During their differentiation into osteoblasts,
mesenchymal stem cells secrete CCL2, which is believed
to mediate the migration of cancer cells, a process that is
partially inhibited by anti-CCL2 [45]. CX3CLl1 is expressed in
a membrane-bound form and is exposed to the luminal side
of human bone marrow endothelial cells, whereas its receptor,
CX3CR, is expressed in normal and malignant mammary
glands [46]. Breast cancer cells that express high levels of
CX3CRI have a greater propensity toward bone metastasis;
consistent with these data, studies in CX3CL1-null transgenic
mice suggest that the absence of this chemokine impairs the
dissemination of cancer cells to bone [46].

Notably, Hernandez et al. [47] reported that the binding
of CXCLI2 to CXCR4 and CXCR?7 elicits disparate cellu-
lar responses. CXCR4 controls chemotactic and invasive
behavior (in vivo motility and intravasation) in response to
CXCL12, whereas CXCR7 enhances primary tumor growth
and angiogenesis but decreases in vivo invasion, intravasa-
tion, and metastasis formation.

As discussed, CCL2 mediates TAM infiltration and gen-
erates an amplification loop, upregulating CCL2 in TAMs,
which is associated with the expression of membrane type
l-matrix metalloprotease (MT1-MMP) [11]. Similarly, other
chemokines and receptors, such as CCL5, CCL20 (via CCR6),
CXCL12, and CXCR?7, induce or increase the expression of
MMPs (12, 14, 47]. CXCL7 has been reported to be linked to
greater heparanase activity in MCF-7 breast cancer cells [37].

Recently, Chen and colleagues [48] linked TAM-
produced CCLI8 with cancer cell invasiveness and identified
PITPNM3 (a membrane-associated phosphatidylinositol
transfer protein) as its receptor. In this report, CCLI8
colocalized with CD68 (a TAM marker) in most invasive
breast carcinoma samples. In in vitro experiments, the group
showed that the invasiveness of MDA-MB-231 cells and
primary breast cancer cells was enhanced equally by the
addition of recombinant CCLI8 and coculture with TAMs,
whereas the addition of anti-CCL18 and CCLI18-siRNAs
reduced the number of invasive cancer cells. Based on these
findings, it is concluded that TAMs are a source of CCLI8
and there may be a close relationship between CCL18 and
invasiveness.

6. Therapeutic Targeting of Chemokines in
Breast Cancer

Chemoresistance is a signiﬁcant obstacle in cancer treatment,
because cancer cell subpopulations that survive chemother-
apy can proliferate and reemerge as a more aggressive
variant, limiting subsequent therapeutic options. CCL25,
via CCRY, confers a survival advantage to breast cancer
cells by inhibiting cisplatin-induced apoptosis in a PI3K-
dependent manner, in addition to activating cell survival
signals through Akt [49]. Acharyya et al. reported a notable
feedback mechanism between chemotherapy treatment and
chemokine-induced chemoresistance [50], in which CXCL1
and CXCL2 attract CD11b*GRI" myeloid cells, which pro-
duce other chemokines, including SI00A8/9, that enhance
cancer cell survival. Although chemotherapeutic agents kill
cancer cells, they induce TNF-a production by endothelial
and stromal cells, which upregulates CXCL1 and CXCL2
in cancer cells, amplifying the CXCL1/2-S100A8/9 loop and
affecting chemoresistance.

Chemokines and chemokine receptors are appealing
targets for cancer treatment, based on the wide range of
processes that they influence. For instance, chemokine recep-
tors mediate critical steps in the development and spread
of cancer, for which antagonists have been designed to
inhibit signal transduction and impede the undesired effects
of chemokines. In CXCLI- and CXCL2-induced chemore-
sistance, CXCR2 blockers have been shown to break the
chemokine-chemoresistance cycle described above, aug-
menting the efficacy of chemotherapy [50].

As described, CCL5 mediates cancer cell invasiveness and
signals through CCR5. CCR5 antagonists slow the invasion of
basal breast carcinoma cells in vitro and decrease pulmonary
metastasis in a preclinical mouse model of breast cancer,



suggesting that CCR5 antagonists can be used as adjuvant
therapy in patients with this breast cancer subtype [51].

Concerning the chemoresistant CSC population, it is
known that chemotherapy induces the expression of CXCL8
in injured cells, which increases the activity and self-renewal
of the former. Thus, the blockade of CXCL8 receptors CXCR1
and CXCR2 arises as a promising side-therapy attempting to
avoid tumor recurrence [16, 52]. Furthermore, not only the
number of CSCs but also a reduction in general tumor cell
viability is achieved by the use of CXCRI inhibitors [52].

Because the CXCL12-CXCR4 axis has significant func-
tion in breast cancer metastasis, it has also been targeted
using CXCR4 antagonists. Williams and colleagues [27]
reported that a CXCL12 analog with antagonist activity
(CXCLI2(P2QG)) significantly inhibited metastasis in a syn-
geneic mouse model of breast carcinoma. Conversely, T140
analogs are peptidic CXCR4 antagonists, originally devel-
oped as anti-HIV agents that inhibit CXCL12-induced migra-
tion of MDA-MB-231 breast cancer cells in vitro and mitigate
pulmonary metastasis in vivo [53].

Chemokines that promote and enhance the activity and
interaction of immune cells have been exploited as a pro-
phylactic approach. CCL19 and CCL21 regulate the encounter
between DCs and T lymphocytes in lymph nodes, for which
they can be considered as important natural adjuvants for
immune response [54, 55]. These chemokines have been
used in DNA vaccines, amplifying their immunogenicity,
inducing a Thl-polarized immune response, and substantially
improving their protective effects in BALB/c mice [55].
Oncolytic viruses are also promising cancer treatments; this
virotherapy, in combination with a CXCR4 antagonist, has
increased efficacy over oncolysis alone in a triple-negative
breast carcinoma syngeneic mouse model; systemic delivery
of the armed virus after resection of the primary tumor
inhibits the development of metastasis and increases overall
tumor-free survival [56].

7. Concluding Remarks

Rapidly accumulating data in breast cancer immunology
from recent years suggest that many established and widely
accepted paradigms should be revised. In breast cancer,
whereas chemokines are primarily associated with the gener-
ation of a protumoral microenvironment and organ-directed
metastasis, they also appear to mediate disease progression,
favoring the growth and proliferation of tumor cells.

Recent studies suggest that inhibiting local chemokines
signaling in the tumor by blocking particular receptors
or using analogs with antagonist activity could be a new
rationale promising strategy for controlling tumor develop-
ment and progression. Thus, the development of drugs that
specifically target the chemokine axis will be invaluable in the
treatment of breast cancer, in which inflammation has a major
role.
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REVIEWS

The Role of Cytokines in Breast Cancer
Development and Progression

Marcela Esquivel-Velazquez, Pedro Ostoa-Saloma, Margarita Isabel Palacios-Arreola;
Karen E. Nava-Castro? Julieta Ivonne Castro,? and Jorge Morales-Montor'

Cytokines are highly inducible, secretory proteins that mediate intercellular communication in the immune
system. They are grouped into several protein families that are referred to as tumor necrosis factors, inter-
leukins, interferons, and colony-stimulating factors. In recent years, it has become clear that some of these
proteins as well as their receptors are produced in the organisms under physiological and pathological con-
ditions. The exact initiation process of breast cancer is unknown, although several hypotheses have emerged.
Inflammation has been proposed as an important player in tumor initiation, promotion, angiogenesis, and
metastasis, all phenomena in which cytokines are prominent players. The data here suggest that cytokines play
an important role in the regulation of both induction and protection in breast cancer. This knowledge could be
fundamental for the proposal of new therapeutic approaches to particularly breast cancer and other cancer-

related disorders.

Introduction

HE PROCESS BY WHICH breast cancer is initiated is un-

known, for which several hypotheses have emerged.
Inflammation has been proposed to mediate the initiation and
promotion of tumors, angiogenesis, and metastasis (Gri-
vennikov and others 2010). Inflammatory cells are attracted
by oncogenic changes, hypoxia, cytokines, and chemokines,
among other factors. Inflammation in a tumor microenvi-
ronment comprises infiltrating immune cells and activated
fibroblasts that secrete cytokines, chemokines, and growth
factors to which the tumor responds (Coussens and Werb
2002; Grivennikov and others 2010).

Obesity can result in an inflammatory environment that can
contribute to tumorigenesis. Menopause and increased age are
also associated with systemic inflammation (Bruunsgaard and
others 2001; Pfeilschifter and others 2002). In turn, cancer
therapy can effect an inflammatory tumor microenvironment
by provoking extensive tumor cell death (Baumgarten and
Frasor 2012).

Several cytokines regulate the inflammatory tumor mi-
croenvironment. Interleukin (IL)-1, IL-6, IL-11, and trans-
forming growth factor-f (TGF-B) stimulate cancer cell
proliferation and invasion (Nicolini and others 2006), and
cytokine receptor activation and intracellular signaling by
NF-kB accelerate tumor progression (Karin and Greten
2005; Hsing and others 2012).

Transforming growth factor-f

TGF-B is the most extensively studied cytokine in breast
cancer. TGF-f belongs to the TGF- superfamily and is a
major regulator of many processes, including proliferation,
differentiation, migration, immunity, and apoptosis. TGF-f
has dual functions in tumor progression. As a tumor sup-
pressor, it has antiproliferative effects in the early stages of
tumorigenesis, but tumor cells in later stages evade this effect
and progress in response to TGF-B (Fig. 1) (Joshi and Cao
2010; Band and Laiho 2011; Inman 2011; Meulmeester and
Ten Dijke 2011; Zu and others 2012). TGF-$3, TBRII (the
receptor required for TGF-P signaling), and phospho-Smad2
expression are associated with earlier age of onset and ag-
gressive tumor characteristics (Figueroa and others 2010).

In the early stages of cancer, TGF-B causes cell-cycle
arrest, particularly in epithelial, endothelial, and hemato-
poietic cells (Massagué 2008; Heldin and others 2009; Tian
and Schiemann 2010; Allington and Schiemann 2011), in-
hibiting cyclin-dependent kinases by downregulating c-Myc
and ID1 and upregulating CDK inhibitors, including pl15
and p21 (Donovan and Slingerland 2000; Feng and others
2002; Perk and others 2005; Glasgow and Mishra 2008;
Massagué 2008; Juarez and Guise 2010). TGF-B also restricts
estrogen receptor (ER)o-mediated proliferation (Ewan and
others 2005; Band and Laiho 2011). Many triple-negative
human breast cancer cell lines, including MDA-MB-231,
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FIG. 1. Role of cytokines in the different stages of breast cancer. This figure resumes the role that different cytokines have
on establishment, progression, and metastasis of breast cancer. (A) Normal cells can adopt a neoplastic phenotype by the
action of IL-6, IL-1, TNF-a, and proinflammatory cytokines, which cause NF-kB activation and an increase in cycline D1 in
the normal breast cell, resulting in a neoplastic phenotype. (B) The proliferation of these cells, at early stages of cancer, is
suppressed by TGF-B. However, at later stages, TGF-B promotes proliferation of these cells, tumor progression, and
invasiveness. (C) Stromal fibroblasts and CAFs are an important source of TGF-f. TGF-f and IL-6 can lead to the initiation
of the EMT process, which finally ends in cells that can survive not bonded to other cells and, thus, can migrate to other

parts of the body and result in the spreading of the cancer.

BT20, Hs578T, HCC1937, and HCC3153, are resistant to
the growth-inhibitory activity of TGF- (Lin and others
2012). In many cases, the antiproliferative effects of TGF-[3
are attributed to altered TGF-B signaling due to somatic
mutations in components of TGF-f signaling or selective
inhibition of cytostatic responses to TGF-$. Mutations in
TPR-I are infrequently detected in breast cancers (Imamura
and others 2012).

The tumor-promoting effects of TGF-§ are complex and
entail the expression and translocation of the nuclear factor
of activated T cells into the nucleus, stimulating c-Myc
expression (Singh and others 2010). TGF-B activates
Smad3/4, which, in turn, specifically binds to the HDM?2
promoter and upregulates HDM?2, destabilizing p53 in hu-
man breast cancer (Zu and others 2012).

TGF-B is a mediator of the epithelial-to-mesenchymal
transition (EMT), which is categorized into 4 subtypes: type 1,
or embryonic and developmental EMT; type 2, or tissue-
regeneration and fibrotic EMT; and type 3, or cancer pro-
gression and metastatic EMT (Kalluri and Weinberg 2009).
Type 3 EMT has been linked to the progression and dissem-
ination of breast cancer. TGF-P generates polarized epithelial
cells that alter their epithelial phenotype by downregulating
genes which form adherent and tight junctions, remodel the
cytoskeleton, and upregulate genes that are associated with cell
motility and a mesenchymal phenotype (Heldin and others
2009; Wendt and others 2009; Xu and others 2009; Allington
and Schiemann 2011; Zu and others 2012), promoting tumor
growth and metastasis (Vincent and others 2009; Voulgari and
Pintzas 2009; Wendt and others 2009; Xie and others 2012).

The mechanisms through which TGF-f promotes the
EMT are complex. For example, in Wnt signaling, the
transcriptional repressor SNAIL1 affects the EMT through
its interaction with Smad3 and Smad4, which downregulates
CAR, occludin, claudin-3, and E-cadherin in breast epithe-
lial cells (Vincent and others 2009). TGF-f also upregulates
TF3, a transcription factor that regulates morphology, EMT
marker expression, and cancer-initiating features in breast
cells (Yin and others 2010). TGF-B communicates with
Whnt, Her2, and FAK, which influence the EMT and breast
cancer stem cells (BCSCs), and it promotes the formation of
cancer stem cells (Taube and others 2010; Jain and Alahari
2011; Zu and others 2012).

Interleukin-6

Breast cancer cell lines produce IL-6, of which ER-positive
cells secrete lower levels than ER-negative cells. IL-6 induces
proliferation and a more aggressive phenotype in ER-positive
cells (Sasser and others 2007). Fibroblasts from breast tissue
also secrete IL-6, which stimulates the growth and inva-
siveness of MCEF-7 cells (Studebaker and others 2008;
Baumgarten and Frasor 2012). Further, IL-6 regulates the
inducible formation and maintenance of BCSCs (Iliopoulos
and others 2011). Through the IL-6 receptor/GP130 complex
and STAT3 activation, IL-6 governs the self-renewal of
BCSCs (Iliopoulos and others 2009, 2010; Korkaya and
others 2011). Overexpression of IL-6 in MCF-7 cells induces
the EMT and increases their invasiveness (Sullivan and
others 2009).



CYTOKINES AND BREAST CANCER

IL-6 bridges Stat3 and NF-xB-dependent inflammatory
cytokines (eg, IL-1, TNF-a). The initial activation of NF-kB
by inflammatory signals activates a self-reinforcing regula-
tory circuit that comprises IL-6 and Stat3 and converts a
stable normal cellular phenotype into a stable neoplastic
phenotype without any change in DNA sequence (Iliopoulos
and others 2009), linking tumorigenesis to NF-xB activation
and inflammation (Ernst and Putoczki 2012).

Tumor necrosis factor-o

Tumor necrosis factor (TNF)-a, an inflammatory cytokine
that is highly expressed in breast carcinomas (Leek and
others 1998), stimulates the proliferation of T47D cells
through an NF-xB-dependent increase in cyclin D1
(Baumgarten and Frasor 2012). Inhibition of NF-«xB and
TNF-a is protective against chemically induced breast tu-
morigenesis (Connelly and others 2011). Further, in vitro
activation of the TNF-o/NF-xB axis induces invasive and
malignant behavior in breast cancer cells (Balkwill 2009).
Chronic expression of TNF-a in breast tumors supports tu-
mor growth (Kamel and others 2012), but the effects of
TNF-a in vitro differ between breast cancer cell lines. In
contrast to its effects in T47D cells, TNF-o induces apo-
ptosis (Donato and Klostergaard 2004); inhibits prolifera-
tion; and promotes migration, invasion, and resistance to
chemotherapeutic drugs in MCF-7 cells (Goldberg and
Schwertfeger 2010), regulating genes and enzymes that
mediate estrogen metabolism, leading to higher levels of
DNA adducts (Kamel and others 2012). Thus, TNF-a is a
necrotic and tumor-promoting factor—in the tumor micro-
environment, TNF-o enhances tumor growth and migration,
whereas local administration of high doses of TNF-a has
robust antiangiogenic and antitumoral effects (Hamed and
others 2012).

Interleukin-17

IL-17, a cytokine that is secreted by CD4 and CD8 cells
(6-8), is required for the development and tumor-promoting
activity of myeloid-derived suppressor cells (MDSCs) in
tumor-bearing mice (He and others 2010). TGF-, IL-6, and
IL-23 have been implicated in the initiation of Th17 cell
differentiation in mice (Veldhoen and others 2006; Zhou
and others 2007; Novitskiy and others 2011).

IL-19, IL-20, TGF-o, and IL-23

1L-19, IL-20, TGF-a, and IL-23 are also involved in
breast tumorigenesis and tumor progression. IL-19 provides
a microenvironment that is conducive to tumor progression
through an autocrine effect, stimulating the proliferation and
migration of cancer cells through matrix metalloproteinase
(MMP)-2, MMP-9, IL-1B, IL-6, TGF-, CXCR4, and fi-
bronectin (Hsing and others 2012). Studies in vitro have
demonstrated that IL-19 induces the proliferation of the
MCF-7 and Hs578T human breast carcinoma cell lines and
of the 67NR and 4T1 murine breast cancer lines (Hsing and
others 2012). IL-20 enhances the proliferation and migration
of cancer cells and creates a microenvironment that fosters
tumor progression by upregulating MMPs and cathepsins
(Hsu and others 2012). In turn, IL-23 affects inflammation
and angiogenesis in the tumor microenvironment while
tempering CD8" T-cell infiltration (Langowski and others

2006). TGF-oo promotes tumor growth and progression
through an autocrine/paracrine loop that involves EGFR
(Ziober and others 1993; Humphreys and Hennighausen
2000; Booth and Smith 2007).

Adipokines and Breast Cancer

Obesity is a significant risk factor for breast cancer de-
velopment. Obesity is associated with elevated levels of
proinflammatory cytokines in adipose tissue and in circu-
lation, which establishes a low-grade, chronic inflammatory
state. One hallmark of obesity-associated inflammation is
the recruitment of macrophages into adipose tissue. Mac-
rophages and adipocytes produce inflammatory factors, such
as adipokines and cytokines (Ouchi and others 2011),
leading to the activation of NF-kB in adipose tissue and the
liver (Cai 2009; Baumgarten and Frasor 2012).

Adipokines (cytokines that are secreted by adipose tis-
sue), such as leptin, adiponectin, IL-6, TNF-o, and IL-1,
mediate inflammatory diseases and obesity (Tilg and Mo-
schen 2006). Glucose and fatty acids enhance the ability of
adipocytes to produce factors, including IL-8, RANTES,
and IGF-1, that influence cancer cell phenotypes. Stromal
vascular fraction cells and differentiated adipocytes from
obese individuals release more IGF-1 than those from lean
individuals, suggesting that obesity favors breast cancer cell
growth (D’Esposito and others 2012). Leptin synthesis and
plasma levels increase with obesity (Wu and others 2009;
Barone and others 2012).

In breast biopsies, IL-1 is 1 of the 5 cytokines (with IL-2,
IL-4, IL-10, and G-CSF) that are overexpressed in ductal
breast carcinoma but undetected in normal breast tissue
(Pantschenko and others 2003; Chavey and others 2007).
The production of IL-1, even in small amounts, induces
potent secondary responses, in part through its ability to
elicit the secretion of other cytokines, chemokines, adhesion
molecules, and receptors for cytokines from various cells
(Dinarello 1996). IL-1 has been linked to the proliferation,
invasion, angiogenesis, and inhibition of apoptosis in cancer
cells (Apte and others 2006; Lewis and others 2006). IL-1
and IL-8 induce breast cancer progression by enhancing
metastasis and cachexia (Wolf and others 2001; Veldhoen
and others 2006). IL-1 family members also modulate the
activity of estrogens and their receptors—IL-1 expression is
primarily observed in ER-negative breast tumors (Miller
and others 2000).

IL-1-induced proliferation is mediated by the estrogen-
synthesizing enzymes P450 aromatase and steroid sulfatase,
which generate bioactive estrogens. IL-1 enhances aromatase
activity in SK-BR3 cells and steroid sulfatase activity in
MCEF-7 cells by 120% and 130%, respectively (Honma and
others 2002). IL-1 receptors are expressed in estrogen-de-
pendent (MCF-7, ZR75-1) and estrogen-independent cell lines
(MDA-MB 231) (Pantschenko and others 2003). In contrast,
IL-1a, IL-1P, and IL-1ra are preferentially expressed in highly
malignant and invasive mammary cell lines (BT 20, BT 549,
HS 578T, and MDA-MB 231) and not in the MCF-7, T47-D,
ZR75-1, or SKBR-3 lines (Singer and others 2003). TNF and
IL-6 upregulate aromatase in the tumor microenvironment,
which might stimulate the growth of ER-positive cancers
(Cleary and Grossmann 2009). TNF and IL-6 expression
correlates with aromatase levels in breast cancer but not in the
adjacent normal breast tissue (Irahara and others 2006).



Leptin, a proinflammatory cytokine (Otero and others
2006), is secreted primarily by adipocytes, although breast
cancer cell lines produce leptin in a process that is regulated
by IL-1 (Faggioni and others 1998; O’brien and others 1999;
Iguchi and others 2001). Leptin and its receptor, ObR, are
expressed in normal breast epithelial cell lines and breast
cancer cell lines (O’brien and others 1999; Hu and others
2002; Laud and others 2002). Leptin is expressed in ductal
breast carcinoma but not in healthy breast tissues, and its
expression correlates with the stage of invasion (Caldefie-
Chézet and others 2005; Jardé and others 2008). Further,
ODbR is present in human breast carcinoma but not in normal
breast tissue (Perrier and others 2009). Leptin upregulates
aromatase in MCF-7 cells through a greater binding of AP-1
to promoters (Catalano and others 2003). In breast cancer,
increased AP-1 levels correlate with high expression of
several cytokines, including IL-1f (Chavey and others 2007).

ObR expression is associated with ER and tumor size
(Jardé and others 2008), implicating an interaction between
the leptin and estrogen systems to promote breast carcino-
genesis. Several immune cells express ObRs, which might
render them responsive to leptin (Martin-Romero and others
2000; Caldefie-Chezet and others 2001; Fujita and others
2002; Caldefie-Chezet and others 2003; Zhao and others 2003).
In rats, elevated IL-1B concentrations in peripheral blood
increase leptin levels and total body fat mass and stimulate
the growth of mammary epithelium (Reichlin and others
2000).

Cancer cells organize their microenvironment, recruiting
stromal fibroblasts in the desmoplasmic reaction; these fi-
broblasts and a-smooth muscle actin-positive myofibroblasts
(MFs)—collectively termed carcinoma-associated fibro-
blasts (CAFs)—are reprogrammed to produce growth fac-
tors, cytokines, and extracellular matrix (ECM)-remodeling
proteins that act in an autocrine and paracrine manner to
support tumor proliferation and invasion into surrounding
tissues (Orimo and Weinberg 2006; Casey and others 2008;
Kojima and others 2010; Barone and others 2012; Zu and
others 2012) (Fig. 1).

During tumor progression, TGF-f stimulates the pro-
gressive conversion of mammary fibroblasts into CAF MFs,
promoting tumor progression (Casey and others 2008; Ko-
jima and others 2010; Shangguan and others 2012; Zu and
others 2012). Mesenchymal stem cells (MSCs) are a source
of CAFs that are phenotypically similar to MFs (Ostman and
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Augsten 2009). When injected with cancer cells, MSCs
promote the growth and metastasis of cancers (Karnoub and
others 2007; Shangguan and others 2012). MSCs are re-
cruited to developing tumors, where they increase breast
cancer cell motility, invasion, and metastatic potential by
secreting chemokine (C-C motif) ligand 5 (CCLS, also
known as RANTES) (Karnoub and others 2007).

In breast tumor development, leptin is a determinant of
the tumor-promoting activity of CAFs in normal and
K303R-mutated ERa-expressing breast cancer cells, dem-
onstrating that cross-talk exists between breast cancer cells
and ‘“‘educated” CAFs which drives tumor progression
through leptin signaling (Barone and others 2012). Leptin,
secreted from CAFs, binds to its receptor; activates K303R-
ERo; and stimulates the proliferation, migration, and inva-
siveness of K303R-ERa—expressing breast cancer cells. In
turn, K303R cells release factors, such as EGF, that induce
CAFs to enhance leptin secretion, which might establish a
positive feedback loop between cancer and stromal cells to
further support breast tumor progression (Barone and others
2012). In addition to CAFs, adipose stromal cells effect
invasion and metastasis by MCF-7 cells—a phenotype that
is driven by IL-6 (Walter and others 2009; Baumgarten and
Frasor 2012).

Adiponectin, another adipokine, might also be involved in
breast cancer development. Adiponectin has antiproliferative
effects on human breast cancer cells through the initiation of
apoptosis and inhibition of the cell cycle (Kang and others
2005; Dieudonne and others 2006; Perrier and others 2009)
(Fig. 2).

Observational evidence suggests that the risk for breast
cancer decreases with intentional weight loss. Cancer inci-
dence rates have declined in patients who have undergone
bariatric surgery, whereas surgery is associated with an 83%
lower risk of incident breast cancer. The ratios of percentage
weight loss to percentage change in estradiol and SHBG
suggest that a 10% loss in body weight affects a reduction in
free estradiol levels by at least one-third. Further, a 10% loss
in weight is expected to produce decreases in inflammatory
markers by one-third. TNF-o and IL-6 levels also decrease
with intentional weight loss, albeit to a lesser extent (Byers
and Sedjo 2011). Thus, intentional weight loss might be an
effective prophylactic method of reducing the risk of breast
cancer or a secondary treatment that improves the prognosis
of breast cancer patients.
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FIG. 2. Role of adipokynes and other cytokines in the progression of breast cancer. Obesity is associated with elevated
levels of proinflammatory cytokines in adipose tissue and in circulation, which establishes a low-grade, chronic inflam-
matory state. Fat cells and macrophages (MO) associated with them produce adipokines and cytokines to which breast
cancer cells respond by increasing the expression of P450 aromatase and steroid sulfatase, which, in turn, generate bioactive
estrogens; and by producing several cytokines that act in an autocrine fashion. These responses lead to cancer progression
and metastasis.
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Cytokines and Angiogenesis

Many cytokines participate in angiogenesis, which is es-
sential for tumor growth and progression. TGF-3 enhances
tumor vascularity by regulating the expression of cathepsin
G, vascular endothelial growth factor (VEGF), and mono-
cyte chemotactic protein (MCP)-1 and promotes immune
evasion and ECM degradation (Wilson and others 2010; Zu
and others 2012). Breast cancer tumor cells overexpress bcl-
2 and sFas to ensure their outgrowth and survival, but this
coincides with the activation of regulatory mechanisms,
such as increased IL-8, TNF-o, LPO, and NO, which at-
tempt to halt tumor cell growth by inducing apoptosis. Ul-
timately, an imbalance in these mechanisms results in tumor
progression, because IL-8, TNF-o, and NO are also angio-
genic stimulators (Hamed and others 2012; Kamel and
others 2012).

Breast cancer tissues express high concentrations of IL-8
compared with normal tissue (Snoussi and others 2006),
which correlates with angiogenesis (Zuccari and others
2012). IL-8 that is secreted by tumor cells enhances endo-
thelial cell proliferation, survival, and MMP production
(Hamed and others 2012). In contrast, IL-24, a member of
the IL-10 family, suppresses tumor vascularization (Xie and
others 2008; Hsu and others 2012).

Chronic inflammation can also lead to angiogenesis, be-
cause tumor-infiltrating lymphocytes secrete copious amounts
of proinflammatory cytokines, such as IL-6, IL-1a, IL-1p,
tumor necrosis factor-o, and oncostatin M, which are believed
to upregulate COX-2, which, in turn, increases VEGF ex-
pression in tumor cells, promoting angiogenesis (Angelo and
Kurzrock 2007). Inflammatory events can also lead to breast
cancer metastasis. Further, hypoxic tumor conditions induce
COX-2 expression, which activates hypoxia-inducible factor-
1o (HIF-1a), a transcription factor that activates angiogenesis-
promoting genes, such as vegf and cox-2 (Jung and others
2003; Angelo and Kurzrock 2007) (Fig. 3).

Inflammatory breast cancer exhibits a higher expression of
proangiogenic molecules, such as angiopoietin-1, VEGF, and
VEGF receptors than noninflammatory breast cancer (Van
der Auwera and others 2004; Angelo and Kurzrock 2007).

Cytokines and Breast Cancer Metastasis

Metastasis of breast cancer, such as tumorigenesis and
tumor progression, has many mechanisms. Some cytokines in
breast cancer, such as TGF-p and IL-6, can promote tumor
metastasis through the EMT (Fig. 1), a process that is char-
acterized by reduced expression of E-cadherin and upregu-
lation of markers, such as vimentin and N-cadherin (Culig
2011). CAFs mediate the EMT, producing high amounts of
TGF-B (Yilmaz and Christofori 2009; Patel and others 2012).

TAMs are also linked to metastasis, secreting tumor cell
migration-stimulating factors, such as CXCL12, IL-6, and
TNF (Allavena and others 2008). Macrophage recruitment
might be necessary for the progression of breast tumors to a
metastatic state, as suggested by studies on a polyoma middle
T oncogene (PyMT) mouse model of mammary cancer
(Baumgarten and Frasor 2012). Moreover, TAMs might
contribute to tumor progression, because TAMs produce es-
trogen and as conditioned media from TAM cultures stimu-
late ER-positive breast cancer cells growth (Fig. 2) (Mor and
others 1998; Baumgarten and Frasor 2012).
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FIG. 3. Cytokines involved in angiogenesis. The inflam-
matory infiltrate that is usually found in breast tumors pro-
duce IL-6, IL-la, and IL-1B, which upregulate COX-2,
which, in turn, increases VEGF expression in tumor cells
promoting angiogenesis. IL-8, TNF-o, TGF-B, and NO,
produced by tumor cells, are angiogenic stimulators. TGF-f3
regulates the expression of cathepsin-G, VEGF, and MCP-1,
promoting extracellular matrix degradation and angiogene-
sis. IL-24 suppresses tumor vascularization.

Colony-stimulating factor 1 (CSF-1) might mediate the
recruitment of macrophages to breast tumors (Lin and others
2001). The proto-oncogene c-fins encodes the only known
receptor (CSF-1R) for CSF-1 (Sherr and others 1985; Dai
and others 2002). The expression of CSF-1 and its receptor
in neoplastic epithelial breast cancer cells correlates well
with a poor prognosis and is predictive of ipsilateral recur-
rence (Scholl and others 1994; Maher and others 1998;
Kluger and others 2004). CSF-1 promotes metastasis,
stimulates angiogenesis, and participates in a paracrine loop
with EGF to spur tumor cell invasion in mouse models (Lin
and others 2001; Aharinejad and others 2002; Aharinejad
and others 2004; Wyckoff and others 2004).

Breast cancer cell lines consistently express CSF-1 and
CSF-1R, which sustains the proliferation in SKBR3 and
MDAMB468 breast cancer cells through ERK1/2 activation,
stimulating c-Jun and upregulating c-myc and cyclin DI.
CSF-1R is not overexpressed or amplified in breast cancer
cells compared with human monocytes, suggesting that the
oncogenic potential of CSF-1R is attributed to its coex-
pression with CSF-1 (Morandi and others 2011).

TNF promotes tumor cell invasion, as evidenced in in vitro
experiments, upregulating several genes that are associated
with proliferation, invasion, and metastasis (Yin and others
2009; Baumgarten and Frasor 2012). IL-1 also effects the
migration and metastasis of ER-positive cancer cells (Wang
and others 2005; Franco-Barraza and others 2010), altering
their morphology to assume more of a fibroblast-like ap-
pearance and reorganizing the actin cytoskeleton, increasing
motility and MMP-9 activity (Duffy and others 2000;



Baumgarten and Frasor 2012). Greater IL-8 expression in
breast cancer patients correlates with metastasis (Simeone
and others 2007).

IL-19 induces the migration of breast cancer cells, such as
Hs578T and 4T1, by upregulating CXCR4, MMP-2, MMP-
9, TGF-B, IL-1B, and IL-6—factors that are involved in
tumor progression and metastasis. Overexpression of 1L-19
in 67NR cells, which usually have low endogenous IL-19
levels, and MCF-7 cells stimulates their proliferation and
migration, enabling them to form larger tumors and meta-
stastic micronodules in the lung on injection into mice
(Hsing and others 2012). IL-20 in vitro upregulates MMP-9,
MMP-12, cathepsin K, and cathepsin G and enhances the
proliferation and migration of breast cancer cells. IL-20 is
highly expressed in breast cancer bone metastases (Hsu and
others 2012).

MSC-derived monocyte chemotactic protein-1 (MCP-1/
CCL2) and IL-17B promote breast cancer cell migration
(Molloy and others 2009; Goldstein and others 2010; De
Luca and others 2012). MSCs are a source of factors, such
as VEGF and IL-6, that, in addition to promoting angio-
genesis, induce breast cancer cell migration and invasion,
(Beckermann and others 2008; De Luca and others 2011; De
Luca and others 2012). VEGF stimulates the invasion of
breast cancer cells by activating MAPK and PI3K/AKT
signaling (Price and others 2001).

Hypoxia, characterized by abnormally low levels of ox-
ygen in cells, is a feature of most solid tumors, including
breast cancer. This condition orchestrates a series of effects
principally regulated by the family of HIFs. HIFs, when
translocated to the nucleus in response to low oxygen, in-
duce the expression of a series of factors in cells related to
proliferation and survival, metabolism, invasion and me-
tastasis, angiogenesis, pH regulation, and maintenance of
stem cells. Between these factors, several cytokines can be
found: for example, TGF-o, Igf-2, and Igf-Bp2 (Favaro and
others, 2011). In the case of breast cancer, hypoxic condi-
tions induce cytokine and growth factor secretion from
MSCs, such as TGF-1, TGF-f2, and TGF-f3, which af-
fects the growth, motility, and invasiveness of breast cancer
cells (Hung and others 2012a, 2012b). Evenmore, TGF-3
and hypoxia (through HIF-1o) in parallel drive tumor bone
metastases in breast cancer by the regulation of a common
set of genes (CTGF, OPN, MMP-1, IL-6, and IL-8, among
others) and additively increment the expression of prome-
tastasic factors VEGF and CXCR4 (Dunn and others, 2009).
TGF-B induces the invasiveness of noncarcinogenic epi-
thelial MCF-10A1 (M1) cells and RAS-transformed M]1-
derived MCF-10AneoT (M2) cells in spheroid assays
(Naber and others 2011). Further, levels of TGF-f1 and
TGF receptor and cell invasiveness correlate inversely with
junctional adhesion molecule-A (JAM-A) expression in
breast cancer cell lines (Arteaga and others 1988; Koli and
Arteaga 1997; Naik and others 2008). Downregulation of
JAM-A due to TGF-B1 involves the TGF-B/Smad and TGF-
B/p54 JNK pathways, inducing breast cancer cell invasion
(Wang and Lui 2012).

TGF-B1 mediates an EMT-like process, which, in turn,
can induce cancer stem cell-like properties in HMLE cells.
HMLER cells, which are human primary normal mammary
epithelial cells that have been immortalized using hTERT
and SV40 large T antigen and H-Ras to render them tu-
morigenic (Elenbaas and others 2001; Mani and others
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2008), potentially lead to early dissemination of breast
cancer cells, which can sometimes survive at sites of dis-
semination and may outgrow after a long latency of years
(Podsypanina and others 2008; Sabe 2011).

Inflammatory breast cancer has greater metastatic poten-
tial than noninflammatory breast cancer (Van der Auwera
and others 2004; Angelo and Kurzrock 2007).

Cytokines, Immunosuppression,
and Evasion in Breast Cancer

Breast cancer cells have mechanisms that enable them to
grow and progress. As discussed, cytokines are important
mediators of tumor growth and metastasis, some of which
also help the tumor evade immune responses and benefit
from them. For instance, TGF-f binds to MDSCs, causing
them to suppress natural killer (NK) cells. TGF-f also in-
fluences regulatory T-cell activity (Yoshimura and others
2010) through a neuropilin-1 (Nrpl)-mediated mechanism
and supports breast cancer growth (Glinka and Prud’homme
2008; Zu and others 2012).

IL-10 has not only been implicated in the immunosup-
pression in breast cancer, but it is also involved in the anti-
tumor response. IL-10 is a potent anti-inflammatory cytokine
that inhibits gene expression, cytokine synthesis by T cells
and macrophages, and their antigen presentation. IL-10 sup-
presses the production of IL-1a, IL-1B, TNF-o, IL-6, IL-8, IL-
12, IL-18, granulocyte—-macrophage colony-stimulating factor
(GM-CSF), MIP-1a, RANTES, leukemia-inhibiting factor,
and itself (Moore and others 1993; Hamidullah and others
2011).

TAMs are a significant source of IL-10 in the tumor
microenvironment. TAMs have an immunosuppressive
phenotype, characterized by the release of IL-10, likely in
response to S1P from dying cancer cells through a complex
signaling network that requires S1PR/src-dependent traf-
ficking of TRKA to the plasma membrane in primary human
macrophages, on which autocrine NGF induces PI3K/AKT
signaling (Weigert and others 2007).

Tumor-associated plasmocytoid dendritic cells (TApDCs)
affect immune tolerance through tumor-associated regula-
tory T-cell expansion and differentiation of IL-10-secreting
T cells. The selective suppression of IFN-a production gives
TApDC the unique ability to sustain FoxP3* Treg expan-
sion, contributing to immune tolerance by the tumor and
poor clinical outcomes (Sisirak and others 2012).

Moreover, tumor cell lines which are cultured in vitro
express IL-10, suggesting that IL-10 establishes an immune-
suppressive tumor microenvironment. However, over-
expression of IL-10 in tumor cells that have been transplanted
in mice causes tumors to be rejected, implicating CD8* T
cells, NK cells, or IL-10 (Zheng and others 1996; Moore and
others 2001; Mumm and others 2011).

Cytokines as Prognostic Factors
in Breast Cancer

In addition to their effects on tumor progression, the
levels of several cytokines have been correlated with tumor
stage, survival, and malignancy, rendering them potential
prognostic factors.

High levels of TGF-f have been linked to worse survival
in breast cancer patients, and plasma TGF-f levels might be
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predictive of local and distant metastasis (Grau and others
2008; Bierie and others 2009; Ivanovi¢ and others 2009; Yu
and others 2010; Zu and others 2012). Loss of Wnt5a, which
is directly regulated by TGF-p, is associated with early re-
lapse of invasive breast cancer, increased metastasis, and
poor survival in breast cancer patients (Serra and others
2011). Higher circulating levels of TGF-B2 correlate with
nonpremenopausal status, infiltrating ductal carcinoma,
higher histological grade, presence of vascular permeation
and lymphocytic infiltration, and longer relapse-free sur-
vival, making them likely to be used as a marker of favor-
able prognosis (Dave and others 2011).

Reduced and increased expression of TGF-B3 in breast
tumor biopsies is associated with a poor and a good prog-
nosis, respectively (van de Vijver and others 2002). Simi-
larly, lower TGF-$3 mRNA levels correlate with higher
tumor grade (van de Vijver and others 2002; Miller and
others 2005; Ivshina and others 2006; Sotiriou and others
2006; Desmedt and others 2007). Conversely, higher cir-
culating levels of TGF-B3 and TGF-f3-receptor complexes
are linked to the presence of lymph node metastases (Lav-
erty and others 2009). Further, TGF-3 is central to the
parity-induced protection against breast cancer, which oc-
curs in women who give birth before the age of 24 years.
Parity induces chronic upregulation of TGF-3 (D’Cruz and
others 2002; Laverty and others 2009).

IL-1 family members have prognostic value in breast
cancer. IL-1 is expressed particularly in ER-negative breast
tumors. Levels of IL-1 in the serum and tumor correlate with
invasiveness and a poor prognosis (Goldberg and Schwert-
feger 2010). Elevated levels of IL-1P are associated with
invasiveness and aggressiveness of breast cancer and higher
tumor grade (Jin and others 1997; Chavey and others 2007).
High IL-1 receptor antagonist (IL-1ra) levels and low levels
of IL-1 at the tumor site are linked to a good prognosis in
breast cancer—in the healthy population, individuals with
low serum IL-1ra concentrations have higher levels of adi-
ponectin (Rafiq and others 2007); these correlate with in-
creased expression of ERs (Pantschenko and others 2003).
Low serum levels of adiponectin are a risk factor for the
development of breast cancer in postmenopausal women
(Miyoshi and others 2003; Hou and others 2007; Perrier and
others 2009).

Moreover, serum IL-6 levels are significantly higher in
breast cancer patients than in healthy women, and increased
IL-6 levels correlate with poorer survival and diminished
response to endocrine therapy in patients with metastatic
breast cancer (Zhang and Adachi 1999; Kniipfer and Preiss
2007; Culig 2011; Baumgarten and Frasor 2012; Liu and
others 2012a). Plasma from benign breast tumor patients
have significantly elevated levels of IL-6 compared with
normal controls (Narita and others 2011). Patients with high
IL-6 concentrations have worse responses to chemotherapy
and hormone therapy (Zhang and Adachi 1999). IL-6 levels
are lower in breast cancer patients who respond better to
therapy (Zhang and Adachi 1999; Guo and others 2012).
Nevertheless, IL-6 levels have been reported as positive and
negative predictors in breast cancer (Kniipfer and Preiss
2007).

IL-19 expression in breast cancer tissue is associated with
a higher mitotic rate, advanced tumor stage, metastasis, and
worse disease-specific and metastasis-free survival (Hsing
and others 2012), implicating it in progression of the tumor.
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In breast cancer, IL-8 is associated with lymph node-
positive status, higher stage, and lack of hormone receptors
(Zuccari and others 2012). Serum IL-8 has been linked to
accelerated clinical progression, greater tumor load, and the
presence of lymph node and liver metastases (Benoy and
others 2004; Culig 2011). Patients with HER-2/neu + tumors
have increased serum IL-8 levels versus those with HER-2/
neu- tumors (Vazquez-Martin and others 2007). In contrast,
patients with local recurrence or metastases have lower IL-8
levels (Zuccari and others 2012). Plasma IL-8 levels are
higher in stage III and IV breast cancer patients compared
with stage I and II (Hamed and others 2012).

Circulating TNF levels correlate with higher tumor stage
and lymph node metastasis (Sheen-Chen and others 1997).
TNF levels are greater in invasive breast cancer tissue than
in benign tissue (Miles and others 1994; Baumgarten and
Frasor 2012). IL-13 levels show a similar correlation of
TNF levels and clinicopathological characteristics in breast
cancer patients (Srabovic and others 2011). Higher TNF-a-
expressing populations correlate with increasing tumor
grade and node involvement (Kamel and others 2012). Si-
milarly, TNF-o plasma levels are elevated in stage II, II, and
IV breast cancer patients versus those with stage I and
healthy controls (Hamed and others 2012).

IL-10 concentration is frequently higher in the serum of
breast cancer patients compared with normal subjects. Ele-
vated IL-10 might inhibit tumor growth by suppressing IL-6
production, based on the inverse correlation between IL-6
and IL-10 levels in cancer patients (Koztowski and others
2003). IL-10 is overexpressed in ER-negative versus ER-
positive breast tumors (Chavey and others 2007). A corre-
lation between IL-10 level and clinical stage has also been
reported (Merendino and others 1996)—metastatic disease
is associated with higher IL-10 levels than nonmetastatic
disease, which might contribute to impaired immuno-
surveillance, favoring tumor development.

IL-20 is associated with advanced tumor stage, greater
tumor metastasis, poor clinical outcome, higher mitotic rate,
and worse survival (Hsu and others 2012). Elevated I1L-23
levels in breast cancer patients correlate with shorter overall
survival (Gangemi and others 2012).

In contrast, higher circulating soluble IL-2R levels appear
to be a favorable prognostic indicator (Nicolini and others
2006; Gangemi and others 2012) (Table 1).

Cytokines and Quality of Life
in Breast Cancer Patients

Quality of life is a significant issue in breast cancer pa-
tients and survival. Patients experience pain, sleep distur-
bances, and fatigue, even after treatment has ended. More
than 54% of patients develop moderate to severe pain during
the treatment trajectory (van den Beuken-van Everdingen
and others 2007; Starkweather and others 2013).

Increasing evidence suggests that modulation of immune
activation through a greater secretion of proinflammatory
cytokines accelerates the development of distressing symp-
toms in women with breast cancer (Lyon and others 2008;
Reyes-Gibby and others 2008; Starkweather and others 2013).

Increased levels of IL-1 and IL-6 are associated with pain
and sleep disturbances in breast cancer survivors (Collado-
Hidalgo and others 2006; Starkweather and others 2013). A
significant rise in plasma IL-1ra is also linked to post-treatment
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fatigue in breast cancer survivors (Bower and others 2002;
Perrier and others 2009). Similarly, IL-17, IL-13, and CRP
levels are higher in women who experience pain, greater pain
interference, depression, and sleep disturbances (Starkweather
and others 2013). Further, VEGF and soluble intercellular
adhesion molecule-1 (SICAM-1) levels are associated with
fatigue in patients who are undergoing chemotherapy (Mills
and others 2005), as are elevated levels of IL-1RA, soluble
tumor necrosis factor receptor type II (STNF-RII), neopterin,
and soluble IL-6 receptor, which have been correlated
with fatigue in breast cancer patient survivors at 5 years after
diagnosis (Karayiannakis and others 2001; Bower and others
2002; Collado-Hidalgo and others 2006; Berger and others
2012).

CRF might be the pathway at which several systems
converge, including the central nervous system, immuno-
regulatory pathways, and the neuromusculoskeletal and
cardiopulmonary systems. The physiological and immuno-
logical systems, which control inflammatory pathways,
might be involved in CRF (Harvey and others 2009).
Moreover, sleep problems have been associated with CRF,
depression, and poorer overall quality of life (Lis and others
2008; Schultz and others 2011; Berger and others 2012).
Sleep regulatory functions can also be affected by cytokines,
such as IL-1, IL-6, and TNF-o (Vgontzas and others 1997,
Opp 2005; Raison and others 2010; Liu and others 2012b).

Cytokines and Breast Cancer Treatment

Based on their function in breast cancer development,
cytokines are attractive targets for new treatments. Further,
cytokines can potentiate or impair the efficacy of current
breast cancer therapies. For instance, in the presence of IL-
1, the selective ER modulator (SERM) 4-hydroxytamoxifen
(4-OHT) activates, rather than represses, the transcription of
ER target genes. IL-1 displaces an inhibitory complex that
contains NCoR from ER target gene promoters, inhibiting
their response to 4-OHT (Zhu and others 2006). Thus, IL-1
might regulate ER activity and responsiveness to endocrine
therapy (Baumgarten and Frasor 2012).

TNF-a promotes chemotherapeutic resistance in MCF-7
cells through upregulation of ABCG2, an ATP-binding
cassette transporter that effluxes chemotherapeutic drugs
from cancer cells (Krishnamurthy and Schuetz 2006; Mo-
saffa and others 2009; Pradhan and others 2010; Baum-
garten and Frasor 2012; Malekshah and others 2012).
TGF-p signaling also affects the resistance of breast cancer
cells to DNA-damaging chemotherapeutic agents (Yu and
others 2010; Zu and others 2012), and it might also induce
immunosuppression and lead to resistance and relapse in
breast cancer (Joffroy and others 2010; Zu and others
2012).

IL-6 and IL-8 are also related to multidrug resistance in
breast cancer cells. Only breast cancer cells that are sensitive
to drugs do not express IL-6, whereas multidrug-resistant
breast cancer cells produce high levels of IL-6 (Guo and
others 2012). Neutralization of IL-6 and IL-8 with anti-
bodies significantly enhances the sensitivity of resistant
MCEF-7 cells to drugs, and their overexpression increases the
resistance of MCF-7/Sensitive cells to chemotherapeutic
drugs. Further, IL-6 and IL-8 can be induced by chemo-
therapeutic drugs (Shi and others 2012), which can lead to
multidrug-resistant cells.

IL-6 can mediate trastuzumab (anti-HER2/neu mAb) re-
sistance in breast cancer cells by activating an IL-6-dependent
inflammatory feedback loop that causes the expansion of
CSCs. IL-6 might induce the CSC phenotype in non-CSC
cells. Long-term trastuzumab treatment generates highly
enriched CSCs that have an EMT phenotype, secreting over
100 times more IL6 than parental cells. Blocking this IL-6
loop with an antibody against IL-6 receptor interrupts this
inflammatory feedback mechanism and decreases the CSC
population, resulting in lower tumor growth and metastasis
(Korkaya and others 2012).

As therapeutic agents, GM-CSF and granulocyte colony-
stimulating factor (G-CSF) have been evaluated with regard
to their value in preventing or reducing the incidence of
febrile neutropenia (FN) due to high-dose intensive cyto-
toxic chemotherapy. FN often requires hospitalization and
intravenous antibiotics. Peter and others (2013) performed a
meta-analysis of several clinical trials and demonstrated that
that CSF is beneficial in the prevention of NF. However, CSF
can cause adverse events, such as bone pain and injection-site
reactions. No conclusions could be drawn from this meta-
analysis, as the studies had a few patients, varying definitions,
and unclear measurements of trial outcomes.

IFNs, IL-2, and IL-12, cytokines that induce hormone
sensitivity and stimulate cellular immunity, have also been
used to treat advanced breast cancer (Swain 1991; Fehniger
and others 2002; Hsing and others 2012). Although treatment
with IL-2 or IL-6 alone, IL-2 combined with IFN-o, G-CSF
or trastuzumab, and IL-12 and trastuzumab is well tolerated
(Nicolini and others 2006), they had no clear antitumor effect
or have improvement beyond each individual treatment.
Clinical outcome was also not improved (Nicolini and Carpi
2008). Treatment with IFNs (IFN-o, IFN-B, and IFN-y),
alone or in combination, had no immunological effects or
significantly improved clinical outcomes compared with
conventional treatment (Nicolini and Carpi 2008).

TGF-f is a notable target, based on its tumor-supportive
function in late-stage tumors. Several approaches for the
blocking of TGF-f signaling have been developed, includ-
ing antibodies. The 1D11 antibody, which blocks all 3 iso-
forms of TGF-B, inhibits 4T1 growth and metastasis. In
contrast, blockade of TGF- in MDAMB-231 cells, which,
unlike 4T1 cells, express low levels of TGF-B, does not
affect their growth (Liu and others 2012a). TGF-f3 blockade
normalizes the tumor vasculature, improves chemotherapy
delivery into tumors, and decreases angiogenic gene ex-
pression, including VEGF and IL-8 (Liu and others 2012a).
Further, TGF-B blockade normalizes the interstitial matrix
by reducing collagen density, improving the transport of
nanoparticles from the perivascular space into deeper areas
of the tumor, and enhancing the treatment of breast cancer
patients (Liu and others 2012a).

ID11 prevents bone metastasis in animal models, sig-
nificantly reducing tumor burden in the bone and osteolytic
lesion areas. Tumor-bearing mice which have been treated
with 1D11 double their bone volume, suggesting that anti-
TGF-B can be used to treat bone loss in breast cancer
(Biswas and others 2011). Moreover, inhibition of TGF-f
signaling in human bone marrow MSCs blocks their dif-
ferentiation into CAFs, induced by the tumor microenvi-
ronment, and the consequent protumor effects, improving
the safety of MSC-based therapies in cancer patients
(Shangguan and others 2012).
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Normalization of abnormal vessels in mammary tumors
can also be achieved by blocking vascular endothelial growth
factor receptor-2 with DC101, an anti-VEGF-receptor-2,
improving the delivery of smaller nanoparticles (diameter,
12 nm) while hindering that of larger nanoparticles (diameter,
125 nm) (Chauhan and others 2012), which can be valuable in
directing specific drugs to the tumor.

TGF-f signaling can be blocked with other approaches,
such as translational inhibition by antisense oligonucleo-
tides, small-molecule inhibitors, and peptide aptamers to
Samd proteins (Kelly and Morris 2010; Zu and others 2012).
GC1008 and 2G7 are 2 other high-affinity monoclonal an-
tibodies to TGF- that can neutralize all 3 isoforms, but they
are associated with certain drawbacks, such as side effects,
including generalized inflammation, autoimmune reactions,
and tumorigenic risk (Kim and others 2001; Cheng and
others 2008; Zu and others 2012).

The mAb7E anti-IL-20 also reduces tumor growth, sup-
presses bone colonization, mitigates osteolysis, and im-
proves bone density in mice that have been injected with
breast cancer cells (Hsu and others 2012).

Concluding Remarks

New data on breast cancer immunology from the past
several years suggest that many long-established and widely
accepted paradigms be revised. We have reviewed data that
have led to novel models of the biology and function of
breast cancer cells. The cytokines that we have discussed are
regulated by molecules which were originally believed to be
exclusive to the endocrine system: sex steroids. These
findings engendered a new concept of bidirectional com-
munication between the endocrine and immune systems
under normal circumstances, not necessarily during disease.
Finally, the development of drugs that specifically target
cytokines, such as the IL-6/sIL-6R pathway, will be valu-
able in the treatment of breast cancer, in which immune
inflammation has a protagonic function.
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Abstract. Breast cancer is a disease in which abnormal cell proliferation leads to uncontrolled growth of breast tissue. Breast
cancer can start in various areas of the breast, such as the ducts, lobes, and, in some cases, the intervening tissue. For many
years, inflammatory infiltrates in tumors have been suggested to reflect the origin of cancer; however, little is known about the
function of chronic inflammation in malignant transformation.

Sex hormones are associated with many types of cancer, such as colon, cervical, and especially breast. Estrogen-dependent
breast cancer (EDBC) constitutes approximately 50% to 80% of all cases of breast cancer. Furthermore, estrogen-dependency is
linked to the initiation of malignancy by promoting the growth and proliferation of mammary cells and it is related to prognosis
and treatment. The correlation between sex hormones and breast cancer has been recognized for decades, but the mechanisms
of this association remain unknown.

In recent years, a more enriched landscape of this relationship has emerged. Intervention by the immune system in cancer
begins with the detection of transformed cells and their proliferation-—not with the defense and effort to restrain an established
tumoral mass. In the late 1950s, Burnet introduced the immunosurveillance theory, which proposes that immune system cells
detect and attack transformed cells, eliciting an adaptive response that succeeds and eliminates them or fails, leading to the
formation of a tumoral mass and cancer onset.

Conversely, sex hormones are important modulators of the immune system. Growing evidence demonstrates a reciprocal
relationship between sex steroids and the immune system. Because the innate immune response determines the type of adaptive
immunity that develops, hormonal effects on the former can affect adaptive responses. The sex steroids estrogens, progesterone,
and testosterone regulate the growth, differentiation, survival, and function of many cell types that mediate homeostasis, immunity,
and breast cancer. The presence of sex steroid receptors on immune cells indicates that sex steroids exert their effects by binding
to them. Sex steroids and immunity are inextricably linked, and their mutual regulation influences the maintenance of the immune
balance.

Understanding the mechanisms of action of sex steroids on immune cells is paramount to developing novel therapies for
chronic diseases that are associated to immune dysregulation, such as breast cancer. This chapter describes the risk factors in
breast cancer, the hormonal factors that are involved, the immunological response toward cancer, and the effects of sex steroids
on immune system cells and their implications for the incidence of breast cancer.
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INTRODUCTION

The immune and neuroendocrine systems are inte-
grated through a complex network of hormones, neuro-
hormones, cytokines, chemokines, neurotransmitters,
and neuropeptides—all of which maintain homeostasis
[1, 2]. Two of the principal components of this network
are the hypothalamic-pituitary-adrenocortical (HPA)
axis [3] and the hypothalamic-pituitary-gonadal axis
(HPG) [4]. The relationship between the HPA and HPG
axes and the immune system during acute and chronic
inflammatory responses due to stress, infection, cancer,
and autoimmune responses is well established [5-10].

An important aspect of cellular communication that
has emerged from studies of the neuroendocrine and
immune system is the redundancy in the chemical
messengers that mediate the communication. The iden-
tification of many cellular messengers that coordinate
the interactions between these homeostatic systems
may herald a fundamental shift in our understand-
ing of such significant processes as neurotransmission,
neuromodulation, and host immune responses. Thus,
there is an extremely complex neuroimmunoen-
docrine (NIE) network that involves many molecules,
including cytokines, neurotransmitters, hormones, and
neurohormones, that foresees potent.interactions in
events generally attributed to the exclusive operation
of single systems in response to simple precepts (eg,
neurotransmission, reproduction, defense).

The plasticity and multifunctionality of a network,
however, carry certain risks. Loss of control in the NIE
network might accelerate the development of patholo-
gies in which inflammation is a prominent effector,
such as breast cancer; affect the loss of tolerance
and autoimmunity; and mediate the compromise in
the immune system with age. The interneuronal com-
munication between multiple synaptic, presynaptic,
and parasynaptic interactions is further complicated
by the intimate participation of cytokines in these
processes, which results in a complex network that
must be balanced delicately during all ontogenic states
of an organism. The mutual regulatory influences
between neurotransmitters and the neurotrophic and
neuroimmune systems demonstrate that under normal
conditions, they work in concert.

Breast cancer is a disease in which abnormal cell
proliferation leads to uncontrolled growth of breast tis-
sue. Breast cancer can develop in many areas of the
breast, such as the ducts, lobes, and, in some cases, the
intervening tissue. The name of the type of cancer is
based on its origin. Table 1 summarizes the types of
breast cancer by histopathology.

RISK FACTORS OF BREAST CANCER

There are several risk factors for breast cancer, of
which sex is the most significant. Other risks factors
include genetics, ethnicity, age, and obesity.

Breast cells are immature and highly reactive, even
when the breast has fully formed—a condition that
remains until a woman carries to the end of her first
pregnancy. These immature cells respond primarily
to estrogen. 17B-estradiol is classified as a carcino-
gen by the International Agency on Cancer [11, 12],
because natural levels in humans are carcinogenic, as
evidenced by the breast cancer risk that is associated
with menarche and late menopause [13].

Pregnancy induces breast cells to mature and grow
more regularly and decreases the total number of men-
strual cycles, lowering estradiol levels. Women who
have not had a full-term pregnancy and become preg-
nant after age 30 years, begin menstrual cycles at an
early age, or have had delayed menopause are more
likely to develop breast cancer, due to longer expo-
sure to estradiol. Breast-feeding, in contrast, lowers the
risk of breast cancer, because milk production causes
breast cells to behave normally, decreasing estrogen
levels [14]. In addition, obesity increases the risk of
developing breast cancer, because adipocytes eliminate
produce estradiol [15].

Other endocrine disruptors, defined by the US Envi-
ronmental Protection Agency as exogenous agents that
interfere with the synthesis, secretion, transport, bind-
ing, action, or elimination of natural hormones in the
body, also induce cancer. Such compounds include
natural xenoestrogens and chemical agents, such as
bisphenol A (BPA), parabens, phthalates, pesticides,
hormones for consumption of animal feed, hetero-
cyclic amines (HCAs) that form when meat is grilled,
and polycyclic aromatic hydrocarbons (PAHs) that are
formed when fat is burned on meat that is grilled [16].
Xenoestrogens have less affinity for estrogen nuclear
receptor than estradiol and synergize with endogenous
hormones [17], rendering the exposure to xenoestro-
gens a concern due to the rise in serum levels of steroid
hormones.

Bisphenol A is an endocrine disruptor that is ubiq-
uitous in the environment. Exposure to this compound
can begin during fetal development. Based on many
experimental models, there are many effects of bisphe-
nol A on the development and predisposition to breast
cancer in adults [18, 19].

Hormone replacement therapy and treatment with
phytohormones or synthetic hormones to reduce the
unpleasant effects of menopause also increase the risk
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of breast cancer. Therapy is riskier when estrogen
and progesterone are replaced. Estrogen replacement
is risky only when administered for over 10 years
[20].

With regard to genetics, a strong history of breast
cancer record is associated with mutations in BRCA ]
and BRCA 2 (breast cancer genes 1 and 2). The pro-
teins that are encoded by these genes are essential for
DNA—BRCAI and 2 bind and regulate RADS51 to
repair cuts in DNA that are caused naturally, on expo-
sure to mutagens, and when chromosomes exchange
genetic material during meiosis. By repairing DNA,
these proteins maintain stability in the human genome,
preventing dangerous rearrangements that can lead to
the development of various cancers [21].

Both BRCA genes are tumor suppressor genes. A
germinal cell with a mutation in a gene generates
daughter cells, all of which will carry the mutation.
A healthy allele maintains a gene‘s function; thus, the
development of a carcinoma entails the loss of anormal
allele [22].

The expression of these genes is regulated hormon-
ally [23]. They are expressed in epithelial cells during
development, increasing during pregnancy and declin-
ing after childbirth. In breast cancer cells, BRCA1
and BRCA2 mRNA is upregulated by estrogen [24].
In Mexico, an exploratory study reported that 9% of
patients aged 35 years or less with breast cancer diag-
nostic, had mutations in BRCA1 and BRCA2 genes,
wich was consistent with international rates and the
types of mutations were similar to those founded in
other countries. The types of mutations that were iden-
tified were similar to those in other countries [25]. In
some breast cancers, mutations develop in other genes
but are less common and do not appear to increase the
risk compared with abnormalities in BRCA 1 and 2.

Patients with the genetic disease ataxia-
telangiectasia carry mutations in the ATM (ataxia
telangiectasia mutated) gene, causing them to lose
brain cells and muscle control, predispose them to
developing cancer, and increase their sensitivity to
radiation. ATM is a kinase, an enzyme that phospho-
rylates other proteins. ATM mediates DNA repair,
and its absence decreases a cell’s capacity to repair
mutations. Abnormalities in this gene are associated
with breast cancer [26].

p53 encodes a nuclear phosphoprotein that instructs
a cell to synthesize proteins that halt tumor growth.
Inheritance of mutant p53 causes Li-Fraumeni syn-
drome, a disorder in which patients develop soft tissue
cancers (including breast) at an early age [27]. CHEK2
(cell cycle gene checkpoint kinase 2) is a tumor sup-

pressor that is activated by ATM and phosphorylates
various substrates, including Cdc25A, Cdc25C, p53,
and BRCAI, leading to cell cycle arrest, apoptosis,
and DNA repair. Mutations in this gene increase the
likelihood of cancer (including breast cancer) [28].

PTEN (phosphatidylinositol-3,4,5-trisphosphate 3-
phosphatase) is a phosphatase—a protein that removes
a phosphate group from tyrosine, serine, and thre-
onine residues in phosphorylated proteins—that
hydrolyzes the phosphate group of carbon 3
of phosphatidylinositol-3,4,5-trisphosphate. PTEN is
also a tumor suppressor. Uncontrolled activation of
the PI3K pathway accelerates cellular transformation
and tumor progression in several tumor types, includ-
ing brain, breast, ovarian, and renal carcinoma. PTEN
dephosphorylates PIP3, thus regulating PI3K signal-
ing. PTEN has a protein-tyrosine phosphatase domain
and a domain with homology to tensin, suggesting that
PTEN suppresses tumor cell growth by antagonizing
tyrosine protein kinases and regulating the invasion
of tumor cells during metastasis and interactions with
focal adhesions [29].

CDH]1 encodes a cadherin (epithelial cadherin) 1,
which lies on the cell surface and maintains cellular
cohesion in forming organized tissue. It also transmits
chemical signals in the cell that can halt cell division
and growth. Abnormal CDH1 methylation occurs at
high frequencies in infiltrating breast cancers, in asso-
ciation with a decrease in E-cadherin expression [30].

Breast cancer has a higher incidence in Caucasian
woman than the African-Hispanic and Asian popu-
lations, but it is more aggressive in African woman
(26). These differences in mortality, however, can be
influenced by other factors, such as timely care, eating
habits, and living conditions [31].

HORMONAL FACTORS IN BREAST
CANCER

It has long been suggested that inflammatory
infiltrates in tumors reflect the origins of cancer,
but little is known about the function of chronic
inflammation in malignant transformation. The nature
of the inflammatory response is likely responsible
for angiogenesis—the Thl response is considered
proinflammatory, driving cell-mediated immunity,
whereas Th2 response is immune-regulatory or
anti-inflammatory and promotes antibody-mediated
immunity [32].

The mammary gland undergoes several stages of dif-
ferentiation throughout life, which are modulated by
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the hormones 173-estradiol and progesterone during
in utero modulation, puberty, menstruation, pregnancy,
lactation, weaning, and menopause. Moreover, the
modern lifestyle has imposed other factors with regard
to breast development, differentiation, maturation, and
eventual carcinogenesis. The mammary gland com-
prises 2 cellular compartments: a highly dynamic
epithelium that undergoes cycles of proliferation, dif-
ferentiation, and apoptosis in response to local and
endocrine signals and an underlying stroma that con-
tains fibroblasts, endothelial cells, and adipocytes,
which constitute the mammary fat pad [33]. The epithe-
lium of the mammary gland is composed of luminal
and basal/myoepithelial cells [34].

Breast cancer is caused by the subversion of normal
growth regulatory pathways in mammary epithelial
cells due to genetic mutations and epigenetic modifica-
tions in tumor suppressors, oncogenes, and DNA repair
genes. The luminal and basal subtypes of breast cancer
are defined by the gene expression patterns that reflect
these lineages. Moreover, luminal tumors assume a
more differentiated and less aggressive state than their
basal counterparts [35, 36].

Estrogens are required to induce complete duc-
tal elongation and branching and the development of
lobulo-alveolar end buds [37]. There is substantial
experimental, clinical, and epidemiological evidence
that suggests that endogenous estrogen levels are a
factor of risk of breast cancer; however, the direct
involvement of estrogens is debated, because the epi-
demiological studies have only reported a positive
association [38].

Estrogens exert their effects through 2 receptors,
alpha and beta (ERo and ERB). ERa signaling is
required in the mammary epithelium for ductal elonga-
tion during puberty and stromal invasion, whereas ER 3
is widely expressed in the epithelial lining and stroma
of normal mammary glands [33]. The function of ER3
is still under investigation, because most studies have
focused on ERa.

In breast cancer, ERa is an established prognostic
marker and therapeutic target, and ER[3 has emerged
as significant factor of the response to endocrine
treatment—ERf3 expression in invasive breast cancer is
linked significantly improved survival rates, primarily
in postmenopausal women [33]. In normal mammary
glands, ERa™ cells do not proliferate, however, when
cancer is present, this property changes and they begin
to proliferate. Normal breast duct cells rarely divide
and are primarily ERa™; approximately 10% of nor-
mal ductal cells express ERa. In the early stages
of carcinogenesis, ERa is upregulated; nearly 70%

of invasive breast carcinomas eventually express this
receptor [39].

Nuclear ER expression is important for mammary
gland development, but its relevance in estrogen-
induced breast cancer is unknown. Some studies
have postulated that estrogens cause breast cancer
through an ERa-independent mechanism. Further, sev-
eral environmental compounds, natural and synthetic,
can be recognized by ERa and ER3 and might interact
with specific residues to generate estrogenic or antie-
strogenic responses.

In addition to steroidal estrogens, other some com-
pounds, such as phytoestrogens and xenoestrogens,
regulate the development and differentiation of breast.
Flavonoids, isoflavonoids, cumestanes, and lignans are
phytoestrogens that have greater affinity for ERf3, the
isoform that is associated with antitumor properties
[40]—the high levels of these compounds in many
products of plant origin might explain the notable geo-
graphic differences in breast cancer incidence. Similar
to steroidal estrogens, phytoestrogens regulate tran-
scription and have rapid effects through extranuclear
signaling cascades; thus, phytoestrogens have a wide
range of activities, independent of ERs.

Xenoestrogens are present in many synthetic pes-
ticides, plasticizers, detergents, and cosmetics, and
some studies suggest that their activity depends on
the ERo/ER( ratio in tissue [40]. Because cancer is
considered as aging-associated disease, exposure to
compounds that modulate or disrupt endocrine func-
tion during critical periods of early development might
influence the susceptibility to breast cancer in adult-
hood [33].

The function of androgens in breast cancer devel-
opment and progression has not been determined
completely; epidemiological studies have reported a
positive association between high androgen levels and
the risk of cancer [41]. There are 5 principal androgens
in premenopausal women: dehydroepiandrosterone
sulfate (DHEAS), dehydroepiandrosterone (DHEA),
androstenedione, testosterone, and dihydrotestoterone
(DHT).

Sex hormones have a significant function in the
development and progression of breast cancer, as do
ovarian hormones. Most studies support a relation-
ship between higher circulating androgens levels and
increased breast cancer risk [42]. In contrast, some
models contend that androgens protect the breast from
estrogen-induced stimulation, increased proliferation,
and cancer development, likely due to competitive
blockade from the inhibitory effects of androgens
on the mammary epithelium [43]. Epidemiological
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evidence suggests a positive association between
higher levels of circulating androgens and estrogens
and postmenopausal breast cancer; 9 prospective stud-
ies of menopausal women reported a greater risk of
breast cancer with increasing circulating sex hormone
levels (including estradiol, estrone sulfate, androstene-
dione, DHEA, DHEAS and testosterone) [44]. One
prospective study reported no association between pro-
gesterone levels and breast cancer risk [45], whereas
two other studies noted that the link between hormone
levels and breast cancer risk was independent of ER
and progesterone status [46, 47].

The direct effects of testosterone and DHT are medi-
ated through their binding to androgen receptor (AR);
AR is expressed in approximately 80% of primary
breast cancers, similar to ER (70%) and progesterone
(60%) [36, 48, 49]. AR expression in breast cancer is
associated with a favorable response to endocrine treat-
ment and prognosis, particularly for ERT breast cancer,
whereas AR expression and survival do not correlate
in women with ER™ breast cancers. AR expression is
linked to improved clinico-pathological features and
improved survival in women with triple-negative breast
cancer (ER7/PR™/AR™) [41].

Sex hormones are associated with many types of
cancer, such as colon [50, 51], cervical [52], and
especially breast [53, 54]. Estrogen-dependent breast
cancer (EDBC) constitutes approximately 50% to 80%
of all cases of breast cancer [55, 56]. Further, estrogen-
dependency is associated with the onset of malignancy
through the induction of mammary cell growth and pro-
liferation, which allow setting this type of cancer into a
particular scenario of prognostic and treatment, where
estrogens rule the tumorigenic process [57, 58].

Estrogens, particularly estradiol, stimulate cellular
proliferation and differentiation of the breast during
normal development. It mediates its effects primarily
through 2 intracellular receptors, ERa and ER3, which
form homo- and heterodimers. When estrogen binds
to its receptor, conformational changes take place that
promote receptor dimerization and the recruitment of
coactivators that ultimately induce transcription [59].
As a result, alterations occur in cellular proliferation
and the differentiation of reproductive organs, such as
breast, uterus, and ovary, and other organs and tis-
sues, such as bone, brain, cardiovascular tissue, and
the genitourinary tract. Notably, excessive or sustained
exposure of cells to estrogens can lead to chronic prolif-
eration and promote malignant transformation [57]. In
addition, estrogen expression in tumoral breast tissue
has significant clinical relevance with regard to tumor
growth and persistence [60, 61].

The link between sex hormones and breast cancer
was made several decades ago, but the mechanisms
of this association remain unknown. In recent years,
a more enriched landscape of this relationship has
emerged. Estradiol, the most biologically active estro-
gen, is produced by the conversion of androgens by
aromatase. Aromatase expression is higher in breast
cancer (BC) tissue than in nontumoral, benign breast
lesions [61]. Further, the relative risk for BC corre-
lates with age at first pregnancy. A full-term pregnancy
before age 30 years is associated with protection
from or delay in the development of BC, whereas
first pregnancies that occur later increase this risk
[62, 63]. In addition, the level of circulating estra-
diol is often linked to greater risk of BC [13, 47],
and a recent report has demonstrated that the expres-
sion of many estrogen-responsive genes is enhanced in
BC tissue [64]. Abnormally high levels of circulating
androstenedione and testosterone are also associated
with increased risk of developing BC, because they
can be converted into estrogens by aromatase [57,
65]. Thus, prolonged exposure to elevated endoge-
nous estrogens, particularly estradiol, correlates with
a greater risk of developing breast cancer.

The significance of ER and PR status in the prog-
nosis and treatment of EDBC has also been analyzed
in large worldwide cohorts, of which ER status is
the strongest prediction of prognosis versus age, race,
tumor stage, and size. Tables 2 and 3 briefly summarize
the findings of ER and PR expression in large cohorts
of BC patients in the US.

Table 2
Effect of receptor status on outcome of tamoxifen treatment of breast
cancer®

Mortality risk Reduction in Disease-free survival

reduction risk of at 5 years
recurrence
ER (+) PR (+) 46% 53% 82.5%
ER (+) PR (-) 30% 25% 73.8%

*Data from databases of 15871 patients. Values are relative to ER™
and PR™ patients [55].

Table 3
Effect of receptor status on mortality risk in untreated breast cancer
patients™

Elevation in mortality Elevation in

risk (fold) mortality risk by
tumor grade of
ER™ PR* 1.5t02.1
ER* PR™ 1.2to 1.5
ER™ PR™ 2.6 low lesion: 2.6 to 3.1

high lesion: 2.1 to 2.3

*Data are from 155,175 patients. Values are relative to or compared
with ER+ PR+ patients [56].
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Abnormally high estrogen levels are linked to
carcinogenesis in the breast through 2 biochemical
pathways. In the first pathway, excess estradiol
modulates the transcription and activity of second
messengers that initiate a cascade of altered gene
expression that can enhance cellular proliferation and
impede apoptosis.

The other pathway entails the metabolism of estra-
diol to its genotoxic oxidative metabolites. Estradiol
can be transformed into 6-alpha hydroxyestrone, which
covalently binds to DNA and DNA-binding pro-
teins, or 4-hydroxiestradiol quinone—a metabolite
that induces adducts of quinone and DNA oxida-
tive damage—through the catechol estrogen pathway
[57, 66, 67]. Ultimately these processes can effect
uncontrolled cellular proliferation and malignant trans-
formation (Figure 1).

115

In postmenopausal women, in whom ovarian pro-
duction of estradiol has ceased, stromal cells from
breast tissue supply estrogen to cancer cells. Two
recent studies in mice have implicated estrogens in
the support of tumoral repopulation by inducing the
selective recruitment of cancer breast stem cells from
luminal tissue into the tumor. Notably, most, if not all,
mobilized cells are estrogen receptor-negative.

Despite the elevated levels of circulating estra-
diol in EDBC, genomic and epigenetic alterations
occur/ that can precede the genesis and progres-
sion of ‘a malignancy, predisposing one to cancer
and disease progression—some of these changes are
linked to estradiol production and its metabolism.
Many studies have correlated the increased risk of
BC to single-nucleotide polymorphisms (SNPs) in
steroid 17-alpha-monooxygenascytochrome P-450 17
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Fig. 1. Hormonal factors in breast cancer. The genomic pathway toward E transcriptional effects begins with the interaction of ERa or ER
with E;. The ER-E; complex then acts as a a) ligand-activated transcription factor that binds directly to estrogen-responsive elements (EREs)
and recruits coactivators to promote transcription or b) coregulator of other transcription factors. In the nongenomic pathway, ¢) E, via adaptor
membrane receptors or in ER-E; complexes, activates MAP kinases and other transcription factors, initiating signaling cascades that effect d)
the transcription of target genes. Two biochemical pathways have been postulated to explain the correlation between high circulating androgen
levels and breast cancer. e) Testosterone is converted into E, by aromatase, and f) the resulting E, functions as described above. g) Estradiol
is metabolized by P450 cytochrome, and some of its metabolites, such as 6-alpha hydroxyestradiol and estradiol 3,4-quinone, bind directly to

DNA and cause oxidative damage.
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(CYP17), which encodes an enzyme that converts
pregnenonolone and progesterone into DHEA and
androstenedione, which eventually can be reduced to
estradiol. The T-to-C SNP of at position 1931 in the
promoter of CYP 17 is associated with higher levels of
circulating estradiol and progestin [68]. Also, greater
frequency of TTTA repeats in the aromatase gene has
been linked to higher aromatase activity, although this
finding has not been confirmed definitively.

Polymorphisms in other enzymes that metabolize
estradiol are also associated with a higher risk of BC,
such as CYP1A1l, GSTM1, and COMT, which can
increase estradiol levels, [69]. In a Mexican popula-
tion, a significant association between rs1048943 in
CYPIA1l (OR=1.95, C.I. 1.13-3.36) and rs1695 in
GSTP1 (OR=2.39, C.I. 1.24-4.24) and the risk of
breast cancer has been demonstrated [70].

Thus, the participation of other factors might be
necessary to overcome or potentiate the effects of
these SNPs on BC risk. The overexpression of ERa
has garnered particular biological and clinical inter-
est, because it is observed during the early stages of
breast cancer and is a favorable predictor of prognosis
in response to hormonal treatment [71].

The distal section of promoter B of ERa is an
enhancer. The expression of ERa wanes as the dis-
ease progresses toward more aggressive and malignant
stages. Hypermethylation of promoter B is frequently
associated with advanced BC and decreased ERa
expression. In ERa-positive breast cancer cell lines,
the methylation of this region downregulates ERa tran-
scription. Demethylation of promoter B induces the
recruitment of the trans-acting factor ERBF-1, which
is expressed specifically in response to ERa transcrip-
tion from promoter B. Notably, in ERa-negative breast
cancer cell lines, demethylation of promoter B does not
upregulate this receptor or ERBF-1 [72].

In addition, ER can be associated with lipid rafts on
activation by its ligand, which can promote its inter-
action with Her-2, an oncogene that is associated with
acceleration of breast cancer progression through cel-
lular proliferation and inhibition of apoptosis. Thus,
epigenetic alterations, such as DNA methylation; novel
linking with oncogenic proteins; and the absence of
activating factors can predetermine or alter the hor-
monal dependence of the tumor and disease outcomes.

The current treatment of EDBC comprises surgical
excision of the tumor and sex-hormone-producer and
chemotherapy with adjuvant hormone therapy. One
type of hormone therapy is based on selective estrogen
receptor modulators (SERMs), which are ER antago-
nists. Tamoxifen is the most effective ERSM against

EDBC and is more successful when cancer cells are
ER™ and PR™T. Tamoxifen prevents the binding of the
ER ligand, distorting the conformation of the ER and
precluding coactivators and factors that are essential
for ER-dependent tumor growth from binding.

In addition to hormone therapy, aromatase inhibitors
(Als) have been developed to treat BC and ovarian
cancer, against which they are more effective than
tamoxifen and have less toxicity. Als block P450 aro-
matase, decreasing tissue estrogen production. Two
types of Als have been approved for breast can-
cer: irreversible inhibitors and nonsteroidal inhibitors.
Exemestane is an irreversible inhibitor that binds per-
manently to enzyme, extinguishing its regular catalytic
function. Anastrozole is a nonsteroidal inhibitor that
binds competitively but reversibly to inhibit aromatase
activity. Many other Als are also administered [73].

Hormone resistance is observed in certain BC
patients due to the novo or natural resistance to estro-
gens or the acquisition of hormonal resistance that is
attributed to progressive DNA mutations in tumor cells.
Inparticular, the ER™ PR™ phenotype is with enhanced
hormonal resistance. This phenomenon is more pro-
nounced, despite ER expression, when cancer cells
overexpress Her-2/neu, which is linked to poor progno-
sis. Many efforts have been directed toward inhibiting
tumor hormonal resistance by simultaneously targeting
estrogen and progesterone receptors with anti-Her2.

IMMUNE RESPONSE AND BREAST
CANCER

Intervention in cancer by the immune system
begins with the detection of transformed cells on
proliferation—not with the attack and restraint of an
established tumoral mass. In the late 1950s, Burnet
proposed the immunosurveillance theory, in which
immune system cells detect transformed cells, attack-
ing them and eliciting an adaptive response to eliminate
them or fail, leading to the formation of a tumoral mass
and onset of cancer [74].

This process is more complex than originally
believed, comprising not only a series of simple events
but also alternative processes and stages, such as immu-
noediting and immunosubversion. The previous events
can be explained by the paradox that greater immune
cell infiltration in breast cancer neoplasias correlates
with a worse disease prognosis and by the polarization
that immune cells experience in the tumoral microenvi-
ronment, which induces the acquisition of a protumoral
phenotype.
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Despite a robust immune response in a tumor site,
not all transformed cells are cleared, the remainder of
which manage to avoid immune cell recognition and
effector mechanisms. These cells proliferate, and in
response, new immune mechanisms emerge (such as
the humoral antitumor response), which imposes a new
immunological selective pressure on transformed cells.
This process is called immunoediting and leads to the
generation of new clones of transformed cells with less
immunogenity and an attenuated response to cytotoxic
mechanisms of the immune system.

Such subsets have greater immune-modulatory
properties, such as the ability to produce and secrete
soluble factors that alter the tumoral microenviron-
ment to become deleterious to the effector functions
of immune cells and induce immunological tolerance
and anergy to certain cell subsets. In this process, called
immunosubversion, regulatory T lymphocytes inter-
vene, in addition to several elements in the tumoral
milieu, rendering immunosubversion the key strategy
by which successfully edited transformed cells escape
immune system pressure [75].

FUNCTION OF IMMUNE CELL SUBSETS
IN CANCER REJECTION

Primary tumor growth is a complex process that
involves many interactions between the tumor and sur-
rounding tissue—a developing tumor influences and
is in turn affected by its stroma, initiates angiogene-
sis, and interacts with the adaptive and innate immune
systems. Primarily, in immune surveillance, innate
immune cells intervene, such as NK and NKT cells,
T+é lymphocytes, and antigen-presenting cells (APCs)
(ie, macrophages and dendritic cells), as do cells of the
adaptive response (cytotoxic and helper T cells and B
lymphocytes).

Neutrophils

Neutrophils are the predominant leukocyte popula-
tion in peripheral blood, constituting 50% to 70% of
all leukocytes. Their function against bacterial infec-
tions is well established, and they also have antitumoral
effects. Several studies have reported elevated neu-
trophil counts in the peripheral blood of patients
with various tumors, such as breast cancer [76]. On
activation, neutrophils attack transformed cells by
producing reactive oxygen species (ROS), proteases,
membrane-perforating agents, and other soluble cyto-
toxic and chemotactic factors, such as TNFa, IL-1[3,

IFN-v, and defensins, which are highly toxic to many
tumors. When a humoral response has been generated,
neutrophils effect antibody-dependent cellular cyto-
toxicity (ADCC) through their receptors for FcRa and
FcRy [77].

NK cells

NK cells are effector lymphocytes of the innate
immune system that control several types of tumors,
viruses, and microbial pathogens by limiting their
growth and dissemination, in part due to their cytolytic
activity [78]. NK cells are one of the principal elements
that conduct immunosurveillance, based on the asso-
ciation between low NK cell activity and increased
cancer risk. NK cells perform constant surveillance of
an organism’s cells, sensing their surface molecules to
determine whether they are healthy and self.

To this end, NK cells express many inhibitory and
activating receptors. Some inhibitory receptors have
affinity for major histocompatibility complex (MHC)
class I molecules, which are highly polymorphic,
even between individuals of the same species, and
the expression of which can be altered in several
pathologies. The chief activating receptors are NKG2D
(natural killer group 2, member D) and the NCR (nat-
ural cytotoxicity receptors) family, including NKp30,
NKp44, and NKp46; the ligands of these receptors are
barely detectable in normal cells but are upregulated in
response to cellular stress and transformation. Activat-
ing and inhibitory signals are integrated; thus, NK cells
can recognize and discriminate between self, foreign,
healthy, and unhealthy cells.

On activation, NK cells have 2 main effector mech-
anisms: 1. granule exocytosis, which involves perforin
(a membrane-disrupting protein) and granzymes A and
B (proteases that cleave and activate caspases); and 2.
signaling from death receptor ligands, such as FasL
(Fas ligand), TRAIL (TNF-related apoptosis-inducing
ligand), and LT-a (lymphotoxin-alpha). In addition,
activated NK cells produce many cytokines that con-
trol tumoral growth, such as IFNy and TNF, which
are antiproliferative, and shape the developing immune
response. IFN-y and TNF also promote dendritic cell
maturation, and GM-CSF, G-CSF, and M-CSF induce
proliferation and recruit myeloid cells.

NK cells and other antitumor immune cells distin-
guish normal cells from modified cancer cells through
the expression of inhibitory and activating receptors
thatis triggered during target cell recognition. NK cells
can kill target cells that lack or express low amounts of
HLA class I molecules (expressed by normal cells) and
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that express activating ligands—hallmarks of tumor
cells. Notably, in tumors, the events that lead to
transformation likely result in the downregulation of
self-ligands and expression of stress-induced ligands
by tumor cells, which can be recognized by NK cells
[79, 80].

In certain animal models of cancer, mouse NK cells
mediate the in vivo rejection of transplanted tumors,
which depends on the expression of NK cell recep-
tor ligands by the tumor [81]. In experimental models,
NK cell-mediated elimination of tumor cells induces
the development of tumor-specific T cell responses
to the parental tumor, bridging the innate and adap-
tive immune responses [82, 83]. NK cells are also
mediators of the antitumor effects of several recom-
binant cytokines (IL-2, IL-12, IL-18, and IL-21) [81].
An epidemiological study has demonstrated that low
NK cell activity in peripheral blood is associated with
increased cancer risk in adults [84]. CD8* cytotoxic T
cells (CTLs) and NK cells are most likely effectors of
successful antitumor immunity [85]. Although there is
no evidence of a link between NK cell infiltrates and
clinical outcomes in patients with breast cancer, the
expression of NK cell ligands has a critical function
in tumor immunoediting and the concomitant immune
evasion in breast cancer [86].

The two principal subtypes of breast cancer are lumi-
nal and basal, based on specific patterns of ligand
expression. Luminal breast cancers express lower lev-
els of inhibitory and activating molecules compared
with healthy breast tissue, suggesting poor stimulation
of NK cell-mediated immunity and other components
of the antitumor response. Basal breast cancers express
high levels of inhibitory and activating ligands. The
chief difference between basal and luminal cancers
concerns disease evolution and clinical outcome. Only
the luminal subtype expresses hormone receptors and
is subdivided into luminal-A and luminal-B breast can-
cer, the latter of which is highly proliferative, resists
hormone therapy, and has a poor prognosis.

The chief predictor of the evolution of luminal breast
cancer is proliferation, which results from intrinsic
genomic abnormalities and the proinflammatory envi-
ronment.

Basal tumors have a poor prognosis compared with
luminal tumors, and basal breast cancer is highly pro-
liferative; thus, proliferation is not a predictor of its
evolution. Certain subgroups of basal breast cancer
have a relatively better prognosis, which might be
attributed to the expression of genes that mediate anti-
tumor immunity. Thus, the main predictor of outcome
for basal subtypes is the antitumor immune response.

The antitumor immune response differs between the 2
breast cancer subtypes.

Breast tumors have evolved to be undetected by
antitumor immunity, at least at diagnosis; those with
greater visibility have a better prognosis. Breast cancer
cells have developed strategies to avoid recognition;
phenotypic and functional analyses of NK cells from
various stages of breast cancer have demonstrated
that they function poorly in patients with invasive
breast cancer, whereas in patients who are in long-
term remission, these phenotypic changes disappear.
It is possible that tumors become resistant to NK cell
antitumor immunity or that their invasive character-
istics and metastasis depend on the inhibition of NK
cell-mediated antitumor activity [87].

Breast tumor cells use several mechanisms to
resist NK cells, including inhibition through cell-cell
contacts; secretion of inhibitory factors; and reorgani-
zation of the tumor microenvironment, notably with
increased Treg recruitment and facilitation of mes-
enchymal stem cell growth [87]. The new surrounding
environment supports tumor growth in situ or at the site
of metastasis, which is protected from immune recog-
nition; most of these modifications are effected through
the massive secretion of TGFB1, PGE2, and several
metalloproteases that downregulate activating recep-
tors and induce the shedding of homing molecules and
surface beacons that are used as NK cell ligands [87].

In general, the imbalance in immune response favors
immunosuppression in cancer patients, as evidenced
by the decline in NK cell number in peripheral blood,
a minor tumor infiltrate, and the decrease in toxicity.
With regard to activating receptors, NKG2D, NKG2C,
NKp30, NKp46, CD161, CD56%™ CD16, DNAM-
1, and CD69 have aberrant expression, whereas the
inhibitory receptors CD158a, CD158b, and NKG2A
are overexpressed [81, 88, 89].

NK T cells

Natural killer T (NKT) cells are similar to NK cells,
except that they express a T cell receptor (TCR). NKT
cells are classified into 4 groups. Types I and II are
CDld-restricted. Type I NKT cells, or invariant NKT
cells (iNKT cells), develop in the thymus and are
selected following rearrangement of the TCR a-chain
gene and express a semi-invariant TCR (Val4-Ja18
in mice; Va24-Ja18 in humans). iNKT cells respond
quickly to various glycolipids on CD1d, and strong
iNKT cell agonists, such as «-galactosylceramide
(aGalCer), induce the release of cytokines. On acti-
vation, NKT cells kill transformed cells by secreting
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perforin and granzymes or through FasL and TRAIL.
Notably, they can kill transformed cells that express
CDI1d on their surface directly, but such cells are a
minority.

Because NKT cells express a TCR, they can be intro-
duced to antigens and activated by APCs. iNKT cells
respond directly to IL-12 in the B16 melanoma model
and produce IFNw, but they are dispensable for effec-
tive antitumor immunity. Once activated, iNKT cells
upregulate CD40L, a costimulatory molecule, which
promotes dendritic cell maturation. iNKT cells also
produce IL-12 and IFN-vy, which together stimulate
NK cells and cytotoxic T lymphocytes, increasing their
cytotoxicity, enhance phagocytosis by macrophages
and dendritic cells.

In humans, iNKT frequency declines in solid
tumors, including melanoma and colon, lung, breast,
and head and neck squamous cell carcinomas;
increased iNKT cell numbers are associated with a
better prognosis. Thus, these clinical findings are con-
sistent with data from mouse studies and implicate
iNKT cells in tumor immunosurveillance [90].

yé lymphocytes

v3 T lymphocytes are a lymphoid subpopulation that
is characterized by a TCR that comprises y and § chains
instead of the typical af3 heterodimer of T lympho-
cytes. vy T cells account for 2% to 5% of the peripheral
T cell population, but they are common in organs and
mucosa, constituting a firstline defense system at entry
sites into an organism. y§ T cells are found primar-
ily in the epithelia and mucosa-associated lymphoid
tissue, particularly in respiratory, digestive, and repro-
ductive organs, rendering them significant effectors
against epithelial cancers and lymphoid malignancies.

The 8 T subpopulation identifies transformed cells
by detecting ligands that are upregulated during stress
through their TCRs and other receptors, such as
NKG2D and Toll-like receptors (TLRs). These cells
ingest, process, and present soluble antigens to other
T lymphocytes. On activation, y§ T cells proliferate
and exert their cytotoxic effects by releasing cytotoxic
granules (perforin and granzymes) and through FasL
and TRAIL; even without being activated, they can
effect ADCC.

Activated yé T cells recognize and lyse tumor cells
in vitro and in vivo. NBP, PAg, IPP, interleukin-2 (IL-
2), chemotherapeutic agents, and zoledronic acid (ZA)
expand T cells and induce them to eliminate epithelial
tumor cells in vitro. Further, these cells produce various
cytokines and chemokines that have many effects on

target cells, the surrounding healthy tissue, and other
immune system cells.

For example, IFN-y has antiproliferative effects
and mediates T lymphocyte differentiation, directing
a proinflammatory Th1 response. IL2 is an autocrine
and paracrine stimulatory cytokine, and GM-CSF
(granulocyte-macrophage colony stimulation factor)
and CCL2 (or MCP-1, monocyte chemoattactant
protein-1) stimulate the generation and recruitment of
phagocytic cells. FGF-7 (fibroblast growth factor 7),
KGF-1, and KFG-2 (keratinocyte growth factors 1 and
2) promote adjacent epithelial repair [91].

In murine models, repeated inoculation with acti-
vated y§ T cells delays or halts tumor growth in
melanoma, prostate, bladder, and breast cancers [91].
Studies in mice have identified 3 pathways by which
v4 T cells exert their anticancer activities: direct killing
of transformed cells, early IFN-y production, and a
critical immunoregulatory mechanism [92].

Macrophages

Macrophages are phagocytic cells that reside in all
tissues; during such events as tissue damage and infec-
tion, monocytes are recruited to the site of injury,
where they differentiate into tissue macrophages.
Macrophages express a variety of receptors on their
surface, enabling them to recognize characteristic
molecules in pathogens, stressed or necrotic cells,
apoptotic bodies, and debris. Once they come into
contact with these elements, macrophages ingest and
process them in a vacuole called the phagosome. In
addition, macrophages initiate and stimulate phagocy-
tosis through their immunoglobulin receptors (IgRs),
which bind to immunoglobulins (Igs) on cells and par-
ticles ina process called opsonization. Macrophages,
as well as dendritic cells, are known as profes-
sional antigen-presenting cells (professional APCs)
and constitute the link between innate and adaptive
immunity.

After a pathogen or damaged cell is phagocy-
tosed and processed, macrophages migrate toward the
proximal draining lymph nodes, where they mature,
enabling them to express costimulatory molecules
(CD40, CD80, CD86) on their surface and activate
T lymphocytes. Macrophages present peptide frac-
tions of ingested bodies in MHC class II molecules to
stimulate T helper cells. Eventually, through crossp-
resentation, macrophages also present peptides from
phagocytosed bodies in the context of MHC class I
molecules, through which cytotoxic T lymphocytes are
activated.
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Two classes of macrophages have been proposed,
based on the state of activation: classically activated
(M1) macrophages and alternatively activated (M2)
macrophage. M1 macrophages arise on stimulation
with IFN-y alone or in concert with bacterial moi-
eties, such as lipopolysaccharide (LPS) and cytokines
[eg, tumor necrosis factor-o (TNF-a)]. In contrast,
M2 macrophages are polarized by distinct stim-
uli and are further subdivided into M2a, M2b, and
M2c macrophages. M2a macrophages are stimulated
by the Th2 cytokines IL-4 and IL-13, and M2b
macrophages are induced by immune complexes (ICs),
LPS, TLRs, and IL-1 receptor antagonist (IL-1ra).
M2c macrophages are induced by IL-10, transforming
growth factor-f3 (TGF-3), and glucocorticoids (GCs).
Macrophages have cytostatic and cytotoxic effects by
producing reactive oxygen species (ROS), nitric oxide
(NO), TNF-a, and type 1 IFN and expressing TRAIL
and FasL.. Moreover, they are a source of IL-12, which
is necessary for the proliferation and activation of lym-
phocytes and other immune cells.

TAMs (tumor-associated macrophages) have an
M2-like phenotype (characterized by the expression
of CD163, IgG Fc fragment, C-type lectin domains,
and heat shock proteins), but their function in cancer is
unknown. In certain types of cancer, such as colorectal
cancer, TAMs are proinflammatory and have antitumor
activity, which improves the prognosis. M1 TAMs pro-
mote galcetin-3-expressing colon tumor cells, which
induces greater TAM infiltration and amplifies the
immune response against tumor cells. However, in
most tumors, such as breast, prostate, ovarian, cervi-
cal, lung carcinoma, and cutaneous melanoma, TAMs
are anti-inflammatory and correlate with a poor prog-
nosis. Epidemiological studies have suggested that a
macrophage-rich microenvironment promotes aggres-
sive tumors with high metastatic potential.

Another significant aspect of tumor immunity is
the tumor microenvironment, which harbors several
chemoattractants, such as IL-4, IL-13, TGF-f3, and IL-
10, all of which effect the adoption of an M2 phenotype
that can direct the differentiation of macrophages into
the M2 phenotype and thus a poor prognosis [93].

Dendpritic cells

Dendritic cells (DCs) are potent APCs that present
antigens to antigen-specific naive T cells and main-
tain the innate and adaptive immune responses. DCs
are derived from bone marrow hematopoietic pro-
genitor cells and circulate in the blood as immature
precursors prior to migration into peripheral tissues.

Like macrophages, it has been proposed that dur-
ing infection or tissue damage, DCs are recruited by
chemokines, such as CCL20 and CXCL12, where they
identify pathogens, stressed and necrotic cells, apop-
totic bodies, and debris through a wide range of surface
receptors. The function APCs is similar to that of
macrophages with regard to the uptake, processing, and
presentation of antigens and costimulation in activat-
ing helper and cytotoxic T cells and naive and memory
B.lymphocytes.

Further, on maturation, DCs produce cytokines that
enhance and maintain the innate and adaptive immune
responses. IL-12 increases the proliferation and activ-
ity of NK cells and T helper cells and, with IL-2,
stimulates activated and memory B lymphocytes. IL-
15 is required for the activation, proliferation, and
survival of NK cells and cytotoxic T lymphocytes and
types 1 and 2 IFN, which have stimulatory effects on
NK cells, cytotoxic T lymphocytes, and other cells,
induces the expression of TRAIL. Moreover, the IKDC
(IFN-producing killer dendritic cell) subpopulation
which phagocytoses and presents antigens and pro-
duces cytokines, kills tumor cells by expressing TRAIL
and synthesizing perforin.

In tumor immunity, like macrophages, DCs are criti-
cal to antigen capture and presentation, but they are also
vulnerable to polarizing signals by the tumor and tumor
microenvironment. Suppression and repolarization of
DC function in cancer patients is believed to con-
tribute to the failure of antitumor immune responses
and consequent disease progression. Subversion of
tumor immunity by manipulating the tumor microen-
vironment and distribution and function of DC subsets
is mediated by various tumor-derived and stromal fac-
tors, such as tumor cell-derived PGE2 and TGFp.

Tumor-associated fibroblasts, through depletion of
GMCSF from the tumor microenvironment, con-
vert CD11c™ dendritic cells into immunosuppressive
macrophages. CD11ctDEC205TMHC-IIT DCs are
unable to present tumor antigens effectively and
impede the robust priming of T cells by immunocom-
petent DCs. In addition, the tumor microenvironment
induces cell death and accelerates apoptosis of DC
precursors. The higher proportion of apoptotic blood
DCs in patients with early-stage breast cancer ver-
sus healthy volunteers supports this mechanism of DC
elimination in the tumor environment. The depletion of
DCs in the advanced stages of tumor progression sig-
nificantly delays tumor growth, allowing the immune
system to regain control of tumors—also in the
absence of any direct intervention against tumor cells
[94, 95].
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T helper lymphocytes

T helper lymphocytes reside in lymph nodes and
other secondary lymphoid organs in a naive state. On
arrival to lymph nodes, mature APCs present a peptidic
antigen that is associated with MHC class II molecules,
the complex of which is recognized by the TCR (T
cell receptor). Of the lymphocytes that interact with
this APC, the cell whose TCR is specific for this com-
plex receives the necessary costimulation (by surface
molecules, such as CD80 and CD86) to proliferate, giv-
ing rise to clones that acquire an effector phenotype,
depending on the microenvironment. Once activated, T
helper cells migrate to where the antigen for which they
are specific is expressed and produce cytokines and
chemokines that modulate and orchestrate the immune
response.

There are 3 types of T helper cells, depending on
their cytokine profile. Thl (T helper type 1) lym-
phocytes primarily secrete TNF-oo and IFN-y. Th2
cells produce IL-4, IL-5, IL-10, and IL-13. Thl7
cells secrete IL-17, IL-17F, IL-6, IL-22, and TNF-a.
With regard to the antitumor response, the function
of this cellular subpopulation is unknown, but Thl
lymphocytes appear to support such activity, releas-
ing cytokines that contribute to the effector function
of other immune cells having direct effects on tumor
cells and the local microenvironment. The principal
Thl cytokine is IFN-vy, which is anti-proliferative
and antiangiogenic, stimulates NK cells and cyto-
toxic T lymphocytes and increases their cytotoxicity,
and activates macrophages and DCs. TNF-a also
has antiproliferative effects and upregulates MHC I
molecules in tumor cells and APCs, facilitating antigen
presentation and cytotoxic susceptibility.

MHC II molecule expression is also higher in many
cancer types, such as melanoma, lung and breast
cancer, and osteosarcoma. This upregulation could
also activate T helper cells and effect the simul-
taneous activation of other effector cells, such as
cytotoxic lymphocytes. T helper cells induce apop-
tosis in tumor cells through one of several related
mechanisms. Th cells can use the Fas/FasL. path-
way to induce apoptosis of tumor cells directly. For
example, Th cells upregulate Fas expression on the
lymphoma cell surface by binding CD40 on the tumor
cell. Consequently, Th cells induce tumor cell apop-
tosis by FasL ligation. In other tumor types, Th cells
use other apoptotic mechanisms, such as TNF-related
apoptosis-inducing ligand (TRAIL). Thl cells also
employ a granzyme/perforin-dependent pathway to
kill T lymphoma cells.

These cells can assume a regulatory phenotype that
is similar to CD4" CD25" regulatory T cells, which
can significantly impede the function of Th cells in
the tumor microenvironment and prevent tumor erad-
ication. Recent studies have reported the induction
of Th-like regulatory T cells by coculture with nat-
ural regulatory T cells and the resulting production of
immunosuppressive cytokines (TGF-[3) that block the
function of emerging antigen-specific Th cells [96, 97].

Cytotoxic lymphocytes (CTLs)

Cytotoxic T lymphocytes (CTLs) are activated by
APCs in the lymph node, but unlike helper T cells, they
require crosspresentation, because they recognize anti-
gens that are associated with MHC class I molecules.
MHC class 1 is on all nucleated cells and present
self-antigens (or intracellular nonself) constitutively,
which are central to recognizing healthy self, infected,
transformed, and nonself cells. When cytotoxic T cells
are activated, they undergo clonal expansion, acquire
their effector phenotype, and migrate to where they
are required. When CTLs encounter any cell that
expresses the antigen that they target, they induce death
by contact, through TRAIL, or through perforin and
granzyme secretion. Further, CTLs produce TNF-o
and IFN-v, the effects of which have been described
above.

In mouse and human, CTL function significantly
in tumor rejection, inducing Fas receptor expres-
sion, the degradation of cellular FLICE/caspase-8
inhibitory protein (cFLIP) short protein, granzyme B-
mediated lysis, and CD95-induced activation of the
mitochondrial cell death pathway in tumor cells. An
analysis of tumor-infiltrating T cells in murine tumor
models and patient tumors have demonstrated that
tumor-associated helper and cytotoxic T cells develop
a functionally impaired effector/memory phenotype.
CTLs infiltrate and eliminate their targets during early
tumor growth but lose cytotoxic function on chronic
exposure to the tumor microenvironment. CTLs retain
the ability to secrete IL-2 and IFN-v, but their lack
of lytic properties is associated with a defect in
cytoskeleton-mediated degranulation.

Tumor cells regulate the function of CTLs by
impairing TCR signaling through various mech-
anisms, including signaling by the co-inhibitory
molecules CTLA-4, PD-1, and BTLA; the accu-
mulation and persistence of suppressor cells [Treg
and myeloid-derived suppressor cells (MDSC)] and
their byproducts. such as the immunosuppressive
cytokines transforming growth factor (TGF)- and
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IL-10, and the catabolic enzymes iNOS, arginase, and
ectonucleotidase; and tumor-produced immunosup-
pressive molecules, including PD-L1, TGF-f3, IL-10,
and indoleamine 2,3 dioxygenase (IDO). This suppres-
sion can be overridden by the presence of IL-12 and
IFN-q, likely by inhibiting TGF-f signaling. However,
it is unknown how IL-12 overcomes signaling by co-
inhibitory molecules in the tumor microenvironment
[98, 99].

Regulatory T cells (Tregs)

Regulatory T cells (Tregs) constitute 5% to 10%
of CD4" T cells in the periphery and modulate
the immune response with their suppressive effects
[100]. Tregs are classified as natural regulatory T
cells (nTregs) when they are generated in the thy-
mus and induced regulatory T cells (iTregs) when
they have differentiated from naive T cells in the
periphery. Tregs are characterized by high expres-
sion of CD25 (IL-2Ra) and the transcription factor
FoxP3, a significant regulator of Treg development
and function [101]. The absence of FoxP3 in Scurfy
mice effects an autoimmune and lymphoproliferative
disease and causes immune dysregulation; polyen-
docrinopathy, enteropathy, X-linked syndrome (IPEX)
in humans [102]. Helios is a transcription factor that
was originally described as a marker of nTregs, but it
has since been reported to be expressed in iTregs that
have been generated in vitro.

Tregs express other markers, including CDS5,
CD45RB'°, CTLA-4, PD-1, LAG-3, and GITR
[100], all of which participate in their suppressive
effects. Tregs inhibit APC activity through a contact-
dependent mechanism that involves FasL/Fas- and
PD1/B7-H1 interactions and a contact-independent
mechanism that is mediated by IL-10, TGF-f3, IL-
27, and IL-35. Several phenotypically and functionally
distinct iTreg subsets from the CD4 and CDS lineage
have been described. The most extensively stud-
ied populations are IL-10T T regulatory 1 (Trl),
TGF-B T helper (Th) 3, CD4tCD25% nTreg-like,
CD8"CD25", and CD8+CD28-cells.

Tregs are generally hypothesized to promote can-
cer development by suppressing antitumor immune
responses. Tregs can be activated by tumor-derived
self-antigens or tumor-associated antigens and cause
cancer by inhibiting the antitumor response. Elimi-
nation of Tregs by chemical or antibody depletion
restores the immune response in several models, allow-
ing the eradication of tumors [103]. In patients with
pancreatic and breast cancer, increased levels of cells

with a similar phenotype (positive for IL-10, TGF-f3,
and CTLA-4) have been detected in the PB, LNs, and
tumor tissue.

CD4+tCD25  Tregs suppress NK cell-mediated
cytotoxicity in patients with various epithelial tumors,
including lung, breast, and colorectal cancer. One of
the proposed mechanisms of this phenomenon is the
presence of the chemokine CCL22. Secreted by ovar-
ian cancer cells and TAMs, CCL22 binds CCR4 on
Tregs and forms a concentration gradient, inducing the
egress of Tregs from draining LNs toward the CCL22-
rich tumor microenvironment. CCL22 facilitates the
encounter between DCs and activated antigen-specific
T cells, suggesting that tumors have replicated this
process to suppress activated effector cells. Tumor
cells also induce Tregs directly through several fac-
tors, including CD70, cyclooxygenase-2 (COX-2),
indoleamine 2,3-dioxygenase (IDO), IL-10, galectin-
1, and TGF-B.

CD8* regulatory cells and their CD4" coun-
terparts were described in the early 1970s. Tregs
from the CD8™ lineage can develop intrathymically
and in peripheral tissue. CD8TCD25TFOXP31tCTLA
nTregs have been identified in several studies in rodents
and humans, and their activity is primarily cell-to-cell
contact-dependent.

Recent reports have described CD8% Tregs in can-
cer patients. In prostate cancer patients, the CD8™
Tregs are CD25TCDI122*FOXP3* and GITR*™.
Their suppressive effects are mediated by cell-to-
cell contact and through unidentified soluble factors
other than IL-10 or TGF-B. CD8*TCD25tFOXP3+
Tregs in colorectal cancer are positive for TGF-£3.
Tumor plasmacytoid DCs (pDCs) from ovarian can-
cer patients induce CD8" iTregs in vitro, which
corroborates ex vivo data of the accumulation of
CD8* Tregs in the ascites, draining LNs, and PB of
these subjects. CD8+CD28™ iTregs suppress through
contact-dependent mechanisms, IL-10 secretion, and
upregulation of the inhibitory immunoglobulin-like
transcript (ILT) receptors ILT3 and ILT4 on APCs. The
characterization and understanding of CD8" Tregs
are in their infancy; thus, their subclassification and
function are unsettled and will likely be modified and
expounded on [104].

In humans and mouse models, a decrease in cyto-
toxic CD8™ lymphocyte:Treg cell ratio in a tumor and
draining lymph nodes is associated with a poor prog-
nosis in several cancers, such as lung, liver, pancreas,
breast, and ovary. However, this function can also limit
inflammation and thus restrict tumor metastasis and
development [105].
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B lymphocytes

The function of B cells in cancer immunology
is unknown, because there is evidence of their pro-
tumor and antitumor effects. The chief mechanism
by which B cells exert their antitumoral effects
that has been proposed is the production of anti-
bodies against tumor antigens, which can facilitate
the destruction of tumor cells by inducing ADCC,
complement-mediated lysis, and phagocytosis. How-
ever, the efficacy of these antibodies has been debated,
because they are typically detected at low concentra-
tions and because many of the antigens are intracellular
components.

Further, B lymphocytes modulate the immune
response by acting as APCs and producing cytokines.
As APCs, B cells express costimulatory molecules,
such as CD80, CD86, and ICOS, activating helper and
cytotoxic T lymphocytes. In addition, B lymphocytes
can acquire an effector phenotype on activation by Th1
lymphocytes in the presence of IL-12, whereby B cells
transform into effector B lymphocytes 1 (Be-1) that
produce IL-12, IFN-vy, and TNF-a, further driving the
Th1 response. Conversely, if B cells are activated by
Th2 lymphocytes in the presence of IL-4, they acquire
aBe-2 phenotype, which is associated with the produc-
tion of IL-2, IL-4, and IL-13—all of which promote a
Th2 immunity.

In solid tumors, such as melanomas, CD27% and
CDI197B cells are depleted, which is accompanied by
B2-induced polarization of macrophages and TAMs
through IL-10 production. In these B cells, the abil-
ity to upregulate IFN-y and IL-2 in T cells and
inhibit CD4" T cell-mediated help for CTLs is
impaired.

There is new population of regulatory B
cells (Bregs) that constitutes 1% to 2% of all
B220" cells, subdivided into IL-10-producing
CD1d"CD57B cells (B10 regulatory cells), Blb
(CD5-CD1d"B220"°CD11btIgMt) regulatory
cells, and CD197CD24MCD38"B cells, that have
been related to autoimmune diseases in mouse and
humans. Bregs appear to use IL-10 as their chief
effector molecule and are active in breast cancer lung
metastasis. We have identified a unique and poorly
proliferating B cell subset that resembles immature
B2 cells phenotypically but expresses constitutively
active Stat3 and high levels of IL2Ra (CD25), B7-H1,
and CDS81. These cells, designated tumor-evoked
Bregs (tBregs), are required for lung metastasis,
because breast cancer cells can not metastasize in
their absence [106] (Fig. 2).

Mast cells

Mast cells (MCs) are tissue-resident immune sen-
tinel cells that are found in most vascularized tissues in
close proximity to blood vessels, nerves, smooth mus-
cle, and epithelial cells. They are particularly abundant
in sites that are exposed directly to the environment,
such as the skin, airways, and the genitourinary and
gastrointestinal tracts. MCs secrete a wide range of
mediators with various activities that induce proinflam-
matory, anti-inflammatory, and immunosuppressive
responses [107].

MCs are common in the tumor microenvironment
in many human cancers, including breast cancer,
and have been associated with tumor rejection and
tumor promotion in experimental and clinical stud-
ies. Tumor-infiltrating MCs are derived from sentinel
MC progenitor cells and those that are recruited to the
tumor by tumor-derived chemoattractants, in response
to-which they release cytotoxic compounds or aid
tumors indirectly by organizing its microenvironment
through the secretion of mediators that favor angiogen-
esis or modulate immune responses [108].

Although the accumulation of MCs is linked to
enhanced growth and invasion in certain human can-
cers [109], high MC infiltration has most often been
associated with a good prognosis in breast cancer
[110-115]. The presence of stromal mast cells cor-
related with a favorable prognosis in 187 breast
carcinomas, and a high mast cell count was associ-
ated with small tumors, tubular differentiation, and
hormone receptor expression [110]. There was also a
negative correlation between the number of mast cells
in regional lymph nodes and the presence of breast
cancer metastases, suggesting an inhibitory function
of mast cells against tumor growth [114].

A separate study confirmed the favorable prognos-
tic significance of stromal mast cells in a cohort of 348
invasive breast carcinoma patients, demonstrating that
the presence of stromal mast cells correlated negatively
with tumor size but had no relationship with ER, PR,
or HER?2 status or tumor grade [112]. Further, high
stromal mast cell counts in invasive breast cancer tis-
sue are linked to low-grade tumors and ER positivity,
factors that are associated with a favorable progno-
sis in breast cancer [111]. These results are supported
by another study that reported that highly hormone-
receptive tumors contain many MCs in the peritumoral
area in invasive ductal breast cancer versus control
cases and minimally hormone-receptive tumors.

Proliferation and ER, PR, and HER?2 values indicate
that a higher MC count is associated with a favorable
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Fig. 2. Immunosurveillance and immunosubversion. Innate immunity elements are the first components to intervene. NK cells detect abnormal
or stressed cells and attack them by secreting perforin and granzymes or by engaging death receptors, effecting tumor cell apoptosis. Apoptotic
bodies are phagocytosed and processed by APCs (DCs or macrophages), which migrate to peripheral lymph nodes (PLNs) and present antigens
to lymphocytes. Next, T helper and T cytotoxic lymphocyte clones arise and mediate the antitumoral response. Conversely, tumor cells modify
the microenvironment by producing immunoregulatory factors, such as TGF-@, which alters cytotoxic cells and APC activity (leading to iTreg
generation), promotes Treg proliferation, and converts macrophages into TAMs, which benefits a protumoral microenvironment.

prognosis. Moreover, MCs tend to accumulate around
the cancerous area, which can be considered an attempt
to impede the progression of anomalous tissue. MCs
exhibit cytolytic activity against tumor cells [113]. In
a larger study of 4444 breast tumors, stromal MCs
predicted greater survival [115]. In contrast, a study
noted that the number of MCs increased significantly
in malignant compared with benign lesions in human
breast biopsies [116]. A subsequent report found MCs
counts to be negatively associated with ER/PR sta-
tus, suggesting that higher MC counts are related to
poor outcomes. However, there was no significant
association between MC count and other parameters,
including tumor size, lymph nodes status, and nuclear
and histological grade [117].

Although mast cell phagocytosis has a significant
function during a bacterial infection, its value in cancer

has not been examined. Only one study has reported
that MCs participate in the direct killing of breast tumor
cells by phagocytosis and cytolysis [118].

MC-derived mediators have been implicated either
in pro-tumorigenic or antitumorigenic functions. His-
tamine, the most extensively studied product of MCs,
has been postulated to mediate tumor progression
through histamine membrane receptors [119]. How-
ever, cimetidine, an antagonist of histamine receptor 2,
had no effect on tumor cell proliferation in breast can-
cer patient, indicating that the presence of histamine
and mast cells does not correlate with tumor cell pro-
liferation in breast cancer [120].

MC:s also participate in tumor angiogenesis, based
on the release of several proangiogenic factors, of
which tryptase, an MC-specific protease, is one of the
most active. Tryptase-positive MCs have been linked
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to angiogenesis in lymph nodes with micrometas-
tases from breast cancer patients [121]. In addition,
the number of tryptase-positive MCs correlates with
angiogenesis in early breast cancer patients [122]. In
vitro experiments have demonstrated that MC tryptase
promotes the invasion and migration of breast cancer
cells [123].

Conversely, MCs are a plentiful source of several
proinflammatory cytokines and can have antitumori-
genic effects, promoting the inhibition of tumor cell
growth, tumor cell apoptosis, and inflammation by
releasing proinflammatory cytokines, such as IL-1, IL-
4,1L-6, and TNF-a—cytokines that inhibit the growth
of breast cancer cells [124, 125]. In summary, the pre-
cise function of MCs in breast cancer is complex and
remains undefined.

SEX STEROID REGULATION OF THE
IMMUNE RESPONSE

The mammalian immune system distinguishes
between self and nonself, using complex and evolving
dynamic mechanisms that are essential for protec-
tion against pathogens. Initially, the immune system
was believed largely to be self-regulated; however, it
became clear that it coordinates bidirectionally with
the neuroendocrine system [2]. The immune response,
a homeostatic response that is under physiological
control, maintains the integrity of cells in the body
and tissue. Thus, efficient immunoendocrine commu-
nication implies the existence of afferent and efferent
pathways that constitute a complex feedback system
[126]. Sex-based differences in infection and immu-
nity suggest that sex steroids underlie these disparities.
Thus, in addition to the immune factors that regulate
the complex immunoendocrine network, gender might
have a significant function in shaping the immune
response [127].

A reciprocal relationship between sex steroids and
the immune system has been hypothesized for sev-
eral years, and there is evidence that sex hormones
influence the distribution and function of innate and
adaptive immune cells. In addition, gender and sex
steroids govern the development and prevalence of
many human diseases. Thus, understanding the basis of
differences in the immune response between genders
is paramount for developing new approaches to pre-
vent, diagnose, and treat infectious and autoimmune
diseases.

In many sexually dimorphic species, sexual geno-
type is determined on conception, after which

the organism’s physiological and endocrinological
development takes place, affecting many complex
differences between males and females. Beginning
in infancy and throughout reproductive age, these
differences are based on the production, secretion,
and circulating concentrations of estrogens, proges-
terone, and testosterone and are based primarily on
the function and development of the hypothalamic-
pituitary-gonadal (HPG) axis [1, 4]. The complex
interaction between hormones that are produced by
the HPG axis and other hormones, in addition to
sex-independent gene products, determine the male
and female phenotypes. Although individuals exhibit
considerable variations, cyclic peaks of estrogen and
progesterone and low androgen levels define the female
phenotype. In contrast, low estrogen and progesterone
and high androgen levels characterize the male pheno-
type [2].

Thus, we infer that in addition to their effects on
sexual differentiation and reproduction, sex hormones
govern the differences between sexes regarding their
immune responses to the same antigenic stimulus.
Although the first report on the presence of sex steroid
receptors in the thymus was published in 1979 by
Grossmanetal., it was as early as 1898 when Italian sci-
entist Cazolari observed that the thymii of rabbits that
were castrated before sexual maturity were larger than
in control animals. However, this finding went largely
unnoticed. In 1940, Chiodi made a similar observation
regarding the effects of castration on thymic weight. In
addition, the finding that androgen replacement reverts
castration-induced thymic hypertrophy strongly sug-
gests that sex steroids mediated this effect.

Subsequently, immunological dimorphism was
demonstrated, based on the finding that females of
various species produce higher levels of circulating
immunoglobulins and typically develop a stronger
humoral response against infections. Females also
produce a range of autoreactive antibodies more fre-
quently. Increasing evidence of sexual dimorphism
in the immune response in humans; compared with
men, women mount more robust antibody and cell-
mediated immune responses following an infection
or vaccination. The incidence of most autoimmune
diseases is also higher in women, but during preg-
nancy, many such diseases go into remission, only to
flare up in the early postpartum period. Sexual hor-
mones modulate variety wide range of phenomena with
regard to the immune response, including thymocyte
maturation and selection, cellular transit, lymphocyte
proliferation, expression of MHC class II molecules
and receptors, and cytokine production [4, 8, 128].
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There are many effects of sex steroids on specific
phenomena. For example, based on clinical and epi-
demiological findings, autoimmune diseases are more
common in women than men and more frequent in
women of reproductive age, suggesting that sex hor-
mones govern these differences. According to data
from the health systems of several countries, more
than 75% of patients with autoimmune diseases are
women, and in some extreme cases, specifically lupus
erythematosus, 9 of 10 patients are women [129,
130]. Further, sex-associated disparities in the immune
response are believed to cause the greater susceptibility
of females to autoimmune diseases, such as multiple
sclerosis (MS), rheumatoid arthritis (RA), and sys-
temic lupus erythematosus (SLE) [131].

Sex-associated differences have also been observed
in infectious diseases, including sexual dimorphism of
the immune response and dimorphism with regard to to
infection parameters [132]. Thus, sex-associated dif-
ferences implicate sex steroids as modulators of the
immune system.

As discussed, several immune and infectious dis-
eases are believed to be influenced by gender and sex
hormones. Recent evidence indicates that the control
of Treg development is a key immune component of
this sexual dimorphism

INTEGRATED REGULATION OF SEX
STEROIDS, IMMUNE RESPONSE,; AND
BREAST CANCER

The sex hormones estrogen, testosterone, and pro-
gesterone affect the differentiation, maturation, and
function of many immune cell types. Determination
which cell types are targeted by sex steroids and
increasing our understanding of the mechanisms by
which these factors modify immune cell activity are
critical to identify the basis of gender differences in
autoimmune and infectious diseases and design the
most appropriate therapeutic strategies.

Evidence suggests that the effects of sex steroids
on the immune system cannot be generalized, because
they can vary from immunosuppression to immunopo-
tentiation, even with the same hormone. The variability
in results might be explained by differences between
systems, including whether a study is in vitro and in
vivo, the dose of hormones (low vs high doses), age and
sex hormone status, route and time of administration,
hormone metabolism (eg, metabolism of testosterone
to estrogen), and the effects of systemic treatment on
the levels of other steroid hormones.

Experimental and clinical evidence in many models
has linked sex steroid hormones, including estradiol,
testosterone, and progesterone, and autoimmune dis-
eases, such as multiple sclerosis (MS), rheumatoid
arthritis (RA), SLE, and experimental autoimmune
encephalomyelitis (EAE). Based on these observa-
tions, clinical trials that are based on hormone therapy
and strategies to modulate autoimmunity through
selective estrogen receptor modulators have been per-
formed. However, treatment with sex steroids is a
complicated clinical issue for which the risks and ben-
efits must be weight. Additional basic information is
essential to increase our understanding of the immune
and neural implications of clinical used of sex steroids
and sex steroid receptor-modulating drugs. Such stud-
ies will provide the basis for new therapeutic strategies
for breast cancer.

TARGETED THERAPY

Targeted cancer therapy is directed against spe-
cific properties of cancer cells, including proteins that
enable them to grow in rapidly or abnormally. Targeted
therapies generally do not harm healthy cells. Some
targeted therapies are antibodies, or targeted immune
therapies.

Approximately 20% to 30% of breast cancers
express HER2 (human epidermal growth factor recep-
tor 2). In normal breast cells, HER2 receives signals
that stimulate growth. But with an excess of HER2,
breast cancer cells grow and divide too quickly. There
are 2 antibodies against HER2 that allows cancer cells
to receive chemical signals that signal them to grow,
Herceptin (trastuzumab) and Perjeta (pertuzumab).
Like Herceptin, Perjeta binds to HER2 on the surface
of breast cancer cells and blocks growth signals. Her-
ceptin reduces or stops the growth of breast cancer,
while Perjeta, which is directed to a different region of
HER?2, complement Herceptin with regard to function.

Herceptin can damage the heart and its ability to
pump blood, a risk that ranges between 5% and 30%.
The risk of heart damage is greater when Herceptin
is administered with other chemotherapy drugs that
cause heart damage, such as adriamycin. In rare cases,
Herceptin causes a severe allergic reaction, the symp-
toms of which include hives, and breathing difficulties
due to sudden swelling and narrowing of the airways.
Pulmonary toxicity—inflammation of lung tissue, low
blood pressure, and possibly the accumulation of fluid
around the lungs—is also rare.

In most cases, these reactions occur during the infu-
sion or within the first 24 hours that the first dose
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of Herceptin is given, such reactions develop less
frequently within 1 week after the first dose. Occa-
sionally, these adverse effects occur with or after the
second dose. The reaction can be more severe when
lung disease is concomitant with preexisting asthma or
emphysema or if breast cancer has spread considerably
to the lungs [133].

Mastectomy has become more refined and less intru-
sive, because in most cases, the muscles under the
breasts are not removed. Lymph node removal and axil-
lary lymph node dissection are treatment options if a
biopsy demonstrates that the breast cancer has spread
outside of the milk duct.

Prophylactic removal of the ovaries is a preventive
surgery that decreases the amount of estrogen in the
body, making it more difficult to stimulate the devel-
opment of breast cancer [35].
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