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Programada 1
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RESUMEN
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El melanoma es un tipo de cancer que se origina en los melanocitos, células de la piel que se
encargan de la produccion de la melanina, un pigmento marrén que nos protege de la radiacién
ultravioleta (UV). El principal factor de riesgo para su desarrollo es precisamente la radiaciéon UV
del sol que induce mutaciones en el DNA de los melanocitos. Su incidencia ha aumentado en las
ultimas cuatro décadas, y es el cancer mas comun en adultos jovenes de 25 a 29 aiios. El
melanoma es altamente curable si se detecta en sus etapas mas tempranas (estadio |), pero el
prondstico es menos favorable en los melanomas localmente avanzados (estadio Il) o cuando

hay metastasis regionales (estadio Ill).

Los modelos actuales de progresion metastasica proponen que la invasiéon de células
cancerigenas y las metastasis desde el tumor primario estdn fuertemente influenciadas por
sefiales provenientes del microambiente tumoral (TME), en particular del contexto inflamatorio
e inmune. Los macroéfagos asociados a tumor (TAM) son la subpoblacion de células mieloides mas
abundantes en los tumores. Son reguladores clave del desarrollo de los tejidos y la homeostasis,
pero los tumores han adquirido la capacidad de educarlos para su propio beneficio y, por tanto,
los TAM juegan un papel crucial en la supresion del reclutamiento y la funcion de las células T, lo

gue favorece el escape inmunoldgico del tumor.

El objetivo principal de esta tesis es analizar en detalle el contexto inmune innato y sus
interacciones con otros componentes (tumor o estroma) del TME del melanoma humano. Nos
hemos centrado en el andlisis detallado de los TAM con el propdsito de caracterizar el fenotipo
gue se asocia a la progresién metastasica de los pacientes con melanomas en estadios I-lll y su
validacién como marcador pronéstico de la evolucién clinica. Por otro lado, también proponemos
abordar el estudio de los mecanismos que desencadenan la activaciéon pro-tumoral y pro-
metastdsica en TAM. Con estos objetivos en mente, hemos puesto a punto Ia
inmunofluorescencia multicolor, unida a la microscopia confocal, para estudiar diversos
componentes inmunes y estromales, asi como la expresion de quimioquinas y sus receptores en

el TME del melanoma humano.

En trabajos anteriores se habia identificado un perfil pro-tumoral de los TAM presentes en
melanoma que se caracterizaba por la expresion de las citoquinas CCL20 / TNF / VEGFA. Para

validar este grupo de proteinas como marcadores independientes con valor prondstico, se realizé
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un estudio mediante inmunofluorescencia multicolor en una cohorte de 83 melanomas primarios
incluidos en parafina. Acorde con los resultados preliminares, se observé que la produccién de
las citoquinas CCL20/TNF/VEGFA por TAM correlacionaba con una mala supervivencia de los
pacientes. Nuestros resultados validan este perfil pro-tumoral como un marcador prondstico

independiente de la evolucién de melanoma.

Ademas, usando macrofagos derivados de monocitos, ideamos un sistema de cultivo in vitro
de macréfagos con células de melanoma, que nos permitié explorar las vias reguladoras
subyacentes a este fenotipo secretor de TAM, demostrando que p53 y NF-kB son responsables
de co-regular los macréfagos condicionados por tumores. Estos resultados identifican una via
p53 / NF-kB Unica en TAM pro-tumoral que podria ser apta para reeducar a los TAM y bloquear

sus funciones pro-tumorales.

Por otro lado, para identificar las vias moleculares responsables de la diferenciacion de los
TAM, se realizdé un cribado de los biomarcadores secretados durante la interaccién entre
macréfago y melanoma. Se encontré que la activina A, miembro de la familia del TGFp, juega un
papel crucial en el TME, promoviendo la expresiéon de genes pro-tumorales y desencadenando
funciones pro-invasivas e inmunosupresoras en los TAM. Adema3s, el bloqueo de la activina en
modelos xenogénicos de melanoma humano en ratones inmunodeficientes facilitd el rechazo del
tumor tras la transferencia de linfocitos humanos al ratén. Por ultimo, el cribado de dos
colecciones de melanomas cutaneos independientes mostrd que la activina A esta enriquecida
en TAM y en células de melanoma de pacientes con peores resultados de supervivencia y
constituye un marcador prondstico nuevo e independiente. Por lo tanto, en este trabajo hemos
identificado la activina A como intermediario clave en las funciones pro-tumorales e
inmunosupresoras de los TAM, con un potencial importante como biomarcador y como diana

inmunoterapéutica.
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ABSTRACT
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Melanoma is a cancer that begins in the melanocytes, cells in the skin that normally make a
brown pigment called melanin, which protects our skin from ultraviolet radiation. The major risk
factor for most melanomas is precisely the UV rays from sunlight, which can induce mutations in
the DNA of melanocytes. Melanoma incidence has grown in the last four decades, and it is the
most common cancer in young adults aged 25 to 29 years. Melanoma is highly curable if detected
at its early stages (stage 1), but prognosis worsens in locally advanced melanomas (stage Il) o

when there is a regional metastasis (stage Ill).

Current models of metastatic progression propose that cancer cell invasion and metastasis
from the primary tumor are strongly influenced by signals that come from the tumor
microenvironment (TME), particularly from the inflammatory and immune context. Tumor
associated macrophages (TAM) are the most abundant myeloid cell subpopulation in tumors.
They are key regulators of tissue development and homeostasis; however, tumors have acquired
the ability to educate them in their own advantage, and thus TAM play a crucial role in

suppressing T-cell recruitment and function, and thereby favoring tumor immune escape.

The main objective of this thesis is to analyze in detail the innate immunity and its interactions
with the rest of the components (tumor or stroma) of the TME of human melanoma. We have
focused on the detailed analysis of TAM with the purpose of characterizing the phenotype
associated with metastatic progression in patients with stage I-lll melanomas and its validation
as a prognostic marker of clinical evolution. On the other hand, we also propose to address the
study of mechanisms that trigger pro-tumor and pro-metastatic activation in TAM. With these
objectives in mind, we have coupled multicolor immunofluorescence with confocal microscopy
to study various immune and stromal components, as well as the expression of chemokines and

their receptors in human melanoma TME.

In our previous work we had identified a pro-oncogenic cytokine profile of TAM present in
melanoma characterized with the expression of CCL20/TNF/VEGFA. In order to validate this
group of proteins as independent markers with prognostic value, a study using multicolor
immunofluorescence was performed in a cohort of 83 paraffin-embedded primary melanomas.

In accordance with the preliminary results, it was observed that the production of these
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cytokines by TAM correlated with poor patient survival. Furthermore, our results validate this

pro-tumoral profile as an independent prognostic marker of the evolution of melanoma.

Additionally, using monocyte-derived macrophages, we devised an in vitro culture system of
macrophages with melanoma cells, which allowed us to explore the regulatory pathways
underlying this secretory phenotype of TAM, showing that p53 and NF-kB co-regulate tumor-
conditioned macrophages. These results identify a unique p53/NF-kB pathway in pro-tumoral

TAMs that could be targetable to re-educate TAMs to block their pro-tumoral functions.

On the other hand, in other to identify the molecular pathways responsible for TAM
differentiation, a screening of the biomarkers secreted during melanoma-macrophage
interactions was performed. Activin A, a member of the TGFB family, was found to play an
instrumental role in TME, promoting the expression of tumor-sustaining genes and the
achievement of pro-invasive and immunosuppressive functions of TAM. Blockade of activin
reduces the upregulation of part of these genes and prevents the acquisition of pro-tumoral
functions, facilitating human melanoma rejection by transferred human lymphocytes in a
xenograft mouse model. Remarkably, screening of two independent cutaneous primary
melanoma collections showed that activin A is enriched in TAMs and melanoma cells from
patients with worse outcomes and constitutes a new and independent prognostic marker. Thus,
we identify activin A as a key intermediary in the pro-tumoral and immunosuppressive functions

of TAM, with significant potential as a disease biomarker as well as an immunotherapeutic target.
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INTRODUCCION
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Melanoma

El melanoma es un tipo de cancer que se origina en los melanocitos, células de la piel que se
encargan de la produccion de la melanina, un pigmento marrdén que nos protege de la radiacién
ultravioleta. Aunque el melanoma se desarrolla habitualmente en la piel también lo podemos

encontrar en otras partes del cuerpo como en los 0jos o en las mucosas de tejidos internos.

Incidencia

Durante las ultimas tres décadas la incidencia y la mortalidad del melanoma han aumentado
a un ritmo constante. La incidencia estandarizada por edad es de 11,4 por cada 100.000
habitantes en el continente europeo. En Espafia se estima que se diagnosticaradn alrededor de
7.500 casos en el ano 2022 (REDECAN). Aunque el melanoma solamente supone menos de un
4% de los casos totales de cancer de piel, es responsable del 80% de las muertes de este tipo de

neoplasias (Miller and Mihm, 2006).

Factores de riesgo
El melanoma es una enfermedad multifactorial cuyo desarrollo va a depender tanto de
factores externos como factores que dependen del individuo. Los factores de riesgo mas

frecuentes para el desarrollo de esta enfermedad son los siguientes (Rastrelli et al., 2014):

- La exposicidn a radiacién ultravioleta. Esta considerado como el factor de riesgo
principal para el desarrollo de la mayoria de los melanomas. La luz solar es la principal
fuente de radiacidn ultravioleta, aunque también destacan las cabinas de bronceado,
gue se ha demostrado que aumentan el riesgo de padecer melanoma (Arnold et al.,

2018).

- Hipersensibilidad solar. Comunmente conocida como alergia al sol, es una reaccion
inmunoldgica que se desencadena tras la exposicion de la piel al sol. Se suele

manifestar como una quemadura solar exagerada o como una erupcion.
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- Antecedentes familiares y personales de melanoma. Tanto las personas que ya han
padecido melanoma alguna vez como aquellas con historial familiar de melanoma

estan en mayor riesgo de padecer la enfermedad.

- Grado de pigmentacién de la piel. Aquellos individuos con la piel muy clara, que se

gueman o se llenan de pecas con facilidad tienen mayor riesgo de padecer melanoma.

= Mdiltiples nevi. Un lunar o nevus es un tumor benigno pigmentado derivado de los
melanocitos. La presencia de mas de 50 nevi aumenta el riesgo de desarrollar

melanoma.

Prondstico y Estadificacion

El melanoma es altamente curable si se detecta en sus etapas mas tempranas (estadio 1), pero
el pronéstico es menos favorable en los melanomas localmente avanzados (estadio Il) o cuando
hay metastasis regionales (Ill) (Balch et al., 2010). La enfermedad progresa en un 5-20% de los
pacientes y se desarrollan metdstasis a distancia; indicando que las células de melanoma ya se

habian diseminado antes de la extirpacién del tumor primario (Damsky et al., 2014).

La estadificacidn del melanoma se basa en un sistema desarrollado por el American Joint
Committee on Cancer (AJCC) que utiliza la clasificacién TNM: T (tamafio del tumor), N (afeccién
de los ganglios linfaticos) y M (metdstasis) (Tabla 1). En la actualidad, los factores prondsticos
mas relevantes en los estadios I-lll son los siguientes: el espesor y/o nivel de invasion del
melanoma (Breslow), el indice mitdtico (definido como mitosis por milimetro), la presencia o no
de ulceracién en el sitio primario y el nUmero de ganglios linfaticos regionales afectados, con

distincién de macrometastasis y micrometastasis (Balch et al., 2009).

Sin embargo, en los estadios tempranos del melanoma la estadificacién tradicional no evalua
con precisién el riesgo de recurrencia de un paciente individual y no define completamente el
prondstico de los pacientes en estadio II-lll. El analisis de linfocitos infiltrantes de tumores (TIL),
por métodos patoldgicos convencionales, es predictivo, pero no es lo suficientemente preciso
para la aplicacion clinica (Galon et al., 2016). Por lo tanto, un alto grado de heterogeneidad entre

los pacientes dentro del mismo estadio clinico impide la identificacidon de los pacientes de alto
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riesgo, que obtendrian el mayor beneficio de la inmunoterapia adyuvante. El prondstico preciso
es particularmente importante en pacientes con melanoma en estadios Il-lll para guiar la

inmunoterapia adyuvante y se necesitan con urgencia nuevos biomarcadores.

Clasificacion T Grosor (mm) Ulceracion / Mitosis
Tis NA NA
a: Sin ulceracion y mitosis < 1/mm2
T1 <1.00 . o
b: Con ulceracion o mitosis = 1/mm2
a: Sin ulceracion
T2 1.01-2.00 oA
b: Con ulceracion
T 501~ 1.00 a: Sin ulceracion
3 ' 4 b: Con ulceracion
a: Sin ulceracion
T4 > 4.00

Clasificacion N

N.° de ganglios metastasicos

b: Con ulceracion

Grado de afectacion ganglionar

No o NA

N1 S a: Micrometastasis*
b: Macrometastasis**
a: Micrometastasis*

N2 2-3 b: Macrometastasis**
c: Metastasis en transito/satélites sin metastasis nodal

N3 4

Clasificacion M Localizacion LDH sérica

Mo Sin metastasis distantes NA

Maia Piel distante, subcutanea o nodal Normal

Mab Pulmonar Normal

Otras metastasis viscerales
Mac Elevada

Cualquier metastasis distante

Abreviaturas: Na, no aplicable; LDH, lactato deshidrogenasa
*Micrometastasis: se diagnostican tras biopsia del ganglio centinela.
**Macrometastasis: metastasis linfaticas clinicamente detectables y confirmadas mediante estudio patoldgico.

Tabla 1. Clasificacion TNM del melanoma cutdneo. Adaptado de Balch et al., 2009.

Progresion del melanoma

Como se ha mencionado anteriormente, el melanoma se desarrolla a partir de un precursor

melanocitico. Cuando la piel es expuesta a radiacidon ultravioleta, los melanocitos sufren
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mutaciones en el DNA y proliferan hasta formar una neoplasia, que puede ser benigna (nevus o
lunar) o maligna (melanoma). La mayoria de las lesiones malignas surgen de novo, es decir, tan

solo un 20-30 % de los melanomas se originan a partir de nevi preexistentes.

Tras acumular sucesivas alteraciones genéticas, los melanocitos del melanoma comienzan a
proliferar de forma aberrante y a expandirse de forma radial a través de la epidermis.
Posteriormente se iniciaria un desarrollo vertical que comenzaria a invadir la dermis a través de
la ldmina basal del epitelio. A partir de aqui las células invasivas adquieren la habilidad de
degradar la matriz extracelular, alcanzando los vasos linfaticos y como consecuencia los ganglios
linfaticos. Las células de melanoma también pueden invadir vasos sanguineos, sobrevivir en el
torrente sanguineo y metastatizar a érganos distantes, fundamentalmente pulmones, higado,

encéfalo y médula ésea.

A parte de los cambios genéticos o epigenéticos que ocurren en las células tumorales durante
el desarrollo del melanoma, existen otros factores que van a dictaminar la progresion de la
enfermedad como son las interacciones con los diferentes componentes del estroma: el

microambiente tumoral (TME, del inglés “Tumoral Microenvironment”).
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Figura 1. Representacion de la progresion del melanoma segun el estadio. Simplificacion del sistema de

estadificacion TNM con cuatro estadios, del | (1) al IV (4).
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Microambiente tumoral

Los tumores son organizaciones complejas de células, parecidas a los tejidos, formadas no
solo por células cancerigenas sino también por el estroma, que estd constituido por fibroblastos,
células endoteliales, células del sistema inmune, moléculas solubles y la matriz extracelular. Los
fibroblastos y las células endoteliales se encargan de mantener la integridad de los tejidos. La
funcién de los fibroblastos es la de producir y reorganizar la matriz extracelular con proteinas
como colageno, proteoglicanos o fibronectina, entre otras. Ademas, también son capaces de
reclutar células del sistema inmune mediante la liberacion de quimioquinas. Sin embargo,
cuando pasan a formar parte el tumor (fibroblastos asociados a cancer, CAF) se activan vy
comienzan a secretar de forma sostenida factores de crecimiento y citoquinas que fomentan la
proliferacion y la propagacién del cancer (Alkasalias et al., 2018; Kalluri, 2016; Tripathi et al.,
2012). Por otro lado, las células endoteliales van a aportar el soporte nutricional necesario para

su crecimiento.

El melanoma es el tumor humano que mas mutaciones somaticas acumula (Alexandrov et al.,
2013). Estas mutaciones especificas de los tumores los hacen altamente inmunogénicos porque
no estan presentes en los tejidos normales y, por lo tanto, evitan la tolerancia timica central (Ott
et al., 2017). Es por ello por lo que las células inflamatorias van a tener un papel crucial en la

evolucidn del tumor y posterior metastasis.

En un tejido normal la funcién del sistema inmune consiste en regular la homedstasis del
tejido, controlando la aparicidon de células anormales o mutadas en el mismo, y por otro lado
defendiéndolo contra agentes extrafios. En principio, el sistema inmune ejerceria una respuesta
anti-tumoral que reconoceria el tumor, detendria su progreso y eliminaria las células cancerosas.
Sin embargo, cuando un tumor logra desarrollarse es debido a la capacidad que adquieren las
células cancerosas para eludir la respuesta anti-tumoral e incluso modificarla hasta convertirla
en una respuesta pro-tumoral (Dunn et al., 2002). Esto es debido a la plasticidad que muestran
las células del sistema inmune que, en respuesta a diferentes estimulos tales como citoquinas o
factores de crecimiento, son capaces de tener efectos diversos e incluso contradictorios en el

desarrollo tumoral.
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En un tumor se pueden encontrar componentes celulares del sistema inmune innato, como
las células asesinas naturales o natural killers (NK) o diversos tipos de células mieloides
(neutrdfilos, basoéfilos, eosindfilos, monocitos/macréfagos y células dendriticas) y células del

sistema inmune adaptativo (linfocitos T y linfocitos B).

x Inhibicion de la

Pro-tumoral 3 Presentacién de T Inmunosupresion T Treg lisis de células 1 Proliferacién

1 Produccién VEGF | [antigenos tumorales

tumorales
Q)

TAM Célula MDSC Linfocito T Célula NK Célula
Dendritica ° Tumoral

Linfocito B

Matriz
Extracelular

CAF

Célula
endotelial

Glébulo rojo

Figura 2. Microambiente tumoral. El microambiente tumoral estd compuesto por diversos componentes que
participan activamente en los procesos tumorales e influyen en su crecimiento y propagacién. Las células
inflamatorias constituyen una proporcién significative del estroma del melanoma humano y proporcionan un

ambiente pro-tumoral mediante la secrecion de citoquinas y factores solubles.

Linfocitos T

El sistema inmune adaptativo se caracteriza por ser especifico, generar memoria y
proporcionar una respuesta mejorada a antigenos especificos tras un encuentro inicial. La
respuesta adaptativa permite una proteccién a largo plazo contra antigenos especificos que
puede durar semanas, meses e incluso toda la vida. Las células responsables de esta inmunidad
son los linfocitos T, que provienen del timo, y los linfocitos B, que provienen de la médula dsea o

“bone marrow” en inglés.
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Los linfocitos T se dividen en varios subgrupos segun sus funciones:

Citotodxicos o CD8+: estan especializadas en reconocer y eliminar células especificas
gracias al reconocimiento de antigenos. Poseen tres mecanismos para la eliminacién
de células: a través de citoquinas como TNF-a e IFN-y, mediante la liberacion de
granulos citotéxicos como la granzima y la perforina y por dltimo la induccion de
apoptosis via interaccion del sistema Fas/FasL. Como cabe imaginar, su infiltracién en
el tumor se relaciona con un prondstico favorable debido a su capacidad de eliminar

células tumorales (Fridman et al., 2012).

- Cooperadores o CD4+: se encargan de la secrecién de citoquinas que estimulan y
regulan la respuesta inmune. Hay varios tipos de linfocitos T cooperadores y sus
respuestas pueden ser pro-tumorales o anti-tumorales. Las células Th1 (T helper 1) se
caracterizan por ayudar a los linfocitos CD8+ mediante la secrecion de IL-2 e IFN-y,
colaborando en la eliminacion del tumor. En cambio, las células Th2 y Th17 producen
una serie de interleuquinas que generalmente promueven el crecimiento tumoral.

(Fridman et al., 2012).

Reguladores: se caracterizan por la expresion de FOXP3 y CD25 (Hsieh et al., 2012).
Tienen una funcidon inmunosupresora que se ejerce a través de la produccién de
moléculas como IL-10, TGF-B y la expresion de CTLA-4, que en condiciones normales
permite mantener la homeostasis. Sin embargo, su presencia en el tumor se asocia con
peor prognosis debido a que inhiben el reconocimiento y eliminacién de las células

tumorales por parte del sistema inmune (Nishikawa and Sakaguchi, 2010).

Linfocitos B

Los linfocitos B expresan un receptor llamado BCR (B Cell Receptor) que cuando se activa por
la unidn de un antigeno especifico se secreta en forma de anticuerpo y provoca como resultado
final la secrecién de anticuerpos especificos para ese antigeno. Estos anticuerpos se unen al
antigeno en cuestién favoreciendo la eliminacién del patégeno por parte los macréfagos o de las
células NK. Como cabria esperar, los linfocitos B pueden ejercer un efecto anti-tumoral(Coronella

et al.,, 2001; Milne et al., 2009), sin embargo, se ha observado que también pueden tener
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respuestas pro-tumorales, secretando citoquinas que regulan a las células T citotéxicas (Yuen et

al., 2016).

Natural Killers

Las NK son células linfoides innatas altamente citotdxicas que forman parte de la primera linea
de defensa frente a patdgenos. Aunque para muchos tipos de cancer la presencia de NK se asocia
con un buen prondstico, su eficacia contra tumores sélidos se considera escasa debido,
probablemente, al ambiente inmunosupresor caracteristico de los tumores avanzados (Lowry

and Zehring, 2017; Russick et al., 2020).

Células dendriticas

Las células dendriticas también forman parte de la respuesta innata, pero van a tener un papel
clave en la iniciacién de la respuesta inmune adaptativa. Se caracterizan por su capacidad de
procesamiento y posterior presentacion de antigenos a los linfocitos T, promoviendo su
proliferacién y polarizacion. En un ambiente tumoral, la funcion de las células dendriticas se suele
ver disminuida o suprimida, e incluso se ha observado que son capaces de favorecer la progresion
tumoral mediante la anulacién de la respuesta de los linfocitos T (Fu and Jiang, 2018). Muchas
de las estrategias contra el cancer que se han desarrollado en los ultimos afios tienen como diana

a las células dendriticas (O'Keeffe et al., 2015).

Neutrofilos

Los neutrofilos son las primeras células en acudir al sitio de infeccidn para amplificar la sefial
de inflamacién mediante la liberacion de citoquinas. Se caracterizan por tres funciones
principales: fagocitosis, desgranulaciony la formacién de trampas extracelulares (NET). En cancer
el papel de los neutrdfilos no esta libre de controversia ya que se ha asociado tanto con
comportamientos pro-tumorales como anti-tumorales (Coffelt et al., 2016; Uribe-Querol and

Rosales, 2015).

Células mieloides supresoras
En pacientes con tumores avanzados se pueden detectar en sangre periférica la presencia de
poblaciones inmaduras de precursores mieloides que son muy inmunosupresoras y se

denominan MDSC (Myeloid Derived Suppressor Cells). Su caracterizacion es controvertida ya que
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su fenotipo es distinto en los humanos y los ratones, pero podemos diferenciar dos
subpoblaciones: polimorfonucleares (PMN-MDSC) y monociticas (M-MDSC) (Bronte et al., 2016).
En la actualidad las MDSC son objeto de estudio en todos los tumores y se consideran dianas
terapéuticas, ya que su presencia se corresponde con pacientes con mala evolucién y peor

prondstico (Gabrilovich, 2017; Tcyganov et al., 2018).

Macréfagos

Los macréfagos son células del sistema inmune innato con un papel fundamental en la
proteccion contra enfermedades y en el mantenimiento de la homeostasis de los tejidos. Algunas
de sus funciones van a ser la fagocitosis de agentes patdgenos, la presentacion de antigenos vy la
secrecién de moléculas sefializadoras (Biswas et al., 2012). Los macrdéfagos son el componente
leucocitario mds abundante del microambiente tumoral y se conocen con el nombre de
macrofagos asociados a tumor (TAM, del inglés “Tumor Associated Macrophages”). Se
caracterizan por una gran plasticidad que les permite adaptarse al microambiente, ejerciendo
una actividad pro- o anti-tumoral dependiendo de las interacciones paracrinas que se den con
las células tumorales y otros leucocitos (Locati et al., 2020), sin embargo, suelen promover la

supresién inmunoldgica y la progresion neoplasica (Ribas and Wolchok, 2018).

Macrofagos asociados a tumor

Los TAM tienen un papel crucial en el mantenimiento e induccién del TME. Su origen puede
derivar de la proliferacion de los macréfagos residentes de tejido, sin embargo, es mas comun el
reclutamiento de monocitos o MDSC a los tumores mediante la accion de determinadas
quimioquinas y su posterior diferenciacién a TAM (Franklin and Li, 2016; Guerriero, 2018; Lahmar

et al., 2016; Qian and Pollard, 2010).

Los macrdéfagos se caracterizan por ser un grupo de células muy heterogéneo con muy alta
plasticidad, ya que dependiendo del microambiente en el que se encuentren pueden presentar
distintos estados de polarizacién. La polarizacidn de los macréfagos se establece en funcion de
la expresién de receptores, las funciones efectivas y metabdlicas y en cuanto al patréon de
secrecién de citoquinas y quimioquinas (Biswas and Mantovani, 2010; Mantovani et al., 2002).

En un esfuerzo sistemdtico para facilitar su estudio se ha establecido una clasificacion
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simplificada que identifica dos extremos funcionales: los M1 o macréfagos activados
cldsicamente y los M2 o macréfagos activados alternativamente. Los M1 se inducen bajo la
presencia de citoquinas propias de una respuesta Thl como IFN-y, TNF-a 0 GM-CSF. Los M2 en
cambio se generan en respuesta a citoquinas de tipo Th2, como son IL-4, IL-13, IL-10y TGF-B. Por
lo tanto, los M1 se van a considerar proinflamatorios, produciendo altos niveles de IL-12, IFN-y y

TNF-a, mientras que los M2 van a ser antinflamatorios y producen altos niveles de IL-10.

Los TAM suelen tener un papel pro-tumoral y se han clasificado durante muchos afios como
macréfagos M2 debido a su menor capacidad para presentar antigenos y a su funcion
inmunoreguladora, que ayudan a la progresion tumoral (Mantovani et al., 2002; Solinas et al.,
2009). Sin embargo, lo que conocemos en la actualidad sobre el papel de los TAM en el desarrollo
tumoral no se ajusta a esta realidad ya que, por ejemplo, los factores citotéxicos pro-
inflamatorios producidos por los M1 (TNF-a, IL1, IL6, ROS) pueden apoyar la transformacion
neoplasica inicial (Mantovani et al.,, 2008). En realidad, estas células poseen una gran
heterogeneidad fenotipica y funcional que se corresponde con la variedad de estimulos que
presenta el TME (Ginhoux and Guilliams, 2016; Heusinkveld et al., 2011). La coexistencia de
diversas poblaciones de TAM M1y M2 y poblaciones mixtas se describié hace tiempo en modelos
tumorales murinos (Movahedi et al., 2010) y no ha sido hasta la reciente aplicacion de citometria
de masas que ha permitido explorar la gran heterogeneidad fenotipica y funcional de estas
células en dos canceres humanos; de pulmdn y renal (Chevrier et al., 2017; Lavin et al., 2017). En
el estadio inicial de cancer de pulmdn se acumulan células T disfuncionales (especialmente Treg)
y macroéfagos (PPARghi) en el tumor comparado con el pulmén no afectado, mientras que en el
cancer renal se han identificado 17 subpoblaciones de macréfagos, entre las que destaca una
inmunosupresora (CD38+, CD204+, CD206neg) y otra asociada a peor prondstico de los pacientes
(CD163+, CD204+, CD206+, CD169+). Otros estudios en humanos tan solo caracterizan el
fenotipo “pro-tumoral” de los monocitos o de las MDSC de sangre periférica de pacientes con

cancer (Chittezhath et al., 2014).
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Figura 3. Estados de polarizacion de macréfagos. En la figura se muestran las sefiales y citoquinas responsables de
la polarizacion de los macréfagos, asi como las caracteristicas fenotipicas y funcionales de cada tipo. En el caso de
los TAM ademas se muestra una parte de las interacciones reguladoras existentes entre las células tumorales (TC)

de melanoma y los TAM en el microambiente.

Algunas de las funciones pro tumorales mas estudiadas de los TAM son las siguientes:

Supervivencia y proliferacion de la célula tumoral. Los TAM son capaces de producir
mediadores que promueven directamente el crecimiento del tumor e incluso protegen a
las células tumorales de estimulos inductores de apoptosis (Jinushi et al., 2011). Uno de
estos mediadores es IL-6, que a través de la via de STAT3 controla la proliferacién y la
apoptosis (Liu et al., 2010). Otra citoquina con un papel importante en la supervivencia
es el TNF, que, aunque en grandes cantidades pueda inducir necrosis, se ha visto que

cuando es secretado por TAM estimula la proliferacién y la angiogénesis (Balkwill, 2006).

- Invasion de la célula tumoral. Los macréfagos tienen la capacidad de reparar y

remodelar tejidos mediante la produccion de metaloproteasas y otras enzimas
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proteoliticas. En el microambiente tumoral esto les permite degradar la matriz
extracelular, lo que contribuye a la invasion y posterior diseminacién a través de los vasos
sanguineos (Mantovani et al., 2006). La secrecién de factores como EGF también
promueve la migracién de las células tumorales (Quail and Joyce, 2013; Wyckoff et al.,

2007).

Angiogénesis. La vascularizacion es un proceso esencial en el desarrollo de los
tumores solidos y los TAM contribuyen a ella mediante la secreciéon de factores
angiogénicos como VEGF, IL8 y CCL8. En varios modelos de tumor en los que se
eliminaron los macréfagos, observaron una disminucidn en la angiogénesis (Gazzaniga et

al., 2007; Halin et al., 2009).

= Inmunosupresion. Los TAM tienen la capacidad de suprimir la respuesta inmune anti-
tumoral a través de la produccion de citoquinas inmunosupresoras como IL10, TGF B y
PGE,, que afectan directamente a las funciones de los linfocitos CD8 y CD4 (Chen et al.,
2014; Ruffell et al., 2014). Ademads, los TAM producen citoquinas como CCL2 para el
reclutamiento de otras células inmunosupresoras como las MDSCs y las Treg (Chang et
al., 2016). Por ultimo, también se ha observado que los TAM pueden expresar ligandos
de los puntos de control inmunitario (“Immune checkpoints” en inglés), como PD-L1 o
proteinas de la familia B7, que se van a unir a PD-1 y a CTLA-4 respectivamente (Li et al.,
2018; Prima et al., 2017). Estas rutas son mecanismos de control de la respuesta inmune

y son la diana de muchos de los tratamientos de inmunoterapia actuales.

Macrofagos asociados a tumor en melanoma cutaneo

Los TAM se encuentran entre las células inmunes mas frecuentes que infiltran los tumores

sélidos, y muestran una variedad de fenotipos y funciones (Yang et al., 2018a). Los TAM

acumulados en tumores sélidos avanzados estan preferentemente sesgados hacia M2, sin

embargo, los melanomas cutaneos primarios son generalmente tumores no avanzados en el

momento del diagndstico. Varios estudios han evaluado el contenido en TAM como factores

prondsticos para melanomas en estadio | / Il con resultados opuestos. Jensen y col. (Jensen et

al., 2009) utilizando el marcador general de macréfagos humanos CD68 mostraron que la
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infiltracion de macréfagos en el frente invasor era un predictor independiente de mala
supervivencia. Otro estudio a gran escala (202 pacientes) no corroboré la correlacién entre el

numero de TAM, identificados con CD68, y la supervivencia del melanoma (Storr et al., 2012).

Biomarcadores

Un biomarcador es cualquier sustancia, estructura o proceso que se pueda medir en un
organismo y que permita detectar enfermedades o los procesos de las mismas. Los
biomarcadores pueden comprender acidos nucleicos (DNA, RNA o miRNA), proteinas, péptidos,
azucares, lipidos o células completas. Ademas, diferentes partes de un organismo pueden usarse
para detectar biomarcadores, como por ejemplo la sangre o sus componentes (plasma o suero),

secreciones corporales, como la orina o la saliva, o tejidos de los distintos drganos.

En cancer los biomarcadores son cada vez mas estudiados y podemos encontrar tres tipos: de
diagndstico, que permiten determinar que pacientes padecen la enfermedad; de pronéstico, que
ayudan a predecir el progreso de la enfermedad; y predictivos, que pueden predecir la respuesta

de un paciente a un tratamiento especifico.

En melanoma, a pesar de los avances en nuevas terapias, solo algunos de los pacientes que
padecen esta enfermedad en estadios mas avanzados se logran beneficiar de manera duradera
de estas terapias, siendo solo un 16% la supervivencia a 5 afios. En la actualidad el indicador de
prondstico mas importante en melanoma primario es el Breslow, sin embargo, incluso pacientes
con melanomas muy finos pueden llegar a desarrollar metdstasis. Dada la mala prognosis para el
melanoma avanzado, urge determinar nuevos biomarcadores de prondstico para poder
identificar aquellos pacientes que se puedan beneficiar de terapias mas agresivas (Grivennikov

et al., 2010; Pages et al., 2005).

Dentro del microambiente tumoral podemos encontrar dos fuentes de biomarcadores: los
distintos tipos de células infiltradas y los factores que secretan estas células y las células
tumorales. Todas las células expresan marcadores caracteristicos que pueden ser utilizados para
identificar y caracterizar los distintos tipos celulares (Biswas and Mantovani, 2010; Zhang et al.,
2003). Como ya se ha mencionado anteriormente, la infiltraciéon de las distintas células del

sistema inmune puede tener consecuencias tanto en la evolucién tumoral como en la
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supervivencia del paciente. Ademas del impacto clinicopatolégico que tiene la infiltracidon de
estas células a nivel individual, es importante observar el ambiente en el que se encuentran para
entender la realidad de las condiciones que se dan dentro del tumor (Hiraoka et al., 2006; Sica

and Bronte, 2007).
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Figura 4. Marcadores del infiltrado inmune tumoral humano para inmunohistoquimica.

Activina A

La superfamilia de TGF-B (del inglés “transforming growth factor beta”) es un grupo de
factores de crecimiento que juegan papeles cruciales en el desarrollo y la homeostasis de los
organismos, especialmente en la embriogénesis, el crecimiento y la reparacién de tejidos
(Hedger and de Kretser, 2013). Estas proteinas estan altamente conservadas a través de las
especies y pueden sefializar tanto de manera autocrina como paracrina. En humanos se han
identificado mas de 30 miembros de la familia, incluyendo las proteinas morfogénicas del hueso
(BMPs), los factores de diferenciacion del crecimiento (GDFs), la hormona antimulleriana, la
proteina nodal, las activinas y, como su nombre indica, TGF-B (Feng and Derynck, 2005). Todas

estas proteinas tienen una estructura muy similar y sefializan a través de complejos
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heterotetraméricos formados por una combinacion de los siete receptores de tipo | y los cinco

receptores de tipo Il (Tabla 2) (Heldin and Moustakas, 2016).

Subfamilia Ligandos Receptores de tipo | Receptores de tipo Il R-SMAD
TGF-B TGF-B1 TGF-p2 ALK1 TRRII SMADz
TGF-B3 ALK2 SMAD2
ALKs SMAD3
SMADs
SMADS8
BMP BMP2 BMPSA ALK1 BMPR2 SMAD1
BMP3 BMP8B ALK2 BMPR2B SMAD2
BMPy, BMP10 ALK3 ActR-IIA SMAD3
BMPs BMP11 ALKy ActR-IIB SMADs
BMP6 BMP15 ALKsg SMADS8
BMP7 ALK6
ALK7
GDF GDFa GDF7 ALK1 BMPR2 SMAD1
GDF2 GDFg ALK3 ActR-IIA SMAD2
GDF3 GDF10 ALK4 ActR-1IB SMAD3
GDF5 GDF11 ALKs5 SMADsg
GDF6 GDF15 ALK6 SMADS
Activina Activina A ALK2 ActR-IIA SMAD1
Activina B ALK4 ActR-1IB SMAD2
Activina AB ALK7 SMAD3
SMAD5
SMAD8
Inhibina Inhibina A - ActR-IIA
Inhibina B ActR-1IB
BMPR2
BMPR2B
Nodal Nodal ALK4 ActR-lIA SMAD2
ALK7 ActR-1IB SMAD3
AMH AMH ALK2 AMHR2 SMAD1
ALK3 SMAD5
ALK6 SMADS8
Lefty Lefty1 - ActR-IIA
Lefty2 ActR-11B

Abreviaturas: TGF-B, transforming growth factor ; BMP, bone morphogenic protein; GDF, growth and differentiation factor; AMH, anti-
mullerian hormone; ALK, activin receptor like kinase; ActR, activin receptor.

Tabla 2. Rutas de sefalizacion de la superfamilia TGF-B en humanos. Tomado de Morianos et al., 2019.

Las activinas son glicoproteinas diméricas que pertenecen a la superfamilia de proteinas TGF-
B. Estan formadas por homo- o heterodimeros de las distintas subunidades B, BA, BB, BC y BE,
codificadas por los genes INHBA, INHBB, INHBC y INHBE, respectivamente. Hasta la fecha se han
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identificado cinco activinas, de las cuales solo tres son isoformas funcionales en humanos:
activina A (BAPBA), activina B (BBBB) y activina AB (BABB) (Namwanje and Brown, 2016). La
activina A, con un peso de 25 kDa, es con diferencia la activina mas caracterizada. Fue aislada por
primera vez en 1986 e identificada como responsable de la sintesis y secrecidon de la hormona
foliculoestimulante (FSH) en la pituitaria (Vale et al., 1986). Estd involucrada en multiples
procesos biolégicos como la hematopoyesis, el desarrollo embrionario, mantenimiento vy

pluripotencia de células madre, reparacion de tejidos y fibrosis (Morianos et al., 2019).

La sefializacion de la activina tiene lugar a través de la formacién de un complejo de receptores
formado por ALK2, ALK4 o ALK7, como receptores de tipo |, y ActRIIA o ActRllb, como receptores
de tipo Il. Una vez la activina se une a los receptores de tipo Il, tiene lugar el reclutamiento y
activacion de los receptores de tipo | mediante su fosforilacidn. Posteriormente los receptores
de tipo | fosforilaran a los mediadores intracelulares SMAD2/3 que, tras su unién a SMAD4, se
traslocardn al nucleo donde regularan la transcripcion de distintos genes (Massague and Chen,
2000). Cabe afiadir que la activina A puede sefializar a través de otras vias no candnicas a través
de ERK, p38, JNK o Wnt (de Guise et al., 2006; Morianos et al., 2019; Tamminen et al., 2015),

(Figura 5).
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Figura 5. Senalizacion de la activina A. A) La activina sefializa a través de un complejo de receptores. Inicialmente
se une a los receptores de tipo Il, constitutivamente activados, que van a reclutar a los receptores de tipo | para su
posterior fosforilacion. A continuacidn, los receptores de tipo | fosforilan a las proteinas SMAD2/3 y éstas junto con
SMAD4 transmiten la sefial al nucleo. Existe ademas una via de sefializacidn no candnica a través de mediadores
como ERK, p38, JNK y Wnt. B) La sefializacion de activina A esta altamente regulada y algunos ejemplos de ello se

muestran en la figura. Adaptado de Morianos et al., 2019.

Teniendo en cuenta que la activina estd involucrada en multiples procesos bioldgicos, su
actividad esta estrechamente regulada. Esta regulacion puede ocurrir tanto a nivel extracelular
como intracelular. A continuacién, se enumeran los mecanismos de regulacidn de la activina mas

conocidos:

- Lafolistatina es uno de los inhibidores mas conocidos y actla uniéndose a la activina

e impidiendo su interaccién con los receptores.

Las inhibinas, proteinas que forman parte también de la superfamilia de TGF-B, se
unen a un receptor transmembrana llamado betaglicano, que dimeriza con receptores

de activina de tipo Il, inhabilitando la unién de la activina.
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- BAMBI (“BMP and activin membrane-bound inhibitor homolog”). Es un

pseudoreceptor que inhibe la seializacién mediante la unidn al receptor de tipo |.

= Cripto. Es un correceptor de nodal que actua de forma similar a BAMBI impidiendo

la interaccion de activina con los receptores de tipo I.

= |-SMADs. A nivel intracelular nos encontramos con los SMAD inhibitorios, SMAD 6 y
SMAD7, que se unen al receptor de tipo | una vez ha sido activado impidiendo la
fosforilacion de SMAD2/3. También promueven la unién de Smurf 1 y 2 (“SMAD
ubiquitin regulatory factors”) que inducen la degradacidon de los receptores por

ubiquitinacion.

MicroRNAs. En los ultimos afios un creciente nimero de estudios ha demostrado
gue tanto la activina como sus receptores son susceptibles de ser regulados por
microRNAs. Ejemplos de ellos son la inhibicidn del receptor ActRIIA por parte de mir-
15/16 (Martello et al., 2007) o la inhibicidn de la expresion de INHBA por mir-146a (Li
et al.,, 2016).

Activina A y sistema inmune

La activina esta presente en practicamente todos los tejidos del cuerpo humano. La
observacion inicial que arrojé luz a la importancia de la activina en la respuesta inmune fue la
capacidad de inhibir la proliferacién de los timocitos (Hedger et al., 1989). Desde entonces y tras
una intensiva investigacién durante las ultimas décadas se ha visto que la mayoria de las células
del sistema inmune, incluyendo los macréfagos, las células dendriticas, los linfocitos y las NKs,

tienen la capacidad de producir y responder a la activina A, aunque de maneras muy diferentes.

En macréfagos estda bien documentado que cuando un monocito o un macréfago es
estimulado con activina, estas células comienzan a producir multiples mediadores inflamatorios
como IL-1B, TNF-a, IL-6, NO, PGE; y tromboxanos (Nusing and Barsig, 1999; Nusing et al., 1995;
Yamashita et al., 1993). Otra investigacion mas reciente demostré que la activina, que es
secretada por los macréfagos M1 o pro-inflamatorios, ademds suprime la secrecion de la

citoquina antinflamatoria IL-10 y la adquisicién de marcadores caracteristicos de los macrofagos
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M2 o antinflamatorios (Sierra-Filardi et al., 2010). Sin embargo, otros estudios indican que
cuando un macroéfago se encuentra en estado activado, la activina A puede tener un efecto
antinflamatorio como la inhibiciéon de citoquinas proinflamatorias como TNF-a, IL-18 y IL-6
(Cuschieri et al., 2008; Sugama et al., 2007; Wang et al., 2009; Wilms et al., 2010; Zhang et al.,
2005; Zhou et al., 2009). Por consiguiente, en macréfagos la activina A puede tener un efecto
proinflamatorio o antinflamatorio dependiendo del estado de activacion de la célula y del tipo

de estimulo.

Activina Ay cancer

El papel de la activina A en el desarrollo y la progresidn del cdncer es dual y va a cambiar segun
el contexto en el que se encuentre el tumor. Por ejemplo, en cdncer de mama se ha observado
gue la activina inhibe el crecimiento y promueve la apoptosis (Burdette et al., 2005; Razanajaona
et al., 2007); sin embargo, también se ha visto un efecto pro-tumoral promoviendo la invasién y
la metastasis (Bashir et al., 2015; Kalli et al., 2019). De la misma forma en cdncer de colon (Jung
et al., 2007), de préstata (Dalkin et al., 1996; Nomura et al., 2013) y en hepatocarcinoma (Chen
et al.,, 2000; Hyuga et al., 2000) se han obtenido resultados similares en los que la activina

suprime el crecimiento, pero aumenta la migracidon tumoral o la metastasis.

No obstante, un aumento en la proliferacién tumoral a causa de la activina se ha demostrado
en cancer de endometrio (Tanaka et al., 2004), cancer oral de células escamosas (Chang et al.,

2010) y en adenocarcinomas de eséfago (Seder et al., 2009a) y de pulmdn (Seder et al., 2009b).

En el caso del cancer de piel la activina se encuentra altamente expresada en carcinomas de
células basales y escamosas (Antsiferova et al., 2011; Heinz et al., 2015; Hoek et al., 2006). La
sobreexpresidn de activina en queratinocitos se ha observado que es tumorigénica en cancer de
piel no melanoma a través de su accion paracrina en las células del estroma, particularmente por
el reclutamiento de monocitos de la sangre y su polarizacidon hacia un fenotipo de macroéfagos
pro-tumorigénicos (Antsiferova et al., 2017). En modelos de ratén de melanoma con B16 se ha
demostrado que la activina tiene un papel tumorigénico, reduciendo la respuesta anti-tumoral

(Donovan et al., 2017; Ni et al., 2018; Rautela et al., 2019).
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OBJETIVOS
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1.

Identificacion de poblaciones de macréfagos tumorales M1 y M2 en melanoma humano y

estudio de su perfil pro-tumoral/pro-metastasico.

1.1.

1.2.

1.3.

1.4.

1.5.

Estudio de marcadores M1-M2 in vivo.

Correlacion entre la supervivencia de pacientes y el tamafio, densidad y estado de

polarizacién de los macréfagos tumorales.

Determinacion del perfil pro-tumoral/pro-metastasico de TAM de melanoma.

Validacion de marcadores independientes con valor pronéstico en TAM de melanoma.

Regulacion de la expresion de proteinas pro-tumorales: factores extrinsecos de

sefializacion y vias de regulacidn transcripcional.

Estudio de la implicacion de la activina A en el microambiente tumoral del melanoma

humano.

2.1.

2.2.

2.3.

2.4.

Analizar el papel de la activina A en el condicionamiento de los macréfagos del

melanoma.

Determinar el efecto de la activina A en la progresién del melanoma.

Evaluar la expresion de activina A como biomarcador para el prondstico del melanoma

humano.

Estudio del potencial de la activina A como diana terapéutica.
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MATERIALES Y METODOS
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Los materiales y métodos empleados en esta tesis doctoral estan detallados en los articulos

presentados en la misma.
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RESULTADOS
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Los resultados de esta tesis doctoral estdn detallados en los articulos presentados en la misma.
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Publicaciones

El fenotipo secretor de citoquinas CCL20/TNF/VEGFA de los macréfagos

asociados a tumores es un factor pronostico negativo en el melanoma cutaneo
Los TAM constituyen una gran fraccion de las células inmunes infiltrantes en los tejidos del
melanoma, pero su importancia para los resultados clinicos aun no estd clara. Exploramos
diversos parametros TAM en muestras de melanoma cutdneo primario clinicamente relevantes,
incluida la densidad, la ubicacidn, el tamafno y la expresidon del marcador de polarizacién; ademas,
debido a que la produccion de citoquinas es un sello distintivo de la funcion de los macroéfagos,
medimos las citoquinas intracelulares CCL20, TNF y VEGFA mediante microscopia confocal
multiparamétrica unicelular. Se utilizé el método de Kaplan-Meier para analizar la correlacion
con la supervivencia libre de enfermedad especifica del melanoma y la supervivencia global. No
se observaron correlaciones significativas con los parametros clinicos para la densidad,
morfologia o ubicacidon de TAM. Significativamente, se cuantificaron contenidos mds altos de las
citoquinasintracelulares CCL20, TNF y VEGFA en los TAM que infiltran metdstasis en comparacion
con los melanomas primarios de la piel sin metdstasis (p < 0,001). Para explorar el mecanismo de
la regulacion positiva de citoquinas, realizamos estudios in vitro con macréfagos condicionados
por melanoma, utilizando RNA-seq para explorar las vias involucradas e inhibidores especificos.
Mostramos que p53 y NF-kB corregulan CCL20, TNF y VEGFA en macréfagos condicionados por
melanoma. Estos resultados delinean un perfil de citoquinas pro-oncogénicas clinicamente
relevante de TAM con importancia prondstica en melanomas primarios y apuntan a una posible
diana terapéutica combinada de las vias NF-kB/p53 para controlar la desviacion de TAM en

melanoma.

Gutiérrez-Seijo A, Garcia-Martinez E, Barrio-Alonso C, Pareja-Malagén M, Acosta-Ocampo A,
Ferndndez-Santos ME, Puig-Kroger A, Parra-Blanco V, Mercader E, Marquez-Rodas |, Avilés-
Izquierdo JA, Samaniego R, Sanchez-Mateos P. CCL20/TNF/VEGFA Cytokine Secretory Phenotype
of Tumor-Associated Macrophages Is a Negative Prognostic Factor in Cutaneous Melanoma.
Cancers (Basel). 2021 Aug 5;13(16):3943. doi: 10.3390/cancers13163943. PMID: 34439098;
PMCID: PM(C8392234.
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Simple Summary: Cutaneous melanoma is characterized by its heterogeneous metastatic behavior
and robust biomarkers are still needed to identify those patients with increased risk for distant
metastasis, to guide new adjuvant treatments. We aimed to assess the prognostic role of different
features of tumor-associated macrophages (TAMs) using multicolor immunofluorescence microscopy
and single-cell analysis. Rather than the number, size, or location of TAM, quantitative assessment
of CCL20, TNEF, and VEGFA cytokine content was associated with strong prognostic significance in
primary melanoma. This novel TAM cytokine signature serves as a readout of TAM prometastatic
activation and provides independent information to traditional TNM melanoma staging. In addition,
we show that this particular cytokine profile is coregulated by p53 and NF-kB, suggesting that
therapies targeting both pathways may modulate the prometastatic deviation of TAMs in melanoma.

Abstract: TAMs constitute a large fraction of infiltrating immune cells in melanoma tissues, but their
significance for clinical outcomes remains unclear. We explored diverse TAM parameters in clinically
relevant primary cutaneous melanoma samples, including density, location, size, and polarization
marker expression; in addition, because cytokine production is a hallmark of macrophages function,
we measured CCL20, TNE and VEGFA intracellular cytokines by single-cell multiparametric confocal
microscopy. The Kaplan-Meier method was used to analyze correlation with melanoma-specific
disease-free survival and overall survival. No significant correlations with clinical parameters were
observed for TAM density, morphology, or location. Significantly, higher contents of the intracellular

Cancers 2021, 13, 3943. https://doi.org/10.3390/ cancers13163943
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cytokines CCL20, TNF, and VEGFA were quantified in TAMs infiltrating metastasizing compared
to non-metastasizing skin primary melanomas (p < 0.001). To mechanistically explore cytokine up-
regulation, we performed in vitro studies with melanoma-conditioned macrophages, using RNA-seq
to explore involved pathways and specific inhibitors. We show that p53 and NF-kB coregulate
CCL20, TNE and VEGFA in melanoma-conditioned macrophages. These results delineate a clinically
relevant pro-oncogenic cytokine profile of TAMs with prognostic significance in primary melanomas
and point to the combined therapeutic targeting of NF-kB/ p53 pathways to control the deviation of
TAMs in melanoma.

Keywords: CCL20; TNF; VEGFA; melanoma; metastasis; TAM; biomarker; prognostic factor

1. Introduction

Despite the significant survival benefit provided by new treatments, metastatic melanoma
continues to be a life-threatening disease [1]. At the time of clinical presentation, skin
melanomas are frequently excised when distant metastases are clinically undetectable and
most patients are included in stage I and II (localized melanomas) or stage III (regional
disease) [2]. A small proportion of cases (<4%) show distant metastases (stage IV) at the
time of diagnosis of the primary tumor, whereas most metastatic cases progress from stages
II-1II patients during follow-up. Identification of patients with biologically aggressive
melanomas is important because treatment at an earlier clinical stage improves disease-free
survival but with the risk of toxicity [3]. With survival rates ranging from 63-81% in stage
IT and 36-63% in stage III [4], there is great variability in metastatic risk at diagnosis and
robust biomarkers are currently needed. Some tumor microenvironment (TME)-derived
factors or infiltrating cells, particularly immune cells, are a source of biomarkers, providing
independent prognostic information for assessing metastatic risk or to predict the efficacy
of new treatments [5].

Tumor-associated macrophages (TAMs) are among the most frequent immune infiltrat-
ing cells in solid tumors, displaying a variety of phenotypes and functions [6]. Single-cell
analysis in lung adenocarcinoma and renal cancer has revealed an unsuspected heterogene-
ity of TAM phenotypes [7,8]. Diversity of macrophages was oversimplified in the M1/M2
classification, in which skewing TAMs towards M1-type may result in anti-tumor responses
whereas M2 phenotype promotes tumor evolution and metastasis [9]. Characterization
of macrophage polarization in human tissues is an important issue; however, due to their
complexity and to differences with studies mostly performed in vitro, it has remained
difficult [10]. The use of single markers as currently performed by most immunohisto-
chemistry approaches (IHC) also prevents correct identification of M1/M2 cell subsets or
differentiation from other mononuclear phagocyte populations [11]. In advanced solid
tumors, TAMs are known to be preferentially M2 biased; however, cutaneous melanomas
are generally non-advanced primary tumors at diagnosis and M1/M2 subsets remain to be
properly addressed in large patient groups [12]. Several studies have evaluated TAM num-
ber /density as prognostic factors for stage I/Il melanomas with opposite results. Jensen
et al. [13], using the general marker of human macrophages CD68 and CD163 as a single
M2 marker, showed that macrophage infiltration at the invasive front was an independent
predictor of poor survival. Subsequently, other large-scale studies did not corroborate the
correlation between CD68 positive TAM number and melanoma survival [14,15].

Complex paracrine interactions among tumor cells and a variety of non-tumoral
components and infiltrating cells take place in the TME and impact tumor biology [16].
We previously reported that in human melanoma the chemokine axis CCR6/CCL20 is
involved in a cooperative paracrine loop between CCR6 expressing tumor cells and CCL20
secreted by nontumoral cells in the stroma [17]. Importantly, we showed that stromal
CCL20 predicted poor survival in a cohort of 40 primary melanoma patients and identified
TAMs as the main stromal source of CCL20 in melanoma tissues. Thus, we hypothesize
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that the CCL20 secretory TAM phenotype might be associated with melanoma progression
and could be used for an accurate prognosis of metastatic risk in skin melanoma. In the
current study, we measured diverse characteristics of tissue TAMs, including CCL20 and
other cytokines by multicolor immunofluorescence and single-cell analysis, and correlated
them with the clinical outcome of cutaneous melanoma patients.

2. Materials and Methods
2.1. Study Cohorts and Selection Criteria

All clinical data and patient samples were collected following approval by the Hospital
Gregorio Maranon ethics committee and informed consent was obtained for each patient.
A frozen-preserved collection of skin melanomas (punch biopsies not compromising pa-
tient diagnosis) and corresponding patient data were previously described [17] (Table S1).
We also retrieved 83 formalin-fixed and paraffin-embedded (FFPE) primary cutaneous
melanomas; with a median patient follow-up of 77 & 47 months, >2 mm Breslow thickness,
excised between 1998 and 2015 in our institution; with either clinically aggressive disease
developing distant metastasis or lymph node recurrence during follow-up (51 metastasiz-
ing primary melanomas, with 33/51 melanoma-related and 2/51 non-related deaths) or
matched skin melanoma samples from patients who were disease-free for at least 10 years
of follow-up (32 non-metastasizing primary melanomas). Pathological AJCC staging II-IV
assessment was obtained by sentinel lymph node biopsy and distant metastasis evaluation
by computed tomography at the time of diagnosis. Follow-up studies were performed
every 6 months for 5 years and then annually up to 10 years unless there was an earlier
documented metastatic event (regional or distant metastasis). Patients were selected be-
cause they were representative of opposite clinical outcomes during follow-up, therefore,
primary tumors were thicker (median and mean, 3.9 mm and 4.9 mm, respectively) than
in a population-based registry data [18]. Metastasizing and non-metastasizing primary
tumors had comparable Breslow thickness (mean, 5.3 mm and 4.2 mm, respectively; Mann—
Whitney, p = 0.47). Six patients with immediate recurrence after the first diagnosis were
excluded for disease-free survival (DFS) but not for overall survival (OS) (Table S1).

2.2. Multicolor Fluorescence Confocal Microscopy

FFPE sections were de-paraffinized, rehydrated, and unmasked by steaming in 10 mM
sodium citrate buffer pH 6.0 (Dako) for 6 min. Slides were blocked with 5 ug/mL hu-
man immunoglobulins (Ig) solved in blocking serum-free medium (Dako) for 30 min,
and then sequentially incubated with 5-10 ug/mL primary antibodies specific for CCL20
(Abcam ab9829, polyclonal rabbit IgG), TNFox (Abcam ab1793, clone 52B83, mouse IgG1),
VEGFA (Antibodies online, ABIN191867, rabbit IgG), CD115 (R&D AF329, polyclonal
Goat IgG), CD163 (Bio-Rad MCA1853T, clone EDHu-1, mouse IgG1) and/or CD68 (Dako,
clone PG-M1, mouse IgG3) in phosphate buffer solution (PBS) containing 10% blocking
medium overnight at 4 °C, and then proper fluorescent secondary antibodies (Jackson-
Immunoresearch, Invitrogen) for 1 h at room temperature. Intermediate washes were
performed in agitation and by immersion in PBS containing 0.05% Tween-20. Samples
mounted with fluorescent mounting medium (Dako) were imaged with a Leica SPE confo-
cal microscope using a glycerol-immersion ACS APO 20x /NA 0.60 objective. Cytokines
used in immunocompetition assays were purchased from Immunotools.

Single-cell quantification was performed in 3-5 20x fields, as previously
described [17,19,20]. For proper TAM segmentation, whole-cell area staining is neces-
sary to define macrophages contour, which is best achieved by CD163 staining in frozen
samples fixed with acetone, and CD68 labeling in formalin-fixed paraffin-embedded sec-
tions. Mean fluorescence intensity (MFI) of proteins of interest was obtained at manually
depicted TC nests or at each segmented TAM using the “analyze particle’ plugging of FIJI
software. For TAM density, 3-5 fields were quantified, discriminating two different regions.
Intratumoral regions corresponded to identifiable tumor nests, whereas stromal regions
were characterized by elongated DAPI stained nuclei, including stromal bundles wider
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than 30 um and peritumoral areas up to 300 um far from melanoma cells. Only regions
clearly differentiable were included in the study.

2.3. Cell Isolation from Human Melanomas

Biopsies from stage IV melanoma patients were homogenized and digested into single-
cell suspensions (Tumor Dissociation Kit, Miltenyi, Bergisch Gladbach, Germany). TAMs
and tumor-infiltrating lymphocytes were purified by magnetic cell sorting using CD14 and
CD3 microbeads, respectively. The remaining negatively selected cells were considered as
“TCs’ [17,19].

2.4. Monocyte Isolation and Cell Culture

Peripheral blood mononuclear cells (PBMCs) were isolated from patients or buffy-
coats from healthy donors over a ficoll gradient (Lymphocytes Isolation Solution, Rafer).
Monocytes were purified by magnetic cell sorting using anti-CD14 tagged microbeads
(Miltenyi Biotech, Bergisch Gladbach, Germany). For in vitro generation of macrophages,
monocytes were cultured at 0.5 x 10°/mL for 7 days containing GM-CSF (10 ng/mL or
1000 U/mL, Immunotools) or M-CSF (10 ng/mL, Immunotools) to generate MP-GM or MP-
M macrophages, respectively. Cytokines were added every two days. All cells, including
melanoma cell lines BLM and A375 [21] were cultured in RMPI-1640 medium (Gibco,
Waltham, MA, USA) supplemented with 10% fetal calf serum (FCS, Sigma, Burlington,
MA, USA).

2.5. In Vitro Measurements

Melanoma cells were cocultured with macrophages at 1:2 ratios (melanoma /macrophage).
After 24 and 72 h, supernatants were collected for secreted proteins assessment (CCL20,
TNEF, and VEGFA ELISAs, R&D Systems), and magnetically separated cells were processed
for quantitative real-time PCR (qPCR) analyses. When specified, cultures contained 10 uM
BAY11-7082 (NF-kB-inhibitor, ChemCruz) and/or 50 uM Pifithrin-& (p53-inhibitor, Sigma).

For qPCRs, oligonucleotides (CCL20, S 5 getgetttgatgtcagtget; AS 5 geagtcaaagttgettgetg;
TNE S 5’ cagectcttetecttectgat; AS 5 gecagagggctgattagaga; VEGFA, S: 5’ geagettgagttaaac-
gaacg; AS: 5’ ggttcccgaaaccctgag) were designed according to the Roche software for gPCR.
Total RNA was extracted (NucleoSpin RNA-purification kit, Macherey Nagel, Diiren, Ger-
many) and retrotranscribed cDNA quantified using the Universal Human Probe Roche
library (Roche-Diagnosis, Basel, Switzerland). Assays were made in triplicate and nor-
malized to TBP and/or HPRT1 expression (AACT method). For RNAseq and Gene Set
Enrichment Analysis (GSEA), total RNA was isolated from three independent preparations
and processed at BGI (https: //www.bgi.com, accessed on 4 August 2021), where library
preparation, fragmentation, and sequencing were performed using the DNBseq platform.
An average of 4.39 Gb bases were generated per sample and, after filtering, clean reads
were mapped to the reference (UCSC Genome assembly hg38) using Bowtie2 (average
mapping ratio 95.49%) [22]. Gene expression levels were calculated by using the RSEM soft-
ware package [23]. Differential gene expression was assessed by using DEseq_2 algorithms
using the parameters Fold change >2 and adjusted p-value < 0.05. For gene set enrich-
ment analysis (GSEA) (http:/ /www.broad.mit.edu/gsea/, accessed on 4 August 2021),
the gene sets available at the website [24], as well as the “HALLMARK_P53_PATHWAY”
and “HALLMARK_TNFA_SIGNALING_VIA_NFKB” gene sets, that contain the top genes
involved in p53 and NF-kB pathways respectively, were used [25]. The data discussed in
this publication have been deposited in NCBI's Gene Expression Omnibus [26] and are
accessible through GEO Series accession number GSE171277.

2.6. Statistical Analyses

Censured Kaplan-Meier curves were used to analyze the correlation with patient
disease-free and overall survival, and the Cox-regression method (univariate and multi-
variate) to identify independent prognostic variables. Mann-Whitney t-test was used to
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evaluate the association with clinicopathological features. The paired t-test, Spearman R
correlation, and Log-rank analyses have also been used in this study (Graph-Pad software,
San Diego, CA, USA), as indicated. p < 0.05 was considered statistically significant.

3. Results

Motivated by the idea of identifying prognostic biomarkers derived from the TME, we
sought to identify and quantify diverse TAM subsets/characteristics in two independent
collections of primary melanoma samples with clinical information and the survival status
of the patients. Table S1 lists the clinicopathological characteristics of 40 cryopreserved
primary melanomas collected in a prospective patient cohort, and 83 FFPE samples re-
trieved from the archive, as described in Material and Methods. Primary melanomas were
classified as non-metastasizing or metastasizing regarding subsequent development of
metastasis during patient follow-up of 5 and 10 years in each cohort, respectively.

We first analyzed macrophage subsets in cryopreserved samples, using triple-color
labeling with CD11c, CD209, and CD163, to quantify cells with macrophage morphol-
ogy in normal skin, skin melanoma metastases, and primary melanoma tumors (non-
metastasizing and metastasizing) (Figure 1A) [17]. CD163, well expressed by most tissue
macrophages [11], was used to gate macrophages and to measure CD11c (M1 marker)
and CD209 (M2 marker) expression levels in gated CD163* cells (Figure 1A). Accordingly,
subsets were defined as follows: a CD209*CD11c™ M2 subset, which was the only group
detected in normal skin (depicted in red in control skin dot-plot), CD209~CD11c* M1
subset, which appeared as a new population in both metastases and primary melanomas,
and CD209"CD11c" (mixed population) (Figure 1A,B). Comparative analysis of 24 non-
metastasizing versus 16 metastasizing primary tumors showed no difference in CD209~CD11c*
(M1-like) and CD209*CD11c* (M1/M2 mixed) subsets, with a tendency to less CD209"CD11c™
(M2-like) macrophages in metastasizing primary melanomas (p = 0.058) (Figure 1B), con-
sistent with our previous pilot study with 5 non-metastasizing versus 5 metastasizing
cases [17]. We next quantified TAM density, which is a common parameter used to test
the clinical relevance of immune cell populations, and TAM size, which was reported
to correlate with functional diversity and polarity and may provide prognostic signifi-
cance [27]. However, we did not find significant differences in TAM density or size between
non-metastasizing and metastasizing primary tumors (Figure 1C).
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Figure 1. Correlation between patient evolution and TAM density, size, and polarization state. Confocal microscopy
screening of two independent and differently preserved primary melanoma collections: frozen (stage I-III; (A-C)) and FFPE
(stage II-IV; D-G). (A) Frozen tissues co-stained for CD163 (red) and CD11c or CD209 (green), as indicated. Dot-plots show
single-cell MFI (arbitrary units, a.u.) for CD11c and CD209 proteins simultaneously quantified at CD163* TAMs in control
skin (n = 3, red dots), skin metastases (1 = 6), non-metastasizing (1 = 24) and metastasizing (1 = 11) primary melanomas.
(B) Relative percentages of polarized TAMSs through the whole cryopreserved primary collection (n = 40). (C) Average
density (by mm?) and size (um?) of CD163+ TAMs quantified through intratumoral and /or peritumoral regions of primary
melanomas (1 = 40). (D) Paraffin-embedded melanoma co-stained for pan-macrophage markers CD68 (red) and CD163 or
CD115 (green), as indicated. Dot-plots show single-cell expression of CD68 vs. CD115 or CD163 proteins quantified in either
CD68*, CD163* and/or CD115* TAMs (n = 3 non-metastasizing and 3 metastasizing primary melanomas). (E) CD68* TAM
density quantified through intratumoral (1 = 83) and stromal (1 = 54) areas of primary melanomas. TAM size at intratumoral
regions (n = 83), are shown. (F,G) Correlation between patient evolution and CD68" TAM density at intratumoral (F) and
stromal (G) regions. Disease-free and overall survival 10-year Kaplan-Meier curves are shown. Cut-off values were
calculated from ROC curves to classify as ‘low’ or ‘high’ density. p values are shown (Log-rank). Mann-Whitney statistical
analysis was used to compare non-metastasizing vs. metastasizing melanomas in (B,C,E) panels. Scale bars, 50 pm.
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Because harvesting primary melanoma tissues for cryopreservation is only feasible
when sufficient tumor is available and requires close coordination between clinicians, we
set up conditions for multicolor staining of macrophage markers in routine FFPE diag-
nostic material. Triple staining with CD68, CD115 (macrophage growth factor receptor,
CSF1R), and CD163 demonstrated co-expression by most cells with macrophage mor-
phology (Figure 1D). There was negative correlation between CD68 and CD163 mean
fluorescence intensity (MFI) (R= —0.36, n = 6, p < 0.001); however, neither CD163 nor
CD68 nor CD115 defined separated M1/M2 macrophage subsets, indicating that they
are pan-macrophage markers in melanoma. For image quantification, we chose CD68
for macrophage segmentation because very few CD68" cells were negative for CD115 or
CD163, indicating that very few cells other than macrophages were CD68* in melanoma
tissues. We quantified TAM density in full-face FFPE primary melanoma sections, finding
no significant differences between 32 non-metastasizing and 51 metastasizing primary
tumors, regarding stromal or intratumoral TAM density (Figure 1E). Furthermore, the
size of intratumoral TAMs was not different between the two clinically divergent groups
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(Figure 1E). We next defined low and high TAM density (in tumor nests and stromal areas
independently) using the best cut-off value extrapolated from the ROC curve (receiver
operating characteristic) and calculated 10-years DFS and OS Kaplan-Meier survival curves
(Figure 1EG, for intratumoral and stromal TAMs, respectively), finding a tendency of high
intratumoral TAM density towards a better patient survival (Figure 1F p = 0.052).

We previously identified co-expression of CCL20, TNF, and VEGFA cytokines by
tissue TAMs in an exploratory set of 7 metastasizing melanomas [17]. Now, we tested the
hypothesis that this distinctive prometastatic TAM secretory phenotype can be identified in
routine FFPE samples, to be clinically applicable for patient profiling. First, we established
conditions to quantify by multicolor fluorescent-microscopy the content of CCL20, TNF,
and VEGFA in CD68* cells in FFPE melanoma tissues. To validate the staining specificity,
we preincubated the anti-cytokine antibodies with an excess of each cytokine, confirm-
ing that staining was specifically blocked on FFPE melanoma tissues (Supplementary
Figure S1). Figure 2A shows representative images of CD68" TAMs merged with CCL20,
TNF, or VEGFA of two primary melanoma samples representative of low and high cytokine
expression profiles. Dot plots in Figure 2B represent quantification at the single-cell level
of VEGFA and TNF MFI in accumulated TAMs from # = 11 non-metastasizing melanomas
compared with n = 22 metastasizing primary melanomas, showing higher TNF/VEGFA
expression by CD68* TAMs in clinically aggressive melanomas. Correlations between TNF
and VEGFA MFI levels (R = 0.69, n =22, p <0.001) or TNF and CCL20 (R = 0.62, n =10,
p < 0.001) by TAMs were found among cases of metastasizing tumors, indicating a positive
relationship among these protumoral cytokines. To assess the cytokine expression profile
of primary tissue cells with a different methodology, we purified TAMs and tumor cells
from 4 thick metastasizing primaries (stage IV patients at diagnosis) to quantify mRNA ex-
pression, showing active gene expression of TNF, CCL20, and VEGFA by TAMs compared
to peripheral blood monocytes isolated from these patients. In contrast, remaining cancer
cells transcribed less CCL20, TNFA, and VEGFA than TAMs (Figure 2C). Next, we used the
Kaplan-Meier method to assess the clinical relevance of quantifying the MFI expression
level of CCL20, TNF, and VEGFA cytokines by TAMs in FFPE melanoma tissues from 83
primary melanoma patients (Figure 2D,E). Patients were stratified as ‘high” or ‘low’, using
the cell-specific median MFI value for each cytokine as the cut-off point. High TAM-CCL20
or TAM-TNF content correlated with shorter DFS and OS (log-rank test, p < 0.01), whereas
high TAM-VEGFA expression correlated only with shorter DFS (p = 0.005). CCL20 and
TNF were not expressed by cancer cells and no correlation was found between cancer cell-
VEGFA content and DFS or OS (p = 0.19and p =0.63, respectively) (Table 1 and Table S2). To
determine whether TAM-specific quantification of CCL20, TNF, or VEGFA were indepen-
dent prognostic factors, we performed a multivariate regression analysis including gender,
age, location, histologic type, ulceration, Breslow, and stage parameters (Table 1). This
analysis showed that TAM-specific CCL20 and TNF expression levels were independent
prognostic factors for DFS (p < 0.001) and OS (p = 0.004 and p = 0.001, respectively) in this
cohort. Whereas TAM-VEGFA content was an independent predictor of DFS (p < 0.001)
but did not reach significance for OS. Finally, we analyzed the prognostic value of the
CCL20/TNF /VEGFA combined secretory TAM phenotype, showing its great potential in
the prediction of DFS and OS of primary melanoma patients (p < 0.0001 and p = 0.0004, re-
spectively) (Figure 2F). Consequently, we validated our previous pilot study in a large and
independent patient cohort, using standard FFPE tissue sections instead of cryosections,
and confirmed the role of CCL20, TNF, and VEGFA expression by TAMs in predicting
clinical behavior of primary cutaneous melanoma patients. Our results highlight the role of
TAMs in biologically aggressive primary melanomas, suggesting that prometastatic TAMs
are characterized by higher secretion of CCL20/TNF/VEGFA cytokines.
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Figure 2. CCL20, TNF, and VEGFA expression in human melanoma TAMs and correlation with patient survival. (A) FFPE
human melanoma samples co-stained for CD68 (TAM marker, red) and CCL20, TNF, or VEGFA (protumoral markers,
green), as indicated. Representative images of non-metastasizing and metastasizing primary melanomas are shown. Scale
bar, 50 pm. (B) Dot-plots showing CD68+TAMs from non-metastasizing (n = 11 samples; 1100 TAMs) and metastasizing
(n = 22 samples; 2200 TAMs) primary melanomas. (C) Expression of CCL20, TNFA, and VEGFA mRNA (relative to average
TBP/HPRT1) in freshly isolated peripheral blood monocytes CD14* (PBMo), CD14* TAMs, and negatively selected cells
(CD14-CD3") from three-stage IV primary melanoma patients. (D,E) Correlation between patient evolution and TAM
expression of CCL20, TNF, and VEGFA proteins. Disease-free (D) and overall (E) survival 10-year Kaplan-Meier curves are
shown. Median values of the 83 primary melanomas were used to classify as ‘low’ or ‘high” expressing samples. p values
are shown (Log-rank). (F) Kaplan-Meier curves using CCL20/TNF/VEGFA as a whole signature (classified as ‘high’ or

‘low’” by majority: >2/3). DFS, disease-free survival. OS, overall survival.
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Table 1. Univariate and multivariate Cox regression analyses for 10-year disease-free and overall survival (FFPE cohort).
Univariate Disease-Free Survival Overall Survival
Gender (F vs. M) 1.602 091-2.81 0.100 1.168 0.55-2.47 0.685
Age (years) 1.003 0.99-1.02 0.704 1.007 0.98-1.03 0.574
Location (H/L vs. T) 1.452 0.74-2.85 0.278 0.895 0.40-1.99 0.785
Subtype (nod vs. others) 0.831 046-1.52 0.547 1.305 0.60-2.82 0.498
Ulceration (yes vs. no) 1.354 0.76-241 0.301 2582 1.15-5.82 0.022
Breslow (mm) 1.130 1.07-1.20 <0.001 1.124 1.04-1.21 0.002
Stage (Il vs. III-1V) 1.865 1.19-2.92 0.006 1.793 0.74-4.33 0.194
TAM-CCL20 (MFI, each 10 a.u.) 11195 1.10-1.29 <0.001 1.164 1.05-1.29 0.003
TAM-TNF (MF], each 10 a.u.) 1.295 1.18-1.42 <0.001 1.250 1.11-1.41 0.000
TAM-VEGFA (MFI, each 10 a.u.) 1.185 1.11-1.26 <0.001 1.051 0.96-1.15 0.264
TC-VEGFA (MF]J, each 10 a.u.) 1.050 098-1.13 0.189 1.026 0.92-1.14 0.629
Multivariate HR 95% CI 4 HR 95% CI 4
Gender (F vs. M) 1.019 0.56-1.87 0.951 0.612 0.25-1.47 0.274
Age (years) 0.999 0.98-1.02 0.861 1.010 0.99-1.03 0.387
Breslow (mm) 1.164 1.09-1.25 <0.001 1.173 1.06-1.30 0.002
Stage (I vs. III-1V) 0.716 0.33-1.53 0.390 0.596 0.17-2.10 0.421
TAM-CCL20 (MFI, each 10 a.u.) 1.244 1.12-1.38 <0.001 1.260 1.08-1.47 0.004
Gender (F vs. M) 1.245 0.71-2.20 0.449 0.666 0.27-1.64 0.376
Age (years) 0.996 0.98-1.01 0.692 1.005 0.98-1.03 0.715
Breslow (mm) 1:115 1.05-1.18 <0.001 1.123 1.03-1.22 0.008
Stage (II vs. II-1V) 1.401 090-2.19 0.138 1.013 0.35-2.92 0.982
TAM-TNEF (MFI, each 10 a.u.) 1.304 1.19-143 <0.001 1.255 1.09-1.44 0.001
Gender (F vs. M) 1.103 0.61-2.00 0.747 0.811 0.34-1.91 0.632
Age (years) 1.005 0.99-1.02 0.577 1.008 0.98-1.03 0.550
Breslow (mm) 1.138 1.06-1.22 <0.001 1.124 1.03-1.23 0.008
Stage (II vs. III-1V) 1.122 0.63-1.99 0.694 1.230 0.46-3.32 0.683
TAM-VEGFA (MFI, each 10 a.u.) 1.188 1.11-127 <0.001 1.040 0.95-1.14 0.404

To search for mechanisms underlying the CCL20/TNF /VEGFA secretory TAM pheno-
type associated with aggressive primary melanomas, and due to limited access to patient
TAMs, we prepared tumor-conditioned macrophages. We previously showed that both
pro-inflammatory (GM-CSF) and anti-inflammatory (M-CSF) human macrophages (MP-
GM and MP-M, respectively) co-cultured with melanoma metastatic cell lines (BLM and
A375), displayed a distinctive CCL20 mRNA up-regulation and secreted large amounts
of CCL20 protein [17]. Similarly, we now observed up-regulation of TNF and VEGFA
mRNA expression by melanoma-conditioned MP-GM(BLM) and, to a lesser amount, by
MP-M(BLM), which were separated from BLM melanoma cells after co-culture (Figure 3A).
Melanoma BLM cells were also analyzed after co-culture, showing no expression of CCL20
and low induction of TNF mRNA, whereas VEGFA mRNA was basally expressed by BLM
cells. To get insights into the molecular programs activated by melanoma-conditioning of
MP, we performed RNA sequencing on MP-GM and MP-M with and without co-culturing
with BLM cells. 1036 genes were found significantly differentially expressed in melanoma-
conditioned MP-GM(BLM) versus MP-GM, and 1677 genes in melanoma conditioned
MP-M versus MP-M(BLM) (adjusted p-value < 0.05; log2 fold change >2) (Figure 3B). Path-
way analysis identified a number of pathways related to TNF_NF-«B and p53 signaling in
the melanoma-conditioned MPs (Figure 3B).
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Figure 3. NF-«B and p53 signaling pathways synergically contribute to CCL20, TNF, and VEGFA upregulation in
macrophages conditioned by melanoma cells. (A) Macrophages differentiated with GM-CSF or M-CSF (MP-GM and
MP-M, respectively) were cocultured with BLM cells for 24 h or 72 h, as specified, and then separated with anti-CD14-coated
beads. Mutually conditioned cells were measured for CCL20, TNF, and VEGFA mRNA expression relative to TBP (n = 3—
5 donors). (B) Volcano plots showing DEG scores for 24h BLM-conditioned macrophages vs. unconditioned macrophages,
as well as GSEA analyses showing normalized enrichment scores and false discovery rates (n = 3). (C,D) Conditioned
media assessed for CCL20, TNF, and VEGFA protein secretion. As in A, differentiated macrophages were cocultured with
BLM (C) or A375 (D) melanoma cells for 72 h in the absence or presence of 10 uM BAY11-7082 (NF-kB inhibitor) and /or
50 uM Pifithrin-e¢ (p53 inhibitor), as indicated (17 = 5-10). Asterisks denote statistically significant differences relative to
melanoma /macrophage condition cocultured without inhibitors (paired t-test; * p < 0.05; ** p < 0.01).

To explore the effect of targeting these pathways during co-cultures of MPs (GM
and M) with melanoma cells, we used BLM and A375 (which do not express VEGFA
basally) metastatic melanoma cell lines, which similarly induced secretion of the three
cytokines in the co-cultures (Figure 3C,D). However, there were differences in the cytokine
profile up-regulated regarding the MP polarization profile; MP-GM /melanoma produced
more TNF and CCL20, whereas MP-M/melanoma produced more VEGFA. Next, we
used BAY 11-7082 to inhibit the NF-«B signaling cascade and the p53 inhibitor pifithrin
and analyzed secretion of CCL20, TNE and VEGFA proteins in the supernatants; getting
additive inhibitory effects in the secretion of the three cytokines. This data indicate that
macrophage-melanoma interactions induced both signaling pathways, NF-«B and p53
activation, which may contribute to up-regulate the specific cytokine secretory phenotype
of TAMs, regarding their previous M1/M2 polarization heterogeneity.

4. Discussion

Because TAMs are a very heterogeneous population of immune cells, which has been
reported to be associated with either anti-tumoral or protumoral functions, assessment of
their molecular or functional variety may provide new biomarkers for patient prognosis
or to predict treatment responses [6,10]. Accurate prognosis in melanoma is particularly
important to identify those patients who might benefit from adjuvant treatment. In the
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present study, we have quantitatively evaluated conventional parameters like density,
morphology, stroma/tumor nest distribution, as well as more in the deep characterization
of TAM polarization and cytokine content. In clinically relevant primary melanoma patient
cohorts, we did not find a significant association of TAM density, size, and location, nor
CD11c/CD209 subsets with DFS or OS. In prior work, our group identified a particular
secretory phenotype of TAMs isolated from melanoma tissues [17]. Melanoma TAMs
were also characterized in situ by their high content of CCL20, TNE and VEGFA by multi-
color immunofluorescence in cryopreserved samples; we now show that this particular
cytokine profile may be detected and quantified in diagnostic FFPE. Importantly, the high
content of CCL20/TNF/VEGFA is strongly associated with a worse prognosis in primary
melanoma patients.

Nowadays it is well recognized that the interaction of the cancer cells with other cells
or factors in the TME has an impact on tumor biology [16]. A deep analysis of TME may
provide clues to understanding these complex relationships and, ultimately, will be of
clinical utility for the establishment of novel prognostic tools or therapeutic targets. To
this end, we previously used multicolor immunofluorescence microscopy to study in situ
diverse immune and stromal components, as well as the expression of chemokines and
their receptors in the TME of human melanoma. This non-destructive tissue methodology
allowed us to study the spatial distribution of diverse cells, location of specific proteins
within cells or tissue areas, and quantification of their relative level of expression. Human
tissue studies commonly use a chromogenic IHC approach to evaluate specific proteins or
cell markers in situ; however, only single or double-labeling are suitable. Fluorescent IHC
and spectral microscopy have the advantage of multiple marker detection; accordingly, it
was used to analyze immune infiltrates in primary melanomas, showing that combination
assessment of CD8* lymphocytes/CD68* macrophages ratio in the stroma correlated with
shortened survival [28]. We used a similar approach, combined with confocal microscopy
and image processing, to quantify at the cellular level diverse TAM characteristics in
melanoma. Multiple labeling is of particular relevance when evaluating heterogeneous
cells like macrophages, which are known to share markers with other myeloid cells or
to express molecules in relation to their functional polarization. As an example, CD1l1c,
a marker traditionally associated with dendritic cells (DCs), is also expressed by M1
macrophages [29]. In previous studies, we established that TAMs are the most abundant
type of myeloid cells in melanoma tissues, as compared with other mononuclear (CCR2*
monocytes or CD1c™ myeloid DCs) and polymorphonuclear phagocytes [17,19]. In this
study, we set up conditions for multilabeling and quantitative image analysis of TAM
markers in both cryopreserved and paraffin-embedded tissues, which are more convenient
for clinical utility. First, as bona fide pan-macrophage markers, we showed that CD163,
CD68, and CD115 were co-expressed by most cells with macrophage morphology. CD163
did not define any separated subset of TAMs, which is in agreement with its co-expression
with both M1 and M2 markers in Th1 and Th2-predominant pathologies [11]. Definition
of TAM subpopulations was better achieved by triple staining with a pan-macrophage
marker to gate macrophages, and quantitative assessment of the level of expression of
CD11c and CD209. Thus, dot-plot analysis of CD11c versus CD209 expression at the
single-cell level showed that in control skin most macrophages were CD209*CD11c ™~ cells,
which may represent tissue-resident macrophages [30]. By contrast, melanoma tissues
contained a novel CD11c¢*CD209~ subset, maybe representing incoming proinflammatory
macrophages, and CD11c¢"CD209" mixed cells. However, no major differences were
observed between clinically divergent groups regarding CD11c/CD209 subsets or other
TAM parameters as density, morphology, or location.

Cytokine production by macrophages is a hallmark of their polarized function [9];
M1 release large amounts of proinflammatory cytokines (such as IL-12, IL-23, and TNF),
whereas M2 are characterized by high expression of IL-10 and proangiogenic growth factors
such as IL-8, VEGFA, and VEGEFC. Interestingly, CCL20 secreting TAMs were induced
via IL-6-regulated macrophage polarization in a mouse model of colon cancer; in which,
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CCL20 promoted cancer progression by recruiting CCR6" lymphocytes [31]. Macrophage
derived-TNF was identified as a crucial melanoma growth factor that contributed to
resistance to MAPK pathway inhibitory treatments in a mouse model of BrafV"F mutated
melanoma [32]. We had previously identified the expression of CCL20/TNF/VEGFA
cytokines by TAMs in a pilot study with cryopreserved human melanoma tissues [17].
Because FFPE tissues are the current method for patient sample preservation, we validated
our multiple-labeling methodology to analyze TAM cytokine signature in 83 FFPE samples
from a second patient cohort. Importantly, CCL20/TNF/VEGFA cytokine production by
TAMs correlated with poor patient survival. Using monocyte-derived macrophages, with
either GM-CSF or with M-CSFE, which are known to prime towards M1 or M2 phenotypes,
we produced in vitro melanoma-conditioned macrophages expressing CCL20 and TNF
(M1-primed) or VEGFA (M2-primed). This in vitro culture system of macrophages with
melanoma cells, allowed us to explore the pathways underlying the CCL20/TNF/VEGFA
cytokine secretory phenotype of TAMs, showing that p53 and NF-«B coregulate tumor-
conditioned macrophages. It is known that NF-kB activation drives M2 polarization of
TAM s [33] and its inhibition re-educates TAMs towards an anti-tumoral phenotype [34]. In
accordance with our results, dual p53 and NF-«B activation in macrophages were described
to up-regulate IL6, TNF, and CCL20 [35]. These results identify a unique p53/NF-kB
pathway in protumoral TAMs that could be targetable to re-educate TAMs to block their
protumoral functions.

5. Conclusions

Our studies show that CCL20/TNF/VEGFA cytokine production by TAMs is a hall-
mark of their protumoral deviation. Assessment of TAM cytokine profile in situ by mul-
ticolor staining of FFPE tissues is feasible and may be used as a new prognostic marker
in cutaneous melanoma. In addition, we identify p53 and NF-«B as the main pathways
driving the skewed production of CCL20/TNF/VEGFA cytokines by TAMs, pointing to
the development of new therapeutic targets to re-educate this particular deviation of TAMs
and to promote their anti-tumoral function.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390 /cancers13163943 /s1, Figure S1: Validation of staining specificity, Table S1: Frozen and
paraffin-embedded primary melanoma collections, clinicopathological features, Table S2: Association
of evaluated prognostic markers with clinicopathological features (Mann-Whitney).
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TNF CD68 (+ 25 pg/mL rhTNFA)

CCL20 CD68 (+ 20 pg/mL rhCCL20)

VEGFA CD68 (+ 25 ug/mL rhVEGFA)

FIGURE S$1 Metastasizing primary melanoma

Figure S1: Validation of staining specificity
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Table S1: Frozen and paraffin-embedded primary melanoma collections, clinicopathological

features.
PARAFFIN FROZEN
Gender Gender
Male (n=45) Male (n=27)

Female (n=38)

Female (n=13)

Age (years)

Age (years)

<65 (n=36) <65 (n=20)
>65 (n=47) >65 (n=20)
Location Location

Head/limbs (n=58)

Head/limbs (n=15)

Trunk (n=25)

Trunk (n=25)

Subtype

Subtype

Nodular (n=30)

Nodular (n=14)

Others (n=53)

Others (n=26)

Ulceration Ulceration
No (n=42) No (n=26)

Yes (n=36) Yes (n=14)

Breslow Breslow

<4mm (n=38) <2mm (n=19)

>4mm (n=45) >2mm (n=21)

Stage Stage

Il (n=61) -1l (n=33)

Il (n=16) I (n=7)

IV (n=6)

('\igt;‘z;?;is Metastasis (5 years)
No (n=32) No (n=24)

Yes (n=51) Yes (n=16)

5;;:2;/ al (10 Survival (5 years)
Yes (n=50) Yes (n=32)

No (n=33) No (n=8)
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Table S2: Association of evaluated prognostic markers with clinicopathological features (Mann-

Whitney).
TAMCCL20 | P TAM TNF P |TAMVEGFA| P TCVEGFA | P

Gender Male (n=45) 106 £5 0.011 [112+6 0.125 |102+5 0.089 |74+5 0.165
Female (n=38) 85+5 99+4 93+6 64+6

Age (years) <65 (n=36) 89+6 0.215 |102+5 0.780 |88+6 0.043 [61+5 0.204
>65 (n=47) 97 +4 104 £ 4 104 £5 73+5

Location Head/limbs (n=58) |93 + 4 0.866 |102 +4 0.615 |99+5 0.849 [69+5 0.577
Trunk (n=25) 95+ 6 106 + 6 94+5 65+6

Subtype Nodular (n=30) 87+5 0.158 |109 =5 0.261 |95+5 0.922 |68 +7 0.782
Others (n=53) 97+5 100+ 4 98+5 68+4

Ulceration No (n=42) 91+5 0.75 |104+5 0.827 |102+6 039 [64+5 0.218
Yes (n=36) 95+5 105 + 5 94+5 74+6

Breslow <4mm (n=38) 95+5 0.806 [105+5 0.582 |100 +5 0.562 [69+5 0.786
>4mm (n=45) 92+5 101+5 94+ 5 66 + 5

Stage Il (n=63) 87+4 0.003 [99+4 0.025 [86+5 0.002 [67+5 0.565
-1V (n=20) 113+ 7 117+ 6 112+ 7 726

Metastasis (10 years) [No (n=32) 78 + 6 <0.001 |85+ 4 <0.001|78 +6 <0.001 |56 =5 0.014
Yes (n=51) 105+ 5 118 +5 110+5 77+5

Survival (10 years) Yes (n=50) 89+5 0.113 [(94+4 <0.001 (88 + 5 0.007 [64+5 0.318
No (n=33) 101 +£5 121 +5 111 £5 75+6
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La activina A sustenta el fenotipo metastasico de los macréfagos asociados a

tumores y es un marcador de prondstico en el melanoma cutaneo humano

Las células tumorales atraen e interactian dindamicamente con monocitos/macréfagos para
subvertir su diferenciacién en macréfagos asociados a tumor (TAM), que promueven
principalmente la supresidn inmunitaria y la progresién neoplasica, pero las vias y las seiales
microambientales que gobiernan su desviaciéon pro-tumoral no se conocen por completo. Para
identificar las vias moleculares responsables de la diferenciacion de TAM, analizamos los
biomarcadores secretados durante las interacciones entre melanoma y macrdéfagos utilizando
microarrays de Quantibody y secuenciacién de RNA de macréfagos. Descubrimos que la activina
A, un miembro de la familia TGF, juega un papel fundamental en la comunicacién cruzada entre
las células de melanoma y los monocitos/macréfagos, lo que resulta en la regulacién al alza de
distintos genes sustentadores de tumores y el logro de funciones pro-invasivas e
inmunosupresoras de TAM. El bloqueo de la activina reduce la regulacidn positiva de parte de
estos genes e impide la adquisicién de funciones pro-tumorales, lo que facilita el rechazo del
melanoma humano por linfocitos humanos transferidos en un modelo de ratén con xenoinjerto.
Sorprendentemente, la deteccidén de dos colecciones independientes de melanoma primario
cutaneo mostré que la activina A esta enriquecida en TAM y células de melanoma de pacientes
con peor prondstico y constituye un marcador de prondstico nuevo e independiente. Por lo
tanto, identificamos a la activina A como un intermediario clave en las funciones pro-tumorales
e inmunosupresoras de los TAM, con un potencial significativo como biomarcador de

enfermedades y como diana inmunoterapéutica.

Gutiérrez-Seijo A, Garcia-Martinez E, Barrio-Alonso C, Parra-Blanco V, Avilés-lzquierdo JA,
Sanchez-Mateos P, Samaniego R. Activin A Sustains the Metastatic Phenotype of Tumor-
Associated Macrophages and Is a Prognostic Marker in Human Cutaneous Melanoma. J Invest
Dermatol. 2022 Mar;142(3 Pt A):653-661.e2. doi: 10.1016/].jid.2021.07.179. Epub 2021 Sep 6.
PMID: 34499901.
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ORIGINAL ARTICLE

Activin A Sustains the Metastatic Phenotype of
Tumor-Associated Macrophages and Is a
Prognostic Marker in Human Cutaneous
Melanoma

Alba Gutiérrez—Seion"’, Elena Garcia-Martinez'?, Celia Barrio-Alonso'"?, Verdnica Parra-Blanco®,
José Antonio Avilés-lzquierdo ' Paloma Sanchez-Mateos” " and Rafael Samamego""

Tumor cells attract and dynamically interact with monocytes/macrophages to subvert their differentiation into
tumor-associated macrophages (TAMs), which mainly promote immune suppression and neoplastic progression,
but the pathways and microenvironmental cues governing their protumoral deviation are not completely under-
stood. To identify the molecular pathways responsible for TAM differentiation, we screened the biomarkers
secreted during melanoma—macrophage interactions using Quantibody microarrays and RNA sequencing of
macrophages. We found thatactivin A, a member of the transforming GF family, plays an instrumental role in the
cross-talk between melanoma cells and monocytes/macrophages, which results in the upregulation of distinct
tumor-sustaining genes and the achievement of proinvasive and immunosuppressive functions of TAMs. Blockade
of activin reduces the upregulation of part of these genes and prevents the acquisition of protumoral functions,
facilitating human melanoma rejection by transferred human lymphocytes in a xenograft mouse model. Remark-
ably, screening of two independent cutaneous primary melanoma collections showed that activin A is enriched in
TAMs and melanoma cells from patients with worse outcomes and constitutes a new and independent prognostic
marker. Thus, we identify activin A as a key intermediary in the protumoral and immunosuppressive functions of

TAMs, with significant potential as a disease biomarker as well as an immunotherapeutic target.

Journal of Investigative Dermatology (2021) m, m—m; coi:10.1016/).jid.2021.07.179

INTRODUCTION

Melanoma is the most lethal of cutaneous malignancies, and
pathological evaluation of primary skin melanomas, which
assesses Breslow level of invasion, ulceration, and mitotic
index, does not completely define the prognosis of patients
(Gershenwald and Scolyer, 2018; Schadendorf et al., 2018).
Accurate prognosis is important in patients with cutaneous
melanoma to guide adjuvant immunotherapy, and new bio-
markers are urgently needed (Rizk et al., 2020; Schuchter,
2017). Information derived from analysis of the melanoma
microenvironment may serve as a biomarker to identify pa-
tients with a high risk of metastatic spreading.
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Tumor-associated macrophages (TAMs) are abundant cells
in the tumor microenvironment that establish complex
paracrine interactions with cancer cells and other leukocytes,
displaying great plasticity and multiple protumoral or anti-
tumoral functions (Locati et al., 2020). TAMs may originate
from the proliferation of resident macrophages, but active
recruitment of monocytes (Mos) and subverted local differ-
entiation to TAMs are recognized as the predominant source
of TAMs (Franklin and Li, 2076). An important chemokine
axis driving Mos recruitment to most tumors is CCR2/CCL2
(Qian et al., 2011), which is operative in melanoma, where
CCL2 is expressed by stromal cells (Samaniego et al., 2013).
We have also described a CCR6/CCL20 paracrine axis be-
tween TAMs expressing CCL20 and CCR6™ melanoma cells
(Samaniego et al., 2018). CCL20 expression by TAMs predicts
the progression of human primary cutaneous melanoma,
which also express TNF and VEGFA cytokines, suggesting a
differential TAM activation state.

In this study, to characterize the oncogenic activation of
human macrophages, we performed a biomarker screening,
identifying activin as a secreted factor governing TAM devi-
ation. Activins are members of the TGF family that share
signaling pathways with TGFB, explaining some of the
overlapping functions of these cytokines (Loomans and Andl,
2014). Members of TGFB superfamily act on various com-
ponents of the tumor stroma and have been previously re-
ported to mediate tumor—stroma interactions and antitumor
immunity (Batlle and Massagué, 2019). Thus, depending on
the context, TGFp signaling facilitates or inhibits tumor
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progression (Bellomo et al., 2016). Activins are homodimers
or heterodimers composed of two B inhibin chains, being the
most abundant variant activin A (homodimer PABA, referred
to as activin in the remaining part of this paper).

RESULTS

Oncogenic activation of macrophages: Screening of secreted
factors

TAMs are known to release products that directly support
tumor cell (TC) growth or modify the local microenvironment
(Yang et al., 2018). To search for secreted factors during
melanoma/macrophage coculture, we mixed BLM mela-
noma cells with macrophage colony—stimulating factor—
differentiated macrophages and quantified soluble proteins in
the supernatants using Quantibody microarrays (RayBiotech,
Peachtree Corners, GA), including cytokines, chemokines,
GFs, soluble receptors, and others (Supplementary Table S1).
To address the cell source of secreted factors, melanoma-
conditioned macrophages were separated and analyzed by
RNA sequencing, compared with resting macrophages.
Among the group of soluble factors induced during

melanoma/macrophage coculture, we found high secretion
of the TGF family member activin, whose corresponding
gene INHBA (coding for BA chain of activin) was upregulated
in melanoma-conditioned macrophages (Figure 1a and
Supplementary Figure S1a). Other members of this family,
such as TGFa, TGFB1, TGFB2, TGFB3, were not induced in
melanoma/macrophage supernatants, and therefore, we
focused our interest on activin that is a key regulator of in-
flammatory and immune responses (Morianos et al., 2019).
Next, we studied peripheral blood Mos because these cells
are directly recruited to tumors to become TAMs (Yang et al.,
2018). We measured activin by ELISA in supernatants of Mos
cocultured with three melanoma cell lines (BLM, A375, and
Skmel-103), showing enhanced secretion by Mo/BLM and
Mo/A375 (Supplementary Figure S1b). After 3 or 24 hours of
coculture, melanoma-educated Mos were processed for
gqPCR analysis, finding INHBA upregulation by coculture
with BLM and A375, whereas no change was detected in
TGFB1 (Supplementary Figure ST1c). Melanoma-educated
Mos showed an upregulation of the protumoral signatures
CCL20, TNF, and VEGFA mRNA (Samaniego et al., 2018) as
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for 3 (gray) or 24 (black) h, as indicated (n = 3—4). (d) activin, CCL20, and VEGFA secretion for 48 h assessed at Mos/melanoma cells CM, as indicated (n =
3-5). (e) PGE; secretion for 24 h in the presence/absence of SB-431542 or COX-2 inhibitor Celecoxib (for comparison), as indicated (n = 3—5). SW033291
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well as other factors involved in immunosuppressive
properties of TAMs: cytokines such as IL70 (coding for IL-10),
enzymes such as IDOT (coding for indoleamine 2,3-
dioxygenase 1) and PTGS2 (coding for cyclooxygenase-2 or
COX-2), or ligands such as CD274 (coding for PD-L1)
(Supplementary Figure S1c). Altogether, these results indi-
cated that melanoma conditioning of Mos/macrophages
induced the upregulation of the inflammatory cytokine
activin, together with CCL20, TNF, and VEGF oncogenic
signature and other immunosuppressive factors.

Activin mediates melanoma conditioning of Mos

Because it was reported that activin promotes carcinogenesis
by attraction and reprogramming of macrophages in a mouse
model of nonmelanoma skin cancer (Antsiferova et al.,
2017), we checked the role of activin in driving melanoma
conditioning of human Mos/macrophages. We first checked
that melanoma conditioning of Mos induced SMAD2 nuclear
translocation, indicating signaling through TGFp family cy-
tokines (Supplementary Figure S1d). Similar to melanoma
conditioning of Mos, a dose-dependent treatment with
activin induced mRNA upregulation of the protumoral sig-
natures CCL20, TNF, and VEGFA as well as IDOT and PTGS2
immunosuppressive factors (Figure 1h). In addition, activin
treatment induced its own gene (INHBA) expression, gener-
ating a feedforward-activating mechanism of Mos/macro-
phages. We also used the inhibitor of ALK5, ALK4, and ALK7,
SB-431542, which inhibited ligand-dependent SMAD2
phosphorylation (Supplementary Figure S1d), to explore the
contribution of TGFp/activin signaling to melanoma condi-
tioning of Mos. Upregulation of CCL20, TNF, VEGFA,
INHBA, PTGS2, and IDOT was abolished by 60—90%,
indicating that TGFp/activin signaling was an intermediary in
their induction, whereas no inhibition was observed for IL10
and CD274 at the mRNA level, indicating TGFf/activin in-
dependence (Figure 1b). On the other side, INHBA mRNA
expression was also induced in BLM melanoma cells by
coculture with Mos, an effect that could be reversed by SB-
431542, indicating cross-activation and feedforward activin
induction by melanoma cells (Figure T1c). In accordance with
mRNA expression data, both the inhibitor SB-431542 and
neutralizing anti-activin antibody reduced the secretion of
activin, CCL20, and VEGFA proteins by over 60% in mela-
noma/Mo supernatants (Figure 1d and Supplementary
Figure Sle). Furthermore, prostaglandin E,, the product of
the COX-2, was reduced in melanoma/Mo supernatants by
blocking with SB-431542 at a level comparable with that of
the specific COX-2 inhibitor celecoxib (Figure Te). All these
data indicate that activin is a key intermediate factor in Mo—
melanoma crosstalk because it is actively secreted during
initial interactions and because its signaling controls the
secretion of other protumoral and immunosuppressive factors.

Activin drives the acquisition of immunosuppressive and
protumoral functions of melanoma-educated Mos

We next analyzed the ability of melanoma/Mos conditioned
media (CM) to suppress T-cell proliferation. For suppression
assays, we stimulated polyclonal proliferation of resting
lymphocytes  with anti-CD3/CD28-coated beads and
assessed T-cell proliferation by carboxyfluorescein diacetate
succinimidyl ester dye dilution. Whereas the CM from Mos or
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melanoma cell lines grown alone had no negative impact on
T-lymphocyte expansion, T-cell proliferation was inhibited by
CM from Mo/BLM and Mo/A375 but not by Mo/Skmel-103
cocultures (Figure 2a), which is in line with the failure of
Skmel-103 cells in inducing activin and immunosuppressive
factors in coculture with Mos (Supplementary Figure STb and
c). T-cell suppression was predominantly mediated by the
presence of secreted factors in the CM because adding acti-
vin directly did not affect T-cell proliferation (Figure 2a). To
determine the involvement of TGFf/Activin signaling, we
used SB-431542 during melanoma conditioning of Mos;
then, Mos were separated from melanoma cells and cocul-
tured with proliferating T cells for 72 hours. We observed that
BLM-conditioned Mos inhibited T-cell proliferation in a dose-
dependent fashion, whereas activin signaling inhibition dur-
ing melanoma conditioning of Mos abolished their suppres-
sive effect on T-cell proliferation (Figure 2b), supporting a role
for activin in the acquisition of T-cell suppressive function by
melanoma-educated Mos/macrophages.

Increased motility and invasion are hallmarks of tumor
metastasis (Welch and Hurst, 2019). To evaluate whether
melanoma/Mo CM could promote this capability, we per-
formed melanoma three-dimensional invasion assays through
collagen matrices. Melanoma spheroids were grown for
7—10 days, embedded into collagen type-I networks, and
allowed to invade in the presence of different CM. CM from
Mos cocultured with BLM or A375 cells significantly induced
three-dimensional invasion of melanoma spheroids
(Figure 2c). Remarkably, the blockade of activin with an
antibody or its signaling with SB-431542 during melanoma/
Mo coculture abolished the proinvasive properties of CM
(Figure 2c). Dose-dependent three-dimensional invasion of
melanoma spheroids was induced with prostaglandin E,,
TNF, and CCL20, which are factors induced during mela-
noma-Mo interactions. By contrast, adding activin directly
did not significantly affect melanoma invasion, indicating
that the effects of activin are indirect (Figure 2c). Our data
indicate that after its secretion, activin controls the induction
of immunosuppressive and proinvasive functions of
melanoma-conditioned Mos.

Activin is enriched in TAMs and TCs of patients with
melanoma with worse evolution

Our screening identified activin as a key cytokine induced
during melanoma—-myeloid cross-talk; furthermore, we
showed that its secretion mediates the immunosuppressive
and proinvasive functions of melanoma-educated Mos/mac-
rophages in vitro. To explore whether TAMs and/or cancer
cells constitute an important source of activin in vivo, frac-
tions including each cell type were isolated from advanced
primary melanomas (n = 3 cutaneous tumors of stage IV
patients), finding mRNA expression of INHBA, whereas Mos
from the blood of these advanced-stage patients showed no
INHBA expression (Figure 2d), indicating that activin secre-
tion may be a local event that takes place in the tumor
microenvironment but not a general systemic conditioning of
myeloid cells. Next, we explored the clinical significance of
activin expression in the microenvironment of human skin
melanoma. We analyzed the tissue content of activin in two
independent cohorts of patients with primary cutaneous

www.jidonline.org

66



A Gutierrez-Seijo et al.
Activin Regulates Pro-Metastatic Phenotype of Melanoma TAMs

L T-cell proliferation b T-cell proliferation
ns 026 002 ns
125
,E 510. -
S G 08
3 3 06 Bl
£ - 1
s T 04/
IS S 02!
001 . N
1 w o n o o | - ¢
§'23E8388§ HEEEREERE
o < L <% < 8 » EE EEEE
a2 3 3 E-3
5 23F £ § Eaxgaaz
€ 7} » £ = Zdsmsos3
g B 230 Jog=
8] 03 03" 3
CM (24h) 28 28 g3
BLM invasion
¢ 001 0.001 d  inHBA
18 0.001 0001 . N 4, %
3
= H =3
H - £
] <2
g z
>
£ x4
a 3
L) 0
Eg=mecelmcs | EEIZIEEE % s
7] S5 o E £ £ £ S
8- EB=z3%33p 2228292 55%
S3<2 6<s © «no o 0 9O:8
=0 =q:P 23 uud 38 o= =
3 E SE: £-RRusS =E3
=« =8 5 > & ZZ Fa
= g% 32 Ed 2
2 gs <3 8 3
2 3 e g
== S
T T3 Patients with
CM (481 FCS + 24h BSA) MalaRciA

Figure 2. Activin contribution to the achievement of protumor functionality.
(a) T-cell proliferation induced by anti-CD3/CD28 microbeads for 72 h in the
presence of CM from Mos mixed or not with distinct melanoma cell lines for
24 h (n = 3—6 donors) or medium supplemented with human activin. Data
relative to unconditioned medium (fold = 1) are presented. (b) Induced
proliferation of lymphocytes mixed with Mos alone or Mos conditioned by
BLM cells in the presence/absence of SB-431542 or with BLM cells alone or
conditioned by Mos, as indicated (n = 3—5). Data relative to Mos-alone
condition (fold = 1) are presented. Mo- or melanoma-to-Lym ratios are
indicated. Representative CFSE fading experiments as assessed by flow
cytometry. (c) BLM collagen 3D invasion performed in the presence of distinct
serum-free Mo/melanoma CM (n = 3=5) or in media supplemented with
distinct compounds, as indicated. 72 h invasions were performed in duplicate
(coculture) or triplicate (compounds). (d) INHBA expression assessed at
CD14" blood Mos and TAMs and at the remaining CD14~ CD3 ™ tumor
fraction freshly isolated from patients with stage IV melanoma (n = 3). Means
=+ SD mRNA values relative to those of TBP/GAPDH average are shown.
Paired t-test statistical analyses values are shown; *P < 0.05 (relative to
respective controls). 3D, three-dimensional; CFSE, carboxyfluorescein
diacetate succinimidyl ester; CM, conditioned media; h, hour; Lym,
lymphocyte; Mo, monocyte; n.s., not significant; PGE,, prostaglandin E;;
TAM, tumor-associated macrophage.

melanoma: a first cohort of 40 patients and a validation
cohort of 83 patients. Primary tissue samples were classified
as nonmetastatic or metastatic regarding subsequent devel-
opment of metastasis during patient follow-up of 5 and 10
years in each cohort, respectively. Primary melanomas were
cryopreserved in the first cohort and were formalin fixed and
paraffin embedded in the validation one, and therefore,
different conditions were set up to perform multicolor
confocal microscopy and quantification at the single-cell
level of activin content. The best gating of macrophages for
image processing and semiautomatic quantification was ob-
tained with CD163 in cryopreserved samples, whereas CD68
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was used for TAM segmentation in paraffin samples
(Figure 3a and b and c—f, respectively). CD163 and CD68 are
coexpressed in over 95% TAMs, together with CD115 and
CD14, indicating that they are suitable pan-macrophage
markers (Supplementary Figure S1f and g) (Samaniego
et al.,, 2018). Quantification of the mean fluorescence in-
tensity of activin PA subunit was developed in both cohorts
along macrophages and TCs and was compared with clini-
copathological factors; higher activin expression, in macro-
phages and melanoma cells, correlated with metastatic
progression during follow up in both series of patients (P <
0.001) (Supplementary Table S2). Next, to perform survival
analysis using the Kaplan—Meier method, patients were
grouped as high or low activin content in either TAMs or TCs
using the median mean fluorescence intensity value as the
cutoff point, showing significant differences between the two
groups in both patient cohorts; high activin in TAMs or TCs
correlated with shorter disease-free survival (Figure 3b and f;
log-rank test, both P < 0.001). In addition, TGFf1, IDO1, and
COX-2 were evaluated in the formalin-fixed cohort, finding
differences in TAM COX-2 content between metastatic and
nonmetastatic samples (Figure 3c). Single-cell measurements
of TGFP1 and activin are also shown for individual macro-
phages in nonmetastatic and metastatic cases, finding a
subpopulation of TAMs highly expressing activin in meta-
static samples (Figure 3e). Finally, to determine whether
activin content in TAMs or TCs was an independent prog-
nostic factor, we performed a multivariate regression anal-
ysis, including sex, age, Breslow, or stage parameters (Table 1
and Supplementary Table S3, for each patient cohort). These
analyses showed that activin content in TAMs and/or TCs
were independent prognostic factors of disease-free survival
(both cohorts) and overall survival (in the larger validation
cohort). These findings highlighted the clinical value of
activin content in melanoma microenvironment, which may
be a useful biomarker for the prognosis of patients with pri-
mary cutaneous melanoma.

Activin is a potential target for immunotherapy in a
T-cell-based allogeneic rejection model

To explore the potential therapeutic value of targeting activin
as a critical intermediary in the cross-talk between melanoma
and myeloid cells, we set up a T-cell-based immunotherapy
model of tumor rejection, which is driven by adoptive cell
transfer (ACT) of human lymphocytes in immunodeficient
NOD/Scid/ll2rg™"~ mice bearing human melanoma tumors
(Figure 4a), as previously reported (Hennequart et al., 2017;
Sanmamed et al., 2015). First, we evaluated the impact of
inoculating subcutaneously BLM human melanoma cells
mixed with human Mos (mixed tumors), finding that in the
absence of an adaptive immune system, the initial presence
of human Mos did not modify tumor growth. Next, mice
engrafted with human melanoma cells were subsequently
treated with ACT 4 days after tumor inoculation, finding
significant smaller tumors, indicating that xenografted human
melanoma is controlled by transferred allogeneic human
lymphocytes (P = 0.003). By contrast, the therapeutic effect
of ACT was lost in the mixed melanoma/Mo tumors, which
doubled the size of melanoma-alone grafts treated with ACT
(P = 0.012), indicating that intratumoral Mos confer
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Figure 3. Confocal analysis of in vivo protein expression and correlation with patient evolution. (a) CD163 (red) and activin (green) staining at cryopreserved
sections of nonmetastatic and metastatic primary melanomas. (b) 5-year disease-free Kaplan—Meier curves discriminating high or low activin expression by

CD163" TAMs or TCs (frozen collection, n = 40 patients). Log-rank P-values are shown. (c) Plots showing the average MFIs (AU) of different proteins; each spot
represents a paraffin-embedded biopsy, as indicated. Statistical differences are shown (Mann-Whitney). (d) CD68 (red) and quantified proteins (green) staining
at sections of paraffin primary melanomas. (e} Plots showing single-TAM expression of TGFB1 and activin in primary melanomas, as indicated. (f) A 10-year
disease-free and overall survival Kaplan-Meier curves discriminating high and low activin expression at CD68" TAMs and TCs from the paraffin-embedded

cohort (n = 83 patients). Log-rank P-values are shown. For all images, bar = 50 um. AU, arbitrary unit; MFI, mean fluorescence intensity; TAM, tumor-associated

macrophage; TC, tumor cell.

resistance to ACT immunotherapy (Figure 4b). Thus, we used
a specific anti-activin blocking antibody injected every 3
days to study the role of this cytokine in three different situ-
ations (Figure 4c). In the absence of ACT therapy, anti-activin
antibody treatment resulted in slower progression of mixed
melanoma/Mo tumors than of isotype-control antibody-
treated mice, although it was not statistically significant
(P = 0.061). Interestingly, these differences were significant
when mice treated with anti-activin antibody also received
ACT immunotherapy (P = 0.004). Finally, antitumor effects
of ACT therapy were similar in melanoma-alone tumors,
independently of anti-activin or control antibody treatment
(P = 0.14), indicating that host cells contributed minimally
to activin effects in this model (Figure 4c). These results
were further supported in a parallel set of experiments using
A375 melanoma cells and SB-431542 inhibitor, which
resulted in slower progression of A375 melanoma/Mo
mixed tumors in NOD/Scid/ll2rg™"~ mice plus ACT immu-
notherapy (P = 0.007) but not in mice engrafted with A375
melanoma cells alone (Figure 4d), which reinforces that
blocking activin signaling relieves ACT function, depending
on the previous presence of intratumoral human Mos
(mixed tumors). These results support that in tumors rich in

myeloid cells, a suppressive microenvironment orchestrated
by activin confers resistance to T-cell-based immuno-
therapy, and therefore, blocking activin signaling in com-
bined treatments may help to overcome resistance to
immunotherapy.

DISCUSSION

Melanoma is one of the most immunogenic tumors and was
the first human cancer in which immune checkpoint in-
hibitors showed clinical efficacy (Schadendorf et al., 2018).
However, melanoma is also characterized by a highly
immunosuppressive microenvironment, which is involved in
the primary or acquired resistance to these agents. Among
other regulatory leukocytes, TAMs exert potent immune-
suppressive functions in the tumor microenvironment,
expressing inhibitory checkpoint receptors and producing
factors that modulate the antitumoral response of other
components of the immune response (Gordon et al., 2017).
In this work, we screened the biomarkers of melanoma—
macrophage cross-talk and identified activin, which on its
secretion drives the expression of many protumoral factors
and orchestrates immunosuppressive and invasive functions
of melanoma-educated Mos/macrophages. Our data in

www.jidonline.org

68



6

A Gutierrez-Seijo et al.
Activin Regulates Pro-Metastatic Phenotype of Melanoma TAMs

Table 1. Univariate and Multivariate Cox-Regression Analyses for Disease-Free and Overall Survival (Validation

Paraffin Collection)

Univariate Disease-Free Survival Overall Survival

Sex (F vs. M) 1.602 0.91-2.81 0.100 1.168 0.55—2.47 0.685
Age (y) 1.003 0.99—1.02 0.704 1.007 0.98—1.03 0.574
Location (H/L vs. T) 1.452 0.74-2.85 0.278 0.895 0.40—1.99 0.785
Subtype (nod vs. others) 0.831 0.46—1.52 0.547 1.305 0.60—2.82 0.498
Ulceration (yes vs. no) 1354 0.76-2.41 0.301 2.582 1.15—5.82 0.022
Breslow (mm) 1.130 1.07—1.20 <0.001 1.124 1.04—1.21 0.002
Stage (Il vs. HI—1V) 1.865 1.19-2.92 0.006 1.793 0.74—4.33 0.194
TAM activin (MFI, each 10 AU) 1.174 1.08—1.28 <0.001 1.132 1203125 0.012
TC activin (MFI, each 10 AU) 1.280 1.15—1.43 <0.001 1.243 1.08—1.43 0.002
Multivariate HR 95% ClI P HR 95% ClI P
Sex (F vs. M) 1.153 0.65—2.05 0.627 0.622 0.28—1.40 0.253
Age (y) 1.007 0.99—-1.03 0.472 1.012 0.98—1.04 0.387
Breslow (mm) 1.162 1.09-1.23 <0.001 1.169 1.07—1.28 0.001
Stage (Il vs. NI—IV) 0.954 0.52-1.77 0.882 0.850 0.28-2.56 0.773
TAM activin (MFI, each 10 AU) 1.207 1.11-1.32 <0.001 1.199 1.08—1.33 0.001
Sex (F vs. M) 1.43 0.77-2.64 0.256 0.812 0.35-1.86 0.623
Age (y) 1.015 0.99—1.04 0.210 1.013 0.99—1.04 0.368
Breslow (mm) 1.131 1.04—1.23 0.005 1.178 1.08—1.29 <0.001
Stage (Il vs. NI—=IV) 1.175 0.61-2.26 0.628 0.987 0.36—2.68 0.979
TC activin (MFI, each 10 AU) 1.324 1.18—1.49 <0.001 1.350 1.17—1.56 <0.001

Abbreviations: AU, arbitrary unit; Cl, confidence interval; F, female; H/L, head/limb; HR, hazard ratio; M, male; MFI, mean fluorescence intensity; nod,

nodular; T, trunk; TAM, tumor-associated macrophage; TC, tumor cell.

human melanoma tissues indicate that activin is expressed by
TAMs and TCs in certain primary skin melanomas and is
associated with a worse patient prognosis. Importantly, we
quantitatively analyzed activin tissue content by multicolor
confocal microscopy in two cohorts of patients with primary
cutaneous melanoma, finding that high activin expression by
TAMs and TCs in primary tumors is an independent prog-
nostic factor for metastatic progression of patients with
cutaneous melanoma. As a new disease biomarker, activin
expression by primary tumors may be useful to guide adju-
vant immunotherapy in cutaneous melanoma because in the
adjuvant setting, only patients with a higher risk of devel-
oping metastasis will benefit, whereas all treated patients,
with a lower or higher risk of metastasis, may suffer adverse
events (Rizk et al., 2020; Schuchter, 2017).

Various members of the TGFf family acting on TCs and
their microenvironment play complex context-dependent
signaling in cancer. Thus, the relative contribution of
autocrine versus paracrine activin signaling, mediating
protective or tumorigenic effects, appears to be cancer type
specific. For example, in pancreatic cancer, activin receptor
ALK4 (also known as ACVR1B) mediates tumor-suppressive
functions and is frequently deleted in clinical samples
(Togashi et al., 2014). By contrast, circulating activin is
frequently upregulated in lung or colorectal adenocarci-
nomas, being a biomarker to predict poor prognosis (Hoda
et al., 2016; Wu et al., 2015). In skin cancers, activin is
highly expressed in human basal and squamous cell carci-
nomas and in melanoma cell lines and melanoma tumors
(Antsiferova et al., 2011; Heinz et al., 2015; Hoek et al.,
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Figure 4. Activin targeting in combination with T-cell-based immunotherapy to overcome resistance in a myeloid-rich melanoma model. (a) Scheme of ACT
mouse model. (b) BLM cells mixed or not with human monocytes xenografts developed in NSG mice transferred or not with human PBMCs, as indicated. Tumor
weight values are shown (n = 6—8 mice). (c) Xenograft weights, as in b, from mice i.p. injected with blocking anti-activin (+) or isotype (—) antibodies, as
indicated (n = 5-9). (d) A375 cells mixed or not with human monocytes xenografts grown in NSG mice reconstituted with human lymphocytes and s.c. injected
or not with SB-431542, as indicated (n = 6—8). Mann—Whitney statistical analyses are shown. ACT, adoptive cell transfer; hMonocytes, human monocytes; i.p.,
intraperitoneally; NSG, NOD/Scid/IIng”’; s.c., subcutaneously.
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2006). Activin overexpression in keratinocytes was tumori-
genic in nonmelanoma skin cancer model through its
paracrine action on stromal cells, particularly by attraction
of blood Mos and reprogramming of a protumorigenic
macrophage phenotype (Antsiferova et al., 2017, 2011). In
melanoma, the gain of transgenic activin expression in the
B16 mouse model was tumorigenic, but no changes in total
myeloid populations were observed (Donovan et al., 2017).
A paracrine effect of activin on NK cells driving their dif-
ferentiation into a less cytotoxic cell type was recently re-
ported in the B16 model, showing that blockade of activin
improves NK cell function and antitumor immunity (Rautela
et al., 2019). Activin signaling is also required for the sup-
pressive function of regulatory T cells, and blockade of the
activin in the B16 melanoma model resulted in dysfunc-
tional regulatory T cells unable to suppress antitumor im-
munity (Ni et al., 2018). In this study, we show that activin
is actively secreted during melanoma—macrophage cross-
talk, and it is a key factor regulating protumoral and
immunosuppressive functions of melanoma-educated Mos.
Our results in human melanoma, together with recent reports
in the B16 mouse melanoma model, indicate that multiple
immune cell types may be targeted by activin to establish
local suppressive environments, including Mo/macrophage,
NK, and regulatory T cells.

In this study, we have identified the cell source of activin
in human melanoma tissues, which is expressed by both TCs
and TAMs, and have assessed its clinical utility as a prog-
nostic factor in cutaneous melanoma. These findings,
together with our previous work in melanoma (Samaniego
et al., 2018), indicate that activin and CCL20 expression
by macrophages is indicative of a particular secretory
phenotype, which is highlighted in prometastatic TAMs. Our
results support an amplifying mechanism in which activin,
induced during melanoma—Mo crosstalk, initiates a feedfor-
ward loop that controls its own expression as well as a vast
array of factors, such as immunosuppressive COX-2/
prostaglandin E, (Mao et al., 2013) and IDO1 (Hennequart
et al., 2017), prosurvival TNF (Smith et al., 2014), proinva-
sive CCL20 (Samaniego et al., 2018), or proangiogenic
VEGFA (Apte et al., 2019). In addition to reinforcing protu-
moral TAM differentiation in an autocrine manner, activin,
owing to its high diffusibility (McDowell et al., 1997), may
promote paracrine local effects in newly recruited Mos as
well as in other immune target cells. Therefore, activin
should be considered as a potential target for improving
immunotherapies in melanoma. To prove this hypothesis, we
used a humanized T-cell—based therapy model of ACT to
treat human melanoma xenografts in NOD/Scid/ll2rg ™"~
mice. We first showed that infusion of allogeneic lympho-
cytes controlled the growth of two human melanoma xeno-
grafts. However, the therapeutic antitumoral effect of ACT
was lost in mixed tumors rich in Mos/macrophages. These
data suggested that Mos/macrophages in mixed tumors
suppressed the allogeneic rejection and prevented the
immunotherapy response to ACT. Interestingly, the ACT
antitumoral response was recovered by activin blockade in
mixed xenografts. By contrast, in tumors originated from
melanoma cells alone, activin blockade did not alter tumor
progression. Thus, activin targeting appears to be
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complementary to immunotherapy in a tumor context rich in
myeloid cells to relieve immune-suppressive microenviron-
ments created by melanoma/Mo interactions. Our results
support that activin is an instrumental cytokine orchestrating
the local protumoral and immunosuppressive microenvi-
ronment of human melanoma and uncover the potential
targeting of activin signaling to improve immunotherapy.

MATERIAL AND METHODS

Mo isolation and cell culture

PBMCs were isolated from patients or buffy coats from healthy do-
nors over a ficoll (Lymphocytes Isolation Solution, Rafer, Zaragoza,
Spain) gradient. Mos were purified by magnetic cell sorting using
anti-CD14—tagged microbeads (Miltenyi Biotec, Bergisch Gladbach,
Germany) and were cultured at 0.5 x 10%ml. All cell types were
cultured in RMPI-1640 medium (Gibco, Waltham, MA) supple-
mented with 10% fetal calf serum (Sigma-Aldrich, St. Louis, MO),
unless otherwise specified. BLM, A375, and Skmel-103 human
melanoma cell lines (Estecha et al., 2009; Samaniego et al., 2018,
2013) were not reauthenticated during the last year but were
checked for melanoma markers (HMB45 and NG2).

Human melanoma samples

Tissues from biopsied primary large lesions were homogenized and
digested into single-cell suspensions (Tumor Dissociation Kit, Mil-
tenyi Biotec). TAMs and tumor-infiltrating lymphocytes were purified
by magnetic cell sorting using CD14 and CD3 microbeads,
respectively. The remaining negatively selected cells were consid-
ered as TCs (Samaniego et al., 2018, 2013).

In vitro measurements

Melanoma cells were cocultured with Mos at a 1:2 ratio (melanoma-
to-Mo ratio). Supernatants were collected for CCL20, VEGFA, activin,
TNEF, and prostaglandin E, secretion assessment (R&D Systems, Min-
neapolis, MN), and cells were processed for qPCR analysis, separating
conditioned Mos from TCs with CD14 microbeads. Oligonucleotides
(Supplementary Table S4) were designed according to the Roche
software for gPCR (Roche Diagnostics, Basel, Switzerland). RNA was
extracted (NucleoSpin RNA-purification kit; Macherey-Nagel, Due-
ren, Germany), and retrotranscribed cDNA was quantified using the
Universal Human Probe Roche library (Roche Diagnostics). Assays
were made in triplicate and normalized to TBP and/or GAPDH
expression (AACT method). Western blot, immunofluorescence, and
flow cytometry analyses were performed as previously described
(Estecha et al., 2009; Gutiérrez-Gonzdlez et al.,, 2016; Samaniego
et al.,, 2018, 2013). A comparative screening by multiplex ELISA ar-
rays (Quantibody) and stranded transcriptome resequencing (RNA
sequencing, BGI, Tai Po Industrial Estate, Hong Kong) was performed,
coculturing BLM cells and M-CSF—differentiated macrophages for 72
hours, prepared as previously described (Gutiérrez-Gonzdlez et al,,
2016; Samaniego et al., 2018). When specified, recombinant hu-
man activin A (Immunotools), blocking anti-activin A antibody (1 pg/
ml; polyclonal; R&D Systems), goat IgG isotype—control antibody (1
ug/ml; R&D Systems), ALK4/5/7 inhibitor (SB-431542, 25 uM; 30
minutes pretreatment, Sigma-Aldrich), COX-2 inhibitor (Celecoxib, 10
uM; Sigma-Aldrich), or 15-hydroxy prostaglandin dehydrogenase in-
hibitor (SW033291, 1 uM; MedChemExpress, Monmouth Junction,
NJ), were added every 24 hours.

In vitro suppression assay
Lymphocytes negatively isolated from PBMCs with CD14 microbeads
were labeled with 1 pM carboxyfluorescein diacetate succinimidyl
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ester and cultured (10° cells per 200 pl RPMI medium supplemented
with 10% fetal calf serum and 50 U/ml IL-2) with Dynabeads Human
T-Activator CD3/CD28 (Gibco) at a cell-to-bead ratio of 1:1. Lym-
phocytes were cultured in CM or with conditioned cells for 72 hours,
and cellular proliferation (carboxyfluorescein diacetate succinimidyl
ester fading) was measured by flow cytometry.

Three-dimensional invasion assay

BLM spheroids were produced by seeding 10* cells per well in a 96-
well U-bottom plate coated with 100 ul of 1% agar for 7—10 days,
embedded into 2 mg/ml collagen type-1 matrices, and allowed to
invade in the presence of serum-deprived CM. These media were
prepared by coculturing BLM and Mos as previously described for
48 hours and then replacing the medium with RMPI medium sup-
plemented with 1% BSA for 24 hours. For quantification, cells were
fixed/permeabilized with 2% formaldehyde/0.25% Triton X-100 in
PBS, stained with propidium iodide (Sigma-Aldrich), and imaged at
the spheroid middle section with an inverted confocal microscope
(HC-PL-APO  x10/NA 0.4 objective; SP2, Leica Microsystems,
Wetzlar, Germany), considering five random migration lengths by
spheroid with the LCS software (Leica Microsystems).

Melanoma xenograft models

NOD/Scid/lI2rg™"~ mice (The Jackson Laboratory, Bar Harbor, ME)
were maintained under specific pathogen—free conditions. At age of
4—6 weeks (~23 g), male mice were subcutaneously inoculated at
both mouse flanks with 10® melanoma cells mixed or not with 10°
human Mos suspended in PBS. Four days afterward, mice were
intraperitoneally injected (ACT) or not with 20 x 10° human PBMCs
(BLM model) or lymphocytes negatively selected for CD14 (A375
model). When tumors reached approximately 1 cm width, mice
were killed by cervical dislocation, and tumors were resected and
weighed. For in vivo activin blockade assays, BLM cells and Mos
were inoculated in 100 pl PBS containing 500 ng/ml blocking anti-
human/mouse inhibin BA subunit or goat IgG isotype-control anti-
bodies (R&D Systems) and then intraperitoneally injected with 10 pg
antibodies every 3 days. In a second model, A375 cells and Mos
were inoculated in PBS containing or not 25 uM SB-431542, and
then mice were subcutaneously injected with 100 pl PBS containing
none or 500 pM SB-431542 every 2 days. Procedures were approved
by the Instituto de Investigacion Sanitaria Gregorio Marafién
(Madrid, Spain) animal care/use and Comunidad de Madrid com-
mittees (PROEX 084/18).

Histological analysis by immunofluorescence

Two cutaneous primary melanomas collections with known clini-
copathological features (Supplementary Table S2) were used to
evaluate the tissue expression of different proteins: a previously used
frozen collection of 40 patients (Samaniego et al., 2018) and a
second cohort of 83 patient biopsies preserved in formaldehyde and
embedded in paraffin along the years 1998—2015 (median follow-
up of 68 months, range = 4—260 months; Breslow > 2 mm). Ap-
proaches included written informed patient consent and were
approved by the Hospital General Universitario Gregorio Maraidén
(Madrid, Spain) ethical committee. Paraffin-embedded samples were
deparaffinized, rehydrated, and unmasked by steaming for 6 minutes
in indicated pH buffers (Supplementary Table $4) (Dako, Glostrup,
Denmark). Slides were blocked with 5 pg/ml human immunoglob-
ulins solved in blocking serum-free medium (Dako) for 30 minutes
and then sequentially incubated with 5—10 pg/ml primary anti-
bodies in PBS containing 10% blocking medium overnight at 4 °C
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and proper fluorescent secondary antibodies (Jackson Immunor-
esearch Laboratories, West Grove, PA) for 1 hour at room temper-
ature. Intermediate washes were performed in agitation and by
immersion in PBS containing 0.05% Tween-20. Samples were
imaged with a confocal microscope using the glycerol-immersion
ACS APO x20/NA 0.60 objective (SPE, Leica). At least three
blindly chosen fields were quantified by sample.

Single-cell quantification was performed as previously described
(Gutiérrez-Gonzdlez et al., 2016; Samaniego et al., 2018, 2013). For
proper TAM segmentation, whole-cell area staining is necessary to
define TAMs contour, which was achieved by CD163 and CD68
antibodies at frozen and paraffin-embedded sections, respectively.
Mean fluorescence intensity of stained proteins was obtained at
manually depicted TC nests or at each segmented TAM using the
analyzed particle plugging of Fiji software.

Statistical analyses

GraphPad (GraphPad Software, San Diego, CA) or Statistical Package
for the Social Sciences (IBM, Armonk, NY) programs were used for
statistical analysis; tests are specified through the text.
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Supplementary Figure S1. Reprogramming of Mos by melanoma cells in vitro and in vivo. (a) MCSF-differentiated MP separated with CD14 beads after 72 h of
coculture with BLM cells and analyzed for INHBA expression by qPCR. Means = SD mRNA values relative to those of TBPare shown (n =9 donors). (b) Activin
(inhibin BA) secretion for 24 h, as indicated (n = 3—5). (c) Mos alone or mixed with BLM, A375, or Skmel-103 melanoma cells for 3 (gray) and 24 (black) h,
separated with CD14 beads and analyzed by qPCR. Means + SD mRNA values relative to those of TBPare shown (n = 3-9). (d) Left: Mos incubated or not with
75 ng/ml human activin in the presence or absence of SB-431542 inhibitor for 45 minutes. Immunoblots show phosphorylated SMAD2 (Ser465/467) and
SMAD?2 or vinculin as loading controls (representative blot of three experiments). Center: SMAD2 nuclear translocation assessed by immunofluorescence within
DAPI-stained nuclei of CD115" Mos treated with 75 ng/ml activin or coincubated with BLM cells for 3 h. Right: activin receptors expressed by CD14" isolated
Mos as assessed by RNA-seq (n = 3). (e) Activin, VEGFA, and TNF secretion for 48 h assessed at Mos/melanoma cells CM incubated or not with 1 pg/ml
neutralizing anti-activin antibody, as indicated (n = 3—4). Paired t-test statistical analyses values are shown (a—c, e): *P < 0.05 and **P < 0.005. (f)
Characterization of primary melanoma TAMs in paraffin-embedded samples. Over 95% TAMs coexpress CD68, CD163, and CD115 MP pan-markers (n = 4
biopsies; 1,000 TAMs), as previously shown in the frozen melanoma collection (Samaniego et al., 2018). Activin-expressing CD163" TAMs also coexpress
CD14 MP marker, as indicated. (g) Activin-expressing TAMs coexpress CD163, CD68, CD115, and CD14 MP pan-markers in the cryosections of metastatic
primary melanomas. Bar = 50 pum. AU, arbitrary unit; CM, conditioned media; h, hour; MCSF, macrophage colony—stimulating factor; Mo, monocyte; MP,
macrophage; n.s., not significant; p-SMAD, phosphorylated SMAD; RNA-seq, RNA sequencing; TAM, tumor-associated macrophage.

Metastatic primary melanomas: frozen
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El melanoma cutdneo es la mas letal de las neoplasias cutaneas (Curti and Faries, 2021). Antes
del advenimiento de la inmunoterapia como tratamiento, los pacientes con melanoma
metastdsico tenian muy mal prondstico, con una supervivencia de sélo 6 a 10 meses (Balch et al.,
2009). Los tratamientos con inhibidores de los puntos de control inmune (immune checkpoint
(ICP) inhibitors), que se desarrollaron inicialmente en melanoma metastasico también tienen el
potencial de ser eficaces en el contexto adyuvante (en ausencia de enfermedad clinicamente
evaluable), porque son mas eficaces con una menor carga de la enfermedad, cuando la
inmunosupresion mediada por el tumor es minima (Schuchter, 2017). Aunque los inhibidores de
los ICP han demostrado su eficacia en el melanoma, también se asocian a efectos adversos
inmuno-mediados (EAI), que incluyen colitis, neumonitis y miocarditis (Postow et al., 2018). En
el contexto metastasico, existe una mayor tolerancia para los EAI; sin embargo, en el entorno
adyuvante, se necesita una mayor seguridad y no se pueden realizar ensayos en poblaciones
grandes que incluyan muchos pacientes de bajo riesgo (Schuchter, 2017). Por lo tanto, se
necesitan con urgencia biomarcadores de prondstico para identificar qué pacientes tienen mayor

riesgo de recurrencia para la estratificacion de los ensayos clinicos (Jacquelot et al., 2017).

Las interacciones entre las células cancerosas y otras células o factores del microambiente
tumoral van a tener un efecto importante en la biologia tumoral (Hanahan and Weinberg, 2011).
El estudio en profundidad del microambiente tumoral nos puede aportar las claves necesarias
para comprender estas complejas interacciones y, finalmente, contribuir al establecimiento de
herramientas de uso clinico. Por ello nuestro principal objetivo es identificar marcadores de
macrofagos con un perfil pro-tumoral que permitan establecer un factor prondstico sobre la

evolucidn de pacientes de melanoma primario en estados I-lll.

El andlisis de imagen confocal multicolor nos permite cuantificar la expresién de diversos
marcadores a nivel de células individuales, con la ventaja de tener informacién de localizacion
dentro del tejido tumoral (borde tumoral, perivascular, necrosis) (Gutierrez-Gonzalez et al., 2016;
Puig-Kroger et al., 2009; Samaniego et al., 2013; Samaniego et al., 2018; Samaniego et al., 2014;
Sanchez-Martin et al., 2011). La informacién de localizacidon dentro del microambiente tumoral
es muy importante y se pierde en las técnicas que requieren disgregacion tisular como la
citometria, tanto la tradicional con fluoréforos como la citometria de masas. Ademas, los

melanomas primarios son tumores generalmente pequefios, que se incluyen en su totalidad en
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parafina para hacer el diagndstico y no queda tumor suficiente para ser disgregado. Para la
microscopia confocal multicolor se usan cantidades muy pequeias de tejido, lo que permite
realizar el diagndstico convencional de anatomia patoldgica y su posterior analisis con

inmunofluorescencia multicolor (IF multiplex).

Los estudios de tejidos humanos suelen utilizar inmunohistoquimica (IHC) cromogénica para
evaluar proteinas especificas o marcadores celulares in situ; sin embargo, esta metodologia solo
es adecuada para el marcado sencillo o doble y la intensidad de la expresién de los marcados es
dificilmente cuantificable. La IHC fluorescente y la microscopia espectral tienen la ventaja de la
deteccion de multiples marcadores y ademas las imagenes se pueden cuantificar y la intensidad
de la fluorescencia nos da un valor relativo de la expresion de cada marcador. Un analisis
profundo del TME puede proporcionar pistas para comprender las complejas interacciones de
las células cancerosas con otras células o factores y, en ultima instancia, sera de utilidad clinica
para el establecimiento de nuevas herramientas de prondstico o dianas terapéuticas. Con este
fin, hemos puesto a punto la inmunofluorescencia multicolor, unida a la microscopia confocal,
para estudiar in situ diversos componentes inmunes y estromales, asi como la expresién de
guimioquinas y sus receptores en el TME del melanoma humano. Esta metodologia no
destructiva del tejido nos permite estudiar la distribucién espacial de diversas células, la
ubicacién de proteinas especificas dentro de las células o areas de tejido y la cuantificacién de su
nivel relativo de expresidn. El marcaje multiple es de particular relevancia cuando se evaltan
células heterogéneas como macréfagos, que se sabe que comparten marcadores con otras

células mieloides o que expresan moléculas en relacion con su polarizacion funcional.

Previamente se han establecido en nuestro laboratorio las condiciones para el marcado
multiple y el andlisis cuantitativo de imagenes de TAM, en tejidos criopreservados o parafinados,
gue son mas convenientes para el uso clinico. En primer lugar, como marcadores panmacrofagos
auténticos, hemos demostrado que la mayoria de las células con morfologia de macroéfagos
coexpresan CD163, CD68 y CD115. CD163 no define ningln subgrupo separado de TAM, lo que
concuerda con su coexpresidon con los marcadores M1y M2 en patologias predominantes Thly
Th2 (Barros et al., 2013). En nuestra experiencia, la definicidon de las subpoblaciones de TAM se
consigue mejor mediante la tincidn triple con un marcador panmacréfago, para segmentar los

macrofagos, y la evaluacidn cuantitativa del nivel de expresién de CD11cy CD209 (Samaniego et
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al., 2018). Aunque CD1lc es un marcador muy utilizado para marcar células dendriticas
convencionales (las DC CD11c+ “bona fide” no expresan marcadores de macréfagos y son poco
frecuentes en melanoma), CD11c también se expresa en una subpoblacién que coexpresa

marcadores de macrofagos (CD163+/CD68++), que pueden corresponder a macrofagos M1.

Por otro lado, en nuestro trabajo Samaniego et al., 2018 también describimos cdmo las células
del melanoma expresan de manera generalizada el receptor CCR6 y cédmo su ligando CCL20
solamente es expresado por los TAM de tumores primarios de pacientes que posteriormente
desarrollan metastasis (<5 afos). En este trabajo se utilizdé una coleccién de 40 tumores primarios
criopreservados y se describié ademas la existencia de TAM con un estado especial de activacion
gue, aparte de CCL20, se caracterizan por la expresién de proteinas pro-tumorales como TNF y
VEGFA. Este perfil pro-tumoral se detallé también en el trabajo de Chittezhath et al., 2014, en el
que observaron que los monocitos de pacientes con carcinoma renal expresaban, entre otros

genes, CCL20, TNF y VEGFA.

Con el fin de continuar sobre esta linea y validar este grupo de proteinas como marcadores
independientes con valor prondstico, pusimos a punto un estudio mediante
inmunofluorescencia multicolor en una cohorte de 83 melanomas primarios incluidos en
parafina. Los tejidos parafinados son mas convenientes para el uso clinico ya que es el método
mas comun para su conservacion en hospitales y da acceso a un mayor nimero de muestras.
Acorde con los resultados preliminares obtenidos en Samaniego et al., 2018, se observd que la
produccién de las citoquinas CCL20/TNF/VEGFA por TAM correlacionaba con una mala
supervivencia de los pacientes. Para evaluar la importancia clinica de estos marcadores
realizamos un estudio mediante curvas Kaplan-Meier y un analisis de regresién multivariante.
Nuestros resultados validan este perfil pro-tumoral como un marcador prondstico independiente

de la evolucion de melanoma.

Ademas, con el objetivo de profundizar en el estudio de estas citoquinas, procedimos a
purificar los TAM vy las células tumorales de 4 tumores primarios de pacientes en estadio IV para
cuantificar la expresion de mRNA. Nuestros resultados demuestran que los TAM expresan
activamente los genes CCL20, TNF y VEGFA comparado con los monocitos de sangre periférica

aislados de estos pacientes.
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Por otro lado, también quisimos estudiar otros pardmetros asociados a TAM como son su
densidad, su tamafio y su localizacidn en el tumor, pero ninguna de estas caracteristicas se asocié
con valor prondstico. También exploramos la posibilidad de que existiera una correlacidn entre
la ratio de TAM M1/M2 vy la supervivencia de los pacientes. Para ello utilizamos los marcadores
de polaridad anteriormente mencionados, CD11c y CD209, y el pan-marcador CD163. Para
analizar los resultados se representd la expresién de CD11c frente a CD209 en un dot plot. Se
observé que en muestras control de piel la poblacién dominante estaba formada por macréfagos
CD209+ CD11c-, que probablemente se traten de los macréfagos residentes de tejido (McGovern
et al., 2014). En cambio, en las muestras de melanoma primario observamos que aparece una
nueva subpoblacién CD209- CD11c+, seguramente formada por macréfagos pro-inflamatorios, y
una subpoblacién intermedia caracterizada por expresar tanto CD11c como CD209. Sin embargo,
no se observaron diferencias significativas entre primarios metastdsicos y no metastasicos,
aunque si se observd cierta tendencia a una menor proporcién de macréfagos M2 en los

melanomas primarios metastasicos.

Usando macréfagos derivados de monocitos, ya sea con GM-CSF o con M-CSF, que se sabe
que se polarizan hacia los fenotipos M1 o M2 respectivamente (Samaniego et al., 2014),
producimos macréfagos condicionados por melanoma in vitro que expresan CCL20 y TNF (M1) o
VEGFA (M2). Este sistema de co-cultivo in vitro de macréfagos con células de melanoma, nos
permitié explorar las vias reguladoras subyacentes al fenotipo secretor de citoquinas CCL20 / TNF
/ VEGFA de TAM, demostrando que p53 y NF-kB corregulan macréfagos condicionados por
tumores. Se sabe que la activacion de NF-kB impulsa la polarizacién M2 de los TAM (Porta et al.,
2009) y su inhibicion reeduca a los TAM hacia un fenotipo anti-tumoral (Hagemann et al., 2008).
De acuerdo con nuestros resultados, se describié que la activacién dual de p53 y NF-kB en
macrofagos induce la expresiéon de IL6, TNF y CCL20 (Lowe et al., 2014). Estos resultados
identifican una via p53 / NF-kB Unica en TAM pro-tumoral que podria ser apta para reeducar a

los TAM y bloquear sus funciones pro-tumorales.

La produccién de citoquinas por los macréfagos es un atributo de la polarizacion de los
macrofagos (Sica and Mantovani, 2012); los M1 secretan grandes cantidades de citoquinas
proinflamatorias (como IL-12, IL-23 y TNF), mientras que los M2 se caracterizan por la expresion

de IL-10 y factores pro-angiogénicos como IL-8, VEGFA y VEGFC. Estas citoquinas son capaces de
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modificar el microambiente tumoral e incluso fomentar el crecimiento del tumor (Yang et al.,
2018b). Por ejemplo, la polarizacién de TAM secretores de CCL20 se inducia via IL-6 en un modelo
de ratdn de cancer de colon en el cual el CCL20 promovia la progresion del cancer mediante el
reclutamiento de linfocitos CCR6+ (Wunderlich et al., 2018). Por otro lado, el TNF derivado de
macroéfagos se identificdé como un factor crucial en la resistencia a tratamientos con inhibidores

de la via MAPK en un modelo de ratén con melanoma mutado BRAFV600E (Smith et al., 2014).

Con el objetivo de buscar mds factores secretados durante el co-cultivo de melanoma-
macroéfagos, decidimos condicionar la linea celular de melanoma BLM con macrdéfagos
(diferenciados con M-CSF) y cuantificar un amplio espectro de proteinas mediante un microarray
de anticuerpos llamado Quantibody. Este ensayo es capaz de medir cuantitativamente la
presencia de multiples citoquinas, factores de crecimiento, proteasas, receptores solubles y otras
proteinas mas en el sobrenadante del co-cultivo. Para determinar la fuente de las proteinas
secretadas realizamos en paralelo una secuenciacion del RNA de los macroéfagos condicionados
por melanoma y lo comparamos a macréfagos en estado de reposo. De entre todos los factores
solubles analizados, nos llamé la atencion una proteina de la familia de TGFB llamada activina A.
Esta proteina se encontraba en el sobrenadante en concentraciones elevadas y estaba ademas

altamente expresada en los macroéfagos condicionados por melanoma con respecto al control.

Es de sobra conocido que TGF-B juega un papel relevante en distintos tipos de tumor,
incluyendo el melanoma, facilitando o inhibiendo su progresién dependiendo del contexto
(Bellomo et al., 2016; Perrot et al., 2013). TGF-B es un potente inhibidor de la proliferacién de las
células epiteliales, y, por lo tanto, se considera un potente supresor tumoral durante los estadios
iniciales de la carcinogénesis debido a estos efectos inhibitorios en el ciclo celular (Elliott and
Blobe, 2005; Wakefield and Roberts, 2002). Sin embargo, durante la progresién de la enfermedad
las células tumorales escapan de estos efectos inhibitorios de TGF-B e incluso, en estadios mas
tardios, TGF-B ejerce un efecto pro-tumoral. Muchos tumores como el melanoma secretan
grandes cantidades de TGF-B, que influye directamente en el microambiente y promueve el
crecimiento tumoral, asi como la angiogénesis, la invasion y la diseminacién (Leivonen and
Kahari, 2007). También se ha visto que TGF-B favorece el escape de la respuesta inmune a través

de varios mecanismos inmunosupresores (Wan and Flavell, 2007).
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Muchos de los atributos asociados a TGF-f3 se han observado también para la activina, aunque
su efecto pleiotrépico va a depender de las caracteristicas del microambiente tumoral (Batlle and
Massague, 2019; Chen and Ten Dijke, 2016). De hecho, se ha visto que la activina A puede tener
tanto efectos pro-tumorales como anti-tumorales segun el tipo de cancer (Antsiferova and
Werner, 2012). Por ejemplo, la exposicidén a activina induce una inhibicion en la proliferacién y
promueve la apoptosis en hepatocitos normales (Schwall et al., 1993) y también en lineas
celulares de carcinoma de higado (Vejda et al., 2003; Zauberman et al., 1997). Del mismo modo,
la activina limita el crecimiento en lineas celulares de tumores epiteliales como el cancer de
prostata (Dalkin et al., 1996), el cancer de mama (Razanajaona et al., 2007) o el cancer de colon
(Jung et al., 2007), e incluso también en el linfoma B de células grandes (Jiang et al., 2018) y en
células endoteliales (Kaneda et al., 2011; Panopoulou et al., 2005). Sin embargo, también se ha
observado una estimulacién del crecimiento y de la supervivencia por parte de la activina en
fibroblastos de pulmdn (Ohga et al., 1996) y en lineas celulares de cdncer de pulmén (Seder et
al., 2009b) y de mesotelioma (Hoda et al.,, 2012). Mientras que la respuesta a activina con
relacién al crecimiento celular es ambivalente, la literatura es mas categérica con respecto a la
migracion celular. Un gran numero de estudios han establecido que la activina estimula la
migracion en varios tipos celulares, incluyendo algunos en los que se habia observado una
inhibicién de la proliferacion como en el cancer de colon (Jung et al., 2007). También se han
reportado casos en los que la invasidon y la metdstasis se veian aumentadas a causa de la activina
como es el caso del cdncer de préstata (Nomura et al., 2013), de mama (Kalli et al., 2019), el
carcinoma oral de células escamosas (Chang et al., 2010) y de mesotelioma (Tamminen et al.,

2015).

En cuanto al papel de la activina en melanoma, estudios previos han hallado que tanto las
lineas celulares de melanoma como los tumores expresan frecuentemente activina (Heinz et al.,
2015; Hoek et al., 2006). Heinz y colaboradores llevaron a cabo un estudio de expresién
transgénica de activina en A375 para un modelo de ratén de melanoma humano y observaron
un descenso en la linfangiogénesis tumoral. Sin embargo, no hubo alteraciones en el crecimiento
tumoral ni en la metastasis. En otro estudio investigaron el efecto de la activina en melanoma
murino de forma paracrina y autocrina, y también en ratones inmunocompetentes e

inmunodeficientes. Los resultados obtenidos en este estudio indicaban que la activina podia
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tener un efecto tumorigénico cuando actua de forma paracrina en ratones inmunocompetentes,
sugiriendo que la activina actla sobre la respuesta inmune anti-tumoral inhibiéndola (Donovan
et al., 2017). Por otro lado, en un modelo de B16 se observé que la activina es requerida para la
funcién supresora de las células T reguladoras, ya que cuando bloqueaban la activina estas
células eran incapaces de reprimir la respuesta anti-tumoral, promoviendo un descenso en el
crecimiento tumoral (Ni et al., 2018). Por ultimo, recientemente investigadores han examinado
los efectos en las células NK en un modelo de B16 y han visto que la activina actia de forma
paracrina conduciendo la diferenciacién de células NK hacia un fenotipo menos citotéxico, y
mediante su bloqueo son capaces de recuperar la funcién citotdxica y su respuesta anti-tumoral

(Rautela et al., 2019).

Con estos antecedentes nos planteamos profundizar en el estudio de la activina en el
melanoma y su potencial como biomarcador y diana terapéutica. Nuestros primeros datos
confirmaron que la activina es activamente secretada tras la interaccion melanoma-macréfago.
Para ello realizamos ensayos de co-cultivo con lineas celulares de melanoma y monocitos de
sangre periférica, ya que son las células que van a ser reclutadas al tumor para convertirse en
TAM (Yang et al., 2018b). Se analizdé tanto la proteina secretada al sobrenadante como la
expresion de mRNA y se observé que tanto los monocitos/macréfagos como las células
tumorales son la fuente de la activina. Los monocitos condicionados por el melanoma también
expresaban el perfil pro-tumoral de citoquinas CCL20 / TNF / VEGFA, asi como otros factores
implicados en el fenotipo inmunosupresor de los TAM, como /L10, IDO1, PTGS2, que codifica la
expresion de COX2, y CD274, codificante para PD-L1. También observamos que la activina es
capaz de inducir la expresién de todos estos genes, incluso de INHBA, generando un mecanismo
de retroalimentacién positiva en los monocitos. Para explorar los efectos de la activina en el
condicionamiento de los monocitos por parte del melanoma decidimos utilizar el inhibidor SB-
431542, que inhibe la accidn de los receptores ALK5, ALK4 y ALK7, impidiendo la sefializacion a
través de SMAD2 (Inman et al., 2002). Observamos que la induccién de estos genes en el co-
cultivo era parcialmente revertida en presencia del inhibidor salvo por los genes IL10 y CD274,
gue no se vieron afectados. Esto sugiere que la activina es un factor intermediario clave en la

interaccion entre monocitos y macréfagos, ya que se secreta desde el comienzo de la interaccion
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y ademds su sefializacién controla la secrecién de otros factores pro-tumorales e

inmunosupresores.

En conjunto, estos resultados indican que el condicionamiento de los macréfagos/monocitos
por parte del melanoma inicia un proceso de retroalimentacidn positiva que induce la expresion
de activina, asi como un conjunto de factores con un papel inmunosupresor, como COX2/PGE;
(Mao et al., 2013) e IDO1 (Hennequart et al., 2017), de supervivencia como TNF (Smith et al.,
2014), pro-invasivos como CCL20 (Samaniego et al., 2018) o pro-angiogénicos como VEGFA (Apte
et al., 2019). Ademads de tener un efecto autocrino, la activina, debido a su gran difusibilidad
(McDowell et al., 1997), puede promover efectos locales paracrinos en monocitos y otras células
inmunes recién reclutadas. Para evaluar la capacidad inmunosupresora del fenotipo adquirido
por los TAM vy la contribuciéon de la activina en esta funcionalidad, decidimos realizar un ensayo
de inmunosupresion de linfocitos en presencia de medios condicionados obtenidos de los co-
cultivos de monocitos y melanoma o en presencia de los monocitos previamente condicionados
por el melanoma. Este ensayo se realiz6 mediante la estimulacion de linfocitos T con bolas anti-
CD3/CD28 vy posterior evaluaciéon de la proliferacion mediante la tincion con CFSE
(Carboxyfluorescein succinimidyl ester). Como resultado obtuvimos no solo que tanto el medio
de cultivo como el monocito condicionado son capaces de frenar la proliferacidn de los linfocitos,
sino que ademas este efecto inmunosupresor es abolido cuando el condicionamiento tiene lugar
en presencia del inhibidor SB-431542. Este resultado apoya la hipétesis de que la activina tiene

un papel relevante en el fenotipo inmunosupresor de los macréfagos.

También quisimos corroborar los efectos de la activina sobre la migracién y en la invasién
tumoral, ya que, son factores clave en la diseminacién metastasica (Welch and Hurst, 2019). Ya
se habia descrito con anterioridad que la activina estimula la migracién y la invasién en otros
tipos de cancer (Ries et al., 2020). Sin embargo, en nuestros ensayos de invasion tridimensional
observamos que, aunque la activina por si sola no aumenta la invasién, cuando su sefalizacion
es bloqueada en los medios condicionados, las propiedades pro-invasivas de los mismos se
inhiben. Esto indica que los efectos de la activina son indirectos, es decir, cuando la activina es
producida en el co-cultivo, se induce en el monocito la secrecién de ciertas moléculas que

promueven la invasion tridimensional del melanoma, tales como PGE,, CCL20 o TNFa.
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Con respecto al uso de la activina como biomarcador, varios estudios han intentado
correlacionar la expresion de mRNA o de proteina de la activina con la supervivencia y
pardmetros clinicopatolégicos de pacientes de cancer. En la gran mayoria de tumores sdlidos el
MmRNA de INHBA estd sobre-expresado, y, ademas, correlaciona con la progresién de la
enfermedad y con un mal pronéstico (Antsiferova et al., 2011; Bashir et al., 2015; Donovan et al.,
2017; Lonardo et al., 2011). Del mismo modo, altos niveles de expresidn de la subunidad BA de
la activina también se asociaron con una mala supervivencia en varios tipos de cancer como
adenocarcinoma endometrioide (Mylonas, 2011), carcinoma urotelial (Lee et al., 2015) y
leucemia mieloide aguda (Si et al., 2018). En resumen, la evidencia disponible sugiere que la
expresion elevada de activina tiene un impacto negativo en la progresién de la enfermedad. Sin
embargo, a dia de hoy se han realizado pocos estudios confirmatorios en el mismo tipo de cancer
y el beneficio de usar la activina como biomarcador en el ambito clinico todavia necesita ser

testado.

En este trabajo quisimos explorar si los TAM o las células tumorales constituian una fuente
importante de activina in vivo. Para ello procedimos a purificar los TAM vy las células tumorales
de 4 tumores primarios de pacientes en estadio IV para cuantificar la expresién de mRNA.
Observamos que tanto los TAM como las células tumorales expresaban INHBA, mientras que los
monocitos extraidos de la sangre de los pacientes no, indicando que la secrecion de activina es
un suceso local que tiene lugar en el microambiente tumoral y no un condicionamiento sistémico
de las células mieloides. A continuacion, decidimos investigar si la expresién de la activina en el
microambiente tumoral del melanoma tenia significancia clinica. Utilizando nuestro propio
método de fenotipado mediante microscopia confocal multicolor y cuantificacién a nivel de
células individuales hemos analizado el contenido de activina en dos cohortes de pacientes con
melanoma primario: una primera cohorte de 40 pacientes y una cohorte confirmatoria de 83
pacientes. Nuestros datos indican que la activina expresada tanto por TAM como por células
tumorales es un factor pronostico independiente de la progresién metastatica en pacientes con
melanoma cutaneo. Como nuevo biomarcador del progreso de la enfermedad, la expresion de
activina en tumores primarios puede proporcionar una guia para la inmunoterapia adyuvante, ya

gue asi solo aquellos pacientes con alto riesgo de diseminacién metastasica y mal prondstico se
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verian beneficiados, aportando mas seguridad a los tratamientos y evitando los efectos adversos

para aquellos pacientes con menor riesgo (Rizk et al., 2020; Schuchter, 2017).

Por lo tanto, y atendiendo a que la activina controla la induccién de funciones
inmunosupreosras y pro-invasivas, consideramos que deberia ser valorada como una potencial
diana para mejorar los tratamientos de inmunoterapia. Para probar esta hipétesis decidimos
utilizar un modelo de terapia celular adoptiva (ACT, por sus siglas en inglés “adoptive cell
transfer”) con linfocitos humanos en ratones inmunodeficientes inoculados con un melanoma
humano, ya descrito anteriormente (Hennequart et al., 2017; Sanmamed et al., 2015). En primer
lugar, observamos como la terapia con células T era capaz de controlar el crecimiento de los
tumores de melanoma (rechazo alogénico). Sin embargo, cuando el tumor inyectado era
mezclado con monocitos, el efecto anti-tumoral de la ACT se perdia, sugiriendo que los
monocitos/macrofagos presentes en el tumor suprimian el rechazo alogénico y bloqueaban la
respuesta de la ACT. Curiosamente, la respuesta anti-tumoral se recuperaba mediante el bloqueo
de la activina en los xenograft que presentaban mezcla de monocitos y células tumorales, sin
alterar la progresion tumoral de aquellos que solo tenian células de melanoma. Asi pues, parece
gue bloquear la activina podria complementar a la inmunoterapia para aliviar el microambiente

inmunosupresor creado por las interacciones entre el melanoma y lo monocitos.

En conclusidn, nuestros resultados apoyan la hipétesis de que la activina es una citoquina con
un papel decisivo en la orquestacion del microambiente pro-tumoral e inmunosupresor del
melanoma humano. Ademas, cabe destacar que el bloqueo de la activina podria contribuir a
estimular la respuesta inmune anti-tumoral y su combinaciéon con inmunoterapia podria ser un

tratamiento muy prometedor tanto en melanoma como en otros tipos de cancer.
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CONCLUSIONES
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Los resultados presentados en esta tesis apoyan las siguientes conclusiones:

1.

No se ha observado una correlaciéon entre la evolucién de pacientes y el tamano,
densidad y estado de polarizacién de los macréfagos asociados a tumor (TAM) de

melanoma primario, en dos colecciones independientes de melanoma humano.

Los niveles de expresion proteica de las citoquinas CCL20/TNF/VEGFA por los TAM,
cuantificados en los melanomas primarios mediante IF-multicolor a nivel de célula Unica,
correlaciona, de forma independiente, con un mal prondstico en pacientes de melanoma

en estadios I-lll en dos series independientes de pacientes.

La expresion del perfil pro-tumoral de citoquinas CCL20/TNF/VEGFA en TAM tiene lugar

principalmente a través de las vias de sefializacion de p53 y NF-kB.

La activina A tiene un papel intermediario clave en el condicionamiento de los monocitos
/macrofagos por parte del melanoma in vitro y promueve la adquisicién de un perfil pro-

tumoral e inmunosupresor en los monocitos condicionados por melanoma.

El nivel alto de expresiéon de activina A tanto en TAM como en células tumorales
correlaciona, de forma independiente, con un mal prondstico en pacientes de melanoma

en estadios I-1ll, en dos colecciones independientes de melanoma humano.

La activina A confiere resistencia a la respuesta anti-tumoral en un modelo de xenograft
de melanoma en ratones inmunodeficientes tratados con terapia celular adoptiva (ACT).
Asi, la activina se muestra como una potencial diana terapéutica para el tratamiento de

melanoma y otros tipos de cancer.
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Publicaciones relacionadas

La expresion de CCL20 por macréfagos asociados a tumor predice la progresion

del melanoma cutaneo primario humano

El eje de quimiocinas CCR6/CCL20 estd involucrado en la progresién del cancer en una
variedad de tumores. Aqui, mostramos que CCR6 es expresado por células de melanoma. El
ligando de CCR6, CCL20, induce la migracion y la proliferacién in vitro y mejora el crecimiento
tumoral y la metdstasis in vivo. El analisis con confocal de tejidos de melanoma mostré que CCR6
se expresa en células tumorales, mientras que CCL20 se expresa primordialmente en células no
tumorales en el estroma de ciertos tumores. El CCL20 estromal, pero no el CCR6 tumoral, predijo
una mala supervivencia en una cohorte de 40 pacientes con melanoma primario. Los macréfagos
asociados a tumores (TAM), independientemente de su perfil de polarizacion M1/M2, se
identificaron como la principal fuente de CCL20 en melanomas primarios que desarrollaron
metastasis. Ademas de CCL20, los TAM expresaron citoquinas pro-tumorales TNF y VEGF-A, lo
gue sugiere que la progresion del melanoma estd respaldada por macréfagos con un estado de
activacion diferencial. Nuestros datos destacan la interaccion sinérgica entre las células
tumorales de melanoma y los macréfagos pro-metastasicos a través de un bucle paracrino
CCR6/CCL20. Los niveles estromales de CCL20 en melanomas primarios pueden ser un marcador
clinicamente util para evaluar el riesgo del paciente, tomar decisiones de tratamiento y planificar

o analizar ensayos clinicos.

Samaniego R, Gutiérrez-Gonzalez A, Gutiérrez-Seijo A, Sdnchez-Gregorio S, Garcia-Giménez J,
Mercader E, Marquez-Rodas |, Avilés JA, Relloso M, Sanchez-Mateos P. CCL20 Expression by
Tumor-Associated Macrophages Predicts Progression of Human Primary Cutaneous Melanoma.
Cancer Immunol Res. 2018 Mar;6(3):267-275. doi: 10.1158/2326-6066.CIR-17-0198. Epub 2018
Jan 23. PMID: 29362221.

109



Research Article

CCL20 Expression by Tumor-Associated
Macrophages Predicts Progression of Human
Primary Cutaneous Melanoma

Cancer
Immunology
Research

Check for
updates

Rafael Samaniego', Alejandra Gutiérrez-Gonzalez?, Alba Gutiérrez-Seijo'?,
Sandra Sénchez-Gregorio'?, Jorge Garcia-Giménez"?, Enrique Mercader®,
Ivan Marquez-Rodas®, José Antonio Avilés®, Miguel Relloso®, and

Paloma Sanchez-Mateos?”

Abstract

The chemokine axis CCRG/CCL20 is involved in cancer
progression in a variety of tumors. Here, we show that CCR6
is expressed by melanoma cells. The CCR6 ligand, CCL20,
induces migration and proliferation in vitro, and enhances
tumor growth and metastasis in vivo. Confocal analysis of
melanoma tissues showed that CCRG6 is expressed by tumor
cells, whereas CCL20 is preferentially expressed by nontumoral
cells in the stroma of certain tumors. Stromal CCL20, but not
tumoral CCR6, predicted poor survival in a cohort of 40
primary melanoma patients. Tumor-associated macrophages
(TAM), independently of their M1/M2 polarization profile,

Introduction

Chemokines and their receptors are involved in multiple
aspects of cancer progression. In addition to their chemotactic
role guiding the metastatic process, chemokines can provide
survival signals to cancer cells that promote tumor growth in
otherwise nonsupportive microenvironments. Chemokines can
also indirectly modulate tumor growth through their effect on
nontumor cells in the stroma by inducing release of growth and
angiogenic factors and by directing the trafficking of both anti-
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were identified as the main source of CCL20 in primary mel-
anomas that developed metastasis. In addition to CCL20,
TAMs expressed TNF and VEGF-A protumoral cytokines, sug-
gesting that melanoma progression is supported by macro-
phages with a differential activation state. Our data highlight
the synergistic interaction between melanoma tumor cells and
prometastatic macrophages through a CCR6/CCL20 paracrine
loop. Stromal levels of CCL20 in primary melanomas may be
a clinically useful marker for assessing patient risk, making
treatment decisions, and planning or analyzing clinical trials.
Cancer Immunol Res; 6(3); 267-75. ©2018 AACR.

tumor and protumor leukocytes. Chemokines also participate in
the response to cancer therapies and are targets for immunother-
apy and chemokine-targeted therapy (1).

Cutaneous melanoma is an aggressive skin tumor in which
chemokines and their receptors regulate progression (2). Origi-
nally described as autocrine factors for melanoma growth, the
chemokines CXCL8 (IL8) and CXCL1-2 (GRO1-2), as well as their
respective receptors CXCR1 and CXCR2, regulate melanoma
tumor progression by affecting tumor growth, angiogenesis, and
metastasis (3). CXCR4 expression renders melanoma cells respon-
sive to CXCL12 and drives local invasion and metastasis (4, 5),
and its expression in primary melanoma patients is associated
with a higher metastatic risk and mortality rate (6). Expression of
certain chemokine receptors by melanoma cells is associated with
selective organ metastases with localization dependent on expres-
sion of particular ligands: CCR?7 is associated with lymph node,
which s rich in CCL19 and CCL21; CCR9 is associated with small
intestine, which is rich in CCL25; and CCR10 is associated with
metastasis in the skin, which is rich in CCL27 (7, 8).

Overexpression of CCR6 by cancer cells and aberrant signaling
by its ligand CCL20 has been documented in many cancer types
including colorectal, hepatocellular, pancreatic, ovarian, naso-
pharyngeal, and breast cancer (9-12). The purpose of this study
was to characterize CCR6/CCL20 signaling and expression in
human melanoma. We found that CCR6 is expressed by mela-
noma cells, whereas CCL20 is expressed by stromal cells in certain
primary cutaneous melanomas. CCL20 stromal expression was
associated with metastatic progression and patient survival. The
stromal source of CCL20 in primary melanomas that developed
metastasis was identified as protumoral TAMs. These cells coex-
press TNF and VEGF, independently of their M1 or M2 profile.
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Materials and Methods

Cells and antibodies

Human melanoma cells and associated fibroblasts were iso-
lated from biopsied metastatic lesions, as previously described
(13). TAMs and tumor-infiltrating lymphocytes (TIL) were puri-
fied by magnetic cell sorting using CD14 and CD3 microbeads
(Miltenyi-Biotech) from human-homogenized melanomas (Mil-
tenyi-Biotech), respectively. Monocytes were isolated with CD14
microbeads from healthy donors or melanoma patients' periph-
eral blood. For in vitro generation of macrophages and dendritic
cells (DC), monocytes were incubated with GM-CSF (M1), M-CSF
(M2), or GM-CSF/1L4 (iDC) for 7 days renewing cytokines every 3
days, as previously described (14). All cells, melanoma cell lines
Mewo, BLM, A375, MV3, Skmel103, and Skmel147 (15); MEL-F
melanocytes, Caco-2, NCI-H929, and Hek-293 (from ATCC) were
grown in RPMI-1640 medium (Gibco) supplemented with 10%
FCS (Harlan Sera-lab). Cells lines were mycoplasma-free and used
before fifth passage from thawing. Cell lines were not reauthenti-
cated during the last year, but checked for melanoma markers
(HMB45, NG2, §100). Primary antibodies are specified in Sup-
plementary Table S1.

In vitro measurements

For coculture assays, 5 x 10" melanoma cells were first cultured
for 3 days in 12-well plates, and then 10° macrophages were
added to each well. After 72 hours, coculture supernatants were
collected for CCL20 assessment (DouSet-DY360; R&D Systems)
and cells processed for quantitative real-time PCR (¢PCR) anal-
yses, separating macrophages from melanoma cells with CD14
microbeads. Oligonucleotides (Supplementary Table S1) were
designed according to the Roche software for qPCR. Total RNA
was extracted (RNeasy-kit; Qiagen) and retrotranscribed ¢cDNA
quantified using the Universal Human Probe Roche library
(Roche-Diagnostics). Assays were made in triplicate and normal-
ized to TBP and/or GAPDH expression (AACT method). Western
blot and flow cytometry analyses were performed as previously
described (14, 15).

Migration and proliferation assays

For chemotactic assays, cells were suspended in RPMI-1640
containing0.1% FCS and 5 x 10* cells added on top of 8 um pore
transwell chambers (Costar). Then, cells were allowed to migrate
for 4 hours at 37°C toward 0.1% FCS RPMI-1640 containing
recombinant human chemokines (R&D Systems; PreproTech).
Nonmigrated cells were removed from the upper part of the
membranes with cotton swabs, and migrated cells attached to
the bottom part were quantified. For wound-closure assays, 5 x
10* cells suspended in 1% FCS RPMI-1640 were added within
wells of 1-mm insets (IBIDI) placed on 2 pg/mL collagen I
(Nutragen) coated 24-well plastic plates and allowed to attach
overnight. Then, insets were removed, plate wells were washed
twice, and attached cells were allowed to migrate for 4 hours in
0.1% FCS RPMI-1640 + rhCCL20 (R&D Systems). For quantifi-
cation in both assays, cells were fixed with 4% formaldehyde,
stained with propidium iodide (Sigma), and imaged at five
random fields with a 10x objective with a fluorescence camera
(sCMOS Orca-Flash-4.0/LT). Number of migrated cells and
wound-closure distances were calculated using the FIJI software
(National Institute Health, US). For proliferation assays, 10° cells
were suspended in 1% BSA RPMI-1640 + chemokines (R&D
Systems), seeded on collagen-coated coverslips, and incubated
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for 24 hours at 37°C, adding bromodeuxyuridine (BrdUrd;
Roche) 4 hours before fixation. Cells were then stained for BrdUrd
and percentages of replicated nuclei estimated. This assay was
used to study the effect of CCR6 downregulation in BLM cells
using magnetofection (Biosciences) with siRNA (CKR-6/
s¢-35064; Santa Cruz Biotechnology) or blocked with anti-hCCR6
(clone 53103).

Melanoma xenograft models

NSG mice (The Jackson Laboratory) were maintained under
specific pathogen-free conditions. At age 4 to 6 weeks, male mice
were subcutaneously inoculated with 10° melanoma cells
suspended in PBS + 200 ng/mL rhCCL20 (R&D Systems;
PreproTech). Mice were then subcutaneously injected with PBS
+ 500 ng rhCCL20 every 3 days until tumors reached approxi-
mately 1 cm width, when they were resected, weighed, and frozen
for further histologic analyses. For in vivo CCR6 blockade assays,
mice were inoculated with 10° tumor cells (TCs) in PBS contain-
ing 10 pg/mL blocking anti-hCCR6 or IgG2b mouse antibodies,
4200 ng/mL rhCCL20 (added 30 minutes afterwards). Mice were
then intravenously injected with 100 pg antibodies, £500 ng
rhCCL20 (supplied subcutaneously 2 hours later) every 3 days. In
BLM tumor-bearing mice, spontaneous metastases were exam-
ined 10 days after resection of primary tumors, when lungs were
extracted and fixed with Bouins fluid to quantify superficial
metastases. These procedures were approved by the ISGM
animal care/use and Comunidad de Madrid committees
(PROEX-14214).

Fluorescence confocal microscopy

Melanoma tissues were obtained from patients with primary
and metastatic lesions who were undergoing surgical treatment,
following the medical-ethics committee procedures of HGUGM.
Fifty-seven cryopreserved melanoma samples were screened: 41
primary tumors and 16 metastases. Cryosections (5 pm) were
fixed with cold acetone for 15 minutes, stained with different
antibodies, and analyzed by confocal microscopy. For survival
analyses, primary melanomas were triple-stained with CCR6
(clone 53103.111), CCL20 (ab9829), and Hmb45 antibodies.
Then, several 20x fields (3-5 per sample) were analyzed at regions
of interest (10-15 per field) identified along tumor (Hmb45 ™)
and stromal zones, to measure tumor-CCR6 and stromal-CCL20
mean fluorescence intensities (MFls), respectively. For in vivo TAM
phenotyping, CD163-, CD163/CD11c-, CD11¢/CD209-, or
CD115/CD15-stained cells were segmented, and MFI of distinct
markers was quantified at matched single cells. Similarly, for in
vivo proliferation quantification, DAPI-stained nuclei were seg-
mented and Ki67 MFI assessed. All quantifications were per-
formed in a blinded way. Imaging was performed using the
glycerol ACS APO 20x NA0.60 and oil ACS APO 40x NA1.30
immersion objectives of a confocal fluorescence microscope
(SPE, Leica-Microsystems), and FIJI software was used for image
quantification in all cases.

Prognostic significance analysis

To evaluate the prognostic significance of tumor-CCR6 and
stromal-CCL20 expression in melanoma progression and surviv-
al, we used a cohort of 40 frozen human skin primary melanomas,
obtained between the years 1999 and 2013, with known clini-
copathologic features, including age, gender, tumor thickness
(Breslow), ulceration, histologic subtype, location, American
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Role of CCR6/CCL20 in Melanoma Progression

Joint Committee on Cancer stage, metastasis occurrence, and  blot, flow cytometry, and immunofluorescence. A specific 50-kDa
survival within the next 5 years to primary tumor resection. MFI  band was detected in all melanocytic cells studied, with a variable
values corresponding to two variables, stromal-CCL20 and  but measurable CCR6 surface staining and a larger intracellular
tumor-CCR6, were classified into high or low levels using the  pool detected by flow cytometry of intact or permeabilized cells,
median as cutoff points. Censured Kaplan-Meier curves wereused  respectively (Fig. 1B and C; Supplementary Fig. SIA-S1D).

to analyze the correlation with patient disease-free and overall To explore CCR6/CCL20 signaling, we performed cell prolif-
survival; and the Cox-regression method (univariate and multi-  eration and migration assays (Fig. 1D-F). CCL20 induced migra-
variate) was used to identify independent prognostic variables.  tion of BLM cells in wound-closure chemokinetic assays and in
The Mann-Whitney ¢ test was used to evaluate the association  chemotactic assays, with a bell shape dose-response curve, where-

with clinicopathologic features. as A375 cells responded to a broad range of CCL20 concentra-
tions. CCL20 enhanced proliferation of BLM and A375 cells
Statistical analyses similarly to CXCL12 or CXCL8, which signal through other

The Student ¢ test, Mann-Whitney, Wilcoxon paired test, chemokine receptors, and showed no additional effects when the
Spearman correlation, Cox-regression, and Log-rank analyses three chemokines were used together (CCL20, CXCL12, and
have been used in this study, asindicated. P< 0.05 was considered ~ CXCL8). To confirm specificity of CCR6/CCL20 signaling, we
statistically significant. used either siRNA to silence CCR6 expression or mAb to CCR6 to

block the receptor, showing abrogation of exogenous CCL20
effects but not of CXCL12 (Fig. 1G and H). These results indicated
Results that melanoma cells express functional CCR6, which may con-
CCR6/CCL20 functional expression by melanoma cells tribute to proliferation and migration in response to exogenous

CCR6 expression by patient-derived melanoma cells and cell ~CCL20.
lines was investigated. Melanoma tumors are complex tissues
infiltrated by leukocytes which may express CCR6. Therefore, for  CCL20 enhances tumor growth and metastasis in melanoma
PCR and other analyses, leukocytes were removed from patient mouse models
samples with the use of anti-CD45-coated magnetic beads. All In order to determine the effect of exogenous CCL20 on tumor
celllines studied and patient-derived TCs expressed CCR6 mRNA,  growth, we developed xenografts with BLM, A375, and Skmel147
compared with other cells known to express or not CCR6 human melanoma cells, which were injected subcutaneously into
(Fig. 1A). CCRG protein expression was confirmed by Western =~ NSG mice. Mice were then treated every 3 days with hCCL20 or
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Figure 1.

Melanoma cells express CCR6 and respond to exogenous hCCL20. A, CCR6 mRNA expression (relative to 7BP) in melanoma cells compared with other cell
types (Hek-293 and NCI-H929 as negative controls; Caco-2 and iDC as positive controls). Band €, CCR6 protein expression in human melanocytes and melanoma
cell lines as assessed by Western blot (B); flow cytometry (isotype, shaded; surface, black-line; total/permeabilized, gray line) and permeabilized cells
immunofluorescence (C). D and E, Migratory response to exogenous chemokines (ng/mL), as assessed by wound-closure (D) and transwell (E) assays. F,
Proliferative response to exogenous chemokines (ng/mL), as indicated. G and H, Proliferation assays achieved with BLM cells downregulated for CCR6 with
siRNA (72 hours, G), or blocked with 10 pg/mL anti-hCCR6 antibody (H). CCR6 silencing was confirmed at both mRNA (relative to 7TBP/GAPDH average) and
protein (normalized to GAPDH) levels (G). D to H, Data are given as the mean + SD from two to three independent experiments performed in triplicate.
Significant differences respective to untreated controls are shown (*, P < 0.05; t Student). Scale bar, as indicated.
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vehicle; reaching concentrations >200 pg of hCCL20 per gram of
tumor tissue after 0.5 hours of injection (Fig. 2A; Supplementary
Fig. S1E-S1G). Exogenous hCCL20 increased tumor growth by 2-
foldin BLM (P=0.001) and A375 (P= 0.011) models. Significant
differences were found with Skmel147 cells (P = 0.016). Both
BLM and A375 tumors showed more proliferating Ki67 " cells in
hCCL20-treated mice (Fig. 2B). We also analyzed vascularization
and leukocyte infiltration in order to account for indirect host-
mediated effects. No differences were found in stromal com-
ponents between hCCL20- and vehicle-treated mice (Fig. 2C
and D). CCR6 expression was limited to malignant human
cells, whereas key host cells, such as F4/80" TAMs, lacked CCR6
expression (Supplementary Fig. S1H). A blocking mAb to
human CCR6 abrogated the effect on tumor growth of exog-
enous hCCL20 (Fig. 2E). In the absence of hCCL20 treatment,
no differences were observed between xenografts treated with
anti-CCR6 or isotype control Ab, precluding any role of endog-
enous CCL20. Next, to analyze theimpact of hCCL20 treatment
in the ability of BLM cells to metastasize to distant organs, we
used a model of spontaneous metastasis. Lung weight and
number of superficial metastases were significantly higher in
mice treated with hCCL20 than those treated with vehicle
(Fig. 2F). These results indicated that hCCL20 administration
enhanced both local and metastatic tumor growth in xenograft
models.

CCR6/CCL20 expression in primary cutaneous melanoma and
metastasis

We next examined whether CCR6/CCL20 expression might
have translational value by analyzing correlation with clinico-
pathologic factors and patient survival. We screened a collection
of 40 primary cutaneous melanomas with a median patient
follow-up of 67 months (range, 5-187 months) and 14 metas-
tases (Supplementary Table S2). Frozen tissue sections were
simultaneously triple-labeled for the melanosome protein
Hmb45, CCR6, and CCL20 (Fig. 3A). The majority of Hmb45*
cells coexpressed CCRG in all primary and metastatic lesions. By
contrast, CCL20 was expressed in the stromal compartment.
Therefore, to understand the prognostic value of CCR6/CCL20
expression in primary cutaneous melanoma, we quantified the
MFI of CCR6 staining along Hmb45" tumor nests, whereas
CCL20 expression was evaluated at Hmb45™ stromal bundles
(Fig. 3B and C). MFI data of tumor-CCR6 and stromal-CCL20
expression were compared with clinicopathologic factors: higher
expression of stromal-CCL20 correlated with unfavorable prog-
nostic factors for cutaneous melanomas such as tumor thickness
>2 mm (P = 0.023) and stage II-1II (P = 0.002), whereas
nonsignificant correlation with progression indicators was found
for tumoral-CCRG levels (Supplementary Table S3). Next, we used
the Kaplan-Meier method to analyze whether tumor-CCR6 or
stromal-CCL20 expression correlated with disease-free survival or
overall survival of this group of 40 patients (Fig. 3D). We classified
patients based on their respective tumor-CCR6 or stromal-CCL20
expression levels as "high" or "low," using the median MFI value
as cutoff point. High stromal-CCL20 staining correlated with
shorter disease-free and overall survival (log-rank test, both P <
0.001), but no correlation was found between tumor-CCR6
staining and disease-free survival (P = 0.693). Finally, to deter-
mine whether stromal-CCL20 expression was an independent
prognostic factor, we performed a multivariate regression analysis
including gender, age, Breslow, and stage parameters (Table 1).
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Figure 2.

Exogenous hCCL20 induces melanoma tumor progression in vivo. A, Human
melanoma xenografts (BLM, A375) developed in NSG mice subcutaneously
injected with hCCL20 (+) or PBS (-) every 3 days (n = 5 mice/condition).
Photographs of resected tumors and their weight values are shown.

B, Percentages of proliferating cells (Ki67* nudlei) relative to total cells (DAPI*
nuclei). Right, Ki67 (green) and DAPI (red) staining of A375 tumors from mice
treated (+) or untreated (-) with hCCL20. Scale bar, SO um. C, Percentages of
immune cells infiltrating tumors relative to total cells, including leukocytes
(Cd45*), TAMs (F4/80"), DC (F4/80~ Cdlic*), and neutrophils (PMN, F4/80~
Ly6g™). D, Intratumoral Cd31" vessel densities. E, /n vivo blockade of hCCR6
during melanoma xenograft development in mice treated (+) or untreated (-)
with exogenous hCCL20 (n = 4-5 mice/condition). Tumor weights are shown.
F, Lung metastases 10 days after BLM primary tumors resection. Weight values,
number of superficial metastases ("100", when uncountable), and lungs

fixed with Bouins solution are shown. P values are shown (Mann-Whitney test,
n.s., nonsignificant).

This analysis showed that stromal-CCL20 expression level was an
independent prognostic factor of disease-free survival [HR, 1.5;
95% confidence interval (CI), 1.25-1.76; P< 0.001] and overall
survival (HR, 1.7; 95% CI, 1.2-2.5; P = 0.004) in this cohort.
These findings highlighted the role of CCL20 expression by the
stroma in predicting clinical behavior of primary cutaneous
melanoma patients.

TAMs are the major stromal source of CCL20 in human
melanoma tissues

To identify the CCL20 source in melanoma tumors, we
isolated malignant cells and infiltrating leukocytes as macro-
phages and T cells (ref. 13; Fig. 4A; Supplementary Fig. S2A). To
isolate TAMs, we used CD14 that was expressed by macro-
phages and correlated with CD163 (Supplementary Fig. S2B).
TAMs showed higher expression of CCL20 mRNA than CD3"
TILs, malignant cells, cancer-associated fibroblasts (CAFs), or
peripheral blood monocytes from the same patients. CCL20
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Figure 3.

CCR6/CCL20 expression in human melanoma and correlation with patient
survival. A, Human melanoma samples stained for Hmb45 (green), CCR6 (red),
and CCL20 (white). Primary tumors with different stromal-CCL20 expression
("low" and "high") are shown. "T,” tumor nest. Scale bar, 100 um. B and C,
Quantification of tumor-CCR6 (B) and stromal-CCL20 (C) expression. MFl -+ SD
(in arbitrary units, a.u.) are shown. Samples (40 primary tumors and 14
metastases) follow the same order in both histograms. D, Five-year
Kaplan-Meier curves for tumor-CCR6 (disease-free survival) and
stromal-CCL20 (disease-free and overall survival). The median values of the
40 primary melanomas were used to classify as "low” or "high” expressing
samples (79 a.u. for tumor-CCR6; 72 a.u. for stromal-CCL20). P values are
shown (log-rank).

protein secretion measured in the culture supernatant of TAMs,
CAFs, and melanoma cells showed that TAMs were actively
secreting large amounts of this chemokine (Fig. 4B). As
expected, tissue supernatant from a mechanically disaggregated
advanced primary melanoma also contained CCL20 (Fig. 4C).
Therefore, we focused our interest in TAMs as the predominant
source of CCL20 in melanoma tissues. However, neither
proinflammatory (GM-CSF) M1 nor ant-inflammatory

www.aacrjournals.org

Role of CCR6/CCL20 in Melanoma Progression

Table 1. Univariate and multivariate Cox-regression analysis for disease-free
survival

Disease-free survival Uni Multivariate

(Cox regression) P HR (95% CI) P
Gender (F vs. M) 0.070 5.307 (1.26-22.2) 0.023
Age (years) 0.919 1.022 (0.99-1.05) 0.123
Location (H/L vs. T) 0.547

Subtype (nod vs. others) 0.246

Ulceration (yes vs. no) 0.267

Breslow (mm) <0.001 1.896 (1.33-2.69) <0.001
Stage (I vs. lI-1l) <0.001 1.433 (0.69-2.95) 0.330
T-CCR6 (MFI, each 10 a.u.) 0.490

S-CCL20 (MFI, each10 au)  <0.001 1.487 (1.25-1.76) <0.001

(M-CSF) M2 in vitro-differentiated macrophages secreted sig-
nificant amounts of the chemokine (Fig. 4C), suggesting that
the CCL20 high (CCL20™) phenotype might be a distinctive
TAM characteristic. Tissue supernatant from primary melanoma
induced CCL20 secretion and mRNA upregulation by both M1
and M2 macrophages (Fig. 4C and D). Moreover, high CCL20
concentrations were secreted during coculture of M1 (~100
fold) or M2 (~50 fold) macrophages with BLM and A375 cells,
but not with Skmel103 cells, compared with each correspond-
ing cell type cultured alone (Fig. 4C). M1 macrophages
separated from melanoma cells after coculture showed
higher CCL20 mRNA expression than M2 macrophages or
melanoma cells (Fig. 4D). These results indicated that primary
tumor-derived factors or interactions with melanoma cells
induced the CCL20" secretory phenotype in both M1 and
M2 macrophages.

Next, we analyzed macrophage CCL20 expression in tissues by
multicolor confocal microscopy, including control skin, nevi,
primary melanomas (grouped as nonmetastatic and metastatic
primary tumors), and distant melanoma metastases (Fig. 4E and
F). To quantify CCL20 at the single-cell level, we used CD163 to
gate tissue macrophages because it is expressed by most macro-
phages (16). A subpopulation of TAMs (~50%) showing CCL20"
(stated as MFI >75 a.u.) were detected in primary cutaneous
melanomas from patients that developed metastasis during fol-
low-up (referred from here as "metastatic primary melanomas"),
whereas most TAMs from nonmetastatic primary tumors showed
CCL20"" (<75 a.u.), similar to skin and nevus macrophages. In
secondary metastatic melanoma, the CCL20™ TAM subpopula-
tion was observed in some samples but not in others. CCL20 MFI
amounts correlated in single cells and stromal regions from
primary tumors (R = 0.727), whereas no significant correlation
was obtained between TAM density and stromal-CCL20 (Supple-
mentary Fig. $2C and $2D). A minority of CCL20" cells were
CD163 and CD11c" (Fig. 4G). Weused DC markers (CD141 for
DC1 subset and CD1c for DC2 subset) to characterize these cells
as CD11c¢"CD1c" dlassical DC2 (Fig. 4G and H; Supplementary
Fig. S2E). In addition to being expressed by DC, CD11c was
mostly expressed by a subset of CD14" and CD115" macro-
phages. These TAMs displayed lower CD163 expression and fell
into two subsets: CD11¢™CD163"" and CD11¢°*CD163"
(Fig. 4H). CCL20"" expression was detected in all these myeloid
subsets in primary tumors from patients that developed
metastasis but not in tumors from nonmetastatic patients
(Fig. 4G). In contrast, CCL20 was only barely detectable in
polymorphonuclear cells (PMNs), identified as CD15"CD115
minor subset (Fig. 41).
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Figure 4.

TAMs are the major source of CCL20 in metastatic primary melanomas. A, Relative expression of CCL20 mRNA in cultured melanoma cell lines (n = 6, as

in Fig. 1A) and CAF (n = 3 patients); and in freshly isolated TCs (n = 3), TILs CD3" (n = 3), TAMs CD14" (n = 5), and peripheral blood monocytes CD14*
frommelanoma patients (PBMo, n = 3). B, CCL20 detected in supernatants of CAF (n =3 patients), melanoma cell lines (n = 6,asin Fig. 1A), andisolated TAMs CD14*
(n = 3) after 24-hour incubation. C, Left, CCL20 secreted by M1 or M2 macrophages conditioned with an advanced primary melanoma tissue-supernatant
(snt) for 48 hours (n = 3).Right, CCL20 detected in culture-supernatants of in vitro-differentiated macrophages (Ml or M2; n = 3) and TCs (Skmel103, A375, or BLM),
alone or cocultured for 72 hours, as indicated. D, CCL20 mRNA expression in mutually conditioned, separated macrophages, and BLM cells (n = 3), or in
tissue-supernatant conditioned macrophages. A=D, Data are given as the mean =+ SD. E, Representative metastatic and nonmetastatic primary tumors stained
for CD163 (red), CCL20 (green), and DAPI (blue). F, Dot plot showing CCL20 MFI values of single CD163" macrophages from control skin, nevus, primary
tumors (nonmetastatic and metastatic), and metastasis tissues. Mean -+ standard error, and the percentage of TAMs expressing ccL2omt (arbitrarily
assigned to MF| > 75 a.u.), are shown for each sample. G, CCL20 MFI quantified in single-cell myeloid subpopulations of DC (red dots, CDTIc* CD163~) and
TAMs (blue, CDTIC" CD163™; black, CDTIc® CD163*) from metastatic and nonmetastatic primary tumors (n = 3/group). H, DC (CD1c, CD141) and

macrophage (CD115, CD14, CD163) markers MFI quantified in DC and TAM subsets (n = 5), as in G. I, CCL20 MFI quantified in single-cell myeloid

subpopulations of PMN (green, CD15* CD1157) and TAMs (black, CD15~ CD115%)
Scale bars, 50 pm.

Protumoral TAMs secrete CCL20, regardless of polarization
M1/M2 state

Because CD11¢/CD163 expression identified two TAM subsets
and CD11c expression in macrophages may indicate skewing
toward M1 polarization (17-19), we analyzed in more detail
M1/M2 polarization markers (17, 20, 21). Single-cell quantitative
analysis of melanoma tissues showed a positive correlation
between CD11c and pSTAT1 M1 markers and between CD163L1
and CD209 M2 markers; whereas M1 (CD11c and pSTAT1) and
M2 (CD163L1 and CD209) markers correlated negatively
between them (Supplementary Fig. S3A). The best negative
correlation was obtained between CD1lc and CD209 (R =
-0.75; P<0.001) allowing identification of the following subsets:

Cancer Immunol Res; 6(3) March 2018

from 5 metastatic primary tumors. lllustrative images are shown, as indicated.

CD11¢"CD209""/~ M1-like TAMs; CD11c*"/~CD209" M2-like
TAMs; and a mixed M1/M2 population expressing both markers
equally (Fig. 5A and B). Diverse TAM subsets displaying M1, M2,
or M1/M2 mixed profiles were found in ten primary melanomas,
with no significant differences in subset distribution with regard
to subsequent nonmetastatic or metastatic patient evolution
(Supplementary Fig. S3B). CCL20" expression was detected inde-
pendently of M1/M2 polarization state in most TAMs from the
metastatic group (Fig. 5B), compared with low CCL20 expression
by most TAMs from nonmetastatic melanomas (Figs. 4F and 5A).
Altogether, these results suggested that CCL20 expression by
TAMs in primary melanoma tumors may be the result of a
metastatic activation state. TAM CCL20 expression might predict
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CCL20 is expressed by TAMs displaying a protumoral profile, regardless of their polarization state. A and B, Nonmetastatic (A) and metastatic (B) primary
tumors stained for CDTlc (green), CD209 (red), CCL20 (white), and DAPI (blue). Dot plots of TAM subpopulations categorizedas CDTIc" CD209°" (Mi-like), CD11c'**
CD209" (M2-like), and mixed phenotype (M1/M2), using 75 a.u. as arbitrary cutoff MFI point (n = 5/group; R, Spearman's coefficients). B, TAM CCL20 MFI
values are shown for metastatic primary tissues (Wilcoxon paired test). C, Representative nonmetastatic and metastatic primary tumors stained for TNF
(green), VEGF-A (green), CD163 (red), and DAPI (blue). D, Summary boxplot showing average MFI values of CD11c, CD209, CCL20, TNF, and VEGF-A
expression in CD163" TAMs, and VEGF-A in tumor nests, from metastatic and nonmetastatic primary melanomas (Mann-Whitney). Scale bars, 50 pm.

unfavorable prognosis of newly diagnosed patients better than
the M1/M2 polarization phenotype.

Next, we analyzed the expression of known protumoral TAM
markers, such as TNF and VEGF-A (22-24), to ask whether TAMs
from primary lesions display a differential cytokine profile. As
with CCL20, TAMs from metastatic primary melanomas and
nonmetastatic tumors expressed different amounts of both TNF
and VEGF-A (Fig. 5C and D; Supplementary Fig. S4A). TNF
induced CCL20 secretion by macrophages (M2 > M1) suggesting
an activating mechanism, but VEGF-A did not (Supplementary
Fig. $4B). In addition to TAM, VEGF-A was also detected at tumor
nests in certain samples, but not restricted to metastatic primary
melanomas (Fig. 5D; Supplementary Fig. S4C). TAM expression
of CCL20 correlated with TAM expression of TNF and VEGF-A in
patient samples (R = 0.749 and R = 0.612, respectively; Supple-
mentary Fig. $4D). Thus, the activated state of macrophages
infiltrating primary melanomas may serve as a biomarker to
identify patients with high risk of metastatic spreading and poor
prognosis for survival.

Discussion

CCR6/CCL20 interactions promote tumor progression in sev-
eral human cancers (9, 12). Here, we showed functional CCR6
expression by human melanoma cells, whereas CCL20 induced
proliferation/migration in vitro and enhanced tumor growth/
metastasis in vivo. We demonstrated an association in cutaneous
melanoma patients between high stromal-CCL20 expression in
the primary tumor and the subsequent devel opment of metastasis
during follow-up and poorer survival. Stromal-CCL20" cells were
identified as TAMs, which coexpressed TNF and VEGF-A in a
signature of prometastatic TAM activation.

Tumors are complex tissues that contain both malignant and
nonmalignant cells, which interact to influence the progression of

www.aacrjournals.org

the tumor (25). Analysis of the molecular phenotype of each cell
type requires enough tissue to separate cells, but the small speci-
mens available from primary skin melanomas preclude such
analysis. Multicolor confocal microscopy coupled to single-cell
quantitative imageanalysis provides tools to assess protein expres-
sion by specific cell types. We quantified CCR6/CCI20 expression
in primary melanomas, showing that CCR6 was expressed in
tumor areas and CCL20 in stromal areas, particularly by TAMs.
We also purified specific cell types to confirm that CCR6 was
expressed by fresh malignant cells, whereas CCL20 was secreted by
TAMs. Our results blocking human CCR6 with mAb with or
without addition of exogenous CCL20 proved paracrine instead
of autocrine signaling in melanoma. We conclude that there is a
synergistic interaction between malignant cells and other cells in
the stroma through a CCR6/CCL20 paracrine signaling loop. By
contrast, in most epithelial cancers such as colorectal, lung, and
pancreatic adenocarcinomas or nasopharyngeal tumors, both
CCR6 and CCL20 are expressed by malignant epithelial cells,
suggesting autocrine selfstimulation (11, 26-28). Paracrine sig-
naling between stromal-CCL20 and tumoral-CCR6 may be a
characteristic of certain cancers, including melanoma.

Stromal-CCL20 expression was variable across patient samples.
Long-term follow-up data showed a positive association between
high stromal-CCL20 levels and incidence of subsequent meta-
static spreading or melanoma-specific death. In our exploratory
cohort of primary melanoma patients, stromal-CCL20 expression
was associated with disease-free survival by multivariate analysis,
together with gender and Breslow thickness, indicating that stro-
mal-CCL20 expression could identify patients with higher risk of
metastasis. Data from independent patient series will be necessary
to confirm that stromal-CCL20 is a prognostic factor for cutane-
ous melanoma patients. By contrast, no association was found in
our study between tumoral-CCR6 expression and metastatic
progression.
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CCR6 was originally discovered in dendritic cells (29). A
proposed immunotherapy strategy is to attract DCs to cancer
sites by engineering tumors to produce CCL20 or by intratumoral
injection of CCL20 (30, 31). However, CCR6 expression by
malignant cells in a wide variety of tumors, including our work
in melanoma, cautions against choosing this chemokine for
intratumoral immunotherapy. CCL20 is the main chemokine
expressed by inflamed skin (32) and mucosal epithelium (33),
and it may orchestrate a protumoral inflammatory microenvi-
ronment that could promote rather than hinder tumor progres-
sion. Indeed, CCL20 from different sources recruits Treg, Th17,
and Th22 cells that maintain the sort of chronicinflammation and
immunosuppression that could indirectly promote cancer pro-
gression (34-36).

Studies in cancer mouse models have revealed that TAMs are
heterogeneous cells that adopt a spectrum of phenotypes between
the extremes M1 and M2 polarization states, including mixed M1/
M2 phenotypes (37, 38). Studies identifying distinct macrophage
subpopulations in human tissues are scarce (39). In one study,
CD11c expression was used to identify two subpopulations of
human CD14* macrophages isolated from decidua: a CD11c"
subset with an inflammatory phenotype, and a CD11¢ subset
related with tissue remodeling and developmental functions (18).
We used multiparametric single-cell microscopy to discriminate
CD11c¢" DC from macrophages that coexpress other markers as
CD14, CD115, and CD163. This strategy identified a minor
CCL20"™ DC2 (CD1c") subset as well as two subsets, CD11c™
and CD11c"°, of macrophages in human primary melanoma
tissues. We performed a correlation analysis of the coexpression
of several M1/M2 markers at the single-cell level in melanoma
tissues. CD11¢/CD209 showed the best negative correlation,
indicating that these two markers were expressed by distinct TAM
subsets. Thus, we quantified M 1-like, M2-like, and mixed M1/M2
subsets in human primary melanoma. We found no statistically
significant  differences between nonmetastatic or metastatic
patients, although larger patient series may be necessary to unrav-
el this issue. Our results reveal that CCL20" expression, irrespec-
tive of M1/M2 markers, is a prometastatic TAM phenotype that is
associated with poor prognosis of patients with primary cutane-
ous melanoma. CCL20™ expression may be a unique character-
istic of TAMs, as neither M1 nor M2 in vitro-differentiated human
macrophages produced substantial amounts of CCL20. We found
that both tumor "conditioned” M1 and M2 macrophages upre-
gulated CCL20 expression in vitro, which is consistent with the
detection of CCL20™ expression associated with both M1 and M2
TAMs in vivo.

We found that macrophages from metastatic skin melanomas
coexpress CCL20, TNF, and VEGF-A, which together may define
the inflammatory protumoral profile of TAMs. Consistent with
our results, the tumor-promoting transcriptional profile of blood
monocytes from renal cell carcinoma patients showed upregula-
tion of, among other immune-related and protumoral genes,
CCL20, TNF, and VEGF-A, as well as both upregulation and
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