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Resumen

Las enfermedades neurodegenerativas constituyen uno de los grupos de enfermedades de
mayor relevancia en la sociedad moderna. En primer lugar, por su impacto socioeconémico
debido a su creciente prevalencia, lo cual puede ser explicado por el aumento de la
expectativa de vida de la poblacion. En segundo lugar, son enfermedades que a pesar de
décadas de investigacion biomédica, no cuentan con estrategias terapéuticas efectivas para
su tratamiento. Un informe de la OMS/OPS en 2020, estima que a nivel mundial se
acumulan 35 millones de personas con Enfermedad de Alzheimer (EA), 23 millones con
Enfermedad de Parkinson y 2 millones con Esclerosis Multiple. En Uruguay se estimd en
2010 que existian 54.000 pacientes con EA, cifra que se proyecta a 77.000 personas en el
afio 2030y a 112.000 personas en el 2050, lo que implicara un incremento del 107%.

La principal caracteristica de las enfermedades neurodegenerativas es la muerte selectiva
de neuronas y la pérdida de sinapsis, lo que se acompafia tipicamente de neuroinflamacion
cronica, caracterizada por la activacidon de células gliales y por la infiltracion de células del
sistema inmune, incluyendo linfocitos, monocitos y mastocitos. Estas células se organizan
alrededor de las neuronas en degeneracidn, constituyendo un microambiente celular
neurodegenerativo que contribuye a acelerar la progresion lesional. Nuestro grupo de
investigacion ha contribuido a la comprension de los mecanismos moleculares y celulares
gue subyacen a la progresion de la Esclerosis Lateral Amiotrdfica (ELA), una enfermedad
neurodegenerativa paradigmatica que afecta a las motoneuronas superiores e inferiores y
produce axonopatia periférica y paralisis muscular.

El objetivo general de este proyecto de doctorado fue estudiar con mayor profundidad
como se constituye el microambiente celular neuroinflamatorio en la ELA. Focalizamos la
investigacion en la emergencia de fenotipos gliales aberrantes y de precursores
hematopoyéticos tanto de microglia como de mastocitos a lo largo de la via motora. En la
médula espinal degenerante de pacientes con ELA y de un modelo animal SOD16%34
analizamos la posible emergencia de precursores hematopoyéticos CD34* y c-Kit*, los que
luego de infiltrar el Sistema Nervioso Central (SNC) podrian diferenciarse en células
macrofagicas o microglias, asi como también en mastocitos. También nos propusimos
estudiar los efectos del farmaco masitinib, un inhibidor de receptores de tirosina quinasa
como c-Kit y CSF-1R, cuyo mecanismo de accion en la ELA podria estar asociado a la
modulacion de células gliales e inmunitarias.

En la Publicacion 1 de la Tesis logramos identificar una subpoblacién, hasta ahora
desconocida, de precursores microgliales que expresan el receptor CD34 tanto en la médula
espinal post-mortem de pacientes, como en el modelo murino de ELA que expresa la
mutacion hSOD1%%3A, El receptor CD34 se expresa comunmente en precursores
hematopoyéticos, sugiriendo la infiltracién de estos precursores al microambiente celular
degenerativo en la ELA. Se demostrd que las células CD34* proliferan activamente y forman
“clusters” en las cercanias de las motoneuronas en degeneracién en la médula espinal.
Ademas, por primera vez, las células CD34* fueron aisladas en la fase no-adherente de



cultivos celulares primarios de la médula espinal sintomatica, dando lugar a microglias
diferenciadas en la fase adherente luego de sucesivos pasajes. Este hallazgo sostiene el
concepto de que células inmaduras o precursores provenientes de la periferia, son capaces
de infiltrar el SNC en la ELA, adoptando luego un fenotipo diferenciado regulado por
factores locales. Este estudio fue publicado en 2019 bajo el titulo “CD34 Identifies a Subset
of Proliferating Microglial Cells Associated with Degenerating Motor Neurons in ALS” en la
revista International Journal of Molecular Sciences (1).

En las Publicaciones 2 y 3 nos propusimos desafiar la hipdtesis de que precursores de
mastocitos derivados de precursores CD34*/c-Kit* podian infiltrar las vias motoras en
degeneracion, tanto a nivel central como periférico, orquestando asi la inflamacion crénica.
Existen muy pocos datos en la literatura sobre el papel patogénico de los mastocitos en
neurodegeneracidny particularmente en la ELA. Los mastocitos son células poco numerosas
en los tejidos pero tienen un enorme potencial proinflamatorio, de forma que podrian
orquestar la cronicidad de la neuroinflamacion y alterar la integridad de la barrera-hemato
encefdlica (BHE) en la ELA. Nuestros resultados en tejido post-mortem de pacientes, asi
como también en modelos animales de ELA, muestran que los precursores de mastocitos c-
Kit* y mastocitos diferenciados infiltran las vias motoras del Sistema Nervioso Periférico
(SNP). Pudimos identificar mecanismos quimiotdcticos y de diferenciacién de mastocitos
gue implican a la expresion de factores tréficos como Stem Cell Factor (SCF), que es el
ligando del receptor c-Kit, en las células de Schwann denervadas y macréfagos. De la misma
forma, demostramos que en la médula espinal en la ELA se acumulan precursores de
mastocitos c-Kit* asociados a alteraciones microvasculares de la BHE y motoneuronas
espinales afectadas. Por primera vez, pudimos aislar estos precursores de mastocitos c-Kit*
en cultivo y demostrar su diferenciacién en mastocitos maduros ex vivo. También
mostramos la asociacion espacial entre precursores de mastocitos con astrocitos reactivos
que expresan SCF, aportando un mecanismo novedoso que explica la quimiotaxis y
diferenciacidn de los precursores de mastocitos en la médula espinal de la ELA. Finalmente,
mostramos evidencia de que los mastocitos de la médula espinal pueden ser un blanco
terapéutico de masitinib, un farmaco en estado avanzado de desarrollo en la ELA. Este
estudio sostiene el concepto de que los mastocitos son células inmunes que contribuyen a
la neuroinflamacion y remodelacién tisular en la ELA, y fueron publicados bajo los titulos
“Schwann cells orchestrate peripheral nerve inflammation through the expression of CSF1,
IL-34, and SCF in amyotrophic lateral sclerosis” en la revista GLIA (Trias et al, 2020) y “The
pathogenic role of c-Kit* mast cells in the spinal motor neuron-vascular niche in ALS” en la
revista Acta Neuropathologica Communications (2).

En conclusién, nuestro trabajo de tesis ha permitido avanzar significativamente en la
comprensién de la neuroinflamacion en la ELA, tanto a nivel del SNC como del SNP,
permitiendo identificar nuevos tipos celulares de origen hematopoyético y con un claro
potencial patogénico en la ELA, ademdas de ser blancos terapéuticos de novedosos
farmacos.



Abstract

Neurodegenerative diseases are one of the most important groups of diseases in modern
society. First, there is a strong socioeconomic impact associated to them due to its
increasing prevalence, which can be explained by the population's life expectancy increase.
Secondly, despite decades of biomedical research, no effective therapeutic strategies exist
to treat neurodegenerative diseases. A WHO/PAHO report in 2020 estimates that there are
35 million people worldwide with Alzheimer's disease (AD), 23 million with Parkinson's
disease, and 2 million with Multiple Sclerosis. In Uruguay, it was estimated that in 2010,
that there were 54,000 patients with AD, a number that is projected to reach 77,000 people
by the year 2030 and 112,000 people by 2050, which implies a 107% increase.

The main pathological characteristic of neurodegenerative diseases is the selective loss of
neurons and synapses, which is typically accompanied by chronic neuroinflammation,
characterized by the activation of glial cells, as well as the infiltration of immune system
cells, including lymphocytes, monocytes, and mast cells. These cells are organized
surrounding degenerating neurons, constituting a neurodegenerative cellular
microenvironment, which contributes to accelerating disease progression. Our research
group has contributed to the understanding of the molecular and cellular mechanisms
underlying the progression of Amyotrophic Lateral Sclerosis (ALS), a paradigmatic
neurodegenerative disease that affects upper and lower motor neurons and produces
peripheral axonopathy and muscle paralysis.

The general aim of this doctoral thesis was to study in greater depth how the
neuroinflammatory cellular microenvironment is constituted in ALS. We have focused our
research on the emergence of aberrant glial phenotypes and hematopoietic precursors of
both microglia and mast cells along the motor pathway. In the degenerating spinal cord of
patients with ALS and in a SOD1%%A animal model, we analyzed the emergence of CD34*
and c-Kit* hematopoietic precursors, which after infiltrating the Central Nervous System
(CNS) could differentiate into phagocytic cells or microglia, as well as into mast cells. We
also set out to study the effects of a drug, masitinib, a receptor tyrosine kinase inhibitor
targeting c-Kit and CSF-1R, whose mechanism of action in ALS could be associated with the
modulation of glial and immune cells.

In the first publication of this thesis, we identified a yet unknown population of microglial
precursors that express the CD34 receptor, both in the postmortem spinal cord of patients
and in the mouse model of ALS that expresses the hSOD1%%3* mutation. The CD34 receptor
is commonly expressed in hematopoietic precursors, suggesting the infiltration of these
precursors into the degenerative ALS cellular microenvironment. CD34* cells were shown
to actively proliferate and form clusters in the surroundings of degenerating motoneurons
in the spinal cord. Furthermore, for the first time, CD34* cells were isolated in the non-
adherent phase of primary cell cultures obtained from the symptomatic spinal cord, giving
rise to differentiated microglia in the adherent phase after successive passages. This finding



supports the concept that immature cells or precursors from the periphery can infiltrate the
CNS are capable of infiltrating the CNS in ALS and later adopt a differentiated phenotype as
regulated by local factors. This study was published in 2019 under the title “CD34 Identifies
a Subset of Proliferating Microglial Cells Associated with Degenerating Motor Neurons in
ALS” in the International Journal of Molecular Sciences (Kovacs et al., 2019).

During the second, and third publications, we set out to challenge the hypothesis that mast
cell precursors derived from CD34*/c-Kit* precursors could infiltrate degenerating motor
pathways, both in the CNS and Peripheral Nervous System (PNS), thereby orchestrating
chronic inflammation. There are very little data in the literature on the pathogenic role of
mast cells in neurodegeneration and particularly in ALS. Mast cells occur in low numbers in
the tissues but have enormous pro-inflammatory potential, so they could orchestrate the
chronicity of neuroinflammation and alter the integrity of the blood-brain barrier (BBB) in
ALS. Our results in postmortem tissue from patients and animal models of ALS showed that
c-Kit* mast cell precursors and differentiated mast cells infiltrate the motor pathways of the
PNS. We were able to identify chemotactic and mast cell differentiation mechanisms, which
involve the expression of trophic factors such as Stem Cell Factor (SCF), the c-Kit ligand, in
denervated Schwann cells and macrophages. In the same way, we demonstrated that in the
spinal cord in ALS, c-Kit* mast cell precursors accumulate in association with microvascular
alterations of the BBB and affected spinal motoneurons. For the first time, we were able to
isolate these c-Kit" mast cell precursors in cell culture and demonstrate their differentiation
into mature mast cells ex vivo. We were also able to show the spatial association between
mast cell precursors with reactive astrocytes expressing SCF, providing a potential
mechanism explaining the chemotaxis and differentiation of mast cell precursors in the ALS
spinal cord. Finally, we show evidence that spinal cord mast cells may be therapeutic targets
of masitinib, a drug in advanced development in ALS. This study supports the concept that
mast cells are immune cells that contribute to neuroinflammation and tissue remodeling in
ALS and was published under the titles "Schwann cells orchestrate peripheral nerve
inflammation through the expression of CSF1, IL-34, and SCF in amyotrophic lateral
sclerosis" in the journal GLIA (Trias et al, 2020) and "The pathogenic role of c- Kit* mast cells
in the spinal motor neuron-vascular niche in ALS” in the journal Acta Neuropathologica
Communications (Kovacs et al, 2021).

In conclusion, our thesis work has made it possible to make significant progress in the
understanding of neuroinflammation in ALS, both at the CNS and PNS, making it possible to
identify new cell types of hematopoietic origin and with clear pathogenic potential in ALS,
making them potential therapeutic targets of novel drugs.



Introduccion

En las sociedades modernas la esperanza de vida aumenta anualmente a nivel global, pero
también lo hacen la incidencia y la prevalencia de las enfermedades neurodegenerativas
asociadas al envejecimiento, adquiriendo un caracter “epidémico” (3). La prevalencia se
sitia entre 1,5y 2,5 % en la poblacidon general, pudiendo elevarse hasta el 50% en personas
mayores de 85 afios. Las enfermedades neurodegenerativas conforman un grupo de
enfermedades caracterizadas por la degeneracidn y la muerte selectiva de poblaciones
neuronales, llevando a un deterioro funcional progresivo de las diferentes funciones
neuroldgicas, con sintomas que varian dependiendo de las regiones del sistema nervioso
afectadas (4,5). La Enfermedad de Alzheimer (EA), la Enfermedad de Parkinson, la Esclerosis
Lateral Amiotrofica (ELA) y la Enfermedad de Huntington son las enfermedades
neurodegenerativas mds comunes, pero también se conocen muchas otras de menor
prevalencia. La Esclerosis Multiple tiene un componente degenerativo crénico y algunos
autores la incluyen como degenerativa (6). En la mayoria de los casos, las enfermedades
neurodegenerativas son progresivas y el deterioro puede resultar en condiciones
inhabilitantes, con pérdida de autonomia y muerte prematura (7), con un impacto
socioecondmico muy significativo. Estas enfermedades se caracterizan por ser cronicas y de
progresion ineluctable. Pese a décadas de investigacién biomédica, aun no existen
tratamientos efectivos que logren prevenir, enlentecer de manera significativa o detener la
progresiéon de estas enfermedades (8). Por estas razones, desde hace décadas se realizan
enormes esfuerzos de investigacion médica y en neurociencia para comprender los
mecanismos patogénicos que subyacen a la neurodegeneracion, con el objetivo final de
identificar nuevas formas de prevencion o tratamiento.

Durante mucho tiempo, el foco de estudio se puso casi exclusivamente en las poblaciones
neuronales que degeneran en estas enfermedades, sin considerar el ambiente celular que
las rodea. Sin embargo, en los ultimos 20 afios comenzé a comprenderse que la
neurodegeneracion involucra otros tipos celulares que interactuan con las neuronas, asi
como otras poblaciones celulares del sistema inmune. Estos tipos celulares, que hoy se
conoce que participan activamente de los procesos de neurodegeneracién, conforman el
microambiente celular neurodegenerativo. Este microambiente estd constituido
principalmente por células gliales que adquieren fenotipos activados y por células
provenientes del sistema inmune. En este contexto, se acepta que la neuroinflamacién
cronica es un mecanismo patogénico determinante que subyace a todas las enfermedades
neurodegenerativas (9,10). Se puede definir a la neuroinflamaciéon como el conjunto de
respuestas celulares que se desencadena en el Sistema Nervioso Central (SNC) frente a
estimulos nocivos, como traumas, infecciones, envejecimiento o en condiciones
neurodegenerativas (11). La neuroinflamacidn involucra la activacién de células gliales,
principalmente astrocitos y microglias, que interactdan tanto con células provenientes del
sistema inmune (monocitos, neutréfilos, linfocitos, mastocitos, etc.) como con elementos
microvasculares (9,12-14). La activacion inflamatoria lleva a la liberacion de diversos
mediadores que subyacen a la inflamacidn, incluyendo citoquinas, quimioquinas, factores
tréficos, prostaglandinas y eicosanoides, 6xido nitrico, etc. A su vez, estos tienen el
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potencial de producir profundos cambios fenotipicos y transcripcionales en el entorno
celular, en la actividad neuronal y sinaptica, asi como en la unidad neurovascular. En
condiciones de neurodegeneracién, la neuroinflamacién se vuelve crénica y constituye un
mecanismo patogénico auto-perpetuado que lleva a la degeneracion y muerte neuronal
(12-17). De esta manera, la patologia neuronal y sindptica, asi como la neuroinflamacion
crénica, son los principales constituyentes de lo que se ha denominado el microambiente
celular neurodegenerativo (15).

Nuestro grupo de investigacion ha realizado aportes significativos a la descripcion de los
mecanismos patogénicos que subyacen a la progresion de la ELA (18-21). La ELA es una
enfermedad neurodegenerativa paradigmatica, que se caracteriza por la degeneracion y
pérdida selectiva de motoneuronas, tanto superiores, localizadas en la corteza cerebral,
como inferiores, localizadas en el tronco cerebral y la médula espinal (22,23). Durante las
ultimas dos décadas, nuestro grupo ha profundizado en el estudio del microambiente
celular neurodegenerativo que se orquesta durante la progresidén de la ELA, con foco en
astrocitos y microglias activadas o aberrantes, las cuales adquieren un fenotipo
inflamatorio, proliferativo y neurotéxico (15,24,25). Mds recientemente, nuestro grupo ha
realizado aportes significativos sobre el papel de la inflamacién a lo largo de la via motora
periférica. Se estudid la relacidn entre la infiltracidn de células del sistema inmune, asociada
a los axones motores en degeneracion, y las células de Schwann denervadas (con sus
componentes mielinicos en degeneracién) durante la progresién de la enfermedad (26-28).
Sin embargo, poco se conocia sobre los mecanismos por los cuales un dafio primario de las
motoneuronas lleva a la constitucion progresiva de la neuroinflamacién, la proliferacién
celular, la aparicion de células inmunes, a los defectos vasculares que caracterizan al
microambiente celular degenerativo y a su efecto en la muerte de motoneuronas.

La hipodtesis al comienzo del presente trabajo de tesis, era que la neuroinflamacion y la
neurotoxicidad asociada en la ELA estaban determinadas por la emergencia de células
anormales o con fenotipo aberrante en el microambiente celular neurodegenerativo
(24,25,29). Esta hipdtesis involucraba a células del sistema inmune y sus precursores
provenientes de la sangre, cuyo pasaje podria estar mediado por el aumento de factores
quimiotacticos y de diferenciacién producidos en exceso por las células gliales activadas y/o
por defectos en la barrera hemato-encefdlica (BHE) o barrera hemato-espinal. Esta
hipdtesis unificaba los mecanismos inflamatorios y sus consecuencias neurotodxicas a lo
largo de la via motora, tanto en el SNC como en el Sistema Nervioso Periférico (SNP), ya
que la infiltracion de células inmunes y su interaccién con células neurales es una
caracteristica de la patologia en la ELA (30). La microgliosis es un hallazgo patoldgico
sistematico en las areas afectadas del SNC en la ELA, incluso, mostrando fenotipos activados
aberrantes (25). Sin embargo, era desconocido si la microglia neurotéxica aberrante tenia
su origen en precursores mieloides especificos que infiltran la médula espinal a partir del
torrente sanguineo durante el proceso neurodegenerativo, o bien, si se originaba a partir
de una poblacion enddgena a través de un proceso de indiferenciacién y proliferacion. De
manera similar, al comienzo de nuestro trabajo de tesis, se mostraron evidencias de que en
el SNP en la ELA, hay una sorprendente infiltracion de mastocitos que interaccionan con
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axones motores a lo largo de las raices ventrales, nervios periféricos y terminales axdnicas
del musculo (26,27). Los mastocitos son células inmunes residentes en los tejidos
periféricos, que derivan de precursores hematopoyéticos y alcanzan su diferenciacion a
nivel local (27). Por lo tanto, este hallazgo anticipaba la produccién de mediadores
quimiotacticos y de diferenciacion de mastocitos, como es el caso del factor de células
madre - Stem Cell Factor (SCF) - a partir de elementos neurales afectados en la ELA. Por
otra parte, los mastocitos poseen un gran potencial inflamatorio gracias a la liberacion
inmediata de una variedad de mediadores inflamatorios y vasoactivos, los que podrian
perpetuar la inflamacién crénica. En este contexto, nos propusimos estudiar los
mecanismos que subyacen a la infiltraciéon de mastocitos en el SNC y SNP en la ELA, e
identificar células neurales que expresaran SCF. El estudio de precursores sanguineos que
dan origen a células macrofagicas o mastocitos en la ELA, anticipaba el estudio de
marcadores considerados especificos de estos tipos celulares, incluyendo el receptor CD34
(marcador de células hematopoyéticas inmaduras) (31,32) y el receptor c-Kit (expresado
por precursores de células mieloides en la médula dsea y mastocitos) (33,34). Los
mastocitos c-Kit* eran los candidatos mds importantes a explorar, puesto que son
reconocidos por orquestar procesos inflamatorios crénicos y por activar fuertemente a las
microglias (35,36). En la ELA, se habia observado la presencia de estas células en la médula
espinal de pacientes (37), sin embargo, su papel patogénico dentro del microambiente
celular neurodegenerativo era desconocido.

Durante mis estudios de postgrado, me he enfocado en caracterizar con mayor profundidad
la infiltracion de células precursoras de microglias y mastocitos, asi como a sus fenotipos
neurotoéxicos (tanto in vivo como in vitro), y su interaccion con células gliales y elementos
microvasculares. Los principales estudios los he realizado en la médula espinal de pacientes
con ELA y de modelos animales. Observamos una subpoblacion de microglias que expresa
CD34 y que se acumula en las cercanias de las motoneuronas. Las mismas pueden ser
aisladas a partir de un cultivo primario de ratas SOD1%%A en la fase no-adherente, y dar
lugar a microglias en cultivo. Por otro lado, encontramos que los mastocitos y sus
precursores CD34*/c-Kit*, infiltran las vias motoras tanto central como periférica. A partir
de los hallazgos generados durante este proyecto, también surge la pregunta de cudles son
los mecanismos celulares y moleculares que guian la infiltracidn de estos fenotipos celulares
inflamatorios a los sitios de lesidn. De esta manera, observamos que los mastocitos y sus
precursores en el nervio cidtico en degeneracion, interactian con células de Schwann y
macréfagos SCF*. A nivel central, se observd que los mastocitos y sus precursores c-Kit* se
acumulan en el microambiente que rodea a las motoneuronas, en estrecha relacidon con
elementos microvasculares y astrocitos reactivos SCF*. Los mastocitos y sus precursores
pueden ser modulados farmacoldgicamente con el inhibidor de tirosina quinasa, masitinib.

En este trabajo de tesis, se compilan los 3 principales articulos en los que me he
desempefiado como autora principal o he tenido una participacién significativa en su
desarrollo. Para brindar un marco teérico a la tesis, continda un capitulo en donde se
detallan los antecedentes que llevaron a la produccidon de esos trabajos. Cada articulo
consta de una breve introduccidn y un resumen de los resultados, asi como de una breve
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conclusién. Para finalizar, se desarrolla un capitulo de discusidén y conclusiones que busca
integrar de forma critica los resultados y conocimientos generados en las 3 publicaciones
acerca del aporte realizado al campo del conocimiento.
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Antecedentes

La Esclerosis Lateral Amiotroéfica (ELA)

Las enfermedades neurodegenerativas estdn caracterizadas por la degeneracion y muerte
selectiva de poblaciones neuronales, llevando a un deterioro funcional progresivo de las
diferentes funciones neuroldgicas, en donde los sintomas que se presentan son
dependientes de las regiones del sistema nervioso afectadas (4,5).

La ELA, también conocida como enfermedad de Lou Gehrig en los Estados Unidos y
enfermedad de la motoneurona en el Reino Unido, es una enfermedad neurodegenerativa
relativamente rara, incurable e implacablemente progresiva, caracterizada por la pérdida
de motoneuronas en el cerebro y en la médula espinal (22,23). La ELA comienza de manera
insidiosa con sintomas motores focales, pero se propaga rapidamente afectando a la
mayoria de los musculos esqueléticos, los cuales sufren la denervacidn de las terminales
neuronales, lo que finalmente conduce a la muerte cominmente debido a insuficiencia
respiratoria (22). Aunque alrededor del 10 % de los pacientes con ELA sobreviven 10 aiios o
mas, la mayoria fallecen en aproximadamente 3 afos desde el inicio de los sintomas (38).
Las motoneuronas se agrupan en superiores o corticoespinales (localizadas en la corteza
motora) e inferiores (localizadas en el bulbo y en la médula espinal). Las motoneuronas
superiores establecen conexiones directas o indirectas con las inferiores, que
posteriormente inervan los musculos esqueléticos y controlan los movimientos. La
presentacion clinica de la ELA en los pacientes es heterogénea, dependiendo de las
motoneuronas primariamente afectadas (39). Puede presentarse con debilidad y atrofia
muscular progresiva por compromiso de las motoneuronas inferiores, predominio de
hiperreflexia y espasticidad, que denota afectacion de las motoneuronas superiores, o bien
predominio de disartria y/o disfagia con atrofia de la lengua, lo que denota una ELA bulbar
por compromiso de las motoneuronas del tronco encefalico (39,40).

Aproximadamente la mitad de los pacientes con ELA tienen deterioro cognitivo y
conductual, y un 13 % puede tener demencia frontotemporal (40)Actualmente, el
diagnostico de la ELA sigue estando basado en los hallazgos clinicos y la exclusidon de
diagnosticos diferenciales. Por este motivo, existe un retraso en el diagndstico definitivo de
aproximadamente un afo, lo que puede implica para los pacientes una pérdida de tiempo
vital de potencial intervencién terapéutica con el objetivo de enlentecer la progresion de la
enfermedad.

La incidencia de la ELA a nivel global se estima en 1,75 casos cada 100.000 personas, con
diferencias discretas entre sexos y razas (41). En Uruguay, la tendencia es similar a la
observada globalmente, con una incidencia de 1.42 pacientes cada 100.000 habitantes/afio
(42). La incidencia parece estar aumentando a nivel mundial, probablemente debido al
diagndstico mds certero, pero también podria explicarse por el envejecimiento general de
la poblacién (43). Debido a su rapida progresién, la prevalencia de la ELA sigue siendo baja,
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estimandose en 4-5 por cada 100.000 personas (44). Paulatinamente los distintos factores
de riesgo estan siendo aclarados (45,46), y algunos de los aceptados hasta la fecha incluyen
edad avanzada, sexo masculino, antecedentes familiares y mutaciones genéticas. Ademas,
varios factores ambientales podrian aumentar el riesgo de desarrollar ELA (47).

Al igual que ocurre en otras enfermedades neurodegenerativas, el tratamiento
farmacoldgico de la ELA es muy limitado. Ningiin medicamento ofrece un efecto curativo o
beneficio clinico significativo para los pacientes. El Riluzol, el primer medicamento
aprobado para el tratamiento de la ELA, actua suprimiendo la activacion excesiva de las
motoneuronas mediante la reduccién de la neurotransmisidn glutamatérgica en las
neuronas presinapticas (48), logrando prolongar la supervivencia de los pacientes en un
promedio de 2 a 3 meses. Mas recientemente fue aprobado un farmaco antioxidante,
Edaravona, que ralentiza moderadamente la progresion de la enfermedad en un reducido
numero de pacientes en etapa temprana, diagnosticados con una ELA definitiva o probable
(49). Existen otros farmacos para el tratamiento sintomatico de la ELA, incluyendo
relajantes musculares como baclofeno y tizanidina, anticolinérgicos para control de la
sialorrea y analgésicos para el control del dolor neuropatico, como la gabapentina y
pregabalina (45). En general, el tratamiento de un paciente con ELA incluye muchas otras
aproximaciones no- farmacoldgicas basadas en la atenciéon multidisciplinaria, lo que incluye
neurdlogos, psicdlogos, nutricionistas, fisioterapeutas, logopedas y enfermeras
especializadas. Esta aproximacion ha demostrado prolongar la supervivencia y mejorar la
calidad de vida de los pacientes (50).

Un gran numero de riesgos genéticos de la ELA han sido aclarados en las ultimas décadas.
Aproximadamente el 90% de los casos de la enfermedad son esporddicos (ELA esporadica),
ya que carecen de antecedentes familiares, mientras que el 10% restante se conocen como
familiares (ELA familiar) (51), ya que pueden ser causados por distintas mutaciones
heredadas en diversos genes (45,52). Se han descrito mds de 25 genes con mutaciones
puntuales asociados a un aumento en la probabilidad de desarrollar ELA, siendo los mas
prevalentes el gen que codifica para la proteina TAR 43 de unién al ADN (TDP-43) (53,54),
el gen que codifica para la proteina FUS de unién al ARN (55-57), el gen que codifica para
la proteina C90rf72 (58) y el gen que codifica para la enzima citosdlica Cu/Zn superoxido
dismutasa 1 (SOD1) (59). Dentro de los casos familiares de ELA, el 10-20% es causado por
mutaciones en este Ultimo. Se han identificado mas de 100 mutaciones en el gen que
codifica para la SOD1 capaces de desencadenar la enfermedad (60-62). El desarrollo de la
ELA en estos pacientes no esta asociado a una pérdida de la funcidn catalitica de la enzima,
sino por el contrario, a una ganancia de funcién que la vuelve neurotdxica a nivel celular,
promoviendo la formacién de agregados proteicos, la inhibicion del proteasoma, disfuncién
del reticulo endopldsmico y las mitocondrias, entre otros mecanismos (51,63).

La identificacién de estas mutaciones asociadas a la ELA hizo posible el desarrollo de
modelos murinos que recapitulan varios de los fendmenos fisiopatoldgicos de la
enfermedad en humanos, como la muerte de motoneuronas, la degeneracidén muscular y
la neuroinflamacidn crénica (64-67). Durante las Ultimas décadas, estos modelos animales
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permitieron elucidar diversos mecanismos celulares y moleculares patogénicos que
subyacen a la neurodegeneracién y a la progresién de la enfermedad, asi como también
realizar numerosos estudios preclinicos (68).

Neuroinflamacion y microambiente celular neurodegenerativo

La neuroinflamacidn es un proceso complejo y multifactorial que implica la activacion de
células gliales e inmunitarias en el SNC en respuesta a una lesion, infeccidn u otras formas
de dafio (13,69,70). La activacién de estas células lleva a la produccién y liberacién de una
variedad de mediadores inflamatorios, incluyendo citoquinas y quimioquinas, que pueden
contribuir a la reparacion y regeneracion del sistema, pero también pueden impedir la
capacidad del SNC para repararse a si mismo. La neuroinflamacidn crénica se ha relacionado
con varias afecciones neurodegenerativas, como la EA, la Enfermedad de Parkinson, la
enfermedad de Huntington y la ELA (10).

Durante el proceso de neuroinflamacidn, el microambiente celular que rodea a las neuronas
del SNC se remodela a través de varios mecanismos moleculares y celulares. Las células
gliales activadas adquieren un fenotipo inflamatorio y potencialmente neurotéxico,
cambiando su morfologia y perfil secretorio (11,14). Numerosos tipos de células inmunes
de la circulacidn sanguinea, o precursores mieloides, son atraidos hacia el parénquima del
SNC en las dreas afectadas, lugar en donde alcanzan una diferenciacién especifica y
contribuyen significativamente al didlogo intercelular, modificando el microambiente
(69,70). Esta remodelacion del microambiente celular neurodegenerativo también implica
cambios en la composicion de la matriz extracelular, formacién de tejido cicatricial,
remodelacidn de vasos sanguineos y cambios en la permeabilidad de la BHE o hemato-
espinal (71). Durante los ultimos afios, nuestro grupo ha contribuido de manera significativa
a la caracterizaciéon de distintos componentes de la neuroinflamacion crénica, emergiendo
paulatinamente el concepto de microambiente celular neurodegenerativo en el contexto
de la ELA (24,25,29). Esta concepcidon comparte semejanzas con el microambiente celular
caracteristico de los tumores malignos, asi como también en otras enfermedades
inflamatorias crénicas, como la artritis reumatoidea o incluso la obesidad, en donde el
microambiente celular inflamatorio promueve el crecimiento, mantenimiento e invasividad
de células tumorales, inflamatorias, productoras de matriz, etc. (72-74).

En general, es ampliamente aceptado que la muerte de motoneuronas en la ELA ocurre por
mecanismos no-auténomos celulares (75), es decir, que involucran un didlogo anormal de
las motoneuronas afectadas con su entorno celular. Por ejemplo, estudios recientes han
mostrado que la expresion en astrocitos o microglias de proteinas mutantes causantes de
la ELA, como la SOD1 mutada o TDP43, puede hacer que estas células se vuelvan tdxicas
para motoneuronas en condiciones de cultivo celular (76,77). También hay evidencias en
ratones que sobre-expresan formas humanas mutantes de la SOD1 (SOD1%%%4), que
muestran que las microglias y los astrocitos contribuyen a la muerte de motoneuronas
(24,78,79) a través de cambios funcionales, ganancia o pérdida de distintas funciones que
contribuyen a la homeostasis y/o del perfil de secrecion de factores tréficos e inflamatorios
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(80). Otras células gliales activadas en el contexto de la ELA, como oligodendrocitos y sus
precursores NG2*, asi como las células de Schwann, también pueden tener un rol activo en
la sobrevida o muerte de motoneuronas y en el dafio axonal, a través de la liberacidn de
factores proinflamatorios, entre otras alteraciones (81,82).

Mas alla del rol significativo que tiene la neuroinflamacion crénica en la progresion de la
ELA, la hipdtesis predominante es que esta neuroinflamacion es un evento secundario a un
dafio primario de las motoneuronas, los axones motores y el musculo esquelético en la
periferia. En su intento regenerativo y reparador, la neuroinflamacién va generando
cambios progresivos en la constitucion del microambiente celular y en las interacciones
entre los distintos componentes del mismo. Cuando la remodelacidn tisular llega a un punto
critico, se pierde la capacidad de sostener el trofismo de las motoneuronasy sus conexiones
sindpticas.

Astrocitos y astrocitosis

Los tipos celulares no-neuronales que contribuyen mayoritariamente a la neuroinflamacién
en el SNC son los astrocitos y las microglias. Los astrocitos son las células gliales mas
numerosas del SNC, poseen un alto grado de especializacién y cumplen funciones claves
para el correcto funcionamiento neuronal y el mantenimiento de la homeostasis (83). Los
astrocitos se encuentran en contacto directo con las neuronas, formando lo que se conoce
como sinapsis tripartita, le proveen soporte estructural, metabdlico y tréfico, ademas de
participar activamente en la modulacién de la excitabilidad neuronal y la neurotransmisién
(83,84). Ademas, sus prolongaciones, llamadas pies terminales, estan en estrecho contacto
con los vasos sanguineos y cumplen funciones importantes en el control vascular del flujo
sanguineo y de la circulacién gliofatica, formando una parte fundamental de la BHE vy
hemato-espinal (85,86). Los astrocitos son capaces de proveer soporte tréfico a las
motoneuronas en cultivo, produciendo y liberando una gran cantidad de factores troficos
y moléculas pequefias (87—89). En respuesta al dafio, pueden sufrir cambios significativos,
tanto morfoldgicos como fisioldgicos, por un proceso conocido como astrogliosis reactiva o
astrocitosis, que se caracteriza por un aumento en la proliferacién y la aparicién de
astrocitos “reactivos” (90). Morfolégicamente, estos astrocitos se caracterizan por la
prolongacidn de procesos cortos y gruesos, debido a una redistribucion de la expresién de
la proteina glial fibrilar acidica (GFAP) (91). Ademas, los astrocitos sufren cambios a nivel de
la respiracion mitocondrial y la produccion de radicales libres, y son capaces de liberar
factores de crecimiento, asi como también una serie de citoquinas, tanto pro como anti-
inflamatorias (92—-94).

Durante los ultimos 20 afios, nuestro grupo de investigacidon ha realizado contribuciones
significativas a la comprension del rol de los astrocitos en la ELA, principalmente estudiando
los diferentes mecanismos moleculares patogénicos a través de los cudles estas células
gliales modifican su fenotipo y se vuelven tdxicas para las motoneuronas (79,95-98). En el
ano 2002, Cassina y colaboradores, asi como Pehar y colaboradores, demostraron que los
astrocitos espinales en cultivo responden a la exposicidén con peroxinitrito (un compuesto
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nitro-oxidativo), sufriendo una transformacién fenotipica que se mantiene en el tiempo y
gue se caracteriza por la expresion de iNOS y por la acumulacion de dano nitro-oxidativo
(99). Cuando se cultivan motoneuronas embrionarias sobre estos astrocitos reactivos, se
produce una muerte significativa de las mismas por apoptosis, un fenédmeno que puede ser
prevenido cuando se realizan los ensayos utilizando inhibidores especificos de iNOS o
“scavengers” de superéxido y peroxinitrito (89). Estos resultados se apoyan en estudios
previos donde se demostrd una correlacién positiva entre el estrés oxidativo mediado por
el éxido nitrico y su metabolito mas téxico, el peroxinitrito, y la degeneracién de las
motoneuronas en la ELA (100,101). Estos trabajos fueron pioneros en demostrar que las
células gliales pueden sufrir transformaciones fenotipicas duraderas en el tiempo, que
convierten a estas células en tdxicas para las motoneuronas. Posteriormente, en el ano
2005, Cassina, Pehar y colaboradores profundizaron en estos estudios e identificaron
nuevos mecanismos patogénicos a través de los cuales las motoneuronas mueren por
apoptosis en la ELA, inducida por la activacion aberrante de astrocitos. Observaron que
estas células gliales pueden sufrir un proceso de activacion cronica cuando son expuestas
al factor de crecimiento de fibroblastos 1 (FGF1) (97). Este factor es producido por las
motoneuronas y liberado durante el proceso degenerativo, y actla sobre el receptor FGF-
R1 en los astrocitos, produciendo una activacion glial significativa que lleva a la liberacién
del factor de crecimiento nervioso (NGF) y produce la muerte de las motoneuronas a través
del receptor p75NTR, el cual es re-expresado por las motoneuronas durante el proceso
degenerativo (97). Estos mecanismos celulares de muerte neuronal, asi como otros
mecanismos aportados por otros autores, evidencian que los astrocitos juegan un rol
fundamental en la neurodegeneracién en la ELA (98,102—-104). La evidencia experimental
acumulada durante las ultimas dos décadas, demuestran que las células gliales, asi como el
ambiente que rodea a las neuronas en degeneracidn, juegan un papel clave, contribuyendo
a los mecanismos patogénicos y a la progresidn ineluctable de las enfermedades
neurodegenerativas.

Células microgliales y microgliosis

La microglia es la célula efectora inmune del SNC (105). Se origina a partir de progenitores
primitivos hematopoyéticos que ingresan al sistema nervioso durante el desarrollo
embrionario temprano (106,107). En condiciones de reposo, son células pequefias con finos
procesos en continuo movimiento de expansion-retraccién y de gran capacidad migratoria
(108). Por su capacidad fagocitica, se consideran los “macréfagos” del SNC. Sin embargo, a
diferencia de los macrofagos residentes de los diferentes tejidos periféricos, la microglia
también participa en multiples funciones del sistema nervioso, incluyendo la sobrevida
neuronal, el control de las sinapsis y de la eficiencia sinaptica, la mielinizacidn, la integridad
de la BHE, la vigilancia inmunoldgica, etc (109). Sin embargo, en respuesta al dafio tisular
(infeccion, trauma, irradiacion, etc.), o bien frente al dafio neuronal primario o condiciones
de neurodegeneracién (110), las microglias sufren cambios fenotipicos considerables y
adquieren diversos estados de activacion (108). Esta activacion puede darse en respuesta a
estimulos nocivos de diversos origenes, gracias a la presencia de receptores tipo Toll (TLR),
“scavenger” o receptores de citoquinas o quimioquinas, con el fin de contener el dafio (111—
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114). Tras la activacién, la respuesta microglial depende de la naturaleza, magnitud y
duracién del estimulo. Generalmente incluye una morfologia hipertréfica, con retraccion
parcial de sus procesos, proliferacién celular y aumento de la capacidad fagocitica (115).
Cuando la activacion microglial se vuelve crénica, adquieren la capacidad de liberar
neurotransmisores, citoquinas proinflamatorias, de las cuales destacan el factor de necrosis
tumoral alfa (TNF-a), IL-6 e IL-1p, especies reactivas de oxigeno (ROS, en inglés “reactive
oxigen species”), y sustancias excitotoxicas como el glutamato, asi como citoquinas anti-
inflamatorias y factores neurotroéficos (109,116).

En las enfermedades neurodegenerativas, la microglia es uno de los actores principales que
contribuye al establecimiento de la neuroinflamacién crénica (117). En presencia de
diferentes estimulos, como patégenos, restos celulares, agregados proteicos, o proteinas
mal plegadas (ej. B-amiloide), la microglia responde internalizando las especies patogénicas
para su degradacion, asi como también activando la expresion de genes de citoquinas y
guimioquinas que componen procesos neuroinflamatorios (118).

Microglia en la ELA. El estado de activacion de la microglia en el contexto de las
enfermedades neurodegenerativas ha sido ampliamente estudiado (117). Cuando se
desencadena la neurodegeneracidon en el SNC, ocurre la proliferacién y transformacién
fenotipica de la microglia, adquiriendo como estadio final un fenotipo fagocitico (119).
Entre el estado de reposo y este fenotipo de células fagociticas, existe un abanico de
estados activados. Estos dependen de la regidn y del estadio de la enfermedad, por lo tanto,
dependen del ambiente en el que se encuentren. En el contexto de la ELA, la activacidn
microglial se ha documentado, por un lado, a partir de tejidos post-mortem de pacientes e
implica un aumento en la proliferacién y los cambios morfolégicos, asi como cambios a nivel
de la expresidén génica y a nivel proteico en la ELA (120). Por ejemplo, se observa una
regulacion positiva de las moléculas de la superficie celular, como el receptor del
complemento 3 (CR3), los antigenos del complejo mayor de histocompatibilidad (MHC) |y
I, integrinas y reactividad a inmunoglobulinas (121). En este sentido, al igual que ocurre en
otras enfermedades neurodegenerativas (122,123), en la ELA la microglia sufre cambios en
la expresion génica de TREM2 y TYROBP (124). En particular, estos son eventos que ocurren
tempranamente en la enfermedad y anticipan posteriores cambios en la expresion génica
en las motoneuronas (124). Por otro lado, otros cambios ocurren de forma mas tardia vy,
potencialmente, podrian ser blancos terapéuticos relevantes. A destacar, la activacién de
NF-kB es un evento que ocurre en la microglia en etapas tardias en la ELA (125). Las
evidencias muestran que la modulacién genética o farmacoldgica de esta via
proinflamatoria, tiene efectos beneficiosos enlenteciendo la progresiéon de la enfermedad
(125,126).

La mayor parte del conocimiento sobre la activacidn de la microglia en la ELA, proviene de
modelos animales en donde las microglias activadas se observan en las primeras etapas de
la enfermedad y su niumero aumenta a medida que la misma progresa (127-133). En la ELA
experimental, también se han reportado diversos estados de activacién dependientes del
ambiente y del estadio de la progresion de la enfermedad. Por ejemplo, en la etapa
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asintomatica, asi como en la fase terminal de la ELA, se han descrito “clusters” de microglias
proliferantes en estado fagocitico adyacentes a motoneuronas (134). En el afio 2006, Boillée
y colaboradores utilizaron un modelo transgénico de ELA (ratén hSOD1%37R) para demostrar
que la microglia juega un rol preponderante en el microambiente celular
neurodegenerativo que rodea a las motoneuronas durante la progresion de la enfermedad.
Los ratones ELA con reduccion en la expresidn de la proteina SOD1 mutada en la microglia,
tuvieron una progresion mas lenta de la enfermedad (135). Otros estudios han mostrado
que las microglias activadas en la ELA promueven la muerte de las motoneuronas de
manera significativa (136). En otros estudios, Beers y colaboradores demostraron que el
trasplante de microglia “wild-type” en ratones SOD1%%3* |logra modificar el curso de la
enfermedad, disminuyendo de manera significativa la gliosis y enlenteciendo la progresion
de la ELA (137). Ademas, se observé que la microglia que sobre-expresa la proteina SOD1
humana mutada, produce y libera ROS y factores nitro-oxidativos con actividad neurotéxica
para motoneuronas (137-139). Estos experimentos sugieren que la disfuncion de las
microglias o la adopcion de un fenotipo alterado, es potencialmente neurotodxico en el
ambiente que rodea a las motoneuronas y que, por lo tanto, representa un blanco celular
relevante para el desarrollo de estrategias terapéuticas.

Transformacion fenotipica de microglias en “células gliales aberrantes”. En 2011, Diaz-
Amarilla y colaboradores (24), y posteriormente Trias y colaboradores (25), aislaron vy
caracterizaron una subpoblacion de células gliales a las que denominaron primero
“astrocitos aberrantes” y luego “células gliales aberrantes”, respectivamente. Estas células
tienen un fenotipo similar a astrocitos y marcadores astrocitarios, tanto en médula espinal
de animales de ELA (ratas SOD1%°34), como luego de su aislamiento en cultivo celular (24).
Las células gliales aberrantes se caracterizan por su marcado poder neurotéxico para
motoneuronas y por inducir microgliosis luego del trasplante en la médula espinal de ratas
no transgénicas (24,140). En un trabajo posterior de Trias y colaboradores, la subpoblacién
de células gliales aberrantes fue caracterizada en profundidad y se pudo demostrar su
origen a partir del linaje mieloide o microglial (25). Se considera que este fenotipo aberrante
surge por una transformacion fenotipica asociada a una respuesta inmunitaria
descontrolada que ocurre en el entorno de las motoneuronas espinales en degeneracion
(25).

Contribucion de precursores mieloides a la microgliosis en la ELA

Si bien las células microgliales residentes se originan a partir de progenitores primitivos
generados en tejidos hematopoyéticos que ingresan al SNC durante el desarrollo
embrionario temprano (141), se reconoce que, en condiciones de lesidon o dafio de la BHE,
el SNC puede ser infiltrado por monocitos o precursores mieloides (fagocitos
mononucleares), que adoptan un fenotipo macrofagico caracteristico (142,143) y la gran
mayoria de estas células son eliminadas luego de la resolucion de la lesion. Sin embargo, el
origen de las células que dan lugar a la microgliosis en la ELA ha sido objeto de varios
estudios y, aun actualmente, la importancia patogénica de la entrada de células mieloides
al SNC en el contexto de la ELA es un tema de debate (144,145).
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Se han utilizado ratones SOD1%%” para determinar si la microgliosis observada en la ELA
estaba determinada por la proliferacion de microglias residentes, o bien por infiltracién de
monocitos, fagocitos mononucleares o precursores mieloides de origen sanguineo (146).
Los resultados permiten concluir que la expansién microglial proviene principalmente de la
proliferacién de células residentes y, en menor medida, del reclutamiento periférico de
precursores sanguineos (146). La mayor proporcion de microglias provenientes de la
periferia, presentan una localizacion perineuronal y perivascular, sugiriendo sitios discretos
de permeabilizacién como consecuencia del dafio que sufren las barreras durante la etapa
sintomatica de la enfermedad (146). En otro estudio, usando un modelo de parabiosis
(unidn de los sistemas circulatorios de dos animales que conduce al intercambio de sangre
periférica para obtener un 50% de quimerismo) entre un ratén SOD1%%3* y un ratén no
transgénico que expresaba GFP en células de la médula ésea, se demostré que solamente
un bajo numero de microglias provenian del torrente sanguineo en quimeras parabidticas
(141).

Mas recientemente, se ha demostrado que los monocitos circulantes pueden invadir el SNC
en la ELA con potenciales efectos neuroprotectores (145). En la ELA, estas células podrian
penetrar al parénquima a través de los plexos coroideos (147). Otro tipo de células
mieloides que también infiltran el SNC en la ELA son las células dendriticas (148) que al
presentar antigenos en su superficie a otras células del sistema inmune, se caracterizan por
estimular la respuesta inmunitaria. Es interesante destacar que las células dendriticas
también se acumulan alrededor de los somas de las motoneuronas (149).

CD34 y microglias. CD34 es una proteina transmembrana que pertenece a la superfamilia
de las inmunoglobulinas y que es usada ampliamente como un marcador de superficie de
células hematopoyéticas (150,151). También se reconoce una subpoblacion de células
CD34* en la circulacidén sanguinea que también son consideradas como células madre de
estirpe hematopoyético (152), y que tienen el potencial de diferenciarse en varios tipos de
células sanguineas, incluyendo células mieloides (32). En ciertas condiciones patoldgicas,
CD34 también parece expresarse en células con fenotipo microglial (153). Sin embargo, el
rol que desempefian las células CD34* durante la fase sintomadtica de la ELA permanecia
desconocido al momento de comenzar este proyecto de postgrado.

Factores troficos y quimiotacticos de microglias en la ELA. Diversos factores tréficos y
quimiotacticos de microglias han sido estudiados en la ELA. Por ejemplo, la proteina
quimioatrayente de monocitos-1 (MCP-1, un factor quimiotactico para macréfagos y
microglia), se encuentra aumentada en el liquido cefalorraquideo (LCR) y en el suero de
pacientes con ELA, y se expresa principalmente en células gliales (149,154). También se
encontré que MCP-1 estd elevado en modelos animales de ELA con una expresion
predominante en células neuronales y gliales (149,155).

De interés en este trabajo de tesis, tanto el factor 1 estimulante de colonias (CSF-1) como
la interleuquina-34 (IL-34), son citoquinas implicadas en la produccién de células mieloides,
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incluyendo macréfagos y células microgliales (156). Ambas son ligandos del receptor de
CSF-1 (CSF-1R) (157), se expresan en el SNC de manera diferencial y son secretadas por
neuronas y células gliales (156,158). La evidencia muestra que la administracién
intraperitoneal de CSF-1 a ratones con ELA, tiene un efecto detrimental para la enfermedad,
acelerando la progresidn al inducir un aumento en la proliferacién de la microglia, la cual
adopta un fenotipo fagocitico, con aumento en la expresidn de citoquinas proinflamatorias
como TNF-a e IL-13 (133).

Modulacion farmacolégica de microglias por mastitinib. CSF-1R forma parte de una familia
de receptores de tirosina quinasa de clase Ill (159). La sefalizacion intracelular de los
receptores de tirosina quinasa de clase Il y sus ligandos, contribuye en la hematopoyesis y
también estd implicada en el desarrollo de la inflamaciéon en una gran variedad de
enfermedades, asi como también en cancer (159). La clase Il de estos receptores también
incluye al receptor KIT y PDGF-Ra. y PDGF-R. Como mencionamos, CSF-1R es un receptor
clave implicado en la quimioatraccidén, maduracion y diferenciacién de macréfagos vy
microglias (157). En la ELA, se demostrd que la inhibicion farmacoldgica de CSF-1R con
inhibidores de receptores de tirosina quinasa en modelos murinos, produce un
enlentecimiento de la progresion de la enfermedad (21,160). En particular, nuestro grupo
utilizé el farmaco masitinib y observd una disminucién de la microgliosis y de la
neuroinflamacion, asi como una preservacion de las motoneuronas espinales, llevando al
enlentencimiento de la enfermedad (21).

Infiltracion de células inmunes en el SNC en pacientes y modelos de ELA.

Linfocitos. Ademas de la microglia y los astrocitos, otras células participan en el proceso
inflamatorio que ocurre en la ELA. En los ultimos afos se ha acumulado evidencia sobre la
infiltracién y el rol patogénico de los linfocitos T, tanto en modos murinos como en el tejido
post-mortem de pacientes con ELA (128,161-165). En los pacientes con ELA, se describid la
infiltracién linfocitica de las clases T colaboradoras (CD4") y citotdxicas (CD8*) en los tractos
corticoespinales y en las astas anteriores de la médula espinal (161-163). Esta infiltracidn
parece desempefiar un rol detrimental, ya que, por ejemplo, la eliminacion selectiva de los
linfocitos T CD8* en un modelo murino de ELA, previene la muerte neuronal (166). Por otra
parte, algunas poblaciones de linfocitos que infiltran la médula espinal de los ratones con
ELA -como los linfocitos CD4* y T reguladores (T-reg)- cumplen un rol protector,
ralentizando la progresiéon de la enfermedad (167,168) probablemente a través de la
secrecion local de factores tréficos como el IGF-1, el control inhibitorio de la microgliosis y
la estimulacién de la expresion de transportadores de glutamato (GLT-1 y GLAST) (167).
También se ha mostrado evidencia de que la cinética de infiltracion de células T podria estar
determinada por alteraciones en la permeabilidad de la BHE descrita en ratones con ELA
(169).

Tabla 1. Células inmunes infiltrantes en la ELA. Modificado de McCombe y colaboradores,
2020 (170)
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Tipo celular

Cambio observado y efecto en la ELA

Referencias

Leucocitos totales

Se observa un aumento que se
correlaciona con una mayor
progresion. El bloqueo de Ia
extravasacion de leucocitos genera
efectos protectores.

(171)

Granulocitos/neutrofilos

Aumento de granulocitos, neutrofilos y
ratio neutrofilos relativo a monocitos.
Tratamiento con masitinib reduce la
degeneracion axonal en modelo
animal.

(27,172-174)

que se correlaciona con la progresion
de la enfermedad.

Linfocitos T CD4 En la mayoria de los estudios se reporta | (174-178)
un aumento con efectos protectores en
modelos animales.

Linfocitos T CD8 T CD8 citotoxicos en modelo SOD1 | (166,174,175,17
promueve la muerte de motoneuronas | 7,179,180)
espinales.

Células T Natural Killer Aumento, y su bloqueo lleva a un | (179,181,182)
aumento en la sobrevida en un modelo
animal.

Células T-reg Disminucién y disfuncionales. Se | (164,175,179,18
observa una correlacion inversa entre | 3,184)
el numero y la progresion.

Monocitos Evidencia de activaciony aumento enel | (145,175,176,18
ratio monocitos clasicos/no-clasicos, | 5-187)

Mastocitos. Los mastocitos constituyen uno de los tipos celulares con mayor potencial
inflamatorio del sistema inmune. Derivan de precursores hematopoyéticos CD34*/c-Kit*
que se originan en la médula ésea y migran a los diferentes tejidos periféricos, donde
maduran y completan su diferenciacidn gracias a factores locales (188,189), principalmente
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mediante la influencia del ligando de c-Kit, el factor de células madre (SCF, del inglés “stem
cell factor”). Los progenitores de mastocitos inmaduros son liberados al sistema circulatorio
para luego residir en las diferentes areas vascularizadas del organismo, donde cumplen un
rol clave en censar el ambiente y en el inicio de la respuesta inflamatoria (190,191). Estas
células tienen una gran capacidad proinflamatoria debido a que poseen granulos
preformados, los cuales pueden ser inmediatamente liberados frente a determinados
estimulos, en un proceso controlado llamado desgranulacién (192-195). Durante este
proceso, los mastocitos tienen la capacidad de liberar una gran variedad de sustancias,
como histamina, heparina, TNF-a y proteasas, como la triptasa y la quimasa, entre otras.
Ademas, generan una respuesta sostenida en el tiempo, debido a la sintesis de novo de
mediadores lipidicos como prostaglandinas, citoquinas y quimioquinas, factores de
crecimiento como NGF y VEGF, etc (196). Esta gran variedad de mediadores permite a los
mastocitos participar en diversos procesos implicados en el establecimiento de la
inflamacidn croénica, entre ellos el reclutamiento y activacién de otras células del sistema
inmune (35). En el SNC, actuan como centinelas y efectores, comunicando los sistemas
nervioso, vascular e inmune (197-200), al ubicarse en las cercanias de la BHE, en plexos
coroideos, meninges, bulbo olfatorio, mesencéfalo y en el parénquima, en el tdlamo e
hipotdlamo (201). A través de la gran variedad de mediadores liberados por estas células,
los mastocitos surgen como actores importantes en el establecimiento de la
neuroinflamacidn crdénica, a través de su comunicacién con las células gliales (36,199,202),
asi como también, afectando activamente la integridad y permeabilidad de la BHE y
hemato-espinal (203—-205). Por otra parte, son capaces de liberar vesiculas, trampas
extracelulares y formar nanotubos (206,207) que permiten interacciones con células y
estructuras cercanas, como vasos sanguineos y fibras nerviosas (200). En otras condiciones
actuan como mediadores de la respuesta inmune adaptativa, actuando como células
presentadoras de antigenos y liberando sustancias quimioatrayentes que reclutan y activan
linfocitos (208,209). Sin embargo, en lo que respecta a patologias del sistema nervioso, es
menos lo que se conoce acerca del rol de los mastocitos y son pocas las evidencias que en
los ultimos afios han postulado un rol activo de los mastocitos como actores
preponderantes en el desarrollo de la neurodegeneracion (210). Por ejemplo, se ha
observado que en la Esclerosis Multiple (EM), existe un aumento significativo en el nimero
de mastocitos en los sitios de lesion (211). Por otro lado, una referencia que podria indicar
un rol importante de estas células mediando la inflamacién en el SNC, es que los pacientes
con enfermedades sistémicas donde los mastocitos son clave (como la mastocitosis o la
fibromialgia), se caracterizan por tener disfunciones cognitivas o depresidon crénica
(212,213).

Los mastocitos como “orquestadores” de la neuroinflamacién. El foco principal en el
componente neuroinflamatorio en las enfermedades neurodegenerativas refiere a cambios
morfoldgicos en astrocitos y microglia. Sin embargo, en estas condiciones de inflamacién
cronica, poco se ha considerado a los mastocitos, independientemente del rol que estas
células pueden desempefiar en el mantenimiento en el tiempo de los procesos
inflamatorios (198). En este sentido, un pequeiio nimero de mastocitos es capaz de generar
cambios relevantes en su microambiente, ademas de participar en la comunicacién celular
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con las células gliales y neuronas, a través de la gran variedad de mediadores que son
capaces de liberar rapidamente, estando implicados de esta manera en la
neuroinflamacién. No solamente participan censando y modificando el microambiente, sino
gue también pueden tener un efecto directo sobre el aumento en la permeabilidad de la
BHE, por ejemplo, a través de la liberacion de citoquinas como TNF-a e IL-6 que pueden
afectar la expresion y funcion de las proteinas de las uniones estrechas, permitiendo la
entrada de otros componentes del sistema inmune y exacerbando asi el microambiente
neuroinflamatorio (204). Vale destacar que el rol de las citoquinas mencionadas, asi como
también mediadores como la histamina, puede ser protector o detrimental, un efecto que
es dependiente de la concentracién y duracién en la que son expresadas y liberadas
(214,215).

En la EA, se ha reportado la infiltracién y acumulacién de mastocitos caracterizados por la
expresion de triptasa rodeando las placas 3- amiloides en tejido post-mortem de pacientes
(216). Se ha reportado que los mastocitos podrian actuar como detectores tempranos de
péptidos amiloides en esta enfermedad (217). Ademas, la liberacion de mediadores de
mastocitos como histamina y prostaglandina D2, pueden exacerbar la respuesta de los
procesos inflamatorios locales, incluyendo la activacion microglial (218).

Los mastocitos en la ELA. Uno de los primeros hallazgos importantes acerca del rol de los
mastocitos en la patogenia de la ELA, fue el trabajo realizado por Graves y colaboradores,
donde se reportd la infiltracion de mastocitos en el parénquima de la médula espinal en
degeneracion en pacientes con ELA, acompafiado también por otras células del sistema
inmune, como macréfagos y linfocitos, tanto en la sustancia gris como a lo largo de los
tractos corticoespinales (37). Estos mastocitos se caracterizaban por la expresién de Cox-2,
triptasa, IgE e IL-4, formando “clusters” o de manera aislada (37). De igual manera, en
trabajos posteriores realizados por Fiala y colaboradores, observaron la presencia de
mastocitos que se caracterizaban por la expresion de IL-17A en la médula espinal post-
mortem de pacientes con ELA, pero no en los controles (219). Otros autores evidenciaron
un aumento en la concentracién de IL-15 en el suero y LCR de pacientes con ELA, un
mediador que participa en la quimio-atracciéon de mastocitos (220).

Como se menciond anteriormente, la infiltracion de mastocitos al parénquima de la médula
espinal podria producirse gracias a la disrupcidn de la BHE durante la fase sintomatica de la
ELA (221-223). En este sentido, los mastocitos pueden desempefiar un rol activo afectando
la integridad de las barreras, gracias a la secrecion de mediadores vasoactivos pre-
sintetizados (204) y factores que promueven el dafio en las células endoteliales (224-226).
Enla ELA, los precursores circulantes de mastocitos podrian ser capaces de atravesar la BHE,
posicionarse en el espacio peri-vascular, adquirir un fenotipo secretorio y liberar localmente
neuropéptidos, proteasas, citoquinas e histamina, entre otros factores, potenciando los
procesos inflamatorios en el microambiente celular neurodegenerativo.

Tabla 2. Mastocitos en enfermedades neurodegenerativas.
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Patologia

Reportes

Referencia

Enfermedad de Alzheimer

Mastocitos se acumulan
rodeando placas de -
amiloide en tejido de
pacientes.

(216)

Los mastocitos se acumulan
en depdsitos amiloides
gracias a la quimioatraccién
por la proteina amiloide A
liberada por la glia local.

(227)

Los péptidos amiloides son
detectados por mastocitosy
promueven su
desgranulacién de manera
temprana. Los mastocitos
se acumulan en hipocampo
y corteza en modelos
murinos.

(202,217)

Los mastocitos liberan
mediadores incluyendo
histamina y prostaglandina
D2, provocando la
activacién de la microglia
local.

(218)

El tratamiento con masitinib
reduce la disfuncion
cognitiva en pacientes con
EA moderado.

(228)

Enfermedad de Parkinson

La exposiciéon de mastocitos
derivados de médula dsea a
MPP* promueve la
liberacion de MCP-1 vy
MMP-3.

(229,230)

Los mastocitos son
reclutados  via MCP-1
liberado por microglia vy
astrocitos en un modelo
animal. Estos mastocitos
expresan TG2 y pueden
liberar mediadores
proinflamatorios como
histamina, leucotrienos vy
TNF-o,

(231)
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Mastocitos, expresando | (37)
Cox2, triptasa, IgE e IL-4,
fueron  observados en
pequenos “clusters” o de
manera aislada en la
médula espinal de
pacientes.

El quimioatrayente para | (220)
mastocitos IL-15, se
encuentra aumentado en el
LCR y suero de pacientes
con ELA.

Mastocitos que expresan IL- | (219)
17A se encontraron en la
ELA médula espinal de
pacientes con ELA.
Mastocitos desgranulantes | (26)
asociados a macrofagos, se
acumulan en las NMJs en un
modelo animal vy se
correlacionan con
denervacion. El tratamiento
con masitinib reduce el
nimero de mastocitos
infiltrantes.

Los mastocitos liberan | (204)
componentes vasoactivos
capaces de afectar Ia
permeabilidad e integridad
de la BHE.

Factores troficos y quimiotacticos de mastocitos en la ELA. La via de sefializacion SCF/c-Kit
esta implicada en la migracion de los precursores de mastocitos hacia los tejidos periféricos,
asi como también en su diferenciacion en mastocitos maduros y posterior activacién y
desgranulacion (189,232,233). En el SNC, su localizacidn celular esta restringida a neuronas
y se observd su presencia en astrocitos en cultivo (234). EI SCF cumple un rol importante en
la migracion de progenitores neurales (235) y, en condiciones de dafio oxidativo, puede ser
expresado de manera significativa por astrocitos (236,237). La expresion de SCF también se
encuentra aumentada en varias condiciones inflamatorias, y la inhibicién de la via SCF/c-Kit
llevaria a disminuir los niveles de histamina, asi como también modular la infiltracién y
activacion de mastocitos (238). Al igual que CSF-1R, c-Kit es un receptor de tirosina quinasa,
y su inhibicidn surge como posible estrategia terapéutica novedosa para modular la
neuroinflamacién (239).
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Por otro lado, la interleuquina-3 (IL-3) es un factor de crecimiento que promueve la
diferenciacién de varias células del linaje hematopoyético (240) y una de las citoquinas mas
importantes en la regulacidn del crecimiento y diferenciaciéon de mastocitos (241,242). Esta
citoquina juega un rol fundamental al exacerbar vias y procesos inflamatorios (243). El
trabajo realizado por Chavany y colaboradores mostré que la sobre-expresion de IL-3 en un
animal transgénico, lleva a la degeneracién de motoneuronas con varias caracteristicas
fenotipicas similares a la ELA (244).

Tabla 3. Factores tréficos y quimiotacticos con efectos sobre mastocitos y microglias
producidas por células neurales y no-neurales en el SNC y SNP. Modificado de Skaper y
colaboradores, 2018 (197).

Acciones bioldgicas sobre:
Factor- Factor liberado Microglia Mastocitos Referencias
efector por:
C5a- C5aR Astrocitos, C5aR estd C5aesuna (245-248)
microglia, aumentado en la fuerte seial
mastocitos microglia activada. | quimioatrayente
Liberado en via C5aR.
condiciones Comunicacién
neuroinflamatorias. | entre C5ay TLR-
Comunicacién 4
entre C5ay TLR-4
C3-C3R Astrocitos Expresan C3aR que (249,250)
interactua con C3
mediando la
patologia [3-
amiloide y la
neuroinflamacion.
ATP- Neuronasy ATP estimula la IL-33 se une asu | (251,252)
receptores células gliales liberacién de IL-33 | receptor en
de ATP/P2 en microglia pre- mastocitos e
activada por induce la
reconocimiento de | liberacion de IL-
PAMPs via TLRs 6, 1L-13 y MCP-1
gue modula la
actividad
microglial
Receptores | Mastocitos La triptasa activa IL-6 y TNF-a (252-254)
PAR2 PAR2 en microglia, | liberado por
lo cual resulta en microglia regula
un aumento en la la expresion de
expresion del PAR2 en
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receptor P2X4 y la

mastocitos, que

liberacion de promueve la
factores activacion de los
neurotréficos. mismos y la
liberacion de
TNF-a
CXCL12- Astrocitos, CXCL12 promueve | CXCR4 se (255-257)
CXCR4 neuronas. su migraciéony expresa en
activacion. La via se | mastocitos y
encuentra actua como
aumentada en receptor
varias condiciones | quimiotactico
neuroinflamatorias. | via su
interaccion con
CXCL12.
CD40/CD40L | Mastocitos Los astrocitos Mastocitos (258)
reactivos tienen activados
aumentada la aumentan su
expresion de CD40. | expresion de
La interaccion con | CD40L, que lleva
CD40L lleva ala a la produccién
produccién de de citoquinas
citoquinas proinflamatorias
proinflamatorias cuando
qgue llevanala interactla con
desgranulacén de CD40
mastocitos.
MCP1- CCR2 | Microglia La microglia MCP-1 es un (259,260)
activada, activada libera factor
astrocitos, MCP-1, que recluta | quimiotactico
monocitos monocitos CCR2%, para mastocitos.
infiltrantes y promoviendo la
neuronas. neuroinflamacién.
IL-17A- IL- Astrocitos, Actua Los mastocitos, | (219,261,262)
17R oligodendrocitos, | sinérgicamente con | asi como
mastocitos. otras citoquinas también
proinflamatorias, linfocitos Th17,
promoviendo la producen IL-
activacion de 17A.
microglia.
IL-15- IL- Astrocitos, Promueve la Es un factor (263-265)
15Rs. neuronasy reactividad glial via | quimiotactico
células gliales activacion de NF- de mastocitos.
activadas. KB.
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Mastocitos y defectos de la barrera hemato-encefalica y hemato-espinal. Muchos autores
consideran al SNC como un sitio de inmuno-privilegio, en donde el ingreso de células
inmunes periféricas esta regulado por la BHE y hemato-espinal (266). Estas barreras son
barreras fisicas que separan el SNC de la periferia y estan compuestas por células
endoteliales que se mantienen unidas gracias a uniones estrechas, evitando que el
parénquima sea invadido masivamente por moléculas, patégenos, células y otros
elementos o sustancias potencialmente neurotéxicas. Sin embargo, durante el
establecimiento y la progresién de las enfermedades neurodegenerativas, las barreras se
dafian y aumentan su permeabilidad (71,221,267). Se ha reportado en pacientes con ELA la
presencia de albumina en el LCR, sugiriendo una pérdida en la integridad de la BHE (222),
asi como también depdsito de componentes del sistema inmune como 1gG y C3 en la
médula espinal y en la corteza motora en tejido post-mortem de pacientes (268).

Los mastocitos se ubican estratégicamente en las cercanias de los vasos sanguineos y tienen
un potencial de modular la BHE gracias a la liberacidon de mediadores capaces de aumentar
la permeabilidad vascular. Los mecanismos que llevan a la disrupcion de la BHE involucran
factores vasoactivos y componentes con capacidad de degradar elementos de la matriz,
como heparina, histamina, serotonina, éxido nitrico, VEGF, asi como también citoquinas
como TNF-a o proteasas como triptasa (269). TNF-a induce la expresion de ICAM-1, lo que
permite la entrada de leucocitos al parénquima (270). Ademas, algunas metaloproteasas,
como MMP-2 y MMP-9, tienen la capacidad de degradar componentes de la ldmina basal
como colageno 1V, asi como también proteinas de las uniones estrechas (271-273). Los
mastocitos regulan la actividad de estas metaloproteasas y las producen (274). Por otro
lado, se ha reportado que los mastocitos aportan el 50% de la histamina cerebral y varios
reportes indican que la permeabilidad de la BHE esta regulada, en gran parte, por la
histamina cerebral (275).

Modulacion farmacolégica de mastocitos por masitinib. c-Kit también forma parte de Ia
familia de receptores de tirosina quinasa de clase Il (159). Como ya mencionamos, c-Kit es
el receptor clave que media la migracién, diferenciacién, maduracién e incluso la
desgranulacién en mastocitos, via su interaccién con SCF (233,276). Masitinib es un
inhibidor potente de c-Kit (277) y evidencias muestran el efecto de este farmaco
previniendo la infiltracion de mastocitos en diversas patologias (278,279). Por ejemplo,
Georgin- Lavialle y colaboradores, reportaron los efectos de masitinib en un paciente con
leucemia de mastocitos, una enfermedad rara que se caracteriza por una rapida expansién
de mastocitos en la médula ésea, sangre y otros drganos, que ademads poseia el gen que
codifica para c-Kit mutado (279). Observaron que luego de 3 meses de tratamiento, el
paciente mejoraba significativamente sus sintomas y reportaron una disminucién en la
infiltracién de mastocitos en la médula dsea (279). Particularmente en la ELA, nuestro grupo
reportd la acumulacion y desgranulacién de mastocitos en el musculo en degeneracidn,
observando una prevencion de la patologia periférica observada luego del tratamiento con
masitinib (27).
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Neurodegeneracién e inflamacion del SNP en la ELA

La ELA tiene como particularidad que la afectacion de la motoneurona inferior se acompana
de una afectacion del SNP, incluyendo axonopatia motora periférica y denervacion de las
placas motoras del musculo esquelético. La hipdtesis de degeneracion anterdgrada en la
ELA, establece que el dafo primario ocurre en el soma neuronal y consecuentemente
continla hacia compartimientos periféricos (280). Sin embargo, la hipdtesis de
degeneracion retrégrada comenzé a desafiar a la primera y muchos autores consideran a
la ELA como una axonopatia distal (281,282), con un patrén de dafio distal-proximal,
tipicamente observado en algunas neuropatias (283). Este concepto se basa en
observaciones de que la degeneracidon axonal, la pérdida de axones periféricos y la
denervacion y degeneracién de las uniones neuromusculares en el musculo esquelético
(NMlJs, del inglés “NeuroMuscular Junctions”), son eventos que ocurren tempranamente en
la ELA, que anticipan la degeneracion de los somas neuronales y el inicio de los sintomas
clinicos (281,284). En 1996, Kennel y colaboradores mostraron que en los ratones SOD16%3A
la pérdida de funcion en las placas motoras comienza semanas antes de que se hagan
presentes los sintomas clinicos y ocurra la pérdida de motoneuronas en la médula espinal
(284). Lo que sugieren estos autores, es que la pérdida de funcion e integridad de las NMJs
en los modelos animales se condice con la degeneracion retrograda. Esto significa que seria
un fendmeno de comienzo distal donde se pierde la integridad de los axones, provocando
una denervacién temprana de las placas motoras en los musculos esqueléticos, y no una
consecuencia de la degeneracién primaria de los somas neuronales centrales (284). Afios
mas tarde, Fischer y colaboradores mostraron fuerte evidencia que sostenia el patrén de
degeneracion retrégrada a partir de estudios realizados en ratones SOD1%%3 asi como
también en tejido post mortem de un paciente con ELA esporadica. Observaron que la
axonopatia precedia a la degeneracion de motoneuronas espinales y al inicio de los
sintomas (281). En este estudio, también reportaron en un paciente recientemente
diagnosticado con ELA, que falleci6 tempranamente por otras causas, la presencia de
denervacion y reinervacion de las placas motoras en el musculo pero sin afectacion de los
somas de las motoneuronas espinales, lo que sugiere un comienzo distal de la enfermedad
(281). Otros autores sugieren que el fenotipo motor observado en modelos animales, en
parte es a causa del dafio al SNP, ya que a medida que progresa la enfermedad se observa
también una axonopatia mas severa (285,286). Este concepto también fue apoyado por los
trabajos de Gould y colaboradores, en donde generaron un animal doble transgénico al
cruzar un ratén deficiente en la proteina proapoptotica Bax con el modelo murino de ELA,
SOD1%9%A, Como resultado, este animal tenia duplicado el nimero de motoneuronas a nivel
de la médula espinal. Sin embargo, esta restitucion del nimero de motoneuronas no fue
suficiente para contrarrestar el dafio axonal y el fenotipo motor de los animales SOD1¢93A
(285), sugiriendo que los mecanismos patogénicos centrales y los periféricos son, al menos
en parte, independientes (285,287,288).

Sin embargo, aun siguen sin conocerse cudles son las causas que llevan inicialmente a la

degeneracion axonal. Una de estas podria ser un transporte axonal deficiente a lo largo de
la via motora en las etapas tempranas de la ELA (289). En este sentido, Williamson y
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Cleaveland observaron que el transporte de algunas proteinas se ve enlentecido de manera
significativa meses antes del inicio de los sintomas clinicos (290). Estas observaciones
fueron también realizadas por otros grupos (291), sugiriendo que el transporte enlentecido
podria dar lugar a la agregacion toxica de proteinas a lo largo de la via motora, induciendo
asi procesos neurotdxicos que promuevan la degeneracidon temprana de los axones
motores. El transporte axonal de mitocondrias a lo largo de la via motora también se ve
afectado en modelos murinos de ELA, contribuyendo asi a la degeneracién distal (292).
Estos mecanismos de degeneracidn retréograda podrian estar explicando, en parte, la
muerte que ocurre a nivel central y el proceso neurodegenerativo progresivo en la ELA
(293).

Por otro lado, el rol de las células de Schwann en la degeneracion de los nervios periféricos
en la ELA permanece parcialmente desconocido. En la ultima década han habido avances al
respecto y se ha evidenciado que éstas podrian tener un rol dual durante la progresion de
la enfermedad (82,294). El transporte axonal deficiente en etapas tempranas de la
enfermedad, anteriormente mencionado, podria ser inicialmente compensado por la
transferencia de polirribosomas por parte de las células de Schwann al compartimiento
axonal, impulsando asi la sintesis local de proteinas (295). Por otro lado, a diferencia de lo
gue ocurre en el SNC, donde la sobreexpresidon de la SOD1 humana mutada en las células
gliales desempefia una funcidon principalmente neurotdéxica (75,132), Lobsiger vy
colaboradores demostraron que la sobreexpresion de la SOD1 humana mutada en las
células de Schwann podria ejercer una proteccion parcial contra el aumento en la
produccién de ROS asociadas a la degeneracion de los axones (82). Cuando se bloquea la
expresion de la SOD1 mutada con actividad dismutasa, se produce una degeneracidn
acelerada en los ratones SOD1 (82). Por otro lado, si se bloquea la SOD1 mutada, pero sin
actividad dismutasa en células de Schwann en un modelo murino de ELA, se extiende la
sobrevida y se retrasa la patologia (296). Por otro lado, Keller y colaboradores han
reportado un aumento significativo y progresivo de GFAP en las células de Schwann en el
nervio cidtico de ratones SOD1%%* (294). Sin embargo, este aumento podria ser
consecuencia del dafio axonal y se desconoce su rol patogénico.

La respuesta neuroinflamatoria a lo largo de la via motora y las alteraciones de la barrera
hemato-nerviosa, podrian ofrecer mecanismos de accidon adicionales para entender la
patogénesis en la ELA. Sin embargo, aun se desconoce si estas alteraciones de las
estructuras neuronales periféricas pueden constituir una causa o, por el contrario, son
consecuencia del proceso degenerativo de la motoneurona central. Los estudios llevados a
cabo por Kano y claboradores, mostraron que la denervacién de las placas motoras, asi
como la degeneracidn axonal, que como mencionamos preceden al inicio de los sintomas,
ocurren antes de la inifiltracion de células inmunitarias y del establecimiento de la
inflamacién crénica en el SNP (297). Sin embargo, luego de desencadenarse el proceso
neurodegenerativo, se ha demostrado que el microambiente celular que se constituye
alrededor de los axones motores y las NMJs, contribuye a la progresién de la enfermedad y
podria ser modulado tanto genética como farmacolégicamente como estrategia
terapéutica valida para enlentecer la progresion (298). Es importante destacar que sigue
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siendo controversial el rol de la inflamacidn en la ELA (299-301). Finalmente, también se ha
reportado que la denervacién de la NMJs en la ELA se acompafa de un infiltrado de
macréfagos (298), aunque aun se investiga si la infiltracion de células hematopoyéticas
proinflamatoria depende de la axonopatia distal o si es una respuesta adaptativa
orquestada por las células de Schwann. Por lo tanto, comprender cémo dialogan las células
inflamatorias que infiltran el SNP con las células de Schwann y las NMJs, podria elucidar
nuevos mecanismos que permitan comprender de forma mas global los procesos celulares
y moleculares que contribuyen a la progresién ineluctable caracteristica de la ELA, y asi
poder avanzar en el desarrollo de nuevas y mejores estrategias terapéuticas.

El conocimiento que existe acerca del rol de los mastocitos en el SNP, se relaciona
principalmente con los nervios sensoriales. Los mastocitos se ubican en la cercania de las
fibras nerviosas en el tejido conectivo periférico y, debido a la gran variedad de mediadores
gue son capaces de liberar, actuan amplificando las sefales de inflamacién (302). Por otro
lado, mediadores liberados por mastocitos como histamina, triptasa, serotonina, TNF-o y
NGF pueden modular los nervios sensoriales a través de la activacion de receptores en las
terminales nerviosas (303,304). Ademas, se ha reportado un rol importante de los
mastocitos y sus mediadores, en particular, histamina y serotonina, en la patogénesis del
dolor neuropatico de diverso origen (305—-307).

En la ELA, nuestro grupo ha realizado aportes significativos, mostrando que los mastocitos
se acumulan significativamente a lo largo de los axones motores periféricos, asi como en el
musculo esquelético y en las NMJs denervadas (26,27). Especificamente, se observo que los
mastocitos infiltran masivamente el musculo extensor de ratas transgénicas y se acumulan
en el microambiente que rodea a las NMJs denervadas (26). Ademas, se observod que los
mastocitos son abundantes en el musculo de pacientes con ELA y que se acumulan también
en el nervio cidtico y en las raices ventrales de los modelos murinos (27). Sin embargo,
durante mis estudios de doctorado nos preguntamos si la activacion sobresaliente de las
células de Schwann en respuesta a la axonopatia y retraccion de axones motores, estaria
vinculada a la respuesta neuroinflamatoria local, incluyendo la acumulaciéon de mastocitos.

Vision integrada sobre la interaccion causal neuroinflamacién-mastocitos-células
gliales y neurodegeneracion

La Figura 1 resume en forma esquematica la hipotética interaccion causal entre
neuroinflamacion y degeneracidn de las motoneuronas, con énfasis en mecanismos
depedientes de células gliales y mastocitos. Es reconocido que la neuroinflamacién crénica
forma parte de la fisiopatologia de la ELA y que las células gliales e inmunes participan de
manera compleja en la progresién de la enfermedad. La disfuncién primaria y temprana de
las motoneuronas y de sus axones periféricos parece ser el principal desencadenante de la
neuroinflamacién en la ELA. Los factores provenientes de las motoneuronas danadas
estarian en el origen de la activacidn astrocitaria y microglial (98), lo que conduciria a la
remodelacidn del microambiente celular y a un aumento de la neurotoxicidad mediada por
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las células gliales cronicamente activadas, en contraposicion con su accién neuroprotectora
normal. Llegado a un punto critico, se altera la permeabilidad vascular y de las barreras, y
aumenta la expresién de factores quimiotacticos y tréficos para células inmunes de origen
sanguineo, incluyendo monocitos, linfocitos y células precursoras hematopoyéticas
indiferenciadas CD34* o c-Kit*, incluyendo precursores de mastocitos. Cuando el proceso
degenerativo local se vuelve autosostenido y descontrolado, daria lugar a la afectacion de
regiones vecinas a las motoneuronas afectadas, extendiendo el proceso de
neurodegeneracion.

Microambiente en Microambiente en
condiciones fisioldgicas L] [J condiciones patoldgicas: ELA
Médula espinal lumbar Microglia
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A .
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Figura 1. Vision integrada de la interaccion causal neuroinflamacién-mastocitos-células
gliales y neurodegeneracién.
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Hipotesis

Nuestra hipotesis establece que el microambiente celular neurodegenerativo de la ELA se
compone en parte de precursores hematopoyéticos que pueden ser identificados por
marcadores especificos como CD34 o c-Kit. A su vez, éstos deberian dar origen a una
variedad de fenotipos mas diferenciados, incluyendo células macrofagicas similares a la
microglia endégena o con fenotipos aberrantes y/o mastocitos. En su conjunto, estos
precursores deberian contribuir al aumento de densidad y heterogeneidad celular que
caracteriza a la neuroinflamacion y, en ultima instancia, a la muerte neuronal. La hipétesis
también predice mecanismos que alteran la permeabilidad de las barreras vasculares, asi
como mecanismos quimiotacticos y de diferenciacidn local expresados por células neurales
o inflamatorias afectadas en la ELA. Por tanto, si estas células pudieran ser aisladas en
cultivo utilizando, por ejemplo, marcadores de superficie como CD34 y c-Kit, se podria
demostrar su capacidad de generar células diferenciadas utilizando factores trdéficos
especificos. Finalmente, en el caso de los precursores c-Kit*, la hipdtesis predice que la
inhibicidn farmacoldgica de este receptor por farmacos como el masitinib, podria reducir la
capacidad proliferativa y la activacidon de los precursores o bien inhibir su diferenciacién, lo
gue podria resultar en el control terapéutico de la neuroinflamacion y de la neurotoxicidad.
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Objetivo

El objetivo general de este proyecto fue estudiar con mayor profundidad como se
constituye el microambiente celular neurodegenerativo en la ELA. Focalizamos la
investigacion en la emergencia de fenotipos celulares que hasta ahora no habian sido
formalmente reconocidos en la neuroinflamacién asociada a la ELA. En particular, nos
enfocamos en la emergencia de precursores hematopoyéticos identificados con
marcadores como CD34 y c-Kit y que infiltran el SNC o SNP en a lo largo de la via motora,
para contribuir a la neuroinflamacién y muerte neuronal. La demostracién formal de estos
precursores conlleva caracterizar los fenotipos celulares en base a estudios histopatologicos
en tejido de pacientes con ELA y de un modelo animal SOD1%%%4, |a realizacion de cultivos
celulares para aislar los precursores y demostrar su capacidad para generar células
diferenciadas similares a microglia o mastocitos, asi como demostrar su pasaje a través de
la barrera hematoespinal y su potencial sensibilidad a farmacos inhibidores de c-Kit.

Objetivos especificos

1. Estudiar la asociacién de la microgliosis en la ELA con la emergencia de células que
expresan la proteina CD34, que es considerada como un marcador de células madre y
precursores hematopoyéticos.

o Caracterizar su fenotipo y su ubicacién dentro del microambiente celular en
la médula espinal de pacientes afectados con ELA y en un modelo animal de
la enfermedad, utilizando técnicas de inmunohistologia seguida de analisis
por técnincas de microscopia confocal.

. Realizar estudios cuantitativos mediante técnicas de citometria de flujo.

J Demostrar formalmente la capacidad progenitora de las células CD34
aisladas de la médula espinal en cultivo celular, analizando su diferenciacion
en células macrofagicas similares a microglias.

2. Estudiar los mecanismos quimiotdacticos mediados por SCF que regulan la infiltracién
de mastocitos derivados de precursores c-Kit* en el nervio cidtico y raices ventrales en
degeneracion en tejido de pacientes y en modelos murinos de ELA.

o Identificar los tipos celulares que expresan SCF en la ELA, incluyendo las
células de Schwann denervadas.
o Determinar si la inhibicién farmacoldgica de la via SCF/c-Kit se asocia a una

disminucion en la infiltracion de mastocitos y en una reduccion de la
axonopatia distal en la ELA.

3. Caracterizar en profundidad la infiltracion de mastocitos derivados de precursores

c-Kit* y su significacidon patoldgica, tanto en la médula espinal de pacientes con ELA como
en modelos murinos de la enfermedad.

36



Describir su fenotipo y su ubicacion dentro del microambiente celular,
utilizando técnicas de inmunohistologia seguida de analisis en microscopio
confocal.

Realizar estudios cuantitativos mediante técnicas de citometria de flujo.
Demostrar formalmente la capacidad progenitora de las células c-Kit*
aisladas de la médula espinal en cultivo celular, analizando su diferenciacion
en mastocitos convencionales.

Aportar evidencias sobre el origen hematico de los mastocitos espinales en
la ELA, utilizando técnica de inyeccidn intravenosa de precursores obtenidos
de la médula dsea.

Analizar la asociacion espacial de los precursores de mastocitos espinales con
alteraciones de la microvasculatura.

Determinar la potencial regulacion farmacolégica de mastocitos espinales c-
kit" en animales ELA tratados con masitinib.
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Resultados
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Publicacion 1

CD34 identifies a subset of proliferating microglial cells associated with degenerating motor
neurons in ALS

(La proteina CD34 identifica una subpoblacidn de células microgliales proliferantes
asociadas con la degeneracién de motoneuronas en la ELA)

Mariangeles Kovacs, Emiliano Trias, Valentina Varela, Sofia Ibarburu, Joseph S. Beckman,
Ivan C. Moura, Olivier Hermine, Peter H. King, Ying Si, Yuri Kwon and Luis Barbeito.

Resumen

Es ampliamente aceptado que la activacion exacerbada de la microglia en la ELA es un
mecanismo patogénico significativo asociado a la degeneracion de las motoneuronas.
Ademas, la proliferacidon de microglias (microgliosis) en la ELA se asocia a la emergencia de
fenotipos gliales aberrantes, sugiriendo procesos de transformacion fenotipica que podrian
involucrar a microglias indiferenciadas con caracteristicas de precursores mieloides. En este
contexto, el primer articulo publicado durante mi doctorado tuvo por objetivo estudiar la
asociacion de la microgliosis en la ELA con la emergencia de células que expresan la proteina
CD34, que es considerada como un marcador de células madre y precursores
hematopoyéticos. Reportes previos habian estudiado la expresién de CD34 en microglia o
en otras células del microambiente celular neurodegenerativo en otras enfermedades, pero
no asi en la ELA.

En este trabajo se logré identificar una subpoblacién de células microgliales que expresa la
proteina CD34 en las zonas de degeneracién de motoneuronas en la fase sintomatica de la
ELA, tanto en el tejido post-mortem de pacientes como en el modelo animal de ratas que
expresan la mutacién SOD1%%34,

Se aportd evidencia en cultivo celular de que estas células CD34" aisladas de la médula
espinal de ratas SOD1%%3* se comportan como células hematopoyéticas precursoras de
microglia, sugiriendo que las mismas pueden explicar al menos en parte el crecimiento
explosivo en el numero de microglias en la fase sintomatica de la ELA.

Resultados

e En la médula espinal, observamos un aumento progresivo en la expresion de la
proteina CD34 principalmente en células microgliales, la cual estaba restringida al
asta ventral lumbar en ratas SOD1%%3A, La aparicién de esta poblacion CD34* se
encontraba directamente relacionada con la progresion de la enfermedad,
aumentando significativamente desde el inicio de los sintomas hasta 15 dias
posteriores al inicio de la paralisis. Mientras que en animales no transgénicos la
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expresion de CD34 se encontraba limitada a capilares, en los animales sintomaticos
se observd que las células CD34* proliferan activamente y que forman “clusters” en
las cercanias de las motoneuronas espinales en degeneracion, las cuales expresan
altas concentraciones de la proteina SOD1 humana mal plegada. El mismo patrén
de expresidn de CD34 fue observado en la médula espinal de pacientes con ELA, en
comparacion con una expresion restringida a capilares en tejido de sujetos control.
Las células CD34* se encontraron en las cercanias de motoneuronas, aunque en
menor numero en comparacion a lo observado en el modelo animal.

e Las células CD34 co-expresan marcadores microgliales. Analizamos la expresién de
CD34 junto con diferentes marcadores microgliales tipicos, como CD11b, Ibal y
CD68. Observamos que el 80% de las células CD34* co-expresan el marcador CD11b,
mientras que el 60% y el 15% expresan Ibal y CD68, respectivamente. Las células
gue se organizaban formando grandes “clusters”, que expresaban CD34 en el centro,
y marcadores como CD11b e Ibal en la periferia. En pacientes con ELA, se observé
solamente una subpoblacion de las células CD34 que co-expresan Ibal.

e En el cultivo primario obtenido a partir de la médula espinal de ratas SOD1%*** en la
fase terminal de la enfermedad, se pueden observar dos fases: una fase de células
no-adherentes y una fase de células adherentes con fenotipo activado, fagocitico,
que expresan CD11b, CD68 e Ibal (24). En este cultivo, las células CD34* no fueron
observadas en la fase adherente, pero si en la fase no-adherente y en gran nimero
debido a la alta tasa proliferativa. Observamos también que estas células que no se
adhieren se organizan formando “clusters”, donde predomina la expresidon de CD34
en el centro y CD11b en la periferia, un efecto similar a lo observado previamente
en la médula espinal. Finalmente, ademas de lograr aislar las células CD34 en la fase
no-adherente del cultivo primario de médula espinal sintomatica, cuando las
mismas son subcultivadas en sucesivos pasajes, se siguen obteniendo numerosas
microglias diferenciadas en la fase adherente, asi como una subpoblaciéon que se
mantiene no adherida durante numerosos pasajes.

Conclusiones

Se logré identificar una poblacion de células caracterizadas por la expresion del marcador
de células precursoras hematopoyéticas, CD34, que emergen en la médula espinal durante
la fase sintomatica de la ELA, tanto en pacientes con ELA como en ratas SOD1%%3A, Estas
células, que co-expresan marcadores de microglia como CD11b e Ibal, amplian el abanico
heterogéneo de fenotipos gliales aberrantes caracteristicos del microambiente celular
neurodegenerativo que rodea a los somas de las motoneuronas en degeneracién.

Sin embargo, el origen de esta poblacidon de células CD34* no es del todo claro y podria
corresponder a la invasion de precursores hematopoyéticos circulantes. Ademas, nuestros
resultados sugieren que son células precursoras mieloides que pueden dar origen a
microglias en condiciones de cultivo celular. Una limitacion de este trabajo, es que no se
pudo identificar otros posibles fenotipos de células mieloides que podrian originarse a partir
de los precursores CD34*, incluyendo monocitos, células dendriticas y mastocitos. Como se
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expuso mas arriba, estas células ya han sido identificadas en la médula espinal de la ELA 'y
podrian representar blancos terapéuticos novedosos para el desarrollo de tratamientos
efectivos.
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Abstract: Amyotrophic lateral sclerosis (ALS) is characterized by degeneration of upper and lower
motor neurons accompanied by proliferation of reactive microglia in affected regions. However, it is
unknown whether the hematopoietic marker CD34 can identify a subpopulation of proliferating
microglial cells in the ALS degenerating spinal cord. Immunohistochemistry for CD34 and microglia
markers was performed in lumbar spinal cords of ALS rats bearing the SOD15%A mutation and
autopsied ALS and control human subjects. Characterization of CD34-positive cells was also
performed in primary cell cultures of the rat spinal cords. CD34 was expressed in a large number of
cells that closely interacted with degenerating lumbar spinal cord motor neurons in symptomatic
SOD16%34A rats, but not in controls. Most CD34" cells co-expressed the myeloid marker CD11b,
while only a subpopulation was stained for Ibal or CD68. Notably, CD34* cells actively proliferated
and formed clusters adjacent to damaged motor neurons bearing misfolded SOD1. CD34* cells were
identified in the proximity of motor neurons in autopsied spinal cord from sporadic ALS subjects
but not in controls. Cell culture of symptomatic SOD1%%A rat spinal cords yielded a large number
of CD34" cells exclusively in the non-adherent phase, which generated microglia after successive
passaging. A yet unrecognized CD34" cells, expressing or not the microglial marker Ibal, proliferate
and accumulate adjacent to degenerating spinal motor neurons, representing an intriguing cell target
for approaching ALS pathogenesis and therapeutics.

Keywords: microglia; CD34; amyotrophic lateral sclerosis; misfolded SOD1; motor neurons
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1. Introduction

Neuroinflammation is a pathological hallmark of amyotrophic lateral sclerosis (ALS), causally
associated with the progressive degeneration of upper and lower motor neurons [1,2]. At sites of motor
neuron and axonal damage, reactive glial and infiltrating immune cells orchestrate a characteristic
inflammatory microenvironment [3,4]. In particular, microglia display active proliferation and profound
phenotypic changes in ALS subjects and ALS animal models [5,6]. A large body of evidence indicates
that microglia play a crucial pathogenic role in accelerating motor neuron degeneration [7,8]. However,
the complete understanding of different microglia cell phenotypes in ALS pathogenesis remains elusive.

In particular, the ALS rat model expressing the SOD15%34 mutation shows extensive microglia
pathology concurrent with paralysis onset and progression [9-11], with extensive proliferation and
development of aberrant or senescent phenotypes and formation of multinucleated giant cells [10,12].
Activated microglia bearing SOD1 mutations in rodents also exert toxicity to motor neurons [7] and
contribute to accelerated progression of motor neuron disease in a non-cell autonomous manner [13].
In SOD15%34 rats, microglia can transform into a distinct population of cells exhibiting an aberrant
phenotype [9] and a potent neurotoxic effect on cultured motor neurons [14,15]. Notably, aberrant
microglia are localized in the vicinity of spinal motor neurons after paralysis onset. Downregulation
of aberrant glia through pharmacological inhibition of the receptor CSF-1R results in an extension of
post-paralysis survival in rat and mouse models of ALS [16,17], suggesting their potential as drug
targets to halt or slow disease progression. Given these facts, we aimed to identify different and as yet
unknown microglia-related phenotypes that may also emerge and interact with degenerating motor
neurons during disease progression in ALS.

CD34 is a transmembrane highly glycosylated protein, which has been extensively used as a
marker of hematopoietic stem cells [18] and non-hematopoietic progenitor cells [19,20]. CD34 can
regulate trafficking and migration of hematopoietic progenitor cells [20], which eventually may
migrate to the CNS and differentiate into microglia [21]. Following CNS damage, CD34-expressing
microglia have been found in affected regions [21-23], which are also characterized by microgliosis
and blood-brain barrier damage. Because the identification of CD34* cells in ALS remains elusive,
we reasoned that this marker may allow the identification of a proliferating subset of microglia in the
spinal cord of SOD16%4 rats and autopsied ALS patients.

SOD1%%34 rats are characterized by the development of an adult-onset rapid progressing paralysis
accompanied by dramatic microgliosis [9-11]. We took advantage of this particular SOD15%3A model to
analyze CD34 expression along the course of paralysis progression. Here, we report a massive increase
of cells expressing CD34 after paralysis onset, which proliferate and co-express myeloid markers.
Notably, numerous CD34* cells were associated with motor neurons in sporadic ALS and SOD16%4
rat spinal cords. In cell culture, CD34" cells yielded microglia upon successive passages, suggesting
that this marker identifies a population of proliferating microglia involved in ALS pathogenesis.

2. Results

2.1. Increased Number and Proliferation of CD34* Cells in SOD1%%34 Rat Spinal Cord during
Paralysis Progression

First, we examined the expression of CD34 in the ventral horn of the lumbar cord at paralysis
onset and 15d of paralysis progression in SOD15%34 rats as compared with non-transgenic rats,
as shown in Figure 1A. Immunohistochemistry analysis revealed a progressive increase in CD34

expression in SOD16%34

restricted to the ventral horn of the spinal cord, as shown in Figure 1A. CD34
immunoreactivity was significantly increased by 6-fold and 14-fold at paralysis onset and 15d of

paralysis progression, respectively, when compared to non-transgenic rats, as shown in Figure 1B.
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Figure 1. CD34" immunoreactivity in the degenerating spinal cord during the course of paralysis
in SOD16%A rats. Representative confocal microscopy images showing the expression of CD34
in the spinal cord of Non-transgenic (Non-Tg), SOD15%4-onset, and SOD1¢%34-15d paralysis rats.
(A) Confocal tile reconstruction of the spinal cord showing increasing CD34 expression (white) in the
ventral horn. The arrow and square indicate CD34 distribution in clustered and non-clustered cells,
respectively. (B) Representative confocal images of CD34 expression (green) showing the detailed
distribution of CD34* cells in the ventral horn. Note CD34 staining in Non-Tg spinal cord was
restricted to blood vessels while an increased immunoreactivity and different distribution was noted
in SOD1%%3A rats. Dotted lines show the limit between grey and white matter in the lumbar cord.
The graph to the right shows the quantitative analysis of CD34 immunoreactivity among groups.
Quantitative data are expressed as mean + SEM; data were analyzed by Kruskal-Wallis followed by
Dunn’s multiple comparison test, * p < 0.05, *** p < 0.001 was considered statistically significant (C)
Representative confocal images showing the different CD34* cell phenotypes present in non-clustered
regions. a) Blood vessels in Non-Tg animals. b) Two round cells. ¢) Ramified cell. d) Small cluster of
three cells. (D) Confocal images showing proliferating CD34* cells in non-clustered regions stained
with Ki67. Orthogonal view shows Ki67* nuclei on the CD34* cell. The graph to the right shows
the quantitative analysis of non-vascular CD34* and CD34*/Ki67* cells in non-clustered regions.
Quantitative data are expressed as mean + SEM; data were analyzed by Mann-Whitney test, * p < 0.05,
** p < 0.01 was considered statistically significant. n = 4 animals/condition. Scale bars: 100 pm (A),
25 um (B), and 10 pm (C,D).
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In control non-transgenic rats, CD34 immunoreactivity of the lumbar spinal cord was restricted to
capillaries, as shown in Figure 1B,C. In symptomatic SOD15%4 rats, CD34 immunoreactivity displayed
two morphological patterns: (i) clusters of CD34* cells containing small, round cells packed together,
as shown in Figure 1B, and (ii) non-clustered, isolated CD34* cells displaying rounded or ramified
morphology, as shown in Figure 1C. Quantitative analysis of non-clustered CD34" cells in the ventral
horn showed a significant number of cells at paralysis onset, increasing by 3-fold at advanced paralysis,
as shown in Figure 1D. About 15% of non-clustered CD34* cells also displayed nuclear staining for
the proliferation marker Ki67 at disease onset and advanced paralysis, suggesting a rapid expansion,
as shown in Figure 1D.

2.2. CD34™ Cells Co-Express Myeloid and Microglia Markers

Figure 2A shows that almost 80% of CD34* cells in the ventral horn expressed the myeloid marker
CD11b, while only 60% and 15% of cells expressed the microglia markers Ibal or CD68, respectively,
as shown in Figure 2B,C. In comparison, cells organized in large clusters mostly displayed staining for
CD34 in the center and co-expressed CD11b or Ibal in the periphery, as shown in Figure 2D, suggesting
a center—periphery differentiation process.

2.3. CD34™ Cells Progressively Invade Damaged Motor Neurons Accumulating Misfolded SOD1

Figure 3 shows the early association between CD34* cells and ventral horn motor neurons
identified by Nissl or BIII-tubulin staining in SOD16%4 rats. In non-transgenic rats, CD34 staining is
restricted to blood vessels, while already in SOD15%34 symptomatic onset rats CD34™ cells begin to
surround motor neurons, as shown in Supplementary Figure S1. Typically, CD34" cells locate adjacent
to damaged motor neuron cell bodies and proximal neurites, which could suggest a progressive
pathogenic process for individual degenerating motor neurons.

As paralysis progressed, large motor neurons showed a tendency to lose Nissl staining and
develop immunoreactivity for misfolded SOD1, indicative of dismantled endoplasmic reticulum and
accumulation of misfolded proteins. Interestingly, motor neurons accumulating misfolded SOD1 were
surrounded by a high number of proliferating CD34* cells, as shown in Figure 4A,B, suggesting specific
chemoattraction. However, as shown in Figure 4Bc, some motor neuron accumulating misfolded
SOD1 may have low numbers of CD34" surrounding cells. Also, these CD34" cells displayed nuclear
staining for Ki67, as shown in Figure 4C, suggesting a site-specific expansion of CD34* cells in the
surroundings of degenerating motor neurons.

2.4. Identification of CD34™ Cells in the Spinal Cord from Amyotrophic Lateral Sclerosis (ALS)
Autopsied Subjects

Next, we tested the hypothesis that CD34" cells also accumulate in autopsied spinal cord from
ALS subjects. Supplementary Table S1 shows the characteristics of five ALS and three control donors
analyzed as well as the time of postmortem tissue processing. At the time of ALS diagnosis, there was
electrophysiological evidence of leg muscle denervation in each patient, supporting the involvement
of the lumbar spinal cord.

The histological analysis of lumbar spinal cord sections showed a systematic increase in CD34*
cells in ALS subjects, respect to controls, where CD34* immunostaining was restricted to capillaries
close to motor neurons, as shown in Figure 5A,B. ALS specimens showed a decreased density of CD34*
immunoreactivity in capillaries. Notably, a significant number of non-vascular CD34" cells with round
morphology were also identified in the spinal cord of ALS subjects but not in controls, with frequent
CD34* cells being localized in the proximity of apparent motor neuron cell bodies morphologically
identified by typical shape, size, and localization in the ventral horn as described in other reports,
and as shown in Figure 5C. CD34* cells in ALS subjects were not grouped in clusters and only a
subpopulation of CD34* cells co-expressed Ibal, as shown in Figure 5D,E.
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Figure 2. Co-expression of microglia markers and CD34. Representative confocal immunostaining of the
ventral horn of symptomatic SOD15934 rat spinal cord showing the co-localization of myeloid/microglia
markers CD11b (red, A), Ibal (red, B), and CD68 (magenta, C). Insets show cell morphology and
co-localization with CD34 at higher magnification. White arrows indicate CD34+ cells. White
arrowheads indicate co-localization of CD34 with CD11b, Ibal, and CD68. Dotted lines show the limit
between grey and white matter in the lumbar cord. (D) Confocal quantitative analysis of co-localization
for CD34 and CD11b, Ibal, or CD68 in the ventral horn of symptomatic SOD15%34 rat spinal cord.
(E) Confocal analysis of the co-expression of CD34 and microglia markers in cell clusters observed
in the degenerating spinal cord. Arrows indicate CD34" cells in the cluster. Arrowheads indicate
co-localization of CD34 with myeloid markers in the periphery of clusters. n = 4 animals/condition.
Scale bars: 25 um and 15 um in insets.
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lines) stained with Nissl (A) and BIII-tubulin (B). Note that CD34*/Ibal* cells are adjacent to spinal
motor neurons. Scale bars: 25 um.
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Figure 4. CD34* cells accumulate adjacent to motor neurons expressing misfolded SOD1. (A) Confocal
tile reconstruction of the ventral horn showing CD34" cell clusters adjacent to motor neurons expressing
misfolded SOD1. CD34" cells completely surround and attach to damaged motor neurons expressing
misfolded forms of SOD1 and form compact clusters of cells, both around motor neuron somas (a) and
processes (b). Other motor neurons accumulating misfolded SOD1 have less CD34* cells invading
them (c). (B) Higher magnification analysis showing the clustering of CD34* cells around motor
neuron somas and processes. (C) Orthogonal view of the staining of proliferating CD34* cell clusters
expressing nuclear Ki67. Arrows indicate Ki67* nuclei in a CD34" cell cluster. Scale bars: 25 um (A,B)
and 10 um (C).
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Figure 5. Identification of CD34" cells in autopsied spinal cords from subjects with sporadic
amyotrophic lateral sclerosis (ALS). Representative confocal microphotograph showing the occurrence
of non-vascular CD34* cells in sporadic ALS and control donors. (A-C) CD34* cells (green) in controls
and ALS subjects, respectively. Dotted lines delimitate the soma of spinal motor neurons. Note that in
control subjects CD34* cells were associated to blood vessels (arrowheads) with none or few rounded
CD34™ cells located adjacent to motor neurons. In comparison, in ALS donors numerous CD34* cells
with round morphology were located in the proximity to apparent motor neuron cell bodies (arrows).
(D) Confocal image showing the coexistence of Ibal* cells (red) that surround an apparent motor
neuron cell body (dotted lines in right panel) with CD34" cells in ALS specimens. Note non-vascular
CD34" cells adjacent to motor neurons in ALS specimens but not in controls. (E) Co-expression of
CD34 with Ibal in myeloid cells at the ventral horn of the spinal cord of ALS patients. Scale bars:
25 um (A), 10 um (B), 50 um (C), 10 um (D), 20 um (E).

2.5. Non-Adherent CD34* Cells Isolated from SOD15%34 Symptomatic Spinal Cord Give Rise to Microglia

To determine the behavior of CD34* cells, we isolated and cultured cells from symptomatic
SOD16%4 rat spinal cord. As previously reported [9], such cultures yield numerous adherent phagocytic
microglia labeled with CD11b, CD68, and Ibal, as compared to only a few cells in non-transgenic
controls. In the current study, CD34+ cells were not found in the adherent phase but accumulated in
great number in the non-adherent phase, as shown in Figure 6A-D.

Cytological analysis of the non-adherent phase denoted that CD34* cells organized in clusters
of 10-20 cells, with CD34* cores showing peripheral expression of CD11b, as shown in Figure 6B,
suggesting a gradient of center-to-periphery differentiation. Approximately 35% of non-adherent cells
displayed nuclear labeling with Ki67, indicative of active proliferation, as shown in Figure 6E.

When non-adherent cells from symptomatic SOD15%4 rat spinal cords were subsequently
passaged to another culture dish, numerous adherent and fully differentiated microglia were obtained
in the adherent phase, as shown in Figure 6C,EG, suggesting their ability to further differentiate as a
conventional vacuolated microglia which firmly attach to the plate.
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Figure 6. Characterization of CD34* cells in primary spinal cord cultures from symptomatic SOD15%4
rats. Primary cultures were prepared from symptomatic rat’s (n = 6) spinal cords and cells from the
adherent and non-adherent phases were characterized. (A) Scheme showing the method used for
analyzing the CD34* and microglia cells (green attached cells) found in non-adherent cells (blue and red
cells represent the heterogeneity of cultured non-adherent cells) after successive passages. (B) Cytological
analysis of cell clusters found in the non-adherent phase showing CD34* (green) and CD11* (red, in left
panel) cells as well as active proliferation as denoted by Ki67 nuclei staining (red, in right panel).
(C) Immunostaining of adherent cells in successive passages showing sustained number of CD11b™* cells
(red). (D) Quantitative analysis showing CD34™" cells only in the non-adherent phase. (E) Quantitative
analysis of Ki67* cells in the non-adherent and adherent phase. (F) Quantitative analysis showing that
cells accumulate in great number in the non-adherent phase and generate adherent CD11b* microglia in
successive passages. (G) Representative plots of flow cytometry analysis showing the density of cells in
both non-adherent and adherent phases. Scale bars: 10 um (B) and 25 um (C).
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3. Discussion

The present study characterizes a subpopulation of CD34* cells that accumulate in the ventral
horn of the ALS spinal cord during the symptomatic phase of the disease. This cell type has not been
previously reported in ALS. Intriguingly, these cells seem to be attracted to damaged motor neurons in
the spinal cord of SOD15%4 rats and in autopsied spinal cords of ALS subjects. Evidence indicates
that CD34™" cells behave as not fully differentiated proliferating microglia, most cells expressing the
broad myeloid marker CD11b. In primary cell cultures of SOD15%A symptomatic spinal cord, CD34*
cells are non-adherent and give rise to fully differentiated microglia, a behavior previously observed
for microglia non-adherent precursor cells from the bone marrow [24]. Moreover, CD34" cells exhibit
an enormous proliferative capacity in SOD15%4 rats forming clusters of many cells, suggesting a
multi-clonal expansion process. Our findings in SOD15%Arats and sporadic ALS patients are in
accordance with the analysis of a public database released by a spatial transcriptome study in SOD16%4A
mice (https://als-st.nygenome.org/) [25], which shows a significant increase in CD34 transcripts in the
lumbar spinal cord of mice over the course of the disease. Understanding the mechanism of controlling
CD34* precursors in ALS may have translational relevance in motor neuron diseases.

While previous reports have described the pathological features of reactive microglia and
neuroinflammation in the spinal cords of ALS patients [6,26,27], this is the first observation of the
occurrence of CD34* cells in sporadic ALS. The finding of CD34* cells surrounding motor neurons was
intriguing and clearly contrasted with control subjects, where CD34 was almost exclusively expressed
in capillaries. However, the number of CD34* cells among sporadic ALS subjects was much lower
than in the SOD15%4 rats and failed to form clusters, suggesting a lower rate of proliferation. Such
differences might be related to the fact that the course of the disease in rat models develops in only
few weeks as compared with months to years in subjects with ALS. Also, autopsied samples from
terminally ill ALS patients might not be representative of active disease and motor neuron loss. Thus,
CD34" cells appear to be a novel and relevant cell type involved in the ALS cellular microenvironment.
It would be interesting to assess whether CD34 transcripts or CD34 protein leak into the cerebrospinal
fluid of ALS patients as potential biomarkers.

The present study has not addressed the question of whether CD34* cells in the spinal cord of
symptomatic SOD15%34 rats originate from resident microglia, perivascular macrophages, or circulating
hematopoietic stem cells, a subject that would require a detailed immunophenotyping analysis.
In the absence of a major blood-brain barrier breakdown, microglia expansion has been attributed
to proliferation and/or migration of resident microglia [28-31], which can exhibit an impressive
proliferative capacity. Here, we found that most of the CD34* cells co-expressed myeloid/microglial
markers such as CD11b or Ibal, suggesting the vast majority of CD34* cells correspond to a
subpopulation of microglia. It is possible that a subset of proliferative microglia downregulate
canonical myeloid markers to levels that escaped the immunodetection. In accordance, CD34
transcripts have been detected in microglia and brain endothelial cells during development [32],
while the expression of CD34 proteins is upregulated following tissue injury or blood-brain barrier
disruption [22,23]. Alternatively, CD34* cells in ALS could originate from the influx and subsequent
expansion of blood precursor cells. In support of this mechanism, previous studies have shown
that bone marrow-derived myeloid progenitors are the source for microglia in different pathological
conditions, such as ischemia [32,33], Experimental autoimmune encephalomyelitis [34], and CNS
axonal damage [22,35]. In ALS models, blood myeloid cells can penetrate into the spinal cord and
induce pathology [36] and CD34* human bone marrow cells or CD34+ blood cord cells can engraft
into spinal cord capillaries and parenchyma [37-40]. Thus, it will be important to determine the origin
of CD34+ microglia and the mechanism controlling their proliferation.

The remarkable cluster proliferation of CD34" cells adjacent to damaged motor neurons
accumulating misfolded SOD1 is intriguing and has not been previously reported in ALS. Misfolded
SOD1 is considered a pathological hallmark of ALS-affected motor neurons [41,42], not only in
individuals carrying SOD1 mutations but also in sporadic ALS [43]. Here, we show evidence that
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accumulation of misfolded SOD1 in motor neurons may stimulate the focal proliferation and clustering
of CD34* cells. This effect may be partially explained by the ability of misfolded SOD1 to act as a

1693A mice exhibit an

damage-associated molecular pattern activating TLR receptors [44,45]. SOD
improved hematopoiesis compared to mice expressing wild type SOD1, suggesting a specific effect
of mutant SOD1 on hematopoietic progenitors [46]. In addition, other factors produced by motor
neurons upon damage may potentially induce myeloid and microglial cell attraction and proliferation,
including CSF1, MCP1, and ATP, among others [47-51]. It remains unknown whether damaged motor
neurons in ALS express stromal cell-derived factor-1oc (SDF-1ct), which is a potent chemokine and
chemoattractant interacting with CD34 and CXCR4 in hematopoietic cells [19,52,53].

In cell culture, blood myeloid precursors are non-adherent, and adherence to substrate is
characteristic of differentiation into macrophages [54,55]. Here, we provide direct evidence that,
in contrast to differentiated microglia which attach to the dish, CD34" cells behave as immature myeloid
cells remaining in the non-adherent phase, as previously described [24]. It remains to be elucidated
whether adherent fully differentiated microglia originated from a subpopulation of non-adherent
CD11b" cells. In addition, cultured CD34* cells proliferated, formed clusters, and displayed the
potential to differentiate into microglia after successive passages, as described for progenitor cells [24].
Further studies are needed to determine the stemness potential of CD34" cells in the spinal cord.

In conclusion, the present study identifies CD34* cells abnormally emerging in sporadic human
ALS and SOD16%4 rat spinal cords. Our findings broaden the myeloid/microglia phenotypic diversity
in motor neuron disease. The accumulation of CD34" microglia precursors around degenerating motor
neurons harboring misfolded SOD1 deserves deeper mechanistic studies. CD34* cells may represent a
potential cell target for therapeutic development in ALS and other neurodegenerative diseases.

4. Materials and Methods

4.1. Animals

Male SOD15%4 progeny, purchased from Taconic bioscience (NTac:SD-Tg(SOD15%4).26H),
were used for further breeding to maintain the line [11]. Rats were housed in a centralized animal
facility with a 12 h light-dark cycle with ad libitum access to food and water. Perfusion with fixative
was performed under 90% ketamine/10% xylazine anesthesia and all efforts were made to minimize
animal suffering, discomfort, or stress. All procedures using laboratory animals were performed in
accordance with the national and international guidelines and were approved by the Institutional
Animal Committee for animal experimentation. This study was carried out in strict accordance with the
Institut Pasteur de Montevideo ethical committee’s requirements (CEUA Approved protocol: #005-17
to Dr. Luis Barbeito on 2™ June 2017) and the national law (N° 18.611) for animal experimentation
that follows the Guide for the Care and Use of Laboratory Animals of the National Institutes of
Health (USA).

4.2. Experimental Conditions

At least 4 male rats were analyzed for the experimental condition. Non-transgenic (Non-Tg) rats
were 160-180 days old, transgenic SOD15%34 rats developing hind limb paralysis were differentiated
at the stage of disease onset (180-190 days old), and advanced paralysis (195-210 days old) defined as
15 days after disease onset.

4.3. Determination of Disease Onset and End-Stage

As described previously [56], all rats were weighed and evaluated for motor activity daily. Disease
onset was determined for each animal when pronounced muscle atrophy was accompanied by an
abnormal gait, typically expressed as subtle limping or dragging of one hind limb. When necessary,
end-stage was defined by a lack of righting reflexes or the inability to reach food and water.
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4.4. Human Tissue Collection

The collection of post-mortem human ALS and control samples was approved by The University
of Alabama at Birmingham (UAB) Institutional Review Board (Approved IRB Protocol: X091222037
to Dr. Peter H. King). All ALS patients were cared for at UAB and so detailed clinical records were
available. Control samples were age-matched and were harvested from patients who expired from
non-neurological causes. The average collection time after death was less than 10 h. All tissues were
collected by Peter H. King and Uing Si.

4.5. Human Spinal Cord Immunohistochemistry

In this study, 10 pm spinal cord paraffin sections were sliced using a microtome. Following
deparaffinization, slices were blocked and permeabilized in BSA 5%/Triton X-100 0.5% for 2 h at room
temperature. Primary antibodies were incubated in BSA 1%/Triton X-100 0.5% at 4 °C overnight.
After washing, secondary antibodies were incubated for 3 h at room temperature. After PBS washing,
Mowiol medium (Sigma, St. Louis, MO, USA) was used for mounting. Only ventral lumbar spinal
cord sections were analyzed. Motor neuron somas were identified in the ventral spinal cord by typical
morphology and nuclei. Saturated DAPI staining was used to better differentiate motor neuron somas
as shown in Supplementary Figure S2.

4.6. Immunohistochemistry of Spinal Cord

Four percent paraformaldehyde fixed spinal cords were cryopreserved in 30% sucrose (Sigma,
St. Louis, MO, USA) at 4 °C. After 72 h, tissue was embedded in Tissue-Tek (Sakura), sectioned
(longitudinal) using a cryostat, and collected on gelatin-coated slides. Then, 20 um sections were
blocked for 2 h at room temperature in 5% BSA, 0.3% Triton X-100 in PBS, incubated with primary
antibodies overnight at 4 °C in BSA 1%/Triton X-100 0.3%. After washing, secondary antibodies
were incubated during 2 h at room temperature in BSA 1%j/Triton X-100 0.3%. To determine primary
antibodies” specificity, immunohistochemistry was carried out in the absence of primary antibodies.
Non-significant immunofluorescence was detected with secondary antibodies incubation. DPX
mounting medium (Sigma, St. Louis, MO, USA) was used for mounting. Image] software was used for
analysis. For CD34 expression, cell density analysis was measured in the ventral horn of spinal cord
images in at least 20 sections per spinal cord per animal (n = 4), as shown in Figure 1.

4.7. Co-Expression Analysis of CD34 and Myeloid Markers

The co-expression of CD34 with microglia markers Ibal, CD68, and CD11b was carried out using
the maximum-intensity projections of images acquired from the ventral horn of spinal cord in at least
20 sections per spinal cord per animal among conditions (n = 4). The overlapped areas between
CD34 and microglia markers were measured as previously described [57]. The number of Ki67™ cells
co-expressing CD34 was determined by assessment on confocal 63x microphotographs of clearly
identified CD34" single cells in non-clustered CD34™" areas in at least 20 sections per spinal cord per
animal among conditions (1 = 4).

4.8. CD34" Cell Cultures from Symptomatic SOD1%34 Rats

CD34" cells were obtained from a primary culture adult spinal cord of symptomatic SOD15%34
rats according to the procedures described by Trias et al. (2013) [9] with minor modifications. Briefly,
animals were euthanized by administering an overdose of ketamine/xylazine, and the spinal cord was
dissected on ice. After the meninges were removed, the spinal cord was chopped finely and dissociated
with 0.25% trypsin in a calcium-free buffer for 5 min at 37 °C. Trypsin treatment was stopped by adding
DMEM/10% (vol/vol) FBS in the presence of 50 ug/mL DNasel and mechanical disaggregation by
repeated pipetting. The resulting extract was passed through an 80 um mesh to eliminate tissue debris
and was then spun. The pellet was resuspended in culture medium [DMEM/10% (vol/vol) FBS, HEPES
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(3.6 g/L), penicillin (100 IU/mL), and streptomycin (100 ug/mL)] and was then plated in glass-bottom
p35 culture dishes for confocal microscopy or 25 cm? tissue culture flasks for flow cytometry analysis.
Culture medium was replaced every 48 h. As described in Figure 6, the non-adherent phase of the
culture was re-plated in new p35 dishes every 48 h. Before plating every passage, adherent and
non-adherent cells were quantified using a Neubauer hemocytometer. Non-adherent and adherent
cells were characterized by immunocytochemistry as described below. To study the number of cells
in the non-adherent and adherent phase of the primary cell culture from the adult spinal cord of
symptomatic SOD15%3A rats, after 2 days in vitro (DIV), both phases were analyzed by flow cytometry.
Trypsin-EDTA, 0.05% (Thermo Fisher Scientific, Waltham, MA, USA) was used to remove adherent
cells from the culture surface. Cells were analyzed using Flow]o software on an Attune NxT Flow
Cytometer (Thermo Fisher Scientific, Waltham, MA, USA).

4.9. Immunocytochemical Staining of Cultured Cells

Cultured cells were fixed with 4% PFA for 20 min at 4 °C and then were washed three times
with 10 mM PBS (pH 7.4). Cells were permeabilized using 0.3% Triton X-100 for 20 min. Nonspecific
binding was blocked by incubating fixed cells with 5% BSA in PBS for 1 h at room temperature.
Corresponding primary antibodies (see below) were diluted in blocking solution and incubated 3 h at
room temperature. After washing, cells were incubated with secondary antibodies in blocking solution
for 1 h at room temperature. DAPI was used for nuclei staining. At least 10 fields per plate were
acquired in a confocal microscope for quantitative analysis using Image] software.

4.10. Antibodies Used

Primary antibodies used were: 1:200 rabbit monoclonal anti-CD34 (abcam, Cambridge, UK), 1:200
mouse monoclonal anti-CD34 (Thermo Fisher Scientific, Waltham, MA, USA), 1:300 mouse monoclonal
anti-Ibal (Millipore, Burlington, MA, USA), 1:200 mouse monoclonal CD68 (abcam, Cambridge, UK),
1:250 rat polyclonal anti-CD11b (BD Biosciences, Franklin Lakes, NJ, USA), 1:200 rabbit polyclonal
anti-Ki67 (abcam, Cambridge, UK), 1:400 mouse monoclonal anti-GFAP (Sigma, St. Louis, MO,
USA), 1:300 mouse monoclonal anti-S10083 (Sigma, St. Louis, MO, USA), 1:300 mouse monoclonal
anti-misfoldedSOD1 (MediMabs, Montreal, Northern Province, Canada), 1:400 mouse monoclonal
anti-BIII-Tubulin (Millipore, Burlington, MA, USA). Secondary antibodies used were: 1:500 goat
anti-rabbit-AlexaFluor546 or AlexaFluor633 (Thermo Fisher Scientific, Waltham, MA, USA), 1:500 goat
anti-mouse-AlexaFluor488, AlexaFluor546, or AlexaFluor633 (Thermo Fisher Scientific, Waltham, MA,
USA), 1:500 AlexaFluor633 (Thermo Fisher Scientific, Waltham, MA, USA).

4.11. Fluorescence Imaging

Fluorescence imaging was performed with a laser scanning Zeiss LSM 800 or LSM 880 confocal
microscope with either a 25x (1.2 numerical aperture) objective or 63x (1.3 numerical aperture)
oil-immersion objective using Zeiss Zen Black/Blue software. Maximum intensity projections of optical
sections were created with Zeiss Zen software (Carl Zeiss Microscopy GmbH, Jena, Germany).

4.12. Statistics Analysis

Quantitative data were expressed as mean + SEM. Two-tailed Mann-Whitney test or
Kruskal-Wallis followed by Dunn’s multiple comparison test were used for statistical analysis,
with p < 0.05 considered significant. GraphPad Prism 7.03 software (GraphPad Software, San Diego,
CA, USA) was used for statistical analyses.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/20/16/3880/
s1. Table S1, Clinical characteristics of ALS and control subjects included in the study; Figure S1, Representative
confocal microphotographs showing the association between CD34 and Nissl* motor neurons. Note that in
Non-Tg animals, CD34 was restricted to blood vessels, while in the SOD1G93A symptomatic onset, CD34 is
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expressed in cells that start to surround motor neurons. Figure S2, Representative confocal microphotographs
showing motor neuron identification in the ventral horn of the lumbar spinal cord in sections stained with DAPIL

Author Contributions: Formal analysis, M.K., E.T., and L.B.; Funding acquisition, E.T., ].S.B., and L.B.;
Investigation, M.K., E.-T., O.H., PH.K,, and L.B.; Methodology, M.K., ET,, V.V, SI.,, PHK,, Y5, YK., and
L.B; Validation, E.T. and L.B.; Writing—original draft, M.K,, E.T., and L.B.; Writing—review and editing, M.K.,
E.T,]JS.B,ILCM., OH,PHK, and L.B.

Funding: This work was supported by Institut Pasteur de Montevideo—FOCEM Mercosur (COF 03/11),
the Amyotrophic Lateral Sclerosis Association (00482), Agencia Nacional de Investigacion e Innovacion (ANII),
Programa de Desarrollo de las Ciencias Basicas (PEDECIBA), Sistema Nacional de Investigadores (SNI), and
the Comision Sectorial de Investigacién Cientifica (CSIC), Universidad de la Republica, Uruguay; Grupos I+D
Program, #1104.

Acknowledgments: We want to thank Tabaré de los Campos from the Microscopy Unit at Institut Pasteur de
Montevideo for his assistance in imaging analysis. We also want to thank the staff from the Transgenic and
Experimental Animal Unit from Institut Pasteur de Montevideo. We are grateful to our ALS patients who donated
their skeletal muscle tissues post-mortem to advance ALS research.

Conflicts of Interest: Olivier Hermine is a cofounder and shareholder of AB science. Others have no conflict
of interest.

References

1. Boillee, S.; Vande Velde, C.; Cleveland, D.W. ALS: A disease of motor neurons and their nonneuronal
neighbors. Neuron 2006, 52, 39-59. [CrossRef]

2. Cleveland, D.W.; Rothstein, ].D. From Charcot to Lou Gehrig: Deciphering selective motor neuron death in
ALS. Nat. Rev. Neurosci. 2001, 2, 806-819. [CrossRef]

3.  Trias, E.; Ibarburu, S.; Barreto-Nunez, R.; Barbeito, L. Significance of aberrant glial cell phenotypes in
pathophysiology of amyotrophic lateral sclerosis. Neurosci. Lett. 2017, 636, 27-31. [CrossRef]

4.  Ilieva, H.; Polymenidou, M.; Cleveland, D.W. Non-cell autonomous toxicity in neurodegenerative disorders:
ALS and beyond. J. Cell Biol. 2009, 187, 761-772. [CrossRef]

5.  Corcia, P; Tauber, C.; Vercoullie, J.; Arlicot, N.; Prunier, C.; Praline, J.; Nicolas, G.; Venel, Y.; Hommet, C.;
Baulieu, ].L.; et al. Molecular imaging of microglial activation in amyotrophic lateral sclerosis. PLoS ONE
2012, 7, €52941. [CrossRef]

6. Henkel, J.S.; Beers, D.R.; Zhao, W.; Appel, S.H. Microglia in ALS: The good, the bad, and the resting.
J. Neuroimmune Pharm. 2009, 4, 389-398. [CrossRef]

7. Liao, B.; Zhao, W.; Beers, D.R.; Henkel, J.S.; Appel, S.H. Transformation from a neuroprotective to a neurotoxic
microglial phenotype in a mouse model of ALS. Exp. Neurol. 2012, 237, 147-152. [CrossRef]

8.  Frakes, A.E.; Ferraiuolo, L.; Haidet-Phillips, A.M.; Schmelzer, L.; Braun, L.; Miranda, C.J.; Ladner, K.J.;
Bevan, A K,; Foust, K.D.; Godbout, J.P,; et al. Microglia induce motor neuron death via the classical
NF-kappaB pathway in amyotrophic lateral sclerosis. Neuron 2014, 81, 1009-1023. [CrossRef]

9.  Trias, E.; Diaz-Amarilla, P; Olivera-Bravo, S; Isasi, E.; Drechsel, D.A.; Lopez, N.; Bradford, C.S.; Ireton, K.E.;
Beckman, J.S.; Barbeito, L. Phenotypic transition of microglia into astrocyte-like cells associated with disease
onset in a model of inherited ALS. Front. Cell. Neurosci. 2013, 7, 274. [CrossRef]

10. Fendrick, S.E.; Xue, Q.S.; Streit, W.]. Formation of multinucleated giant cells and microglial degeneration in
rats expressing a mutant Cu/Zn superoxide dismutase gene. |. Neuroinflamm. 2007, 4, 9. [CrossRef]

11. Howland, D.S;; Liu, J.; She, Y.; Goad, B.; Maragakis, N.J.; Kim, B.; Erickson, J.; Kulik, J.; DeVito, L.; Psaltis, G.;
et al. Focal loss of the glutamate transporter EAAT?2 in a transgenic rat model of SOD1 mutant-mediated
amyotrophic lateral sclerosis (ALS). Proc. Natl. Acad. Sci. USA 2002, 99, 1604-1609. [CrossRef]

12. Trias, E.; Beilby, PR.; Kovacs, M.; Ibarburu, S.; Varela, V.; Barreto-Nunez, R.; Bradford, S.C.; Beckman, ].S.;
Barbeito, L. Emergence of Microglia Bearing Senescence Markers During Paralysis Progression in a Rat
Model of Inherited ALS. Front. Aging Neurosci. 2019, 11, 42. [CrossRef]

13. Boillee, S.; Yamanaka, K.; Lobsiger, C.S.; Copeland, N.G.; Jenkins, N.A.; Kassiotis, G.; Kollias, G.;
Cleveland, D.W. Onset and progression in inherited ALS determined by motor neurons and microglia.
Science 2006, 312, 1389-1392. [CrossRef]

14. Diaz-Amarilla, P.; Olivera-Bravo, S.; Trias, E.; Cragnolini, A.; Martinez-Palma, L.; Cassina, P; Beckman, J.;
Barbeito, L. Phenotypically aberrant astrocytes that promote motoneuron damage in a model of inherited
amyotrophic lateral sclerosis. Proc. Natl. Acad. Sci. USA 2011, 108, 18126-18131. [CrossRef]


http://dx.doi.org/10.1016/j.neuron.2006.09.018
http://dx.doi.org/10.1038/35097565
http://dx.doi.org/10.1016/j.neulet.2016.07.052
http://dx.doi.org/10.1083/jcb.200908164
http://dx.doi.org/10.1371/journal.pone.0052941
http://dx.doi.org/10.1007/s11481-009-9171-5
http://dx.doi.org/10.1016/j.expneurol.2012.06.011
http://dx.doi.org/10.1016/j.neuron.2014.01.013
http://dx.doi.org/10.3389/fncel.2013.00274
http://dx.doi.org/10.1186/1742-2094-4-9
http://dx.doi.org/10.1073/pnas.032539299
http://dx.doi.org/10.3389/fnagi.2019.00042
http://dx.doi.org/10.1126/science.1123511
http://dx.doi.org/10.1073/pnas.1110689108

Int. ]. Mol. Sci. 2019, 20, 3880 15 of 17

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

Martinez-Palma, L.; Miquel, E.; Lagos-Rodriguez, V.; Barbeito, L.; Cassina, A.; Cassina, P. Mitochondrial
Modulation by Dichloroacetate Reduces Toxicity of Aberrant Glial Cells and Gliosis in the SOD1G93A Rat
Model of Amyotrophic Lateral Sclerosis. Neurotherapeutics 2019, 16, 203-215. [CrossRef]

Trias, E.; Ibarburu, S.; Barreto-Nunez, R.; Babdor, J.; Maciel, T.T.; Guillo, M.; Gros, L.; Dubreuil, P,;
Diaz-Amarilla, P.; Cassina, P; et al Post-paralysis tyrosine kinase inhibition with masitinib
abrogates neuroinflammation and slows disease progression in inherited amyotrophic lateral sclerosis.
J. Neuroinflammation 2016, 13, 177. [CrossRef]

Martinez-Muriana, A.; Mancuso, R.; Francos-Quijorna, I.; Olmos-Alonso, A.; Osta, R.; Perry, V.H.; Navarro, X.;
Gomez-Nicola, D.; Lopez-Vales, R. CSFIR blockade slows the progression of amyotrophic lateral sclerosis
by reducing microgliosis and invasion of macrophages into peripheral nerves. Sci. Rep. 2016, 6, 25663.
[CrossRef]

Krause, D.S.; Ito, T.; Fackler, M.].; Smith, O.M.; Collector, M.1.; Sharkis, S.J.; May, W.S. Characterization of
murine CD34, a marker for hematopoietic progenitor and stem cells. Blood 1994, 84, 691-701.

Sidney, L.E.; Branch, M.].; Dunphy, S.E.; Dua, H.S.; Hopkinson, A. Concise review: Evidence for CD34 as a
common marker for diverse progenitors. Stem Cells 2014, 32, 1380-1389. [CrossRef]

AbuSamra, D.B.; Aleisa, FA.; Al-Amoodi, A.S.; Jalal Ahmed, H.M.; Chin, C.J.; Abuelela, A.E; Bergam, P.;
Sougrat, R.; Merzaban, J.S. Not just a marker: CD34 on human hematopoietic stem/progenitor cells dominates
vascular selectin binding along with CD44. Blood Adv. 2017, 1, 2799-2816. [CrossRef]

Asheuer, M.; Pflumio, F,; Benhamida, S.; Dubart-Kupperschmitt, A.; Fouquet, F.; Imai, Y.; Aubourg, P.;
Cartier, N. Human CD34+ cells differentiate into microglia and express recombinant therapeutic protein.
Proc. Natl. Acad. Sci. USA 2004, 101, 3557-3562. [CrossRef]

Ladeby, R.; Wirenfeldt, M.; Dalmau, I.; Gregersen, R.; Garcia-Ovejero, D.; Babcock, A.; Owens, T.; Finsen, B.
Proliferating resident microglia express the stem cell antigen CD34 in response to acute neural injury. Glia
2005, 50, 121-131. [CrossRef]

Graumann, U,; Ritz, M.E; Rivero, B.G.; Hausmann, O. CD133 expressing pericytes and relationship to SDF-1
and CXCR4 in spinal cord injury. Curr. Neurovascular Res. 2010, 7, 144-154. [CrossRef]

Hinze, A ; Stolzing, A. Microglia differentiation using a culture system for the expansion of mice non-adherent
bone marrow stem cells. J. Inflamm. 2012, 9, 12. [CrossRef]

Maniatis, S.; Aijo, T.; Vickovic, S.; Braine, C.; Kang, K.; Mollbrink, A.; Fagegaltier, D.; Andrusivova, Z.;
Saarenpaa, S.; Saiz-Castro, G.; et al. Spatiotemporal dynamics of molecular pathology in amyotrophic lateral
sclerosis. Science 2019, 364, 89-93. [CrossRef]

McGeer, P.L.; McGeer, E.G. Inflammatory processes in amyotrophic lateral sclerosis. Muscle Nerve 2002,
26,459-470. [CrossRef]

Brettschneider, J.; Toledo, ].B.; Van Deerlin, V.M.; Elman, L.; McCluskey, L.; Lee, V.M.; Trojanowski, ].Q.
Microglial activation correlates with disease progression and upper motor neuron clinical symptoms in
amyotrophic lateral sclerosis. PLoS ONE 2012, 7, €39216. [CrossRef]

Fagan, A.M.; Gage, FH. Mechanisms of sprouting in the adult central nervous system: Cellular responses in
areas of terminal degeneration and reinnervation in the rat hippocampus. Neuroscience 1994, 58, 705-725.
[CrossRef]

Ladeby, R.; Wirenfeldt, M.; Garcia-Ovejero, D.; Fenger, C.; Dissing-Olesen, L.; Dalmau, I.; Finsen, B. Microglial
cell population dynamics in the injured adult central nervous system. Brain Res. Brain Res. Rev. 2005,
48,196-206. [CrossRef]

Zhan, L.; Krabbe, G.; Du, E; Jones, I.; Reichert, M.C.; Telpoukhovskaia, M.; Kodama, L.; Wang, C.; Cho, S.H.;
Sayed, F,; et al. Proximal recolonization by self-renewing microglia re-establishes microglial homeostasis in
the adult mouse brain. PLoS Biol. 2019, 17, €3000134. [CrossRef]

Streit, W.J.; Walter, S.A.; Pennell, N.A. Reactive microgliosis. Prog. Neurobiol. 1999, 57, 563-581. [CrossRef]
Schilling, M.; Besselmann, M.; Leonhard, C.; Mueller, M.; Ringelstein, E.B.; Kiefer, R. Microglial activation
precedes and predominates over macrophage infiltration in transient focal cerebral ischemia: A study in
green fluorescent protein transgenic bone marrow chimeric mice. Exp. Neurol. 2003, 183, 25-33. [CrossRef]
Tanaka, R.; Komine-Kobayashi, M.; Mochizuki, H.; Yamada, M.; Furuya, T.; Migita, M.; Shimada, T.;
Mizuno, Y.; Urabe, T. Migration of enhanced green fluorescent protein expressing bone marrow-derived
microglia/macrophage into the mouse brain following permanent focal ischemia. Neuroscience 2003,
117,531-539. [CrossRef]


http://dx.doi.org/10.1007/s13311-018-0659-7
http://dx.doi.org/10.1186/s12974-016-0620-9
http://dx.doi.org/10.1038/srep25663
http://dx.doi.org/10.1002/stem.1661
http://dx.doi.org/10.1182/bloodadvances.2017004317
http://dx.doi.org/10.1073/pnas.0306431101
http://dx.doi.org/10.1002/glia.20159
http://dx.doi.org/10.2174/156720210791184907
http://dx.doi.org/10.1186/1476-9255-9-12
http://dx.doi.org/10.1126/science.aav9776
http://dx.doi.org/10.1002/mus.10191
http://dx.doi.org/10.1371/journal.pone.0039216
http://dx.doi.org/10.1016/0306-4522(94)90449-9
http://dx.doi.org/10.1016/j.brainresrev.2004.12.009
http://dx.doi.org/10.1371/journal.pbio.3000134
http://dx.doi.org/10.1016/S0301-0082(98)00069-0
http://dx.doi.org/10.1016/S0014-4886(03)00082-7
http://dx.doi.org/10.1016/S0306-4522(02)00954-5

Int. ]. Mol. Sci. 2019, 20, 3880 16 of 17

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

Davoust, N.; Vuaillat, C.; Cavillon, G.; Domenget, C.; Hatterer, E.; Bernard, A.; Dumontel, C.; Jurdic, P;
Malcus, C.; Confavreux, C.; et al. Bone marrow CD34+/B220+ progenitors target the inflamed brain and
display in vitro differentiation potential toward microglia. Faseb ]. Off. Publ. Fed. Am. Soc. Exp. Biol. 2006,
20, 2081-2092. [CrossRef]

Dissing-Olesen, L.; Ladeby, R.; Nielsen, H.H.; Toft-Hansen, H.; Dalmau, I; Finsen, B. Axonal lesion-induced
microglial proliferation and microglial cluster formation in the mouse. Neuroscience 2007, 149, 112-122.
[CrossRef]

Butovsky, O.; Siddiqui, S.; Gabriely, G.; Lanser, A.].; Dake, B.; Murugaiyan, G.; Doykan, C.E.; Wu, PM.;
Gali, R.R;; Iyer, L.K; et al. Modulating inflammatory monocytes with a unique microRNA gene signature
ameliorates murine ALS. J. Clin. Investig. 2012, 122, 3063-3087. [CrossRef]

Garbuzova-Davis, S.; Haller, E.; Navarro, S.; Besong, T.E.; Boccio, K.J.; Hailu, S.; Khatib, M.; Sanberg, P.R.;
Appel, S.H.; Borlongan, C.V. Transplantation of human bone marrow stem cells into symptomatic ALS mice
enhances structural and functional blood-spinal cord barrier repair. Exp. Neurol. 2018, 310, 33-47. [CrossRef]
Garbuzova-Davis, S.; Willing, A.E.; Zigova, T.; Saporta, S.; Justen, E.B.; Lane, ].C.; Hudson, J.E.; Chen, N.;
Davis, C.D.; Sanberg, P.R. Intravenous administration of human umbilical cord blood cells in a mouse model
of amyotrophic lateral sclerosis: Distribution, migration, and differentiation. J. Hematother Stem Cell Res.
2003, 12, 255-270. [CrossRef]

Garbuzova-Davis, S.; Kurien, C.; Thomson, A.; Falco, D.; Ahmad, S.; Staffetti, J.; Steiner, G.; Abraham, S.;
James, G.; Mahendrasah, A.; et al. Endothelial and Astrocytic Support by Human Bone Marrow Stem
Cell Grafts into Symptomatic ALS Mice towards Blood-Spinal Cord Barrier Repair. Sci. Rep. 2017, 7, 884.
[CrossRef]

Eve, D.J.; Steiner, G.; Mahendrasah, A.; Sanberg, PR.; Kurien, C.; Thomson, A.; Borlongan, C.V,;
Garbuzova-Davis, S. Reduction of microhemorrhages in the spinal cord of symptomatic ALS mice after
intravenous human bone marrow stem cell transplantation accompanies repair of the blood-spinal cord
barrier. Oncotarget 2018, 9, 10621-10634. [CrossRef]

Forsberg, K.; Graffmo, K.; Pakkenberg, B.; Weber, M.; Nielsen, M.; Marklund, S.; Brannstrom, T.; Andersen, PM.
Misfolded SODI1 inclusions in patients with mutations in C9orf72 and other ALS/FTD-associated genes.
J. Neurol. Neurosurg. Psychiatry 2019, 90, 861-869. [CrossRef]

Forsberg, K.; Andersen, PM.; Marklund, S.L.; Brannstrom, T. Glial nuclear aggregates of superoxide
dismutase-1 are regularly present in patients with amyotrophic lateral sclerosis. Acta Neuropathol. 2011,
121, 623-634. [CrossRef]

Pare, B.; Lehmann, M.; Beaudin, M.; Nordstrom, U.; Saikali, S.; Julien, J.P.; Gilthorpe, ].D.; Marklund, S.L.;
Cashman, N.R.; Andersen, PM.; et al. Misfolded SOD1 pathology in sporadic Amyotrophic Lateral Sclerosis.
Sci. Rep. 2018, 8, 14223. [CrossRef]

Gravel, M,; Beland, L.C.; Soucy, G.; Abdelhamid, E.; Rahimian, R.; Gravel, C.; Kriz, J. IL-10 Controls Early
Microglial Phenotypes and Disease Onset in ALS Caused by Misfolded Superoxide Dismutase 1. ]. Neurosci.
2016, 36, 1031-1048. [CrossRef]

Zhao, W.; Beers, D.R.; Henkel, ].S.; Zhang, W.; Urushitani, M.; Julien, ].P.; Appel, S.H. Extracellular mutant
SOD1 induces microglial-mediated motoneuron injury. Glia 2010, 58, 231-243. [CrossRef]

Epperly, M.W.; Fisher, R.; Rigatti, L.; Watkins, S.; Zhang, X.; Hou, W.; Shields, D.; Franicola, D.; Bayir, H.;
Wang, H.; et al. Amelioration of Amyotrophic Lateral Sclerosis in SOD1(G93A) Mice by M2 Microglia from
Transplanted Marrow. Vivo 2019, 33, 675-688. [CrossRef]

Guan, Z.; Kuhn, J.A.; Wang, X.; Colquitt, B.; Solorzano, C.; Vaman, S.; Guan, A.K,; Evans-Reinsch, Z.; Braz, | ;
Devor, M.; et al. Injured sensory neuron-derived CSF1 induces microglial proliferation and DAP12-dependent
pain. Nat. Neurosci. 2016, 19, 94-101. [CrossRef]

White, F.A.; Sun, J.; Waters, SM.; Ma, C.; Ren, D.; Ripsch, M.; Steflik, J.; Cortright, D.N.; Lamotte, R H.;
Miller, R.J. Excitatory monocyte chemoattractant protein-1 signaling is up-regulated in sensory neurons
after chronic compression of the dorsal root ganglion. Proc. Natl. Acad. Sci. USA 2005, 102, 14092-14097.
[CrossRef]

Kwon, M.J.; Shin, H.Y.; Cui, Y.; Kim, H.; Thi, A.H.; Choi, J.Y,; Kim, E.Y.; Hwang, D.H.; Kim, B.G. CCL2
Mediates Neuron-Macrophage Interactions to Drive Proregenerative Macrophage Activation Following
Preconditioning Injury. J. Neurosci. 2015, 35, 15934-15947. [CrossRef]


http://dx.doi.org/10.1096/fj.05-5593com
http://dx.doi.org/10.1016/j.neuroscience.2007.06.037
http://dx.doi.org/10.1172/JCI62636
http://dx.doi.org/10.1016/j.expneurol.2018.08.012
http://dx.doi.org/10.1089/152581603322022990
http://dx.doi.org/10.1038/s41598-017-00993-0
http://dx.doi.org/10.18632/oncotarget.24360
http://dx.doi.org/10.1136/jnnp-2018-319386
http://dx.doi.org/10.1007/s00401-011-0805-3
http://dx.doi.org/10.1038/s41598-018-31773-z
http://dx.doi.org/10.1523/JNEUROSCI.0854-15.2016
http://dx.doi.org/10.1002/glia.20919
http://dx.doi.org/10.21873/invivo.11526
http://dx.doi.org/10.1038/nn.4189
http://dx.doi.org/10.1073/pnas.0503496102
http://dx.doi.org/10.1523/JNEUROSCI.1924-15.2015

Int. ]. Mol. Sci. 2019, 20, 3880 17 of 17

50.

51.

52.

53.

54.

55.

56.

57.

Szepesi, Z.; Manouchehrian, O.; Bachiller, S.; Deierborg, T. Bidirectional Microglia-Neuron Communication
in Health and Disease. Front. Cell. Neurosci. 2018, 12, 323. [CrossRef]

Posfai, B.; Cserep, C.; Orsolits, B.; Denes, A. New Insights into Microglia-Neuron Interactions: A Neuron’s
Perspective. Neuroscience 2019, 405, 103-117. [CrossRef]

Bleul, C.C.; Fuhlbrigge, R.C.; Casasnovas, ].M.; Aiuti, A.; Springer, T.A. A highly efficacious lymphocyte
chemoattractant, stromal cell-derived factor 1 (SDF-1). J. Exp. Med. 1996, 184, 1101-1109. [CrossRef]
Kucia, M.; Jankowski, K.; Reca, R.; Wysoczynski, M.; Bandura, L.; Allendorf, D.]J.; Zhang, ].; Ratajczak, J.;
Ratajczak, M.Z. CXCR4-SDF-1 signalling, locomotion, chemotaxis and adhesion. ]. Mol. Histol. 2004,
35, 233-245. [CrossRef]

Klinder, A.; Markhoff, ].; Jonitz-Heincke, A.; Sterna, P.; Salamon, A.; Bader, R. Comparison of different cell
culture plates for the enrichment of non-adherent human mononuclear cells. Exp. Med. 2019, 17, 2004-2012.
[CrossRef]

Jobe, O.; Kim, ]J.; Tycksen, E.; Onkar, S.; Michael, N.L.; Alving, C.R.; Rao, M. Human Primary Macrophages
Derived In Vitro from Circulating Monocytes Comprise Adherent and Non-Adherent Subsets with Differential
Expression of Siglec-1 and CD4 and Permissiveness to HIV-1 Infection. Front. Immunol. 2017, 8, 1352.
[CrossRef]

Trias, E.; King, PH.; Si, Y.; Kwon, Y.; Varela, V.; Ibarburuy, S.; Kovacs, M.; Moura, I.C.; Beckman, J.S.;
Hermine, O.; et al. Mast cells and neutrophils mediate peripheral motor pathway degeneration in ALS.
Jci Insight 2018, 3.

Tian, F.; Yang, W.; Mordes, D.A.; Wang, ].Y.; Salameh, ]J.S.; Mok, J.; Chew, J.; Sharma, A.; Leno-Duran, E;
Suzuki-Uematsu, S.; et al. Monitoring peripheral nerve degeneration in ALS by label-free stimulated Raman
scattering imaging. Nat. Commun. 2016, 7, 13283. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.3389/fncel.2018.00323
http://dx.doi.org/10.1016/j.neuroscience.2018.04.046
http://dx.doi.org/10.1084/jem.184.3.1101
http://dx.doi.org/10.1023/B:HIJO.0000032355.66152.b8
http://dx.doi.org/10.3892/etm.2019.7204
http://dx.doi.org/10.3389/fimmu.2017.01352
http://dx.doi.org/10.1038/ncomms13283
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

International Journal of
Molecular Sciences

Spplementary Table S1

Table S1. characteristics of ALS and control subjects included in the study.

Survival Post-mortem Tissue EMG Disease
Subject Age (years) Gender
(Months) Processing (hours) Denervation Onset
Active and
ALS #1 63 M 44 7.0 Leg
chronic
ALS #2 69 F 50 3.0 Active Leg
ALS #3 64 M 35 6.5 Chronic Leg
ALS #4 59 F 26 13.0 Active Arm
Active and
ALS #5 75 M 55 4.3 Bulbar
chronic
Control #1 61 M 10.0
Control #2 68 M 19
Control #3 59 M 9.5
sop1*™ symptomatic
Non-Tg #1 Non-Tg #2 Onset #2 Onset #3

N Sk

Figure S1. Representative confocal microphotographs showing the association between CD34 and

Nissl* motor neurons. Note that in Non-Tg animals, CD34 was restricted to blood vessels, while in

the SOD1¢%%A symptomatic onset, CD34 is expressed in cells that start to surround motor neurons.

vv]

DAPI

Control #1

Figure S2. Representative confocal microphotographs showing motor neuron identification in the

ventral horn of the lumbar spinal cord in sections stained with DAPL. (A) Scheme showing the human

lumbar spinal cord region analyzed. (B) DAPI staining of one representative control and one ALS

Int. J. Mol. Sci. 2019, 20, 3880; doi:10.3390/ijms20163880
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case, showing motor neuron somas, with low and high magnification in upper and lower panels,
respectively. Dotted lines indicate motor neuron cell bodies. Arrows indicate typical motor neuron
nuclei. Scale bars: 50 um.



Publicacion 2

Schwann cells orchestrate peripheral nerve inflammation through the expression of
CSF1, IL-34, and SCF in amyotrophic lateral sclerosis

(Las células de Schwann organizan la inflamacién en nervios periféricos mediante la
expresion de CSF1, IL-34, y SCF en la ELA)

Emiliano Trias, Maridngeles Kovacs, Peter H. King, Ying Si, Yuri Kwon, Valentina Varela,
Sofia Ibarburu, Ivan C. Moura, Olivier Hermine, Joseph S. Beckman and Luis Barbeito.

Resumen

Las células precursoras hematopoyéticas expresan tanto el receptor CD34 como el
receptor c-Kit. Luego de identificar precursores hematopoyéticos asociados a la
microgliosis en la médula espinal en degeneracién en la ELA, nos propusimos desafiar la
hipdtesis de que precursores CD34*/c-Kit* podrian generar mastocitos, una célula
mieloide efectora con reconocida actividad proinflamatoria, que participa de los
procesos que llevan al establecimiento de la inflamacién crénica.

Como primera aproximacion, fuimos a estudiar el sistema nervioso periférico, en donde
nuestro grupo habia identificado previamente un numero significativo de mastocitos
infiltrando las raices ventrales, el nervio cidtico e incluso el musculo esquelético, en
modelos murinos y pacientes con ELA.

En particular, nuestra investigacion estuvo dirigida a estudiar las sefales locales tréficas
y quimiotacticas que actuan en la invasién y diferenciacidn local de mastocitos, a través
del receptor c-Kit. Como el receptor CD34 no tiene un ligando bien reconocido y por
tanto es muy dificil de analizar su papel funcional, nos centramos en el receptor c-Kit
gue identifica a precursores hematopoyéticos en la médula ésea, y a los mastocitos y
sus precursores en la periferia.

El receptor c-Kit es un receptor de tirosina quinasa del grupo Il y tiene como ligando a
SCF, cuyo origen y su funcion como factor tréfico de mastocitos no eran bien conocidos
en la ELA. En este estudio se analizé la expresiéon de SCF por inmunohistoquimica e
histoquimica, asi como también por transcriptdmica del nervio cidtico y las raices
ventrales en la ELA. También se profundizd en la interaccidn espacial de mastocitos c-
Kit* y células expresando SCF.

Por otro lado, pese a reconocerse a la ELA como una axonopatia distal, caracterizada
por células de Schwann denervadas e infiltracion de células inmunes, el rol patogénico
de las células de Schwann en esta enfermedad no se conoce en profundidad, asi como
tampoco su interaccidon con células inmunes. Ademas de analizar la infiltracién de
mastocitos y sus precursores, durante este estudio analizamos los diferentes fenotipos
que presentaban las células de Schwann, basados en la expresidn de S100f3, S100, GFAP,
Isolectina y p75NTR. Ademas, analizamos la expresion de tres citoquinas claves en la
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comunicacion entre las células de Schwann y las células del sistema inmune, como son
CSF-1, IL-34 y SCF.

Finalmente, es sabido que los farmacos inhibidores de tirosina quinasa han sido
utilizados para modular la neuroinflamacién (21,160). En particular, el masitinib, un
inhibidor de la clase Il de estos receptores, inhibe potentemente CSF-1R y c-Kit. Nuestro
grupo ha mostrado efectos protectores de este fdrmaco a nivel central, mostrando un
mecanismo directo sobre microglias que expresan CSF-1R. Por esta razén, durante este
estudio estudiamos los efectos de masitinib para modular la neuroinflamacion en el
nervio cidtico y raices ventrales en ratas SOD15%3A,

Resultados

En cortes histoldgicos de nervio ciatico de ratas SOD1%%A sintomaticas (15 dias
post-paralisis), observamos que las células de Schwann presentan diferentes
fenotipos caracterizados por la alta expresion de GFAP y S100[3, en comparacion
con la baja expresion observada en ratas no transgénicas. La expresidn de GFAP
se observé principalmente en células de Schwann alargadas, con morfologia que
se asemeja a la observada en células de Schwann denervadas, que también se
caracterizaban por la expresidon de Isolectina. Por otro lado, las células de
Schwann mielinizantes se caracterizaban por su tipica expresiéon de S1000,
ademas de S100 y p75NTR.

La expresion de CSF-1 en tejido nervioso periférico dafado, se encuentra
asociada al reclutamiento de macréfagos. En el nervio cidtico de ratas SOD16%3A
observamos un aumento en la expresion tanto de CSF-1 como de IL-34 al inicio
de la paralisis, con posterior aumento en la expresién a medida que avanza la
enfermedad. Estos resultados observados por inmunohistoquimica, fueron
confirmados por anadlisis de Western blot y RT-PCR. Mientras que CSF-1 se
expresa en la subpoblacién de células de Schwann mielinizantes, la expresion de
IL-34 se observo en las células de Schwann denervadas. El aumento de CSF-1 e
IL-34 también fue observado en el nervio ciatico de pacientes con ELA, pero no
asi en sujetos control. A su vez, se demostrd que las células de Schwann que
expresan estas citoquinas, interactuan espacialmente con
monocitos/macréfagos que expresan CSF-1R, el receptor de CSF-1 e IL-34.

En el nervio cidtico en degeneracidn, observamos precursores de mastocitos que
expresan c-Kit, infiltrando el endoneuro de los nervios ciaticos en degeneracion.
También se observé una infiltracion de mastocitos metacromaticos que
expresan c-Kit, triptasa y quimasa, en el nervio ciatico y en las raices ventrales
en tejido post-mortem de pacientes con ELA. Esta infiltracidon estd acompafada
de una desgranulacidon significativa en comparacion con animales no
transgénicos y tejido post-mortem de sujetos control.

Acompafando esta infiltracion de mastocitos c-Kit* en el nervio ciatico
sintomatico, también observamos, por primera vez, cambios en la expresion del
ligando SCF. Se observé un aumento significativo en la inmunorreactividad de
SCF en el nervio ciatico de ratas SOD1%%3A, Ademds, también se observé un
aumento en los niveles de ARNm de SCF en el nervio cidtico sintomatico de ratas
SOD1%%9%A en etapa de paralisis, comparado con animales no transgénicos.
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e En particular, la expresién aumentada de SCF en el nervio cidtico de ratas
SOD15%3A sintomaéticas, se observd en una subpoblacion de células de Schwann
p75NTR* con caracteristicas fagociticas, cargadas de ovoides de mielina
degenerada. También se observé aumentada la expresién de SCF en monocitos
y macréfagos caracterizados por la expresion de CD11b y CD68,
respectivamente. En el nervio cidtico de pacientes con ELA, se observd la
expresion de SCF asociada a macréfagos Ibal* infiltrantes.

e El tratamiento con masitinib, un inhibidor especifico de receptores de tirosina
guinasa, como c-Kit y CSF-1R, comenzado luego del inicio clinico de los sintomas,
previno de forma significativa la infiltracion de mastocitos, asi como de
neutrofilos y macrofagos.

Conclusiones

Si bien el trabajo publicado abarca estudios mas profundos que exceden al contenido
de esta tesis, este estudio muestra evidencia de que la infiltracidon de mastocitos c-Kit*,
conjuntamente con otras células inmunes, contribuye a la constitucion de una
axonopatia periférica que acompaiia a la degeneracidn de los axones motores en la ELA.
Esta infiltracidon ocurre masivamente luego del comienzo de los sintomas y se
correlaciona con la progresion de la enfermedad.

Un resultado novedoso y original de este estudio, fue que en el nervio cidtico y en las
raices ventrales en la ELA, hay un aumento en la expresion de SCF tanto en las células
de Schwann como en células inmunes, lo que sugiere una funcidon quimiotactica que
explica la infiltracion de mastocitos y sus precursores c-Kit*. Este trabajo también
evidencid que SCF actua simultdneamente con otros factores tréficos como CSF-1 e IL-
34, que estimulan la proliferacion de monocitos/macréfagos, sugiriendo una respuesta
celular inflamatoria compleja y orquestada principalmente por las células de Schwann.
Sin embargo, no pudimos profundizar en el mecanismo de interaccidn de las células de
Schwann con los mastocitos c-Kit*, a través de SCF, utilizando modelos in vitro.

Finalmente, demostramos que la inhibicion farmacoldgica de c-Kit y CSF-1R con
masitinib, previno la infiltracién inmune, lo que podria explicar, al menos en parte, los
efectos terapéuticos de este farmaco inhibidor de receptores de tirosina quinasa
observados en pacientes con ELA en varios ensayos clinicos.

63



Received: 4 July 2019
DOI: 10.1002/glia.23768

Revised: 3 December 2019 Accepted: 10 December 2019

Check for
updates

WILEY

RESEARCH ARTICLE

Schwann cells orchestrate peripheral nerve inflammation
through the expression of CSF1, IL-34, and SCF in amyotrophic

lateral sclerosis

Emiliano Trias' @ |
Yuri Kwon? |
Olivier Hermine

Mariangeles Kovacs® |

Valentina Varela® |
4,5,6,7,8,9,10,11,12

Peter H. King?3
Sofia Ibarburu® |

| Joseph S. Beckman®® |

| Ying Si%® |

Ivan C. Moura®>%787 |

Luis Barbeito

LInstitut Pasteur de Montevideo, Montevideo, Uruguay

2Department of Neurology, University of Alabama, Birmingham, Alabama

3Birmingham Veterans Affairs Medical Center, Birmingham, Alabama

“Imagine Institute, Hopital Necker, Paris, France

5INSERM UMR 1163, Laboratory of Cellular and Molecular Mechanisms of Hematological Disorders and Therapeutic Implications, Paris, France

%Paris Descartes-Sorbonne Paris Cité University, Imagine Institute, Paris, France

7CNRS ERL 8254, Paris, France

8laboratory of Excellence GR-Ex, Paris, France

?Equipe Labélisée par la Ligue Nationale contre le cancer, Paris, France

10AB Science, Paris, France

Department of Hematology, Necker Hospital, Paris, France

12Centre national de référence des mastocytoses (CEREMAST), Paris, France

B3Linus Pauling Institute, Department of Biochemistry and Biophysics, Environmental Health Sciences Center, Oregon State University, Corvallis, Oregon

Correspondence

Luis Barbeito, Institut Pasteur de Montevideo,
Mataojo 2020, Montevideo 11.400, Uruguay.
Email: barbeito@pateur.edu.uy

Funding information

Grupos I+D Program, Grant/Award Number:
#1104; Universidad de la Republica; Comisidn
Sectorial de Investigacién Cientifica; Sistema
Nacional de Investigadores; Programa de
Desarrollo de las Ciencias Basicas (PEDECIBA);
Agencia Nacional de Investigacion e
Innovacién, Grant/Award Number: NINDS
RO1NS092651; Amyotrophic Lateral Sclerosis
Association, Grant/Award Number: 00482;
Institut Pasteur, Grant/Award Number: COF
03/11

Abstract

Distal axonopathy is a recognized pathological feature of amyotrophic lateral sclerosis
(ALS). In the peripheral nerves of ALS patients, motor axon loss elicits a Wallerian-like
degeneration characterized by denervated Schwann cells (SCs) together with immune
cell infiltration. However, the pathogenic significance of denervated SCs accumulat-
ing following impaired axonal growth in ALS remains unclear. Here, we analyze SC
phenotypes in sciatic nerves of ALS patients and paralytic SOD1%7A rats, and iden-
tify remarkably similar and specific reactive SC phenotypes based on the pattern of
S100p, GFAP, isolectin and/or p75NTR immunoreactivity. Different subsets of reac-
tive SCs expressed colony-stimulating factor-1 (CSF1) and Interleukin-34 (IL-34)
and closely interacted with numerous endoneurial CSF-1R-expressing monocyte/
macrophages, suggesting a paracrine mechanism of myeloid cell expansion and acti-
vation. SCs bearing phagocytic phenotypes as well as endoneurial macrophages
expressed stem cell factor (SCF), a trophic factor that attracts and activates mast cells
through the c-Kit receptor. Notably, a subpopulation of Ki6é7+ SCs expressed c-Kit in
the sciatic nerves of SOD1%73A rats, suggesting a signaling pathway that fuels SC
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1 | INTRODUCTION

Distal motor axonopathy is one pathological feature of amyotrophic
lateral sclerosis (ALS) that underlies the progressive skeletal muscle
weakness and paralysis characteristic of the disease (Fischer et al.,
2004). Evidence in ALS patients and murine models expressing ALS-
linked SOD1 mutations indicate that peripheral axons are lost before
the death of cell bodies in the central nervous system (CNS; Fischer
et al., 2004; Frey et al., 2000; Kennel, Finiels, Revah, & Mallet, 1996).
Degeneration of motor axons in ALS has been associated with defec-
tive axonal transport, mitochondria function, and/or destabilization of
neuromuscular junctions, among others (Arbour, Tremblay, Martineau,
Julien, & Robitaille, 2015; Campanari, Garcia-Ayllon, Ciura, Saez-Val-
ero, & Kabashi, 2016; Kong & Xu, 1998; Millecamps & Julien, 2013).
The progressive loss of motor axons in ALS results in a Wallerian-like
degeneration characterized by axon fragmentation, the disintegration
of the axonal cytoskeleton, myelin degradation, and immune cell infil-
tration (Chiu et al., 2009; Fischer & Glass, 2007), representing a ste-
reotyped response to promote axonal growth and nerve repair.
Following axonal loss, Schwann cell (SCs) become denervated and
adopt an undifferentiated cell phenotype with profound transcrip-
tional reprogramming and the upregulation of cytokines, chemokines
and trophic factors (Jessen & Mirsky, 2016). In nerve injury, SCs can
proliferate (Chang & Winkelstein, 2011), extend long processes across
the gap to guide axonal growth (Gomez-Sanchez et al., 2017) or adopt
phagocytic features to remove myelin (Brosius Lutz et al., 2017;
Lindborg, Mack, & Zigmond, 2017). Unlike Wallerian degeneration,
peripheral nerve pathology in ALS is not solely a reparative condition
because the inexorable failure in effective axonal growth leads to a
chronic and progressive degenerative and inflammatory condition. In
this context, there is scarce knowledge about the specific phenotypes
of SCs in ALS-associated degenerating peripheral nerves, in animal
models or humans.

During Wallerian degeneration, a first step in the removal of mye-
lin debris involves phagocytic SCs. This is followed by a second wave
of phagocytic macrophages that are recruited by cytokines released
by denervated SCs, such as LIF and MCP1 (Bigbee, Yoshino, &
DeVries, 1987; Hirata & Kawabuchi, 2002; Stoll, Griffin, Li, & Trapp,
1989; Tofaris, Patterson, Jessen, & Mirsky, 2002). In turn, recruited

proliferation in ALS. c-Kit+ mast cells were also abundant in the sciatic nerve from
ALS donors but not in controls. Pharmacological inhibition of CSF-1R and c-Kit with
masitinib in SOD1%73A rats potently reduced SC reactivity and immune cell infiltra-
tion in the sciatic nerve and ventral roots, suggesting a mechanism by which the drug
ameliorates peripheral nerve pathology. These findings provide strong evidence for a
previously unknown inflammatory mechanism triggered by SCs in ALS peripheral

nerves that has broad application in developing novel therapies.

inflammation, masitinib, peripheral nerve pathology, Schwann cells, tyrosine kinase receptors

macrophages become a source of secreted cytokine and trophic factor
release, inducing a complex inflammatory cascade (Stratton et al.,
2018; Tomlinson, Zygelyte, Grenier, Edwards, & Cheetham, 2018).
Mast cells are also recruited (Esposito, De Santis, Monteforte, &
Baccari, 2002), orchestrating complex vascular and immune cell
responses, including the chemoattraction of phagocytic neutrophils
that further contribute to myelin clearance (Lindborg et al., 2017). In
comparison, ALS nerve pathology similarly involves reactive changes
in SCs (Keller, Gravel, & Kriz, 2009) as well as the recruitment of
monocytes, macrophages, mast cells, and neutrophils (Chiu et al.,
2009; Trias et al., 2018; Van Dyke et al., 2016).Such immune cell infil-
tration of the peripheral motor pathways in ALS has been linked to
both protective and deleterious effects on motor neuron degenera-
tion and disease progression (Nardo et al., 2016). However, the func-
tional link between SCs and immune cell influx to degenerating
peripheral nerves in ALS remains unknown.

Of therapeutic interest in ALS, it has been demonstrated that
downregulation of inflammation by tyrosine kinase inhibitor drugs
such as GW2580 or masitinib is associated with decreased spinal
nerve pathology and NMJ denervation, and prolonged survival in
rodent models of ALS (Martinez-Muriana et al., 2016; Trias et al.,
2016; Trias et al., 2018). In particular, masitinib has successfully com-
pleted a randomized, controlled, phase 2/3 trial in ALS patients, show-
ing a significant and clinically meaningful benefit for masitinib over
placebo in relevant measures of disease progression (Mora et al.,
2019). Thus, analysis of the cellular targets of masitinib in ALS periph-
eral nerve pathology may provide valuable information about disease
mechanisms. Masitinib potently inhibits the ATPase subunit of CSF-1R
and c-Kit receptors, both belonging to Class Ill receptor tyrosine
kinases (Anastassiadis, Deacon, Devarajan, Ma, & Peterson, 2011;
Dubreuil et al., 2009). CSF-1R and c-Kit are typically expressed in mye-
loid cells and mast cells, respectively (Galli, Tsai, & Wershil, 1993; Stan-
ley & Chitu, 2014). In SOD1°73A rats developing paralysis, masitinib
downregulates mast cells and neutrophil infiltration in both the sciatic
nerve and skeletal muscle motor nerve terminals (Trias et al., 2017;
Trias et al., 2018). In addition, masitinib decreases CSF-1R-dependent
microgliosis in the lumbar spinal cord, suggesting a multitarget and
multifaceted effect involving various inflammatory pathways in the

central and peripheral nervous systems (Trias et al., 2016). However,
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there is little understanding of the specific cellular mechanisms that
mediate the recruitment of CSF-1R- and c-Kit-expressing immune cells
in the ALS peripheral nerve.

CSF1 and IL-34 are the two endogenous cognate ligands of CSF-
1R, which upon activation stimulates monocyte/macrophage differen-
tiation pattern and the acquisition of a phagocytic phenotype
(Boulakirba et al., 2018). On the other hand, SCF is the ligand of c-Kit,
which in peripheral tissues is mainly expressed in mast cells (lemura,
Tsai, Ando, Wershil, & Galli, 1994). SCF/c-Kit signaling drives chemo-
attraction of mast cell precursors, their differentiation into mature
mast cells and ultimate degranulation, with the release of inflamma-
tory and vasoactive molecules (Galli et al., 1993). Mast cells are key in
orchestrating chronic inflammation and immune cell infiltration (Metz
et al., 2007) and recently have been reported to extensively infiltrate
the muscle and sciatic nerve of ALS patients and SOD1%%%A rats (Trias
et al., 2017; Trias et al., 2018). The cellular sources of CSF1, IL-34,
and SCF in ALS peripheral nerves remain largely unknown.

Here, we have analyzed the cellular localization of cytokines CSF1,
IL-34, and SCF expressed in sciatic nerves of ALS patients and SOD1734
rats. We report for the first time, the upregulation of the three ligands in
specific subsets of SCs, which are spatially associated with macrophages
and mast cells expressing CSF-1R and c-Kit, respectively. Notably, a sub-
set of proliferating SCs expressed c-Kit. Finally, systemic pharmacological
inhibition of CSF-1R and c-Kit by masitinib sharply decreased SC reactiv-
ity, immune cell infiltration and proliferation along the peripheral motor
pathways, providing evidence for an inflammatory mechanism triggered

by SCs that can be therapeutically targeted in ALS.

2 | MATERIALS AND METHODS

21 | Animals

Male SOD1%7*” progeny were used for further breeding to maintain
the line. Rats were housed in a centralized animal facility with a 12-hr
light-dark cycle with ad libitum access to food and water. Perfusion
with fixative was performed under 90% ketamine—10% xylazine anes-
thesia and all efforts were made to minimize animal suffering, discom-
fort or stress. All procedures using laboratory animals were performed
in accordance with the national and international guidelines and were
approved by the Institutional Animal Committee for animal experi-
mentation (CEUA Approved protocol: #005-17 to Dr. Luis Barbeito).
This study was carried out in strict accordance with the Institut Pas-
teur de Montevideo Committee's requirements and under the current
ethical regulations of the Uruguayan Law N°18.611 for animal experi-
mentation that follow the Guide for the Care and Use of Laboratory
Animals of the National Institutes of Health (USA).

2.2 | Experimental conditions

At least five rats were analyzed for each experiment. Four different

conditions were studied as follow: (a) nontransgenic (NonTg) rats of

160-180 days; (b) transgenic SOD1%%3A rats of 180-190 days (symp-
tomatic, onset); (c) transgenic SOD1%73A rats of 195-210 days treated

16934 rats

with vehicle (paralysis, 15d-vehicle); and (d) transgenic SOD
of 195-210 days treated with 30 mg/kg/day of masitinib during

15 days (paralysis, 15 days-masitinib).

2.3 | Determination of disease onset

All rats were weighed and evaluated for motor activity daily as
described (Trias et al., 2016, 2017). Disease onset was determined for
each animal when pronounced muscle atrophy was accompanied by
an abnormal gait, typically expressed as subtle limping or dragging of
one hind limb.

24 | Masitinib administration

As described previously (Trias et al., 2017, 2018), only transgenic rats
showing weakness and gait alterations in hind limbs as the first clinical
sign were selected for masitinib treatment studies. Male rats were divided
randomly into the masitinib or vehicle-treated groups. Masitinib mesylate
(AB1010), freshly prepared in drinking sterilized water, was administrated
daily at a dose of 30 mg/kg using a curved stainless steel gavage needle
with 3-mm ball tip. Dosing was defined in accordance to previous studies
in the same rat model of ALS that was shown to be safe for chronic treat-
ments (Trias et al, 2016, 2017). Rats were treated from Day-1 post-

paralysis for an additional 15 days, when they were then euthanized.

25 |
sections

Sciatic nerve and ventral roots cryopreserved

Paraformaldehyde (4%) fixed sciatic nerve and ventral roots were
cryopreserved in 30% sucrose (Sigma) at 4°C. The 72 hr preserved sci-
atic nerve was embedded in TissueTek (Sakura), sectioned (longitudi-
nal and transverse) at 10 pm using a cryostat, and collected on

gelatin-coated slides.

2.6 | Immunohistochemistry of SOD1%73 rat
sciatic nerve and ventral root slices

Longitudinal sciatic nerve sections and cross sections of ventral roots
were blocked for 2 hr at room temperature (5% BSA, 0.5% Triton X-
100 in PBS), incubated with primary antibodies overnight at 4°C in
1% BSA, 0.3%Triton X-100 in PBS. Antibodies used were: 1:250 rat
polyclonal anti-c-Kit-biotin (abcam, #ab25022), 1:200 mouse anti-
Tryptase (abcam, #ab134932), 1:300 mouse-anti Chymase (abcam,
#ab111239), 1:200 mouse monoclonal anti-CD11b (BD Bioscience,
#BD550299), 1:200 rabbit polyclonal anti-CSF-1R (Santa Cruz Bio-
technology, #sc-692), 1:200 mouse monoclonal anti-CSF-1R (Santa
Cruz Biotechnology, #sc-46662), 1:250 mouse monoclonal anti-CD68
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(abcam, #ab31630), 1:300 Isolectin-Biotin probe (Thermo Fisher Sci-
entific, #121414), 1:400 mouse monoclonal anti-GFAP (Sigma,
#G3893), 1:400 rabbit polyclonal anti-GFAP (Sigma, #G9269), 1:300
mouse monoclonal anti-S100p (Sigma, #52532), 1:300 mouse mono-
clonal anti-neurofilament200-AlexaFluor555 (Thermo Fisher Scien-
tific, #MAB5256A5), 1:200 rabbit polyclonal anti-IL34 (Santa Cruz
Biotechnology, #sc-135176), 1:250 rabbit polyclonal anti-CSF1
(Thermo Fisher Scientific, #PA5-42558), 1:300 Myelin-AlexaFluor488
or AlexaFluor546 probes (Thermo Fisher Scientific, #F34652), 1:250
rabbit polyclonal SCF (Thermo Fisher Scientific, #PA5-20746), 1:250
rabbit polyclonal anti-p75N"R (abcam #ab8874), 1:300 mouse mono-
clonal anti-S100 (Dako, Z0311), 1:200 rabbit polyclonal anti-lbal
(Wako, #019-19741), 1:300 rabbit polyclonal anti-Kié7 (abcam,
#ab16667). After incubation with primary antibodies, slices were
washed with PBS 3 times for 10 min, incubated with secondary anti-
bodies for 2 hr at room temperature, 1:500 goat anti-rabbit-
AlexaFluor488 (Thermo Fisher Scientific, #A21052), 1:500 goat anti-
mouse-AlexaFluor546 (Thermo Fisher Scientific, #A11035), 1:500
goat anti-mouse-AlexaFluor633 (Thermo Fisher Scientific, #A21052),
1:500 Streptavidin-AlexaFluor405 or AlexaFluor633 (Thermo Fisher
Scientific, #521375), washed with PBS three times for 5 min, and
mounted in DPX mounting medium (Sigma). The specificity of CSF1,
IL-34, and SCF antibodies was determined by performing antibody
preincubation with CSF1, IL-34, and SCF proteins (ProsPec, #CYT-
856, # CYT-863, and #CYT-323, respectively) at a 1:5 ratio antibody/
ligand concentration (Figure S2).

2.7 | Histochemistry quantitative analysis

For cytokines density analysis, CSF1, IL-34, and SCF density analysis
were measured using Image) as previously described (Trias et al.,
2018). At least 20 sections per sciatic nerve per animal (n = 4) were
analyzed. The number of CSF-1R, CD11b, CD68+, Ibal+, c-Kit+, and
Ki67+ cells infiltrating the sciatic nerve and ventral roots of SOD1%734
rats were counted in x25 and x63 (for ventral roots) magnification
confocal images using the Image) software. At least 20 confocal sta-
cks (320 x 320 x 10 pm in Z) from four animals among conditions
were analyzed. For SC density analysis in the ventral roots, GFAP/
S100p density analysis was measured using Image) as previously
described (Trias et al., 2018).

2.8 | Human tissue collection

The collection of postmortem human ALS and control samples was
approved by the University of Alabama, Birmingham (UAB) Institu-
tional Review Board. (Approved IRB Protocol: X091222037 to
Dr. Peter H. King) All ALS patients were cared for at UAB and so
detailed clinical records were available. Control samples were age-
matched and were harvested from patients who expired from non-
neurological causes. The average collection time after death was less
than 10 hr. All tissues were harvested by PHK and YS at the time of

autopsy and preserved within 30 min. Control sciatic nerve tissues

were obtained from the National Disease Research Inter-
change (NDRI).
2.9 | Human sciatic nerve and ventral root

immunohistochemistry

Sciatic nerve and ventral root paraffin sections were sliced (10 pm)
using a microtome. Following deparaffinization, slices were blocked
and permeabilized in 5% BSA/0.5% Triton X-100 for 2 hr at room
temperature. Primary antibodies were incubated in 1% BSA/0.5% Tri-
ton X-100 at 4°C overnight. Primary antibodies used were described.
After washing, secondary antibodies were incubated for 3 hr at room
temperature. After PBS washing, Mowiol medium (Sigma-Aldrich) was

used for mounting.

210 |
nerve

Toluidine blue staining of the human sciatic

For the mast cell analysis based in metachromasia observation, as pre-
viously described (Trias et al., 2018), 10 um sections of paraffin-
embed human sciatic nerves were microtome sliced and mounted in
positive-charged slides. Slides were deparaffinized before starting
staining. Sections were washed and hydrated two times in distilled
water for 10 min and embedded in 1% toluidine blue solution for
20 min. Then, slides were washed in distilled water three times 5 min
and dehydrated during 3 min in 70% ethanol, 3 min in 95% ethanol,
and finally 2 min in 100% ethanol. Slides were cleared in xylene twice,
3 min each and finally mounted in DPX (Sigma). x10, x20, and x100
images were acquired using an Olympus CX41 microscope connected
to a EvolutionTMLC Color camera and using ImagePro Express soft-

ware for acquisition.

211 | Real-time PCR analysis of the proximal
sciatic nerve

At least 4 proximal sections of sciatic nerve were dissected from
NonTg and SOD1%7%” symptomatic rats. Tissue was processed for
each mRNA extraction using Trizol Reagent (Thermo Fisher) and the
aqueous phase was further purified using the RNeasy Mini kit
(QIAGEN) according to the manufacturer's instructions. mRNA yields
were measured on Nanodrop device (Thermo Scientific) and cDNA
were obtained from 0.5 pg of RNA (-80°C), 4 pl of iScript reverse
transcription Supermix for RT-gPCR (BIORAD, —20°C) in a final vol-
ume of 20 pl filled with nuclease free water. The Thermo cycler was
set as follows: priming 5 min at 25°C followed by 20 min at 46°C for
reverse transcription and 1 min at 95°C for RT inactivation. RT-qPCR
was performed on reverse transcribed cDNA using SsoAdvanced™
Universal SYBR® Green Supermix (BIO-RAD) on a Step One Plus
Real-Time PCR System. For each well, 2 pl of diluted DNA was added
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to 8 pl of mix (containing 1 pl of each primer, 5 pl of SsoAdvanced™
Universal SYBR® Green Supermix, 1 pl of nuclease free water). Each
sample was run in triplicate. The cycling parameters were as follows:
10 min at 95°C then 40 cycles at 95°C for 15 s and 1 min at 60°C. Cq
values were obtained for every cycle. Primers were designed on NCBI
Primer-BLAST following the best guidelines to exclude genomic DNA
amplification. The analysis was done using the StepOne Software.
Variations between samples were normalized using hypoxanthine-
guanine phosphoribosyl transferase (HPRT) as a housekeeping gene.
All primers were validated for specificity and efficiency. Primers

used are:

CS1-Fw: 5'-AAAGTTTGCCTCGGTGCTCTC-3
CSF1-Rv: 5-TTCGTTCGCTTCCTTGCTCG-3'.
IL-34-Fw:5'-TCTTGCTGCAAACAAAGTCCC-3
IL-34-Rv: 5’ACACGTTGGTAGCTGCACAT-3'.
SCF-Fw: 5-TCCTCTCGTCAAAACTCAGGA-3
SCF-Rv: 5'-CGGCGACATAGTTGAGGGTT-3'.
HPRT-Fw: 5'-GTCATGTCGACCCTCAGTCC-3
HPRT-Rv: 5-GCAAGTCTTTCAGTCCTGTCC-3'.

212 | Western blot analysis

For protein extraction, proximal sciatic nerves from four non-
transgenic and four symptomatic animals were dissected and homoge-
nized in lysis buffer (50 mM HEPES pH 7.5, 50 mM NaCl, 1% Triton
X-100, and complete protease inhibitor (Roche,
#11873580001), and then sonicated three times for 3 s. Protein con-
centration was measured with a Bicinchoninic Acid (BCA) kit (Sigma,

mixture

#QPBCA). Then, protein extracts were placed in loading buffer con-
taining 15% SDS, 0.3 M Tris pH 6.8, 25% Glycerol, 1.5 M
B-mercaptoethanol and 0.01% Bromphenol Blue. Protein samples
(30 pg) were resolved on 12% SDS-polyacrylamide gel and transferred
to PVDF membrane (Thermo, #88518). Membranes were blocked for
1 hr in Tris-buffered saline (TBS), 0.1% Tween-20, and 5% BSA,
followed by overnight incubation at 4°C with the correspondent pri-
mary antibody diluted in the same buffer. Primary antibodies used in
this study were rabbit anti-CSF1 (Thermo Fisher Scientific,
#PA5-42558) and rabbit anti-1L34 (MBS, #2001373). After washing
with 0.1% Tween in TBS, membranes were incubated with
peroxidase-conjugated secondary antibody, goat anti-rabbit IgG to
(Abcam, #ab6721) for 1 hr, washed and developed using the Sup-
erSignal West Pico Chemiluminiescent Substrate (Thermo Fisher Sci-
entific, #34080). oActin was used as housekeeping. For aActin
membranes were stripped according to the Mild Stripping protocol
from Abcam and then were incubated with mouse anti-aActin anti-
body (SIGMA #A5441). After washing with 0.1% Tween in TBS, the
membranes were incubated with secondary antibody, goat anti-mouse
IgG (Abcam, #ab6728), and developed. All antibodies were used at
dilutions recommended by the manufacturers. The images were
obtained with Syngene GBox-Chemi 16 Bio Imaging System and den-
sitometry was analyzed using ImageJ.

213 | Fluorescence imaging

Fluorescence imaging was performed with a laser scanning Zeiss
LSM 800 or LSM 880 confocal microscope with either a x25 (1.2
numerical aperture) objective or x63 (1.3 numerical aperture) oil-
immersion objective using the Zeiss Zen Black software. Maximum
intensity projections of optical sections were created with the Zeiss
Zen software. Maximum intensity projections of optical sections, as
well as 3D reconstructions, were created with the Zeiss Zen

software.

214 | Statistics analysis

Quantitative data were expressed as mean + SEM. Two-tailed Mann-
Whitney test or Kruskal-Wallis followed by Dunn's multiple compari-
son test were used for statistical analysis, with p < .05 considered sig-
nificant. The GraphPad Prism 7.03 software was used for statistical

analyses.
3 | RESULTS
3.1 | Characterization of SCs in the ALS

degenerating sciatic nerve

Previous studies on ALS postmortem peripheral nerve pathology have
provided scarce information on SC phenotypes (Nardo et al., 2016;
Riva et al., 2016). We examined SCs by immunohistochemical analysis
of three nerve specimens from ALS subjects and three control donors,
as well as one ALS ventral root specimen. Table 1 shows the charac-
teristics of ALS patients and control subjects.

In longitudinal and transversal sections of the sciatic nerves
from control donors, SCs were identified by S1008 immunohisto-
chemistry, with typical staining restricted to Schmidt-Lanterman
clefts (Figure 1a-b). GFAP staining was low or absent in sections
from control nerves. In contrast, all ALS specimens displayed a
robust increase in both GFAP and S100f staining (Figure 1c,d),
suggesting a significant SC reactivity. In longitudinal sections, GFAP
staining labeled elongated SCs with a morphology resembling
denervated or repair nonmyelinating SCs (Figure 1c). S1008 labeled
a different subset of SCs, the morphology of which resembled
myelinating or remyelinating SCs (Figure 1c, lower panel). These SC
phenotypes are similar to those observed in Wallerian degeneration
(Gomez-Sanchez et al., 2017). A similar pattern of differential GFAP
and S100p staining in SC subsets was observed in sciatic nerve sec-
tions from two other ALS patients and in one ventral root specimen
(Figure 1d,e).

Understanding how specific SC phenotypes develop during active

motor axon degeneration in SOD1°73A

rats may allow a better under-
standing of nerve pathology in ALS. Sciatic nerves from nontransgenic
control rats showed low GFAP expression in a few nonmyelinating

SCs and the typical S100p staining of myelinating SCs restricted to
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Subject Age?® (years) Gender Disease onset Survival® (months) Cause of death TABLE 1~ Clinical chara~cter|st|cs of
amyotrophic lateral sclerosis and control
ALS #1 69 F Leg 52 - subjects included in the study
ALS #2 40 M Arm 63 -
ALS #3 76 M Bulbar 32 -
ALS #4 75 M Leg 58 -
Control #1 64 M - - Cardiac
Control #2 79 M - - Cardiac
Control #3 74 F - - Stroke
2Age of death.
PFrom onset to death.
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FIGURE 1 Schwann cell (SC) phenotypes in the sciatic nerve of amyotrophic lateral sclerosis (ALS) patients. GFAP and S100p
immunofluorescence confocal characterization of SCs in 10 um sections of the sciatic nerve and one ventral root of ALS patients as compared
with control donors. (a,b) Three sciatic nerves from control donors were analyzed in longitudinal sections (upper panels) and cross-sections (lower
panels). Note low GFAP expression, while S100p was restricted to Schmidt—Lanterman clefts (yellow arrowheads in inset). (c,d) Four sciatic
nerves from ALS patients were analyzed in longitudinal and cross-sections. Note GFAP and S1008 increase in denervated and myelinating SCs,
respectively, labeling different subsets of cells. (e) In comparison, GFAP and S1008 were also expressed in different subsets of SCs in the ventral
root from one ALS patient. Scale bars: 100 pm in (a,c), 10 pm in (b-e) [Color figure can be viewed at wileyonlinelibrary.com]

SCs express of CSF1 and IL-34 in the ALS
sciatic nerve

Schmidt-Lanterman clefts (Figure 2a), the morphology being closely 3.2 |

1G93A

similar to human control cases. Also, the SOD rat sciatic nerve

analyzed either at hind limb paralysis onset or advanced paralysis,

largely reproduced the SCs pathology observed in ALS subjects, with
a robust upregulation of S100p and the appearance of a variety of SC
phenotypes expressing GFAP (Figure 2a). As depicted in Figure 2b,
SCs bearing S100p+ and GFAP+ represent two different cell
populations corresponding to myelinating and denervated SCs,
respectively. Denervated SCs were also identified by isolectin immu-

5NTR ;

noreactivity, and myelin-laden SCs by S100 and p7 immunoreac-

tivity (Figure 2b).

Previous reports have shown the expression of CSF1 in damaged
peripheral nerve tissue associated with local recruitment of macro-
phages (Groh et al., 2012). In ALS rodent models, drugs inhibiting
CSF-1R therapeutically decreased monocyte/macrophage infiltra-
tion (Martinez-Muriana et al., 2016), suggesting that locally
expressed CSF1 and IL-34 are cognate CSF-1R ligands. As shown
in Figure 3a,e, CSF1 and IL-34 were barely expressed in nerves

1G93A

from nontransgenic rats. In comparison, SOD rats showed
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FIGURE 2

Schwann cell (SC) phenotypes in the sciatic nerve of SOD1%%%A rats during paralysis progression. Confocal immunostaining analysis of SC

phenotypes in 10 pm sciatic nerve sections at onset and advanced paralysis as compared with nontransgenic littermates. (a) S100p and GFAP staining
among conditions. Note S100p8 and GFAP expression restricted to Schmidt-Lanterman clefts (inset in the upper panel, white arrows) and Remak-like
cells (arrow in the inset of lower panel), in NonTg rats, respectively, while both sharply increased during the course of the paralysis. (b) Confocal
Immunophenotyping of SCs subpopulation in SOD1%73A symptomatic rats. Note that GFAP and Isolectin label denervated SCs, while $100, 51008, and
p75NTR label phagocytic or myelin-laden SCs (insets). Scale bars: 20 pm in (a) and 50 pm in (b) [Color figure can be viewed at wileyonlinelibrary.com]

robust endoneurial expression of CSF1 and IL-34 at paralysis onset,
which further increased by five to six-fold at advanced paralysis
(Figure 3b,f). Upregulation of CSF1 and IL-34 in the degenerating
SOD1%%3A rat sciatic nerves was further confirmed by RT-PCR and
Western blot analysis (Figure 3c,d,g,h; Figure S1).

CSF1 was mainly expressed by a subset of phagocytic SCs typi-
cally engulfing myelin debris and stained with $100, S100p, or p75N™R
(Figure 3i, Figure S3). In comparison, IL-34 was mainly expressed in a
subset of denervated SCs (GFAP+/Isolectin+) with the morphology of
repair SCs (or Bungner cells), aligned on the apparent trajectory of
degenerating axons (Figure 3j, Figure S3). In symptomatic SOD1¢%%4
rats, CSF1 and IL-34 were also localized in a subset of axons col-
ocalizing with neurofilament staining (Figure S4).

In the sciatic nerves from ALS donors, CSF1 and IL-34 were
upregulated in the endoneurium as compared with weak immunoreac-
tivity in control subjects (Figure 3k). While, the exact cellular localiza-
tion of CSF1 and IL-34 in postmortem tissues was not precise, in
some ALS nerve specimens, CSF1 and IL-34 were localized in elon-
gated SC-like cells.

3.3 | SCs spatially interact with CSF-1R+
monocytes/macrophages

In the degenerating sciatic nerves of SOD1%%%* rats, SCs
were typically surrounded by clusters of CSF-1R+ macrophages
(Figure 4a). CSF-1R immunoreactivity sharply increased by 10- and
20-fold at onset and advanced paralysis, respectively, when compared
to nontransgenic rats (Figure 4a and Figure S5a). Most CSF-1R immu-
noreactivity was found in the surface of small myeloid cells expressing
CD68 or CD11b (Figure 4b and Figure S5b) but not in myelin-laden
phagocytic CD68+ macrophages (Figure 4c), suggesting CSF-1R
expression in newly infiltrating monocyte/macrophages cells but not
in fully differentiated macrophages.

Next, we addressed whether CSF-1R immune cells infiltrate the
sciatic nerve of ALS patients. Figure 4d shows the immunostaining of
CSF-1R and CDé8 in one sciatic and one ventral root from ALS
patients, compared with control donors. CSF-1R+ immune cells infil-
trated the ALS tissue in both the sciatic nerve and the ventral root but

not in control donors (Figure 4d).
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FIGURE 3 Schwann cells (SCs) upregulate CSF1 and IL-34 in SOD1%73 sciatic nerve. (a) Inmunohistochemical analysis of CSF1 expression
in proximal sciatic nerve longitudinal sections during the course of the paralysis. Inset shows the characteristic phenotype of a phagocytic SCs
expressing CSF1. (b) Quantitative analysis of the immunoreactivity for CSF1. (c,d) Analysis of mRNA and protein levels of CSF1 by RT-PCR and
western blot in proximal sciatic nerves. The graph below shows western blot quantitative analysis. (€) Immunohistochemical analysis of 11-34
expression in proximal sciatic nerve longitudinal sections during the course of the paralysis. (f) Quantitative analysis of the immunoreactivity for
IL-34. (g,h) Analysis of mRNA and protein levels of IL-34 by RT-PCR and western blot in proximal sciatic nerves. The graph below shows western
blot quantitative analysis. (i,j) Identification of SCs expressing CSF1 (i) and IL-34 (j) in longitudinal sections of sciatic nerves during advanced
paralysis in SOD1%7%A rats. Note that CSF1 is mainly expressed in phagocytic S100+ SCs (white arrows) but not in denervated Isolectin+ SCs
(lower panels), while IL-34 was mainly expressed in denervated GFAP+ SCs (white arrows). (k) Longitudinal sections of sciatic nerve showing the
immunostaining analysis of CSF1 (magenta, upper panels) and IL-34 (red, lower panels) expression in amyotrophic lateral sclerosis patients and
controls. All data are expressed as mean + SEM; data were analyzed by Kruskal-Wallis followed by Dunn's multiple comparison test (b,f) or
Mann-Whitney test (c,d,g,h), p < .05 was considered statistically significant. n = 4/6 animals/condition. Scale bars: 100 pm in (a), 10 um in (c,d).
Scale bars: 100 pm in (a) and (e), 10 pm in (i) and (j), 25 pm in (k) [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Schwann cells (SCs) interact with CSF-1R+ macrophages. (a) Spatial association of denervated SCs expressing Isolectin or GFAP (white
arrowheads) with CSF-1R+ and CDé8+ macrophages (white arrows) in SOD1%73A rats and NonTg littermates. The graph to the right shows the
quantitative analysis of CSF-1R+ cells into the sciatic nerve among conditions. (b) Identification of cells expressing CSF-1R. Note that CSF-1R+ cells
mainly correspond to macrophages expressing CD68 (white arrows). The graph to the right shows the quantitative analysis of CD68+ macrophages
expressing CSF-1R. (c) High magnification analysis showing a subset nonphagocytic CD68+ macrophages express CSF-1R (white arrow), while
phagocytic macrophages lose CSF-1R staining (white arrowhead). (d) CSF-1R expression analysis in cross-sections of the sciatic nerve and ventral root
from amyotrophic lateral sclerosis subjects. All quantitative data are expressed as mean + SEM; Data were analyzed by Kruskal-Wallis followed by
Dunn's multiple comparison test. * indicates p < .05. n = 4 animals/condition. Scale bars: 20 pm in (a,b,d) and 10 pm in (c) [Color figure can be viewed

at wileyonlinelibrary.com]

3.4 | SCFis expressed in phagocytic SCs and
endoneurial macrophages

We have previously reported that c-Kit+ mast cells significantly infil-
trate the peripheral motor pathway in ALS rats (Trias et al., 2018),
suggesting the presence of increased levels of the ligand SCF. As
shown in Figure 5a, SCF was below the limit of detection in the sciatic
nerves of nontransgenic rats. In contrast, SCF immunoreactivity was

1G93A

increased in the sciatic nerve of SOD rats at disease onset and

further increased by fourfold at advanced paralysis as compared with

onset (Figure 5b). Similarly, mRNA levels for SCF were increased by

193 rats at paralysis stage

~twofold in the sciatic nerve of SOD
respect to nontransgenic controls (Figure 5c).

SCF was localized in a minority subset of phagocytic SCs bearing
myelin debris and displaying p75"™® staining (Figure 5d) and also in
monocytes and macrophages labeled with CD11b or CDé8, respec-
tively (Figure 5e).

Figure 5f shows that SCF was expressed in Ibal+ macrophages
that infiltrate into the sciatic nerve of ALS patients but not in control

donors.
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FIGURE 5

Schwann cells (SCs) and macrophages express SCF in amyotrophic lateral sclerosis (ALS) sciatic nerve. (a) Immunohistochemical

analysis of SCF expression in longitudinal sections during the course of the paralysis in SOD1%%3A rats. Note the sharp increase of the cytokine in
phagocytic SCs in symptomatic rats (white arrowheads and inset). (b) Quantitative analysis of SCF expression among groups. (c) Analysis of mMRNA
levels of SCF by RT-PCR. (d) Confocal images showing the expression of SCF in SCs. Note that, SCF is expressed by reactive p75"T?+ SCs (white
arrow). (e) Confocal images showing the SCF expression in macrophages. Note that, SCF is also expressed by CD68+/CD11b + cells (white arrows).
(f) SCF expression analysis in cross sections sciatic nerves from ALS subjects. All data are expressed as mean + SEM; Data were analyzed by
Kruskal-Wallis followed by Dunn's multiple comparison test (b) or Mann-Whitney test (c), p < .05 was considered statistically significant.n = 4/6
animals/condition. Scale bars: 50 pm in (a), 20 pm in inset (a), 10 pm in (c,d), and 10 pm in (e) [Color figure can be viewed at wileyonlinelibrary.com]

3.5 | c-Kitis expressed in proliferating SCs and
mast cells

Signaling through c-Kit supports the proliferation of undifferentiated
SCs in neurofibromatosis Type-1 (Dang, Nelson, & DeVries, 2005),
however, it is unknown whether non-neoplastic SCs can also express
the receptor. Here, we explored whether SCF upregulation in ALS sci-
atic nerve was associated with SC proliferation. Remarkably, c-Kit was
expressed in a subset of denervated SCs stained with GFAP or Iso-
lectin (Figure 6a) but not in nontransgenic rats (Figure 6a, inset). Some
c-Kit+ SCs also displayed immunoreactivity for the cell proliferation
marker Ki67 (Figure 6b).

In accordance with our previous reports showing mast cell infil-

1G93A

tration along the peripheral motor pathway of SOD rats (Trias

et al,, 2017, 2018), the c-Kit receptor was mostly expressed in mast
cells infiltrating the ALS sciatic nerves. Figure 6c shows the spatial
interaction between denervated SCs and c-Kit+ mast cells. Compara-
tively, c-Kit+ mast cells were increased in all sciatic nerve and ventral
root specimens from ALS subjects, as compared with controls
(Figure 6d,e and Figure Sé).

3.6 | Pharmacological inhibition of CSF1-R and
c-kit prevents SC reactivity in degenerating ventral
roots

We have previously shown that sciatic nerve pathology in symptom-

atic SOD1°%%A rats is reduced by postparalysis treatment with
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masitinib (Trias et al., 2018), a drug inhibiting CSF1-R and c-Kit recep-
tors. Here, we have found that lumbar ventral roots at SOD173 rat
at advanced paralysis also displayed an increased number of reactive
SCs expressing GFAP and S100p as compared with nontransgenic rats
(Figure 7a). A 15-day treatment with masitinib (30 mg/Kg/day)
starting overt paralysis onset resulted in a 57 and 44% decrease in
GFAP and S100B8 immunoreactivity, respectively, as compared to

vehicle (Figure 7b).

*

Proliferating SCs and mast cells express c-Kit in the amyotrophic lateral sclerosis (ALS) sciatic nerve. (a) Longitudinal sections of
SOD1%7% sciatic nerve during advanced paralysis showing c-Kit expression in denervated GFAP+/Isolectin+ SCs (white arrows). Inset shows
GFAP+ SCs in NonTg rats. (b) A subpopulation of c-Kit+ SCs expresses the proliferation marker Kié7 (white arrows). (c) c-Kit is also expressed in
endoneurial mast cells (white arrowhead). (d,e) Confocal images showing c-Kit+ mast cells infiltrating into the human ALS sciatic nerve. Note that
c-Kit+ or Tryptase+ cells were not detected in sciatic nerve cross-sections from controls (d), while endoneurial c-Kit+/Tryptase+ mast cells
accumulate in the sciatic nerve and ventral root from ALS cases (white arrows in e). Dotted lines represent the border of myelin sheaths. Scale
bars: 10 pm in (a-c) and 5 pm in (e) [Color figure can be viewed at wileyonlinelibrary.com]

3.7 | Masitinib reduces immune cell infiltration and
cell proliferation in the sciatic nerve

Next, we have explored whether masitinib also reduced the number of
immune cells dependent of CSF-1R and c-Kit receptors as well as cell
proliferation. As shown in Figure 8a,b the number of infiltrating CD68
+/lbal+ macrophages, and c-Kit+ mast cells sharply increased during

the course of the disease, with respect to nontransgenic animals.
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FIGURE 7 Masitinib prevents SC reactivity in degenerating ventral roots of SOD1%%% rats. Masitinib (30 mg/kg/day) was orally administered
for 15 days starting after paralysis onset. (a) Representative 3D confocal images of ventral root cross-sections showing SCs stained for GFAP
(green) and S100B (red). Note that few SCs were observed in NonTg rats, but reactive SCs accumulated during disease progression. Masitinib
treatment significantly prevented SC reactivity and improved ventral root pathology estimated by myelin staining (white). Scale bar: 10 pm.

(b) Graphs show the quantitative analysis of the density of SCs per area. All quantitative data are expressed as mean + SEM; Data were analyzed
by Kruskal-Wallis followed by Dunn's multiple comparison test, p < .05 was considered statistically significant. n = 4 animals/condition [Color
figure can be viewed at wileyonlinelibrary.com]

Postparalysis treatment with masitinib reduced the number of CD68+ staining decreased by fivefold in masitinib-treated SOD1°7%A rats
and Ibal+ macrophages by 30 and 60%, respectively (Graph in (graph in Figure 7c). More than 80% of Kié7+ nuclei in the degenerating
Figure 7a) as well as c-Kit+ mast cells by 30% (Graph in Figure 7b). sciatic nerve were localized in small S100+ SCs, while only a small per-

Moreover, the number of proliferating cells estimated by Kié7+ nuclei cent were localized other cell types including macrophages (Figure S7).
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FIGURE 8 Masitinib reduces immune cell infiltration and proliferation. Immunohistochemical analysis of immune cell infiltration and cell
proliferation in the sciatic nerve among conditions. Rats were treated as described in Figure 7a,b. Confocal images show the increasing accumulation
of CD68+ and Ibal+ macrophages, and c-Kit+ mast cells during the course of the paralysis, as compared with nontransgenic littermates. In all cases,
masitinib treatment significantly reduced immune cell infiltration. Graphs to the right show the quantitative analysis of the respective immune cell
types among conditions. (c) Analysis of cell proliferation in the sciatic nerve assessed by Ki67 immunostaining. The graph to the right shows Ki67
quantitative analysis. All quantitative data are expressed as mean + SEM; Data were analyzed by Kruskal-Wallis followed by Dunn's multiple
comparison test, * indicates p < .05. n = 4 animals/condition. Scale bars: 20 pm in (a-c) [Color figure can be viewed at wileyonlinelibrary.com]

4 | DISCUSSION

We identified specific SC phenotypes in ALS degenerating peripheral
nerves with the potential to trigger local inflammation through the
expression of ligands for CSF-1R and c-Kit. SCs in human and
SOD1%%%A rat ALS sciatic nerves displayed remarkably similar pheno-
typic features, suggesting a conserved and stereotyped glial response
to motor axon degeneration. SCs are regarded as key players in repair
following nerve injury through the upregulation of cytokines and tro-
phic factors (Jessen & Arthur-Farraj, 2019; Jessen & Mirsky, 2016).
SCs in ALS expressed significant levels of CSF1, IL-34, and SCF and
spatially interacted with immune effector cells bearing CSF-1R and c-

Kit, suggesting a complex cellular interplay leading to local inflamma-
tion. Previous studies have shown infiltrating macrophages, mast cells
and neutrophils (Chiu et al., 2009; Nardo et al., 2016; Trias et al.,
2018) as well as SC proliferation (Deng et al., 2018) in the sciatic
nerve of rodent ALS models. Here, we identified that these immune
effectors express CSF-1R and c-Kit in human ALS nerves. Therefore,
SCs expressing CSF1, IL-34, and SCF become pathophysiologically
and therapeutically relevant in ALS.

It is known that SCs follow a profound phenotypic remodeling
after nerve injury allowing repair and axonal growth (Gomez-Sanchez
et al.,, 2017; Jessen & Arthur-Farraj, 2019). In ALS-affected nerves from
patients with advanced paralysis and several years of disease
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FIGURE 9 Schematic hypothesis about the pathogenic role of
SCs in amyotrophic lateral sclerosis (ALS). Reactive SCs expressing
CSF1, IL-34, and SCF accumulate in ALS peripheral nerves as a
consequence of primary motor axon pathology. These cytokines
trigger monocytes/macrophages and mast cell influx and activation
through CSF-1R and c-Kit, which in turn, stimulate a complex
inflammatory response involving other immune cell effectors, leading
to focal neuropathic lesions with the potential to induce damage of
adjacent healthy motor axons and sensory fibers. Pharmacological
inhibition of CSF-1R and c-Kit may reduce the inflammatory load
[Color figure can be viewed at wileyonlinelibrary.com]

progression, we found a comparable reactivity of SCs together with
immune cell infiltration, suggesting SCs chronically retain pro-
inflammatory features. Thus, the common perception of SCs as
pathogenically passive cells in ALS peripheral nerves should be revised
in view of their ability to orchestrate local inflammation in advanced
stages of the disease. By comparing SCs in the sciatic nerve of sporadic
ALS subjects and rats bearing the SOD1%%%* mutation, we found similar
SC phenotypes and inflammatory effectors, suggesting SC response to
denervation is not greatly influenced by SOD1 mutations. Our study
has not analyzed whether the expression of cytokines by SCs in ALS is
influenced by the simultaneous expression of mutant SOD1. Of note,
the reduction of mutant SOD1 levels within SCs in SOD1%%"R mice sig-
nificantly accelerates the paralysis progression (Lobsiger et al., 2009),
suggesting mutant SOD1 could promote a protective activity in SCs.
Increased levels of CSF1 in peripheral nerves have been impli-
cated in Charcot-Marie-Tooth disease Type 1 neuropathy, where
CSF1 appears to be expressed in endoneurial fibroblasts (Groh et al.,
2015). In the ALS degenerating sciatic nerve, we found that CSF1 was
mainly expressed in $100+/5100p+/p75NTR+ phagocytic SCs con-
taining myelin debris, suggesting a mechanism inducing CSF1

expression in SCs and indirectly promoting monocyte/macrophage
recruitment. However, because nonmyelinating reactive SCs display
fibroblast-like features (Ma et al., 2018), it cannot be excluded that
endoneurial fibroblasts also express CSF1 in ALS degenerating nerves.
In comparison, IL-34 was strongly expressed in a different subset of
GFAP+/Isolectin+, nonphagocytic reactive SCs, indicating that CSF1
and IL-34 expression is differently regulated in SCs phenotypes.

As far as we know, IL-34 expression in SCs has not been previ-
ously described. Because this cytokine does not solely activate CSF-
1R but also exert local immunomodulatory function through the acti-
vation of PTP( receptors, it remains to be determined whether IL-34
exerts local immunoregulation on macrophages (Nandi et al., 2013).
Thus, while CSF1 and IL-34 are CSF-1R ligands, the production of
these cytokines by different subsets of SCs may be a key pathway
underlying endoneurial monocyte/macrophage accumulation and their
subsequent local protective or pathogenic effects.

While accumulation of macrophages has been previously
described in the degenerating nerves of ALS subjects and murine
models (Chiu et al., 2009; Kano, Beers, Henkel, & Appel, 2012; Ker-
khoff et al., 1993), there is conflicting evidence as to whether macro-
phage infiltration is deleterious or rather protective in ALS (Nardo
et al., 2016). We found that the number of endoneurial myeloid cells
closely correlates with axon loss and paralysis progression in
SOD1%7%A rats, suggesting a pathogenic role. This is in agreement
with previous reports showing that pharmacological blockade of mac-
rophages through CSF-1R inhibition is neuroprotective in the sciatic
nerve of SOD1%7*A mice (Martinez-Muriana et al., 2016; Trias et al.,
2018) as well as in a mouse models of Charcot-Marie-Tooth Type
1 neuropathies (Klein et al., 2015). Thus, SCs could orchestrate focal
nerve inflammation by expressing CSF1 and IL-34 in ALS, through the
recruitment of a specific subset of “disease amplifier” macrophages
(Klein & Martini, 2016).

The finding that CSF1 and IL-34 are also expressed in peripheral
axons suggests that damaged neurons in ALS express and
anterogradely transport the cytokines. Neurons are an important
source of IL-34 and CSF1 (Greter et al., 2012; Wang et al., 2012) and
CSF1 has a recognized trophic activity in several types of neurons
(Chitu, Gokhan, Nandi, Mehler, & Stanley, 2016; Luo et al., 2013). In
addition, CSF1 is induced in motor neurons following peripheral nerve
lesions and mediates microglia expansion in the spinal cord (Guan
et al., 2016; Okubo et al., 2016). Thus, the upregulation of CSF1 and
IL-34 in the ALS sciatic nerve could have protective roles, stimulating
axon growth or sprouting during nascent stages of the disease but
deleterious effects during active nerve degeneration.

Previously, we have reported a significant infiltration of mast
cells, macrophages and neutrophils along the degenerating motor
axons in sciatic nerves and skeletal muscle (Trias et al., 2017; Trias
et al., 2018). Here, we show that c-Kit-expressing mast cells also accu-
mulate in the endoneurium of postmortem sciatic nerve from ALS
donors. Because mast cells crosstalk with macrophages and neutro-
phils, amplifying the inflammatory and cytotoxic potential (De Filippo
et al.,, 2013), our data further support a complex cellular mechanism

leading to focal neuropathy in ALS. We also found that SCF was
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progressively upregulated in the ALS degenerating sciatic nerve during
paralysis progression, being mainly expressed by phagocytic SCs and
infiltrating macrophages. Thus, SCF appears as a novel cytokine
expressed by SCs in ALS, with the potential to promote mast cell dif-
ferentiation, proliferation and degranulation (Ito et al., 2012). c-Kit+
mast cells are abundant in neurofibromatosis Type-1 where SCF is
produced by tumorigenic SCs carrying the Nf1~/~ mutation (Staser,
Yang, & Clapp, 2010), suggesting a role for SCF in mediating tumor
growth and nerve tissue remodeling. Remarkably, we also identified a
subset of proliferating SCs expressing the c-Kit receptor in the
SOD1%%A rat sciatic nerve, suggesting SCF/c-Kit signaling also regu-
lates SC expansion.

The therapeutic use of tyrosine kinase inhibitor drugs targeting
CSF-1R and c-Kit in neurodegenerative diseases has gained increasing
attention in the past years as an alternative mechanism to downregulate
central and peripheral nervous system inflammation (Klein et al., 2015;
Martinez-Muriana et al., 2016; Olmos-Alonso et al., 2016; Trias et al.,
2016, 2017). Two drugs of this class have been shown to prevent sciatic
nerve pathology and prolong survival in ALS rodent models (Martinez-
Muriana et al., 2016; Trias et al., 2016, 2018). In particular, masitinib is in
an advanced stage of clinical development and has demonstrated signifi-
cant treatment-effect in a prospectively defined subpopulation of ALS
patients (Mora et al., 2019). In this context, the present study shows evi-
dence that masitinib protection along the degenerating ALS ventral
roots and sciatic nerves is mediated, at least in part, by inhibition of
CSF-1R- and c-Kit-mediated inflammation. In addition, masitinib amelio-
rated the increased cell proliferation observed in SOD1%%%A rats' sciatic
nerves. Because S100+ cells bearing nonmyelinating SCs morphology
appear to account for 80% of dividing cells in degenerating nerves, these
cells appear to be significant targets for masitinib.

In conclusion, the present study shows further evidence for the
role of SCs orchestrating inflammation along the peripheral motor
pathway in sporadic ALS subjects and SOD1%%% rats. Although CSF1,
IL-34, and SCF are expressed by specific subsets of SCs, the coordi-
nated upregulation of the three cytokines suggests that they act in
concert to trigger a complex cellular response, as summarized in
Figure 9. The resulting accumulation of CSF-1R+ and c-Kit+ immune
cells into ALS-affected ventral roots and peripheral nerves may
become deleterious, leading to the development of secondary neuro-
pathic lesions. In turn, healthy motor and sensory axons as well as
intact myelinating SCs could be damaged, further accelerating motor
neuron peripheral axonopathy and disease progression. Pharmacologi-
cal inhibition by masitinib of deleterious inflammatory nerve damage,
may further explain the multifaceted therapeutic effects of masitinib

in ALS patients and animal models.
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Supplementary Figure 1. Western blot analysis of CSF1 and IL-34 levels in the proximal

sciatic nerve of non-transgenic and symptomatic SOD1¢%A rats. Upper panels show

original western blot membranes where CSF1 and IL-34 were analyzed using specific
antibodies (CSF 1:500 dilution; IL-34 1:500 dilution). Red arrows indicate the bands that were

used for quantitive analysis, according to manufacturer instructions. In lower panels, primary

antibodies were stripped and membranes were reincubated with anti-aActin antibody (1:4000)

as housekeeping protein for loading control. n= 4 animals/group.
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Supplementary Figure 2. Analysis of antibodies (CSF1, IL-34 and SCF) sepecificity using
blocking peptides. Images show confocal immunohistochemistry using CSF1, IL-34 and SCF
antibodies in longitudinal sections of proximal sciatic nerves from symptomatic SOD1G®3* rats
(a-c) Representative confocal images showing immunohistochemistry analysis of the indicated
antibodies before (left panels) and after (right panels) primary antibody preincubation with the
respective proteins. Competition of each primary antibodies with their respective ligand (ratio=

1:5) completely abrogated the immunohistological staining. Scale bars: 10 um in all panels.
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SOD1%%A proximal sciatic nerve. Immunohistochemical analysis of CSF1 (red, left and midle
panel) and IL-34 (red, right panel) expression in proximal sciatic nerve longitudinal sections co-
stained with SCs markers S1008 (green), p75NR (green) and Isolectin (green). Note that CSF1
was clearly expressed in a subset of S100p+ (lef panels) and p75N™R+ (right panels) SCs
bearing phagocytic morphology (white arrows), while IL-34 was expressed by denervated SCs

stained with Isolectin (right panel, white arrows). Scale bars: 20 pm.
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Supplementary Figure 4. A subset of axons express CSF1 and IL-34 in the sciatic nerve
of symptomatic SOD11%%A rats. (a, b) Longitudinal section of sciatic nerve showing the
colocalization analysis between neurofilament (NF-200 heavy chain) with CSF1 or IL-34. Note
CSF1 (left panels) and IL-34 (right panels) colocalize with a subset of NF-200+ axons (green)
(white arrows). (c) Higher magnification images showing the orthogonal view of the

colocalization. Scale bars: 50 um in (a); 20 ym in (c).
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Supplementary Figure 5. Accumulation of CSF-1R+ myeloid cells into the sciatic nerve of
SOD1%%A rats. (a) Representative confocal images showing the comparative infiltration of CSF-
1R+ cells into the degenerating sciatic nerve among conditions. Note the significant increase of
CSF-1R+ cells in rats developing overt paralysis. (b) Note that CSF-1R+ cells mostly
correspond to myeloid cells expressing CD11b (white arrows). The graph to the right shows the

quantitative analysis of CD11b+ myeloid cells expressing CSF-1R. Scale bars: 20 um in (a) and

(b).
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Supplementary Figure 6. Accumulation of c-Kit+ mast cells into the sciatic nerve of ALS
patients. (a) Representative confocal images showing Chymase+ mast cells infiltrating the
degenerating sciatic nerve of an ALS patient (white arrows). The inset shows the interaction of
mast cells (green for Chymase) with neurofilaments (red, NF-200). (b) High magnification
images showing that Chymase+ mast cells (green) express c-Kit (red, white arrows). (c)
Sections of three ALS sciatic nerves stained for toluidine blue, showing accumulation of mast

cells displaying metachromasia (red arrows). Scale bars: 20 um in (a) and (b).
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Supplementary Figure 7. Analysis of cell proliferation in the degenerating sciatic nerve of
symptomatic SOD1%%A rats. Images show confocal immunohistochemical analysis of Ki67,
SCs and infiltrating macrophages in longitudinal sections of proximal sciatic nerve during the
symptomatic phase of SOD1°% rats. (a) Representantive confocal image showing S100+ SCs
(green, white arrows) expressing Ki67 nuclei (red). (b) Representative image of GFAP+ small
SCs expressing Ki67 (red, white arrows). (c) Confocal tile reconstruction showing CD68+
macrophages (green) and Ki67 expression (red). Note that most Ki67+ nuclei are not localized
in infiltrating CD68+ cells. White arrow denote one small monocyte/macrophage expressing
Ki67. (d) Quantitative analysis shows that most Ki67+ nuclei belongs to S100+ SCs (80%, grey
bar), while 20% of the Ki67+ nuclei were localized in cells devoid of S100 staining (red bar).



Publicacion 3
The pathogenic role of c-Kit* mast cells in the spinal motor neuron-vascular niche in ALS

(El rol patogénico de mastocitos c-Kit* en el nicho motoneurona espinal- vascular de la
ELA)

Maridngeles Kovacs, Catalina Alamdn, Cecilia Maciel, Valentina Varela, Sofia Ibarburu, Lucas
Tarragd, Peter H. King, Ying Si, Yuri Kwon, Olivier Hermine, Luis Barbeito and Emiliano
Trias.

Resumen

Luego de identificar mastocitos y sus precursores c-Kit* en las vias motoras periféricas
de animales y pacientes con ELA, quisimos desafiar la hipdtesis de que mastocitos
derivados de precursores c-Kit" podian infiltrar la médula espinal en degeneracién,
contribuyendo a la constitucién de la neuroinflamacion crénica observada en la ELA en
el SNC.

En el analisis histopatoldgico de la médula espinal de modelos murinos en su fase
sintomatica, asi como en el tejido post-mortem de pacientes con ELA, pudimos
demostrar por primera vez la acumulacién de precursores de mastocitos c-Kit*,
asociados espacialmente a motoneuronas y elementos microvasculares vecinos,
sugiriendo la asociacién con aumento local de la permeabilidad de la BHE. También
pudimos observar que estos precursores se encuentran en estrecha relacion espacial
con células gliales del microambiente celular neurodegenerativo, en particular
astrocitos reactivos.

Un hallazgo significativo de este estudio fue el aislamiento, por primera vez en la
literatura, de precursores de mastocitos c-Kit" a partir de la médula espinal de animales
SOD15%3A sintomaticos y su posterior diferenciacion ex vivo en mastocitos totalmente
diferenciados.

Por otro lado, demostramos mecanismos quimiotacticos asociados a la expresién de SCF
en astrocitos reactivos, sugiriendo una dependencia de la via c-Kit/SCF en la infiltracion
y diferenciacion a partir de precursores de mastocitos en la ELA.

Por dltimo, mostramos evidencia de que los mastocitos c-Kit* de la médula espinal
también pueden ser blanco terapéutico de masitinib, inhibidor del receptor
mencionado, lo que disminuye la infiltracion y acumulacidn de estos en las cercanias de
las motoneuronas, a la vez que mejora el estado de la BHE. En conjunto, este estudio
sostiene el concepto de que los mastocitos son células inmunes que contribuyen a la
neuroinflamaciéon crénica y a la constitucion del microambiente celular
neurodegenerativo en la ELA.

Resultados

e En la médula espinal post-mortem de pacientes con ELA observamos una
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acumulacién sistematica de mastocitos formando “clusters” rodeando los somas
de las motoneuronas en degeneracidon. Estos mastocitos presentan dos
fenotipos caracteristicos: por un lado, una morfologia tipica, hipertrofiada y
granular, caracterizada por explosiva desgranulacién con fuerte expresion de c-
Kit, Cox-2, triptasa y quimasa, dos proteasas caracteristicas; por otro lado,
encontramos una subpoblacién de células c-Kit* pequenas y redondeadas, que
se caracterizan por la falta de granulos. Ambos fenotipos se encuentran
aumentados de manera significativa en la médula espinal de pacientes con ELA,
en comparacioén con lo que se observa en los controles.

En cortes histolégicos de la médula espinal de modelos murinos SOD1%93
(ratones y ratas) también observamos una acumulacién de células que expresan
c-Kit, quimasa y Cox-2, que se acumulan rodeando los cuerpos de las
motoneuronas en degeneracion en el asta ventral lumbar, comparado con pocas
células con estas caracteristicas en los animales no-transgénicos. En los modelos
murinos, el fenotipo predominante correspondid a células pequeiias con pocos
granulos, encontrando pocas células con desgranulacién activa. En las tinciones
realizadas no se pudo identificar células positivas para el ensayo de azul de
Toluidina, que tipicamente caracteriza mastocitos en el tejido conectivo.
También pudimos observar por técnicas de citometria de flujo un aumento en
una subpoblacién de mastocitos CD45*/c-Kit* en la médula espinal sintomatica.
Por primera vez, pudimos obtener mastocitos diferenciados ex vivo, a partir de
precursores c-Kit* aislados de la médula espinal de ratas sintomaticas. Al igual
que los precursores CD34* aislados en nuestro primer articulo, los precursores c-
Kit* de mastocitos se ubicaron en la fase no-adherente del cultivo celular y
fueron diferenciados al fenotipo maduro con SCF en presencia de IL-3. El analisis
citolégico comprobd la presencia de mastocitos diferenciados caracterizados por
la expresion de c-Kit, CD45, quimasa y Cox-2, ademas de la positividad para azul
de toluidina.

Se observé que los precursores de mastocitos c-Kit* derivados de médula ésea 'y
marcados exégenamente con un marcador fluorescente, CFSE, eran capaces de
infiltrar y acumularse en el parénquima en la médula espinal luego de ser
inyectados por via intravenosa en ratones sintomaticos. Los precursores c-
Kit*/CSFE*, se localizaban en la médula espinal sintomatica luego de 48h de ser
inyectados en ratones SOD1%%%A pero no en animales no transgénicos. La
invasidon de mastocitos tuvo una localizacion peri-vascular, sugiriendo su pasaje
a través de la barrera hemato-espinal defectuosa.

Se observd una asociacion espacial entre mastocitos y elementos
microvasculares con anormalidades morfoldgicas (interrupciones en la
marcacion de colageno, “sprouts” y “strings”), tanto en tejido post-mortem de
pacientes con ELA como en animales sintomaticos, sugiriendo un efecto de los
mastocitos remodelando la microvasculatura a través de la liberacidon de
proteasas. En comparacion, el nicho vascular que rodea a las motoneuronas en
sujetos control y animales no-transgénicos, no presentaba las anormalidades
observadas en pacientes o modelos murinos de ELA.

Debido a lo observado en la publicacién previa, acerca de la via quimiotactica c-
Kit/SCF, decidimos analizar la expresion del ligando SCF en el microambiente
celular neurodegenerativo de la médula espinal en ratones SOD1%%3%
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sintomaticos. Alli observamos una expresion aumentada de SCF en astrocitos
reactivos y una interaccion espacial entre estos astrocitos SCF* y mastocitos c-
Kit*, sugiriendo un mecanismo quimiotactico.

e Finalmente, observamos que el tratamiento sistémico con masitinib en ratones
SOD1%93A sintométicos, pudo prevenir el trafico y acumulaciéon de mastocitos en
la médula espinal de ratones con ELA, con consecuentes efectos en los defectos
de la BHE.

Conclusiones

Este estudio muestra evidencia experimental apoyando la presencia de mastocitos y sus
precursores c-Kit* en el microambiente que rodea a las motoneuronas en degeneracion
en la ELA, tanto en pacientes como en modelos murinos de la enfermedad. Los
mastocitos parecen infiltrar en el parénquima de la médula espinal desde la periferia a
través de elementos microvasculares defectuosos de Ila BHE, guiados
guimiotacticamente por astrocitos reactivos que expresan SCF, el ligando de c-Kit.
Ademas, estos mastocitos y sus precursores aparecen como importantes mediadores de
la neuroinflamacion crénica y pueden ser blancos de inhibidores de tirosina quinasa.

Sin embargo, durante este estudio no pudimos profundizar en los mecanismos por los
cuales ocurre la interaccién entre los astrocitos reactivos expresando SCF y los
precursores de mastocitos c-Kit*, tanto a nivel de la quimioatraccién como promoviendo
su posterior diferenciacion. Por otro lado, pese a observar un aumento en la expresién
de SCF por técnicas de inmunohistoquimica, al observarse en una subpoblacion de
astrocitos reactivos, no profundizamos en su expresion, tanto a nivel proteico como a
nivel de ARNm, utilizando técnicas de biologia molecular.
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Abstract

targeted pharmacologically.

Degeneration of motor neurons, glial cell reactivity, and vascular alterations in the CNS are important neuropathologi-
cal features of amyotrophic lateral sclerosis (ALS). Immune cells trafficking from the blood also infiltrate the affected
CNS parenchyma and contribute to neuroinflammation. Mast cells (MCs) are hematopoietic-derived immune cells
whose precursors differentiate upon migration into tissues. Upon activation, MCs undergo degranulation with the
ability to increase vascular permeability, orchestrate neuroinflammation and modulate the neuroimmune response.
However, the prevalence, pathological significance, and pharmacology of MCs in the CNS of ALS patients remain
largely unknown. In autopsy ALS spinal cords, we identified for the first time that MCs express c-Kit together with
chymase, tryptase, and Cox-2 and display granular or degranulating morphology, as compared with scarce MCs in
control cords. In ALS, MCs were mainly found in the niche between spinal motor neuron somas and nearby microvas-
cular elements, and they displayed remarkable pathological abnormalities. Similarly, MCs accumulated in the motor
neuron-vascular niche of ALS murine models, in the vicinity of astrocytes and motor neurons expressing the c-Kit
ligand stem cell factor (SCF), suggesting an SCF/c-Kit-dependent mechanism of MC differentiation from precursors.
Mechanistically, we provide evidence that fully differentiated MCs in cell cultures can be generated from the murine
ALS spinal cord tissue, further supporting the presence of c-Kit+ MC precursors. Moreover, intravenous administration
of bone marrow-derived c-Kit+ MC precursors infiltrated the spinal cord in ALS mice but not in controls, consistent
with aberrant trafficking through a defective microvasculature. Pharmacological inhibition of c-Kit with masitinib in
ALS mice reduced the MC number and the influx of MC precursors from the periphery. Our results suggest a previ-
ously unknown pathogenic mechanism triggered by MCs in the ALS motor neuron-vascular niche that might be

Keywords: Mast cells, Motor neuron-vascular niche, ALS, Masitinib, Spinal cord

Introduction

The pathogenesis of amyotrophic lateral sclerosis (ALS)
is multifactorial and remains partially understood. How-
ever, recent evidence suggests that peripheral immune
cells such as lymphocytes, monocytes/macrophages,
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and mast cells (MCs), significantly contribute to delete-
rious inflammation and disease progression [3, 5, 6, 49].
Evidence indicate that peripheral MCs play a pathogenic
role in ALS, through close contact with motor axons
and NMJs (neuromuscular junctions) undergoing active
peripheral motor pathway degeneration in ALS [48, 49].
While MCs have been described in the CNS of ALS sub-
jects [19], little is known, however, about the mecha-
nisms controlling the MC influx to the Central Nervous
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System (CNS) and their interaction with motor neurons
and perineuronal microvasculature in the spinal cord.

MCs are effectors cells of the innate immune system
derived from hematopoietic myeloid precursors that
can be found in low numbers in all vascularized tissues
including specific brain regions [14, 26, 52]. MC pre-
cursors expressing the tyrosine kinase receptor c-Kit,
leave the bone marrow to enter the circulation and are
recruited to tissues through a trans-endothelial passage,
and are often found close to blood vessels [26]. Immature
MCs achieve maturation within the local tissue microen-
vironment, a process that involves changes in phenotype
and accumulation of granules containing neuroactive and
vasoactive molecules, proteases, and proteoglycans [10,
31, 56]. Functionally, MCs play a key role in inflamma-
tory processes via controlled degranulation (secretion) of
several cytokines, trophic factors, proteases, lipid metab-
olites, and nitric oxides [42]. MC accumulation and
activation in the CNS pathologies such as multiple scle-
rosis are known to mediate chronic neuroinflammation,
microglial activation, and disruption of the blood—brain
barrier (BBB) and brain-spinal cord barrier (BSCB) [12,
40, 43]. Although a growing body of evidence supports
the pathogenic role of MCs in neurodegenerative con-
ditions, little is known about the potential role of MCs
inducing motor neuron damage and/or vascular dysfunc-
tion in ALS.

The tyrosine kinase receptor c-Kit (KIT or CD117)
belongs to a family of transmembrane growth factor
receptors [39]. The c-Kit specific ligand is Stem Cell Fac-
tor (SCF), also known as mast cell growth factor [13].
While c-Kit is expressed extensively in hematopoietic
cells, it is generally lost during the differentiation pro-
cess, except for MCs that retain c-Kit through their lifes-
pan [27]. Thus, the SCF/c-Kit pathway is required for the
survival, differentiation, and degranulation of MCs [27].
Pharmacological inhibition of c-Kit in ALS murine mod-
els with masitinib results in significant amelioration of
paralysis progression and a sharp decrease in MC infil-
tration into the degenerating peripheral motor pathways
and NM]Js [47-50]. Masitinib is a tyrosine kinase inhibi-
tor drug that also targets type III kinases [11], includ-
ing CSF-1R in microglia, monocytes, and macrophages,
resulting in decreased microgliosis in the spinal cord
[47-49]. Evidence from clinical trials indicate that masi-
tinib exerts therapeutic effects in ALS [24, 32], as well
as in progressive forms of multiple sclerosis [53] and
Alzheimer’s disease [38], indicating therefore that it can
target neuroinflammatory and neurodegeneration pro-
cesses through multifaceted mechanisms, including MCs
downregulation.

Because MCs are mainly localized nearby blood ves-
sels [4] and cluster around degenerating motor nerve
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terminals in ALS [49], we analyzed whether MCs also
infiltrated around the motor neuron cell bodies and sur-
rounding microvasculature elements in the spinal cord
of both ALS subjects and murine models. We report for
the first time that MCs accumulate in significant num-
bers within the motor neuron-vascular niche in ALS and
provide evidence for undifferentiated MCs trafficking
from the periphery through microvasculature that shows
remarkable morphological abnormalities. Moreover, we
show in ALS mice that MCs number and trafficking into
the spinal cord were downregulated by masitinib, a drug
that modulates MCs activity via inhibition of c-Kit, LYN,
and FYN kinases, with subsequent anti-inflammatory
and neuroprotective effects in ALS [32, 47].

Material and methods

Human tissue collection

The collection of post-mortem human ALS and con-
trol samples was approved by The University of Ala-
bama at Birmingham (UAB) Institutional Review Board
(Approved IRB Protocol: X091222037 to Dr. Peter H.
King). All ALS patients were cared for at UAB and
detailed clinical records were available. Control samples
were age-matched and were harvested from patients who
expired from non-neurological causes. None of the ALS
cases correspond to familiar cases associated with SOD1
mutations. The average collection time after death was
less than 10 h (Additional file 1: Table 1). All tissues were
collected by Peter H. King and Ying Si.

Human spinal cord immunohistochemistry

In this study, 10 pm spinal cord paraffin sections were
sliced using a microtome. Following deparaffinization,
antigen retrieval was performed in 10 mM citrate buffer
pH 6 using a steamer cooker, reaching 95 °C for 30 min.
Then, slices were cooled down in the same citrate buffer
at room temperature for 30 min and washed with PBS
for 2 h. After washing, slices were blocked and permea-
bilized in BSA 5%/Triton X-100 0.5% for 2 h at room
temperature. Primary antibodies were incubated in BSA
1%/Triton X-100 0.5% at 4 °C overnight. After washing,
fluorophore-conjugated secondary antibodies were incu-
bated for 3 h at room temperature. After PBS washing,
Mowiol medium (Sigma, St. Louis, MO, USA) was used
for mounting. Only ventral lumbar spinal cord sections
were analyzed. Motor neuron somas were identified in
the ventral spinal cord by typical morphology and nuclei.
Saturated DAPI staining was used to better differenti-
ate motor neuron somas as previously described [28].
For diaminobenzidine (DAB) staining, biotinylated anti-
rabbit and anti-mouse secondary antibodies were used
after primary incubation. The protocol described in the
VECTASTAIN Elite ABC-HRP Kit (Vector Laboratories,
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#PK-6101) was followed together with the ImmPACT
DAB substrate (SK-4105). After washing, the hematoxy-
lin staining protocol was performed for 3 min to stain
nuclei.

Animals

Mice used in this study were obtained from The Jackson
Laboratory, Bar Harbor, MA, USA. Animals were housed
in a centralized animal facility with a 12-h light—dark
cycle with ad libitum access to food and water. Male mice
B6SJL-Tg(SOD1*G93A)1Gur/] mice, over-expressing
human SOD1 mutation (G93A SOD1) were used for fur-
ther breeding to maintain the line. Perfusion with fixa-
tive was performed under 90% ketamine/10% xylazine
anesthesia and all efforts were made to minimize animal
suffering, discomfort, or stress. All mice were weighed
and evaluated for motor activity daily. Disease onset was
determined for each animal when pronounced muscle
atrophy was accompanied by an abnormal gait, typi-
cally expressed as subtle limping or dragging of one hind
limb (~120 days old). Also, male SOD1%%** rat prog-
eny, purchased from Taconic bioscience (NTac:SD-Tg
(SOD1G93A)L26H), were used for further breeding to
maintain the line [11]. Rats were housed in a centralized
animal facility with a 12-h light-dark cycle with ad libi-
tum access to food and water. Perfusion with fixative was
performed under 90% ketamine/10% xylazine anesthesia
and all efforts were made to minimize animal suffering,
discomfort, or stress. All procedures using laboratory
animals were performed following the national and inter-
national ARRIVE guidelines and were approved by the
Institutional Animal Committee for animal experimen-
tation. This study was carried out in strict accordance
with the Institut Pasteur de Montevideo ethical commit-
tee’s requirements (CEUA Approved protocols: #005-17,
#016-19, #005-20, #007-20, to Dr. Luis Barbeito) and the
national law (Number 18.611) for animal experimen-
tation that follows the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health
(USA).

Immunohistochemistry of mice spinal cord

At least four animals of each condition were used for
the immunohistochemistry experiment. Non-transgenic
(Non-Tg) mice of 150—160 days and transgenic SOD1%4
symptomatic mice of 120-130 days (SOD1%%# Onset)
and 150-160 days (SOD1%%*A Symp) were used to per-
form experiments. Animals were deeply anesthetized and
transcardial perfusion was performed with paraformal-
dehyde 4% (v/v) in PBS pH=7.4. Fixed spinal cords were
cryopreserved in 30% sucrose (Sigma, St. Louis, MO,
USA) at 4 °C. After 72 h, tissue was embedded in Tissue-
Tek (Sakura), sectioned (transversal) using a cryostat,
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and collected on gelatin-coated slides. Then, 25 um sec-
tions were blocked for 2 h at room temperature in 5%
BSA, 0.3% Triton X-100/2% Goat Serum in PBS, incu-
bated with primary antibodies overnight at 4 °C in 1%
BSA/0.3% Triton X-100/0.4% Goat Serum. After washing,
fluorophore-conjugated secondary antibodies were incu-
bated for 2 h at room temperature in 1% BSA/0.3% Triton
X-100/0.4% Goat Serum. To determine primary antibod-
ies’ specificity, immunohistochemistry was carried out
in the absence of primary antibodies. Non-significant
immunofluorescence was detected with secondary anti-
bodies incubation. DPX mounting medium (Sigma, St.
Louis, MO, USA) was used for mounting. DAB staining
was performed as described above.

Histochemistry quantitative analysis

MCs in the ventral horn of the lumbar spinal cord sec-
tions were identified by the typical granular morphology
and tryptase+/chymase+, c-kit+/chymase+, c-Kit+/
Cox-2+, chymase+/Cox-2+or c-Kit+/CD45+ immuno-
histochemical staining as well as c-Kit+/CFSE+, c-Kit+
or CFSE+ infiltrating MC precursors, using a stereo-
logical approach. The counting was performed only in
the area surrounding motor neuron cell bodies within a
radius of 150 um of the soma. The counting was carried
out using maximum-intensity projection confocal micro-
photographs with a magnification of 63x. At least fifteen
sections per spinal cord were analyzed (n=4 for mice
spinal cord analysis, #=5 for human spinal cord analy-
sis). Image ] software was used for analysis.

For co-expression of SCF with the astrocyte marker,
GFAP was carried out using Image ] software as previ-
ously described [28]. At least fifteen sections per spinal
cord per animal per condition (n=4) were used. The
number of c-Kit+ cells surrounding SCF+ astrocytes and
SCF+ motor neurons was assessed using Image] soft-
ware, counting the positive cells in maximum-intensity
projection confocal microphotographs with a magni-
fication of 63x. At least fifteen sections per spinal cord
per condition were analyzed (n=4 for mice spinal cord
analysis).

Toluidine blue staining of mast cells.

For the MC analysis based on metachromasia obser-
vation, as previously described [48], 10 um sections of
human (paraffin sections) and mice (fixed frozen sec-
tions) spinal cord were microtome and cryostat sliced
and mounted in gelatin-coated slides respectively. Also,
cultured cells obtained from the SOD1%%3A rat spinal cord
and mounted in slides were used. Slides were washed
and hydrated 2 times in distilled water for 10 min and
embedded in 1% toluidine blue solution for 10-20 min
for human and mice tissue and 5 min in case of cultured
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cells. Then, slides were washed in distilled water for 5 min
and dehydrated for 3 min in 70% ethanol, 3 min in 95%
ethanol, and finally 2 min in 100% ethanol. Slides were
cleared in xylene twice, 3 min each, and finally mounted
in DPX (Sigma-Aldrich). Images (atx 100 magnifica-
tion) were acquired using an Olympus CX41 microscope
connected to an Evolution LC Color camera and using
ImagePro Express software for acquisition.

Flow cytometry analysis of the mice spinal cord

Spinal cords from both, Non-Tg or SOD1%%** symp-
tomatic mice were dissected, and the meninges were
carefully removed in animals deeply anesthetized
as described above. Spinal cords were mechanically
chopped and enzymatically dissociated using 0.25%
trypsin for 5 min at 37 °C. Fetal Bovine Serum (FBS) 10%
(vol/vol) in PBS was then added to halt trypsin digestion.
Repetitive pipetting thoroughly disaggregated the tissue,
which was then collected on an 80 um mesh strainer and
spun down. The resulting filtered cell suspensions were
re-suspended in PBS-FBS 2%-1 mM EDTA.

Flow cytometry analysis was performed as previ-
ously described [18]. Briefly, single-cell suspensions
from the spinal cord were incubated with fluorochrome-
conjugated antibodies against the following antigens:
CD45-PerCP (BioLegend, #103130) as an infiltrating
hematopoietic cell marker, and c-Kit conjugated to bio-
tin (Abcam, #ab25022) in PBS-FBS 2%-1 mM EDTA for
20 min at 4 °C. After incubation and washing, single-cell
suspensions were incubated with 1:500 Streptavidin-
Alexa Fluor 405 (Thermo Fisher Scientific, #S21375).
Analysis was performed on an Attune NxT Flow Cytome-
ter (Thermo Fisher Scientific, Waltham, MA, USA). Post-
acquisition analysis was assessed using FlowJo software.

Cultures of mast cell precursors from the symptomatic
SOD1%%3A rats’ spinal cord

Primary cell cultures were obtained from the spinal
cord of symptomatic SOD1%%* rats according to the
procedures described by Trias et al., 2013 with modi-
fications [46]. Briefly, animals were euthanized by over-
dosing with ketamine/xylazine, and the spinal cords
were carefully dissected on ice with meninges removal.
Then, spinal cords were chopped finely and dissociated
with 0.25% trypsin in a calcium-free buffer for 5 min at
37 °C. Trypsin treatment was stopped by adding RPMI
1640/15% (vol/vol) FBS. The resulting extract was passed
through an 80-um mesh to eliminate tissue debris and
then was spun. The pellet was resuspended in a mast cell
culture medium [RPMI 1640/15% (vol/vol) FBS, sodium
pyruvate (1 mM), B-mercaptoethanol (50 pM)] and
then placed in 75-cm? tissue culture flasks in presence
of SCF and IL-3 (20 ng/mL) freshly added every 48 h.
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Non-adherent cells were resuspended with the culture
medium subsequently replaced and detached cells were
discarded every 48 h. Cells were analyzed by flow cytom-
etry at 2 and 7 days and characterized by immunocyto-
chemistry at 14 days, as described below.

Flow cytometry analysis of cultured c-Kit+ mast cells
precursors from SOD1%°3* spinal cord

After 2 and 7 days in vitro (DIV), the c-Kit+ popula-
tion was analyzed by flow cytometry. Removal of cell
debris was performed using the Debris Removal Solu-
tion (Miltenyi Biotec, #130-109-398) according to the
manufacturer’s instructions. Briefly, the cell suspen-
sion was resuspended in cold PBS 1X, and 900 pL of
Debris Removal Solution were added and overlaid gen-
tly with 4 mL of cold PBS. The cell suspension was cen-
trifuged at 4 °C and 3000xg for 10 min. Two top phases
were completely aspirated and discarded. Cold PBS was
added to a final volume of 15 mL, and the cell suspen-
sion was centrifuged at 4 °C and 1000xg for 10 min.
Finally, the supernatant was completely aspirated, and
cells were resuspended carefully in PBS-FBS 2%-1 mM
EDTA. Then, single-cell suspensions were incubated
with c¢-Kit conjugated to biotin in PBS-FBS 2%-1 mM
EDTA for 20 min at 4 °C. After incubation and wash-
ing, single-cell suspensions were incubated with 1:500
Streptavidin- Alexa Fluor 405. Analysis was performed
on an Attune NXT Flow Cytometer (Thermo Fisher Sci-
entific, Waltham, MA, USA). Post-acquisition analysis
was assessed using FlowJo software.

Immunocytochemical staining of cultured cells

Cultured cells were mounted in slides and fixed with 4%
PFA for 20 min at 4 °C and then were washed three times
with 10 mM PBS (pH 7.4). Cells were permeabilized
using 0.3% Triton X-100 for 20 min. Non-specific bind-
ing was blocked by incubating fixed cells with 5% BSA
in PBS for 1 h at room temperature. Corresponding pri-
mary antibodies were diluted in BSA 1% and incubated
overnight at room temperature. After washing, cells were
incubated with secondary antibodies in BSA 1% for 1 h
at room temperature. DAPI was used for nuclei staining.

Intravenous injection of bone marrow mast cells into ALS
mice

Bone marrow-derived mast cells (BMMC) cultures were
obtained from SOD1%%** symptomatic mice following
the protocol previously described by Heig et al. 1994 [20].
Briefly, animals were euthanized by overdosing with keta-
mine/xylazine, and long bones were exposed. The bone
marrow was flushed from the tibia and femur and col-
lected in a 15 mL tube. After centrifugation for 10 min
at 1000xg, pellet was resuspended in mast cell culture
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medium [RPMI 1640 medium/15% (vol/vol) FBS, sodium
pyruvate (1 mM), B-mercaptoethanol (50 pM)] in pres-
ence of IL-3 (20 ng/mL) and SCF (20 ng/mL) freshly
added every 48 h. The attached cells were discarded, non-
adherent cells were resuspended and the culture medium
was replaced every 48 h. After 2, 7, and 14 DIV, cells were
collected and purity of BMMC culture was analyzed
using flow cytometry and immunocytochemistry by
staining with c-Kit antibody. Cell viability was assessed
using the 0.4% trypan blue dye exclusion method before
transplantation. Cells were stained with Cell Trace CFSE
according to the manufacturer’s instructions (Thermo
Fisher Scientific, #C34554) allowing the cell tracking
after transplantation. Transplant cell concentration was
adjusted to a final concentration of 5000 cells/pL (1 x 10°
cells/200 pL c-Kit+ BMMC) and were delivered intrave-
nously by injection through the tail vein. Also, four Non-
Tg mice were transplanted with c-Kit+ BMMC at a final
concentration of 5000 cells/uL as control. The media-
injected group received 200 pL of PBS, the same volume
administered to the cell-transplanted mice. 48 h after
injection, animals were euthanized by overdosing with
ketamine/xylazine and spinal cords were processed for
immunohistochemical analysis.

To determine whether masitinib could influence MCs
trafficking and accumulation in the spinal cord, eight
transgenic mice at 140 days old were randomly divided
into the masitinib or vehicle-treated groups. Masitinib
mesylate (AB1010) freshly prepared in drinking sterilized
water was administrated daily at a dosage of 50 mg/kg/d
using a curved stainless steel gavage needle with a 2-mm
ball tip. Mice (n=4 per group) were treated for 10 days.
On day 8, MC precursors were intravenously injected
as previously described. On day 10, Evans Blue (EB)
extravasation protocol was performed. Briefly, animals
were intracardially perfused with 4% PFA/1% EB under
90% ketamine/10% xylazine anesthesia and euthanized.
Spinal cords were processed for immunohistochemistry
analysis. Far-red fluorescence EB emission was detected
by confocal microscopy.

Analysis of microvasculature

To analyze vascular abnormalities in SOD sympto-
matic mice, using a stereological approach, the number
of string vessels and vessel sprouts stained with collagen
type I antibody [55] were assessed as previously described
[15, 22]. The counting was performed only in the area
that surrounds motor neurons within a radius of 150 um
of the soma in the ventral horn of the lumbar spinal cord.
The counting was carried out using maximum-intensity
projection confocal microphotographs with a magnifica-
tion of 63x. At least fifteen sections per spinal cord were
analyzed (n=4). Image ] software was used for analysis.

1G93A
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EB extravasation analysis was performed as previously
described [23]. Animals were intracardially perfused with
4% PFA/1% EB under 90% ketamine/10% xylazine anes-
thesia. Then, the spinal cords were dissected, maintained
overnight in 4% PFA, and cryopreserved in 30% sucrose
(Sigma, St. Louis, MO, USA) at 4 °C. After 72 h, tissue
was embedded in Tissue-Tek (Sakura), and 25 pm thick
slices were sectioned using a Leica cryostat and collected
on gelatin-coated slides. Then, far-red fluorescence EB
emission was detected by confocal microscopy. EB analy-
sis was performed either alone or after immunostaining
with other markers. Quantitative analysis of perivascular
EB extravasation was measured as the intensity in a 5 um
radius surrounding blood vessels using Image J software.

Antibodies used

Primary antibodies: 1:250 mouse monoclonal anti-
chymase (Abcam, #ab2377) 1:200 mouse monoclonal
anti- tryptase (Abcam, #ab2378), 1:200 goat polyclonal
anti-chymase (Abcam, #ab111239), 1:100 rat monoclonal
anti-c-Kit (biotin) (Abcam, #ab25022), 1:300 rabbit poly-
clonal anti-collagen I (Abcam, #ab34710), 1:200 rabbit
polyclonal anti- COX2 (Abcam, #ab15191), 1:200 mouse
monoclonal anti-BIII-Tubulin (Millipore, #MAB1637),
1:100 rabbit polyclonal anti-SCF (Fisher Scientific,
#PA520746), 1:400 mouse monoclonal anti-GFAP
(Sigma, #G3893) and 1:100 rabbit polyclonal anti-CD45-
PerCP (BioLegend, #103130). Secondary antibodies:
1:500 goat anti-rabbit- AlexaFluor488 or AlexaFluor546
(Thermo Fisher Scientific, #A11035 or #A11034), 1:500
goat anti-mouse-AlexaFluor488, AlexaFluor546 or Alex-
aFluor633 (Thermo Fisher Scientific, #A11029, #A11030,
or #A21052), 1:500 donkey anti-goat- AlexaFluor488
(Thermo Fisher Scientific, #A11055) and 1:500 Streptavi-
din- AlexaFluor633 (Thermo Fisher Scientific, #521375).
NeuroTrace 530/615 red fluorescent Nissl stain (Thermo
Fisher Scientific, #B34650) was also used for neuronal
visualization.

Fluorescence imaging

Fluorescence imaging was performed with a laser scan-
ning Zeiss LSM 800 confocal microscope with either
a 25x (1.2 numerical aperture) objective or 63 x (1.3
numerical aperture) oil- immersion objective using Zeiss
Zen Black software. Maximum intensity projections of
optical sections were created with Zeiss Zen software.

Bright-field imaging

DAB immunohistochemical imaging was acquired using
a Zeiss LSM 800 microscope connected to an Evolution
LC Color camera using 63 x (1.3 numerical aperture) oil-
immersion objective using Zeiss Zen Black software.
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Statistical analysis

Quantitative data were expressed as mean=s.e.m. For
statistical analysis two-tailed Mann—Whitney test,
Kruskal-Wallis followed by Dunn’s multiple-compari-
sons test, one-way ANOVA, or two-tailed unpaired t-test
were used, with p <0.05 considered significant. GraphPad
Prism 7.03 software was used for statistical analysis.

Results

Mast cells accumulate nearby spinal motor neurons in ALS

Previous studies on ALS have provided scarce informa-
tion on MC phenotypes and precise localization in the
postmortem patients’ spinal cords [19]. Thus, we exam-
ined five postmortem lumbar spinal cords from ALS sub-
jects and four control donors by immunofluorescence
confocal microscopy (Additional file 1: Table 1). In con-
trol donors, a scarce number of small cells expressing MC
markers such as c-Kit, chymase, tryptase, or Cox-2 and
bearing a granular cytoplasm, were identified in the grey
matter surrounding motor neuron cell bodies (Fig. 1D
and Additional file 1: Fig. 1). In comparison, all ALS
specimens systematically displayed an increased density
of cells bearing a MC phenotype (2.4+1.6 vs. 0.6+0.7
cells per analyzed field in ALS and controls, respectively),
which preferentially accumulated in clusters nearby
motor neuron somas (Fig. 1A and Additional file 1:
Fig. 1). In ALS subjects, MCs displayed hypertrophy,
granular morphology and frequent images of explosive
degranulation, and strong staining with c-Kit, chymase,
tryptase, and Cox-2 (Fig. 1B and Additional file 1: Fig. 1).
In addition, a sub-set of c-Kit+ cells of small size and
bearing few or no granules were also found in ALS speci-
mens (Fig. 1D and Additional file 1: Fig. 1B). There was
a fourfold increase in density of peri-neuronal c-Kit+
and chymase+/tryptase+ cells in the ALS spinal cord as
compared with control donors (Fig. 1E and Additional
file 1: Fig. 1).

c-Kit+ mast cells accumulate in the degenerating spinal
cord of ALS mice and rats

Next, we examined MC accumulation in the spinal cord
of ALS murine models as this is still unknown. As shown
in Fig. 2 and Additional file 1: Fig. 2 and 3, cells express-
ing c-Kit, chymase, and/or Cox-2 accumulated nearby
degenerating motor neurons in symptomatic SOD1%%4
mouse and rat lumbar spinal cords, as compared with
significantly fewer cells observed in SOD1%*A mice and
rats at the onset of the disease as well as in Non-Tg litter-
mates (Fig. 2 and Additional file 1: Fig. 2 and 3). The pre-
dominant MC phenotype in the symptomatic SOD1%4
mouse spinal cord corresponded to small cells bearing
few granules and scarce images of explosive degranula-
tion. Metachromasia following staining with toluidine
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blue that typically identifies MCs in epithelial or con-
nective tissues [41] was not observed in MCs from the
murine or human spinal cord (Additional file 1: Fig. 4).
Quantitative analysis showed that the number of c-Kit+/
chymase+ and c-Kit+/Cox-2+ MCs outnumbered by
2- and fourfold, respectively, the number of MCs in non-
transgenic animals (Fig. 2A and Additional file 1: Fig. 2).
To quantitatively analyze the c-Kit+ MC population, we
performed flow cytometry analysis of the spinal cord.
As shown in Fig. 2B, there was a twofold increase in the
number of c-Kit+ cells in the symptomatic spinal cord of
SOD15%3A mice relative to Non-Tg littermates.

Next, we performed flow cytometry analysis to further
characterize the population of c-Kit+ cells expressing
CD45 from the spinal cord of symptomatic SOD1%%34
mice. CD45 is a well-recognized surface receptor marker
of hematopoietic cells[51] and tumoral MCs [45]. As
shown in Fig. 2C, c-Kit+ cells co-expressing CD45 and
bearing MC morphology were abundant near motor neu-
rons in ALS mice. The quantitative analysis of CD45+
and CD45+/c-Kit+ populations in the spinal cord by
flow cytometry showed that hematopoietic-derived cells
were significantly increased by sixfold in the sympto-
matic SOD19%*A spinal cord relative to Non-Tg, further
suggesting the accumulation of blood-born c¢-Kit+ MC
putative precursors into the degenerating spinal cord of
ALS mice.

Ex vivo generation of mast cells from the spinal cord

of SOD159%A rats

In peripheral tissues, MCs are originated from circu-
lating blood MC-committed c-Kit4 progenitors in a
process regulated by local factors that regulate traf-
ficking, proliferation, and differentiation of MCs [7,
36]. We hypothesized that in ALS, similar c-Kit+ MC
precursors infiltrate and accumulate into the spinal
cord, preserving the ability to differentiate into mature
MC:s. To test this mechanism, we have used the already
validated primary cell cultures from the spinal cord of
symptomatic SOD1%%*A rats and non-transgenic lit-
termates, in which a large number of precursor cells
remain in a non-adherent phase [28]. Such non-adher-
ent spinal cord cells were maintained for 7 days in the
presence of SCF and interleukin-3 (IL-3) (Fig. 3A),
cytokines that promote MC differentiation from bone
marrow progenitors [20] as shown in Additional file 1:
Fig. 7 in SOD1%%%*A rats. During the SCE/IL3 differ-
entiation protocol, the number of c-Kit+ cells in the
spinal cord cultures increased from 8% after 2 days in
culture to 13% at day 7 (Fig. 3B). Cytological analy-
sis showed numerous images of fully differentiated,
granular, metachromatic MCs expressing c-Kit, CD45,
chymase, and Cox-2 (Fig. 3C), further indicating the
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Fig. 1 Mast cells accumulate in the surrounding of degenerating motor neurons in the spinal cord of ALS patients. A Representative
immunohistochemical confocal images of mast cells infiltrating into the ventral horn of lumbar spinal cord of autopsy ALS subjects. Left

panels show the expression of c-Kit+ (red) and chymase+ (green) mast cells displaying typical granular (white arrows) and non-granular

(white arrowheads) morphology in the surroundings of degenerating motor neurons (white lines). The right panels show the co-expression of
chymase (green) and tryptase (red) in mast cells. Magenta squares show high magnification 3D reconstructions of both, small non-granular and
degranulating cells. B Representative high magnification confocal phenotyping of mast cells in the spinal cord of ALS subjects. Upper panels
show a granular mast cell co-expressing c-Kit (red) and tryptase (green). Lower panels show a typical degranulating mast cell that co-express
tryptase (red) and chymase (green). C Representative microphotograph of non-granular small mast cells with none or few granules that typically
express c-Kit (red), chymase (green), and Cox-2 (magenta). D Representative confocal image of the immunohistochemical analysis performed in
autopsy control donors, showing only a few small non-granular cells expressing c-Kit (white arrowhead) in the surroundings of motor neurons
(white lines). The white square shows a high magnification 3D reconstruction of typical non-granular cells expressing c-Kit (red). E The graphs
show the quantitative analysis of c-Kit+ (left) and tryptase+/chymase+ (right) cells in the area that surrounds motor neurons in the ventral horn
of the lumbar spinal cord of ALS subjects compared to control donors. Quantitative data are expressed as mean =+ s.e.m. Data were analyzed by a
two-tailed Mann-Whitney test, with ***p <0.0001. Scale bars: 20 um and 10 umin (A, D) and 5 pin (B, C)

accumulation of MC precursors in the ALS spinal
cord. In comparison, spinal cord cultures from non-
transgenic littermate rats maintained with SCF/IL-3
yielded a low number of c-Kit+ cells (Fig. 3 and Addi-
tional file 1: Fig. 8).

Circulating c-Kit+ mast cell precursors engraft

into the motor neuron-vascular niche

Next, we explored whether peripheral c-Kit+ MC pre-
cursors isolated from the bone marrow of non-transgenic
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Fig. 2 Mast cells accumulate in the surrounding of motor neurons in the spinal cord of SOD1%* mice. A Representative confocal
immunohistochemical images showing the co-expression of c-Kit4/chymase+ (left upper panels), and chymase+/Cox-2+ (right upper panels)
mast cells in the surroundings of degenerating motor neurons (white dotted lines) in the ventral horn of the symptomatic SOD1%*A lumbar

spinal cord. Mast cells display two phenotypes, typically bearing granular morphology with images of explosive degranulation (white arrows) and
small rounded cells with few or no granules (white arrowheads). Magenta squares show high magnification 3D reconstructions of both, small
non-granular cells, and mast cells showing an irregular shape corresponding to an explosive degranulating state (white arrows). Lower panels to
the left show representative confocal images of mast cell markers staining in non-transgenic littermates, where only small cells with non-apparent
granules or degranulation were observed (magenta squares). The graphs to the right show the quantitative analysis of chymase-+/c-Kit+ and
chymase4-/Cox-24 mast cells in the ventral horn of the lumbar spinal cord of SOD1%** symptomatic mice compared to Non-Tg littermates. B
Flow cytometry analysis of the c-Kit4 cell populations of the spinal cord of Non-Tg and SOD1%°** symptomatic mice (150d). The images to the left
show the representative density plots of c-Kit expression. The graph to the right shows the quantitative analysis between conditions. Note that a
statistically significant increase of c-kit expression is observed in symptomatic ALS mice when compared with controls. C Representative confocal
images analyzing cells that co-express c-Kit (red) and CD45 (green) in the surroundings of motor neurons (white dotted lines) in both Non-Tg (left
panel) and symptomatic SOD1%7** littermates (right panel). The magenta squares show a high magnification analysis of c-Kit+/CD45+ cells in both
conditions. Note the presence of few granules in small cells in the symptomatic condition, while significantly fewer smaller cells with no granules
are observed in Non-Tg mice. D Flow cytometry analysis of c-Kit4-/CD45+ cell population in the spinal cord of Non-Tg and symptomatic SOD1°%34
mice. Upper panels show representative density plots of CD45 expression, where a significant increase is observed in the ALS condition. The

lower panels show representative density plots of c-Kit expression within the CD45 population previously analyzed. Graphs to the right show the
quantitative analysis for CD45 and CD45/c-Kit respectively. Quantitative data are expressed as mean 4 s.e.m. Data were analyzed by Kruskal-Wallis
followed by Dunn’s multiple comparison test (A) and two-tailed unpaired t-test (B, D, E), with **p < 0,01, ***p <0.001 and ***p <0.0001 considered
significant. n=4 animals/condition. Scale bars: 20 um and 5 um in (A) in low and high magnification respectively, 10 um and 5 um in (C), in low and
high magnification respectively

(See figure on next page.)

Fig. 3 Ex vivo generation of c-Kit4 mast cells from the spinal cord of ALS rats. A The scheme shows the procedure followed to obtain primary
cultures of mast cells from the adult spinal cord of symptomatic SOD1%** rats and Non-Tg littermates. Spinal cords were maintained in the
presence of IL-3 (20 ng/mL) and SCF (20 ng/mL) for 2, 7, and 14 days in vitro (DIV), and then mast cell markers, c-Kit, chymase, Cox-2, and CD45 were
analyzed by flow cytometry and immunocytochemistry. B Flow cytometry analysis of c-Kit4 cultured mast cells after 2 and 7 DIV. Representative
density plots show the expression of c-Kit at 2 and 7 days. The graph to the right shows the quantitative analysis of c-Kit expression in cells

cultured from Non-Tg and SOD1%%* rats. C Representative cytological and confocal immunohistochemical images of mast cells isolated from
symptomatic SOD1%%** spinal cord. Left panels show representative bright-field images of non-adherent cells with showing typical granular mast
cells (upper panel) and metachromatic granular mast cells stained with toluidine blue (lower panel). Panels to the right show immunohistochemical
phenotyping by confocal microscopy of cultured mast cells expressing typical markers such as c-Kit, CD45, chymase, and Cox-2 after 14 days in
culture. Quantitative data are expressed as mean =+ s.e.m. Data were analyzed by the Mann-Whitney test with *p <0,05 considered significant. n=4
animals/condition. Scale bars: 5 pm
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mouse donors and labeled with the cell tracer CFSE could
infiltrate and engraft the spinal cord parenchyma follow-
ing i.v. injection. Before transplantation, over 85% of MC
precursors were c-Kit+ and CFSE+ (Fig. 4B). By 48 h fol-
lowing i.v. injection of 1 x 10° million MC precursors into
symptomatic SOD1%4 recipient mice (150 days old),
numerous CFSE+/c-Kit+ MC precursors were identified
in the ventral horn in close association with microvascu-
lar elements (Fig. 4C). In comparison, no apparent or few
CFESE+ cells were observed in the spinal cord of recipi-
ent non-transgenic mice, suggesting active trafficking of
c-Kit+ MC precursors through the disrupted microvas-
culature in ALS mice.

Mast cells associate with abnormal perineuronal
microvascular elements

To test whether increased vascular permeability to
c-Kit+ MC precursors was due to disruption of micro-
vascular elements previously described in ALS [16, 17,
23], we analyzed microvascular pathology in the dis-
creet compartment surrounding spinal motor neuron
cell bodies. Figure 5A shows that in the spinal cord of
ALS patients, tryptase+/chymase+ and c-Kit+ MCs
were localized close to microvascular elements stained
with type-I collagen (Fig. 5A and Additional file 1:
Fig. 9). Moreover, microvasculature associated with
MCs showed frequent morphological abnormalities as
observed by collagen-I interruptions, strings, and sprouts
(Fig. 5C and Additional file 1: Fig. 9), which resemble
abnormal microvasculature in other neurodegenerative
conditions such as Alzheimer disease [15, 22]. In com-
parison, the motor neuron-vascular niche in control
donor sections displayed a closer contact between the
neuronal cell bodies and capillaries, absence of vascular
abnormalities, and none or a scarce number of associated
MCs (Fig. 5A, C, Additional file 1: Fig. 9). In addition,
peri-neuronal vascular elements in ALS mice displayed
morphological abnormalities like those described in ALS
subjects (Fig. 5D).

c-Kit+ mast cells interact with astrocytes and motor
neurons expressing stem cell factor

Because c-Kit receptor is activated by the cytokine SCF
which mediates MC chemoattraction and differentia-
tion [36], we explored whether c-Kit+ MCs were associ-
ated with increased expression of SCF in the ALS motor
neuron-vascular niche. As shown in Fig. 6A, SCF was
strongly upregulated in reactive astrocytes in the ventral
horn of symptomatic SOD1%%*# mice but not in con-
trols. The number of reactive astrocytes co-expressing
GFAP and SCF showed a 5 to sixfold increase relative
to non-transgenic mice (Fig. 6A). SCF+ astrocytes spa-
tially interacted with c-Kit+ MCs, suggesting astrocytic
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SCF may facilitate MC precursors infiltration and dif-
ferentiation (Fig. 6B). In addition, spinal motor neurons
from both non-transgenic and SOD15%*A mice appeared
to express intense staining for SCF (Fig. 6C, Additional
file 1: Fig. 10), indicating an alternative cellular source of
the cytokine.

Post-paralysis c-Kit inhibition with masitinib prevents MCs

trafficking and accumulation in the motor neuron-vascular
niche

Because masitinib potently inhibits the SCF/c-Kit path-
way in MCs [11], we hypothesized that systemic admin-
istration of masitinib (50 mg/kg/d) in SOD1%%4 mice
could prevent the trafficking and accumulation of MCs in
the spinal motor neuron-vascular following i.v. injection.
As shown in Fig. 7A, treatment with masitinib for 10 days
significantly reduced by twofold the number of c-Kit+
and chymase+ MCs (Fig. 7B) in the lumbar motor neu-
ron-vascular niche, respect to the vehicle-treated mice.
Also, masitinib-treated animals showed a 30-40% reduc-
tion in microvascular abnormalities relative to vehicle-
treated mice (Fig. 7C) and a 50% reduction in the number
of CESE-labeled c-Kit+ MC precursors infiltrating the
spinal cord parenchyma (Fig. 7D). These results are con-
sistent with a masitinib protective effect via c-Kit inhibi-
tion, preventing the trafficking of MC precursors and MC
local differentiation in the motor neuron-vascular niche.

Discussion

Here we report that the cellular niche comprised
between motor neuron somas and nearby microvas-
cular elements in the spinal cord of ALS subjects and
murine models is the recipient of yet unrecognized
clusters of MCs that are not observed in controls.
Within this niche, we identified an array of c-Kit+
MC phenotypes, including typical degranulating MCs
bearing specific markers such as chymase, tryptase,
and Cox-2, but distinctively lacking the toluidine blue
metachromasia characteristic of MCs in the periphery.
MC degranulation denotes active secretion of inflam-
matory and vasoactive compounds with the poten-
tial to locally affect the neurovascular crosstalk [44].
In accordance, microvascular elements associated
with MCs were severely altered in ALS subjects and
murine models as compared with controls, suggesting
a bidirectional causality underlying MC infiltration and
defective BSCB permeability. Furthermore, we provide
evidence that overexpression of the c-Kit ligand SCF
in reactive astrocytes may drive the local chemoattrac-
tion and subsequent differentiation of MCs. In accord-
ance, treatment of ALS mice with the c-Kit inhibitor
masitinib, which has recognized anti-inflammatory and
neuroprotective effects in ALS, significantly reduced
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Fig. 4 c-Kit+ mast cell precursors engraft into the degenerating spinal cord of SOD1 mice following i.v. administration. A The scheme shows
the isolation and culture of mast cells precursors from the bone marrow of Non-Tg mice and the protocol followed for the i.v. injection c-Kit+ mast
cell precursors stained with the CFSE cell tracer in Non-Tg and symptomatic SOD1%%* littermates at 150 days. B Left panels show representative
3D confocal images of c-Kit immunostaining of mast cells precursors. Right panels show the flow cytometry density plot analysis c-Kit+ (red—Ieft
panel) precursors stained with CFSE+ (green—right panel). C Representative confocal images showing infiltration of c-Kit+/CFSE+ mast cells
precursors (magenta arrows) into the symptomatic SOD1%** spinal cord parenchyma following 48 h after i.v. administration. c-Kit-+/CFSE4- cells
engrafted the parenchyma in the surroundings of blood vessels assessed by EB systemically perfused after euthanasia (white). Magenta squares
show high magnifications 3D reconstructions of typical c-Kit+/CFSE+ precursor cells. D Representative confocal image of the co-expression of c-Kit
and CFSE in the spinal cord of i.v. injected Non-Tg mice. None of few cells were observed in the spinal cord parenchyma of controls. E The graph
shows the quantitative analysis of c-Kit4-/CFSE4-cells in Non-Tg and SOD1°%** mice. Quantitative data are expressed as mean 4 s.e.m. Data were
analyzed by two-tailed Mann-Whitney test, with***p <0.001 considered significant. Scale bars: 10 pm (Aand B) and 5 umin (A)
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MC number and trafficking as well as the microvas-
cular pathology in ALS mice. Together, these findings
provide the first description of disease-associated MC
phenotypes in the ALS spinal cord and reveal novel
potential interactions between MCs and the cellular
components of the motor neuron-vascular niche.

It is well-established that MCs infiltrate the CNS-
affected regions in neurodegenerative diseases, includ-
ing ALS [19], contributing to neuroinflammation [43].
However, the interplay between MCs, motor neurons,
and microvascular elements has remained unknown.
In the periphery, MCs accumulate in increased number
and MC degranulation correlates with paralysis pro-
gression in the ALS peripheral motor nerves and dener-
vated NMJs [48, 49]. Similarly, here we found that MCs
spatially interact with ALS-affected spinal cord motor
neurons. All patients analyzed displayed remarkable dif-
ferences with respect to the controls regarding the pat-
tern of MC infiltrating the motor neuron-vascular niche,
including (i) significantly increased MC density, (ii) fre-
quent images of MC degranulation, and iii) increased
number of perineuronal small non-granular c-Kit+ cells,
which could correspond to MC precursors. The interac-
tion between motor neurons and degranulating MCs
anticipates complex and relevant functional crosstalk
mediated by MCs secreted proteases, cytokines, trophic
factors, and vasoactive mediators [34]. MCs also release
nerve growth factor (NGF) species [29], potentially lead-
ing to pro-apoptotic signaling through 75-kD neurotro-
phin receptors (p75~') that are abnormally expressed in
ALS-damaged motor neurons [37]. Thus, degranulating
MCs in the subtle motor neuron-vascular compartment
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have the potential to trigger neuronal pathology and neu-
roinflammation, directly and indirectly.

The finding of MC clustering around defective peri-
neuronal microvascular elements was associated with
significant vascular abnormalities such as endothelial
sprouts and string vessels, suggests a MC-mediated vas-
cular pathology in ALS. Previous studies have shown
impairment of microvascular endothelial cells and peri-
cytes in the brain and spinal cord of rodent models of
disease and ALS patients [16, 54], associated with com-
promised integrity of the blood—brain and blood-spinal
cord barriers [17]. Similar microvascular aberrations
have been described in Alzheimer’s disease [15], how-
ever, the mechanisms of microvascular pathology remain
elusive. MCs play important roles in increasing micro-
vascular permeability, in part through the release of chy-
mase and tryptase that are known to degrade adhesion
proteins complexes between endothelial cells [8] as well
as the extracellular matrix proteins vitronectin, procolla-
gen, type IV collagen [9, 30]. The release of histamine and
Cox-2-synthesized prostaglandins by MCs may further
increase microvascular increased permeability [1], facili-
tating the influx of peripheral inflammatory cells. In par-
allel, degranulating MCs may also promote angiogenesis
via the secretion of several proteins including VEGF [35],
a recognized neuroprotective trophic factor in ALS [2].
The absence of toluidine blue staining could indicate that
mast cells have already degranulated, but does not neces-
sarily mean they are unable to continue to secrete com-
pounds that affect the disease. Thus, MC activation and
degranulation in the motor neuron-vascular niche may
have protective and regenerative effects in the early stages
of ALS, then switching to deleterious pro-inflammatory

(See figure on next page.)

Fig. 5 Mast cells are associated with altered microvascular elements in ALS patients and mice. A Representative confocal microphotographs

of c-Kit+ (red)/chymase+ (green) mast cells (magenta arrows) associated with microvascular elements stained with Collagen-I (white) in the
surroundings of degenerating motor neurons (white dotted lines) in the lumbar spinal cord of autopsy ALS subjects and control donors. Both
small non-granular and degranulating mast cells are observed in the ALS spinal cords (left and middle panel), as compared with few small rounded
cells present in the spinal cord of control donors (right panel). B High magnification confocal analysis of c-Kit+/chymase+ mast cells associated
with pathological blood vessels. Note that granular mast cells seem to emerge from a blood vessel stained with collagen-| into the parenchyma

of the spinal cord. High magnification analysis (magenta square) is shown in the right upper panel where the boundaries of the blood vessel were
depicted only as a white solid line. The close contact between damaged blood vessels and mast cells is indicated by the magenta arrow. The three
panels below show orthogonal views of the z stack, to illustrate the damage observed in the blood vessels in contact with mast cells (magenta
arrows). C Representative confocal analysis of pathological features of microvasculature in the ALS lumbar spinal cord. Frequent morphological
abnormalities as observed by collagen-I interruptions (yellow arrow ALS #1), strings (yellow asterisks ALS #2), and sprouts (yellow arrowheads ALS
#4). Alterations in the microvasculature are not observed in control donors (control #2). D Representative confocal characterization of abnormal
microvascular elements stained with collagen-I (white) in the spinal cord of symptomatic SOD1%** mice but not in Non-Tg littermates (upper

panels). Lower panels show the association of c-Kit+ mast cells with the motor neuron-vascular niche. Blll-Tubulin antibody was used to stain motor
neurons (orange) and collagen-I to stain blood vessels (white). The magenta squares show a 3D high magnification analysis of the niche and c-Kit+
mast cells (red—magenta arrows) respectively. The graph to the right shows the quantitative analysis of the number of string vessels and vessel
sprouts in SOD1°%** symptomatic compared to Non-Tg littermates. Data are expressed as mean == s.e.m. For statistical analysis two-tailed Mann—
Whitney test was used, with ***p <0.0001 considered significant. n =4 animals/condition. Scale bars: 20 pm in (Aand C), 10 umin (D), and 5 um in
(B)
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compared with Non-Tg mice. B High magnification confocal analysis of c-Kit+cells lacking granules that spatially associate with SFC 4 /GFAP+
reactive astrocytes. Squares show higher magnification 3D images of c-Kit+ cells (red) that surround reactive astrocytes. The graph shows the
quantitative analysis of c-Kit+ cells surrounding SCF+ astrocytes. C High magnification confocal analysis of c-Kit 4 cells that closely interact with
SFC+ motor neurons. Squares show higher magnification 3D images of c-Kit+ cells (red). The graph shows the quantitative analysis of c-Kit+
cells surrounding SCF+ motor neurons. Data are expressed as mean = s.e.m. For statistical analysis two-tailed Mann-Whitney test was used, with
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and neurotoxic effects in more advanced stages of the
disease.

The degenerating spinal cord in ALS murine models is
characterized by an increased number of NG2 [25] and
CD34 glial precursors [28], which contribute to exten-
sive gliosis. However, the presence of MC precursors in
the CNS affected regions in ALS remained unexplored.
Here, we show evidence that fully differentiated MCs can
be generated ex-vivo from the spinal cord of symptomatic
ALS rats when non-adherent cells obtained in primary
culture are maintained in the presence of IL-3 and SCE,
conditions known to generate MCs from bone marrow
[20]. We speculate MC precursors in the ALS spinal cord
could correspond to the population of small non-granu-
lar c-Kit+ cells that are found in significant numbers in
the motor neuron-vascular niche of both ALS subjects
and murine models, suggesting that only a portion of
c-Kit+ MC precursors trafficking from blood to the spi-
nal cord readily differentiate into typical MCs containing
granules. Moreover, we also show evidence that c-Kit+

MC precursors can traffic from the blood to the spinal
cord following i.v. administration into symptomatic ALS
mice. This trafficking was only observed in symptomatic
ALS mice, indicating a prerequisite of permeable micro-
vasculature. Thus, MCs precursors infiltration and sub-
sequent differentiation into the spinal cord seem to be a
complex process controlled by the integrity of BSCB and
the overexpression of SCF in reactive astrocytes and neu-
rons. In turn, MCs can also damage the BSCB suggesting
a bidirectional pathogenic process that could be relevant
for the integrity of the motor neuron-vascular niche.

We found that tyrosine kinase inhibition with masi-
tinib downregulated the accumulation of MCs and
trafficking of MC precursors into the motor neuron-
vascular niche, which in turn resulted in a significant
improvement of aberrant microvasculature. Because
masitinib not only inhibits c-Kit but also kinases CSE-
1R, PDGEF-R, Lyn, and Fyn, the mechanism for this
restorative effect could involve multiple pathways [11].
Neuroprotection by masitinib in ALS was originally
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Fig. 7 Post-paralysis masitinib treatment prevents mast cell accumulation and trafficking into the spinal cord of ALS mice. SOD1%%** 140d old
symptomatic mice were orally (gavage) daily treated with 50 mg/Kg of masitinib (or vehicle) for 10 days and immunohistochemical analysis was
performed to characterize the presence of mast cells in the lumbar spinal cord. A Representative confocal images show the analysis of c-Kit+ cells
(red — white arrows) accumulated in the surroundings of motor neurons (white dotted lines) in the lumbar spinal cord of SOD1%%3A mice after
vehicle or masitinib treatment. Magenta squares show high magnification 3D images of typical c-Kit4 mast cells in both conditions. The graph
shows that masitinib treatment significantly prevents the accumulation of c-Kit+ cells in the parenchyma of the spinal cord when compared with
vehicle-treated mice. B Representative confocal images that show the analysis of chymase+ mast cells (green—white arrows) associated with
motor neurons (white dotted lines) in the spinal cord of vehicle- and masitinib-treated SOD1%*** mice. Magenta squares show high magnification
3D images of typically degranulating mast cells in proximity to motor neurons. Quantitative analysis in the graph shows that masitinib treatment
significantly prevents the accumulation of degranulating chymase+- cells in the spinal cord. € Confocal microscopy analysis of the microvasculature
pathology in SOD1%°** treated with vehicle or masitinib. The number of vessels strings and vessels sprouts were quantified between groups in
Collagen-I stained spinal cords. The graph shows that after 10 days of treatment with masitinib, there is a significant reduction of microvasculature
alterations. D The scheme shows the experimental protocol for the i.v. delivery of c-Kit+/CFSE+ cells, after 10 days of the vehicle or masitinib
treatment. E After 10 days of vehicle (upper panels) or masitinib (lower panels) treatment, c-Kit+ mast cells precursors (red) stained with CFSE dye
(green) were iv. injected in symptomatic 150d old SOD1%* mice. c-Kit4-/CFSE+ precursors (magenta arrows) were analyzed in the periphery

of blood vessels stained with EB dye systemically perfused after euthanasia (white). Magenta squares show high magnification 3D images of
typical c-Kit+/CFSE+ cells infiltrating the spinal cord. Masitinib treatment significantly reduced the number of c-Kit+ cells infiltrating the spinal
cord parenchyma of SOD1%** mice. The graph shows the quantitative analysis of c-Kit+ /CFSE+- cells in the surroundings of motor neurons. F
Non-Tg, and vehicle- and masitinib-treated SOD1%*A mice were systemically perfused after euthanasia with EB to measure the perivascular dye
extravasation in the parenchyma of the spinal cord. Note the significant perivascular EB extravasation in SOD1%** vehicle-treated mice when
compared to Non-Tg littermates. Masitinib significantly reduced perivascular extravasation after 10 days of treatment. The graph shows the
quantitative analysis of perivascular EB extravasation among groups. Quantitative data are expressed as mean =+ s.e.m,; data were analyzed by a
two-tailed Mann-Whitney test (A-C, E) and one-way ANOVA (F) with *p < 0,05, ***p <0.001 and ****p <0.0001 considered significant. n =4 animals/
condition. Scale bars: 10 um (low magnification panels) and 5 um (insets)

linked to inhibition of tyrosine kinase receptor CSE-
1R in microglia and aberrant glial cells that typically
proliferate after paralysis onset [46, 47]. Subsequent
studies have shown the drug also downregulates MCs,
neutrophils, and macrophages in the ALS peripheral
motor pathways [21, 48-50]. The present data show
evidence that masitinib downregulates MCs infiltration

and differentiation and prevents microvascular pathol-
ogy by inhibiting SCF/c-Kit signaling, which could be
fueled by the strong upregulation of SCF in reactive
astrocytes in ALS mice [36].

This study has two main limitations. The first one
is the small number of ALS subjects analyzed which
prevents any correlation of mast cell infiltration with
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Fig. 8 Schematic hypothesis about the pathogenic role of mast cells in ALS. c-Kit4+ MC precursors infiltrate from the blood through altered
microvascular elements that surround the degenerating/damaged motor neurons (MTN) and accumulate in the ALS spinal cord. The c-Kit ligand
SCF expressed in reactive astrocytes and motor neurons promotes chemoattraction of c-Kit+ precursors that differentiate into MC bearing
granular morphology and expressing typical MC markers exerting a potentially toxic effect on the microvasculature, glial cells, and motor neurons.
Pharmacological inhibition of c-Kit reduces the MC number and the microvasculature pathology

common genetic or ALS pathological features such as
TDP-43 aggregates. The second limitation is the use
of murine models based on overexpression of mutant
human SOD1, which represent only a minor cause of
familial ALS. However, the fact that mast cells and their
precursors in the motor neuron-vascular niche are sys-
temically found in all ALS subjects analyzed as well in
the paralytic phase of animal models, suggest mast cells
are an integral part of the neuroinflammatory response
to motor neuron damage, as astrocytosis, microgliosis,
and immune cell infiltration [6, 18, 33].

Collectively, the present study shows for the first time
that MCs and their c-Kit+ precursors are abundant in
the motor neuron-vascular niche, representing a poten-
tial pathogenic cell type underlying ALS pathology.
As summarized in Fig. 8, MCs appear to infiltrate the
spinal cord through a mechanism wherein MC precur-
sors traffic from the periphery across defective micro-
vascular elements with subsequent local differentiation
that is possibly driven by reactive astrocytes and motor
neurons expressing high levels of the c-Kit ligand SCF.
Thus, MCs appear to be relevant pro-inflammatory and
microvascular effectors in ALS with the potential to be
pharmacologically targeted by tyrosine kinase inhibitor
drugs such as masitinib.
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Figure 1. Mast cells accumulate in the surrounding of motor neurons in the spinal cord of ALS
patients. (A-B) Representative confocal images of tryptase+/chymase+ (A) and c-Kit+/ tryptase+ (B)
MCs infiltrating into the ventral horn of lumbar spinal cords of autopsy control and ALS patients. Arrows
indicate cells stained with both markers (yellow). Motor neuron cell bodies are depicted in dotted lines.
(C) Representative bright field microscopy images of tryptase (DAB)/Hematoxylin (Hemat) staining in
autopsy ALS and control tissue. None or few tryptase+ mast cells were observed in control donors. Red
arrows in lower panels show numerous MCs in the surroundings of motor neurons and microvasculature
structures. Red squares show high magnification images of tryptase+mast cells. (D) Quantitative analysis
of c-Kit+ (upper graph) and chymase+/tryptase+ (lower graph) cells in the area that surrounds motor
neurons in the ventral horn of the lumbar spinal cord of ALS patients compared to control donors,
individually. Only statistically significant comparisons are shown between control donors and ALS



subjects. Quantitative data are expressed as mean * s.e.m. Data were analyzed by Kruskal-Wallis
followed by Dunn’s multiple-comparisons test. Scale bars: 20 pum.
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Fig. 2. c-Kit+/Cox-2+ mast cells in the spinal cord of ALS mice. (A) Representative bright-field
microscopy images showing c-Kit (DAB) staining in the ventral horn of the spinal cord of symptomatic
SOD1%%** mice but not in Non-Tg mice. Red arrows show MCs in the surrounding of motor neurons
(black dotted lines). Red squares show high magnification panels of c-Kit+ MCs. (B) Representative
confocal images showing c-Kit+/Cox-2+ MCs in the surrounding of motor neurons (white dotted lines) in
the ventral horn of the lumbar spinal cord of symptomatic SOD1°%**# mice and Non-Tg mice. Magenta
square shows the area taken for 3D reconstructions of MCs. The graph to the right shows the quantitative
analysis of c-Kit+/Cox-2+ MCs among conditions. Quantitative data are expressed as mean + s.e.m. Data
were analyzed by Kruskal-Wallis followed by Dunn’s multiple comparison test with ****p<0,0001

considered significant. n=4 animals/condition. Scale bars: 20 um (low magnification panels) and 5 um
(insets).
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Fig. 3. Mast cells in the SOD1°%** rat ventral horn. (A) Representative confocal images showing c-
Kit+/chymase+ (left upper panels), Cox-2+/chymase+ (left middle panels) and c-Kit+/Cox-2+ (left
bottom panels) MCs associated with motor neurons (white dotted lines) in the ventral horn of
symptomatic SOD1°%** lumbar spinal cord. Arrows indicate typical mast cells bearing granular
morphology. Magenta squares indicate the area taken for 3D reconstructions of mast cells. (B)
Representative confocal images of ¢-Kit+, chymase + and Cox-2 + MCs in Non-Tg rats. Arrows indicate
small MCs. (C) Quantitative analysis of c-Kit+ (left) and chymase+ (right) MCs in the ventral horn of the
lumbar spinal cord among conditions. Quantitative data are expressed as mean + s.e.m. Data were
analyzed by Kruskal-Wallis followed by Dunn’s multiple comparison test with *p<0,05, **p<0,01,
***p<0,001 and ****p>0,0001 considered significant. n = 4 animals/condition. Scale bars: 10 um.
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Fig. 4. Lack of metachromasia following toluidine blue staining in the spinal cord of ALS patients
and mice. Representative histological images showing the lack of metachromatic MCs in sections stained
with toluidine blue from (A) ALS patients and control donors, and (B) Non-tg and SOD1°%#

symptomatic mice. Scale bars: 50 pm in (A) and 40 pm in (B).
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Fig. 5. Gating strategy in flow cytometry analysis of c-kit+ and CD45+ population in the spinal cord
of ALS mice. Hematopoietic cells were labeled with primary antibodies against CD45 and c-Kit in a cell
suspension obtained from the spinal of Non-Tg and SOD1°%*# symptomatic mice (150d). Mast cell
population was analyzed following two different strategies. (A) c-Kit+ cell population was directly
analyzed from total hematopoietic cell population, and (B) c-Kit+ cell population was selected among
CD45+ cell population.



*%*

CD45+/c-Kit+ cells
/mm?/10um (arbitrary units)

T I
Non-Tg SOD1¢%*
symp

Fig. 6. Quantitative analysis of CD45+/c-Kit+ mast cells. The graph shows the quantitative analysis of
CD45+/c-Kit+ in the surrounding of motor neurons in the ventral horn of the spinal cord of SOD1%%
mice compared to Non-Tg littermates. Quantitative data are expressed as mean + s.e.m. Data were
analyzed by Mann- Whitney test with ** p<0,001 considered significant. n=4 animals/condition.
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Fig. 7. Generation of c-Kit+ mast cells from the bone marrow of symptomatic SOD1°%** rat. Bone
marrows were cultured with 1L-3 and SCF to induce MC differentiation, and c-Kit+ cell population was
analyzed after 2 and 14 days by flow cytometry. (A) Representative plots showing gating strategy
followed (left panels) and the c-Kit+ cell population analyzed at 2 and 14 days (right panels). The graph
to the right shows the increase of c-Kit+ cell population from 2 to 14 days in vitro. (B) Representative
cytological analysis of MCs isolated from SOD1°®** bone marrow. Left panels show representative
bright-field images of MCs. Magenta square shows the area taken for high magnification analysis. Right
panels show immunocytochemical phenotyping of MCs after 14 days in culture assessed by confocal
microscopy using staining for c-Kit (red), CD45 (green) and chymase (green). Quantitative data are
expressed as mean + s.e.m. Data were analyzed by Mann- Whitney test with *p<0,05 considered
significant. n=3 animals/condition. Scale bars: 20 um in (B) lower magnification, 10 um in high
magnification, and 5 um in immunocytochemical analysis.
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Fig. 8. Flow cytometry analysis of c-Kit+ mast cells isolated from the spinal cord of Non-Tg mice.
Primary cultures of spinal cord of Non-Tg animals were maintained in presence IL-3 (20 ng/mL) and SCF
(20 ng/mL) and c-Kit+ cell population was analyzed after 2 and 7 days in vitro by flow cytometry.
Representative flow cytometry dot plots (left panels) showing the gating strategy followed and density
plots (right panels) showing the expression of c-Kit at 2 and 7 days.
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Fig. 9. Mast cells are associated with altered microvascular elements in ALS subjects but not in
control donors. (A) Representative confocal microphotographs showing scarce number of c-
Kit+/chymase+ MCs associated with microvascular elements stained with Collagen-1 (white) in the
ventral horn of the spinal cord of control donors. Magenta arrows indicate small MCs stained with both
markers. (B) Representative confocal images of c-Kit+/chymase+ MCs (magenta arrows) associated with
altered microvascular elements stained with Collagen-I (white) in the ventral horn of ALS subjects.
Magenta squares show the area taken for high magnification analysis. Scale bars: 20 um (low
magnification panels) and 10 um (insets).
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Disea Surviva Post-mortem
Age

EMGb H H
. . MRC ) se | tissue Sporadic/
Subjet Tissue 2 denervati (years Gender . porac
grade on ) onset  (Month processing familial
S) (hours)
Lumbar Active
ALS #1 Spinal Cord 3 and 63 M Leg 44 7.0 Sporadic
P chronic
ALS #2 Spl?mgr ' 1 Active 69 F Leg 50 3.0 Sporadic
ALS #3 Splgrljg;kg;rd 3 Chronic 64 M Leg 35 6.5 Sporadic
C
ALS #4 Spl?mkg:r ; 3 Active 59 F Arm 26 13.0 Sporadic
Lumbar Active
ALS #5 Spinal Cord 3 and 75 M Bulbar 55 43 Sporadic
P chronic
Control Lumbar - -
#1 Spinal Cord 68 M ) ) 19 .
Control Lumbar - -
#2 Spinal Cord 59 M ) ) 95 .
Control Lumbar - -
#3 Spinal Cord 0 M ) ) 45 .
Control Lumbar - -
#4 Spinal Cord 62 M ) ) 30 )

Table 1. Clinical characteristics of ALS and control subjects included in the study. *Medical
Research Council (MRC), muscle power grade at clinic visit prior to death. "EMG performed at time of
ALS diagnosis. “Muscle showed predominant spasticity.



Discusion

Durante este trabajo de doctorado, hemos realizado algunos aportes significativos que
contribuyen a entender los mecanismos patogénicos que intervienen en la
neuroinflamacién y degeneracién de motoneuronas en la ELA. Considerando el concepto
de microambiente celular degenerativo que se constituye alrededor de las motoneuronas
y sus axones periféricos en degeneracién, nuestros resultados han contribuido a identificar
formalmente, por histopatologia, citometria de flujo y cultivo celular, dos nuevos tipos de
precursores para microglias y mastocitos, expresando los receptores de membrana CD34 y
c-Kit, respectivamente, que forman parte de dicho microambiente. Ademas, mostramos
evidencias de que ambos tipos celulares cumplen un papel patogénico en la ELA, acelerando
la degeneracién neuronal, promoviendo la neuroinflamacién y afectando en algunos casos
a la microvasculatura y la barrera hemato-espinal. Los precursores hematopoyéticos CD34*
de microglias y los c-Kit* de mastocitos no habian sido reconocidos anteriormente en el
contexto de la ELA y representan potencialmente importantes blancos terapéuticos para
las enfermedades neurodegenerativas.

Precursores CD34* y microglias

Diversos estudios previos han mostrado que varios tipos de células del linaje mieloide,
incluyendo monocitos, células dendriticas y “macréfagos cerebrales”, aparecen en el
parénquima nervioso en situaciones patoldgicas, como en modelos de enfermedad de
Alzheimer, encefalitis autoinmune experimental o lesiones traumaticas (308-310). Esto
implica que, a diferencia del SNC normal o sano, el cerebro enfermo o precondicionado se
hace receptivo a la entrada de células mieloides en el parénquima nervioso. El ingreso de
células mieloides al SNC da lugar a “macréfagos cerebrales” que tienen un fenotipo similar
pero no idéntico a las microglias (311,312), y que desaparecen tras el final de la situacién
patoldgica (313). Sin embargo, la identidad de los precursores de los “macréfagos
cerebrales” que invaden el SNC lesionado no estd del todo aclarado (314), con la posibilidad
de que provengan de monocitos circulantes Ly-6C" (315) o incluso de precursores
hematopoyéticos inmaduros que se movilizan desde la médula ésea al torrente sanguineo
frente a estimulos inflamatorios (316), lo que podria incluir células CD34*.

Nuestro resultado de que la microgliosis en la médula espinal de animales o pacientes con
ELA se acompafa de “clusters” de células expresando el marcador CD34 vy localizadas
alrededor de las motoneuronas, sugiere que estas células tienen un origen hematico. Sin
embargo, también es reconocido que CD34 se expresa en otros tipos de células
progenitoras, caracterizadas por un fenotipo indiferenciado (151). Ademas, las células
CD34* que en la médula espinal en la ELA expresan el marcador mieloide CD11b, muestran
una enorme capacidad proliferativa y forman “clusters” de células, sugiriendo un
mecanismo de expansion poliiclonal que denota un comportamiento agresivo y patogénico
de las células CD34* en el contexto de esta enfermedad. Nuestro descubrimiento de células
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CD34* en la ELA esta apoyado por un estudio reciente de transcriptdmica espacial, que
muestra un aumento significativo de transcriptos de CD34 en la médula espinal de ratones
SOD1%93A (124).

Un requisito fundamental para la entrada de células mieloides en el parénquima nervioso
es el aumento de la permeabilidad de la BHE (317,318). Por ejemplo, en ratones con dafio
de la BHE por irradiacién aparecen células mieloides de origen donante en el lado lesionado
y no asi en el no lesionado (319). De la misma forma, varias citoquinas/quimioquinas
producidas en el cerebro lesionado alteran la permeabilidad de la BHE (317). Uno de los
principales factores. quimioatrayentes de las células mieloides es el MCP-1 liberado por
astrocitos, células microgliales y neuronas (320). Ademads, otros factores como el CSF-1y
ATP son sobre-expresados o liberados en condiciones de dafio de las motoneuronas y
podrian contribuir a la atraccidén y proliferacién de precursores mieloides o microglia
(321,322).

Complementariamente, la entrada de precursores mieloides al SNC es regulada
negativamente por las células microgliales residentes, a través de mecanismos complejos
(308). En el caso de las células CD34* descubiertas en nuestro estudio, no es claro si
responden a un mecanismo quimiotactico que sea sefializado por CD34, ya que si bien CD34
se comporta a veces como un receptor o co-receptor de membrana, el ligando de este
receptor no ha sido identificado cabalmente (31). Por ejemplo, existe la posibilidad de que
las motoneuronas dafiadas en la ELA produzcan el factor tréfico CXCL12 en su entorno, el
cual interacciona con CD34 y CXCR4 para atraer y estimular a células hematopoyéticas
(323).

Una caracteristica principal de los precursores mieloides sanguineos es que son células que
en cultivo se comportan como no-adherentes, comparado con los macréfagos ya
diferenciados que muestran adherencia al sustrato (324,325). En este sentido, en este
trabajo demostramos que, a diferencia de las microglias, las células CD34* se comportan
como células mieloides indiferenciadas (326) y se mantienen en la fase no-adherente del
cultivo. Asimismo, las células CD34* en cultivo proliferan, forman “clusters” y presentan el
potencial de diferenciarse en microglia luego de sucesivos pasajes, caracteristicas que
describen a células progenitoras (327).

Células c-Kit* e invasidon de mastocitos.

Las investigaciones realizadas durante la primera parte del doctorado nos llevaron a
profundizar en la hipdtesis de que células precursoras hematopoyéticas podrian dar origen
a otros tipos de células inmunes proinflamatorias alrededor de las motoneuronas y sus
axones periféricos en degeneracion en la ELA. Si bien CD34 es un marcador de células
precursoras de origen mieloide presentes en la médula ésea, las mismas también suelen co-
expresar c-Kit (34,328). A su vez, c-Kit es un proto-oncogen que codifica para un receptor
con actividad tirosina quinasa especifica (329). Varios reportes coinciden en que c-Kit
identifica a precursores hematopoyéticos del linaje mieloide en la médula ésea, con
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potencial de dar lugar finalmente a granulocitos/monocitos (33,330,331). En la médula ésea
de ratdn, aproximadamente el 8% de las células presentes expresan c-Kit y, cuando se
aislan, son capaces de responder a factores como SCF, IL-3, GM-CSF y M-CSF, dando lugar a
células diferenciadas de origen mieloide (331). Fuera de la médula ésea, el receptor c-Kit se
expresa ademas en precursores de mastocitos y mastocitos maduros situados en tejidos
epiteliales y conectivos (34,332), regulando su desarrollo, migracidn y activacién (333,334).
Por otra parte, la identificacidn de células que expresan el receptor c-Kit y, particularmente,
de mastocitos c-Kit* en el SNC de animales adultos, ha sido pobremente caracterizada,
especialmente en el contexto de la neurodegeneracidon. Conociendo el potencial
proinflamatorio de los mastocitos, nos propusimos desafiar la hipdtesis de que precursores
CD34*/c-Kit* de la médula 6sea podrian migran a las diferentes regiones de las vias motoras
centrales y periféricas, donde completan su maduracién y diferenciacién gracias a factores
quimiotacticos locales. De esta manera, la invasiéon de mastocitos en los tejidos
comprometidos en la ELA podria explicar un componente significativo de Ia
neuroinflamacién cronica.

Los mastocitos activados liberan numerosas sustancias vasoactivas, nociceptivas, sustancias
guimioatrayentes y mediadores proinflamatorios en respuesta a una gran variedad de
estimulos (35,190,196). La desgranulacion y exocitosis en mastocitos es un proceso
regulado que lleva a patrones de secrecion especificos dependientes del sitio y el estimulo
(196,335). En particular, los mastocitos regulan la permeabilidad vascular facilitando la
extravasacion de células sanguineas (336), y secretan proteasas, como triptasa y quimasa,
metaloproteasas como MMP-9 y factores tréficos (337). De esta manera, estas células
efectoras podrian mediar potentes mecanismos regenerativos en respuestas a lesiones
reversibles de las vias motoras periféricas, secretando en forma regulada, por ejemplo,
factores neurotréficos y angiogénicos (338,339). Sin embargo, en condiciones de
inflamacién como en la ELA, la invasion exagerada de mastocitos podria conducir a la
neuroinflamacion crénica, remodelacion vascular y neurotoxicidad.

En acuerdo con estudios previos de nuestro laboratorio que identificaron una infiltracién
significativa de mastocitos a lo largo de la via motora periférica (26,27), nuestros resultados
mostraron detalles sobre posibles mecanismos de reclutamiento de los mastocitos y su
contribucidn a la axonopatia distal en la ELA. En particular, observamos que la infiltracion
de mastocitos c-Kit* estd asociada temporal y espacialmente a la expresion de SCF por parte
de las células de Schwann y macréfagos. SCF constituye el ligando enddgeno de c-Kit,
conocido por estimular la proliferacion y diferenciacion de los precursores de mastocitos
(232). Estas observaciones sugieren que los mastocitos se insertan en complejas
interacciones celulares del microambiente que involucra a macréfagos o neutréfilos que
rodean a los axones motores en degeneracién, tanto en las raices ventrales como en los
nervios periféricos (340). Observamos que SCF surge como una citoquina relevante en la
ELA que se expresa en células de Schwann y que potencialmente actia promoviendo la
infiltracién, diferenciacidn, proliferacién y desgranulacion de mastocitos (276). Los
mastocitos c-Kit* son abundantes en la fibromatosis de tipo 1, donde SCF es producido por
células de Schwann tumorales que portan la mutacién Nfl7- (341). Ademas, en nuestros
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estudios se observo un aumento en la expresion de SCF en macrofagos, lo que sugiere una
compleja interaccidén celular entre mastocitos, células de Schwann y macréfagos que
contribuye al establecimiento de la neuroinflamacién crénica y la axonopatia distal
caracteristica en la ELA.

En la ultima parte del trabajo de doctorado, nos propusimos evaluar la infiltracion y rol de
los mastocitos en la constitucién del microambiente celular neurodegenerativo en la
médula espinal en degeneracion en la ELA. Estudios previos mostraron la presencia de
mastocitos infiltrando regiones afectadas del SNC en enfermedades neurodegenerativas
como la EA y la ELA (37,219), contribuyendo a la neuroinflamacion caracteristica de estas
(36). Sin embargo, poco se conocia acerca de su interaccion con las motoneuronas espinales
en degeneracion, células gliales activadas y la microvasculatura peri-neuronal.

En el microambiente celular que rodea los somas de las motoneuronas espinales de
animales y pacientes con ELA, pudimos describir, por primera vez, la formacion de “clusters”
de precursores de mastocitos c-Kit* y mastocitos que no se observan en los tejidos
controles. Se pudieron destacar dos fenotipos claros de mastocitos c-Kit* en la médula
espinal de animales y pacientes con ELA: primero, mastocitos diferenciados con granulos y
desgranulacién activa que expresan marcadores tipicos como quimasa, triptasa y Cox-2,
pero que no presentan la metacromasia a la tincién con azul de toluidina caracteristica de
los mastocitos del tejido conectivo; segundo, mastocitos pobremente diferenciados, que
podrian corresponder a precursores, caracterizados por su pequefio tamafo, falta de
granulos y tincidn positiva para c-Kit.

Estos resultados sugieren un mecanismo de quimiotaxis por el cual los mastocitos son
atraidos anormalmente hacia el parénquima nervioso afectado en la ELA. A su vez, los
mastocitos podrian incidir sobre los mecanismos de sobrevida de la motoneurona, por
ejemplo, a través de la liberacion de NGF, llevando potencialmente a generar una seial
apoptotica mediante la interaccidon con su receptor p75NTR, que se expresa de manera
anormal en motoneuronas dafiadas en la ELA (342). Ademas, los mastocitos pueden
responder a NGF de manera autocrina/paracrina, generando un circuito o “loop”
proinflamatorio (339,343). Los mastocitos también tienen interacciones bidireccionales con
microglias y astrocitos (36), por las cuales pueden contribuir a mantener un estado de
neuroinflamacidn, particularmente al estado crénico de la misma. También observamos
que en la médula espinal la expresion de SCF esta aumentada y asociada a astrocitos
reactivos en los ratones SOD1%°3A, siendo potencialmente un mecanismo quimiotactico que
podria explicar la infiltracion y posterior diferenciaciéon de los precursores c-Kit*. Por lo
tanto, los mastocitos desgranulantes en el microambiente que rodea a las motoneuronas
tienen el potencial de promover la patologia neuronal y neuroinflamacién por varios
mecanismos y de manera directa e indirecta, como ha sido sugerido en otros estudios
(36,344,345).

Adicionalmente, observamos que los mastocitos infiltrantes se asociaban espacialmente
con elementos microvasculares, sugiriendo su pasaje al parénquima nervioso y posterior
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diferenciaciéon a través de una permeabilidad vascular alterada. Actualmente, existe
evidencia que demuestra la disfuncidn de las células endoteliales y pericitos en el cerebro
y médula espinal de modelos murinos de ELA (268,346), asociado a la integridad vy
permeabilidad comprometida de las BHE (221). Las aberraciones microvasculares
encontradas en este estudio (interrupciones en la marcacion de colageno, vasos - strings y
sprouts -), han sido previamente descritas en otra enfermedad neurodegenerativa, como la
EA (347), pero, sin embargo, los mecanismos que llevan al establecimiento y progresion de
la patologia vascular asociada a los mastocitos permanecen desconocidos. Los mastocitos
participan en aumentar la permeabilidad microvascular, en parte por la secrecién de
proteasas tipicas, como quimasa y triptasa, que son conocidas por degradar las proteinas
de adhesién que unen las células endoteliales en las BHE (348), asi como también a las
proteinas clave de la matriz extracelular como vitronectina, procolageno y coldgeno de tipo
IV (226,349). Por otro lado, la liberacidn de histamina y prostaglandinas dependientes de
Cox-2, también podrian promover el aumento en la permeabilidad microvascular (350),
facilitando asi la entrada de células inflamatorias de la periferia.

En apoyo a esta hipodtesis, pudimos demostrar que los precursores de mastocitos c-Kit*
pueden acceder al parénquima de la médula espinal luego de su inyeccidn via intravenosa.
Este trafico fue solamente observado en ratones sintomaticos, no asi en animales no
transgénicos, donde la integridad y permeabilidad de las BHE permanece intacta. De este
modo, contribuimos a conocer el mecanismo patoldgico que lleva a la infiltracién de
precursores c-Kit* al SNC y que involucra potencialmente un aumento de permeabilidad de
la BHE, asi como también la expresion aumentada del ligando SCF en astrocitos reactivos y
neuronas. De esta manera, los precursores de mastocitos c-Kit" pueden ingresar al
parénquimay al mismo tiempo permanecer y diferenciarse en mastocitos maduros.

Al igual que las células CD34*, pudimos mostrar formalmente la existencia de precursores
c-Kit* de mastocitos en la médula espinal de ratas SOD1°%4, utilizando cultivos celulares.
Estas células son aisladas en la fase no-adherente del cultivo y luego pudieron ser
diferenciadas ex vivo en mastocitos maduros, utilizando los factores tréficos IL-3 y SCF, que
son reconocidos por tener la misma funcién de madurar y diferenciar mastocitos a partir de
precursores c-Kit* de la médula ésea (351). Estos resultados sugieren fuertemente que
precursores hematopoyéticos CD34" y c-Kit* invaden el parénquima nervioso en la ELA a
través de vasos sanguineos permeables, y que pueden diferenciarse en una variedad de
células inmunes, incluyendo células similares a la microglia o mastocitos.

Implicancias terapéuticas de los progenitores c-Kit*

Los farmacos inhibidores de tirosina quinasa, incluyendo inhibidores de CSF-1R y c-Kit, han
ido concentrando especial atencion en los ultimos afios, como un mecanismo alternativo
para poder modular la neuroinflamacion (21,26,27,160,352,353). En particular, masitinib,
que es un inhibidor de la clase Ill de receptores de tirosina quinasa, especificamente de c-
Kit, CSF-1R y PDGF-R (21,277). Este farmaco fue originalmente descrito como
neuroprotector y anti-inflamatorio en la ELA por nuestro grupo, mostrando un mecanismo
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directo sobre microglias que expresan el receptor CSF1-R (21). Masitinib se encuentra
actualmente en etapas avanzadas en estudios clinicos y demostré efectos significativos para
el tratamiento de una subpoblacidn de pacientes con ELA a mediano y largo plazo (354,355).

En este contexto, en nuestros trabajos mas recientes hemos utilizado el masitinib para
estimar el potencial patogénico de los precursores c-Kit* de mastocitos. Los animales
SOD1%9%A tratados con el farmaco luego de la aparicién de los sintomas motores, mostraron
una disminucion en el nUmero de mastocitos c-Kit* infiltrantes en las raices ventrales, nervio
ciatico y médula espinal, confirmando que estas poblaciones celulares son dependientes de
las sefiales troficas mediadas por SCF/c-Kit. Aln mas interesante, los animales tratados
mostraron una respuesta terapéutica significativa al masitinib, estimada por parametros
histopatoldgicos que miden preservacion de neuronas/axones y de disminucién de la
neuroinflamacioén (21). De la misma manera, el tratamiento con masitinib también previno
el trafico y acumulacion de mastocitos en el SNC, mejorando la patologia microvascular.
Por lo tanto, nuestros estudios aportan evidencia adicional sobre los efectos
neuroprotectores del masitinib, actuando en forma paralela sobre microglias y mastocitos
para reducir la neuroinflamacion y la neurotoxicidad.
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Conclusiones

La Figura 2 ofrece una visidn integrada sobre la significacion patoldgica de los precursores
CD34* y c-Kit* en la ELA. Los precursores hematopoyéticos CD34" y c-Kit* parecen infiltrar
significativamente el SNC y SNP en las areas de neurodegeneracion en el contexto de esta
enfermedad. Mientras que las células CD34" parecen diferenciarse preferentemente a
células similares a microglias, las células c-Kit* parecen quedar indiferenciadas en las areas
peri-vasculares o bien diferenciarse a mastocitos maduros. No se pueden excluir que estos
precursores den origen también a otros tipos de células mieloides previamente descritas en
la ELA, como monocitos y células dendriticas (151).

En virtud de que la emergencia de estos progenitores se observa en las fases avanzadas de
la neurodegeneracién, postulamos que la aparicion de precursores CD34* y c-Kit* esta
asociada a un aumento de la permeabilidad vascular, incluyendo la barrera hemato-espinal.

El destino de estos progenitores extravasados del torrente sanguineo seguramente sea
determinado por las influencias moleculares del microambiente celular neurodegenerativo.
Por ejemplo, la sobreexpresion local de factores quimiotacticos y tréficos para microglias y
mastocitos incluyendo CSF-1/1L34 y SCF, respectivamente, podria ser un factor clave para
gue los precursores puedan sobrevivir y diferenciarse en su entorno.

Los precursores CD34" y c-Kit* parecen invadir preferentemente el nicho celular que rodea
los somas de motoneuronas espinales en la ELA, en estrecha relacidon con los elementos
microvasculares y células gliales. En la via motora periférica, también se constata que la
invasidon de mastocitos c-Kit* se asocia a defectos vasculares y a la infiltracion paralela de
otras células inmunes, notablemente macroéfagos y neutréfilos.

Ambos precursores, CD34" y c-Kit*, pueden ser aislados en cultivo de la médula espinal de
animales con ELA en la fase sintomatica. Estos precursores se encuentran en la fase no-
adherente del cultivo y luego pueden dar origen a microglias o mastocitos diferenciados,
dependiendo de las condiciones de cultivo.

Planteamos que la invasion de microglias CD34" y de mastocitos c-Kit* constituye un
mecanismo potenciador de la neuroinflamacién crénica en la ELA y representa la
culminacién de cambios patolégicos y de remodelacién en el microambiente peri-neuronal
o axonal. Esta infiltracidn no parece ocurrir en etapas tempranas de la enfermedad, sino en
etapas avanzadas donde la neuroinflamacidon progresa rapidamente en paralelo a la
progresion del déficit neurolégico.

Es reconocido que la neuroinflamacidn forma parte de la fisiopatologia de la ELA y que las
células inmunitarias participan de manera compleja en la progresion de la enfermedad. En
conclusion, nuestro trabajo de tesis ha permitido avanzar significativamente en la
comprensién de la neuroinflamacién que acompafia a las enfermedades
neurodegenerativas, permitiendo identificar nuevos tipos celulares de origen
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hematopoyético con escasa diferenciacion y que tienen un claro potencial patogénico en la
ELA, ademas de ser blancos terapéuticos de farmacos inhibidores de tirosinas-quinasas.

CD34+/c-Kit+ Madaiibn

Microglia ;’g Dw’mcion '
Masitinib @ /( cKit+
Microglia : &

reactiva
CSF-1R+

Células CD34+/c-Kit+
infiltrando

Microvasculatura
alterada

N : : i
Mastocitos : CSF1 ”.g ’ C?:]Lélli:aig (I: X
* Astrocitos s
reactivos ’
Masitinib

Figura 2. Microambiente celular neurodegenerativo en el SNCy SNP en la ELA. En la figura
se resume la contribucién de precursores hematopoyéticos CD34* y c-Kit*, su interaccién
con células gliales y con elementos microvasculares y su modulaciéon farmacolégica por
masitinib.
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Limitaciones

Si bien este trabajo de tesis generd resultados consistentes, relevantes y potencialmente
trasladables a la terapéutica de la ELA, también nos enfrentamos con varias limitaciones
gue deben ser mencionadas. Primero, para lograr una correcta caracterizacidon de los
fenotipos gliales aberrantes observados, hubiese sido necesario realizar un estudio
transcriptomico por RNAseq en profundidad de las células CD34" aisladas de la médula
espinal, asi como también, un estudio inmunofenotipico detallado de las células CD34*, con
el fin de determinar o confirmar su origen. Esto deberia incluir marcadores tipicos de
microglia (Iba1M&", CD206-, CD45'°%, CD163-, CD11b*, MHC-II*, F480*, CX3CR1"e", Ly6C-), de
macréfagos perivasculares (CD206*, CD163*, CD45Me", CD11b*, MHC-1I"e", Ly6C'°¥, F480*,
CX3CR1"%, Iba1'°¥, LYVE1*) (314,356), y diferenciarlas asi de células provenientes de la
periferia.

Para poder determinar si estas células poseen capacidad precursora o de “células madre”,
el estudio deberia haber incluido ademads de los marcadores CD34 y c-Kit, otros antigenos
que sirven para su identificacion, como el antigeno de células madre Scal. También se
deberia confirmar que las células sean negativas para los llamados “marcadores de linaje”,
que incluye marcadores de todas las células maduras del linaje hematopoyético (eritrocitos,
linfocitos T, linfocitos B, células T Natural killer, monocitos y granulocitos). Por otro lado,
para poder determinar el potencial progenitor, deberiamos haber profundizado en su
diferenciacién en otras células del linaje, ademas de macrdfagos/microglia y mastocitos.
Para eso, hubiese sido necesario aislar estas células y cultivarlas en presencia de distintos
factores troficos, necesarios para obtener los diferentes tipos celulares diferenciados del
linaje mieloide y también linfoide (357-359).

Finalmente, también hubiese sido importante caracterizar la inhibicion farmacolégica de
estos precursores hematopoyéticos c-Kit* utilizando ademas de masitinib, otros inhibidores
de tirosina quinasa como ibrutinib. Este farmaco es conocido por inhibir especificamente al
receptor de tirosina quinasa BTK (360). Es sabido que su inhibicién afecta la expresion de
CXCR4, proteina que se expresa en mastocitos y media su quimioatraccién a los tejidos
periféricos via la interaccion con su ligando, CXCL12 (256). CXCL12 se encuentra aumentado
en el LCR de pacientes con ELA esporadica y la inhibicion especifica de esta via tiene efectos
neuroprotectores en la ELA (257,361).
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Perspectivas

Si bien nuestros trabajos generan nuevos conocimientos sobre los mecanismos de la
neurodegeneracién y neuroinflamacion en la ELA, principalmente generan nuevas
preguntas y perspectivas.

Por ejemplo, en el caso de los precursores CD34* descubiertos en la médula espinal de ratas
SOD15%3A sintomaticas, no pudimos determinar si estas células se originaban a partir de
microglia residente, macrofagos perivasculares o de células madre hematopoyéticas de la
periferia. La realizacidn de esta investigacidon supone, entre otras aproximaciones, técnicas
de trasplante de precursores de células mieloides de médula 6sea marcados, como un
estudio fenotipico detallado de las células CD34 aisladas de la médula espinal, por ejemplo,
por “fate mapping”.

De la misma manera, si bien nuestro trabajo permite predecir un potencial precursor
hematopoyético de las células CD34" y c-Kit* presentes en la médula espinal, nuestros
estudios no han analizado formalmente si estos precursores actlan como células madre
hematopoyéticas dando origen los diferentes linajes.

Para determinar que los mastocitos que infiltran el SNC en la ELA cumplen un rol patogénico
a través de la activacién y desgranulacion, se podrian validar biomarcadores especificos de
desgranulacién de mastocitos en el LCR de animales o pacientes con ELA. Por ejemplo,
existen kits para medir la actividad triptasa y quimasa en la clinica, que podrian utilizarse
para explorar la potencialidad de estos como biomarcadores y su utilidad en la clinica o
terapéutica.
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