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RESUMEN

La esclerosis lateral amiotréfica (ELA) es una enfermedad neurodegenerativa que afecta
a la motoneurona superior, situada en el cortex motor, y a la motoneurona inferior, situada en el
asta anterior de la médula espinal. La pérdida progresiva de motoneuronas conlleva una pardlisis
y atrofia muscular que desencadena el fallecimiento del paciente en un periodo promedio de 3 a
5 afios tras el inicio de los sintomas, generalmente debido a un fallo respiratorio. Actualmente
los Unicos tratamientos que existen son paliativos, y, en la mayoria de los casos, se desconocen
las causas que provocan esta enfermedad. No obstante, se han estudiado numerosos
mecanismos moleculares que se han visto implicados en la patogenia de la ELA, entre ellos la
inflamacién. Este mecanismo estd caracterizado por la activacién de la microglia, astrogliosis,
infiltracion de los linfocitos T y monocitos, y una superproduccién de citoquinas inflamatorias
qgue conlleva a un dafio progresivo en la motoneurona, contribuyendo a la progresién de la

enfermedad.

El objetivo general de la presente memoria de Tesis Doctoral fue estudiar el papel de Ia
inflamacién en la ELA mediante la identificacion de biomarcadores y dianas terapéuticas con el
fin de trasladarlos finalmente a la practica clinica. Para ello, en primer lugar, se estudid un panel
de 97 citoquinas en plasma de animales SOD1G93A presintomaticos con el fin de identificar
aquellas citoquinas cuya expresion pudiera estar alterada y que ademas pudieran servir de
ayuda al diagnéstico. Los resultados mostraron que los niveles de 16 citoquinas estaban
modificados en el modelo animal con respecto a sus controles, indicando que existe una
desregulacion del sistema inmune en una fase temprana de la enfermedad. A continuacién, se
estudio la capacidad prondstica de dichas citoquinas correlacionando sus niveles en sangre en
diferentes estadios con la supervivencia de los animales SOD1G93A. A pesar de que se observo
una mayor expresion de estas citoquinas en los animales que mostraron una menor
supervivencia, no se pudo identificar ninguna proteina como biomarcador pronéstico debido a
su gran variabilidad en sangre. Por este motivo se eligi6 una de las citoquinas que habia
mostrado una mayor correlacién, la IL-6, para estudiarla en los tejidos mds afectados por la
enfermedad, en concreto en la médula espinal y musculo esquelético del modelo animal
SOD1G93A; ademas, se investigd su papel como biomarcador en sangre de pacientes de ELA. Se
observd un incremento en la expresion de IL-6 en los animales modelo frente a sus controles a
partir del estadio sintomatico temprano en el musculo extensor digital largo, que es un musculo
con predominio de fibras de contraccién rapida las cuales se encuentran mas dafiadas por la

enfermedad. Estos resultados sugieren el estudio de dicha proteina como biomarcador en
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musculo esquelético con predominio de fibras de contraccion rapida en el modelo animal, y, en
un futuro, en pacientes. Posteriormente, se investigd la modificacion de las citoquinas
sanguineas desreguladas y otras proteinas relacionadas con la inflamacidén tras la aplicacién de
un tratamiento neuroprotector basado en el fragmento C de la toxina tetanica (TTC) en el
modelo animal SOD1G93A para analizar la capacidad predictiva de marcadores inflamatorios
para su utilizacidon en ensayos clinicos. Los resultados mostraron una disminucidn en la expresién
de IL-6 en plasma, médula espinal y musculo esquelético de los animales tratados con TTC,
indicando que dicha proteina podria tener un papel predictivo en la enfermedad. Finalmente, se
evalud el papel de marcadores inflamatorios como dianas terapéuticas en ELA. Para ello, nos
centramos en el efecto de la reduccién de los niveles génicos de granzima A (gzmA), implicada
en procesos pro-inflamatorios, sobre la supervivencia de los animales SOD1G93A. Los resultados
mostraron que los ratones SOD1G93A heterocigotos (gzmA +/-), donde encontramos una menor
expresidon de gmzA, IL-1B y GSR, vivieron mas que los ratones SOD1G93A homocigotos gzmA +/+.
Esto confirmd que el aumento de la supervivencia estaba asociada a una menor expresion de
este gen pero no a su ausencia, ya que los animales SOD1G93A homocigotos (gzmA -/-) no
mostraron una supervivencia mayor con respecto a los controles. Por tanto, estos resultados
indicaron que una reduccién intermedia de los niveles de gzmA puede favorecer una progresion

mas lenta de la enfermedad en este modelo animal.

En conclusidn, la alteraciéon mostrada en diversas citoquinas pro-inflamatorias en el
modelo animal SOD1G93A desde estadios tempranos hasta estadios terminales resulta ser muy
variable, lo que dificulta su papel como biomarcadores de la enfermedad. No obstante, dicha

alteracion se presenta como una futura diana terapéutica para la esclerosis lateral amiotrdfica.
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SUMMARY

Amyotrophic lateral sclerosis (ALS) is a neurodegenerative disease that affects the upper
motor neuron, located in the motor cortex, and the lower motor neuron, located in the anterior
horn of spinal cord. The progressive loss of motor neurons leads to paralysis and muscular
atrophy triggering the death of the patient in an average period of 3 to 5 years after the onset of
symptoms, usually due to a respiratory failure. Currently there are only palliative treatments,
and, in most cases, the causes that trigger this disease are unknown. However, numerous
molecular mechanisms involved in the pathogenesis of ALS, including inflammation, have been
studied. Inflammation is characterized by the activation of microglia, astrogliosis, infiltration of T
lymphocytes and monocytes, and an overproduction of inflammatory cytokines that leads to

progressive damage to the motor neuron, contributing to the progression of the disease.

The main objective of this Doctoral Thesis was to study the role of inflammation in ALS
by identifying biomarkers and therapeutic targets in order to transfer them to clinical practice in
the near future. Firstly, a panel of 97 cytokines was studied in plasma of presymptomatic
SOD1G93A animals in order to identify those cytokines whose expression could be altered and
help in the diagnosis. The results showed that the levels of 16 cytokines were modified in the
animal model in comparison to their controls, indicating that there is a deregulation of the
immune system at an early stage of the disease. Next, the prognostic capacity of these cytokines
was studied by correlating their blood levels at different disease stages with the survival of
SOD1G93A animals. Although a greater expression of these cytokines was observed in animals
that showed a lower survival, no cytokine could be identified as a prognostic biomarker due to
their great variability in blood. For this reason, one of the cytokines that showed a greater
correlation, IL-6, was chosen and studied in the spinal cord and the skeletal muscle of the
SOD1G93A animal model, which are the most affected tissues by the disease. In addition, the
role of IL-6 as a biomarker in blood of ALS patients was investigated. An increase in the
expression of IL.-6 was observed in the animal models versus their controls from the early
symptomatic stage in the extensor digitorum longus muscle, which has predominance of fast-
twitch fibers that are more damaged by the disease. These results suggest the study of this
protein as a biomarker in skeletal muscle with a predominance of fast-twitch fibers in the animal
model, and, in the future, in patients. Subsequently, the modification of deregulated blood
cytokines and other inflammation-related proteins was investigated after the application of a
neuroprotective treatment based on fragment C of the tetanus toxin (TTC) in the SOD1G93A
animal model to analyze the predictive capacity of inflammatory markers and its use in clinical

trials. The results showed a decrease in the expression of IL-6 in plasma, spinal cord and skeletal

RESUMEN



muscle of animals treated with TTC, indicating that this protein could have a predictive role in
the disease. Finally, the role of inflammatory markers as therapeutic targets in ALS was
evaluated. Inh this line, we focused on the effect of reducing the gene levels of granzyme A
(gzmA), involved in pro-inflammatory processes, on the survival of SOD1G93A animals. The
results showed that heterozygous SOD1G93A mice (gzmA +/-), where we found a lower
expression of gmzA, IL-1B and GSR, lived longer than homozygous SOD1G93A gzmA + / + mice.
This confirmed that increased survival was associated to a lower expression of this gene but not
to its absence, since the homozygous SOD1G93A animals (gzmA - / -) did not show a greater
survival comparing to controls. Therefore, these results indicated that an intermediate reduction

in gzmA levels may favor a slower progression of the disease in this animal model.

In conclusion, the deregulation shown in various pro-inflammatory cytokines in the
SOD1G93A animal model from early stages to terminal stages is very variable, which hinders
their role as biomarkers of the disease. Nevertheless, this alteration can be considered as a

future therapeutic target for amyotrophic lateral sclerosis.
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2.1. ESCLEROSIS LATERAL AMIOTROFICA

2.1.1. Definicion

La esclerosis lateral amiotréfica (ELA) fue descrita por primera vez por el neurdlogo
francés Jean-Martin Charcot en el afio 1869. Englobada en el grupo de las enfermedades raras,
es una de las enfermedades de la motoneurona mas graves, y junto con la enfermedad de
Alzheimer y la de Parkinson, es una de las tres principales enfermedades neurodegenerativas. Se
caracteriza por producir una degeneracidn progresiva y, generalmente rapida, de todo el sistema
neuronal motor y de la musculatura esquelética [1]. En ella se ven afectadas tanto las
motoneuronas superiores como las inferiores, cursando con un endurecimiento de las columnas

IM

laterales de la médula espinal (de ahi el nombre de “esclerosis lateral”) y una atrofia muscular
acompafiada de debilidad y fasciculaciones (“amiotrofica”). Las pardlisis y atrofia muscular
progresivas conllevan al fallecimiento del paciente con una media de tres a cinco afios tras el

inicio de los sintomas, generalmente, debido a un fallo respiratorio.

2.1.2. Epidemiologia

La incidencia de la ELA a nivel mundial es de 1,75 por cada 100.000 habitantes al afio,
siendo algo mayor en hombres que en mujeres, con un ratio de 1,4:1 [2]. En Europa, la
incidencia asciende a 2,20 casos por cada 100.000 individuos al afio [3] y muestra una
prevalencia de 5,40 casos por cada 100.000 individuos [4], mientras que en la poblacidn
espafiola, la incidencia es de 1 por cada 50.000 habitantes y la prevalencia es de 1/10.000
habitantes [1]. Se ha observado que el nimero de casos de ELA tiende a aumentar con la edad,
alcanzando un riesgo acumulado de 1 caso cada 400 habitantes a partir de los 80 afios de edad
[5]. Ademas, debido al proceso de envejecimiento cada vez mayor de la poblacion mundial, se

estima que los casos de ELA incrementen un 69% en los préoximos veinte afios [6].

Por otra parte, diversos estudios han demostrado que la incidencia de la ELA difiere
segln el origen ancestral y la zona geografica, en parte debido a genes concretos asi como a
factores ambientales de riesgo [3]. En comparacidn con Europa, en Asia la incidencia es menor

(0,8 casos por 100.000 individuos), mientras que en otras regiones como Guam y la peninsula de
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Kii de Japdon se hallé una incidencia muy alta, que se ha reducido considerablemente en los

Ultimos treinta afios sin un motivo claro [7].

2.1.3. Etiologia

La mayoria de los casos de ELA son de causa desconocida y se corresponde con el tipo de
ELA espordadica (ELAe). La ELAe constituye un 90-95% de los casos, mientras que tan solo un 5-
10% se corresponde con la ELA familiar (ELAf) o de origen hereditario, siendo su causa una

mutacién conocida [8].

Una de las causas genéticas con mayor relevancia fue descubierta en el afio 2013, y fue
una expansion repetida en un gen no codificante de DNA, el gen C9orf72 (chromosome 9 open
reading frame 72), ligada al cromosoma 9p21; mientras que los sujetos sanos no tienen mas de
20 repeticiones, los pacientes tienen cientos de ellas [9, 10]. No obstante, hasta la fecha se han
descrito mutaciones en por lo menos 22 genes asociadas a ELA, siendo los mas frecuentes
C9orf72, el gen que codifica para la enzima antioxidante cobre/zinc superoxido dismutasa 1
(50D1), FUS (fused in sarcoma) y el gen que codifica para la proteina proteina TAR de unién a
DNA/RNA (TARDBP/TDP43) [11] (Tabla 1). El 20% de la ELAf esta causada por la mutacién
dominante del gen de la SOD1 en el cromosoma 21g22. La SOD1 es la principal enzima
antioxidante citosdlica, por lo que una mutacidn en el gen de la SOD1 implica un fallo en la
funcién de esta enzima, resultando en un aumento de los radicales libres, toxicos para las
células. Sin embargo, no es la falta de actividad de esta enzima la que causa la enfermedad, sino
la formacién de agregados que afectan a diversos procesos como la respiracion mitocondrial y el
transporte axonal [12, 13]. Esta mutacidn, descubierta hace mas de veinte afios, ha permitido
desarrollar un modelo animal, el primero de ELA, sobre el cual poder estudiar la enfermedad. Lo
interesante del modelo de ELAf es que las similitudes tanto clinicas como patoldgicas entre ELA
esporadica y familiar sugieren que este modelo puede ayudar a esclarecer los mecanismos de

ambas formas de la enfermedad, y asi contribuir a estrategias terapéuticas en humanos [14].

A diferencia de la etiologia de la ELAf, la etiologia de la ELAe permanece desconocida. Sin
embargo, si que se han encontrado mutaciones en pacientes de ELAe en diversos genes, algunos
de ellos coincidentes con la ELAf [15] (Tabla 1). No obstante, la ELA actualmente se considera de
caracter multifactorial, ya que cada vez hay mds hipdtesis que apuntan a que la suma de

distintos factores pueden conducir al desarrollo de la enfermedad. Por otro lado, varios estudios
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han relacionado la ELAe con la exposicién a determinados factores ambientales de riesgo, como
el humo del tabaco, la exposicidn a quimicos (pesticidas, insecticidas o fertilizantes) y metales
pesados, la radiacién y los campos electromagnéticos, virus, hongos, e incluso determinados

componentes de la dieta [16-18].

Tabla 1. Principales genes implicados en la ELA (Modificada [11].)

Prevalencia en

Gen Locus cromosomico  Herencia )
ELAf/ELAe (porcentaje)
CY9orf72 9p21.2 AD, DN 35/5
soD1 21g22.1 AD, AR, DN 15/2
FUS 16p11.2 AD, DN 4/1
TARDBP/TDP43 1p36.22 AD 4/1
CCNF 16p13.3 AD 4/2
NEK1 4933 AD 2/2
TBK1 12q14.2 AD, DN 1/1
vee 9p13.3 AD, DN 1/1
SQSTM1 5g35.3 AD 1/<1
MATR3 5931.2 AD <1/<1
CHCHD10 22011.23 AD <1/<1
PFN1 17p13.2 AD <1/<1
TUBB4A 2935 AD <1/<1
uBQLN2 Xpl1l.21 LX <1/<1
OPTN 10p13 AD <1/<1
KIF5A 12g13.3 AD ND/ND
HNRNPA1 12913.13 AD, DN ND/ND
HNRNPA2B1 7p15.2 AD ND/ND
CHMP2B 3pll.2 AD ND/ND
SETX 9g34.13 AD ND/ND
SPG11 15¢g21.1 AR ND/ND
ALS2 2933.1 AR ND/ND

AD: autosémica dominante, AR: autosémica recesiva, DN: de novo, LX: ligado al sexo, ND: no

disponible.
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2.1.4. Patogenia

Los rasgos patoldgicos caracteristicos en la enfermedad de la ELA son la degeneracién y
la pérdida selectiva de motoneuronas. Hay dos hipétesis principales sobre el proceso de
degeneracion de la motoneurona en la ELA: la hipdtesis de "dying-forward", que es la teoria
clasica, y la teoria de "dying-back", la que actualmente estd aceptada por la comunidad
cientifica. La primera propone que la ELA es principalmente un trastorno de la neurona motora
cortical, que interviene en la degeneracién anterégrada de las células del asta anterior, a través
de la excitotoxicidad del glutamato [19]. En cambio la hipdtesis de "dying-back" sugiere que la
degeneracion de las motoneuronas en la ELA comienza distalmente en el terminal nervioso o en
la placa motora, y progresa hacia el soma [20]. En apoyo a esta ultima hipétesis, en los ultimos
anos se ha demostrado que la degeneracion temprana de la placa motora o unidn
neuromuscular precede a la pérdida de neuronas en la médula espinal de ratones transgénicos

SoD1 [21, 22].

Son numerosas las teorias propuestas para tratar de explicar la patogenia de la ELA.
Aunque actualmente no se conocen los mecanismos moleculares precisos que provocan la
muerte de dichas células, si que hay diversas hipdtesis, como las alteraciones en el
funcionamiento del RNA y en el procesamiento de proteinas anémalas, la excitotoxicidad, el
estrés oxidativo, alteraciones mitocondriales, la activacion glial o neuroinflamacién, y dafio en el

transporte axonal [1, 10] (Figura 1).

A continuacidn se describen mas detalladamente los mecanismos patolégicos que se han

visto implicados en la ELA hasta el momento.

2.1.4.1. Excitotoxicidad mediada por glutamato

El glutamato es el principal neurotransmisor en el sistema nervioso central (SNC). Tras la
liberacion y la interaccion del glutamato con los receptores postsindpticos, los transportadores
de recaptacién de glutamato eliminan este neurotransmisor de la hendidura sindptica,
desapareciendo de esta forma los estimulos excitatorios. El transportador de glutamato EAAT2

(excitatory amino acid transporter 2) es el mas abundante de estos transportadores [23].
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Figura 1. Representacion esquematica de los principales mecanismos celulares patogénicos

implicados en la ELA [24].

La excitotoxicidad es una lesidn neuronal inducida por una excesiva estimulacién de
receptores de glutamato, que conlleva una alteracidn de la homeostasis del calcio y una excesiva
produccién de radicales libres. A diferencia de otro tipo de neuronas, las motoneuronas son
especialmente sensibles a la toxicidad inducida por la entrada de calcio provocada por una
excesiva acumulacién de glutamato. Esto se debe principalmente a su baja capacidad para
neutralizar el calcio y porque poseen receptores 4acido alfa-amino-3-hidroxi-5-metil-4-
isoxazolpropidnico (AMPA), que son mas permeables al calcio [25]. Por otra parte, se ha
demostrado que EAAT2 se encuentra dafiado en la ELA, principal proteina transportadora de

glutamato en los astrocitos, lo que da lugar a una excesiva cantidad de glutamato en la sinapsis,

y como consecuencia, desencadena una toxicidad a la motoneurona [7].
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2.1.4.2. Desregulacion de la homeostasis proteica

Uno de los hallazgos patoldgicos mas ampliamente investigados en la ELA ha sido Ia
acumulacién de agregados proteicos y los defectos en las vias celulares para la degradacién de
proteinas. De los genes anteriormente descritos y asociados a la ELA, la SOD1 mutada forma con
frecuencia agregados proteicos intracelulares. Otros genes que también se encargan de la
homeostasis y degradacién de las proteinas y que se han identificado mutaciones en ellos son
VCP (valosin containig protein), OPTN (optineurin), TBK1 (TANK Binding Kinase 1), VAPB (vesicle
associated membrane protein associated protein B), UBQLN2 (Ubiquilin-2.) y SQSTM1/p62
(sequestosome-1) [5, 7]. Las mutaciones en estos genes conllevan a la traduccion de proteinas
mal plegadas, formando agregados proteicos que se localizan en lugares celulares anormales, asi
como a un mal funcionamiento de los mecanismos de autofagia y del sistema ubiquitina-
proteasoma. Por otro lado, también se han asociado mutaciones en SOD1 y TARDBP a una
desregulacién de las proteinas de chaperonas, cuya funcién es ayudar al plegamiento de otras

proteinas recién formadas en la sintesis de proteinas [26, 27].

2.1.4.3. Dano en el transporte axonal

El transporte axonal, dependiente del ATP, es imprescindible para aportar componentes
celulares esenciales, como RNA, proteinas, lipidos y organulos, a las terminaciones axonales y al
soma celular. Estda mediado principalmente por microtubulos y proteinas motoras asociadas,
dineinas y kinesinas [13]. En varios estudios llevados a cabo en pacientes y modelos animales de
ELA han observado una denervacion, retraccidon axonal y una alteracién tanto en el transporte
anterégrado como retréogrado en estadios tempranos de la enfermedad [28, 29]. Anteriormente
se pensaba que las alteraciones en el transporte axonal eran consecuencia secundaria de otros
procesos que ocurrian en la ELA, como la insuficiente produccién de ATP debido a la disfuncién
mitocondrial o los agregados proteicos [30, 31]. Sin embargo, recientemente se han descrito
mutaciones en genes codificantes de proteinas que estan directamente involucradas en el
transporte axonal en pacientes de ELA, como DCTN (dynactin), PFN1 (profilin 1), TUBA4A (tubulin

Alpha 4a), NEFH (neurofilament heavy polypeptide) [7].
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2.1.4.4. Disfuncion mitocondrial

Ademas de su capacidad para producir ATP, las mitocondrias desempefian un papel
esencial en el metabolismo intermediario y en el mantenimiento de la homeostasis del calcio
celular. Las mitocondrias son también la principal fuente de especies reactivas de oxigeno (ROS)
y estan involucradas en las vias apoptéticas intrinsecas. En consecuencia, la disfunciéon

mitocondrial puede conducir al fracaso bioenergético, al estrés oxidativo y a la apoptosis [32].

La alta carga metabdlica de las motoneuronas y su consecuente dependencia de la
fosforilacién oxidativa las hacen particularmente vulnerables a la pérdida de la funcidn
mitocondrial. Tanto en pacientes como en modelos animales de ELA con la SOD1 mutada se han
observado cambios morfoldgicos de la mitocondria, desencadenando un mal funcionamiento
[33-35]. Por ejemplo, en modelos animales se han visto agregados de SOD1 en el espacio
intermembranoso de la mitocondria, lo que conlleva a una peor captacién de proteinas [36].
Ademads, también se ha observado en pacientes y modelos animales defectos en la cadena
respiratoria y fallos en el transporte axonal de mitocondrias [37, 38]. Por otro lado, también se
ha visto comprometida la funcién mitocondrial en casos de ELAf de FUS y TDP43, asi como en

casos de ELAe [39].

2.1.4.5. Desregulacion del trdfico endosomal

Otro mecanismo que estd alterado en la ELA es el trafico endosomal. La endocitosis es
un proceso mediante el cual una célula incorpora moléculas extracelulares englobadas por
membrana plasmatica que, al cerrarse, se forman vesiculas que quedan en el interior celular. El
transporte de estas vesiculas por el citoplasma hasta su destino final se denomina trafico
endosomal, y es un mecanismo complejo en el que intervienen el citoesqueleto, el reticulo

endoplasmatico y el aparato de Golgi, ademas de las propias vesiculas [40].

Varios de los genes en los que se han identificado mutaciones en pacientes con ELA
participan en la regulacion del trafico endosomal. Por ejemplo, se ha demostrado que la pérdida
de funcién de TDP43 altera los endosomas dendriticos e inhibe el trafico endosomal, lo que
perjudica a las motoneuronas [41]. Ademds, también se han descrito otros genes cuyas

mutaciones conllevan a una alteracién en el trafico endosomal, como C9orf72, ALS2 (alsin rho
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guanine nucleotide exchange Factor ALS2), UNC13A (unc-13 homolog A), CHMP2B (charged

multivesicular body protein 2B), y SPG11 (spastic paraplegia 11) [7, 42, 43].

2.1.4.6. Procesamiento aberrante del RNA

La alteracién del procesamiento de RNA mensajero (mRNA) es un rasgo caracteristico en
la patogénesis de la ELA. Cuatro de los genes en los que mas frecuentemente se encuentran
mutaciones, SOD1, TARDBP, FUS y C9orf72, estdn implicados en procesos del metabolismo del
RNA, como la transcripcion, el transporte y la estabilizacidon del RNA, el splicing alternativo, o la
biogénesis de micro-RNA (miRNA) [44]. Por ejemplo, TARDBP y FUS en sus formas mutadas
pasan a localizarse del nucleo al citoplasma, lo que resulta en un fallo en el procesamiento de los
RNA en los que estan implicados [45, 46]. Por otro lado, las expansiones repetidas de C9orf72
conllevan a la formacién de secuencias cuadruples de G estables que interfieren con otros
factores de procesamiento de RNA [47, 48]; ademas, también conducen a una ganancia de
funcidén téxica del mRNA a través de la formaciéon de focos de RNA, lo que conlleva su secuestro

en granulos de estrés y a una alteracion en la actividad de proteinas de unién a RNA [49].

A parte de estos genes principales, hay otros genes minoritarios en los que se han
descrito mutaciones en la ELA que también juegan un papel importante en el procesamiento del
RNA, como es el caso de ATXN2 (Ataxin 2), TAF15 (TATA-box binding protein associated factor
15), hnRNPA1 (heterogeneous nuclear ribonucleoprotein A1), hnRNPA2 BIN (heterogeneous
nuclear ribonucleoprotein A2/B1), MATR3 (matrin 3), EWSR1 (Ewing sarcoma breakpoint region
1), TIA1 (T-cell-restricted intracellular antigen-1), SETX (senataxin) and ANG (angiogenin) [44].

2.1.4.7. Disfuncion en la reparacion del DNA

El DNA se dafia constantemente de muchas formas. En las neuronas, una de las
principales causas de dicho dafio son las ROS. La produccién de ROS a partir de la respiracion
mitocondrial y otros procesos metabdlicos genera continuamente numerosos cambios de bases
y de la estructura del DNA [50]. Ademads, en la ELA se han identificado mutaciones en varios
genes relacionados con la reparacién del DNA, como FUS, NEK1 (NIMA related kinase 1) y
C21orf2. Sin embargo, a dia de hoy no esta claro el papel que pueda tener la mala regulacion de

la reparacion del DNA en la ELA [7].
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2.1.4.8. Estreés oxidativo

El estrés oxidativo se produce cuando hay un desequilibrio entre la generacién y
eliminacion de radicales libres o cuando la célula no puede reparar o eliminar el daifio causado
por este estrés. Diversos estudios han sugerido el estrés oxidativo como uno de los mecanismos
patogénicos implicados en la ELA. Por ejemplo, se han detectado marcadores de dafo por
radicales libres en muestras de sangre, orina y liquido cefalorraquideo (LCR) de pacientes de ELA
[51-53]. Asimismo, en modelos animales de ELA con la hSOD1 mutada, se ha observado un
incremento de los niveles de oxidacion de diferentes mRNA en estadios tempranos de la
enfermedad, ademds de una correlacién entre dicha oxidacidn y una disminucidn de la expresién

de la SOD1 [23].

Actualmente, la hipétesis mds ampliamente aceptada es que, ademds del dafio que
causa directamente el estrés oxidativo, también promueve otros mecanismos patogénicos que
contribuyen al dafo neuronal, como la excitotoxicidad, la agregacion de proteinas,

desregulacién del trafico endosomal y la disfuncién mitocondrial [23].

2.1.4.9. Neuroinflamacién

Durante los ultimos afios la neuroinflamacion ha resultado ser un proceso de gran
relevancia en la patogenia de la ELA, ya que se ha demostrado que tiene un papel importante en
el dafio neuronal y la progresién de la enfermedad. Este mecanismo se caracteriza por la
activacion de la microglia, astrogliosis, infiltracién de los linfocitos T y monocitos, y una
superproduccion de citoquinas inflamatorias [54]. Inicialmente en la ELA se produce una fase
temprana anti-inflamatoria en la cual los astrocitos y la microglia M2 secretan factores
neurotroéficos y citoquinas anti-inflamatorias, como la interleuquina (IL)-4 y IL-10. Conforme
avanza la enfermedad, esta respuesta neuroprotectora pasa a una fase citotdxica debido a la
activacion de la microglia M1 y la consecuente liberaciéon de factores tdxicos, como ROS, y
citoquinas pro-inflamatorias, como la IL-1B y el factor de necrosis tumoral (TNF)-a, lo que

conlleva a un dafio progresivo a la motoneurona [55].
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2.1.5. Sintomatologia

Clinicamente, la ELA se caracteriza por una debilidad y atrofia muscular progresiva. La
duracion de la enfermedad es relativamente corta, produciéndose el fallecimiento en la mayoria
de los casos entre 2 y 5 afios después del inicio de los sintomas y se debe, en general, al fallo de
los musculos respiratorios. Unicamente entre un 5-10% de los pacientes sobreviven durante mas
de 10 afios. La edad a la que se manifiesta la enfermedad varia segln se trate de ELAe o de ELAf.
Normalmente, la media de edad de inicio de la enfermedad en la ELAe es de 56 afios, mientras
qgue en ELAf es de 46 aiios. Sin embargo, aunque de forma minoritaria, también existen formas
juveniles en las que los sintomas se inician antes de los 30 de edad [1]. Incluso actualmente se
conoce una forma todavia mas rara, que es la forma infantil, habiendo identificado cinco casos

en el mundo, dos de ellos en nuestro pais.

La mayoria de los pacientes (alrededor del 70%) presentan ELA de inicio en las
extremidades, alrededor del 25% de los pacientes tienen ELA de inicio bulbar, y el resto de los
pacientes (5%) manifiestan sintomas respiratorios o inicio del tronco. Los sintomas que presenta
cada paciente dependen de qué regidn neuroldgica es la que se encuentra afectada. El inicio
bulbar estd asociado con la motoneurona superior y/o inferior, y los pacientes presentan
disfagia y disartria. En este caso, la sintomatologia depende de las motoneuronas que estan
afectadas; la paralisis bulbar (motoneurona inferior) se asocia con una deficiencia en el
movimiento palatal con debilidad, emaciacidn y fasciculacidn de la lengua; en cambio, la pardlisis
pseudobulbar (motoneurona superior) se manifiesta con movimientos bruscos de mandibula,
disartria y labilidad emocional. El inicio cervical se asocia con sintomas de las extremidades
superiores, ya sean bilaterales o unilaterales, que afectan a las motoneuronas superiores y/o
inferiores. La debilidad proximal conlleva problemas que afectan a las actividades diarias del
paciente, como lavarse el cabello o peinarse, y dificultades para realizar movimientos precisos,
como atrapar y manipular objetos pequefios. El inicio lumbar estd relacionado con las
motoneuronas inferiores y los sintomas incluyen fasciculaciones, emaciacién y debilidad [18]

(Tabla 2).
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Tabla 2. Fenotipos clinicos, sintomas y prondstico de la ELA. [18]

Fenotipo Regién Sintomas Pronéstico
T Espasticidad, debilidad y aumento de los
Inicio en reflejos osteotendinosos Supervivencia de 5-
extremidades VNI Fasciculaciones, emaciacién y debilidad 8 anos
distal ascendente gradual.
MNS Disartria espastica, que se caracteriza por
o un habla lenta, laboriosa y distorsionada Supervivencia de 2-
Inicio bulbar — : - R
VNI Debilidad de la lengua, fasciculaciones, 4 afios
acompafiado de disartria flacida y disfagia
. Tetraparesia espastica ascendente con Progresion lenta,
Esclerosis

L MNS participacion del habla en la mayoria de los supervivencia de
lateral primaria

casos a los 3 anos, incontinencia urinaria. décadas
Atrofia Fenotipo peor definido. Debilidad .
. L, Aproximadamente
muscular MNI asimétrica y emaciacién, a menudo en las S af
afios
progresiva piernas.
MNS, ., , . .
Presentacién con DFT. Desarrollo tardio de  Supervivencia
ELA-DFT MNIy ) y
, los sintomas de ELA. menor de 3 afios
cortex

DFT: demencia frontotemporal, ELA: esclerosis lateral amiotrdfica, MNI: motoneurona inferior,

MNS: motoneurona superior.

2.1.6. Diagndstico

El diagndstico de la ELA es complejo debido a su gran heterogeneidad clinica, lo que
resulta en un retraso del diagndstico definitivo de hasta un afio tras el inicio de los sintomas
[10]. Dada la ausencia de una prueba diagndstica especifica de la enfermedad, el diagndstico se
basa en los datos clinicos y se confirma o descarta con pruebas complementarias que incluyen la
electromiografia (EMG), la resonancia magnética (RM), estudios del LCR y biopsias de musculo y
nervios. Ademds, también se basa en la exclusién de otras situaciones que simulan la
enfermedad de la motoneurona. Esta dificultad en el diagndstico de la ELA ha llevado a instaurar
unos criterios internacionales, conocidos como “Criterios de El Escorial”, que se establecieron
como requisitos para el diagndstico de enfermos de ELA, y que se han ido revisando vy
modificando [56] (Tabla 3). Estos criterios incluyen, por un lado, la presencia de evidencias de
degeneracién de motoneurona inferior (MNI) por examen clinico, electrofisiolégico o
neuropatolégico, la presencia de evidencias de degeneracién de motoneurona superior (MNS)
por examen clinico y la presencia de una diseminacidn progresiva de los sintomas o signos en la

region afectada, o la progresidon hacia otras regiones, determinado por historia y examen
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neuroldgico. Por otro lado, también incluyen la ausencia de evidencias electrofisiolégicas o
patoldgicas de otras enfermedades que pudieran explicar los signos de degeneraciéon de MNS
y/o MNI, y la ausencia de evidencias por neuroimagen de otras enfermedades que pudieran

explicar los signos clinicos y electrofisiolégicos observados. En el caso de que haya antecedentes

familiares se realizan analisis genéticos para confirmar que pueda ser ELAf.

Tabla 3. Los criterios de El Escorial y sus revisiones [57]

Criterios

ELA definitiva

ELA probable

ELA probable
apoyada por
examenes
complementarios

ELA posible

Sospecha de ELA

El Escorial (1994)

Signos clinicos de MNI y
MNS en 3 regiones
(bulbar, cervical, toracica
o lumbar).

Signos clinicos de MNI y
MNS en 2 regiones, con
signos de MNS en
regiones rostrales a las
de MNI.

Signos clinicos de MNI 'y
MNS en 1 regidn, o
signos de MNS en dos
regiones, o signos de
MNI en regiones
rostrales a las de MNS.

Signos clinicos de MNI.

Airlie House (2000)

Signos clinicos de MNI y
MNS en regidn bulbar y
dos regiones espinales, o
signos de MNS en dos
regiones espinales y
signos de MNI en tres
regiones espinales.

Signos clinicos de MNI y
MNS en 2 regiones, con
signos de MINS en
regiones rostrales a las
de MNI.

Signos clinicos de MNS
en una region y criterios
electrofisioldgicos de
MNI en 2 regiones.

Signos clinicos de MNI y
MNS en 1 regién, o
signos de MNS en dos
regiones, o signos de
MNI en regiones
rostrales a las de MNS.

MNI: motoneurona inferior, MNS: motoneurona superior.

Awaji-Shima (2008)
Signos clinicos o
electrofisiolégicos de
MNS y MNI en regién
bulbar y dos regiones
espinales, o signos de
MNS y MNI en tres
regiones espinales.
Signos clinicos o
electrofisiolégicos de
MNS y MNI en dos
regiones, con signos de
MNS en regiones
rostrales a las de MNI.

Signos clinicos o
electrofisiolégicos de
MNS y MNI en una
region, o signos de MNS
en dos regiones, o
signos de MNI en
regiones rostrales a las
de MNS.

Sin embargo, los sistemas de clasificacidn como los criterios de El Escorial y sus
revisiones son enfoques sistemadticos a veces complicados de interpretar y que omiten
caracteristicas que son importantes en el manejo clinico, como el ratio de progresién o la base
genética [57, 58]. Por lo tanto, muchos neurdlogos actualmente utilizan otros tipos de

clasificaciones no tan sistematicas que pueden incluir, por ejemplo, descripciones anatémicas
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como el sindrome de brazos flotantes o diplejia braquial bilateral. A falta de un biomarcador
diagndstico de ELA, resulta necesario abordar una nueva estrategia que combine los aspectos
positivos de las clasificaciones sistémicas con las descripciones fenotipicas utilizadas en Ia

practica clinica [57].

2.1.7. Tratamiento

A pesar de todas las teorias existentes sobre la etiopatogenia de la enfermedad,
actualmente, el tratamiento es Unicamente paliativo. Se han ensayado numerosas sustancias
con potencial de interferencia en posibles mecanismos patogénicos de la enfermedad, pero solo
hay dos tratamientos aprobados hasta la fecha: riluzol y edaravone [59]. El riluzol es un
antagonista del glutamato, y su eficacia esta basada en su capacidad de antagonizar la toxicidad
del glutamato en la patogénesis de la enfermedad. Este farmaco ha mostrado una disminucion
de la progresion de la enfermedad en algunos pacientes, aunque no en todos, logrando alargar
la vida de 2 a 3 meses [18]. Por otra parte, edaravone mejora ligeramente la movilidad en
algunos pacientes, sobre todo cuando se aplica en fases tempranas de la enfermedad. Este
ultimo se aprobd por la FDA en mayo de 2017, y en Europa se esta a la espera de su aprobacion.
Su mecanismo de accidn se basa en su efecto antioxidante mediante la eliminacidn de perdxidos

lipidicos y radicales hidroxilos [18].

Actualmente se estan estudiando diversas terapias que se encuentran en ensayos
preclinicos o clinicos en ELA. Estas terapias incluyen aproximaciones farmacoldgicas frente a los
diferentes mecanismos patogénicos descritos en la ELA, como la excitotoxicidad por glutamato,
el estrés oxidativo o la neuroinflamacioén, y terapias mds innovadoras como la administracidn de
neurotréficos mediante proteinas recombinantes, la terapia génica, y la terapia celular [18]
(Figura 2). Uno de los agentes con mas posibilidades de que se apruebe y que proximamente va
a estudiarse en un ensayo clinico de fase Ill es masitinib, un inhibidor de la tirosina quinasa que
es capaz de inhibir la proliferacién de las células gliales y su activacion, incluyendo los fenotipos

malignos que inducen la muerte de las motoneuronas [60].

Por otro lado, el conocer las diferentes mutaciones genéticas que causan la ELA
proporciona potenciales dianas terapéuticas, incluso aunque no se lleguen a comprender
completamente los mecanismos patoldgicos desencadenados por el gen mutado. Es por ello que

se estan estudiando oligonucledtidos antisentido que, por ejemplo, en el caso de las
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expansiones repetidas de C9orf72, estos oligonucledtidos se dirigirian a estas transcripciones

gue contienen repeticiones y causarian su degradacion [5, 60].

Mas recientemente se estan ensayando terapias basadas en células para el tratamiento
de la ELA [61]. Estas terapias, cuyo objetivo es retrasar el progreso y los sintomas de la
enfermedad, se han propuesto como una fuente fundamental para la regeneracién de
motoneuronas. Las células que se utilizan para trasplantar en la ELA tienen principalmente dos
origenes: uno es de células madre mesenquimales (MSCs), como las MSCs derivadas de la
médula dsea, las MSCs derivadas de tejido adiposo, las células madre hematopoyéticas CD133+
(HSC), y células progenitoras hematopoyéticas CD34 + de corddn umbilical. El otro origen
engloba a las células madre neurales de origen de tejido neural (NPCs), como la médula espinal
de origen fetal y el glia envolvente olfativo [62]. Por otro lado, el trasplante autélogo de células
madre pluripotentes inducidas (iPSCs) se ha probado en varios modelos animales mostrando una

mejoria en los sintomas [63].
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Figura 2. Resumen de los principales abordajes para el tratamiento de la ELA. [18]
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2.2. LA NEUROINFLAMACION EN LA ELA

Durante las dos ultimas décadas se ha demostrado que la neuroinflamacién contribuye a
la pérdida progresiva de las motoneuronas en enfermedades neurodegenerativas, incluida la
ELA [64]. Diversos ensayos clinicos y preclinicos han mostrado ademas que las mutaciones en
genes asociados a la ELA, como SOD1, TARDBT y C9orf72, acentlan esta neuroinflamacion [54].
Por otro lado, también se ha observado un aumento de los monocitos pro-inflamatorios y
poblaciones de linfocitos T disfuncionales en casos en los que no se dan estas mutaciones, lo que

apoya la total implicacién de la desregulacidn del sistema inmune en la patogenia de la ELA [54].

La neuroinflamacidn se caracteriza por la activaciéon de la microglia y la astroglia en el
SNC, por la infiltracién de linfocitos y macréfagos periféricos, y por la implicacién del sistema del
complemento. Los factores anti-inflamatorios y neuroprotectores, como la microglia anti-
inflamatoria (M2) y los linfocitos T, predominan en la fase temprana de la enfermedad, mientras
que la inflamacién se vuelve pro-inflamatoria y neurotdxica, liderada por la microglia pro-

inflamatoria (M1) y linfocitos Th1, a medida que la enfermedad avanza [55, 65] (Figura 3).

Aunque el mecanismo de neuroinflamacién se ha considerado como una respuesta
secundaria e inespecifica a la degeneracion de las motoneuronas, estudios recientes sefialan
este proceso como un evento primario debido a la interaccidn perjudicial entre las
motoneuronas dafadas y las células del entorno [66]. De hecho, se ha demostrado en el ratén
transgénico SOD1G93A que existe una activacidn microglial anterior a la muerte de las

motoneuronas [55].

2.2.1. Células inmunes implicadas en la neuroinflamacioén en ELA

2.2.1.1. Microglia

Las células de la microglia forman parte del sistema inmune innato del SNC. Sus
funciones principalmente son controlar el microambiente mediante diversas sefiales, dar

soporte mecdanico a las neuronas y eliminar los residuos después de la muerte celular [67].

Durante la neuroinflamacién, la microglia se encarga de liberar citoquinas tanto pro-

inflamatorias como anti-inflamatorias, y de eliminar células dafiadas [67]. De esta forma, en la
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ELA la microglia es capaz de ejercer papeles opuestos dependiendo de la fase de la enfermedad.
Durante la etapa temprana de progresion lenta de la enfermedad, la microglia muestra el
fenotipo M2, que promueve la reparacion y regeneracién tisular, e interacciona con sefales
protectoras como CD200 y fractalquina. A medida que la enfermedad progresa, las
motoneuronas dafiadas liberan sefales que inducen a la microglia a adoptar el fenotipo M1, las
cuales secretan NADPH oxidasa 2 (NOX2), ROS y citoquinas pro-inflamatorias [68]. En referencia
a estos dos fenotipos de la microglia, hay estudios in vitro que han demostrado que la microglia
M2 mejord la supervivencia de las motoneuronas, mientras que la microglia M1 resulté ser

tdxica para las mismas [69].

Por otro lado, se ha observado que las motoneuronas y astrocitos dafiados que liberan
agregados proteicos, como los de SOD1, son capaces de activar la microglia a través de vias
dependientes de CD14, y de los receptores TLR2 (toll-like receptor 2), TLR4 (toll-like receptor 4) y
SR (scavenger receptor) [70-72]. Ademas, también se ha demostrado que existe una correlacién
entre la intensidad de la activacidon microglial en la corteza motora y la severidad del dafio de las
motoneuronas [73]. En el ratdn transgénico SOD1G93A se han llevado a cabo estudios en los que
se observé que el reemplazo de la microglia con la SOD1 mutada por microglia sin la mutacidn
retrasé la degeneracién de las motoneuronas y aumentd la supervivencia de los animales [74,
75]. A parte de la relacion de la SOD1 mutada con la microglia, también se ha asociado la pérdida
de funcién de C9orf72 con una disminucién de la actividad microglial para eliminar los agregados

proteicos [76].

2.2.1.2. Astrocitos

Los astrocitos son las células gliales mds abundantes del SNC y tienen muchas funciones
complejas, entre las que se incluyen la regulacién de las concentraciones de neurotransmisores
extracelulares, el mantenimiento del equilibrio homeostatico metabdlico o idnico, proporcionar

soporte estructural y tréfico para las neuronas, y contribuir a la respuesta inmune [55]

Los astrocitos participan de forma activa en la neuroinflamacién, pudiendo resultar su
accion beneficiosa o perjudicial para la reparacién de los tejidos dependiendo de los tipos de
sefiales que haya en el ambiente. En este sentido, hay estudios que han mostrado que algunas
respuestas de los astrocitos a ciertas citoquinas, factores de crecimiento y hormonas son
protectoras, mientras que su ausencia agrava el dafio en el SNC [77]. Una de las vias protectoras

principales estd mediada por la glicoproteina gp130, un transductor de sefial esencial para los
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miembros de la familia de la citoquina IL-6. Por otro lado, los astrocitos liberan factor de
crecimiento transformador-beta (TGF-B), que suprime la accién neuroprotectora de la microglia
y los linfocitos T. Se ha visto tanto en pacientes como en modelos animales de ELA que la ruta
metabdlica de TGF-B se encuentra mas estimulada, lo que lo convierte en un regulador negativo

de la respuesta inflamatoria neuroprotectora [77].
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Figura 3. Fases neuroprotectora (A) y neurotéxica (B) de la neuroinflamacién en la ELA [55].
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De forma similar a lo que ocurre en la microglia, las mutaciones de los genes asociados a
la ELA también se expresan en los astrocitos, desencadenando procesos daninos para las
motoneuronas. En diversos estudios basados en el modelo animal de ELA, con la silenciacién del
gen mutado de la SOD1 o el trasplante de astrocitos sanos se consiguidé una reduccién de la
toxicidad y pérdida de motoneuronas, ademds de un aumento de la supervivencia de los ratones
[78-81]. De forma similar, otros estudios han demostrado que el trasplante de astrocitos que
expresan la SOD1 mutada en animales sanos fue capaz de inducir una degeneracidn y muerte

local de las motoneuronas de la médula espinal [82].

Como se ha mencionado anteriormente, una de las funciones de los astrocitos es la
regulacién de las concentraciones de neurotransmisores extracelulares. En condiciones
normales, los astrocitos son capaces de eliminar el exceso de glutamato de la hendidura
sindptica a través de los transportadores de glutamato. Sin embargo, en pacientes y modelos
animales de ELA se ha visto que la pérdida del transportador de glutamato EAAT2 conlleva a una
menos eficiente recaptacion del glutamato por los astrocitos, lo que contribuye a la

degeneracion de las motoneuronas [82-85].

Por ultimo, mas recientemente se ha demostrado que los astrocitos son capaces de
desencadenar la muerte de las motoneuronas mediante la activacidon de un tipo de muerte
celular programada llamada necroptosis, que implica la pérdida de la integridad de la membrana
plasmatica a través de RIPK1 (receptor interacting serine/threonine-protein kinase 1) y MLKL

(mixed lineage kinase domain-like) [86].

2.2.1.3. Linfocitos T

Los linfocitos T forman parte de la respuesta inmune adaptativa. Existen diferentes
poblaciones de linfocitos T que son capaces de penetrar en el SNC durante la progresion de la
enfermedad, contribuyendo de esta manera al proceso de neuroinflamacion que se
desencadena en la ELA [55]. En concreto, los linfocitos CD4+ se han observado en la médula
espinal en etapas tempranas de la enfermedad, mientras que poblaciones de linfocitos CD4+ y
CD8+ predominan en los estadios mas tardios [68]. Los linfocitos T CD4+, Th (T helper), se
pueden clasificar segin su funcidon anti- o pro-inflamatoria en aquellos que resultan ser
neuroprotectores, linfocitos Th2 y linfocitos T reguladores (Treg), que se encuentran expresados

en las fases tempranas de la enfermedad, o en aquellos que son neurotdxicos, los linfocitos Thl
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y Th17, que promueven respuestas pro-inflamatorias en las fases mas tardias de la enfermedad

[55].

En pacientes de ELA se ha encontrado en sangre, médula espinal y cerebro un aumento
de los niveles de los linfocitos Thl y Th17, asi como de las citoquinas que regulan, por ejemplo
IL-17 y IL-23, lo que refuerza la implicacion de estas células en la patogenia de la ELA [87-89]. En
cuanto a los linfocitos Treg, se han encontrado incrementados en médula espinal del modelo
animal SOD1G93A en el estadio de progresidn lenta de la enfermedad, junto con un aumento de
la expresiéon de IL-4 y de la microglia con fenotipo M2; por el contrario, los Treg tienden a
disminuir cuando la progresidon de la enfermedad es mas rapida [90]. De la misma forma, en
pacientes de ELA se ha visto que el nUmero de Treg se encuentra disminuido en sangre y médula
espinal, junto con una reduccién de los niveles de FoxP3 (forkhead box P3), TGF-B, IL-4 y Gata-3
(GATA binding protein 3), en las fases de progresion rapida, y ademas se correlacionaron
inversamente los niveles de Treg con el ratio de progresidn y severidad de la enfermedad [90-
91]. Por otro lado, se observé que una transferencia de Treg de la fase de progresién lenta de la
enfermedad, provenientes de ratones SOD1G93A, alargé en el tiempo dicha fase de progresién

lenta, y ademads aumenté la supervivencia de los ratones receptores [90].

2.2.1.4. Macrdéfagos/Monocitos

Los macréfagos se originan a partir de monocitos sanguineos, formados en la médula
dsea, y migran a los tejidos donde cumplen diversas funciones inmunes, cambiando de un
fenotipo funcional a otro mediante la secrecidn de citoquinas pro-inflamatorias o anti-

inflamatorias [54].

Aungque se ha visto que los monocitos sanguineos adquieren un fenotipo inflamatorio en
pacientes de ELA [92], no esta claro como contribuyen al desarrollo y la progresién de la
enfermedad. Varios estudios han sugerido que los monocitos periféricos son capaces de
penetrar en la médula espinal de pacientes y modelos animales de ELA, contribuyendo a la
pérdida de las motoneuronas [93-95]. Sin embargo, otros estudios han demostrado que dicha
infiltracion en el SNC no se produce a menos que haya una alteracién previa de la barrera
hematoencefalica [96-100] No obstante, si que se ha observado que los monocitos se

encuentran activos en sangre de pacientes de ELA en una fase temprana de la enfermedad [92],
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y se han asociado a una menor fagocitosis y una desregulacion de la secrecidn de citoquinas pro-

inflamatorias [95, 101].

2.2.1.5. Sistema del complemento

Uno de los componentes principales del sistema inmunitario es el sistema del
complemento. Su funciéon es reconocer PAMPs o DAMPs (pathogen or damage associated
molecular patterns) que expresan los patdgenos o las células danadas con el fin de eliminarlos
del organismo. Este sistema cuenta con tres vias de activacidon, dependiendo del tipo de
moléculas implicadas, sin embargo todas ellas desencadenan una serie de procesos que
promueven la inflamacién y estimulan la fagocitosis del microorganismo o célula, mediante el
reclutamiento de monocitos y macréfagos por los factores C3a y C5a; o bien crean un poro que
desestabiliza y rompe la membrana celular a través de un complejo formado por los factores C5-

C9 [67, 68].

En relacion con la ELA, varios componentes de este sistema, como los factores Clq, C5a
y C5b-9, se han encontrado elevados en plasma, LCR y médula espinal de pacientes y modelos
animales [102-105]. Ademads, en un estudio se observé el factor Clq depositado en las placas
motoras en el musculo intercostal de pacientes de ELA, lo que sugiere que la activaciéon del
complemento puede preceder a la denervacidn de la placa motora [106]. Por otro lado, también
se ha observado una activacion local y una expresién aumentada de los factores C5a-C5aR1 en el
musculo esquelético del modelo animal SOD1G93A, lo que desencadend un reclutamiento de
macrofagos que podrian estar acelerando la denervacién y la muerte de las motoneuronas
[107]. En este sentido, se ha visto que una inhibicidn selectiva de la sefial de C5a-C5aR1 fue
capaz de reducir los sintomas motores y aumentd la supervivencia en el ratdn transgénico
SOD1G93A [103, 108]. En definitiva, la activacién del complemento parece que podria estar
agravando la pérdida progresiva de motoneuronas durante el curso de la enfermedad. En
particular, el incremento de la sefializacién de C5aR1-C5a durante la progresion de la ELA sugiere

gue la via del complemento contribuye activamente a la patogénesis de la ELA [67].
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2.2.2. El inflamasoma NLRP3 en ELA

Otro proceso celular que se esta estudiando en relacién con la neuroinflamacién en ELA
son los inflamasomas, entre ellos el NLRP3 (nod-like receptor family pyrin domain containing 3).
Los inflamasomas son complejos proteicos que inducen inflamacidon en respuesta a diversos
estimulos. El inflamasoma NLRP3, que es el mas conocido, tras la formacién del complejo,
induce la activacion de la caspasa 1, que a su vez activa la IL-1B y la IL-18 en un proceso de dos
pasos [109]. El primer paso es de preparacion, y estd mediado por moléculas que se unen a TLR
o citoquinas enddgenas que, a través de la via NF-kB (nuclear factor- kappa B), inducen una
regulacion transcripcional, aumentando la transcripcién de NLRP3, pro-IL-1B y pro IL-18. En el
segundo paso de activacién es en el que se forma el complejo proteico. Tras dicha formacidn,
NLRP3 se une a la proteina adaptadora ASC (apoptosis-associated speck-like protein) e induce la
activacion de la caspasa 1. A continuacién, la caspasa 1 promueve la activacion de las citoquinas
pro-inflamatorias IL-1B y IL- 18, las cuales estimulan finalmente la inflamacidn y la respuesta

inmune innata [109].

En relacién con la ELA, se ha demostrado que los agregados proteicos, como los de
TDP43, son capaces de activar la microglia y desencadenar los procesos previamente
mencionados para activar el inflamasoma NLRP3, tal y como se muestra en la figura 4 [54, 110].
Ademas, varios estudios han corroborado que este inflamasoma esta activado en cerebro, en
talamo anterior de diferentes modelos animales de ELA [109, 111, 112], e incluso en astrocitos

de pacientes [113].

Dada la implicacién del inflamasoma NLRP3 en la patogenia de la ELA, en los ultimos
afios se han desarrollado incluso algunas terapias con el fin de inhibir este complejo. Por
ejemplo, la administracion de 17B-estradiol en el modelo animal SOD1G93A redujo los niveles
de la caspasa 1 activa y la IL-1f madura; ademas, estos ratones mostraron una mejoria en la
funcién motora que se correlaciond con un aumento en la supervivencia de las motoneuronas
de la médula espinal lumbar [114]. Otro compuesto que también ha sido capaz de inhibir la
activacién del inflamasoma NLRP3 es el cyclo(His-Pro) (histidyl-proline diketopiperazine),
concretamente en la microglia, lo que lo convierte en un posible candidato como modulador de

este mecanismo en la ELA [115].

INTRODUCCION



(D14 TIR-4
S Cell membrane
TDP-43 :; — T — — Secreted cytokine d
! T T
e e
- =
€ J
| >
| >
ROS production A
in mitochondria
NF-kB 2 Activation Active NLRP3
1 —® inflammasome
1 Priming l
ASC P
: Pro-caspase-1 cove
Transcriptional ?n:ctwe NERES caspase-1
expr&ssion of Iinflammasome
inactive NLRP3, j
pro-IL-1p, and —— ¢ 3 s
inactive precursor Pro-IL-1B ”) d
=0 >
NEER of IL-18 "~ Pro-IL-18 €5
/ ,/ // // TNF-a I-18
Y 3 IL-18
Nisleiss LP Increase in TNF-a microRNA \

Figura 4. Modelo de las vias pro-inflamatorias de la microglia en la ELA. [54]

2.2.3. Estrategias terapéuticas para modular la inflamacion

Tanto el ratio de progresidn como el tiempo de supervivencia en la ELA parecen estar
modulados, en parte, por un sutil equilibrio entre los factores anti-inflamatorios y pro-
inflamatorios. Por tanto, un posible abordaje terapéutico podria tratar de inclinar dicho
equilibrio hacia los mediadores anti-inflamatorios con el objetivo de frenar la progresién de esta

enfermedad.

A lo largo de los ultimos afios se han desarrollado ensayos clinicos basados en esta
hipdtesis mediante el uso de diferentes farmacos o moléculas, que se resumen en la tabla 4 [68].
Uno de los farmacos con mas posibilidades de éxito, como se ha comentado anteriormente, es
masitinib, un inhibidor de la tirosina quinasa, que ha demostrado sus efectos positivos tanto en
modelos animales [116] como en los ensayos clinicos que se estan llevando a cabo actualmente
[117]. Sin embargo, la mayoria de las terapias que han resultado ser prometedoras en los
modelos animales de ELA hasta la fecha, apenas han tenido resultados positivos cuando se han
trasladado a pacientes. Una de las razones de mayor peso es que el modelo animal tiene un
fenotipo de la enfermedad mas homogéneo en comparacidn con la clinica heterogénea que se

observa en los pacientes. Ademas, también se ha apuntado a un mal disefio de los estudios en
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los animales, como por ejemplo en relacién al tiempo de administracion de la droga, que es
inadecuado ya que en los ratones se realiza antes del inicio de los sintomas, mientras que en los
pacientes solo puede comenzar tras la aparicidon de los signos de la enfermedad [118]. Otro
handicap es que muchas de las terapias se han dirigido Unicamente a un factor pro-inflamatorio
en concreto. Por ejemplo, en ratones transgénicos SOD1, la disminucidon o eliminacidén de
factores pro-inflamatorios como TNF-a o IL1-f ha tenido poco o ninglin efecto en la
supervivencia general [98, 119]. Esto parece indicar que la gran cantidad de citoquinas pro-
inflamatorias puede compensar la ausencia de un solo factor, y es poco probable que los
esfuerzos continuos para contrarrestar una sola molécula proporcionen un beneficio terapéutico

significativo en los pacientes de ELA [55].

Actualmente se estdn desarrollando terapias celulares capaces de modular el sistema
inmune que estan mostrando resultados mas prometedores, aunque todavia se encuentran en
fases tempranas de estudio. Los linfocitos Treg se han convertido en una potencial diana
terapéutica para la ELA. Como ya se han mencionado anteriormente, los Treg estan relacionados
con la progresién de la enfermedad y la supervivencia [54, 120]. Varios estudios han demostrado
que la transferencia pasiva de Tregs o su estimulacidn mediante el tratamiento con un complejo
de anticuerpos monoclonales de interleuquina-2 y rapamicina fue capaz de aumentar el nimero
de Treg en modelos animales SOD1, retrasando la progresion de la enfermedad y prolongando la
supervivencia de los mismos [65]. En este sentido, se esta llevando a cabo una terapia anti-
inflamatoria mediante un ensayo clinico que utiliza dosis bajas de IL-2 como un estimulador de
los Treg [121]. Ademas, recientemente se ha completado un primer ensayo clinico de fase | en
pacientes en el cual se infundieron Tregs autdlogos expandidos a pacientes de ELA. Las
infusiones eran seguras y se demostré que mejoraron tanto el nimero de Treg como las
funciones supresoras de inflamacién [122]. No obstante, hay que tener en cuenta el potencial de
estas células para convertirse en células pro-inflamatorias Th17 en presencia de citoquinas pro-

inflamatorias en el medio, lo que puede promover la progresién de la enfermedad [55].

Otras células, como las MSCs, iPSCs y NPCs también han mostrado su papel modulador
de la neuroinflamacion de la ELA, aunque con resultados menos significativos. En el caso de las
MSCs derivadas de tejido adiposo o de médula désea, se han estudiado ampliamente en modelos
animales de ELA y ensayos clinicos. En concreto en los modelos animales han sido capaces de
disminuir la neuroinflamacion, mejorar la funcion motora, reducir la pérdida de las

motoneuronas y aumentar la supervivencia [123, 124]. Ademas, también se ha demostrado en
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varios ensayos clinicos la viabilidad, seguridad y sus efectos inmunomoduladores [124-126]. Sin
embargo, el uso de MSCs también conlleva efectos adversos, como promover el crecimiento

tumoral y metdastasis, o desencadenar la generacién de ROS e inflamacién [127].

El uso de iPSCs parece una opcién interesante para el tratamiento en la ELA. De hecho,
en modelos animales se ha observado que el trasplante de células neurales derivadas de iPSCs
fue capaz de generar ramificaciones axonales y reducir la gliosis [128, 129]. Sin embargo, el uso
de iPSCs en la clinica resulta controvertido debido a su capacidad de formacién de tumores
después del trasplante, y por las dificultades que se encuentran en la metodologia para su

diferenciacion in vitro.

Tabla 4. Resumen de los farmacos y moléculas dirigidos contra la neuroinflamacién (modificada

(68]).

Molécula Mecanismo N2 de ensayo Fase
L Supresion de la activacidon microglial y
Minociclina L, . NCT00047723 1l
modulacién de la apoptosis
NPOOL Modulacidn de la activacidn de los monocitos  NCT01281631 i
y disminucién de NF-kB en macréfagos NCT02794857
Masitinib Inhibidor de la tirosina quinasa NCT02588677 1l ylll
Ibudilast (MN-166) Inhibidor de la fosfodiesterasa 4 NCT02238626 Il
NCT02714036
Fingolimod Modulador del receptor esfingosina-1 fosfato NCT01786174 |l
RNS60 Modulador de la via PI3K-Akt NCT02525471 |
Tocilizumab Antagonista del receptor de IL-6 NCT02469896 I
Anakinra Antagonista del receptor de IL-1 NCT01277315 |
Celebrexib Inhibidor de COX-2 NCT00355576 I
Talomida Antagonista de TNF-a NCT00140452 |l
Lenalidomida Antagonista de TNF-a ND ND
AMD3100 Antagonista de CXCR4 ND ND
. . C ChiCTR-
NBP Antioxidante, reduccion de la activacion glial Iy 1
IPR-15007365
Inhibicidn de citoquinas inflamatorias e
Celastrol induccion de la respuesta de proteinas de ND ND

choque térmico

IL: interleuquina, COX-2: ciclooxigenasa-2, TNF: factor de necrosis tumoral, NBP: dl-3-n-

butilftalida, ND: no disponible.
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Las NPCs son células multipotentes que pueden auto-renovarse y expandirse facilmente
in vitro. Como ventaja, las NPCs derivadas de un sistema nervioso ya desarrollado parecen no
causar la formacion de tumores ni metastasis después del trasplante. Sin embargo, tienen
ciertas limitaciones, como la replicacién limitada o la disminucién del potencial de diferenciacion
con el paso del tiempo [68]. En cuanto a la neuroinflamacién, se ha observado que en un modelo
animal con lesidn medular, las NPCs fueron capaces de restituir el microambiente inflamatorio
mediante un aumento de los linfocitos Treg y reduciendo los macréfagos con fenotipo M1 [130].
Sin embargo, recientemente se ha llevado a cabo un ensayo clinico en pacientes de ELA a los que

se les inoculé NPCs en la médula espinal, no observandose ninguna mejoria significativa [131].

2.3. BIOMARCADORES EN ELA

De acuerdo con Biomarkers Definitions Working Group, un biomarcador se define como
un indicador de un proceso biolégico normal, un proceso patolégico o de una respuesta
farmacoldgica a una intervencién terapéutica, asi como un indicador de cambios funcionales y
estructurales en dérganos y células. Es por ello que los biomarcadores también se consideran
potenciales dianas terapéuticas [132]. En funcidon de su aplicacién a una enfermedad, los
biomarcadores pueden ser diagndsticos, que sirven para confirmar o descartar la enfermedad en
pacientes bajo sospecha; prondsticos, utiles para predecir la evolucién de un paciente que ya
sufre la enfermedad; y farmacodinamicos o predictivos de la respuesta a diferentes terapias en

ensayos clinicos [133].

En la ELA es imprescindible identificar biomarcadores que ayuden a diagnosticar la
enfermedad en fases mas tempranas, y también que ayuden a predecir el curso de la
enfermedad en cada paciente para posibilitar el desarrollo de terapias mds eficaces. Las
caracteristicas que definen el biomarcador ideal podrian resumirse, en primer lugar, en ser lo
suficientemente sensible para diagnosticar la ELA en el momento de aparicidn de los sintomas;
ademas, tendria que ser especifico para la ELA y ser capaz de discriminarla de otras patologias
neurodegenerativas que cursan con una sintomatologia similar; deberia poder predecir el
progreso de la enfermedad en cada paciente; y, por ultimo, convendria que fuese facilmente
accesible en todos los pacientes para poder trasladarlo a la practica clinica con éxito [134]. A lo

largo de los anos se ha descrito un amplio panel de biomarcadores tanto en pacientes como en
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modelos animales relacionados con los diferentes mecanismos patogénicos de la enfermedad,

incluyendo la neuroinflamacion.

2.3.1. Biomarcadores de imagen

Los avances en neuroimagen han permitido estudiar los aspectos funcionales,
estructurales y moleculares de la patologia de la ELA, los cuales reflejan de forma objetiva la
propagacion de la patologia in vivo. Algunas de las anomalias pueden detectarse antes de que se
desarrollen los sintomas clinicos, lo que posibilita la intervencidn terapéutica en casos familiares
de ELA [135]. Actualmente existen diferentes técnicas para detectar dichos cambios patolégicos,
entre las cuales destacan la imagen por resonancia magnética (IRM), espectroscopia por
resonancia magnética (ERM), imagen por tensor de difusion (ITD) y tomografia por emision de

positrones (TEP).

Gracias a la técnica de IRM se obtienen imagenes con un buen contraste de los tejidos,
lo que permite diferenciar la materia gris de la materia blanca y el LCR. El andlisis mas basico
utiliza las imagenes adquiridas para delinear una regién de interés que se sabe que esta afectada
en la enfermedad y determinar el volumen de esta estructura [135]. En la ELA se han estudiado
diferentes regiones del cerebro mediante esta técnica; sin embargo, muchos de los resultados
son inconsistentes entre los diversos estudios [136]. No obstante, el grosor de la corteza
cerebral parece ser un buen biomarcador para esta enfermedad, ya que se observa una atrofia
cortical en regiones tanto motoras como no motoras del cerebro de los pacientes de ELA, que
ademads se agrava conforme progresa la enfermedad [133]. Un estudio reciente propuso un
modelo de IRM de diagndstico, que combina el grosor cortical y la integridad microestructural de
regiones anatdmicas especificas de ELA, para diferenciar las variantes de ELA de controles sanos
y de trastornos con afeccién de motoneurona inferior [137]. Sin embargo, a dia de hoy el analisis
volumétrico por si solo no es lo suficientemente sensible a nivel individual y, en la actualidad, el
papel de la IRM convencional en la practica clinica es principalmente la exclusién de las

patologias similares a la ELA como parte del diagndstico de rutina [133].

La ERM permite explorar el contenido de metabolitos dentro del tejido cerebral in vivo.
Esta técnica permite distinguir diferentes metabolitos unos de otros, tales como el N-acetil-
aspartato (NAA), marcador de la integridad neuronal, la colina (Cho), marcador de la integridad

de la membrana, la creatina (Cr), involucrada en el metabolismo energético, y el 4cido gamma-
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aminobutirico (GABA), un neurotransmisor ampliamente distribuido en las neuronas del cortex
cerebral, entre otros [135]. Los estudios realizados sobre el contenido de metabolitos en tejido
cerebral han revelado que existen niveles reducidos de NAA y GABA en la corteza motora
primaria de los pacientes de ELA [138, 139], asi como aumentos de glutamato y glutamina en el
tronco encefalico [140]. Sin embargo, la variabilidad metodolégica continda limitando la

aplicacion diagndstica de esta técnica en la clinica.

La ITD permite estudiar las diferencias en la direccionalidad de la difusidon de las
moléculas de agua para evaluar la estructura del tejido y es especialmente adecuada para el
estudio de la materia blanca. En ELA se ha observado que existe una reduccién de los tractos
corticoespinales y del cuerpo calloso [141-144]), que ademas se correlaciona con medidas
clinicas de la progresidon de la enfermedad [141, 145-148]. Estos hallazgos junto con otros
encontrados mediante ITD demuestran que la estructura de la materia blanca esta dafiada en la

ELA.

La herramienta de TEP se utiliza para observar procesos metabdlicos moleculares en el
cerebro utilizando radiois6topos emisores de positrones (trazadores) producidos por un
ciclotron. No se han realizado muchos estudios de TEP en ELA, posiblemente debido a que esta
técnica, aunque no es invasiva, implica la exposicidn a radiacién ionizante, y también porque el
desarrollo de radiotrazadores es un proceso complejo que requiere un ciclotréon y un equipo
multidisciplinario especializado [133]. Entre otras cosas, la TEP ha permitido evaluar la activacion
microglial in vivo en los pacientes de ELA, mostrando un mayor activacion en cértex premotor,
primario, prefrontal y temporal, en talamo y en bulbo raquideo, y que ademas se correlacioné
con la progresidn de la enfermedad y con otras medidas de dafo tisular obtenidas por ITD [73,

149-151].

A pesar de que se han identificado prometedores biomarcadores de neuroimagen, para
el diagndstico, el prondstico y la progresion de la enfermedad, a dia de hoy no se ha hallado
ninguno que esté completamente validado y que sea sensible y especifico para la ELA [146].
Ademas, muchos de los biomarcadores propuestos provienen de estudios de cohortes de
pacientes seleccionados en centros de referencia especializados, por lo que es necesario que se

realicen mas estudios multicéntricos para establecer su validez como biomarcador [135].
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2.3.2. Biomarcadores electrofisiologicos

A dia de hoy se ha descrito un gran nimero de biomarcadores neurofisioldgicos para
tratar de ayudar con el diagndstico temprano, el seguimiento de la progresién de la enfermedad
y la respuesta al tratamiento de la ELA. Una de las técnicas empleadas para el estudio de este
tipo de marcadores es la estimulacién magnética transcraneal (EMT). Se trata de una
herramienta no invasiva e indolora que permite evaluar las funciones relacionadas con la
motoneurona superior en los pacientes. Esta técnica utiliza un campo magnético pulsado
dirigido a un drea cortical pequefia e induce la despolarizacion neuronal en la regién para
generar un potencial de accién. En ELA, la EMT es util como marcador de una disfuncion de
motoneurona superior, y ademas es capaz de identificar una hiperexcitabilidad cortical en las

fases tempranas de la enfermedad [152].

La miografia por impedancia eléctrica (EIM), las pruebas de excitabilidad axonal, y la
estimacion y el indice del nimero de unidades motoras (MUNE y MUNIX) son otras
herramientas que se han empleado para evaluar la disfuncion de motoneurona inferior y que
pueden ser especialmente Utiles para evaluar la progresién de la enfermedad y la respuesta al
tratamiento [152]. En el caso de la EIM, consiste en un conjunto de cuatro electrodos que se
colocan en lineas paralelas sobre un musculo o grupo muscular de interés; a continuacién, se
aplica una pequena corriente eléctrica de alta frecuencia entre los dos electrodos externos, y los
voltajes de superficie resultantes se miden entre los electrodos internos [153]. Los voltajes de
superficie medidos reflejan las propiedades conductoras del tejido de estudio. Varios estudios
han mostrado que la EIM es bastante sensible a la progresiéon de la enfermedad [154-156], y
ademas se correlaciona con otras pruebas de medicién de la fuerza en los pacientes con ELA
[157]. Ademads, en modelos animales de ELA también se han obtenido resultados similares [158,

159].

Existen diversos métodos para estimar el nUmero de unidades motoras que inervan los
musculos, incluidos el MUNE y MUNIX, los cuales pueden considerarse biomarcadores de la
degeneracion de la motoneurona inferior. Estudios recientes que han utilizado diferentes
métodos de MUNE han demostrado que pueden ser utiles para evaluar la progresion de la
enfermedad en pacientes con ELA, ya que se ha visto asociada a una disminucion lineal
progresiva en los recuentos de MUNE [160-164]. De forma similar, MUNIX fue capaz de detectar

la progresién de la enfermedad en el musculo en un estadio asintomatico [165, 166], incluso
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mejorando la sensibilidad de la escala ALSFRS-R (Amyotrophic lateral sclerosis functional rating

scale-revised) [163].

Las pruebas de excitabilidad axonal permiten una evaluacidn in vivo y no invasiva de las
propiedades biofisicas de los axones periféricos mediante el estudio de los cambios en el
potencial de membrana causados por la activacion de canales idnicos y bombas de iones
electrogénicos [167, 168]. En ambas formas de ELAf y ELAe se ha descrito que existe una
hiperexcitabilidad en los axones de las neuronas motoras [169]. Este hallazgo se ha asociado al
desarrollo de calambres musculares, fasciculaciones y degeneracidn de motoneuronas [168,

170, 171], asi como a un peor prondstico en la ELA [172].

En resumen, los biomarcadores neurofisiolégicos pueden resultar utiles en el
diagnéstico, y también ayudar en el prondstico y el monitoreo de los efectos de agentes
terapéuticos en ensayos clinicos. Sin embargo, es importante destacar que futuros estudios
deberian evaluar su potencial en cohortes de pacientes de ELA mds amplios que exhiban

heterogeneidad del fenotipo clinico [152].

2.3.3. Biomarcadores moleculares

Durante las ultimas décadas se han identificado multiples marcadores moleculares en
diversos fluidos bioldgicos, incluidos el LCR, plasma, suero, e incluso orina y saliva, ademas de en
otros tejidos, principalmente en el masculo esquelético (Figura 5). A diferencia del LCR y el
musculo esquelético, los otros fluidos poseen la ventaja de ser facilmente accesibles y no
requieren métodos invasivos para obtenerlos, lo cual es una caracteristica que debe
considerarse para poder trasladarlos con mayor facilidad y rapidez a la practica clinica. Por esta
razon, en las Ultimas décadas, se han realizado numerosos estudios para descubrir nuevos
biomarcadores en fluidos que se derivan de diferentes mecanismos patoldgicos de la ELA [173-

178].

Hasta la fecha, los neurofilamentos (NF) son los biomarcadores moleculares mas
prometedores para la ELA [179]. En concreto, se ha demostrado que los niveles en LCR y sangre
de la cadena pesada (NFH) y ligera (NFL) de los neurofilamentos se pueden usar para diferenciar
a pacientes con ELA de sujetos sanos y otras enfermedades neuroldgicas [180]. Aparte de su

potencial uso en el diagndstico, también se ha encontrado una correlacidn negativa de los
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niveles de NFH y NFL en el LCR con la duracién de la enfermedad, lo que sugiere a los NF como

biomarcadores potenciales tanto para el diagndstico como para el pronéstico de la ELA [180].

Central nervous system Blood ISkeletal muscle

1 Collagen
XIX Alpha

TmiR-206

T™miR-338-3p
IN-acetyl-aspartate

Found in leukocytes:

Found in CSF: Inhibitor of microglial activation: 4miR-451
Neurogenic & neuroprotector: Muscle: TmiR-206
{Transthyretin NMJ: TmiR-338-3p
{ cystatin C
Neuron death: Found In serum:
TpNFH Pro-inflammatory: TMCP-1

Muscle: TmiR-206 T Collagen XIX Alpha |

NMJ: TmiR-133b

Metabolism status: Thomocystein,
Tglutamate,
Tcholesterol

TNF-L
Metabolism status:
Thomocysteine,

\ Tcholesterol /

Found in plasma:

Pro-inflammatory: TMCP-1
Muscle: TmiR-206

Metabolism status: Thomocystein,
Tglutamate,
Tcholesterol

Figura 5. Resumen de los biomarcadores candidatos que se han encontrado consistentemente
en los estudios analizados (modificada [15]). pNFH: phosphorylated neurofilament heavy chain,
NF L: neurofilament light chain, miR: micro-RNA, CSF: cerebrospinal fluid, NMJ: neuromuscular

junction, MCP-1: monocyte chemoattractant protein-1.

Cada vez es mayor el niumero de estudios relacionados con las alteraciones metabdlicas
que se dan en pacientes con ELA, estando parte enfocados en identificar biomarcadores
relacionados con los cambios metabdlicos que se producen en diferentes tejidos, como LCR,

sangre y el musculo [181, 182]. Por ejemplo, en plasma de pacientes de ELA, los niveles de
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glutamato aumentaron y se correlacionaron con la duracién de la enfermedad y con un inicio
espinal [183, 184]. Por otro lado, gracias a la espectrometria de masas se han identificado
diferentes perfiles metabdlicos donde varios aminodcidos han mostrado diferentes niveles en
sangre y LCR de pacientes con ELA en comparacién con sujetos sanos; estos metabolitos
incluyen arginina, lisina, serina y leucina, entre otros [175]. Otros metabolitos que también se
han encontrado desregulados en el LCR y la sangre en ELA son la creatina y la creatinina [175,

184], y ademads han servido de diana terapéutica en un ensayo clinico [185].

Los miRNA son otros potenciales biomarcadores debido principalmente a su notable
estabilidad en los fluidos corporales. Varios miRNA se han encontrado alterados en LCR, plasma
y suero de pacientes y modelos animales de ELA, como por ejemplo miR206, miR143-3p vy
miR338-3p [186-189]. Aunque algunos de estos miRNA no son especificos para la ELA, como el
miR206, se ha sugerido que su combinacion podria considerarse un enfoque mds preciso para

ayudar con el diagndstico y el prondstico de la ELA [189].

En orina, solo se ha descrito un biomarcador con valor prondstico para la ELA, es el
dominio extracelular del receptor de neurotrofina p75 (p75ECD), cuyos niveles mostraron una

asociacion con la progresion de la enfermedad [190].

2.3.3.1. Biomarcadores de inflamacion

De especial interés en esta tesis es hablar sobre los biomarcadores de inflamacion que se
han descrito hasta ahora en la ELA. Una revisidon detallada sobre este tema puede encontrarse
en el Anexo |, donde se expone una revision bibliografica publicada recientemente. No obstante,
en este apartado se resumen y destacan los biomarcadores de inflamacién mas estudiados en

ELA hasta la fecha.

A lo largo de las ultimas décadas se han identificado grandes paneles de citoquinas,
incluidas numerosas interleuquinas, y células inmunes, como los linfocitos Treg, en LCR, plasma
0 suero, que se han asociado a la ELA y/o se han correlacionado con una progresién mas rapida

o mas lenta de la enfermedad.

Las citoquinas son proteinas que participan en la comunicacién intercelular. Son

producidas por varios tipos de células, y controlan diversas funciones fisioldgicas, incluida la
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inflamacién y la respuesta inmune local y sistémica. Dado el papel de la inflamacién en la
patogenia de la ELA, se han estudiado numerosas citoquinas en sangre y LCR en pacientes y
modelos animales de ELA, encontrandose un gran numero de ellas desreguladas. Una de las
familias de citoquinas que mdas se ha estudiado son las interleuquinas. Se sintetizan
principalmente por los linfocitos T, los macrdfagos y las células endoteliales, y ejercen funciones
tanto pro-inflamatorias como anti-inflamatorias. En cuanto a su potencial diagnédstico, la
mayoria de interleuquinas desreguladas se han encontrado sobreexpresadas en los casos de ELA
con respecto a los controles, incluyendo IL-1Ra, IL-1, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-
12p70, IL-13, IL-15, IL-17, IL-17A, IL-18 y IL-21 [87, 89, 191-205]. Sin embargo, en algunos
trabajos también se han observado resultados contradictorios, ya que encontraron niveles bajos
de IL-2, IL-5, IL-6 y IL-10 en pacientes de ELA con respecto a sus controles [193, 197, 206], e
incluso otros estudios no observaron ninguna diferencia significativa cuando analizaron IL-2 y IL-
6 [207, 208], lo que demuestra la variabilidad de estas moléculas y, por tanto, la dificultad de
establecerlas como biomarcadores para el diagnéstico. Por otro lado, también se han
correlacionado los niveles de varias interleuquinas con la progresion de la enfermedad. Por
ejemplo, los niveles de IL-4, IL-6 e IL-13 en LCR o sangre de pacientes fueron aumentando con el
tiempo, y este incremento se asocié con la progresiéon de la enfermedad y la escala ALSFRS-R
[191, 198, 200], mientras que los niveles de IL-2 en plasma se correlacionaron con una peor

supervivencia en pacientes [200].

Aparte de las interleuquinas, también se han observado alteraciones de citoquinas
pertenecientes a otras familias en sangre o LCR, por ejemplo la mayoria de los estudios
realizados sobre TNF-a han encontrado niveles superiores en sangre y LCR de pacientes con ELA
en comparacién con individuos sanos en numerosos estudios [194, 199, 200, 203, 204]. En el
caso del interferon gamma (IFN-Y) no esta tan claro su potencial como biomarcador, puesto que
se han encontrado tanto niveles superiores en pacientes de ELA [89, 194, 202, 209] como
inferiores [193, 200] en comparacion con los individuos sanos. La proteina quimiotactica de
monocitos 1 (MCP-1) es una de las citoquinas mas estudiadas en la ELA y ha sido propuesta
como biomarcador con potencial tanto diagndstico como prondstico, ya que se han encontrado
tanto en sangre como en LCR niveles superiores en pacientes de ELA en individuos sanos y
pacientes con otras enfermedades neuroldgicas [192-194, 202, 204, 210, 211]. Ademas, también
se ha correlacionado con la progresidon de la enfermedad [194, 202, 210]. Otras citoquinas que

han mostrado también resultados similares en varios estudios han sido la proteina inflamatoria
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de macrdéfagos 1a (MIP-1a) y el factor de crecimiento vascular endotelial (VEGF) [193, 194, 202-
204,212, 213].

Como ya se ha comentado anteriormente, los linfocitos Treg estan considerados un
biomarcador prometedor ademdas de una potencial diana terapéutica en la ELA. Estas células
suprimen varios componentes de la respuesta inmune, incluida la produccién de citoquinas y la
proliferacién de linfocitos T. Se ha descrito tanto su papel diagndstico, ya que su nimero parece
estar disminuido en los pacientes de ELA [91], como su papel prondstico, puesto que la cantidad
de Treg se ha correlacionado de forma inversa con el ratio de progresidn de la enfermedad [91].
Ademas, también se ha encontrado que los Tregs de pacientes con ELA tenian una capacidad
reducida para suprimir la actividad de los linfocitos T respondedores, y que la disfuncién de los

Treg se correlacionaba con la tasa de progresion de la enfermedad [90].

Otros marcadores inflamatorios han mostrado estar alterados en ELA, como la proteina
C reactiva (CRP), cuyos niveles en sangre se encontraron aumentados en ELA [214]; ademas, otro
trabajo correlaciond la CRP con la escala ALSFRS-R y la supervivencia [215]. De forma similar, la
quitotriosidasa, expresada por los macréfagos activos en tejidos, aumentd en sangre de
pacientes de ELA en comparacién con los individuos sanos, y fue mayor en aquellos que
presentaron una progresién mas rapida de la enfermedad [216]. Sin embargo, otro estudio no
fue capaz de corroborar estos resultados, no encontrando diferencia alguna en suero de los
pacientes y sujetos sanos, aunque si que correlacionaron los niveles de quitotriosidasa en LCR

con la severidad de la enfermedad [217].

Como conclusidn sobre los biomarcadores en la ELA, actualmente se sabe que la ELA es
una enfermedad compleja, en la cual estan involucrados multiples procesos patolégicos, como la
disfuncién neuronal, agregados proteicos y neuroinflamacidn, en diferentes etapas de la
enfermedad. Por esta razén, se dan numerosos cambios en la sangre, el LCR, la electrofisiologia
y la neuroimagen que pueden monitorizarse simultdaneamente, proporcionando una imagen mas
precisa de la enfermedad a lo largo del tiempo. Sin embargo, hasta la fecha no ha sido posible
dar con un biomarcador definitivo que por si solo sea lo suficientemente sensible y especifico
para el diagndstico o el prondstico de la ELA. Un mejor abordaje para la busqueda de

biomarcadores podria ser buscar una combinacion de biomarcadores de diferentes tipos con el
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fin de proporcionar una mejor comprension de esta patologia [218]. En esta Tesis Doctoral nos
hemos centrado en el estudio de diversas citoquinas pro- y anti-inflamatorias para ahondar en
su potencial naturaleza como biomarcadores diagndstico y/o prondstico, y como dianas

terapéuticas en la ELA.
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El objetivo general planteado en la presente memoria de Tesis Doctoral es estudiar la
implicacion de la inflamacién en la Esclerosis Lateral Amiotréfica mediante la identificacién de

biomarcadores y dianas terapéuticas que sean en un futuro trasladables a la practica clinica.

Para alcanzar este objetivo general, nos planteamos los siguientes objetivos especificos:

1.- Identificar biomarcadores diagndstico y/o prondstico basados en protedmica de citoquinas

en plasma de animales modelo de ELA

1.1. Identificar biomarcadores diagnéstico basados en protedémica de citoquinas en
plasma de animales SOD1G93A de 40 dias de edad (carentes de sintomatologia visible)

respecto a sus controles sanos.

1.2. Estudiar la capacidad prondstica de los biomarcadores seleccionados en el objetivo
anterior mediante el estudio de correlacién de los niveles de expresion proteicos con la

supervivencia de los animales modelos de ELA.

2. Estudiar la expresién proteica de la citoquina pro-inflamatoria IL-6 a lo largo de la enfermedad
en el modelo animal SOD1G93A en tejidos afectados por la enfermedad, y analizar su papel

como biomarcador diagndstico en sangre de pacientes de ELA.

3.- Comprobar la modificacion de los niveles de expresion proteica de los biomarcadores
identificados en los objetivos anteriores tras la aplicacidn del tratamiento con el fragmento C de

la toxina tetdnica para conocer su capacidad predictiva.

4.- Estudiar el efecto de la modulacién de la inflamacidon en la supervivencia de animales
SOD1G93A mediante la reduccidon de los niveles génicos de granzima A, implicada en procesos

pro-inflamatorios.
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Los materiales y métodos empleados para la realizacién de esta tesis doctoral estan
descritos convenientemente en cada capitulo del apartado quinto de “Resultados y Discusion”.
No obstante, se ha considerado oportuno realizar una descripcién general algo mds detallada de

la metodologia seguida para la obtenciéon de los resultados.

4.1. MODELO ANIMAL DE ELA

4.1.1. Aspectos generales

El modelo animal empleado ha sido el ratén transgénico SOD1G93A de alta copia, el cual
sobreexpresa la enzima superdxido dismutasa 1 humana (hSOD1) mutada, con un cambio de
glicina por alanina en el coddén 93. Actualmente se considera uno de los mejores modelos
murinos de ELA, ya que desarrolla unas caracteristicas fenotipicas similares a las que se observan
en la ELA [14]. En concreto, en los trabajos de esta tesis se utilizd el ratdn transgénico de la cepa
B6SJL (B6SJL-Tg(SOD1-G93A)1Gur/l), adquirido en The Jackson Laboratory (Bar Harbor, ME, USA)
(numero de stock 002726).

Para la obtencién de los ratones transgénicos y mantenimiento de la colonia se cruzaron
ratones machos transgénicos heterocigotos con hembras C57BL/6J x SIL/) F1, compradas a
Janvier Labs (Saint-Berthevin Cedex, France). De esta forma, se obtienen ratones transgénicos
gue sobreexpresan la hSOD1 y ratones homocigotos sin el transgén, siendo estos ultimos los
empleados como controles o wildtype (WT). Para el disefio de los experimentos se tuvo en
cuenta que en cada grupo de animales hubiera hermanos de camada y, por otra parte, que el

numero de machos y hembras estuviera repartido de forma igualitaria.

Los animales se alojaron en el Servicio de Animalario del Centro de Investigacién
Biomédica de Aragdn, recibiendo agua y comida ad libitum, y bajo un ciclo estandar de luz y
oscuridad de 12 horas en unas condiciones ambientales de temperatura (21-232C) y humedad
relativa (55%) controladas. Las condiciones sanitarias fueron controladas mediante analisis
bacterioldgicos, parasitoldgicos y seroldgicos. El cuidado y uso de los animales se llevaron a cabo
siguiendo las directrices del RD53/2013, por el que se establecen las normas basicas aplicables
para la proteccién de los animales utilizados en experimentacién y otros fines cientificos, y que

se corresponde con la Directiva de la Unién Europea 2010/63. Ademas, todos los procedimientos
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llevados a cabo han sido aprobados por el Comité Etico para Animales de Experimentacién de la

Universidad de Zaragoza (P129/13, P114/18).

4.1.2. Genotipado

El genotipado de los ratones para identificar aquellos que expresan la hSOD1 se realizd
siguiendo el protocolo de The Jackson Laboratory (Bar Harbor, ME, USA) [219]. Dicho protocolo
se basa en la deteccién de la hSOD1 mediante la técnica de la reaccidn en cadena de la
polimerasa (PCR) a partir de DNA de muestras de tejido de los ratones. EL DNA se extrajo
mediante la lisis del tejido con NaOH (50mM) a 989C durante 1 hora en un termobloque; tras
neutralizarlo con el tampdn Tris 1M, se centrifugd a 14000 RPM durante 6 minutos y se recogié
el sobrenadante que contiene el DNA. A continuacién, se realizé la PCR, con la mezcla de sus
componentes descrita en la tabla 5, para amplificar simultdneamente fragmentos de dos genes,
hSOD1 vy IL-2, siendo este ultimo el control de la amplificacidn. Las secuencias de los cebadores
utilizados se detallan en la tabla 6. Después, se visualizaron los productos amplificados en un gel
de agarosa al 2% con tincién de Gel Green©. Los animales WT presentaron una banda de 324 pb
(/L-2), mientras que los transgénicos mostraron esa misma banda y una adicional de 236 pb, que
se corresponde con la amplificacién del gen hSOD1. Las condiciones de la PCR fueron las
siguientes: 95 2C durante 3 minutos (desnaturalizacién inicial), y 30 ciclos de 95, 60 y 72 2C de 30

segundos en cada temperatura, y finalmente se conservé la muestra a 4 °C.

Tabla 5. Mezcla de los componentes para la realizacion de la PCR.

COMPONENTES VOLUMEN ( ul)
H,0 12
dNTPS 1.25 mM 3,2
BUFFER 10X 2
MgCl, 100 mM 0,4
OIMR42 20 uM 0,4
OIMR43 20 uM 0,4
OIMR113 20 uMm 0,2
OIMR114 20 uM 0,2
Taq (azul) 0,2
DNA 100 ng 1
Volumen final 20 ul

H,0: agua, dNTPs: deoxynucleotide triphosphates, MgCl,: cloruro de magnesio.
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Tabla 6. Secuencias de los cebadores utilizados en la PCR del genotipado.

GEN CEBADOR SECUENCIA

OIMRO042 CTA GGC CAC AGA ATT GAA AGA TCT
-2 OIMRO043 GTA GGT GGA AAT TCT AGCATCATCC
hsOD1 OIMR0113  CAT CAG CCCTAATCCATCTGA

OIMR0114 CGC GACTAA CAATCAAAG TGA

IL-2: interleuquina 2, hSOD1: superdxido dismutasa 1 humana.

4.1.3. Generacion del modelo animal transgénico SOD1G93A y knock-out de

granzima A

Para la obtencién de ratones SOD1G93A y knock-out de granzima A (gzmA) se cruzaron
machos transgénicos del modelo animal previamente descrito (B6SJL-Tg(SOD1-G93A)1Gur/)),
con hembras C57BL/6 deficientes en gzmA, cedidas por Markus Simon (Max-Planck-Institut fur
Immunbiologie, Freiburg). El genotipado para detectar la hSOD1 se realizé de la forma descrita
anteriormente, mientras que la identificacion de los tres genotipos de gzmA se llevé a cabo

siguiendo la metodologia descrita segiin Simon y colaboradores [220].

Se realizaron dos disefos de cruces que estan representados en la figura 6. En primer

+/+

lugar, se cruzaron machos SOD1G93A (gzmA™") con hembras C57BL/6 deficientes en gzmA
(gzmA”"), obteniendo ratones SOD1G93A heterocigotos (gzmA*’). En el primer disefio de los
cruces, estos ratones se volvieron a cruzar con hembras C57BL/6 gzmA"/" para obtener ratones
SOD1G93A gzmA*™" y gzmA”" hermanos de camada con el mismo fondo genético (Figura 6A). El
segundo esquema de cruces se desarrolld con el objetivo de obtener ratones SOD1G93A con el

+/+

mismo fondo genético y que presentaran los tres posibles genotipos de gzmA (gzmA*™*, gzmA*™ y
gzmA'/'). Para ello se cruzaron los ratones SOD1G93A heterocigotos (gzmA”’) con ellos mismos,
evitando parentescos, de forma que pudimos obtener los tres genotipos de granzima en el

mismo fondo genético (Figura 6B).
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Figura 6. Disefio de los cruces y estudios de supervivencia de los modelos animales transgénicos

SOD1G93A y knock-out de granzima A.

4.1.4. Evaluacion de la supervivencia de los animales transgénicos

A lo largo de esta tesis se han llevado a cabo diversos estudios de supervivencia con
fines diferentes. En primer lugar, se analizé la supervivencia de un grupo total de 87 ratones
SOD1G93A con el fin de poder seleccionar aquellos ratones que mostraron una mayor y una
menor supervivencia, y poder correlacionar dichos datos con las concentraciones de varias
citoquinas medidas en sangre con el fin de evaluar su papel potencial como biomarcadores
prondstico. Por otro lado, también se analizé la supervivencia de los ratones SOD1G93A con una
deficiencia total, parcial o nula de gzmA para evaluar el efecto de la supresién o reduccion de

este gen en la evolucidn de la enfermedad.

Los estudios de supervivencia consistieron en monitorizar individualmente cada ratén de
forma que se controlaba su progresion con una frecuencia de tres veces por semana desde los
100 dias de edad hasta su punto final. El punto final humanitario (PFH) de este modelo animal

estd establecido como la pérdida del reflejo de posicionarse en decubito prono por si mismo,
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durante mas de treinta segundos, tras haber colocado al animal previamente en decubito
lateral. Dado que cada animal presenta un punto final distinto, los estudios de correlacién
previamente mencionados nos permiten establecer si los perfiles de expresion de los

marcadores moleculares que evaluamos pueden influir en la supervivencia de los animales.

4.2. PACIENTES

Las muestras de sangre utilizadas en este trabajo proceden del Centro Clinico NEMO
(Milan, Italia). En total se analizaron 20 muestras de individuos control, 20 muestras de
individuos con otras neuropatias (ONP) (distrofias musculares, sindrome extrapiramidal, y
diversas miotonias) y 20 muestras de pacientes de ELA. Las caracteristicas clinicas de los
pacientes se detallan en la tabla 7. Todos los procedimientos llevados a cabo con estas muestras
fueron aprobados por Ademas, todos los procedimientos llevados a cabo han sido aprobados

por el Comité de Etica de la Investigacion de la Comunidad de Aragén (CEICA) (P118/078)

Tabla 7. Caracteristicas clinicas y generales de los pacientes incluidos en el estudio.

L. . Pacientes de ELA Pacientes de ONP  Controles sanos
Caracteristicas de los pacientes

(n=20) (n=20) (n=20)
i 13 varones 12 varones 7 varones
Género (n) . . .
7 mujeres 8 mujeres 13 mujeres
Edad de comienzo de los
i N } 64 +8.43
sintomas, afios (media + DE)
Duracion de la enfermedad,
; 26 £ 17.56
meses (media + DE)
Edad en la toma de muestras,
66 + 8.67 56 +£12.08 61 +9.56

afios (media + DE)
Lugar de inicio de los sintomas (n de pacientes)

Bulbar 4
Extremidades superiores 5
Extremidades inferiores 8
Generalizado 2
Respiratorio 1

Todos los pacientes de ELA mostraron en el momento de la toma de muestra un valor de 48 en la
escala ALSFRS-r y presentaron mutaciones en los siguientes genes: SOD1, FUS, TDP43 y C9ORF72
ELA: esclerosis lateral amiotrdfica, ONP: otras neuropatias, DE: desviacion estandar.
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4.3. TRATAMIENTO EXPERIMENTAL CON LA PROTEINA
RECOMBINANTE TTC

El fragmento C-terminal de la toxina tetdnica (TTC) ha mostrado en estudios previos su
papel neuroprotector en animales modelo de ELA, en los cuales se observé una mejoria de la
supervivencia de los mismos, ademas de otros efectos positivos [221]. En este experimento se
utilizé proteina recombinante TTC, cedida por el Dr. José Aguilera (UAB, CIBERNED, Barcelona,
Espaia). El tratamiento con TTC se aplicé en el modelo animal murino SOD1G93A, en concreto
se emplearon 12 animales WT y 12 SOD1G93A, hermanos de camada y con sexos balanceados.
La inyeccion se realizd con jeringuillas de insulina de 0,3ml (BD) por via intramuscular en las
cuatro extremidades, desde los 55 dias de edad hasta los 110 dias, con una frecuencia semanal,
siendo la dosis de 1 ug de TTC por raton (Figura 7). De estos ratones se obtuvieron muestras
seriadas de plasma a los 60, 90 y 110 dias de edad, ademas de otros tejidos a P110: médula
espinal, musculo extensor digital largo (EDL) y musculo séleo (SOL). La metodologia seguida para

la extraccion de las muestras bioldgicas se describe en el siguiente apartado.

P55 P62 P69 P76 P83 P90 P97 P104 P110
________—é

[ J
Inyecciones semanales

Inicio del tratamiento Sacrificio

Figura 7. Cronologia del tratamiento con TTC. El tratamiento se aplicdé de forma semanal,

comenzando a la edad de 55 dias (P55) hasta su sacrificio a 110 dias de edad (P110).

En las muestras de plasma se analizaron los niveles proteicos de eotaxin-1, galectin-1, IL-
2, IL-6, MIP-1a mediante un ELISA y un andlisis multiplex ProcartaPlex® Multiplex Immunoassay
(Affymetrix eBioscience). Posteriormente, en los tejidos extraidos (médula espinal, EDLy SOL) se
analizd la expresion proteica de IL-6 y otras proteinas implicadas en el mecanismo del

inflamasoma NLRP3 mediante la técnica de western blotting.
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4.4. OBTENCION DE MUESTRAS BIOLOGICAS

4.4.1. Extraccion de sangre del modelo animal SOD1G93A

4.4.1.1. Obtencion de sangre de la vena submandibular

La extraccidn de sangre de forma seriada de un mismo ratén a lo largo del tiempo nos ha
permitido poder estudiar la variacion de diferentes citoquinas conforme avanzaba Ia
enfermedad en un mismo individuo, posibilitando de esta manera la identificacién de
potenciales biomarcadores prondstico. Para los estudios que se han llevado a cabo en esta tesis
se eligid la sangre seriada procedente de la vena submandibular, ya que de ella se obtiene un
volumen adecuado para su posterior andlisis en inmunoensayos, a diferencia por ejemplo de la

cantidad de sangre que se extrae de la vena caudal.

La sangre se extrajo de la vena submandibular con ayuda de una lanceta y se recogié en
un tubo de 0,5 ml con anticoagulante EDTA (BD Biosciences, USA). A continuacidn, la sangre se
mezcld con el EDTA para evitar su coagulacion y se centrifugd, dentro de los primeros 30
minutos tras la extraccion, durante 10 minutos a 3000 RPM a 42C. Finalmente se recogié el
sobrenadante, el plasma, y se congelé inmediatamente en hielo seco hasta su almacenamiento a

-80 °C.

Las muestras seriadas de sangre submandibular se recogieron en dos estadios de la

enfermedad: sintomatico temprano (P60) y sintomatico tardio (P90).

4.4.1.2. Obtencion de sangre cardiaca

Otra forma de obtener un volumen considerable de sangre de ratén es por medio de la
puncién intracardiaca. Es por ello que se eligié este método en los experimentos en los que se
sacrificaba al animal. Para ello, los animales se sacrificaron en una camara de CO, y se extrajo la
sangre con una jeringuilla de 1 ml. A continuacidn, la sangre se deposité en un tubo de 0,5 ml
con anticoagulante EDTA (BD Biosciences, USA), y se siguid la misma metodologia del apartado
anterior. Los estadios en los que se obtuvieron estas muestras fueron, por un lado, en la etapa

pre-sintomdtica (P40), para detectar cambios de niveles de citoquinas en los animales
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SOD1G93A con respecto a los WT en una etapa temprana de la enfermedad; por otro lado, en la
etapa tardia de la enfermedad (P110 é PFH), coincidiendo con el sacrificio del animal que se

realizd para recoger otros tejidos.

4.4.2. Extraccion de otros tejidos del modelo animal SOD1G93A

Ademas de la sangre, se recogieron otros tejidos para los posteriores estudios de
expresién proteica y génica. Los tejidos escogidos son dos de los mds afectados por la
enfermedad: la médula espinal y el musculo esquelético. En cuanto a este uUltimo, se extrajeron
diferentes tipos de musculo esquelético en funcién de su composicién de fibras. Por un lado, se
escogio el cuadriceps, compuesto por fibras musculares rapidas y lentas, para estudiar los
perfiles génicos en un musculo de composicién heterogénea. Por otro lado, se selecciond el EDL,
compuesto mayoritariamente de fibras musculares glucoliticas rapidas, y mas afectado por la
enfermedad, y el SOL, con predominio de fibras oxidativas lentas, menos afectado en el modelo,

para comparar los perfiles proteicos dependiendo de la afeccidon que presentan estos musculos.

Para la obtencion de estos tejidos, a los animales se les aplicé la eutanasia en una
camara de CO, y a continuacién se diseccionaron los tejidos, que fueron congelados

rapidamente en hielo seco y almacenados a -80 2C hasta su posterior uso.

4.4.3. Obtencion de sangre de pacientes

La muestras de sangre de pacientes se recibieron congeladas en tubos PAXgene™ (BD
Biosciences, USA). Estas muestras fueron almacenadas a -802 C hasta su posterior uso. Los tubos
PAXgene estan especializados para la conservaciéon de la sangre total, y la estabilizacion y
purificacién del RNA intracelular, de manera que permite una precisa deteccion y cuantificacion

de los transcritos génicos.
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4.5. ESTUDIO DE LA EXPRESION PROTEICA

4.5.1. Inmunoensayos

Las muestras de sangre de pacientes y de plasma de los ratones SOD1G93A a las edades
de P40, P60, P90, P110 y PFH se utilizaron para estudiar la expresién proteica de un panel de
mediadores inflamatorios mediante varios tipos de inmunoensayos que se detallan a

continuacion.

4.5.1.1. Array

Se analizd en el plasma de 6 ratones WT (3 machos y 3 hembras) y 6 ratones SOD1G93A
(3 machos y 3 hembras) de 40 dias de edad un panel de 97 citoquinas mediante un array (Mouse
Cytokine Array G6, Raybiotech, Inc.). El objetivo era realizar un estudio de proteémica de
citoquinas en plasma de animales SOD1G93A de 40 dias, sin sintomatologia visible, respecto a
sus controles sanos con el fin de poder identificar posibles biomarcadores de caracter

diagnéstico. El array se realizé en el servicio ofrecido por la compafiia Raybiotech, Inc.

4.5.1.2. Ensayos multiplex y quantibody

De las 16 citoquinas que se encontraron desreguladas en el array, se estudié su
capacidad prondstica en las muestras seriadas de plasma a las edades de P60, P90 y PFH. Con el
fin de poder correlacionar la longevidad de los animales con los niveles proteicos de las
citoquinas, se eligieron las muestras de los 16 animales menos longevos (de 112 a 126 dias de
edad) y los 16 que resultaron ser los mas longevos (de 133 a 150 dias de edad), teniendo en

cuenta que los sexos estuvieran balanceados en ambos grupos.

El andlisis de las 16 citoquinas se realizd mediante dos inmunoensayos: multiplex y
quantibody. En el multiplex (ProcartaPlex® Multiplex Immunoassay, Affymetrix eBioscience), se
midieron los niveles proteicos de 7 citoquinas: eotaxina-1, interleuquina (IL)-2, IL-6, IL-10, IL-13,
proteina inflamatoria de macréfagos 1 alfa (MIP-1a), y ligando del receptor activador del factor
nuclear kappa-B (RANKL). El resto de las citoquinas se analizd mediante un quantibody

(Quantibody RMouse Cytokine Array, Raybiotech, Inc.): ligando de quimioquina 21 (CCL21 o
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6Ckine), kinasa similar al receptor de activina 1 (ALK-1), miembro 8 de la superfamilia de
ligandos del factor de necrosis tumoral (TNFSF8 o CD30 L), galectina-1, miembro 18 de la
superfamilia de receptores del factor de necrosis tumoral (TNFRSF18 o GITR), receptor de la
interleuquina 17B (IL-17B R), proteina inflamatoria de macréfagos 3 beta (MIP-3B), miembro 19
de la superfamilia de receptores del factor de necrosis tumoral (TNFRSF19 o TROY), y factor de

crecimiento endotelial vascular D (VEGF-D).

Las citoquinas que se correlacionaron con la longevidad de los animales fueron
estudiadas en muestras de plasma extraidas a P110 de los animales que recibieron el
tratamiento con TTC con el objetivo de evaluar el efecto de esta molécula con potencial
terapéutico neuroprotector en la ELA sobre dichas citoquinas. De nuevo, para ello se realizd un
ensayo multiplex (ProcartaPlex® Multiplex Immunoassay, Affymetrix eBioscience) donde se
estudiaron las siguientes citoquinas: eotaxina-1, IL-2, IL-6 y MIP-1a. Las muestras empleadas
fueron de 5 ratones controles (SOD1G93A tratados con PBS) y 6 ratones SOD1G93A tratados con
TTC.

4.5.1.3. ELISA

Otra de las citoquinas que se encontrd correlacionada con la longevidad en el primer
ensayo multiplex fue la galectina-1. En el estudio del tratamiento con TTC, debido a que no se
pudo disefiar un analisis multiplex que incluyera esta citoquina junto con el resto de proteinas,
su expresion se analizé de forma individual mediante un ELISA (Boster Biological Technology). En
este caso, las muestras empleadas fueron de 11 ratones controles (SOD1G93A tratados con PBS)

y 11 ratones SOD1G93A tratados con TTC.

Por ultimo, seleccionamos una citoquina, la IL-6, en base a su correlacién con la
longevidad y su desregulacion en varios tejidos ademas del plasma, para estudiarla en muestras
de sangre de pacientes de ELA. El estudio incluyd muestras de 20 pacientes de ELA, 20 pacientes
con otras enfermedades neuroldgicas y 20 sujetos sanos (Tabla 7). El andlisis se realizé mediante
un ELISA especifico para IL-6 (Invitrogen, Thermo Fisher Scientific Inc). El protocolo seguido fue

el indicado por la casa comercial.
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4.5.2. Western blot

4.5.2.1. Extraccion y cuantificacion proteica.

Los tejidos previamente congelados de médula espinal, EDL y SOL del modelo animal
SOD1G93A se pulverizaron en un aparato, Tissue Lyser LT (Qiagen), que permitid lisar el tejido
hasta quedar resuspendido en el tampdn RIPA (radioimmunoprecipitation assay) con
antiproteasas (SC-24948, Santa Cruz Biotechnology, Inc., CA, USA). Después, las muestras se
centrifugaron a 10.000 g durante 10 minutos a 42C para obtener finalmente la fraccion proteica

de la muestra.

La cantidad total de proteina se cuantificé mediante el método del dcido bicinconinico o
BCA y se midio la absorbancia de las muestras a 562 nm en un espectrofotémetro (Infinite F200,

Tecan Ibérica Instrumentacion).

4.5.2.2. Electroforesis e inmunodeteccion.

El siguiente paso fue la realizacion de una electroforesis con el fin de separar las
proteinas en funcién de su tamafio. Para ello, en primer lugar las muestras se desnaturalizaron
junto con el tampdn Laemli 4x a 95 2C durante 5 minutos. Posteriormente, se cargd un total de
30 pg de proteina de cada muestra en un gel de acrilamida al 5-10%, cuyas composiciones se
describen en la tabla 8. Tras la electroforesis, se transfirieron las proteinas a una membrana de

fluoruro de polivinilideno (PVDF) (Amersham Hybond™-P, GE).

Tabla 8. Composicidn de los geles de acrilamida utilizados para el Western Blot.

Gel separador (10%) Gel concentrador (5%)

Agua mQ (ml) 49 6.15
Buffer separador 4% (ml) 2.5 2.5
Acrilamida (ml) 2.5 1.25
SDS 10% (ml) 0.1 0.1
APS 10% (pl) 30 30
TEMED (ul) 15 15

mQ: milli Q o ultrapura, SDS: dodecilsulfato sddico, APS: ammonium persulfate, TEMED:

tetramethylethylenediamine.
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Para llevar a cabo la inmunodeteccion de las proteinas, primero se bloquearon los sitios
inespecificos de la membrana con una solucion de TTBS 1x con BSA al 5%, colocando la
membrana en agitacién durante 1 hora a temperatura ambiente. Tras el bloqueo, se incubd la
membrana en agitacién con los anticuerpos primarios especificos para cada proteina durante
toda la noche a 42C. Los anticuerpos primarios se prepararon en la dilucién adecuada para cada
proteina en la solucidon de bloqueo anteriormente descrita. A continuacion, se procedié a la
incubacién con el anticuerpo secundario unido a la enzima HRP (horseradish peroxidase), en
agitacion, durante 1 hora a temperatura ambiente. Los anticuerpos primarios y secundarios
utilizados estan detallados en la tabla 9. Para finalizar, se llevd a cabo la inmunodeteccion
mediante la adicién a la membrana de un sustrato quimioluminiscente, Immobilon Crescendo
Western HRP Substrate (Millipore) y visualizando el resultado en el aparato Molecular Imager®
VersaDoc™ MP 4000 system. Los resultados obtenidos se normalizaron con proteinas
housekeeping, en particular se emplearon beta actina (ACTB) y gliceraldehido-3-fosfato
deshidrogenasa (GAPDH) (PK-AB718-3781, Promokine). Finalmente, el andlisis se realizd
mediante densitometria de las bandas obtenidas utilizando el programa informatico AlphaEase

FC software (Bonsai Technologies Group, S.A., Madrid, Espafia).

Tabla 9. Relacidn de anticuerpos primarios y secundarios utilizados en el Western Blot.

Peso
Anticuerpo  molecular Referencia Dilucion Tejido
(kDa)
PA1-183, Thermo Médula espinal,
ACTB 42 . R 1:1000
Fisher Scientific EDL, SOL
sc-1218-R, Santa Médula espinal,
Caspasa-1 20, 45 . 1:250
Cruz Biotechnology EDL, SOL
PK-AB718-3781,
GAPDH 37 . 1:1000 EDL, SOL
Promokine
sc-7884, Santa Cruz Médula espinal,
IL-1PB 31 _ 1:250
Biotechnology EDL, SOL
PK-AB815-61632M, Médula espinal,
IL-6 26 . 1:1000
Promokine EDL, SOL
sc-66846, Santa Médula espinal,
NLRP3 106 . 1:250
Cruz Biotechnology EDL, SOL
goat anti- 31466, Thermo 6 Médula espinal,
Rabbit IgG Fisher Scientific ' EDL, SOL

ACTB: beta actina, GAPDH: gliceraldehido-3-fosfato deshidrogenasa, IL: interleuquina, NLRP3:

nod-like receptor family pyrin domain containing 3.
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La composicion de todas las soluciones empleadas para la realizacidn del Western Blot

se detallan en la tabla 10.

Tabla 10. Composicidn de las soluciones utilizadas para la realizacién del Western Blot.

Solucién Composicién

Buffer de electroforesis 10x 30.27 g de Tris-base, 144.27 g de glicina, 10 g de SDS, 1 |
H,0d, pH 8.3

Buffer de electroforesis 1x 100 ml de buffer electroforesis 10x, 900 ml H,0Od

Buffer de gel separador 4x 1.5 M Tris-base pH 8.8

Buffer de gel concentrador 4x 0.5 M Tris-base pH 6.8

Buffer de transferencia 50 ml de Tris-glicina 20x, 200 ml de metanol, 750 ml de H,0Od

Tampon Laemli 4x 2.5 ml de Tris-HCI 0.5 M pH 6.8, 2.5 ml de SDS 10%, 2.5ml de
2-Mercaptoetanol, 2.5ml de glicerol, 1 mg de azul de
bromofenol

TBS 10x 24.23 g de Tris-base, 87.75 g de NaCl, 1 | de H,0d, pH 7.5

TTBS 1x 100 ml de TBS 10x, 900 ml de H,0d, 1 ml de Tween-20

Tris-glicina 20x 29.07 g de Tris-base, 144.13 g de glicina, 1 | de H,0d

Stripping 0.985 g de Tris-HCl pH 6.7, 2 g de SDS, 100 ml H,0d

H,0d: agua destilada, SDS: dodecilsulfato sddico, TBS: Tris-buffered saline, NaCl: cloruro sddico,
TTBS: Tween-Tris-buffered saline.

4.6. ESTUDIO DE LA EXPRESION GENICA

4.6.1. Extraccion de RNA

La extraccién de RNA de la médula espinal y el cuadriceps del modelo animal SOD1G93A
se realizé siguiendo la misma metodologia para ambos. En primer lugar, el tejido almacenado y
congelado a -809C se pulverizd en un aparato, Tissue Lyser LT (Qiagen), que permitié lisar el
tejido hasta quedar homogeneizado con el reactivo QIAzol Lysis Reagent (Qiagen). A
continuacién, el RNA se extrajo empleando el kit Direct-zol™ RNA MiniPrep (R2052, Zymo

Research Corp.), siguiendo el protocolo de la casa comercial.

La extraccion de RNA de la sangre procedente de pacientes de ELA, pacientes ONP e

individuos sanos o control se llevé a cabo mediante el kit PAXgene Blood RNA (PreAnalytiX, 8634

MATERIALES Y METODOS



Hombrechtikon, Suiza), siguiendo las instrucciones del fabricante. El estudio incluyé muestras de

20 pacientes de ELA, 20 pacientes ONP y 20 sujetos sanos (Tabla 7).

4.6.2. Retrotranscripcion (RT-PCR)

Una vez realizada la extraccion de RNA, se comprobd su calidad y se cuantificd la
concentracion de RNA en cada muestra mediante el uso del espectrofotometro Nanodrop NS-
1000 (Thermo Scientific). Para la sintesis del ADN complementario (cDNA), se partié de 200 ng
de RNA de cada muestra y se siguié el protocolo del kit empleado, gScript™ cDNA SuperMix

(Quanta BioScience, Inc.). El cDNA obtenido se almacend a -20 °C hasta su uso.

4.6.3. PCR a tiempo real (qPCR)

En el cDNA se estudié la expresion de una serie de genes recogidos en la tabla 11
mediante PCR a tiempo real. Esta técnica permite cuantificar el cDNA del gen de interés en una
determinada muestra. Para ello, se utilizaron sondas TagMan™ (Applied Biosystems Inc.)
especificas para cada gen. Las reacciones se llevaron a cabo en un volumen final de 5 pL,
compuesto por 2.5 uL de TagMan® Universal PCR Master Mix (Applied Biosystems Inc.), 0.5 uL
de la sonda TagMan para cada gen y 2 pL de cDNA diluido 1:10 con agua DEPC. Las reacciones se
hicieron mediante el aparato Step One Plus Real-Time PCR System (Applied Biosystems Inc.). Los
resultados obtenidos se normalizaron con los genes housekeeping, Gapdh, Hprt (Hypoxanthine-
guanine phosphoribosyltransferase) y Tbp (TATA-binding protein), y se analizaron mediante el

método 272 [222].

4.7. ANALISIS ESTADISTICO

Todos los analisis estadisticos y la elaboracidn de gréficos se llevaron a cabo a través de
los programas informaticos SPSS (version 20, IBM, Armonk, NY) y GraphPad Prism Software
(version 5, La Jolla, CA). Los niveles de significacidn se establecieron cuando el p-valor fue menor

de 0.05.

En cuanto a las pruebas estadisticas empleadas, en primer lugar se comprobd la

normalidad de los datos mediante las pruebas de Shapiro-wilk o Kolgomorov-Smirnov, en
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funcién del tamafio muestral. Por otro lado, para comparar las medias de variables cuantitativas
se utilizaron las pruebas t-student o U de Mann-Whitney, y t-student pareado o Wilcoxon
cuando las muestras eran pareadas. En cuanto a las correlaciones entre las concentraciones de
citoquinas y la supervivencia, se estudiaron mediante correlaciones de Pearson o Spearman. En
relacién a los estudios de supervivencia, se emplearon el andlisis de Kaplan-Meier y la prueba de
Log-Rank. Por ultimo, para estudiar posibles asociaciones entre variables cualitativas se utilizo la

prueba de Chi-cuadrado.

Tabla 11. Relacién de genes empleados en estudio de la expresidén génica en diferentes tejidos y

sujetos.
Simbolo del gen Sonda TagMan Sujeto Tejido
Gapdh Hs99999905 m1 Pacientes Plasma

4352932E, Applied

Modelo animal

Médula espinal

Gapdh . s
Biosystems Inc. SOD1G93A Cudadriceps

Ger MmO00833903 m1, Modelo animal Médula espinal
Applied Biosystems Inc. SOD1G93A Cuddriceps

Gzma Mm01304452 _m1, Modelo animal Médula espinal
Applied Biosystems Inc. SOD1G93A Cuadriceps

Hprt Hs02800695_m1 Pacientes Plasma

1118 MmO00434228_m1, Modelo animal Médula espinal
Applied Biosystems Inc. SOD1G93A Cudadriceps
Hs00985639 m1, Applied )

16 . Pacientes Plasma
Biosystems Inc.

6 Mm00446190 _m1, Modelo animal Médula espinal
Applied Biosystems Inc. SOD1G93A Cudadriceps

. MmO00809556_s1, Modelo animal Médula espinal
Applied Biosystems Inc. SOD1G93A Cuddriceps

Tbp Hs00427620_m1 Pacientes Plasma

Gapdh: gliceraldehido-3-fosfato deshidrogenasa, Gsr: glutathione reductase, Gzma: granzima A,
Hprt: Hypoxanthine-guanine phosphoribosyltransferase, IL: interleuquina, Mt2: Metallothionein-

2, Tbp: TATA-binding protein.
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Los resultados obtenidos en esta tesis doctoral se corresponden con el objetivo general
planteado que es estudiar la implicacion de la inflamacion en la Esclerosis Lateral Amiotréfica
mediante la identificacién de biomarcadores y dianas terapéuticas que sean en un futuro

trasladables a la practica clinica.

La presentacidn de estos resultados y la discusion de los mismos se realizard en forma de
capitulos, los cuales se corresponden con manuscritos publicados, enviados para su revisién o en

preparacion.

Con el fin de identificar posibles marcadores de ayuda al diagndstico en la enfermedad,
en un primer momento se estudié un panel de 97 citoquinas en plasma de animales SOD1G93A
de 40 dias de edad (sin sintomatologia visible) y sus controles sanos, wildtype (WT). Los
resultados mostraron 16 citoquinas desreguladas en los animales SOD1G93A con respecto a sus
controles: 6Ckine, ALK-1, CD30 L, Eotaxin-1, Galectin-1, GITR, IL-2, IL-6, IL-10, IL-13, IL-17B R,
MIP-1a, MIP-3, TRANCE, TROY, VEGF-D. Este hallazgo sugirié que ya existia una alteracién del
sistema inmune en una etapa muy temprana de la enfermedad. A continuacidn, se investigo la
capacidad prondstica de dichos marcadores mediante el estudio de correlacién de la variacién
de los niveles de expresién proteicos a lo largo de la enfermedad con la supervivencia de los
animales modelo. Para ello, se estudié la expresion proteica en plasma de estas 16 citoquinas de
forma seriada en distintos estadios de la enfermedad (P40, P60, P90 y punto final) en animales
muy longevos y poco longevos con el fin de identificar aquellas citoquinas con potencial
prondstico que se correlacionaran o no con la longevidad. De estas 16 citoquinas analizadas, en
los animales menos longevos se encontraron aumentados los niveles de ALK-1, eotaxin-1,
galectin-1, GITR y IL-17B R. Ademas, también se encontraron correlaciones negativas entre los
niveles de eotaxin-1, galectin-1, IL-2, IL-6, MIP-1a y TROY, medidos en los estadios sintomatico
y/o terminal de la enfermedad, con la longevidad de los animales. Sin embargo, estos niveles
resultaron ser muy variables y dependientes del estadio de la enfermedad, por lo que no se
pudo determinar ningln marcador como prondstico de supervivencia. Por tanto, con respecto a
las citoquinas, los resultados apoyarian la hipdtesis de que existe una predominancia de
procesos inflamatorios que estan acelerando el progreso de la enfermedad, pero no demuestran
que dichas moléculas puedan desempefar un papel como marcadores prondstico en la ELA

debido a su gran variabilidad (Capitulo 1).

No obstante, una de las citoquinas, la IL-6, resultd estar correlacionada con la longevidad
desde el estadio sintomatico, a diferencia del resto, por lo que se decidid estudiar su expresién a

lo largo de la enfermedad en el modelo animal SOD1G93A en diferentes tejidos, y también su

RESULTADOS Y DISCUSION



papel como biomarcador en sangre de pacientes de ELA. Para ello, se estudid su expresion
proteica en el modelo animal SOD1G93A en dos de los tejidos mas afectados: médula espinal y
musculo esquelético: extensor digital largo (EDL, fibras rapidas) y séleo (SOL, fibras lentas), a lo
largo de la enfermedad en cuatro estadios: presintomatico (P40), sintomatico temprano (P60),
sintomatico tardio (P90) y terminal (P120). Por ultimo también nos interesé su papel como
biomarcador diagndstico mediante el andlisis de su expresidn génica y proteica en sangre de
pacientes de ELA con respecto a pacientes de otras neuropatias e individuos sanos. En el modelo
animal observamos que la expresién de IL-6 se encontraba disminuida en la médula espinal de
los animales SOD1G93A con respecto a los WT en dos estadios: presintomatico y terminal. En el
musculo esquelético, el otro tejido afectado en la enfermedad, se observd que la IL-6 se
expresaba de forma diferente segun el tipo de fibra muscular: en el EDL (con predominio de
fibras rapidas y tipo muscular mas afectado en la enfermedad), su expresion fue aumentando en
los ratones SOD1G93A conforme avanzaba el curso de la enfermedad; por el contrario, en el
SOL, no se encontraron diferencias en la expresion entre los animales SOD1G93A y WT. Estos
resultados sugieren que la expresidn de la IL-6 que se encontré aumentada en EDL, musculo mas
afectado en la ELA, podria estar asociada al mayor dafio observado en ese tejido. En cuanto a los
pacientes de ELA, se observd una disminucion de la expresion tanto génica como proteica de IL-6
en la sangre con respecto a los pacientes con otras neuropatias y sujetos sanos. Por otro lado, a
pesar de que se observd una disminucion de IL-6 asociada a la ELA, existe una gran variabilidad
de esta citoquina en la sangre, por lo que quizas seria recomendable estudiar su papel como
biomarcador en tejidos directamente afectados por la enfermedad, especialmente en musculo

esquelético de pacientes con predominio de fibras de contraccidn rapida. (Capitulo 2).

Posteriormente, con el fin de conocer la posible utilizacién de factores inflamatorios
como biomarcadores predictivos (utilizados en ensayos clinicos) se estudié la modificacion de
estas citoquinas sanguineas y otras proteinas relacionadas con la inflamacidn tras la aplicacién
de un tratamiento basado en el fragmento C de la toxina tetanica (TTC), que ha demostrado su
efectividad en el modelo animal en nuestro laboratorio. De los ratones tratados y sus controles
se obtuvieron muestras seriadas de plasma a los 60, 90 y 110 dias de edad, donde se analizaron
los niveles proteicos de eotaxin-1, galectin-1, IL-2, IL-6, MIP-1q, y se extrajeron los tejidos mas
afectados de la enfermedad: médula espinal, EDL y SOL, para estudiar la expresion proteica de
IL-6 y otras proteinas implicadas en el mecanismo del inflamasoma NLRP3. Aunque los niveles de
las citoquinas en plasma no variaron con el tratamiento, la IL-6 si que se observé disminuida en
todos los tejidos analizados de los ratones tratados. En cuanto al inflamasoma NLRP3, TTC

mostré también un efecto beneficioso pero en este caso dependid de los tejidos estudiados: en
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médula espinal y SOL la proteina NLRP3 se encontré disminuida en los animales tratados con
TTC; por otro lado, la expresién de caspasa-1 se encontré disminuida en EDL de los animales
tratados, al contrario que en SOL donde se observé que estaba aumentada. Por tanto, aunque
parece que TTC puede ejercer diferentes efectos dependiendo del tejido, se requieren mas
estudios que permitan aclarar su funcién en la regulacidon de este mecanismo. La disminucién
observada de IL-6 en todos los tejidos de los modelos animales tratados sugiere que TTC podria
actuar como un modulador de los procesos inflamatorios dependientes de la activacidn de dicha

citoquina (Capitulo 3).

La alteracion que se ha demostrado en los diversos procesos inflamatorios en el modelo
animal sugiere que la modulacién de la inflamacidn en la ELA podria resultar un buen abordaje
terapéutico. Por este motivo, se decidid evaluar el papel de marcadores inflamatorios como
dianas terapéuticas en ELA. En concreto, se estudié el efecto de la reduccidon de los niveles
génicos de granzima A (gzmA), implicada en procesos pro-inflamatorios, en la supervivencia del
modelo animal SOD1G93A. Para ello se realizaron cruces de los animales SOD1G93A, modelo de
ELA, con animales knock-out para dicha enzima, teniendo en cuenta el fondo genético de los
mismos. Los resultados mostraron que los ratones SOD1G93A heterocigotos (gzmA +/-), donde
encontramos una menor expresion de mRNA de gmzA, vivieron mas que los ratones SOD1G93A
homocigotos gzmA +/+, lo que confirmd que el aumento de la supervivencia estaba asociada a
una menor expresion de este gen, aunque no a su completa ausencia, ya que los animales
SOD1G93A homocigotos para la mutacién (gzma -/-) no incrementaron su supervivencia con
respecto a los controles. Ademas, los niveles génicos de IL-1B, citoquina pro-inflamatoria, y GSR,
implicado en el estrés oxidativo, también se encontraron disminuidos en la médula espinal de
los ratones heterocigotos gmzA +/-, sugiriendo una mejoria en los mismos. Estos resultados
indican que niveles reducidos, pero no la ausencia total de gzmA, favorecen una progresidn mas

lenta de la enfermedad en este modelo animal (Capitulo 4).

Por dltimo, durante la realizacién de la presente tesis doctoral se llevdé a cabo una
revision bibliografica para profundizar en el tema de los biomarcadores inflamatorios en la ELA,
cuestionando especialmente el papel de las citoquinas como buenos biomarcadores diagnéstico
y prondstico en la ELA, y proponiendo su potencial uso como dianas terapéuticas. Este

manuscrito (Anexo 1) fue publicado en junio de 2019.
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A continuacidn, se enumeran los manuscritos a los que se ha hecho mencion anteriormente:

Capitulo 1. Circulating Cytokines Could Not Be Good Prognostic Biomarkers in a Mouse
Model of Amyotrophic Lateral Sclerosis.

Moreno-Martinez, L.; de la Torre, M.; Toivonen, J.M.; Zaragoza, P.; Garcia-

Redondo, A.; Calvo, A.C.; Osta, R.
Frontiers in. Immunology 2019;10:801. doi: 10.3389/fimmu.2019.00801

Capitulo 2. Role of IL-6 in Amyotrophic Lateral Sclerosis

Moreno-Martinez, L.; Calvo, A.C.; Moreno-Garcia, L.; Garcia-Salamero, G;

Zaragoza, P.; Garcia-Redondo, A.; Osta, R.

En preparacion.

Capitulo 3. Neuroprotective fragment C of tetanus toxin modulated inflammation in an
ALS mouse model.

Moreno-Martinez, L.; de la Torre, M; Mufioz, M.J.; Zaragoza, P.; Aguilera, J.;

Calvo, A.C.; Osta R.

En preparacion.

Capitulo 4. Partial genetic deficiency of granzyme A prolongs survival in an ALS mouse
model.

Moreno-Martinez, L.; Santiago, L.; de la Torre M., Calvo, A.C.; Pardo, J.; Osta R.

Enviado a Journal of Neuroinflammation.

Anexo |. Are circulating cytokines reliable biomarkers for Amyotrophic Lateral Sclerosis?

Moreno-Martinez, L.; Calvo, A.C.; Mufioz, M.J. and Osta, R.

International Journal of Molecular Science. 2019, Volume 20, Issue 11, 2759. doi:

10.3390/ijms20112759
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Circulating Cytokines Could Not Be
Good Prognostic Biomarkers in a
Mouse Model of Amyotrophic Lateral
Sclerosis

Laura Moreno-Martinez ', Miriam de la Torre ', Janne M. Toivonen', Pilar Zaragoza,
Alberto Garcia-Redondo?, Ana Cristina Calvo™ and Rosario Osta’

"LAGENBIO, Facutty of Veternary-IIS, IA2-CITA, CIBERNED, University of Zaragoza, Zaragoza, Spain, * ALS Unit, Neurology
Department, CIBERER U-723, Health Research Institute, Madrid, Spain

Background: There is growing evidence of the role of inflammation in Amyotrophic
Lateral Sclerosis (ALS) during the last decade. Although the origin of ALS remains
unknown, multiple potential inflammatory biomarkers have been described in ALS
patients and murine models of this disease to explain the progressive motor neuron
loss and muscle atrophy. However, the results remain controversial. To shed light on this
issue, we aimed to identify novel biomarkers of inflammation that can influence disease
progression and survival in serial blood samples from transgenic SOD1G93A mice, a
model of ALS.

Methods: A cytokine array assay was performed to analyze protein expression of
97 cytokines in plasma samples from wildtype controls and transgenic SOD1G33A
mice at asymptomatic stage. Subsequently, serial plasma samples were obtained
from SOD1G93A mice at early symptomatic, symptomatic and terminal stages
to monitor cytokine levels during disease progression through immunoassays.
Comparisons of means of quantifiable cytokines between short-and long-lived mice
were analyzed by unrelated t-test or Mann-Whitney U-test. Relationships between
cytokines levels and survival time were assessed using Pearson’s correlation analysis
and Kaplan-Meier analysis.

Results: A total of 16 cytokines (6Ckine, ALK-1, CD30L, eotaxin-1, galectin-1,
GITR, IL-2, IL-6, IL-10, IL-13, IL-17B R, MIP-1a, MIP-38, RANKL, TROY, and
VEGF-D) were found dysregulated in transgenic SOD1G93A mice at asymptomatic
stage compared with age-matched controls. Immunoassays of seria samples
revealed positive expression of ALK-1, GITR and IL-17B R at P60 and P90
in mice with shorter survival. In addition, eotaxin-1 and galectin-1 levels were
significantly increased at terminal stage in SOD1G93A mice that showed shorter
survival time. Finally, levels of eotaxin-1, galectin-1, IL-2, IL-6, MIP-1a, and TROY
at P90 or endpoint negatively cormrelated with the longevity of transgenic mice.
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CAPITULO 1

Moreno-Martinez et al.

Uncertain Cytokine-Role for ALS Progn

Conclusions:

We demonstrated in the SOD1G93A model of ALS that increased

levels of several cytokines were associated with a shorter lifespan. However, their
role as prognostic biomarkers is unclear as their expression was very variable
depending on both the disease stage and the subject. Nevertheless, cytokines may be

potential therapeutic targets.

Keywords: cytokines, biomarkers, SOD1G93A mice, plasma, amyotrophic lateral sclerosis

INTRODUCTION

Amyotrophic Lateral Sclerosis (ALS) is one of the most common
rare diseases of unknown origin that leads to progressive
motor neuron degeneration and muscle denervation (1). In
particular, it has been described that either distal axonopathy
or neuromuscular junction damage precedes motor neuron loss
(2). The known mutations that produce the typical adult ALS
phenotype are, in order of frequency, the hexanucleotide repeat
expansion in C9ORF72, mutations related to the copper/zinc
superoxide-dismutase-1 gene (SOD1), Tar DNA-binding protein
gene (TARDBP) and DNA/RNA-binding protein FUS (fused
in sarcoma) (3, 4). Only 5-10% of ALS cases are familiar,
whereas the rest of ALS cases are sporadic, most of them with
unknown cause.

The immune system has emerged as one of the key players
linked to the development of neurodegeneration, such as in ALS
(5-10). The immune system seems to have a dual role, polarizing
its functional phenotype toward an inflammatory M1 phenotype
or toward an anti-inflammatory M2 phenotype, depending on
the particular neurodegenerative environment and by disease
stage (7, 11). Although the exact and sequential processes by
which the immune system can influence the course of the disease
in ALS remains unclear, many studies have suggested immune-
related biomarkers can help to predict the progression of the
disease (5, 11-13). For example, reactive microglia and astrocytes
adjacent to degenerating motor neurons secrete signal molecules

Abbreviations: 6Ckine, Chemokine (C-C motif) ligand 21; AD, Alzheimer’s
disease; ALK-1, Activin receptor-like kinase 1; ALS, Amyotrophic lateral sclerosis;
C9orf72, Chromosome 9 Open Reading Frame 72; CCL21, Chemokine (C-C
motif) ligand 21; CD30 L, Cluster of Differentiation 30 ligand; CSF, Cerebrospinal
fluid; DNA, Deoxyribonucleic acid; EDTA, Ethylenediaminetetra-acetic acid; FUS,
Fused in sarcoma; GITR, Glucocorticoid-induced tumor necrosis factor receptor;
1L-2, Interleukin 2; IL-6, Interleukin 6; 1L-10, Interleukin 10; 1L-13, Interleukin 13;
IL-17A R, Interleukin 17 A receptor; IL-17B R, Interleukin 17B receptor; LINGO-1,
Leucine rich repeat and Immunoglobulin-like domain-containing protein 1; MIP-
L, Macrophage inflammatory protein 1 alpha; MIP-3p, Macrophage inflammatory
protein 3 beta; NgR1, Neuregulin 1; NK, Natural killer; P40, Postnatal day 40;
P60, Postnatal day 60; P90, Postnatal day 90; PCR, Polymerase chain reaction;
RANKL, Receptor activator of nuclear factor kappa-B ligand; RNA, Ribonucleic
acid; RTN4R, Reticulon 4 Receptor; SEM, Standard error of the mean; SODIG93 A,
Superoxide dismutase 1, with glycine to alanine transition at position 93; SPSS,
Statistical Package for the Social Sciences; TARDBE Tar DNA-binding protein
geng; Th2, T Helper Cell Type 2; TLS, Translocation in liposarcoma; TNF,
Tumor necrosis factor; TNFR, Tumor necrosis factor receptor; TNFRSF18, Tumor
necrosis factor receptor superfamily member 18; TNFRSFI9, Tumor necrosis
factor receptor superfamily member 19; TNFSE Tumor necrosis factor ligand
superfamily; TNFSFS, Tumor necrosis factor ligand superfamily member 8; Treg,
T regulatory cells; TROY, Tumor necrosis factor receptor superfamily member 19;
VEGF-D, Vascular endothelial growth factor D; WT, Wildtype.
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to blood, and these may play a key role in the propagation of
the disease (12, 14, 15). In this sense, the possibility of studying
blood as a matrix to identify of immunologic signals can lead to a
better understanding of the disease and to the discovery of novel
predictive biomarkers of disease progression.

Expression of several cytokines has been recently described
altered in blood of ALS patients. Some studies have pointed
out that interleukin (IL)-2 and IL-6 levels together with other
interleukins remained increased toward terminal stages in blood
samples from ALS patients (13, 16). However, these results
are not consistent with some other studies. For instance, IL-
6 levels were found to decrease along disease progression in
definite ALS patients in a 6-month period, whereas in the same
patients IL-2 showed the opposite trend (11). This suggests
dynamic alterations in cytokine levels may occur depending on
disease stage or the patients themselves. Accordingly, a recent
meta-analysis indicated that alterations in some cytokines were
inconsistent between published studies (17). These contradictory
results may reflect the unavoidable heterogeneity found in ALS
patients, which could possibly be mitigated using an animal
model maintained under controlled environmental conditions.
In this sense, the SOD1G93A mouse model of ALS, has already
demonstrated its potential in the discovery of molecular markers
that are conserved between human patients (18-20). Regarding
immunity, a recent meta-analysis indicated that IL-6 and some
other cytokine levels are increased in transgenic SOD1G93A
mice (18); however, analysis of cytokines serially monitored along
disease progression has not been reported in SODIG93A mice
to date.

Under this complex scenario, we have focused our work in
studying levels of inflammatory markers in serial plasma samples
from transgenic SOD1G93A mice to identify those that could
influence disease progression and survival of mutant animals.
The identification of potential prognostic biomarkers involved
in inflammation in this model could enhance the successful
translation of the results to ALS patients. In addition, this study
may contribute to shed light on whether or not cytokines could
be reliable prognostic biomarkers for ALS or maybe they could
be better considered as potential therapeutic targets.

MATERIALS AND METHODS

Animals

B6SJL-Tg SODIG93A mice (stock number 002726} were
purchased from The Jackson Laboratory (Bar Harbor, ME, USA).
Experimental hemizygous transgenic mice were obtained by
mating hemizygous SOD1G93A males with C57BL/6] x SJL/] F1
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hybrid females (B6SJLF1) purchased from Janvier Labs (Saint-
Berthevin Cedex, France). The offspring were identified by PCR
assay as described in The Jackson Laboratory protocol. The mice
were housed at the animal facilities in Centro de Investigacion
Biomédica de Aragén under a standard light:dark (12:12) cycle.
Food and water were provided ad libitum. The humane endpoint
for these mice is defined as the loss of righting reflex as shown by
a failure to right after laying the mouse on its side for 305 (21).
All procedures were approved by the Ethic Committee for
Animal Experiments from the University of Zaragoza. The
care and use of animals were performed accordingly with the
Spanish Policy for Animal Protection RD53/2013, which meets
the European Union Directive 2010/63 on the protection of
animals used for experimental and other scientific purposes.

Sample Collection

Blood was taken from 6 hemizygous SOD1G93A males and
females and their wildtype (WT) littermates at 40 days of age
(P40), which corresponds to the asymptomatic stage of the
disease. On the other hand, serial plasma samples were taken
from 84 SOD1G93A mice at early symptomatic (60 days of
age) (P60), symptomatic (90 days of age) (P90), and terminal or
endpoint stages (from 112 to 150 days of age). Plasma samples
at P60 and P90 were obtained from submandibular bleeding,
whilst those at terminal stage were collected from blood extracted
by cardiac puncture. For this, the mice were euthanized with
COs3, then blood was extracted and transferred to EDTA coated
mini vacutainer tubes (BD Biosciences, USA). Then, blood was
centrifuged at 3,000 rpm for 10 min at 4°C within 30 min from
extraction, plasma was collected and immediately frozen in dry
ice and stored at —80°C.

Cytokine Array Assay

A cytokine array assay was performed to analyze protein levels of
97 cytokines (Mouse Cytokine Antibody Array G6, Raybiotech,
Inc.) in plasma samples from 6 WT and 6 SOD1G93A mice
at P40. The array was carried out by the service offered by
Raybiotech, Inc.

Multiplex and Quantibody Immunoassays

From the 84 serial plasma samples obtained, 32 SODIG93A
mice showing the longest (from 133 to 150 days old) and the
shortest (from 112 to 126 days old) survival time were selected
to study cytokine levels during disease progression through
a multiplex and quantibody immunoassays. The multiplex
immunoassay (ProcartaPlex Multiplex Immunoassay, Affymetrix
eBioscience, Thermo Fisher Scientific Inc.) was carried out
for the protein analysis of eotaxin-1, IL-2, IL-6, IL-10, IL-
13, macrophage inflammatory protein (MIP)-1 alpha (a), and
receptor activator of nuclear factor kappa-B ligand (RANKL)
in plasma from 20 SOD1G93A mice. Additionally, a total of 9
cytokines were analyzed using a quantibody array (Quantibody®
Mouse Cytokine Array, Raybiotech, Inc.) in samples from 12
SOD1G93A mice. The cytokines studied were: chemokine (C-
C motif) ligand 21 (CCL21 or 6Ckine), activin receptor-like
kinase (ALK)-1, tumor necrosis factor (TNF) ligand superfamily
member 8 (TNFSF8 or CD30L), Galectin-1, TNF receptor
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superfamily member 18 (TNFRSF18 or GITR), interleukin 17B
receptor (IL-17B R), MIP-3 beta (f), TNF receptor superfamily
member 19 (TNFRSF19 or TROY), and vascular endothelial
growth factor (VEGF)-D.

Statistical Analysis

Comparisons of results obtained in cytokine array assay between
the WT and SOD1G93A groups were made using f-tests or
Mann-Whitney U-tests, according to data distribution analyzed
by Shapiro-Wilk test. For cytokines whose expression was
not quantifiable at some point of the disease progression,
relationships between positive or null cytokine expression and
survival time were evaluated through a Kaplan-Meier analysis.
On the other hand, comparisons of means of quantifiable
cytokines between short-and long-lived mice were analyzed by
unrelated t-test or Mann-Whitney U-test. Finally, correlations
between cytokines levels and survival time were assessed using
Pearson’s correlation analysis.

Statistical analysis was performed using SPSS (version 20,
IBM, Armonk, NY) and GraphPad Prism Software (version 5,
La Jolla, CA). All of the values were expressed as the mean &
standard error of the mean (SEM). Significance levels were set
ata p < 0.05.

RESULTS

Sixteen Cytokines Were Dysregulated at
the Asymptomatic Stage in Transgenic

SOD1G93A Mice

Plasma was analyzed from 6 hemizygous SOD1G93A males
and females and their wildtype littermates at P40, the
asymptomatic stage, through a cytokine array assay. The analysis
identified 15 cytokines significantly upregulated (6Ckine, ALK-1,
CD30L, galectin—], eotaxin-1, IL-2, IL-6, IL-10, IL-13, IL-
17B R, MIP-1a, MIP-3f, RANKL, TROY, and VEGF-D} and
one significantly downregulated (GITR) in SOD1G93A mice
(Figure 1). Therefore, our next step was to investigate the
inflammatory response to the disease progression through the
analysis of these 16 cytokines in serial plasma samples.

Expression Profile of ALK-1, Eotaxin-1,
Galectin-1, GITR, and IL-17B R Along
Disease Progression Was Associated With
Shorter Survival Rate of Transgenic
SOD1G93A Mice

Firstly, multiplex and quantibody immunoassays were performed
in serial plasma samples from the mutant animals to investigate
how levels of the cytokines altered in the asymptomatic stage
evolved along disease progression. Three plasma samples were
obtained from each animal, corresponding to early symptomatic
(P60), symptomatic (P90) and terminal stage (endpoint). Then,
the 32 animals showing the shortest and the longest survival
time were selected to assess the effect of cytokine expression on
longevity at each stage of the disease.

Expression of 7 cytokines (6Ckine, ALK-1, CD30L, GITR, IL-
17B R, MIP-3f, and VEGF-D) was not quantifiable in all stages.
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FIGURE 1 | Dysregulation of 16 cytokines in plasma from transgenic SOD1G93A mice at the asymptomatic stage of the disease (P40). A total of 97 cytokinas were
analyzed through a cytokine array assay to evaluate their levels in plasma from six wildtype (WT) and six SOD1G93A mice at P40. T-student and Mann-Whitney
U-tests were used. 16 cytokines (6Ckine, ALK-1, GO30L, eotaxin-1, galectin-1, GITR, IL-2, IL-6, IL-10, IL-13, IL-17B R, MIP-1a, MIP-3p, RANKL, TROY, and

VEGF-D) were found dysregulated in transgenic SOD1G33A mice. Bars represent mean + standard error of the mean (SEM). *p < 0.05, *'p < 0.01.

TABLE 1 | Relationships between positive or null expression of cytokines with
survival time in transgenic 3OD1G93A mice at each stage of the disease.

Cytokines P60 P90 Endpoint
BCkine No sig No sig No sig
ALK-1 ‘P =0.016 “p =0.003 No sig
CDh3oL No sig No sig No sig
GITR **p =0.009 *p=0.019 No sig
IL-17E R *p=0.016 No sig No sig
MIP-38 No sig No sig No sig
VEGF-D Na sig No sig Na sig

Twelve animals were grouped depending on the presence or absence of cytokines
measured in their plasma. The relationships between their expression and their survval
time were evaluated through a Kaplan-Mefer analysis and Log-Rank test. Positive
axpression of ALK-1, GITR, and IL-17B R at P80, and ALK-1 and GITR at P90 was found
in mice with shorter survival. *p = 0.05, *p < 0.01.

Consequently, two animal groups were formed depending on the
positive or null expression of these cytokines in plasma. Then,
Kaplan-Meier analysis was used to evaluate relationships between
longevity and presence/absence of cytokine expression. This
analysis revealed that positive expression of ALK-1, GITR at P60
and P90, and [L-17B R at P60 was associated with shorter survival
rate (Table 1). In contrast, no associations were found between
expression and longevity in the terminal stage. This means that
the animals having a longer survival rate had undetectable levels
of these cytokines in symptomatic stages of the disease.

On the other hand, levels of the remaining cytokines
(eotaxin-1, galectin-1, IL-2, IL-6, IL-10, IL-13, MIP-1a, RANKL,
and TROY) were continuously monitored in the three stages
studied. We observed higher expression of the cytokines in
animals showing short survival rate, although only eotaxin-1 and
galectin-1 were significantly upregulated at endpoint in animals
exhibiting shorter survival compared to the levels observed in
long-lived animals (Figure 2).

Eotaxin-1, Galectin-1, IL-2, IL-6, MIP-1¢,
and TROY Levels at P90 or Endpoint

Negatively Correlated With Survival Time
To analyze more in depth whether the levels of quantifiable
cytokines (eotaxin-1, galectin-1, IL-2, IL-6, MIP-1a, and TROY)
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could influence longevity of mice, the expression levels of
cytokines were correlated with the survival rate in SOD1G93A
mice. Pearson correlation analysis showed negative correlations
between survival rate of the animals and the levels of eotaxin-
1, galectin-1, IL-2, IL-6, MIP-1a and TROY at P90 or endpoint
(Table 2), revealing that the higher the expression of these
cytokines the lower the survival rate in SOD1G93A mice.

DISCUSSION

The active role of pro-inflammatory cytokines, enhancing the
development of ALS, has been reported in both animal models
and ALS patients (7, 13, 17, 22). The possibility of studying
the interplay between inflammation and disease progression
in easily accessible tissues, such as plasma, is an essential
step to identify potential biomarkers that could help for an
early prognosis of the disease. An easily testable panel of
potential predictors of disease progression could help to validate
the findings from the animal models to ALS patients and,
thus, facilitate the translation of these at clinical level. In
this sense, we have studied a panel of 97 cytokines, some
of them newly related to ALS in this study, in serial plasma
samples from transgenic SOD1G93A mice. The possibility of
analyzing these cytokines in the asymptomatic stage in this
animal model can provide information about early factors
involved in disease progression and in survival, normally not
possible to obtain in ALS patients, validating in this way their
prognostic capacity.

Firstly, we performed a cytokine array assay to measure
expression levels of 97 cytokines in plasma from WT and
transgenic SOD1G93A mice at the asymptomatic stage of the
disease. Among all cytokines, 16 of them were found significantly
dysregulated in transgenic SODIG93A mice. These results
support the fact that immune system was already altered in
the asymptomatic stage of the disease through a dysregulation
of both pro- and anti-inflammatory cytokines, as previously
reported (17, 18, 23). Moreover, these findings reveal for the first
time the role of some cytokines that had not been related to ALS
yet, including chemokines belonging to the tumor necrosis factor
(TNF) and tumor necrosis factor receptor (TNFR) superfamilies
(CD30L, GITR, TRANCE, TROY), chemokine ligands family
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FIGURE 2 | Levels of quantifiable cytokines along disease in transgenic SOD1G83A mice depending on their survival time. Cytokine levels of eotaxin-1 (A), galectin-1
(B). IL-2 (C). IL-6 (D), IL-10 (E). IL-13 (F), MIP-1a (G), RANKL (H), TROY (l) cbtained from mice with the shortest sunvival rate (112-126 days old) were compared
with those obtained from mice with the longest survival rate (133150 days old) at each stage of the disease (P60, P30, and endpcint). The sample size was 20 mice
for ectaxin-1, IL-2, IL-8, IL-10, IL-13, MIP-1a, BANKL, and 12 mice for galectin-1 and TROY. Unrelated t-test or Mann-Whitney U-tests were used. Eotaxin-1 and
galectin-1 levels were significantly increased at terminal stage in SOD1G83A mice with the shortest survival rate. Graphics show mean + standard emor of the mean
[SEM). *p < 0.05, *p<0.01.

(6Ckine, MIP-3f) and other cytokines (ALK-1, VEGF-D). These
premature alterations may have a prejudicial role in exacerbating
pathologic mechanisms in ALS.

Considering that a compensatory response to inflammation
can promote longer survival, as previously reported in this animal
model (24, 25), our next step was to analyze more in depth the
potential modulatory effect of these cytokines on the longevity
of the animals. In this study, the differences in the survival rate
of SOD1G93A mice let us monitor the expression of the studied
cytokines along disease progression in two groups of animals,
short- and long-lived animals. In addition, the expression levels
of some of the selected cytokines could not be continuously
monitored along the disease progression in the SOD1G93A mice.
Therefore, we classified cytokines in two groups, those that
were quantifiable along the disease progression, and those that
could not been continuously quantified. Regarding this last group

rs in Immunology | www.frontiersin.org

(6Ckine, ALK-1, CD30L, GITR, IL-17B R, MIP-3p, and VEGF-
D), the association between the positive or null expression of
these cytokines and the survival rate of SOD1G93A mice was
analyzed. We observed that the positive expression of ALK-
1, GITR and IL-17B R at symptomatic stages (P60 and P90)
was associated with shorter survival rate. ALK-1 is a type I cell
surface receptor for the transforming growth factor-f (TGF-
B) family of proteins involved in endothelial cells biology and
angiogenesis (26). GITR (TNFSF member 18) plays an important
role in expansion of peripheral regulatory T cells (Tregs) (27,
28), which have been associated with slow progression of ALS
(29, 30). However, GITR can be also expressed on effector
T cells, favoring inflammatory process that could accelerate
the neurodegenerative progression in a Ying-Yang unbalance,
which is more in accordance with our findings that showed an
association of GITR expression at the symptomatic stages in
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TABLE 2 | Correlations between cytokine exprassion and survival time at each
stage.

Cytokines Stage p-value Pearson
Eotaxin-1 Endpoint ‘0.046 —0.450
Galectin-1 Endpoint *0.009 —0.744
IL-2 Endpoint *0.032 —0.481
IL-6 P90 *0.045 —0.465
Endpoint “0.024 —0.544
MIP-1a Endpoint *0.048 —0.448
TROY PO “0.042 —0.620

Relationships betwesn quantifiable cytokines levels and survival time at P80, PO, and
endpoint were assessed using Pearson's correlation analysis. The sample size was 20
mice for eotaxin-1, IL-2, IL-6, MIP-1e, and 12 mice for galectin-1 and TROY. Megative
comelations were found between survival time and levels of IL-6 and TROY at P90, and
eotaxin-1, galectin-1, IL-2, IL-6, and MIP-Te at endpoint. *p = 0.08, *p = 0.01.

transgenic animals with shorter survival rates (31). Regarding
IL-17B R, it is part of the complex of chains for the IL-17E
receptor together with IL-17A R. Although no involvement
of IL-17B R in ALS has been reported so far, levels of IL-
17A were found elevated in serum of ALS patients compared
to control subjects (32). In addition, IL-17E promotes Th2
immune response (33), releasing anti-inflammatory cytokines,
which could counteract the inflammation and therefore, slowing
down disease progression.

In relation to the cytokines whose expression was quantifiable
in all stages (eotaxin-1, galectin-1, [L-2, IL-6, IL-10, IL-13, MIP-
la, RANKL, and TROY), our findings showed that eotaxin-
1 and galectin-1 levels were significantly upregulated at the
endpoint stage in the transgenic mice that exhibited shorter
survival rate. These results suggest that increased levels of these
cytokines may aggravate the disease course, especially at terminal
stages. Eotaxin-1 is a potent eosinophil chemoattractant whose
role in neurodegenerative diseases such as Alzheimer’s disease
(AD), Huntington’s disease, multiple sclerosis and ALS has been
previously studied (34, 35). In accordance with our results,
increased levels of eotaxin-1 in serum and in cerebrospinal fluid
(CSF) from ALS patients vs. controls were observed in previous
studies (36, 37). In contrast, increased eotaxin-1 levels in CSF
from ALS patients correlated with slow disease progression,
suggesting that it might play a protective role in ALS (38).
These differences could be due to the different nature of the
studied tissue in which eotaxin-1 was measured. In fact, CSF
and plasma cytokines do not always show similar values, as
previously reported (39-41). Galectin-1 is a member of the
B-galactoside-binding lectin family which has been associated
with activated astrocytes and neurofilamentous lesions in the
spinal cord of SODIG93A mice and ALS patients before the
onset of symptoms (42, 43). In contrast, it has been reported
that galectin-1 can protect against neurodegeneration through
glycosylation-dependent inactivation of M1 cells (microglia
inducing neurotoxic T-cell response) (44) and that oxidized
galectin-1 shows neuroprotective effect by promoting axonal
regeneration (45, 46). Therefore, galectin-1 seems to have
a dual role depending on its oxidized form or the disease
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stage. A possible explanation for this might be that galectin-
1 could not be able to exert its protective effect due
to underlying mechanisms, for instance, when there is a
wrong addressing to the target tissues or an inactivation
of its action through other effectors. Therefore, it would
be interesting to study galectin-1 expression simultaneously
in plasma and target tissues to elucidate its role in ALS
more accurately.

Considering the fact that decreased levels of some of these
cytokines were associated with a longer lifespan in transgenic
mice, we analyzed the relationship of the quantifiable cytokines
along disease progression in transgenic SOD1G93A mice with
their survival rate. Pearson analysis showed that IL-6 and TROY
at the symptomatic stage, and eotaxin-1, galectin-1, IL-2, IL-
6, and MIP-1a at terminal stage were negatively correlated
with survival time of mice. These findings reflected that the
inflammatory response in the animals from the symptomatic
stage could favor faster disease progression. Regarding eotaxin-
1 and galectin-1, their levels were increased in animals which
lived shorter. However, opposing results have been found in
the literature, as aforementioned, suggesting that more research
needs to be undertaken to clarify their participation in ALS
progression. On the other hand, increased levels of IL-2 in
plasma correlated with poor survival rate, which is consistent
with other studies (16, 47). On the contrary, no correlation
was found with disease duration in neither CSF nor serum
of ALS patients in other works (48). [L-2 could exert a dual
role in ALS by induction of Tregs and by activation of natural
killer (NK) cells, which are cytotoxic for some neurons (16, 49).
One possible explanation could be based on the activation of
NK cells by higher IL-2 levels at terminal stage, contributing
to faster disease progression. IL-6 has been related to ALS in
several studies (11, 13, 16, 50-52), although alterations of this
cytokine do not seem to be specific to ALS. Particularly, it
has been linked to other neurodegenerative diseases, such as
AD and Parkinson’s disease (53, 54). In our study we observed
that higher IL-6 levels at P90 and endpoint correlated with
shorter lifespan. Increasing IL-6 levels have been described
along disease progression in plasma from ALS patients, although
no correlation with the lifespan was found (16, 48). On the
contrary, reducing IL-6 levels along time have also been reported
in ALS patients (11). These opposing results could suggest
that the disease stage when IL-6 levels were measured could
be relevant to promote a favorable or detrimental effect in
the transgenic animal. In addition, the dual role of IL-6 as
a pro- and anti-inflammatory interleukin can also depend on
where this cytokine is secreted, showing an anti-inflammatory
effect in the skeletal muscle (18, 55). MIP-1a is a neutrophil
chemoattractant and activator (56), and it is expressed by
astrocytes in CNS in response to inflammation (57). We found
an association of increased levels of MIP-1u at endpoint with
shorter survival rate. Accordingly, increased MIP-1u levels have
been reported in both CSF and serum samples from ALS patients
and they correlated negatively with the disease progression (58).
In contrast, other studies suggested a positive correlation with
the disease progression (48, 58), while some others did not
find any variation in this chemokine in ALS patients respect
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FIGURE 3 | Overview of the involverment of ALK-1, ectaxin-1, galectin-1, GITR, IL-2, IL-6, IL-17B R, MIP-1¢, and TROY in ALS. Based on the findings obtained,
ALK-1, eotaxin-1, galectin-1, GITR, IL-2, IL-6, IL-17B R, MIP-1a, and TROY exerted different inflammatory reles in transgenic SOD1G93A mice depending on the

disease stage, influencing their survival rate.

to healthy controls (37), revealing again the controversy of
results found in the literature regarding these chemokines. TROY
levels negatively correlated with lifespan at the symptomatic
stage of the disease. Very little is found in the literature on
TROY’s involvement in ALS. TROY is a TNF receptor family
member expressed in the adult nervous system and forms a
functional receptor complex with RTN4R (NgR1) and LINGO-
1 involved in mediating myelin inhibition (59, 60). In addition,
TROY is a negative regulator of oligodendrocyte development
(61). Alterations in genes involved in myelin structure and
function, and affected oligodendrocytes in the spinal cord
have been described in a mouse model, contributing to the
disruption of axonal integrity and motor neuronal death (62, 63).
Since TROY is involved in both regulation of myelination and
oligodendrocyte development, our findings could suggest that
TROY could be exacerbating disease course, exerting its major
effect at the symptomatic stage.

To sum up, we found that increased levels of five cytokines
(ALK-1, eotaxin-1, galectin-1, GITR, IL-17B R) were associated
with transgenic mice that exhibited a shorter survival rate
at specific time points during disease progression, which
may indicate that the pro-inflammatory nature of these
cytokines could influence the survival time in transgenic mice.
Similarly, negative correlations between the survival rate and
the expression of six cytokines (eotaxin-1, galectin-1, IL-2,
IL-6, MIP-1a, and TROY) at P90 or terminal stages were
found. Therefore, pro-inflammatory cytokines secreted in plasma
could modulate peripheral inflammatory response depending
on the stage of the disease at which they are released;
consequently, high levels of these cytokines could aggravate
the course of the disease favoring shorter longevity in the
animals (Figure 3).

Taken together, our results showed a panel of cytokines, some
of them first described in ALS, in serial plasma samples that
influenced survival in transgenic SOD1G93A mice, highlighting
an activation of immune system dependent on the disease
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stage. However, to date there is not a consensus for the
function of any cytokine in ALS, as their expression in blood
seems to be very variable. The potential advantages of finding
a biomarker in blood are minimal invasiveness and easy
accessibility; however, maybe it is not the best option for
measuring and studying cytokines as prognostic biomarkers, as
those molecules are susceptible to change by other alterations
occurring in the subject. Nevertheless, the findings obtained
in this study confirmed that a predominant pro-inflammatory
status could exacerbate the disease course; therefore, cytokines
could be considered molecular targets for potential therapies.
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Abstract

IL-6 is an inflammatory cytokine whose deregulation has been linked to a variety of
neurodegenerative diseases, such as ALS. The aim of this work was to study the variation of IL-6
levels in damaged tissues during the course of the disease in the SOD1G93A animal model, and
to assess the alteration of this cytokine in blood from ALS patients. We studied IL-6 protein
expression in spinal cord, EDL muscle and SOL muscle from SOD1G93A mice at four stages of the
disease by western blot. In addition, we analyzed gene and protein IL-6 levels in blood from ALS
patients, healthy subjects and patients with other neuropathies through RTgPCR and ELISA. The
results revealed different expression patterns depending on both the tissue analyzed and the
stage of the disease, showing increasing IL-6 expression in EDL over time. Moreover, lower IL-6
levels in blood were found in ALS patients. The decreased gene and protein levels of IL6 in blood
from ALS patients could suggest that IL6 might not be the main pro-inflammatory biomarker in
the last stages in this tissue, in accordance with the findings obtained in the spinal cord of the
animal model. In contrast, IL-6 may play a main role in fast glycolytic muscle fibers associated

with muscle atrophy.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease characterized by a
progressive motor neuron degeneration leading to muscle paralysis and death within 2-5 years
after diagnosis. Although few patients have familial disease, the cause of the majority of ALS
cases is unknown [1]. To date, there are two treatments approved for ALS, riluzole and
edaravone, although they only extend life expectancy for few months [2]. ALS is considered a
heterogeneous disease with multiple pathological mechanisms involved, such as impaired
protein homeostasis, aberrant RNA metabolism, excitotoxicity, mitochondrial dysfunction or

neuroinflammation [3].

Inflammation has been widely studied during the last two decades evidencing its key role in the
progression of ALS. A complex interplay between immune cells and their mediators seems to
promote either disease progression or neuroprotection [4]. A better understanding of this
challenging scenario could shed light on the inflammatory mechanisms which exacerbate the
disease course and would help in the identification of new biomarkers and therapeutic targets.
In this sense, numerous circulating cytokines have been found deregulated in ALS [5], suggesting
they could be mediating diverse inflammatory pathways. One of the cytokines most frequently
found altered is interleukin (IL)-6. IL-6 has pleiotropic functions and can exert both pro-
inflammatory and anti-inflammatory actions in different tissues and organs [6]. Regarding ALS, in
the SOD1G93A mouse model we found that increased IL-6 levels in plasma measured at the
symptomatic and terminal stages were correlated with the longevity of mice, suggesting that
higher levels of IL-6 could be associated with faster progression of the disease [7]. In addition,
multiple studies have assessed IL-6 protein levels in blood from ALS patients and controls,
obtaining very variable results. Unlike blood, few studies addressed the cytokine profile in

tissues, leaving an open field to explore.

Given the little knowledge about the cytokine status in tissues different from blood, in this work
we analyzed in the SOD1G93A mouse model the protein expression of IL-6 in spinal cord and
skeletal muscle at four stages of the disease. Moreover, we studied IL-6 expression at protein
and gene level in blood from a cohort of ALS patients to shed light on the support for diagnosis

role of IL6 at clinical level.
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Materials and methods

Animals and sampling

Transgenic mice were obtained by mating hemizygous B6SJL-Tg SOD1G93A males (stock number
002726) purchased from The Jackson Laboratory (Bar Harbor, ME, USA) with C57BL/6J x SJL/J F1
hybrid females (B6SJLF1) purchased from Janvier Labs (Saint- Berthevin Cedex, France). The
offspring were identified by PCR assay as described in The Jackson Laboratory protocol. The mice
were housed at the animal facilities in Centro de Investigacién Biomédica de Aragdn (CIBA)

under a standard light:dark (12:12) cycle. Food and water were provided ad libitum.

Spinal cord, extensor digitorum longus (EDL) muscle and soleus (SOL) muscle were isolated from
a total of thirty-two wildype (WT) and SOD1G93A mice and their controls after euthanized with
CO2 at four stages of the disease: pre-symptomatic (P40), early symptomatic (P60), symptomatic
(P90) and late symptomatic (P120). These tissues were immediately frozen in dry ice and stored

at —-80¢-C until its processing.

All procedures were approved by the Ethic Committee for Animal Experiments from the
University of Zaragoza. The care and use of animals were performed accordingly with the
Spanish Policy for Animal Protection RD53/2013, which meets the European Union Directive

2010/63 on the protection of animals used for experimental and other scientific purposes.
Experimental design involving patients

This study included a total of sixty participants divided in three groups: twenty ALS patients,
twenty healthy controls and twenty patients with other neuropathies (ONP) originating from the
Clinical Center NEMO, Milan, Italy. The clinical characteristics of the participants in each group
were firstly assessed. In the ALS group, these characteristics included the revised ALS Functional
Rating Scale-revised (ALSFRS-r), the age at onset, age at sampling, gender, the onset site and the
genetic diagnosis (Table 1). The ALSFRS-r provided an estimation of the patient’s degree of

functional impairment.

Blood samples from ALS patients, ONP patients and control subjects were received frozen in
PAXgene™ tubes (BD Biosciences, USA), which were stored at -80 2C until used. Blood samples
from patients were obtained with written informed consent prior to inclusion in the study,
which has been conducted according to Declaration of Helsinki principles, and following the

Directive 2004/23/EC of the European Parliament and of the Council. Participants were
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identified by number, not by name. Procedures with the samples were approved by the Ethics

Committee for Clinical Research of Aragon (CEICA) (P118/078).

Western blotting

Spinal cord, EDL and SOL from eight WT and SOD1G93A mice, per stage, were ground into a
powder using the Tissue Lyser LT (Qiagen). Then, powdered tissues were resuspended in RIPA
lysis buffer together with protease inhibitors (SC-24948, Santa Cruz Biotechnology, Inc., CA, USA)
according to manufacturer’s protocol. Total protein was quantified using the BCA method
(Sigma-Aldrich). A total of 30 pg of protein was loaded into a 10% SDS-PAGE gel to analyze the
protein expression of IL-6. After electrophoresis, proteins were transferred to a PYDF membrane
(Amersham™, GE Healthcare Life Sciences) and subsequently blocked with a Tris-buffered saline
solution containing 5% bovine serum albumin (BSA) and 0.1% Tween as supplement for 1 h at
room temperature. Then, membranes were incubated overnight at 4 °C with the primary
antibody for IL-6 (PK-AB815-61632M, Promokine). The housekeeping proteins selected to
normalize the results were actin beta actin (ACTB) (PA1-183, Thermo Fisher Scientific) for spinal
cord samples, and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (PK-AB718-3781,
Promokine) for muscle samples. SecOMPary antibody used was goat anti-Rabbit 1gG (31466,
Thermo Fisher Scientific). Finally, chemiluminescence detection was performed using Immobilon
Crescendo Western HRP Substrate (Millipore) in a Molecular Imager® VersaDoc™ MP 4000
system. The computer-assisted analysis of the bands was performed with AlphaEase FC software

(Bonsai Technologies Group, S.A., Madrid, Spain).

RTGPCR

The PAXgene Blood RNA Kit (PreAnalytiX, 8634 Hombrechtikon, Switzerland) was used to extract
the RNA fraction from blood samples from ALS patients (n=18), ONP patients (n=20) and healthy
subjects (n=20), following the manufacturer’s instructions. Afterwards, cDNA was synthesized
using the kit gScript™ cDNA SuperMix (Quanta BioScience, Inc.). Following this, gene expression
of IL-6 was quantified through gPCR using the TagMan® probe for IL-6 (Hs00985639_m1, Applied
Biosystems Inc.) mixed with TagMan® Fast Universal PCR Master Mix (Applied Biosystems Inc.).
Three endogenous genes, glyceraldehyde 3-phosphate dehydrogenase (GAPDH)
(Hs99999905_m1), hypoxanthine phosphoribosyltransferase (HPRT) (Hs02800695 m1), and
TATA-binding protein, (TBP) (Hs00427620_m1) were used to normalize the target gene
expression. The AACT method was used to determine relative changes in transcriptional

expression [8].
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ELISA

The same samples used in the qPCR analysis were analyzed to perform ELISA assays. Blood in
PAXgene™ tubes from patients was centrifuged at the initial step and the plasma phase was
collected in new tubes. In this plasma phase, IL-6 protein expression was measured through an
ELISA (BMS213-2, Invitrogen, Thermo Fisher Scientific Inc) in those plasma samples from ALS
patients (n=14), ONP patients (n=20) and healthy subjects (n=18). The protocol was performed

following the manufacturer’s instructions.
Statistical analysis

Results obtained in the western blot analysis and RTgPCR were compared using t-tests or Mann-
Whitney U-tests, depending on the data distribution analyzed by Shapiro-Wilk test. Chi-squared
test was used to analyze the results obtained in the ELISA used to measure IL-6 in plasma
samples from ALS patients. Statistical analysis was performed using SPSS (version 20, IBM,
Armonk, NY). All of the values were expressed as the mean * standard error of the mean (SEM)

or standard deviation (SD). Significance levels were set at p < 0.05.

Results

Expression of IL-6 varies along disease and tissue in SOD1G93A mice

Protein expression of IL-6 was studied in two of the most affected tissues in the disease: spinal
cord and skeletal muscle. The western blot revealed different patterns of expression depending
on both the stage of the disease and the tissue studied (Figure 1). Regarding the spinal cord,
lower levels of IL-6 were found in SOD1G93A mice at P40 and P120 compared to the levels
obtained in WT mice. On the other hand, two different skeletal muscles were studied: the fast-
twitch EDL muscle and the slow-twitch SOL muscle. In EDL we could observe that IL-6 expression
was increased in the SOD1G93A mice from the early symptomatic stage (P60) to the terminal
stage. In contrast, we found a little tendency (p<0.067) for IL-6 to be increased in SOL from
SOD1G93A mice at P40, although the levels were similar in WT and SOD1G93A mice at the other

stages of the disease.
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IL-6 gene expression was downregulated in blood from ALS patients

Gene expression of IL-6 was measured in blood from ALS patients, ONP patients and control
subjects by qPCR. The analysis showed a significant decreased of IL-6 levels in the ALS patients

group compared to levels found in both ONP patients and healthy subjects groups (Figure 2).
Absence of IL-6 protein levels in blood was associated with ALS

IL-6 protein levels were analyzed in blood from ALS patients, ONP patients and healthy subjects.
After performing the ELISAs, we observed in several samples that IL-6 levels were under the limit
of detection of the assay. Given that IL-6 protein concentration was well quantified in half of the
samples, we considered that there was very little or null IL-6 protein in those samples that the
expression was not detected. Thus, we analyzed the association of the presence (detection) or
absence (no detection) of IL-6 with ALS patients, ONP patients and control group. The statistical
analysis using Chi-squared test revealed a significant relation between the absence of IL-6 in
blood and the ALS patients group, x3(2, N = 52) = 7.241, p = 0.027. The proportion of ALS patients
where IL-6 was not detected was 0.9, whereas the proportions found for ONP and control

patients were 0.6 and 0.5, respectively (Figure 3).

Discussion

The cytokine IL-6 has been widely studied in a wide range of neurodegenerative disorders,
including ALS. However, there is still the need to elucidate the exact role of IL-6 during the
disease in different tissues. In this work we have analyzed the IL-6 protein expression in two of
the most damaged tissues in the SOD1G93A mouse model, the spinal cord and the skeletal
muscle, at different stages of the disease to assess its evolution over time. In addition, we have
measured IL-6 gene and protein expression levels in blood from ALS patients to study whether or

not IL-6 could be considered a marker of the peripheral inflammatory response in ALS.

Our results showed lower IL-6 protein levels in spinal cord at the pre-symptomatic and terminal
stages in SOD1G93A mice. On the one hand, this finding supports the early anti-inflammatory or
neuroprotective compensatory response found in CNS [9]. On the other hand, the decreased
expression found at the final stage is not in accordance with a unique previous study reporting
increased IL-6 levels in the spinal cord of SOD1G93A mice [10]. An explanation for the lower
levels of IL-6 found may be that the progressive change to a pro-inflammatory status occurring in

later stages of ALS could be governed through other pro-inflammatory cytokines, such as IL-1
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and tumor necrosis factor (TNF)-a [11], having IL-6 a less relevant effect. On the other hand, the
inflammatory status occurring in the terminal stage in ALS could be explained by higher IL-6
mRNA expression, which could not be translated to protein due to the aberrant RNA processing
occurring in ALS, as previously observed in the SOD1G93A mouse model [12]. Nevertheless, very
little has been found in the literature about the evolution of this cytokine in the spinal cord in
ALS over time and further research could help to better understand the role of this mediator in

the spinal cord.

Regarding the skeletal muscle, we found increasing levels of IL-6 from the symptomatic stage to
the terminal stage in EDL, but not in SOL. Unlike SOL, EDL is mostly composed of fast-twitch and
glycolytic fibers. Previous studies have shown that IL-6 is a myokine whose expression is affected
by fiber type [13, 14]. For example, under no disease condition, IL-6 release was only inducible
from SOL but not EDL muscle, leading to higher IL-6 protein levels in slow oxidative muscle fibers
[13]. However, fast glycolytic fibers (EDL) are more vulnerable than slow-twitch oxidative fibers
(SOL) under a variety of atrophic conditions [15], such as those occurring in ALS. In addition, in
ALS, activated inflammation and abnormal glial responses occur in the limb muscle [16].
Therefore, our finding showing an unusual increase of IL-6 in EDL could indicate that the
inherent pathological processes of ALS are responsible for this stimulation. In addition, IL-6 can
perform as an anti-inflammatory myokine [17], suggesting that increased IL-6 release could
represent a neuroprotective reaction against the excitotoxic damage [18], as observed in an ALS
animal model [19]. In this sense, the progressive muscle atrophy may be accompanied by
increasing IL-6 levels in EDL reflecting the damage suffered by this type of muscles. Interestingly,
inactivation of STAT3-IL6 signaling in fibro-adipogenic progenitors, activated in response to
muscle injury, effectively countered muscle atrophy and fibrosis in mouse models of acute
denervation and SODG93A mice [20]; this suggests that IL-6 could be a potential target to be

considered in ALS therapies.

In relation to circulating IL-6, we analyzed both gene and protein expression of IL-6 in blood
samples from patients. We found significant lower levels of IL-6 mRNA in ALS patients compared
to the levels obtained in healthy subjects and ONP patients. This result is in agreement with a
previous study where they found a downregulation of 116 gene expression in the peripheral
blood of sporadic ALS patients [21]. Similarly, at protein level we found that the absence of IL-6
in blood was significantly associated with the ALS patients group. Despite this association, the no
detection of IL-6 could be caused by the very low concentration of this protein found in blood

due to the method used to collect the blood samples, PAX tubes, which could be interfering in
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the integrity of this cytokine. In addition, the few mRNA transcripts found in blood of ALS
patients could be missed in the translation to protein due to a dysfunction in the RNA

processing, which is similar to our findings related to the spinal cord of the mouse model.

A great variability of protein levels of this cytokine in blood has been found in the literature.
Although many studies reported that higher levels were associated with ALS and correlated with
faster progression of the disease course [5, 19, 22-25], others found no significant differences [4,
26, 27] or even decreasing IL-6 levels in ALS patients over time [28]. These controversial results
suggest that this inflammatory mediator could be susceptible to variations due to processes not
dependent on ALS, e.g. the gender and obesity [29]. In addition, a recent study reported blood
IL-6 protein levels increased with aging in both ALS patients and healthy controls [4]. In the same
study, they also found an association of higher IL-6 levels with respiratory dysfunction,
proposing that this cytokine could be explored as a marker of respiratory failure [4]. Therefore,
the instability of circulating IL-6 could become a barrier for its consideration by itself as a specific

biomarker of ALS.

In our study, in the SOD1G93A mouse model we found increasing IL-6 levels in EDL, which could
correlate with the atrophy progression, and could be an indicator of an anti-inflammatory
response to damage, or it may be exacerbating the inflammatory status in the muscle. In ALS
patients, we found lower circulating IL-6 levels associated with ALS, which could suggest that IL6
might not be the main pro-inflammatory mediator in the last stages in this tissue, in accordance
with the findings obtained in the spinal cord of the animal model. Moreover, given the
controversial results found in blood in the literature, we suggest that tissues damaged directly
by the disease, such as the skeletal muscle predominantly composed of fast glycolytic muscle
fibers, could provide a closer insight of the mechanisms involved in ALS. Accordingly, future
studies focused on the study of the role of IL-6 in the skeletal muscle of ALS patients by muscle
biopsies could be significance. Although further research is needed to shed light on this, IL-6
could be a potential molecular target to modulate the imbalanced inflammatory status of the

skeletal muscle in ALS.
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Figures and tables

Table 1. General and clinical characteristics of the subjects involved in the study. All ALS patients
showed 48 of ALSFRS-r at the moment of taking the simple and present mutations in the

following genes: Sod1, Fus, Tardbp and C9orf72.

. \ L ALS patients ONP patients Control subjects
Patients' characteristics

(n=20) (n=20) (n=20)
13 males 12 males 7 males
Gender (n)
7 females 8 females 13 females
Age at illness onset (mean + SD) 64 +8.43

Disease duration, months (mean % SD) 26+ 17.56

Age at sampling (mean % SD) 66 + 8.67 56 +12.08 61 +9.56
Site at illness onset (n patients)
Bulbar
Upper limb
Lower limb
Generalized

= N o0 Ul b

Respiratory
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Figure 1. Relative protein expression of IL-6 in spinal cord, EDL and SOL from WT and SOD1G93A
transgenic mice at P40, P60, P90 and P120. Protein expression of IL-6 was analyzed in spinal cord
(A, B), EDL (C, D) and SOL (E, F). The sample size was 4 WT and 4 SOD1G93A mice. Unrelated t-
test or Mann-Whitney U-tests were used. Graphics show relative mean # standard error of the

mean. *p<0.05, **p<0.01, *p<0.10.
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Figure 2. IL-6 gene expression was downregulated in blood from ALS patients. Gene expression
of IL-6 was measured by gPCR in 18 ALS patients, 20 ONP patients and 20 control subjects.

Unrelated t-test test was used. Graphic shows relative mean + standard deviation. *p<0.05.
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Figure 3. Number of subjects showing presence or absence of IL-6 in their blood and grouped by
the disease condition. The relation between the presence/absence of IL-6 in blood of ALS
patients (n=14), ONP patients (n=20) and controls (n=18) was evaluated by a Chi-squared test
(A). The difference in proportions was found significant, x2(2, N = 52) = 7.241, p = 0.027. Graphic

shows absolute number of subjects (B).
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Neuroprotective fragment C of tetanus toxin modulated inflammation in

an ALS mouse model.

Moreno-Martinez, L.; de la Torre, M; Muhoz, M.J.; Zaragoza, P.; Aguilera, J.;

Calvo, A.C.; Osta R.
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Abstract

Neuroinflammation plays a significant role in ALS pathology, which has led to the development
of therapies targeting inflammation in the last years. Our group has studied the tetanus toxin C-
terminal fragment (TTC) as a therapeutic molecule in ALS, showing neuroprotective properties in
the SOD1G93A mouse model. However, it is unknown whether TTC could have some effect on
inflammatory mechanisms. The objective of this study was to assess the effect of TTC on the
regulation of inflammatory mediators to elucidate its potential role in modulating inflammation
occurring in ALS. After TTC treatment in SOD1G93A mice, levels of eotaxin-1, IL-2, IL-6 and MIP-
la and galectin-1 were analyzed by immunoassays in plasma samples, whilst protein expression
of caspase-1, IL-1B, IL-6 and NLRP3 was measured in spinal cord, EDL and SOL. The results
showed reduced levels of IL-6 in plasma, spinal cord, EDL and SOL in treated SOD1G93A mice. In
addition, TTC showed a different role in the modulation of NLRP3 and caspase-1 depending on
the tissue analyzed. In conclusion, our results suggest that TTC could have a potential anti-
inflammatory effect by reducing IL-6 levels in tissues drastically affected by the disease.
However, further research is needed to study more in depth the anti-inflammatory effect of TTC

in ALS.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease characterized by
the loss of the cortex, brainstem, and spinal cord motor neurons (MNs). This motoneuron
degeneration leads to muscle paralysis and, finally, premature death due to respiratory failure
within 2-5 years after diagnosis. There is currently no cure for the disease, although some drugs
are used to slow disease progression, such as riluzole, and more recently, edaravone and
masitinib [1]. Despite the numerous pathologic mechanisms proposed, the etiology of the

majority of ALS cases, sporadic ALS (SALS), is unkown.

Neuroinflammation is a relevant hallmark in ALS pathology and it is characterized by microglial
activation, astrogliosis, infiltration of T lymphocytes and monocytes, and overproduction of
inflammatory cytokines [2-4]. It has been suggested that inflammatory factors may modulate the
disease progression and survival rate in ALS. Accordingly, a wide range of pro-inflammatory
mediators, such as interleukins, have been deeply studied in the last years with the purpose of
identifying a panel useful to predict the disease course. The interleukins most frequently found
dysregulated in ALS were IL-2, IL-6 and IL-17 [5], although there are some controversial results
that question the role of these cytokines as reliable biomarkers. More recently, another
mechanism associated with the immune system, the NLRP3 inflammasome, has been studied in
ALS showing its involvement in the disease [6-8]. NLRP3 inflammasome is an essential
mechanism involved in immune responses through the activation of caspase-1 leading to the
maturation of IL-1B and IL-18, and the induction of pyroptosis [9]. The cause of the participation
of NLRP3 inflammasome in ALS could underlie in the misfolded protein aggregates found in ALS,
as they could become damage-associated molecular patterns (DAMPs) and cause direct
activation of NLRP3, following the activation of cytokines [10]. In an attempt to modulate the
inflammatory mechanisms in ALS, therapies targeting inflammation have emerged in the last

years showing promising results, such as the infusion of regulatory T cells (Tregs) [11-13].

In view of this, it becomes vital to find therapies aimed to control the dysregulation of the
immune system in ALS to mitigate the inflammatory responses that result harmful in the
disease. Our group has been studying the potential role of the tetanus toxin C-terminal fragment
(TTC) as a therapeutic molecule in ALS during the last decade. Its non-toxic nature and
neuroprotective properties have made TTC a potential carrier molecule through the nervous
system as well as a therapeutic molecule for neurological disorders [14, 15]. Especially in the

SOD1G93A mouse model, we demonstrated that TTC treatment ameliorated the decline of
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hindlimb muscle innervation, significantly delayed the onset of symptoms and functional

deficits, improved spinal motor neuron survival, and prolonged lifespan [16].

Despite the participation of TTC in several mechanisms dysregulated in ALS, such as apoptosis, it
is unknown whether TTC could have some effect at the immunological o inflammatory level.
Thus, the aim of this work was to study the possible anti-inflammatory effect of TTC in the
SOD1G93A mouse model by studying its effect on the regulation of some pro-inflammatory

cytokines previously described altered in ALS, and on NLRP3 inflammasome proteins.

Materials and methods

Animals

Transgenic mice were obtained by mating hemizygous B6SJL-Tg SOD1G93A males (stock number
002726) purchased from The Jackson Laboratory (Bar Harbor, ME, USA) with C57BL/6J x SJL/J F1
hybrid females (B6SJLF1) purchased from Janvier Labs (Saint- Berthevin Cedex, France). The
offspring were identified by PCR assay as described in The Jackson Laboratory protocol. The mice
were housed at the animal facilities in Centro de Investigacién Biomédica de Aragén (CIBA)

under a standard light:dark (12:12) cycle. Food and water were provided ad libitum.

All procedures were approved by the Ethic Committee for Animal Experiments from the
University of Zaragoza. The care and use of animals were performed accordingly with the
Spanish Policy for Animal Protection RD53/2013, which meets the European Union Directive

2010/63 on the protection of animals used for experimental and other scientific purposes.
Treatment with recombinant TTC protein

Recombinant TTC protein was kindly provided by José Aguilera from UAB, CIBERNED, Barcelona,
Spain. Twelve SOD1G93A mice were injected via intramuscular with 1 pg of TTC recombinant
protein at P55, corresponding to the early symptomatic stage. Simultaneously, twelve
SOD1G93A mice were injected with phosphate-buffered saline (PBS) as the control group.
Groups were sex-balanced and littermates were equally distributed in both groups. Injections

were made weekly until P110, when they were euthanized to proceed to collect the samples.
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Sample collection

Serial plasma samples were taken from the twenty four mice at three stages: P60, P90 and P110.
Plasma samples at P60 and P90 were obtained from submandibular bleeding, whilst those at
terminal stage were collected from blood extracted by cardiac puncture immediately after
euthanasia. Blood was extracted and transferred to EDTA coated mini vacutainer tubes (BD
Biosciences, USA). Then, blood was centrifuged at 3,000 rpm for 10min at 42C within 30 min

from extraction, plasma was collected and immediately frozen in dry ice and stored at —80-C.

Spinal cord and two different skeletal muscles, extensor digitorum longus (EDL) and soleus (SOL),
were isolated from SOD1G93A mice after euthanized with CO2 at P110. These tissues were

immediately frozen in dry ice and stored at —80-C until its processing.

ELISA and Multiplex immunoassays

Levels of eotaxin-1, IL-2, IL-6 and macrophage inflammatory protein (MIP)-1 alpha (a) were
analyzed by multiplex immunoassay (ProcartaPlex Multiplex Immunoassay, Affymetrix
eBioscience, Thermo Fisher Scientific Inc.) and galectin-1 levels by enzyme-linked
immunosorbent assay (ELISA) (Boster Biological Technology) in serial plasma samples from
eleven (in multiplex) and twenty two (in ELISA) control and TTC-treated SOD1G93A mice at the

three different stages of the disease.

Western blotting

Spinal cord, EDL and SOL from eight control and TTC-treated SOD1G93A mice were ground into a
powder using the Tissue Lyser LT (Qiagen). Then, powdered tissues were resuspended in RIPA
lysis buffer together with protease inhibitors (SC-24948, Santa Cruz Biotechnology, Inc., CA, USA)
according to manufacturer’s protocol. Total protein was quantified using the BCA method
(Sigma-Aldrich). A total of 30 pg of protein was loaded into a 10% SDS-PAGE gel to analyze the
protein expression of caspase-1, IL-1pB, IL-6 and NOD-, LRR- and pyrin domain-containing protein
3 (NLRP3). After electrophoresis, proteins were transferred to a PVDF membrane (Amersham™,
GE Healthcare Life Sciences) and subsequently blocked with a Tris-buffered saline solution
containing 5% bovine serum albumin (BSA) and 0.1% Tween as supplement for 1 h at room
temperature. Then, membranes were incubated overnight at 4 C with the following primary
antibodies: caspase-1 (sc-1218-R, Santa Cruz Biotechnology, Inc., CA, USA), IL-1B (sc-7884, Santa
Cruz Biotechnology, Inc., CA, USA), IL-6 (PK-AB815-61632M, Promokine) and NLRP3 (sc-66846,
Santa Cruz Biotechnology, Inc., CA, USA). The housekeeping protein selected to normalize the

results was actin beta actin (ACTB) (PA1-183, Thermo Fisher Scientific). Secondary antibody used
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was goat anti-Rabbit IgG (31466, Thermo Fisher Scientific). Finally, chemiluminescence detection
was performed using Immobilon Crescendo Western HRP Substrate (Millipore) in a Molecular
Imager® VersaDoc™ MP 4000 system. The computer-assisted analysis of the bands was

performed with AlphaEase FC software (Bonsai Technologies Group, S.A., Madrid, Spain).

Statistical analysis

Results obtained in immunoassays were compared between the treated and control SOD1G93A
groups using t-tests or Mann-Whitney U-tests, according to data distribution analyzed by
Shapiro-Wilk test. Statistical analysis was performed using SPSS (version 20, IBM, Armonk, NY)
and GraphPad Prism Software (version 5, La Jolla, CA). All of the values were expressed as the

mean + standard error of the mean (SEM). Significance levels were set at p < 0.05.

Results

TTC reduces IL-6 levels in plasma from SOD1G93A mice at the symptomatic stage

Protein levels of eotaxin-1, galectin-1, IL-2, IL-6 and MIP-1a were analyzed in serial plasma
samples from SOD1G93A mice under TTC treatment and their controls (Table 1). The results
obtained showed reduced levels of IL-6 at the symptomatic stage (P90) in mice inoculated with
TTC (Figure 1). We did not observe other statistically significant differences in the levels of the

other cytokines measured when comparing the two groups of mice.

TTC differently modulates the expression of NLRP3, caspase-1 and IL-6 in spinal cord and two
types of skeletal muscle fibers from SOD1G93A mice

Caspase-1, IL-1B, IL-6 and NLRP3 protein expression was quantified in spinal cord, EDL and SOL
from SOD1G93A mice treated with TTC and their controls at a late stage of the disease (Figure
2). The western blot assay showed that the levels of IL-6 and NLRP3 in spinal cord and SOL were
decreased in the group of mice under TTC treatment compared to their controls. Similarly, we
found a downregulation of IL-6 in EDL in the TTC-treated group of mice. In contrast, we could
observe different effect of TTC depending on the muscle. NLRP3 protein levels were not found
decreased in EDL from the TTC-treated group. On the other hand, caspase-1 was found

decreased in EDL and increased in SOL from mice treated with TTC.
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Discussion

Neuroinflammation is a significant feature of ALS pathogeny. Therefore, the development of
therapies that can modulate the inflammatory mechanisms arisen in ALS could be helpful in the
fight with this disease. Previous studies have demonstrated the positive effect of TTC in the
SOD1G93A mouse model by protecting against spinal motor neuron loss, reducing microgliosis,
delaying the onset of symptoms and prolonging lifespan [15, 16]. However, whether TTC could
modulate the inflammation occurring in ALS is unknown. In this work, we studied the effect of a
TTC-based therapy in the SOD1G93A transgenic mice on the regulation of several pro-
inflammatory mediators in plasma, and also on NLRP3 inflammasome proteins in two of the

most affected tissues in the disease: spinal cord and skeletal muscle.

IL-6 levels were measured in serial plasma samples from control and TTC-treated transgenic
mice at three different stages of the disease. Concurrently, IL-6 protein expression was analyzed
in spinal cord, EDL and SOL from these mice at a late stage of the disease. Our results showed a
consistent downregulation of IL-6 levels in plasma at P90 and the other tissues analyzed at P110
from mice which received TTC injections. IL-6 is a cytokine involved in inflammation and the
maturation of B cells, and it is principally produced at sites of acute and chronic inflammation. In
relation to ALS, many studies have reported higher levels of IL-6 in blood from ALS patients
compared to healthy patients [17-23]. However, there are works pointing out the large
variability of this cytokine [24, 25], highlighting that this dysregulation does not seem to be
specific to ALS [26, 27]. Despite the controversy found in blood from ALS patients, there is a
previous study with the SOD1G93A murine model performed by our group, where we found a
negative correlation between the expression of IL-6 in plasma at P90 and the survival rate [28],
which is the same stage where we observed the TTC effect in plasma. This result suggests that
TTC could ameliorate the altered inflammatory status which is found at the symptomatic stage
of the disease. Similarly to plasma, we found that TTC also reduced the levels of IL-6 in spinal
cord, EDL and SOL. These findings could imply that TTC may be helpful in counteracting the

inflammatory mechanisms promoted by the activation of IL-6 in the most affected tissues in ALS.

Despite the large variability observed in the literature, the alteration of IL-6 in ALS patients and
ALS animal models along disease course is frequent [5, 21]. Given that elevated levels of IL-6 can
lead to a higher status of inflammation, strategies aimed at reducing this cytokine could be
useful to modulate inflammation occurring in ALS. In this sense, several therapies showing some
positive effects in the disease were also able to modulate IL-6 expression, suggesting that this

modulation could help in the improvement of ALS pathology [29-31]. According to this, our
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finding showing the effect of TTC downregulating the expression of IL-6 in plasma, spinal cord
and skeletal muscle may suggest that TTC could have a role in palliating the disease course

through reducing inflammation mediated by IL-6.

Apart from IL-6, other pro-inflammatory mediators were measured in serial plasma samples
from the transgenic mice: eotaxin-1, galectin-1, IL-2 and MIP-1a. The selection of these
cytokines was based on a previous study where we found negative correlations between the
levels of these proteins in plasma and the survival rate of the SOD1G93A transgenic mice [28].
Accordingly, other studies reported increased levels of eotaxin-1, IL-2 and MIP-1a in plasma
from ALS patients compared to healthy patients [19, 32-34]. However, we could not observe any
difference in the levels of any of these proteins between the control group and the TTC-treated
group. Although reducing these mediators could result of interest to elucidate their role in
ameliorating the disease course, TTC did not seem to exert an effect on the modulation of the

levels of these cytokines.

Expression of proteins belonging to NLRP3 inflammasome, particularly caspase-1, IL-1f and
NLRP3, was analyzed by western blot in spinal cord, EDL and SOL. We could observe different
effects exerted by TTC depending on the tissue. NLRP3 was downregulated in both spinal cord
and SOL from TTC-treated mice; in contrast, this significant change was not found in EDL.
Regarding to caspase-1, we found a different regulation of TTC depending on the muscle: it was
decreased in EDL, whereas it was upregulated in SOL. IL-1B was also studied, but we could not
find any change dependent on the TTC treatment. The contribution of NLRP3 inflammasome and
its components in ALS pathogeny has been studied in the recent years [8, 10, 35]. For instance, it
has been demonstrated to be activated in brain of SOD1G93A rats through an upregulation of
the protein levels of NLRP3, caspase-1, IL-1B and IL-18 compared to WT rats [7]. Similarly, it was
found activated also in spinal cord from SOD1G93A mice and ALS patients [36]; specifically,
NLRP3 was found increased only at a late stage of the disease in transgenic mice. According to
our results, TTC reduced NLRP3 levels in spinal cord at P110, suggesting that TTC may modulate
the late activation of NLRP3 in this tissue. On the other hand, lower caspase-1 gene expression in
spinal cord in non-treated SOD1G93A mice was already described by our group, which is in

accordance with our results [16].

The activation of the NLRP3 inflammasome in the skeletal muscle has been demonstrated as
well, where increased levels of caspase-1 and IL-13 where found in pre-symptomatic SOD1G93A
mice, and they were elevated in denervated muscles from these mice and ALS patients [37].

According to our results, TTC could have a role in palliating the effects of active caspase-1 in SOL,
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but not in EDL. The differences observed between both skeletal muscles could be explained by
their opposed phenotypes: slow-twitch SOL and fast-twitch EDL, as they can show different
expression patterns of myokines or other proteins depending on their fiber-composition [38,
39]. In this sense, in the case of EDL, which is mostly affected by the disease progression with
respect to SOL, the protective effect of TTC could not be sufficient enough to modulate caspase-

1 levels.

Given the evident activation of the NLRP3 inflammasome in ALS, therapies targeting that
activation have been developed in an attempt to palliate the inflammatory processes. In ALS
microglial cells, NLRP3 inflammasome activation was inhibited through the anti-inflammatory
cyclic dipeptide (His-Pro) [40]. Similarly, the anti-inflammatory molecule 17B-estradiol improved
the motoneurons survival in SOD1G93A and reduced the NLRP3 inflammasome in the spinal
cord of these mice, especially caspase-1 and IL-1f3, suggesting the potential beneficial effect of
modulating NLRP3 inflammasome in ALS [41]. In line with these findings, we observed that TTC
could reduce the levels of NLRP3 and caspase-1 in spinal cord and SOL. However, this
downregulation was not found in EDL, and it did not imply the following decrease of the other
components of the inflammasome, especially IL-1B, which is the final effector of this complex
and finally leads to neuroinflammation. Despite the influence of TTC on the expression of some
of these proteins, further research is needed to elucidate to how extent these changes could

lead to an alleviation of the mechanisms involving NLRP3 inflammasome in the disease.

In conclusion, our results suggest that TTC could have a potential anti-inflammatory effect by
reducing IL-6 levels in tissues drastically affected by the disease, and also modulating the
expression of NLRP3 inflammasome proteins. Although further research is needed to study more
in depth the anti-inflammatory effect of TTC in ALS, this characteristic added to the other
properties of TTC previously observed in the SOD1G93A mice may point out TTC as a potential

therapeutic molecule for ALS.
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List of abbreviations

ALS Amyotrophic lateral sclerosis

ACTB Beta actin

BSA Bovine serum albumin

DAMPs Damage-associated molecular patterns
EDL Extensor digitorum longus

ELISA Enzyme-linked immunosorbent assay

IL Interleukin

MIP-1a Macrophage inflammatory protein 1 alpha
NLRP3 NOD-, LRR- and pyrin domain-containing protein 3
PBS Phosphate-buffered saline

SALS Sporadic amyotrophic lateral sclerosis
soL Soleus

TTC C-terminal fragment of the tetanus toxin
TG Transgenic

WT Wildtype
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Figures and tables

Table 1. Levels of pro-inflammatory mediators in serial plasma samples from control and TTC-
treated SOD1G93A transgenic mice at P60, P90 and P110. The sample size was 11 (5 Control and
6 TTC) mice for eotaxin-1, IL-2, IL-6 and MIP-1a, and 22 (11 control and 11 TTC) mice for galectin-

1. Unrelated t-test or Mann-Whitney U-tests were used. Values are mean % standard error of the

mean. *p<0.05.

Protein Age Control TTC p-value
Eotaxin-1 P60 163.407 + 15.992 170.119 + 19.104 0,799
(pg/ml) P90 158.566 + 17.151 147.400 + 19.803 0,687
P110 236.529 + 19.625 203.274 + 33.074 0,412

. P60 42562.638 £ 6977.809 42872.392 + 4757.342 0,971
G:;:;:::)—l P90 21041.705 + 1657.878  25930.396 + 3328.63 0,192
P110 37897.955+4724.214  39839.61 + 5479.457 0,798

P60 2.262 + 0.442 2.420 + 0.403 0,816

(pIgL/-:‘I) P90 1.994 + 0.697 1.870 + 0.667 0,902
P110 2.980 + 1.077 3.376 £ 1.654 0,853

P60 13.451 + 3.255 5.626 + 1.064 0,062

(pIgL/-anI) P90 13.810 = 0.502 7.735 + 1.764 *0,021
P110 13.097 + 1.828 10.727 = 2.188 0,429

MIP-1ol P60 0.820 + 0.144 0.552 + 0.093 0,157
(pg/ml) P90 0.659 + 0.137 0.706 + 0.281 0,877
P110 1.250 + 0.267 1.278 + 0.256 0,941
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Figure 1. Expression of pro-inflammatory mediators in serial plasma samples from control and
TTC-treated SOD1G93A transgenic mice at P60, P90 and P110. The sample size was 11 (5 Control
and 6 TTC) mice for eotaxin-1, IL-2, IL-6 and MIP-1qa, and 22 (11 control and 11 TTC) mice for
galectin-1. Unrelated t-test or Mann-Whitney U-tests were used. Graphics shows mean %

standard error of the mean. *p<0.05.
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Figure 2. Relative protein expression of NLRP3, caspase-1, pro-caspase-1, IL-1 and IL-6 in spinal
cord, EDL and SOL from control and TTC-treated SOD1G93A transgenic mice at P110. Protein
expression of NLRP3, caspase-1, pro-caspase-1, IL-1B and IL-6 was analyzed in spinal cord (A, B),
EDL (C, D) and SOL (E, F). The sample size was 4 control and 4 TTC-treated mice. Unrelated t-test
or Mann-Whitney U-tests were used. Graphics shows relative mean + standard error of the

mean. *p<0.05.
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Abstract

The immune system is dysregulated in amyotrophic lateral sclerosis (ALS), contributing to
exacerbate the course of the disease. Granzyme A (gzmA) is a serine protease involved in the
modulation of the inflammatory immune response that has been found elevated in serum from
ALS patients. However, it is not clear yet whether gzmA could influence on progression of ALS
disease. Thus, the aim of our work was to assess whether the absence of gzmA in an ALS murine
model could help to slow down the progression of the disease. Homozygous and hemizygous
gzmA deficient mice expressing the SOD1G93A transgene were generated by crossing the
SOD1G93A transgenic and gzmA deficient mice. Survival of mice presenting the three gzmA
genotypes was monitored and Gzma gene expression was measured in spinal cord and
quadriceps from these mice. We observed the greatest lifespan in gzmA+/- mice, which was
similar to the one observed in gzmA-/- mice, whereas gzmA+/+ showed the shortest survival
rate. Gzma gene expression was downregulated in spinal cord from gmzA+/- mice, confirming
that increased survival of hemizygous mice correlated with lower gzmA gene expression levels.
In addition, mRNA levels of IL-1B, a pro-inflammatory cytokine, and GSR, involved in oxidative
stress, were also found downregulated in spinal cord from gmzA+/- mice. In summary, our
findings indicate for the first time that reduced levels, but not the absence, of gzmA could

ameliorate the disease progression in this animal model.

Keywords: granzyme A; SOD1G93A mice; inflammation; amyotrophic lateral sclerosis; genetic

background.
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Introduction

Amyotrophic lateral sclerosis (ALS) is a devastating neurodegenerative disease that leads to
progressive motor neuron degeneration and muscle denervation [1]. Only 5-10% of ALS patients
have a family history, whereas more than 90% of ALS cases are sporadic with unknown cause.
One of the emerging mechanisms involved in ALS pathogenesis is neuroinflammation [2-4].
Supporting this, many pro-inflammatory molecules have been found upregulated in both
SOD1G93A mice and ALS patients, such as tumor necrosis factor alpha (TNF-a), interleukin (IL)-

1B, IL-2, IL-6 [5, 6], becoming possible therapeutic targets.

Granule-secreted enzymes (granzymes) belong to the family of serine proteases which are
mainly, but not exclusively, expressed by T lymphocytes and natural killer (NK) cells [7, 8].
Traditionally they were thought to exert their biological functions by inducing cell death in tumor
and virus infected cells; however, in the last years it has become clear that they can also regulate
other biological processes including the modulation of the inflammatory immune response
during different inflammatory/autoimmune diseases like sepsis, aging, cardiovascular diseases

or arthritis [7-9].

In relation to ALS, there is only one study reporting that both gzmA and granzyme B (gzmB)
serum levels were elevated in ALS patients and associated with faster progression of the disease
[10]. Moreover, it has been demonstrated that gzmA can induce a pro-inflammatory cytokine
response in different cell types [11], suggesting that granzymes could also be harmful in ALS.
Considering this, we hypothesized that the absence of gzmA could help to slow down the course

of ALS in vivo.

Material and Methods

Animals

B6SJL-Tg SOD1G93A mice (stock number 002726, The Jackson Laboratory), inbred C57BL/6
mouse deficient in granzyme A (provided by Markus Simon from the Max-Planck-Institut fur
Immunbiologie, Freiburg) and their offspring were housed at the animal facilities in the Centro
de Investigacion Biomédica de Aragdn. Their genotypes were analyzed as previously described

[12] and following the The Jackson Laboratory protocol.
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All procedures were approved by the Ethic Committee for Animal Experiments from the
University of Zaragoza (P129/13). The care and use of animals were performed accordingly with
the Spanish Policy for Animal Protection RD53/2013, which meets the European Union Directive

2010/63 on the protection of animals used for experimental and other scientific purposes.
Crossing and survival studies

Firstly, littermate hemizygous SOD1G93A mice (gzmA+/- and gzmA-/-) were obtained by crossing
hemizygous SOD1G93A and gzmA males with C57BL/6 females deficient in gzmA. Survival
analysis included the littermate sex-balanced hemizygous SOD1G93A mice (n=16 gzmA-/-; n=13
gzmA+/-), and also a group of B6SJL-Tg SOD1G93A mice (n=57 SOD1+/-,gzmA+/+).

Secondly, we crossed hemizygous SOD1G93A and hemizygous gzmA mice to generate littermate
mice with the three gzmA genotypes in the same genetic background. Second survival analysis
involved littermate sex-balanced hemizygous SOD1G93A mice (n=34 gzmA-/-, n=49 gzmA+/- and

n=19 gzmA+/+).

The humane endpoint for these mice was defined as the loss of righting reflex as shown by a

failure to right after laying the mouse on its side for 30 seconds [13], used in survival studies.
RTqPCR

Quadriceps and spinal cords were obtained from 16 littermate SOD1G93A mice (6 gmzA+/+, 6
gzmA+/-, and 4 gzmA-/-) at the endpoint. RNA and cDNA were extracted using the kits Direct-
zol™ RNA MiniPrep (R2052, Zymo Research Corp.) and qScript™ cDNA SuperMix (Quanta
BioScience, Inc.), respectively. Following this, the gene expression of gzmA (Gzma), IL-1B (l11B),
IL-6 (116), glutathione reductase (Gsr) and metallothionein 2 (Mt2) was quantified by gPCR using
TagMan® probes (Mm01304452_m1, Mm00434228 m1, Mm00446190_m1, Mm00833903 _m1,
MmO00809556_s1, Applied Biosystems Inc., respectively). The data obtained were normalized
with the housekeeping glyceraldehyde-3-phosphate dehydrogenase (Gapdh) (4352932E, Applied
Biosystems Inc.) mixed with TagMan® Fast Universal PCR Master Mix (Applied Biosystems Inc.).
The AACT method was used to determine relative changes in transcriptional expression.
Statistical analyses of the data were performed using the fold change (2-AACt), as previously

described [14].
Statistical analysis

The survival time of mice was evaluated using Kaplan-Meier analysis and Log-Rank test.

Comparisons of means of gene expression were analyzed by unrelated t-test. Statistical analysis
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was performed using SPSS (version 20, IBM, Armonk, NY) and GraphPad Prism Software (version

5, La Jolla, CA). Significance levels were set at a p-value less than 0.05.

Results

Lifespan is shorter in gzmA+/+ mice.

Our aim was to assess whether deficiency of gzmA could influence survival rate of SOD1G93A
transgenic mice. Firstly, we analyzed the lifespan of three groups of mice expressing the
SOD1G93A transgene but different alleles of gzmA: gzmA+/- and gzmA-/- generated by crossing
gzmA-/- mice with SOD1G93A transgenic mice and expressing the same genetic background; and
gzmA+/+ (SOD1G93A transgenic mice) with different background. The survival rate mean (days)
and the standard error of the mean (SEM) for each group was: gzmA+/+ (130.44 + 1.13),
gzmA+/- (141.38 + 2.14) and gzmA-/- (145.81 + 2.24). After the statistical analysis, we observed
that both gzmA+/- and gzmA-/- mice lived significantly longer (p<0.001) than gzmA+/+ mice
(Figure 1A). However, this difference could be as a result from either the action of gzmA or the

different genetic background of mice.

To elucidate whether or not the background could influence the survival time, we carried out a
second mate to obtain littermate transgenic mice presenting the three gzmA genotypes in the
same genetic background. The mean survival rate (days) and SEM for each group was: gzmA+/+
(143.00 * 2.34), gzmA+/- (149.12 + 1.34) and gzmA-/- (147.24 £ 1.33). In this case, similar to the
first analysis, gzmA+/+ mice lived shorter than the other two groups, but only mean expression
levels of gzmA+/+ and gzmA+/- mice were statistically different (p=0.022). In contrast, no
significant differences were found between survival means of neither gzmA-/- mice and

gzmA+/+ (p=0.285) nor gzmA-/- and gzmA+/- (p=0.128) (Figure 1B).
Gzma and 1118 gene expression is downregulated in spinal cord from hemizygous gzmA mice.

Considering the different survival time of mice depending on the gzmA genotype, we aimed to
confirm that those variations were due to a real downregulation of Gzma gene expression and
other gzmA-regulated genes involved in inflammation in affected tissues from these animals. In
this sense, we analyzed spinal cord and quadriceps muscle, which are the main damaged tissues
in ALS. The gPCR assay showed that both Gzma and II13 mRNA levels were statistically

significant lower in spinal cord from gzmA+/- mice compared to the levels obtained from
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gzmA+/+ mice (p<0.05). As expected, no Gzma expression was detected in the gzmA knock-out

mice used as controls (Figure 2).
Oxidative stressed is reduced in spinal cord from hemizygous gzmA mice.

To study more in depth the effect of the reduction of gmzA we measured mRNA levels of Gsr
and Mt2, involved in oxidative stress, which is a relevant mechanism dysregulated in ALS
disease. We found a significant downregulation of Gsr mRNA levels in spinal cord from

hemizygous mice compared to the levels obtained in homozygous mice (p<0.05) (Figure 2).

Discussion

Neuroinflammation is one of the hallmarks in ALS, where an inflammatory status prevails as
disease progresses. Among the very well-known granzymes in humans, gzmA mainly potentiates
the release of cytokines to the extracellular environment, promoting a pro-inflammatory
response [15] and participating in inflammatory and autoimmune diseases [16-18]. In this line, a
gzmA knockout mouse showed reduced levels of pro-inflammatory cytokines in rheumatoid
arthritis and sepsis mouse models [19, 20]. Considering this, the fine-tune modulation of gzmA
response could be also altered to counteract inflammation in ALS, since a previous clinical study
in patients suggested a link between ALS and gzmA [10]. In this work we found that reduced

levels, but not the total absence, of granzyme A slowed down the course of the disease.

In the first cross we observed that gzmA+/- and gzmA-/- mice survived more than ten days
longer than gzmA+/+ mice suggesting that a downregulation of gzmA could ameliorate the
course of the disease. However, the genetic background might influence the lifespan duration in

the animals, as previously reported in this mouse model [21, 22].

In the second mate we also observed differences between the lifespan duration of homozygous
and hemizygous mice in the same genetic background. However, only hemizygous mice showed
the greatest survival rate, possibly because gzmA could play a dual role in inflammation, and be

partially beneficial for the disease.

To support our results, lower Gzma mRNA levels were found in spinal cord from hemizygous
mice compared to gzmA+/+ mice, which is in accordance with the observed differences in the
lifespan of mice. In addition, we also found the gene expression of Il13, a pro-inflammatory

cytokine related to GzmA, was downregulated in spinal cord from hemizygous mice. Similarly,
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other studies have focused on pro-inflammatory molecules involved in ALS pathology that are
indirectly related to gzmA. Some studies have shown associations between the absence of
several molecules and faster or slower disease progression [23-25]. For instance, the deficiency
of IL-1B extended the lifespan in SOD1G93A transgenic mice [26], which could explain the longer
survival rate observed in gzmA+/- mice since gzmA can directly or indirectly activate the
production of IL-1 [11, 15]. Similarly to our results, another work suggested there was no link
between the lack of IL-6 and the disease progression or the lifespan in SOD1/IL6 transgenic mice

[27].

On the other hand, we found Gsr mRNA levels reduced in spinal cord from hemyzigous gzmA
mice. It has been shown that oxidative stress is enhanced in transgenic SOD1G93A mice at
terminal stages, triggering progressive mitochondrial damage during disease course. Concerning
the protective effect of reduced gzmA levels and accordingly to our results, this mitochondrial
damage in transgenic gzmA+/+ mice could be favored in a greater extent than in transgenic
gzmA+/- mice since gzmA has been shown to activate reactive oxygen species (ROS) generation
from mitochondria [28, 29]. In contrast, the total absence of gzmA does not seem to have a

potential effect to counteract the oxidative stress on neither the spinal cord nor quadriceps.

In conclusion, we demonstrated that the absence of gzmA did not prolong the survival in
SOD1G93A mice, but a partial deficiency of gzmA could be enough to ameliorate the progression
of the disease, which could be explained by a dual role of gzmA-mediated inflammation in ALS.
These are only preliminary results and further research is needed to elucidate the role of gzmA

in ALS pathogenesis.
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List of abbreviations

ALS Amyotrophic lateral sclerosis
Gsr Glutathione reductase
Gapdh Glyceraldehyde-3-phosphate dehydrogenase
gzmA Granzyme A

gzmB Granzyme B

IL Interleukin

Mt2 Metallothionein 2

NK Natural killer

ROS Reactive oxygen species
SEM Standard error of the mean
TNF-a Tumor necrosis factor alpha
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Figure 1. Survival curves of SOD1G93A mice varying in gzmA genotype. Survival analyses were
performed with mice showing the three gzmA genotypes, in different genetic background (A)
and the same background (B). In both cases, statistically significant differences were found in the

survival rate between gzmA+/-and gzmA+/+ mice (p<0.05). Mean survival rates of gzmA-/- mice

and gzmA+/+ mice were statistically different only in the first study (p<0.05) (A).
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Figure 2. Gzma, Il1B, 116, Gsr, Mt2 gene expression in spinal cord and quadriceps from SOD1G93A
mice. Gzma, ll1B, 16, Gsr, Mt2 gene expression was analyzed in spinal cord and quadriceps of
SOD1+/- mice, including gzmA+/+, gzmA+/- and gzmA-/- genotypes in the same background.
Gzma, 1118 and Gsr levels were significantly downregulated in spinal cord from gzmA+/- mice
compared to the levels found in gzmA+/+ and/or gzmA-/- mice. Bars represent mean * standard

deviation. **p<0.01, *p<0.05, Ap<0.10.
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De los resultados obtenidos a partir de las experiencias realizadas en el presente
estudio, y de su discusién y contraste con otras aportaciones, podemos deducir las siguientes

conclusiones:

1.- La desregulacidn de las citoquinas sanguineas en animales que no presentan sintomatologia
visible posiciona a estas proteinas como candidatas a ser potenciales biomarcadores de apoyo

al diagnéstico en pacientes clinicamente sospechosos de ELA.

2.- La mayor expresion de citoquinas inflamatorias en animales con menor supervivencia apoya
la hipdtesis de que existen procesos inflamatorios que estdn acelerando el progreso de la
enfermedad, pero los resultados no demuestran que dichas moléculas puedan desempefiar un
papel como biomarcadores prondstico en el modelo animal SOD1G93A debido a su gran

variabilidad y no se recomienda su traslacién a nivel clinico.

3.- La IL-6 se presenta como un buen biomarcador en tejidos directamente afectados por la
enfermedad, especialmente en musculo esquelético con predominio de fibras rdpidas en el

modelo animal SOD1G93A.

4.- La IL-6 se muestra como una potencial diana terapéutica en la ELA en el modelo animal
SOD1G93A dada su modulacion bajo el tratamiento con el fragmento C de la toxina tetanica,

tratamiento que se ha mostrado eficaz en dicho modelo.

5.- Niveles intermedios de expresiéon de Granzima A, una serin proteasa capaz de modular la
inflamacién, favorece una progresion mas lenta de la enfermedad en el modelo animal
SOD1G93A y respalda el papel dual que se ha descrito de la neuroinflamacion en el desarrollo de

esta enfermedad.




The results obtained from the experiments carried out in the present study, their

discussion and contrast with other contributions prompted us to the following conclusions:

1.- The deregulation of blood cytokines in animals that do not show visible symptoms points out
these proteins as potential biomarkers that can help in the diagnosis in patients clinically

suspected of ALS.

2.- The greater expression of inflammatory cytokines in animals with lower survival supports the
hypothesis that there are inflammatory processes accelerating the progress of the disease;
however, the results do not show that these molecules can play a role as prognostic biomarkers
in the animal model SOD1G93A due to its great variability and, thus, its translation at clinical

level is not recommended.

3.- IL-6 is presented as a good biomarker in tissues directly affected by the disease, especially in

skeletal muscle with a predominance of fast fibers in the animal model SOD1G93A.

4.- IL-6 is shown as a potential therapeutic target in ALS in the animal model SOD1G93A given its
modulation under treatment with fragment C of tetanus toxin, a treatment that has been shown

effective in that model.

5.- Intermediate levels of expression of Granzyme A, a serin protease able to modulate
inflammation, favors a slower progression of the disease in the animal model SOD1G93A and
supports the dual role of neuroinflammation that has been described in the development of this

disease.
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Abstract: Amyotrophic lateral sclerosis (ALS) is a fatal neurodegenerative disease that has no effective
treatment. The lack of any specific biomarker that can help in the diagnosis or prognosis of ALS has
made the identification of biomarkers an urgent challenge. Multiple panels have shown alterations
in levels of numerous cytokines in ALS, supporting the contribution of neuroinflammation to the
progressive motor neuron loss. However, none of them is fully sensitive and specific enough to
become a universal biomarker for ALS. This review gathers the numerous circulating cytokines that
have been found dysregulated in both ALS animal models and patients. Particularly, it highlights
the opposing results found in the literature to date, and points out another potential application of
inflammatory cytokines as therapeutic targets.

Keywords: cytokines; biomarkers; amyotrophic lateral sclerosis; blood; plasma; serum; cerebrospinal
fluid; diagnosis; prognosis; inflammation

1. Introduction

Amyotrophic lateral sclerosis (ALS) is one of the most serious motor neuron diseases, and the most
common adult motor neuron disease. It is characterized by loss of the cortex, brainstem, and spinal
cord motor neurons (MNs), leading to muscle paralysis, and finally premature death due to respiratory
failure within 2-5 years after diagnosis. Unfortunately, to date, no effective therapies able to cure the
disease are available. More than 90% of ALS cases are sporadic with unknown causes. On the other
hand, around 10% of ALS patients have a family history, involving mutations in a number of genes,
such as Cu?*/Zn%* superoxide dismutase 1 (SOD1), TAR DNA binding protein 43 (TDP-43), fused in
sarcoma (FUS) and chromosome 9 open reading frame 72 (C90RF72) repeat expansions [1]. These
mutations found in ALS have allowed the development of animal models that are helpful in the study
of this disease. One of the best characterized animal models for ALS is the SOD1G93A mouse model,
which carries a G93A mutation (substitution of Glycine to Alanine at codon 93) in the human SOD1
gene, and presents both clinical and pathological characteristics of ALS patients [2].

The diagnosis of ALS is based on clinical tests and electrophysiological studies [3]. However,
there is not a definitive diagnostic test for ALS, and the difficulty to reach it leads to the delay of
diagnosis up to one year after the onset of symptoms. In addition, although the ALS Functional Rating
Scale-Revised (ALSFRS-R) can functionally measure ALS progression [4], the prognosis in each patient
still remains uncertain and challenging to anticipate.

Numerous mechanisms have been proposed to explain the degeneration of motor neurons,
including misfolded protein aggregation and impaired degradation, glutamate excitotoxicity, increased
oxidative stress, neuroinflammation and mitochondrial dysfunction [5]. However, the cause of motor
neuron degeneration in ALS is still unclear.

Int. J. Mol. Sci. 2019, 20, 2759; doi:10.3390/ijms20112759 www.mdpi.com/journal/ijms
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2. The Necessity of Identifying Biomarkers for ALS

There is an imperious need to identify biomarkers that can help diagnose the disease at earlier stages
and also to predict the course of the disease that allow following of more accurate therapeutic strategies.
The ideal biomarker should be sensitive enough to diagnose ALS at the pre-symptomatic stage; specific
for ALS and able to discriminate from other clinically similar neurodegenerative diseases; able to predict
the progression of the disease in each patient; and easily accessible and applicable for all patients, despite
their physical condition [6]. Although the origin of ALS remains unknown, multiple panels of biomarkers
have been described in ALS patients and murine models to explain the progressive motor neuron loss
and muscle atrophy, including imaging, electrophysiological and wet biomarkers [7].

Neuroimaging biomarkers allow a faithful visualization of the structural alterations happening in
the tissue of study when comparing them with healthy tissues. Different brain imaging techniques
have been used to detect these pathological changes in ALS patients, such as magnetic resonance
imaging (MRI), magnetic resonance spectroscopy (MRS), diffusion tensor imaging (DTI) and positron
emission tomography (PET) [8,9]. As a result of using these techniques, some pathological alterations
regarding cortical atrophy, neuronal integrity and brain white matter abnormalities have been positively
correlated with progression of the disease or resulted helpful in the diagnosis [10-13]. Although some
promising imaging biomarkers have been found, none of them is fully sensitive and specific enough
for ALS diagnosis or prognosis.

Numerous neurophysiologic biomarkers have been identitied and proposed as biomarkers that
help in the early diagnosis and monitoring of the progression of the disease [14]. Transcranial magnetic
stimulation (TMS) technique can detect cortical hyperexcitability at early stages of the disease, which
has been correlated with upper motor neuron dysfunction [15]. On the other hand, the course of ALS
can be monitored by assessing lower motor neuron dysfunction using electrical impedance myography,
axonal excitability testing, the motor unit number index and muscle ultrasonography [15-17]. However,
despite the potential neurophysiological biomarkers found so far in assessing progression and early
diagnosis, further studies should be conducted involving larger ALS cohorts [15].

Multiple molecular markers have been described in cerebrospinal fluid (CSF), plasma, serum,
and even urine and saliva. Unlike CSF, the other fluids possess the advantage of being easily accessible
and do not require invasive methods to obtain them, which is an important feature of the ideal
biomarker. For this reason, over the last decades, several studies have been conducted to discover
new biomarkers in biofluids that are derived from different pathological mechanisms of ALS [18-22].
The best considered biomarkers candidates are inflammatory molecules, metabolic markers and
neurofilaments (NFs) [23,24].

To date, NFs are the most promising biomarkers for ALS. Particularly, both NF heavy chain (NFH)
and NF light chain (NFL) levels measured in CSF and blood samples can be used to differentiate
ALS patients from healthy subjects and/or other neurological diseases [25]. Furthermore, NFH and
NFL levels in CSF were negatively correlated with disease duration, which address NFs as potential
biomarkers for both diagnosis and prognosis of ALS [25].

Regarding inflammatory mediators, large panels of cytokines, including numerous interleukins,
and immune cells, such as T regulatory cells (Treg), have been identified in CSF, plasma or serum,
and have been correlated with faster or slower progression [26-28]. Cytokines and other inflammatory
proteins will be discussed in depth in the following sections.

The study of metabolic alterations in ALS patients is an increasing field of knowledge and more
studies are needed to identify more reliable biomarkers related to metabolic changes in different
tissues, such as CSF, blood and muscle [29,30]. For example, findings about glutamate levels in CSF
as a metabolic biomarker of disease progression in patients remain controversial [19]. Nevertheless,
in plasma samples, glutamate levels were increased and correlated with the disease duration and with
patients that exhibited spinal onset [31,32]. In addition, glutamate levels can be used as a metabolic
biomarker in serum in response to drug intervention [33]. On the other hand, mass spectrometry
has allowed the identification of different metabolic profiles where several amino acids have shown
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different levels in blood and CSF of ALS patients compared to their controls; these metabolites include
argine, lysine, serine and leucine, among others [19]. Other metabolites to consider are creatine and
creatinine, which have been found dysregulated in CSF and blood [19,32], and used as molecular
targets in a clinical trial [34]. Although altered metabolic profiles have been described in plasma
samples of ALS patients, more reliable biomarkers that can contribute to disease progression and
survival need to be identified [19].

microRNAs (miRNAs) are other potential biomarkers mainly due to their remarkably stability
in body fluids. They have been found altered in CSF, plasma and serum from ALS patients and the
SOD1G93A mouse model, such as MIR206, MIR143-3p, MIR338-3p [35-38]. Although some of these
miRNAs are not specific for ALS, such as MIR206, it has been suggested that their combination could
form part of a more integrative approach to help with ALS diagnosis and prognosis [38].

In urine, only one biomarker with prognostic value for ALS has been described, the extracellular
domain of p75 neurotrophin receptor (p755P), whose levels showed an association with disease
progression [39].

In spite of the fact that numerous potential biomarkers have been identified so far, none of them
separately has sufficient sensitivity or specificity to become a universal biomarker for ALS. The lack of
a robust biomarker is also reflected by some contradictory results and inconsistencies found in the
literature, possibly due to patient heterogeneity and the complex scenario comprising this disease.

3. The Role of The Immune System in ALS

The dysregulation of the immune system in ALS results in increased central and peripheral
inflammatory responses [40]. Neuroinflammation is characterized by microglial activation, astrogliosis,
infiltration of T lymphocytes and monocytes, and overproduction of inflammatory cytokines [41-43].
Both innate and adaptive immune responses are involved in ALS progression and can promote
either neuroprotection or neurotoxicity depending on disease stage, evidencing a dual role of
inflammation in ALS [44]. Initially, there is an early anti-inflammatory or neuroprotective phase,
where neurotrophic factors and anti-inflammatory cytokines, such as interleukin (IL)-4 and IL-10,
are secreted by surrounding astrocytes and M2 microglia. Asthe disease progresses, the neuroprotective
response changes to a cytotoxic phase due to the activation of M1 microglia and the consequent release
of toxic factors, including reactive oxygen species (ROS) and pro-inflammatory cytokines, such as
IL-1f and tumor necrosis factor (TNF)-«, which causes progressive injury to the MN [45].

Apart from microglia and astrocytes, T lymphocytes of the adaptive immune response also play a
relevant role in the neurodegeneration observed in ALS. Especially, CD4+ T helper (Th) lymphocytes,
including Th2 lymphocytes and Treg, are found in the early neuroprotective compensatory response;
on the contrary, CD8+ T cytotoxic lymphocytes, such as Th1l and Th17 lymphocytes, are observed at
later stages of the disease [45,46]. Both types of T lymphocytes have shown a dual role: Th1l and Th17
expression was found elevated in blood from ALS patients [47], whereas an upregulation of Treg in
blood was associated with slower progression of the disease [48]. Similarly, increasing levels of Treg in
animal models at early stages in the disease prolonged survival [49].

Other cells involved in MN degeneration are monocytes and macrophages. They have been found
activated in peripheral blood and in CNS, especially in the spinal cord, due to the existent disruption
of the blood-spinal cord barrier, in both ALS patients and murine models [50,51]. In line with this,
some components of the complement system, which participate in the recruitment of mononuclear
cells and macrophages, have been found elevated in CSF, blood, spinal cord and skeletal muscle
from ALS patients or murine models [42,52,53]. However, the role of the complement system in ALS
pathogenesis remains controversial due to the diverging results based on the great inter-individual
differences during disease progression, although aberrant activation of the complement system is
suggested to be involved in the pathophysiology in ALS animal models and patients [52].

More recently, the relevant role of the mutation C9orf72 in myeloid cells opened the door to altered
microglial function that can link the connection between autoimmunity and ALS/FTD. Some studies on
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heterozygous C9orf72 (C9orf72+/-) mice have suggested an altered myeloid cell function and systemic
immunity. Accordingly, similar immunological consequences have been observed in ALS patients.
Therefore, the loss of function of C9orf72 together with a combination of mutations of ALS/FTD genes
could promote neurodegeneration [54]. Finally, the consequence of an altered microgliain both mutant
SOD1 mice and patients is an amplified generation of pro-inflammatory cytokines that can trigger
TNF-a-mediated apoptosis [55].

Despite the diverse humoral and cellular factors being found to be dysregulated, supporting the
evident role of neuroinflammation in ALS pathology, to date it is still unclear how these inflammatory
mediators can influence the progression of the disease and how they can be helpful in the diagnosis
of ALS.

4. Dysregulation of Cytokines in Biofluids

A high number of studies have been conducted to find dysregulated cytokines in CSF and blood
that can become potential biomarkers for ALS, mainly involving ALS patients, although few studies
have been also performed in ALS animal models.

4.1. Interleukins

Interleukins comprise of a large family of cytokines that can exert both pro-inflammatory and
anti-inflammatory actions. They are mainly synthesized by T cells, macrophages and endothelial cells
promoting the development and differentiation of T and B cells, and hematopoietic cells. Numerous
interleukins have been found elevated in CSF and/or blood from ALS patients compared to the levels
measured in controls and/or patients with other non-inflammatory neurological disorders (OND):
IL-1Ra, IL-13, IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12p70, [L-13, IL-15, IL-17, IL-17A, IL-18
and IL-21 [26,47,56-70] (Table 1). Some of these interleukins follow the same pattern in the SOD1G93A
model. Increasing levels of IL-2, IL-6, IL-10, IL-13 and IL-17B R in the transgenic (TG) mice are observed
at an early stage of the disease [71]. In contrast, few studies reported decreasing levels of circulating
IL-2,IL-5, IL-6 and IL-10 in ALS patients [58,63,72], whereas others found no significant differences in
the levels of IL-2 and IL-6 in CSF or blood between ALS patients and their controls [73,74].

Table 1. Interleukins (IL) found dysregulated and proposed as biomarkers in biofluids from ALS
animal models and patients.

Cytokine  Subject Biofluid Significance Reference
IL-1Ra Patients Blood Higher in ALS patients than in OND [61]
IL-1p Patients CSF, blood Higher in ALS patients than controls and/or OND [26,60,68]
Higher in TG mice than WT mice [71]
Mousemodel  Blood Negative correlation with longevity [71]
IL-2 CSE blood Higher in ALS patients than controls and/or OND [26,58,67,69,70]
Patients Blood Lower in ALS than healthy controls [63]
00 Predictor of poor survival [26]
L4 Patients CSF, blood Higher in ALS patients than controls and/or OND [26,64]
atien CSF Higher levels associated with slower disease progression  [64]
L Higher in ALS patients than healthy controls [26]
IL-5 Patients Blood Lower in ALS patients than healthy controls [63]
X Higher in TG mice than WT mice [71]
Mousemodel  Blood Negative correlation with longevity [71]
IL-6 CSF, blood Higher in ALS patients than controls and/or OND [26,47,58,63,65-68,70]
Patients Blood Lower in ALS patients than controls [72]
Blood Rising levels associated with disease progression [26]
IL-7 Patients CSF Higher in ALS patients than in OND [60,64]
IL-8 Patients CSE blood Higher in ALS patients than controls and/or OND [26,57,63,65,66,68,70]
IL-9 Patients CSF Higher in ALS patients than in OND [60]
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Table 1. Cont.

Cytokine  Subject Biofluid Significance Reference
Mouse model  Blood Higher in TG mice than WT mice [71]
L-10 Blood Higher in ALS patients than controls [26,67]
: Patients CSE blood Lower in ALS patients than controls and/or OND [58,72]
CSF Higher levels associated with milder symptoms [64]
IL-12p70  Patients CSF, blood Higher in ALS patients than controls and/or OND [26,60]
Mouse model  Blood Higher in TG mice than WT mice [71]
IL13 Higher in ALS patients than controls [26,56]
i Patients Blood Negative correlation with ALSFRS-R score [56]
Positive correlation with the DPR [56]
IL-15 Patients CSF, blood Higher in ALS patients than controls and/or OND [58,67,69]
IL-17 Patients CSF, blood Higher in ALS patients than controls and/or OND [4758,60,64,67,69]
IL-17A Patients Blood Higher in ALS than controls [59]
Higher in TG mice than WT mice [71]
IL17BR  Mouse model  Blood Higher levels associated with shorter survival [71]
IL-18 Patients Blood Higher in ALS patients than controls [62]
IL-21 Patients Blood Higher in ALS patients than controls [47]

Regarding the potential role of interleukins as prognostic biomarkers, rising levels of IL-4, IL-6
and IL-13 in CSF or blood from ALS patients were associated with disease progression and ALSFRS-R
score [26,56,64] (Table 1). Additionally, levels of IL-2 in plasma correlated with poorer survival in both
SOD1G93A mice and ALS patients [26,71]. In the animal model SOD1G93A, other interleukins found
in plasma, IL-6 and IL-17B R, have been related to faster or slower progression of the disease [71].

Despite the large number of interleukins that seems to participate in the interplay of
neuroinflammation in ALS pathogenesis, there is no definitive mediator that is being used in the
clinical setting to help in diagnosis or predicting progression.

4.2. Tumor Necrosis Factors

TNF-« is a major pro-inflammatory cytokine. It is primarily secreted by activated macrophages
and is involved in the induction of cytokine production, phagocyte cell activation, activation or
expression of adhesion molecules, and growth stimulation [75]. In regards to ALS, increased TNF-o
levels have been found in CSF and blood from ALS patients [26,60,65,68,69] (Table 2). On the contrary,
additional studies have shown lower levels TNF-a in blood from ALS patients [72]. Furthermore,
in some cases, TNF-o was not found altered in serum of ALS patients compared to controls [73] or its
levels in neither CSF nor blood did not correlate with the severity and progression of the disease [74].
Due to these controversial results, its function in ALS pathogenesis is still uncertain likely due to its
pleiotropic actions, as it can act in both pro- and anti-inflammatory responses [76].

Table 2. Tumor necrosis factors (TNF) found dysregulated and proposed as biomarkers in biofluids
from ALS animal models and patients.

Cytokine Subject Biofluid Significance Reference
TNE Patients CSF, blood  Higher in ALS patients than controls and/or OND  [26,60,65,68,69]
o atients Blood Lower in ALS patients than controls [72]
TNFRSF1 (CD120) Patients Blood Higher in ALS patients than controls [68,72]
TNFRSFS L (CD30L) Mouse model  Blood Higher in TG mice than WT mice [71]
Lower in TG mice than WT mice [71]
TNFRSF18 (GITR) Mouse model  Blood Higher levels associated with shorter survival [71]
Higher in TG mice than WT mice [71]
TNFRSF19 (TROY) Mouse model  Blood Negative correlation with longevity [71]
TNFSFI11(RANKL) Mouse model  Blood Higher in TG mice than WT mice [71]
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Although TNF-« is the most studied factor of this family, other TNFs have been found dysregulated
in ALS. For instance, blood levels of TNF Receptor Superfamily Member (TNFRSF)1A (CD120) were
higher in ALS patients than controls [68,72] (Table 2). In the same line, other TNFs, including TNFRSF8
L, TNFRSF19 and TNF Superfamily Member (TNFSF)11, were elevated, and TNFRSF18 was reduced
in the murine model SOD1G93A compared to the levels of WT mice at early stages of the disease [71].
In addition, the prognostic value of some of these factors has been evaluated, resulting in the association
of high levels of TNFRSF18 and TNFRSF19 with poorer survival [71].

4.3. Interferons (IFN)

The only circulating IFN found dysregulated in ALS patients to date is IEN-y. This cytokine takes
part in both innate and adaptive immunity by participating in the activation of macrophages and in
the adaptive T cell response [28]. In ALS patients, IFN-y has been found elevated in both CSF and
blood compared to the levels measured in controls and OND, and have been associated with faster
progression and shorter survival [47,60,67,77] (Table 3). In contrast, other studies suggested lower
levels of this factor in CSF and blood from ALS patients [26,58], which questions its role as a potential
biomarker for ALS.

Table 3. Interferons (IFN) found dysregulated and proposed as biomarkers in biofluids from

ALS patients.
Cytokine  Subject Biofluid Significance Reference
Higher in ALS than controls and/or OND patients [47,60,67,77]
IEN- Pati CSF, blood Lower in ALS than controls or OND patients [26,58]
¥ atients Positive correlation with DPR [67,77]
CSF Higher levels associated with shorter overall survival. [67]

4.4, Colony Stimulating Factors (CSFs)

CSFs are responsible for stimulating proliferation and maturation of myeloid precursors.
In particular, two of them have been linked to ALS: granulocyte (G)-CSF, involved in granulocyte
production, and granulocyte-macrophage (GM)-CSF, participating in granulocyte, monocyte and
eosinophil production. Both have been found increased in ALS patientsin CSF and blood [58,60,64,67,69]
(Table 4). In addition, levels of GM-CSF in blood negatively correlated with the duration of symptoms,
which could help in the prognosis of the disease [78]. However, another study reported no significant
differences in G-CSF levels in serum between ALS patients and controls or other neuropathies [73].

Table 4. Colony stimulating factors (CSFs) found dysregulated and proposed as biomarkers in biofluids
from ALS patients.

Cytokine  Subject Biofluid Significance Reference
G-CSF Patients CSF, blood Higher in ALS patients than controls andfor OND  [58,60,64,67,69]

N CSF, blood Higher in ALS patients than controls and/or OND  [58,67]
GM-CSF Patients Blood Negative correlation with duration of symptoms [78]

4.5. Chemokines

The main function of pro-inflammatory chemokines is to direct immune cells to the site of
inflammation via chemotaxis. As interleukins, this family encloses a vast group of both chemokines
and chemokine receptors. Regarding ALS, increased expression of several members of chemokines
was found in CSF or blood from ALS patients than in controls or OND: C-C motif chemokine ligand
(CCL)2, CCL3, CCL4, CCL11, C-X-C motif chemokine ligand (CXCL)8 and CXCL10; in addition, their
levels also correlated with ALSFRS-R score or disease progression rate (DPR) [57,58,60,64,67,69,78-80]
(Table 5). In the case of CCL5, higher levels were also found in ALS patients in CSF [61], but not in
blood, where its levels, together with CXC5R, were lower than in controls [72].
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Table 5. Chemokines found dysregulated and proposed as biomarkers in biofluids from ALS animal
models and patients.

Cytokine Subject Biofluid Significance Reference
Higher in ALS patients than controls and/or OND  [57,58,60,67,69,78,80]
) ) CSF, blood Negative correlation with ALSFRS-R score [60,67]
CCL2 (MCP-1) Patients Positive correlation with DPR [67]
Blood Negative correlation with duration of symptoms [78]
Hi in TG mice than WT mi 71
Mouse model  Blood N ghf m ngll;e “'lthl e ¢ 1711
CCL3 (MIP-100) egative correlation with longevity [71]
Patients CSE blood Higher in ALS patients than controls and/or OND  [58,67,69,79]
auen » 00 Positive correlation with disease duration and [67,79]
negative correlation with DPR
CCL4 (MIP-1p) Patients CSF Higher in ALS patients than controls and OND [58,60,67,80]

Positive correlation with ALSFRS-R and disease [60]
duration, and negative correlations with DPR

CSF Higher in ALS patients than in OND [60]
Blood Lower in ALS patients than controls [72]
Higher in TG mice than WT mice [71]
Higher levels associated with shorter survivaland ~ [71]
negative correlation with longevity

CCL5 (RANTES) Patients

Mouse model  Blood
CCL11 (Eotaxin-1)

Patients CSE blood Higher in ALS patients than in OND [57,60,64]

auen CSF Higher levels with slower DPR [64]

CCL19 (MIP-35) Mouse model  Blood Higher in TG mice than WT mice [71]
CCL21 (6Ckine) Mouse model  Blood Higher in TG mice than WT mice [71]
CXC5R Patients Blood Lower in ALS patients than controls [72]
N Higher in ALS patients than in OND [60]

CXCL8 Patients CSF Negative correlation with ALSFRS-R score [60]
L Higher in ALS patients than in OND [60]

CXCL10 Patients CSF Negative correlation with DPR [60]

Similarly in the SOD1G93A model, four chemokines were upregulated at early stages in TG mice,
CCL3, CCL11, CCL19 and CCL21, suggesting a dysregulation of these mediators before the onset of
symptoms [71] (Table 5). In addition, CCL3 and CCL11 negatively correlated with the longevity of
TG mice.

4.6. Other Cytokines and Proteins Related to Inflammation

Other proteins related to inflammation have been linked to ALS pathogenesis showing modified
levels between ALS patients and their controls, and during disease progression (Table 6). Basic fibroblast
growth factor (bFGF) and platelet-derived growth factor (PDGF)-BB were found elevated in CSF or
blood in ALS patients [58,64,67]. On the contrary, other studies reported an association of high levels
of bFGF with slower progression of the disease, which could be contradictory [67].

In the case of vascular endothelial growth factor (VEGF), higher levels were described in blood and
CSF from ALS patients than in controls, whereas positive correlation with ALSFRS-R score and disease
duration was reported, supporting the potential role of VEGF for ALS prognosis [58,60,67-69,81].
Low levels were also found in CSF from ALS patients during the first year of the disease [82]. Inaddition,
an analysis combining VEGF with pNFH suggested a higher diagnostic yield [83].

Another cytokine altered in ALS is transforming growth factor beta (TGF-3), which is enrolled in
the inhibition of T and B cell proliferation, hematopoiesis, and promotion of wound healing. In this
case, higher levels were associated with faster progression of the disease in an ALS mouse model [84].
However, no differences were found in TGF-f3 levels in plasma from ALS patients [72].

Other proteins have also been shown to be altered in the SOD1G93A mouse model: activin
receptor-like kinase (ALK)-1, galectin-1 and VEGF-D were elevated in plasma of TG mice [71].
In addition, rising levels of ALK-1 and galectin-1 in TG mice were associated with shorter survival [71].
In contrast, lower levels of galectin-3 in plasma were found in fast-progressing TG mice [84].
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Interestingly, immunoglobulin G (IgG) antibodies have shown a relevant role for ALS prognosis.
For instance, it has been reported that frequency and quantity of an IgG glycan is dependent on the
ALS clinical stage in ALS animal models [85]. On the other hand, an increase in CSF IgG of the level of
galactosylated structures was reported in ALS patients, showing a potential predictive value in the
ROC analysis [86].

Table 6. Other cytokines and proteins related to inflammation found dysregulated and proposed as
biomarkers in biofluids from ALS animal models and patients.

Protein Subject Biofluid Significance Reference
) Higher in TG mice than WT mice [71]
ALK-1 Mouse model  Blood Higher levels associated with shorter survival [71]
CSE blood Higher in ALS patients than controls and/or OND [58,64,67]
bFGF Patients ! Positive correlation with disease duration [67]
Blood Negative correlation with DPR [67]
. i Higher in TG mice than WT mice [71]
Galectin-1 Mouse mocel  Blood Higher levels associated with shorter survival and negative [71]
correlation with longevity
Galectin-3 Mouse model  Blood Lower in fast-progressing TG mice at pre-symptomatic and [84]
symptomatic than in WT mice
IgG Patients CSF Increased level of galactosylated structures [86]
PDGF-BB Patients CSF Higher in ALS patients than in OND [64]
TGF-p Mouse model  Blood Higher in slow-progressing TG mice and lower in [84]

fast-progressing TG mice at pre-symptomatic and symptomatic
than in WT mice

CSF Low levels at early stages of ALS [82]
VEGE Patients Higher in ALS patients than controls and/or OND [58,60,67-69]
auen CSF, blood Positive correlation with ALSFRS-R score and disease duration  [60,67,81]
Negative correlation with DPR [81]
VEGEF-D Mouse model  Blood Higher in TG mice than WT mice [71]

5. Cytokines as Biomarkers: Main Challenges

Over the last decades, many CSF and blood inflammatory cytokines have been found dysregulated
in ALS, supporting the relevant contribution of neuroinflammation in the pathogenic mechanisms
leading to motor neuron degeneration in ALS. However, the results shown are not always consistent in
all the studies performed, which hampers the translation of a single cytokine as a biomarker to the
clinical practice. As an example, it has been reported that the levels of certain cytokines in plasma from
ALS patients were highly variable between the first and the second visit to the clinic, and even they
did not show differences with healthy controls in some cases [63], exposing the great heterogeneity
of the disease. In an attempt to deal with this issue, some authors have proposed that it would be
more appropriate to identify panels of biomarkers, rather than focusing on a single target [57,88].
In this sense, panels of cytokines have been analyzed to help in a more accurate prediction of disease
progression [89,90]. However, some authors suggest that these promising multivariate models should
also include other clinical parameters, such as ALS type (sporadic or familial), disease stage, anatomical
onset of motor neuron impairment and even age and gender [26,91].

Another problem that appears in the searching of circulating cytokines as biomarkers is the
influence exerted by the action of environment and other factors surrounding the patient. For instance,
the upregulation of some circulating cytokines, such as IL-6, IL-8, IL-10, G-CSF and TNF-«, has been
linked to exercise [92], and others, including [L-6 and TNF-a, are elevated in a hypoxia status [93],
which is a feature frequently found in ALS patients. In addition, the cytokine levels measured in
blood in healthy individuals are not stable markers [94]. Cytokines play a relevant role in the immune
system, and alterations in this system due to infections, injuries, tissue trauma or inflammation,
which is inherent in ALS, can unbalance the immune system, even more under neurodegenerative
conditions. This imbalance can promote an intra-individual variation that could explain the high
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variability of cytokine levels observed in ALS [40,94]. Furthermore, in the context of ALS and FTD, the
cytokine profile in blood is also challenging to interpret due to the disease state, environmental factors,
and genetic background of the individuals that can lead to controversial results [40].

Therefore, the consideration of circulating cytokines and other circulating targets as biomarkers
is being increasingly questioned, mainly due to the opposing and irreproducible results that have
been shown in different studies [95]. Additionally, the underlying causes, such as lack of sensitivity,
unsuitable normalization or variations in sample handling, together with the difficulties in cytokine
assays that are not performed in routine clinical methodology, establish this issue as a real challenge.
In an attempt to address this problem, Otto et al. proposed a roadmap for biomarker discovery and
provided standard operating procedures that could allow multicenter collaboration and validation of
the neurochemical markers discovered in ALS to facilitate their translation to the clinic [96]. In this
line, multicenter studies can also shed light on this controversial issue by confirming the results among
different centers in the world, as demonstrated in several multicenter studies performed with ALS
patients [97-99]. Accordingly, it could be interesting to contemplate multicenter studies regarding the
most promising inflammatory mediators, which could be helpful to validate them.

6. Design of Therapeutic Approaches Targeting Inflammation

Given the number of cytokines found dysregulated in ALS, in the last decades many studies
have translated the focus in assessing the potential role of those cytokines in therapies counteracting
inflammation in ALS. In fact, there are currently several clinical trials involving therapies targeting
neuroinflammation in ALS [42]. G-CSF is one of the targets that have provided beneficial results
when administrated in both animal models and patients [100-102]. Similarly, other studies have
shown that the administration of IL-33 or IFN-y antibody delaved the disease onset and the motor
decline, respectively, in an ALS mouse model [103,104]. However, there are also controversial results
when translating the findings obtained in the animal model to ALS patients. For example, therapies
using thalidomide and lenalidomide to inactivate TNF-o prolonged lifespan and enhanced the motor
performance in the animal model [105,106]; in contrast, thalidomide treatment did not cause any
improvement when administrated to ALS patients [107]. Regarding IL-6, transgenic mice deficient in
IL-6 did not show any improvement, as well as a blocking [L-6 therapy in an ALS mouse model [108,109].
In view of this, it seems evident that therapies targeting a single factor could not provide meaningful
benefits in ALS patients, as well as in the search for a reliable biomarker. Hooten et al. address
questions on why these kinds of therapies are failing, highlighting that it could be too late when they
are applied, or that therapies might not hit appropriate targets [45].

Recently, cell-based therapies are emerging as a promising strategy to modulate the immune
system in ALS as they can influence different key immune targets. For instance, experimental treatments
based on mesenchymal stem cells (MSCs) have shown to raise concentrations of neurotrophic factors,
and elevate anti-inflammatory cytokines, which reduces neuroinflammation [43,110]. On the other
hand, therapies targeting Treg, which were associated with disease progression [27,111], have also
shown interesting results in ALS patients [112].

7. Conclusions

ALS is a multifactorial disease where different pathological mechanisms direct or indirectly
contribute to the degeneration of motor neurons. Neuroinflammation is one of these mechanisms
investigated, since the involvement of many inflammatory mediators in this disease has been widely
reported. However, the identification of specific cytokines to help in the diagnosis and also to
predict the progression of the disease in ALS patients is challenging due to the great heterogeneity
found in this disease. In addition, cytokines are variable and susceptible to the disease stage
and to environmental factors surrounding ALS patients, who do not show an equal status of
neuroinflammation. Consequently, the different pro and anti- inflammatory cytokines along the
disease progression should be further studied to understand its time point activation and its relation to
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other molecular and clinical mediators in ALS to finally provide a better monitorization of disease
progression. In this sense, cytokines could be helpful in improving the stratification of ALS patients
according to their inflammatory status, enabling more accurate therapeutic approaches targeting these
key immune factors.
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ALK-1 Activin receptor-like kinase 1

ALS Amyotrophic lateral sclerosis

ALSFRS-R Amyotrophic lateral sclerosis functional rating scale-revised
bFGF Basic fibroblast growth factor

C90RF72 Chromosome 9 open reading frame 72

CCL C-C motif chemokine ligand

CSF Cerebrospinal fluid

CSFs Colony stimulating factors

CXCL C-X-C motif chemokine ligand

CXC5R C-X-C motif chemokine receptor 5

DPR Disease progression rate

DTI Diffusion tensor imaging

FUS Fused in sarcoma

G-CSF Granulocyte colony stimulating factor

GITR Glucocorticoid-induced TNFR-related protein
GM-CSF Granulocyte-macrophage colony stimulating factor
IL Interleukin

IFN Interferons

IeG Immunoglobulin G

MCP-1 Monocyte chemotactic protein-1

miRNAs microRNAs

MIP Macrophage inflammatory protein

MN(s) Motor neuron(s)

MRI Magnetic resonance imaging

MRS Magnetic resonance spectroscopy

NFs Neurofilaments

NFH Neurofilament heavy chain

NFL Neurofilament light chain

OND Other non-inflammatory neurological disorders
p75EeD Extracellular domain of p75 neurotrophin receptor
PDGF-BB Platelet-derived growth factor BB
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PET Positron emission tomography

RANKL Receptor activator of nuclear factor kappa-B ligand
ROS Reactive oxygen species

SOD1 Superoxide dismutase 1

TDP-43 TAR DNA binding protein 43

TGE-B Transforming growth factor beta

TG Transgenic

Th T helper

TMS Transcranial magnetic stimulation

TNF Tumor necrosis factor

TNFRSF TNF receptor superfamily member

TNFSF TNF superfamily member

Treg Regulatory T cell

TROY Tumor necrosis factor receptor superfamily member 19
VEGF Vascular endothelial growth factor

WT Wildtype
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