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ABREVIATURAS

AP: anteroposterior

AR: artritis reumatoide

AUC: drea bajo la curva

CSF-1: factor estimulante de la colonia macrofagica
CTX: telopéptido C terminal del colageno

DAMP: Damage Activated Molecular Patterns

DL: deep learning

DLP: dislipemia

ELISA: enzimoinmunoanalisis de absorcién

EULAR: European Alliance of Associations For Rheumathology
HDL: lipoproteina de alta densidad

HTA: hipertension arterial

IA: inteligencia artificial

IL: interleucina

IMC: indice de masa corporal

K/L: Kellgren Lawrence

KOIP: Knee Osteoarthritis Inflammatory Phenotypes
KOOS: Knee injury and Osteoarthritis Outcome Score
LCA: ligamento cruzado anterior

LDL: lipoproteina de baja densidad



LS: liquido sinovial

MMP: metaloproteasa

MTF: metatarsofalangica

NGF: factor de crecimiento neuronal

NTX: telopéptido N-terminal del colageno

OA: artrosis

OARSI: Osteoarthritis Research Society International

OMERACT: Outcome Measures in Rheumatology

PA: posteroanterior

PCR: proteina C reactiva

RMN: resonancia nuclear magnética

SASP: Fenotipo Secretor asociado a la Senescencia

TG: triglicéridos

TLR: Toll Like Receptor

TNF-a: factor de necrosis tumoral alfa
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RESUMEN

La artrosis ha sido objeto de abundante investigacién en los ultimos afos con una
limitada traduccion a la prdctica clinica, probablemente debido a su gran
heterogeneidad. Actualmente, no existe consenso sobre una clasificacion integral en
fenotipos con relevancia clinica para esta enfermedad ni tampoco medidas terapéuticas

especificamente dirigidas a cada paciente.

El objetivo de nuestro estudio es avanzar en el conocimiento de los factores
inflamatorios y metabdlicos que influyen en la gravedad clinica y radiografica de las
mujeres afectas de artrosis de rodilla con derrame articular. De esta forma evolucionar

hacia una medicina personalizada y de precision.

Para ello se han analizado, tanto en el plasma como en el liquido articular, una serie de
factores de inflamacién y adipocitocinas; afiadiendo la interleucina 8 (IL-8) a este panel
previo. Se observd una asociacion entre los niveles de IL-8 en liquido sinovial y la
gravedad clinica, asi como una relacién entre diversos factores de inflamacién y la IL-8
también en liquido articular. Estos datos no se evidenciaron a nivel plasmatico;
sugiriendo una mayor implicacion de los mecanismos inflamatorios locales que
sistémicos y unas posibles vias de inflamacién diferenciales en plasma que en liquido
articular. Posteriormente, y debido a las asociaciones entre las diversas citocinas y
factores metabdlicos, se realizd un andlisis de clisters, obteniendo cuatro fenotipos
distintos dentro del propio fenotipo inflamatorio, KOIPs del inglés (Knee Osteoarthritis
Inflammatory Phenotype). Estos fenotipos, ademds de diferenciarse claramente por sus

factores inflamatorios y metabdlicos definitorios, presentan implicaciones en severidad
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clinica y radiografica. La identificacidn de estos fenotipos podria tener una aplicabilidad
en practica clinica con implicaciones tanto prondsticas como terapéuticas, sugiriendo

nuevas vias para generar futuros tratamientos.
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ABSTRACT
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ABSTRACT

Osteoarthritis has been the subject of abundant research in recent years with limited
translation to clinical practice, likely due to its considerable heterogeneity. Currently,
there is no consensus on a comprehensive classification into phenotypes with clinical
relevance for this disease, nor are there specifically targeted therapeutic measures for

each patient.

The aim of our study is to advance the understanding of inflammatory and metabolic
factors that influence the clinical and radiographic severity of knee osteoarthritis in
women with joint effusion, thus progressing towards personalized and precision

medicine.

To achieve this, a series of inflammation factors and adipocytokines were analyzed in
both plasma and joint fluid, with interleukin 8 (IL-8) initially added to this panel. An
association was observed between IL-8 levels in synovial fluid and clinical severity, as
well as a relationship between various inflammation factors and IL-8 also in joint fluid.
These associations were not evident at the plasma level, suggesting a greater
involvement of local inflammatory mechanisms than systemic ones, and possible

differential inflammation pathways in plasma compared to joint fluid.

Subsequently, due to the associations between various cytokines and metabolic factors,
a clustering analysis was conducted, resulting in four distinct phenotypes within the
inflammatory phenotype, called KOIPs (Knee Osteoarthritis Inflammatory Phenotype).
These phenotypes, besides being clearly differentiated by their defining inflammatory
and metabolic factors, have implications for clinical and radiographic severity. The
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identification of these phenotypes could have applicability in clinical practice with both
prognostic and therapeutic implications, suggesting new pathways for future

treatments.
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1.

INTRODUCCION: LA ARTROSIS
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1. INTRODUCCION: LA ARTROSIS
1.1 Definicion
La artrosis (OA) es una enfermedad crénica que afecta a la articulacién y a sus tejidos

circundantes, provocando dafio estructural progresivo [1].

Clinicamente se caracteriza por un defecto en el funcionamiento de la articulacion,

asociado a un grado variable de dolor, discapacidad y disminucién de la calidad de vida

[2].

Existen diferentes definiciones aceptadas para la OA, pero en general se define por la
pérdida focal del cartilago articular por fibrilacién, fisuracidén y ulceracion; reaccidn ésea
subcondral y afectacion de otras estructuras adyacentes como los ligamentos, meniscos,
capsula, membrana sinovial y musculo periarticular [3]. Segun la OARSI (Osteoarthritis
Research Society International), la sociedad médica dedicada a la investigacion en OA,
se define como un desorden que afecta a las articulaciones moviles caracterizado por
presentar estrés celular y degradacién de la matriz extracelular iniciados por micro y
macro fracturas que activan respuestas de reparacién anédmalas [4]. La OA afecta a todos
los componentes de la articulacidén y provoca modificaciones moleculares, bioquimicas,
celulares, biomecanicas y morfoldgicas, que van ocasionando progresivamente cambios
estructurales como la degradacion del cartilago articular con pérdida progresiva de
cartilago, la neoformacién de osteofitos, alteraciones en el hueso subcondral y la
inflamacién de la membrana sinovial, que son rasgos distintivos de la enfermedad [4]. A
partir de esta definicion, se ha extendido la interpretacion de la articulacién como un

organo mas de nuestro organismo; interpretandose como una entidad compleja y
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heterogénea, que no solamente afecta al cartilago articular, sino que implica a todos los

componentes de la articulacion [5].

Paralelamente, una interpretacién que nos permite considerar la OA como una
enfermedad de érgano y no solamente del cartilago articular es andlisis del dolor,
manifestacion prioritaria de la artrosis [6]. El cartilago articular es una estructura
avascular desprovista de fibras nerviosas, por lo que no se puede considerar el origen
del dolor. Las estructuras periarticulares, como la membrana sinovial, estan
abundantemente inervadas y parecen tener mas relevancia en la génesis del dolor;
hecho que reafirma la interpretacion de la artrosis como una enfermedad de la

articulacion en global [7].

Las articulaciones mas comunmente afectadas son las rodillas, caderas, columna, manos
y pies, aunque la mayor parte de la carga sociosanitaria se relaciona con la OA de rodilla

y cadera [8].

En los ultimos afos se han realizado multiples trabajos de investigacién dirigidos a
estudiar la fisiopatogenia de la OA. Fruto de estos estudios, conocemos que factores
como la edad, la obesidad, factores genéticos, traumatismos previos, biomecanicos,
metabdlicos, sustancias que favorecen la degradacion del cartilago y la inflamacién
tanto local como sistémica ejercen un efecto tanto en la aparicion como en la gravedad
y progresion de la artrosis en distintas localizaciones [9]]. De todos modos, actualmente

todavia se considera la fisiopatologia de la OA como desconocida o no bien definida [10].
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1.2 Prevalencia

La OA es la enfermedad articular mas frecuente, y constituye uno de los principales
problemas de salud en los paises desarrollados [11]. La obesidad, el sedentarismo y la
longevidad propias de dichos paises se relacionan con un crecimiento continuo de su

incidencia [12].

Pero este incremento en su incidencia no se explica sélo por estos factores de riesgo
bien conocidos. En un estudio reciente realizado a partir de esqueletos de individuos
fallecidos entre los afios 1905 y 2015, se objetiva un aumento en la prevalencia de la
artrosis de rodilla de mds del doble en los individuos de la era postindustrial (2.1, IC 95%:
1.5 a 3.1), independientemente del ajuste por edad e indice de masa corporal [13]. Esto
sugeriria la existencia de otros factores no tan bien conocidos, que han aparecido o se

han visto incrementados en los Ultimos tiempos.

La elevada prevalencia de la OA tiene un impacto econdmico importante en los
presupuestos de los paises de nuestro entorno, constituyendo una de las principales
causas del gasto sanitario en paises como Estados Unidos [14]. El consumo de farmacos
para el alivio del dolor y el reemplazo articular mediante protesis en los casos mas
severos suponen un coste directo muy elevado [15]. Ademads, habria que considerar los
costes indirectos asociados al absentismo laboral, hecho que aumentara

sustancialmente el impacto econdmico de la artrosis sobre el sistema sanitario [16,17].

Para conocer la prevalencia de una enfermedad se utilizan estudios epidemioldgicos y

encuestas poblacionales de salud. En la artrosis existe una gran variabilidad en cuanto a
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los datos epidemioldgicos [18]. Esto es asi por las diferencias metodoldgicas y de

criterios de inclusidn existentes entre los distintos estudios [19].

Dado que en la artrosis existe una disociacion clinico-radiologica importante, la
prevalencia variara significativamente en funcidon de si los criterios de inclusién

utilizados son clinicos o radioldgicos [20].

En un andlisis epidemiolégico realizado en 195 territorios mayoritariamente del
continente americano, desde el afio 1990 hasta el 2017, se estimd la prevalencia puntual
de la OA en 3754.2 (IC 95%: 3389.4 a 4187.6); y una tasa de incidencia anual de 181.2
(IC 95%: 62.6 a 202.4), ambos referenciados por 100.000 habitantes, lo que supuso un

incremento con respecto a datos previos [21].

En cuanto a Europa, existen datos que sugieren que existe afectacidn radioldgica severa
a nivel de rodilla en el 1% de los individuos entre 25 y 34 afios [22], y que este porcentaje

aumenta paralelamente a la edad hasta casi el 50% en individuos = a 75 afios[23].

Sin embargo, existen diferencias geograficas importantes. Asi por ejemplo, en China, la
prevalencia parece triplicar a la europea, aumentandose esta diferencia en las

comunidades mas rurales [24].

Segln datos del estudio EPISER2016, que es un estudio transversal basado en la
poblacién espafiola, la prevalencia de la OA sintomatica en Espafia es de un 29.35% (IC
95%: 27.77 a 30.97), llegando a alcanzar el 52.6% en individuos mayores de 80 afios (IC
95%: 46.97 a 58.29), siendo las localizaciones mas frecuentemente afectadas las rodillas
(13.83%, IC 95%: 12.66 a 15.11); y la columna lumbar (15.52%, IC 95%: 14.30 a 16.83)

[25]. Estos porcentajes son superiores a los reflejados en el EPISER2000, y se justifican
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no solo por los cambios sociodemograficos que han tenido lugar en los ultimos afos,

sino por la inclusidon de artrosis radiolégica [26].

1.3 Etiologia

La fisiopatologia de la OA es multifactorial y compleja [5]. Actualmente parece claro que
se produce por una combinacién de factores genéticos, biomecanicos e inflamatorios
[27], que actuarian de forma coincidente hasta la aparicion del dafio articular [28,29].
Estos ultimos han adquirido especial importancia en los ultimos afios, considerandose

la OA un estado inflamatorio de bajo grado, tanto local como sistémico [30].

La inflamacién sistémica mantenida de los pacientes con artrosis podria explicar su
asociaciéon al sindrome metabdlico y otros factores de riesgo cardiovascular [31]. La
obesidad es un factor de riesgo modificable que se asocia tanto al aumento del riesgo

de artrosis de rodilla como a una mayor severidad clinica y radioldgica [32].

Referente a los factores genéticos, parece que existe un factor de condicionamiento que
explicaria una mayor frecuencia de artrosis en gemelos [33,34]. El factor genético FRZB
(Frizzled Related Protein), se asocia con un mayor riesgo de artrosis de cadera en
mujeres [35]. También se han descrito cambios en la expresién de los genes
relacionados con el cartilago (SOX9, ACAN, COL2A1, DKK1, FRZB), a lo largo de la historia
natural de la enfermedad, de modo que su expresién disminuye en estadios avanzados
[36]. Existe, ademas, agregacion familiar, siguiendo la transmisién con frecuencia las

leyes de Mendel [37].

Otros factores de riesgo no modificables ampliamente conocidos son la edad y el sexo

(mujer). Aunque se han intentado asociar factores hormonales y relacionados con la
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menopausia o los estréogenos con la artrosis [38,39], ninguno de los estudios realizados
hasta el momento ha resultado concluyente en este aspecto, por lo que la mayor
prevalencia de la OA en mujeres sigue siendo materia de interés. De todos modos,
conocemos que tanto la evaluacion del dolor, como el grado de marcadores
inflamatorios es distinto entre hombres y mujeres, siendo objeto de estudio actual

[40,41].

En cuanto a los factores biomecanicos, la actividad fisica, los traumatismos vy
determinadas ocupaciones predisponen al desarrollo de la OA [22]. Si bien la actividad
fisica provoca beneficio en las articulaciones al aumentar la masa muscular [42], la
actividad deportiva de élite parece relacionarse con un aumento del riesgo de artrosis
[43], especialmente en localizaciones danadas previamente. Los traumatismos
articulares aumentan hasta por cuatro veces el riesgo de artrosis [44]. Por otro lado, en
un metaanadlisis reciente se establece que los trabajos que requieren estar de rodillas o
en cuclillas y levantar pesos tienen un riesgo 1.6 veces mas elevado de artrosis de rodilla
gue los trabajos mads sedentarios [22]. La debilidad muscular del aparato extensor
también se ha presentado como un factor de riesgo para el desarrollo y progresiéon de

la artrosis de rodilla [45,46].

1.4 Medidas de gravedad

Existen dos formas distintas de evaluar la gravedad de la artrosis de rodilla. Una a nivel
clinico y otra a nivel de progresion y afectacién estructural, para la que actualmente
utilizamos los indices radiograficos [47]. De todos modos, las técnicas de imagen como

la ecografia y la resonancia nuclear magnética son cada dia mas utilizadas por su
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capacidad para detectar cambios mas precoces en la articulacién y por su poder de
evaluacién no solamente de la estructura dsea sino de toda la articulacion en su

conjunto [48].

No obstante, el curso de la enfermedad es variable y no todos los casos evolucionan al
mismo ritmo. Asi, segin datos obtenidos por modelos de inteligencia artificial (I1A) (Deep
Learning (DL)), la progresion radioldgica ocurre entre el 13% y el 48% de los pacientes

en un plazo de 48 meses [49].

Se puede considerar que existen cuatro etapas en la evolucién de la OA progresiva:
cambios bioquimicos, alteraciones objetivables por resonancia, cambios evidentes en la
radiografia simple y fallo articular [50]. Actualmente somos capaces de observar los
cambios cuando existe alteracion radiografica, en un momento de la evolucion de la
enfermedad ya estructurado. La identificaciéon de alteraciones precoces, cuando se
inician los cambios bioquimicos o existen alteraciones discretas a nivel de resonancia
magnética (RMN), nos permitiria actuar en momentos previos al déficit estructural, y
posiblemente hasta prevenir la artrosis, disefiando nuevas estrategias de tratamiento

[51].

La investigacion reciente en el campo de la artrosis de rodilla se centra en la busqueda
de biomarcadores que permitan identificar a los individuos que progresan frente a los
gue no, y asi predecir la probabilidad individual de evolucionar a una artroplastia total
de rodilla [52]. Segun EULAR (European Alliance of Associations For Rheumatology), la
identificacidon de predictores de progresion de la artrosis es de gran relevancia, pues es

lo que permite avanzar en el desarrollo de estrategias de intervencion [53]. Se estima
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gue de los ensayos en fase lll, la ausencia de biomarcadores conlleva a un fracaso
estimado de 2 de cada 4[54]. La inclusién de biomarcadores clinicos en los modelos de
prediccién de riesgo ha tenido un éxito moderado [55]. Sin embargo, si se incorporan

biomarcadores de laboratorio o de imagen se obtienen mejores resultados [51].

1.4.1. Clinicas

El dolor crénico articular como sintoma principal de la artrosis de rodilla es altamente
variable y caracteristicamente no se correlaciona con los cambios estructurales [56].
Generalmente aparece de forma subaguda e insidiosa, aunque también puede

desencadenarse subitamente por un traumatismo [57].

Su origen es multifactorial, y se debe a mecanismos periféricos (nociceptores), de origen
sinovial, éseo y de partes blandas; y a mecanismos centrales (de sensibilizacién y

amplificacién central), asi como a factores psicosociales [57,58].

Se ha descrito un “ritmo artrésico”, definido como un dolor que aparece al utilizar la
articulacion tras un periodo de reposo, y que mejora tras un tiempo de uso, pero que
reaparece si se sobrecarga en exceso. En fases mas avanzadas puede aparecer también

dolor en reposo [59].

Existen actualmente multiples herramientas desarrolladas especificamente para medir
la repercusion de los sintomas de la OA en la vida diaria, que incluyen cuestionarios y
escalas de dolor y de calidad de vida. Estos indices compuestos han demostrado ser
validos para detectar los cambios para los que han sido disefiados, y ademas son
facilmente reproducibles, por lo que constituyen un elemento util para monitorizar por

ejemplo la respuesta a un fdrmaco en un ensayo clinico y detectar asi a los individuos
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respondedores [60]. Nos centraremos en la descripcién de las escalas validadas para la

artrosis de rodilla, ya que ha sido la estudiada en nuestro trabajo.

El cuestionario posiblemente mds utilizado es el WOMAC (Western Ontario and
McMaster Universities Osteoarthritis Index), que presenta tres dominios que pueden ser
evaluados de forma independiente: dolor, de 0 a 20 puntos; rigidez articular, de 0 a 8
puntos; y discapacidad funcional, de 0 a 68 puntos. Esta escala permite una
interpretacion global, como la suma de los dominios previamente descritos, con una
puntuacion total que oscila entre 0 y 96, definiendo la enfermedad mas grave cuanta

mas puntuacion [61].

Existe otro cuestionario relativamente similar al WOMAC denominado KOOS (Knee
Injury and Osteoarthritis Outcome Score), que ultimamente se usa con mayor
frecuencia, posiblemente por el mayor numero de dominios que engloba.
Concretamente, evalla de forma independiente los siguientes aspectos: sintomas, con
cinco items; entumecimiento, con dos items; dolor, incorporando nueve items;
actividades diarias, con 17 items; actividades deportivas y recreacionales, en el que se
preguntan cinco items; y finalmente la calidad de vida, con cuatro items. Mediante una
féormula especifica se realiza un cdlculo de cada uno de los dominios de forma individual,
desde 0 a 100, siendo 0 el mayor grado de severidad [62]. Puede realizarse una
integracion de los dominios preguntados mediante una férmula especifica, pero

generalmente se expresa como dominios individuales y rara vez como un global.

Por ultimo, recordar dos cuestionarios mas. El primero seria el Lequesne; una de las

herramientas mas utilizadas en el pasado. Se trata de un cuestionario algofuncional, esto
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es, incluye preguntas tanto de dolor como de incapacidad funcional en el mismo
formulario, con una suma global de 0-24 puntos, siendo 0 el mas leve [63]. El otro
cuestionario se ha desarrollado en los ultimos anos en el seno de OARSI, para evaluar
las caracteristicas heterogéneas del dolor en OA, diferenciando entre el dolor
persistente y el intermitente (ICOAP de dolor continuo e intermitente). El dolor
persistente incluye 5 preguntas con un resultado de 0-20 y el intermitente 6 preguntas

con un resultado de 0-24; presentando mayor gravedad a mayor puntuacion [64].

1.4.2. De imagen

Clasicamente para definir la OA segun el grado de afectacion estructural se han utilizado
criterios de severidad radiolégicos [65,66]. Sin embargo, estos criterios son de poca
utilidad para detectar la enfermedad en fases mas precoces, aunque actualmente siguen

utilizandose en practica clinica y para evaluar el grado de afectacidén por imagen.

Entre las carencias de la radiografia simple cabrian destacar su escasa sensibilidad al
cambio, falta de especificidad y falta de reproducibilidad en estudios longitudinales,
sobre todo por problemas derivados de la posicidn [67]. Asi, dependiendo de los grados
de flexidn en los que se realice la prueba se obtienen resultados variables, y una posicion

incorrecta puede conducir a falsos positivos y negativos [68].

Sobre todo, debido a esta falta de sensibilidad al cambio de la radiografia simple, en los
ultimos afos se han desarrollado trabajos dirigidos a la busqueda de otros marcadores
de gravedad que permitan la deteccién de la enfermedad en estadios menos avanzados,
utilizando pruebas de imagen mds complejas, pero de mayor precisién como la ecografia
[69] y la resonancia magnética [70,71].
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1.4.2.1. Radiografia simple

La radiografia de rodillas constituye un método diagndstico y de clasificaciéon para
pacientes con OA que se encuentra comunmente disponible y, por lo tanto, es
frecuentemente usado para la evaluacion de la articulacion tibio-femoral; donde los
osteofitos marginales, la estrechez del espacio articular, la esclerosis y/o quistes

subcondrales reflejan los cambios patoldgicos [65,72].

El grupo de estudio de OARSI-OMERACT (Osteoarthritis Research Society International-
Outcome Measures in Rheumatology Clinical Trials), revisé diversas técnicas empleadas
en la evaluacidn radiografica de la OA de rodillas [73]. La adecuada alineacién de los
margenes anterior y posterior del platillo tibial medial, asi como el control del grado de
rotacién, permite una mejor evaluacién del espacio articular. Este grupo de estudio
determiné que la radiografia anteroposterior (AP) con semiflexion (guiada por
fluoroscopia) permite una mejor alineacién que las técnicas no guiadas como la
posteroanterior (PA) con semiflexion fija (proyecciéon de Schuss-Tunel) o la PA con
alineacion de la primera articulacion metatarsofalangica (PA-MTF) con la placa
radiografica (p < 0,0001). En ausencia de fluoroscopia, la proyeccién de Schuss-Tunel ha
demostrado ser superior a la AP en la evaluacién de la disminucion del espacio articular
reduciendo las variaciones en el angulo femorotibial [74]. Por otra parte, Cline et
al [75]no encontraron diferencias entre las proyecciones AP con semiflexion guiada por

fluoroscopia, Schuss-Tunel y PA MTP en la evaluacion de la progresidn radiografica.

La clasificacion de Kellgren-Lawrence (K/L), es la mas utilizada y conocida; y todavia hoy

en dia es la clasificacion de referencia para establecer el grado de afectacién radiogréfica
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de las personas con artrosis de rodilla [65]. Evalua principalmente el grado de formacion
del osteofito. La clasificacion se divide en: Grado 0: ausencia de osteofitos,
estrechamiento o quistes; Grado 1: osteofitos dudosos; Grado 2: osteofitos minimos,
posible disminucién del espacio articular, quistes y esclerosis; Grado 3: osteofitos
moderados o claros con pinzamiento moderado de la interlinea; Grado 4: osteofitos
grandes y claro pinzamiento de la interlinea con esclerosis. Su uso es habitual tanto en
la practica clinica como en ensayos clinicos, si bien tiene sus limitaciones, principalmente
consecuencia de que sus categorias no son equidistantes, por lo que la proporcién de

pacientes que progresan de una categoria a otra podria no ser comparable [76].

En al afio 2007, el grupo OMERACT publicéd un atlas de lectura creando una nueva
gradacion de la artrosis en diferentes localizaciones, incluyendo la rodilla [77]. Realiza
una valoracion mas precisa del estrechamiento del espacio articular tanto a nivel interno
como externo, con una puntuacion de 0 a 3, 6 en total. Asimismo, valora la presencia 'y
el grosor de los osteofitos en los compartimentos lateral y medial tanto en tibia como
en fémur, puntuandose de 0 a 3 en cada zona, maxima puntuacion 12. También se valora
de forma dicotédmica la presencia de esclerosis medial y lateral y el desgaste articular.
Por lo tanto, esta gradacién seria mas sensible al cambio. Su uso en la prdctica clinica no

es habitual, ya que es laborioso, por lo que se suele utilizar la clasificacion K/L.

Se ha hipotetizado también sobre la utilidad de la determinacién de la textura del hueso
trabecular como biomarcador de riesgo de progresién de la artrosis de rodilla [78]. El
engrosamiento de las trabéculas horizontales precede a los cambios en las trabéculas
verticales. En un estudio casos y controles publicado recientemente, se objetivé que los

cambios en el grosor del hueso trabecular horizontal obtenidos mediante la aplicacion
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de un software especifico semiautomatizado predicen el riesgo de progresion tanto

sintomatica como estructural a 24 meses [79].

1.4.2.2. Ecografia

La utilizacion de transductores de alta frecuencia con mayor resolucién para la
valoracién de las estructuras musculoesqueléticas superficiales ha promovido el uso
cada vez mayor de la ecografia en la evaluacion del aparato locomotor [80]. A diferencia
de la radiografia simple, la ecografia permite visualizar no sdélo el hueso cortical, sino
también las partes blandas periarticulares. A pesar de ser una técnica dependiente del
explorador, su facil accesibilidad, asi como su inocuidad y bajo coste, hacen de ella la

III

prueba de imagen “idea

En la OA, ademas del adelgazamiento progresivo del cartilago, que es una estructura
avascular y no inervada, se produce afectacién de otros tejidos en los que
probablemente radique el origen del dolor, como la membrana sinovial, que
frecuentemente esta hipertrofiada [81]. Es por esto que la ecografia resulta de gran
utilidad en la valoracién de la artrosis de rodilla, especialmente en estadios tempranos
de la enfermedad en los que la sinovitis es un hecho frecuente, y que se asocia ademas

a una mayor progresion radiolégica, y por lo tanto a una mayor severidad [70].

Existen numerosos estudios que tratan de relacionar la presencia de derrame articular
valorado por ecografia con el grado de dolor, asi como la presencia de sefial Power
Doppler. La mayoria valoran el derrame en el receso suprapatelar, pero este no es el
unico receso potencialmente afectado, por lo que se deberian explorar todos los recesos
articulares (central, posterior y popliteo) [82]. Hasta un 89.2% de las artrosis de rodilla
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presentan derrame grado 2, siendo la prevalencia aproximada de derrame 22 de un 50%
[83]. La posicion del paciente durante la exploraciéon influye notablemente en la

valoracién del derrame articular [84].

Recientemente, el grupo de trabajo OMERACT ha validado un atlas para la evaluacién
ultrasonografica de la artrosis de rodilla, basado en scores semicuantitativos que
consideran la sinovitis (0-3), hipertrofia sinovial 24mm (0-1), efusién > 4mm (0-1), sefial
Power Doppler de los recesos suprapatelar en plano longitudinal, medial y lateral en
plano transverso (0-1), osteofitos (0-3), extrusion meniscal medial en plano longitudinal
(0-2), y anomalias del cartilago en plano transverso con la rodilla flexionada al maximo
(0-3)[85]. Estos scores han demostrado una asociacion significativa pero modesta con
otras medidas de severidad clinicas y de imagen [86]. Asi, tanto la sefial Doppler como

la hipertrofia sinovial y la extrusidon meniscal se han relacionado con el dolor.

Se han establecido unos “cut off” a partir de los que la presencia de derrame articular
y/o hipertrofia sinovial se consideran patolédgicos en la valoracion ecogréfica de la
rodilla, y que varian en funcidn del sexo. Asi, en los varones, se considera patoldgico un
derrame mayor a 7.4 mm y una membrana sinovial superior a 3.7 mm; mientras que, en

las mujeres, estos valores descienden a 5.3 mm y 1.6 mm respectivamente [87].

La deteccion precoz de la extrusion meniscal medial por ecografia es especialmente
interesante, ya que esta comprobada su anticipacion a la pérdida de cartilago. Un valor
limite de 2 mm en sujetos con dolor cronico de rodilla ha demostrado una elevada

sensibilidad y especificidad [88,89].
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La presencia de quiste de Baker, facilmente evaluable por ecografia, se ha relacionado
con derrame y dolor articular en pacientes con OA de rodilla, aunque el nivel de

evidencia es poco consistente [90].

1.4.2.3. Resonancia magnética nuclear (RMN)

El uso de la RMN para la valoracion de la artrosis de rodilla es cada vez mas comun a
pesar de su elevado coste [91]. La resonancia, a diferencia de la radiografia, aporta
informacidn relevante acerca de los cambios que se producen en diferentes estructuras
articulares tanto en el debut como en la progresidn de la artrosis de rodilla; como son

las partes blandas, el cartilago y el hueso subcondral [2].

La definicién cldsica de la OA se basa en la presencia de cambios estructurales
visualizables en la radiografia simple que no permiten identificar la enfermedad en fases
mas tempranas. Asi, los cambios en el espacio articular tibio-femoral medial se han
considerado como la medida primaria de la artrosis de rodilla, y son el método “Gold

Standard” para valorar la progresién estructural en los estudios de artrosis [74].

Sin embargo, es bien conocido que se producen cambios patoldgicos articulares previos
a la aparicién del dafio radiolégico, que se podrian utilizar como marcadores precoces
de la enfermedad. En los ultimos afios se han desarrollado varios sistemas
semicuantitativos de puntuacion de la artrosis de rodilla basados en imdagenes obtenidas
por resonancia que han permitido identificar cambios patoldgicos a nivel del tejido
blando que se asocian con determinados aspectos clinicos y estructurales de la

enfermedad.
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La proliferacion de la membrana sinovial es un hecho caracteristico de la artrosis
progresiva, y su engrosamiento medido por resonancia, especialmente utilizando
contraste con gadolinio, se ha correlacionado con el grado de afectacion radioldgica

[92].

La patologia meniscal (lagrima meniscal, extrusion), se ha presentado como uno de los
principales desencadenantes de la aparicion y progresion de la artrosis de rodilla [93],

aunque su papel real no es del todo bien conocido.

La pérdida de volumen del cartilago femorotibial medial durante 2 afios de seguimiento
se ha asociado con progresién clinica y sobre todo estructural a 4 afios [94]. También se
han asociado los cambios en el grosor del cartilago con una mayor probabilidad de
artroplastia [95]. Por tanto, este cambio en el grosor del cartilago medido por resonancia

podria ser un biomarcador de imagen de progresion de la OA util y robusto.

El tamafio del edema de la médula dsea (“bone marrow lesions”), en imdagenes
potenciadas en T2, se ha correlacionado con cambios histopatolégicos que incluyen
microdegradacion del hueso trabecular subcondral e intento de reparacion de la matriz
O0sea, y también con deformidad articular progresiva y mayor probabilidad de
artroplastia [95]. El edema es un hallazgo frecuente en las rodillas artrésicas, y estd
presente en el 78% de los pacientes con dolor y hasta en el 30% de los pacientes sin

dolor, por lo que su implicacién clinica no esta aclarada [96].

También se han estudiado biomarcadores de imagen a partir de mediciones del hueso
trabecular [97,98]. El hueso trabecular esta constituido por laminillas dseas dispuestas
en forma de red en cuyo interior se encuentra la médula dsea. Su tamafio oscila entre
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los 50 a 200 [m, por lo que su cuantificacién es compleja. El aumento del grosor, la
pérdida de espacio y el aumento de densidad trabecular (lo que refleja esclerosis del
hueso subcondral), ha demostrado asociaciones modestas, pero estadisticamente
significativas con la progresion del dolor en 48 meses de seguimiento. Esto se explicaria
por razones biomecanicas, ya que en el proceso de remodelado dseo,
microtraumatismos repetidos conducirian al dafio cartilaginoso; y por razones
biomoleculares, ya que el aumento de vascularizacién conllevaria aumento de secrecién
de citocinas y factores de crecimiento que desencadenarian defectos en el cartilago y

osificacién posterior [99].

Utilizando la IA, se han combinado algoritmos de aprendizaje profundo con imagenes
de resonancia para obtener modelos predictivos de progresion de la artrosis de rodilla
qgue obtienen mejores resultados que los disefiados a partir de imagenes de radiografia

simple [50].
1.5. Marcadores de inflamacion

Clasicamente, la OA no se ha considerado una artropatia inflamatoria por la escasez de
neutréfilos en el liquido sinovial y la ausencia de manifestaciones sistémicas de
inflamacién [100]. Asi, a menudo se han utilizado los tejidos procedentes de una
articulacion artrésica como un control no inflamatorio o incluso un sucedaneo del tejido
articular normal o sano [101]. En este sentido, las caracteristicas del cartilago articular
(avascular, alinfatico y aneural), impiden cumplir los signos clasicos de la inflamacion
(enrojecimiento, hinchazén, calory dolor). Sin embargo, gracias a los avances en biologia

moleculary celular, son multiples los estudios que demuestran que diversos mediadores
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proinflamatorios, como son diversas citocinas, pueden ser importantes en el desarrollo

de esta enfermedad [102].

La inflamacion crénica de la membrana sinovial produce la liberacidon de citocinas
proinflamatorias que conllevan a la activacion de enzimas proteoliticas que son
responsables de la afectacién de la homeostasis del cartilago articular [103]. Los
marcadores séricos reflejan la degradacion de las proteinas del cartilago. Por lo tanto, el
analisis de citocinas tanto plasmaticas como en liquido articular parece de interés en los
pacientes con artrosis de rodilla [104]. De este modo, la identificacion de estos
marcadores de inflamacién a nivel sistémico y local nos permitiria entender mejor la
fisiopatogenia de la OAy su implicacion en la misma [105]. Existen diversas citocinas que
se han asociado previamente con la severidad tanto clinica como radiografica en Ila
artrosis de rodilla [106,107]. Entre ellas, las mas relevantes se comentan a continuacion,
aungue en ninguna de ellas, los resultados han sido lo suficientemente contundentes
como para establecer una translacion directa en la practica clinica, motivo que justifica

seguir con su estudio.

1.5.1. TNF-a

El TNF-a es una citocina proinflamatoria clasica sintetizada por una amplia variedad de
tipos celulares, incluyendo macréfagos, condrocitos y sinoviocitos. Estudios en humanos

in vitro han demostrado su relevancia en la patogénesis de la artrosis [30].

Las concentraciones plasmaticas de TNF-a y su receptor soluble predicen la progresién

de la artrosis de rodilla, y se asocian con el estrechamiento del espacio articular [108].
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Ademas, algunos estudios previos lo han relacionado con el dolor evaluado por el indice

de WOMAC [109].

Sus niveles basales en liquido articular se asocian a mayor progresion a largo plazo en

individuos postmeniscectomizados [110].

En un estudio publicado recientemente se objetiva que la concentracién del TNF-a
dentro de las vesiculas plasmaticas extracelulares es mayor en pacientes con artrosis de
rodilla, y su concentracidn basal predice la progresidon radioldgica [111]. Esto es
interesante porque podria explicar en parte la ineficacia de los anti-TNF en el
tratamiento de la artrosis [112], aunque pueda ser una citocina relevante asociada a la

severidad de la artrosis de rodilla.

15.2.1L-6

La interleucina 6 (IL-6), es una proteina pleiotrépica que regula multiples procesos
biolégicos, y tiene un papel destacado en la fisiopatologia de determinadas
enfermedades autoinmunes e inflamatorias [113]. Actua principalmente mediante tres

vias de sefializacién: JAK/STAT, Ras/MAPK y P13K/Akt.

Participa en el proceso inflamatorio, la respuesta inmune adaptativa e innata, la
hematopoyesis, la estimulacion del eje hipotalamo-hipofisario-adrenal, el metabolismo

6seo y lipidico y la regulacién de las respuestas de fase aguda [114].

A nivel local se produce tanto en la membrana sinovial como en la grasa infra-patelar.
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Valores elevados de la IL-6 en liquido sinovial favorecen la formacién del pannus y la
resorcidon ésea como resultado de la osteoclastogénesis en pacientes con artritis

reumatoide [101].

Se detectd en liquido sinovial de pacientes con artrosis en el afo 1988, siendo las

concentraciones mas bajas que en la artritis reumatoide [115].

Niveles plasmaticos elevados se han relacionado con progresién radioldgica [110]. Su rol
en la fisiopatogénesis de la artrosis parece especialmente importante en estadios

precoces de la enfermedad, en los que se asocia con mayor severidad clinica [116].

Niveles basales en liquido sinovial se relacionan con mayor progresién radiolégica en OA

secundarias [110].

También parece clara su relacién con la pérdida de capacidad funcional para todos los

grados de afectacion radiolégica [117].

El uso combinado de los niveles séricos de IL-6 asociados al TNF-( y a la leptina ha
demostrado una elevada sensibilidad para discriminar entre pacientes con OA
postraumatica y controles sanos (AUC 0.946, sensibilidad 97%, especificidad 61%),

resultado similar al obtenido mediante radiografia simple [108].

1.5.3. PCR-hs

La PCR (proteina C reactiva), es una proteina pentamérica de fase aguda utilizada
ampliamente como marcador de inflamacion, ya que sus niveles aumentan rapidamente
en la fase aguda del dafio tisular. La forma monomeérica de la PCR es mas dificil de

determinar por ELISA, pero mas sensible como indicador de una enfermedad especifica,
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ya que no se sintetiza en los adipocitos sino en el tejido lesionado [118]. Una publicacion
reciente demuestra que sus niveles plasmaticos se asocian fuertemente con la artrosis,
y aumentan en los estadios mds avanzados [119], por lo que podria ser un buen
marcador para monitorizar la actividad de la enfermedad y evaluar la eficacia de los

tratamientos.

Su importancia no sélo se limita a la reaccion inflamatoria, sino que esta involucrada en
la respuesta inmune innata, activando el complemento y regulando la fagocitosis

macrofagica en enfermedades como por ejemplo el infarto agudo de miocardio [120].

En la AR, niveles de PCR persistentemente elevados se asocian con destruccion ésea y

progresion estructural.

En la artrosis se han reportado diferencias estadisticamente significativas entre los
niveles séricos de los pacientes, que estan aumentados, y los controles sanos [121]. Sin
embargo, su asociacién con la progresion radioldgica no esta establecida. Diversas
publicaciones relacionan la PCR en plasma con la progresion radioldgica; mientras que,

en otras, esta relacion se pierde cuando se controla por el indice de masa corporal (IMC).

En un trabajo reciente no se demostrd relacién entre los niveles séricos de la PCR-hs,
determinados polimorfismos del gen y el riesgo de recambio protésico de rodilla y

cadera en una cohorte de mujeres postmenopdusicas con artrosis de rodilla [122].

1.5.4.1L-8

La interleucina 8 es una citocina inflamatoria producida en los condrocitos que provoca

la liberacidn de la MMP-13, y que genera cambios en la membrana sinovial [123].
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Sus niveles estan aumentados tanto en el suero como en el liquido sinovial de los
pacientes con artrosis [124]. También se han hallado niveles elevados en el liquido

sinovial de pacientes con artrosis y lesion previa del ligamento cruzado anterior [124].

Se ha evidenciado una asociacion débil pero significativa entre sus concentraciones en
liquido sinovial y la severidad clinica de la artrosis de rodilla en una cohorte de mujeres

sintomaticas con derrame articular [125].

En cuanto al dafio estructural, también se ha demostrado su asociacién positiva con
cambios en la sefial de la grasa infrapatelar medida por RMN y con el grado de afectacion

radioldgica segun la escala de K/L [92].

1.5.5. Calprotectina

La calprotectina es una proteina de la familia de las alarminas, también conocidas como
DAMP (Damage Activated Molecular Patterns), que se liberan con la activacién de los

granulocitos y los macréfagos en multiples procesos fisiolégicos y patoldgicos [126].

Su presencia fuera de las células actia como sefial de alarma, indicando que algo esta

provocando la muerte celular.

Ante una situacion de dafo tisular en el cartilago se produce la liberacidon de las
alarminas, que desencadenan una respuesta inmune innata mediante la activacién de
distintos tipos de receptores como los TLR (Toll Like Receptor) [127]. La unién de las
proteinas S100A8 y S100A9 forma un heterodimero conocido como calprotectina, que

se une al receptor Toll-like 4 (TLR-4), favoreciendo la secrecion de la IL-1®.
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La activacidn de estos receptores se relaciona con multiples enfermedades inflamatorias
y autoinmunes como la sepsis, la enfermedad inflamatoria intestinal, la esclerosis
multiple y algunas enfermedades articulares. Los niveles séricos y en liquido sinovial del
complejo S100A8/A9 estan elevados en pacientes con artrosis y artritis reumatoide,

correlacionandose con la actividad de la enfermedad [128].

Los niveles elevados de calprotectina se han relacionado con la degradacion inicial del
cartilago articular y con la presencia de una OA menos evolucionada, sugiriendo su
posible utilidad como biomarcador de enfermedad precoz [129]. Lamentablemente,
estos hallazgos no se han confirmado en estudios posteriores, por lo que todavia se

desconoce con exactitud su relacidon con la artrosis.

1.5.6.1L-10

La interleucina 10 (IL-10) es la citocina con mayor poder antiinflamatorio, actuando a
través de los macrofagos y las células T [130]. Un desequilibrio en la sintesis de IL-10 se
ha relacionado con multiples enfermedades infecciosas, alérgicas y autoinmunes como

la hepatitis, la dermatitis atépica, el asma y la colitis ulcerosa [131].

En un trabajo publicado en 2010 en una cohorte de mujeres con artrosis de rodilla [132],
se determind mediante microdialisis que el ejercicio provocaba un aumento de IL-10
tanto a nivel articular como perisinovial, lo seria congruente con el beneficio

demostrado de la actividad fisica en la artrosis.

Niveles séricos bajos de IL-10 se han asociado con mayor produccién local de TNF-(,
degeneracion del cartilago y evidencia histolégica de enfermedad en conejos con

artrosis secundaria a lesion del ligamento cruzado anterior [133].
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En un estudio realizado en sujetos con lesion del ligamento cruzado anterior y artrosis
de rodilla, se evidencié que las concentraciones séricas de IL-10 eran significativamente
menores en el grupo de artrosis severa comparadas con el de artrosis moderada (K/L 4
vs K/L 3, respectivamente), asi como en pacientes con lesion del ligamento cruzado

anterior [134].

1.5.7.1L-34

La interleucina 34 es una citocina inflamatoria implicada en la inflamacién sinovial y en
la osteoclastogénesis. Comparte similitudes con el factor estimulante de la colonia de
macroéfagos CSF-1, por lo que regula la diferenciacion, proliferacion y supervivencia de

las células macrofdgicas[135].

Su produccién tanto local como sistémica esta aumentada en patologias como la artritis
reumatoide, por lo que se ha postulado como biomarcador de enfermedades

articulares.

Niveles elevados se han asociado con severidad tanto clinica como radioldgica en

pacientes con artrosis de rodilla [136,137].

15.8.1L-17

Citocina inflamatoria producida principalmente por los linfocitos CD4+ (T helper 17).

Se ha evidenciado que sus niveles estan aumentados tanto en suero como en liquido
sinovial de pacientes con artrosis de rodilla, siendo esta ultima asociacién

estadisticamente significativa [138]. Ademas, sus niveles se han relacionado
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positivamente con el grado de afectacidn radioldgica [139]. También hay una correlacién

positiva con el dolor articular.

1.6. Adipocitocinas

El tejido adiposo expresa y secreta una gran variedad de proteinas que a menudo
comparten propiedades estructurales y funcionales con las citocinas, y se clasifican
como adipocitocinas [140]. Ademds de su relacién con procesos fisioldgicos y
metabdlicos, son sustancias proinflamatorias que parecen ser el enlace entre la
obesidad, sindrome metabdlico, inflamacidn y enfermedades reumaticas. Pasaremos a

definir las adipocitocinas mas evaluadas en relacion con la artrosis de rodilla.

La leptina es una de las mas estudiadas. Sus niveles dependen de la cantidad de grasa
corporal, y parece tener un efecto importante en la aparicion de OA en pacientes
obesos, tanto en articulaciones de carga como en las manos [141]. Favorece la secrecidn
de diferentes enzimas responsables de la degradacién del cartilago articular; y niveles
elevados en liquido sinovial se han relacionado con una mayor severidad de la artrosis
[142]. Su produccién esta elevada tanto en la grasa infrapatelar como en el tejido
sinovial de pacientes con artrosis. Sus niveles plasmaticos se han correlacionado con el
grado de afectacidn estructural, tanto evaluado por radiografia simple como por RMN

[143,144].

La adiponectina tiene efecto protector metabdlico, y sus niveles en plasma se relacionan
de manera inversa con el IMC vy la resistencia a la insulina [145]. Su produccién esta
aumentada en condrocitos de pacientes con artrosis de rodilla segin resultados de

estudios in vitro, donde induce la liberacién de 6xido nitrico e interleucinas. Sus niveles
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séricos y en liquido sinovial se relacionan con marcadores de inflamacién y de
destruccion del cartilago articular [145]. Niveles elevados de adiponectina y PCRhs se
han correlacionado con la intensidad del dolor articular en la cohorte KHOALA,
independientemente de la destruccidn articular [146]. Sin embargo, su implicacién en la
progresion estructural es controvertida con resultados dispares segun las distintas
publicaciones. Nuestro grupo de investigacion ha publicado previamente resultados
asociando la adiponectina en liquido sinovial con la gravedad clinica de la artrosis de

rodilla [147].

La resistina se relaciona con la insulinorresistencia y con la inflamacién sistémica, y sus
niveles séricos aumentan de forma proporcional segun la actividad de enfermedades
reumaticas como la artritis reumatoide y las espondiloartritis [148]. Sus niveles en
liguido articular se han relacionado con severidad clinica y radiolégica en sujetos con OA
de rodilla [149]. Como en el caso de la adiponectina, nuestro grupo de investigacion ha
relacionado la resistina en el liquido sinovial con la discapacidad funcional en mujeres

con artrosis de rodilla con derrame sinovial [150].

La visfatina en modelos de artritis se asocia con inflamacion y destruccién dsea. Ademas,
interviene en la via de activacion del factor de crecimiento neuronal (NGF), que esta
involucrado en la patogenia del dolor en OA [151]. También hemos reportado
previamente una asociacion negativa de la visfatina con la discapacidad funcional en

artrosis de rodilla [152].

La osteopontina podria tener un efecto protector en la fisiopatologia de la artrosis,

segln modelos experimentales, inhibiendo determinadas moléculas catabdlicas y de
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degradacion del cartilago [153]. Sin embargo, diversos estudios relacionan sus niveles
plasmaticos y en liquido articular con mayor grado de afectacidén radioldgica, mayor

severidad clinica y lesiones histopatoldgicas [153].

La omentina presenta una elevada correlacién con la adiponectina, asi como una
asociacién inversa con los marcadores de sindrome metabdlico [154]. Los datos
publicados referentes a la asociacidén de la omentina con la artrosis de rodilla parecen
indicar que podria ejercer cierto efecto protector tanto a nivel clinico como radiografico

[155].

La irisina es una miocina emergente secretada por el tejido adiposo y sobre todo por el
musculo esquelético en respuesta al ejercicio [156]. Se ha vinculado fuertemente con la
salud désea [157], y niveles séricos bajos pueden incrementar el riesgo de fractura y de
padecer enfermedades como la artrosis, la osteoporosis y la artritis reumatoide [158].
Niveles elevados en suero y en liquido sinovial se han correlacionado de forma positiva
con la severidad clinica de la artrosis, sobre todo en pacientes con un indice de masa
corporal elevado. Sin embargo, su papel en la progresion estructural es controvertido y
hay datos que apuntan en ambas direcciones [159]. En los ultimos afios se ha postulado
como potencial diana terapéutica, dado su poder antiinflamatorio y regenerador del

cartilago articular [159].

1.7. Factor de crecimiento neuronal (NGF)

El factor de crecimiento neuronal (NGF) es una neurotrofina que regula la estructura 'y

la funcién neuronal, modulando la sensibilizacidon nociceptiva. En modelos animales y
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en humanos, su aporte externo aumenta el dolor tanto a nivel local como sistémico

[160], dependiendo de la dosis y la ruta de administracion [161].

Actualmente sabemos que en la fisiopatogenia del dolor en la OA intervienen no sdélo
las terminaciones nerviosas articulares (mecanismos locales), sino que el sistema

nervioso central juega un papel importante [162,163].

La produccion del NGF y otras citocinas inflamatorias contribuyen a la patogenia de la

OA incrementando la degradacién del cartilago e induciendo hiperalgesia [164].

Se han detectado niveles elevados en liquido sinovial de pacientes con enfermedades

articulares inflamatorias y degenerativas [165].

Ademas, se ha utilizado como molécula diana para el desarrollo de nuevas terapias

[166].

Como podemos ver, se ha estudiado ampliamente la asociacion de diferentes
marcadores de inflamacidn, tanto en plasma como en liquido articular, con la artrosis
de rodilla. Lamentablemente, ninguno de estos estudios nos ha servido para identificar
de forma contundente ningun biomarcador sensible Util en practica clinica o como diana
terapéutica. En este sentido, se considera que la heterogeneidad de la enfermedad
dificulta su interpretacién a partir de un solo biomarcador. Ademas, se considera que
existen distintos perfiles de pacientes, con lo que un fenotipado de precisién puede
ayudar a identificar biomarcadores funcionales particulares de cada fenotipo.

Describimos a continuacién algunos de los fenotipos previamente reportados.
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1.8. Fenotipos en artrosis de rodilla

Actualmente se considera la artrosis como un grupo heterogéneo de enfermedades
compuesto por multiples fenotipos clinicos y endotipos fisiopatoldgicos que en muchas

ocasiones se superponen, en lugar de una entidad Unica [167].

Un fenotipo clinico se define como las caracteristicas observables de un organismo que
son producidas por la interaccién de factores genéticos y ambientales [168]. Estas
caracteristicas similares permiten agrupar a los pacientes de tal forma que se puedan
identificar los individuos, por ejemplo, con mayor riesgo de progresion (fenotipo
prondstico), o mayor probabilidad de responder a una intervencién especifica (fenotipo

terapéutico), entre otros [169].

En el caso de la artrosis, la falta de una identificacidon precisa de subpoblaciones de
pacientes con caracteristicas clinicas, bioldgicas o estructurales comunes se ha definido
como una de las principales causas tanto del fracaso de los ensayos clinicos en fase I/I1l
como de la falta de traslacionalidad de la investigacién. Esto se explica
fundamentalmente porque los modelos experimentales y animales en los que se
desarrollan las primeras fases de investigacidon de nuevas dianas terapéuticas son puros;
es decir, presentan una etiologia definida (por inflamacién, degradacién de cartilago o
lesidn estructural, entre otras) [170]. En cambio, y como ya se ha comentado, la OA es
una enfermedad multifactorial, por lo que la identificacidn de las principales causas de
afectacion en cada individuo es primordial para establecer candidatos a recibir

tratamientos especificos [60].
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A grandes rasgos, los distintos fenotipos de artrosis se podrian clasificar en tres grandes
grupos, segun estén basados en: pruebas de imagen (RMN, radiografia); marcadores

bioquimicos; y en peculiaridades clinicas y variables antropométricas.

En los ultimos afios se ha utilizado la IA en la busqueda de distintos fenotipos,
especialmente en el area de imagen [171]. Mediante técnicas de machine learning se
realiza un abordaje de un gran numero de datos sin necesidad de una hipdtesis previa,

lo que permite identificar patrones no previstos que generarian nuevos fenotipos [172].

También se han utilizado técnicas de IA en la busqueda de modelos predictivos de riesgo
de progresion clinica y radiolégica. Asi, se ha utilizado un modelo de aprendizaje
automatizado para predecir la progresion del dolor a partir de radiografias simples, con
un AUC de 0.77, que aumentaba hasta 0.81 si se afiadian otras variables como la edad,

género, raza, IMC, WOMAC y estadio K/L [173].

En otros estudios se utilizaron variables basales y resonancia semicuantitativa para

predecir la pérdida de cartilago con un AUC de 0.7 [174].

La combinacion de datos de los distintos dominios (forma de presentacién clinica,
patrones de afectacion articular, afectacién estructural, biomarcadores), permitiria
definir fenotipos mdas complejos y precisos para clasificar la enfermedad y conocer su
prondstico y respuesta al tratamiento. Se ha evidenciado que para poder discriminar
entre distintos grupos se necesita combinar un gran niumero de variables, incluyendo
datos metabdlicos, antropométricos e inflamatorios, que permitan definir fenotipos

mas amplios. Esto, a su vez, permite individualizar la estrategia terapéutica.
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El uso de tecnologias “Omicas” como la gendmica, la protedmica y la metaboldmica, que
permite manejar un gran numero de datos, ofrece un gran potencial para identificar

biomarcadores en un futuro proximo [175].

Potencialmente se pueden identificar cientos de fenotipos en funcion de la definicién
utilizada y de las variables seleccionadas. En una revision sistematica de la literatura
publicada previamente [176], en la que se analizaron 841 articulos de los que finalmente
por cuestiones metodolégicas y de calidad se incluyeron 24, se identificaron 37
fenotipos que se unificaban en 6 grandes subgrupos en funcién de la etiologia y
progresion: dolor croénico, inflamatorio, metabdlico local, sindrome metabdlico,
sobrecarga mecdanica y minima progresién. Aunque no existen unos fenotipos aceptados
a nivel general, esta clasificacién ha sido ampliamente utilizada y referenciada.

Especificamente, cada fenotipo describe:

- Dolor crénico: se asocia a dolor generalizado y afectacion psicoldgica, orientando
a una alteracién de los mecanismos neurofisiolégicos del dolor y a sensibilizacion

central.

- Inflamatorio: se caracteriza por la implicacion de multiples moléculas

mediadoras de la inflamacion.

- Metabdlico: estd definida la asociacidon entre el sindrome metabdlico y la
artrosis. La afectacidn de articulaciones que no estan sometidas a carga como
por ejemplo es el caso de las manos, indica la existencia de otros mecanismos
fisiopatoldgicos. Se ha evidenciado la relacién con la obesidad, la hipertension,
la diabetes y la dislipemia.
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Cambios metabdlicos locales: se han relacionado clusters de marcadores de

remodelado éseo como el CTX, la piridolinay el NTX con la OA.

Biomecanico: justificaria hasta un 22% de las artrosis de rodilla. Se caracteriza
por un exceso de sobrecarga en un area especifica de la articulacidn, y se asocia
a mala alineacion, debilidad muscular y dafio estructural previo. Una mala
alineacion tipo varo se asocia con afectacion del compartimento medial,

mientras que el genu valgo se asocia a afectacion lateral.

Minima progresion: se basa en caracteristicas no etioldgicas sino de progresion
estructural, constituyendo un subgrupo de baja progresion. Incluye variables
séricas (biomarcadores de resorcién 6sea), variables de imagen (RMN vy
radiografia simple), y variables clinicas. Su prevalencia oscilaria entre el 17% y el

47%, segun los estudios consultados.

Otros fenotipos se han propuesto atendiendo a otras variables clinicas como el estado

animico [177]. Este subgrupo de pacientes con sindrome depresivo asociado se

caracterizaria por una minima afectacién radioldgica (K/L < a 3), y elevadas puntuaciones

en cuestionarios validados para la evaluacién de la depresion y ansiedad. Equivaldria en

la clasificacion de Dell’lsolla al subgrupo de dolor crénico.

Otra clasificacion se basa en variables que valoran la discapacidad funcional. Asi, en la

literatura se describen la dificultad en subir escaleras, la dificultad para levantarse de la

silla y la dificultad para caminar como las limitaciones mas frecuentes en pacientes con

artrosis de rodilla. En base a datos antropométricos y a la dificultad para mantener la

bipedestacidn, la dificultad para deambular de forma prolongada y la dificultad para
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subir escaleras, Vongsirinavarat et al. [178] clasificaron a los pacientes en 4 grupos segun
el grado de limitacion funcional: no limitacion (31.6%), limitacién leve (26.8%),

moderada (30.4%), y severa (11.2%).

Recientemente se ha publicado un modelo basado también en 4 subgrupos atendiendo
al dolor [179]: debilidad y dolor intenso con multiples comorbilidades; debilidad y dolor
intenso; debilidad y dolor intenso asociado a ansiedad por dolor; y no debilidad y baja
sensibilidad al dolor, lo que ocurria en un 17% de los casos, y ademads se asociaria en

mayor medida a dafo articular previo y a individuos deportistas.

Esta division indicaria la necesidad de incluir en la estrategia terapéutica un enfoque
psicosocial, asi como otros factores extraarticulares atendiendo a las comorbilidades de

los pacientes.

Previamente [180] otros grupos estudiaron fenotipos de artrosis de rodilla en base al
dolor, intentando discriminar factores predisponentes a la cronificacién del dolor,
independientemente del dafio estructural, utilizando datos del estudio MOST,
clasificando también a los pacientes en 4 subgrupos, y concluyeron que el grupo de
mayor proporcion de puntos gatillo asociados a moderada sumacién temporal tenian el

doble de riesgo de desarrollar dolor articular persistente.

La inclusidon de datos de facil determinacidn en la identificacion de fenotipos favoreceria

su aplicabilidad en la practica clinica.

En resumen, actualmente parece clara la necesidad de realizar un fenotipado de
precision para mejorar nuestra comprension de la OA vy clasificar a los pacientes de

forma mas eficiente. Aunque no existe un consenso universal, la clasificacidon en estos
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seis fenotipos: dolor crénico, inflamatorio, metabdlico local, sindrome metabdlico,
sobrecarga mecanica y minima progresion, parece la mads utilizada actualmente y un
buen punto de inicio para seguir estudiando la agrupacién de los pacientes con artrosis

de rodilla.
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JUSTIFICACION
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2. JUSTIFICACION

La fisiopatologia de la artrosis es multifactorial y compleja, y actualmente todavia no se
conoce con exactitud ni en profundidad. El espectro clinico y el prondstico es muy
variable, con diferencias relevantes en cuanto a la exposicidn a factores de riesgo, por
lo que actualmente se considera un sindrome heterogéneo que agrupa distintos
subgrupos clinicos (fenotipos), con diferentes rasgos fisiopatoldgicos (endotipos). La
correcta estratificacion de los pacientes en subgrupos tendria implicaciones
terapéuticas (personalizacion de tratamientos, nuevas terapias, seleccion precisa de

candidatos para ensayos clinicos...).

Ademas, el paradigma de la OA ha cambiado en los ultimos afos, considerandose
actualmente una enfermedad inflamatoria de bajo grado. El descubrimiento de la
participacién de mediadores de la inflamacién como las citocinas, las prostaglandinas y
las metaloproteasas abre una nueva via en la bisqueda de biomarcadores que serian de
utilidad tanto diagndstica, como prondstica y sobre todo como potenciales dianas para
futuros tratamientos. De este modo se avanzaria hacia una medicina personalizada y de
precision. De igual modo, durante los ultimos afios, se ha progresado en el conocimiento
y la identificacion de distintos fenotipos de artrosis, mayoritariamente de rodilla.
Aunque han sido muchos los grupos de investigacién dedicados a este fin, como ya se
ha descrito en la introduccién de esta tesis doctoral, se han definido fenotipos con valor
clinico, que ayudan a agrupar mejor a nuestros pacientes, pero con poca implicacién en
cuanto a modificaciones de la practica clinica o de los tratamientos prescritos. Por este
motivo sigue siendo importante establecer correctos biomarcadores de tales fenotipos

para, posteriormente, una vez agrupados los pacientes en ellos, poder estudiar mejor el
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comportamiento de los biomarcadores dentro de cada uno de forma individualizada y
pormenorizada. En este sentido, consideramos que continta siendo de interés
mayusculo el estudio de los marcadores de inflamacién y su posible relaciéon con la
gravedad y severidad de la artrosis de rodilla. Los estudios previos, muestran resultados
gue en ocasiones parecerian hasta contradictorios o en direcciones opuestas, motivo

gue justifica seguir estudiando la inflamacién.

Creemos que nuestra cohorte, de caracteristicas muy homogéneas debido a que todos
los pacientes incluidos en el estudio son mujeres con artrosis sintomatica de rodilla y
asociada a derrame articular, considerandose un fenotipo inflamatorio, son un conjunto

ideal para evaluar los factores de inflamacidn.

En segundo término, y como consecuencia de las inconsistencias en los articulos
publicados hasta la fecha, nos parece de interés poder evaluar la existencia de distintos
fenotipos dentro del propio subgrupo inflamatorio, ya que, como se ha comentado, la

artrosis es una enfermedad muy heterogénea.
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3. HIPOTESIS
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3. HIPOTESIS

Diferentes citocinas y factores metabdlicos estan relacionados entre ellos y se asocian a
la severidad clinica y radiografica en las mujeres afectas de artrosis de rodilla con

componente inflamatorio.
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4. OBIJETIVOS
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4. OBIJETIVOS

Objetivo principal

e Evaluar de forma integral las distintas citocinas y factores metabdlicos tanto en
liguido sinovial como en plasma relacionados con la severidad en mujeres con

artrosis de rodilla con derrame.

Objetivos secundarios

e Evaluar la relacién entre los factores inflamatorios en liquido sinovial con la

severidad en artrosis de rodilla con derrame.

e Identificar nuevos fenotipos de pacientes con artrosis primaria con derrame

articular en funcién de su perfil inflamatorio y metabdlico.

e Estudiar la asociacion de los distintos fenotipos con variables clinicas,

radiolégicas y ecograficas en el momento del reclutamiento.

e Analizar las posibles asociaciones diferenciales entre las citocinas y la severidad

clinica y radiografica en artrosis de rodilla dentro de cada fenotipo inflamatorio.
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5. COMPENDIO DE PUBLICACIONES
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5. COMPENDIO DE PUBLICACIONES

5.1. Primer articulo

Synovial fluid but not plasma interleukin-8 is associated with clinical severity and

inflammatory markers in knee osteoarthritis women with joint effusion.

Maria Garcia-Manrique, Joan Calvet, Cristébal Orellana, Antoni Berenguer-Llergo, Silvia
Garcia-Cirera, Maria Llop, Néstor Albifiana-Giménez, Carlos Galisteo-Lencastre, Jordi

Gratacos.

Scientific Reports. 2021 Mar 4;11(1):5258. doi: 10.1038/s41598-021-84582-2.

IF: 4.99
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Synovial fluid but not plasma
interleukin-8 is associated

with clinical severity

and inflammatory markers in knee
osteoarthritis women with joint
effusion

Maria Garcia-Manrique'?, Joan Calvet’?, Cristébal Orellana'?, Antoni Berenguer-Llergo®,
Silvia Garcia-Cirera’, Maria Llop?, Néstor Albifiana-Giménez*, Carlos Galisteo-Lencastre' &
Jordi Gratacos™?

Several cytokines and adipokines are related to clinical severity and progression in knee osteoarthritis.
The aim of this study was to evaluate the associations of IL-8 with clinical severity and with local
and systemic adipokines and cytokines. This is a Cross-sectional study including 115 women with
symptomatic primary knee osteoarthritis with ultrasound-confirmed joint effusion. Age, symptoms
duration and body mass index were collected. Radiographic severity was evaluated according to
Kellgren-Lawrence. Pain and disability were assessed by Lequesne and Knee injury and Osteoarthritis
Outcome Score pain, symptoms and function scales. Three inflammatory markers and five adipokines
were measured by ELISA in serum and synovial fluid. Partial correlation coefficient (PCC) and
ponding 95% confidence interval were used to evaluate association. Synovial fluid IL-8 was
significantly associated with clinical severity scales. After controlling for potential confounders,
associations measured by a Partial Correlation Coefficient (PCC) remained essentially unaltered
for Lequesne (PCC=0.237), KOOS pain (PCC=~-0.201) and KOOS symptoms (PCC=~0.209), KOOS
function (PCC=-0.185), although the later did not reach statistical significance. Also in synovial fluid
samples, associations were found between IL-8 and TNF (PCC=0.334), IL6 (PCC=0.461), osteopontin
(PCC=0.575), visfatin (PCC =0.194) and resistin (PCC =0.182), although significance was not achieved
for the later after statistical control for confounders. None of these associations were detected in
serum. In conclusion, IL-8 was associated with clinical severity, inflammatory markers and adipokines
in synovial fluid, but not in blood. Although the reported associations are weak to moderate in
gnitude, these findings reinforce the notion that local and not systemic inflammation is more
relevant to clinical severity in knee OA women with joint effusion.

corr

Osteoarthritis {OA) is the most prevalent joint disease and the leading cause of pain and disability in adults'.
The factors associated with the presence, severity and progression of OA are not well known. Among others,
inflammatory factors have been related to OA over the past few decades, but their effects vary widely depending
on the different studies®. Several previous studies have related some cytokines such as TNF-alpha or [L-6 to OA
severity, both in synovial fluid and in serum*. However, differences according to disease duration and radiologi-
cal stage in those studies hinders drawing definite conclusions. Adipokines such as leptin, adiponectin, resistin,
visfatin and osteopontin in synovial fluid and plasma have been linked to clinical severity and to knee OA (KOA)

Rheumatology Department, Parc Tauli University Hospital, I3PT Research Institute (UAB), ¢/Parc Tauli s/n, edifici
VIl Centenari, 08208 Sabadell, Spain. “Departament de Medicina, Universitat Auténoma de Barcelona (UAB),
08003 Barcelona, Spain. *Biostatistics and Bioinformatics Unit, Institute for Research in Biomedicine Barcelona
(IRB Barcelona), 08028 Barcelona, Spain. “I3PT Research Institute (UAB), 08208 Sabadell, Spain. “‘email:
Jjoan.calvet.fontova@gmail.com

Scientific Reports|  (2021) 11:5258 | https:/jdoi.org/10.1038/541598-021-84582-2 nature portfolio
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progression®“. Again, differences occur in the series published concerning disease duration, radiographic stage
and the presence of synovial effusion that make hard to extrapolate conclusions.

Interleukin-8 (IL-8), also known as CXCL-8, is an inflammatory chemokine present under pathological condi-
tions. It is produced by human OA chondrocytes and is considered to play an important role in OA pathophysi-
ology as it mediates the release of matrix metalloproteinase-13 and has been related to inflammatory changes
in the synovium. In a previous study using cartilage culture, IL-8 has been shown to induce hypertrophy and
differentiation of chondrocytes in OA™ . It has also been reported that IL-8 synovial fluid levels are increased in
OA patients compared to a control group of younger individuals with anterior cruciate ligament injury, observing
that elevated IL-8 plasma is linked to MMP-3 activation®. However, to our knowledge no clinical associations
between IL-8 and clinical severity has been evaluated in knee OA.

The aim of this study was to evaluate the associations of IL-8 in synovial fluid and plasma with clinical severity
in KOA patients with joint effusion. As patients with joint effusion may represent a subset with a higher inflam-
matory component, we have also studied relevant cytokines and adipokines known to play a role in clinical
severity and local inflammation in KOA.

Results

Subject characteristics. Included women with inflammatory KOA had a median age of 68.8+11.1 years
old with KOA symptoms duration of approximately 4 years. The median Body Mass Index (BMI) was within
the obesity range (30.5 kg/m?). The Kellgren-Lawrence (KL) grades 2 and 3 were predominant in this cohort
(41.7% each) while only 3.5% had KL grade 4. Moderate to high disease activity resulted from the different clini-
cal questionnaires administered to the patients. Strong technical effects associated with round of measurement
were identified in the quantification of the inflammatory factors and adipokines, and a statistical correction was
carried out to enable comparison between samples (See “Assessments” section). Nevertheless, no cut-off points
or comparison between plasma and synovial fluid determinations could be reliably established. The corrected
values are shown in Table 1.

Association between IL8 and clinical severity. Synovial fluid IL-8 was mildly but significantly associ-
ated with clinical severity independently of the questionnaire used. Partial correlation coeficients (PCC) and
their corresponding 95% confidence intervals (CI) for the different severity scales were as follows: 0.291 (0.108 to
0.455) for Lequesne; —0.216 (- 0.389 to — 0.029) for KOOS pain; —0.221 (—0.393 to — 0.033) to KOOS symptoms;
and —0.205 (- 0.380 to - 0.017) for KOOS function . When adjusted for confounders known to influence clinical
severity as age, disease duration, K1 and BMI, synovial fluid 1L-8 remained essentially unaltered and statistically
significant for Lequesne (PCC=0.237; CI 0.045 to 0.411), KOOS pain (PCC=-0.201; CI - 0.380 to - 0.008) and
KOOS symptoms (PCC=-0.209; CI —0.387 to - 0.017). KOOS function also preserved the magnitude of it cor-
relation with IL-8, although it did not retained statistical significance (PCC = —0.185; CI - 0.365 to 0.009). None
of these associations were observed for IL-8 in plasma (Table 2).

Associations between IL8 and inflammatory markers. Moderate associations in synovial fluid sam-
ples between IL-8 levels and inflammatory markers were also observed, which retained statistical significance
after contral for potential confounders (age, disease duration, KL and BMI) without relevant changes in the
magnitude of the associations. PCC estimations for these associations were 0.334 (CI 0.140 to 0.503) and 0.461
(CI 0.293 to 0.602) for TNF and IL-6, respectively. No association was detected in blood between IL-8 and any
of these inflammatory factors (Table 2).

Associations between IL8 and adipokines. When correlation with adipokines was evaluated, mild to
moderate associations were observed in synovial fluid between IL-8 and resistin (PCC=0.201; C1 0.012 to 0.376),
visfatin (PCC = 0.256; CI 0.070 to 0.424) and osteopontin (PCC =0.593; CI 0.455 to 0.703). Again, the magnitude
of these correlations did not suffer important changes after controlling by potential confounders (age, disease
duration, KL and BMI) for osteopontin (PCC=0.575; CI 0.430 to 0.692) and visfatin (PCC=0.194; CI 0.000 to
0.373), although statistical significance was not kept in the case of resistin (PCC=0.182; CI1 -0.012 to 0.362). No
additional associations between plasma IL-8 and any of the plasma adipokines were observed (Table 2).

Discussion

This study showed a weak association between synovial fluid IL-8 with clinical severity and local synovial fluid
inflammatory markers, both with cytokines and adipokines. On the other hand, plasma IL-8 was not related to
clinical severity nor blood cytokines or adipokines.

Previous studies found high levels of IL-8, both in synovial fluid and blood, in KOA patients compared to
controls”. In contrast to our study, no clinical evaluation or inflammatory markers measurement were con-
ducted in those works, and all KOA patients were analyzed during knee replacement surgery. Furthermore,
the control group underwent diagnostic or therapeutic arthroscopy procedures for a knee injury, so, as usually
in control groups compared to the OA sample, age-related differences exist. Ruan et al. found an association
between plasma [L-8 with clinical (measured by WOMAC) and radiographic smriry”, but as opposed to our
study. men and women were included in this work, patients had no joint effusion and, consequently, synovial
fluid was not analyzed. A recent study performed in synovial fluid found an association between IL-8 and KL
stage, but it involved exclusively end-stage KOA patients who underwent prosthetic surgery with 45% of subjects
evaluated in KL stage 4 and 40% in KL 3. In addition, no clinical evaluation was performed in the participants
in this study". Thus, to our knowledge, our study is the first to find that synovial fluid IL-8 is associated with
clinical severity in knee OA patients.
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Age 68.80 (11.1)
Demographics KOA symptoms duration (months) 50.00 (73.00)
BMI (kg/m?) 30.5(6.35)
KL
1 15(13.1%)
Radiographic severity 2 48 (41.7%)
3 48 (41.7%)
4 4(3.5%)
Lequesne 14.00 (5.00)
KOOS pain 42.00 (17.00)
Clinical questionnaires®
KOOS symptoms 44.00 (18.50)
KOOS function 46.00 (19.00)
[L-8 SF pg/mL 10.96 (14.00)
Inflammatary markers SF* TNF-a SF pg/mL 10.19 (7.97)
[L-6 SF pg/mL 105.99 (302.64)
[L-8 blood pg/mL 3.13(2.46)
Blood inflammatory markers® TNF-a blood pg/mL 564 (1.95)
[L-6 blood pg/mL 2.72(3.31)
Leptina SF pg/mL 42,079.42 (29,565.99)
Adiponectin SF ng/mL 1734.76 (1352.53)
Adipokines SF® Resistin SF pg/mL 2225.65 (2205.79)
Visfatin SF ng/ml. 153 (1.18)
Osteopontin SF ng/mL 57.66(83.19)
Leptin blood pg/mL 37,948.02 (28,243.77)
Adiponectin blood ng/mL 14,294.05 (9990.22)
Blood adipokines® Resistin blood pg/mL 2068.29 (1173.56)
Visfatin blood ng/mL 378(1.37)
Osteopontin blood ng/mL. 1097 (7.02)

Table 1. Demographic variables, radiographic severity, clinical questionnaires, inflammatory markers

and adipokines in synovial fluid and blood. Medians and interquartilic ranges (IQR) were used to describe
continuous variables; categorical data were summarized using absolute frequencies (N) and percentages

(%); KOA knee osteoarthritis, KL Kellgren-Lawrence scale, BMI Body Mass Index, KOOS Knee injury and
Osteoarthritis Outcome Score, SF synovial fluid, IL-8 interleukin-8, IL-6 interleukin-6, TNF-a Tumor Necrosis
Factor-alpha. *Clinical questionnaires range values and interpretation: Lequesne (range from 0 to 24; where 0
is non and 24 maximum degrees of pain or incapacity) KOOS pain, symptoms, and function (range from 0 to
100; where 0 is maximum and 100 minimum of each condition evaluated). ®Levels of inflammatory markers
and adipokines in synovial fluid and blood were corrected a-priori by measure round.

Previous studies have associated resistin and ostepontin with IL-8 presence in chondrocytes and white adipose
tissue in cultures from knee OA patients'* ', The impact of IL8 on chondrocytes degradation could be related to
OA progression and could point to new therapeutic approaches®. The association found in this work between
IL-8 and clinical severity in knee OA together with its link with different inflammatory factors and adipokines
might suggest that IL-8 could be among the last effectors in the inflammatory cascade of knee OA, as it is associ-
ated with a great array of molecules related to knee OA clinical severity.

A high level of IL-8 has been found in the serum and synovial fluid of patients with OA'®. Different actions of
1L8 could explain its involvement in OA, such as neutrophil chemotaxis, activation of leukocytes and migration
to the joint or a direct effect on chondrocyte hypertrophy and differentiation or increased matrix metallopro-
teinase release'” ", as well as the induction of angiogenic changes related to chronic inflammation®. Within the
joint, IL-8 is expressed by macrophages'®, OA chondrocytes', fibroblast-like synoviocytes®, and infrapatellar
fat tissue®.

Our study has found an association for IL-8 and clinical severity and inflammatory markers in synovial fluid
but not in plasma, which appears to support the hypothesis that changes related to OA physiopathology are more
prominent in the joint, and synovial fluid should be the preferred biological fluid to be assessed. These results
could indicate that, in this group of women with knee OA with join effusion, local inflammation is more relevant
to clinical severity than systemic inflammation.

‘The main limitation of this study is related to its cross-sectional design, so that conclusions should be inter-
preted in terms of associations and we should be cautious about extrapolating causal relations. Another limita-
tion is that as all patients were referred to our Rheumatology Unit for specialist care a selection bias towards
more severe disease could exist. The lack of a control group did not allow us to confirm that interleukin-8 was
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Clinical severity
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Table 2. Synovial fluid and serum IL-8 associations with clinical severity, inflammatory markers and
adipokines in synovial fluid and blood. *Synovial fluid associations between IL-8 with inflammatory markers
and adipokines. *Serum associations between IL-8 with inflammatory markers and adipokines. KOOS Knee
injury and Osteoarthritis Outcome Score, SF synovial fluid, IL-8 interleukin-8, IL-6 interleukin-6, TNF-a
Tumor Necrosis Factor-alpha. “Effects adjusted by measurement batch and by potential confounders: age,

OA evolution time, KL grade and BMI. KL Kellgren-Lawrence scale, BMI Body Mass Index. Statistical
significant associations are in bold type. PCC partial correlation coefficient. 95% CI interval at $5% confidence.
Statistically significant results are highlighted in bold.

specifically related to knee osteoarthritis symptoms and would be associated with clinical severity in other joint
conditions associated with effusion. Additionally, these observations might be confirmed in a men cohort and
were only associated in joint effusion related osteoarthritis women.

A strength of this work is the homogeneity of the patients in this study as only women with significant
symptomatic knee OA and joint effusion, with predominantly low-to-moderate radiographic stage and moder-
ate to high clinical severity were included. This homogeneity allows our results to be applied to a well-defined
phenotype and increases the statistical power to detect moderate magnitude associations.

In conclusion, synovial fluid IL-8 was related to clinical severity in knee OA patients. The associations between
IL-8 and several inflammatory markers and adipekines in synovial fluid, but no in blood, reinforces the hypoth-
esis that local and not systemic inflammation is more relevant for clinical severity in these patients. Replication
is warranted, especially in other groups of patients, such as men and different knee OA stages.

Methods

Study design and subjects.  Patients systematically included in this cross-sectional study belong to a pri-
mary KOA cohort previously reported®. We studied 115 women aged 51-83 with symptomatic primary KOA
according to ACR criteria and who showed significant joint effusion on physical examination and confirmed by
ultrasound (=4 mm on midline supra-patellar line). Included patients had pain intensity=4 on a 10-cm visual
analogical scale despite the use of prescribed analgesic drugs for at least three months and had persisting knee
effusion or documented effusion in several consultations. Patients with a history of trauma, meniscal injury,
inflammatory rheumatic or septic arthritis, previous knee surgery or patients with any other secondary OA were
excluded, as well as those any condition potentially influencing pain perception® ** **, Patients who had received
systemic glucocorticoids over the last six months or intra-articular glucocorticoid in the last three months or
hyaluronic acid injection in the last 6 months were also excluded. Patients were recruited from October 2013 to
June 2016. As there are gender-specific differences related to clinical severity measurement of OA and inflam-
matory markers or adipokines levels* ** only women were included to homogenize the study sample. This study
was approved by the Local Ethical Committee at the Hospital Universitari Parc Tauli, Sabadell (2013/591). All
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patients included were verbally informed and signed informed consent and all methods were performed in
accordance with the relevant guidelines and regulations.

Assessments. The following variables were collected: age, KOA disease duration and body mass index
(BMI, kg/m?). Fasting blood analyses were carried out to assess serum inflammatory markers and adipokines.
Joint aspiration was performed during the visit in fasting conditions and at the same time of day for proper eval-
uation of synovial adipokines. A minimum of 2 mL of aspired synovial fluid was required to include the patient
in the study, and the mean and median across the cohort were 13.5 and 9 mL respectively. Non-inflammatory
synovial fluid (cell count < 2000 cells) and absence of microcrystals were confirmed. Serum and synovial samples
were stored at — 80 °C. Two validated scores (Lequesne index and Knee injury and Osteoarthritis Outcome Score
(KOOS) were used to evaluate clinical severity. Subjects participating in this study complete only three out of five
KOOS domains, specifically pain, symptoms, and function subscales. Low KOOS scores indicate a worse clini-
cal severity in all domains. Radiographic severity was assessed according to the Kellgren-Lawrence scale (KL)
with an antero-posterior knee X-ray examination in standing position performed over the last eighteen months.
X-ray were evaluated independently by two rheumatologists (JC, CO).

As previously described, three inflammatory markers (IL-8, TNF-a and IL-6) and five adipokines (leptm,
adiponectin, resistin, visfatin and osteopontin) were analyzed by ELISA following facturer rec
tions for serum and synovial fluid dilutions. IL-6 and TNF-a were analyzed by Luminex HCY TOMAG-60 K-03
(Merck Millipore). Sensibility: IL-6: 0.9 pg/mL, TNF-alpha: 0.7 pg/mL, detection range: 3.2-2000 pg/L, Coef.
intra-assay: IL-6: 2%, TNF-alfa: 2.6%, Coef. inter-assay: IL-6: 18.3%, TNF-alpha: 13%. Luminex IL8 Human
Procartaplex simplex Kit (ThermoFisher Scientific) was used for analyzing IL8. The sensitivity of the assay tested
on plasma is 1.2 pg/mL. Its intra-assay and inter-assay CV are respectively 8.5% and 4.6%. Adipokines were
analyzed with Human Leptin ELISA Kit (Biocompare, California, USA). Dilution 1/100. Sensibility: < 8 pg/mL,
detection rang; 62.5-10,000 pg/L, Intra-assay: < 6.3%, Inter-assay: < 7.2%. Adiponectin ELISA kit (eBioscience,
California, USA). Dilution 1/1000. Sensibility: 0.01 ng/mL, detection rang: 0.78-50 mg/L, Coef. intra-assay:
4.2%, Coef. inter-assay: 3.1%. Human Resistin ELISA Kit (Raybiotech, GA, USA). Dilution 1/100. Sensibil-
ity: 1.4 pg/mL, detection rang: 1.4-400 pg/mL, Coef. intra-assay: < 10%, Coef. inter-assay: < 12%. Osteopontin
ELISA kit (eBioscience, California, USA). Dilution 1/100. Sensibility: 0.26 ng/mL, detection rang: 0.47-30 mg/L,
Coef. intra-assay: 6.7%, Coef. inter-assay: 6.1%. Visfatin ELISA kit (Phoenix Pharmaceuticals, California, USA).
Dilution: none. Sensibility: 2.21 ng/mL, detection rang: 0.1-1000 ng/mL, Coef. intra-assay: < 10%, Coef. inter-
assay: < 15%. Because of technical reasons inherent to ELISA (configuration of plates used), these markers could
not be assessed at the same time for all patients, and non-negligible effects associated to time of measurement
were detected” ™, For this reason and in order to avoid biases in our estimations due to these effects that are tech-
nical in nature, the round of n it was considered as an adjustment factor in all the statistical analyses
performed in this study* .. Although this correction allows reliable estimations of association for synovial
and plasma measurements, it does not enable inference of either their real range of variability or meaningful
cutoff values that can be extrapolated to external data, purposes for which a specific and specialized calibration
study would be required™ .

Statistical methods. Clinical and laboratory data were descnbed using non-parametric methods. Medians
and interquartile ranges were applied to continuous es, lute and relative frequencies were
used for categorical variables. For laboratory measures, differences in means due to measurement rounds were
corrected previously to descriptive calculations. Association analyses were carried out by fitting linear models
in which IL-8 was included as outcome, and inflammatory factors and adipokines were transformed suitably to
meet the assumptions of the models. As mentioned above, all the models included round of measurement as
covariate in order to account for the associated technical variability in the analyses (see “Assessments” section).
As in previously published studies, associations were also assessed after statistical control by age, KOA symptom
duration, radiographic stage evaluated by KI. and BMI, which were included as explanatory variables in the
madels for this purpose. Partial correlation coefficients (PCC) and adjusted group means derived from the mod-
els were used to measure the magnitude of the effects for continuous and categorical variables, respectively®**
A 5% was set as threshold for statistical significance. All statistical analyses were conducted using R.

Ethics approval and consent to participate. FEthical approval was obtained from the Institutional
Review-Board of the Parc Tauli University Hospital {Decision Number 2013/591). Participants signed informed
consents.
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Abstract

Objectives: Osteoarthritis has been the subject of abundant research in the last years with limited translation to the clinical practice, probably
due to the disease’s high heterogeneity. In this study, we aimed to identify different phenotypes in knee osteoarthritis (KOA) patients with joint
effusion based on their metabolic and inflammatory profiles

Methods: A non-supervised strategy based on statistical and machine leaming metnhods was applied to 45 parameters measured on 168 female
KOA patients with persistent joint effusion, consecutively recruited at our hospital after a monographic OA cutpatient visit. Data comprnsed an-
thropometric and metabolic factors and a panel of systemic and local inflammatory markers. The resulting clusters were compared regarding
their clinical, radiographic and ultrasound severity at baseline and their radiographic progression at two years.

Results: Our analyses identified four KOA inflammatory phenotypes (KOIP): a group characterized by metabolic syndrome, probably driven by
body fat and obesity, and by high local and systemic inflammation {(KOIP-1); a metabolically healthy phenotype with mild overall inflammation
(KOIP-2); a non-metabolic phenotype with high inflammation levels [KOIP-3); and a metabolic phenotype with low inflammation and cardiovascu-
lar risk factors not associated with obesity (KOIP-4). Of interest, these groups exhibited differences regarding pain, functional disability and radio-
graphic progression, pointing to a clinical relevance of the uncovered phenotypes.

Conclusion: Our results support the existence of different KOA phenotypes with clinical relevance and differing pathways regarding their patho-
physiolegy and disease evelution, which entails implications in patients’ stratification, treatment tailoring and the search of novel and personal-
ized therapies.
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* Despite the abundant research conducted on knee ostecarthritis, there is a lack of translational results.
* Using non-supervised machine learning technigues, we identified four KOA phenotypes.
*» The uncovered phenatypes exhibited differences in clinical severity and radiographic progression.

Introduction

OA is the most common form of arthritis worldwide in older
adults [1]. Knee OA (KOA) is the most prevalent and the ma-
jor contributor to OA socioeconomic burden, causing a signif-
icant degree of pain and disability [2]. Several studies have
evaluated factors associated with clinical severity and radio-
graphic progression in KOA [3-5], including age, obesity, car-
diovascular conditions [6], cytokines in plasma and synovial
fluid [7, 8], and molecular determinants of cartilage degrada-
tion [9]. Numerous sex-related differences have been reported
among KOA affected subjects, not only regarding prevalence,
but also metabolic conditions, inflammatory factors and lev-
¢ls of pain and function disability [10, 11]. Despite this abun-
dant research, KOA pathophysiology is currently not well
understood, the available therapeutic options are limited and,
as of the date of writing, there is no specific therapy with a
disease-modifying effect [12].

An explanation for this lack of ranslatonal results is the great
variability across OA patients regarding clinical presentation, ex-
hibit of risk factors and prognosis. Based on these observations,
it has been proposed that OA does not correspond to a single
entity, but to a multifaceted and heterogeneous syndrome con-
sisting of different subgroups (phenotypes), possibly with specific
pathophysiologic traits (endotypes) [13]. The identification of
these phenotypes entails clinical implications of high relevance,
as they might improve patients’ stratification, enable a personal-
ized choice of treatment and a more accurate selection for clini-
cal trials, provide insight into their pathophysiology and
generate new hypotheses for future research, especially on
targets for novel therapeutic options [14].

Following this hypothesis, various groups aimed their re-
search at the characterization of OA phenotypes, most of
them in a hypothesis-driven manner based on one or a few se-
lected features (top-down phenotyping) [15]. In a completely
different approach, a few works attempted to identify OA
phenotypes by uncovering the patterns and clusters present in
patients” data using statistical and machine learning techni-
ques in a totally unsupervised manner (step-up phenotyping)
[15]. This approach has been used in a great variety of data,
including clinical parameters [16, 17], transcriptomic |18,
19], metabolomics [20, 21| and other biochemical markers
[22, 23]. Although all these works suggested the existence of
OA phenotypes characterized by features of a different na-
ture, their association with severity and progression and, espe-
cially, their clinical applicability was very limited. In
agreement with findings previously published [10, 11], some
of these studies reported important sex-specificities, suggest-
ing that OA phenotyping should be conducted for women
and men separately [23].

Despite these efforts, there is as of now no consensus on a
comprehensive classification of OA with clinical relevance. Tn
KOA, the existence of an inflammatory clinical phenotype
characterized by the presence of synovitis and higher levels of
pain, functional disability and rate of progression is widely
acknowledged [24, 25]. In our study, a data-driven approach
was used to identify phenotypes in 168 KOA patients with
persistent joint effusion from a prospective KOA cohort. To
do so, anthropometric parameters, metabolic factors and sys-
temic and local inflammatory markers were analysed using
well-established statistical and machine learning methods in a
non-supervised manner. To assess their clinical relevance, dif-
ferences across phenotypes were assessed regarding pain,
functional disability, ultrasound and radiographic severity
and progression.

Methods
Patients’ description

The subjects of this study are part of a prospective cohort of
patients that includes men and women with primary knee os-
teoarthritis (KOA) and persistent joint effusion. The cohort
includes 202 KOA patients consecutively recruited after an
outpatient visit in our Rheumatology Service from October
2013 to April 2018, At present, the cohort includes 171
women, three of which were excluded from our study due to
their high number of missing values in the parameters used
for clustering (>10%, five variables), leaving 168 female
KOA patients for our analysis (Table 1). We focused the pre-
sent work on female patients to homogenize the study sample,
as previous works have reported numerous sex-related differ-
ences in OA regarding metabolic conditions, inflammatory
factors and levels of pain and function disability [10, 11]. An
exhaustive description of the inclusion and exclusion criteria
can be found in the Supplementary Information available at
Rbeumatology online,

All subjects signed an informed consent authorizing the col-
lection of samples and data for their use in the context of
KOA studies. The project was evaluated and approved by the
cthical committee of our centre (CEIm Parc Tauli) with ap-
proval number 2015/539, and was conducted according to
the national and international ethical guidelines (Ethical
Standards, Declaration of Helsinki).

Samples

Samples from plasma and joint fluid were systematically
extracted at recruitment from all patients in the cohort.
Synovial fluid was obtained by aspiration (13.5 mean and
9ml median) and analysed to discard the presence of
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Table 1. Main baseline patients’ characteristics
Kellgren-Lawrence
All Grade 1 Grade 2 Grade 3 Grade 4
168 (100%) 19 (11.3%) 65 (38.7%) 78 (46.4%) 6(3.6%)
Age at recruitment 69.1 69.2 68.7 69.0 74.1
[50.9, 83.0] [55.7, 80.8] [51.7,83] [50.9,81.4] [52.0, 77.4]
Disease evolution time (months) 48 36 48 48 57
[4,200] [6,130] [4,200] [6,150] (6, 135]
Obesity 94 12 32 45 5
(56.0%) (63.2%) (49.2%) (57.7%) (83.3%)
Physical exercise None 61 6 24 27 4
(36.3%) (31.6%) (36.9%) (34.6%) (66.7%)
Sporadic 51 5 19 26 1
(30.4%) (26.3%) (29.2%) (33.3%) (16.7%)
Moderate 46 5 20 20 1
(27.4%) (26.3%) (30.8%) (25.6%) (16.7%)
Vigorous 10 3 2 5 0
6.0%) (15.8%) (3.1%) (6.4%) (0.0%)
Diabetes mellitus 18 1 8 9 4]
(10.7%) (5.3%) (12.3%) (11.5%) (0.0%)
Arterial hypertension 92 8 35 47 2
(54.8%) (42.1%) (53.8%) (60.3%) (33.3%)
Dyslipidaemia 68 4 29 33 2
(40.5%) (21.1%) (44.6%) (42.3%) (33.3%)
ATP IIl metabolic syndrome 61 8 24 28 1
(36.3%) (42.1%) (36.9%) (35.9%) (16.7%)
KOOS—pain (reversed, 0-100) 58 58 58 58 58
[28,97] [29, 87] [33,89] [28,97] 42, 92]
KOOS—symptoms (reversed, 0-100) 57 62 5 56 67
[11,96] [19,82] [11,96] [19,96] 137,791
KOOS—functional disability (reversed, 0-100) 58 59 57 58 60
[19,94] [22,79] 125, 93] [19, 94 129,72
Joint effusion (mm) 9.1 8.6 9.1 9.2 9.7
[4.5,19.1] [5.8, 14.1] [4.5,15.2] [4.5,19.1] [8.10, 12.30]

Demographic, anthropometric, metabolic, radiographic and clinical factors, for all the KOA patients included m the study and stratified by Kellgren—

Lawrence (KL) staging. All subjects are female patients diagnosed with sympromatic primary knee os

hritis (KOA) with persistent joint effusi

Continuous parameters are described with their median and ranges (minimum and maximum values), while absolute frequencies and percentages are
displayed for categorical variables. No missing values were observed for any of variables displayed in the table (» = 168).
ATP III: Adult Treatment Panel III: KOOS: knee injury and osteoarthritis outcome scores (reversed scores).

inflammatory fluid (joint cell count <2500 cells) and micro-
crystals. Collected samples were appropriately centrifuged
and stored at ~80°C, until their use for quantifications. Blood
extractions and the arthrocentesis were performed at the same
day and in fasting conditions.

Data collection
Bascline information regarding demographics, anthropomet-
ric and metabolic factors were systematically collected from
the patients in the cohort at tme of recruitment
(Supplementary Table S1, available at Rheumatology online).
Blood determinations related to metabolic syndrome were
assessed as per clinical practice. Synovial and plasma samples
were evaluated by ELISA for a set of 13 selected cytokines, in
order to assess their local and systemic inflammarory profiles
(Supplementary Table $1, available at Rheumatology online).
In total, a comprehensive panel of 45 parameters clinically rel-
evant for OA were available for the phenotyping analysis,
(Supplementary Table S1, available at Rheumatology online),
which displayed evident structures of correlation among them
(Supplementary Fig. S1, available at Rbeumatology online).
Baseline KOA severity outcomes included: pain, functonal
disability and symptoms levels as measured by the Knee injury
and Osteoarthritis Qutcome Scores (KOOS, in reversed or-
der); ultrasound measurements of joint effusion and synovial

tissue thickness (mm); Kellgren-Lawrence (KL) radiographic
stage; and OARSI atlas lecture, including osteophytes assess-
ment and joint space narrowing (JSN). To assess their radio-
graphic progression at two years, most of the patients
(n=143, 85%) also underwent a radiographic evaluation
during the follow-up. (Supplementary Table S1, available at
Rheumatology online). Of the 24 patients without a follow-
up radiography, 13 had undergone knee prosthesis surgery
(one in baseline KL-1, three in KL-2, seven in KL-3 and two
in KL-4). The remaining 11 patients (7%) represent losses in
the follow-up.

Clustering analyses for phenotype discovery

A clustering analysis based on well established statistical and
machine learning methods was carried out on 45 variables in-
cluding anthropometric, metabolic and systemic and local in-
flammatory factors, which were selected from the information
available in our KOA cohort for their clinical relevance in OA
(see previous sections and Supplementary Table S1, available
at Rheumatology online). All 45 variables participated in the
clustering analyses, and no explicit feature selection was per-
formed prior to the clustering procedure. Of note, this ap-
proach was completely unsupervised and no variable
expressing KOA severity or progression was involved in the
clustering process, which consisted of four steps: (i) missing
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values were imputed by Recursively Subtracted Empirical
Orthogonal Functions analysis [26]; (ii) pairwise patients’ dis-
similarities were estimated by unsupervised Random Forest
(RF) [27]; (iii) a Kruskal’'s Non-metric Multidimensional
Scaling (K-MDS) was applied to the resulting dissimilarity
matrix; and (iv) components derived from K-MDS underwent
a model-based clustering analysis based on mixture of
Gaussian distributions (Mclust) [28]. Results for the two first
K-MDS components showed the most evident data structure
as they involved a high number of clusters (four) according to
Bayes Information Criterion (BIC) (Supplementary Fig. S2,
available at Rbewmatology online). These clusters showed a
strong statistical significance according to a likelihood ratio
test (Supplementary Table S2, available at Rbeumatology on-
line), and remarkable robustness as measured by a number of
stability indexes that included Jaccard, adjusted Rand,
Fowlkes-Mallows and j-score, and normalized mutual infor-
mation (Supplementary Table S3, available at Rbeumatology
online). Hence, this configuration was chosen to define the
knce ostcoarthritis inflammatory phenotypes (KOIP) and
used in downstream analyses (Supplementary Fig. S3, avail-
able at Rbhewmatology online).

Clustering results were graphically represented using heat-
maps at the patient and the cluster level. To facilitate the in-
terpretation of the results, the 45 clustering variables were
grouped by their similarity across patients using a hierarchical
clustering and a correlation-like distance based on Spearman
correlaton (SC), Phi coefficients and Glass rank biserial cor-
relations (GRBCorr).

Joan Calvet et al.

To assist the interpretation of the clusters, a supervised RF
classifier was trained to predict patents’ KOIP membership. In
these analyses, variables contributing the most to KOIP defini-
tions were identified using VSURF [29], a sequential selection
procedure based on RF. Finally, and to explore clusters’ sex-
specificity, male patients with available data (n=23) were
assigned to the KOIP groups using a supervised RF model
trained with data from the female patients (Supplementary
Information available at Rbewmatology online).

Statistical analysis

Continuous parameters were described by their medians, me-
dian absolute deviations and ranges, while categorical varia-
bles were summarized using absolute frequencies and
percentages. Associations with KOIP groups and outcomes
were assessed using non-parametric methods, namely
Kruskal-Wallis and Mann-Whitney tests for continuous vari-
ables, and Fisher’s tests for categorical variables. All data
analyses were conducted with R [30] (see Supplementary
Information available at Rbhemwmatology online).

Results

Phenotype discovery

A clustering analysis was performed on data from 168 women
included 1n a cohort of primary KOA patients with joint effu-
sion (Table 1). Data consisted of a comprehensive panel of 45
variables systematically collected in the cohort and selected
for their clinical relevance in OA (Supplementary Table S1,
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Figure 1. Resuits at the group level of the phenotype discovery analyses performed on data from 168 female patents of primary knee osteoarthritis
(KOA) with persistent joint effusion. Cells show the median (continuous variables) or averages (numerically coded categorical variables) of the
standardized (centered and scaled) values of anthropometric, metabolic and systemic and lecal inflammatory factors involved in the clustering analysis.
Red indicates high, blue represents low, and colour intensity expresses more extreme values. Values of binary variables were previously converted to
numeric format, where 1 indicated presence and 0 represented absence of the corresponding feature. Physical exercise (four categories) was also
converted to numeric format and treated as ordinal. Colour intensities were saturated approximately to percentiles 5% and 95% of the overall values
distribution. Patient clusters were derived from a machine leaming (ML)}-based strategy that used unsupervised random forest (RF|, Kruskals non-metric
multidimensionzl scaling (KMDS) and Gaussian finite mixture models for model-based clustering (Mclust), which selected the optimal number of clusters
with objective statistical criteria [Bayes information criterion, BIC). Variables were grouped by a hierarchical clustering using Ward agglomerative method
and non-parametnc comrelation-like measurements, namely: Spearman correlation {continuous vs continuous or ordinal variables), Phi coefficient (binary vs
binary variables| and Glass rank biserial correlation (continucus/ordinal vs binary variables|. Variables with the highest discriminative power of patients’
clusters were identified using a sequential selection procedure based on random forests (VSURF—interpretation mode) and highlighted in the
corresponding annotation bar [Most discriminani. ATP |lI: Adult Treatrnent Panel |II; HDL: high-density lipoprotein; KOA: knee osteoarthritis; KCIP: knee
osteaarthritis inflammatory phenotype; LDL: low-density lipoprotein; NGF: nerve growth factor
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Table 2. Ch ization of knee rthritis inflammatory phenotypes (KOIP)
N All KOIP-1 KOIP-2 KOIP-3 KOIP-4 P-value
(%Miss.) 168 (100%) 55(32.7%] 51(30.4%) 27 (16.1%) 35 {20.8%)
Weight (kg) 168 74.00 84.20 64.40 76.90 7190  «<0.0001
(0.0%) (10.90) (8.15) (7.12) (7.56) (5.49)
Body mass index 168 31.04 35.56 26.60 30.78 3127  <0.0001
(0.0%)  (4.97) (3.49) (2.54) (3.39) (2.86)
Body fat percentage (%) 167 41.60 46.05 36.40 43.60 42,00  <0.0001
(0.6%) (5.49) (4.00) (3.56) (3.26) (2.82)
Waist circumference (cm) 167 101.00 110.75 91.00 100.50 101.00  <0.0001
(0.6%) (11.12) (7.78) (7.41) (6.67) (5.93)
Leptin—plasma (pg/mL) 167 36688.11 5439271 23566.59 39809.19 35530.72  <0.0001
(0.6%) (19582.18) (25049.17) (10682.27) (18942.95) (13628.15)
Irisin—plasma (ng/mL) 166 707.78 859.25 437.22 727.20 726.02 <0.0001
(1.2%)  (256.30) (107.21) (211.14) (174.17) (212.84)
Leptin—synovial fluid (pg/mL| 168 36160.71 54016.11 23126.79 39506.85 34888.07 <0.0001
(0.0%) (20839.58) (21012.50)  (940228)  (20839.78)  (15821.33)
Irisin—synovial fluid {ng/mL) 165 695.95 938.23 422.07 701.88 686.28  <0.0001
(1.8%)  (366.25) {228.26) (289.34) (366.00) (341.25)
ATP 11l metabolic syndrome 168 61 33 2 9 17 <0.0001
(0.0%)  (36.3%) (60.0%) (3.9%) (33.3%) (48.6%)
Insulin (microU/mL) 168 10.61 15.09 7.20 8.94 11.07 <0.0001
(0.0%) (5.95) (5.47) (3.08) (2.49) (5.99)
Triglycerides (mg/dL) 168 114.50 133.00 83.00 110.00 134.00  <0.0001
(0.0%) (49.67) (56.34) {25.20) (31.13) (48.93)
Uric acid (mg/dL} 168 4.75 5.60 3.70 4.80 4.90 <0.0001
0.0%)  (1.56) (1.48) (0.74) (1.63) (1.19)
Waist-hip ratio 167 0.92 0.94 0.89 091 0.92 <0.0001
(0.6%)  (0.06) (0.07) (0.06) (0.07) (0.04)
Glucose (mg/dL) 168 85.00 90.00 80.00 80.00 93.00  <0.0001
0.0%)  (13.34) (11.86) (7.41) (8.90) (14.83)
Glycated haemoglobin (%) 168 5.70 5.90 5.50 5.60 5.70 <0.0001
(0.0%) (0.44) (0.44) (0.30) (0.44) {0.30)
Diabetes mellitus 168 18 10 2 2 4 0.2069
(0.0%)  (10.7%) (18.2%) (3.9%) (7.4%) (11.4%)
Arterial hypertension 168 92 37 18 16 21 0.0182
(0.0%) (54.8%) (67.3%) (35.3%) (59.3%) (60.0%)
Dyslipidaemia 168 68 26 16 9 17 0.3675
(0.0%)  (40.5%) (47.3%) (31.4%) (333%) (48.6%)
Resistin—plasma (pg/mL) 168 2115.23 2389.10 1891.16 2657.56 1874.89 0.0001
0.0%)  (772.55) (775.51) (542.59) (991.28) (579.99)
Interleukin 6—plasma (pg/mL) 167 2.01 2.28 155 2.45 127 0.0149
(0.6%)  (1.89) (2.17) (1.48) (1.49) (1.18)
Calprotectin—plasma (ng/mL) 168 694.27 851.11 613.63 800.12 588.54 <0.0001
(0.0%) (257.02) (329.44) (208.62) (272.14) (149.27)
Tumor necrosis factor alpha—synovial fluid (pg/mL) 155 9.02 9.09 8.14 9.90 8.90 0.1239
(7.7%) (4.17) (5.62) (4.40) (3.08) (2.56)
Tumor necrosis factor alpha—plasma (pg/mL) 167 6.37 7.18 6.18 6.70 6.08 0.0997
0.6%)  (1.97) (2.49) (2.47) (2.81) (1.35)
Nerve growth factor—plasma (pg/mL) 167 152 1.52 152 1.69 1.52 0.2699
(0.6%)  (0.51) (0.41) (0.38) (0.60) (0.59)
C-reactive protemn—synovial fluid (mg/L) 167 123 1.52 0.78 161 0.98 <0.0001
(0.6%) (0.85) (0.86) (0.58) (1.24) (0.67)
C-reactive protein—plasma (mg/L) 168 4.26 6.87 2.59 6.00 2.90 <0.0001
(0.0%) (3.64) (3.43) (1.83) (4.53) (2.01)
Interleukin 8 - synovial fluid (pg/mL) 165 621 8.00 6.21 8.21 39 0.0012
(1.8%) (4.55) (6.32) (4.53) (9.04) (2.69)
Calprotectin—synovial fluid (ng/mL) 164 576.06 763.04 599.99 759.60 420.07 0.0006
(2.4%) (506.81) (539.41) (A40.78) (560.50) (269.98)
Interleukin 6—synovial fluid (pg/mL) 167 116.33 208.03 91.67 222.45 71.56 0.0012
(0.6%)  (142.96) 1227.13) (107.28) (208.76) (74.70)
Osteopontin—synovial fluid (ng/mL) 168 47.95 48.55 46.75 103.82 36.02 0.0013
(0.0%)  (45.78) (46.67) {44.66) (103.73) (28.09)
Visfatin—synovial fluid (ng/mL) 168 2.07 2.28 1.88 211 1.90 0.5075
0.0%)  (0.96) (0.97) (0.76) 10.89) (1.13)
Resistin—synovial fluid (pg/mL) 168 1480.20 1692.08 1390.64 1242.23 1329.84 0.4210
(0.0%)  (1186.82) {1292.53) (1251.31) (1180.45) (1125.35)
Nerve growth factor—synovial fluid (pg/mL) 163 226 226 2.26 220 220 0.0380
(3.0%) (0.65) (1.09) (0.63) (0.48) (0.90)
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Table 2. (continued)

N All KoIP-1 KOIP-2 KoIr-3 KOIP-4 P-value
(%Miss.) 168 (100%) 55(32.7%) 51(304%) 27(16.1%) 35(20.8%)
Osteopontin—plasma (ngfml) 168 13.71 12.52 1412 16.40 12.10 0.1872
10.0%) (6.07) (6.59) (6.40) (10.18) (4.37)
Visfatin—plasma (ng/mL) 168 4.01 4.02 423 4.01 3.74 0.2810
(0.0%) (0.99) (1.20) (1.12) (0.54) (1.01)
Interleukin 8—plasma (pg/mL) 168 3.19 3.21 3.79 3.52 2.30 0.0152
(0.0%) (1.93) (1.78) (2.07) (2.59) (1.28)
Low-density lipoprotein (mg/dL) 168 121.50 123.00 128.00 126.00 113.00 0.2931
0.0%) (34.84) (38.55) (34.10) (23.72) (28.17)
Total cholesterol (mg/dL) 168 208.00 208.00 211.00 213.00 200.00 0.1780
(0.0%) (32.62) (32.62) (29.65) (28.17) (32.62)
25-hydroxy vitamin D (ng/mL) 167 19.75 13.80 25.63 17.55 21.30 <0.0001
(0.6%) (11.05) (7.12) (10.50) (11.81) (8.90)
Physical exercise None 168 61 29 12 6 14 0.0525
(0.0%) (36.3%) (52.7%) (23.5%) (22.2%) (40.0%)
Sporadic 51 18 16 8 9
(30.4%) (32.7%) (31.4%) (29.6%) (25.7%)
Modecrate 46 6 18 11 11
(27.4%) (10.9%} (35.3%) (40.7%) (31.4%)
Vigorous 10 2 5 2 1
(6.0%) (3.6%) (9.8%) (7.4%) (2.9%)
Adiponectin—plasma (ng/mL) 168 16406.09 11544.55 22357.78 21707.37 11562.39 <0.0001
(0.0%)  (9301.69) (6280.30) (10366.17)  (7352.75) (5390.11)
Omentin—plasma (pg/mL) 168 26859.10 22317.93 44069.15 41837.49 2244996 <0.0001
(0.0%) [(17845.88) (13067.24) (26688.23) (19372.98) (11219.76)
High-density lipoprotein (mg/dl) 168 60.65 53.30 68.90 63.20 58.00 <0.0001
(0.0%) (13.79) (11.12) (13.49) (9.93) (17.05)
Adiponectin—synovial fluid (ng/mL) 168 2420.01 1937.73 3047.42 337291 1501.12  <0.0001
(0.0%)  (1470.78) (1263.00) {1271.50) (2111.49) (1186.51)
Omentin—synovial fluid (pg/mL) 165 4292.68 3073.42 6648.21 6943.02 2787.84  <0.0001
(1.8%)  (3586.44) (2125.52) 14252.38) (4134.11) (2109.62)
Cells show medians and medi bsolute deviations (continuous) and absolute frequencies and percentages (categorical) for the 45 variables used in the
clustering analysis within each KOIP and in the overall series.
Statistical significance was assessed using a Kruskal-Wallis {continuous) or a Fisher’s test for conti y tables (categorical variables),

% Miss.: percentage of missing values: KOIP: knee osteoarthritis inflammatory phenotype; N: number of observations.

available at Rheumatology online). Based on machine learn- resistin, as well as increased values of plasma tumour ne-
ing techniques and objective statistical criteria for model selec- crosis factor alpha (TINF-alpha) and synovial interleukin-8
tion, our methodology identified four robust patient clusters (IL-8) and visfatin.
(Supplementary Figs S2 and S3, Supplementary Tables S2 and * KOIP-2 defined a metabolically healthy and mild-
S3, available at Rheumatology online) that displayed clearly inflammatory phenotype (51 subjects, 30.4%). Subjects in
differing profiles regarding their anthropometric, metabolic this group represented a mirrored picture of the KOIP-1
and inflammatory features. Hence, these clusters were used to cluster, as they presented the lowest expressions of the
define four KOA inflammatory phenotypes (KOIP) whose metabolic and obesity features listed above, the lowest lev-
characteristics are detailed in Fig. 1 and Table 2 (sce also els of leptin and irisin, and increased values of adiponectin
Supplementary Fig. $4, available at Rheumatology online). and omentin, both in plasma and in synovial fluid. In this
phenotype, the expression for the rest of systemic and lo-
* KOIP-1 represented a fat-driven metabolic inflammatory cal inflammatory markers remained around the cohort’s
phenotype (55 subjects, 32.7%). Compared with the rest average or below, except for plasma IL-8 and visfatin.
of the patients, this phenotype showed classic hallmarks Patients in the KOIP-2 group were among the most physi-
of metabolic syndrome (MetS) driven by body fat and obe- cally active and presented high levels of vitamin D and
sity, such as: higher weight, BMI, body fat, waist circum- HDL.
ference and waist=hip ratio; high prevalence of diabetes, « KOIP-3 depicted a non-metabolic and high-inflammatory
arterial hypertension, dyslipidaemia and MetS; increased phenotype (27 subjects, 16.1%). Although their subjects
values of insulin, triglycerides, uric acid, glucose and per- presented relatively high levels of weight and body fat con-
centage of glycated haemoglobin; and low high-density li- tent, this group was characterized by intermediate values
poprotein (HDL), vitamin D and physical activity. Its of BMI and average or lower levels and presence of condi-
inflammatory profile was characterized by the highest ley- tions related to MetS and individual cardiovascular risk
cls of leptin and irisin, in contrast to decreased values of factors, such as diabetes, glucose, glycated haemoglobin,
adiponectin and omentin, both in plasma and in synovial dyslipidaemia, triglycerides, uric acid and waist-hip ratio.
fluid. Typically, their patients also displayed higher than Their patients also displayed intermediate levels of leptin
average values of some inflammatory factors at the local and irisin, high expression of adiponectin and omentin
and systemic level, namely IL-6, CRP, calprotectin and and the highest levels of osteopontin, both systemically
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and locally. Regarding the rest of cytokines, and com-
pared with KOIP-1, KOIP-3 subjects showed increased
levels of synovial TNF-alpha and plasma nerve grow fac-
tor (NGF), lower expression of synovial visfatin and resis-
tin, and a similar profile for the rest of factors. Their
vitamin D levels were low, and they were physically active
compared to the series average.

KOIP-4 represented a metabolic low-inflammatory pheno-
type (35 subjects, 20.8%). This group displayed average
values of leptin, irisin and anthropometric factors related
with obesity (weight, BML, body fat, waist perimeter and
waist—hip ratio). Their patients, though, showed a high
frequency and levels of classic cardiovascular risk factors,
especially MetS, triglycerides and glucose, and higher
prevalence of arterial hypertension and dyslipidaemia
than the cohort’s average. Despite that, this phenotype
showed low average expression in all the cytokines of our
panel, both in plasma and in synovial fluid.

Subjects across KOIP groups did not significantly differ in
terms of age or evolution time of their disease although, in
median, KOIP-3 subjects were slightly younger (2.2years)
and they had been diagnosed more recently (12 months) com-
pared with the overall series. Subjects in KOIP-4 showed the
longest disease evolution (12 months more than the whole
patients set, in median). A supervised RF classifier trained to
predict KOIP membership achieved a high overall accuracy
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{89%), with classification errors across KOIP groups ranging
from 4% to 17%. A sequential procedure selected up to 27
predictors (out of the 45 analysed) as the most informative for
KOIP classification while retaining a similar accuracy in all
groups (87%) (Supplementary Table S4, available at
Rhewmatology online). With exploratory purposes, and al-
though the number of male patients in our KOA cohort avail-
able for these analyses did not allow for conducting a proper
phenotyping analysis (#=23), we observed that the KOIP
profiles described for women were only partially reproduced
in the male patients of our KOA cohort {Supplementary Fig.
S5, available at Rbeumatology online).

Association of KOIP groups with clinical outcomes

The identified KOIP groups were evaluated for their associa-
tion with different outcomes, including clinical (KOOS, re-
versed scale), radiographic and ultrasound severity at baseline
and radiographic progression at two years (Fig. 2, Table 3).
KOIP-1 and KOIP-3 groups displayed the highest baseline
pain across phenotypes, which were statistical significant in
the case of KOIP-1 (7 points increase in median compared
with KOIP-2 and KOIP-4, P-values=0.0217 and 0.0327)
and close to the significance threshold for KOIP-3 (10 points
more than KOIP-2 and KOIP-4 in median, P-values = 0.0566
and 0.0535), respectively (Fig. 2, Table 3 and Supplementary
Table S5, available at Rheumatology online). The same pat-
tern was observed for functional disability where, in median,
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Figure 2. Association of knee osteoarthritis inflammatory phenotyoes (KOIP) with clinical severity and radiographic progression. Panels {A) and (B}
represent boxplots showing the distribution of knee injury and osteoarthritis outcome scores [KOOS, reversed scores) across KOIP groups for pain (A)
and functional disability (B). Panels (C), |D) and (E) display the percentage of patients whose disease progressed after a two-year follow-up according to
diferent radiographic criteria, namely Kellgren-Lawrence (KL) stage (C), formation of new osteophytes (D) and increase of joint space narrowing [JSN) (E).
Diamond-shaped points and segments show group medians (A and B), percentages (C, D and E) and their 95% CI. Pvalues are derived from an Kruskal-
Wallis test (A, B) or a Fisher's test for contingency tables {C, D and E|. KOIP: knee osteoarthritis inflammatory phenotype; KOOS: knee injury and

osteoarthritis outcome scores (reversed scores)
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Table 3. Association of knee ostecarthritis inflammatory phenotypes (KOIP) with severity and progression

Joan Calvet et al.

N Al Korp-1 KOIP-2 KOIP-3 KoIpr-4 P-value
(%Miss) 168 (100%) 55(32.7%) 51(30.4%) 27(16.1%) 35(20.8%}
KOOS—pain (reversed, 0-100) 168 58.00 61.00 54.00 64.00 54.00 0.0298
(0.0%} (16.31) (14.83) (14.83) (11.86) (17.79)
KOOS—symptoms (reversed, 0-100) 168 §7.00 62.00 56.00 57.00 62.00 0.7737
(0.0%} (17.79) (17.79) (8.90) (19.27) (19.27)
KOOS—functional disability (reversed, 0-100) 168 58.00 63.00 54.00 62.00 56.00 0.0084
(0.0%} (15.57) (17.79) (13.34) (17.79) (19.27)
Joint effusion (mm) 168 9.05 9.30 8.70 9.40 8.80 0.1545
(0.0%} (2.45) {2.52) (2.37) (2.67) (1.33)
Synovial tissue thickness (mm) 163 4.20 4.50 4.20 4.40 4.10 0.6986
(3%) (1.78) {2.00) (1.78) (1.78) (1.63)
Kellgren-Lawrence radiographic grade 1 168 19 5 4 3 7 0.1255
(0.0%) (11.3%) (9.1%) (7.8%) (11.1%) (20.0%)
2 65 19 25 7 14
(38.7%) (34.5%) (49.0%) (25.9%) (40.0%)
3 78 26 22 16 14
(46.4%) (47.3%} (43.1%) (59.3%) (40.0%)
4 6 5 0 1 0
(3.6%) (9.1%) (0.0%) (3.7%) (0.0%)
Osteophytes score 167 3.00 3.00 3.00 4.00 4.00 0.9087
(0.6%) (2.97) 2.97) (2.97) (2.97) 2.97)
Joint space narrowing 0 168 63 13 22 9 17 0.1391
(0.0%} (37.5%) (27.3%]) (43.1%) (33.3%) (48.6%)
1 32 13 11 4 4
(19.0%) (23.6%) (21.6%) (14.8%) (11.4%)
2 42 10 12 9 11
(25.0%) (18.2%] (23.5%) (33.3%) (31.4%)
3 26 14 4 5 3
(15.5%) (25.5%) (7.8%) (18.5%) (B.6%)
4 5 3 2 0 0
(3.0%) (5.5%) (3.9%) (0.0%) (0.0%)
Kellgren-Lawrence radiographic progression 140 45 21 9 7 8 0.0709
(16.7%) (32.1%) (45.7%) (20.5%) (35.0%) (26.7%)
Osteophytes radiographic progression 143 95 40 30 10 15 0.0093
(14.9%) (66.4%) (81.6%) (68.2%) (47.6%) (51.7%)
Joint space narrowing radiographic progression 143 50 23 10 7 10 0.1110
(14.9%) (35.0%) (46.9%} (22.7%) (33.3%) (34.5%)

Cells show median and med:an absolute deviation (continuous) and absolute frequencics and percentages (categorical) for outcomes within cach KOIF and in

the overall series, including clinical, radiographic an ultrasound severity at baseline and radiographic progression.
Statistical significance was assessed using a Kruskal-Wallis test (continuous) or a Fisher’s test for contingency tables (categorical variables).

% Miss.: percentage of missing values; KOIP: knee osteoarthritis inflammatory phenotype; KOOS: knee injury and osteoarthritis outcome scores {reversed

scores); N: number of observations.

KOIP-1 and KOIP-3 displayed 8 and 9 KOOS points more
than subjects in the KOIP-2 group (P-values=0.0033 and
0.0106) and 7 and 6 more points than KOIP-4 subjects (P-val-
ues =0.0595 and 0.0735), respectively (Fig. 2, Table 3 and
Supplementary Table S6, available at Rheumatology online).
Regarding radiographic assessments, KOIP-1 showed the
highest rates of progression in all criteria considered, which
included Kellgren-Lawrence (KL) (45.7%), formation of new
osteophytes (81.6%) and joint space narrowing (JSN]
(46.9%) (Fig. 2, Table 3 and Supplementary Tables $7-§9,
available at Rbeumatology online). Although the homogene-
ity test was non-significant for KL and SN, these rates were
significantly higher compared with the KOIP-2 group for KL
(25.2% increase, P-value = 0.0143) and JSN (24.2% increase,
P-value=0.0178), and for osteophytes progression when
compared with KOIP-3 (34.0% increase, P-value =0.0080)
and KOIP-4 (29.9%, P-value =0.0093). Importantly, KOIP-1
and KOIP-3 showed both a high progression and a high base-
line radiographic severity according to KL and JSN, although
baseline differences were not statistically significant across
phenotypes for any of the criteria considered (Fig. 2, Table 3).

KOIP-3 and KOIP-4 showed similar patterns and rates of ra-
diographic progression (Fig. 2, Table 3). No significant differ-
ences were found between phenotypes for KOOS symptoms
or ultrasound severity (Table 3).

Discussion

In this study, we aimed to identify different phenotypes of
KOA characterized by their anthropometric and metabolic
traits and their systemic and local inflammatory profiles. To
do so, we applied a non-supervised approach to data from a
homogeneous and tightly controlled cohort of female KOA
patients with persistent joint effusion, using well-established
machine learning techniques and objective statistical criteria
for model selection. At present, the existence of a general so-
called inflammatory phenotype that includes patients present-
ing synovitis is widely accepted [31, 32]. Of note, all the sub-
jects studied in our work fall into this category and, hence,
they suffered from higher levels of pain, functional disability
and probability of progression compared with the non-
inflammatory phenotype. Despite this sample homogeneity,
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Figure 3. Knee osteoarthritis inflammatory phenotypes (KOIP). The table reflects the KOIP characteristics regarding anthropometric, metabolic and
inflammatory profiles, as well as clinical severity and radiographic progression. JSN: joint space narrowing; KL: Kellgren-Lawrence; KOIP: knee

osteoarthritis inflammatory phenctype; MetS: metabolic syndrome

our methodology identified four robust clusters of patients de-
fining four KOA inflammatory phenotypes (KOIP, Fig. 3),
which drastically differed in their anthropometric, metabolic
and inflammatory profiles, presented substantial differences
in clinical severity and suggested different rates of radio-
graphic progression. These results point to differential path-
ways across these phenotypes regarding pathophysiology and
disease evolution (endotypes) and, therefore, implications in
treatment tailoring that, in line with previously established
hypotheses provide a possible explanation for the current lack
of translational results [12, 33-35].

KOIP-1 patients represented the most severe inflammatory
phenotype, as shown by their highest levels of pain, functional
disability and radiographic stage, and their less favourable
evolution according to three different radiographic criteria.
We hypothesize that KOIP-1 constitutes what has been previ-
ously described as a metabolic osteoarthritis subgroup, whose
disease is mediated by a low-grade systemic inflaimmation
promoted by metabolic factors possibly driven by body fat
and obesity [36, 37]. Most of the cytokines contributing to
the KOIP-1 definition had been previously linked to KOA se-
verity [38]. The identification of this phenotype might be of
relevance in clinical practice, to distinguish patients likely to
benefit from therapies targeting their metabolic condition
[39].

The KOIP-2 group includes patients with a healthy meta-
bolic profile and mild overall inflammation. Their levels of
pain and functional disability were the lowest in our series,
though were still high compared with patients of a non-
inflammatory phenotype [40]. In our data, KOIP-2 showed
the lowest proportion of radiographic progression according
to KL and JSN criteria. In contrast, their patients frequently
suffered from osteophytes formation during their follow-up, a
radiographic feature whose prognosis value and relation with
cartilage impairment has raised some controversy [41, 42].
Interestingly, the divergence observed in the pattern of radio-
graphic progression suggests the existence of differential
mechanisms for the evolution of the discase across these phe-
notypes. Because the healthy metabolic profile exhibited by
KOIP-2 patients probably offers protection against the dis-
ease’s severity and progression, alternative explanations are
needed to clarify the determinants of their KOA onset and

inflammatory presentation, which might be related to the
muld levels of local inflammation observed in these patients.

KOIP-3 patients are characterized by low or average pres-
ence for most metabolic factors and increased values for some
plasma and synovial cytokines. Their patients depict a specific
inflammatory phenotype that, in contrast to the KOIP-1
group, seems not to be associated to metabolic factors.
Similarly to KOIP-1, though, their levels of pain, functional
disability and KL radiographic progression were among the
highest in our series which, in both groups, was consistent
with elevated levels of inflammatory cytokines such as 1L-6,
IL-8, CRP and calprotectin. These traits correspond to what
might be defined as pure inflammatory phenotype, and a se-
lection of KOIP-3 patients might be of interest in clinical trials
designed to test a new generation of inflammation-targeting
drugs, some of them currently ongoing [43].

KOIP-4 is a metabolic phenotype characterized by cardio-
vascular risk factors not associated with body fat distribution
or obesity and by low inflammation in all markers.
Compared with the overall series, their levels of pain and
functional disability were relatvely low and similar to those
in the KOIP-2 group. This phenotype deserves a special con-
sideration as, although all their patients fell into the clinical
definition of mnflammatory subtype, their cytokines levels
were substantially lower than those observed in the rest of
KOIP groups. This suggests that KOIP-4 describes a pheno-
type of patients whose disease is not only mediated by chronic
low-grade inflammation linked to MetS as suggested in previ-
ous works [44] but also, by different pathways involving the
direct action of these cardiovascular conditions [45, 46].
Although different mechanisms related to cardiovascular risk
factors have been proposed for KOA onset and severity, none
of them provide an explanation for an inflammatory presenta-
tion of the disease [47, 48]. Regarding its clinical applicabil-
ity, patients from this phenotype might benefit from a tight
control of their cardiovascular-related comorbidities.

A high number of parameters (27 out of 45) were needed to
discriminate the KOIP groups in our data, indicating that
these phenotypes were defined by a complex combination of
various metabolic, anthropometric and inflammatary factors,
rather than fully characterized by a limited number of these
features. However, their implementation in clinical practice
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would require a panel composed of a small number of bio-
markers. In this regard, the use of Omics data derived from
high-throughput technologies offers a great potential to iden-
tfy KOIP-specific biomarkers in the very near future [49],
and it is currently an ongoing line of research in our group.
Another limitation of our study is that phenotyping was con-
ducted on a homogencous sample of patients with inflamma-
tory (joint effusion) KOA, and all were recruited from a single
hospital, potentially limiting the extrapolation of its results.
Although the sample size (168) was large enough to uncover
these underlying phenotypes, future studies involving multiple
centres and a larger sample size are mandatory to further con-
firm our findings. Our study was focused on women, as they
represented the vast majority of our cohort and several sex-
specificities had been reported regarding prevalence, meta-
bolic and inflammatory conditions, and levels of pain and dis-
ability [10, 11]. An analysis with exploratory purposes
showed that the uncovered KOIP groups were female-specific
to a substantial extent, as their features could not be fully
reproduced in male patients. Although this result is in agree-
ment with previous works (23], they don’t allow for strong
conclusions to be derived due to the low number of men in
our cohort with available data for these analyses (n=23). An
important strength of our study is the exhaustive availability
of dara, which were systemarically collected in the context of
a prospective cohort specifically and accurately designed to
study the determinants of KOA severity and progression.
These data allowed a complete characterization of patients re-
garding features known for their relevance in KOA, and dis-
tinguishes our study from previously published works.

In conclusion, our work identified four groups of KOA fe-
male patients with joint effusion that showed differential pro-
files of anthropometric, metabolic and inflammatory factors,
displayed substantial differences in clinical severity and sug-
gested implications in radiographic progression. Our results
support the view of KOA as a multifaceted and heterogeneous
syndrome consisting of different phenotypes with differing
pathways regarding their pathophysiology and disease evolu-
tion. If confirmed in larger series of patients, that these find-
ings would entail important implications in research and in
clinical practice, as they might boost patients’ stratification,
the design of personalized therapies and the search for novel
treatments.
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SUPPLEMENTARY INFORMATION

Inclusion and exclusion criteria

Subjects” inclusion required the presence of symptomatic primary KOA according to the Amer-
ican College of Rheumatology (ACR) criteria [1], with a defined diagnosis provided in the out-
patient Rheumatology visits at our hospital, aged between 50 and 85 years old and with joint ef-
fusion observed during the physical examination at the recruitment visit and confirmed by ultra-
sound (>4 mm on midline suprapatellar line). Symptomatic KOA is defined as the presence of
pain greater than or equal to 4 on a 10-cm visual analogue scale, despite the use of prescribed
analgesic drugs for at least 3 months. Only patients reporting persisting knee effusion or with
documented effusion in several medical visits were included in the study. Exclusion criteria
were: secondary osteoarthritis, either due to a history of trauma, menisci injury or previous in-
flammatory rheumatism; a history of knee surgery; any disease which, in the investigator's opin-
ion, could interfere with the assessment of pain such as, but not limited to, fibromyalgia and
polyneuropathies; systemic glucocorticoid intake in the last 6 months; and intra-articular gluco-
corticoid or hyaluronic acid injection in the last 3 or 6 months before recruitment, respectively.
Also, the synovial fluid of patients was analysed to discard the presence of inflammatory fluid
(joint cell count < 2500 cells) and microcrystals. The patients were followed up for 2 years after
recruitment, and their medical records were regularly checked during this time to discard the on-

set of conditions for their exclusion.

Samples

Samples from plasma and joint fluid were systematically extracted at recruitment from all pa-
tients in the cohort. Synovial fluid was analysed to discard the presence of inflammatory fluid
(jomnt cell count < 2500 cells) and microcrystals. Synovial fluid was obtained by an aspiration
procedure and their mean and median were 13.5 and 9 ml, respectively. Collected samples were
appropriately centrifuged and stored at -80°C, until their use for determinations related to meta-
bolic syndrome assessment or the quantifications of cytokines by enzyme-linked immunosorb-
ent assay (ELISA). Blood extractions and the arthrocentesis were performed at the same time

and in fasting conditions.

Data collection

Anthopometric and metabolic factors
Baseline information regarding demographics, anthropometric and metabolic factors were col-

lected for all the patients in the cohort at the recruitment visit, including: weight (kg), height



(cm), body mass index (BMI, kg/ecm2), waist circumference (cm), waist-hip ratio and percent-
age of body fat measured by bioelectric impedanciometry (TANITA BC-418MA biologica), fol-
lowing a standard clinical protocol. Obesity was defined BMI = 30. We considered arterial hy-
pertension, dyslipidaemia and diabetes mellitus when the diagnostic was stablished in the med-
ical records, or the patient was taking active medication for this conditions. Metabolic syndrome
(MetS) was assessed according to the criteria of the National Cholesterol Education Program
Adult Treatment Panel IIT (ATP III) [2]. Physical exercise was reported by the patients in three
categories according to the frequency and intensity of their activity: Never, Sporadic, Regular

with Moderate Intensity or Regular-Vigorous.

R ——

As per clinical practice, the following determinations were performed in the plasma samples:
High-Density Lipoprotein (HDL). Low-Density Lipoprotein (LDL), total cholesterol, trigly-
cerides, glucose, percentage of glycated haemoglobin, insulin, 25-hydroxy vitamin D and uric
acid. Patients' synovial and plasma samples were evaluated for the following cytokines: C-react-
ive protein (CRP, mg/L), Interleukin 6 (IL-6, pg/mL), Interleukin 8 (IL-8, pg/mL), Tumor Nec-
rosis Factor alpha (TNF-alpha, pg/mL), Nerve Growth Factor (NGF, pg/mL), Calprotectin
(ng/mL), Leptin (pg/mL), Irisin (ng/mL), Visfatin (ng/mL), Resistin (pg/mL), Osteopontin
(ng/mL), Adiponectin (ng/mL) and Omentin(pg/mL) (Figure 1, Supplementary Table S1). Blood
extractions and the arthrocentesis for the determinations related to metabolic syndrome and for
the quantification of cytokines were performed at the same time (recruitment) and in fasting

conditions.

Clinical severity
Baseline clinical severity was assessed at the time of recruitment using the Knee injury and Os-
teoarthritis Outcome Scores (KOOS; pain, functional disability and symptoms) [3], which were

used in reversed order to facilitate the interpretation of the results.

Radiographic severity and progression
Radiographic severity was measured by the Kellgren-Lawrence (KL) [4] scale and following

OARSI atlas lecture [5], which includes assessment of osteophytes and joint space narrowing
(JSN). It was assessed by examination of an anteroposterior knee x-ray performed with the pa-
tient in standing position and, at most, in the last 18 months before recruitment. This evaluation
was performed independently by two different clinicians for a subset of patients, and a un-
weighted Cohen's Kappa was calculated to assess their concordance, which were: 0.884 for KL
(135 patients, 95% confidence interval: 0.816 to 0.953); 0.931 for osteophytes evaluation (135

patients, 95% confidence interval: 0.885 to 0.977); 0.782 for JSN (30 patients, 95% confidence
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interval: 0.608,to 0.956). To assess their radiographic progression, most of the patients (93%)

also underwent radiographic evaluations after two years from their baseline radiography.

Ultrasound severity

Ultrasound measurements of the affected knee were collected regarding joint effusion and syn-
ovial tissue thickness (mm). The assessments were performed by a single experienced examiner
(JC), using Siemens Acuson Antares with a 5-13 MHz linear array transducer and a standardized
protocol based on current guidelines and definitions [6-8]. The knee was scanned in longitudinal
and transversal planes with 30° joint flexion. Baseline ultrasound measurements, recorded in
millimeters, were: effusion: a =4mm hypoechoic or anechoic intraarticular material that was dis-
placeable and compressible in the suprapatellar recess, evaluated using a longitudinal scan; and
synovial hypertrophy: a >2mm abnormal hypoechoic intraarticular tissue that was non-displace-

able and poorly compressible in the suprapatellar recess, measured on a longitudinal scan [9].

ELISA assays

Technical specifications
ELISA assays were conducted according to the manufacturers’ recommendations:

- hsCRP: DRG International (USA) ref. EIA-3954, Sensibility: 0.1 mg/L, Detection rang: 0.005

-0.1 mg/L; Intra-assay coefficient: <10%, Inter-assay coefficient: <5%.

- IL-6: Luminex Merck Millipore (Germany) ref HSTCMAG-28SK-02, Sensibility: 0.11 pg/ml;
Detection rang: 3.2 - 2000 pg/L, Intra-assay coefficient: <5%, Inter-assay coefficient: <20%.

- IL-8: Luminex ThermoFisher Scientific (USA) ref. EPX01A-10204-901, Sensibility: 1.2 pg,
Detection rang: 2,44 - 10 000 pg/ml, Intra-assay coefficient: 4.6 %, Inter-assay coefficient: 8.5
Yo.

- TNF-alpha: Luminex Merck Millipore (Germany) ref HSTCMAG-28SK-02, Sensibility: 0.16
pg/ml; Detection rang: 3.2 - 2000 pg/L, Intra-assay coefficient: <5%, Inter-assay coefficient:
<20%.

-NGF: Luminex ThermoFisher Scientific (USA) ref. EPX01A-12117-901, Sensibility 6,19 pg/
mL, Detection rang: 7,32 a 30 000 pg/ml, Intra-assay coefficient: 4.3 %, Inter-assay coefficient:
7.1 %.



- Calprotectin: Calprolab (Sweden) ref. CALP0270, Sensibility: Sng/ml, Intra-assay coefficient:

<5.4%, Inter-assay coefficient: <6.9%.

- Leptin: Biorbyt (UK) ref: orb50067, Sensibility: < 8 pg/ml, Detection rang: 62.5 - 10000 pg/L,

Intra-assay coefficient: <6.3%, Inter-assay coefficient: <7.2%.

- Irisin: Cusabio (China) ref. CSB-EQ027943HU, Sensibility: 0.78ng/ml, Detection rang: 3.12 -

200 ng/ml, Intra-assay coefficient: <8%, Inter-assay coefficient: <10%.

- Visfatin: Phoenix Pharmaceuticals Inc. (Germany) ref. EK-003-80; sensibility: 2.21 ng/ml, de-

tection rang: 0.1-1000 ng/ml, Intra-assay coefficient: <10%, Inter-assay coefficient: <15%.

- Resistin: Elabscience (China) ref. ELH-Resistin-002; sensibility: |.4pg/ml; detection rang:
1.4-400 pg/ml, Intra-assay coefficient: <10%, Inter-assay coefficient: <12%.

- Osteopontin: Bender MedSystems Gmbh (Austria) ref. BMS2066, Sensibility: 0.26 ng/ml, De-
tection rang: 0.47-30 mg/L, Intra-assay coefficient: <6.7%, Inter-assay coefficient: <6.1%.

- Adiponectin: Bender MedSystems Gmbh (Austria) ref. BMS2032, Sensibility: 0.01 ng/ml, De-

tection rang: 0.78-50 mg/L, Intra-assay coefficient: <4.2%, Inter-assay coefficient: <3.1%.

- Omentin: Cusabio (China) ref. CSB-E09745h, Sensibility: 0.4 pg/ml, Detection rang: 1.56 -

100 pg/ml, Intra-assay coeflicient: <8%, Inter-assay coefficient: <10%.

Batcl ions in ELIS :
Due to technical reasons related to the ELISA technology (configuration of plates used), none of
these cytokines could be assessed at the same time for all patients. To account for potential ef-
fects induced by this technical source, we corrected ELISA values previously to the any formal
statistical analysis (two-step correction). For doing so, we independently fitted a linear model to
each marker where age, sex and round of measurement (batch) were included as covanates. The
coefficient estimations associated with batch were retrieved from the model and subtracted from
the original marker values. The resulting quantities were, by definition, an estimation of the
marker levels corrected by differences induced by the ELISA batches. Previously to this proced-
ure, the markers were transformed using the Tukey ladder of powers [10], in order to symmet-
rize their distribution and meet the assumptions of the linear model. The optimal transforma-

tions were chosen based on a maximum likelihood criterion [ 11] and the inspection of the cor-
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responding diagnostic plots for these models (Supplementary Table S1). Corrected markers val-

ues were then transformed back to their original scale and used in downstream analyses.

Clustering analyses for phenotype discovery

For phenotype discovery, a clustering analysis based on well stablished Statistical and Machine
Learning methods was carried out on 45 variables including anthropometric, metabolic and sys-
temic and local inflammatory factors, which were selected from the information available in our
KOA cohort for their clinical relevance in OA (see previous sections and Supplementary Table
S1). Of note, this approach was completely unsupervised and no variable expressing KOA

severity or progression was involved in the clustering process, which consisted in three steps:

1. Data pre-processing and missing imputation.

To avoid the loss of sample size, we first conducted on our data a Recursively Subtracted Em-
pirical Orthogonal Functions (RSEOF) analysis [12], an approach for Principal Component
Analysis (PCA) designed to deal with and impute missing data. In these analyses, principal
components were derived by RSEOF and used for reconstructing the original data matrix where
missing values had been imputed. Previously, numerical variables were transformed using the
Tukey ladder of powers [ 10], in order to symmetrize their distribution and make them more suit-
able for the PCA (Supplementary Table S1). The optimal transformations had been previously
estimated for the whole cohort (202 patients) by fitting to each variable a linear model where
age, sex and ELISA kit (when suitable) were included as covariates, and was based on a max-
imum likelihood criterion [ 11] and the inspection of the corresponding diagnostic plots for these
models. In the RSEOF analysis, binary variables were converted to a numeric format (1 indicat-
ing presence and 0 representing absence of the feature), and physical exercise (four categories)
was also converted to numeric and treated as ordinal. PCA was performed on centered and

scaled variables.

2. Reduction of data dimension

2a) Dissimilarities computation: Data matrix estimated by RSEOF was used as input for an un-
supervised Random Forest (RF) analysis [ 13, 14] from which the matrix containing the pairwise
dissimilarities between patients was retrieved. For two given observations, the RF proximity
(RFprox) is defined as the fraction of trees in which the two observations fall in the same ter-
minal node. The dissimilarity between subjects was defined as 1 - RFprox. In unsupervised RF,
synthetic data are previously generated by randomly sampling from a distribution representing a
scenario with no structure in the data. In our case, we used the Addcl! dissimilarity [ 14], where

these synthetic data was sampled from the product of empirical marginal distributions of the ori-



ginal variables (by independent bootstraping of each variable separately). The algorithm then
aims to discriminate synthetic from observed data as in the standard supervised classification
setup. Because of the generation scheme for the synthetic data, predictor trees created by RF are
enriched with splitted variables with a shared structure of dependence and, hence, the resulting
RF dissimilarity measure is built on the basis of these sets of dependent variables. As the RF
dissimilarity can vary substantially depending on the synthetic data realization, we averaged the

results of 100 different instances, each of them conducted on 10.000 trees (parameter mury = 6).

The RF dissimilarity has proven to be useful for clustering of biomedical and Omic data [ 15-
17], as it is able to deal with a large number of variables and discriminate those who are really
relevant to capture complex structures underlying the data. Also, it handles variables of mixed
types, it is invariant to monotonic transformations of the input variables and is robust to outliers

and to the selection of its parameters values [ 14].

2b) Dissimilarity representation in a low-dimensional space: the RF dissimilarity matrix was
used as input for a Kruskal's Non-metric Multidimensional Scaling (K-MDS) [ 18], a classic

multivariate technique for dimension reduction. In Multidimensional Scaling (MDS), a set of
synthetic variables (components) are computed in such a way that euclidean distances between
observations are as close as possible to the dissimilarities derived from the original variables.
Tipically, this procedure allows to represent the original data in a number of MDS components
that is substantially smaller than the number of original variables, while retaining the most of
the information contained in it. In K-MDS; this configuration tries to minimize the stress (l.e.,
the square root of the ratio of the sum of squared differences between the input dissimilarities
and those of the configuration to the sum of configuration dissimilarities squared), allowing the

original input dissimilarities to differ for a monotonic transformation.

3. Parametnic clustering analysis: results derived from different choices of the number of com-
ponents in the K-MDS analysis (from | to 20) were used as input in a model-based clustering
analysis based on mixture of Gaussian distributions (Mclust) [19]. Importantly, MDS compon-
ents have the advantage of being symmetric and, hence, highly suitable for a parametric cluster-
ing method as Mclust, where the optimal number of clusters is selected based on Gaussian dis-
tributions and objective statistical criteria (Bayes Information Criterion, BIC). Mclust has been
widely used in research and applied to broad range of Biomedical data, including epidemiology

[20], DNA sequencing [21] and gene expression [22].

Results for the two first K-MDS components showed the most evident data structure as they in-

volved a high number of clusters (four) according to their BIC. Hence, this configuration was
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chosen to define the Knee Osteoarthritis Inflammatory Phenotypes (KOIP) and used in down-
stream analyses (Figure 2 and Supplementary Figures S2, S3 and S4).

Graphical representation of clusters

Clustering results were represented graphically using a heatmap plot at the patient level (Sup-
plementary Figure S4), where cells expressed standardized values (centered and scaled) of ori-
ginal anthropometric, metabolic and inflammatory factors (i.e., with no imputation of missing
values). In the heatmap cells, red colour indicated high, blue represented low, and colour intens-
ity expressed more extreme values. Binary variables were previously converted to numeric
format, where | indicated presence and 0 represented absence of the corresponding feature.
Physical exercise (four categories) was also converted to numeric format and treated as ordinal.
Continuous variables were standardized (centered and scaled) using their corresponding median
and median absolute deviation, while the mean and standard deviation were used for numeric-
ally coded categorical vanables. Colour intensities were saturated approximately to percentiles

5% and 95% of the overall values distribution, which corresponded to values -1.75 and 1.75.

To facilitate the interpretation of the KOIP groups, a heatmap at the cluster level was also plot-
ted (Figure 2) were cells represented group median values (continuous variables) or averages
(numerically coded categorical variables) of the values displayed in the heatmap at the patient
level. In this heatmap, colour intensities were also saturated approximately to percentiles 5%

and 95% which, in this case, corresponded to values -0.75 and 0.75, respectively.

Finally, a scatter plot was used to represent the clusters in the coordinates of the 2 K-MDS com-
ponents selected in the phenotyping analysis (Supplementary Figure S3). In this graphic, the
size of the points was proportional to the estimated probability of belonging to the assigned
cluster (i.e., the certainty of the cluster assignation), so that smaller points were those assigned

to their clusters with smaller probability (i.e., larger uncertainty).

Clustering analysis of anthropometric, metabolic and inflammatory variables

To help in the interpretation and in the graphical representation of the KOIP groups, the anthro-
pometric, metabolic and inflammatory variables used in the phenotyping analysis were grouped
by their similarity across samples (Supplementary Figure SI). In this case, we used a hierarch-
ical clustering algorithm with Ward agglomerative method and distances based on pairwise cor-
relation-like measurements (1-correlation distance), namely: Spearman correlation (SC) [23]
(continuous vs continuous or ordinal variables), Phi coefficient [24] (binary vs binary variables)
and Glass rank biserial correlation (GRBCorr) [25] (continuous / ordinal vs binary variables).

Physical exercise (four categories) was treated as ordinal in these analyses. These correlation-
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like measurements were graphically represented in a heatmap, where red colour indicated posit-
ive correlation, blue represented negative correlation, and colour intensity expressed more ex-
treme values of the correlation coefficients. Colour intensities were saturated to 0.5 and -0.5 for
positive and negative correlation, respectively. For interpretation purposes, the dendrogram of
this clustering was displayed in the heatmaps representing the results of the phenotype discov-

ery analysis at the patient and at the cluster level (Figures 2 and Supplementary Figure S4).

Contributions of variables to clustering

To help in the interpretation of the clusters, a supervised RF classifier was trained to predict pa-
tients” KOIP membership (Supplementary Table S2). The RF model was built stratifying by out-
come (KOIP), under-sampling without replacement at 80% of the phenotype sizes and using the
actual relative frequencies as decision cutoffs for each KOIP (nrree = 10.000, mtry = 6). To
identify the variables contributing the most to the clusters identification, we conducted a se-
quential selection procedure based on RF models (VSURF) [26, 27] with the same parameters
detailed above. Briefly, the procedure consists on three phases: the first step was dedicated to
eliminate irrelevant variables from the predictors set (threshold mode); a second step aimed to
select all variables related to the response for interpretation purposes (interpretation mode); fi-
nally, a third step refined the later selection by eliminating redundancy for prediction purposes
(prediction mode). In these analyses, variables importance were computed by averaging the res-
ults of 500 RF models.

Expression of KOIP groups in male patients

To assess whether the uncovered phenotypes were also expressed in men, we used the RF model
trained in female patients with the 27 most discriminant predictors of the phenotypes (VSURF -
interpretation mode, see previous section) to predict the KOIP groups in the male patients avail-
able in our cohort. Out of the 31 men in the series, 23 had values for these 27 predictors and,
hence, were available for this analysis. Results were represented in heatmaps at the individual
and at the phenotype level, analogously to the way described above for female patients (Supple-
mentary Figure S5). As men and women intrinsically display different baseline levels of the
parameters used in the clustering process, numeric variables were previously centered (median)

and scaled (median absolute deviation) within the female and male patient sets, separately.

Out of the 23 patients with complete information in the selected predictors, 7 were classified a
KOIP-1, 6 as KOIP-2, 5 were assigned to KOIP-3 and 5 to KOIP-4. These analyses showed that
some important profiles described for female patients were actually reproduced in this small set
of men: the antagonism between KOIP-1 and KOIP-2 regarding anthropometric and metabolic

factors, the profiles of irisin and leptin in contrast to adiponectin and omentin across pheno-
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types, the presence of raised synovial inflammatory markers in KOIP-3 or the similar profiles of
HDL, vitamin D and physical exercise across KOIP groups. Nevertheless, other patterns were
observed that were not present in female patients, as relative higher levels of some inflammat-
ory markers in the KOIP-2 group compared to KOIP-1, lower levels and prevalences of some
metabolic factors in the KOIP-1 group and higher obesity-related factors in KOIP-3 (Supple-
mentary Figure S5). The observation of such differences are in agreement with the sex-spe-
cificities reported in previous works regarding the behaviour of anthropometric, metabolic and

inflammatory factors [28, 29].

Descriptives and statistical association analysis

For descriptive purposes, continuous parameters were described by their medians, median abso-
lute deviations and ranges, while categorical variables were summarized with absolute frequen-
cies and percentages. Associations with KOIP groups were assessed using non-parametric meth-
ods and based on Kruskal-Wallis and Mann-Whitney tests (continuous) or a Fisher's test for
contingency tables (categorical vanables). Assymptotic intervals at 95% confidence (95%CI)
were computed for medians and percentages. Association results between KOIP groups and
KOA outcomes were graphically represented in boxplots and stripcharts (continuous variables)
or barplots (categorical variables), where the group medians or percentages and their 95%C]I
were displayed. Threshold for statistical significance was set at 5%. All analyses were conduc-
ted with R [30].
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Supplementary Table S1. Cytokines quantifications in the patients series by Knee Osteoarthritis
Inflammatory Phenotypes (KOIP). Cells show medians and median absolute deviations (continuous) and
absolute frequencies and percentages (categorical) for the 13 cytokines evaluated in plasma and synovial
fluid samples of the patients' cohort. Statistical significance was assessed using a Kruskal-Wallis
(continuous) or a Fisher’s test for contingency tables (categorical variables). KOIP: Knee Osteoarthritis
Inflammatory Phenotype.
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Supplementary Table S2. Cytokines and Knee Osteoarthritis (KOA) outcomes evaluated in the patients
series. g: parameter value for a Tukey ladder of powers transformation applied to continuous variables (when
necessary) to symmetrize their distribution and make them more suitable for graphical representation and
linear models for ELISA batch correction.

Variable Type
units / values) (transformation parameter)
Co ous (q » 0.25

Variable type

Inflammation markers - synovisi Duld

Adipocytokines | Myokines - synovial Tuld

Inflammation markers . plasma

Adipocytokines | Myokines - plasma
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Supplementary Table S3. Association between cytokines and Knee Osteoarthritis (KOA) outcomes in the
complete female KOA patients series. Table cells show non-parametric correlation-like measures and 95%
Confidence Intervals (95%CI) betwen cytokines and clinical, radiographic and ultrasound severity at
baseline and radiographic progression. Correlation-like measures are: Spearman correlation (continuous or
ordinal outcomes) and Glass rank biserial correlation (binary outcomes). Radiographic progression according
to Kellgren-Lawrence staging and joint space narrowing were treated as ordinal in these analyses. Red color
indicates positive correlation, blue represents negative correlation, and color intensity expresses more
extreme values of the correlation coefficients. Color intensities were saturated to 0.5 and -0.5 for positive and
negative correlation, respectively. IL-6: Interleukin 6; IL-8: Interleukin 8; TNF-alpha: Tumor Necrosis
Factor alpha; NGF: Nerve Growth Factor; CRP: C-Reactive Protein; KOA: Knee Osteoarthritis. KOIP:
Knee Osteoarthritis Inflammatory Phenotype.
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Supplementary Table S4. Association between cytokines and Knee Osteoarthritis (KOA) outcomes in the
KOIP-1 group. Table cells show non-parametric correlation-like measures and 95% Confidence Intervals
(95%CI) betwen cytokines and clinical, radiographic and ultrasound severity at baseline and radiographic
progression. Correlation-like measures are: Spearman correlation (continuous or ordinal outcomes) and
Glass rank biserial correlation (binary outcomes). Radiographic progression according to Kellgren-Lawrence
staging and joint space narrowing were treated as ordinal in these analyses. Red color indicates positive
correlation, blue represents negative correlation, and color intensity expresses more extreme values of the
correlation coefficients. Color intensities were saturated to 0.5 and -0.5 for positive and negative correlation,
respectively. IL-6: Interleukin 6; IL-8: Interleukin 8; TNF-alpha: Tumor Necrosis Factor alpha; NGF:
Nerve Growth Factor; CRP: C-Reactive Protein; KOA: Knee Osteoarthritis. KOIP: Knee Osteoarthritis
Inflammatory Phenotype.
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Supplementary Table S5. Association between cytokines and Knee Osteoarthritis (KOA) outcomes in the
KOIP-2 group. Table cells show non-parametric correlation-like measures and 95% Confidence Intervals
(95%CI) betwen cytokines and clinical, radiographic and ultrasound severity at baseline and radiographic
progression. Correlation-like measures are: Spearman correlation (continuous or ordinal outcomes) and
Glass rank biserial correlation (binary outcomes). Radiographic progression according to Kellgren-Lawrence
staging and joint space narrowing were treated as ordinal in these analyses. Red color indicates positive
correlation, blue represents negative correlation, and color intensity expresses more extreme values of the
correlation coefficients. Color intensities were saturated to 0.5 and -0.5 for positive and negative correlation,
respectively. IL-6: Interleukin 6; IL-8: Interleukin 8; TNF-alpha: Tumor Necrosis Factor alpha; NGF:
Nerve Growth Factor; CRP: C-Reactive Protein; KOA: Knee Osteoarthritis. KOIP: Knee Osteoarthritis
Inflammatory Phenotype.
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Supplementary Table S6. Association between cytokines and Knee Osteoarthritis (KOA) outcomes in the
KOIP-3 group. Table cells show non-parametric correlation-like measures and 95% Confidence Intervals
(95%CI) betwen cytokines and clinical, radiographic and ultrasound severity at baseline and radiographic
progression. Correlation-like measures are: Spearman correlation (continuous or ordinal outcomes) and
Glass rank biserial correlation (binary outcomes). Radiographic progression according to Kellgren-Lawrence
staging and joint space narrowing were treated as ordinal in these analyses. Red color indicates positive
correlation, blue represents negative correlation, and color intensity expresses more extreme values of the
correlation coefficients. Color intensities were saturated to 0.5 and -0.5 for positive and negative correlation,
respectively. IL-6: Interleukin 6; IL-8: Interleukin 8; TNF-alpha: Tumor Necrosis Factor alpha; NGF:
Nerve Growth Factor; CRP: C-Reactive Protein; KOA: Knee Osteoarthritis. KOIP: Knee Osteoarthritis
Inflammatory Phenotype.
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Supplementary Table S7. Association between cytokines and Knee Osteoarthritis (KOA) outcomes in the
KOIP-4 group. Table cells show non-parametric correlation-like measures and 95% Confidence Intervals
(95%CI) betwen cytokines and clinical, radiographic and ultrasound severity at baseline and radiographic
progression. Correlation-like measures are: Spearman correlation (continuous or ordinal outcomes) and
Glass rank biserial correlation (binary outcomes). Radiographic progression according to Kellgren-Lawrence
staging and joint space narrowing were treated as ordinal in these analyses. Red color indicates positive
correlation, blue represents negative correlation, and color intensity expresses more extreme values of the
correlation coefficients. Color intensities were saturated to 0.5 and -0.5 for positive and negative correlation,
respectively. IL-6: Interleukin 6; IL-8: Interleukin 8; TNF-alpha: Tumor Necrosis Factor alpha; NGF:
Nerve Growth Factor; CRP: C-Reactive Protein; KOA: Knee Osteoarthritis. KOIP: Knee Osteoarthritis
Inflammatory Phenotype.
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Supplementary Table S8. Association of synovial and plasma cyiokines with clinical severity in Knee O

v Ph

(KOIP), adjusted

M

for age, time of disease's evolution and Body Mass Index (BMI). The table presents Spearman correlation coefficients, 95% confidence intervals (95% CT) and p-
values, illustrating the association between Knee Osteoarthritis (KOA) severity measures (KOOS-pain, KOOS-functional disability, and ultrasound joint effusion)
and selected cytokines analyzed in the study, The analyses are adjusted for age, disease duration, and BMI. Results are presented for the entire patient cohort as well
as for Individual KOIP groups. KOA: Knee Osteoarthritis; KOIP: Knee Ostecarthritis Inflammatory Phenotypes (KOIP); KOOS: Knee Injury and Osteoarthritis
Outcome Scores (reversed scores); 95%CI: 95% confidence interval.
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Supplementary Table S9. Association of sy

1al and plasma cy

with radiographic progression in Knee Osteoarthritis Inflammatory Phenotypes (KOIP),

adjusted for age, time of disease's evolution and Body Mass Index (BMI). The table presents fold-changes, 95% confidence intervals (95% CI) and p-values,
illustrating the association between Knee Ostecarthritis (KOA) progression according to ditferent radiographic criteria (Kellgren-Lawrence, Osteophytes and Joint
Space Narrowing) and selected cytokines analyzed in the study. Positive fold-changes indicate a higher level of the cytokine in progressors, while negative fold-

changes represents a higher level of the cytokine in non-pr

The

lyses are

ay
3

d for age, disease duration, and BML Results are presented for the

entire patient cohort as well as for individual KOIP groups. KOA: Knee Osteoarthritis; KOIP: Knee Osteoarthritis Inflammatory Phenotypes (KOIP); 95%CI: 95%

confidence interval.
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Supplementary Figure S1. Pairwise associations between variables used in the phenotype discovery
analysis. The heatmap represents non-parametric correlation-like measurements between anthropometric,
metabolic and inflammatory factors from 168 female Knee Osteoarthritis (KOA) patients with joint effusion.
Red (blue) color represents positive (negative) association, and the color intensities express the magnitude of
the correlations in absolute value. Correlation-like measurements are: Spearman correlation (continuous vs
continuous or ordinal variables), Phi coefficient (binary vs binary variables) and Glass rank biserial
correlation (continuous / ordinal vs binary variables). Dendrograms in the heatmap represent a hierarchical
clustering of variables using these correlations measurements as dissimilarities (ie, 1 - correlation
coefficient). Color intensities are saturated to 0.5 and -0.5 values. Physical exercise (four categories) was
treated as ordinal in these representations. BMI: Body Mass Index; ATP III: Adult Treatment Panel III; IL-
6: Interleukin 6; IL-8: Interleukin 8; TNF-alpha: Tumor Necrosis Factor alpha; NGF: Nerve Growth
Factor; CRP: C-Reactive Protein; LDL: Low-density Lipoprotein; HDL: High-Density Lipoprotein.
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Supplementary Figure S2. Bayes Informacion Criteria (BIC) for cluster selection in the phenotype discovery analysis.
Results are derived from Gaussian finite mixture models fitted by model-based clustering (Mclust), which was applied
to the anthropometric, metabolic and inflammatory data from 168 female Knee Osteoarthritis (KOA) patients with
persistent joint effusion. Panels show the BIC values for different choices of models (symbol and colors, see legends),
the number of clusters (x-axis) and the number of components (each panel, from one to nine) derived from a Kruskal's
Non-metric Multidimensional Scaling (K-MDS) analysis. In each case, K-MDS was fitted to 1 minus the proximity
measures provided by an unsupervised Random Forest analysis conducted on the patients data. Results from analyses
with two K-MDS components showed the most evident data structure involving a high number of clusters (four), and
were chosen for downstream analyses. Same analyses were conducted for a selection of 10 to 20 K-MDS components,
which produced similar results to the 9 components configuration (data not showed). E: equal variance (one-
dimensional); V: variable/unqual variance (one-dimensional); EII: spherical, equal volume; VII: spherical, unequal
volume; EEIL: diagonal, equal volume and shape; VEI: diagonal, varying volume, equal shape; EVI: diagonal, equal
volume, varying shape; VVI: diagonal, varying volume and shape; EEE: ellipsoidal, equal volume, shape, and
orientation; VEE: ellipsoidal, equal shape and orientation; EVE: ellipsoidal, equal volume and orientation; VVE:
ellipsoidal, equal orientation; EEV: ellipsoidal, equal volume and equal shape; VEV: ellipsoidal, equal shape; EVV:
ellipsoidal, equal volume; VVV: ellipsoidal, varying volume, shape, and orientation (See Mclust R help for details:
https://cran.r-project.org/web/packages/mclust/index.html).
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Supplementary Figure S3. Patient clusters derived from the phenotyping analysis. The plot show the patients’ scores in
the two first components derived from a Kruskal's Non-metric Multidimensional Scaling (K-MDS) for phenotype
discovery. The size of the points is proportional to the estimated probability of belonging to the assigned cluster
(certainty), so that smaller points are assigned to their clusters with smaller probability (i.e., larger uncertainty). K-MDS
was fitted to 1 minus the proximity measures provided by an unsupervised Random Forest analysis applied to the
anthropometric, metabolic and inflammatory data from 168 female Knee Osteoarthritis (KOA) patients with persistent
joint effusion. Number of components and clusters were chosen according to the Bayes Information Criteria (BIC),
whose values were derived from Gaussian finite mixture models fitted by model-based clustering (Mclust). K-MDS:
Kruskal’s Non-metric Multidimensional Scaling; KOIP: Knee Osteoarthritis Inflammatory Phenotype.
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Supplementary Figure S4. Complete results of the phenotype discovery analyses performed on data from 168 female
patients of primary Knee Osteoarthritis (KOA) with persistent joint effusion. A. Clustering results at the patient level.
Heatmap cells represent standardized (centered and scaled) values of anthropometric, metabolic and systemic and local
inflammatory factors, where red indicate high, blue represents low, and color intensity expresses more extreme values.
Values of binary variables were previously converted to numeric format, where 1 indicated presence and 0 represented
absence of the corresponding feature. Physical exercise (four categories) was also converted to numeric format and
treated as ordinal. B. Clustering results at the phenotype level. Cells represent phenotype median values (continuous
variables) or averages (numerically coded categorical variables) of the values displayed in A. Color intensities were
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saturated aproximately to percentiles 5% and 95% of the overall values distribution. Patients clusters were derived from
a Machine Learning (ML) -based strategy that used unsupervised Random Forest (RF), Kruskal's Non-metric
Multidimensional Scaling (KMDS) and Gaussian finite mixture models for model-based clustering (Mclust), which
selected the optimal number of clusters with objective statistical criteria (Bayes Information Criterion, BIC). Variables
were grouped by a hierarchical clustering using Ward agglomerative method and non-parametric correlation-like
measurements, namely: Spearman correlation (continuous vs continuous or ordinal variables), Phi coefficient (binary vs
binary variables) and Glass rank biserial correlation (continuous / ordinal vs binary variables). Variables with the
highest discriminative power of patients’ clusters were identified using a sequential selection procedure based on
Random Forests (VSURF - interpretation mode) and highlighted in the corresponding annotation bar (Most
discriminant). C. Phenotype-averages of standardized (centered and scaled) values of baseline clinical, ecographic and
radiographic severity and radiographic progression. Heatmap colors represent median or average standardized values in
an analogous way to B. BMI: Body Mass Index; ATP III: Adult Treatment Panel III; IL-6: Interleukin 6; IL-8:
Interleukin 8; TNF-alpha: Tumor Necrosis Factor alpha; NGF: Nerve Growth Factor; CRP: C-Reactive Protein; LDL:
Low-density Lipoprotein; HDL: High-Density Lipoprotein; KOA: Knee Osteoarthritis; KOOS: Knee injury and
Osteoarthritis Outcome Scores; KOIP: Knee Osteoarthritis Inflammatory Phenotype.
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Suplementary Figure S5. Results of assignment of Kneee Osteoarthritis Inflammatory Phenotypes (KOIP)
to 23 male patients from our KOA cohort with available data. A. Clustering results at the patient level.
Heatmap cells represent standardized (centered and scaled) values of anthropometric, metabolic and systemic
and local inflammatory factors, where red indicate high, blue represents low, and color intensity expresses
more extreme values. Values of binary variables were previously converted to numeric format, where 1
indicated presence and 0 represented absence of the corresponding feature. Physical exercise (four
categories) was also converted to numeric format and treated as ordinal. Continuous variables were
standardized (centered and scaled) using their corresponding median and median absolute deviation, while
the mean and standard deviation were used for numerically coded categorical variables. Color intensities
were saturated aproximately to percentiles 5% and 95% of the overall values distribution, which
corresponded to -1.75 and 1.75. B. Clustering results at the phenotype level. Cells represent phenotype
median values (continuous variables) or averages (numerically coded categorical variables) of the values
displayed in A. Color intensities were saturated aproximately to percentiles 5% and 95%, which
corresponded to -0.75 and 0.75, respectively. KOIP assignment was made by a Random Forest model trained
in the female KOA patients series (where the phenotypes were defined) according to male patient’s
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6. RESUMEN GLOBAL DE LOS RESULTADOS

Los resultados muestran una asociacion significativa entre la interleucina-8 (IL-8) a nivel
de liquido sinovial tanto con la gravedad clinica como con diversas citocinas
inflamatorias, sugiriendo la implicacion de la inflamacidn local en la severidad de la
artrosis de rodilla en mujeres con derrame articular. Posteriormente se identifican
cuatro fenotipos inflamatorios KOIPs (Knee Osteoarhritis Inflammatory Phenotype), que
se distinguen drasticamente por sus caracteristicas tanto inflamatorias como
metabdlicas. De forma relevante estos grupos descritos dentro del propio fenotipo
inflamatorio presentan implicaciones tanto en gravedad clinica como en severidad

radiografica.

El KOIP-1 se define por factores metabdlicos e inflamatorios asociados a la obesidad
como serian la leptina y la irisina. Presenta los mayores niveles tanto de dolor e
incapacidad funcional como de progresion radiografica. En el KOIP-2 predominan las
adipocitocinas consideradas “sanas” o con poder antiinflamatorio, como la adiponectina
y la omentina. Seria la imagen especular del KOIP-1. A nivel clinico y radiografico,
destaca por la mayor formacion de osteofitos; aunque con una progresion radiografica
global menor que los otros grupos, asi como menos gravedad clinica. El KOIP-3 destaca
por la presencia de citocinas inflamatorias como la IL-8 e IL-6,con niveles préximos al
KOIP-1 tanto en dolor como en grados de discapacidad y progresidon radiografica.
Finalmente, en el KOIP-4 abundan los factores de riesgo cardiovasculares clasicos y

factores metabdlicos, con menor afectacion tanto clinica como estructural.
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Sin embargo, los cuatro fenotipos tienen grados de dolor e incapacidad funcional
elevados, asi como de progresion radiografica, si se compararan con grupos de pacientes

no inflamatorios. A pesar de ello, existen diferencias claras dentro de cada KOIP.
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7. RESUMEN GLOBAL DE LA DISCUSION

El primer trabajo estd centrado en estudiar la asociacidn entre los niveles plasmaticos y
en liquido sinovial de la IL-8 y |a severidad clinica de la artrosis de rodilla en una cohorte

de mujeres con derrame articular.

Los resultados demuestran una asociacion débil pero significativa entre los niveles de
IL-8 en liquido sinovial y la severidad clinica, asi como con otros mediadores de
inflamacidn, ya sean citocinas o adipocitocinas. Sin embargo, los niveles plasmaticos no
se relacionan ni con la severidad clinica ni con dichos mediadores de la inflamacién. La
originalidad de los resultados observados en este estudio radica en la asociacién
observada en liquido sinovial pero no en el plasma de la IL-8, tanto con marcadores de
la inflamacién como con la gravedad clinica. Esto orienta a remarcar la importancia de
la inflamacidn local mdas que de la posible inflamacion sistémica de bajo voltaje en la
evaluacién de la artrosis de rodilla con componente inflamatorio; e indica la importancia
del estudio del liquido sinovial mas que del plasma en este grupo de pacientes. Aunque
el liquido sinovial es un ultrafiltrado del plasma, es posible que no exista una correlacion
precisa de las mismas moléculas alteradas en los dos fluidos por lo que el estudio de
ambos de forma consonante puede aportar informacion adicional y complementaria
gue contribuya al avance en el conocimiento de los mecanismos de severidad en la

artrosis de rodilla.

La asociacidn entre los mediadores de inflamacion y la artrosis ha sido objeto de estudio
en los ultimos afios y esta ampliamente demostrada, si bien el fallo de las distintas

terapias antiinflamatorias en el control de la enfermedad subraya el desconocimiento
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parcial de los mecanismos de inflamacién y su relacién con la degradacién del cartilago,
posiblemente en muchas ocasiones por el analisis del plasma y mediadores de

inflamacidn a nivel sistémico mas que a nivel local.

Clasicamente en la OA se ha dado poca importancia a la membrana sinovial, enfatizando
el papel del cartilago y el hueso subcondral. Sin embargo, sabemos que en fases
avanzadas de la artrosis la sinovial desarrolla una respuesta inflamatoria que contribuye

de manera decisiva en la patogenia y en la expresividad clinica de la enfermedad.

En este sentido, los cambios histopatoldgicos que se producen en la membrana sinovial
de un paciente con OA son similares a los cambios observados en un paciente con artritis
reumatoide, con un infiltrado inflamatorio de macréfagos y células T, de ahi la relevancia

de identificar factores locales que puedan ser de interés en la evaluacion de la artrosis.

Ademads del componente inflamatorio sistémico de bajo grado de la OA, que ha quedado
de manifiesto con la predisposicion de diabéticos y obesos a padecer la enfermedad, el
eje membrana sinovial-liquido articular tiene un rol fundamental en la patogénesis de la
destruccion articular, enfatizando esta posible doble asociacién de la inflamacién

sistémica de bajo voltaje y la local.

La membrana sinovial esta formada por sinoviocitos y macréfagos que provocan la
liberacién de citocinas clave como la IL-18, TNF-a, IL-15, IL-6 y la IL-17, que regulan las
metaloproteasas encargadas de la degradacion del cartilago, pero existe una gran

variabilidad en la respuesta inflamatoria de los pacientes con OA de rodilla.

En un abordaje novedoso, que utiliza un analisis multiparamétrico para tratar de

identificar fenotipos de respuesta sinovial en la OA de rodilla mediante la evaluacion de
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la celularidad tisular por citometria de flujo, se vio que la liberacién de IL-6 e IL-8 se
correlacionaba con dicha celularidad [181], y que ambas moléculas inflamatorias se
correlacionaban fuertemente entre si, lo que reforzaria su rol determinante, aunque no

exclusivo, en la patogénesis de la OA.

El liquido sinovial esta en contacto directo con el cartilago articular dafiado. Su
composicion en la OA de rodilla esta alterada, y en él se pueden identificar moléculas de
degradacion de la matriz del cartilago antes incluso que en otros fluidos corporales como
la sangre o la orina. La concentracion de una gran parte de las moléculas de degradacién
del colageno tipo Il, que es el componente mayoritario de la matriz cartilaginosa, es
mayor en el liquido sinovial que en el suero o en la orina, lo que le confiere una mayor
sensibilidad y especificidad para detectar estas moléculas. Con respecto a esto ultimo,
reflejaria mejor el dafio tisular local que la determinacidn de estos pardmetros en otros
liguidos bioldgicos, ya que su composicion no se ve tan influenciada por otras
condiciones patoldgicas sistémicas. Esto lo convierte en el medio ideal para estudiar
biomarcadores especificos de la artrosis de rodilla, mds aun en el caso de la artrosis con
derrame articular; y nos permitira asociarlo con factores sistémicos plasmaticos para

intentar extrapolar los resultados.

Numerosos estudios objetivan la elevacion de las moléculas de inflamacion en el liquido
sinovial. Sin embargo, su relacién con la severidad clinica es controvertida, pues se
obtienen resultados contradictorios. Radojcic et al. encontraron una asociacion positiva
entre los niveles de IL-6 en el liquido sinovial y el dolor medido por WOMAC (B=0.022,
IC95% 0.004 a 0.040) [182], mientras que Brenner et al. [183] reportaron que no existe

dicha asociacidn, al igual que Orita et al [184]. En un trabajo reciente, en el que se busca
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la asociacion entre diversos mediadores de la inflamacidn y dolor, se demostré una
asociacion entre el TNF-a, la IL-1R y la IL-6 y el dolor en estadios precoces de la

enfermedad.

En cuanto a la IL-8, hasta la publicacidn de nuestro trabajo la evidencia de su asociacién
con la severidad clinica era escasa. En un estudio que analiza biopsias sinoviales y liquido
articular de pacientes con OA de rodilla K/L 22 que se someten a una meniscectomia
por artroscopia, se evidencid que la expresién de la IL-8 estaba significativamente
elevada en los casos mas avanzados, pero esta elevacidon no se correlacionaba con el

dolor prequirurgico valorado por KOOS [185].

También se ha demostrado la asociacién entre la IL-8 y la IL-6 en LS obtenido por
aspiracion directa en una muestra de pacientes con OA, y el dolor articular en
movimiento medido por una escala de Likert de 11 puntos, mientras que dicha
asociacion no se observaba con el dolor en reposo ni con la escala WOMAC [186]. Esto
indicaria que los mecanismos responsables de la génesis del dolor en la OA podrian

variar en funcion de las caracteristicas del dolor.

En cuanto a la severidad radioldgica, en nuestro estudio no hemos observado una
asociacion entre la IL-8 y el estadiaje K/L. No obstante, en un trabajo previo en el que se
evalua la relacion entre diferentes citocinas inflamatorias y la afectacidn estructural de
sujetos con OA postraumatica, se encontrd asociacién estadisticamente significativa

entre los niveles de IL-8 en LS y la severidad radioldgica [106].

Estudios previos demuestran una elevacién local de la IL-8. Meehan et al. [187]
estudiaron los componentes del liquido sinovial de 51 sujetos con artritis reumatoide,
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artrosis de rodilla y controles sanos, y comprobaron que los niveles de IL-8 estaban
aumentados en los que padecian alguna enfermedad articular, y que existian diferencias
significativas con respecto a su concentracion plasmatica, lo que apoyaria la teoria de
gue su determinacion en sangre periférica seria poco util como biomarcador de OA,
debido a su inespecificidad en relacion a padecer una alteracién articular. Resultados

similares obtuvieron en un estudio mas antiguo Takahashi et al [123].

También se ha demostrado la correlacién entre los niveles en liquido articular de IL-8 y
otros mediadores de la inflamacién como el interferén, IL-6, y metaloproteasas; y
alteraciones de la grasa de Hoffa evaluadas por RMN en pacientes con rotura aguda del

LCA [188].

Otros trabajos han evaluado la relacién de la IL-8 con el género y la edad, siendo la
asociacion no significativa [189]. No obstante, tanto la IL-8 como la IL-6 forman parte de
lo que se conoce como el fenotipo secretor asociado a la senescencia (SASP), que es el
resultado del secretoma inflamatorio y proteolitico de muchos tipos de células
senescentes, y que provocan aceleracidon del acortamiento de los telémeros y dafio
oxidativo del DNA, que se vinculan a trastornos asociados a la edad [190]. Este hecho
plantea un campo de investigacién de interés en la actualidad, dirigidos a la

identificacion de factores inflamatorios asociados a la senescencia.

En cuanto a la utilizacién de la IL-8 como biomarcador, en una revision sistematica de la
literatura publicada recientemente [191], en la que se repasa la utilidad de distintos
mediadores de inflamacion y moléculas de degradacién del cartilago como

biomarcadores de la OA (de carga de la enfermedad, de investigacién, prondsticos, de

121



eficacia de intervencién y diagndsticos), se concluye que la IL-8 es uno de los mas
estudiados y mas prometedores en el campo de la OA, y tiene un valor tanto diagnéstico,
confirmdndose niveles mds elevados en el LS que en los controles sanos; como de carga
de la enfermedad, asociandose a mayor severidad clinica y radioldgica; y a nivel de [189]
investigacion, ya que sus niveles se correlacionan con otros marcadores de inflamacién
y degradacion. Sin embargo, a pesar de la gran cantidad de estudios publicados al
respecto, se generan resultados contradictorios, lo que se podria explicar como ya

hemos mencionado, la complejidad y heterogeneidad de la OA.

A modo de conclusidn, nuestro estudio demuestra una asociacién entre los niveles
locales de IL-8, medidos en LS, y la severidad clinica de la OA, lo que sugeriria su
potencial papel como biomarcador prondstico y de gravedad. En otro estudio reciente,
gue investiga los potenciales cambios inflamatorios que ocurren entre la circulacién
sistémica y local en pacientes con OA, tratando de identificar posibles vias regulatorias,
se objetivd que los niveles plasmaticos elevados de IL-8 se asocian a niveles elevados de
IL-18 en LS, y podrian estar implicados en la patogénesis de la OA mediante la activacién
del MMP-3 [192], por lo que ambas interleucinas podrian utilizarse como biomarcadores

diagnosticos, en este caso la IL-8 a nivel sistémico.

Dada la multidimensionalidad de la OA, el analisis de una Unica molécula como
biomarcador sin conocer con exactitud sus multiples interacciones conduciria a
conclusiones erroneas. Cada biomarcador jugaria un pequefio papel en el proceso
artrésico, por lo que el uso de una combinacion de estos permitiria obtener conclusiones

mas certeras. De ahi la importancia de analizar en global un conjunto de marcadores de
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inflamacién con medidas antropométricas y factores metabdlicos en relacion con las

medidas de gravedad en artrosis de rodilla; por lo que realizamos el segundo estudio.

En el segundo trabajo, intentamos identificar diferentes fenotipos de OA, dentro de un
fenotipo ya definido como es el inflamatorio, basados en caracteristicas clinicas,

antropomeétricas, inflamatorias y metabdlicas.

Como ya se ha comentado en la introduccién, la interpretacién de la OA como una
enfermedad multidimensional implica la aceptacion de la existencia de multiples
fenotipos clinicos que reflejan los diferentes mecanismos de accidén subyacentes [103].
La existencia de un fenotipo inflamatorio esta ampliamente representada en la
literatura, e incluiria pacientes con sinovitis asociada a sobreexpresién de diferentes
mediadores de la inflamacidn. Esta inflamacidn ocurre tanto en fases precoces como en
fases avanzadas de la enfermedad [104], aunque las caracteristicas del infiltrado celular
pueden variar a lo largo del proceso, de manera que hay estudios que asocian la
proporcién de leucocitos y la cantidad de fibrina depositada con la severidad de la OA

[193].

En cuanto a la sinovitis, en un estudio longitudinal que valora anomalias macroscépicas
de la sinovial valoradas por artroscopia, se demuestra la asociacién entre el aspecto

inflamatorio (hipervascularizacion y proliferacién), con la progresién estructural [194].

Otro metaandlisis reciente objetiva una correlacién positiva entre distintos mediadores

de inflamacién y anomalias de la membrana sinovial valoradas por RMN [195].
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Asi pues, queda claro que este fenotipo inflamatorio se asocia con mayor severidad
clinica evaluada por dolor y discapacidad funcional, y probablemente también con

mayor progresion estructural.

En nuestro estudio, todos los pacientes pertenecen a este fenotipo inflamatorio, por
presencia de derrame articular. A pesar de la homogeneidad de la muestra, tras un
analisis por clusterizacion fue posible identificar hasta 4 subgrupos bien diferenciados
en cuanto a caracteristicas antropométricas, metabdlicas, inflamatorias con

implicaciones clinicas y de progresion estructural.

La clusterizacion es una técnica que permite, mediante un algoritmo de aprendizaje no
supervisado (esto es, sin medida de desenlace predeterminada), asignar observaciones
a un grupo en funcién de la deteccidn de similitudes [171], lo que permite integrar gran
cantidad de datos. En el caso de la OA, es util para identificar fenotipos y trayectorias de
progresion de la enfermedad, lo que permitiria, en un futuro, individualizar la estrategia

terapéutica y avanzar hacia una medicina personalizada y de precision.

Nuestro trabajo diferencia drasticamente subgrupos de pacientes con artrosis de rodilla
que presentan distintas caracteristicas inflamatorias y metabdlicas con implicaciones en
gravedad tanto clinica como radiografica. El Unico problema para su implementacion es
gue son necesarias 27 variables analiticas y antropométricas para su definicion precisa,

aungue son unos resultados relevantes dada su trascendencia clinica.

Tras analizar datos de 168 mujeres con OA con derrame articular, se obtuvieron cuatro

cluster (KOIP, knee osteoarthritis inflammatory phenotypes), bien diferenciados.
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El KOIP-1 clasificaria hasta un 32.7% de los pacientes, y constituiria el fenotipo mas
inflamatorio y, por tanto, de peor prondstico en cuanto a severidad clinica y radioldgica.
Se asocia a sefias de identidad propias del sindrome metabdlico tales como sobrepeso;
mayor proporcion de grasa corporal; mayor indice cintura-cadera; alta prevalencia de
diabetes, HTA, DLP; valores elevados de insulina, triglicéridos, acido urico, hemoglobina
glicada; y menor proporcién de HDL y actividad fisica. Ademds, presentan niveles
elevados de mediadores de la inflamacion, tales como IL-6, IL-8, PCR y calprotectina; y
los niveles mads altos de leptina e irisina. A nivel etiopatogénico estaria mediado por un
estado inflamatorio de bajo grado promovido por factores metabdlicos asociados a la
obesidad y a la grasa corporal [169]; por lo que podriamos definirlo como el fenotipo

cladsicamente asociado a la inflamacidn sistémica de bajo grado mediada por la obesidad.

La asociacién entre obesidad e incidencia de OA en articulaciones de carga,
especialmente de rodilla, esta bien establecida. Incluso se ha demostrado una
asociacion significativa entre la cirugia bariatrica y la reduccidon del dolor e inflamacién
articular en pacientes con OA [196]. Pero la asociaciéon entre obesidad y OA de
articulaciones que no estan sometidas a carga, como las manos, parece estar mediada
por las adipocitocinas y otros factores inflamatorios posiblemente asociados a la

obesidad [197].

Esto es interesante desde el punto de vista terapéutico, ya que el abordaje de estos
pacientes seria desde una perspectiva metabdlica. La produccidon excesiva de
adipocitocinas por la grasa blanca, responsable del aumento de los procesos
inflamatorios, la resistencia insulinica y la diabetes, podria ser el target, por ejemplo, de

terapias génicas que mediante la promocion de la termogénesis eviten el desarrollo de
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estas enfermedades. También seria un grupo en el que podriamos incidir mas
directamente en las recomendaciones higiénico-dietéticas realizadas habitualmente en
los pacientes con OA, ya que posiblemente seria el grupo en el que se podria observar

un mayor beneficio.

El KOIP-2 define un grupo metabdlicamente sano, pero con actividad inflamatoria
moderada, y clasificaria a un 30.4% de los pacientes. Se traduce en una menor
repercusion clinica tanto a nivel de dolor como de capacidad funcional, asi como de
progresion radiografica [179]. Esto implicaria un mejor prondstico y, por consiguiente,
menor agresividad a la hora de establecer la estrategia terapéutica. De todos modos, se
trata de un fenotipo inflamatorio que, como hemos comentado anteriormente, se
asocia a niveles elevados de dolor, incapacidad y progresion estructural. En este caso,
existe un claro aumento de las adipocitocinas consideradas sanas, como la adiponectina
y la omentina. Sus niveles elevados en liquido articular, reflejan un componente
inflamatorio, también asociado a gravedad clinica, aunque en menor medida que en

otros fenotipos.

El KOIP-3 clasificaria a un 16.1% de los pacientes, que se caracterizarian por una baja o
moderada expresion de los factores metabdlicos y niveles aumentados de citocinas pro-
inflamatorias tanto a nivel local como sistémico, especialmente del TNF-a, IL-8 y del
NGF, formando un fenotipo que podriamos definir como inflamatorio puro, por su
ausencia de asociacién directa con las medidas de obesidad. El aumento de los
mediadores de inflamacién conllevaria un peor prondstico, tanto clinico como
estructural. En este caso el abordaje terapéutico deberia centrarse en bloquear las

moléculas proinflamatorias, lo que actualmente es objeto de investigacion [198]. De
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esta forma, se abriria la posibilidad de seleccionar pacientes con un fenotipo
inflamatorio puro, no mediado por la obesidad, para ensayar nuevas dianas terapéuticas

dirigidas, por ejemplo, al inflamosoma o a la inhibicién de la IL-18[199,200].

El KOIP-4 representa a un 20.8% de los sujetos de nuestra muestra, y en este fenotipo
los individuos presentan una elevada prevalencia de factores de riesgo cardiovascular
clasicos, asi como baja expresidn de citocinas inflamatorias, lo que describiria un clister
de pacientes en los que la enfermedad no esta tan asociada a la inflamacién de bajo
grado e hiperproduccidon de adipocitocinas propia del sindrome metabdlico y la
obesidad, sino a otras causas de indole cardiovascular, y el abordaje terapéutico deberia
incluir una monitorizacién estrecha de estas otras causas. A nivel prondstico presentan
valores bajos de dolor y discapacidad funcional, similares a los del KOIP-2; aunque

relativamente elevados respecto a otros fenotipos no inflamatorios de artrosis.

La relevancia de los resultados presentados en este trabajo se complementa de forma
importante con los datos aportados en la publicacidn referenciada en los anexos a esta
tesis doctoral. En un primer término, la identificacion de los cuatro fenotipos
inflamatorios con relevancia clinica y radioldgica es un hallazgo relevante para seguir
progresando en la mejor clasificacién y agrupacion de nuestros pacientes para poder
ofrecerles tratamientos mas especificamente dirigidos. Poder definir fenotipos
diferenciales dentro de un fenotipo ya establecido previamente, como el inflamatorio,
ademas con implicaciones en severidad tiene interés traslacional. Adema3s, los datos
aportados en los anexos ayudan a comprender las multiples inconsistencias existentes
en la literatura referentes a la asociacién entre diversos factores de la inflamacién y la

severidad en artrosis de rodilla, ya sea clinica o radiografica. En este sentido, podemos
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observar como las diferentes citocinas y marcadores de inflamacién tienen un
comportamiento y asociacidon diferente con las medidas de desenlace clinicas o
radiograficas segun el KOIP al que pertenecen. A modo ilustrativo, la omentina en
liquido sinovial presenta una asociacion negativa en el KOIP-1y positiva en el KOIP-2 con
el dolor. Desde nuestro punto de vista, la relevancia de estos resultados no es tanto la
asociacion individual de cada marcador de la inflamacién con las medidas de desenlace,
sino la constatacion de la necesidad de un fenotipado de precision; ya que, debido
posiblemente a la heterogeneidad de la artrosis, parece que la implicacién en la
severidad de la artrosis dificilmente se explicara por una sola molécula sino por la
combinacidon de varias. A su vez, estos resultados pueden contribuir a explicar
contradicciones previas en la literatura existente respecto a la asociacién de diversas
citocinas con medidas de gravedad en artrosis de rodilla, ya que no se han evaluado en

funcidén del fenotipo inflamatorio.
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7.1. Limitaciones y fortalezas

Nuestro estudio se ha realizado en una cohorte prospectiva de pacientes con
osteoartritis de rodilla (KOA), todas ellas mujeres, con derrame articular confirmado por
ecografia, lo que constituye un grupo altamente homogéneo de sujetos. Ademas, todos
ellos presentan una artrosis sintomatica en el momento de la inclusién con una escala
analdgica visual del dolor > 4; lo que es una caracteristica diferencial de otros estudios
donde se centran en la afectacion radiografica. Referente a este aspecto, cabe destacar
gue, también como hecho diferencial respecto a otros estudios, hemos reclutado
pacientes con grados de afectacion radiografica por K/L de 1 a 4, siendo los grados 2y 3
los mas representados con un 80% de los pacientes. Para la realizacién del trabajo
actual, nos hemos centrado en las mujeres, ya que constituian la mayoria de nuestra
cohorte (84%), y existen varias diferencias especificas de género en cuanto a
prevalencia, condiciones metabdlicas e inflamatorias, asi como niveles de dolor vy
discapacidad previamente definidos en la literatura y ya referenciados anteriormente
en este trabajo. Aunque esta homogeneidad puede proporcionar una ventaja para
identificar biomarcadores de la enfermedad, reconocemos que también podria limitar
la generalizacion de nuestros resultados. Por lo tanto, se necesitan mas estudios en
series independientes de pacientes de otros centros, con un tamafo de muestra
suficiente y caracteristicas clinicas y presentaciones diferentes; incluyendo sobre todo
hombres y presentaciones no inflamatorias, para evaluar la generalizacion de estos
hallazgos. Logicamente, la naturaleza del propio estudio, siendo, siendo el primero un
corte transversal y el segundo un estudio de cohorte prospectivo permite la

identificacidon de asociaciones, pero no evidencia causalidad, por lo que, en caso de
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confirmarse nuestros resultados, referentes a biomarcadores y definicion de fenotipos,
deberian evaluarse en un estudio prospectivo especificamente disefiado. Otra limitacién
de nuestro estudio es la ausencia de mediciones cuantitativas puras para la gravedad
radiografica, como las mediciones del ancho minimo o fijo del espacio articular en
milimetros a lo largo del tiempo. Estas mediciones podrian haber proporcionado una
mejor resolucion, aumentar el poder estadistico y, posiblemente, revelar asociaciones
adicionales no identificadas en nuestros andlisis actuales. Desafortunadamente, este
tipo de cuantificacion no esta disponible actualmente en nuestra serie de pacientes y
constituye un darea relevante de investigacidon para estudios futuros. Por otro lado,
nuestro estudio se distingue de los trabajos previamente publicados por su exhaustiva
disponibilidad de datos, incluyendo un panel de 13 citocinas cuantificadas en plasmay
LS de 168 pacientes. Estas muestras y datos se recopilaron sistematicamente dentro de
los protocolos de una cohorte prospectiva disefiada especificamente para estudiar los
factores asociados con la gravedad y progresion de la artrosis de rodilla, lo cual es una
fortaleza destacada del estudio. De todos modos, se necesitd un alto numero de
parametros (27 de 45) para discriminar los grupos de pacientes con artrosis de fenotipo
inflamatorio (KOIP) en nuestros datos, lo que indica que estos fenotipos estaban
definidos por una compleja combinacién de varios factores metabdlicos,
antropomeétricos e inflamatorios, en lugar de estar completamente caracterizados por
un numero limitado de estas caracteristicas. Sin embargo, su implementacién en la
practica clinica requeriria un panel compuesto por un menor nimero de biomarcadores.

En este sentido, el uso de datos dmicos derivados de tecnologias de alto rendimiento
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ofrece un gran potencial para identificar biomarcadores especificos de KOIP en un futuro

muy cercano, y actualmente es una linea de investigacion en curso en nuestro grupo.
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7. CONCLUSIONES
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8. CONCLUSIONES

La interleucina 8 (IL-8) en liquido sinovial de mujeres con artrosis de rodilla y
derrame articular se asocia con las medidas de gravedad clinica.

La IL-8 en liquido sinovial se relaciona con varios factores de inflamaciéon y
adipocitocinas en el liquido articular.

Ninguna de las asociaciones previas se observa con los niveles de IL-8
plasmaticos, evidenciando la importancia del andlisis de los factores de
inflamacidn local en este grupo de pacientes.

Se han identificado cuatro fenotipos de mujeres con osteoartritis de rodilla con
derrame articular que mostraron perfiles diferenciales de factores
antropométricos, metabdlicos e inflamatorios.

Estos KOIPs discretos presentan implicaciones tanto en la gravedad clinica como
radiografica de la artrosis de rodilla.

Tanto las citocinas como las adipocitocinas presentan asociaciones diferentes
con la severidad clinica y radiografica en artrosis de rodilla segun el KOIP al que

pertenecen.

134



135



8. INVESTIGACIONES FUTURAS
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9. INVESTIGACIONES FUTURAS

En esta tesis doctoral se aprecia la linea de trabajo en pacientes con artrosis y derrame
articular. Inicialmente, estudiamos y analizamos un conjunto de factores de Ia
inflamacién y adipocitocinas para evaluar su asociacion con medidas de desenlace
clinicas y radiograficas midiendo la severidad en artrosis de rodilla. Debido a las
inconsistencias existentes en la literatura y considerando la artrosis como una entidad
heterogénea y multifactorial, el siguiente analisis se centré en la investigacion de
fenotipos. Hemos sido capaces de identificar cuatro fenotipos dentro de nuestro grupo
de pacientes con cardcter inflamatorio (KOIPs) que presentan implicaciones en gravedad
tanto clinica como radioldgica. Su implementacién en practica clinica esta limitada por
el elevado numero de variables necesarias para su definicidn, por lo que, de forma

natural, las investigaciones futuras deben centrarse en:

e Realizar una caracterizacion mas precisa de los distintos KOIPs, mediante
técnicas dmicas, inicialmente mediante proteémica. El grupo se ha interesado
por la tecnologia Olink, basada en ensayos de extensidn por proximidad, por su
enorme capacidad de discriminar proteinas débilmente expresadas y la
necesidad de un bajo volumen de muestra para su realizacidn.

e Una vez caracterizados los KOIPs, se seleccionaran un conjunto de proteinas
minimo y critico para la definicion de los KOIPs, que nos permitan su
implementacidn en practica clinica.

e Serd necesario realizar una validaciéon en una cohorte externa con un grupo

independiente de pacientes con artrosis y derrame articular.
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De confirmarse los resultados, se evaluaria su aplicabilidad en una cohorte de
hombres con artrosis de rodilla y derrame.

Igualmente, se valorard la reproducibilidad de estos resultados en una cohorte
de pacientes con artrosis de rodilla sin derrame articular, por lo que sera
necesario estudiar en profundidad el plasma de estos sujetos.

Se buscaran vias fisiopatogénicas que puedan influir en el desarrollo y la
gravedad de la artrosis, intentando priorizar aquellas que se presenten en el
plasma, debido a que, en teoria, se podrian generalizar los resultados de forma
mas directa.

En caso de confirmarse nuestras hipdtesis futuras, podriamos establecer
tratamientos especificos en funcion de cada fenotipo, avanzando hacia una

medicina personalizada y de precision.
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Abstract

Background Despite existing extensive literature, a comprehensive and clinically relevant classification system

for osteoarthritis (OA) has yet to be established. In this study, we aimed to further characterize four knee OA (KOA)
inflammatory phenotypes (KOIP) recently proposed by our group, by identifying the inflammatory factors associated
with KOA severity and progression in a phenotype-specific manner.

Methods We performed an analysis within each of the previously defined four KOIP groups, to assess the association
between KOA severity and progression and a panel of 13 cytokines evaluated in the plasma and synovial fluid of our
cohort's patients. The cohort included 168 symptomatic female KOA patients with persistent joint effusion.

Results Overall, our analyses showed that associations with KDA outcomes were of higher magnitude
within the KOIP groups than for the overall patient series (all p-values < 1.30e—16) and that several of the cytokines
showed a KOIP-specific behaviour regarding their associations with KOA outcomes.

Conclusion Our study adds further evidence supporting KOA as a multifaceted syndrome composed of multiple
phenotypes with differing pathophysiological pathways, providing an explanation for inconsistencies between previ-
ous studies focussed on the role of cytokines in OA and the lack of translational results to date. Our findings also high-
light the potential clinical benefits of accurately phenaotyping KOA patients, including improved patient stratification,
tailored therapies, and the discovery of novel treatments.

Keywords Knee osteoarthritis, Cytokines, Phenotype, Inflammation, Clinical severity, Radiographic pregression,
Machine learning
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comorbidities, particularly cardiovascular risk factors,
contributing to high healthcare costs [3-5].

The pathophysiology of OA is not fully understood, but
it is known that age, obesity, genetics, previous trauma,
metabolic factors, some molecular determinants of
cartilage degradation, and systemic and local inflam-
mation contribute to its onset and progression [5-11].
Sex-related differences have also been identified in OA
patients, including prevalence rates, metabolic condi-
tions, inflammatory factors, and levels of pain and func-
tional disability [12, 13]. OA is currently highly prevalent,
and its socioeconomic impact is expected to increase
in the coming years due to the ageing of the popula-
tion and increasing rates of obesity in Western societies
[5]. Despite extensive research conducted in the past
decades, the development of targeted drugs capable of
effectively alleviating pain or halting the structural dete-
rioration in OA remains an unmet need [14].

OA is now understood to be a complex, multi-tissue
disease that affects various joint structures including
the articular cartilage, bone, subchondral bone, synovial
membrane, capsule, ligaments, menisci, and periarticu-
lar muscles [1, 5]. Inflammation and metabolic factors
are recognized as crucial factors in the development and
progression of OA [9-11]. Previous studies have focused
on identifying specific inflammatory markers, such as
adipocytokines and cytokines found in the blood, syno-
vial fluid, and synovial membrane of OA patients, which
have been linked to pain, disability, and radiographic
changes [15, 16]. However, much of this research has
provided inconclusive or inconsistent results regarding
the strength and nature of the association between these
cytokines and the severity and progression of OA [11,
17-19].

One possible explanation for these inconsistencies and
the lack of major translational research may be the het-
erogeneity of OA patients regarding clinical presentation,
exhibit of risk factors and prognosis. In this regard, it has
been suggested that OA may not be a single entity, but
rather a complex and heterogeneous condition made up
of different subgroups (phenotypes) with specific patho-
physiological traits (endotypes) [20, 21]. The identifica-
tion of these phenotypes could lead to better assessment
of severity and prognosis biomarkers, resulting in sig-
nificant clinical implications for patients’ stratification,
therapy tailoring, and exploration of novel treatments
[22]. In this regard, several groups have described dis-
tinct OA phenotypes characterized by the presentation
of diverse features, such as clinical parameters [17, 23],
transcriptomics [24, 25], metabolomic data [26, 27], and
other biochemical markers [18, 28]. Despite these efforts,
a comprehensive and clinically relevant classification sys-
tem for OA has yet to be established.
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In KOA, though, it is generally accepted the exist-
ence of an inflammatory clinical phenotype character-
ized by synovitis, increased levels of pain and disability,
and a faster rate of disease progression [29, 30]. In the
last years, our group has focussed on the metabolic and
inflammatory profiles of KOA patients in this inflam-
matory phenotype [10, 19, 31-34]. In doing so, our
objectives were to better understand the inflammatory
mechanisms underlying KOA and to identify specific risk
and prognostic factors associated with this inflammatory
phenotype. As a result, we have recently identified four
knee osteoarthritis inflammatory phenotypes (KOIP)
using well-established statistical and machine learn-
ing methods applied to a cohort of 168 female patients
with primary KOA and joint effusion [35]. The analysis
included a comprehensive panel of 45 variables describ-
ing the patients’ anthropometric and metabolic status, as
well as their inflammatory profile measured by a set of 13
cytokines in plasma and synovial fluid. These phenotypes
showed marked differences in their anthropometric, met-
abolic, and inflammatory profiles and demonstrated sig-
nificant differences in clinical severity and radiographic
progression [35].

In this study, we aimed to further characterize the
four KOA inflammatory phenotypes (KOIP) recently
proposed by our group, by evaluating inflammatory fac-
tors linked with the severity and progression of KOA
in a KOIP-specific manner. The identification of such
factors is of relevance as they might point to different
underlying inflammatory mechanisms for the onset and
evolution of the disease across these phenotypes. To do
so, we assessed the association between the panel of 13
cytokines available in our KOA cohort and the disease’s
severity and radiographic progression within each KOIP
separately, both in plasma and in synovial fluid.

Methods

Patients’ description

The study was carried out on a prospective cohort of 168
female patients with symptomatic primary knee osteoar-
thritis (KOA) and persistent joint effusion [35]. Plasma
and joint fluid samples were available for all patients.
We focussed the analysis on female patients to homog-
enize the study sample, as numerous sex-related differ-
ences have been previously reported in KOA regarding
metabolic conditions, inflammatory factors, and levels
of pain and function disability [12, 13]. Subjects’ inclu-
sion required the presence of symptomatic primary KOA
according to the American College of Rheumatology
(ACR) criteria, with a defined diagnosis in the outpa-
tient rheumatology visits, aged between 50 and 85 years
old, and with joint effusion observed during the physi-
cal examination at the recruitment visit and confirmed
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by ultrasound (> 4 mm on midline suprapatellar line).
Symptomatic KOA was defined as the presence of pain
greater than or equal to 4 on a 10-cm visual analogue
scale, despite the use of prescribed analgesic drugs for
at least 3 months. The exclusion criteria comprised sec-
ondary osteoarthritis, either due to a history of trauma,
menisci injury, or previous inflammatory rheumatism; a
history of knee surgery; any disease which, in the inves-
tigator’s opinion, could interfere with the assessment of
pain such as, but not limited to, fibromyalgia or poly-
neuropathies; systemic glucocorticoid intake in the last 6
months; and intra-articular glucocorticoid or hyaluronic
acid injection in the last 3 or 6 months before recruit-
ment, respectively. The recruitment period was from
October 2013 to April 2018.

Samples

Samples from the plasma and joint fluid were extracted at
the patient’s recruitment. Collected samples were appro-
priately processed and stored at —80 °C, until their use
for quantification of cytokines by enzyme-linked immu-
nosorbent assay (ELISA). ELISA assays were conducted
according to the manufacturer’s recommendations. Syno-
vial and plasma samples were evaluated for the following
cytokines: C-reactive protein (CRP, mg/L), interleukin
6 (IL-6, pg/mL), interleukin 8 (IL-8, pg/mL), tumour
necrosis factor alpha (TNF-alpha, pg/mL), nerve growth
factor (NGE, pg/mL), calprotectin (ng/mL), leptin (pg/
ml), irisin (ng/mL), visfatin (ng/mL), resistin (pg/mL),
osteopontin (ng/mL), adiponectin (ng/mL), and omentin
(pg/mL). Due to technical reasons related to the ELISA
technology (configuration of plates used), these markers
could not be assessed at the same time for all patients.
To account for potential effects induced by this techni-
cal source, and as described previously [35], we corrected
the ELISA values previously to any formal statistical
analysis (two-step correction), after applying a transfor-
mation using the Tukey ladder of powers to symmetrize
their distribution and meet the assumptions of the linear
model (Additional file 2: Table S2).

Data collection

Baseline information regarding demographics and
anthropometric and metabolic factors was collected for
these patients as described previously [35]. Baseline clini-
cal severity is available for these patients as measured
by the Knee injury and Osteoarthritis Qutcome Scores
(KOOS; pain, functional disability, and symptoms) [36],
which were used in reversed order to facilitate the inter-
pretation of the results. Ultrasound measurements were
collected regarding joint effusion and synovial tissue
thickness (mm). The assessments were performed by a
single experienced examiner (JC), using Siemens Acuson
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Antares with a 5-13-MHz linear array transducer and a
standardized protocol based on current guidelines and
definitions [37-39]. Radiographic severity was meas-
ured by the Kellgren-Lawrence (KL) scale [40] and fol-
lowing the OARSI atlas lecture [41], which includes an
assessment of osteophytes and joint space narrowing
(JSN). This evaluation involved an anteroposterior knee
X-ray conducted with the patient in a standing position,
performed within the last 18 months before recruit-
ment. The follow-up radiographic evaluation was blind
to the results at baseline. Two different clinicians inde-
pendently conducted readings for a subset of patients.
Concordance between the readers was assessed using
unweighted Cohen’s kappa, yielding values of 0.884
for KL (135 patients, 95% confidence interval 0.816 to
0.953), 0.931 for osteophytes evaluation (135 patients,
95% confidence interval 0.885 to 0.977), and 0.782 for
JSN (30 patients, 95% confidence interval 0.608 to 0.956).
Most of the patients (n = 143, 85%) underwent a radio-
graphic evaluation during the follow-up to assess their
radiographic progression at 2 years. To assess the radio-
graphic progression at 2 years, the majority of patients
(85%) underwent a radiographic evaluation after their
initial radiography with a median interval of 26 months
(over 18 months for 90% and over 24 months for §9% of
the patients in the study). Radiographic progression was
defined by comparing the follow-up and baseline radio-
graphs, using each of the three different measures avail-
able: an increase in the radiographic Kellgren-Lawrence
(KL) stage in the follow-up evaluation (KL progression),
the appearance of new osteophytes (osteophyte progres-
sion), and a reduction in the space between joint bones
(JSN progression). More details about patients, samples,
and data collection are available in our previous work
[35].

Statistical analysis

Continuous parameters were described by their medians,
median absolute deviations, and ranges, while categori-
cal variables were summarized using absolute frequen-
cies and percentages. Associations with KOIP groups and
outcomes were assessed using non-parametric methods,
namely the Kruskal-Wallis and Mann-Whitney tests for
continuous variables and Fisher’s tests for categorical
variables.

Univariate associations between cytokines and KOA
outcomes were assessed for the overall series and within
each KOIP independently. Given the low sample size
available, we deliberately opted for non-parametric meth-
ods for their robustness against bias due to the extremely
high influential values used. These methods included
Spearman correlation (SC) [42] (continuous or ordinal
outcomes) and Glass rank biserial correlation (GRBCorr)

172



Calvet et al. Arthritis Research & Therapy (2024) 26:19

[43] (binary outcomes). Baseline Kellgren-Lawrence (KL)
staging and joint space narrowing were treated as ordi-
nal in these analyses. Asymptotic 95% confidence inter-
vals (CI) were computed for SC, while bootstrap intervals
were computed for GRBCorr coeflicients (1.000 resa-
mples). For binary outcomes, fold changes (FC) of the
median groups were also calculated to quantify the mag-
nitude of the cytokines differences between the patient
groups, along with their bootstrap 95% confidence inter-
vals. To aid interpretation, FCs below one were inverted
and prefixed with a minus sign, so that a negative FC
indicates a higher level of the cytokine in the reference
group. In each case, statistical significance was assessed
with non-parametric asymptotic methods (SC test for
continuous or ordinal outcomes; Mann-Whitney test for
binary outcomes). No adjustment by multiple contrasts
was performed for these analyses, since they are consid-
ered as exploratory when examined individually.

These results were graphically represented in a heat-
map, where red colour indicated positive correlation,
blue represented negative correlation, and colour inten-
sity expressed more extreme values of the correlation
coefficients. Colour intensities were saturated to 0.5 and
—0.5 for positive and negative correlation, respectively.
For graphical representation, we also used scatter plots
(KOQOS scores and ultrasound joint effusion) and box-
plots and stripcharts (radiographic progression) where
the cytokines were displayed in their transformed scale
(Additional file 2: Table S2, see the “Samples” section).

To further examine the associations between cytokines
and KOA outcomes, we conducted statistical analyses
while controlling for age, disease evolution time, and
body mass index (BMI). For continuous KOA outcomes
(KOOS-pain, KOOS-functional disability, ultrasound
joint effusion, and synovial tissue thickness), we com-
puted adjusted Spearman correlations using probabil-
ity-scale residuals and cumulative probability models as
previously described and implemented [44], along with
their corresponding 95% confidence intervals and p-val-
ues. For binary KOA outcomes (radiographic progression
based on KL, osteophytes, and joint space narrowing),
each cytokine was individually fitted to a linear model.
In these models, patients’ status (progressors or not-pro-
gressors) and the confounding variables were included as
explanatory factors. To ensure the assumptions of the lin-
ear models, we incorporated the cytokines values in their
transformed scale (Additional file 2: Table S2) and, when
necessary, applied transformations to the confounding
variables (Tukey ladder of powers: g = 0.25 for disease
evolution time; g = —0.75 for BML no transformation
for age). These methodologies were selected for their
robustness to avoid or, at the very least, attenuate biases
induced by extreme values. p-values were calculated
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using the Wald test to assess the significance of differ-
ences in cytokine levels between the two patient groups.
To quantify the association, we extracted the means from
the model for each patient group, transformed them back
to the original scale of the cytokine, and used these val-
ues to estimate a FC between patients with and without
radiographic progression. This FC can be interpreted as
the ratio of cytokine medians across the patient groups
in the original scale of the cytokine [45], assuming that
the transformation applied to the response variable
allows it to meet the linear model’s assumptions. Con-
fidence intervals for these FCs were computed through
simulation from the linear model, following a previously
described approach [46].

The magnitudes of the associations observed within
each KOIP were compared with those obtained from
the whole female patients’ series. To do so, absolute val-
ues of the correlation coefficients were computed and
compared pair-wise using a Wilcoxon test. The results
of these analyses were graphically displayed in a boxplot
and a stripchart. The threshold for statistical significance
was set at 5%. All analyses were conducted with R [47].

Results

Recently, our group identified four distinct inflamma-
tory KOA phenotypes (KOIP) using data from 168 female
subjects included in a cohort of primary KOA patients
with joint effusion [35]. These phenotypes drastically
differed in their anthropometric, metabolic, and inflam-
matory profiles and exhibited substantial differences
in clinical severity and radiographic progression [35].
To gain further insight into these phenotypes and their
underlying inflammatory mechanisms, we used the same
series (Table 1) to assess, in each of these phenotypes, the
association between KOA severity and progression and
the panel of 13 cytokines evaluated in the plasma and
synovial fluid of our cohort's patients (Additional file 2:
Tables S1 and S2). A global view of these results showed
that associations with KOA outcomes were of higher
magnitude within the KOIP groups than for the overall
patients’ series (all p-values < 1.30e—16) and that some of
the cytokines showed a KOIP-specific behaviour regard-
ing these associations (Fig. 1, Additional file 1: Fig. 51 and
Additional file 2: Tables S3-57).

To illustrate that, we point out some results observed
for the clinical severity parameters. In KOIP-1 subjects,
a negative correlation was observed for synovial omen-
tin with baseline KOOS pain (Spearman correlation, SC
= —0.265, p-value, pv = 0.050) and functional disabil-
ity (SC = —0.218; pv = 0.110). In contrast, roughly the
same magnitude of positive correlation was found in the
KOIP-2 group for both pain (SC = 0.277, pv = 0.049) and
functional disability (SC = 0.228, pv = 0.1074) (Fig. 2,
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Table 1 The main baseline patients' characteristics. Demographic, anthropometric, metabolic, and radiegraphic factors for all the KOA
patients included in the study and stratified by knee osteoarthritis inflammatory phenotypes (KOIP). All subjects are female patients
diagnosed with symptomatic primary knee ostecarthritis (KOA) with persistent joint effusion. Continuous parameters are described
with their median and ranges (minimurn and maximum values), while absolute frequencies and percentages are displayed for

categorical variables

All, 168 (100%) KOIP-1,55(32.7%) KOIP-2,51(304%) KOIP-3,27(16.1%) KOIP-4,35(20.8%) p-value

Age at recruitment 69.1[50.9,830] 704 [509,814]
Kellgren-Lawrence Grade 1 19(11.3%) 5(9.1%)
radiographicarade  Grade2 65 (38.7% 19 (34.5%)
Grade3 7B {464%) 26 (47.3%)
Grade4 6 (36%) 5(9.1%)
Disease evolution time (morniths) 48[4, 200! 45[4,150]
Obesity 94 (56.0%) 51(92.7%)
Physical exercise None 61 (36.3%) 29 (52.7%)
Sporadic 51 (304%) 18(32.7%)
Moderate 46 (27.4%) 6 (10.9%)
Vigorous 10 (6.0%) 2(36%)
Diabetes mellitus 1B(10.7%) 10 (18.2%)
Arterial hypertension 92 (54.8%) 37 (67.3%)
Dyslipidaemia 68 (40.5%) 26 (473%)
ATP il metabolic syndrome 61 (363%) 33(60.0%)

68.21514,83.0] 669 (544, 80.8] 704[51.1,805] 05195
4(78%) 3(11.1%) 7 (200%) 01261
25 (49.0%) 7 (25.9%) 14 (40.0%)

22(43.1%) 16 (50.3%) 14 (40.0%)

0(0.0%) 1 (3.7%) 0(0.0%)

484,200] 36(6,125] 6016,172] 07291
5(9.8%) 16 (59.3%) 22 (62.9%) < 0.0001
12(235%) 6(22.2%) 14 {40.0%) 00123
16 (312%) B (29.6%) 9(25.7%)

18(35.3%) 11 (40.7%) 11 (31.4%)

5(9.8%) 2(7.4%) 1(2.9%)

2(39%) 21(7.4%) 4(11.4%) 0.1101
18(353%) 16 (50.3%) 21 {60.0%) 0008
16(314%) 9(333%) 17 (48.6%) 02321
2(3.9%) 5(33.3%) 17 (48.6%) <0.0001

ATP Il Adult Treatment Panel Il

Additional file 1: Fig. S2). Other notable findings were
the negative association between plasma IL-6 and both
pain (SC = —0.405, pv = 0.016) and function disability
(SC = —0.305, pv = 0.075) in the KOIP-4 group, where
synovial osteopontin was also positively correlated with
KOOS pain (SC = 0.411, pv = 0.014) (Additional file 1:
Figs. S3-S5).

The results stratified by KOIP also showed pheno-
type-specific associations with radiographic evolution.
According to the KL and the JSN criteria, progression
was associated with high synovial irisin in KOIP-4 (FEC
= 1.61, pv = 0.002; FC = 1.53, pv = 0.016, respectively),
but also with low levels of this cytokine in KOIP-1 (EC
= —1.27, pv=0.014; FC = —1.27, pv = 0.033) (Fig. 3 and
Additional file 1: Fig. $20). Based on the KL criteria only,
progression was associated with low levels of synovial
resistin in KOIP-1 (fold change (FC) = - 1.70, pv = 0.008)
and low values of synovial CRP (FC = —2.32, pv = 0.036)
and plasma omentin (FC = —2.59, pv = 0.029) in KOIP-3
(Additional file 1: Figs. S6—58).

Synovial omentin and adiponectin showed statistically
significant associations with osteophytes progression in
KOIP-1 (FC = 1.73, p-value = 0.004; FC = 1.83, p-value
= 0.005, respectively), which were of opposite direction
in the KOIP-2 group (FC = —1.26, p-value = 0.059; FC
= =127, p-value = 0.107, respectively). Osteophyte
progression also showed associations of opposite direc-
tions for leptin in KOIP-1 (FC = 1.35, pv = 0.025 in the

synovial fluid; FC = 1.43, pv = 0.063 in the plasma) and
KOIP-3 (FC = —1.62, pv = 0.360 in the synovial fluid;
FC = =1.67, pv = 0.057 in the plasma), and for plasma
IL-8 in KOIP-2 (FC = 1.48, pv = 0.055) and KOIP-4 (FC
= =145, pv = 0.022). Other phenotype-specific asso-
ciations with osteophytes progression were found for
osteopontin in KOIP-2 (FC = —1.22, pv = 0.049 in the
synovial fluid; FC = —1.42, pv = 0.036 in plasma), irisin
in KOIP-3 (FC = —1.95, pv = 0.024 in the synovial fluid;
FC = —1.46, pv = 0.091 in the plasma), and synovial cal-
protectin in KOIP-4 (FC = 1.80, pv = 0.015) phenotypes
(Additional file 1: Figs. S9-S19).

According to the JSN criteria, radiographic progres-
sion was also associated with high synovial osteopontin
in KOIP-3 (FC = 5.72, pv = 0.009), high synovial omentin
in KOIP-1 (FC = 1.81, pv = 0.009), low levels of leptin
(FC = =1.52, pv = 0.007 in synovial fluid; FC = -1.61,
pv = 0.041 in plasma), and low plasma irisin in KOIP-2
patients (FC = —1.83, pv = 0.038) (Additional file 1: Figs.
$20-525).

As other interesting examples, and despite no associa-
tion was found between the KOIP groups and ultrasound
severity in our previous work, some cytokines showed a
phenotype-specific correlation with joint effusion, such
as synovial IL-6 in KOIP-3 (SC = 0.541, p-value = 0.004;
Fig. 4). Interestingly, several cytokines were associated
with joint effusion in KOIP-4, including positive correla-
tions with leptin (SC = 0.405, pv = 0.016 in the synovial
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Fig. 1 Association of cytakines with knee asteoarthritis (KOA) severity and progressicn stratified by KOA inflammatory phenotypes (KOIF). The
heatmap colours represent non-parametric carrelation-like measurements to assess the association of the cytokines evaluated in our study

with KOA outcomes, Including clinical, radiographic and ultrasound severity at baseline, and radiograghic pregression at 2 years. Associations were
assessed for the averall series and within each KOIP independently using Spearman correlations (continuous or ordinal outcomes) and Glass rank
biserial correlations (binary cutcomes). Baseline Kellgren-Lawrence staging and joint space narrowing were trezled as ordinal in these analyses. Red
Indlicates positive, blue represents negative, and colour intensity expresses more extreme values of the correlation coefficients. Colour intensities
were saturated 1o 0.5 and —0.5 for positive and negative correlation, respectively. IL-6, interleukin §; IL-8, interleukin 8, TNF-alpha, tumour necrosis
facter alpha; NGF, nerve growth factor; CRE, C-reactive protein; KOOS, Knee injury and Osteoarthritis Outcome Scores (reversed scores); KOA, knee

osteoarthritis; KOIP. knee ostecarthritis inflammatory phenotype

fluid; SC = 0.344, pv = 0.043 in the plasma), synovial iri-
sin (SC = 0.405, pv = 0.016), and omentin (SC = 0.363,
pv = 0.041) and negative correlations with CPR (SC =
—0.590, pv = 0.0002 in the synovial fluid: SC = —0.512,
pv = 0.002 in the plasma) and plasma IL-6 (SC = —0.368,
pv = 0.030) and calprotectin (SC = —0.336, pv = 0.049)
(Additional file 1: Figs. S26—533).

Finally, it is noteworthy that, despite the relatively small
sample sizes within each KOIP group (ranging from 27
to 55 patients), the strength and statistical significance of
the associations described above (summarized in Addi-
tional file 1: Figs. S2-533) remained largely unchanged in
most of the cases after adjusting for age, disease evolu-
tion time, and BMI (Additional file 2: Tables S8 and S9).

Discussion

In this study, we identified a set of cytokines that are
differentially associated with severity and radiographic
progression across a recently proposed classification of
inflammatory phenotypes in KOA (KOIP). In the last
years, extensive research has been conducted on the
role of several markers on OA severity and progression,

including some of the ones evaluated in the present work
[10, 11, 15, 17-19, 48]. Although these studies have pro-
vided valuable information about the pathophysiology of
the disease, none of their results has been transferred to
the clinical practice, either to improve the diagnosis or
prognosis of their patients or to develop new therapeu-
tic targets with a disease-modifying effect [14]. On the
contrary, many of them have provided inconclusive or
inconsistent results which, together with the heterogene-
ity of the disease, has given rise to the hypothesis of the
existence of multiple phenotypes in OA [20]. However,
despite great efforts have been invested in this line of
research, there is still no consensus on a comprehensive
classification of OA with clinical relevance.

In our previous work, we identified four different phe-
notypes of inflammatory KOA that exhibited differential
profiles of anthropometric, metabolic, and inflammatory
factors and displayed substantial differences in clinical
severity and radiographic progression [35]. In the pre-
sent study, we used this classification as a framework
to shed light on the inconsistencies and lack of transla-
tional results of previous research. To accomplish this,
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we assessed the association with severity and progression
of a panel of 13 cytokines quantified in the plasma and
the synovial fluid of patients with inflammatory KOA,
separately for each KOIP group in our cohort. When
comparing these results globally, associations with KOA
outcomes were significantly of higher magnitude within
the KOIP groups than for the overall patients’ series, and
a KOIP-specific behaviour was observed for some of the
analysed cytokines. In our opinion, the primary signifi-
cance of these results does not lay in the results of these
specific cytokines themselves, whose interpretation is

limited by the sample size, but rather in underscoring the
crucial role of phenotyping in advancing our comprehen-
sion of the disease.

For purely illustrative purposes, we point to the case of
omentin, which has been studied by us and others with
mixed results [10, 35, 49, 50]. In our previous study, we
showed that extreme values of these cytokines contrib-
uted to characterize phenotypes in agreement with their
metabolic profile (high for KOIP-2 and KOIP-3 and low
for KOIP-1 and KOIP-4), but with different levels of clini-
cal severity (more severe in KOIP-1 and KOIP-3 than in
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KOIP-2 and KOIP-4) [35]. In this work, we also showed
that this cytokine displays an association with severity
and radiographic progression of opposite sign depend-
ing on the KOIP considered (positive in KOIP-2 but
negative in KOIP-1). These stratified analyses revealed
several other examples of such KOIP-specific associa-
tions with KOA outcomes for the evaluated cytokines,

both in the plasma and the synovial fluid, which are
provided in the “Results” section and the supplemen-
tary material of this work. Importantly, most of these
associations retained their magnitude and statistical sig-
nificance after adjustment by age, disease evolution time,
and BMI. While the analyses in this study were based on
a small number of patients (ranging from 27 to 55) and
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should be interpreted with caution, their results provide
further evidence of specific risk and prognosis factors
across these KOIP phenotypes and divergent pathophysi-
ological pathways and disease evolution (endotypes).
These results also suggest that differential inflammatory
mechanisms may be responsible for the inconsistencies
observed in previous research on OA biomarkers and,
therefore, the current lack of translational results, likely
due to variations in the distribution of KOA phenotypes
among the subjects selected for these studies [21, 51].

Importantly, OA pathophysiology is probably too com-
plex to be attributed to a few numbers of cytokines [20,
52—54]. Hence, the purpose of our study was not to point
the relevance of a specific set of cytokines or inflamma-
tory factors regarding the clinical or radiographic sever-
ity in KOA, an objective for which a larger sample size
would be required. Rather, we aimed to illustrate the
potential of a precise phenotyping in identifying the
inflammatory and metabolic pathways of the disease
(endotypes). In contrast to other rheumatic conditions,
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the inflammatory profile of OA patients is characterized
by a relatively lower number of markers that are highly
altered in its clinical presentation, and the interaction
and modulatory effects may play a significant role in this
context of a low-grade, persistent inflammation state [16,
55, 56]. It is noteworthy that correlations exceeding 0.25
(in absolute value) between cytokines and outcomes were
observed in varying proportions among KOIP groups,
ranging from 12% (KOIP-1) to 24% (KOIP-4). When
we raised this threshold to 0.40, the percentages ranged
from 3% (KOIP-1 and KOIP-2) to 9% (KOIP-3). While
these proportions are considerably higher compared to
those observed in the entire patient series (1% for > 0.25;
0% for > 0.40), we acknowledge that the effect sizes are
not exceptionally large, even within the identified phe-
notypes. For this reason, the identification of specific
biomarkers remains a critical challenge for improving
patient classification and elucidating the molecular
mechanisms underlying each phenotype. The identifi-
cation of such biomarkers would have significant impli-
cations for research and clinical practice, as they may
facilitate tailored treatments and the discovery of new
therapeutic targets [22]. In this regard, the use of Omics
technologies holds great potential for making advances
in this objective, and our group is currently pursuing this
line of research.

Our study was conducted on a prospective cohort of
female KOA patients with joint effusion, which consti-
tutes a highly homogeneous group of subjects. Our study
was focused on female patients, as they were the majority
in our cohort (84%), and several sex-specific differences
exist in terms of prevalence, metabolic and inflamma-
tory conditions, and pain and disability levels [12, 13].
Although this homogeneity can provide an advantage
for identifying disease biomarkers, we acknowledge
that it might also limit the generalization of our results,
Hence, further studies are needed in independent series
of patients from other centres, with a sufficient sample
size and different characteristics and clinical presenta-
tions, including males and non-inflammatory presen-
tations, in order to evaluate the generalization of these
findings. In addition, and as highlighted earlier in this
section, our study’s primary objective was not to empha-
size the relevance of specific cytokines in relation to clini-
cal or radiographic severity in KOA, an objective that
would require a larger sample size. Beyond the general
picture represented in Fig. 1 and Additional file 1: Fig. S1,
the results for each cytokine are considered exploratory
when considered individually and that was the reason
for not adjusting them for the large number of com-
parisons performed. Hence, the interpretation of these
results at the cytokine level should be approached with
caution, as they also require further validation in future
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studies specifically designed for this purpose. Together
with the moderate effect sizes found in these analyses
and the scarce knowledge in the literature on KOA phe-
notypes and their specific pathophysiology, our study
does not allow for strong interpretations at this level,
as they would be too speculative. Another limitation in
our study is the absence of pure quantitative measure-
ments for radiographic severity, such as the minimum
or fixed joint-space width measurements in millimetres
over time. These measurements could have provided
better resolution, enhance statistical power, and, pos-
sibly, reveal additional associations not identified in our
current analyses. Unfortunately, this kind of quantifica-
tion is not currently available in our patients’ series and
constitutes a relevant area of research for future studies.
On the other hand, our study is distinguished from pre-
viously published works by its exhaustive availability of
data, including a panel of 13 cytokines quantified in the
plasma and synovial fluid of 168 patients. These samples
and data were systematically collected within the proto-
cols of a prospective cohort specifically designed to study
the factors associated with KOA severity and progres-
sion, which is a remarkable strength of the study.

Conclusion

Overall, our study provides further evidence to support
the notion that KOA is a multifaceted syndrome com-
posed of multiple phenotypes with differing pathophysi-
ological pathways, which provide a possible explanation
for the inconsistencies observed across previous stud-
ies on the role of cytokines in OA and the lack of trans-
lational results to the date. Our findings also highlight
the potential benefits of accurate phenotyping of KOA
patients for both research and clinical practice, includ-
ing patient stratification, personalized therapy design,
patient selection for clinical trials, and the discovery of
novel treatments. Moving forward, large-scale studies
using Omics-based biomarker technologies are needed to
confirm and allow the reproducibility of the KOIP classi-
fication, evaluate its generalizability to other patient pop-
ulations, and precisely determine its clinical relevance.
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Supplementary Table S1. List of variables used in our study. The list Includes the an-
thropometric, metabolic and inflammatory factors used in the discovery analysis of
Knee Osteoarthritis (KOA) Inflammatory Phenotypes (KOIP) and measures of KOA
severity and progression. g: parameter value for a Tukey ladder power transformation
applied to continuous variables (when necessary) to symmetrize their distribution and
make them more suitable for Principal Component Analysis (PCA) and linear models
for ELISA batch correction. KOA: Knee Osteoarthritis; KOIP: Knee Osteoarthritis In-
flammatory Phenotype; ATP llIl: Adult Treatment Panel 1ll; KOOS: Knee injury and Os-
teoarthritis Outcome Scores.

Varisbie Type
{units | values) (transfarmation parameter)
Continuous (g = 0.
g=.078

Variable type

Anthropometrics

inflammation markess - plasma

[
0.

0.
0

Inflammation markers « synowsl Sud

el bl = &

JlEL 1

’.
o

Adipocytolones | Myokines - plasma
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Supplementary Table S2. KOIP membership prediction for the KOA female patients
included in the study using supervised Random Forest (RF). Columns show the predic-
tion accuracy for all variables participating in the clustering analysis (All variables, 45 in
total) and the most informative predictors according to VSURF, a sequential selection
procedure based on RF models,which selected those variables related to the response
for interpretation purposes (interpretation mode, 27 variables) and those remaining
after removing redundancy for prediction purposes (prediction mode, 15 variables).
KOIP: Knee Osteoarthritis Inflammatory Phenotype.

AN | eenonwons: | predionn miod

< nterpretation mo rediction mode

(45 predictors) (Zr; predictors) (15 predictors)
KOIP-1 83.3% 83.3% 81.2%
KOIP-2 95.3% 93.0% 90.7%
KOIP-3 96.0% 88.0% 84.0%
KOIP-4 84-6% 80.8% 73.1%
Overall 89.4% 86.6% 83.1%

Supplementary Table S3. Association of Knee Osteoarthritis Inflammatory Pheno-
types (KOIP) and pain measured by Knee injury and Osteoarthritis Outcome Score
(KOOS, reversed score). Table columns display: group medians and their 95% confid-
ence intervals (95%Cl); p-values for pairwise comparisons between groups (Mann-
Whitney test); and the global p-value for assessing differences across phenotypes
(Kruskal-Wallis test). KOIP: Knee Osteoarthritis Inflammatory Phenotype; 95%Cl: 95%
confidence interval.

KOOS - pain

(reversed, 0-100) Pairwise p-values

Global
p-value

Median
[95%CI]
61.0
[58.0, 71.0]
54.0
[50.0, 62.0]
64.0
[54.0, 71.0]
54.0
[50.0, 62.0]

KOIP-1| KOIP-2 | KOIP-3 | KOIP-4

KOIP-1 0.0217 | 0.8313 | 0.0327

KOIP-2 0.0217 0.0566 | 0.7711

0.0298

KOIP-3 0.8313 | 0.0566 0.0535

KOIP-4 0.0327 | 0.7711 | 0.0535
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Supplementary Table S4. Association of Knee Osteoarthritis Inflammatory Pheno-
types (KOIP) and functional disability measured by Knee injury and Osteoarthritis
Outcome Score (KOOS, reversed score). Table columns display: group medians and
their 95% confidence intervals (95%CIl); p-values for pairwise comparisons between
groups (Mann-Whitney test); and the global p-value for assessing differences across
phenotypes (Kruskal-Wallis test). KOIP: Knee Osteoarthritis Inflammatory Phenotype;

95%CI: 95% confidence interval.

KOOS
functional disability
(reversed, 0-100)

Pairwise p-values

Median
[95%CI]

KOIP-1

KOIP-2

KOIP-3

KOIP4

Global
p-value

KOIP-1

63.0
[54.0, 68.0]

0.0033

0.8667

0.0595

KOIP-2

54.0
[49.0, 59.0]

0.0033

0.0106

0.7052

KOIP-3

62.0
[51.0, 75.0]

0.8667

0.0106

0.0735

KOIP-4

56.0
[46.0, 63.0]

0.0595

0.7052

0.0735

0.0084
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Supplementary Table S5. Association of Knee Osteoarthritis Inflammatory Pheno-
types (KOIP) and radiographic progression at two-years of follow-up according to
Kellgren-Lawrence scale. Table columns display: the number of progressors over the
total of subjects; the group progression percentages and their 95% confidence intervals
(95%Cl); the p-values for pairwise comparisons between groups; and the global p-
value for assessing differences across phenotypes (Fisher's test for contingency
tables). KOIP: Knee Osteoarthritis Inflammatory Phenotype; 95%Cl: 95% confidence
interval.

Kellgren-Lawrence .
radiographic progression PR e Global
p-value
Nb progressed / %
e BS9%CI) KOIP-1 | KOIP2 | KOIP3 | KOIP-4
45.7% ,
KOIP-1 21/46 0% i 0.0143 | 05886 | 0.1468
KOIP-2 9/44 20.5% 0.0143 02294 | 05814
[10.3, 35.8] e
35.0% :
- /2 5
KOIP-3 7/20 i s 0.5886 0.2294 0.5467
26.7% , ,
KOIP-4 8/30 A e 0.1468 05814 | 05467

Supplementary Table S6. Association of Knee Osteoarthritis Inflammatory Pheno-
types (KOIP) and radiographic progression at two-years of follow-up according to
formation of osteophytes. Table columns display: the number of progressors over the
total of subjects; the group progression percentages and their 95% confidence intervals
(95%Cl); the p-values for pairwise comparisons between groups; and the global p-
value for assessing differences across phenotypes (Fisher’s test for contingency
tables). KOIP: Knee Osteoarthritis Inflammatory Phenotype; 95%CI: 95% confidence
interval.

Osteophytes irwi
radiographic progression . P:yalnes Global
-value
Nb progressed / Median P
Total [95%CI) KOIP-1 | KOIP-2 | KOIP-3 KOIP-4
81.6%
KOIP-1 40/49 [67.5, 90.8] 0.1545 0.008 0.0093
KOIP-2 30/44 GR2% 0.1545 0.1723 0.2191
[52.3, 80.9] 0.0093
47.6% o
KOIP-3 10/21 (26.4, 69.7] 0.0080 0.1723 0.9999
51.7%
KOIP-4 15/29 (32.9,70.1) 0.0093 0.2191 0.9999
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Supplementary Table S7. Association of Knee Osteoarthritis Inflammatory Pheno-
types (KOIP) and radiographic progression at two-years of follow-up according to the
increase of joint spacing narrowing. Table columns display: the number of pro-
gressors over the total of subjects; the group progression percentages and their 95%
confidence intervals (95%Cl); the p-values for pairwise comparisons between groups;
and the global p-value for assessing differences across phenotypes (Fisher’s test for
contingency tables). KOIP: Knee Osteoarthritis Inflammatory Phenotype; 95%CI: 95%

confidence interval.

Joint space narrowing

Pairwise p-values

radiographic progression Global
Nb progressed /|  Median KOIP-1 | KOIP2 | KOIP-3 | KOIP-4 s
Total 195%C1]
46.9%
KOIP-1 23/49 HaheLht 0.0178 0.4297 0.3463
KOIP-2 10/44 20382 | 00178 03811 | 02951
N 0.1110
KOIP-3 7121 i i g | 04297 | o03em1 0.9999
KOIP-4 10129 - Jenn 3y | 03463 | 02951 0.9999
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Suplementary Figure S1. Magnitudes of the associations between cytokines and KOA outcomes stratified
by Knee Osteoarthritis Inflammatory Phenotypes (KOIP). The boxplot shows the absolute value of the
correlation-like measurements used for assess the associations between the cytokines evaluated in the study
and baseline clinical (KOOS pain, functional disability and symptoms), ultrasound (effusion and synovial
tissue thickness), radiographic severity (Kellgren-Lawrence, osteophytes and joint space narrowing), and
progression at two years of follow-up according to the same radiographic criteria. Correlation-like
measurements were: Spearman correlations (continuous or ordinal outcomes) and Glass rank biserial
correlations (binary outcomes). Kellgren-Lawrence staging and joint space marrowing at baseline were
treated as ordinal in these analyses. Differences between each KOIP and the whole dataset (All) were
statistically significant according to a Wilcoxon test (all p-values < 1.30e-16). KOIP: Knee Osteoarthritis

Inflammatory Phenotype.
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Suplementary Figures S2-S33. Association of synovial and plasma cytokines with clinical severity and
radiographic progression within each Knee Osteoarthritis Inflammatory Phenotype (KOIP). En each
graphic, the panels show scatter plots, the Spearman correlation coefficient and its corresponding asymptotic
95% confidence interval (between brackets) and p-value (baseline pain, functional disability and joint
effusion); or boxplots, stripcharts, group medians, Fold-Change (FC) between groups, their corresponding
95% confidence interval and the p-value derived from a Mann-Whitney test (radiographic progression). A
positive FC indicates higher average levels of Irisin in progressors while negative FCs represents higher
Irisin levels in stable patients. Cytokine's values are represented in a transformed scale according to a
Tukey's ladder of powers, to symmetrize their distribution and make them more suitable for graphical
representation (see Supplementary Table S2); axis value labels are showed in the original scale. Corr.:
Correlation; FC: Fold-Change; pv: p-value; KOOS: Knee injury and Osteoarthritis Outcome Scores
(reversed scores); KL: Kellgren-Lawrence; JSN: Joint Space Narrowing; KOIP: Knee Osteoarthritis
Inflammatory Phenotype.

KOOS functional disability
- S$2: synovial Omentin

KOOS pain
- S4: synovial Osteopontin

KL radiographic progression
- S6: synovial Resistin
- S7: synovial C-reactive protein
- S8: plasma Omentin

Osteophytes radiographic progression
-59: ial Irisi

S10: synovial Leptin
- S11: synovial Adiponectin
- S12: synovial Omentin
- S13: synovial Osteopontin
-S14: i 1 in
- $15: pl Irisi
- S18: plasma Osteopontin
- S19: plasma Interleukin-8

JSN radiographic progression
_ > a0
} m‘m ; 3
) sz. ial O ;
- S23: synovial Osteopontin
- S24: plasma Irisin
- S25: plasma Leptin

Ultrasound Joint Effusion
- S26; ial Irisi
- S28: synovial Omentin
- S$29: synovial C-readtive protein
- §31: plasm. Iprotectin
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S3: KOOS functional disability - plasma Interleukin-6
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S4: KOOS pain - synovial Osteopontin
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S$5: KOOS pain - plasma Interleukin-6
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S6: KL radiographic progression - synovial Resistin
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S7: KL radiographic progression - synovial C-reactive protein
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S8: KL radiographic progression - plasma Omentin
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S9: Osteophytes radiographic progression - synovial Irisin
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S$10: Osteophytes radiographic progression - synovial Leptin
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S13: Osteophytes radiographic progression - synovial Osteopontin
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S$12: Osteophytes radiographic progression - synovial Omentin

Omentin - synovial fluid (pg/mL)

Omentin - synovial fiuid (pg/mL)
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S$14: Osteophytes radiographic progression - synovial Calprotectin
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S15: Osteophytes radiographic progression - plasma Irisin
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S$16: Osteophytes radiographic progression - plasma Leptin

KOIP-1 KOIP-2
wvror{  FC=1.43[-1.15, 2.09] 7o FC=-1.13[-1.40, 1.18]
s pv = 0.062574 pv =0.44214
_g' 102087.02 4 : 02987.02
(=]
(- =
o 56663.99 - i S5663.99 -
: | K 3
s b
208064 .18 4 28064 18 4 .
h —— 7 =
a
3 11859.81 < 11859.31 <
4030.08 4039.08
Stable Progression Stable Progression
KOIP-3 KOIP-4
173177.01 4 FC = -1.67 [-2.42,1.07] jrsmard  FC = =1.10 [-1.51, 1.48]
~ pv =0.057265 pv=1
E 10208702 : 02987 02
o
& :
g 56663.99 - 2> w3 : 56663.99 -
Bl gpyl- == EET
| 28054.18 ~ . < : 28064.18 -
£ : '
a
3 1165081 v 11959 81
4039.08 - 4039.08
Stable Progression Stable Progression
Osteophytes Radiographic Progression ~ Osteophytes Radiographic Progression
Back 1o top

202



S18: Osteophytes radiographic progression - plasma Osteopontin
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S17: Osteophytes radiographic progression - plasma Omentin
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S$19: Osteophytes radiographic progression - plasma Interleukin-8
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§21: JSN radiographic progression - synovial Leptin
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§22: JSN radiographic progression - synovial Omentin
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§23: JSN radiographic progression - synovial Osteopontin
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S20: JSN radiographic progression - synovial Irisin
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$24: JSN radiographic progression - plasma Irisin
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§25: JSN radiographic progression - plasma Leptin
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S$26: Ultrasound Joint Effusion - synovial Irisin
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§27: Ultrasound Joint Effusion - synovial Leptin
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$28: Ultrasound Joint Effusion - synovial Omentin
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$29: Ultrasound Joint Effusion - synovial C-Reactive Protein
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S30: Ultrasound Joint Effusion - plasma Leptin
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S31: Ultrasound Joint Effusion - plasma Calprotectin

KOIP-1 KOIP-2
Spearman Corr. = -0.048 [-0.312, 0.242) Spearman Corr. = 0.101 [-0.169, 0.355)
z 19109 py=0.72535 18109 pv=0.47921
E ° °
5 14.87 - 14.87 4 a e
& .' oo @° ° s &
;1139- eo® %% i 11,39 4 i ..'.
: Sepea—— T w A 2
3 = ° ° . S -
'g 8.55 4 ° @ 0L c == ‘.
2 . ° o * Sob
g e ® o ¢ _80 o
= 6284 6.28 4 &
= °e® T
o @
4.50 4 450 4 ®
20501 30061 48281 89938 222034 1230799 20501 0061 48281 89938 222034 1230799
KOIP-3 KOIP-4
Spearman Corr. = -0.032 [-0.413, 0.410) Spearman Corr. = -0.336 [-0.570, -0.030)
£ 18.10 1 pv = 0.87502 19104 pv = 0.04875
E
5 1487 4 14.87 1 o
I l
T 11301 e 1304 S«
5 N
) . -~
2 8551 o S 8.5 1 oo ”‘ e®
2 Oo
§ 6.28 - 6.28 4 e® ‘ e S
-~
-~
4.50 4 4.50 4 o @
205'.01 3(1';.61 482'.81 599'.38 222'9434 123(;7.99 205'.01 30&8! l82',8| 899'.36 222'934 1230.7,99
Calprotectin - plasma (ng/mL) Calprotectin - plasma (ng/mL)
Back 1o top

217



§32: Ultrasound Joint Effusion - plasma Interleukin-6
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$33: Ultrasound Joint Effusion - plasma C-reactive protein
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