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RESUMEN

Los monocitos patrulleros son una poblacién de leucocitos circulantes en la sangre
encargados de rastrear el endotelio de los vasos, detectando dafo celular y captando
particulas nocivas tanto en condiciones de homeostasis como durante procesos
inflamatorios. En nuestro trabajo hemos caracterizado el papel de la proteasa de
matriz MT4-MMP (MMP17) en los monocitos patrulleros y los macrofagos en el

contexto de inflamacion.

Tras confirmar la expresion de MT4-MMP en macréfagos durante peritonitis estéril y
aterosclerosis, observamos que la ausencia de MT4-MMP conllevaba una
acumulacién de macrofagos tanto en la membrana peritoneal inflamada como en la
placa de ateroma y que estos macréfagos expresan el factor de transcripcion MafB y
su gen diana AIM/CD5L. Asimismo, demostramos que los macrofagos carentes de
MT4-MMP expresan mayores niveles del receptor CD36 y son mas activos captando
lipidos modificados lo que resulta en una aceleracion de la aterosclerosis. En cuanto al
mecanismo celular, la ausencia de MT4-MMP incrementa el nUmero de monocitos
patrulleros adheridos a la placa de ateroma incipiente y el bloqueo de dicho
reclutamiento previene el acimulo de macrofagos MafB+AIM/CD5L+, el depdsito de
lipidos y la aceleracién de la aterosclerosis. Por tanto MT4-MMP parece regular
primariamente la adhesion y reclutamiento temprano de los monocitos patrulleros
durante el proceso inflamatorio. En este sentido, observamos que en ausencia de
MT4-MMP hay una acumulacion de la integrina aMB2 en la membrana de los
monocitos patrulleros y de los macréfagos peritoneales. Mediante ensayos in silico y
de digestion in vitro determinamos que MT4-MMP es capaz de procesar la cadena aM
de la integrina aMB2, modulando asi sus niveles en la membrana de los monocitos y
macrofagos. Finalmente, mediante microscopia intravital demostramos in vivo que la
ausencia de MT4-MMP aumenta el nimero de monocitos patrulleros capaces de

rastrear el endotelio inflamado de manera dependiente de la integrina aMB2.

En resumen, este trabajo identifica a MT4-MMP como un nuevo regulador de la
funcion de los monocitos patrulleros en el contexto inflamatorio mediante el
procesamiento de la integrina aM. Como consecuencia, la ausencia de MT4-MMP
aumenta el nUmero de monocitos patrulleros que rastrean el endotelio inflamado que
podria ser beneficioso en patologias como la enfermedad de Alzheimer, las metéstasis

pulmonares o las infecciones.




SUMMARY

Patrolling monocytes are a population of circulating leukocytes in the blood responsible
for tracking the endothelium of the vessels, detecting cellular damage and capturing
harmful particles both in homeostasis conditions and during inflammatory processes. In
our work we have characterized the role of the MT4-MMP matrix protease (MMP17) in

patrollling monocytes and macrophages in the context of inflammation.

After confirming the expression of MT4-MMP in macrophages during sterile peritonitis
and atherosclerosis, we observed that the absence of MT4-MMP involved an
accumulation of macrophages both in the inflamed peritoneal membrane and in the
atheroma plaque and that these macrophages express the MafB transcription factor
and its target gene AIM/CD5L. We also showed that macrophages lacking MT4-MMP
express higher levels of the receptor CD36 and are more active in capturing modified
lipids, resulting in an acceleration of atherosclerosis. The absence of MT4-MMP also
increases the number of patrolling monocytes attached to the incipient atheroma
plague and blocking this recruitment prevents the accumulation of MafB+AIM/CD5L+
macrophages, lipid deposits and acceleration of atherosclerosis. Therefore MT4-MMP
seems to regulate primarily patrolling monocyte early adhesion and recruitment during
inflammation. In this sense, we observed that in the absence of MT4-MMP there is an
accumulation of the aMB2 integrin in the membrane of the patrolling monocytes and
the peritoneal macrophages. By in silico and in vitro digestion tests we determined that
MT4-MMP is able to process the aM chain of the aMB2 integrin, thus modulating its
levels in the monocyte and macrophage membrane. Finally, through intravital
microscopy we demonstrated in vivo that the absence of MT4-MMP increases the
number of patrolling monocytes able to crawl on the inflamed endothelium in a manner

dependent on the integrin aMB2.

In summary, this work identifies MT4-MMP as a new regulator of the function of
patrolling monocytes through the processing of integrin aM. As a consequence, the
absence of MT4-MMP increases the number of patrolling monocytes that crawl on the
inflamed endothelium which could be beneficial in pathologies such as Alzheimer's

disease, lung metastasis or infections.
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CLAVE DE ABREVIATURAS

CLAVE DE ABREVIATURAS

AcLDL Lipoproteina de baja densidad acetilada

ADAMTS4 Desintegrina y metaloproteinasa con motivo trombospondina 4
AIM Inhibidor de apoptosis de macrofagos

ARN Acido Ribonucleico

B220 Marcador general de célula B

CCL Quimioguina (motivo C-C) ligando

CCR Receptor de quimioquinas

CX3CL1 Quimioquina (motivo C-X3-C) ligando 1

CX3CR1 Receptor 1 de quimioguinas CX3C

C/EBPB Proteinas CCAAT-potenciadoras de unién beta

CD Grupo de diferenciacién

cMaf Protooncogén de fibrosarcoma musculoaponeurético (MAF)
CMP Progenitor mieloide comun

CMOP Progenitor comin de monocitos

CR3 Receptor del complemento 3

CSF1R Receptor del factor estimulante de colonias 1

DCs Células dendriticas

DIl1 Ligando delta 1

EEM Error estandar de la media

EGFR Receptor del factor de crecimiento epidérmico

GFP Proteina verde fluorescente

GM-CSF Factor estimulante de colonias de granulocitos y macréfagos
GMP Progenitor de granulocitos y monocitos

GPI Glicosilfosfatidilinositol

HIF-1a Factor inducible de hipoxia 1-alpha

HSC Célula originaria hematopoyética

ICAM Molécula de adhesion intercelular

IMF Intensidad media de fluorescencia

iINOS Sintasa de 0xido nitrico inducible

IFN-y Interferén-gamma
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IL Interleuquina

IRF8 Factor de regulacién de Interferén 8

JNK Quinasa c-Jun N-terminal

KLF4 Factor 4 tipo Kruppel

FLT3 Tirosina Quinasa 3 tipo fms

LDL Lipoproteina de baja densidad

LDLR Receptor de lipoproteina de baja densidad

LFA-1 Antigeno asociado a funcién de linfocitos 1

LPM Macréfagos peritoneales grandes

LPS Lipopolisacéarido

LRP Proteinas Relacionadas con el receptor de lipoproteina

Ly6C Complejo de antigeno de linfocitos 6

Macl Antigeno de macréfago 1

Mafb Homélogo B del oncogén de fibrosarcoma musculoaponeurotico
(MAF)

MAPK Proteina quinasas activadas por mitdgenos

MCP-1 Poteina quimiotactica de monocitos 1

M-CSF Factor estimulante de colonias de macréfagos

MDP Progenitor de células dendriticas y monocitos

MHC II Complejo mayor de histocompatibilidad Il

MMP17 Metaloproteinasa de Matriz 17

MRV Maraviroc

Msrl Receptor de basura macrofagico 1

MT1-MMP Metaloproteinasa de Matriz de membrana 1

MT4-MMP Metaloproteinasa de Matriz de membrana 4

NK Asesina natural

NOD2 Proteina 2 con dominio de oligomerizacion por unién de nucleétidos

Notch2 Proteina Homologa 2 del locus neurogénico notch

Nrdal Receptor Nuclear de la subfamilia 4 grupo A miembro 1

OxLDL Lipoproteina de baja densidad oxidada

PCR Reaccion en cadena de la polimerasa

PFA Paraformaldehido

PI3K Fosfoinositol 3-quinasa

PMA Forbol 12-miristato 13-acetato
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PU.1 Factor de transcripcién PU.1

Relb Factor de transcripcion RelB

ROS Especies reactivas de oxigeno

SCA-1 Antigeno de célula originaria-1

SCF-R Receptor del Factor de células originarias
SETD1A Subunidad SET1 del complejo de histonas Metiltransferasa Setl/Ash2
SFEM Sistema fagocitico mononuclear

SMA Actina de musculo liso

SPM Macréfagos peritoneales pequefios

TG Tioglicolato

TGF-B Factor de crecimiento trasformante-beta
TIMP-1 Inhibidor tisular de metaloproteinasas-1
TIMP-2 Inhibidor tisular de metaloproteinasas-2

TK Tirosina Quinasa

TLR7 Receptor tipo toll 7

TNF-a Factor de necrosis tumoral-alpha

TSP2 Trombospondina 2

VCAM-1 Proteina de adhesion de células vasculares 1
VLA-4 Antigeno 4 muy tardio

VEGF Factor de crecimiento endotelial vascular
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1. SISTEMA FAGOCITICO MONONUCLEAR (SFM)

El sistema fagocitico mononuclear se definié originalmente en los afios 70 como una
familia de células derivadas de progenitores pluripotentes de la médula 6sea y donde
se incluia a dichos progenitores en vias de diferenciacion, a los monocitos circulantes
y a los macréfagos tisulares!. A lo largo de los afios se han incluido otros linajes en el
SFM como las células dendriticas y se ha determinado que comparten un progenitor
comun en la médula ésea, el progenitor de células dendriticas y macrofagos (MDP). La
diferenciacion y proliferaciéon de las células del SFM esta regulada por la citoquina M-
CSF e IL-34, mediante su receptor comin CSF1R (CD115)™.

Las células del SFM se caracterizan por su actividad fagocitica asi como por su
plasticidad génica en respuesta a sefiales del entorno siendo por tanto dificil definirlas
por la expresién de marcadores concretos en la superficie celular. Son por ello células
esenciales en el mantenimiento de la homeostasis tisular y en contextos

fisiopatolégicos como la inflamacion, infecciones, respuestas autoinmunes o cancer?.

En este trabajo nos centramos en el andlisis de las poblaciones de monocitos y de
macrofagos en inflamacién estéril por lo que procedemos a describirlas a continuacion

en mas detalle.

1.1. Monocitos
Son leucocitos pertenecientes al SFM que circulan en sangre. Representan entre el 3-
10% en human, y entre el 2-3% en ratén de todos los leucocitos circulantes®. Se
caracterizan por la expresion comun de CD115 (CSF1R) y de la integrina aMB2
(también denominada CD11b/CD18, CR3 y Macl). Aunque clasicamente se
consideraban células precursoras de macrofagos y de células dendriticas (DCs) en los
tejidos*, en los Ultimos afios se ha demostrado que los monocitos desempefian
funciones propias en la respuesta inmune. De hecho se han identificado
subpoblaciones de monocitos circulantes con diferentes fenotipos y funciones

celulares®®.
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1.1.1. Origen de las subpoblaciones de monocitos

Clasicos Intermedios Patrulleros

En la edad adulta los monocitos se originan a
partir de progenitores de la médula 6sea y del
bazo’. El primer precursor es la célula originaria
hematopoyética (HSC), que posteriormente se
diferencia al precursor mieloide comun (CMP), el
cual expresa CD34, pero no Sca-1, y que se
diferencia posteriormente a los precursores de
granulocitos/monocitos (GMP), adquiriendo la
expresion de CD16 y CD32. Dentro de esta
subpoblacién, se describe una poblacién de
precursores de monocitos/células dendriticas
(MDP), que adquieren la expresiéon de CD115,
CX3CRL1 y FIt3, que dan lugar a los progenitores
comunes de monocitos (cMoP), que pierden la
la de Ly6C,
manteniendo los marcadores CD115 y CX3CR1

(figura1)®°.

expresion de FIt3 y adquieren

Figura 1: Diferenciacion de los
monocitos: En la etapa adulta los
progenitores de la médula 6sea dan
lugar a los monocitos casicos (CMo)
que circulan en el torrente sanguineo
donde pueden diferenciarse a
monocitos patrulleros (PMo) pasando
por un estadio de monocitos
intermedios (IMo).

El modelo actual propone que la subpoblacion
de de
progenitores cMoP y tras circular en el torrente

monocitos clasicos deriva los

sanguineo durante unas horas, si no se

extravasan reprimen Su programa

transcripcional y aumentan la expresion de los
factores de transcripcion C/EBPB, KLF4 vy

Nr4al (o Nur77) dando lugar a la de los monocitos patrulleros®. Este factor es critico

para la supervivencia/diferenciacion de los monocitos patrulleros por lo que los ratones

deficientes en Nr4al carecen casi totalmente de estos monocitos y se han utilizado

clasicamente para la caracterizacion de sus funciones?.

En el proceso de diferenciacion de los monocitos clasicos a los monocitos patrulleros,

se ha descrito una subpoblaciéon de monocitos intermedios que expresan tanto CD14

como CD16 en humano, y niveles intermedios de Ly6C en ratén. Aunque se ha

observado que esta poblacion aumenta en enfermedades inflamatorias y se ha
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propuesto su utilizaciéon como indicador de enfermedades cardiovasculares®, los datos
actuales sugieren que esta poblacibn constituye un estadio intermedio de
diferenciacion de monocito clasico a patrullero, mas que una poblacion

independiente!?.

Se ha descrito recientemente que en homeostasis esta diferenciacibn de monocitos
clasicos a monocitos patrulleros se produce en determinados nichos vasculares de la
médula 6sea y del bazo mediante la interaccion de Notch2 en los monocitos clasicos
con DII1 expresado en el endotelio de dichos nichos®®. En situaciones patolégicas se
puede aumentar la diferenciacion de monocitos clasicos a monocitos patrulleros
mediante, por ejemplo, la estimulacion del receptor NOD2 durante procesos
inflamatorios o durante las metastasis por sefiales procedentes de tumores como los
exosomas!* 5. Del mismo modo se conoce que las sefiales de estrés por estimulacion
adrenérgica aumentaban la circulacion de los monocitos patrulleros?®. Todo ello indica
que en situaciones de dafio, estrés o inflamacion el organismo pone en marcha
mecanismos para aumentar la abundancia o disponibilidad de monocitos patrulleros en
la circulacién. Sin embargo, se ha visto que en ausencia de los factores de
transcripcion IRF8 y KLF4, hay una disminucién de los monocitos clésicos, sin afectar
al namero de monocitos patrulleros, indicando la posible existencia de otras rutas de
diferenciacion de los monocitos patrulleros independientes de las anteriores y de los

monaocitos clasicos!” 8.

1.1.2. Fenotipo y funcién de las subpoblaciones de monocitos
Los monocitos clasicos se caracterizan por la expresion alta en membrana de CD14
y la falta de expresién de CD16 en humano, y por la expresion alta de Ly6C y del
receptor de quimioquinas CCR2 y baja de CX3CR1 en raton®> & 1% 20 siendo la
poblacion de monocitos mayoritaria en sangre en ambas especies. En humano se ha
demostrado que en condiciones basales los monocitos clasicos tienen una vida media
de 1 dia®.

Pese a que generalmente se encuentran circulando por el torrente sanguineo, pueden
interaccionar con el endotelio vascular y extravasarse a los tejidos tanto en
condiciones basales como ante una respuesta inflamatoria. Una vez en el tejido
dafiado los monocitos clasicos se comportan principalmente como células

proinflamatorias mediante la produccion de citoquinas y quimioquinas tales como IL6,
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IL8, CCL2 CCL3 y CCL5% vy la diferenciacion a macréfagos mayoritariamente
proinflamatorios como por ejemplo macréfagos que expresan CD11c y MHC Il en el

peritoneo inflamado?.

Los monocitos clasicos interaccionan con el endotelio siguiendo el modelo candnico de
extravasacion de leucocitos con una serie de pasos bien definidos?. En primer lugar
ocurre una adhesién de los monocitos al endotelio, que viene determinado por la
interaccion de las selectinas E y P, ICAM1 y VCAML1 del endotelio con los receptores
PSGL-1, VLA-4 (integrina a4B1) y CD44 del monocito. Tras este contacto inicial, el
monocito hace un movimiento de rodamiento en el endotelio a favor de flujo sanguineo,
que va reduciendo su velocidad. Este movimiento de rodamiento viene orquestado por
la familia de las quimioquinas C-C y C-X-C. Finalmente, los monocitos son capaces de
hacer un movimiento de rastreo lateral sobre el endotelio, hasta localizar una zona por
la que extravasarse. Este movimiento lateral viene determinado por ICAM1 y ICAM2
en el endotelio y por las integrinas aLB2 y aMB2 (LFA1 y Mac1 respectivamente) en los

monocitos 2.

Los monocitos patrulleros, tienen una expresion alta de CD16 y baja de CD14 en
humano, y una expresion alta de CX3CR1 y baja de CCR2 y Ly6C en ratdon> & 19 20,
Son capaces de permanecer en el torrente sanguineo en humano entre 5-7 dias en
condiciones basales. Los monocitos patrulleros constituyen alrededor del 2-8% y el 26-
50% del total de monocitos circulantes en sangre, en humano y en ratdn
respectivamente®. La abundancia de los monocitos patrulleros puede variar en
condiciones de dafio mediante la movilizacién de los monocitos adheridos al endotelio
y el incremento tanto de su vida media en sangre como de su diferenciaciéon desde

monocitos clasicos® 2.

A diferencia de la funcién tipicamente proinflamatoria asignada a los monocitos
clasicos, los monocitos patrulleros desempefian funciones de vigilancia intravascular y
por ello se les ha considerado monocitos antiinflamatorios o reparadores®. Los
estudios pioneros del grupo de Geissman identificaron que los monocitos patrulleros
ejercian su funcion de vigilancia mediante un movimiento caracteristico y singular de
rastreo luminal sobre el endotelio de los vasos. Dicho rastreo es diferente al que
realizan los monocitos clasicos y otros leucocitos que se da principalmente en el
sentido del flujo sanguineo. El rastreo de los monocitos patrulleros si bien necesita de

la presencia del flujo sanguineo?’, se realiza mediante movimientos en forma de bucle,
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horquilla y ondas a lo largo del endotelio sin seguir la direccién o el sentido del flujo?8.
Este movimiento de rastreo se da en condiciones basales tal como se ha observado
mediante microscopia intravital en lechos vasculares de diversos tejidos y érganos
como piel, corazén, musculo cremaster, mesenterio y rifién entre otros?. Dicho rastreo
indica que al menos 1/3 de los monocitos totales en sangre estan en contacto con el
endotelio vascular?’, siendo particularmente abundantes estos monocitos en el pulmén
por la alta produccion de fractalquina o CX3CL1, ligando del receptor CX3CR1, por el
endotelio pulmonar?®. Ademas, durante el rastreo los monocitos patrulleros pueden
captar particulas de hasta un tamafio de 2 um sin que ello conlleve una finalizacion del
rastreo, indicando que la monitorizacion del endotelio vascular y la captacion de

particulas en sangre son sus principales funciones?,

Las caracteristicas del movimiento de rastreo cambian segun el contexto y asi durante
la inflamacion o el dafio inducido se hace mas “lento” y “prolongado” tal como se ha
demostrado in vivo tras la activacion con agonistas de TLR7 en el rifién de raton o con
patrulleros humanos in vitro'® 2, Ademas se ha visto recientemente que los monocitos
no solo rastrean los capilares y vénulas sino también las arterias inflamadas durante la
aterosclerosis de forma dependiente de las integrinas LFA1/aLB2 y VLA4/a4B1%°. En
todos estos contextos se ha analizado el papel regulador de diversos receptores de
adhesion y de quimioquinas en el movimiento de rastreo de los monocitos patrulleros.
El rastreo en condiciones basales depende tanto en los monocitos patrulleros de raton
como en los humanos de la interaccién del receptor de adhesion celular integrina aL32
(LFA-1) con ICAM1 e ICAM2 en el endotelio'® y se modula por CX3CR1% ya que,
aungue este receptor no es esencial, estabiliza el movimiento. Tal como se demostrd
induciendo una sefial de dafio con un agonista de TLR7 en rifibn, en un escenario
inflamatorio los monocitos patrulleros requieren la expresion de la integrina aMB2 y de
CX3CR1 para su rastreo sobre el endotelio inflamado?® 3. En este contexto, los
monocitos inducen el reclutamiento de neutréfilos que modulan la apoptosis de las
células endoteliales dafiadas siendo posteriormente eliminadas por los monocitos
patrulleros acabando asi con el dafio y restaurando la homeostasis?®. Dada la
relevancia de la funciébn de vigilancia intravascular por parte de los monocitos
patrulleros se han descrito recientemente nuevos reguladores de dicho rastreo como
por ejemplo la proteina matricelular CCN1/Cyr61 en inflamacion vascular o la via de

CD36/Syk en aterosclerosis®? 33,

Si bien los monocitos patrulleros se han considerado tipicamente anti-inflamatorios o
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reparadores tras la fase inflamatoria desempefada por los monocitos clasicos, se sabe
gue pueden reclutarse de forma temprana en distintos escenarios en los que por tanto
Sus acciones no parecen ser tan claramente resolutivas de inflamacién. Por ejemplo,
tras inyeccion del patdgeno Listeria monocytogenes en el peritoneo, se observa un
pico temprano de reclutamiento de los monocitos patrulleros en las dos primeras horas
de infeccion, seguido varias horas mas tarde del reclutamiento de los monocitos
clasicos?’. Los monocitos patrulleros en dicho contexto secretan TNF-a al medio, y
presentan un aumento de la expresidbn génica de factores implicados en el
reclutamiento de otras células inflamatorias, como IL-1, lisozimas y TLRs entre otros.
Ademas, los monocitos patrulleros extravasados son capaces a su vez de
diferenciarse a macréfagos mediante el incremento de la expresion de los factores de
transcripciéon cMaf y Mafb; a diferencia de los monocitos clasicos reclutados que se
diferencian via Relb y Pu.1?’, sugiriendo funciones relacionadas con la inflamacién de
los monaocitos patrulleros en este contexto. De forma similar, durante la aterosclerosis,
los monocitos patrulleros se reclutan a la placa incipiente de modo dependiente de
CCRS5 e independiente de CCR2 y CX3CR1, con funciones propuestas relacionadas
con fagocitosis, angiogénesis y diferenciacion a células dendriticas®* 3°, pero sin estar

todavia bien definidas sus funciones.

Dada su capacidad de captar particulas en el torrente sanguineo también se ha
descrito recientemente el papel esencial de los monocitos patrulleros en la prevencién
de metdstasis tumorales al pulmén, en cooperacién con células NK?° asi como en el
aclaramiento de depdsitos intravasculares de B-amiloide durante la angiopatia de la
enfermedad de Alzheimer®®. Por ello se han propuesto como posibles nuevas terapias
para estas patologias la potenciacion de la actividad de rastreo y fagocitosis
intravascular por parte de los monocitos patrulleros sin haberse identificado hasta el

momento ninguna diana molecular para ello.

1.2. Macrofagos
Los macréfagos son células fagociticas diferenciadas presentes en los tejidos. Su
origen varia a lo largo del desarrollo. En estadios embrionarios se originan a partir de
progenitores presentes en el saco vitelino, para posteriormente diferenciarse desde
progenitores del higado fetal, y finalmente establecerse la hematopoyesis en la médula
Osea en periodos perinatales y post-natales. Los macrofagos generados en el periodo

embrionario se diseminan por los diversos Organos anidando en los tejidos y
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adquiriendo fenotipos especificos en cada uno de ellos®’. Si bien los macréfagos
embrionarios llegan a todos los tejidos durante el desarrollo pudiendo mantenerse en
la edad adulta mediante proliferacion local, existe también un recambio de dichos
macrofagos desde de monocitos circulantes en la edad adulta. Dicho recambio es mas
pronunciado en unos tejidos que en otros, resultando finalmente en una
heterogeneidad de poblaciones macrofagicas en los diversos tejidos®. De este modo,
por ejemplo, la microglia en el cerebro estad compuesta principalmente por macrofagos
embrionarios, existiendo un reemplazamiento bajo, mientras que los macréfagos
embrionarios intestinales son sustituidos en alto porcentaje por macréfagos derivados

de monocitos de médula 6sea durante la edad adulta®’.

Los macréfagos desempefian un amplio espectro de funciones, tanto durante el
desarrollo embrionario como en homeaostasis y en condiciones patolégicas en el adulto,
pudiendo variar dichas funciones dependiendo del contexto en el que se hallen. De
este modo se describieron inicialmente dos tipos de macréfagos mediante su
induccién in vitro por distintas citoquinas y que mostraban diferente expresion de
marcadores de superficie, produccion de citoquinas y actividades bioldgicas. Se
denominaron macréfagos pro-inflamatorios o M1 y anti-inflamatorios o M2%* (Figura 2).

Figura 2: Funcion de los monocitos:
Los monocitos clasicos (CMo) en el
torrente sanguineo hacen un
movimiento de rodamiento en direccion
de flujo, extravasandose al tejido
dafado y diferencidndose a macréfagos
pro-inflamatorios. Los monocitos
patrulleros (PMo) realizan un
movimiento de rastreo sobre el
endotelio  vascular, detectando vy
reparando el dafio en el lumen de los
vasos, pudiendo extravasarse a los

Macréfago pro-inflamatorio Macréfago anti-inflamatorio

Tejido

-Fagocitosis -Fagocitosis

-Eliminacién de bacterias -Remodelacion tisular tejidos inflamados donde dan Iugar a
Erotwolists “Reparacion deldano macréfagos anti-inflamatorios.

-Formacion de células espumosas -Formacion de células espumosas

Los macréfagos pro-inflamatorios responden a estimulos como TNF-a, IFN-y y LPS,
produciendo citoquinas proinflamatorias como las interleuquinas IL-183, IL-6, IL-12, IL-
23 e IL-27; CXCL-9, CXCL-10, CXCL-11 CXCL-16 y CCL5, asi como Arginasa (Arg-2),
la sintasa de 6xido nitrico inducible (INOS) y especies reactivas de oxigeno (ROS);
mientras que los macréfagos anti-inflamatorios responden a las interleuquinas 1L-4, IL-
10 e IL-15 produciendo a su vez IL-10, TGF-B, CCL16, CCL-17, CCL-18, CCL-22 y
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CCL-24 y VEGF. De este modo los macrofagos pro-inflamatorios actian en la
resistencia a infecciones (viricas, bacterianas, fungicas y de protozoos) asi como en
enfermedades autoinmunes entre otras, mientras que las funciones de los macroéfagos
anti-inflamatorios estan mas relacionadas con reparacién tisular y angiogénesis®.
Dada la plasticidad mostrada por los macréfagos in vivo, esta clasificacion ha quedado
obsoleta y se considera que los macréfagos pueden mostrar subtipos en un amplio

espectro fenotipico y funcional dependiendo de las sefales del entorno®!.

Dada la heterogeneidad de los macréfagos, no sélo por su origen, sino también por su
plasticidad en la respuesta a citoquinas locales, la busqueda de un marcador universal
para su deteccidén es un aspecto todavia abierto. Si bien clasicamente se han utilizado
marcadores como F4/80 por su expresion en gran variedad de macréfagos tisulares
incluyendo la microglia y los macréfagos peritoneales, asi como los macréfagos
derivados de monocitos adultos; sin embargo, en otras poblaciones de macréfagos
residentes, como los macréfagos alveolares, su expresion es bajal. Otros marcadores
utilizados para la deteccion de macrofagos son las lectinas (como CD169 o CD206),
los receptores basureros (scavengers) implicados en los procesos de eferocitosis
(como SRA o CD36), los receptores de Fc e integrinas®?, si bien aunque su expresion
es diferente en los distintos subtipos de macréfagos, se expresan también en otros
leucocitos, como monocitos y células dendriticas. Mediante el andlisis transcriptémico
de macréfagos de diversos tejidos de ratdbn se pudo observar que existian unos
cientos de transcritos que diferenciaban macréfagos de células dendriticas, pero no
todos ellos estaban presenten en todos los macrofagos estudiados. A pesar de ello se
ha logrado identificar los marcadores Mertk y CD64 como expresados en macréfagos

maduros y ausentes en células dendriticas*.

De este modo hay un creciente interés en entender la plasticidad fenotipica y funcional

de los macréfagos en distintos contextos inflamatorios.

2. MODELOS DE INFLAMACION ESTERIL

El proceso inflamatorio es una respuesta mediada por los leucocitos en cooperacion
con otros tipos celulares inducida por la presencia de un agente externo o por dafio

tisular, encaminada a la eliminacion de dicho agente o dafio y a la restauracion de la
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homeostasis. Cuando la respuesta inflamatoria se origina por dafio celular o tisular
directo sin la presencia de agentes patdgenos externos se denomina inflamacion
estéril. En este trabajo de tesis doctoral hemos empleado dos modelos de inflamacion
estéril, uno agudo (peritonitis estéril inducida por tioglicolato) y otro crénico

(aterosclerosis inducida por dieta grasa) los cuales se describen a continuacion.

2.1.  Peritonitis estéril
La cavidad peritoneal es un espacio localizado en el abdomen de los mamiferos, y que
esta separado de los 6rganos internos (intestino, higado, riflones entre otros) por la
membrana denominada membrana peritoneal. En la cavidad peritoneal habitan
multitud de células del sistema inmune tanto en condiciones basales como
inflamatorias, entre las que se encuentran los macrofagos. Existen dos poblaciones
mayoritarias de macréfagos, los LPM (del inglés large peritoneal macrophages/
macréfagos peritoneales grandes) y los SPM (del inglés small peritoneal
macrophages/ macréfagos peritoneales pequefios)**. En condiciones basales, los LPM
es la poblacion mayoritaria, constituyendo aproximadamente un 90% del total de los
macroéfagos peritoneales, siendo los SPM Unicamente un 10%%*; cambiando estas
proporciones en contexto inflamatorio. Los macréfagos LPM expresan altos niveles de
la integrina aMB2 y del marcador F4/80 a diferencia de los SPM que muestran una
expresion intermedia, siendo estos marcadores Utiles para su distincién, aun

existiendo diferencias también en otros** 45 46,

La induccién de la peritonitis estéril se realiza mediante la inoculacién en la cavidad
peritoneal de agentes proinflamatorios como el tioglicolato y el zimosan A%, siendo un
modelo accesible y ampliamente utilizado para el estudio del reclutamiento de los

monocitos y su diferenciacién a macréfagos.

Tras la induccion de la peritonitis (figura 3), se produce un rapido reclutamiento de
leucocitos en la cavidad peritoneal, principalmente durante los primeros 3 dias,
disminuyendo su numero posteriormente. Las primeras células reclutadas son los
neutrofilos, los cuales alcanzan su maxima acumulacién el primer dia tras el estimulo.
Los monocitos son las células mayoritariamente reclutadas hasta el dia 7 tras la
estimulacion, siendo las principales responsables del incremento celular en el
peritoneo. Por dltimo, los linfocitos son las células mayoritarias desde los 7 dias en

adelante tras el estimulo®®.
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Figura 3: Evolucién de la peritonitis: Tras un estimulo inflamatorio como la inoculacién de
tioglicolato en la cavidad peritoneal, los monocitos se reclutan al peritoneo desde las primeras
4 horas, diferenciandose a SPM (Small Peritoneal Macrophages), mientras que los
macréfagos residentes, los LPM (Large Peritoneal Macrophages) egresan de la cavidad
peritoneal. A tres dias hay mayor nimero de SPMs en la cavidad peritoneal, que generan
también una matriz de fibrina. Entre los dias 4 y 14 se produce la fase de resolucion, en la
cual la matriz de fibrina se degrada y se produce la egresién de los SPMs de la cavidad
peritoneal.

Los monocitos reclutados en el peritoneo tras la estimulacion con tioglicolato dan lugar
a los SPM, siendo este reclutamiento dependiente fundamentalmente de la
quimioquina MCP-1/CCL2* asi como de la expresion de L-selectina en los
monocitos®. Tras la inflamacién, los LPM emigran del peritoneo en las 4 primeras
horas, mientras que los SPM aumentan en nimero hasta llegar a un maximo a los 3-4
dias de la estimulacion, y posteriormente salir del peritoneo desde el dia 4 hasta el dia
144851 Se ha observado que ambos procesos de emigracién son dependientes de la
integrina aMB2°%!. Se ha postulado que los monocitos clasicos son los reclutados en el
peritoneo inflamado, dando lugar a los SPM, mientras que los monocitos patrulleros

podrian ser responsables del reemplazamiento de los LPM en condiciones basales®?.

2.2.  Aterosclerosis
La aterosclerosis es una enfermedad que cursa por una desregulacion metabdlica que
da lugar a una respuesta inflamatoria cronica en la pared vascular de las arterias y a la

consiguiente formacion de placas de ateroma constituidas por varios tipos celulares®.
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En estadios tardios, la placa de ateroma o bien trombos formados sobre ella pueden
desprenderse de la pared arterial bloqueando las arterias. Por ello la aterosclerosis es
la mayor responsable de eventos cardiovasculares severos como el infarto de

miocardio y los accidentes cerebrovasculares isquémicos®.

Las regiones arteriales mas susceptibles al desarrollo de aterosclerosis son aquellas
donde se produce un flujo turbulento de la sangre ya que el flujo laminar es protector
del endotelio mediante la represion de senales inflamatorias®. Dichas regiones son
principalmente las valvulas aodrticas, la curvatura menor del cayado aértico y las
ramificaciones a lo largo de la aorta, donde se forman inicialmente las placas de

ateroma.
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Figura 4: Evolucién de la aterosclerosis: Los monocitos clasicos y patrulleros interaccionan
con el endotelio activado, extravasandose a la capa intima de la aorta donde se diferencian a
macréfagos. Dichos macréfagos en la placa de ateroma pueden proliferar y captar lipidos,
acumulandolos y diferenciandose a células espumosas. En estadios tardios las células
espumosas entran en apoptosis, liberando los lipidos al exterior creando el nucleo
lipidico/necrético. Paralelamente las células del musculo liso de la capa media pueden migrar a
la superficie de la placa y formar el casquete fibroso. Finalmente la placa de ateroma puede
romperse, originandose un trombo.

El inicio de la aterosclerosis se produce por una acumulacion en las arterias de lipidos
(principalmente colesterol asociado a LDL modificadas por ejemplo por oxidacion) que
inducen un dafio en las células endoteliales que conforman la intima de las arterias. El

endotelio responde al dafio expresando en la membrana moléculas de activaciéon
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como ICAML, y secretando citoquinas, como M-CSF y GM-CSF, que posteriormente
induciran la diferenciacién de los monocitos a macréfagos®. El dafio endotelial es
detectado por los monocitos, mediante receptores como las integrinas aMB2 o aLB2 y
a4B1, acumuldndose en dichas regiones y desencadenando la respuesta inflamatoria.
Al igual que en la peritonitis, la quimioquina principal del reclutamiento de monocitos
en aterosclerosis es MCP1/CCL2%. Los monocitos reclutados en la zona de dafio
migran atravesando la intima y se diferencian a macréfagos (Figura 4), los cuales
captan los lipidos, los acumulan en su interior y se diferencian a células espumosas,
quedandose localizadas entre la intima y la media. Las células espumosas de la placa
producen factores que inducen el reclutamiento de otras células inflamatorias,
incrementando asi el crecimiento de la placa. A su vez, las células de musculo liso que
conforman la pared vascular se desdiferencian en respuesta a factores como por
ejemplo OxLDL, pudiendo proliferar y migrar desde la media hacia la regién luminal de
la placa en estadios avanzados de la enfermedad, creando el casquete fibroso®’. En
estadios avanzados las células espumosas entran en apoptosis en la placa, liberando

al exterior los lipidos, acumulandose y formando el nucleo lipidico/necrético en la placa.

2.2.1. Monocitos patrulleros en aterosclerosis

El reclutamiento de monocitos y su posterior diferenciacion a macroéfagos en la placa
es un proceso fundamental para el desarrollo de la enfermedad, de modo que cuando
se inhibe, ésta no se produce®®,

En cuanto a las acciones selectivas de las dos subpoblaciones de monocitos, se sabe
gue los clasicos participan de la respuesta inflamatoria que conlleva la formacién de la
placa y se ha propuesto que los patrulleros serian protectores de aterosclerosis. Esto
se ha fundamentado en estudios con ratones deficientes en Nur77/Nrd4al que
desarrollaban més aterosclerosis, pero dado que estos ratones también tenian un
fenotipo de macréfagos méas proinflamatorios no queda claro si los patrulleros son
protectores o contribuyen a la formacion de la placa. En este sentido, se ha visto en
modelos de raton que los monocitos patrulleros pueden reclutarse de forma temprana
a la placa de manera dependiente del receptor CCR5* mientras que los clasicos
emplean los tres receptores de quimioguinas CX3CR1, CCR2 y CCR5%*. Los
monocitos patrulleros rastrean el endotelio dafiado de las arterias durante la
aterosclerosis de manera dependiente de LFA-1 e integrinas o4. Este rastreo se

intensifica con la dieta grasa y dado que en el raton deficiente en Nur77/Nrd4al se
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detecta mas dafio vascular se ha sugerido que los monocitos patrulleros podian tener

un papel protector del dafio vascular®.

Ademas, los monocitos patrulleros expresan receptores basureros como CD36
capaces de captar LDL-oxidadas (OxLDL), y el estimulo con dieta grasa produce un
incremento del rastreo de los monocitos en el endotelio dependiente de CD365% 6 62,

Por tanto los monocitos patrulleros podrian ser claves en la eliminacién de lipidos.

2.2.2. Acumulacion y diversidad de los macréfagos en la aterosclerosis
Dentro de la placa de ateroma, los macréfagos constituyen el 30-50% de todas las
células mieloides presentes®®. Generalmente se ha asumido que los macréfagos
presentes en la placa procedian de monocitos circulantes que se diferenciaban a
macroéfagos en la placa, pero actualmente se ha visto que pueden proceder de distinta
ontogenia, incluyendo macréfagos residentes, dando lugar a una variedad de fenotipos

de macréfagos dependiendo de las sefiales del ambiente.

La abundancia de macréfagos en la placa aterosclerética determina la evolucion de la
enfermedad®. Esta abundancia se regula sobre todo en las fases iniciales por el
reclutamiento de los monocitos circulantes y en estadios mas avanzados por la
proliferacién, apoptosis y egresién de los macréfagos en la placa® 6 67 68 | g
proliferaciébn es determinante para la progresion de la placa ya que su inhibicion
reduce la formacién de placa®. Sin embargo, la apoptosis de los macréfagos en la
placa desempefia un papel dual a lo largo del proceso’. En estadios tempranos de la
aterosclerosis, cuando el contenido de células inflamatorias es bajo, la apoptosis de
los macréfagos en la placa es beneficiosa ya que esos macrofagos apoptéticos son
fagocitados por otros en la placa, y como resultado el tamafio de la placa disminuye.
Sin embargo, en estadios avanzados de la enfermedad, cuando se acumulan gran
cantidad de células espumosas en la placa, la muerte masiva de las mismas hace que
el resto de células fagociticas no sean capaces de eliminarlas, produciéndose una
acumulacién de dichas células apoptéticas, la induccién de la muerte de otras células
y por tanto la formacién de un nucleo necrético®. Este nlcleo necrético esta
principalmente compuesto por los lipidos antes contenidos en el interior de las células
espumosas que son liberados al espacio extracelular tras la muerte de dichas células™.
Respecto a la egresion de los macréfagos de la placa con la consiguiente reduccién

del tamafio de ésta®® 72, aunque se ha propuesto como mecanismo de regulacion,
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actualmente se piensa que su contribucion al numero final de macréfagos de la placa

es bastante limitada’ .

Hasta ahora se han caracterizado seis subtipos de macrofagos en las placas de
ateroma, en funcion del estimulo que induce su diferenciacion, de sus marcadores y
de las citoquinas que producen’™. Los macréfagos M1 son aquellos macréfagos
proinflamatorios que responden a lipidos presentes en la placa como colesterol y
OXLDL y que expresan TLR4 y NF-kB y secretan TNFa, IL-6 e IL-22. Los macréfagos
M(Hb) se diferencian en respuesta a la presencia de hemoglobina y haptoglobina,
adquieren la expresiébn de CD163 y secretan IL-10. Los macr6fagos Mhem son
aguellos que responden al hierro tipo hemo, expresan LXR-a y LXR-B y secretan IL-10
y HMOX-1. Los macréfagos M2 (separados actualmente en M2a, M2b, M2c y M2d),
los tipicamente anti-inflamatorios, se diferencian en respuesta a IL-4 e IL-10, expresan
LXR-a y producen a su vez IL-10 e IL-4. Los macréfagos Mox se diferencian
respondiendo a fosfolipidos oxidados, expresan TLR-2 y NFE2L2 y producen IL-13 y
Cox-2. Finalmente, los macréfagos M4, son aquellos que se diferencian en respuesta
a CXCL4 y producen IL-6, TNF y MMP77. Dadas las sefiales que inducen su
diferenciacion estos macréfagos se diferencian en distintos estadios a lo largo de la
aterosclerosis localizandose ademas en distintas zonas de la placa de ateroma’®. Si
bien clasicamente se ha considerado a los macr6fagos M1 como pro-inflamatorios y a
los M2 como anti-inflamatorios, se ha incluido a los macréfagos M4 dentro de los
inflamatorios y a los macréfagos M(Hb) y Mhem como antiinflamatorios’. Estudios
mas recientes de RNASeq estan contribuyendo a entender la heterogeneidad

fenotipica y funcional de los macréfagos en la placa’.

3. MT4-MMP

MT4-MMP (también denominada MMP17) es un miembro del grupo de las
metaloproteinasas de matriz (MMP), perteneciente al subgrupo de las de tipo de
membrana (MT-MMP). Las MMPs son endopeptidasas dependientes de Zn?* que
comparten un mismo motivo en el sitio catalitico’®. MT4-MMP muestra poca similitud
de secuencia con el resto de miembros de la subfamilia; tan solo un 40% de similitud

en el dominio catalitico con el resto de MT-MMPs’®. Fue la primera MT-MMP descrita
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que presenta una union a la membrana celular mediante un puente glicosil-
fosfatidilinositol (GPI1)’®, siendo posteriormente identificada MT6-MMP con el mismo

anclaje a la membrana.

MT4-MMP fue clonada en 1996 de células de carcinoma de mama humano®’, y ha sido
ampliamente estudiada en el contexto tumoral. Sin embargo desde el inicio se
describié también su expresion en células de linaje mieloide y en particular en
macroéfagos®® 8L 82 83 8 |g que indicaba posibles funciones de esta proteasa en

inflamacion.

3.1. Dominios de MT4-MMP

MT4-MMP posee la estructura tipica de las MMPs (Figura 5). Muestra en su amino
terminal un dominio pro-peptidico que mantiene la conformaciéon inactiva de la
proteasa y que se une al resto de la proteina mediante 9 residuos tipicos de la familia
MT-MMP. Este motivo (R-X-R/K-R) es procesado por furina en el trans Golgi, liberando
el dominio pro-peptidico y dando lugar a la conformacién madura y potencialmente

activa de la proteasa®.

Prodominio

i Tras el dominio pro-peptidico, MT4-MMP
H consta de un dominio catalitico, que

RXR/KR muestra las caracteristicas propias de las

——> Sustratos de matriz
Gelatina

Borniio catdifiic—] Flooge MMPs replegandose en presencia de Zn#

PO—— y Ca?* mediante su unién a la secuencia

Pro-TNFa

Dominio de bisagra ot consenso “HEXXHXXGXXH”, siendo por

LRP1
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-y . como en el resto de las MMPs®. A
ominio hemopexina
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Tallo hemopexina, que estd unido al dominio

catalitico mediante la region de bisagra y

Figura 5. Estructura esquemética de contribuye a la especificidad de sustrato.

MT4-MMP. Cuando se cambia este dominio

hemopexina en MT1-MMP por el dominio hemopexina de MT4-MMP, MT1-MMP pierde
la capacidad de procesar pro-MMP2, que es un sustrato tipico de la proteasa MT1-
MMP®, lo que sugiere que MT4-MMP puede tener especificidades de sustrato distintas

a las del resto de MT-MMPs, haciéndola una metaloproteinasa Unica en su actividad y
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funcién®’.

Tras el dominio hemopexina, MT4-MMP muestra una pequefia regibn denominada
tallo, parte de la cual es procesada por una transamidasa durante la ruta secretoria
permitiendo la adicion del anclaje hidrofobico GPI. Esta region posee dos cisteinas,
una de las cuales, la Cys564, es susceptible de ser N-glicosilada, pero no O-
glicosilada, y parece estar implicada en la dimerizacién y oligomerizacion de MT4-MMP,
mediante interacciones no covalentes®®. Esta unién a la membrana mediante un
puente GPI le confiere a MT4-MMP una localizacion en dominios lipidicos especificos
de la membrana plasmatica®®, permitiéndole co-localizar con otras proteinas que
contengan dicho anclaje tales como el receptor de folato, CD14 o uPAR® ; o bien

con proteinas también presentes en estos dominios como caveolina-1 o integrinas®.

3.2. Sustratos de MT4-MMP

Como ya se ha comentado, el dominio catalitico de MT4-MMP es el menos homélogo

con el resto de MMPs, mostrando una similitud en aminoacidos de menos del 40%8" &:
86

En cuanto a los sustratos reconocidos de MT4-MMP, en un principio se pens6 que era
capaz de procesar gelatina pero no se le considera una MMP clasicamente
procesadora de proteinas de la matriz extracelular como colageno o fibronectina. Los
estudios con sustratos o péptidos sintéticos in vitro han identificado algunos sustratos
componentes de la matriz extracelular inflamatoria como el fibrinégeno y la fibrina®!: %2
y otros sustratos como el factor de necrosis tumoral-alfa (pro-TNF-a), ADAMTS-4, a2-
macroglobulina, la proteina relacionada con el receptor de lipoproteinas de baja
densidad (LRP1) y la proteina de matriz de cartilago oligomérica (COMP)9%: 94 95, 81, &5,
% 97 La relevancia del procesamiento de estos sustratos in vivo no ha podido
demostrarse. Mas recientemente nuestro laboratorio ha identificado trombospondina-4
y osteopontina® como nuevos sustratos de MT4-MMP mediante estudios de
protedmica y de validacién in vitro demostrando ademéas la relevancia del
procesamiento de osteopontina in vivo en modelos de raton. MT4-MMP también seria

potencialmente capaz de autoprocesarse en la superficie celular®®.

La actividad catalitica de MT4-MMP puede ser inhibida de forma endogena por los
inhibidores tisulares TIMP-1 y TIMP-28, y también por inhibidores quimicos generales

de metaloproteinasas como el ilomastat (también conocido como galardina o
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GM6001)1°, Hasta el momento no se han descrito inhibidores especificos de MT4-
MMP.

3.3. Expresiény funcién de MT4-MMP
Ademas de su expresion en diversos tumores (como carcinoma de mama)®, MT4-
MMP se expresa en una variedad de lineas y tipos celulares, en concreto en leucocitos
se ha descrito su
Exén 1

MT4-MMP** _I HI_I_I_H_I_I expresion en macrofagos,

eosindfilos y linfocitos B®
84, 101.

MT4-MMP--

Para la caracterizacion

tanto de su expresion

Figura 6: Disefio del raton MT4-MMP-LacZ: El raton L
deficiente en MT4-MMP se gener6 en el laboratorio del Dr. | €OmMO de su funcion ha
k80 1 1 16 . . sy
Selkl medlante IQ insercion de un casete LacZ con una | gjqo particularmente atil la
sefial de localizacién nuclear (SNL) en el locus del gen de
MT4-MMP (Mmp17) eliminando parte del ex6n 1. De este | generacion por el grupo
modo, se previene la expresion del gen de MT4-MMP, -
adquiriéndose en su lugar la capacidad de expresar Lacz | del Prof. Seiki en 2007 del

(B-galactosidasa) en el nicleo. modelo de raton reportero

deficiente para MT4-MMP®2, Dicho ratén fue generado mediante la insercion ‘in-frame’

de una secuencia LacZ (que codifica para la proteina bacteriana B-galactosidasa,
unido a una sefial de localizacién nuclear) eliminando el final del primer exén y parte
del primer intrén (Figura 6)8. Esto conlleva la ausencia de expresion del gen de MT4-
MMP (MMP17) y a su vez la expresion de B-galactosidasa bajo el promotor endégeno
de MT4-MMP (MMP17). De esta manera se puede analizar la expresion endégena de
MT4-MMP en ratones heterocigotos mientras que los ratones homocigotos lacZ/lacZ
son deficientes en MT4-MMP. Esta deficiencia no produce efectos en el desarrollo
embrionario, la viabilidad o la fertilidad y sélo se reportd inicialmente un defecto leve
en la regulacién del centro de la sed a nivel del sistema nervioso central®®1°2, Dada la
ausencia de buenos anticuerpos contra MT4-MMP, en particular contra la de raton,
este modelo ha permitido analizar la expresion endégena de MT4-MMP mediante
tincion enzimatica con X-gal (sustrato de B-galactosidasa), con anticuerpos especificos
contra B-galactosidasa o mediante PCR para el gen lacz® % 193 También ha permitido
identificar nuevas funciones de MT4-MMP mediante un andlisis mas detallado del
fenotipo de los ratones deficientes tanto en condiciones de homeostasis como tras la

induccién de distintas patologias® 192,
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3.3.1. MT4-MMP en condiciones fisiolégicas
El analisis de los ratones reporteros adultos mostré que MT4-MMP se expresa
abundantemente en células de musculo liso tanto vascular (en arterias como la aorta)
como visceral (p.ej. en Utero) y en neuronas de diversas regiones del cerebro® 102,
Esta expresion correlaciona con los defectos reportados en la organizacion y funciéon
de las células de musculo liso en la aorta®® y con la alteracién del centro de la sed®2
También se observé su expresion en otros tejidos como ovarios y testiculos® 82, En
cuanto a su expresion en células del linaje mieloide, se ha confirmado en el raton
reportero la expresion del gen de MT4-MMP en los macréfagos alveolares del pulmén
y en los macréfagos peritoneales en condiciones basales. En estos ultimos, la
expresion de MT4-MMP baja tras ocho horas de estimulacion con LPS, y después
vuelve a aumentar®?. Dado que se habia propuesto pro-TNFa como sustrato de MT4-
MMP, se cuantificd la produccion de TNFa en macréfagos peritoneales estimulados
con LPS y se vi6 que en los ratones deficientes en MT4-MMP la produccién era normal
con lo que no se considera que ésta sea una funcién esencial ni selectiva de MT4-
MMP. Por ello se postulan funciones alternativas para MT4-MMP en macréfagos en

procesos inflamatorios.

Durante el desarrollo embrionario se ha descrito que MT4-MMP se expresa
mayoritariamente en determinados lechos vasculares, como el endotelio del
endocardio y durante la formacion de la aorta, en regiones del tejido nervioso, como el
bulbo olfativo, e hipocampo y médula 6sea, asi como durante el desarrollo del ojo, y
durante el desarrollo de las patas® 1%, También se ha demostrado, utilizando tanto el
raton deficiente en MT4-MMP como el modelo de pez cebra, que la ausencia de MT4-
MMP durante el desarrollo afecta a la correcta disposicion de las células de musculo

liso en la aorta, asi como a la migracién de las células de la cresta neural® 104,

3.3.2. MT4-MMP en condiciones patol6gicas
Las acciones y funcion de MT4-MMP se han estudiado mayoritariamente en el
contexto tumoral, dada su expresion incrementada en distintos tumores,
principalmente en aquellos que mostraban mayor invasividad®: 105 106 Asj el
incremento de expresion de MT4-MMP correlaciona con la disminucién de
trombospondina-2, lo cual es indicativo de tumores metastaticos'?’. La expresion de

MT4-MMP en el contexto tumoral se puede regular por hSETD1A!% y a través de la
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via inducida por hipoxia HIF-1a y SLUG®. En cuanto a la funcién de MT4-MMP en
tumores, la sobreexpresion de MT4-MMP en células tumorales incrementa su
proliferaciébn asi como la angiogénesis con vasos que son mas permeables por la
alteracion en el recubrimiento por pericitos perivasculares. El resultado era un
incremento del crecimiento tumoral y de las metastasis'® !, En cuanto al mecanismo
se ha propuesto que MT4-MMP interacciona y regula la actividad del receptor EGFR
de forma independiente de su actividad catalitica lo que resulta en una activacion de
las vias de sefializacion de MAPK y PI3K® 107. 110. 111 ' Racjentemente se ha sugerido
también un papel de MT4-MMP en la regulaciéon de la motilidad e invasion de células
tumorales mediante su asociacion con PDGFRa y Tks5 y la sefializacion via Src y las
GTPasas Rho y Cdc42 sin definir el requerimiento o no de su actividad catalitica*?.

La expresibn de MT4-MMP se regula también en contextos inflamatorios como
durante infeccion bacteriana® o tras la estimulacion con IL714 También en
osteoartritis, una enfermedad inflamatoria donde la degradacion del cartilago es crucial,
se ha observado que la expresion de MT4-MMP se encuentra incrementada, lo cual
sugiere su funcién como agrecanasa® ¥’.

En nuestro laboratorio hemos caracterizado recientemente las acciones de MT4-MMP
en las células de musculo liso de las arterias durante la remodelacion vascular
patolégica® 15, Los ratones deficientes en MT4-MMP tienen una mayor incidencia de
aneurismas aorticos inducidos mediante angiotensina Il asi como y una mayor
formacion de neointima tras la ligacion permanente de la carétida todo ello relacionado
con el defecto en el fenotipo de las células de musculo liso vasculares mencionado
anteriormente. En cuanto al mecanismo, pudimos demostrar que el procesamiento de
osteopontina por MT4-MMP, y en concreto el fragmento N-terminal generado, es
necesario para la correcta activacion de la via de JNK durante la diferenciacion de las

células de musculo liso de la aorta.
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MT4-MMP se expresa en células del sistema inmune y en concreto en macréfagos
alveolares y en macrofagos peritoneales donde sus niveles se regulan por estimulos
inflamatorios como LPS y PMA8&. 82, Sin embargo, aunque la expresiéon de MT4-MMP
se regula en contextos inflamatorios y se propuso que era necesaria para el
procesamiento y liberacion de la citoquina proTNFa®?, los ratones deficientes en dicha
proteasa producen cantidades normales de este factor proinflamatorio lo que sugiere
funciones alternativas desconocidas para MT4-MMP en inflamacién y en particular en

macrofagos.

Teniendo en cuenta estos antecedentes este trabajo se propuso como objetivo
principal el estudio del papel de MT4-MMP en los monocitos y en los macrofagos en el

contexto inflamatorio con los siguientes objetivos especificos:

1. Analizar la expresion de la proteasa MT4-MMP en los macréfagos en contextos

de inflamacioén estéril aguda (peritonitis) y crénica (aterosclerosis).

2. Estudiar el impacto de la ausencia de MT4-MMP, global o especifica en
leucocitos, en la abundancia y fenotipo de los macréfagos en dichos contextos

de inflamacién estéril y en la progresion de la aterosclerosis.

3. Caracterizar el papel de MT4-MMP en la adhesién y reclutamiento de
monocitos en los estadios tempranos de la inflamacion estéril en el modelo de

aterosclerosis.

4. Investigar la implicacion de la actividad catalitica y el mecanismo por el que

MT4-MMP ejerce sus acciones reguladoras en macrofagos y monocitos in vivo.
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1. Reactivos

Los reactivos utilizados se detallan en la siguiente tabla:

MATERIALES Y METODOS

ANTICUERPOS COI\(iégéIAL REFERENCIA uso
CD16/CD32 BD Pharmingen 553142 Citometria de flujo
B220-biotinilado  BD Pharmingen 51.01122J Citometria de flujo
CD3-biotinilado BD Pharmingen 51.01082J Citometria de flujo
Ly6G-PE BD Biosciences 551461 Citometria de flujo
NK1.1-PE BD Biosciences 553165 Citometria de flujo
CD11b-Alexa647 eBiosciences 51-0112-82 Iﬁ;%?gg;%?;gggi}%g
CD11b-biotinilado  BD Pharmingen 51.01712J Citometria de flujo
CD45-v450 eBiosciences 48-0451-82 Citometria de flujo
Ly6C-FITC BD Biosciences 553104 Citometria de flujo
Ly6C-APC BD Pharmingen 560596 Citometria de flujo
CCR5-PE eBiosciences 12.1951-12 Citometria de flujo
CCR2-FITC Biolegend 150607 Citometria de flujo
F4/80-PEcy7 Biolegend 123114 Citometria de flujo
CD115-PE Biolegend 135505 Citometria de flujo
Estreptavidina-PE  BD Biosciences 554061 Citometria de flujo
Anti-Macrofago .
Clon PM-2K Abcam Ab58822 Inmunofluorescencia
Mac3 Bf)?gé?]r%rllcjéy sc-19991 Inmunofluorescencia
MT4-MMP Abnova PAB4785 Inmunofluorescencia
MT4-MMP GeneTex GTX105268 Inmunofluorescencia
gal ac?t?)t;-dasa Abcam ab4761 Inmunofluorescencia
SMA Sigma A5228 Inmunofluorescencia
Ki67 Abcam ab16667 Inmunofluorescencia
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Caspasa-3 . . .
Procesada Cell Signalling 9661S Inmunofluorescencia
CD11c eBiosciences 11-014-81 Inmunofluorescencia
Mafb _Santa Clrt sc-10022 Inmunofluorescencia
Biotechnology
AIM GeneTex GTX37448 Inmunofluorescencia
Adipofilina s NB110-40887 Inmunofiuorescencia
Biologicals
GFP Abcam Ab13970 Inmunofluorescencia
Cascade : . :
CD36 BioScience ABM-5525 Citometria de flujo
MT4-MMP Abcam ab51075 Western Bloting
CD11b Abcam ab75476 Western Bloting
Caveolina-1 Cell Signalling 3267S Western Bloting
a-actina Dako M0851 Western Bloting
Tubulina Sigma T6074 Western Bloting
donkey-anti- ,
rabbit 800 Odyssey P/N 925-32213 Western Bloting
donkey-anti- .
rabbit 680 Odyssey P/N 925-68073 Western Bloting
donkey-anti- :
mouse 800 Odyssey P/N 925-32212 Western Bloting
donkey-anti- .
mouse 680 Odyssey P/N 925-68072 Western Bloting
CD11b M1/70 eBiosciences 16-0112 Bloqueo Funcional
Con_trol de eBiosciences 16-4031 Blogueo Funcional
Isotipo 1gG
Falmd;qne%-Texas Invitrogen T-7471 Inmunofluorescencia
Hoechst 33342 Sigma 861526 Inmunofluorescencia
Hoechst 33258 Sigma 861405 Citometria de flujo

Tabla 1: Lista de anticuerpos utilizados
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REACTIVOS CASA COMERCIAL REFERENCIA

Dieta grasa ssniff e15721-34

Dra M2 Angeles Mufioz,

Maraviroc (Celsentri) _ _ L . ~ .
Hospital Universitario del Gregorio Marafion Madrid

Lympholyte Cedarlane CL5031
Oil Red-O Sigma 00625
Fluoromont-G SouthernBiothech 0100-01
DNAsa-I Sigma D5025
SYRB green Applied Biosystem 4309115
cebadorhMMP17 TagMan Hs00211754_m1
cebadorhTBP TagMan Hs9999991 m1l
hrMT4-MMP Thermo Fisher Scientific RP-77535
pkh26 Sigma MINI26
pkh67 Sigma MINIG7
Cicloheximida Sigma C104450

Tabla 2: Lista de reactivos utilizados

2. Modelos animales y experimentos in vivo

2.1. Modelos animales
Los ratones deficientes en MT4-MMP se generaron como se ha descrito previamente
en el laboratorio del Dr. Seiki®?. Brevemente, se produjo la deficiencia en MT4-MMP
mediante la insercidn de un casete LacZ eliminando parte del primer exén y el primer
intrén del gen, evitando asi la expresion del gen de MT4-MMP y generando la
expresion de la beta-gactosidasa bajo el promotor de MT4-MMP permitiendo asi la
visualizacién de la activacion de su expresion. Los ratones deficientes en LDLR y los
ratones reporteros CX3CR1®™WT fueron obtenidos de Jackson Laboratories. Todos los
ratones fueron mantenidos en el fondo genético C57BL6/J. Los ratones dobles
deficientes para MT4-MMP y LDLR vy los deficientes para MT4-MMP y CX3CR1GFPWT
fueron generados mediante cruce de las lineas en el Centro Nacional de

Investigaciones Cardiovasculares Carlos 1ll (CNIC) en la zona libre de patégenos
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segun las guias de la institucién. Todos los estudios animales fueros realizados con la
aprobacién del comité ético local (Comité ético para el bienestar animal del CNIC con
el nimero de procedimiento CNIC-01/13 y con el niumero de permiso del gobierno
local de Madrid PROEX 34/13) y conforme a la directiva 2010/63EU y la
recomendacion 2007/526/EC relativas a la proteccion de animales utilizados para
experimentacion y otros propositos cientificos. No se utiliz6 ningan analisis estadistico
para la estimacion del tamafio muestral, y los individuos fueros distribuidos de modo

aleatorio entre los grupos de experimentacion.

Para la induccion de la placa de ateroma, ratones macho de 3 meses de edad fueron

alimentados con dieta grasa durante los tiempos indicados.

Para los experimentos de trasplante de médula, los ratones deficientes en LDLR
fueron letalmente irradiados con 9Gy en una dosis Unica, y reconstituidos con médula
Osea total obtenida de las tibias y los fémures de ratones silvestres y deficientes en
MT4-MMP. Para la reconstitucion se inyecté un total de 107 células via intravenosa por
la vena caudal. Tras 4 semanas de reconstitucion, los ratones se alimentaron con dieta

grasa durante los tiempos indicados.

Para los experimentos de bloqueo de CCR5, se administré intragastricamente el
compuesto Maraviroc (MRV, 25 ug/g) o el vehiculo (5% DMSO y 0.5% HCI 1N en agua
destilada) a los ratones LDLR™ trasplantados con médula dsea. La primera dosis fue
administrada 12 horas antes de alimentar los ratones con la dieta grasa, y durante el
experimento se administré cada 12 horas durante la primera semana, y cada 24 horas

las restantes, siendo la Gltima administracion 2 horas antes del sacrifico.

Para los experimentos de transferencia adoptiva de los monocitos patrulleros, se
aislaron monocitos de bazos de ratones MT4-MMP**CX3CR1¢™"* y MT4-MMP"
CX3CR1C* en el citémetro de flujo. Se selecciond la poblacion Linaje negativa (Lin-:
negativa para los marcadores B220, CD3, Ly6G y NK1.1), y dentro de ella, las células
GFP positivas y Ly6C negativas. Se transfirié un total de 5x10° células via intravenosa
a ratones deficientes en LDLR y estos se sacrificaron tras 3 dias de dieta grasa para

su andlisis.

2.2. Genotipado de los ratones trasplantados con médula 6sea

Se obtuvieron muestras de sangre de los ratones trasplantados tras 4 semanas del
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trasplante. Las células blancas fueron obtenidas utilizando Lympholyte segun
especificaciones del fabricante, y el ADN fue extraido mediante digestion con
proteinasa K y precipitacion con lIsopropanol. La PCR se realiz6 utilizando los
siguientes cebadores: MT4-MMP**: 5"-TCAGACACAGCCAGATCAGG-3’, LacZ: 5'-
AATATGCGAAGTGGACCTGG-3" y comun: 5-AGCAACACCGGCATCCACTAC-3'. El
programa utilizado para la PCR fue 94°C por 2 minutos, seguido de 40 ciclos de 95°C
durante 40 segundos, 58°C durante 49 segundos y 72°C durante 1 minuto, y un ciclo

final de elongacién a 72°C durante 10 minutos.

2.3. Andlisis bioquimicos
Los niveles de colesterol, triglicéridos y glucosa en la sangre de los ratones se

determinaron utilizando el Dimensions RxL Max system (Siemens Healthineers).

2.4. Transduccion de los macrofagos peritoneales in vivo
Se generaron los lentivirus codificantes para la proteina total de MT4-MMP (Secuencia
Completa, SC) y su mutante catalitico (MT4-MMP E248A, EA) asi como el control de
GFP (mock) tal como se ha descrito®. Los virus fueron inyectados i.p. en ratones MT4-
MMP** y MT4-MMP”- a una concentracion aproximada de 1x108 pfu/ml. Tras 5 dias los

macroéfagos peritoneales se extrajeron para su analisis.

2.5. Microscopiaintravital en el misculo cremaster
La microscopia intravital en el mlsculo cremaster se realiz6 como previamente se ha
descrito!®. En resumen, se anestesiaron los ratones y el musculo cremaster fue
limpiado de tejido externo y expuesto en un pedestal transparente para su
visualizacién Optica. El musculo se corté longitudinalmente con cautela y se
extendieron los extremos con suturas quirargicas para exponer el tejido. Para el
mantenimiento correcto de la temperatura en condiciones fisiologicas, el musculo se
perfundié continuamente con buffer Tyrode (NaCl 134 mM, KCI 2.68 mM, CaCl, 1.80
mM, MgCl, 1.05 mM, NaH,PO4 417 uM, NaHCO3 11.9 mM, Glucosa 5.56 mM, pH 5.6)
templado. 4 horas antes de la cirugia, a los animales se les administro
intraescrotalmente 345 ng de CCL2/MCP-1. Los monocitos se marcaron mediante
inyeccion intravenosa de los anticuerpos contra CD115-PE, Ly6C-APC o Ly6G-PE.

Para los experimentos de bloqueo funcional de la integrina aM (CD11b), se inyect6 el
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anticuerpo blogueante M1/70 o su correspondiente control de isotipo via intravenosa
(4mg/Kg) antes de la microscopia intravital. La microcirculacion del cremaster se
observé con un microscopio intravital Leica DM6000-FS acoplado a una camara
DFC350-FX con un objetivo de inmersién en agua Apo 40x NA 1.0. Se analizaron entre
3 y 5 vénulas seleccionas aleatoriamente (de 25-40 um de diametro) por raton, y las
interacciones leucocito-endotelio se cuantificaron en segmentos de vasos de 350 um
durante 5 minutos. Se utilizd el programa LAS-AF (Leica Application Suite Advanced
Fluorescence) para la adquisicion y el procesamiento de las imagenes Los parametros
analizados fueron el nimero de monocitos rastreando, la distancia total y la velocidad
del rastreo y el indice de confinamiento del rastreo (definido como la distancia lineal

entre la distancia total recorrida).

3. Obtencién y procesamiento de las muestras humanas

Las arterias coronarias humanas fueron obtenidas de extracciones de corazon durante
operaciones de trasplante en el Hospital de la Santa Creu i Sant Pau (HSCSP,
Barcelona, Espafia). El estudio fue aprobado por el comité ético del Hospital de la
Santa Creu i Sant Pau (04/2016) y fue realizado de acuerdo a la Declaracién de
Helsinki. El consentimiento escrito fue obtenido por cada paciente. Inmediatamente
después de la operacién quirtrgica, las arterias fueron diseccionadas, limpiadas de
tejido conectivo y examinadas bajo el microscopio de diseccién. Las muestras de
vasos fueron congeladas en nitrégeno liquido y guardadas a -80°C para posterior
extraccion de proteina y ARN, o alternativamente, fueron fijadas con PFA al 4% e
incluidas en parafina para su analisis histolégico. Las muestras fueron clasificadas
como lesiones tempranas (las cuales presentaban Unicamente engrosamiento de la
intima) y lesiones de aterosclerosis avanzadas (las cuales presentaban células de

musculo liso en la intima).

4. Analisis histologico y tincién de inmunofluorescencia de tejido

4.1. Tincién de ORO (Oil Red-0)
Las aortas procedentes de ratones eutanasiados fueron fijadas con 4% de PFA toda la

noche a 4°C. La grasa y el tejido conectivo fueron eliminados de las aortas bajo el
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microscopio de diseccion. Se abri6 longitudinalmente la aorta en su totalidad dejando
expuesta la parte luminal y se tifid con 0.2% Oil Red-O en 78% metanol. Se
adquirieron las imégenes utilizando una lupa Nikon SMZ800 con una camara Nikon
Coolpix 4500 acoplada. El &rea positiva para Oil red-O fue cuantificada utilizando el

programa Image J (National Institutes of Health, https://imagej.net/Welcome).

4.2.  Andlisis histolégico y tinciéon de inmunofluorescencia
Los corazones de ratones eutanasiados se perfundieron con PBS, se extrajeron y se
fijaron con 4% de PFA toda la noche a 4°C. Posteriormente se embebieron en parafina
y se cortaron en secciones de 5 yum para su uso para tinciones con H&E e

inmunofluorescencia.

Para las tinciones con H&E las muestras fueron desparafinadas, re-hidratadas, y
tefiidas con hematoxilina de Harris y eosina, tras lo cual fueron des-hidratadas y
montadas con DPX. Las imagenes se obtuvieron utilizando el microscopio Leica

DM2500 con el programa LAS-AF. Las imagenes fueron analizadas utilizando Image J.

Para las tinciones de inmunofluorescencia las muestras fueron desparafinadas, re-
hidratadas, y posteriormente se procedié al desenmascaramiento utilizando buffer
citrato (Citrato sédico 10 mM, 0.05% Tween 20, pH6; se utiliz6 para la mayoria de las
tinciones) o buffer Tris-EDTA (Tris base 10 mM, EDTA 1mM, 0.05% Tween 20, pH9;
Unicamente para las tinciones para Caspasa-3) durante 20 minutos a 95°C y posterior
enfriamiento durante 2 horas a temperatura ambiente. Las secciones se bloquearon y
permeabilizaron durante 1 hora a temperatura ambiente con PBS 0.3% Tx100, 5%
BSA y 5% suero de cabra. Los siguientes anticuerpos primarios se incubaron toda la
noche a 4°C en buffer de bloqueo: anti-Mac3, anti-MT4-MMP, anti-betagalactosidasa,
anti-Ki67, anti-Caspasa 3 procesada, anti-CD11c, anti-Mafb y anti-AIM. Posteriormente
las muestras se lavaron con PBS 0,1% Tx100, e incubaron durante 2 horas a
temperatura ambiente con los correspondientes anticuerpos secundarios conjugados.
Finalmente, las muestras fueron montadas con Fluoromont conteniendo Hoechst
33342. Las imagenes fueron adquiridas utilizando el microscopio confocal LSM700 de
Zeiss (Carl Zeiss), utilizando un objetivo de 25x. Las imagenes fueron procesadas
utilizando el programa Zen2009 Light Edition system (Carl Zeiss) y se cuantificaron

utilizando el programa Image J o el Cell Profiler (Broad institute).
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4.3. Tincion in toto de inmunofluorescencia
La membrana peritoneal mesentérica se obtuvo de ratones tras 72 horas de
tratamiento con tioglicolato (TG), y las aortas se obtuvieron de ratones tras 3 dias de
dieta grasa. Los tejidos se limpiaron bajo la lupa de diseccion y las aortas fueron
abiertas en longitudinal. Posteriormente los tejidos fueron fijados durante una noche a
4°C con 4% PFA. Posteriormente las muestras fueron bloqueadas y permeabilizadas
utilizando PBS con 0,3% TX100, 5% BSA, 5% suero de cabra y 1:100 anti-CD16/CD32
durante 1 hora a temperatura ambiente. Las muestras fueron tefiidas toda la noche a
4°C con anti-CD11b-Alexa647, anti-Ly6C, Anti-CD115, anti-CD31 o anti-GFP, y
posteriormente con los correspondientes anticuerpos secundarios y Hoechst 33342
durante 2 horas a temperatura ambiente. Finalmente, las muestras fueron montadas
con Fluoromont. Las imagenes fueron adquiridas utilizando el microscopio confocal
LSM700 de Zeiss (Carl Zeiss), utilizando un objetivo de 10x. Las imagenes fueron
procesadas utilizando el programa Zen2009 Light Edition system (Carl Zeiss) y se

cuantificaron utilizando el programa Image J.

5. Cultivos y experimentos celulares in vitro

5.1. Andlisis de los macrofagos peritoneales
Los macréfagos peritoneales primarios se obtuvieron de ratones MT4-MMP** y MT4-
MMP mediante lavado peritoneal con 10 ml de PBS frio tras 3 dias de la induccién de
peritonitis mediante inyeccién intraperitoneal (i.p.) de 3% de tioglicolato.
Posteriormente se contaron los macrofagos, se resuspendieron en medio RPMI-1640
suplementado con 2.5% de suero fetal bovino, 10mM de HEPES, 50 Ul/ml de
penicilina, 50 pg/ml de estreptomicina, 1 mM de piruvato sodico y 0.1 mM de
amino&cidos no esenciales y se cultivaron sobre pléstico para la obtencion de proteina
y ARN o0 sobre cristales recubiertos con fibrinbgeno para las tinciones de
inmunofluorescencia. Para los estudios de citometria de flujo se utilizaron macréfagos

recién extraidos de la cavidad peritoneal.

Para los andlisis de inmunofluorescencia, los macréfagos se sembraron sobre
cubreobjetos (500,000 células por cada cubreobjetos de 12 mm de diametro), con

matriz de fibrinégeno. Tras 3 6 24 horas de adhesién de los macréfagos, se fijaron con
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4% PFA durante 10 minutos a temperatura ambiente para su posterior tincién. Se
bloguearon y permeabilizaron las muestras utilizando PBS con 0.1% TX100, 5% BSA,
5% suero de cabra y 1:100 del anti-CD16/CD32 durante 1 hora a temperatura
ambiente. Posteriormente las células se incubaron durante toda la noche a 4°C con los
siguientes anticuerpos primarios: anti-Mafb, anti-AIM y anti-Caspasa 3. Al dia siguiente
se lavaron con PBS y se incubaron durante 2 horas a temperatura ambiente con los
correspondientes anticuerpos secundarios marcados, y con anti-CD11b-Alexa 647 y
faloidina-Texas Red. Las muestras fueron montadas utilizando Fluoromont con
Hoechst 33342 y las imagenes fueron adquiridas utilizando el microscopio confocal
Nickon AI1R, utilizando un objetivo de 20x. Las imagenes fueron procesadas y
analizadas utilizando el programa Image J.

Para el estudio de la afinidad por el componente C3 del complemento (C3) y el estudio
de apoptosis, los macrofagos peritoneales se sembraron sobre cubreobjetos y tras 24
horas se incubaron con eritrocitos opsonizados con C3 durante los tiempos indicados
0 con cicloheximida (100 pg/ml) durante 6 horas (para la induccién de la apoptosis).

Posteriormente se fijaron y se tifieron y analizaron como anteriormente se ha descrito.

Para analizar la afinidad por AcLDL, los macréfagos en suspension se incubaron con
AcLDL marcadas con FITC durante los tiempos indicados y la intensidad de

fluorescencia de AcLDL-FITC fue analizada mediante citometria de flujo.

Para los experimentos de egresion, los macrofagos peritoneales procedentes de
ratones MT4-MMP** y MT4-MMP” tras peritonitis fueron marcados con las sondas
PKH26 y PKH67 respectivamente segun indicaciones del suministrador. Las células
marcadas se mezclaron en ratio 1:1 y se transfirié un total de 500.000 células i.p. a
ratones silvestres pre-estimulados con TG durante 3 dias. Posteriormente se indujo la
egresion mediante la inyeccion de 1ug de LPS o PBS como control via i.p. Tras 4
horas se sacrificaron los ratones y se analiz6 el lavado peritoneal y los bazos mediante

citometria de flujo.

5.2. Citometria de flujo
Las muestras de sangre, médula 6sea y los macrofagos peritoneales se bloquearon
durante 15 minutos a 4°C con PBS conteniendo 5% FBS y 1:100 de anti-CD16/CD32.
Posteriormente se tifieron durante 20 minutos a 4°C con los siguientes anticuerpos:
anti-CD11b-Alexa647 o biotinilado, anti-CD45-V450, anti-Ly6C-FITC o APC, anti-
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CCR5-PE, anti-CCR2-FITC, anti-F4/80-PeCy7, anti-AIM/CD5L y anti-CD36. Tras ello
se incubaron otros 20 min a 4°C con los correspondientes anticuerpos secundarios.
Para la cuantificacion de las células muertas de afiadi6 Hoechst 33258 5 minutos
antes del analisis. Las muestras de sangre y médula se incubaron con el buffer de lisis
de eritrocitos (Buffer ACK; 150 mM NH.CL, 10 mM KHCOs, 0.1 mM Na;EDTA, pH 7.2-
7.4) durante 7 minutos a temperatura ambiente tras la tincion. Los datos fueron
adquiridos utilizando el citbmetro FACSCanto Il (BD) y analizados utilizando el

programa FlowJo (Tree Star).

6. Técnicas bioquimicas

6.1. PCR cuantitativa (QPCR)
El ARN total fue extraido utilizando TRIzol (Invitrogen) con columnas de alta densidad
Maxtract (Quiagen, 1038988). EI ARN aislado fue tratado con DNAsa | y la
retrotranscripcion se realiz6 con el kit de transcripcion reversa de cDNA de alta
capacidad (Applied Biosystems). Para las muestras de raton, la gPCR fue realizada
utilizando la mezcla maestra SYBR Green PCR, en el sistema de deteccion CFX384
(Biorad). Los cebadores utilizados se detallan en la Tabla 3. Los datos fueron
normalizados utilizando los niveles de expresién de 36b4 y ciclofilina en cada muestra
individual. Para las muestras humanas la gPCR se realizé utilizando los cebadores de
TagMan para el gen MMP17, incluyendo TBP para normalizar los niveles de expresion.
Todas las muestras fueron analizadas por triplicado, y los niveles de ARN fueron

analizados utilizando Biogazelle gBase PLUS.

GEN CEBADORES

5-TGCCATAATGCAAGTTGCTG-3’

Hoam 5-ATCACCAGCAAAGTGGAAGC-3’
5-ACTGTCCAAAGCGATTACTGC-3

Mmp17
5 -GCATCGAGGGGTTTTCATCAG-3
5 -TAGTCCTTCCTACCCCAATTTCC-3

10 5-TTGGTCCTTAGCCACTCCTTC-3
Tnfa 5-CCAGACCCTCACACTCAGATC-3
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5-CACTTGGTGGTTTGCTACGAC-3

5 -GCTGAAAGCTCTCCACCTCA-3’

o 5-AGGCCACAGGTATTTTGTCG-3"
5 -TGAATTCCCTGGGTGAGAAG-3
o 5-TCACTCTTCACCTGCTCCACT-3
5 -GCTAATGGTGGACCGCAAC-3
ke 5-CGAATGTCTGACGTATTGAAGAA-3’
5-AGGACCGCTTCTCTGATGA-3
Mafb 5-GAGCTGCGTCTTCTCGTTCT-3
5-GGAAGACACGTTGGCTCAAT-3
cas! 5-AGACGCACATCCTCTGGAAT-3
5-GAGCAACTGGTGGATGGTTT-3"
Cas 5-GCAGAATCAAGGGAGAGCAC-3
5-TGCAGTCCTCATTTTCCACA-3’
cers 5-CCTACAGCGAAACAGGGTGT-3
5-ACACCCTGTTTCGCTGTAGG-3
corz 5"-CCTGGAAGGTGGTCAAGAAG-3’
5-AAGTTCCCTTCCCATCTGCT-3"
Cx3crl
5-CGAGGACCACCAACAGATTT-3
5-ACAGGTCCTGGCATCTTGTC-3
Cyclophilin
5"-CATGGCTTCCACAATGTTCA-3
5-GCGACCTGGAAGTCCAACTA-3’
36b4

5 -ATCTGCTGCATCTGCTTGG-3

Tabla 3: Lista de los cebadores utilizados para la gPCR.

6.2. Western blotting
Para las muestras humanas las proteinas se extrajeron de las arterias coronarias, con
el buffer de lisis (50 mM Tris-HCL pH 7,5, 1% Triton X-100, 150 mM NaCl, 1mM DTT e
inhibidores de proteasas) en frio. Las proteinas de aortas con aterosclerosis de raton

se obtuvieron a partir de muestras embebidas en parafina, una vez desparafinadas y
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rehidratadas se lisaron en 20mM Tris-HCL pH 7,5 y 2% SDS e inhibidores de
proteasas y se incubaron a 100°C durante 20 minutos y a 60°C durante 2 horas. Para
la extraccion de proteinas de macréfagos peritoneales, se utilizé un buffer de lisis que
contenia 10mM Tris-HCL pH7,5, 1% Tx114, 150mM NacCl e inhibidores de proteasas, y
se incubaron las muestras a 30°C durante 5 minutos para la separacion de las fases

lipofilica e hidrofilica.

Las proteinas se separaron en un gel SDS-PAGE al 10% y se transfirieron a
membranas de nitrocelulosa de 0.45 um de poro, para su posterior bloqueo con 5% de
leche desnatada en TBST durante 1 hora a temperatura ambiente. Los siguientes
anticuerpos primarios usados se incubaron toda la noche a 4°C: anti-MT4-MMP, anti-
CD11b, anti-caveolinal, anti-a actina, anti-tubulina. Posteriormente se lavaron con
TBST, se revelaron mediante incubacidon con anticuerpos secundarios de Odyssey
durante 1 hora a temperatura ambiente en oscuridad, y se visualizaron utilizando el

Odyssey Infrared Imaging System (LI-COR Biosciences).

7. Analisis in silico

7.1. Modelado in silico del dimero de MT4-MMP con el heterodimero de la

integrina aMp2

Las secuencias FASTA de las proteinas maduras de MT4-MMP/MMP17 vy la integrina
aMpB2 fueron analizadas con I-Tasser v4.4 implementado localmente para modelado en
cadena. Los modelos seleccionados fueron aquellos que presentaban un plegamiento
correcto con una minima energia (el mejor alineamiento estructural respecto a los
patrones). En dicho modelo, los dominios transmembrana (TM) se encontraban
contenidos en el centro de la proteina. Por ello los &ngulos de dichas regiones (los
transmembrana y los C-terminales) fueron fijjados acorde a la estructura secundaria
predicha, y se hizo un ciclo de refinamiento con la estructura de membrana en la

Rosetta suite v3.5 release 2015.23.58158 (www.rosettacommons.org). Para encajar el

dimero de MT4-MMP con el dimero de la integrina, los monémeros modelados
previamente fueron posicionados de acuerdo a lo previamente publicado de

dimerizacion en interfase usando pymol v1.8 (www.pymol.org), y el modelo dimérico

nuevo fue usado como patrén inicial. Usando este modelo como entrada, con la misma
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restriccion anterior, se generé un nuevo modelo del dimero usando la aplicacién
mp_dock de la estructura de membrana Rosetta suite v3.5 release 2015.23.58158 en
cada caso. Finalmente utilizando los modelos obtenidos, el complejo MT4-MMP-

integrina aMB2 fue modelado con una aproximacién similar.

7.2. ldentificacion del sitio de corte de la integrina aM por MT4-MMP y

validacién mediante digestion in vitro

Los sitios de corte de la integrina aMB2 por MT4-MMP se identificaron utilizando

Cleavpredict (http://cleavpredict.sanfordburnaham.org/) y los sitios predichos vy

expuestos fueron filtrados de acuerdo a la matriz de procesamiento peptidico en la

base de datos MEROPS (http://merops.sanger.ac.uk/). La conservacion de los sitios de

corte en las cadenas de la integrina aL y B2 en ratéon y en humano fue testada

utilizando Uniprot (http://www.uniprot.org/aling/). El péptido correspondiente al sitio de

corte en la cadena aM identificado uniendo los datos de las bases de datos y del
modelado in silico (RPQVTFSENLSSTCHTKER), fue generado en el Centro de
Investigaciones Biolégicas (CIB, CSIC, Madrid) e incubado con la proteina
recombinante humana de MT4-MMP (hrMT4-MMP) correspondiente al dominio
catalitico, durante 2 horas a 37°C en agua. Los péptidos resultantes se analizaron
mediante reaccion paralela monitorizada de alta resolucion en el aparato Easy nLC
1000 nano-HRLC (Thermo Fisher Scientific), acoplado a un espectrometro de masas
cuadruple-orbital (Q Exactive, Thermo Scientific). Los péptidos fueron separados a 200
nL/min en un gradiente continuo consistente en 8-30% B por minuto y 30-90% B por 2
minutos (B= 90% acetonitrilo, 0.1% &cido férmico) e ionizado utilizando una aguja de
emision de nanospray Picotip (New Objetive, Woburn, MA, USA). Cada carrera de
espectrometria de masas consiste en un espectro de resoluciéon FT aumentado
(resolucion de 15,000) en el rango de 400-1400 m/z seguido por un espectro
independiente de datos MS/MS de 7 iones parientes adquiridos durante la carrera
cromatogréfica. El valor de busqueda AGC en el Orbitrap para la supervivencia del
escaneo fue seleccionada como 1,500,000 y la fragmentacién se realiz6 con un 27%
de la energia de colisién normalizada con un valor de busqueda de 250,000 iones. Los

datos fueron analizados utilizando Xcalibur 2.2 (Thermo Fisher Scientific).
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8. Analisis estadistico

Todos los resultados seanalizaron y representaron graficamente utilizando el software
GraphPad Prism 4.0 (GraphPad Software, La Jolla, USA). Para comparar dos grupos
muestrales de igual varianza se utiliz6 el método de la t de Student de dos colas de
distribucién. Cuando las varianzas eran significativamente diferentes, se aplicé el
método de Welch. En los casos en los que se compararon mas de dos grupos
muestrales se utilizO ANOVA de una cola o dos colas combinado con el método de
comparacién multiple de Bonferroni en los casos en los que las muestras se ajustaron
a una distribucién paramétrica, y el método de Kruskal-Wallis combinado con el
método de comparacion multiple de Dunn cuando no se ajustaron. En aquellos casos
donde las muestras control se normalizaron a uno, se us6 el método de la t de Student
de un grupo para su analisis estadistico. En los casos en los que se compararon
frecuencias se utilizé el método de Chi-cuadrado cuando habia mas de 2 rangos y la
prueba exacta de Fisher cuando habia Unicamente 2 rangos.

En todos los casos se representd la media * el error estandar de la media (EEM) y se
consideraron las diferencias significativas cuando el valor p del correspondiente
analisis estadistico era inferior a 0.05. Se represento el grado de significacion con uno,
dos, tres o cuatro asteriscos, siendo: * p<0.05, ** p< 0.01, *** p< 0.001, **** p< 0,0001.
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Los macrofagos deficientes en MT4-MMP se retienen en la membrana
peritoneal inflamada y presentan mayores niveles de la integrina aM en la

membrana celular

Tal como se ha mencionado, MT4-MMP se expresa en lineas y células mieloides y en
macroéfagos® 82 84 regulandose en procesos inflamatorios!*® y aunque puede procesar
pro-TNF-q, los ratones deficientes en la proteasa liberan cantidades normales de esta
citoquina®l. Todo ello indica que MT4-MMP podria estar desempefiando funciones

alternativas durante la inflamacion, y en particular en los macréfagos.

Dado que la ausencia de MT4-MMP afecta a la migracion de otros tipos celulares® 104,
investigamos en primer lugar su efecto en la movilizacibn de los monocitos y
macrofagos a las zonas de inflamacion. Para ello utilizamos el modelo de peritonitis
inducido por tioglicolato (TG), para el cual se administra TG via intraperitoneal en
ratones lo que produce el reclutamiento de células inmunes, y en concreto de
monocitos que se diferencian a macrofagos en los primeros dias. (Figura 7a).
Comprobamos que en condiciones basales la poblacion mayoritaria en el peritoneo
eran macréfagos residentes (denominados LPM de las siglas en inglés “large
peritoneal macrophages”) y tras 3 dias de peritonitis la poblacion mayoritaria fue la de
macréofagos SPM (de las siglas en inglés “small peritoneal macrophages”) derivados

de monocitos circulantes (Figura 7b).

De este modo se indujo peritonitis estéril con TG en ratones deficientes en MT4-MMP
y en sus correspondientes controles de genotipo silvestre (a partir de ahora nos
referiremos a ellos como MT4” y MT4*"* respectivamente). Se observdé que los
macréfagos peritoneales obtenidos tras 3 dias de TG de ratones MT4** pero no los de
los ratones MT47 expresan MT4-MMP, tanto a nivel de proteina (Figura 7c) como a

nivel de ARN mensajero (Figura 7d).
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Figura 7: MT4-MMP se expresa en macroéfagos peritoneales durante peritonitis. a.
Esquema del disefio experimental de induccién de peritonitis en ratones MT4-MMP** y MT4-
MMP-- mediante inyeccién intraperitoneal (i.p.) de tioglicolato (TG). b. Gréafica de nubes de
puntos representativos de los lavados peritoneales de ratones silvestres en condiciones
basales (panel superior) y tras 3 dias de TG (panel inferior). LPM indica “Large Peritoneal
Macrophages” y SMP indica “Small Peritoneal Macrophages”. c. Western blot representativo
de lisados de Tx114 de macréfagos peritoneales de ratones MT4-MMP** y MT4-MMP-- tras
peritonitis. L indica fraccion lipofilica y H indica fraccion hidrofilica. d. Expresion relativa de
ARNmM de MT4-MMP (Mmp17) de macréfagos peritoneales de ratones MT4-MMP**+ y MT4-
MMP-- tras peritonitis. n=6 ratones por genotipo en 2 experimentos independientes. Los datos
fueron analizados mediante el método de la t de Student. *p<0.05.
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En este modelo el nimero de macrofagos (definidos como células positivas para CD45,
la cadena oM de la integrina aMB2 y el marcador F4/80) era significativamente menor
en el exudado peritoneal de los ratones MT4” que en el de los ratones MT4** (Figura
8a). Esta disminucion de macrofagos en el exudado correlaciona con un incremento en
el numero de células positivas para la integrina aM (principalmente monocitos y
macréfagos) adheridos en la membrana peritoneal mesentérica de los ratones MT4™"
(Figura 8b). Todo ello nos indica que la ausencia de MT4-MMP produce una retencion

de los macrofagos en el tejido inflamado.
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Figura 8: La ausencia de MT4-MMP en macro6fagos peritoneales aumenta su retencion
en la membrana peritoneal inflamada. a. Cuantificaciéon del nimero de macréfagos
(células positivas para CD45, integrina aM y F4/80) obtenidos en los lavados peritoneales
de ratones MT4-MMP+** y MT4-MMP-- en condiciones basales y tras peritonitis. n= 3 ratones
por genotipo en basal y 12 en peritonitis en 1 y 4 experimentos independientes. Los datos
se analizaron mediante ANOVA de una cola seguido del post-test de Bonferroni. **p<0.001.
b. Imagenes representativas de membranas peritoneales de ratones MT4-MMP**+ y MT4-
MMP- tras 3 dias de tioglicolato, y tefiidas para la integrina aM. La barra de escala equivale
a 50 um. c. Cuantificacion del nimero de macréfagos adheridos a la membrana peritoneal
de ratones tratados como en b. n= 6 ratones por genotipo de 2 experimentos
independientes. Los datos se analizaron mediante el método de la t de Student. *p<0.05.

En el andlisis de citometria de flujo observamos ademas que, tras la induccién de
peritonitis, los macréfagos MT4” expresaban niveles mayores de la integrina aM en la
superficie celular que los macréfagos MT4** (Figura 9a), sin mostrar diferencias en los
niveles de ARN mensajero (Figura 9b). Las integrinas son glicoproteinas
heterodiméricas de membrana celular importantes para la adhesion de las células a
proteinas de la matriz extracelular o a ligandos de membrana de otras células’. La
integrina aMB2 (también denominada CD11b/CD18, CR3, o Macl) se expresa
mayoritariamente en células mieloides®. Dicha integrina estd implicada en la
adhesién a diversos ligandos tales como fibrinbgeno (en la matriz extracelular

provisional tras dafio) o ICAM1 (en la superficie de las células endoteliales), cuya
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expresion aumenta en procesos inflamatorios!’. Las integrinas se expresan en la
membrana celular en conformaciones de distinta afinidad por el ligando®, de modo
que puede haber un aumento del heterodimero sin que esto implique un incremento en
su actividad. Para investigar si el aumento en la integrina aMB2 en los macréfagos
deficientes en MT4-MMP implica también un aumento en su actividad, aislamos
macrofagos peritoneales tras peritonitis por TG y analizamos su union a dos de sus

ligandos, el componente 3 del complemento (C3) y el fibrinbgeno.
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Figura 9: Los niveles de la integrina aM en la membrana de los macréfagos
peritoneales tras peritonitis estan incrementados en ausencia de MT4-MMP. a.
Histogramas representativos de la expresién de la integrina aM en los macrofagos
peritoneales tras peritonitis de ratones MT4-MMP** y MT4-MMP* (izquierda) vy
cuantificacion de la intensidad media de fluorescencia (IMF) normalizada (derecha). n=20
ratones por genotipo en 4 experimentos independientes. Los datos fueron analizados
mediante el método de la t de Student. *p<0.05. b. Niveles de expresion de ARNm de la
integrina aM (Itgam) de macréfagos peritoneales tras peritonitis de ratones MT4-MMP** y
MT4-MMP-, n= 6 ratones por genotipo en 2 experimentos independientes. Los datos fueron
analizados mediante el método de la t de Student.

En primer lugar, incubamos los macréfagos peritoneales MT47 y MT4** con eritrocitos
opsonizados con C3, y cuantificamos el numero de eritrocitos captados por macréfago
tras 5, 10 y 15 minutos de incubacién mediante microscopia (Figura 10a). Lo que
pudimos observar es que en ausencia de MT4-MMP desde el minuto 5, habia mas
eritrocitos captados, y este aumento se mantenia hasta el minuto 15 (Figura 10b), lo
gue nos indica que los macréfagos deficientes en MT4-MMP son mas activos captando

particulas via la integrina aMB2.
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Figura 10: Los macréfagos peritoneales deficientes en MT4-MMP son mas activos
captando eritrocitos opsonizados con C3. a. Imagenes representativas de macréfagos
peritoneales tras peritonitis de ratones MT4-MMP** y MT4-MMP”’ en presencia de
eritrocitos opsonizados con el componente 3 del complemento (C3). En rojo se muestra la
actina (faloidina), en verde los eritrocitos y en azul los nucleos (Hoechst). La barra de escala
equivale a 15 um. b. Cuantificaciébn del niumero de eritrocitos opsonizados con C3 por
macrofago como en a tras 5, 10 y 15 minutos de incubacién. n=6 muestras por genotipo en
2 experimentos independientes. Los datos fueron analizados mediante ANOVA de dos colas
seguido del post-test de Bonferroni. *p<0.05, ***p< 0.001.

Complementariamente, cultivamos los macréfagos peritoneales tras peritonitis sobre
fibrinbgeno, otro ligando de la integrina aMB2, y tras adhesién durante 3 y 24 horas los
analizamos mediante microscopia (Figura 11a). No observamos diferencias entre los
genotipos en el nimero de macréfagos adheridos ni en su circularidad (Figura 11b-c)
a ninguno de los tiempos, sin embargo el area celular tras 3 horas era mayor en
ausencia de MT4-MMP, manteniéndose la diferencia tras 24 horas de adhesion
(Figura 1l1a-b). Ademas, el anticuerpo bloqueante de unién a ligando de la integrina
aM, M1/70, eliminaba el incremento en area de los macréfagos deficientes en MT4-
MMP, indicando que este incremento en el area celular sobre fibrinbgeno es

dependiente de la integrina aMB2 (Figura 11a-d).
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Figura 11: La ausencia de MT4-MMP en macréfagos peritoneales tras peritonitis induce
un area celular mayor sobre fibrinbgeno de modo dependiente de la integrina aMB2. a.
Imagenes representativas de macréfagos peritoneales tras peritonitis de ratones MT4-
MMP** y MT4-MMP- plagueados sobre fibrindgeno y tefidos para actina tras 3 o 24 horas
de adhesion en presencia o ausencia del anticuerpo bloqueante de la integrina aM (anti-aM,
clon M1/70) o su correspondiente control de isotipo (IgG). La barra de escala equivale a 30
pm. Cuantificacion del nimero de células adheridas (b), circularidad (c) y area celular (d) de
macréfagos tratados como en a. n=6 ratones por genotipo en 2 experimentos
independientes. Los datos fueron analizados mediante ANOVA de una cola seguido del post-
test de Bonferroni. **p<0.01, ***p<0.001.

MT4-MMP se expresa en los macréfagos de las placas de aterosclerosis

Para investigar si MT4-MMP se expresaba también en los macréfagos en un contexto
de inflamacion estéril cronica utilizamos el modelo de aterosclerosis en raton. Para ello
utilizamos ratones deficientes en el receptor de LDL (LDLR™) que desarrollan placas
ateroscleréticas en la aorta cuando se alimentan con dieta grasa'®. Cruzamos estos
ratones con los deficientes en MT4-MMP, generando los ratones LDLR"MT4", y sus

correspondientes controles LDLR” MT4**,

En primer lugar, analizamos los niveles de MT4-MMP a nivel de proteina por Western
blot en lisados obtenidos de la aorta ascendente de ratones LDLR”MT4** y LDLR"
MT4” en condiciones basales, asi como en estadios tempranos y tardios de la
enfermedad (0, 8 y 16 semanas de dieta grasa respectivamente) (Figura 12a-c).
Pudimos observar que en condiciones basales hay altos niveles de expresion de MT4-
MMP, mientras que tras 8 semanas de dieta grasa la expresiéon de MT4-MMP es
practicamente indetectable, volviendo a incrementarse tras 16 semanas de dieta grasa.
En todos los estadios se pudo comprobar que MT4-MMP estaba ausente en los
ratones LDLR”MT4” (Figura 12b-c). Por inmunofluorescencia observamos que MT4-
MMP se expresa en los diversos tipos celulares (células de musculo liso, endoteliales
y macrofagos) que componen las placas de aterosclerosis tras 8 semanas de dieta

grasa (Figura 12d).
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Figura 12: MT4-MMP se expresa en los macréfagos presentes en la placa durante la
aterosclerosis en ratdn. a. Esquema del disefio experimental de induccién de
aterosclerosis en ratones LDLR/MT4-MMP** y LDLR*MT4-MMP*. b. Western blot
representativo de lisados de aortas de ratones LDLR”MT4-MMP** y LDLR*MT4-MMP-
tras 0, 8 y 16 semanas de dieta grasa (izquierda) y cuantificacion de la cantidad de
proteina de MT4-MMP en los ratones LDLR*MT4-MMP** (derecha). n=4 ratones
independientes por condicién. Los datos fueron analizados mediante ANOVA de una cola
seguido del post-test de Bonferroni. *p<0.05. c. Imé&genes representativas de valvulas
aodrticas de ratones LDLRMT4-MMP** tras 8 semanas de dieta grasa. En rojo se muestra
MT4-MMP, en verde Mac3 y en azul los nucleos (Hoechst). La barra de escala equivale a
50 pm.

Para investigar si los macréfagos que expresaban MT4-MMP en la placa de ateroma
derivaban de monocitos circulantes, se trasplantaron ratones LDLR” con células de
médula 6sea de ratones deficientes en MT4-MMP. Como ya se ha comentado, estos
ratones expresan [3-galactosidasa bajo el promotor de MT4-MMP, y mediante la tincion
con anti-B-galactosidasa observamos macrofagos positivos en la placa tanto a 1 como
a 8 semanas tras dieta grasa (Figura 13), indicando que los macrofagos que expresan

MT4-MMP en la placa de ateroma derivan de monocitos circulantes.
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Figura 13: MT4-MMP se expresa en macréfagos derivados de monocitos en la placa
de ateroma. a. Esquema del disefio experimental de induccién de aterosclerosis en ratones
LDLR irradiados y trasplantados con médula 6sea de ratones MT4-MMP** o0 MT4-MMP--.
b. Imagenes representativas de vélvulas aérticas de ratones LDLR* irradiados y
trasplantados con médula MT4-MMP-- (LacZ+) y alimentados con dieta grasa durante 1 u 8
semanas. En rojo se muestra B-galactosidasa, en verde Mac3 y en azul los nicleos
(Hoechst). La barra de escala equivale a 50 um. L indica lumen.

Dada la relevancia de la aterosclerosis en patologia humana como causante de la
mayoria de los eventos de infarto de miocardio, analizamos si el patron de expresion
de MT4-MMP en placas ateroscleréticas humanas se asemejaba a lo observado en
ratbn. Para ello analizamos arterias humanas con aterosclerosis incipiente
(engrosamiento de la intima, lo equivalente a 8 semanas en ratdén) o avanzada (con
placas patentes, lo equivalente a 16 semanas en raton). Observamos, que MT4-MMP
se expresaba a bajos niveles en las placas incipientes, y su expresion aumentaba en
las placas avanzadas, tanto a nivel de proteina como a nivel de ARN mensajero
(Figura 14a-b). Este aumento de expresion de MT4-MMP correlacionaba con un
mayor contenido de macrofagos en la placa, sugiriendo que este subtipo celular era el
principal responsable de la expresion de MT4-MMP observada en estadios avanzados
(Figura 14c).
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Por ello pudimos concluir que los niveles de MT4-MMP se regulan durante la
progresion de la aterosclerosis, incrementandose en placas avanzadas, y que los
macréfagos derivados de monocitos circulantes presentes en la placa aterosclerética
expresan MT4-MMP.
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Figura 14: La expresién de MT4-MMP se incrementa en estadios avanzados de
aterosclerosis en humano. a. Western blot representativo de lisados de arterias coronarias
humanas con placa de ateroma temprana o avanzada. b. Expresién relativa de ARNm de
MT4-MMP (MMP17) de arterias coronarias humanas con placa de ateroma temprana o
avanzada. n= 10 y 15 muestras independientes respectivamente. Los datos fueron
analizados mediante el método de la t de Student. *p<0.05. c. Imagenes representativas de
arterias coronarias humanas con placa de ateroma temprana o avanzada tefiidas para MT4-
MMP en rojo, el marcador macrofagico en gris y los nucleos en azul (Hoechst). A la derecha
se muestra la magnificacién. La barra de escala equivale a 100 pm y 25 um en la
magnificacion. En amarillo se indica la membrana elastica interna.

AT avanzada

La ausencia de MT4-MMP en el compartimento hematopoyético produce

una mayor acumulacién de macréfagos en la placa de ateroma

Puesto que en la aorta tanto las células de musculo liso de la capa media como

algunas células endoteliales de la intima expresan MT4-MMP, decidimos analizar el
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papel de MT4-MMP en monocitos y macrofagos utilizando el modelo de ratones LDLR"
I trasplantados con médula ésea. Para ello irradiamos letalmente ratones deficientes
en LDLR, y los trasplantamos con médula 6sea procedente de ratones MT47 o0 MT4**,
Tras 4 semanas evaluamos la correcta reconstitucion de los ratones mediante el
genotipado de MT4-MMP de los leucocitos circulantes en la sangre (Figura 14a y 15a)
e indujimos la aterosclerosis mediante alimentacién con dieta grasa, monitorizando el
incremento de peso y los niveles en plasma de glucosa, colesterol y triglicéridos
durante 12 semanas. No detectamos diferencias en dichos pardmetros entre genotipos
(Figura 15b-c).
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Figura 15: La ausencia de MT4-MMP en las células de médula ésea no afecta al
incremento de peso ni de los niveles de glucosa, colesterol ni triglicéridos durante la
aterosclerosis. a. PCR representativa de células de médula 6sea de ratones LDLR"
irradiados y trasplantados con médula ésea MT4-MMP** o MT4-MMP-- tras 4 semanas de
reconstitucion. Peso (b) y niveles de glucosa, colesterol y triglicéridos en suero (c) de
ratones LDLR* irradiados y trasplantados con médula MT4-MMP** o MT4-MMP/ y
alimentados con dieta grasa durante los tiempos indicados. n= 6 y 16 ratones por genotipo a
8 y 12 semanas en 2 y 3 experimentos independientes. Los datos fueron analizados
mediante ANOVA de dos colas seguido de un post-test de Bonferroni.
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Puesto que habiamos observado un aumento en la retencion de macréfagos MT4” en
la membrana peritoneal inflamada, cuantificamos el nimero de macrofagos presentes
en las placas aterosclerdtica, mediante tincibn para el marcador Mac3, proteina
también conocida como CD107b y LAMP-2, que se expresa en las membranas
lisosomal y plasmatica de macréfagos?. Tras 8 semanas de dieta grasa, tanto el area
ocupada por los macréfagos (Figura 16a-b) como el nimero de macréfagos (Figura
16c¢c-d) eran significativamente mayores en la placa de las valvulas adrticas de los
ratones LDLR’ trasplantados con médula 6sea de ratones MT4” que en los
trasplantados con células MT4**. Esto nos indicaba que la ausencia de MT4-MMP en
las células derivadas de médula 6sea producen una mayor acumulacion de los

macroéfagos en la placa de ateroma.
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Figura 16: La ausencia de MT4-MMP en células de médula 6sea produce un incremento
de la acumulacién de macrd6fagos en la placa durante la aterosclerosis. Imagenes
representativas de valvulas adrticas de ratones LDLR irradiados y trasplantados con médula
6sea MT4-MMP** o MT4-MMP-, alimentados con dieta grasa durante los tiempos indicados
y tefiidos para Mac3. La barra de escala equivale a 100 pum. b. Cuantificacion del area de
Mac3 en placa en los ratones mostrados en a. n= 6 y 16 ratones por genotipo a 8 y 12
semanas en 2 y 3 experimentos independientes. Los datos fueron analizados mediante
ANOVA de 2 colas seguido de un post-test de Bonferroni. *p<0.05. c. Imagenes
representativas de valvulas aérticas de ratones LDLR irradiados y trasplantados con médula
6sea MT4-MMP**+ 0 MT4-MMP-, alimentados con dieta grasa durante 8 semanas. En rojo se
muestra Mac3 y en azul los nlcleos (Hoechst). La barra de escala equivale a 20 um. d.
Cuantificacion del numero de macrofagos en ratones mostrados en ¢. n= 6 ratones por
genotipo en 2 experimentos independientes. Los datos fueron analizados mediante el método
de lat de Student. *p<0.05.
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Los macrofagos son capaces de captar lipidos, acumuldndolos en su interior y
convirtiéndose en células espumosas en la placa'?. Por ello, analizamos el contenido
en lipidos de las placas ateroscleréticas de los ratones LDLR™ trasplantados mediante
la tincibn de ORO in toto (Oil Red-O, colorante que marca lipidos hidrofobicos y
neutros cémo triglicéridos y diacilglicéridos y ésteres de colesterol)!?3. En los ratones
LDLR trasplantados con médula MT4" habia un aumento en el area de los depdsitos
de lipidos en el cayado aértico tras 8 semanas que se hacia significativo tras 12
semanas de dieta grasa (Figura 17a-b). No observamos diferencias sin embargo en el
area de la intima (capa luminal de las arterias formada por células endoteliales que se

engrosa durante la aterosclerosis) a 8 ni a 12 semanas (Figura 17c-d).
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Figura 17: La ausencia de MT4-MMP en células de médula 6sea produce un incremento en la
acumulacion de lipidos en la placa durante aterosclerosis. a. Imagenes representativas de aortas de
ratones LDLR irradiados y trasplantados con médula 6sea MT4-MMP** 0 MT4-MMP--, alimentados con
dieta grasa durante los tiempos indicados y tefiidas con ORO (Oil Red-O) in toto. b. Cuantificacién del
porcentaje de area de ORO positiva en el arco adrtico y en la aorta descendente de ratones tratados
como en a. n= 6 ratones por genotipo en 2 experimentos independientes a 8 semanas y 16 ratones por
genotipo en 3 experimentos independientes a 12 semanas. Los datos fueron analizados mediante ANOVA
de dos colas seguido de un post-test de Bonferroni. *p<0.05. c. Imagenes representativas de valvulas
aodrticas de ratones LDLR* irradiados y trasplantados con médula 6sea MT4-MMP** o MT4-MMP,
alimentados con dieta grasa durante los tiempos indicados y tefiidos con H&E. La barra de escala
equivale a 100 pm. d. Cuantificacion del area de la intima de ratones tratados como en c. n= 6 ratones
por genotipo en 2 experimentos independientes a 8 semanas y 16 ratones por genotipo en 3
experimentos independientes a 12 semanas. Los datos fueron analizados mediante ANOVA de dos colas
seguido de un post-test de Bonferroni.
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Para caracterizar la evolucién de la aterosclerosis, clasificamos las placas de acuerdo
a su progresion siguiendo la clasificacion de Stary®3. Las placas se clasifican en rangos
de severidad del | al VI de menos a mas avanzadas de acuerdo a los siguientes
pardmetros histologicos: presencia de macrofagos aislados (placas de tipo 1),
presencia de células espumosas en la placa (placas de tipo Il), presencia de pequefias
acumulaciones de lipidos extracelulares (placa de tipo Ill), presencia de un nucleo de
lipidos extracelulares (placa de tipo IV o ateroma), presencia de un casquete fibroso
(placa de tipo V o fibroateroma) y presencia de hemorragia (placa de tipo VI o lesion
complicada, trombo) (Figura 18a). Los ratones LDLR™ trasplantados con médula 6sea
MT47 mostraban placas mas avanzadas a 8 y 12 semanas que los ratones con
médula 6sea MT4*"* (Figura 18b). Del mismo modo, tras 12 semanas de dieta grasa
habia un mayor porcentaje de ratones LDLR trasplantados con médula ésea MT4™"
con el area necrotica mas extensa en la placa y con un casquete fibroso mas grueso
(Figura 18c-d). En conjunto estos resultados indicaban que la ausencia de MT4-MMP
en el compartimento hematopoyético induce una acumulacién de macréfagos vy lipidos

en las placas y una aceleracion de la aterosclerosis.
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Figura 18: La ausencia de MT4-MMP en células de médula 6sea acelera la progresion
de la aterosclerosis. a. Imagenes representativas de valvulas aérticas de ratones LDLR
alimentados con dieta grasa y tefiidas con H&E, mostrando los diferentes estadios de la
clasificacién de Stary. La barra de escala equivale a 200 um. b. Porcentaje de ratones
LDLR" irradiados y trasplantados con médula 6sea MT4-MMP** 0 MT4-MMP, alimentados
con dieta grasa durante los tiempos indicados, en cada estadio de la clasificacion de Stary.
n= 6 ratones por genotipo en 2 experimentos independientes a 8 semanas y 16 ratones por
genotipo en 3 experimentos independientes a 12 semanas. Los datos fueron analizados
mediante el método de Chi cuadrado. ***p<0.001. Porcentaje en los rangos de tamafio de
nucleo necrético (c) y del grosor del casquete fibrético (d) de ratones LDLR irradiados y
trasplantados con médula 6sea MT4-MMP** o MT4-MMP-, alimentados con dieta grasa
durante los tiempos indicados. n= 6 ratones por genotipo en 2 experimentos independientes
a 8 semanas y 16 ratones por genotipo en 3 experimentos independientes a 12 semanas.
Los datos fueron analizados mediante el método de Chi cuadrado. **p<0.01.

Dado que MT4-MMP se expresa también en las células de musculo liso vascular y en
el endotelio de las placas de ateroma, investigamos si la deficiencia total de MT4-MMP
afectaba al desarrollo de la aterosclerosis del mismo modo que lo hacia su deficiencia
en células de médula ésea. Para ello utilizamos los ratones dobles-deficientes LDLR™-
IMT47", Tras alimentarlos con dieta grasa, no observamos diferencias entre genotipos
en el peso ni en los niveles de glucosa, colesterol y triglicéridos en sangre (Figura
19a-b), al igual que ocurria con los ratones trasplantados. Tras 16 semanas de dieta
grasa observamos que los ratones LDLR” deficientes en MT4-MMP presentaban
mayor area de lesion lipidica en el cayado aértico (Figura 19c-d) y placas mas
avanzadas segun la clasificacion de Stary (Figura 19e-f) comparados con los ratones
LDLR”/MT4**. La similitud del fenotipo de los ratones dobles deficientes con el de los
ratones trasplantados nos indica que MT4-MMP ejerce su funcién principal en la

aterosclerosis mediante sus acciones en las células derivadas de médula 6sea.
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Figura 19: La ausencia total de MT4-MMP acelera la progresion de la aterosclerosis.
Peso (a) y niveles de glucosa, colesterol y triglicéridos (b) en suero de ratones LDLR"MT4-
MMP** o LDLR"MT4-MMP-- y alimentados con dieta grasa durante los tiempos indicados. n=
8 y 12 ratones por genotipo a 8 y 12 semanas en 2 experimentos independientes. Los datos
fueron analizados mediante ANOVA de dos colas seguido de un post-test de Bonferroni. c.
Imagenes representativas de aortas de ratones LDLR*MT4-MMP**+ o LDLR*MT4-MMP- y
alimentados con dieta grasa por los tiempos indicados y tefiidos para ORO (Oil Red-O) in
toto. d. Cuantificacion del porcentaje de area de ORO positiva en el arco aértico y en la aorta
descendente en ratones tratados como en c. n=8 y 12 ratones por genotipo a 8 y 12
semanas en 2 experimentos independientes. Los datos fueron analizados mediante ANOVA
de dos colas seguido de un post-test de Bonferroni. *p<0.05. e. Imagenes representativas
valvulas aérticas de ratones LDLR*MT4-MMP** o LDLR*MT4-MMP--, alimentados con dieta
grasa durante los tiempos indicados y tefiidos con H&E. La barra de escala equivale a 100
um. f. Porcentaje de ratones LDLR”MT4-MMP** o LDLR*-MT4-MMP-- alimentados con dieta
grasa durante los tiempos indicados, en cada estadio de la clasificacion de Stary. n=8 y 12
ratones por genotipo a 8 y 12 semanas en 2 experimentos independientes. Los datos fueron
analizados mediante el método de Chi cuadrado. ***p<0.001.
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La acumulacién de macréfagos MT4-MMP- en la placa aterosclerética no

depende de su egresidn, apoptosis ni proliferacién

Quisimos investigar entonces cual podria ser el mecanismo por el que se estaban
acumulando mas macréfagos en la placa aterosclerética en ausencia de MT4-MMP.
Esta establecido que la cantidad de macréfagos en la placa depende principalmente
del balance entre la llegada y reclutamiento inicial de monocitos circulantes a la pared
vascular inflamada y la egresion, apoptosis y proliferacion de los macréfagos en la
placa”.

Primero, investigamos si habia diferencias en la egresion de los macrofagos desde el
tejido inflamado. Dada la dificultad metodoldgica para abordar este andlisis en la placa
aterosclerética, decidimos investigar el proceso de egresion en el modelo de peritonitis
inducida por TG. Para ello, se aislaron macréfagos peritoneales de ratones MT4** y
MT4" tras 3 dias de TG, se marcaron con sondas fluorescentes de distinto color y se
inyectaron en proporciéon 1:1 intraperitonealmente en ratones control con peritonitis.
Tras la transferencia de los macréfagos, se indujo su egresion con LPS inyectado via
intraperitoneal y se analiz6 tras 4 horas (Figura 20a). No se observaron diferencias en
el nimero de macréfagos MT47 y MT4** presentes en el exudado peritoneal (Figura
20b-d), ni en el bazo (Figura 20e-f), lo cual indica que su egresion no estaba afectada
por la ausencia de MT4-MMP. Dado que el LPS puede inducir muerte celular, se
investigaron los niveles de apoptosis de los macréfagos MT4** y MT4” en la cavidad

peritoneal tras LPS, no observandose diferencias (Figura 20g-h).
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Figura 20: La ausencia de MT4-MMP no afecta a la egresion de los macréfagos del
area de inflamacién. a. Esquema del disefio experimental de egresién de macréfagos
peritoneales MT4-MMP** y MT4-MMP7 marcados. b. Gréficas de nube de puntos
representativas de lavados peritoneales de ratones MT4-MMP** en peritonitis y tras la
inyeccion de macr6fagos marcados y extraidos tras 4 horas de estimulacion con LPS o PBS
como control. ¢c. Imagen representativa de macréfagos peritoneales MT4-MMP** y MT4-
MMP-- tras peritonitis y marcados con las sondas PKH67 (verde) y PKH26 (rojo)
respectivamente. La barra de escala equivale a 100 um. d. Cuantificacién del nimero de
macréfagos marcados en ratones tratados como en b. n= 6 ratones por genotipo en 2
experimentos independientes. Los datos fueron analizados mediante ANOVA de una cola
seguido de un post-test de Bonferroni. ***p<0.001. e. Graficas de nube de puntos
representativas de bazos de ratones tratados como en b y la cuantificacién del nimero de
células marcadas presentes (f). n= 6 ratones por genotipo en 2 experimentos
independientes. Los datos fueron analizados mediante ANOVA de una cola seguido de un
post-test de Bonferroni. g. Histogramas representativos de los macréfagos marcados con
Hoechst 33258 (H058) de ratones tratados como en b, y la cuantificaciéon de la mortalidad
de los macréfagos marcados (h). n= 6 ratones por genotipo de 2 experimentos
independientes. Los datos fueron analizados mediante ANOVA de una cola seguido de un
post-test de Bonferroni.

Seguidamente investigamos si habia diferencias en apoptosis o proliferacién de los
macréfagos en la placa. Para ello tefiimos para caspasa-3 procesada (marcador de
apoptosis) y Ki67 (marcador de proliferacion) placas de ateroma de ratones
trasplantados tras 8 semanas de dieta grasa (Figura 2la y c), sin detectarse
diferencias significativas entre genotipos en la apoptosis ni en la proliferacién de los

macrofagos (Figura 21b y d).
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Figura 21: La ausencia de MT4-MMP en células de médula 6sea no afecta a la muerte
ni proliferaciéon de los macréfagos en la placa de ateroma. a. Imagenes representativas
de vélvulas aorticas de ratones LDLR" irradiados y trasplantados con médula ésea MT4-
MMP** o0 MT4-MMP-, alimentados con dieta grasa durante 8 semanas y teflidos para Mac3
(gris), caspasa 3 procesada (rojo), SMA (verde) y los nucleos (Hoechst) en azul. La barra
de escala equivale a 100 um. b. Cuantificacién del porcentaje de macréfagos positivos para
caspasa 3 procesada en la placa de ratones tratados como en a. n=6 ratones por genotipo
en 2 experimentos independientes. Los datos fueron analizados mediante el método de la t
de Student. c. Imagenes representativas de valvulas aorticas de ratones LDLR"- irradiados
y trasplantados con médula 6sea MT4-MMP** o MT4-MMP--, alimentados con dieta grasa
durante 8 semanas y tefidos para Mac3 (gris), Ki67 (rojo), SMA (verde) y los nudcleos
(Hoechst) en azul. La barra de escala equivale a 100 um. d. Cuantificacion del porcentaje
de macrdéfagos Ki67+ en la placa de ratones tratados como en c¢. n=6 ratones por genotipo
en 2 experimentos independientes. Los datos fueron analizados mediante el método de la t
de Student.
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La ausencia de MT4-MMP induce un mayor reclutamiento de monocitos

patrulleros al endotelio inflamado durante la aterosclerosis incipiente

Puesto que no se habian observado diferencias en la egresién, apoptosis ni
proliferaciébn de los macro6fagos, procedimos a investigar si habia diferencias en el

reclutamiento de los monocitos.

Durante el reclutamiento de monocitos a los tejidos inflamados hay dos componentes
celulares fundamentales, el endotelio luminal de los vasos, que en situacion de
inflamacién incrementa la expresion en membrana de proteinas como ICAM1; y los
monocitos circulantes en la sangre, que expresan en la membrana determinados
receptores, como las integrinas aMp2 (Mac1) o aLB2 (LFA1), que son capaces de
reconocer los ligandos en el endotelio, y a través de ellos adherirse y transmigrar al
tejido inflamado?*. Investigamos la activacion del endotelio durante aterosclerosis
mediante tincion con ICAM1 (Figura 22a) en ratones LDLR™ trasplantados con médula
MT4** o MT4" tras 8 semanas de dieta grasa, no observando diferencia entre los

genotipos (Figura 22b).
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Figura 22: La ausencia de MT4-MMP en las células de médula 6sea no afecta a la
activacion del endotelio durante la aterosclerosis. a. Imagenes representativas de
valvulas aorticas de ratones LDLR” irradiados y trasplantados con médula 6sea MT4-
MMP** o MT4-MMP--, alimentados con dieta grasa durante 8 semanas y tefiidos para
ICAM1 (gris), CD31 (rojo), Mac3 (verde) y los nlcleos (Hoechst) en azul. La barra de escala
equivale a 100 pum. b. Cuantificacion de la intensidad media de fluorescencia (IMF) de
ICAM1 en el endotelio de ratones tratados como en a. n=6 ratones por genotipo en 2
experimentos independientes. Los datos fueron analizados mediante el método de la t de
Student.

Seguidamente investigamos el componente monocitico durante la aterosclerosis. Para
ello analizamos las principales poblaciones de monocitos circulantes (clasicos, y
patrulleros) utilizando los marcadores CD45, integrina aM y Ly6C, y discriminando por
tamafio y complejidad; con esta estrategia se observaban los mismos resultados que
los obtenidos con la utilizacion del marcador canénico de monocitos CD115, sin
discriminar por tamafo y complejidad (Figura 23a-b). No observamos diferencias en el
porcentaje de monocitos clasicos (CD45+ integrina aM+ Ly6C+) en los ratones LDLR™
trasplantados con médula ésea MT4" (Figura 23c), mientras que si habia un menor
porcentaje de monocitos patrulleros (CD45+ integrina aM+ Ly6C-) en ausencia de
MT4-MMP (Figura 23d). Ademas, tanto los monocitos clasicos como los patrulleros
expresaban niveles mas elevados en la membrana de la integrina aMB2 en ausencia
de MT4-MMP (Figura 23c-d), al igual que ocurria en los macrofagos peritoneales tras

peritonitis (Figura 9a).
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Figura 23: La ausencia de MT4-MMP en células de médula 6sea incrementa los niveles
de la integrina aMB2 en la superficie de los monocitos durante la aterosclerosis. a.
Estrategia de analisis y cuantificacion de monocitos clasicos (Ly6C+) y monocitos patrulleros
(Ly6C-) en la sangre de raton utilizando el marcador de monocitos CD115. b. Estrategia de
andlisis y cuantificacion de monocitos clasicos (Ly6C+) y monocitos patrulleros (Ly6C-) en la
sangre de raton utilizando la restriccion por tamafio y complejidad. Cuantificacién del
porcentaje de monocitos clasicos (c) y de monocitos patrulleros (d) circulantes en sangre de
ratones LDLR* irradiados y trasplantados con médula MT4-MMP** o MT4-MMP-,
alimentados con dieta grasa durante los tiempos indicados. Las IMF de la integrina aM (aM)
se muestran en los paneles derechos. n= 6-12 ratones por condicién en 2-4 experimentos
independientes. Los datos fueron analizados mediante ANOVA de dos colas seguido de un
post-test de Bonferroni. *p<0.05, **p<0.01.

81



RESULTADOS

Tras ello analizamos el nimero de monocitos reclutados inicialmente a la aorta
inflamada de ratones LDLR” trasplantados y alimentados con dieta grasa durante 3
dias, mediante la tincién de la curvatura menor del cayado aortico in toto con CD115 y
Ly6C (Figura 24a). A pesar del bajo numero de monocitos que se reclutan en estos
estadios a la placa, pudimos observar que habia un incremento significativo en el
namero de monocitos patrulleros en ausencia de MT4-MMP, sin variar el nUmero de
monocitos clasicos (Figura 24b), indicando que a pesar de que la ausencia de MT4-
MMP incrementa los niveles de la integrina aMB2 en ambas poblaciones de monocitos,
Unicamente los patrulleros se reclutan en mayor nimero al endotelio inflamado en
ausencia de MT4-MMP.
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Figura 24: La ausencia de MT4-MMP en células de médula 6sea incrementa la
acumulacion de monocitos patrulleros en las placas incipientes de ateroma. a.
Imagenes ortogonales representativas del cayado aértico de ratones LDLR irradiados y
trasplantados con médula ésea MT4-MMP** o MT4-MMP--, alimentados con dieta grasa
durante 3 dias y tefiidos in toto para CD115 (rojo) y Ly6C (verde). Los nlcleos se muestran
en azul (Hoechst) y en verde también se observa la elastina (autofluorescencia). La barra
de escala equivale a 20 um. b. Cuantificacion del nimero de monocitos clasicos (panel
izquierdo) y de monocitos patrulleros (panel derecho) presentes en los ratones tratados
como en a. n=6 ratones por genotipo en 2 experimentos independientes. Los datos fueron
analizados mediante el método de la t de Student. *p<0.05.

Para confirmar que el efecto de la ausencia de MT4-MMP en el incremento de los
monocitos patrulleros en la placa de ateroma a 3 dias de dieta grasa se ejercia
directamente por la accion de MT4-MMP en dichos monocitos, y que no se veia
afectado por su ausencia en otras células hematopoyéticas, realizamos un
experimento de transferencia adoptiva. Para ello aislamos monocitos patrulleros de

ratones MT4** y MT4" cruzados con el ratén reportero CX3CR1°FPWT 'y se trasfirieron
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a ratones deficientes en LDLR (Figura 25a). Tras 3 dias de dieta grasa, se analiz6 el
namero de células transferidas (GFP positivas) que estaban adheridas al endotelio
inflamado del arco menor del cayado aértico (Figura 25b), observando que habia un
nimero mayor de monocitos patrulleros deficientes en MT4-MMP comparado con los
MT4** (Figura 25c).

Aislamiento de los monocitos patrulleros
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Figura 25: El incremento de los monocitos patrulleros adheridos a la placa de
ateroma incipiente depende de la accién de MT4-MMP en dichos monocitos. a.
Esquema del disefio experimental de la transferencia adoptiva de células CX3CR1GFP* en
ratones LDLR”-. b. ImaAgenes ortogonales representativas del cayado adrtico de ratones
LDLR"inyectados i.v. con monocitos patrulleros de ratones CX3CR1CGFP*MT4-MMP** o
CX3CR1CGFP+*MT4-MMP-, alimentados con dieta grasa durante 3 dias y tefiidos in toto para
GFP (rojo) y CD31 (gris), los nucleos se muestran en azul (Hoechst) y en verde se observa
la elastina (autofluorescencia). La barra de escala equivale a 20 um. c. Cuantificacion del
ndamero de monocitos patrulleros GFP+ adheridos al endotelio de ratones tratados como en
b. n=6 ratones por genotipo en 2 experimentos independientes. Los datos fueron
analizados mediante el método de la t de Student. **p<0.01.

Estos resultados nos indicaban que la ausencia de MT4-MMP en los monocitos

patrulleros incrementaba su acumulacién en las zonas de dafio vascular.
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En ausencia de MT4-MMP hay un incremento de macréfagos CD11c+ en

placas de aterosclerosis incipientes

Mediante microscopia analizamos entonces el numero de macréfagos en las placas
incipientes tras 7 dias de dieta grasa y no observamos diferencias significativas entre
genotipos (Figura 26a-b). Puesto que en las placas de ateroma hay un conjunto
heterogéneo de macréfagos, con distintos marcadores y funciones, analizamos si la
ausencia de MT4-MMP en estos estadios tempranos podia afectar al fenotipo de los
macrofagos aunque no cambiara su abundancia total. Dado que los monocitos
patrulleros pueden dar lugar a macréfagos CD11c+ en el pulmén y en la placa de
ateroma'® 273 analizamos este marcador y observamos que hay un mayor nimero de
macrofagos (Mac3+) que expresan CD1lc en las placas tras 7 dias de dieta grasa de
los ratones LDLR™ trasplantados con médula 6sea MT4" (Figura 26a,c).

Puesto que en ausencia de MT4-MMP se observaba una mayor acumulacion de
lipidos en placas mas avanzadas (Figura 17a-b), y los monocitos patrulleros son
capaces de captar lipidos en la placa®, analizamos la capacidad de los macréfagos
CD11c+ deficientes en MT4-MMP de acumular lipidos mediante tincién con adipofilina,
que es una proteina presente en la membrana de las gotas de lipidos intracelulares de
las células espumosas!®® (Figura 26a). Pese a que habia mas macréfagos con lipidos
en su interior en los ratones trasplantados con células deficientes en MT4-MMP tras 7
dias de dieta grasa (Figura 26d), una menor proporcion de macrofagos CD1lc+
contenian lipidos (Figura 26e). Ello nos indicaba que en ausencia de MT4-MMP habia
un incremento de macréfagos CD11c+, pero que esta poblacibn no parecia ser la

implicada en el incremento posterior de lipidos en las placas.
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Figura 26: La ausencia de MT4-MMP en células de médula 6ésea incrementa la
acumulacion de macréfagos CD1lc+ en placas incipientes de ateroma. a. Imagenes
representativas de las valvulas aérticas de ratones LDLR” irradiados y trasplantados con
médula 6sea MT4-MMP** o MT4-MMP-, alimentados con dieta grasa durante 1 semana y
tefiidos con Mac3 (verde), adipofilina (rojo), CD11c (gris) y los nucleos se muestran en azul
(Hoechst). La barra de escala equivale a 10 um. b. Cuantificacion del nimero de macréfagos
(células positivas para Mac3) en ratones tratados como en a. n=7 ratones por genotipo en 2
experimentos independientes. Los datos fueron analizados mediante el método de la t de
Student. ¢. Cuantificaciéon del nUmero de macréfagos CD11c+ en ratones tratados como en a.
n=7 ratones por genotipo en 2 experimentos independientes. Los datos fueron analizados
mediante el método de la t de Student. *p<0.05. d. Porcentaje de macrofagos positivos y
negativos para adipofilina en ratones tratados como en a. n=7 ratones por genotipo en 2
experimentos independientes. Los datos fueron analizados mediante la prueba exacta de
Fisher. **p<0.01. e. Porcentaje de macréfagos CD11c+, positivos y negativos para adipofilina
en ratones tratados como en a. n=7 ratones por genotipo en 2 experimentos independientes.
Los datos fueron analizados mediante la prueba exacta de Fisher. *p<0.05.
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En ausencia de MT4-MMP se acumulan macré6fagos Mafb+AIM/CD5L+ en
placas incipientes de aterosclerosis y en peritonitis estéril, qgue son mas
resistentes a apoptosis y mas activos captando lipidos pero no mas

inflamatorios

En otros contextos se ha visto que los monocitos patrulleros pueden activar un
programa de diferenciacion a macréfago via la expresion del factor de transcripcion
Mafb?’, el cual a su vez puede inducir la expresién en macréfagos de genes diana
tales como AIM (del inglés “apoptosis inhibitor of macrophages” y también denominado
CD5L). Mediante tinciones de inmunofluorescencia de placas tras 7 dias de dieta
grasa detectamos un aumento significativo en el numero de macréfagos que
expresaban Mafb y AIM/CD5L en lesiones incipientes de ratones LDLR™ trasplantados
con médula 6sea MT4" (Figura 27a-c), con una mayor proporcion de los mismos con
lipidos en su interior (Figura 27d-e).

La funcién primaria de AIM/CD5L es la inhibicién de la apoptosis de macréfagos. De
este modo observamos una tendencia a un menor nimero de macréfagos apoptoticos
(positivos para caspasa-3 procesada) en las lesiones tempranas tras 7 dias de dieta
grasa de los ratones LDLR™ trasplantados con médula 6sea MT4”" (8.1+3.8% en
MT4** vs 6+£1.6% en MT4"). Este incremento en los macréfagos AIM/CD5L+ no se
observa sin embargo a 8 y 12 semanas tras dieta grasa (Figura 28a-b).
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Figura 27: La ausencia de MT4-MMP en células de médula ésea incrementa la
acumulacion de macréfagos Mafb+AIM/CD5L+ que captan lipidos en las placas
incipientes de ateroma. a. Imagenes representativas de valvulas aérticas de ratones LDLR-
I irradiados y trasplantados con médula 6sea MT4-MMP** o0 MT4-MMP-, alimentados con
dieta grasa durante 1 semana y tefiidos para Mac3 (verde), Mafb (rojo), AIM/CD5L (gris) y
los nlcleos se muestran en azul (Hoechst). La barra de escala equivale a 10 um. b.
Cuantificacion del niumero de macréfagos Mafb+ en ratones tratados como en a. n=7
ratones por genotipo en 2 experimentos independientes. Los datos fueron analizados
mediante el método de la t de Student. *p<0.05. ¢. Cuantificacion del nimero de macréfagos
Mafb+AIM+ en ratones tratados como en a. n=7 ratones por genotipo en 2 experimentos
independientes. Los datos fueron analizados mediante el método de la t de Student.
*<p0.05. d. Imagenes representativas de valvulas adrticas de ratones LDLR” irradiados y
trasplantados con médula 6sea MT4-MMP** o MT4-MMP-, alimentados con dieta grasa
durante 1 semana y tefiidos para Mac3 (verde), Mafb (rojo), adipofilina (gris) y los nicleos se
muestran en azul (Hoechst). La barra de escala equivale a 10 pym. e. Porcentaje de
macrofagos Mafb+, positivos y negativos para adipofilina en ratones tratados como en d.
n=7 ratones por genotipo en 2 experimentos independientes. Los datos fueron analizados
mediante la prueba exacta de Fisher. *p<0.05.
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Figura 28: El incremento de macr6fagos AIM/CD5L+ en la placa de ateroma en
ausencia de MT4-MMP en células de médula 6sea no se mantiene en estadios
avanzados de la aterosclerosis. a. Imégenes representativas de vélvulas adrticas de
ratones LDLR irradiados y trasplantados con médula 6sea MT4-MMP** o MT4-MMP--,
alimentados con dieta grasa durante los tiempos indicados y tefiidos para Mac3 (verde),
AIM/CD5L (rojo), y los ndcleos se muestran en azul (Hoechst). La barra de escala equivale
a 10 um. Numero (b) y porcentaje (c) de macréfagos AIM/CD5L+ en ratones tratados como
en a. n=6 ratones por genotipo en 2 experimentos independientes. Los datos fueron

analizados mediante el método estadistico de la t de Student.

Para entender mejor las propiedades funcionales de los macré6fagos Mafb+AIM/CD5L+

utilizamos de nuevo el modelo de peritonitis inducida por TG.

Primero confirmamos que tras inducir peritonitis los ratones MT4” tenian también un

porcentaje significativamente mayor de macrofagos peritoneales que expresaban Mafb

(Figura 29a-b), similar al fenotipo observado en las placas de ateroma incipientes

(Figura 27a-c). Estos macréfagos mostraban también niveles de expresion de

AIM/CD5L mas altos analizado tanto por tincién de inmunofluorescencia (Figura 29c)

como por citometria de flujo (Figura 29d). No se detectaron sin embargo diferencias

en los niveles de ARN mensajero de Mafb ni deCd5I entre genotipos (Figura 29e).
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Figura 29: La ausencia de MT4-MMP incrementa el porcentaje de macréfagos Mafb+y su
expresion de AIM/CD5L en peritonitis. a. Imégenes representativas de macréfagos
peritoneales de ratones MT4-MMP** y MT4-MMP-- tras peritonitis y tefiidos para la integrina aM
(gris), Mafb (rojo), AIM/CD5L (verde) y los nucleos en azul (Hoechst). La barra de escala
equivale a 20 um. b. Cuantificacién del numero de células Mafb+ en muestras tratadas como en
a. h=6 muestras por genotipo en 2 experimentos independientes. Los datos fueron analizados
mediante el método de la t de Student. *p<0.05. c. Cuantificacién de la intensidad media de
fluorescencia (IMF) de AIM/CD5L en muestras tratadas como en a. n=6 muestras por genotipo
en 2 experimentos independientes. Los datos fueron analizados mediante el método de la t de
Student. *p<0.05. d. Histogramas representativos de la expresién en membrana de AIM/CD5L
en macréfagos peritoneales de ratones MT4-MMP** y MT4-MMP* tras peritonitis (panel
izquierdo) y la cuantificacion de su IMF (panel derecho). n=6 muestras por genotipo en 2
experimentos independientes. Los datos fueron analizados mediante el método de la t de
Student. *p<0.05. e. Expresion relativa de ARNm de Mafb y Cd5l de macréfagos peritoneales de
ratones MT4-MMP** y MT4-MMP” tras peritonitis. n=6 muestras por genotipo en 2
experimentos Independientes. Los datos fueron analizados mediante el método de la t de
Student.
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Figura 30: La ausencia de MT4-MMP en macréfagos peritoneales aumenta su
resistencia a la muerte celular. a. Imagenes representativas de macrofagos peritoneales
de ratones MT4-MMP** y MT4-MMP-- tras peritonitis, tratados con cicloheximida y tefidos
para la integrina aM (gris), caspasa 3 procesada (verde) y los nucleos en azul (Hoechst). La
barra de escala equivale a 20 um. b. Porcentaje de los macréfagos positivos para caspasa 3
procesada en muestras tratadas como en a. n=6 muestras por genotipo en 2 experimentos
independientes. Los datos fueron analizados mediante el método de la t de Student.
*p<0.05.

En relacion con la mayor expresion de AIM/CD5L, demostramos que los macréfagos
peritoneales deficientes en MT4-MMP tras TG eran mas resistentes a la apoptosis
inducida por cicloheximida (Figura 30a-b). AIM/CD5L regula también la captacion de
lipidos, principalmente aumentando los niveles del receptor de LDL modificadas
CD363% 126 Confirmamos que los macréfagos peritoneales deficientes en MT4-MMP
expresan mayores niveles de CD36 en la membrana (Figura 31a) sin mostrar
variaciones a nivel de ARN mensajero (Figura 31b). Este aumento correlaciona con
una mayor captaciéon de LDL acetiladas (AcLDL) por los macréfagos peritoneales
deficientes en MT4-MMP a distintos tiempos, siendo significativa tras 3 horas de
incubacién (Figura 31c).
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Figura 31: La ausencia de MT4-MMP en los macré6fagos peritoneales incrementa los
niveles de CD36 en superficie y su capacidad para captar lipidos. a. Histogramas
representativos de la expresién en membrana de CD36 en macrofagos peritoneales de
ratones MT4-MMP** y MT4-MMP tras peritonitis (panel izquierdo) y la cuantificaciéon de la
IMF de CD36 (panel derecho). n=6 muestras por genotipo en 2 experimentos independientes.
Los datos fueron analizados mediante el método de t de Student. *p<0.05. b. Expresion
relativa de ARNm de Cd36 y Msrl en macréfagos peritoneales de ratones MT4-MMP** y
MT4-MMP-- tras peritonitis. n= 6 muestras por genotipo en 2 experimentos independientes.
Los datos fueron analizados mediante el método de la t de Student. c. Histogramas
representativos de la sefial de AcLDL-FITC de macréfagos peritoneales de ratones MT4-
MMP**+ y MT4-MMP-- tras peritonitis (panel izquierdo) y cuantificacién de la IMF de AcLDL-
FITC (panel derecho). n=6 muestras por genotipo en 2 experimentos independientes. Los
datos fueron analizados mediante ANOVA de una cola seguido de un post-test de Bonferroni.
*p<0.05.

A pesar de gque los macrofagos peritoneales deficientes en MT4-MMP son mas
resistentes a la apoptosis y mejores captadores de lipidos, no muestran un fenotipo
mas pro-inflamatorio ya que los niveles de ARN mensajero de las citoquinas pro-
inflamatorias interleuquinas 1b (l11b) y 6 (1l6) y TNFa (Tnfa) similares a los de los
macréfagos MT4** (Figura 32a). Tampoco se detectaron diferencias en la abundancia
de ARN mensajero de las citoquinas anti-inflamatorios TGF (Tgfb) e interleuquina 10
(110), ni en los receptores de quimioquinas CCR5 (Ccr5), CCR2 (Ccr2) y CX3CR1
(Cx3crl) (Figura 32a 'y 32b).
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Figura 32: MT4-MMP en macréfagos peritoneales no modula la produccién de
citoquinas ni de receptores de quimioquinas. Expresion relativa de ARNm de las
citoquinas pro-inflamatorias (l16, Tnfa y Il1b) y anti-inflamatorias (1110 y Tgfb) (a) y de los
receptores Ccr5, Ccr2 y Cx3crl (b) en macréfagos peritoneales de ratones MT4-MMP*+ y
MT4-MMP-- tras peritonitis. n=6 muestras por genotipo en 2 experimentos independientes.
Los datos fueron analizados mediante el método de la t de Student.

La inhibicion del reclutamiento temprano de monocitos patrulleros
suprime la acumulacion de macrofagos y lipidos asi como la aceleracion
de la aterosclerosis en ausencia de MT4-MMP

Puesto que el impacto primario de la ausencia de MT4-MMP en aterosclerosis parece
ser el aumento del reclutamiento temprano de los monocitos patrulleros al endotelio
inflamado, decidimos investigar si inhibiendo ese reclutamiento se revertia el fenotipo
en la progresion de la aterosclerosis.

Como ya se ha comentado, los receptores de quimioquinas implicados en el
reclutamiento de monocitos a la pared vascular inflamada son principalmente CX3CR1,
CCR2 y CCR5. En el contexto aterosclerético, el bloqueo de cualquiera de los tres
receptores afecta al reclutamiento de los monocitos clédsicos, mientras que el
reclutamiento de los patrulleros Unicamente se encuentra disminuido sélo cuando se
bloquea CCRS5, pero no se afecta por el bloqueo de CX3CR1 o CCR234. Por ello para
inhibir el reclutamiento de los monocitos patrulleros decidimos bloquear CCR5. Para
este abordaje utilizamos el farmaco Maraviroc (MRV), un antagonista de CCRS5,
empleado en clinica para el tratamiento de pacientes infectados con VIH?7: 128

Utilizamos el modelo de ratones LDLR™ trasplantados con médula 6sea MT4** o0 MT4"
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" que tras 4 semanas de reconstitucion, se alimentaron con dieta grasa. Desde el dia 0
de dieta hasta el fin del experimento se administrd intragastricamente MRV o vehiculo
(como control), desde las 12 horas previas hasta 2 horas antes del sacrificio. El MRV
se administr6 cada 12 horas durante la primera semana y cada 24 horas durante las
restantes. Los ratones se analizaron a los 3 dias, y a 1 y 8 semanas de dieta grasa
(Figura 33a).

Tras 3 dias de dieta grasa se tifid el arco menor de los cayados aoérticos para CD115 y
Ly6C y se contaron los monocitos clasicos y patrulleros adheridos (Figura 33b-d). Tras
el tratamiento con MRV, hay una disminuciéon de los monocitos reclutados, tanto
clasicos como patrulleros, en presencia y en ausencia de MT4-MMP, igualando el
namero de monocitos patrulleros adheridos entre genotipos. Esta diferencia en el
reclutamiento no correlacionaba con variaciones en los niveles de los receptores de
gquimioquinas CCR2 y CCR5 en la membrana de los monocitos patrulleros, que eran

similares entre genotipos y tratamientos (Figura 33e).
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Figura 33: El bloqueo del reclutamiento de monocitos patrulleros a la placa incipiente
iguala la adhesién temprana de monocitos patrulleros en ratones LDLR™ trasplantados
con médula 6sea MT4-MMP” y MT4-MMP**. a. Esquema del disefio experimental de
tratamiento con maraviroc (MRV) durante aterosclerosis en ratones LDLR” irradiados y
trasplantados con médula 6sea MT4-MMP** o MT4-MMP-. b. Visualizacién ortogonal de
imagenes representativas del cayado adrtico de ratones LDLR irradiados y trasplantados
con médula ésea MT4-MMP** o MT4-MMP--, alimentados con dieta grasa durante 3 dias y
tratados con MRV o vehiculo, y tefiidos in toto para CD115 (rojo) y Ly6C (verde). Los nucleos
se muestran en azul (Hoechst) y en verde también se observa la elastina (autofluorescencia).
La barra de escala equivale a 20 um. Cuantificacién del nimero de monocitos clasicos (c) y
de monocitos patrulleros (d) adheridos en ratones tratados como en b. n=7-8 ratones por
genotipo y condiciébn en 2 experimentos independientes. Los datos fueron analizados
mediante ANOVA de una cola seguido de un post-test de Bonferroni. *p<0.05. e. Niveles de
IMF en membrana de los receptores CCR2 (panel izquierdo) y CCR5 (panel derecho) de
monocitos patrulleros de ratones LDLR irradiados y trasplantados con médula 6sea MT4-
MMP** o MT4-MMP-*, alimentados con dieta grasa durante 1 semana y tratados con MRV o
vehiculo. n=8 ratones por genotipo y condicién en 2 experimentos independientes. Los datos
fueron analizados mediante ANOVA de una cola seguido de un post-test de Bonferroni.

Tras corroborar el efecto del MRV en el reclutamiento temprano de los monocitos
patrulleros tras 3 dias de dieta grasa, analizamos si este efecto repercutia en las
poblaciones de macréfagos observadas a 1 semana. El tratamiento con MRV resultaba

en un descenso del numero de macrofagos totales en placa (Figura 34a-b), y del
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namero de macréfagos positivos para Mafb y AIM/CD5L (Figura 34c-d), igualando los

valores de macréfagos Mafb+AIM/CD5L+ entre genotipos.
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Figura 34: El bloqueo del reclutamiento de monocitos patrulleros a la placa incipiente iguala el
namero de macrofagos Mafb+AIM/CD5L+ en estadios tempranos entre ratones LDLR”
trasplantados con médula 6sea MT4-MMP” y MT4-MMP**. a. Imagenes representativas de
véalvulas adrticas de ratones LDLR” irradiados y trasplantados con médula 6sea MT4-MMP** 0 MT4-
MMP- y tratados con MRV o vehiculo, alimentados con dieta grasa durante 1 semana y tefiidos para
Mac3 (verde), Mafb (rojo), AIM/CD5L (gris) y los nucleos se muestran en azul (Hoechst). La barra de
escala equivale a 10 um. Cuantificacién del nimero de macréfagos (b), macréfagos Mafb+ (c) y
macréfagos Mafb+AIM/CD5L+ (d) en ratones tratados como en a. n=8 ratones por genotipo y
condicién en 2 experimentos independientes. Los datos fueron analizados mediante ANOVA de una
cola seguido de un post-test de Bonferroni.*p<0.05, **p<0.01, ***p<0.001.
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Finalmente analizamos el impacto del MRV en la aterosclerosis a 8 semanas de dieta
grasa. El tratamiento con MRV producia una disminucién en el namero global de
macrofagos en las placas de los ratones (Figura 35a-b), que correlacionaba con un
descenso en el acumulo de lipidos y en la aceleracién de la aterosclerosis (Figura

35c¢c-g), igualando los genotipos.
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Figura 35: El bloqueo del reclutamiento de monocitos patrulleros a la placa incipiente
iguala el nimero de macrofagos y la evolucién de la aterosclerosis en estadios
tardios entre ratones LDLR” trasplantados con médula 6sea MT4-MMP’ y MT4-
MMP**, a. Imagenes representativas de valvulas adrticas de ratones LDLR” irradiados y
trasplantados con médula 6sea MT4-MMP**+ 0 MT4-MMP- y tratados con MRV o vehiculo,
alimentados con dieta grasa durante 8 semanas y tefiidos para Mac3 (rojo) y los nucleos se
muestran en azul (Hoechst). La barra de escala equivale a 50 pm. b. Cuantificacion del
nimero de macr6fagos en ratones tratados como en a. n=7-8 ratones por genotipo y
condicion en 2 experimentos independientes. Los datos fueron analizados mediante
ANOVA de una cola seguido de un post-test de Bonferroni. *p<0.05, **p<0.01. c. Imagenes
representativas de las valvulas adrticas de ratones LDLR" irradiados y trasplantados con
médula 6sea MT4-MMP** o MT4-MMP-- y tratados con MRV o vehiculo, alimentados con
dieta grasa durante 8 semanas Yy tefiidos con H&E. La barra de escala equivale a 100 pm.
Cuantificacion del area de la intima (d) y del porcentaje de ratones segun la clasificaciéon de
Stary (e) en ratones tratados como en c. n=7-8 ratones por genotipo y condiciéon en 2
experimentos independientes. Los datos fueron analizados mediante ANOVA de una cola
seguido de un post-test de Bonferroni (d) o utilizando el método de la Chi cuadrado (e).
**p<0.01, **p<0.001. f. Im4genes representativas de aortas de ratones LDLR irradiados y
trasplantados con médula 6sea MT4-MMP**+ o0 MT4-MMP-- y tratados con MRV o vehiculo,
alimentados con dieta grasa durante 8 semanas y tefiidas in toto con ORO (Oil Red-0). g.
Cuantificacion del area de depésito de lipidos en el arco aértico en ratones tratados como
en f. n=7-8 ratones por genotipo y condicién en 2 experimentos independientes. Los datos
fueron analizados mediante ANOVA de una cola seguido de un post-test de Bonferroni.
**p<0.01, ***p<0.001.

Estos resultados nos indican que el fenotipo de aceleracion de aterosclerosis en
ausencia de MT4-MMP se debe a un incremento inicial del reclutamiento de monocitos
patrulleros, los cuales dan lugar en la placa temprana preferentemente a macréfagos
Mafb+AIM/CD5L+. A su vez, dichos macréfagos, en ausencia de MT4-MMP son mas
resistentes a la apoptosis y mas eficaces captando lipidos, lo que finalmente resulta en
estadios posteriores de la aterosclerosis en una mayor acumulacién de macréfagos y

de lipidos en la placa y en placas mas avanzadas.

La actividad catalitica de MT4-MMP es necesaria para la regulacion de los

niveles de la integrina aMB2 en la membrana de los macréfagos

Como hemos comentado anteriormente, las integrinas, y en concreto las integrinas 2,
son importantes en los eventos de adhesion y transmigracion de monocitos en el
contexto inflamatorio. De hecho la integrina aMB2 es el receptor responsable del
rastreo por monocitos patrulleros sobre el endotelio inflamado?®. Hemos determinado

que tanto los macréfagos peritoneales deficientes en MT4-MMP tras peritonitis como
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los monocitos patrulleros circulantes en ratones LDLR™ trasplantados con médula
6sea de ratones MT4”- presentan mayores niveles de la integrina aMB2 en la superficie

celular.

La ausencia de cambios en los niveles de ARNm de la integrina aM en los macréfagos
peritoneales sugeria un mecanismo de regulacion post-traslacional por MT4-MMP.
Dado que ésta es una proteasa, la primera hipotesis a testar fue si MT4-MMP podia
procesar la integrina aMp2 en la membrana de los macréfagos y/o monocitos
patrulleros. Para ello y dado que MT4-MMP al estar anclada por puente GPI se
encuentra presente en dominios lipidicos especificos de la membrana, analizamos si la
integrina aM podia localizarse en estos dominios y por tanto ser accesible a MT4-MMP
en macroéfagos peritoneales. Mediante subfraccionamiento proteico con el detergente
Tx114 de lisados de los macréfagos peritoneales tras peritonitis, observamos que en
ausencia de MT4-MMP habia un incremento de la integrina aM en la fraccion
liposoluble (Figura 36a-b), la cual esta enriquecida en dominios lipidicos ricos en
proteinas GPI'?%, y es donde se encuentra localizada MT4-MMP (Figura 7c).
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Figura 36: Los macréfagos peritoneales deficientes en MT4-MMP acumulan la
integrina aM en los dominios lipidicos de la membrana plasmatica. a. Western blot
representativo de lisados de Tx114 de macréfagos peritoneales de ratones MT4-MMP** y
MT4-MMP-- tras peritonitis. Se incluyen la tubulina y caveolina como marcadores de las
fracciones. L indica lipofilico y H hidrofélico. b. Cuantificacion de la integrina aM en la
fraccion lipofilica de muestras tratadas como en a. n=6 muestras por genotipo en dos
experimentos independientes. Los datos fueron analizados mediante el método de la t de
Student. *p<0.05.

A continuacion investigamos si la actividad catalitica de MT4-MMP era necesaria para
modular los niveles de expresion de la integrina aM en la membrana de los
macroéfagos. Utilizamos lentivirus (LV) que expresan la proteina nativa de MT4-MMP
(secuencia completa, SC) o su mutante catalitico E248A (EA, en el cual se sustituye el

glutamico E248 por una alanina, inactivando su capacidad catalitica), que ademas
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codificaban también la expresién de la proteina fluorescente GFP como reportero
(Figura 37a).

Se inocularon intraperitonealmente los LV en ratones MT47, utilizando como controles
ratones MT4** y MT4" inyectados con LV que soélo expresaban GFP (mock), y se
analiz6 el fenotipo de los macréfagos peritoneales a los 5 dias. En este modelo se
obtenia un menor nimero de macrofagos en el peritoneo que en el caso de la
peritonitis inducida por TG (hasta 3 érdenes de magnitud menor) (Figura 37b). Los
macréfagos de los ratones MT4” inyectados con LV que codificaban para GFP (mock)
tenian niveles de expresién de la integrina aM en la membrana mayores que los de los
ratones MT4*"* inyectados con dichos virus (Figura 37c¢), al igual que lo observado con
la peritonitis por TG en ratones MT4”" y MT4"* (Figura 9a). Los macrofagos
peritoneales de ratones MT4” inyectados con LV que codificaban para MT4-MMP SC
mostraban niveles de expresién de la integrina aM en membrana similares a los de los
macréfagos de ratones MT4** (Figura 37c), mientras que los macrofagos
transducidos con MT4-MMP cataliticamente inactiva mantenian niveles de membrana
de la integrina oM similares a los vistos en los macrofagos MT4” transducidos
unicamente con el mock (Figura 37c¢). Estos resultados nos indicaban que la actividad
catalitica de MT4-MMP es necesaria para regular los niveles de la integrina aM en la

membrana de los macro6fagos.

Procedimos a analizar si en los macréfagos transducidos con LV la regulacion de los
niveles de la integrina aMB2 en la membrana correlacionaba con un incremento de su
funcionalidad, tal como habiamos visto en los macréfagos obtenidos tras inyeccién de
TG (Figura 8 y 11). Aunque no observamos diferencias en el nimero de macréfagos
en la cavidad peritoneal en ninguna de las condiciones (Figura 37b), si pudimos
observar mayor nimero de células adheridas a la membrana del mesenterio en el
caso de los ratones MT4” inyectados con virus GFP, y que en sus correspondientes
controles MT4** inyectados con virus GFP (Figura 37d-e). De modo similar, los
ratones MT4” inyectados con LV que expresaban la proteina completa de MT4-MMP,
mostraba una tendencia a tener menos células adheridas al mesenterio, mimetizando
el fenotipo de ratones MT4**, mientras que aquellos ratones inyectados con virus que
expresaban la proteina cataliticamente inactiva, tendian a mostrar méas células
adheridas al mesenterio, mimetizando el fenotipo de ratones MT4" (Figura 37d-e),
aunque sin llegar a ser significativo. De igual modo, al adherir los macréfagos sobre

fibrinbgeno durante 3 y 24 horas (Figura 37f) se observé que los macréfagos MT4™"
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transducidos con LV codificantes de la proteina intacta de MT4-MMP, tenian menor
area (similar a los macréfagos control transducidos con GFP), que aquellos
transducidos con la proteina cataliticamente inactiva, los cuales tenian un area mas
similar a la de los macréfagos deficientes en MT4-MMP a las 24 horas, sin mostrar
diferencias en el niumero de células adheridas ni en su circularidad (Figura 37h-i).
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Figura 37: Los niveles de la integrina aM en la membrana de los macréfagos
peritoneales es dependiente de la actividad catalitica de MT4-MMP. a. Esquema de la
construccion del lentivirus codificante para la proteina total de MT4 (Secuencia Completa,
SC), su mutante catalitico (E248A, EA), y el control (Mock). Cuantificacion del nimero de
macréfagos peritoneales (b) y de la IMF de la integrina aM en su membrana (c), extraidos
tras 5 dias de inyeccion de los virus mostrados en a, en ratones MT4-MMP** y MT4-MMP-
como se indica. n=6 ratones por genotipo y condicién en 2 experimentos independientes.
Los datos fueron analizados mediante ANOVA de una cola seguido de un post-test de
Bonferroni. *p<0.05, **p<0.01, ***p<0.001. d. Imagenes representativas de membranas
peritoneales de ratones MT4-MMP**+ y MT4-MMP-- tras 5 dias de la inyeccién con los virus
indicados en a y tefiidos para la integrina aM. La barra de escala equivale a 100 um. e.
Cuantificacion del nimero de células del experimento mostrado en d. n=6 ratones por
genotipo y condiciébn en 2 experimentos independientes. Los datos fueron analizados
mediante ANOVA de una cola seguido de un post-test de Bonferroni. *p<0.05, **p<0.01,
***n<0.001. f. Imé&genes representativas de macréfagos peritoneales de ratones MT4-
MMP** y MT4-MMP- tras 5 dias de la inyeccién con los virus indicados en a, plaqueados
sobre fibrindgeno y tefiidos para actina tras 3 o 24 horas de adhesion. La barra de escala
equivale a 30 pm. Cuantificacién del nimero de células por campo (g), circularidad (h) y
area (i), del experimento mostrado en f. n=6 ratones por genotipo y condiciéon en 2
experimentos independientes. Los datos fueron analizados con ANOVA de una cola seguido
de un post-test de Bonferroni.

Estos datos indican que la actividad catalitica de MT4-MMP es necesaria para modular

los niveles de la integrina aM en la membrana de los macréfagos.

MT4-MMP procesa la cadena aM de la integrina aMp2

El procesamiento de un sustrato por una proteasa MMP se suele validar mediante
ensayos de digestion in vitro en los que se incuba la proteina recombinante del posible
sustrato con el domino catalitico recombinante de la proteasa y se analiza la
generacion de fragmentos proteoliticos mediante bioguimica, cominmente mediante
Western blot. En el caso de la integrina aMB2 dicho abordaje no es posible pues al ser
una proteina heterodimérica y transmembrana es extremadamente dificil la obtencién
de la proteina recombinante completa, con correcto plegamiento y conformacion.
Procedimos por tanto a un primer andlisis in silico para la identificacion de posibles
sitios de procesamiento en las cadenas aM y B2 de la integrina por la proteasa MT4-
MMP. Para ello se utilizo el software Cleavpredict

(http://cleavpredict.sanfordburnaham.org/**°).  Cleavpredict identifica los sitios

susceptibles de ser cortados en determinadas proteinas por distintas
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metaloproteinasas, en nuestro caso por MT4-MMP, y los clasifica segun su
accesibilidad y probabilidad de corte. Esta lista fue refinada mediante el modelado in
silico del dimero de MT4-MMP en aposicién con la integrina aMB2 y con ambas
aproximaciones se pudo detectar la posicion EN®"’LSS como la Unica en la que el sitio
de corte predicho para la cadena aM era accesible al centro catalitico de MT4-MMP
(Figura 38a-b y Tabla Suplementaria 1). Confirmamos mediante la base de datos

MEROPS (http://merops.sanger.ac.uk/) que el corte entre asparagina (N) y leucina (L)

es frecuente para MT4-MMP.
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Figura 38: MT4-MMP es capaz de procesar la cadena aM de la integrina aMB2 in vitro. a. Esquema de
la integrina aMB2 indicando el sitio de corte de aM predicho in silico en rojo. b. Representacién de MT4-
MMP (gris) con la integrina aMB2 (verde y azul) indicando la posicién del dominio catalitico de MT4-MMP
(naranja) y el sitio de corte de la integrina aM teédrico (rojo). c. Extractos de espectometria de masas
representativos de los péptidos obtenidos de la incubacion in vitro del péptido predicho de la integrina aM
en presencia y ausencia del dominio catalitico recombinante de MT4-MMP. d. Cuantificacion de la
abundancia relativa del péptido de la integrina aM intacto y de su fragmento del experimento descrito en c.
n=4 experimentos independientes. Los datos fueron analizados mediante ANOVA de una cola seguido de
un post-test de Bonferroni. *p<0.05, **p<0.01.
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Para corroborar el procesamiento de la cadena aM de la integrina por MT4-MMP
sintetizamos un péptido que contenia la secuencia predicha del sitio de corte
(RPQVTFSENLSSTCHTKER) y lo incubamos en presencia o ausencia de la proteina
recombinante correspondiente al dominio catalitico de MT4-MMP humana, tras lo cual
se analizdé por espectometria de masas la presencia del péptido integro y de su
correspondiente fragmento N-terminal (RPQVTFSEN) (Figura 38c). Pudimos
comprobar que en presencia del dominio catalitico de MT4-MMP habia mayor
abundancia del fragmento procesado (Figura 38d). Por tanto pudimos concluir que

MT4-MMP es capaz de cortar la cadena aM de la integrina aMB2 en la posicion N°77L.

La ausencia de MT4-MMP induce un incremento del niumero de monocitos
patrulleros que rastrean el endotelio inflamado de modo dependiente de

la integrina aMf32

Los monocitos patrulleros se caracterizan por un patron de adhesion y migracion tnico
en el que son capaces de desplazarse sobre el endotelio en un movimiento de rastreo
para detectar dafio endotelial y favorecer la restauracion de la homeostasis?®. Aunque
la integrina aLB2 es la encargada de este rastreo de los monocitos patrulleros sobre el
endotelio en condiciones homeostéticas, la integrina implicada en situacién de dafio o

inflamacion es la integrina aMp227” 132,

Por ello, y dado que habiamos observado un incremento de la integrina aMB2 en los
monocitos patrulleros y un aumento de su reclutamiento temprano al endotelio
inflamado durante la aterosclerosis incipiente, analizamos si su comportamiento de
rastreo intravascular in vivo estaba afectado en ausencia de MT4-MMP. Utilizamos el
modelo de microscopia intravital en el muasculo cremaster del ratobn en el que
activamos el endotelio mediante la inyeccion intratesticular de la quimioquina CCL2
(MCP1), clave en el reclutamiento de monocitos durante la aterosclerosis, y se tifieron
los monocitos para CD115 y Ly6C, con el fin de poder discriminar entre monocitos
clasicos y patrulleros, positivos y negativos para Ly6C respectivamente, (Figura 39a).
En ausencia de MT4-MMP, habia un namero significativamente mayor de monocitos
patrulleros rastreando el endotelio activado (Figura 39b-c), sin cambios en la

velocidad, distancia ni coeficiente de confinamiento de dichos monocitos (Figura 40a-
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c). En una aproximacion complementaria se marcaron las células circulantes para
CD115y Ly6G y se observé que en ausencia de MT4-MMP hay una disminucién en el
namero de neutréfilos (CD115-Ly6G+) rodando sobre el endotelio en ausencia de
MT4-MMP (Figura 40e).
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Figura 39: La ausencia de MT4-MMP incrementa el nimero de monocitos patrulleros que
rastrean el endotelio inflamado de modo dependiente de la integrina aM. a. Imégenes
representativas de microscopia intravital de muisculo cremaster de ratones MT4-MMP** y MT4-
MMP-, tras 4 horas de estimulacién con CCL2/MCPL1 intratesticular y marcados para CD115 en
rojo y Ly6C en verde y en presencia del anticuerpo bloqueante de la integrina aM (anti-aM) o su
control de isotipo (IgG). b. Cuantificacion del nimero de monocitos patrulleros rastreando el
endotelio activado en ratones tratados como en a. Se muestran las vénulas individuales de una
n=5 ratones por genotipo y condicion en 2 experimentos independientes. Los datos fueron
analizados mediante ANOVA de una cola seguido de un post-test de Bonferroni. *p<0.05, **p<0.01.
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Por ultimo, para comprobar si el incremento en el nimero de monocitos patrulleros
rastreando el endotelio inflamado en ausencia de MT4-MMP era dependiente de la
integrina aMB2, inyectamos intravenosamente el anticuerpo bloqueante de unién a
ligando para la integrina aM (clon M1/70). El bloqueo de la integrina aM producia una
disminucion de los monocitos patrulleros rastreando el endotelio, tanto en los ratones
MT4** como en los MT4” (Figura 39b-c). Dicha disminucion era significativa en el
caso de la ausencia de MT4-MMP, resultando en la eliminacion de diferencias entre
genotipos (Figura 39c). El bloqueo de la integrina aM también disminuyo la velocidad
de rastreo en ambos genotipos, sin afectar la distancia de rastreo ni el indice de

confinamiento (Figura 40a-c).
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Figura 40: La ausencia de MT4-MMP no afecta a la velocidad, distancia ni indice de
confinamiento de los monocitos patrulleros, pero disminuye el nimero de neutréfilos
gue ruedan sobre en el endotelio activado. Cuantificacién de la velocidad (a), distancia
recorrida (b) e indice de confinamiento (c) de los monocitos patrulleros en el musculo
cremaster de ratones MT4-MMP** y MT4-MMP*, tras 4 horas de estimulacién con
CCL2/MCP1 intratesticular y tefiidos para CD115 en rojo y Ly6C en verde, en presencia del
anticuerpo bloqueante de la integrina aM (anti-aM) o su control de isotipo (IgG). Se
cuantifican las vénulas independientes de n=5 ratones por genotipo y condicién en 2
experimentos independientes. Los datos fueron analizados mediante ANOVA de una cola
seguido de un post-test de Bonferroni. *p<0.05, **p<0.01. d. Nimero de neutrdéfilos rodando
en el endotelio activado del misculo cremaster de ratones MT4-MMP** y MT4-MMP, tras
4 horas de estimulacion con CCL2/MCP1 intratesticular. Se muestran las vénulas
individuales de n=8 ratones por genotipo en 2 experimentos independientes. Los datos
fueron analizados mediante el método de la t de Student. ***p<0.001.
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Estos experimentos indican que la ausencia de MT4-MMP induce un mayor rastreo
intravascular por parte de los monocitos patrulleros sobre el endotelio inflamado in vivo,

de modo dependiente de la integrina aM.
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La ausencia de MT4-MMP acelera la progresiéon de la aterosclerosis
mediante el incremento del nimero de monocitos patrulleros en la placa

incipiente

Los monocitos patrulleros desempefian su actividad de vigilancia en el interior de la
vasculatura, donde reconocen el posible dafio endotelial y promueven su reparacion?,
La mayoria de los estudios donde se ha analizado la funcién de esta poblacion de
monocitos han utilizado el modelo de ratén deficiente en Nur77/Nrdal (Nur777). Estos
ratones Nur77” carecen practicamente de la totalidad de la poblacién de monocitos
patrulleros, pues Nur77 es un factor de transcripcion fundamental para la
diferenciacion de dichos monocitos!®2. En este modelo de ratén Nur77” se observo un
aumento de la aterosclerosis® 3% 134 |o cual parecia indicar que los monocitos
patrulleros tenian una funcién protectora de la vasculatura durante la inflamacion. Sin
embargo, aunque Nur77 no se expresa en los monocitos clésicos, cuando estos se
diferencian a macréfago activan su expresion, y la ausencia de Nur77 les confiere un
fenotipo proinflamatorio, que puede ser en parte responsable del aumento de
aterosclerosis observado®®:. Otro estudio sin embargo no observé cambios en la
formacion de placa aterosclerética en ratones LDLR” trasplantados con médula ésea
Nur77", en este caso analizado Gnicamente mediante la acumulacién de lipidos™®.
Estos datos contrapuestos han mantenido abierto el debate sobre el papel de los
monocitos patrulleros durante la aterosclerosis una vez en la placa. Sin embargo, su
funcién en el torrente sanguineo si estd mas clara, y se ha demostrado un papel
protector de aterosclerosis de los monocitos patrulleros mediante la captacién de
lipidos circulantes y la disminucién por tanto del dafio endotelial durante la

aterosclerosis®® 135,

Mas recientemente, se ha observado que el modelo de raton deficiente en Nur77
utiizado en los estudios clasicos, incluyendo los comentados anteriormente,
desarrollan inflamacién sistémica espontanea en edad avanzada'®®, y que este
fenotipo no se debe a la ausencia de los monocitos patrulleros, sino a la transcripcién
de una proteina Nur77 truncada, correspondiente a la regiéon N-terminal, que sefializa
a través de HIF-1a, promoviendo un fenotipo inflamatorio'®’. Esto indica que el papel

de los monocitos patrulleros en inflamacioén, y en particular en aterosclerosis, tiene que
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ser reevaluado.

En los ultimos afios, se ha descrito que el gen Nur77 cuenta con distintas regiones
activadoras de su promotor, siendo uno de estos activadores, el denominado E2,
fundamental para la diferenciacion de los monocitos patrulleros'®. En dicho estudio,
generan un nuevo modelo de ratén en el que se ha mutado la regién activadora E2 del
promotor de Nur77, fundamental para la diferenciacion de los monocitos patrulleros, de
modo que se eliminan estos monocitos, pero se preserva la expresiéon de Nur77 en
macroéfagos, tanto residentes como inflamatorios'®. Este nuevo modelo ayudara a
diseccionar de modo mas preciso la contribucién de los monocitos patrulleros al dafio

tisular, como por ejemplo en la placa de aterosclerosis.

Sin embargo, tanto el modelo de raton deficiente en Nur77 como el nuevo modelo de
eliminacion de la region activadora E2, son modelos en los que se estudia la funcién
de los monocitos patrulleros mediante los efectos que produce su ausencia, no
existiendo asi, ningin modelo en el que se investigue la accion de los monocitos

patrulleros mediante su activacion.

En nuestro modelo observamos que al estar ausente la proteasa MT4-MMP, los
monocitos patrulleros estdn mas activos en situacion de dafio, pudiendo ser una
herramienta mas para poder investigar su funcidon en otros contextos, ademas de la
aterosclerosis, aqui estudiada. Asimismo, utilizando los ratones deficientes en MT4-
MMP mostramos la primera evidencia de la posible contribucion de los monocitos
patrulleros a una poblacion de macréfagos Mafb+AIM/CD5L+ (captadora de lipidos) en

estadios tempranos de la aterosclerosis y en peritonitis estéril.

También describimos, mediante microscopia intravital y tinciones de zonas
proaterogénicas de la aorta, que la ausencia de MT4-MMP en células de médula 6sea
hace que los monocitos patrulleros estén en mayor nimero adheridos al endotelio
activado. Puesto que se ha descrito que el reclutamiento de los monocitos patrulleros
en aterosclerosis depende del receptor CCR5, decidimos utilizar su inhibicién para ver
si revertiamos el efecto de la ausencia de MT4-MMP. Mediante la inhibicion de CCR5
conseguimos reducir parcialmente el reclutamiento de monocitos patrulleros a la placa.
Esta disminucion equipara los nimeros de los monocitos patrulleros adheridos en
estadios tempranos obtenidos en presencia y ausencia de MT4-MMP, resultando en
una abolicién de la acumulacion de macréfagos Mafb+AIM/CD5L+ y de lipidos en la

placa y del consiguiente fenotipo acelerado de aterosclerosis. Estos resultados indican
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que el principal efecto responsable del fenotipo observado de aceleracion de
aterosclerosis en ausencia de MT4-MMP se debe al incremento inicial del
reclutamiento de monocitos patrulleros a la placa, y a su posterior diferenciacion a
macréfagos Mafb+AIM/CD5L+. Sin embargo, no se pueden descartar mecanismos
adicionales de regulacion de la aterosclerosis por MT4-MMP en monocitos patrulleros
como por ejemplo el posible papel de los macréfagos CD11c+, también incrementados
en la placa incipiente en ausencia de MT4-MMP y que probablemente son
proinflamatorios dada la funcién descrita para esta subpoblacién en otros contextos®®°.
En este sentido, se han descrito recientemente por citometria de masas
subpoblaciones de monocitos patrulleros en humanos que es posible que en respuesta
a distintas sefales del entorno puedan diferenciarse a poblaciones de macréfagos
diferentes como Mafb+AIM/CD5L+ o CD11c+%. La determinacion de si los
macrofagos derivados de los monocitos patrulleros desempefian un papel pro-
resolutivo en estadios tardios de la aterosclerosis requeriria de nuevos estudios que
incluyan estrategias mas especificas y de deplecion inducible de esta subpoblacién de

monocitos.

La ausencia de MT4-MMP produce una acumulacion diferencial de
macrofagos Mafb+AIM/CD5L+, resistentes a apoptosis y captadores de

lipidos, en las placas incipientes de ateroma y en peritonitis estéril

La acumulacién de macro6fagos en la placa depende principalmente del reclutamiento
de monocitos en los estadios tempranos y de la proliferacion local de los macréfagos
en las fases avanzadas de aterosclerosis®’ 14, Nosotros observamos que los ratones
LDLR” trasplantados con células de médula ésea deficiente en MT4-MMP muestran
una acumulacion de macrofagos mayor en lesiones avanzadas de ateroma, sin
observar diferencias en su proliferacién, apoptosis ni egresion, indicando que
posiblemente esta acumulacion se debia a un incremento en el reclutamiento de
monocitos a la placa. Del mismo modo, también observamos que en ratones con
ausencia de MT4-MMP en las células derivadas de médula 6sea, hay un incremento
inicial de macrofagos Mafb+ AIM/CD5L+, indicando un desbalance en las poblaciones

de macrofagos que componen la placa incipiente.
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Aparte de su abundancia esta cada vez mas claro que los macréfagos presentan una
alta plasticidad lo que les permite adoptar fenotipos y funciones claramente
diferenciadas en respuesta a las sefiales del entorno'*2. A los dos subtipos clasicos de
macréfagos, M1 y M2, o pro-inflamatorios y anti-inflamatorios respectivamente?® que
se definieron por su diferenciacién in vitro con determinadas citoquinas (IFN-y, TNF-a
y GM-CSF o con IL-4, IL-10 y M-CSF entre otros)?® %, se han afiadido en la placa de
ateroma nuevos subtipos como los Mox y M4 (dentro de los pro-inflamatorios) y los
M(Hb) y Mhem (dentro de los anti-inflamatorios)3. Estas poblaciones de macréfagos
también cuentan con marcadores y funciones especificas dentro de la lesion. Se ha
descrito por ejemplo que los Mhem y M(Hb) se inducen por la exposicion al grupo
hemo y al complejo hemoglobina-haptoglobina, los M4 se inducen por la quimioquina
CXCL4, y los Mox se inducen por la exposicion a fosfolipidos oxidados®. Asimismo, no
todos responden igual a los lipidos, siendo por ejemplo los Mhem, M(Hb) y Mox
resistentes a la captacion de lipidos!3, lo cual indica que cumplen distintas funciones
en la placa, por lo que variaciones en las proporciones de las distintas poblaciones de

macréfagos podria modular, positiva o negativamente, el desarrollo de la placa.

En cuanto a la contribucién de los monocitos patrulleros a la heterogeneidad de los
macréfagos en la placa de aterosclerosis, se habia descrito que los monocitos
patrulleros eran capaces de diferenciarse a células que expresaban CD1llc+ en la
placa y que los monocitos CD11c+ migran a la placa componiendo una poblacion de
macréfagos CD11c+ en la placa®* 144, Se ha visto también, que en ausencia de CD11c,
los monocitos patrulleros adheridos al endotelio se reduce de modo dependiente de E-
selectina, y del mismo modo, que su ausencia produce una reduccién de la placa de
ateromal#*. En nuestro trabajo observamos que pese a no detectar diferencias en el
namero total de macréfagos en la placa incipiente, hay un incremento de macréfagos
CD11c+ en dichas placas en ausencia de MT4-MMP en las células de médula ésea.
Es probable que estos macréfagos CD11c+ deriven de monocitos patrulleros, aunque
no lo hemos analizado en los ratones tratados con Maraviroc, pero podrian también
derivar de los monocitos clasicos, que también pueden dar lugar a macréfagos
CD11c+ en la placa'®®. Dado que no detectamos un incremento de captacion de lipidos
en los macrofagos CDllc+ en ausencia de MT4-MMP, es probable que esta
subpoblacién de macréfagos desempefie funciones proinflamatorias en la progresion

de la aterosclerosis como las descritas previamente en tejido adiposo®.

Es interesante que en ausencia de MT4-MMP los macréfagos presentes en la placa
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sean mayoritariamente positivos para Mafb, lo que observamos también en los
macréfagos peritoneales tras tioglicolato. Dado que se habia documentado que los
monocitos patrulleros se diferencian a macrofagos mediante la activacion del factor de
transcripcion Mafb en un modelo de infeccién peritoneal?’, Mafb podria ser un actor
fundamental en la diferenciacibn de monocito patrullero a macrofago
independientemente del contexto inflamatorio. La presencia de macrofagos Mafb+ se
habia detectado en las placas de ateroma establecidas de raton y humano y se habia
demostrado que la ausencia de Mafb promovia la progresion de la aterosclerosis
mediante la induccion de la expresién del gen diana de Mafb, AIM (del inglés
“Apoptosis Inhibitor of Macrophages”, también conocido como CD5L)¢, Ademas de
inhibir la muerte celular de los macréfagos en la placa, AIM/CD5L también esta
implicado en la captacién de OxLDL6 147148 'Nuestro estudio confirma estas acciones
de los macréfagos Mafb+AIM/CD5L+ e indica ademas que probablemente derivan de

los monocitos patrulleros.

En el modelo de peritonitis inducida por tioglicolato observamos que los macréfagos
deficientes en MT4-MMP expresaban también mayores niveles en membrana de
AIM/CD5L (como los macroéfagos de la placa incipiente) y de CD36, receptor de basura
también expresado por los monocitos patrulleros™ e implicado en la captaciéon de
lipidos. Estos datos correlacionaban con que en ausencia de MT4-MMP estos
macréfagos unan de un modo mas activo LDL modificadas (en este caso acLDL)*°, en
concordancia con el papel descrito para AIM/CD5L en favorecer la captacion de OxLDL
mediada por CD36 y la posterior formaciéon de células espumosas en la placa'*’. Si
bien es cierto que se requeririan nuevos experimentos bloqueando CD36 para
demostrar fehacientemente que es el principal receptor implicado en dicha
acumulacién de lipidos, sin duda el eje Mafb>AIM/CD5L->CD36 es un buen candidato
para explicar el fenotipo observado en ausencia de MT4-MMP.

Es interesante resefiar que la poblacion Mafb+AIM/CD5L+, y en concreto la deficiente
en MT4-MMP, parece ser Unica dentro de la heterogénea poblacién que componen los
macréfagos en la placa de ateromal®®, ya que son macréfagos mas resistentes a
apoptosis y fagociticos pero no muestran un fenotipo mas pro- ni anti-inflamatorio al
menos con las citoquinas analizadas. En este sentido, en un contexto infeccioso, se ha
descrito que la cooperacion de la integrina aMB2 con CD36 y TLR2 en la membrana
de los macrofagos promueve la captacion y acumulacion de lipidos pero sin aumentar

la respuesta inflamatoria®®. Estudios futuros podran esclarecer si esta cooperacion se
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da lugar también en los macréfagos Mafb+AIM/CD5L+ y particularmente en ausencia
de MT4-MMP en la que hay un incremento de la integrina aMB2 en la membrana de
los macrofagos. De igual modo, la relacion de esta poblacion con las previamente
descritas en la placa de ateroma (Mox, M(Hem), M(Hb) y M4)” necesitara de analisis
futuros. Dada la diversidad de poblaciones de macréfagos que componen la placa de
ateroma, estrategias que actlen sobre ambas poblaciones de macréfagos Mafb+ y
Mafb- podrian ser méas efectivas en la reduccién de la evolucion de la placa de
ateroma.

Todo ello nos lleva a la conclusién de que en efecto la ausencia de MT4-MMP en
células de médula 6sea produce un desequilibrio en las poblaciones de macréfagos en
las placas de ateroma incipientes, viéndose incrementado el nimero de macréfagos
CD1lc+ y Mafb+AIM/CD5L+, siendo estos Ultimos mas &avidos en la captacién de

lipidos en la placa.

MT4-MMP es capaz de procesar la cadena aM de la integrina aMp2
modulando el rastreo de monocitos patrulleros sobre el endotelio

activado

En este estudio describimos la primera funcion de MT4-MMP en los monocitos y
macrofagos, no relacionada con la previamente propuesta de procesamiento de pro-
TNF a8l 8284 |dentificamos un nuevo sustrato para MT4-MMP, la cadena aM (integrina
ltgam, CD11b, aM) del heterodimero aMB2, que puede localizarse en dominios
lipidicos especificos de la membrana plasmética, al igual que MT4-MMP152 153,154 g
que podria regular su reciclaje y actividad'®®. La subfamilia de las integrinas B2 esta
formada por aLB2 (CD11a/CD18), aMB2 (CD11b/CD18), aXp2 (CD11¢c/CD18) y aDB2
(CD11d/CD18), todas ellas presentes en los monocitos y macréfagos?’. La integrina
aMpB2 presenta multitud de ligandos, tanto proteinas extracelulares (por ejemplo
fibrinbgeno o el componente 3 del complemento) como ligandos presentes en otras
células (por ejemplo los miembros de la familia ICAM)’. Esta variedad de ligandos
hace que la integrina aMB2 esté implicada en multitud de funciones en monocitos y

macrofagos, tales como adhesion, migracién y fagocitosis entre otras.

En cuanto al procesamiento proteolitico como mecanismo de regulacion de la
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expresion y actividad de integrinas 2 en células mieloides, se ha descrito que la
cadena 32 de la integrina puede ser procesada por la proteasa MMP9 en macréfagos
y que aM puede cortarse por serprocidinas en neutrofilos modulando su adhesion,
separacion y transmigracion a través de fibrinégeno*®® 7. 158 Del mismo modo, se ha
reportado que las formas solubles de la integrina B2 generadas mediante
procesamiento por metaloproteinasas y que se incrementan en inflamacién, mantienen
la capacidad de unir ligandos, actuando como antagonistas de la integrina no
procesada, lo que unido a la reduccion de sus niveles de expresion en la superficie
podria facilitar el despegamiento de las células durante la quimiotaxis o migraciéon y
favorecer procesos como la egresion de los macréfagos del peritoneo® °. Nosotros
observamos in vivo que tanto los monocitos patrulleros como los macréfagos
peritoneales tras tioglicolato deficientes en MT4-MMP mostraban una acumulacion en
la superficie celular de la integrina aMB2, y mediante la estrategia lentiviral pudimos
concretar que es la actividad catalitica de MT4-MMP la que regula los niveles de
membrana de la integrina aMB2 en los monocitos patrulleros y los macréfagos in vivo.
También identificamos el sitio de procesamiento mediado por MT4-MMP en la cadena
oM de la integrina en la posicién N°L. Este residuo esta conservado tanto en ratén
como en humano, pero que no guarda homologia con la secuencia de la cadena alL de
la integrina LFA-1, en ambas especies. Aunque esto indicaria que el procesamiento de
la integrina aM por MT4-MMP es selectivo y los datos de bloqueo con anticuerpos anti-
integrina aM sugieren que seria el principal responsable del fenotipo observado en los
monocitos patrulleros deficientes en la proteasa (Figura 41), datos previos de
protedmica del laboratorio identificaron otros posibles sustratos para MT4-MMP en
macréfagos entre los que se encuentra CD36, proteina que reside en dominios
lipidicos ricos en GPI'®°, Dados los niveles mas elevados de CD36 en macréfagos
deficientes en MT4-MMP y el papel asignado recientemente a CD36 en monocitos
patrulleros de captar lipidos modificados durante la aterosclerosis y de modular su
rastreo sobre el endotelio dafiado!*®, no podemos descartar que CD36 o el
procesamiento por parte de MT4-MMP de otras proteinas de membrana, contribuya al
menos en parte al fenotipo observado en ausencia de MT4-MMP en inflamacién estéril

(peritonitis y aterosclerosis).
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Figura 41: Modelo del efecto de la ausencia de MT4-MMP en monocitos y macrofagos:
MT4-MMP puede procesar la cadena aM de la integrina aMB2 modulando los niveles de la
integrina aMB2 en macrofagos y en monocitos patrulleros, en los que regula su rastreo sobre
el endotelio inflamado. En el modelo de aterosclerosis, la ausencia de MT4-MMP produce un
aumento de la adhesién de los monocitos patrulleros al endotelio inflamado en las placas de
ateroma incipientes. En la aorta inflamada, este aumento de monocitos patrulleros reclutados
produce una acumulacion de macrofagos MafB+AIM/CD5L+ que son mas activos captando
lipidos, lo que finalmente resulta en una aceleracion de la aterosclerosis.

Dado que durante el dafio vascular, los monocitos patrulleros cambian su patrén de
rastreo dependiente de alLf2 a un rastreo mas exhaustivo del endotelio vascular
activado dependiente de la integrina aMB22": 28 131 e| procesamiento de la integrina aM
por MT4-MMP podria producir la desestabilizacion del heterodimero de la integrina
aMB2'¢1, permitiendo la separaciéon de los monocitos patrulleros y constituyendo un
mecanismo clave de regulaciéon de este proceso. Aunque el papel de la integrina aMp2
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en aterosclerosis no esta suficientemente claro'®? 163 164 nuestros resultados indican
que la integrina aMB2 es un regulador importante del rastreo de los monocitos
patrulleros en contextos inflamatorios mediados por CCL2, pudiendo serlo también
durante los estadios iniciales de la aterosclerosis, junto con LFA-1 (aLB2) y VLA-4
(a4B1), descritos recientemente mediante microscopia intravital en arterias inflamadas
durante la aterosclerosis®. Ademas, la interaccién de la integrina aMB2 con ICAM-1,
von Willebrand factor, fibrindgeno o CCN1/Cyr61 en los sitios propensos a ateroma®*
165,166, 167 nodria sefializar e inducir, por ejemplo, la bajada de los niveles de Foxpl con
la consiguiente induccion de la expresion de M-CSF®. Este factor aumenta la
expresion de MT4-MMP (datos no mostrados) y Mafb'®® y podria contribuir a la
regulacion de la diferenciacion de los monocitos patrulleros a macréfagos Mafb+.

Esta aceptado que los monocitos patrulleros son reclutados a las placas de ateroma
en estadios tempranos de una manera dependiente de CCR5!°, sin embargo en
nuestro estudio vemos que hay un aumento del reclutamiento de los patrulleros a la
placa incipiente en ausencia de MT4-MMP que no parece depender de cambios en los
niveles de expresion de los receptores de quimioquinas en los monocitos patrulleros.
Pese a no haber blogqueado este reclutamiento con anti-integrina aM, los experimentos
de transferencia adoptiva demuestran que las acciones de MT4-MMP se ejercen
directamente sobre este tipo celular sugiriendo que la integrina aMB2 es un actor
relevante en el reclutamiento temprano de monocitos patrulleros a la placa incipiente

de ateroma.

Perspectivas futuras

En nuestro estudio nos centramos en el papel que tiene MT4-MMP modulando la
funcion de los monocitos patrulleros en el contexto inflamatorio y su repercusion en
aterosclerosis principalmente; pero dado que en el modelo utilizado eliminamos MT4-
MMP de todas las células procedentes de médula 6sea, no podemos descartar que
MT4-MMP pueda estar ejerciendo otras funciones en otras células inflamatorias. Si
bien vemos mediante transferencia adoptiva que el incremento de monocitos
patrulleros deficientes en MT4-MMP en la placa incipiente es autonomo del tipo celular,

indicandonos que el fenotipo inicial es especifico de los monocitos patrulleros, no
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podemos descartar que en el fenotipo de incremento de placa en que estadios tardios
no haya implicacion de otros leucocitos donde también se ha descrito la expresion de

MT4-MMP, como los eosindfilos o los linfocitos B,

Para poder investigar de modo mas selectivo el papel de MT4-MMP en los monocitos
patrulleros, tanto en aterosclerosis como en otros contextos, seria importante utilizar
nuevas herramientas como el raton condicional de MT4-MMP generado recientemente
en nuestro laboratorio. De este modo podriamos delecionar la expresion de la
proteasa mayoritariamente en los monocitos patrulleros utilizando lineas Cre selectivas
de dicha poblaciéon, como la CX3CR1-CreERT2!t, Utilizando estos modelos
podriamos diseccionar la funcion de MT4-MMP en los monocitos patrulleros en
estadios mas tardios de la aterosclerosis, y ademas evitariamos los modelos de
trasplante de médula, en los cuales la irradiacion ejerce un dafio sobre el endotelio
vascular que puede afectar a la evolucion del proceso patolégico y sobre todo al
fenotipo de los monocitos patrulleros, dado que una de sus funciones primarias es la

deteccion de células endoteliales dafiadas?®.

Nuestro estudio podria tener implicaciones traslacionales relacionadas con la accion
ateroprotectora de MT4-MMP cuando estd presente en los monocitos patrulleros.
Hemos observado que la expresion de MT4-MMP se incrementa temporalmente en la
placa de ateroma durante la evolucion de la enfermedad en la aorta de ratén. También
detectamos un incremento de MT4-MMP en las arterias coronarias humanas durante
aterosclerosis, aunque en este caso es dificil diferenciar si el incremento se debe a su
expresion en células inflamatorias 0 a su expresién en otro tipo celular. En estudios
previos del laboratorio encontramos una mutacion puntual en MT4-MMP (MMP17), que
evitaba su expresion, en un paciente con aneurisma aoértico®; pruebas genéticas
similares podrian ayudar a determinar si mutaciones en el gen de MT4-MMP (MMP17)
podrian correlacionar con un incremento en la predisposicion al desarrollo de placas

de ateroma.

La ausencia de MT4-MMP en los monocitos patrulleros conlleva un incremento en la
superficie celular de la integrina aMB2 y de su rastreo intravascular sobre el endotelio
activado y al mismo tiempo los macréfagos derivados de dichos monocitos muestran
mayor nivel en membrana de CD36, y consecuentemente mayor avidez en captar
particulas. En el modelo de aterosclerosis, que nosotros hemos investigado, este

incremento del rastreo y reclutamiento de los monocitos patrulleros y de la fagocitosis
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por los macréfagos derivados de ellos produce una aceleracion de la enfermedad,
puesto que incrementa la acumulacion de estos macrofagos cargados de lipidos en la
placa, quedandose retenidos. Sin embargo, estas caracteristicas podrian ser de
utilidad en patologias como infecciones, metastasis pulmonares y angiopatia amiloidea
de la enfermedad de Alzehimer en las que los monocitos patrulleros desempeiian
acciones beneficiosas!® 2% 3¢, En estos contextos se ha observado que los monocitos
patrulleros son capaces de captar particulas perjudiciales en la vasculatura, como las
células metastaticas circulantes o las placas B-amiloides depositadas en la parte
luminal de los vasos; de hecho, la ausencia de monocitos patrulleros correlaciona con
un incremento en las metastasis pulmonares asi como en los depdésitos amiloides
intravasculares?® 3. Ademdas, CD36 esta implicado en el reconocimiento de todas
estas particulas, por lo que el aumento de expresion de CD36 en los macréfagos
deficientes en MT4-MMP en contextos como infeccién bacteriana, células tumorales
apoptéticas o placas B-amiloides, podria contribuir también a su eliminacién una vez

en los tejidos y por tanto a la resolucion de la enfermedad?”2.

Por todo esto ha aumentado recientemente el interés en caracterizar los mecanismos
gue regulan los monocitos patrulleros para poder potenciar su actividad intravascular
en estas patologias. En los ultimos afios se han identificado algunos reguladores de su
abundancia como el estrés adrenérgico, la activacion de NOD2, exosomas tumorales,
etcl# 15173 Nuestros resultados identifican la primera diana molecular, MT4-MMP, cuyo
bloqueo a corto plazo podria incrementar estas funciones intravasculares en los
monaocitos patrulleros, ofreciendo nuevas estrategias para el tratamiento de dichas
enfermedades. En la actualidad no existen inhibidores quimicos especificos de MMPs,
ya que los que existen son generales e inhiben varios miembros de la familia, por lo
gue su utilizaciéon no es recomendable dados los efectos secundarios deletéreos’.
Sin embargo, un bloqueo de la funcién catalitica de MT4-MMP con anticuerpos
monoclonales daria la especificidad necesaria para poder ser utilizado sin efectos en
otras metaloproteinasas y nuestro laboratorio ha generado estas herramientas que
estan siendo testadas in vivo en la actualidad. Esta estrategia estaria en linea con
estudios recientes en los que el bloqueo de la proteasa MT1-MMP con anticuerpos
monoclonales especificos generados también por nuestro grupo ha sido eficaz en

reducir la severidad de patologias infecciosas e inflamatorias!™ 176,
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MT4-MMP se expresa en macréfagos durante procesos inflamatorios estériles
agudos como la peritonitis por tioglicolato y crénicos como la aterosclerosis por

dieta grasa.

La ausencia de MT4-MMP produce una acumulacioén de la integrina aMB2 en la
membrana de los macrofagos peritoneales y su retencién en la membrana

peritoneal inflamada.

La ausencia de MT4-MMP en los leucocitos produce una mayor acumulacion
de macroéfagos y de lipidos en la vasculatura inflamada y una aceleracion de la

aterosclerosis.

La ausencia de MT4-MMP en los leucocitos resulta en un incremento de la
abundancia de macrofagos Mafb+AIM/CD5L+ en la placa de ateroma incipiente

y en la peritonitis estéril.

Los macrofagos Mafb+AIM/CD5L+ deficientes en MT4-MMP son mas
resistentes a apoptosis, expresan mas CD36 en la membrana, y captan mas

lipidos modificados.

La ausencia de MT4-MMP aumenta los niveles de la integrina aMB2 en la
superficie de los monocitos patrulleros e incrementa la adhesion de estos al

endotelio inflamado en los estadios iniciales de aterosclerosis.

El bloqueo del reclutamiento de los monocitos patrulleros mediante la inhibicién
de CCR5 en estadios iniciales de la aterosclerosis iguala la situacion deficiente
en MT4-MMP a la situaciéon silvestre previniendo la mayor acumulacion de
macrofagos Mafb+AIM/CD5L+ y de lipidos en las placas y la aceleracion de la

aterosclerosis.

La actividad catalitica de MT4-MMP es necesaria para la regulacion de los
niveles de la integrina aMB2 en macréfagos peritoneales siendo MT4-MMP

capaz de procesar la cadena aM de dicha integrina en la posicién N°77L.

La ausencia de MT4-MMP produce un aumento del nimero de monocitos
patrulleros que rastrean el endotelio inflamado in vivo de manera dependiente

de la integrina aM.
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Tabla Suplementaria 1. Lista de sitios de corte pronosticados en la integrina aMB2
humana por la proteasa MT4-MMP  determinada por  CleavPredict
(http://cleavpredict.sanfordburnham.org/).A y B después del nimero de residuo denota
su presencia en las cadenas de integrina aM o B2 respectivamente. Los sitios
expuestos con mayor puntuaciéon de corte se han resaltado en gris. Se seleccioné el

sitio de corte en la posicién 977A para la validacién (resaltado en verde).

* Estructura secundaria predicha por jnet. De acuerdo con el Diccionario de Estructura
Secundaria de Proteina, el cédigo de una letra corresponde a: E: cadena extendida en
conformacién de hoja B paralela y / o antiparalela. Longitud minima 2 residuos; es decir,
extendido, lamina B. H: hélice de 4 vueltas (hélice a). Longitud minima 4 residuos; es decir,
hélice a.

** Dominio transmembrana predicho por el servidor TM-HMM. El codigo de la letra corresponde
a: O-externo, en este caso extracelular; M- dominio transmembrana; i- interno, este caso

citosdlico.
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ARTICLE

MT4-MMP deficiency increases patrolling
monocyte recruitment to early lesions and
accelerates atherosclerosis

Cristina Clemente!, Cristina Rius?3, Laura Alonso-Herranz?, Mara Martin-Alonso’!, Angela Pollan',

Emilio Camafeita® °, Fernando Martinez® ©, Rubén A. Mota', Vanessa Nufiez?, Cristina Rodriguez3’,

Motoharu Seiki®, José Martinez-Gonzalez3°, Vicente Andrés?3, Mercedes Ricote* & Alicia G. Arroyo 110

Matrix metalloproteinases are involved in vascular remodeling. Little is known about their
immune regulatory role in atherosclerosis. Here we show that mice deficient for MT4-MMP
have increased adherence of macrophages to inflamed peritonea, and larger lipid deposits
and macrophage burden in atherosclerotic plagues. We also demonstrate that MT4-MMP
deficiency results in higher numbers of patrolling monocytes crawling and adhered to
inflamed endothelia, and the accumulation of Mafb+ apoptosis inhibitor of macrophage
(AIM)+ macrophages at incipient atherosclerotic lesions in mice. Functionally, MT4-MMP-
null Mafb+AIM+ peritoneal macrophages express higher AIM and scavenger receptor
CD36, are more resistant to apoptosis, and bind acLDL avidly, all of which contribute to
atherosclerosis. CCR5 inhibition alleviates these effects by hindering the enhanced recruit-
ment of MT4-MMP-null patrolling monocytes to early atherosclerotic lesions, thus blocking
Mafb+AIM+ macrophage accumulation and atherosclerosis acceleration. Our results sug-
gest that MT4-MMP targeting may constitute a novel strategy to boost patrolling monocyte
activity in early inflammation.
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therosclerosis (AT) is a chronic inflammatory disease with

local manifestations in the vasculature in the form of

complex multi-cellular atherosclerotic lesions'. Cells of the
innate immune response, particularly monocytes recruited by the
inflamed endothelium and their derived macrophages in the pla-
que, are essential contributors to the initiation, progression, and
eventual rupture of atherosclerotic lesions by mechanisms
including the engulfment of LDL particles and the formation of
lipid-overloaded foam cells>®. However, the view that inflamma-
tion derives from recruited monocytes differentiating into mac-
rophages in the plaque has been challenged and a more complex
scenario is envisaged*. Macrophages differentiate from monocytes
in response to micro-environmental stimuli in the plaque, giving
rise to distinct subsets that either contribute to inflammation or
favor resolution®. Macrophage heterogeneity within athero-
sclerotic lesions has attracted interest due to its possible ther-
apeutic implications. In mice, macrophages in early atherosclerotic
plaques are mainly derived from recruited monocytes, whereas
macrophage proliferation is more important in advanced plaques®.
It remains unclear how macrophage heterogeneity is regulated and
contributes to AT initiation and progression. The two main cir-
culating monocyte populations, classical monocytes (LysCM&" in
the mouse) and patrolling monocytes (Ly6Clo"), are recruited to
the inflamed aorta via distinct chemokine-receptor pathways’*,
Classical monocytes have been assigned proinflammatory func-
tions in AT, whereas patrolling monocytes have been considered
to have a protective, pro-resolution role; however, it remains
unclear how these monocyte populations, particularly patrolling
monocytes, contribute to distinct macrophage subsets in the pla-
que and to AT progression®.

Macrophages are central actors in the vascular remodeling
associated with plaque progression. This vascular remodeling
involves key actions of matrix metalloproteinases (MMPs) on the
extracellular matrix and vascular smooth muscle cells™?. Less is
known, however, about the role of MMPs in regulating inflam-
matory cells in AT. MT4-MMP (also named MMP17) is anchored
to the plasma membrane through a glycophosphatidylinositol
anchor that confers distinct features to this protease by positioning
it at enriched lipid membrane domains!"'2. MT4-MMP is
expressed by macrophages but its role in inflammation is ill-
defined'>!%, MT4-MMP was first proposed to process pro-TNFa,
but peritoneal macrophages lacking MT4-MMP release normal
amounts of TNFa!®, indicating alternative functions of MT4-
MMP in inflammation. We recently reported that MT4-MMP-
null mice are more prone to angiotensin II-induced thoracic aorta
aneurysms and to neointima formation in response to carotid
ligation'®. Whether MT4-MMP has roles in inflammatory vas-
cular pathologies such as AT has not been explored.

Here we show that the crawling of patrolling monocytes on the
inflamed endothelium is regulated by MT4-MMP-dependent
cleavage of aM integrin (Itgam/CD11b), and that this monocyte
subset contributes to the accumulation of Mafb-+apoptosis inhi-
bitor of macrophage (AIM)+-expressing macrophages in inci-
pient plaques and to overall AT progression. As patrolling
monocytes have beneficial effects in infections and the prevention
of lung metastasis®!”, our results also suggest the therapeutic
potential of boosting patrolling monocyte activity through MT4-
MMP targeting.

Results

MT4-MMP-null macrophages accumulate in atherosclerotic
plaques. The peritoneal cavity contains two main macrophage
subsets: resident or large peritoneal macrophages (LPM;
CD11b"/F4/80") and inflammation-induced/monocyte-derived
small peritoneal macrophages (SPM; CD11b™edF4/gplo/med)18
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(Fig. 1la). MT4-MMP is not expressed in resident LPM!® but
becomes expressed in SPM, the main population present 72h
after thioglycollate (TG) injection (Supplementary Fig. la); the
function of MT4-MMP in SPMs remains unknown. Although we
observed no differences in the number of resident macrophages,
fewer SPMs were collected 72 h after TG injection in the peri-
toneal lavage of MT4-MMP-null mice compared with wild types
(Fig. 1b) in spite of similar messenger RNA levels of chemokine
receptors!® (Supplementary Fig. 1b). In parallel, significantly
more macrophages were found adhered to the inflamed MT4-
MMP-null peritoneum (Fig. 1c). This hyper-adhesive phenotype
correlated with elevated cell-surface expression of aM integrin
(CD11b/Itgam/Mac-1) in SPMs as assessed by flow cytometry
(Fig. 1d). There was no change in Itgam mRNA expression
(Fig. le). Significantly more C3-opsonized sheep erythrocytes
were bound to MT4-MMP-deficient SPM than to wild-type cells,
confirming aM integrin activity (Fig. 1f). Moreover, MT4-MMP-
deficient macrophages covered a significantly larger area than
wild-type cells after adhesion for 24 h to the aM integrin ligand
fibrinogen, indicating accelerated cell spreading, a post-ligand
binding event; this difference was abolished by the specific anti-
aM integrin inhibitory antibody M1/70 (Fig. 1g).

The hyper-adhesion of MT4-MMP-null macrophages to the
inflamed peritoneum prompted us to explore their behavior in
other inflammatory contexts such as the inflamed aortic vessel
wall during AT. To test this, low-density lipoprotein receptor-null
(Ldlr'~) mice were irradiated and transplanted with bone
marrow (BM) cells from either wild-type or MT4-MMP-null
mice. We observed proper engraftment and no differences in BM
and blood cell populations after 4 weeks on a normal diet
(Supplementary Fig. 2a, b). Transplanted mice were then placed
on a high-fat diet (HFD) for different periods; weight gain and
serum biochemical parameters (glucose, triglycerides, and
cholesterol) were similar in both groups throughout the
experiment (Supplementary Fig. 2c,d). First, we confirmed that
MT4-MMP was expressed in macrophages in the aortic sinus
of Ldlr~'~ mice transplanted with MT4-MMP-null BM cells
(MT4-MMP/¢Z/1acZ cellg) after 1 and 8 weeks fed a HFD
(Supplementary Fig. 2e). We next analyzed the macrophage
content in atherosclerotic plaques developed 8 weeks after HFD,
finding that macrophages (Mac3+) were significantly more
abundant in the aortic sinus of Ldlr/~ mice transplanted with
MT4-MMP-null BM cells (Fig. 2a). This increased macrophage
burden at 8 weeks correlated with significantly larger lipid lesions
in the aortic arch after 12 weeks on the HFD, as revealed by en
face Red Oil staining (Fig. 2b). Moreover, neointima area in the
aortic sinus was comparable between groups at all time points
after HFD (Supplementar)l Fig. 2f). Analysis of Stary classifica-
tion?” revealed that Ldlr'~ mice transplanted with MT4-MMP-
deficient BM cells had significantly more advanced lesions after 8
and 12 weeks on the HFD than counterparts transplanted with
wild-type BM (Fig. 2c, d and Supplementary Fig. 2g); in
particular, MT4-MMP-deficient BM recipients tended to have
larger necrotic cores and showed significantly thicker fibrous caps
after 12 weeks on HFD (Fig. 2e). Similar results were obtained in
double Ldlr/MT4-MMP-null mice fed a HFD. These mice nearly
recapitulated the phenotype of Ldlr”/~ mice transplanted with
MT4-MMP-null BM, showing an increased AT burden in the
aortic arch and more advanced plaques after 16 weeks of HFD
(Supplementary Fig. 3a-d). In this mouse model, MT4-MMP
protein and mRNA expression in aorta extracts was low in early
stages (8 weeks after HFD) but progressively increased in
established AT (16 weeks after HFD); a similar difference was
observed between human arteries with arterial intimal thickening
(early lesions) and those with established atherosclerotic lesions
(Supplementary Fig. 4a-c). Of note, in early mouse
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atherosclerotic plaques of MT4-MMP*/*/Ldlr'~ mice (8 weeks
after HFD), MT4-MMP expression was mainly restricted to
macrophages (Supplementary Fig. 4d), indicating that MT4-
MMP deficiency appears to principally impact AT progression
through its effect on these cells.
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significant increase compared with wild-types (~ 33 +21% versus
~25+10% Mac3+/Ki67+ cells), and cell apoptosis was a rare
event (< 1% cleaved caspase-3-positive cells). We also assessed a
possible influence of MT4-MMP absence in macrophage egres-
sion from inflamed tissues. TG-stimulated macrophages nearly
disappeared from the peritoneal cavity in response to lipopoly-
saccharide (LPS), regardless the genotype with minor contribu-
tion of local death and similar numbers found of wild-type and
MT4-MMP-null egressed macrophages in the spleen (Supple-
mentary Fig. 5). These data argued in favor of enhanced
monocyte recruitment during early AT as the main contributor
to increased macrophage burden.

MT4-MMP absence boosts patrolling monocrte crawling.
Blood monocyte abundance was similar in Ldlr”'~ mice trans-
planted with MT4-MMP-null or wild-type BM cells (1.4% * 0.5%
and 1.3% + 0.2%, respectively); however, before starting the HFD,
lack of MT4-MMP was associated with a significantly lower
percentage of circulating patrolling Ly6Cl®" monocytes and these
cells displayed increased cell surface levels of aM integrin, similar
to MT4-MMP-null SPMs (Figs 3a and 1c).

Increased cell-surface aM integrin in MT4-MMP-null patrol-
ling monocytes and SPMs (Figs 3a and 1d), with no changes in
mRNA expression, pointed to posttranslational regulation by
MT4-MMP. Both MT4-MMP and oM integrin were located in
lipid-rich domains and MT4-MMP-null peritoneal macrophages
contained significantly higher levels of aM integrin in these
domains (Supplementary Fig. 6a, b). MT4-MMP-null mice were
then injected intraperitoneally (i.p.) with lentivirus encoding
green fluorescent protein (GFP) and either full-length MT4-MMP
or the catalytic dead mutant (E248A) (Fig. 3b). Analysis of
peritoneal macrophages at 5 days post injection showed that
expression of full-length MT4-MMP yielded normal cell-surface
aM integrin levels in infected MT4-MMP-null macrophages
(GFP+Itgam+F4/80+); in contrast, infection with the catalytic
dead mutant yet resulted in higher surface aM integrin levels
than observed in wild-type macrophages, demonstrating that
MT4-MMP catalytic activity regulates aM integrin cell-surface
levels in vivo (Fig. 3c). We next used the Cleavpredict software
application?? to identify possible direct MT4-MMP cleavage
sites in aMp2 integrin. The predicted and exposed sites were
filtered according to the peptide cleavage matrix in the MEROPS
database, and candidate cleavage sites were selected in the
aM integrin chain (Itgam) between positions 970 and 1000,
close to the transmembrane (TM) domain (Fig. 3d and
Supplementary Data 1). In silico modeling of interaction between
the human aMp2 integrin heterodimer and the human MT4-
MMP dimer confirmed EN®”7LS as the only candidate aM
integrin cleavage site accessible to the MT4-MMP catalytic center
(Fig. 3d, e). This site is conserved in the mouse aM integrin chain

but not in the related aL integrin chain in humans or mice.
Incubation of the human recombinant MT4-MMP catalytic
domain with a synthetic peptide R%°-R%” from the human aM
integrin sequence resulted in significant cleavage at the aM
integrin EN°77LS site, as assessed by mass spectrometry (Fig. 3f,
9.
Crawling of patrolling Ly6C" monocytes on the inflamed
endothelium depends on aM@2 integrin?? and we therefore next
analyzed the in vivo behavior of patrolling monocytes by
intravital microscopy of cremaster muscle stimulated with
CCL2, an essential chemokine in AT development®*2°, Only a
small number of circulating monocytes, corresponding to
patrolling monocytes (CD115+Ly6C"), can crawl on the
inflamed endothelium?®. MT4-MMP-null mice had significantly
higher numbers of crawling monocytes on CCL2-inflamed
endothelium than wild types (Fig. 4a, b and Supplementary
Movies 1, 2) with no major differences in crawling velocity,
distance traveled, or confinement index (Supplementary Fig. 7a).
Similar total number of monocytes (CD115+Ly6G-) were
observed rolling or adhered to the CCL2-inflamed endothelium
(Fig. 4c), indicating a selective effect of MT4-MMP absence in
patrolling monocyte behavior. Moreover, the increased crawling
of MT4-MMP-null patrolling monocytes was abolished when aM
integrin was blocked with the inhibitory antibody M1/70 (Fig. 4a,
b and Supplementary Movies 1-4). MT4-MMP-null mice also
had fewer neutrophils rolling on the inflamed endothelium,
suggesting their retention by crawling patrolling monocytes, as
reported in other contexts (Supplementary Fig. 7b)?°.

MT4-MMP absence increases Mafb+AIM+ macrophages in
early AT. Low efficiency is a common limitation for the analysis of
patrolling monocyte recruitment to the inflamed endothelium of
atherosclerotic plaques?™?. Still, whole-mount staining showed
significantly more patrolling monocytes (CD115+Ly6C-) adhered
to the endothelium of the lesser curvature of the aortic arch in
MT4-MMP-null BM-transplanted Ldlr/~ mice than in similar mice
transplanted with wild-type cells after 3 days on the HFD (Fig. 5a);
no between-genotype differences were detected in cell surface levels
of CCR5, the chemokine receptor involved in patrolling monocyte
recruitment?” and CCR2 (MFIccrs =452+ 53 and 498 + 47, and
MFlccro =592+ 65 and 613+ 75 in patrolling monocytes from
wild-type and MT4~/~-BMT Ldlr’'~ mice, respectively). Classical
monocytes (CD115+Ly6C+-) were recruited at higher proportion at
this incipient stage?’?” but similarly regardless the genotype
(Fig. 5a). Notably, MT4-MMP-null sorted patrolling monocytes
adoptively transferred into Ldlr’~ mice also adhered at higher
numbers to the lesser curvature of the aorta after 3 days on the
HFD compared with wild types confirming the cell autonomous
impact of MT4-MMP absence on patrolling monocyte behavior
(Fig. 5b and Supplementary Fig. 8).

Fig. 1 Enhanced trapping of MT4-MMP-null peritoneal macrophages due to increased aM integrin (Itgam) levels and activity. a Representative flow
cytometry dot plots and histograms of mouse peritoneal macrophages stained for CD45, Itgam, and F4/80 in basal conditions (left) and 72 h after
thioglycollate (TG) injection (right). b Number of macrophages (Iltgam-+F4,/80+) collected in the peritoneal eluate of wild-type and MT4-MMP-null mice
at the indicated times after TG injection; n =3 mice in basal and n =12 mice at 72 h per genotype in one in basal and four in 72 h independent experiments,
respectively. ¢ Representative confocal microscopy images (left) and quantification (right) of monocytes/macrophages (ltgam+) in the peritoneal
membrane 72 h after TG injection; n= 6 mice per genotype in two independent experiments; scale bar, 50 um. d Flow cytometry analysis of ltgam cell-
surface levels in TG-elicited macrophages (Itgam-+F4,/80+) obtained 72 h after TG injection; n = 20 mice per genotype in four independent experiments. e
gPCR analysis of Itgam mRNA in TG-elicited macrophages adhered to plastic overnight; n=6 samples per genotype in two independent experiments. f
Itgam integrin affinity assessed as the number of C3-opsonized red blood cells (RBCs) bound to TG-elicited peritoneal macrophages adhered to glass;
n=6 samples per genotype from two independent experiments. g Representative fluorescence images of TG-elicited macrophages adhered to fibrinogen
for 24 h and labeled for F-actin in the presence or absence of Itgam blocking antibody M1/70 or IgG isotype control (left). The histogram shows
quantification of the cell area (right). Scale bar, 30 um. n =6 samples per genotype in two independent experiments. Data were tested by two-way
ANOVA followed by Bonferroni's post test in f, by two-tailed Student's t-test in b, ¢, d, and e, and by one-way ANOVA followed by Bonferroni's post test in
g. Results are expressed as mean £ SEM. *p < 0.05, **p < 0.01, and ***p < 0.001
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Fig. 2 Lack of MT4-MMP in BM-derived cells results in increased macrophage burden in atherosclerotic plaques and accelerated AT. a Representative
images of Mac3 immunostaining (red; nuclei in blue) in transverse sections of aortas from Ldlr”~ mice transplanted with MT4-MMPH/+ (MT41/+) or
MT4-MMP~~ (MT4~~) BM cells and fed a HFD for 8 weeks; scale bar, 20 um. The right panel shows Mac3-positive cells quantified by Image J. n = 6 mice
per genotype in two independent experiments. b Representative images of en face Oil Red-stained aortas from BM-transplanted Ldlr”~ and fed a HFD for 8
or 12 weeks (left) and graph shows the area (%) of Oil Red-positive lesions in the aortic arch (right); n=6 and n =16 mice per genotype for 8 and

12 weeks in two and three independent experiments, respectively. € Representative images of transverse sections of aortic sinus stained with H&E of BM-
transplanted Ldlr”~ mice; scale bar, 200 um. d Stary scoring (I-VI) of aortic lesions of BM-transplanted Ldlr’/~ mice, shown as a percentage of all mice for
each condition after feeding a HFD for 8 or 12 weeks; n =6 and n =16 mice per genotype and time point in two and three independent experiments. e Bar
graphs show the percentage of BM-transplanted Ldlr”~ mice for each range of % of necrotic area (left) and fibrotic cap thickness (right) after 12 weeks of
HFD; n=16 mice per genotype in three independent experiments. Data were tested by two-tailed Student's t-test in a, by two-way ANOVA followed by
Bonferroni's post test in b, and by y?-test for a trend in d, e. Results are expressed as mean = SEM. *p < 0.05, **p < 0.07, and ***p < 0.001

Although patrolling monocytes express genes related Patrolling monocytes initiate a macrophage differentiation

to cholesterol sensing and responses, their contribution to
plaque lipid accumulation remains poorly characterized?!.
Analysis of incipient plaques after 7 days on the HFD
showed no significant differences in macrophage number
between Ldlr”/~ mice transplanted with MT4-MMP-null or
wild-type cells (Fig. 6a, b). We next explored whether increased
recruitment of patrolling monocytes influences macrophage
subset composition rather than their abundance.
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program in response to infection by upregulating Mafb in
the 2peritoneal cavity?®, and this transcription factor can promote
AT?%28 After 7 days on the HFD, incipient plaques from
MT4~/~-transplanted Ldlr~ mice contained significantly more
(~ 3-fold) Mac3+ macrophages with nuclear Mafb (49.6 + 15%)
than those from mice transplanted with wild-type cells (22.7 +
10%; Fig. 6a, b), and this subset seemed to be more proliferative
(~15-fold) in MT4~ ~-transplanted Ldlr’= ‘mice. All
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Fig. 3 The protease MT4-MMP can cleave the aM integrin chain (ltgam). a Percentage of circulating patrolling monocytes (CD45+Itgam+Ly6Clow,
excluding granulocytes) and the normalized mean fluorescence intensity (MFI) of Itgam cell-surface levels in patrolling monocytes from Ldlr”/~ mice
transplanted with MT4-MMPH* or MT4-MMP~~ BM cells and fed a HFD for O, 1, or 8 weeks; n=12, n=6, and n = 6 mice in basal, 1 week and 8 weeks
per genotype; four independent experiments in basal and two independent experiments at 1 and 8 weeks. b Design of lentiviral (LV) vector with SFFV-
driven Mmp17 (MT4-MMP) expression and IRES-driven expression of green fluorescent protein (GFP). ¢ LV encoding full-length mouse MT4-MMP (FL),
the catalytic inactive mutant (E248A, EA), or GFP only (mock) were i.p. injected into MT4-MMP-null mice. ltgam cell surface levels were assessed by flow
cytometry in the infected peritoneal macrophages (GFP+Itgam+F4/80+) 5 days after infection; n = 6 mice per condition in two independent experiments.
d Depiction of human aMp2 integrin domains, indicating the predicted cleavage site at position 977 in the Calf-2 domain of human aM integrin. e In silico
model of human MT4-MMP dimer (gray) and aMp2 integrin (aM chain, green; p2 chain, blue) showing the putative cleavage site between N977 and L978
(red) in the aM chain, and the catalytic active center in the MT4-MMP dimer (orange). f Representative extracted ion chromatogram of peptides obtained
after incubation of the synthetic human aM integrin peptide RPQVTFSENLSSTCHTKER in the presence or absence of human recombinant MT4-MMP
catalytic domain (hrMT4). g Quantification of the relative abundance of the intact RPQVTFSENLSSTCHTKER and N-terminal peptide fragments in each
condition; n = 4 independent experiments. Data were tested by two-way ANOVA followed by Bonferroni's post test in a, by one-way ANOVA followed by
Bonferroni's post test in ¢, and by two-tailed Student's t-test in g. IRES, internal ribosome entry site; SFFV, spleen focus-forming virus. Results are
expressed as mean £ SEM. *p <0.05, **p < 0.01, and ***p < 0.001

macrophages with nuclear Mafb also expressed AIM (apoptosis ~apparent in incipient plaques of MT4~/~-transplanted Ldlr—/~
inhibitor of macrophages; Fig. 6a, b), which promotes survival of mice (~6+2% vs ~8+ 3% in those transplanted with wild-type
lipid-loaded macrophages?®. In this line, a trend to reduced cells). The increase in Mac3+ macrophages expressing AIM
macrophage apoptosis (Mac3-+/cleaved caspase-3+ cells) was in the incipient plaques from MT4~/~-transplanted Ldlr'~ mice
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Fig. 4 Enhanced aM integrin-dependent crawling of MT4-MMP-null patrolling monocytes on CCL2-inflamed endothelium. a Representative intravital
microscopy images of CD115+/Ly6C- patrolling monocytes (CD115 in red and Ly6C in green) crawling on the CCL2-inflamed endothelium in the cremaster
muscle of wild-type (MT4"/+) and MT4-MMP-null (MT4~~) mice; the recording was performed in the presence of anti-ltgam blocking antibody (M1/70)
or IgG isotype control. Arrowheads, arrows, and dots respectively indicate individual patrolling monocytes, blood flow, and monocyte trajectory. Time of
recording is indicated. b The graph shows the numbers of crawling patrolling monocytes recorded in a in every venule from five independent mice per
genotype and condition in two independent experiments. ¢ Quantification of CD115+Ly6G- rolling (left) and adherent (right) monocytes in the CCL2-
inflamed endothelium in the cremaster muscle of wild-type (MT4/*) and MT4-MMP-null (MT47~) mice. n = 8 mice per genotype in two independent
experiments. Data were tested by one-way ANOVA followed by Bonferroni’s post test in b and by two-tailed Student'’s t-test in c. Results are expressed as

mean + SEM.*p < 0.05, **p<0.01, and ***p <0.001

(39£6% vs 27.6 + 9% in those transplanted with wild-type cells)
remained up to 8 weeks but was no longer observed in advanced
plaques after 12 weeks on a HFD (Supplementary Fig. 9a, b).
AIM also participates in oxLDL uptake””. Accordingly, ~ 50% of
Mafb+ macrophages were positive for adipophilin in wild-type
BM-transplanted Ldlr/~ mice and this proportion was
significantly higher (~70%) in Ldlr/~ mice transplanted with
MT4-MMP-null BM cells (Fig. 6c, d).

To further understand the influence of MT4-MMP absence on
the functional phenotype of Mafb+AIM+ macrophages, we
analyzed TG-elicited peritoneal macrophages?’. Mirroring the
accumulated subset observed in incipient atherosclerotic plaques,
significantly more MT4-MMP-null macrophages contained
Mafb at the nucleus (~ 60%, threefold) compared with wild types
(~20%), and they also expressed higher levels of total and cell-
surface AIM, detected by immunostaining and flow cytometry
(Fig. 7a—c); Mafb and Cd5l (Aim) mRNA levels showed no

NATURE COMMUNICATIONS | (2018)9:910

differences (Supplementary Fig. 10a). Increased AIM expression
resulted in significantly lower numbers of apoptotic MT4-MMP-
null peritoneal macrophages after cycloheximide treatment
(Fig. 7d). AIM also increases CD36-mediated oxLDL uptake
and foam-cell formation®’. Flow cytometry analysis revealed
significantly increased cell-surface CD36 expression in TG-
elicited MT4-MMP-null macrophages and these cells were more
efficient at acLDL binding than wild types (Fig. 7e, f); no
differences were detected in Cd36 mRNA levels (Supplementary
Fig. 10a). Further analysis showed that MT4-MMP-null perito-
neal macrophages did not differ from wild types in the mRNA
levels of proinflammatory cytokines (II1b, Tnfa, and 116) or anti-
inflammatory cytokines (1110 and Tgfb) (Supplementary Fig. 10b).

CCR5 inhibition hinders accelerated AT in MT4-MMP
absence. To prove that enhanced recruitment of patrolling
monocytes in MT4-null BMT Ldlr'~ mice fed the HED for 3 days
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Fig. 5 Increased recruitment of MT4-MMP-null patrolling monocytes in incipient atherosclerotic lesions. a Representative orthogonal XZ view images of
whole-mount-stained lesser curvature of the aortic arch from Ldlr”~ mice transplanted with MT4-MMP*/* or MT4-MMP~~ BM cells and fed a HFD for
3 days. Samples were stained for CD115 (magenta) and Ly6C (green); elastin autofluorescence (green) and nuclei (Hoechst, blue). The bar graph (right)
shows the quantification of the number of patrolling (CD1154Ly6C-) and classical monocytes (CD1154+Ly6C+) in the aorta lumen; n=6 mice per
genotype in two independent experiments. b Representative confocal microscopy images of whole-mount-stained lesser curvature of the aortic arch from
Ldlr/~ mice adoptively transfer with Cx3cr1GfP/+ MT4-MMPT+ or Cx3cr1SP/+ MT4-MMP~/~ patrolling monocytes and fed a HFD for 3 days. Samples
were stained for GFP (red) and CD31 (gray); elastin autofluorescence (green) and nuclei (Hoechst, blue). A z-stack of the confocal microscopy sections
close to the lumen (with an inset of CD31 staining) is shown to the top and the orthogonal XZ view of the merged images to the bottom. Scale bar, 20 um.
The bar graph (right) shows the quantification of the number of transferred monocytes (GFP+) in the aorta lumen; n =9 mice per genotype in two
independent experiments. Data were tested by Student's t-test. Results are expressed as mean £+ SEM.*p < 0.05, **p < 0.01

(Fig. 5a) was promoting Mafb+AIM+ macrophage accumulation
and AT acceleration at later stages (Figs. 6a, b and 2), we sought
to selectively block patrolling monocyte recruitment. For that, we
used Maraviroc (MRV), a CCR5 antagonist used in the clinic®!, as
patrolling monocyte preferentially employ this receptor to enter
atherosclerotic plaques?’. Daily treatment of mice with MRV
reduced the low numbers of patrolling monocytes?” consistent
with decreased recruitment and abolished the enhanced adher-
ence of patrolling monocytes to the aorta of MT4-null BM-
transplanted Ldlr/~ mice after 3 days on the HFD (Fig. 8a).
Concomitantly, MRV also led to loss of the increased abundance
in Mafb+AIM+ macrophages at 7 days and in total macrophages
at 8 weeks on the HFD in MT4-null BMT Ldlr~/~ mice overall
delaying AT progression, as shown by quantification of lipid
deposits, neointima area, and Stary score, to similar levels than
those observed in MRV-treated Ldlr”'~ mice transplanted with
wild-type cells*? (Fig. 8b—f and Supplementary Fig. 11a—c).

The data obtained with the CCR5 antagonist demonstrate that
the atherosclerotic phenotype observed in the absence of MT4-
MMP is related to its primary impact on the enhanced early
recruitment of patrolling monocytes to the inflamed aorta.

Discussion

Patrolling monocytes exert their surveillance activity within the
vasculature, where they recognize endothelial damage and pro-
mote repair’’. A vascular protective function for patrolling
monocytes in inflammation was supported by the exacerbated AT

8 | (2018)9:910

in mice lacking the orphan nuclear receptor Nur77/Nr4al, which
present a dramatic reduction in Ly6C°" patrolling monocyte
production®®33, These mice have, however, other defects such as
a proinflammatory shift of Nur77-null macrophages, which could
in part mediate the observed phenotype®. Moreover, a separate
study did not detect changes in lipid lesions in Ldir-null mice
transplanted with Nur77/~ BM3}, and therefore debate has
persisted about the atheroprotective role of patrolling monocytes.
Our findings in MT4-MMP-null mice provide the first evidence
for a contribution of patrolling monocytes to a proatherogenic
Mafb+AIM+ macrophage subset in early plaques. The con-
tribution of patrolling monocytes to AT may also be clarified by a
recent mouse model targeting a super-enhancer that ablates
Nur77-dependent Ly6C°" monocytes, while preserving Nur77
expression in tissue macrophages and macrophage responses to
inflammation®”.

Macrophage burden mainly depends on monocyte recruitment
in early plaques and on local macrophage proliferation in
advanced plaques®3°. Established atherosclerotic lesions in MT4-
MMP-null transplanted HFD-fed Ldlr’~ mice had an increased
macrophage abundance unrelated to differences in proliferation.
Although Ly6C'" patrolling monocytes are recruited early to
incipient plaques in a CCR5-dependent manner®’, the mechan-
isms that govern their crawling, adherence, and recruitment to
the plaque remain poorly defined®. Our study identifies MT4-
MMP-mediated cleavage of aM integrin as a mechanism for fine-
tuned regulation of patrolling monocyte crawling. MT4-MMP
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*p<0.05

absence thus resulted in enhanced adhesion of patrolling mono-
cytes on the inflamed endothelium and therefore their recruit-
ment to incipient atherosclerotic plaques in a cell autonomous
manner as shown by adoptive transfer experiments. Attention has
also focused on macrophage heterogeneity in the atherosclerotic
plaque, with new subsets being characterized, adding Mox,
Mhem, and M4 macrophages to the established M1 and M2
categories”. As patrolling monocytes express genes for cholesterol
sensing and response?!, it is of particular interest to determine
whether their recruitment to the plaque influences macrophage

| (2018)9:910

composition, lipid handling, and overall AT progression. In this
regard, patrolling monocytes are more prone to develop into
CDl11c+ cells in the plaque, but the function of these CD11c+
cells in AT was not elucidated?”*3, We confirmed the presence of
more CD1lc+ cells in incipient plaques from MT4~/~-trans-
planted Ldlr'= mice (~2-fold), but these cells contained fewer
lipids than CD11lc+ cells in mice transplanted with wild-type
BM, suggesting a limited contribution to the observed athero-
sclerotic phenotype (data not shown). Macrophages in MT4-
MMP-null-derived plaques had an elevated accumulation of
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nuclear Mafb similar to observations in other contexts, thus
supporting the idea that Mafb may be an intrinsic signature of
patrolling monocyte differentiation into macrophages, regardless
the inflammatory context?®. Mafb+ lipid-loaded macrophages
have been reported in mouse and human established athero-
sclerotic plaques, but the origin of this subset was not eluci-
dated’®. Mac3+Mafb+ macrophages also expressed AIM
(apoptosis inhibitor of macrophages), which boy inhibiting foam-
cell apoptosis and favoring oxLDL uptake?®-3¢ may underlie the
larger lipid lesions developed in the aortas of MT4/~-trans-
planted Ldlr~ mice after 12 weeks on the HFD. Data obtained
with the CCR5 inhibitor confirmed the dependence of patrolling
monocytes on this receptor for their efficient recruitment to the

plaque and the existence of non-CCR5 factors whose functional
significance remains to be determined®”. CCR5 inhibitor data also
argue in favor of increased early recruitment of patrolling
monocytes to athero-prone aorta areas as the primary contributor
to Mafb+AIM+ macrophage abundance and AT acceleration in
the absence of MT4-MMP. Notably, the phenotype was not
restricted to the atherosclerotic context, since we also observed
Mafb+AIM+ macrophage accumulation in TG-elicited MT4-
MMP-null peritoneal macrophages. Furthermore, these macro-
phages exhibited higher levels of cell-surface AIM and of CD36 (a
gene expressed by patrolling monocytes®!) and bound acLDL
more avidly*, in line with the role assigned to AIM in favorin(g
CD36-mediated oxLDL uptake and foam-cell formation’.
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Interestingly, the functional outcome of high CD36 levels in
MT4-MMP-null Mac3+Mafb+AIM+ macrophages may be fur-
ther shaped by environmental factors: in a lipid-rich milieu like
AT, CD36 expression would favor disease progression; however,
in contexts such as bacterial infection or amyloid deposition,
CD36 might promote phagocytosis and resolution?’. The Mac3
+Mafb+AIM+ subset seems to be unique within the multi-
dimensional model of macrophage plasticity*!, with cytokine
profiling indicating no shift to a proinflammatory or antiin-
flammatory phenotype; however, amplified aM integrin-mediated
signaling in MT4-MMP-null macrophages may still produce
changes in certain cytokines, such as CXCL2%2, Cooperation of
aM integrin with CD36 and TLR2 in cell-surface lipid domains
on macrophages has been shown to promote lipid accumulation
and downmodulate the inflammatory response*3; future studies
will elucidate whether this cooperation takes place in Mac3
+Mafb+AIM+ macrophages, particularly in the absence of
MT4-MMP. Our results identify a unique apoptosis-resistant,
lipid-prone, and non-inflammatory Mac3+Mafb+AIM+ subset
that contributes to AT progression; the relation of this subset to
subsets previously reported in the atherosclerotic plaque (Mox, M
(Hem), M(Hb), and M4)° deserves further analysis. In light of
these results, combined strategies targeting Mafb+ and Mafb-
macrophages may prove to be more effective at ameliorating AT
progression. Determining whether patrolling monocyte-derived
macrophages still have a pro-resolution role at later stages in
established AT lesions would require the use of inducible deple-
tion strategies.

This report also describes the first MT4-MMP function in
monocytes/macropha%es unrelated to the previously proposed
pro-TNFa processing' >34, We identify the aM integrin chain
(Itgam), present in lipid membrane microdomains, as a novel
MT4-MMP substrate! 244> and the lentiviral strategy indicates
that MT4-MMP catalytic activity regulates aM integrin cell sur-
face levels in patrolling monocytes also in vivo. Serine proteases
and MMP-9 cleave the B2 integrin chain?®*” and this shedding is
thouéht to allow leukocyte detachment after endothelial adhe-
sion*®4%. We identified an MT4-MMP cleavage site at position
N°77 of the aM integrin chain, which is conserved in human and
mouse aM integrin but not in the related oL integrin chains of
either species. In response to vessel injury or inflammation,
patrolling monocytes change their crawling pattern and shift to
aMp2 integrin dependence for vascular monitoring®>>%>%, MT4-
MMP-mediated cleavage of aM integrin would likely destabilize
the integrin heterodimer®! allowing patrolling monocytes to
detach once their surveillance function on the inflamed endo-
thelium is performed. These results thus also position aMp2
integrin as a major regulator of patrolling monocyte behavior in

AT, in which its role had remained unclear>>~>*, Interaction of
aMp2 integrin with ICAM-1, von Willebrand factor, fibrinogen,
or CCN1 at athero-prone sites®>~>® might downregulate Foxpl
and induce c-fms®, and hence influence MT4-MMP and Mafb
expression (data not shown and®®) as well as macrophage dif-
ferentiation and/or proliferation.

This study has potential translational implications related to
the atheroprotective action of MT4-MMP when present in BM-
derived patrolling monocytes, with its expression increasing
steadily with AT progression in mouse aorta and human cor-
onary arteries. Genome-wide association studies will help to
determine whether mutations in the MT4-MMP gene (MMP17)
correlate with increased susceptibility to AT. Finally, patrolling
monocytes have beneficial intravascular actions in infection, lung
metastasis, and Alzheimer’s disease®!7°!, and our results suggest
that short-term MT4-MMP targeting may offer a new therapeutic
strategy to boost these activities.

Methods

Animal procedures. MT4-MMP-deficient mice were generated as previously
described!. Ldlr-deficient and Cx3crIS®/+ mice? were obtained from Jackson
Laboratories. All mouse strains were on the C57BL/6 background. MT4-MMP~/
“/Ldlr'~ and MT4-MMP~/~/Cx3¢cr1-G/+ mice were obtained by crossing MT4-
MMP-deficient mice with Ldlr”'~ or Cx3cr1-G/* mice. Mice used in this study
included: n =58 C57BL/6, n =67 MT4-MMP~/~, n =154 Ldlr”/~, n=20 MT4-
MMP/~/Ldlr™'~, n =10 Cx3cr1S®*, and n = 10 MT4-MMP~/~/Cx3cr1-GP/+,
Mice were housed in the Centro Nacional de Investigaciones Cardiovasculares
Carlos III (CNIC) Animal Facility under pathogen-free conditions and according
to institutional guidelines. Animal studies were approved by the local ethics
committee (CNIC Committee for Animal Welfare permit number CNIC-01/13 and
local government of Madrid permit number PROEX 34/13) and conformed to
directive 2010/63EU and recommendation 2007/526/EC regarding the protection
of animals used for experimental and other scientific purposes, enforced in Spanish
law under RD1201/2005. No statistical methods were used to pre-estimate the
animal sample size and mice were randomly allocated to experimental groups. To
induce atherosclerotic plaques, 3-month-old male mice were fed a HED (ssniff,
E15721-34) ad libitum for the indicated time. For BM transplantation, lethally
irradiated (9 Gy) 8-week-old male Ldlr/"MT4-MMP+/* mice received tail vein
injections of BM cells (107) obtained from tibias and femurs of euthanized donor
Ldlr "+ MT4-MMPH* or Ldlrt/*MT4-MMP~/~ mice. After 4 weeks on standard
chow diet, transplanted mice were placed on the HED for the indicated time. For
CCRS5 blocking, MRV (25 pg/g) or vehicle (5% dimethyl sulfoxide and 0.5% HCI
0.1 N in distilled water) were administered to BM transplanted Ldlr~'~ mice by oral
gavage every 12 h for 3 days, 7 days, or during the first week, and then every 24 h
for a further 7 weeks until the end of the experiments. MRV was first administered
at the end of the day previous to HFD feeding and last administered 2 h before
sacrificing the mice. For adoptive transfer experiments, patrolling monocytes were
sorted from the spleen of MT4-MMP/*/Cx3cr1-G/+ and MT4-MMP~~/Cx3cr1-
Gfp/+ mice as Lin (B220 (BD Pharmingen, 51.01122]), CD3 (BD Pharmingen,
51.01082]), Ly6G (BD Biosciences, 551461), and NK1.1 (BD Biosciences, 553165))-
negative, GFP-positive and Ly6C-negative cells. Patrolling monocytes (5 x 10°)
were injected intravenously into 3-month-old male Ldlr~'~ mice; the mice were fed
on the HFD for 3 days and then killed and the aortas processed for whole-mount
staining. Investigators were not blinded during the analysis of mouse samples.

Fig. 8 CCR5 inhibition results in loss of enhanced recruitment of patrolling monocytes, Mafb+AIM+ macrophage accumulation and AT acceleration in
MT4-MMP-null BMT Ldlr”~ mice. a Scheme depicts the experimental design of CCR5 blocking strategy by Maraviroc (MRV) administration as described
in M&M. b Representative orthogonal XZ view of confocal microscopy images of whole mount-stained aortic arch from Ldlr”/~ mice transplanted with
MT4-MMPH/+ or MT4-MMP™~ BM cells, fed the HFD for 3 days and treated with MRV or vehicle. Samples were stained for CD115 (red) and Ly6C
(green); elastin autofluorescence (green) and nuclei (Hoechst, blue) are also shown. Scale bar, 20 um. The bar graph (right) shows the quantification of the
number of patrolling monocytes (CD115+Ly6C-) in the aorta lumen; n=7 vehicle and n =8 MRV mice per genotype in two independent experiments. ¢
Bar graphs show the quantification of the number of Mac3+ cells (left), Mac3+Mafb+ cells (middle), and Mac3+Mafb+AIM+ cells (right) in the plaques
of BM-transplanted Ldlr”~ mice fed a HFD for 1 week and treated with Maraviroc or vehicle. n =8 mice per genotype and condition in two independent
experiments. d Representative microscopy images of transverse sections of aortic sinus from BM-transplanted Ldlr”~ mice fed a HFD for 8 weeks and
treated with Maraviroc or vehicle; sections were labeled for Mac3 (red) and Hoechst (blue; nuclei) (upper, scale bar, 50 um) and graph shows the
quantification of the number of Mac3+ cells in the plaque (lower). n =7 vehicle and n =8 MRV BM-transplanted mice per genotype in two independent
experiments. e Graph showing the lesion area of aortas stained with Oil Red from BM-transplanted Ldlr”~ mice fed a HFD for 8 week and treated with MRV
or vehicle. n =7 and n = 8 mice for Vehicle and MRV mice per genotype in two independent experiments. f Stary scoring (I-VI) of transverse aortic H&E-
stained sections from BM-transplanted Ldlr”~ mice fed a HFD for 8 weeks and treated with Maraviroc or vehicle, shown as a percentage of all mice for
each score. n=7 vehicle and n=8 MRV BM-transplanted mice per genotype in two independent experiments. Data were tested by one-way ANOVA
followed by Bonferroni's post test in b-e and by y2-test for a trend in f. Results are expressed as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.005
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Human artery sampling and preservation. Human coronary arteries (n = 25)
were collected from freshly excised hearts during transplant operations at the
Hospital de la Santa Creu i Sant Pau (HSCSP, Barcelona, Spain). The study was
approved by the Hospital de la Santa Creu i Sant Pau Ethics Committee (04/2016)
and was conducted according to the Declaration of Helsinki. Written informed
consent was obtained from each patient. Immediately after surgical excision,
arteries were dissected, cleaned of connective tissue, and examined under a dis-
secting microscope. Vessel samples were frozen in liquid nitrogen and stored at —
80 °C for later protein or RNA extraction. Human samples were classified as early
lesions (presenting only thickening of the intima) and established atherosclerotic
lesions (presenting smooth muscle cells in the intima).

Genotyping of BM-transplanted mice. Blood samples were obtained from BM-
transplanted mice 4 weeks after transplantation. White blood cells were isolated
using Lympholyte (Cedarlane, CL5031) and DNA was extracted by isopropanol
precipitation. PCR was performed using the following primers: forward WT: 5'-
TCAGACACAGCCAGATCAGG-3’, forward KO 5-AATATGCGAAGTG-
GACCTGG-3, and reverse (common to WT and KO) 5-AGCAA-
CACGGCATCCACTAC-3'. PCR was conducted at 94 °C for 2 min followed by 40
cycles of 95 °C for 40 s, 58 °C for 40's, and 72 °C for 1 min, and a final elongation at
72°C for 10 min.

Biochemical analysis. Total mouse serum cholesterol, triglycerides, and glucose
were measured using the Dimensions RxL Max system (Siemens Healthineers).

Atherosclerotic lesion analysis. Hearts and aortas from euthanized mice were
fixed with 4% of paraformaldehyde overnight at 4 °C. Adventitial fat and con-
nective tissue were removed from aortas under a dissecting microscope. Whole
aortas were opened longitudinally to expose the entire luminal surface and stained
with 0.2% Oil Red O (Sigma-Aldrich, 0O0625) in 78% methanol. Images were
acquired with a Nikon SMZ800 stereomicroscope (Nikon, Japan) coupled to a
Nikon Coolpix 4500 digital color camera (Nikon). The Oil Red-positive area was
measured using Image J (https://imagej.nih.gov/ij/; National Institutes of Health,
Bethesda, MD).

Histological and immunohistochemical analysis. Mouse hearts and aortas were
perfused with phosphate-buffered saline (PBS), extracted, fixed in 4% paraf-
ormaldehyde for 24 h at 4°C, embedded in paraffin, and cut in 5 pm transverse
sections for immunostaining or hematoxylin and eosin staining. Deparaffinized
sections were rehydrated, and antigens were retrieved at 95 °C for 20 min in citrate
buffer pH 6 or (for cleaved caspase-3 staining only) Tris-EDTA buffer pH 9.
Sections were then left to cool to room temperature for 2 h. Antigen-retrieved
paraffin sections and cryosections were blocked and permeabilized for 1 h at room
temperature in PBS containing 0.3% (w/v) Triton X-100, 5% bovine serum albumin
(BSA), 5% goat serum, and a 1:100 dilution of anti-CD16/CD32 (24g2, BD
Pharmingen 553142). For immunofluorescence, sections were stained with anti-
Mac3 (Santa Cruz Biotechnology, sc-19991), anti-MT4 (Abnova, PAB4785), anti-
beta-galactosidase (rabbit, Abcam ab4761), anti-Ki67 (Abcam, ab16667), anti-
cleaved caspase-3 (Cell Signaling Technology, 9661 S), anti-CD11c (eBiosciences,
11-014-81), anti-Mafb (Santa Cruz Biotechnology, sc-10022), anti-AIM (GeneTex,
GTX37448), or anti-adipophilin (Novus Biologicals, NB110-40887) at 4 °C over-
night or with anti-CD11b 647 (eBiosciences, 51-0112-82) for 2h at room tem-
perature. Primary antibodies were detected with corresponding fluorescent-labeled
secondary antibodies. Samples were mounted in Fluoromount-G (SouthernBiotech,
0100-01) containing Hoechst 33342. Images were acquired on an inverted confocal
microscope (LSM700, Carl Zeiss) fitted with a x 25 oil-immersion objective. Images
were processed with Zen2009 Light Edition system (Carl Zeiss). Quantification was
performed with Image J (https://imagej.nih.gov/ij/; National Institutes of Health) or
CellProfiler software (Broad institute).

Real time quantitative PCR. Total RNA was isolated with TRIzol reagent (Invi-
trogen) using Maxtract high-density columns (Qiagen, ref. 1038988). Isolated RNA
was treated with DNAse I (Sigma-Aldrich, D5025) and reverse transcribed using
the High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). For
mouse samples, quantitative PCR (QPCR) was performed with SYBR Green PCR
master mix (Applied Biosystem) in a CFX384 detection system (Bio-Rad). Primers
used in this study are listed in Supplementary Table 1. Data were normalized to the
expression levels of 36b4 and cyclophilin mRNA within individual samples. For
human samples, QPCR was performed using TagMan probes for human MMPI17
(Hs00211754_m1) and normalized to the expression levels of TBP
(Hs99999910_m1). All samples were analyzed in triplicate and RNA levels (CNRQ;
calibrated normalized relative quantity) were calculated with Biogazelle qBase
PLUS.

Western blotting. Protein extracts from human coronary artery samples were
prepared in ice-cold lysis buffer containing 50 mM Tris-HCI pH 7.5, 1% (w/v)
Triton X-100, 150 mM NaCl, and 1 mM dithiothreitol, and supplemented with
protease inhibitors®>, Mouse atheroma samples were obtained from paraffin-
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embedded samples, removing the paraffin, dewaxing, and rehydrating as follows:
samples were placed in a tube and incubated for 30 min at 65 °C with 1 ml xylene
and incubated at room temperature with rotation. Samples were then dehydrated
through 100% ethanol (2 x 1 h), 96% ethanol (30 min), 70% ethanol (30 min), and
PBS (2 x 20 min). Samples were lysed in 20 mM Tris-HCI, pH 7.5 containing 2%
SDS and protease inhibitors for 20 min at 100 °C and 2 h at 60 °C. After cen-
trifugation at 13,000 r.p.m. for 15 min at 4 °C, proteins from peritoneal macro-
phages were extracted in a buffer containing 10 mM Tris-HCI pH 7.5, 1% (w/v)
Triton X-114, 150 mM NaCl, and protease inhibitors; samples were heated for 5
min at 30 °C to separate hydrophilic and lipophilic phases. Proteins were separated
by 10% SDS-polyacrylamide gel electrophoresis, transferred to nitrocellulose
membranes, and blocked with 5% non-fat milk. Primary antibodies used were anti-
MT4-MMP (Abcam, ab51075), anti-CD11b (Abcam, ab75476), anti-caveolinl
(Cell Signaling, 3267 S), anti-a-actin (Dako, M0851), and anti-tubulin (Sigma-
Aldrich, T6074). After overnight incubation at 4 °C and washes, bound primary
antibody was detected by incubation for 1 h with donkey-anti-rabbit (IRDyeTM
800CW or 680CW, 1/10,000, Odyssey) or donkey-anti-mouse (IRDyeTM 800CW
or 680CW, 1/10,000, Odyssey) secondary antibodies, followed by visualization with
the Odyssey Infrared Imaging System (LI-COR Biosciences). Raw western blotting
images are presented in Supplementary Fig. 12.

In silico modeling of MT4-MMP dimer/Itgam-ltgb2 integrin heterodimer.
Fasta sequences of mature human MT4-MMP/MMP17, Itgam, and Itgb2 proteins
were analyzed with locally implemented I-Tasser suite v4.4 for threading model-
ing®. Selected models were those with minimal energy and correct folding (best
structural alignment to templates). In these models, the TM domain is buried in the
protein core. Therefore, angles in this region (TM plus C-term) were fixed
according to the predicted secondary structure and a refinement cycle was per-
formed with the membrane framework of Rosetta suite v3.5 release 2015.38.58158
(www.rosettacommons.org)®>. To dock dimeric MT4-MMP to Itgam-Itgb2, the
monomers modeled previously were positioned according to the published dimeric
interface using pymol v1.8 (www.pymol.org) and the new dimeric model was used
as the initial template. Using this model as input, with the same spanfile and
constraints as before, a new dimer model was generated using the mp_dock
application from the membrane framework of Rosetta suite v3.5 release
2015.38.58158 in each case®. Using the obtained dimer models, the MT4-MMP-
Itgam-Itb2 complex was modeled by a similar approach.

Identification of cleavage sites and in vitro digestion assay. Cleavage sites for
MT4-MMP in aMp2 integrin were identified by Cleavpredict®? (http://cleavpredict.
sanfordburnham.org/) and the predicted and exposed sites were then filtered
according to the peptide cleavage matrix in the MEROPS database (http://merops.
sanger.ac.uk/). Conservation of cleavage sites in the mouse and human aM and aL
integrin chains was checked in Uniprot (http://www.uniprot.org/align/). The aM
integrin peptide (RPQVTFSENLSSTCHTKER) was synthetized at the Centro de
Investigaciones Bioldgicas (CIB, CSIC, Madrid) and incubated with hrMT4-MMP
(RP-77535, Thermo Fisher Scientific) for 2 h at 37 °C in water. The resulting
peptides were assayed by high-resolution parallel reaction monitoring on an Easy
nLC 1000 nano-HPLC apparatus (Thermo Fisher Scientific) coupled to a hybrid
quadrupole-orbitrap mass spectrometer (Q Exactive, Thermo Scientific). The
peptides were separated at 200 nL m~! in a continuous gradient consisting of
8-30% B for 15 min and 30-90% B for 2 min (B =90% acetonitrile, 0.1% formic
acid) and ionized using a Picotip emitter nanospray needle (New Objective,
Woburn, MA, USA). Each mass spectrometric (MS) run consisted of enhanced FT-
resolution spectra (15,000 resolution) in the 400-1400 m z~! range followed by
data-independent tandem MS spectra of seven parent ions acquired during the
chromatographic run. The AGC target value in the Orbitrap for the survey scan
was set to 1,500,000 and fragmentation was performed at 27% normalized collision
energy with a target value of 250,000 ions. Data were analyzed with Xcalibur 2.2
(Thermo Fisher Scientific).

Peritoneal macrophage analysis. Primary mouse peritoneal macrophages were
obtained from MT4-MMP*/* or MT4-MMP~/~ mice by i.p. lavage with 10 ml cold
PBS 72 h after i.p. injection of 3% (w/v) TG. Macrophages were counted, pelleted,
and resuspended in RPMI-1640 (Sigma-Aldrich) supplemented with 2.5% fetal
bovine serum, 10 mM HEPES, 50 UI ml~! penicillin, 50 pyg ml~! streptomycin, 1
mM sodium pyruvate, and 0.1 mM non-essential amino acids, and plated on
coverslips for spreading experiments or on plastic tissue culture dishes for mRNA
or protein analyses. Freshly isolated peritoneal cells were used for flow cytometry.
For MafB and AIM immunofluorescence analysis of TG-elicited peritoneal mac-
rophages, cells were plated on glass coverslips (500,000 cells per 12 mm-diameter
coverslip) for 24 h, fixed with 4% paraformaldehyde for 10 min at room tem-
perature, and blocked and permeabilized for 30 min at room temperature in PBS
containing 0.3% (w/v) Triton X-100, 5% BSA, 5% goat serum, and a 1:100 dilution
of anti-CD16/CD32 (24g2, BD Pharmingen 553142). Fixed cells were stained with
anti-Mafb (Santa Cruz Biotechnology, sc-10022) and anti-AIM (GeneTex,
GTX37448) overnight at 4 °C, and with anti-CD11b 647 (eBiosciences, 51-0112-82)
for 2h at room temperature, followed by the corresponding fluorescent-labeled
secondary antibodies. Apoptosis was assessed by treating TG-elicited peritoneal
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macrophages with cycloheximide (100 g ml 1) for 6 h and staining fixed cells with
anti-cleaved caspase 3 (Cell Signaling, 9661 S) as described above. Samples were
mounted in Fluoromount-G (SouthernBiotech, 0100-01) containing Hoechst
33342. Images were acquired on an inverted confocal microscope (LSM700, Carl
Zeiss) fitted with a x 25 oil-immersion objective. Images were processed and
analyzed using Image ] (https://imagej.nih.gov/ij/; National Institutes of Health).
For C3 and acLDL binding assays, TG-elicited peritoneal macrophages were plated
over coverslips or left in suspension and incubated with C3-opsonized sheep red
blood cells (RBCs) or with 1 pug ml~! acLDL-FITC (Invitrogen, L-23380) for the
indicated times at 37 °C; the number of RBC per macrophage was then counted
and the fluorescence intensity of AcLDL-FITC quantitated by flow cytometry.
Macrophage egression was assessed as described>?. In brief, TG-elicited peritoneal
macrophages from MT4-MMP*+/* or MT4-MMP~/~ mice were labeled with
PKH26 or PKH67 probes (Sigma-Aldrich MINI26 and MINI67), respectively, and
mixed 1:1. Dual-labeled macrophages (5 x 10°) were injected i.p. into C57BL6 mice
previously stimulated with TG i.p. for 72 h. LPS (1 pg) or PBS was then injected i.p.
and after 4 h mice were killed and peritoneal macrophages and spleen obtained for
flow cytometry analysis.

In vivo macrophage infection. Lentiviruses encoding full-length mouse MT4-
MMP, MT4-MMP E248A (catalytic inactive mutant), or GFP alone (mock)

were generated as described®. Virus was i.p. injected into MT4-MMP+/* or MT4-
MMP~/~ mice at ~ 1 x 108 pfuml™L. After 5 days, cells were collected and ana-
lyzed by flow cytometry.

Flow cytometry. Blood and BM samples from killed mice were blocked for 15 min
at 4°C in PBS containing 5% BSA and a 1:100 dilution of anti-CD16/CD32 (24g2,
BD Pharmingen, 553142). Samples were then stained for 30 min at 4 °C with anti-
CD11b 647 (eBiosciences, 51-0112-82) or biotinylated (BD Pharmingen, 51.01712
]), anti-CD45 V450 (eBiosciences, 48-0451-82), anti-Ly6C FITC (BD Bioscience,
553104) or APC (BD Pharmingen, 560595), anti-CCR5 PE (eBioscience, 12.1951-
12), and anti-CCR2 (Biolegend, 150607) primary antibodies and with streptavidin
PE (BD Bioscience, 554061) secondary reagent. Erythrocytes in blood samples were
lysed with FACS Lysis Solution (BD Biosciences, 349202) for 7 min at room
temperature. Before gating, granulocytes were excluded by FCS/SSC. Peritoneal
macrophages were collected on the indicated days after TG administration and
blocked with BSA/anti-CD16/CD32. Macrophages were then stained for 30 min at
4°C with anti-CD11b 647 (eBiosciences, 51-0112-82), anti-CD45 V450 (eBios-
ciences, 48-0451-82), anti-F4/80 Pe-Cy7 (Biolegend, 123114), anti-AIM (GeneTex,
GTX37448), and anti-CD36 (Cascade BioScience, ABM-5525) antibodies; for
quantification of dead cells, Hoechst 33258 (Sigma, 861405) was added 5 min
previous to flow cytometry analysis. Data were acquired in a FACSCanto III cyt-
ometer (BD) and analyzed using FlowJo software (Tree Star).

Cell spreading assay. Peritoneal macrophages were plated onto fibrinogen-coated
coverslips (500,000 cells per 12 mm-diameter coverslip) for 24 h, fixed with 4%
paraformaldehyde for 10 min at room temperature, stained with phalloidin-texas
red (Invitrogen, T-7471, 1:100) for 2 h, and mounted in Fluoromount-G (South-
ernBiotech, 0100-01) containing Hoechst 33342. Images were acquired with a
confocal microscope (Nikon A1R) fitted with an x 20 air objective. Images were
processed and analyzed using Image J (https://imagej.nih.gov/ij/; National Insti-
tutes of Health).

Whole-mount staining of peritoneal membranes. Peritoneal membranes were
collected 72 h after TG administration, cleaned under a dissecting microscope, and
fixed with 4% paraformaldehyde overnight at 4 °C. Samples were blocked and
permeabilized for 30 min at room temperature in PBS containing 0.1% Triton X-
100, 5% BSA, 5% goat serum (Jackson, 005-000-001), and 1:100 anti-CD16/CD32
(24g2, BD Pharmingen, 553142). Samples were then incubated with anti-CD11b
647 (eBiosciences, 51-0112-82) overnight at 4 °C and mounted in Fluoromount-G
(SouthernBiotech, 0100-01) containing Hoechst 33342. Images were acquired with
an inverted confocal microscope (LSM700, Carl Zeiss) fitted with a x 10 air
objective. Images were processed with Zen2009 Light Edition (Carl Zeiss), and
quantified using Image J (https://imagej.nih.gov/ij/; National Institutes of Health).

Intravital microscopy in the cremaster muscle. Intravital microscopy in the
cremaster muscle was performed as described?. Mice were anesthetized and the
cremaster muscle was dissected free of surrounding tissues and exteriorized onto
an optical clear viewing pedestal. The muscle was cut longitudinally with a cautery
and held extended at the corners of the exposed tissue using surgical suture. To
maintain the correct temperature and physiological conditions, the muscle was
perfused continuously with warmed Tyrode’s buffer. Four hours before surgery,
animals were injected intrascrotally with 345 ng of CCL2 (Preprotech, 250-10)%,
The cremasteric microcirculation was then observed using a Leica DM6000-FS
intravital microscope fitted with an Apo x40 NA 1.0 water-immersion objective
and a DFC350-FX camera. LASAF software was employed for acquisition and
image processing. Monocytes were stained by i.v. injection of CD115-PE (Biole-
gend, 135505) and Ly6C-APC (Biolegend, 128016), and in another set of experi-
ments neutrophils were stained by injection of Ly6G-PE (BD Biosciences, 551461).
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Three-to-five randomly selected venules (25-40 pm diameter) were analyzed per
mouse, and leukocyte-endothelium interaction was measured in 350 pm vessel
segments for 5 min. When indicated, the aM integrin (Itgam) blocking antibody
M1/70 (eBioscience, 16-0112) or IgG isotype control (eBioscience, 16-4031) was
injected intravenously (4 mgkg~!) before intravital microscopy?®.

Statistical analysis. All data are shown as mean + SEM. Normal distribution of
the values was checked and statistical analysis performed with Prism Software
(GraphPad Prism 5) using the test indicated in the figure legend. Outlier values
were excluded using the online GraphPad outlier test. Statistical significance was
assigned at *p < 0.05, **p <0.01, and ***p <0.001.

Data availability. All relevant data are available from the authors upon request.
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Abstract

Pathological angiogenesis contributes to cancer progression and
chronic inflammatory diseases. In inflammatory bowel disease, the
microvasculature expands by intussusceptive angiogenesis (IA), a
poorly characterized mechanism involving increased blood flow
and splitting of pre-existing capillaries. In this report, mice lacking
the protease MT1-MMP in endothelial cells (MT15%) presented
limited 1A in the capillary plexus of the colon mucosa assessed by
3D imaging during 1% DSS-induced colitis. This resulted in better
tissue perfusion, preserved intestinal morphology, and milder
disease activity index. Combined in vivo intravital microscopy and
lentiviral rescue experiments with in vitro cell culture demon-
strated that MT1-MMP activity in endothelial cells is required for
vasodilation and IA, as well as for nitric oxide production via bind-
ing of the C-terminal fragment of MT1-MMP substrate throm-
bospondin-1 (TSP1) to CD47/avf3 integrin. Moreover, TSP1 levels
were significantly higher in serum from IBD patients and in vivo
administration of an anti-MT1-MMP inhibitory antibody or a
nonamer peptide spanning the avp3 integrin binding site in TSP1
reduced IA during mouse colitis. Our results identify MT1-MMP as
a new actor in inflammatory IA and a promising therapeutic target
for inflammatory bowel disease.
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Introduction

The vasculature delivers oxygen and nutrients to all tissues and
must constantly and dynamically adapt to tissue needs. Angiogene-
sis, the formation of new capillaries from pre-existing vessels, is
required to expand the vasculature not only during development
and tissue repair, but also in pathological conditions such as cancer
and chronic inflammatory disease (Potente et al, 2011). In these
contexts, the newly formed vasculature is often marginally func-
tional and leaky, contributing to disease progression (De Bock et al,
2011; Parma et al, 2017). Angiogenesis often occurs by capillary
sprouting, which is mainly triggered by hypoxia and the subsequent
production of vascular endothelial growth factor (VEGF). New ther-
apeutic interventions in cancer and other diseases have therefore
focused on inhibiting sprouting angiogenesis, mostly by blocking
VEGF (Potente et al, 2011). However, the development of resistance
to this approach and its overall limited success have shifted atten-
tion to the possible existence of alternative modes of capillary
expansion (Ribatti & Djonov, 2012).

Intussusceptive angiogenesis (IA) was formally recognized in the
1980s and involves the expansion of the microvasculature through
the formation of intraluminal pillars, eventually resulting in capil-
lary splitting (Burri et al, 2004). IA contributes to the physiological
expansion of capillary beds during embryonic development and
postnatal coronary vasculature remodeling (van Groningen et al,
1991; Djonov et al, 2000). IA also occurs in certain cancers and
chronic diseases such as bronchopulmonary dysplasia, in which IA
generates an aberrant and dysfunctional vasculature that may
contribute to disease progression (Ribatti & Djonov, 2012; Giaco-
mini et al, 2015; De Paepe et al, 2017). Sprouting and intussuscep-
tion angiogenesis mechanisms can co-exist in pathophysiological
settings (Konerding et al, 2012; Karthik et al, 2018).
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IA is a dynamic, fast, and metabolically undemanding process
that barely involves proliferation but instead progresses through
intraluminal endothelial cell rearrangements (Burri et al, 2004). IA
is usually driven by a persistent increase in blood flow, and it aimed
to restore shear stress in the split vessels (Styp-Rekowska et al,
2011). However, knowledge is scarce about the cellular and molecu-
lar mechanisms underlying IA. This is partly due to the absence of
in vitro models of IA and the limited experimental techniques to
identify and quantify genuine IA events in vivo, apart from scanning
electron microscopy and corrosion casts (Nowak-Sliwinska et al,
2018). Nevertheless, genes whose expression is enriched during IA
have been identified in skeletal muscle, in which the vasodilator
prazosin induces IA and the excision of the agonist muscle, sprout-
ing angiogenesis (Zhou et al, 1998; Egginton, 2011). Upregulated
genes in skeletal muscle of prazosin-treated mice included endothe-
lial nitric oxide synthase (eNOS) and neuropilin-1 (Nrpl), suggest-
ing a role for these pathways in IA. Analysis of eNOS (Nos3)-
deficient mice confirmed that eNOS is required for IA but not for
sprouting angiogenesis in skeletal muscle (Williams et al, 2006);
more recently, nitric oxide (NO) has been shown to contribute to
pathological IA in tumors (Vimalraj et al, 2018). Advanced micro-
scopy techniques and increasing knowledge about endothelial cell
responses to blood flow have together favored the recent characteri-
zation of the TA modulators endoglin and ephrinB2/EphB4 (Hlush-
chuk et al, 2017; Groppa et al, 2018). However, it remains unclear
how these pathways are regulated and contribute to IA, particularly
during disease.

IA is the mechanism of capillary expansion during intestinal
inflammation, and analysis of chemically induced murine colitis
(e.g., with dextran sodium sulfate; DSS) has advanced knowledge
about the morphogenesis and hemodynamics underlying inflamma-
tory IA (Mori et al, 2005; Ravnic et al, 2007; Filipovic et al, 2009;
Konerding et al, 2010). These studies show that mechanical forces
and changes in intraluminal blood flow drive IA and that a marked
vasodilation occurs during the first stages of IA during colitis, before
complete duplication of the mucosal plexus (Filipovic et al, 2009;
Konerding et al, 2010). The DSS mouse model of colitis recapitu-
lates some of the features of human inflammatory bowel disease
(IBD), a chronic inflammatory disease of the intestine comprising
ulcerative colitis and Crohn’s disease and characterized by phases
of remission and relapse (Podolsky, 2002). IBD is a multifactorial
disease featuring a primary defect in intestinal epithelial barrier
integrity and an exacerbated immune response to the microbiota
and for which there is as yet no universal and efficient therapy
(Gyires et al, 2014). As in other chronic inflammatory diseases, coli-
tis progression is believed to involve angiogenesis, which is there-
fore regarded as a potential treatment target for human IBD
(Chidlow et al, 2006; Koutroubakis et al, 2006; Danese, 2007).
Attempts have been made to reduce angiogenesis and reduce colitis
symptoms by targeting diverse molecular pathways, such as VEGF,
TSP1/CD36, and CD40-CD40L, with limited success (Danese et al,
2007a,b; Punekar et al, 2008; Scaldaferri et al, 2009). There is there-
fore a need to decipher the molecular pathways involved in colitis-
associated IA in order to design more rational therapeutic strategies.

During colitis, epithelial and mesenchymal cells, as well as other
cell types, increase expression of MT1-MMP (Pender et al, 2000; te
Velde et al, 2007; Alvarado et al, 2008), a membrane-anchored
matrix metalloproteinase whose activity contributes to sprouting
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angiogenesis in vitro and in vivo through the combined processing
of substrates such as TSP1, NID1, and CYR61 (Galvez et al, 2001,
2005; Koziol et al, 2012a). MT1-MMP also has non-proteolytic
actions that contribute to the regulation of Racl or HIFla signaling
(Koziol et al, 2012b). MT1-MMP is expressed in endothelial cells
(ECs) at low levels in homeostatic conditions, but it is upregulated
by the pro-inflammatory cytokines TNFo and interleukin-1 (Rajava-
shisth et al, 1999; Koziol et al, 2012a). Despite the important role of
MT1-MMP in sprouting angiogenesis, the potential contribution of
endothelial MT1-MMP to IA, particularly in the context of inflamma-
tion and IBD, has not been explored previously.

In the present study, the analysis of mice specifically lacking
MTI1-MMP in ECs identified this protease as an actor in inflamma-
tion-driven IA whose endothelial targeting results in preserved
vasculature and amelioration of colitis. Deciphering the underlying
MT1-MMP/TSP1/avf3 integrin/NO molecular axis opens avenues
for the development of new diagnostic and therapeutic interventions
in IBD.

Results

MT1-MMP is required for intussusceptive angiogenesis (IA) in
DSS-induced colitis

To investigate the possible role of MT1-MMP (gene name MMP14)
in inflammation-driven IA, we used the DSS-induced colitis model,
a widely recognized model of IA (Konerding et al, 2010). We first
assessed MT1-MMP expression in ECs of the mucosa vasculature in
the colon by tracking B-gal expression in MT1%%/* reporter mice.
In non-treated mice, nuclear -gal expression was present in ECs in
the vessels nearby the muscularis mucosa but was barely detected
in those of the mucosal plexus, the polygonal capillary network
around the colonic crypts. Treatment of mice with 1% DSS signifi-
cantly increased the proportion of endothelial cells expressing p-gal
in the mucosal plexus after 3 days with a remaining augmented
trend at 7 days (Appendix Fig S1A and B). Patches of B-gal-positive
ECs were frequently detected near the Y-junctions (tri-corners) in
the mucosal vascular plexus (Appendix Fig S1C). MT1-MMP was
deleted in the ECs of MT1-MMP"";Cdh5Cre™ ™ mice (MT1'*E¢) mice
by daily injections of 4-hydroxy-tamoxifen (4-OHT) for 5 days; 4-
OHT injections began 3 days before DSS treatment. Isolated lung
ECs were examined to confirm efficient recombination of the floxed
Mmp14 allele and the absence of MT1-MMP mRNA (Fig EV1A-C).
MT1-MMP expression was also reduced in the colonic capillaries
from MT1**E€ mice examined at 7 days post-DSS (Fig EV1D).

To test the effect of prophylactic endothelial MT1-MMP deletion
on DSS-induced IA, we implemented a 3D imaging method based on
high-resolution confocal microscopy and Imaris® image analysis of
whole-mount CD31-stained mouse intestine; this method allowed us
to quantify holes in the vascular tri-corners indicating intraluminal
pillars as well as capillary loops and duplications in the mucosal
plexus, all hallmarks of IA (Fig EV2A). We also measured capillary
bifurcation angles in the mucosal plexus, which decrease during IA
(Fig EV2B; Ackermann et al, 2013). DSS-induced mild colitis in
MT1"%;cdh5Cre™  -negative (MT1”%) control mice was associated
with significantly increased IA events (holes, loops, and duplica-
tions) and smaller capillary bifurcation angles at 3 days compared

© 2019 The Authors
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with non-treated mice (Fig 1A-C). Of note, MT1'E€ mice showed
significantly reduced numbers of DSS-induced IA capillary events
(holes, loops, and duplications) at 3 and 7 days compared with
MT1Y" mice (Fig 1A and B); intercapillary angles were also
preserved in the colon mucosal plexus of MT1*E€ mice at 3 days
post-DSS treatment (Fig 1C). These findings identify MT1-MMP as a
novel endothelial actor in inflammatory IA.

Loss of endothelial MT1-MMP preserves intestinal vascular
perfusion and ameliorates colitis

To investigate the impact of inflammatory IA on vascular function,
we analyzed vessel perfusion by intravascular injection of isolectin
B4 (IB4). Perfusion decreased during colitis progression in the
mucosa vascular plexus of both MT1¥! and MT1'*E€ mice, but it
was significantly better preserved in the latter at 7 days post-1%

EMBO Molecular Medicine

DSS treatment (Fig 2A and B). Furthermore, 1% DSS induced vascu-
lar leakage at days 3 and 7 in the colonic mucosa of MT1"! mice
and at a lower extent in MT12E€ mice (Appendix Fig S2A).
Treatment with 1% DSS produced only subtle alterations in the
intestinal mucosa after 3 days, but at 7 days, hematoxylin and eosin
histology revealed better preservation of colon morphology in
MT12EC mice, showing fewer areas of crypt destruction than control
mice (Fig 2C). Second-harmonic generation (SHG) microscopy con-
firmed the presence of well-structured collagen fibers surrounding
crypts in MT1*E€ mice at 7 days post-DSS, contrasting with abun-
dant and disorganized collagen fibers in control mice (Fig 2D), an
additional sign of enhanced tissue damage and fibrosis. To estimate
disease severity over the 7 days of 1% DSS treatment, we calculated
the disease activity index (DAI), based on a composite of weight
loss, stool consistency, and hemorrhage (see Methods). The DAI
was significantly lower in MT1"*E® mice than in MT1¥" controls
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Figure 1. MT1-MMP expression in endothelial cells contributes to intussusceptive angiogenesis in colitis.

A Representative maximum-intensity projection images of colon mucosal plexus in CD31-stained (green) whole-mount distal colon from MT17" and MT1'2E¢ mice left
untreated (basal) or treated with 1% DSS for 3 or 7 days. Scale bar, 40 um. Arrows, arrowheads, and asterisks indicate duplications, loops, and pillars, respectively.

B Quantification of 1A events in the colon mucosal plexus of mice treated as in (A), including vascular holes, duplications, and loops; n = 9-15 mice per genotype and
condition. Data are shown as mean + SEM and were tested by one-way ANOVA with Benjamini and Hochberg post-test; *P < 0.05, **P < 0.01.

C Quantification of vascular angles at the Y-junctions in the colon mucosal plexus of mice left untreated or treated with 1% DSS for 3 days; n = 6 mice per genotype
and condition. Data are shown as mean + SEM and additionally as individual animal values and were tested by one-way ANOVA with Benjamini and Hochberg

post-test; **P < 0.01.

Data information: Please see Appendix Table S3 for exact P-values.
Source data are available online for this figure.
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Figure 2. MT1-MMP absence from endothelial cells limits deterioration of vascular perfusion and impedes colitis progression.

A Representative maximume-intensity projection images of whole-mount distal colons stained for CD31 (green) and 1B4 (red) in MT17 and MT1'2E€ mice left untreated

(basal) or treated with 1% DSS for 3 or 7 days. Scale bar, 40 um.

B Perfusion decreased during 1% DSS-induced colitis in MT17 and MT1'4E mice; n = 8-12 mice per genotype and condition. Data are shown as mean + SEM and
were tested by one-way ANOVA with Benjamini and Hochberg post-test; **P < 0.01.
C Representative H&E-stained colon sections from MT17" and MT1"45€ mice left untreated (basal) or treated with 1% DSS for 3 or 7 days. Arrows indicate crypt

destruction. Scale bar, 50 um.

D Representative second-harmonic generation (SHG) microscopy images of mucosal plexus in whole-mount colons from MT1%" or MT1"4E€ mice left untreated (basal) or

treated with 1% DSS for 3 or 7 days. Scale bar, 40 pm.

E Disease activity index (DAI, a composite of weight change, stool consistency, and presence of fecal blood) during 1% DSS-induced colitis in MT17 and MT1'2E¢ mice.
Untreated mice were included as a control. n = 19-24 per genotype and condition. Data are shown as mean + SEM and were tested by two-way ANOVA with

Benjamini and Hochberg post-test; ***P < 0.001.

Data information: Please see Appendix Table S3 for exact P-values.
Source data are available online for this figure.

from DSS day 5 onward, indicating milder disease in the absence of
endothelial MT1-MMP (Fig 2E). Numbers of CD11b" leukocytes
(mostly neutrophils and monocytes) did not differ between geno-
types at DSS day 3, when IA was already decreased in MT1'AEC
mice; in contrast, at DSS day 7, CD11b" leukocyte numbers in
MT12EC mice showed a slight but significant reduction compared
with MT1"! controls (Appendix Fig S2B and C). Thus, endothelium-
specific MT1-MMP deletion improves 1% DSS-induced colitis
progression primarily through an early impact on IA events at
3 days rather than on vascular perfusion, leukocyte traffic, and
tissue alterations modulated at 7 days.

In light of these results, we next tested the therapeutic action of
endothelial MT1-MMP deletion on colitis progression. Mice received
five daily 4-OHT injections beginning 4 days after the initiation of
1% DSS treatment, and mice were sacrificed at DSS day 15. Thera-
peutic endothelial MT1-MMP deletion during established colitis
significantly reduced weight loss and DAI from day 9 onward
compared with MT1"f control mice (Fig EV3).

MT1-MMP expression in ECs is required for vasodilation and
NO production

The cellular and molecular mechanisms underlying IA are poorly
defined, but there is a general consensus that it is initiated by
changes in hemodynamic forces and increased blood flow (Filipovic
et al, 2009). To investigate the role of endothelial MT1-MMP in this
early step of IA that involves vasodilation (Fig 3A), we relied on
intravital microscopy of the cremaster muscle and monitored arteri-
ole vasodilation by injecting acetylcholine (ACh), which triggers EC
NO secretion (Rius & Sanz, 2015; Fig 3B-D). No differences between
genotypes were observed in arteriole diameter (~ 30 pm) at baseline
(Fig 3C, and Movies EV1 and EV2); in contrast, maximal Ach-
induced vasodilation (reached 3 min after injection) was signifi-
cantly impaired in arterioles of MT1*E® mice compared with MT1"*
controls (Fig 3D, and Movies EV1 and EV2). Given the observation
of TIA events in colon mucosal plexus capillaries, we also analyzed
the capillaries in the cremaster muscle. The diameter of cremaster
capillaries did not increase in MT1'EC mice after Ach injection;
however, this impaired response was rescued by i.v. injection of the
NO donor DEANO (Fig 3E and F). These results suggest that
impaired vasodilation in MT1-MMP-null ECs may be due to
decreased NO production. Low NO production was confirmed by
DAF-FM analysis of aortic endothelial cells (MAEC) isolated from

© 2019 The Authors

MT1“E¢ mice (Appendix Fig $3). Furthermore, human umbilical
vein endothelial cells (HUVEC) expressing MT1-MMP-targeting
siRNA (siMT1) not only produced significantly lower amounts of
NO (Fig 4A) but also expressed lower amounts of eNOS protein and
eNOS (Nos3) mRNA than corresponding control ECs (Fig 4B-D).

We next implemented a protocol to assess VEGF-induced vasodi-
lation of the colon mucosal plexus by its administration via a rectal
cannula to get closer to the pathophysiology of IA during colitis
(Fig EV4A and B). As shown in Fig EV4C and D, the diameter of the
mucosa plexus capillaries was significantly reduced in VEGF-treated
MT1E€ mice compared to MT1Y! controls.

MT1-MMP catalytic activity is required for NO production and
colitis-induced IA

To determine whether inflammatory IA regulation by MT1-MMP
depends on its catalytic or signaling activities (Gonzalo et al, 2010;
Koziol et al, 2012a), MT1Y%:Ccdh5Cre®™ ™ mice were inoculated with
lentivirus (LV) encoding full-length (FL) MT1-MMP or mutated
versions that abolish its catalytic (E240A) or signaling (Y573F)
activities. Daily 4-OHT injections to delete endogenous endothelial
MT1-MMP were started 72 h after LV injection, and 1% DSS treat-
ment was initiated 3 days later (Fig SA and B). Western blot analy-
sis of GFP expression confirmed similar transduction levels in the
colon regardless of the injected LV (Fig 5C). LV encoding FL and
Y573F MT1-MMP increased IA events 3 days post-DSS to levels
comparable to those observed in LV-mock-injected MT1”" mice,
whereas LV encoding E240A MT1-MMP had no effect and injected
mice showed similar numbers of IA events than LV-mock-injected
MT1'*E€ mice (Fig 5D-F). These results demonstrate that IA induced
by 1% DSS colitis requires the catalytic activity of MT1-MMP.

MT1-MMP cleavage of TSP1 drives EC NO production

We next tested the effect of the inhibitory antibody anti-MT1-MMP
LEM-2/15 (Galvez et al, 2001) on NO production. The inhibitory
LEM-2/15 antibody significantly reduced NO amount in HUVEC
transfected with control siRNA (siControl) in comparison with non-
treated or isotype control-treated cells, whereas the antibody had no
effect on NO production by siMT1-silenced HUVEC (Appendix Fig
S4A). MT1-MMP catalytic activity is thus also required for EC
NO production, which likely acts upstream of inflammatory IA
(Williams et al, 2006).

EMBO Molecular Medicine €10862]2019 5 of 22
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Figure 3. Endothelial cell MT1-MMP expression is required for nitric oxide-dependent vasodilation in vivo.

A Scheme showing IA process including vasodilatation, pillar formation, and vascular splitting. EC, endothelial cell.

B Representative intravital microscopy images of cremaster muscle from MT17" or MT1'AE€ mice before and 15 min after i.v. injection of 200 ul of 100 pM
acetylcholine (ACh). A and V mark arterioles and venules, respectively, and yellow arrows indicate arteriole diameter. Elapsed time is designated as hh:mm. Scale
bar, 30 pm.

C,D Cremaster arteriole diameter in basal conditions (C) and the maximum vasodilation response (diameter fold change) after 3 min of ACh stimulation (D); n = 5-6
mice per genotype. Data are shown as mean £ SEM and were tested by paired t-test; **P < 0.01.

E Representative images of staining for CD31 (gray) in whole-mount cremaster muscle dissected from MTL7 or MT1'2E€ mice before and 15 min after i.v. injection of
100 pl of 100 uM ACh alone or in combination with DEANO (100 pl of 10~* M). Scale bar, 25 pm.

F Quantification of capillary diameter in mice analyzed as in (E); n = 5-8 mice per genotype and condition. Data are shown as mean + SEM and were tested by
one-way ANOVA with Benjamini and Hochberg post-test; *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.

Data information: Please see Appendix Table S3 for exact P-values.
Source data are available online for this figure.
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Figure 4. Decreased nitric oxide production and eNOS expression in MT1-MMP-silenced human endothelial cells.

A Representative pseudo-colored microscopy images of DAF-FM (4-amino-5-methylamino-2',7'-difluorofluorescein diacetate) fluorescence intensity in human
endothelial cells (HUVEC) expressing control or MT1-MMP siRNA (left); scale bar, 50 um. The graph to the right shows DAF-FM mean fluorescence intensity (MFI)
values obtained in n = 637-879 cells analyzed per condition in six independent experiments. Data are shown as individual cell values and mean + SEM and were

tested by the Mann—-Whitney test; ****P < 0.0001.

B, C Representative Western blot of eNOS and MT1-MMP in HUVEC expressing control or different MT1-MMP siRNAs; GAPDH is included as a loading control (B). Bar
graphs (C) show relative eNOS and MT1-MMP expression (vs. GAPDH); n = 5 independent experiments. Data are shown as mean + SEM and were tested by one-

sample t-test; ***P < 0.001, ****P < 0.0001.

D gPCR analysis of relative eNOS (NOS3) and MT1-MMP (MMP14) mRNA levels in HUVEC expressing control or MT1-MMP siRNAs; n = 4 independent experiments.
F.C., fold change. Data are shown as mean + SEM and were tested by one-sample t-test; ***P < 0.001, ****P < 0.0001.

Data information: Please see Appendix Table S3 for exact P-values.
Source data are available online for this figure.

Several angiogenesis pathways, including mechanisms involving
eNOS, are suppressed by the matricellular protein thrombospondin-
1 (TSP1) through its binding to CD36 (nM affinity) and/or CD47/
IAP (pM affinity) (Lawler & Lawler, 2012; Resovi et al, 2014). We
had previously identified TSP1 as a master MT1-MMP substrate and
showed that loss of MT1-MMP reduced TSP1 release in TNFa-
stimulated ECs (Koziol et al, 2012a). In the context of colitis, TSP1

serum levels increased after 7 days of 1% DSS treatment

© 2019 The Authors

(20.27 + 11.84 pg/ml in control vs. 37.04 + 1.21 pg/ml in treated
mice) and we sought to analyze the impact of endothelial MT1-
MMP in such release. For that, we examined TSP1 intestinal distri-
bution in DSS-treated mice, using an antibody against a sequence
near the TSP1 N-terminus (Lee et al, 2006). Immunostained sections
revealed that 1% DSS treatment upregulated TSP1 expression in the
mouse colon after 3 days (Fig 6A and B). Moreover, image analysis
demonstrated that TSP1 was significantly accumulated forming a

EMBO Molecular Medicine €10862]2019 7 of 22



EMBO Molecular Medicine Sergio Esteban et al

A B 4-OHT

FIITT

Full-length Da_)-/5 wibh e B RER,
. | L___|
E240A Y573F Lentivirus 1% DSS

Catalytic mutant Cytosolic mutant

D Basal 1% DSS 3 days
% I o T 4 .4
IS S
s =
MTllAEC /A A/ Z
Sy
L‘-"_‘
GFP 27Kda =
>
MT1-MMP | 60K da
5% 5
Actin | 42K da e)
: 2[ .
>
a
=
=
=
E
w2
)
D iy
=
E
=
P

**

% oMTI?T 4LV Mock
F — Bm MT1IAEC + LV Mock
S m MT1IAEC Ly FL
0 MT1IAEC + LV_E240A
@ MT1AEC | LV Y5738

IA events/vessels

1%DSS -+ -+ + + +

Figure 5.

8 of 22 EMBO Molecular Medicine €10862 | 2019 © 2019 The Authors



Sergio Esteban et al

EMBO Molecular Medicine

Figure 5. MT1-MMP actions in intussusceptive angiogenesis during colitis depend on its catalytic activity.

A Lentivirus (LV) construct used to drive expression of MT1-MMP (MMP14) and green fluorescent protein (GFP) under the SFFV and IRES promoters, respectively. The
point mutations introduced to obtain the catalytic (E240A) and signaling (Y573F) mutants are indicated.

B Experimental design for i.v. lentiviral injection in mice and induction of mild colitis with 1% DSS.

C Western blot of GFP and MT1-MMP protein expression in colon lysates from MT1'E mice previously injected with mock LV or LV encoding full-length MT1-MMP
or the E240A or Y573F mutants; mice were sacrificed 3 days after 1% DSS treatment. Actin is included as a loading control.

D, E Representative maximum-intensity projection images of staining for CD31 (gray) in whole-mount colons from MTL7 or MT12E€ mice previously injected with mock
LV (D) or LV encoding full-length MT1-MMP or the E240A or Y573F mutants (E); mice were sacrificed 3 days after 1% DSS treatment. Scale bar, 40 pm. Arrows,

arrowheads, and asterisks indicate duplications, loops, and pillars, respectively.

F Quantification of IA events in mice treated as in (D and E); n = 5-8 mice per genotype and condition. Data are shown as mean + SEM and were tested by one-way
ANOVA with Benjamini and Hochberg post-test; *P < 0.05, **P < 0.01, ***P < 0.001.

Data information: Please see Appendix Table S3 for exact P-values.
Source data are available online for this figure.

thick cuff around MT1-MMP-negative vessels of the colon mucosa
nearby the muscularis mucosa in MT1*E® mice compared with less
TSP1 abundance around the MT1-MMP-expressing corresponding
vessels in MT1Y! mice (Fig 6B and C). These data indicate that
endothelial MT1-MMP contributes to perivascular TSP1 processing
in the intestine.

TSP1 also accumulated in siMT1-silenced HUVEC (Fig 7A),
related to defective TSP1 processing in the absence of the protease
(Koziol et al, 2012a). Moreover, culture on TSPl-coated plates
increased NO production in siControl-HUVEC significantly more
than in siMT1-silenced HUVEC, suggesting that signals mediated by
processed TSP1 contribute to increased NO production in MT1-
MMP-expressing ECs (Appendix Fig S4B). Accordingly, we detected
an N-terminal TSP1 fragment of about 50 KD in lysates from MT1-
MMP-expressing HUVEC whose abundance was reduced in MT1-
MMP-silenced cells, and we confirmed that TSP1 cleavage by the
MTI1-MMP catalytic domain yielded that N-terminal fragment by
in vitro digestion assays (Fig EV5A and B). To decipher how MT1-
MMP-mediated TSP1 processing affects NO production, we
combined a CleavPredict search (Kumar et al, 2015) with in silico
protein modeling. This approach identified positions H**'W and
P*7Q in TSP1 as having good accessibility and proximity to the
protease catalytic pocket, suggesting them as candidate sites for
MT1-MMP cleavage (Appendix Table S1, and Fig EV5C and D), and
consistent with the N-terminal TSP1 fragment observed in HUVEC
lysates and by in vitro digestion (Fig EV5A and B). Moreover, the
amino acids flanking the predicted cleavage sites (P1’:P1 positions)
had high MEROPS database scores (4:1 and 8:6 for H**'W and P**’Q
sites, respectively; https://www.ebi.ac.uk/merops/). Cleavage of
TSP1 by MT1-MMP at H**!W and/or P**’Q would likely disrupt the
CD36-binding motifs and generate a C-terminal fragment with
preserved binding sites for CD47/IAP and its partner ovf3 integrin
(Lindberg et al, 1996), which would mediate MT1-MMP-dependent
NO production in ECs. To directly validate this hypothesis, we
investigated the effect of the E123CaG-1 human TSP1 fragment (aa
549-1,170; Margosio et al, 2008) spanning most of the predicted C-
terminal TSP1 fragment after MTI1-MMP processing (441/467—
1,170) and containing CD47 and ovf3 integrin binding sites. We
confirmed that the E123CaG-1 TSP1 fragment induced NO produc-
tion in MT1-MMP-deficient HUVEC compared with full-length TSP1
(Fig EV5SE).

Interaction between CD47 and TSP1 influences NO signaling
(Rogers et al, 2014), and we found that an anti-CD47 antibody
known to block CD47 interaction with the C-terminal TSP1 domain

© 2019 The Authors

reduced NO production by MT1-expressing ECs but had no further
effect on NO production by siMT1-silenced HUVEC (Fig 7B). To
determine whether CD47-driven effects involve the activity of its
partner avf3 integrin, we blocked avp3 integrin binding to TSP1
with an inhibitory anti-ov integrin antibody, an RGDS peptide, or
cilengitide (based on the cyclic peptide cyclo-RGDfV). All three
strategies significantly decreased NO production by MT1-expressing
ECs; in contrast, these treatments had negligible impact on the
already reduced NO production by siMT1-silenced cells (Fig 7B-D).
Similarly, NO production by siControl- and siMT1-transduced cells
was unaffected by the control peptide RADS or isotype control IgG.
The RGDS peptide can compete for avf33 integrin binding to several
matrix proteins; therefore, to test for a specific effect via TSP1, we
tested the effect on NO production by ECs of a selective nonamer
spanning the RGD binding site for avf3 integrin in TSP1. The
nonamer GDGRGDACK, but not the control peptide GDGRADACK,
reduced NO production in MT1-MMP-expressing endothelial cells
but not in siMT1-silenced cells (Fig 7E).

MT1-MMP/TSP1 signaling provides a possible diagnostic and
therapeutic target in IBD

To explore the possible implications of endothelial MT1-MMP-
mediated TSP1 processing in patients with IBD, we first checked
MT1-MMP and TSP1 vascular expression and distribution in unaf-
fected and affected colon areas of patients suffering from ulcerative
colitis or Crohn’s disease. Immunostaining on colon sections
revealed more abundant capillaries in affected vs. unaffected areas
that were accompanied by MT1-MMP and TSP1 upregulated expres-
sion and distinct tissue distribution; MT1-MMP was mainly located
in CD31-positive vessels of the inflamed intestine while TSP1 was
sparse around these vessels and mostly expressed by spiky cells
resembling macrophages (Fig 8A). Since TSP1 was stained with the
monoclonal antibody A6.1, which recognizes an epitope down-
stream of the predicted TSP1 cleavage sites for MT1-MMP (Annis
et al, 2006), this pattern is consistent with TSP1 cleavage by
endothelial MT1-MMP during DSS-induced colitis leading to TSP1
paucity around MT1-MMP-expressing vessels in MT17! mice (Fig 6B
and C) and to its release to the serum. We then quantified serum
TSP1 in a cohort of IBD patients scored for clinical activity, includ-
ing > 50 patients with ulcerative colitis or with Crohn’s disease.
Remarkably, TSP1 was significantly more abundant in the serum
from patients with mildly active (but not with highly active) ulcera-
tive colitis or Crohn’s disease compared to healthy controls

EMBO Molecular Medicine €10862]2019 9 of 22
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Figure 6. MT1-MMP absence in endothelial cells leads to perivascular accumulation of thrombospondin-1 (TSP1) in the inflamed colon.

A B Representative maximum-intensity projection images of staining for TSP1 (red) and CD31 (gray) in (A) and also for MT1-MMP (green) in (B) in colon sections
obtained from MT1% and MT1"4E€ mice left untreated (A) or treated with 1% DSS for 3 days (B). Magnified views are shown to the right. Scale bars, 100 um in

main panels and 10 um in the magnified views.

C  TSP1 mean fluorescence intensity (MFI) in the perivascular area of large vessels present in the colon mucosa of treated mice, as depicted in (B); n = 4 mice per

genotype. Data are shown as mean + SEM and were tested by t-test; *P < 0.05.

Data information: Please see Appendix Table S3 for exact P-values.
Source data are available online for this figure.

(Fig 8B). This finding thus suggests that serum TSP1 may be a
biomarker of early or mild IBD.

To evaluate the relevance of the MT1-MMP/TSP1/nitric oxide
pathway in colitis in vivo, we first injected intraperitoneally the C-
terminal E123CaG-1 TSP1 fragment (containing CD47 and avf3 inte-
grin binding sites) into MT1*E® mice and observed that it signifi-
cantly increased the number of IA events 3 days post-1% DSS

10 of 22 EMBO Molecular Medicine 10862 | 2019

treatment compared with mice treated with full-length TSP1
(Fig EV5F and G). Contrarily, blocking the generation of the TSP1
fragment by intraperitoneal injection of the anti-MT1-MMP inhibi-
tory antibody LEM-2/15 significantly decreased the number of IA
events in the mucosal plexus and conserved well-organized collagen
fibers in MT1”' control mice after 3 days of 1% DSS treatment
compared to isotype control-treated mice (Fig 8C-E). Given our

© 2019 The Authors
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finding that avp3 integrin binding to TSP1 drives NO production in
ECs in vitro, we finally investigated the therapeutic potential of this
pathway by selectively blocking this interaction in vivo and
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Figure 7. Binding of TSP1 to CD47/IAP and avf3 integrin regulates nitric oxide production in MT1-MMP-expressing endothelial cells.

A Representative maximume-intensity projection images of HUVEC expressing control or MT1-MMP siRNA and stained for MT1-MMP (gray), TSP1 (red), and F-actin

(phalloidin, green); nuclei are stained with Hoechst (blue). Scale bar, 20 pum.

B DAF-FM mean fluorescence intensity (MFI) in HUVEC expressing control or MT1-MMP siRNA and left untreated or treated with blocking anti-CD47 or anti-av integrin
antibodies (1 and 10 ug/ml, respectively, for 24 h) or their corresponding 1gG isotype controls (IgG); n = 149-360 cells analyzed per condition in three independent

experiments.

C DAF-FM mean fluorescence intensity (MFI) in HUVEC expressing control or MT1-MMP siRNA and left untreated or treated with 2 nM or 200 pM RGDS or its control
peptide RADS; n = 147-385 cells analyzed per condition in three independent experiments.

D DAF-FM mean fluorescence intensity (MFI) in HUVEC expressing control or MT1-MMP siRNA and left untreated or treated with 2 nM or 20 uM of the RGD cyclic
peptide cilengitide; n = 100-360 cells analyzed per condition in three independent experiments.

E DAF-FM mean fluorescence intensity (MFI) in HUVEC expressing control or MT1-MMP siRNA and left untreated or treated with 2 nM or 200 uM of the nonamer
GDGRGDACK or its control peptide GDGRADACK; n = 149-337 cells analyzed per condition in three independent experiments.

Data information: Data are shown in all panels as individual cell values and mean + SEM and were tested by the Kruskal-Wallis test; ****P < 0.0001, *###p < 0.0001.
* indicates comparison with Ctrl-siRNA, and # indicates comparison of the condition with its corresponding control. Please see Appendix Table S3 for exact P-values.

Source data are available online for this figure.

GDGRADACK (equivalent dose of 2.4 mg/mouse/day). Mice were
then administered 1% DSS for 3 days, and colonic IA events were
analyzed after sacrifice. Mice treated with the TSP1l-nonamer
GDGRGDACK had significantly fewer IA events than mice treated
with the control peptide (Fig 8F and G). The reduced IA in
GDGRGDACK-treated mice also resulted in better-preserved collagen
fiber organization assessed by second-SHG microscopy (Fig 8H).

Discussion

In this study, we identify the protease MT1-MMP as an endothelial
actor in IA, particularly during the pathogenesis of inflammatory
colitis. Our results point to NO production via an MT1-MMP/TSP1/
integrin avp3/eNOS pathway as the MT1-MMP catalytic-dependent
mechanism underlying vasodilation during this mode of angiogene-
sis (Fig 9). Evidence from human samples confirms that this path-
way is active in IBD, and blockade of DSS-induced colitis in mice
with an MT1-MMP inhibitory antibody or a TSP1-targeting peptide
indicates the potential of this strategy to improve IBD.

Our work also establishes that confocal microscopy of vessel-
stained whole-mount colons combined with 3D-image rendering
provides sufficient resolution to identify and quantify capillary
holes/pillars, loops, and duplications, all hallmarks of IA, circum-
venting the limitations of other techniques (Nowak-Sliwinska et al,
2018). The use of this imaging approach in fluorescent reporter
mouse lines may allow the detection of intraluminal pillars and
determination of the contribution of other cell types to pathophysio-
logical IA.

The EC-autonomous functions of MT1-MMP in vivo have
remained poorly defined due to the unavailability, until recently, of
conditionally deficient mice (Klose et al, 2013; Tang et al, 2013;
Gutierrez-Fernandez et al, 2015; Rafii et al, 2015). Our results
demonstrate that the specific absence of MT1-MMP in ECs decreases
the number of IA events early during 1% DSS-induced mild colitis
in mice and ameliorates the disease. These early IA events occur
when only a minor inflammatory infiltrate is present, suggesting
that the 1% DSS mild colitis model may be especially suited to
dissecting the vascular IA response independently of inflammation
(Chidlow et al, 2006). Our data also indicate that MT1-MMP
endothelial targeting could be useful in other conditions that involve
pathological IA, such as cancer (Ribatti & Djonov, 2012) and also
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bronchopulmonary dysplasia of the pre-term lung, in light of the
reported role of MT1-MMP in postnatal lung expansion (De Paepe
et al, 2017; Oblander et al, 2005).

Regarding the mechanism by which MT1-MMP contributes to 1A
and colitis, our results show that MT1-MMP EC deficiency results in
decreased NO-dependent vasodilation of cremaster muscle arterioles
and capillaries in vivo and establish that MT1-MMP catalytic activity
is required for NO production by ECs in vitro, regulating both eNOS
protein and mRNA levels. Our data therefore confirm a pathogenic
role for endothelial NO in colitis in line with Beck et al (Beck et al,
2004) and contrasting its reported healing and protection actions,
which are likely related to an impact on cell types other than the
endothelium (Sasaki et al, 2003; Aoi et al, 2008). The dependence
on endothelial MT1-MMP of colon mucosa capillary vasodilation
induced by VEGF, a driver of IA and recognized activator or nitric
oxide production (Cooke & Losordo, 2002), underscores the rele-
vance of this pathway in colitis pathophysiology.

MT1-MMP may play a dual, bimodal role via NO production
during IA initiation and progression. MT1-MMP-driven NO produc-
tion will primarily increase blood flow in the arterioles and therefore
in the downstream capillary plexus, promoting vessel splitting. This
is supported by the predominant constitutive expression of MT1-
MMP in arteriolar ECs rather than in the colonic mucosa capillaries.
But MT1-MMP is upregulated after DSS treatment in the ECs of the
mucosal plexus particularly near the Y-junctions where IA events
often occur. At these sites, blood flow gradients and decreased shear
stress lead to intraluminal pillar formation by undefined mecha-
nisms (Filipovic et al, 2009). MT1-MMP may also drive NO produc-
tion at these sites, which could then contribute to intraluminal EC
rearrangements and pillar formation. Accordingly, lack of NO
actions in the skeletal muscle led to reduced numbers of intralumi-
nal filopodia, ultimately hampering cell rearrangements needed for
capillary splitting (Williams et al, 2006). NO is also induced and
required during shear stress-driven angiogenesis (Kolluru et al,
2010) and can regulate EC junction remodeling and directional
migration (Noiri et al, 1998; Kevil et al, 2004; Thibeault et al, 2010;
Di Lorenzo et al, 2013). We previously showed that NO in turn
regulates MT1-MMP activity during EC migration (Genis et al,
2007), and our new findings thus define an additional layer of feed-
back NO regulation during this process.

MTI1-MMP actions can rely on its catalytic or signaling capabili-
ties (Koziol et al, 2012b). Although we cannot exclude a

© 2019 The Authors
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Figure 8. The MT1-MMP/TSP1/avp3 integrin pathway is a potential biomarker and therapeutic target in inflammatory bowel disease.

A Representative maximum-intensity projection images of staining for CD31 (green), MT1-MMP or TSP1 (red), and Hoechst (blue, nuclei) in colon sections obtained

from an IBD patient. Boxed areas are shown in magnified views below with merged images of green and red channels in the middle and single channels to the
bottom. Non-affected and affected mucosa areas from the same patient are shown for comparison. Scale bar, 50 um (upper panel) and 20 um (magnified views). V,
vessel.

B ELISA analysis of serum TSP1 in healthy individuals and patients affected by ulcerative colitis (left) or Crohn’s disease (right). n = 12-37 individuals per condition. LA
and HA indicate patients with low and high active disease based on clinical score. Data are shown as individual values and mean 4+ SEM and were tested by one-
way ANOVA with Benjamini and Hochberg post-test; ***P < 0.001.

C Representative maximum-intensity projection images of CD31 staining (green) in whole-mount colon mucosal plexus of MT1" mice injected intraperitoneally with
3 mg/kg of the anti-MT1-MMP inhibitory antibody LEM-2/15 or its isotype control at day O and day 2 during the 3 days of treatment with 1% DSS. Scale bar, 40 pm.
Arrows, arrowheads, and asterisks indicate duplications, loops, and pillars, respectively.

D Quantification of IA events in mice treated as in (C); n = 8 mice per condition in two independent experiments. Data are shown as mean &+ SEM and were tested by

t-test; **P < 0.01.

Representative second-harmonic generation (SHG) microscopy images of whole-mount colons from MT1" mice treated as in (C). Scale bar, 40 pm.

Representative maximum-intensity projection images of CD31 staining (green) in whole-mount colon mucosal plexus of MT1” mice treated with the TSP1 nonamer

GDGRGDACK or its control peptide GDGRADACK by continuous minipump delivery (up to 2.4 mg/mouse/day) for 3 days during 1% DSS treatment. Scale bar, 40 um.

Arrows, arrowheads, and asterisks indicate duplications, loops, and pillars, respectively. Mice/n independent experiments.

G Quantification of IA events in mice treated as in (F); n = 5 and 6 mice per condition in two independent experiments. Data are shown as mean + SEM and were

lf/f

lf/f

tested by t-test; *P < 0.05.

H Representative second-harmonic generation (SHG) microscopy images of whole-mount colons from MT.

Data information: Please see Appendix Table S3 for exact P-values.
Source data are available online for this figure.

contribution to IA through mechanisms involving regulation of Racl
signaling activity (Gonzalo et al, 2010), the lentivirus in vivo rescue
experiments indicate the involvement of MT1-MMP catalytic activ-
ity. Our earlier work identified TSP1 as the master substrate nucleat-
ing the combinatorial proteolytic MT1-MMP program related to EC
migration, invasion, and vessel formation in endothelial cells stimu-
lated with TNFa (Koziol et al, 2012a), a crucial cytokine during coli-
tis progression (Danese, 2008). TSP1 is a pleiotropic matricellular
protein widely recognized as an inhibitor of angiogenesis, although
certain domains can stimulate ECs (Armstrong & Bornstein, 2003).
TSP1 is therefore considered a promising target in cancer and
inflammatory and vascular diseases, and agonist and antagonist
peptide sequences and domains have been trialed in animal models
(Taraboletti et al, 2010; Lopez-Ramirez et al, 2017). TSP1 expres-
sion has been reported in the context of vascular expansion by IA,
for example, in the chorioallantoid membrane and during colitis;
trials of the TSP1 mimetic octapeptide ABT-898 in the mouse colitis
model showed a partial decrease in microvascular density (Gutier-
rez et al, 2015). Nevertheless, to our knowledge, the role of TSP1 in
IA, particularly in the inflammatory context, has not yet been
directly assessed.

Interaction of TSP1 with CD36 via its type I repeat and with
CD47 via its C-terminal globular domain inhibits NO signaling
through several mechanisms (Isenberg et al, 2008a). Our data reveal
that TSP1 processing by MT1-MMP contributes to NO production.
Cleavage of TSP1 by MT1-MMP might disturb CD36 binding and
unbrake its NO inhibition (Isenberg et al, 2009). However, work
from Iruela-Arispe’s group on TSP1 processing by Adamtsl during
wound healing predicts that the cleaved N-terminal TSP1 fragment
will be unstable, whereas the C-terminal fragment (able to bind
CD47/avP3 integrin) can remain in the inflamed tissue and be
released to the serum (Lee et al, 2006). Our results confirm the pres-
ence of TSP1 in the serum of both mice and patients affected by coli-
tis. Moreover, we demonstrated that NO production is induced by
the C-terminal TSP1 fragment in MT1-MMP-deficient ECs, and
contrarily, it is reduced in MT1-MMP-expressing ECs by inhibiting
the interaction of TSP1 with avp3 integrin or CD47 (Isenberg et al,
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17 mice treated as in (F). Scale bar, 40 pm.

2008b), which is known to associate with and regulate 3 integrin
(Chung et al, 1997). Our data indicate that MT1-MMP-mediated
cleavage of TSP1 releases TSP1 fragments from the matrix, allowing
their interaction with the CD47/avf3 integrin complex likely active
at the dorsal plasma membrane (Lindberg et al, 1996). Our results
also identify for the first time that interaction of avp3 integrin with
the RGD sequence in TSP1 is crucial to the induction of NO produc-
tion in vitro and inflammatory IA in vivo. avp3 integrin has long
been recognized as a crucial regulator of vascular development and
angiogenesis, with fine-tuned actions depending on the initial status
of the vasculature and/or the accompanying molecular microenvi-
ronment, similar to the dual actions described for TSP1 (Armstrong
& Bornstein, 2003; Robinson & Hodivala-Dilke, 2011). Danese and
coworkers previously showed that treatment with the non-RGD-
based peptide ATN161, which blocks both avB3 and 51 integrins,
effectively decreased angiogenesis and improved colitis in the IL-
107/~ mouse model but not in the DSS-induced model (Danese
et al, 2007a). Our study supports integrin specificity, demonstrating
that avp3 integrin binding to TSP1 drives NO production in vitro
and IA in vivo. This is likely related to the induction of selective
signals by avp3 but not Bl integrins (Leavesley et al, 1993;
Yurdagul et al, 2013). Whether TSP1 interactions with other recep-
tors in ECs (such as calcium channels) play additional roles in NO
production will require further research (Resovi et al, 2014; Risher
et al, 2018). We propose that the proteolytic processing of TSP1
enables pleiotropic actions (Iruela-Arispe, 2008). Upregulated MT1-
MMP and TSP1 expression in inflammation, vascular disease, and
cancer will favor cleaved TSP1-ovf3 integrin interaction, NO
production, and IA in preference to TSP1-CD36 binding, macro-
phage recruitment, and inflammation (Lopez-Dee et al, 2011). Since
ECs express low levels of MT1-MMP and TSP1 under homeostatic
conditions, the upregulation of endothelial MT1-MMP and thus
TSP1 processing in specific disease settings may account for the
reported dose or cell-type-dependent dual actions of TSP1 on NO
and inflammation (Armstrong & Bornstein, 2003).

Although promotion of lymphangiogenesis by VEGF-C seems a
promising strategy for colitis alleviation in mouse models
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Figure 9. Working model of the role of MT1-MMP/TSP1/nitric oxide axis in IA during colitis.

The scheme depicts the role that endothelial cell MT1-MMP (left) exerts in IA during colitis by processing TSP1 and binding of the generated TSP1 C-terminal fragment to
CD47/avB3 integrin, thus inducing nitric oxide production. This signaling cascade ultimately leads to arteriole vasodilation and endothelial cell intussusceptive remodeling in
the capillary plexus of the inflamed intestinal mucosa. When MT1-MMP is absent from endothelial cells (right), this pathway is impaired, IA reduced, and colitis ameliorated.

EC, endothelial cell; P, pericyte; FB, fibroblast; Col, collagen.

(D’Alessio et al, 2014), there is still no proven benefit for IBD
patients of targeting angiogenesis, whether indirectly (inhibiting
the immune response) or directly (inhibiting VEGF or other angio-
genic molecules as TNFo) (Chidlow et al, 2006; Eder et al, 2015).
In this regard, conflicting effects have been reported for VEGF inhi-
bition in colitis, likely related to the kinetics and efficiency of its
targeting (Tolstanova et al, 2009; Chernoguz et al, 2012). This
controversy underlines the need to deepen our understanding of
the mechanisms underlying IA in IBD for a more rational design of
angiogenesis inhibitors. Our findings identify the MT1-MMP/TSP1/
avp3 integrin/NO pathway as a possible therapeutic target for 1A
and colitis since blocking this axis by inhibiting MT1-MMP activity
or competing TSP1 binding to oavf3 integrin both diminished IA
and preserved collagen fiber organization. Moreover, the in silico
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docking of the TSP1 cleavage sites with MT1-MMP could permit
small-molecule screening and buildup to cell-specific strategies
involving peptide-directed delivery, nanoparticles, or other modes of
tissue-tailored therapeutic intervention. It is remarkable that the
elevated serum TSP1 detected in patients with low-activity colitis,
but not high-activity disease, correlated with the protection
conferred by MT1-MMP endothelial deletion in mild mouse colitis
but not severe disease (not shown). This suggests that the MT1-
MMP/TSP1/NO pathway may be particularly important in early
stages or mild forms of the disease, where the IA vascular response
plays a predominant role in colitis progression. Finally, our data
from IBD-affected patients showing elevated MT1-MMP expression
in the inflamed vasculature and elevated serum TSP1 suggest their
potential usefulness as surrogate biomarkers of disease activity.
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Materials and Methods
Animals

C57BL/6 wild-type mice were purchased from Charles River, and
MT1-MMP (Mmp14)-lacZ reporter mice were as previously reported
(Yana et al, 2007). Mmp14°X*/1%¥ mice (Gutierrez-Fernandez et al,
2015) were crossed with Cdh5-Cre®™™ mice (kindly provided by
Prof. Adams’ laboratory; Wang et al, 2010) to generate Mmp14l°xp/
10%P- Cdh5-Cre™8T/* mice (MT1“F mice). Mice at 8-20 weeks old
were injected intraperitoneally with 1 mg per mouse of 4-hydroxy-
tamoxifen (4-OHT) on five consecutive days to induce endothelial
cell-specific deletion of MT1-MMP (Monvoisin et al, 2006). Mice
were housed and all animal experiments performed under specific
pathogen-free conditions at the Animal facility of Centro Nacional
de Investigaciones Cardiovasculares Carlos III (CNIC), and in strict
accordance with the institutional guidelines. Mice were kept under
a 12-h light/dark cycle (lights on from 07:00 to 19:00 h) and fed
ad libitum with standard chow diet (2108 Teklad Global, Harlan
Interfauna Iberica S.L.). Mice were genotyped by tail DNA PCR using
the following primers: for the MT1-flox recombination, 5'-CCCTGGG
TCAACTACAGCA-3’ and 5-TTTGTGGGTGACCCTGACTTG-3’; for
LacZ, 5-ATCGTGCGGTGGTTGAA-3' and 5-TGCTGACGGTTAACGC
CTCG-3’; and for Cre, 5-AGGTGTAGAGAAGGCACTTAGC-3' and 5'-
CTAATCGCCATCTTCCAGCAGG-3'.

Mouse experimental colitis

Experimental colitis was induced in 8- to 20-week-old mice by
supplying 1% dextran sodium sulfate (DSS) (MP Biomedicals,
0216011010) dissolved in drinking water ad libitum for 3 or 7 days.
Daily monitoring included measuring body weight and calculating
disease activity index (DAI). The baseline colitis on day 0 was
scored as 0. Subsequent weight loss of 1-5% was scored as 1, 5-
10% as 2, 10-20% as 3, and more than 20% as 4. For stool consis-
tency, normal, well-formed pellets were scored as 0, semi-formed
pellets not adhering to the anus were scored as 2, and liquid stools
adhering to the anus were scored as 4. Similarly, no bleeding was
assigned a score of 0, positive blood detection in the stool was
scored as 2 (detected by hemoFEC, Cobas, 10243744), and gross
rectal bleeding was scored as 4. At the end of the DSS exposure
period, the whole colon was removed and cleaned with PBS. The
most distal portion was fixed in 4% PFA overnight and then used
directly for whole-mount staining, processed, and embedded in
paraffin or frozen in OCT for histological analysis. The remaining
part of the colon was homogenized for protein and RNA extraction.
The anti-MT1-MMP antibody LEM-2/15 and the E123CaG-1 TSP1
fragment were administered to mice by intraperitoneal injection at
3 mg/kg and 1 pg, respectively, on day O and day 2 during the
3 days of 1% DSS treatment. No statistical methods were used to
pre-estimate the animal sample size, and mice were randomly allo-
cated to experimental groups. Investigators were not blinded during
the analysis of mouse samples.

Lentiviral infection

The full-length MT1-MMP sequence (FL) or mutated versions to
disable catalytic activity (E240A, EA) or block signaling activity
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(YS573F, YF) were cloned into the SFFV-IRES-GFP lentiviral back-
bone. Lentiviruses expressing Mock, MT1-MMP FL, EA, or YF were
prepared and titered as previously described (Martin-Alonso et al,
2015). Lentivirus solution (100 pl) was injected intravenously into
the jugular vein of adult MT1**E€ mice at 1 x 107 pfu/ml. Mice were
administered 1% DSS for 3 days and then sacrificed, and colons
were processed for whole-mount staining.

Subcutaneous pump implantation

MT1-MMPY! control mice were anesthetized with isoflurane and
implanted with subcutaneous micro-osmotic pumps (Alzet, model
10003D) charged with 10 mg/100 pl of the peptides GDGRGDACK or
GDGRADACK. Pumps released ~1 pl/h (100 pg/h), equivalent to
2.4 mg/mouse/day. Mice were administered 1% DSS for 3 days and
then sacrificed, and colons were processed for whole-mount staining.

Endothelial cell culture

Human umbilical vein endothelial cells (HUVEC) were purchased
from Lonza (BioWhittaker, CC-2519) and cultured on 0.5% gelatin-
coated plates (unless otherwise indicated) in medium 199 supple-
mented with 20% FBS, 100 U/ml penicillin (Lonza), 100 pg/ml
streptomycin (Lonza), 2 mM r-glutamine (Lonza), 10 mM HEPES
(Lonza), and ECGS/H (Promocell, C-30120). Cells were used up to
passage 5. Mouse aortic endothelial cells (MAEC) were obtained
from aortas of 4-week-old mice. Briefly, after fat removal under a
microscope, aortas were incubated for 5 min at 37°C in collagenase
solution (collagenase type I, 3.33 mg/ml, Worthington, LS004194),
thus allowing removal of the adventitia with forceps. The aortas were
then cut into small pieces (1-2 mm), and a cell suspension was
obtained by incubation for 45 min at 37°C in 6 mg/ml type I collage-
nase and 2.5 mg/ml elastase (Worthington, LS002290) diluted in
DMEM. Once EC colonies were visible, they were subjected to two
rounds of positive selection with anti-ICAM2 and magnetic beads.
MAEC were cultured on 0.2% gelatin-coated plates in DMEM/F12
medium supplemented with 20% FBS, 100 U/ml penicillin (Lonza),
100 pg/ml streptomycin (Lonza), 2 mM L-glutamine (Lonza), 10 mM
HEPES (Lonza), and ECGS/H (Promocell, C-30120).

MT1-MMP siRNA silencing

HUVEC were transfected twice with 10 nM MT1-MMP-specific
siRNAs [Ambion, Thermo Fisher Scientific, MT1-ARNi#1, 8877
(4390824); MT1-ARNi#2, 8879 (4390824)] or control scramble siRNA
[Ambion, Thermo Fisher Scientific, Control No. 1 (4390843)] using
RNAIMAX Lipofectamine (Thermo Fisher Scientific, 13778030).
Downregulation was confirmed by qPCR and Western blot.

Vascular perfusion and permeability assays

For vascular perfusion analysis, mice received intravenous injec-
tions of 100 pl of biotinylated or FITC-GSL I Isolectin B4 (Vector
Labs, B1205 and FL-1201, respectively) 20 min before sacrifice.
Mice were perfused under constant pressure with cold PBS, and
colon samples were extracted and processed for whole-mount stain-
ing. Vascular perfusion was quantified as the percentage of the
CD31-positive vascular volume containing an IB4 signal.
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For vascular permeability analysis, mice received intravenous
injections of 100 ul of 0.5 mg/ml (71.5 uM) Dextran-TRITC 70 KD
(Invitrogen, D1819) 20 min before sacrifice. Colon samples were
extracted and frozen in OCT, and 30-um-thick sections were
immunostained and visualized.

Quantitative real-time PCR

RNA was extracted with the RNeasy Plus Micro Kit (Qiagen, 74034).
cDNA was synthesized using the High-Capacity cDNA Reverse Tran-
scription Kit (Applied Biosystems, 4368814). Quantitative PCR was
performed using Power SYBR Green PCR Master Mix (Applied
Biosystems, 4367659) following the manufacturer’s protocol. The
primers used in qPCR are listed in Appendix Table S2. GAPDH,
36b4, and TBP were used as internal expression controls. The
results (CNRQ; calibrated normalized relative quantity) were
analyzed with gbase Plus software (Biogazelle, Gent, Belgium).

Western blot

Cells were lysed in RIPA buffer supplemented with protease and
phosphatase inhibitors. Protein samples were separated by 8% SDS—
PAGE, transferred to nitrocellulose membranes, blocked with 5%
BSA, and incubated sequentially with primary and horseradish perox-
idase (HRP)-conjugated secondary antibodies, with washes. The
primary antibodies used were anti-MT1-MMP (LEM-2/15) (Galvez
et al, 2001), anti-eNOS (BD Bioscience, 610297), anti-GFP (Abcam,
ab13970), anti-GAPDH (Sigma-Aldrich, G9545), and anti-B-actin
(Sigma-Aldrich, A5441). All primary antibodies were used at a dilu-
tion of 1:1,000. The secondary antibodies used were HRP goat anti-
mouse and HRP goat anti-rabbit (Jackson), and bound secondary
antibodies were visualized with Luminata Classico Western HRP
Substrate (Millipore, WBLUC0500) in ImageQuant LAS 4000 (GE
Healthcare Life Sciences, Massachusetts, USA). Western blots were
quantified using ImageJ software (https://imagej.nih.gov/ij/).

In vitro digestion assay

Human TSP1 purified from plasma (a gift from Dr. G. Taraboletti,
Istituto di Ricerche Farmacologiche Mario Negri IRCCS, Bergamo,
Italy) was incubated with increasing amounts of the catalytic
domain of human recombinant MMP14 (hrMMP14, ref. 475935;
Calbiochem, San Diego, USA) in digestion buffer (50 mM Tris-HCI,
10 mM CacCl2, 80 mM NaCl [pH 7.4]) for 2 h at 37°C. Samples were
separated by 10% SDS-PAGE and transferred to nitrocellulose
membranes (Bio-Rad, 45 um). Full-length TSP1 and fragments were
detected with an anti-TSP1 antibody recognizing an epitope nearby
the N-terminus (Lee et al, 2006). An anti-rabbit HRP secondary anti-
body (Jackson) was used and the bound proteins developed with
Luminata Classico Western HRP Substrate (Millipore, WBLUC0500)
in ImageQuant LAS 4000 (GE Healthcare Life Sciences, Massachu-
setts, USA).

Whole-mount staining
For cremaster muscle, anesthetized mice were intravenously

injected with 100 pl of 100 pM acetylcholine 15 min before sacrifice
and with 100 Wl of 100 uM sodium 2-(N,N-diethylamino)-

© 2019 The Authors

EMBO Molecular Medicine

diazenolate-2-oxide (DEANO) 5 min before sacrifice; saline was
used as a control for both injections. For VEGF administration to the
distal colon, 20 ng of VEGF (PeproTech, 450-32) in a final volume
of 50 ul was delivered into anesthetized mice via a rectal cannula,
10 min before sacrifice. Cremaster muscle or distal colon was then
removed, cleaned, flat-mounted, and fixed with 4% PFA overnight
at 4°C. Mouse and human whole-mount samples were blocked and
permeabilized in blocking solution (PBS 5% BSA, 5% normal goat
serum, and 0.3% Triton X-100). Primary antibodies were diluted
1:100 in blocking solution, and samples were incubated on a shaker
at 4°C overnight. Vessels were stained with anti-CD31 (Millipore,
MAB1398Z), anti-ICAM2 (BD Pharmingen, 553325), and anti-ERG
647 (Abcam, ab196149). The following day, the samples were
washed 3 x 1 h in PBS and 0.1% Triton X-100 and incubated over-
night at 4°C with the appropriate secondary fluorescent antibodies
(goat anti-Armenian hamster IgG, anti-mouse IgG, anti-rabbit IgG,
or anti-rat IgG, all from Jackson ImmunoResearch) and Hoechst
33342 (Invitrogen, H1399). The next day, samples were washed
3 x1hin PBS and 0.1% Triton X-100 and mounted in glycerol.
Fluorescence microscopy images were acquired with a Zeiss LSM
700 confocal microscope at 21-23°C using Plan-Apochromat,
25 x 0.8 or 63x glycerol DIC M27, and z-stacks were captured every
1.5 or 1 pum, respectively. Confocal images were imported into
Imaris (version 7.7.2; Bitplane AG, Switzerland) to obtain a precise
3D reconstruction generated by the program’s iso-surface rendering
function of this software. In 3D images of the mucosal vasculature,
we evaluated vascular volume, intussusception events (holes, loops,
and duplications), and vascular perfusion, and in 3D images of the
cremaster muscle, capillary diameters were quantitated. Intercapil-
lary angles in the mucosa vascular plexus were measured by ImageJ
software. Capillary diameters in CD31-stained whole-mount colons
after VEGF rectal administration were quantified by an ImageJ ad-
hoc plugin (http://adm.irbbarcelona.org/image-j-fiji#TOC-Blood-ve
ssel-segmentation-and-network-analysis).

Second-harmonic generation multi-photon microscopy

Autofluorescence of fibrillar collagen (425- to 465-nm filter) was
visualized in flat-mounted fixed colon from MT1¥f and MT1'AEC
mice with a Zeiss LSM 780 microscope coupled to a Spectra-Physics
Mai Tai DS Laser, using an 800 nm excitation wavelength, which
resulted in the SHG signal detectable at 400 nm (emission fluores-
cence range 388-408 nm).

Endothelial cell immunofluorescence staining

Confluent ECs on glass coated with 1% gelatin were fixed with 4%
PFA during 8 min at RT. The cells were stained with anti-MT1-MMP
(LEM-2/15) and anti-TSP1 (Thermo Fisher, MAS5-13398) primary
antibodies diluted 1:100. Cells were incubated with appropriate
secondary fluorescent antibodies (anti-mouse IgG, anti-rabbit
IgG from Jackson ImmunoResearch), phalloidin FITC (Life Tech-
nologies, F432), and Hoechst 33342 (Invitrogen, H1399) for 30 min
at 37°C. Fluorescence microscopy images were acquired with a Zeiss
LSM 700 confocal microscope at 21-23°C using Plan-Apochromat,
40 x 0.8 oil DIC M27, and z-stacks were captured every 1 pm.
Images were analyzed using Image] software (https://imagej.
nih.gov/ij/).
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Cell sorting

Freshly isolated mouse lung endothelial cells (MLECs) were
obtained from lungs as described (Oblander et al, 2005). Red blood
cells were removed by incubating the lung cell suspension for 5 min
in ACK buffer (150 mM NH,4CI, 0.1 mM Na,EDTA, 10 mM KHCO;,
pH = 7.4). The cells were then resuspended in sorting buffer
(PBS + 1% FBS + 10 mM HEPES) and incubated for 10 min at 4°C
with an Fc-block anti-CD16/CD32 mAb (Pharmingen) to block non-
antigen-specific binding of immunoglobulins to the Fcy receptors.
This was followed by staining with Alexa Fluor 488-conjugated anti-
mouse CD31 (Mec13.3) and V405-conjugated anti-mouse CDA45.1
(all from BD Bioscience Pharmingen). The endothelial cell popula-
tion defined as CD31"/CD45  was sorted in a Synergy 4L Cell
Sorter (Sony Biotechnology Inc.), and MT1-MMP deletion efficiency
was analyzed by qPCR.

Enzyme-linked immunosorbent assay

C57BL/6 mice were administered 1% DSS for 7 days; blood was
collected by cardiac puncture, and serum was separated and stored
at —80°C. Soluble TSP1 was measured in serum by enzyme-linked
immunosorbent assay (Mouse TSP1 ELISA kit; Cusabio, CSB-
E08765m). Soluble TSP1 in serum from human control individuals
and IBD patients was measured by ELISA (Human TSP1 DuoSet
ELISA; R&D Systems, DY3074). Mean optical density (OD) at
450 nm was calculated from triplicate readings per sample, and OD
values at 570 nm were subtracted to correct for optical imperfec-
tions in the plate reading. A 4-parameter logistic (4-PL) curve fit
was generated using Benchmark Plus Microplate Spectrophotometer
(BIO-RAD) coupled to Microplate Manager 5.2.1.

Colon immunofluorescence staining

Paraffin-embedded colonic mouse experimental colitis samples were
cut into 5-um sections, deparaffinized, hydrated through an alcohol
series of decreasing concentration, and treated with sodium citrate
buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) for 20 min
at 95°C and then cooled for 2 h at room temperature for antigen
retrieval. Sections were permeabilized with PBS containing 0.3 %
Triton X-100 for 10 min at room temperature and blocked with
Image-iT™ FX signal enhancer (Invitrogen, 36933) for 30 min at
room temperature and with blocking buffer (PBS with 5% BSA and
5% goat serum) for 1 h at room temperature. Sections were incu-
bated with the following primary antibodies overnight at 4°C in
blocking buffer: anti-CD31 (DIANOVA, DIA310) anti-MT1-MMP
(LEM-2/15) and anti-TSP1 (provided by Dr M. L. Iruela-Arispe,
University of California, Los Angeles, CA, USA, 10 pg/ml). Subse-
quently, samples were washed with PBS and 0.1% Triton X-100 and
incubated for 2 h at room temperature with the corresponding
conjugated secondary antibodies and Hoechst 33342. Samples were
mounted in Fluoromount-G imaging medium (4958-02, Affymetrix
eBioscience).

Samples included in OCT were permeabilized and blocked in
PBS containing 0.3% Triton X-100, 5% BSA, 5% goat serum, and
anti-CD16/CD32 (clone 24g2, 1:100) for 1 h at room temperature.
Samples were then incubated overnight at 4°C with anti-CD11b
Alexa 647 (clone M1/70, eBiosciences, 51-0112-82), anti-Erg, anti-p-
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galactosidase, and anti-ICAM2. Samples were then incubated with
the corresponding secondary antibodies and Hoechst 33342 for 2 h
at room temperature. Finally, samples were mounted in Fluoro-
mount-G, and images were acquired with a Zeiss LSM 700 confocal
microscope fitted with a 25x objective and processed and quantified
using ImageJ software.

Nitric oxide production

Confluent ECs were seeded in 96-well glass plates coated with 1%
gelatin and cultured in EGM2 (Promocell, C-22111). The cells were
incubated with 2.5 pM DAF-FM diacetate (Life Technologies,
D23842) for 30 min at 37°C and washed with PBS. The DAF-FM flu-
orescence signal was visualized with a Zeiss LSM 700 confocal
microscope (Plan-Apochromat 40 x 1.3 Oil DIC M27), and mean flu-
orescence intensity (MFI) at single-cell level was analyzed with
ImageJ software. HUVEC were treated for 24 h with antibodies to
MTI1-MMP (LEM-2/15), integrin ov [anti-ov integrins ABA 6D1
(Yanez-Mo et al, 1998)], or CD47 (Abcam, ab3283), with a range of
concentrations of the peptides RGDS, RADS, cilengitide, TSP1
nonamer GDGRGDACK, or the control GDGRADACK, or with
human full-length TSP1 or the human recombinant TSP1 fragment
E123GaC-1.

Intravital microscopy in the cremaster muscle

For the analysis of arteriolar vasodilation, mice were anesthetized,
and the cremaster muscle was isolated and exposed on the micro-
scope plate as described (Rius & Sanz, 2015). Mice were injected
with 100 pl of 100 uM acetylcholine, and arterioles were recorded
for at least 15 min using a Leica DM6000-FS intravital microscope
fitted with an Apo 40x NA 1.0 water-immersion objective and linked
to a DFC350-FX camera. LASAF software was used for image acqui-
sition and processing.

In silico modeling of MT1-MMP dimer

The MT1-MMP monomer was modeled by submitting the Fasta
sequence of mature human MTI-MMP protein (UniProt ID:
P50281, residues 112-582) to a local implementation of I-Tasser
software suite v4.4 (Yang et al, 2015) for threading modeling
with homology. The selected model was that with minimal energy
and correct folding (best structural alignment to templates; PDB
ID: 1BQQ for catalytic domain and 3C7X for hemopexin-like
domain). In this model, the transmembrane domain (TM) is
buried in the protein core. To fix this, this region (transmem-
brane plus C-term, TMIC) was extracted from the model, angles
were fixed according to the predicted secondary structure, and a
refinement cycle was performed using the relax tool (Nivon et al,
2013; Conway etal, 2014) in Rosetta suite v3.5 release
2015.38.58158 (www.rosettacommons.org). The best model for
TMIC (lower energy and best stability) was selected and aligned
with the previous MTI-MMP model, and the new model
composed of MTI-MMP without TMIC domains and the new
TMIC model was used as the template; the gap between them
was closed using the loopmodel tool (Mandell & Kortemme, 2009;
Stein & Kortemme, 2013) in Rosetta suite. The most stable model
was selected as the final model for the MT1-MMP monomer. To
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The paper explained

Problem

Human inflammatory bowel disease (IBD) is a chronic inflammatory
disease of the intestine comprising ulcerative colitis and Crohn’s
disease and characterized by phases of remission and relapse. IBD is a
multifactorial disease featuring a primary defect in intestinal epithelial
barrier integrity and an exacerbated immune response to the micro-
biota. The use of immunomodulators, new biologics, and small mole-
cules has improved IBD treatment in the recent years, but non-
responder patients and the unpredicted nature of relapses make
necessary to expand our knowledge about other processes influencing
IBD pathophysiology. Colitis progression seems to involve angiogene-
sis, the formation of new vessels from pre-existing ones, which is
regarded as a potential therapeutic target but with limited success in
animal models. A better understanding of the molecular pathways
behind colitis-associated angiogenesis will help designing more effi-
cient and tailor-based therapies for this complex disease.

Results

In this study, we implemented confocal microscopy and 3D image
reconstruction tools to investigate intussusceptive (or splitting) angio-
genesis (IA), a poorly characterized mode of angiogenesis, in a mouse
model of IBD. After induction of mild colitis, we detected an increased
number of vascular events, all hallmarks of IA. We next explored the
role of the matrix metalloproteinase MT1-MMP in IA and we demon-
strated that the selective absence of MT1-MMP from endothelial cells
decreased IA events and led to improved vascular perfusion, milder
clinical score, and better-preserved intestine morphology during
mouse colitis.

Vasodilation is an obliged prerequisite to 1A, and we demonstrated
that endothelial MT1-MMP absence decreased capillary vasodilation
induced by VEGF in the intestine and by acetylcholine in the muscle.
We showed in vivo and in vitro that MT1-MMP catalytic activity was
required for nitric oxide production and for the induction of IA. In vitro
digestion assays, in silico protein modeling, and endothelial cell culture
identified the cleavage of the matricellular protein thrombospondin-1
(TSP1) by MT1-MMP as responsible for nitric oxide production. Finally,
we found higher levels of TSP1 in serum from low active IBD patients,
and we reduced IA during mouse colitis progression via anti-MT1-MMP
antibody injection or delivery of a blocking TSP1 peptide.

Impact

We propose that our findings have both diagnostic and therapeutic
clinical impacts for patients with IBD. Indeed, our data from IBD-
affected patients suggest that MT1-MMP and TSP1 could serve as surro-
gate biomarkers of disease activity. Moreover, our findings identify the
MT1-MMP/TSP1/avB3 integrin/nitric oxide pathway as a novel actor in
IA whose targeting ameliorates colitis progression. We have demon-
strated this therapeutic application by blocking this axis with anti-MT1-
MMP inhibitory antibodies, and through selective competition of TSP1
binding to avf3 integrin by continuous peptide delivery. Since we found
elevated serum TSP1 in patients with low active colitis and MT1-MMP
endothelial deletion protected mainly from mild colitis, these therapeu-
tic options may be of special value in early stages or mild forms of IBD.
Finally, the in silico docking of the TSP1 cleavage sites with MT1-MMP
could lead to small-molecule screening and to new cell-specific strate-
gies involving peptide-directed delivery, nanoparticles, or other modes
of tissue-tailored therapeutic intervention.

model dimeric MT1-MMP, two of these monomers were posi-
tioned according to the published MT1-MMP dimer interface
using PyMOL v1.8 (www.pymol.org), and the new dimer model
was used as the initial template. A new PDB file was generated
for the model, in which the membrane protein structure is
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transformed into PDB coordinates (with the z-axis normal to the
membrane) using the PPM server (http://opm.phar.umich.edu/se
rver.php). A full spanfile was generated from the PDB structure
using the spanfile_from_pdb application in the membrane frame-
work in Rosetta suite v3.5 release 2015.38.58158. An initial relax
cycle was performed using the relax application in Rosetta suite
to minimize energy and clashes using the initial template and the
full spanfile (Conway et al, 2014). The lowest scoring refined
model (lowest energy) was selected as the input model, and a
new dimer model was generated using the mp_dock application
in the Rosetta suite membrane framework (Alford et al, 2015).
All models with TM embedded in the membrane -clustered
together. The best model, with lowest energy, was selected as the
final dimer. This homodimer meets the previously described bind-
ing interface constraints, with docking via the hemopexin-like
domains, and has quasi-C2 symmetry. We next positioned the
MT1-MMP dimer model together with the reported crystal struc-
ture of the TSP1 type 1 repeat (PDB ID: 1LSL) using PyMOL and
evaluated the global topography and accessibility of the complex.

Statistics

Protein expression on Western blots was quantified densitometri-
cally using ImageJ software (NIH, Bethesda, USA) and normalized
to the corresponding loading control. Data were tested for normal
distribution by D’Agostino-Pearson test and compared with non-
parametric or parametric statistical tests as appropriate (see figure
legends for details). Graphs were prepared and statistical analysis
performed using GraphPad Prism 5.0 (GraphPad Software, La Jolla,
USA). Data are presented as mean =+ standard error of the mean
(SEM). Differences were considered significant at *P < 0.05,
**P < 0.01, ***P < 0.001, and ****P < 0.0001.

Study approval

Animal procedures were approved by the Committee on the
Ethics of Animal Experiments of the CNIC (Permit Number:
CNIC-01/13) and by the corresponding legal authority of the
local government “Comunidad Auténoma” of Madrid (Permit
Number: PROEX 34/13). Animal studies were conformed to
directive 2010/63EU and recommendation 2007/526/EC regarding
the protection of animals used for experimental and other scien-
tific purposes, enforced in Spanish law under RD1201/2005.
Human samples were obtained with informed consent after ethi-
cal approval by the Hospital de La Princesa Ethics Committee.
Informed consent was obtained from all subjects, and the experi-
ments conformed to the principles set out in the WMA Declara-
tion of Helsinki and the Department of Health and Human
Services Belmont Report.

Expanded View for this article is available online.
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PKM2 regulates endothelial
cell junction dynamics and
angiogenesis via ATP production

Jesus Gomez-Escudero’?, Cristina Clementel-®, Diego Garcia-Weber*, Rebeca Acin-Pérez°,
Jaime Millan*, José A. Enriquez(®°®, Katie Bentley®’, Peter Carmeliet®%° & Alicia G. Arroyo(®3*

Angiogenesis, the formation of new blood vessels from pre-existing ones, occurs in pathophysiological
contexts such as wound healing, cancer, and chronic inflammatory disease. During sprouting
angiogenesis, endothelial tip and stalk cells coordinately remodel their cell-cell junctions to allow
collective migration and extension of the sprout while maintaining barrier integrity. All these processes
require energy, and the predominant ATP generation route in endothelial cells is glycolysis. However,
it remains unclear how ATP reaches the plasma membrane and intercellular junctions. In this study,

we demonstrate that the glycolytic enzyme pyruvate kinase 2 (PKM2) is required for sprouting
angiogenesis in vitro and in vivo through the regulation of endothelial cell-junction dynamics and
collective migration. We show that PKM2-silencing decreases ATP required for proper VE-cadherin
internalization/traffic at endothelial cell-cell junctions. Our study provides fresh insight into the role of
ATP subcellular compartmentalization in endothelial cells during angiogenesis. Since manipulation of
EC glycolysis constitutes a potential therapeutic intervention route, particularly in tumors and chronic
inflammatory disease, these findings may help to refine the targeting of endothelial glycolytic activity
in disease.

Angiogenesis, the formation of new blood vessels from pre-existing ones, occurs in pathophysiological contexts
such as wound healing, cancer and chronic inflammatory disease. In sprouting angiogenesis, endothelial cells
(ECs) receive a stimulus (usually VEGFA) which triggers the angiogenic response by the selection and specifi-
cation of the endothelial tip cell. This cell migrates toward the stimulus followed by the stalk cells, defined by
a balanced DI14/VEGFA signaling®. A fine-tuned coordination of diverse cellular responses is necessary at this
initial step, including reorganization of endothelial cell junctions, tip-cell migration to generate characteristic
cytoskeletal protrusions called filopodia, and proliferation and lumenization by stalk cells. Impairment in any of
these processes prevents productive angiogenesis and the formation of a functional vascular plexus®=. A shared
feature of all these endothelial cell responses is the need for energy in the form of ATP”.

The predominant ATP generation route in ECs is glycolysis®, providing both the ATP required for cell func-
tion and the intermediate metabolites that feed into other metabolic pathways for macromolecule biosynthesis”'°.
During sprouting angiogenesis, glycolysis is boosted in the endothelial tip cell, and angiogenesis is blunted by
the genetic deletion or pharmacological inhibition of glycolytic enzymes like PFKFB3!!-13, Recent dissection
of the impact of distinct metabolic routes in endothelial cells has revealed that glycolysis impacts endothelial

vascular Pathophysiology, Centro Nacional de Investigaciones Cardiovasculares (CNIC). Melchor Fernandez
Almagro 3, 28029, Madrid, Spain. 2Tumour Biology Department, Barts Cancer Institute, John's Vane Centre, Queen
Mary’s University of London. Charterhouse Sq, ECIM 6BQ, London, UK. 3Centro de Investigaciones Bioldgicas (CIB-
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cell migration (in addition to proliferation), whereas fatty-acid oxidation and amino-acid metabolism support
nucleotide and protein synthesis'*. These recent discoveries have opened new avenues for possible therapeutic
modulation of EC metabolism in cancer and chronic inflammatory disease'.

Glycolysis is classically viewed as occurring in the cytosol, with ATP diffusing throughout the cell to reach dis-
tant locations such as plasma membrane protrusions and intercellular junctions. ATP diffusion to cell-membrane
locations is often limited by the long distances involved and obstruction by the packed cytoskeleton'®!”.
Pioneering studies showed the anchoring of glycolytic enzymes to the erythrocyte plasma membrane!'$, and more
recent evidence supports the subcellular compartmentalization of glycolytic and ATP-producing enzymes in
other cell types'®. Examples of this type of local ATP production include the regulation of vesicle traffic along
microtubules in neurons by GAPDH?, actin cytoskeleton reorganization at lamellipodia by PFKFB3!!, and
the establishment and stability of endothelial cell-cell contacts by the nucleoside-diphosphate kinase (NDPK)
NM236. These findings indicate that compartmentalization of ATP-producing enzymes is a general mechanism
governing spatio-temporal cellular events®’. How this ATP compartmentalization occurs is, however, incom-
pletely understood.

During glycolysis, the enzyme pyruvate kinase (PK) is in charge of catalyzing the last step, which converts
phosphoenolpyruvate to pyruvate with the generation of one molecule of ATP. PK has three forms: L (liver),
R (erythrocytes), and M (muscle). The M form is expressed in most human organs and has two isoforms, M1
and M2, regulated by alternative splicing of the PKM gene®?. The M1 and M2 isoforms differ in the regulation
of their catalytic activity, with PKM1 constitutively active and PKM2 subject to regulation®>-**. PKM2 function
has mainly been analyzed in cancer and inflammation®*#’. Although PKM2 was considered a master regulator of
proliferation, particularly in tumor cells, recent studies have established that the primary cause of cell-cycle arrest
in PKM2-null mice or PKM2-depleted cells is compensatory overexpression of PKM 1?78, Protein kinase actions
have also been linked to PKM2, although the direct contribution of PKM2 and the importance of this activity
remain unresolved®. In the context of angiogenesis, soluble PKM2 dimers released by tumor cells have been
reported to increase endothelial cell-tube formation by increasing cell proliferation, migration, and extracellular
matrix adhesion; however, the mechanisms of these PKM2 extracellular actions remain unclear®. More recently,
JMDM8 was shown to regulate human EC sprouting and metabolism through its association with PKM2, but the
impact of JMDMS silencing was only analyzed in the sprout spheroid assay, and no mechanisms were defined*.
In this study, we explore PKM2 actions in sprouting angiogenesis in vitro and in vivo and decipher the role of
PKM2 subcellular compartmentalization in this process.

Results
PKM2 is required for sprouting angiogenesis in vitro and in vivo. To characterize the role of PKM2
in ECs during sprouting angiogenesis, we specifically silenced PKM2 expression in human umbilical vein ECs
(HUVEC) with an isoform-specific siRNA that decreased PKM2 expression without affecting PKM1 levels
(Fig. 1A). In the spheroid culture system used to study sprouting angiogenesis, suppression of PKM2 expres-
sion was maintained up to the final time point (day 7) (Supplementary Figure S1A,B). Although sprouts devel-
oped a proper lumen in both groups (Supplementary Figure S1C), PKM2-silenced EC spheroids produced fewer
and shorter sprouts than spheroids formed by control siRNA-transfected ECs (Fig. 1B-D). Silencing PKM2 also
resulted in reduced number and shorter endothelial tubes in the ‘hanging drop’ assay, which runs for 24 hours
(Supplementary Figure S1D,E). Moreover, sprouts formed by control and PKM2-silenced EC spheroids con-
tained similar proportions of Ki67+ proliferating cells, and tip cells in these spheroids produced fewer filopodia
(Fig. 1E-H). Silencing PKM2 with an independent siRNA in mouse lung ECs also impaired sprout formation in
the spheroids confirming the need of PKM2 for in vitro sprouting angiogenesis (Supplementary Figure SIEG).
To determine whether PKM2 was also required for sprouting angiogenesis in vivo, P6 mice were given an
intravitreal injection of PKM2 siRNA, and we examined the retinal vasculature after 72h. Western blot of ret-
ina extracts showed reduced PKM2 protein expression, and immunofluorescence analysis confirmed decreased
PKM2 in the vasculature (Fig. 2A,B). PKM2-silencing in retina diminished radial vascular growth with no impact
on vascular density (Fig. 2C-E). This prompted us to analyze EC number and proliferation. PKM2-silenced
and control-siRNA treated retinas had similar densities of ERG+ cells and the same proportion of Ki67+ ECs
(Fig. 2F-I). Matching the in vitro analysis, filopodia number was lower in PKM2-silenced retinas (Fig. 2J,K).
Together, these observations show that PKM2 is required for sprouting angiogenesis in vitro and in vivo by mech-
anisms that do not seem to involve EC proliferation.

PKM2 is located at VE-cadherin-expressing endothelial cell junctions.  Although PKM2 was mostly
found in the cytoplasm of ECs, high-resolution confocal microscopy images, image deconvolution and profile inten-
sity analysis revealed however that a pool of PKM2 localized close to VE-cadherin and cortical F-actin at the junc-
tions (Fig. 3A,B). We confirmed PKM2 vicinity to VE-cadherin at the endothelial junctions by proximity ligation
assays (Fig. 3C). Moreover, in spite of similar PKM2 protein levels, PKM2 was barely observed at the junctions of
VE-cadherin-null endothelial cells compared to VE-cadherin-positive ones (Fig. 3D,E). PKM2 was also found nearby
the junctions of ECs stimulated with sphingosine-1-phosphate (S1P), an inducer of EC junction remodeling and rein-
forcement® (Supplementary Figure S2A), and of 3D EC sprouts in vitro (Fig. 3F), without significant differences in
PKM2 presence at the junctions of tip and stalk cells (PKM2 MFI;, = 144.4 +-22.82 and MFl,,;;=156.3+20.3,n=19
sprouts). PKM2 was also detected at F-actin-rich filopodia and lamellipodia of migrating ECs in 3D and 2D respec-
tively (Supplementary Figure S2B,C), in line with the reported PKM2/F-actin association.

In accordance with the immunofluorescence data, PKM2 was found by western blot in both cytosolic and
membrane EC fractions and the specificity of this compartmentation was shown by reduced PKM2 abundance in
the membrane fraction of PKM2-silenced ECs (Fig. 3G). Cell membrane subfractionation further revealed that
PKM2 was present in low-density fractions containing plasma membrane and in endosomes (Fig. 3H).
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Figure 1. PKM2 is required for in vitro endothelial cell sprouting. (A) Western blot of PKM2 and PKM1
expression 72 hours after siRNA silencing in HUVECs and quantification versus tubulin included as a loading
control; means &= SEM, n = 3, ns non-significant, **p < 0.01 by unpaired Student t-test. (B) Bright-field
microscopy images of spheroids coated with HUVECs transfected with control or PKM2 siRNA and embedded
in fibrin gels for 7 days. Scale bar, 10 um. (C) Sprout length in 3D spheroids; means + SEM, n=103 and 38
spheroids formed by control and PKM2 siRNA-silenced cells from one representative experiment of five
performed, **#%p < 0.0001 by unpaired Student t-test. (D) Sprout numbers in 3D spheroids; means &= SEM,
n=27 and 14 spheroids formed by control and PKM2 siRNA-silenced cells from one experiment representative
of five performed, **p < 0.01 by unpaired Student t-test. (E) Immunofluorescence of Ki67 (red, proliferation)
and Hoechst (blue, nuclei) in 3D spheroid sprouts. Scale bar, 10 um. (F) Percentage of Ki67-positive cells per
sprout in 3D spheroids; means £ SEM, n = 3 independent experiments, ns non-significant by paired Student
t-test. (G) Immunofluorescence of F-actin in 3D spheroid sprouts. Scale bar, 10 um. (H) Filopodia number in
3D spheroids; means + SEM, n =13 and 15 filopodia in sprouts formed by control and PKM2 siRNA-silenced
cells from one representative experiment of five performed, ***p < 0.0001 by Welch s test. MW, molecular
weight. See also Figure SI.

PKM2-silencing destabilizes junctions and impairs EC collective migration. Productive angio-
genesis depends on VE-cadherin-mediated EC junction stability and dynamics®>. We therefore investigated
the influence of PKM2 on EC-junctional VE-cadherin at baseline and upon junction remodeling induced by SI1P.
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Figure 2. PKM2 silencing results in reduced vascular growth and filopodia number in the postnatal mouse
retina. (A) Western blot of PKM2 and PKM1 expression in protein extracts from mouse retinas obtained
72hours after intravitreal siRNA-injection. GAPDH is included as a loading control; n =3 mice per condition.
(B) Immunofluorescence of isolectin B4 (red, vessels), PKM2 (green), and nuclei (blue, Hoechst) in whole-
mount P6 mouse retinas 72 hours after intravitreal siRNA-injection. Scale bar, 10 um. (C) Immunofluorescence
of isolectin B4 (green, vessels) in whole-mount P6 mouse retinas 72 hours after intravitreal siRNA-injection.
Scale bar, 50 um. Disconnected Erg/IB4-positive structures correspond to rests of hyaline membrane fragments.
(D) Radial vascular growth in mouse retinas (P6) 72 hours after intravitreal siRNA-injection, means + SEM,

n =8 mice per condition, ***p < 0.001 by Mann-Whitney test. (E) Vascular density in mouse retinas (P6)
72hours after intravitreal siRNA-injection, means + SEM, n =4 mice per condition, ns non-significant by
unpaired Student t-test. (F) Immunofluorescence ERG (white, endothelial cell nuclei) in whole-mount P6
mouse retinas 72 hours after intravitreal siRNA-injection. Scale bar, 50 um. (G) ERG positive cells per vessel
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area in P6 mouse retinas 72 hours after intravitreal siRNA-injection, means + SEM, n =4 mice per condition,

ns non-significant by unpaired Student t-test. (H) Immunofluorescence of isolectin B4 (blue, vessels), Ki67
(green, proliferation), and ERG (red, endothelial cell nuclei) in whole-mount P6 mouse retinas 72 hours after
intravitreal siRNA-injection. Scale bar, 10 pm. (I) Percentage of Ki67-positive cells per total ERG-positive cells
in P6 mouse retinas 72 hours after intravitreal siRNA-injection; means 4= SEM, n =4 mice per condition, ns
non-significant by unpaired Student t-test. (J) Immunofluorescence of isolectin B4 (white, vessels) in whole-
mount P6 mouse retinas 72 hours after intravitreal siRNA-injection. Each yellow asterisk marks one filopodia.
Scale bar, 10 pm. (K) Number of filopodia per 100 pm of vascular front in P6 mouse retinas 72 hours after
intravitreal siRNA-injection; means + SEM, n =4 mice per condition, *p < 0.05 by unpaired Student t-test. MW,
molecular weight.

In spite of no change in total VE-cadherin protein expression, PKM2-silenced ECs showed lower cell-junction
VE-cadherin intensity than control ECs, together with a higher proportion of discontinuous junctions at baseline
and after S1P treatment (Fig. 31-M and Supplementary Figure S2D-F). Junctions formed by PKM2-silenced
ECs also showed a clear decrease in plakoglobin, a marker of stable VE-cadherin cell-cell contacts (Fig. 3N and
Supplementary Figure S2G). Indeed, PKM2-silencing with an independent siRNA confirmed a similar altered
junctional VE-cadherin pattern in mouse lung ECs (Supplementary Figure 2H-]). Finally, PKM2-silenced cells
showed a weakened response to S1P-driven reinforcement of the EC barrier, as indicated by lower transendothe-
lial electrical resistance (TEER) values (Fig. 30). These data indicate defects in VE-cadherin-mediated EC barrier
in the absence of PKM2 in remodeling conditions.

A recognized function of VE-cadherin at cell-cell junctions is to conduct polarity signals while maintain-
ing barrier integrity during collective migration®. In line with the observed junctional defects, PKM2-silenced
HUVECs were significantly less efficient than control siRNA-transfected ECs at closing the wound area in the
scratch assay without showing differences in cell proliferation (Fig. 4A-D). Accordingly, inhibition of prolifera-
tion did not change the defective wound closure and PKM2 silencing did not affect EC basal growth and prolifer-
ation (Supplementary Figure S3A-D). We next assessed the role of PKM2 in the orientation and directionality of
migrating EC cells by quantifying Golgi apparatus polarization and by time-lapse microscopy*’*. PKM2-silenced
migrating EC cultures showed more discontinuous junctions and this correlated with a higher proportion of cells
polarized against the wound than control cultures (Fig. 4E-G). Time-lapse recording and single-cell track analy-
sis confirmed that PKM2-silenced ECs migrated faster and for longer linear (Euclidean) distances opposite to the
wound but for shorter distances and less directional toward the wound compared with controls (Fig. 4H-] and
Movies S1-S2). Moreover, PKM2 silencing impaired collective migration of adjacent endothelial cells (Fig. 4K).

PKM2 is required for endothelial cell junction remodeling during angiogenic sprouting in vitro
and invivo. Inaddition to maintenance of junction stability and to collective migration in 2D, VE-cadherin
dynamics are also essential for functional EC arrangements during 3D sprouting angiogenesis, and this manifests
as a balanced distribution of stable and unstable EC junctions®. To determine the role of PKM2 in regulating
this mosaicism, we quantified the distribution of EC junction patches by classifying the morphology of EC junc-
tions based on their VE-cadherin pattern, from discontinuous (active/unstable) to continuous (inactive/stable)
according to the reported ‘patching algorithm™. The 3D sprouts formed in vitro by PKM2-silenced human ECs
showed an altered EC-junction patch distribution, with a higher abundance of patches containing active/unstable
junctions than 3D sprouts formed by control siRNA-transfected ECs; this was reflected by a change in the active/
unstable:inactive/stable patch ratio (Fig. 5A-D). This phenotype was also confirmed in vivo in the vasculature of
PKM2-silenced postnatal retinas (Fig. 5E-G).

PKM2 activity is involved in the regulation of EC junctions and sprouting angiogenesis. In
addition to its action in glycolysis, PKM2 has been linked to non-glycolytic functions**. To determine whether
the effects of PKM2 absence on EC junctions and sprouting angiogenesis are related to pyruvate kinase activity,
we treated ECs with shikonin, a specific inhibitor of the PKM2 isoform?®. Pharmacological inhibition of PKM2
activity increased the number of discontinuous junctions in basal and S1P-treated human ECs (Supplementary
Figure S4A,B) and recapitulated the rest of effects of PKM2-silencing. Shikonin reduced the number and length
of sprouts in the 3D spheroid assay and impaired wound closure and EC collective migration without influencing
EC proliferation (Supplementary Figure S4C-G and Movies $3-54). In contrast, the general glycolysis inhibitor
2-deoxyglucose (2-DG), in addition to impairing junction stability and EC migration, also decreased EC pro-
liferation (Supplementary Figure S4H-K). PKM2 activity was also required in vivo since intravitreal injection
of shikonin reduced vascular radial growth and filopodia number in P6 mice while having no effect on vascular
density, EC number, or the percentage of proliferating ECs, thus reproducing the phenotype observed in the
vasculature of PKM2-silenced retinas (Supplementary Figure S5A-I). Intravitreal shikonin injection also shifted
the active/unstable:inactive/stable junction ratio by increasing the proportion of active junctions in the P6 retinal
vasculature (Supplementary Figure S5]-L).

PKM2-silencing decreases ATP nearby EC junctions. Given the requirement of PKM2 kinase activ-
ity for its actions on EC junctions and sprouting angiogenesis, we next assessed the impact of PKM2 on EC
ATP production. Analysis of the global metabolic state revealed that PKM2-silenced ECs had a lower glycoly-
sis flux than control siRNA-transfected cells, revealed by a relative ~20% drop in the extracellular acidification
ratio (ECAR) (Fig. 6A). This was reflected in significantly lower total ATP production (Fig. 6B). Mitochondrial
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Figure 3. PKM2 is localized at VE-cadherin junction compartment. (A) Immunofluorescence of PKM2
(green), VE-cadherin (red) and F-actin (grey) in confluent HUVECs; single color and merged images are
shown. Magnified views and de-convolved images of boxed areas below. Scale bars, 10 pm and 5 pum in the

magnified views. (B) RGB (red, green, blue) profile of PKM2 (green), VE-cadherin (red) and F-actin (blue)
intensity at areas of the endothelial cell junction marked by the yellow lines in A. (C) Representative merged
images of Hoechst (blue) and proximity ligation assay (PLA, green) for PKM2 and VE-cadherin (left) and
together with F-actin (grey; right) in HUVECs. PLA of rabbit and goat IgGs is also shown (negative). Scale
bar, 10 um. (D) Immunofluorescence of PKM2 (green), VE-cadherin (red) and CD31 (grey) in confluent VE-
cadherin-expressing (VEC-pos) and VE-cadherin-deficient (VEC-null) mouse endothelial cells; single color
and merged images of green and red channels are shown. Scale bar, 10 um. (E) Western blot of VE-cadherin
and PKM2 in lysates from VEC-pos and VEC-null endothelial cells. Tubulin is included as a loading control.
MW, molecular weight. (F) Immunofluorescence of PKM2 (green), VE-cadherin (red) and F-actin (grey) in
3D spheroid sprouts. Scale bar, 10 um. (G) Western blot of PKM2 in total lysate and in cytosol and membrane
fractions of confluent HUVECs treated with S1P or vehicle (left) and transfected with control or PKM2. VE-
cadherin and Rho-GDI are included as markers of plasma membrane and cytosol. MW, molecular weight.
(H) Western blot of PKM2 in membrane subfractions obtained from confluent HUVECs by density gradient
centrifugation. VE-cadherin and EEA1 are included as markers of plasma membrane and endosomes. MW,
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molecular weight. (I) Western blot and quantification of VE-cadherin in HUVECs transfected with control
or PKM2 siRNA. Tubulin is included as a loading control. Means + SEM, n = 3 independent experiments, ns
non-significant by unpaired Student t-test. (J) Immunofluorescence of VE-cadherin (red) and PKM2 (green)
in siRNA-silenced confluent HUVECs. Scale bar, 10 um. (K and L) Mean fluorescent intensity (M.EI.) of
PKM2 (K) and VE-cadherin (L) at the junctions of siRNA-silenced confluent HUVECs; means + SEM, n=5
independent experiments, **#*p < 0.0001 by Mann-Whitney test. (M) Percentage of discontinuous VE-
cadherin-junctions; means = SEM, n =3 independent experiments, *p < 0.05 by unpaired Student t-test. (N)
Immunofluorescence of plakoglobin (red) and nuclei (blue, Hoechst) in siRNA-silenced confluent HUVECs.
Scale bar, 10 um. (O) Change in trans-endothelial electrical resistance (TEER) across monolayers of siRNA-
silenced HUVEC: left untreated or treated with 1 pM S1P for 3 hours; means = SEM, n= 3 independent
experiments, ns non-significant, *p < 0.05 by one-way ANOVA with Sidak post-test. See related Figure S2.

activity remained intact, with similar basal and maximal oxygen consumption ratios (OCR) in PKM2 and control
siRNA-silenced human ECs (Fig. 6C,D).

Following the protocol reported for other glycolytic enzymes'®*’, we next performed sequential cell lysis with
increasing proportions of saponin to allow the extraction of two fractions, one enriched for cytosol and the other
less soluble for cytoskeleton and EC junctions (CSK-junction enriched) (Fig. 6E,F). Pyruvate kinase activity was
~1.8-fold higher in the CSK-junction enriched sub-fraction than in the cytosol; specificity for PKM2 was con-
firmed by decreased PK activity in both compartments when PKM2 expression was silenced (Fig. 6G).

To assess whether PKM2-silencing impaired local ATP levels, particularly at CSK-junction compartment,
we quantitated ATP in saponin-extracted sub-fractions. PKM2-silencing in mouse and human ECs significantly
decreased ATP production in the cytosol, by ~50%, and the CSK-junction enriched sub-fraction, by ~40%
(Supplementary Figure S6A and Fig. 6H), in accordance with the reduced PK activity (Fig. 6G). To ensure quan-
tification of ATP levels nearby EC junctions, we transduced HUVECs with lentivirus encoding the FRET-based
ATP sensor GO-ATeam1*. PKM2 silencing resulted in a significant reduction in the GO-ATeam1 FRET signal
at both cytosol and junctions (as in subcellular fraction analysis), but the ratio of ATP levels at junctions versus
cytosol was significantly decreased indicating a major impact of PKM2 absence on ATP levels at the junctional
region of 2D human EC monolayers (Fig. 61,]). We observed similar results in GO-ATeam1-transduced HUVEC
when PKM2 activity was inhibited by shikonin in line with the reduction of ATP levels in the CSK-junction
fraction (Supplementary Figure S6B,C). These findings indicate that PKM2-silencing reduces ATP levels nearby
EC junctions.

16,20

PKM2 and local ATP regulate VE-cadherin dynamics and internalization at EC junctions. We
next explored whether reduced ATP production in the CSK-junction compartment in PKM2 absence/inhibition
may affect VE-cadherin turnover*'. Gradient sub-fractionation experiments revealed that PKM2 inhibition by
shikonin increased the proportion of VE-cadherin present at the plasma membrane versus endosomes compared
to control ECs (Supplementary Figure S6D).

Live imaging of HUVEC transduced with lentivirus coding for VE-cadherin-EGFP or LifeAct-EGFP in basal
conditions and after stimulation with VEGFA allowed us to analyze VE-cadherin, and F-actin dynamics at EC
junctions*?. Time-lapse microscopy of VE-cadherin-EGFP-expressing HUVEC showed that PKM2 inhibition by
shikonin led to increased numbers of inter-cellular gaps mostly after VEGFA treatment compared to control ECs
(Fig. 7A,C; Movies S5-S8); similar gaps were observed in VE-cadherin-EGFP-transduced HUVEC silenced for
PKM2 (Supp Figure S6E and Movies S9-S10). These data confirmed the enhanced junction instability observed
in 2D endothelial monolayers in static conditions (Fig. 3H-M). In LifeAct-EGFP-expressing ECs, we visual-
ized small active F-actin protrusions in the lateral border preceding VE-cadherin ‘plaques’ and corresponding
to ‘junction-associated intermittent lamellipodia’ (JAIL), which increased in size and persistence after VEGFA
stimulation in control cells as reported** (Movies S11-S14). Notably, PKM2 inhibition by shikonin significantly
reduced the number of JAIL and VE-cadherin plaques in untreated and VEGFA-stimulated cells compared to
controls (Fig. 7A,B,D,E).

We next investigated directly the impact of PKM2 inhibition on VE-cadherin internalization in basal
conditions and after stimulation with VEGFA. VEGFA-triggered VE-cadherin internalization is a classic
clathrin-dependent/ATP-consuming event*>*%. Notably, PKM2 silencing in ECs led to a significant reduction
of VEGFA-induced VE-cadherin internalization compared to controls (Fig. 7F,G), arguing for decreased local
ATP level as a mediator of such effect. We obtained a similar phenotype in human ECs treated with shikonin
(Supplementary Figure S6F).

Our data support a model in which PKM2 absence/inhibition reduces ATP levels nearby endothelial junc-
tions thus hindering VE-cadherin clathrin-mediated internalization and JAIL formation and overall resulting in
impaired junction remodeling, collective migration, and angiogenic sprouting.

Discussion
This study presents the first description of the impact of subcellular compartmentalization of PKM2 on ATP lev-
els, VE-cadherin internalization and EC junction rearrangements, and sprouting angiogenesis in vitro and in vivo.
PKM2 expression has been correlated with cell proliferation, particularly in tumor cells?®. Our data estab-
lish that PKM2 is not required for EC proliferation, since PKM2-silenced and shikonin-treated ECs showed
no differences from controls in vitro or in vivo. Despite the proposed role of PKM2 in cancer-cell proliferation,
recent findings from Vander Heiden’s group and others indicate that cell-cycle arrest in the absence of PKM2 is
likely driven by compensatory PKM1 upregulation®. In this study, PKM2-null mice displayed distinct patterns of
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Figure 4. PKM2 silencing leads to misorientation and impaired collective migration of ECs. (A)
Immunofluorescence of PKM2 (green) and Ki67 (red, proliferation) in siRNA-silenced HUVECs 16 hours after
scratch wounding. Scale bar, 50 um. W, wound. (B) Western blot and quantification of PKM2 expression in
silenced-HUVEC cells at the end of the scratch assay; means &= SEM, n = 3 independent experiments, *p < 0.05
by Mann-Whitney test. MW, molecular weight (C and D) Percentage of wound closure (C) and of Ki67-positive
cells (D) 16 hours after scratch wounding; means + SEM, n =3 independent experiments, ns non-significant
and **p < 0.01 by unpaired Student t-test. (E) Immunofluorescence of VE-cadherin (green), PKM2 (blue),

and GM130 (red) in siRNA-silenced HUVECs 16 hours after scratch wounding. W, wound. White and red
arrows indicate cell polarization toward and away from the wound, respectively; Scale bar, 10 um. (F and G)
Percentage of discontinuous junctions (F) and of endothelial cells oriented against the wound (G) in siRNA-
silenced HUVECs 16 hours after scratch wounding; means + SEM, n = 3 independent experiments, **p < 0.01
by unpaired Student t-test. (H) Single-cell track analysis of siRNA-silenced HUVECs in the scratch assay; n=3
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independent experiments. Black and red tracks indicate cells migrating toward and against the wound. (I and J)
Velocity, linear (Euclidean) distance and directionality of single cells moving against (I) and toward the wound
(J); means + SEM, n = 50-60 cells from 3 independent experiments, ns non-significant and *p < 0.05 by Mann-
Whitney test. (K) Representative single-cell tracks of three adjacent siRNA-silenced ECs migrating during the
scratch assay. See related Figure S3 and Movies S1 and S2.

tumor-cell proliferation depending on PKM1 expression, such that if PKM1 was expressed, proliferation capac-
ity was reduced?’. Moreover, PKM2-deficient primary cells derived from this mouse model also showed com-
pensatory PKM1 upregulation, leading to impaired cell proliferation?. Corroborating this, proliferating embryo
regions which would normally express PKM2 have been shown to initiate PKM1 expression in PKM2-null
embryos, which is accompanied by a slowing of cell division and unexpected normal embryonic development*.
In our experiments, PKM1 expression did not increase in PKM2-silenced ECs, possibly explaining the lack of any
impact on EC proliferation. This is in contrast with recent reports claiming that PKM2 knockout reduced EC pro-
liferation in which the compensatory increase of PKM1 might be a confounding factor to interpret direct PKM2
effects in EC proliferation*>*’. Our findings further support the functional segregation of metabolic enzymes in
regulating the spectrum of EC responses required for angiogenesis**.

PKM2 has been reported to both favor and decrease cancer cell migration*-*°. Our study is in line with
recent reports on the requirement of PKM2 for endothelial cell migration*®*’. Other glycolytic enzymes have
been shown to positively regulate cell migration, for example PGK1 in tumor cells*!, PEKFB3 in ECs'!, and HK2
in lymphatic ECs". Our findings show that PKM2 activity is required for EC collective migration, evidenced
by impaired EC orientation and migration in the scratch assay and by the reduced 3D sprout-length and retinal
vascular radial outgrowth without changes in proliferation.

Our findings also provide insight into how differential VE-cadherin dynamics and mosaic junction activity
influence productive angiogenesis. PKM2 loss reduced junctional VE-cadherin and increased the proportion of
active/unstable junctions, thus compromising the balance between inactive/stable and active/unstable junctions
and destabilizing the endothelial barrier. These findings thus indicate that PKM2 is primarily required for proper
VE-cadherin-mediated endothelial cell-junction stability. The ‘patching algorithm’ developed by Bentley* has
been especially useful in gaining insight into this process because it gives not only absolute numbers of stable
and unstable junctions but also their clustered distribution. Recent studies into the role of EC junctions in angi-
ogenesis provide evidence that they not only constitute a barrier and a signaling platform but also fine-tune
cellular processes of paramount importance for efficient directionality and expansion of capillary sprouts. For
example, VE-cadherin fingers from the pulling EC are essential for collective and cohesive EC migration during
sprout extension’; we confirm that defective VE-cadherin at junctions by PKM2 absence or inhibition results
in impaired collective migration. Our findings also demonstrate that VE-cadherin internalization which is
required for EC junction stability and remodeling, depends on PKM2 activity, likely through the provision of
ATP for vesicle movement?® since VEFGA-induced VE-cadherin endocytosis is clathrin-dependent and thus
ATP-consuming®. PKM2-generated ATP at junctions could additionally favor actomyosin contractility or the
phosphorylation of enzymes implicated in cell-cell junction stabilization or remodeling®>>,

PKM2 silencing also led to reduced numbers of filopodia in the endothelial tip cells. Since filopodia positively
regulate cell motile velocity, they ultimately affect sprouting®¢. This phenotype could be related to the reported
association of PKM2 with F-actin® since although our live imaging data favor the hypothesis of a primary impact
of PKM2 inhibition on VE-cadherin internalization and JAIL formation, we cannot rule out an additional action
on F-actin dynamics. Thus, PKM2 could provide ATP near to dynamic membrane protrusions such as filopodia
and lamellipodia, and together with other enzymes such as PKFB3 form the actin-bound ‘glycolytic hub’ proposed
by Carmeliet’s group'®”’”. Whether a similar complex also forms at EC junctions deserves however further analysis.

VE-cadherin is the master regulator of EC junction formation and stability, but recently new players have been
identified. For example, vinculin restrains junctions during remodeling and pacsin2 inhibits asymmetric VE-cadherin
internalization, protecting EC-junction integrity from mechanical forces; moreover, the YAP/TAZ pathway increases
VE-cadherin turnover, promoting cell migration while maintaining barrier function®®-%. EC junctions, and particu-
larly VE-cadherin, are thus dynamically and exquisitely remodeled during angiogenesis. Nevertheless, in spite of the
recognized importance of metabolic pathways in EC responses, very little is known about how metabolism impacts EC
junction stability and dynamics. Only the glycolytic enzyme PFKBF3 has been shown to modulate EC junctions, by an
as-yet unknown mechanism®'. Although PKM2 loss has been claimed to alter EC junction stability by non-enzymatic
actions***’, to our knowledge the present report is the first to demonstrate the presence of a pool of a glycolytic enzyme
nearby the junctions of confluent ECs by immunostaining and biochemical approaches. Moreover, we show that PKM2
is required for ATP-dependent processes as VEFGA-induced clathrin-mediated VE-cadherin endocytosis* and thus
for junction stability*!. The fact that PKM2 at the CSK-junction enriched compartment has higher pyruvate kinase
activity than cytosolic PKM2 suggests that the activity of the CSK-junction-associated PKM2 is positively regulated
by mechanisms that may involve tetramer stabilization upon F-actin binding, similar to what occurs with PFKFB3 at
lamellipodia®’. The activity of PKM2 tetramers at cell-cell junctions may also be regulated by local interaction with
allosteric activators or posttranslational modifications®. This also raises the question of how PKM2 traffics toward and
locates at the plasma membrane. PKM2 interacts with huntingtin®, which associates with GAPDH in vesicles traveling
along microtubules in neurons®, and it has recently been found enriched at these motile vesicles®. It is therefore possi-
ble that PKM2 also traffics on microtubules alone or together with GAPDH in ECs. Furthermore, we demonstrate that
VE-cadherin is required for PKM2 localization at the endothelial junctions. Whether PKM2/VE-cadherin association
is direct or mediated by an intermediate protein as 3-catenin, a renowned VE-cadherin partner also shown to interact
with PKM2 in other contexts®, deserves further investigation.

SCIENTIFIC REPORTS |

(2019) 9:15022 | https://doi.org/10.1038/s41598-019-50866-x


https://doi.org/10.1038/s41598-019-50866-x

www.nature.com/scientificreports/

B A z
Control :
<
<>
<P
Y\
- e
Active/ Inactive/
Unstable Stable
C 840 — Control siRNA
5 —-— PKM2siRNA
©30
[ ‘
£20 / \
(]
S 10 /
3 N
Wol, \
L "
S Active Inactive
D g1s5
© ok
()
210
[$]
(W]
£
3 05
=
©
i < 0.
E Control SIRNA PKM2 Control  PKM2
siRNA
F
- Control siRNA
8 40 — PKM2 siRNA
<
o
S 30
£
RAY
<
® 10
Q
w o
> [ T T ]
X Active Inactive

Active/ inactive ratio

Control PKM2
siRNA

Pat

Alg

Figure 5. PKM2 is required for endothelial-cell junction remodeling during sprouting angiogenesis in vitro
and in vivo. (A) Scheme illustrating the patching algorithm classification of VE-cadherin active (unstable)/
inactive (stable) junctions adapted from Bentley et al., 2014. (B) Immunofluorescence of VE-cadherin (green,
top) in 3D spheroid sprouts. Pseudo-colored images according to the patching algorithm classification are
shown below. Scale bar, 10 um. (C and D) Percentage of VE-cadherin active and inactive junction patches (C)
and their ratio (D) in 3D spheroid formed by siRNA-silenced HUVECs; means + SEM, n =3 independent
experiments. **p < 0.01 by Mann-Whitney test. (E) Immunofluorescence of VE-cadherin (green, top) in P6
mouse whole-mount retinas 72 hours after intraocular siRNA injection. Pseudo-colored images according to
the patching algorithm classification are shown below. Scale bar, 10 um. (F and G) Percentage of VE-cadherin
active and inactive junction patches (F) and their ratio (G) in P6 mouse retinas 72 hours after siRNA injection;
means £ SEM, n =4 mice, *p < 0.05 by Welch’s test.

The defective vasculature of PKM2-silenced and shikonin-treated retinas in postnatal mice supports the
recent evidences of a requirement for PKM2 in angiogenesis in vivo*>?. In our context, the vascular impairment
affected radial growth and filopodia number without influencing EC proliferation, and the phenotype correlates
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Figure 6. PKM2 activity is required for ATP levels at EC junctions. (A) Extracellular acidification

ratio (ECAR) in HUVECs transfected with control or PKM2 siRNA; means 4+ SEM, n =3 independent
experiments.**p < 0.01 by Mann-Whitney t-test. (B) Total ATP per ng protein in HUVECs transfected with
control or PKM2 siRNA, quantified as fold induction (EI.) versus control; means £ SEM, n = 8 independent
samples analyzed in 2 sets of experiments. *p < 0.05 by Mann-Whitney t-test. (C and D) Baseline (C)

and maximum (D) oxygen consumption ratio (OCR) in HUVEC:s transfected with control or PKM2

siRNA; means + SEM, n= 3 independent experiments, ns non-significant by Mann-Whitney t-test. (E)
Immunofluorescence of PKM2 (green), VE-cadherin (red) and F-actin (grey) in HUVECs permeabilized or
not with 0.01% saponin. Merged image of green and red channels is also shown. Scale bar, 10 um. (F) Western
blot of PKM2 in fractions extracted from HUVECs with 0.01% saponin (cytosol enriched) or 0.01% +0.1%
saponin (cytoskeleton (CSK)-junction enriched). VE-cadherin and 3-actin are included as markers of cell
junctions and cytoskeleton. MW, molecular weight. (G and H) Pyruvate kinase activity (G) and ATP amount
(H) normalized to protein content in fractions extracted as in F from HUVECs transfected with control or
PKM2 siRNA; means & SEM, n = 8 independent samples analyzed in 2 sets of experiments, ns non-significant,
*p < 0.05 and **p < 0.001 by unpaired Student t-test. (I) Images of the GFP, OFP and OFP/GFP channels from
live microscopy of GO-ATeam1-transduced HUVECs silenced with control or PKM2 siRNA. The yellow and
white lines mark in the GFP channel the cytosol and EC junction areas for OFP/GFP quantification. Scale

bar, 10 um. (J) OFP/GFP intensity ratio at cytosol, EC junctions and EC junction/cytosol of GO-ATeam1-
transduced HUVECs transfected with control or PKM2 siRNA as fold induction respect control siRNA cells in
each experiment, means + SEM, n=100-109 cells from 5 independent experiments analyzed per condition,
*ik*p < 0.0001 by unpaired Student t-test. See related Figures S4, S5 and Sé.

with the altered ratio of stable and unstable EC junctions. The possible clinical application of these findings to
stimulate or inhibit PKM2 activity in disease needs to be carefully considered. In pathological angiogenesis, the
proportion of active junctions increases (with a discontinuous pattern)*?, and sprouting defects are related to

SCIENTIFICREPORTS|  (2019)9:15022 | https://doi.org/10.1038/s41598-019-50866-x


https://doi.org/10.1038/s41598-019-50866-x

www.nature.com/scientificreports/

A Control VEGFA

1 min 3min 5 min 7 min 9 min 11 min 13 min 15 min 17 min 19 min

Control

Shikonin

VE-cadherin -EGFP
B Control VEGFA

1 min 3min 5 min 7 min 9 min 11 min 13 min 15 min 17 min 19 min

Shikonin

LifeAct -EGFP

C D E c
g‘ tggi?(gglin ~e-Control 8 ~e-Control
820 VEGFA 8 ® Shikonin =8 #-Shikonin
= 15 g-s 8g VEGFA
ﬁ -
&1 1.. 84 VEGFA - g, W
g I Sessass SREESSCS SRS TES " a7
§ 5{rtgrrroer i 2 oyt + 82
B C 1 o
59 5 10 15 20 >0 15 2
Time (min) Tlme (mln Tlme (mm)
F siRNA G
Control PKM2
VEGFA
3
= *k
o wx wx
85
0 T
© m
= [}
o T L
© Qs
N o
© N9
g ©
[}
kS - -+ VEGFA

=  +.
Control PKM2
siRNA

VE-cadherin Hoechst

Figure 7. PKM2 is required for junction dynamics and VE-cadherin internalization. (A and B) Still images
from live microscopy of HUVECs transduced with lentivirus coding for VE-cadherin-EGFP (A) or LifeAct-
EGEFP (B) for 10 min prior and after addition of 20 ng/ml of VEGFA; untreated and shikonin-treated cells are
shown. Scale bar, 5um. (C) Number of inter-cellular gaps at junctions of VE-cadherin-transduced HUVEC
along time. (D and E) Number of JAIL and of VE-cadherin plaques at the lateral junctions of LifeAct-EGFP
and VE-cadherin-EGFP-transduced HUVECs, respectively; means £ SEM, n = 6 junctions for 2 independent
experiments. (F) Immunofluorescence of VE-cadherin (red) and Hoechst (blue, nuclei) before or after acid
wash in HUVECs transfected with control or PKM2 siRNA and treated with 20 ng/ml VEGFA for 15 minutes.
Scale bar, 10 um. (G) Internalized VE-cadherin positive area per number of cells in arbitrary units (A.U.); n=3
independent experiments, **p < 0.01 by one-way ANOVA with Sidak post-test. See related Figure S6 and
Movies S5-S8 and S11-S14.

impaired endothelial junctions®®®’. In contrast, there is no evidence that an increased proportion of inactive junc-
tions (with a continuous pattern) has any effect on angiogenesis®. PFKFB3, a key glycolysis regulator, has been
proposed as a target for inducing normalization of EC junctions®>®. In a model of high-dose-VEGFA-induced
pathological retinal angiogenesis®>”°, the PFKFB3 inhibitor 3PO decreased glycolysis by 15% and normalized the
vasculature®. This effect was also observed in 3PO-treated tumor ECs®!. However, treatment of ECs with higher
3PO concentrations, inhibiting glycolysis by 40%, induced an increase in discontinuous junctions rather than
vessel normalization”'. This finding underlines the importance of the level of glycolysis inhibition in determining
the final angiogenic outcome. In line with this, we observed increased instability of VE-cadherin EC junctions
upon PKM2-silencing, which also decreases glycolysis by 40%, and with the global glycolysis inhibitor 2-DG,
which almost abolishes glycolysis. Moreover, high concentrations of exogenous ATP also increase discontinuous
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junctions and decrease TEER in brain endothelial cells”. Together, these observations suggest a dual effect of
ATP, with a precisely adjusted level required for proper dynamic EC junction rearrangement. Metabolic regu-
lation of EC junctions thus appears to be a complex process that depends on the quantity of ATP produced, the
step in the glycolytic pathway involved, and where the implicated enzyme is located. Given the likelihood that
glycolysis inhibition will have a ‘dose response’ effect on angiogenesis, studies are warranted to address the impact
of PKM2 silencing or inhibition on pathological angiogenesis.

Our findings show that PKM2 makes an essential contribution to angiogenesis in vitro and in vivo by provid-
ing ATP for the regulation of VE-cadherin internalization and EC junctions. In light of the importance of PKM2
in cancer and other diseases such as diabetes, our findings provide information relevant to the development of
PKM2-based therapeutic strategies.

Experimental Procedures
Antibodies and reagents. The following antibodies were used: PKM2 (#4053) and PKM1 (#7067) from
Cell Signaling; 3-actin (A441) and GAPDH (G9545) from Sigma; Rho-GDI (sc-360) and VE-cadherin (sc-6458)
from Santa Cruz Biotechnologies; VE-cadherin (555289), plakoglobin (610254), GM130 (610605), and EEA1
(610685) from BD Pharmingen; Ki67 (IR626) from DAKO; and Ki67 (ab16667) from Abcam. E. Sanchez-Madrid
(Centro Nacional de Investigaciones Cardiovasculares, CNIC, Madrid) kindly provided the anti-VE-cadherin
TEA1/31 antibody”. IsolectinB4 (B-1205) was from Vector. Phalloidin, streptavidin, and Alexa Fluor second-
ary antibodies and Hoechst were from Life Technologies, and HRP secondary antibodies were from Jackson
Immunoresearch Laboratories.

2-DG, ATP, FCCP, EDTA, glucose, luciferin, luciferase, mitomycin C, saponin, and shikonin were from
Sigma Aldrich; cytodex3 from Amersham; fibrinogen, thrombin, and methylcellulose from Merck-Millipore;
fluoromount-G from Southern Biotech; Ibidi chambers from Ibidi; phosphatase and proteinase inhibitors from
Roche; Optiprep from AxisShield; and S1P from Cayman.

Cell cultures. HUVECs (Lonza) were cultured in plastic dishes (Falcon and Ibidi) coated with 0.5% gelatin
and were used for experiments at P3-P4. HUVECs were grown and maintained in 199 cultured medium (Lonza)
supplemented with 20% FBS (Gibco), 100 U/ml penicillin, 100 ug/ml Streptomycin, 2 mM L-Glutamine, and
10mM Hepes (all from Lonza), and ECGS-heparin factors (Promocell). For angiogenesis experiments, EGM-2
medium (Promocell) was used. HUVECs were serum-starved for at least 3 hours before experiments, and main-
tained without FBS throughout treatments.

Fibroblasts were provided by M. A. del Pozo (Centro Nacional de Investigaciones Cardiovasculares, CNIC,
Madrid) and were cultured in IMDM medium supplemented with 10% FBS,100 U/ml penicillin, 100 ug/ml strep-
tomycin, ImM L-glutamine, 10 mM Hepes and 1 mM Na-pyruvate.

Mouse lung endothelial cells (MLECs) isolated from C57BL/6 mice and VE-cadherin-null mouse endothelial
cells provided by E. Dejana (FIRC Institute of Molecular Oncology, Italy) were cultured as described previously®.

Mouse retinal vasculature model. Retinal angiogenesis was assessed in C57BL/6 mice. Mice were
housed and animal experiments performed under specific pathogen-free conditions at the Animal facility of
Centro Nacional de Investigaciones Cardiovasculares Carlos IIT (CNIC), and in strict accordance with the insti-
tutional guidelines. Animal procedures were approved by the Committee on the Ethics of Animal Experiments
of the CNIC (Permit Number: CNIC-01/13) and by the corresponding legal authority of the local government
‘Comunidad Auténoma’ of Madrid (Permit Number: PROEX 34/13). Animal studies were conformed to directive
2010/63EU and recommendation 2007/526/EC regarding the protection of animals used for experimental and
other scientific purposes, enforced in Spanish law under RD1201/2005. Mice were fed ad libitum with standard
chow (2108 Teklad global, Harlan Interfauna Iberica S.L.).

Animals were intravitreally injected with 1 ug of siRNA in Lipofectamine RNAimax at P3 and sacrificed at P6.
For pharmacological inhibition of PKM2 activity, 100 uM of shikonin (or DMSO control) were injected at P5, and
the mice were sacrificed at P6. Eyes were fixed overnight in 2% paraformaldehyde (PFA) and then enucleated, and
retina was isolated as reported”.

siRNA interference and plasmid and lentivirus transfection.  Silencer™ Select siRNA oligonucleotides
against isoform M2 of pyruvate kinase (Thermo Fisher) were transfected using Lipofectamine RNAimax (Thermo
Fischer) in Optimem medium (Lonza) at a final siRNA concentration of 10 nM. Oligonucleotide sequences were
5'CCAUAAUCGUCCUCACCAA dTdT 3’ for human PKM2 and 5 GUGCGAGCCUCCAGUCACU dTdT 3’
Ambion™ In Vivo for mouse PKM2. Control siRNA was from Ambion™ In Vivo.

Lentivirus containing Go-ATeam1%’ was generated at VRC in Leuven Belgium or at the CNIC
Viral Vectors Unit using the particles provided by Esteban Veiga-Chacdén (Centro Nacional de
Biotecnologia, CNB-CSIC, Madrid). Lentiviruses were added to cells at a M.O.L of 10.

Lentivirus containing VE-Cadherin-EGFP and LifeAct-EGFP (kindly provided by Prof. Hans Schnittler from
the Universitit of Miinster, Germany) was generated at the CNIC Viral Vectors Unit. Lentiviruses were added to
cells ata M.O.I. of 10.

Scratch assays. Confluent HUVECs were serum-starved for 3 hours and a wound was made with a plastic
pipette tip. After washing the cells with PBS, migration was stimulated by adding medium containing 5% FBS. In
the experiments in which proliferation was inhibited, cells were treated before and throughout the experiment
with 2 ug ml~! mitomycin C, 1 uM Shikonin or corresponding vehicle control. Migration was quantified as the
proportion of the initial wound area remaining uncovered at the end of the experiment.
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For collective migration, time-series pictures were taken every 20 minutes during 16 hours; only those experi-
ments in which the endothelial monolayer remained confluent >80% after siRNA silencing or shikonin treatment
were included in the analysis.

Cell count assay. Cells were seeded at equal density in P96 wells. On each day of the experiment, cells in
individual wells were detached and counted.

Microbead spheroid assay. Cytodex3 microbeads were purchased from Amersham, and the protocol was
performed as previously described”.

Transendothelial electrical resistance (TEER). TEER assays with an electric cell-substrate impedance
sensing system (ECIS 1600R; Applied Biophysics’s;) were performed as described’”’®. The S1P-induced TEER
increase was expressed as the percentage difference in resistance between unstimulated ECs and ECs stimulated
with S1P for 3 hours.

Immunofluorescence. Cells were fixed for 15min in 4% PFA, blocked and permeabilized in 0.01% Triton
X-100 2% BSA in PBS. Primary antibodies were incubated overnight in a cold room and secondary antibodies for
1 hour at 37°C. Cell orientation was quantitated according to the relative position of Golgi versus nucleus toward
or against the wound (£180°).

Fibrin gels were fixed in 1% PFA PBS for 30 minutes and washed. Gels were then permeabilized and blocked
for 2hours in blocking and permeabilization (BP) buffer (2% BSA, 0.3% Triton X-100, 0.3 M glycine, 0.2% azide,
and 1% goat serum in PBS). Gels were incubated with primary antibodies overnight in the same buffer. The next
day, gels were post-fixed in 4% PFA for 15 minutes. After a wash and 30 minutes in BP buffer, gels were incubated
with secondary antibodies.

Retinas were blocked and fixed overnight in 2% BSA, 1% goat serum, 0.2% deoxycholate, 0.5% Triton X-100,
and 0.2% azide in PBS. The next day, primary antibodies were added and incubations were maintained over-
night. Retinas were then incubated overnight with Isolectin B4 in PBLEC buffer (1 mM MgCl,, 1 mM CaCl,,
and 0.1 mM MnCl in PBS pH 6.8). Finally, secondary antibodies were added and incubations were maintained
overnight. All preparations were mounted in Fluoromount-G.

Proximity ligation assay (PLA). HUVECs were grown to confluence, fixed and permeabilized. PLA was
performed next day following the manufacturer’s instructions (Duolink PLA, Sigma Aldrich). Briefly, samples
were blocked with the blocking solution for 30 min at 37 °C and incubated overnight with the primary antibodies,
rabbit anti-PKM2 (#4053, Cell Signalling) and goat anti-VE-cadherin (sc-6458, Santa Cruz biotechnology), at
4°C. The following day, the samples were washed and incubated for 1 h at 37 °C with PLA probes for rabbit and
goat antibodies. After washing, samples were incubated with the ligase for 30 min at 37 °C, washed again and
incubated with the polymerase for 100 min at 37 °C. Finally, the samples were washed, dried completely and
mounted in Duolink I Situ Mounting Medium with Hoechst. Rabbit and goat IgGs were used as negative control.

Cell live imaging. Live imaging was performed with a LSM700 Zeiss confocal microscope (Carl Zeiss) at a
constant temperature of 37 °C and 5% CO,. PKM2-GFP was detected with 488 nm excitation and 510 nm emis-
sion. Go-ATeam1 was detected with 488 nm excitation and emission at 510 nm and 560 nm. VE-cadherin-GFP
and LifeAct-GFP were detected with 488 nm excitation and 510 nm emission, time-series images were taken
every minute for 15 minutes and after addition of 50 ng/ml of VEGFA for a further 15 min. Image analysis was
performed using Fiji software.

Membrane subfractionation. The membrane subfractionation protocol was performed as previously
described”. Briefly, HUVEC membrane fractions were obtained and separated by ultracentrifugation on a dis-
continuous Optiprep density gradient (AxisShield). Protein fractions were precipitated, resuspended in Laemmli
buffer, resolved by SDS-PAGE, and analyzed by western blot.

Western blotting.  Cells were lysed in RIPA buffer as described®. Retinas were isolated as reported®, and
then RIPA buffer was added to the exposed vessels. Centrifugation was performed after 1 hour of incubation, and
supernatant was recovered. Protein lysates were separated by 8% SDS-PAGE under reducing conditions. After
transfer to a nitrocellulose membrane (Bio-Rad), blots were blocked with 5% BSA-PBS and incubated for 1 hour
at room temperature (RT) with primary antibody diluted in 2% BSA-PBS. Membranes were then washed in
0.2% Tween 20-PBS and incubated for 1 hour at RT with horseradish peroxidase-conjugated secondary antibody.
Protein bands were visualized by enhanced chemiluminescence (ECL; GE Healthcare). Band intensities were
analyzed with Fiji software.

Glucose and oxygen consumption. The extracellular acidification and oxygen consumption ratios
(ECAR and OCR) were obtained in a Seahorse XF96 (Agilent), using glucose, oligomycin, FCCP and 2-DG, as
described?®!.

ATP levels. ATP production in saponin-enriched fractions was measured by a kinetic luciferin-luciferase
luminescence assay, and normalized to the protein concentration in each sample®. Briefly, fractions were diluted
in buffer A (150 mM KCI, 25 mM Tris-HCI pH 7.4, 2mM EDTA, 0.1% BSA, 10 mM KPO4, 0.1 mM MgCI2) with
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0.15mM diadenosine pentaphosphate and then buffer B (0.5M Tris—acetate pH 7.75, 0.8 mM luciferin, 20 ug/ml
luciferase) and 0.1 mM ADP were added before recording light emission in the luminometer.

Pyruvate kinase assay. PK activity was measured in saponin-permeabilized HUVEC fractions using a
commercial kit from Biovision.

VE-cadherin internalization. Internalization assays were performed as previously described®. Briefly, to
measure internalization of endogenous VE-cadherin, confluent HUVEC were incubated with the VE-cadherin
antibody (TEA1/31) at 4°C for 1 h in 1% BSA medium. Then, we rinsed the cells in cold culture medium to
remove unbound antibody and treated them with 50 ng/ml of VEGFA for 30 min at 37 °C to allow the internaliza-
tion. Cells were acid-washed (2 mM PBS-glycine, pH 2.0) or washed with cold PBS 3 times for 10 min each (used
as control) and fixed and processed for immunofluorescence.

Confocal image quantification. Images were obtained with a Zeiss LSM700 confocal microscope (Carl
Zeiss Microscopy) and maximum intensity projections are shown in all figures unless otherwise indicated. For
analysis of mean fluorescence intensity, regions of interest (ROIs) were selected around junctions with Fiji soft-
ware. For junction morphology analysis, we used reported criteria to distinguish discontinuous and continuous
junctions®. For spheroid assays, mean length of sprouts and sprout number were analyzed in bright-field images
with Fiji. Filopodia number was determined using phalloidin-stained F-actin. Data were normalized to cell
length. For Go-aTeam1 analysis, the region of interest (ROI) for EC junctions was drawn <5um width around
the cell-cell contacts defined by a 16 colors-pseudocolor plugin of Fiji software (validated by VE-cadherin stain-
ing). The cytosol ROI was defined as the rest of the cell.

Retinal parameters were quantified as described’#**. Radial growth was calculated as the average length in each
lobule of one eye, from the optic nerve to the vascular front. Vascular density was calculated as the percentage of
total area occupied by isolectin B4. Ki67 positive ECs were calculated as the percentage of Ki67 + ERG +- cells of
total ERG +- cells, and normalized by Isolectin B4 area. Junction morphology was analyzed using the ‘patching
algorithm’ implemented in MATLAB software®.

For VE-cadherin internalization experiments, images were taken using Nikon A1R confocal microscopy with
a 40x objective and image analysis were performed using Fiji software.

For time-lapse scratch assay, images were taken with a Nikon time-lapse microscope with a 10x objective.
Analysis of the tracking was done using Fiji with manual tracking plugin and Chemotaxis tool from ibidi.

Statistical analysis. Absolute values were represented for most of the quantitated parameters. In cases of
high variability in such values among experiments, fold induction versus control was calculated for each exper-
iment as indicated in the corresponding legend. All values were analysed with Prism GraphPad. First all values
were subjected to Grubbs’s outlier test (p < 0.05), and then D’Agostino-Pearson test for analysis of normal dis-
tribution was performed. The proper tests to compare samples were used as indicated in each figure legend. In
general, for comparison of two samples, unpaired Student t-test was used in normal (Gaussian) data with equal
variance, Welch’s test was used in normal (Gaussian) data with no equal variance and Mann-Whitney test for
non-normal data; for comparison of three or more conditions, One-way ANOVA with Sidak-post test was used.
Differences were considered significant at p < 0.05.

Data availability

All relevant data are available from the authors upon request.
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Sequential Bone-Marrow Cell Delivery of VEGFA/S1P Improves
Vascularization and Limits Adverse Cardiac Remodeling
After Myocardial Infarction in Mice

Magdalena M. Zak,! Polyxeni Gkontra,' Cristina Clemente,' Mario Leonardo Squadrito,
Alessia Ferrarini,> Rubén A. Mota,* Eduardo Oliver,® Susana Rocha,! Jaume Agiiero,®®
Jesus Vazquez,*® Michele De Palma,? Borja Ibafez,>® and Alicia G. Arroyo™*-

"Vascular Pathophysiology Area, *Proteomics Unit, *Animal Facility, and °Myocardial Pathology Area, Centro Nacional de Investigaciones Cardiovasculares (CNIC),
Madrid, Spain; ?Ecole Polytechnique Federale de Lausanne (EPFL), ISREC-Swiss Institute for Experimental Cancer Research, Lausanne, Switzerland; and °CIBER-CV,
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Microvascular dysfunction and resulting tissue hypoxia is a major contributor to the pathogenesis and
evolution of cardiovascular diseases (CVD). Diverse gene and cell therapies have been proposed to preserve
the microvasculature or boost angiogenesis in CVD, with moderate benefit. This study tested in vivo the
impact of sequential delivery by bone-marrow (BM) cells of the pro-angiogenic factors vascular endothelial
growth factor (VEGFA) and sphingosine-1-phosphate (S1P) in a myocardial infarction model. For that,
mouse BM cells were transduced with lentiviral vectors coding for VEGFA or sphingosine kinase (SPHK1),
which catalyzes S1P production, and injected them intravenously 4 and 7 days after cardiac ischemia—
reperfusion in mice. Sequential delivery by transduced BM cells of VEGFA and S1P led to increased en-
dothelial cell numbers and shorter extravascular distances in the infarct zone, which support better oxygen
diffusion 28 days post myocardial infarction, as shown by automated 3D image analysis of the microvas-
culature. Milder effects were observed in the remote zone, together with increased proportion of capillaries.
BM cells delivering VEGFA and S1P also decreased myofibroblast abundance and restricted adverse cardiac
remodeling without major impact on cardiac contractility. The results indicate that BM cells engineered to
deliver VEGFA/S1P angiogenic factors sequentially may constitute a promising strategy to improve micro-
vascularization and oxygen diffusion, thus limiting the adverse consequences of cardiac ischemia.

Keywords: VEGFA, S1P, gene—cell angiotherapy, myocardial infarction, oxygen diffusion, cardiac
remodeling

INTRODUCTION

CARDIOVASCULAR DISEASE (CVD) has been the lead-
ing cause of death in the United States since the
beginning of the 20th century, with almost half of
those deaths caused by coronary heart disease.?
The most common long-term consequence of coro-
nary heart disease is heart failure (HF), and its
prevalence increased between 2009 and 2014, in
part due to the improvement in acute treatment of
CVD.? One of the clinical manifestations of coro-
nary heart disease is myocardial infarction (MI),
which is the sudden death of myocardial tissue

from ischemia caused by a blockage of a coronary
artery, usually from the rupturing of an athero-
sclerotic plaque.? MI causes cardiomyocyte death,
which triggers acute inflammation, angiogenesis,
and finally scar formation. Fibrotic scar formation
is the main healing mechanism after MI due to the
limited ability of the adult mammalian heart to
regenerate.? Fibrosis causes abnormalities in both
relaxation and contractility of the heart muscle,
which causes ventricular remodeling, a mechanism
of heart adaptation to adverse stimuli.? Remodeling
includes left ventricular wall thinning, ventricle
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dilation, and changes in its shape from ellipsoid to
more spherical.® At the cellular level, cardio-
myocytes in the viable myocardium undergo hy-
pertrophy triggered by increased load. These
malformations create increasing wall stress, which
causes higher myocardial oxygen demand and
could cause further enlargement of the area at risk
for ischemia.” Pathological heart remodeling
caused by MI and secondary hypoxia induces HF
and high mortality in the long term.® Indeed, HF
becomes the main cause of death of patients >65
years old within 6 years after ML.° HF can also
derive from other CVD involving microvascular
dysfunction and tissue hypoxia as hypertensive
cardiac hypertrophy and diabetic coronary micro-
angiopathy.'® For that reason, prevention and
ameliorating effects of HF are of great importance.

Over the past decades, a need for an effective
therapy to prevent and limit hypoxia-related car-
diac adverse remodeling and as a consequence HF,
particularly after MI, remains unmet. Since the
introduction of fibrinolysis and angioplasty in the
late 1970s, acute treatment of MI has improved
dramatically, although the mortality rate caused
by CVD remains high.'’ Trying to overcome the
inability of adult cardiac muscle to regenerate,
many therapies were implemented, including cell
and gene therapies and delivery of cytokines and
soluble factors. One of the aims of these therapies
has been modulating angiogenesis,'?*® since by
preserving the microvasculature or boosting the
formation of new vessels, tissue oxygenation would
improve, alleviating adverse consequences of acute
or chronic ischemia. In recent years, importance
has also been given to modulating immune re-
sponse after MI for its beneficial effect on heart
repair.'922

One of the main unsolved questions in these
studies was the optimal delivery route for the
factors with strategies including delivery of
the recombinant protein,?®?* gene delivery using
plasmids'®!” and modified RNA,?° and virus-based
approaches, mostly using adeno-associated virus
(AAV).1*2627 Op the other hand, cell therapies,
whose main effect is believed to be based on se-
creting factors such as vascular endothelial growth
factor A (VEGFA) and PDGF showed limited long-
term improvement in cardiac vascularization.?®3°
It was hypothesized that combining two ap-
proaches by delivering cells but also transducing
them to overexpress proangiogenic factors may
bring an improvement in cardiac vascularization
after ischemia. In the field of proangiogenic thera-
pies, the strong proangiogenic factor VEGFA gen-
erated promising results in animal models but

showed no sustained improvement in myocardial
perfusion measured in the NORTHERN clinical
trial.'®> However, co-delivery of VEGFA and
sphingosine-1-phosphate (S1P) by AAV promoted
angiogenesis and reduced cell apoptosis in a pig
model of ML Of note, sequential instead of si-
multaneous exposure to VEGFA and S1P led to the
formation of more stable vessels in scaffolds in vitro,
but this approach has never been tested in vivo.?!
This study investigated the effect of bone-
marrow (BM) cells engineered to produce VEGFA
or S1P and injected sequentially in improving
vascularization in a preclinical mouse model of
acute ischemic heart disease. Indeed, it is demon-
strated that lentiviral vector (LV)-transduced BM
cells injected intravenously (i.v.) in mice to deliver
the pro-angiogenic factors VEGFA and S1P se-
quentially resulted in sustained increased vascu-
larization 28 days after MI assessed by a newly
implemented pipeline for automatized 3D image
analysis of the microvasculature®? and in contrast
to the transient effect reported for non-transduced
BM cells. As a consequence, the strategy also lim-
ited fibrosis and adverse cardiac remodeling. This
study may offer new therapeutic possibilities for
patients suffering cardiac ischemic disease.

METHODS
All experimental procedures are explained in
detail in the Supplementary Methods.

LV construction and evaluation

Human VEGFA and SPHKI1 and GFP cDNAs
were amplified by polymerase chain reaction and
inserted downstream to the SFFV promoter of
the SFFV.insert. WPRE LV backbone described in
Squadrito et al.?®* Enzyme-linked immunosorbent
assay kits were used to quantify VEGFA protein
level in cell supernatants. LV transduction of BM
cells was performed overnight at a multiplicity of
infection of 50. The collection of cell supernatant
was performed 48 and 72 h after transduction. S1P
expression was measured by mass spectrometry
48h after transduction with LV_SPHKI1. For fur-
ther details, see the Supplementary Methods.

Flow cytometry

BM cells were stained with antibodies against
CD11b-AF647, F4/80-PE-Cy7, Ly6C-FITC, CCR2-
PE, and CX3CR1-Pacific Blue and 7-AAD live/
death dye. Sample acquisition was performed us-
ing a BD LSRFortessa flow cytometer (BD Bio-
sciences) and analyzed using Flowdo software
(Flowdo LLC). Detailed staining procedure and a
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list of antibodies is available in the Supplementary
Methods.

Aortic ring assay

Aortic ring assay was performed, as described
in Baker et al.?* Mouse aortic rings were cultured
in the presence of various combinations of solu-
ble factors (rhVEGFA 30ng/mL, S1P 1uM) or
mouse BM cells previously transduced with LVs
(BMPVEGE BMPSPHKL) On day 8, rings were fixed
in 1.6% paraformaldehyde, and incubated over-
night at 4°C with the following antibodies/re-
agents: IB4 or anti-CD31 (1:150) for endothelial
cells and anti-smooth-muscle actin (SMA; 1:400)
for mural cells. Images were acquired with a Nikon
A1R confocal system coupled to a Nikon Ti-Eclipse
microscope using a 10Xxobjective and capturing
400 ym in depth with a z-stack every 3 um. Analysis
of aortic ring images was performed using Imaris
software and a Matlab-based method for 3D-
microvasculature developed in the lab. Reagents,
antibodies, and detailed procedures are de-
scribed in the Supplementary Methods.

In vivo mouse ischemia-reperfusion
experiment protocol

Mice were kept at the animal facility of the
Centro Nacional de Investigaciones Cardiovascu-
lares under specific pathogen-free conditions and
in accordance with the institutional guidelines.
Animal procedures were approved by the corre-
sponding legal authority of the local government of
Madrid (reference number of approval PROEX/ 34/
13). Ischemia—reperfusion (I/R) was performed in
10- to 12-week-old male BL6 mice by ligation of the
left anterior descendent coronary artery for 45 min
of ischemia followed by reperfusion. Echocardio-
graphy was performed 3 days after to confirm MI,
and mice with a left ventricular ejection fraction
(LVEF) between 20% and 40% were randomly as-
signed to control and treated groups. Four days
post I/R, mice were injected iv. with 5x10°
BM"VECF in 100 uL of phosphate-buffered saline
(PBS) or with PBS only as a control. Seven days
post I/R, a second injection was performed with
5x 10 BMPSPHEL o1 PBS. On day 28, after endpoint
echocardiography, hearts were weighed and col-
lected. Echocardiography was performed using
Vevo 2100 ultra high frequency ultrasound to as-
sess cardiac parameters (end-diastolic and end-
systolic volumes, stroke volume (SV), LVEF and
left ventricular posterior wall thickness). Analysis
of heart roundness (i.e., sphericity) was performed
on macroscopic images of the dissected hearts us-
ing ImageJ®® software. Fibrosis was assessed based

on Masson’s trichrome staining of a series of seven
levels of tissue cuts, starting from the apex to the
base of the heart and visualized using NanoZoomer-
2.0RS® (Hamamatsu); scar area is represented as
the percentage of left-ventricular area using Im-
aged software. To quantify cardiomyocyte size, an
Imaged-based semi-automated macro was designed
where cardiomyocytes were recognized by laminin
staining and their area and perimeter quantified.
Detailed experimental procedures are described in
the Supplementary Methods.

Microvasculature analysis

Sections (15 ym thick) were stained with anti-
CD31, anti-PDGFRf, and anti-SMA antibodies and
with Hoechst for nuclear staining. Images were
acquired with a Leica SP5 confocal microscope us-
ing a 40 xobjective (NA 1.25) with oil immersion
with z-stacks captured every 1 um. Analysis of the
microvasculature was based on the fully automatic
image analysis pipeline developed in the authors’
laboratory to analyze microvascular data. The
pipeline permits the calculation of a pool of pa-
rameters that quantify all major features of the
vascular network. It has been described in detail
in Gkontra et al.,>? while a brief overview of nec-
essary adaptations is provided in the Supple-
mentary Methods.

Statistics

Statistical analysis was performed using
GraphPad Prism v6/7. Distribution of the data
sets was checked with D’Agostino—Pearson and
Shapiro—Wilk normality tests, and then paramet-
ric or nonparametric tests were performed as in-
dicated in the legends. Outliers were identified
using the ROUT method (@ =1.000%).

RESULTS

Experimental design for in vivo sequential
VEGF/S1P gene—cell angiotherapy in a MI
mouse model

Sequential delivery of VEGFA (VEGF hereafter)
and S1P has been shown to increase the formation
of mature vessels in in vitro scaffolds compared to
the effect of single or combined factors.?' It was
confirmed in the mouse aortic ring assay that se-
quential delivery of S1P after VEGF or combined
delivery of the two factors induced a significantly
higher proportion of sprouts, covered by SMA+
cells and a more complex vascular network than
VEGF alone (Supplementary Fig. S1A and B). A
decision was therefore made to test the effects of a
combined gene—cell therapy in which BM cells were
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boosted to produce VEGF and S1P by LV trans-
duction and to deliver these factors sequentially.
For that, LVs were generated encoding for the
human VEGF, or SPHK]1 (sphingosine-kinase 1),
the enzyme that catalyzes the conversion of the
precursor sphingolipid sphingosine to the active
form S1P (herein LV_ hVEGF and LV_hSPHKI1,
respectively). Then, the efficacy of the LV was
validated in HEK and mouse BM cells transduced
with LV_hVEGF and LV_hSPHK]1, which indeed
overexpressed VEGF and produced S1P (Supple-
mentary Fig. S2). The proposed strategy was tested
in the mouse model of acute cardiac I/R, which is
closer to the human MI clinical practice. Before
proceeding with the in vivo approach, the ability of
i.v. injected BM cells to migrate to the infarcted
myocardium was confirmed. Histological analysis
performed 24 h after Tomato® BM cell i.v. injection
confirmed the presence of red round cells in the
infarct zone of hearts 4 days after I/R. Only an
unspecific non-membrane-associated red signal
was detected in the hearts from PBS-injected mice
(Supplementary Fig. S3A).

Prior to their i.v. injection, the study also ana-
lyzed whether LV transduction and culture in the
presence of stem-cell factor (SCF) and macrophage
colony-stimulating factor in vitro impacted on
the phenotype of BM cells. Following the flow cy-
tometry gating strategy detailed in the Methods
(Supplementary Fig. S3B and C), it was observed
that after LV transduction with LV_hVEGF or
LV_hSPHKI1, the amount of neutrophils increased,
macrophages decreased, and the scarce myeloid
progenitors remained unchanged (Supplementary
Fig. S3D-F). Notably, although no differences in
the percentage of monocytes (~60%) were ob-
served, after LV transduction, there was an in-
crease in their CX3CR1 cell surface expression,
particularly after LV_hSPHKI1 transduction with
milder changes in CCR2 levels (Supplementary
Fig. S3G).

BM cell-mediated delivery of VEGF and S1P
improves vascularization and reduces inter-
capillary distances in the post-infarcted heart
Next, the study tested the in vivo impact of
boosting BM cell sequential secretion of VEGF and
S1P in a mouse model of cardiac I/R (Supplemen-
tary Fig. S4A). MI was confirmed by echocardiog-
raphy 3 days post I/R, and mice with a LVEF of
20-40% were included in the study. Mice were af-
terwards randomly assigned to control and treated
groups and then injected i.v. on day 4 post I/R with
PBS or with 5x 108 of BM"VECY followed on day 7
by PBS or 5x10% of BMPSPHEL gimilar to the time

points tested in the in vitro aortic ring assay
(Supplementary Fig. S1).

Sequential VEGF/S1P angiotherapy by BM cells
was primarily designed to enhance angiogenesis
and increase the functional microvasculature after
I/R, which may secondarily reduce post-MI adverse
effects. In an effort to quantify the effect of the
proposed treatment to the microvasculature in an
unbiased and reproducible manner, images of
transverse slices of cardiac tissue from treated and
untreated subjects were analyzed by means of a 3D
fully automated image analysis pipeline developed
at the authors’ lab.?* The tissue was labeled for
blood vessels, in particular for endothelial cells
(CD31) and for SMA and PDGFR i+ cells, and then
imaged by confocal microscopy. The automated
analysis approach allowed the post-MI changes of
the microvasculature of the control and BM cell-
delivered VEGF/S1P hearts to be compared in
terms of all major microvascular characteristics:
morphology, topology, angio-architecture, efficiency
for oxygen diffusion, as well as its relation with
SMA" and PDGFRS" cells. A summary of all quan-
tified parameters and their changes are provided in
Table 1. Reference values for the parameters ex-
tracted from microvascular tissues of basal mice are
also given.

Among fractal parameters, lacunarity, a param-
eter measuring the heterogeneity in the distribu-
tion of the size of the gaps in the tissue, significantly
decreased in the infarcted area of the hearts in
the treated group. This indicates a smaller disper-
sion of non-vascularized areas, implying a better-
organized microvasculature (Table 1). Although no
significant differences were observed in the over-
all vascular volume density 28 days after I/R, after
decomposing the microvasculature into its com-
ponents, that is, capillaries (CD31"SMA™, <5 um),
enlarged capillaries (CD31"SMA™, >5.1 um), and
arterioles (CD31"SMA™), a trend to increased cap-
illary volume density and decreased enlarged
capillaries was noticed in the infarcted zone of
hearts from mice injected with BM cells delivering
VEGF/S1P compared to controls (Fig. 1A-C and
Table 1). There were, however, no changes in the
volume density and the percentage of arterioles
(Fig. 1B and C). Accordingly, treatment also re-
sulted in significantly more abundant endothe-
lial cells in the vasculature of the infarcted zone
(Fig. 1A). Interestingly, in the remote zone, a sig-
nificant increase in the volume and percentage of
capillaries and a decrease in the percentage of en-
larged capillaries were also observe in hearts from
the VEGF/S1P-treated group, in spite of the lack of
statistically significant between-group differences
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Table 1. Quantitative analysis of microvasculature parameters in the cardiac tissue from treated

and non-treated mice after myocardial infarction

Infarct untreated Infarct treated Remote untreated Remote treated Basal
Fractal-based metrics
Fractal dimension 1.79+0.04 1.78+£0.03 | 1.86+0.04 1.85+£0.04 | 1.91+0.01
Lacunarity (x107) 96.42+0.84 95.84+1.16 | 92.34+0.94 91.46+083 | * 90.93+0.15
Minkowski-based metrics
Vascular volume density (%) 262+0.38 246+0.26 | 366+1 344408 | 3.48+0.21
Vascular surface area density (x107%; um2/um®) 23.79£1.51 2486+3.13 1 41.72£6.31 43.08£5.15 1 40.17+£1.91
Breadth density (x 1073 um/um?) 0.97+0.06 1.08+£0.23 1 2.23+0.31 2381022 1 2.05+0.22
Euler characteristic density (x 107%; 1/,um3) -1.7+3.09 -12%£287 1 1.6+6.89 349+956 1 589+1.76
Capillary volume density (%) 0.66+0.15 0.76+0.17 1 2.31+£0.39 265031 1* 2.36+0.13
Capillary surface area density (x 1075 um?/um®) 9.94+25 11241275 1 32491457 37.1+269 1** 32.47+2.08
Enlarged capillary volume density (%) 0.58+0.34 034021 | 0.81+0.63 04+043 | 0.3+0.16
Enlarged capillary surface area density (x107%; ,umz/uma) 484+255 293+17 | 6.69+5.11 347+368 | 251+£1.45
SMA+ vessel volume density (%) 1.37+£0.24 1.35+£0.16 | 0.53+0.27 0.39+0.26 | 0.82+0.1
SMA+ vessel surface area density (x107% umz/um3) 1021+£1.73 11.67+£167 1 412+1.78 355426 | 6.18+0.33
Capillary (%) 26.42+9.74 31114753 1 66.19+15.86 7894+10.78 1* 67.92+3.57
Enlarged capillary (%) 21.05+10.45 136+6.98 | 19.95+£13.19 9.95+848 | * 8.53+4.54
SMA+ vessel (%) 52.52+6.81 55.29+589 1t 13.86+4.84 1111466 | 23.55+2.56
Graph-based metrics
Vascular segment diameter (m) 423+0.7 3.96+06 | 3.76+£0.62 343+037 | 3.91+0.25
Vascular segment length (um) 8.58+1.55 858+14 | 967+£1.23 10.06+£1.06 1 12.24+£1.62
Vascular segment surface (,umz) 119.08+38.82 112.19£30.08 | 1211443115 11462+1895 | 153.61+£26.72
Vascular segment volume (um®) 149.58 +67.97 132.71+4883 | 135.32+52.18 11356+27.61 | 175.04+37.32
Tortuosity (um/pm) 15+0.06 154+0.06 t 1.51+0.08 154+0.06 1 1.47+0.01
SMA+ and Pdgfrb-related metrics
Myofibroblasts abundance 0.5+0.06 0.43+009 |* 0.04+0.03 0.03+0.02 | 0.02+0.01
Vessels covered with Pdgfrb (%) 76.95+8.09 76.59+£11.75 | 87.07+7.1 87.21£571 ¢ 88.75+2.85
Vessels covered with SMA (%) 38.19+4.82 40.98+57 1 15.98+6.07 12.26+£6.01 | 24.18+3.27
SMA+ layer thickness (um) 3.72+0.82 3.68+0.51 | 3.85+0.39 371079 | 45+0.52
SMA+ perivascular cells® 16.19+3.65 18.33£4.39 1 6.1+2.78 493+256 | 8.33+0.66
Efficiency in oxygen diffusion
Median extravascular distance (um) 13.38+1.52 11.76+£2.21 | 5.68+0.51 5.34+0.28 | 5.63+0.35
Maximal extravascular distance (um) 4363+7.04 36.02+859 | * 1253+£12 11.69+0.76 | 13.19+1
Additional cell-related metrics
Endothelial cells (x 10°%)° 26.71+£2.37 30.31£4.28 t* 35.43+5.83 39.79+6.04 1t 31.63+£4.75

The mean+ standard deviation of all parameters for cardiac tissue from treated (BM"VECF .+ BMSPHKT) and non-treated (phosphate-buffered saline) mice
along with pairwise comparisons among the different tissue conditions. Capillaries correspond to CD31+ and SMA- vessels of diameter <5 um, enlarged
capillaries to CD31+ and SMA- vessels of diameter >5 um, and SMA+ vessels to CD31+ and SMA+ vessels regardless their diameter. Up and down arrows
indicate increase and decrease, respectively, of the parameter value for (1) tissue from infarcted areas of subjects treated with BM"VEEF + BMSPHKT compared
to tissue from infarcted areas of untreated subjects, and (2) tissue from remote areas of subjects treated with BM"VEEF 1 BM"SPHKT compared to tissue from

remote areas of untreated subjects.
@Number per mm vascular length.
Number per mm? vascular volume.

*p<0.05; **p<0.01. The p-values were calculated by means of a two-sample t-test.
BM, bone marrow; VEGF, vascular endothelial growth factor; SPHK1, sphingosine kinase; SMA, smooth-muscle actin.

in overall vascular volume density. Concomitantly,
endothelial cell abundance in the remote zone was
slightly increased in the treated group (Fig. 1D-F).
These findings indicate that combined delivery of
VEGF/S1P impacted mostly on the capillaries, in-
creasing their volume density and the endothelial
cell content while decreasing their remodeling/
enlargement in both the infarcted and the remote
zones.

The main function of the microvasculature is to
provide nutrients and oxygen to the heart, partic-
ularly after ischemia, to preserve cell viability and
promote repair. Thus, toward obtaining insights
into the efficiency of the network for oxygen diffu-

sion, traditional indicators of oxygen diffusion (i.e.,
maximal extravascular distances) were studied by
means of the automated pipeline. According to the
larger proportion of capillaries and higher endo-
thelial cell numbers, maximal extravascular dis-
tances were significantly reduced in the infarct
zone of hearts from mice injected with BM cells
producing VEGF and S1P 28 days after I/R com-
pared to the controls, indicating better oxygen
diffusion. A similar trend to reduced extravascular
distances was observed in the remote zone of
treated mice (Fig. 2).

Next, the study sought to decipher the contri-
bution of VEGF and S1P overexpression versus
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Figure 1. Sequential bone marrow (BM) cell delivery of vascular endothelial growth factor (VEGF) and sphingosine-1-phosphate (S1P) increases capillary
volume density and endothelial cell number on the infarcted heart post myocardial infarction (MI). (A) Left panels: representative maximal intensity projections
from confocal microscopy images of transverse sections of mouse hearts stained for endothelial cells (CD31, gray) and smooth-muscle cells (SMA, red). Right
panels: bar graphs showing total vascular volume density and the number of endothelial cells per vascular volume in the infarct zone of treated and non-
treated mice 28 days post ischemia—reperfusion (I/R). Scale bar: 50 um. (B) Representative images of segmented vessels in three categories: capillaries
(CD31"SMA™, <5 um diameter, red), enlarged capillaries (CD31"SMA~, >5.1 um diameter, yellow), and arterioles/SMA+ vessels (CD31"SMA®*, white) in the
infarct zone of treated and non-treated hearts. Scale bar: 50 um. (C) Bar graphs showing volume densities for the three-vessel categories, as well as
percentage representation of each vessel type out of the total vasculature. (D-F) Representative images and bar graphs, as described in (A-C), corre-
sponding to the remote zone of hearts from treated and non-treated mice 28 post I/R. Data represent the mean+ SD of 9 and 12 mice for non-treated and
treated groups, respectively, analyzed in two independent experiments. A parametric t-test was used for statistical comparison. *p<0.05; **p<0.01;

***p<0.001. Color images are available online.

endogenous secretion of factors by BM cells to the
myocardial angiogenic phenotype, since PBS was
used as in vivo control. Non-transduced BM cells did
not increase vascular sprouting versus control me-
dium in the aortic ring in contrast to sequential ex-
posure to BM cells secreting VEGF and S1P, which
induced a significant increase in vascular sprouts
with a good proportion covered by SMA+ cells, in-
dicative of stable vessels, and a more complex vas-
cular network (Supplementary Fig. S4B). These
findings argue in favor of overexpressed VEGF and
S1P by LV-transduced BM cells as the factors re-
sponsible for boosting capillarization post MI.

Sequential BM cell delivery of VEGF and S1P
diminishes post-infarction tissue fibrosis with
no impact on cardiac contractility

After MI, dead cardiomyocytes are mostly re-
placed by fibrotic tissue, reducing cardiac pump
function. The study analyzed whether improved
capillarization and oxygen diffusion by BM cell

sequential delivery of VEGF/S1P had any impact
on cardiomyocyte survival and thus in cardiac
performance. Despite the presence of isolated
clusters of viable cardiomyocytes within the scar
of infarcted hearts from VEGF/S1P-treated mice
but not in untreated controls 28 days post-I/R
(Supplementary Fig. S5A), echocardiography
analysis showed no significant between-group
differences in the reduced LVEF and the SV
(Supplementary Fig. S5B and C).

Regardless the ejection fraction values, fibrosis
extent and tissue stiffness are the major factors
driving post-MI progression to HF. Therefore, al-
though a major impact of the BM cell-VEGF/S1P
therapy could not be observed on cardiac contractil-
ity, next fibrosis-related parameters were assessed,
since cardiac injury and hypoxia are enhancers
of the myofibroblast-driven fibrotic program.3¢37
Between-group differences could not be detected
in the total scar volume of the left ventricular free
wall calculated from serial Masson-stained sections
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Figure 2. BM cell sequential delivery of VEGF and S1P reduces inter-
capillary distances in the post-infarcted heart. (A) Representative images
of extravascular distance maps from the infarct and remote zone of treated
and control mice 28 days post MI. (B) Bar graphs show the quantification of
maximal extravascular distances in the conditions shown in (A). Data are
represented as the mean+standard deviation (SD) of 9 and 12 mice for
non-treated and treated groups, respectively, analyzed in two independent
experiments. A parametric ftest was used for statistical comparison.
*p<0.05; **p<0.01; ***p<0.001. Color images are available online.

spanning the whole heart 28 days post I/R (Fig. 3A
and B). However, the cardiac section closest to the
valves consistently showed a significantly reduced
scar area in the BM cell VEFG/S1P-treated group
(Fig. 3C). Complementarily, using the images of
mouse cardiac tissues stained for PDGFRf and
CD31, the myofibroblast abundance were also au-
tomatically quantitated as the ratio of the volume of
myofibroblasts over the volume of all PDGFRp+
cells. In this approach, myofibroblasts are consid-
ered PDGFRf+ areas that are not in touch with the
vessels.???® Following this approach, significantly
reduced myofibroblast abundance was noticed in the
infarct zone of hearts from BM cell VEGF/S1P-
treated mice compared to untreated controls. Myo-
fibroblasts were barely detected, but there were
fewer in the remote zone of the treated group
(Fig. 3D and E and Table 1). Since myofibroblasts
are in charge of secreting and remodeling extracel-
lular matrix proteins, particularly collagens, to form

the scar, myofibroblast reduction prompted collagen
fiber organization and condensation to be analyzed,
in spite of no significant differences observed in
overall scar area. Analysis of first-order features of
collagen fibrils in second harmonic generation mi-
croscopy images revealed increased skewness and
kurtosis in the collagen fibers of the scar from in-
farcted hearts of the BM cell VEGF/S1P-treated
group compared to controls (Fig. 3F and G). These
values would indicate thinner and underdeveloped
collagen fibers and thus lower tissue stiffness.®®

VEGF and S1P sequential delivery
by BM cells limits adverse cardiac
remodeling post Ml

One of the consequences of MI is cardiac re-
modeling defined as the post-damage alterations
that result in acute and chronic changes of heart
size, mass, geometry, and function, which may fi-
nally lead to cardiac dysfunction and HF.*° First,
ventricle cavity size and wall thickness were
quantitated, and a trend was observed of reduced
dilatation and thickening of the left ventricle in the
VEGF/S1P-treated mice 28 days post I/R (Fig. 4A
and B). Since volume and thickness changes are
not fully developed 4 weeks after I/R in mice,*!
global cardiac geometry was also analyzed, which
is modified more acutely.*® It was found that
hearts from BM cell VEGF/S1P-treated mice kept
their ellipsoid-like shape in contrast to those from
untreated control mice that became significantly
rounder at 28 days post I/R, as expected (Fig. 4C).
Moreover, analysis of cardiomyocytes in the re-
mote zone, which usually become hypertrophic in
response to post-MI left ventricular stiffness and
volume overload,*® showed that cardiomyocytes in
the remote zone of hearts from BM cell VEGF/S1P-
treated mice became less hypertrophic, with sig-
nificantly smaller area and perimeter compared
to control mice 28 days post I/R (Fig. 4D and E).
Finally, cardiac remodeling also results in changes
at the molecular level, with proteins increasing
(collagen type I) or decreasing (Atpa2a/Serca2a)
during the process.*® Notably, VEGF/S1P treat-
ment led to decreased collagen type I and increased
Atp2a2 (Serca2) protein levels in heart extracts
compared to untreated mice 28 days post I/R
(Fig. 4F and G), confirming that the angiotherapy
ameliorated adverse cardiac remodeling.*’

Collectively, these findings indicate that sequen-
tial VEGF/S1P gene—BM cell therapy limits post-MI
adverse cardiac remodeling consistent with the en-
hanced capillarization and oxygen diffusion effects
and reduced myofibroblast abundance in the in-
farcted tissue.
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Figure 3. Sequential BM cell-secreted VEGF and S1P angiotherapy reduces myofibroblast abundance and collagen fiber compaction in the infarcted heart
post I/R. (A) Representative images from Masson's trichrome-stained transverse sections of hearts from treated and control groups 28 days post I/R. (B)
Graphs shows the percentage of the left ventricular area covered by scar tissue in serial cuts spanning the whole heart from the apex (1) to the base (7). (C)
Bar graph shows the percentage of left ventricular scar area in the transverse section of the base of the heart (closest to the valves). (D) Pseudo-colored
representation of confocal microscopy images of transverse sections from the infarct zone of treated and control hearts stained for CD31 and PDGFR in which
vessels (CD31%) are shown in red, perivascular cells (PDGFRA" cells touching vessels) in blue, and myofibroblasts (PDGFRB™ cells distant from the vessels) in
green. (E) Bar graphs represent myofibroblast abundance in the infarct and remote zones. (F) Representative images of collagen fibers obtained by second
harmonic generation (SHG) multiphoton microscopy in transverse sections of hearts from treated and control groups 28 days post I/R. (G) Bar graphs show the
quantitation of the first-order parameter skewness (asymmetry of pixel distribution) and kurtosis (gray-tone spread-out distribution) in SHG images. Data are
represented as the mean+ SD. n=11and 16 (B and C), n=9 and 12 (D and E), and n=9 and 10 (F and G) mice of non-treated and treated groups, respectively,
analyzed in three (B and C) and two (D-G) independent experiments. Data were statistically compared by (B) two-way analysis of variance (ANOVA), (C)
parametric t-test, and (D-G) nonparametric Mann-Whitney U-test. *p<0.05; **p<0.01; ***p<0.001. Color images are available online.

DISCUSSION

This study tested the effect of sequential deliv-
ery by BM cells of the proangiogenic factors VEGF
and S1P on boosting angiogenesis and/or pre-
serving the microvasculature after M1 in vivo. The

intervention succeeded in increasing endothelial
cell numbers and capillaries and diminishing ad-
verse angioadaptation, thus improving oxygen
diffusion 4 weeks after the ischemic event. In spite
of no major effect on cardiac contractility, BM cell

>
Figure 4. Sequential delivery of VEGF and S1P by lentiviral vector (LV)-transduced BM cells limits adverse cardiac remodeling post MI. (A) Graphs show the
left ventricular end-systolic (LVESV) and end-diastolic (LVEDV) volumes of hearts from basal (no I/R) and from control (PBS) or VEGF/S1P-treated mice at 3 and
28 days post I/R. (B) Graph shows the left ventricular posterior wall end-diastolic thickness calculated in M-mode ultrasound images in hearts from control
(PBS) or VEGF/S1P-treated mice at 28 days post I/R. (C) Bar graphs show the heart roundness coefficient quantitated in macroscopic images from hearts of
treated and non-treated mice 28 days post I/R. (D) Maximal intensity projections from confocal microscopy images of the remote area from pan-laminin
(green)-stained transverse sections of hearts from treated and non-treated mice 28 days post I/R. Scale bar: 50 um. (E) Bar graphs show the quantification of
cardiomyocyte area and perimeter from pan-laminin-stained images (D). (F) Representative Western blots for Col1al and Atp2a2 protein expression in hearts
from treated and non-treated mice 28 days post I/R (top) and graphs with the quantification expressed as fold change (F.C., bottom). Tubulin is included as
loading control. n=6 mice from non-treated (PBS) and treated (BM"VE6F+BMSPHKT) groups. Data are shown as the mean +standard error of the mean and
were statistically compared with a parametric t-test (*p<0.05). (G) Representative maximal intensity projections from confocal microscopy images of heart
sections from treated and non-treated mice 28 days post I/R stained for cardiomyocytes (x-actinin, gray) and Atpla2 (red). Yellow squares indicate the
magnified areas. Scale bar: 100 and 50 um in the magnified views. Data represent the mean+ SD. n=6 mice for non-1/R and n=11-12 and 16-18 mice for non-
treated and treated groups, respectively, analyzed in three independent experiments (A-E). n=6 mice for non-treated and treated groups, respectively,
analyzed in two independent experiments (F). Data were statistically compared with one-way ANOVA (A) and a parametric t-test (B-F). *p<0.05; **p<0.01;
***p<0.001. Color images are available online.
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sequential VEGF/S1P therapy also reduced
myofibroblast-driven tissue fibrosis and limited
adverse post-MI cardiac remodeling.

In terms of safety and possible translation
of this therapy, LV transduction is performed
ex vivo, and the injected cells are mostly dif-
ferentiated. This would limit the possibility of
transferring the LV to other cell types in the or-
ganism and reduce risks of genetic alterations in
the hematopoietic progenitors and their progeny
by LV insertion. Previous analysis in the pig
infarcted heart showed that on day 3 post MI, the
3D structure of the microvasculature is mostly
preserved, but its function starts to decline,
as manifested by the larger extravascular dis-
tances causing disturbed oxygen diffusion.?? En-
dogenous angiogenesis after MI occurs during the
first 2 weeks after the ischemic event. Thus, de-
tailed kinetics of the endothelial cell marker PE-
CAM1/CD31 in a mouse model of permanent
coronary artery ligation showed an increase in
endothelial cells at 2 days with a maximum at
4 days and then a decline and return to baseline
levels 7 days after MI.*364243 These findings
support the vascular boosting intervention 4 days
post MI.

This study analyzed the impact of the BM cell
VEGEF/S1P therapy at the 28-day endpoint post I/
R. Notably, persistent benefits were observed
from this strategy in contrast to previously re-
ported therapeutic approaches in which effects on
the vasculature were often transient. For exam-
ple, the intramyocardial injection of mesenchymal
stem cells showed benefits in perfusion on the in-
farcted area at the first week but not after 4
weeks.** This newly implemented BM cell VEGF/
S1P therapy mainly induced an increase in the
abundance of endothelial cells and reduced ex-
travascular distances in the infarcted area of
hearts from treated mice. Concomitantly, trends
toward decreased presence of enlarged capillaries
were observed. These effects might indicate re-
duced angioadaptation, which normally occurs in
response to capillary loss and flow redistribution
in the remaining vessels.?>*% Previous proangio-
genic therapies, including AAV-mediated over-
expression of VEGF and ANG1 in a pig model of
MI,'* plasmid-mediated overexpression of bFGF
and PDGF in a rat model of MI,*® and microcap-
sule release of FGF2 and HGF in a rat model of
HF,*” improved the cardiac vasculature by in-
creasing both capillary and arteriole/large-vessel
content. As it is becoming recently accepted, in-
terventions in the cardiac stroma*® as the micro-
vasculature may secondarily lead to reduced CM

death, tissue damage, and fibrosis, since this is
often triggered by tissue hypoxia.?”

The intervention was based on previous reports
showing that sequential VEGF and S1P actions
were of benefit to induce stable vessels in scaffolds
in vitro.3! VEGF is a proangiogenic factor, which
induces endothelial cell migration, proliferation,
and survival, depending on the endothelial cell
context, and at high persistent levels may induce
vascular leakiness and regression.*>°° The in-
crease in endothelial cell number in the infarcted
area of hearts from treated mice suggests an
overall effect of VEGF in endothelial cell prolifer-
ation and/or survival. Moreover, stimulation of
endothelial cells with VEGF causes overexpression
of S1P1 receptors on these cells and, in isolated
arteries, enhances S1P-mediated vasorelaxation
and eNOS phosphorylation.?! This effect may
contribute further to pro-survival and proangio-
genic programs in the capillary endothelium. It is
worth mentioning that although VEGF and S1P
are endogenously produced in the heart, cell-type
transcriptomics analysis in the pig heart revealed
decreased mRNA levels of VEGF and SPHKI
3 days post I/R (unpublished data), supporting the
rationale of boosting VEGF/S1P tissue levels by
LV-BM delivery. S1P itself is considered a master
regulator of signaling pathways involved in cardiac
improvement after MI, and it has lately attracted
attention as a possible target.’’ It cannot be ruled
out that S1P secreted locally by the transduced BM
cells in the infarcted area could have, in addition to
enhanced capillarization, some direct impact on
cardiomyocyte survival and thus on reducing car-
diac damage. Nonetheless, the lack of major dif-
ferences in the infarct size argues against a major
role of this protection mechanism. Furthermore, in
contrast to the reported S1P effect on myofibro-
blasts,”® reduced myofibroblast abundance is ob-
served, suggesting that S1P paracrine effects on
cell types other than endothelial cells seem un-
likely. Autocrine effects, however, may still be
possible, since transduction with LV_hVEGF or
LV_hSPHKI1 resulted in BM-derived monocytes
with higher CX3CR1 levels, which may enhance
their early traffic to the damaged heart.? In this
line, higher expression of the CX3CR1 receptor on
circulating Ly6C"" monocytes has been shown to
induce a positive effect on their recruitment and
the promotion of angiogenesis in the injury site in
hind-limb ischemia®® and carotid injury®* models.
Moreover, S1P can promote an anti-inflammatory
phenotype in macrophages through activation of
their S1P1 receptor after damage and contribute to
macrophage-mediated cardiac repair.’® This pos-
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sibility merits further analysis with macrophage
specific markers. Of note, significantly increased
capillaries and a trend to diminished extravascular
distances were also observed in the remote zone of
BM cell VEGF/S1P-treated infarcted mice, sug-
gesting that LV-BM cells can also induce vascular
effects in that area.?®

VEGF/S1P gene—cell therapy did not improve
post-MI cardiac contractility in accordance with
other previously reported strategies. Nevertheless,
in spite of no major impact on contractility, VEGF/
S1P combined angiotherapy limited post-MI ad-
verse cardiac remodeling, as demonstrated by
the preserved cardiac geometry and cardiomyo-
cyte morphology in the remote zone, as well as the
higher Atp2a2 protein levels. The reduced cardiac
sphericity induced by the angiotherapy supports
its clinical relevance, since it has been related to
post-MI long-term survival.’” This improvement
may be related to the reduced collagen stiffness
and myofibroblast abundance in the infarcted
area but also in the remote zone of hearts from the
treated mice.’® Whether remote changes are di-
rectly related to the therapy or indirectly as a
consequence of the effects on the scar properties
(better perfusion, lower stiffness) in the infarcted
area remains to be elucidated. Moreover, since
cardiac macrophages proliferate in response to
mechanical stretching caused by stiffer failing
myocardium,?® the reduced collagen stiffness in
treated mice may also explain the trend to lower
amount of macrophages in the remote zone ob-
served in these mice (unpublished data).

There were fewer functional beneficial effects
of the angiotherapy than expected, despite a con-
sistent biological effect on histology endpoints.
This may be related to insufficient factor concen-
tration in the in vivo experiments, and more dra-
matic effect needs to be induced to elicit relevant
functional changes. In this regard, future studies
with higher transgene overexpression, or more ef-
fective gene—cell delivery systems (intracoronary,
trans-endocardial) may overcome the limitations
observed in the murine model.?

This work presents some limitations, which re-
quire future studies. First, in this study, gene—cell
therapy was compared to a placebo to acquire
a clear determination of its efficacy. Although
the absence of angiogenic effects induced by non-
transduced BM cells on the mouse aortic rings ar-
gue in favor of specific effects of sequential delivery
of VEGF plus S1P on the phenotype observed in the
microvasculature 28 days post MI, comparison
with injection of wild-type or LV mock-transduced
BM cells would help establish the precise contri-

bution of paracrine signaling by the BM cells
versus the delivered VEGF/S1P in vivo. Second,
deciphering the actual impact of the combined
gene—cell VEGF and S1P therapy on the mi-
crovasculature, cardiomyocyte survival, and/or
monocyte/macrophage subsets will require deeper
analysis at earlier time points after ischemia.
Third, the benefits of this strategy have only been
tested in the I/R model by its proximity to clinical
practice. It will also be of interest to evaluate the
impact of combined VEGF/S1P gene—cell therapy
in the extensively used permanent left anterior
descending coronary artery ligation in which ar-
terialization is relevant for revascularization, as
well as in CVD involving chronic cardiac ischemia.
Forth, in terms of global cardiac function, clinical
trials using intracoronary injection of whole BM
showed no long-term improvement in LVEF after
MI,5%61 despite promising short-term effects.6%:¢3
Therefore, analysis of the impact of BM cell
VEGF/S1P therapy at longer time points after
cardiac ischemia is guaranteed to elucidate whe-
ther the beneficial effects on cardiac remodeling
persist in time.

In sum, this study offers a novel therapeutic
strategy based on sequential BM cell delivery of
angiogenic factors to enhance micro-vascularization
and oxygen diffusion, thus limiting the adverse
consequences of cardiac ischemic diseases.
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The microvasculature continuously adapts in response to pathophysiological conditions to meet
tissue demands. Quantitative assessment of the dynamic changes in the coronary microvasculature
is therefore crucial in enhancing our knowledge regarding the impact of cardiovascular diseases in
tissue perfusion and in developing efficient angiotherapies. Using confocal microscopy and thick
tissue sections, we developed a 3D fully automated pipeline that allows to precisely reconstruct
the microvasculature and to extract parameters that quantify all its major features, its relation to
smooth muscle actin positive cells and capillary diffusion regions. The novel pipeline was applied in
the analysis of the coronary microvasculature from healthy tissue and tissue at various stages after
myocardial infarction (MI) in the pig model, whose coronary vasculature closely resembles that of
human tissue. We unravelled alterations in the microvasculature, particularly structural changes and
angioadaptation in the aftermath of MlI. In addition, we evaluated the extracted knowledge’s potential
for the prediction of pathophysiological conditions in tissue, using different classification schemes. The
high accuracy achieved in this respect, demonstrates the ability of our approach not only to quantify
and identify pathology-related changes of microvascular beds, but also to predict complex and dynamic
microvascular patterns.

Cardiovascular diseases (CVDs) are the leading cause of deaths worldwide, despite significant progress having
been made in their prognosis, treatment and medical management'. The socio-economic burden associated with
CVDs, including myocardial infarction (MI) and its complications such as heart failure?, has led an important
amount of research to focus on unravelling its causes and developing therapeutic approaches®. In recent decades,
dysfunction of the coronary microvasculature has emerged as an additional complication of myocardial ischae-
mia, and, therefore, as a potential prognostic biomarker and therapeutic target*°.

The microvasculature represents the anatomy of microcirculation and comprises the smallest blood vessels
of the tissues; capillaries, arterioles and venules. Its architecture is a major determinant of blood flow, oxygen
transport, wall shear stress and distribution of pressure in microvessels®’. Nonetheless, its in vivo visualization in
humans remains a bottleneck. For this reason, ex vivo imaging and different animals models have been used®">.
Among them, the pig animal model has attracted considerable attention due to the similarity of its coronary
network to that of humans. Pioneering work by Kassab'® in this area has provided a wealth of data regarding
diameters, length and topology of the porcine microvascular network, through the use of coronary corrosion
casts. These data provided significant insight into porcine microvascular structure and enabled the subsequent
modelling of hemodynamics at basal conditions''>.

However, the microvasculature is not a static system, but rather a dynamic one and it continuously adapts
in order to meet the tissue demands in response to physiological and pathophysiological conditions, such as
MI and other CVDs as diabetes or hypertension. Thanks to its dynamic nature, the microvasculature is capable
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‘ Basal 1M1 I3MI 17MI R1IMI R3MI R7MI
Fractal-Based Metrics
1. Fractal Dimension 2.22+0.03 2.26+0.05 2.22+0.04 2.15+0.04 2.24+0.04 2.23+0.03 2.22+0.05
2. Lacunarity (x 107?) 76.92+5.15 72.75+3.85 78.08 +-5.52 83.984+2.96 76.33+4.58 73.64+2.73 76.1+4.03
3. Succolarity (x 1072) 0.33+0.14 0.49+0.23 0.28+£0.13 0.19+0.11 0.32+£0.16 0.3+£0.16 03+0.2
Minkowski-Based Metrics
4. Vascular Volume Density (%) 6.75+£0.85 8.9+2.82 6.46+1.06 5.04+£0.92 7.21+1.34 6.14+1.29 6.64+1.83
5. Surface Area Density (x 107%) (um?/ pum?) 48.36 £7.05 55.06+12.86 46.45+6.95 27.15+4.05 48.2+6.25 47.1£6.62 45.04+11.28
6. Breadth Density (x 10~°) (um/pum?) 1.47+0.29 1.43+0.27 1.42+0.28 0.64+0.11 1.37+£0.19 1.52+0.23 1.27+£0.32
7. Euler-Poincaré Characteristic Density (1/pm?) —4.32+1.78 —4.84+3.1 —3.36+1.38 —0.05+1.49 —3.5+1.62 —4.06+1.69 —3.56+2.64
8. Capillary Volume Density (%) 6.07+0.9 8.0442.63 57+1 4.34+0.85 6.55+1.17 543+1.22 5.7+1.97
9. Capillary Surface Area Density (x 10~2) (um?/ um?) 46.94+7.15 53.47 +12.69 445+7.15 253444 46.62+6.19 45.11+6.63 42.5+11.91
Graph-Based Metrics
10. Vascular length density (x 1073) (um/pum?3) 3.51+0.85 4.13+1.43 3.514+0.82 1.65+0.3 3.37+£0.58 3.54+0.74 3.18+1.21
11. Vascular surface density (x 103) (um?/ pum?®) 38.871+6.87 51.794+18.71 38.05+7.24 24.371+4.63 40.35+£7.75 36.94+8.29 36.94+13.86
12. Vascular volume density (x 1072) (um?/ pum?) 3.94+0.66 6.16+2.75 3.92+0.93 3.33+0.87 448+1.3 3.59+1.11 3.94+1.68
13. Vascular segment radius (pm) 2.65+0.31 291+£0.33 2.62+0.3 3.254+0.29 2.79+0.33 2.48+0.26 2.74+0.26
14. Vascular segment length (yum) 18.85+2.64 16.09+2.83 17.65+2.22 15.74+2.77 18.15+2.96 19.89+3.21 17.59+2.77
15. Vascular segment surface (um?) 215.3+49.14 200.754+35.27 193.63+27.74 | 231.67+35.76 218.53+42.92 207.73+33.87 206.2+34.89
16. Vascular segment volume (um?) 224.154+71.59 234.5+54.3 200.87 £46.54 | 313.63+59 241.77 +63.37 200.19+42.08 220.22+50.23
17. Tortuosity (um/ pum) 1.39+0.01 1.38+£0.02 1.440.03 1.38+£0.04 1.38+£0.02 1.39+0.02 1.39+0.03
18. Vascular segments (x 10°)* 1.91+0.6 2.77+1.48 2.02+0.57 1.09+0.3 1.91+£0.49 1.86+£0.68 1.9+0.97
19. Vessels of diameter < =6.9 (um) (%) 94.56 +2.94 90.14+£5.45 93.02+4.1 83.92+6.01 92.14+5.02 95.56+2.93 92.94+3.03
20. Vessels of diameter between 6.9 and 8.2 (um) (%) 3.01+1.46 4.88+2.02 3.544+1.83 8.46+2.31 3.92+2.06 2.21+1.38 39+1.52
21. Vessels of diameter >8.2 (um) (%) 242+1.57 4.98+3.56 3444262 7.62+4.21 3.94+3.07 2.23+1.68 3.16+1.74
22. Branching nodes (x 10%)* 10.14+3.43 14.79+8.12 10.74+3.33 5.48+1.58 9.94+2.71 9.79+3.84 9.85+5.31
23. Blind-ends/sprouts (x 10%)? 5.08+1.42 7.47+3.93 537+1.3 3.4440.89 5.64+1.47 495+1.75 5.49+2.38
24. Branching nodes® 30.02+4.03 35.1+6.26 31.294+4.76 3291+5.61 30.54+5.22 28.58+4.57 31.11+5.37
25. Blind-encls/sproutsb 18.22+5.81 19.46 £4.52 16.52+3.41 20.47+£4.18 18.99+£4.59 16.92+4.32 21.04+6.56
SMAT related metrics
26. Vessels covered with SMA (%) 80.05+11.57 67.32+£19.45 69.34+7.81 54.031+9.82 73.82+9.71 74.5+15.59 78.01+14.33
27. SMA™ layer thickness (11m) 243+1.15 2.3240.77 413+24 10.23+1.76 2.7+0.69 2.75+0.8 3.31+£1.37
28. Damage Index 0.0140.01 0.01+£0.01 0.02£0.02 0.1440.06 0.01+0.01 0.02+0.01 0.02+0.02
29. Myofibroblasts (x 10%)* 1.04+0.51 0.9+0.56 0.96+0.42 2.12+0.77 0.64+0.32 0.77+0.34 0.67+0.44
30. SMA* perivascular cells® 31.71+11.34 24.58+12.6 24.83+8.48 45.72+£17.49 30.95+6.76 22.68+7.48 26.19+10.53
Efficiency in oxygen diffusion
31. Maximal Extravascular Distance (jm) 27.35+6.76 28.29+4.52 33.72+6.8 46.22+8.26 30.37+5.13 28.32+3.71 29.69+4.42
32. Median Extravascular Distance (pm) 14.57 £3.56 15.07£2.38 17.92£3.58 24.51+4.35 16.16 £2.7 15.08 £1.95 15.8+£2.33
33. Capillary Density* 1236.16+714.07 | 1226.84+567.85 | 1101.164+525.2 | 394.24+211.98 | 1091.95+452.94 | 1053.55+781.83 1059.93 +514.7
34. Intercapillary Distance (zim) 16.91£2.08 16.93+1.84 17.44£2.46 25.54+4.44 17.68 £1.62 17.17£1.85 19.51+£3.64
35. Diffusion Distance (jm) 9.77+1.43 9.1+1.38 9.72+1.17 14.07+£1.38 9.83+0.83 9.63+1 10.55+2.17
Additional cell-related metrics
36. Endothelial cells (x 10%)¢ 22.85+6.83 19.19£5.19 19.36 £3.82 18.31+£5.97 19.18£4.5 19.17+£3.74 15.12+£2.76
37. Endothelial cells® 44.14+8.53 40.93+8.16 35.97+5.78 55.47+16.91 40.44+6.09 33.1+4.75 33.13+7.98

Table 1. List of the parameters (mean = standard deviation) that are extracted automatically for the
characterization of the cardiac microvasculature, its interactions with SMA™ cells and remodelling due to MI.
I1MI, I3MI, and I7M], refer to infarcted areas at 1 day, 3 and 7 days post MI respectively. Similarly, R1IMI,
R3MI, and R7MI refer to the corresponding remote areas. *Number per mm? of tissue. "Number per mm
vascular length. “Number per mm? of tissue. “Number per mm?® vascular volume.

of adding new vessels by sprouting'® or intussusceptive angiogenesis'’, altering the structure of existing ves-
sels (remodelling!®) and pruning of abundant vessels (regression’). These processes of vascular patterning,
termed angioadaptation®, affect the architecture of the microvasculature. Despite significant attempts to develop
approaches that would promote therapeutic remodelling or revascularization?!, no drug has so been approved for
clinical use for MI?>%, There is, therefore, a growing quest to develop a better understanding of the microvascular
dynamic changes in MI and how to control them. Towards this aim, quantitative data on the anatomy of coronary
microcirculation in pathology and not only under basal conditions are essential?®. These data are the key chal-
lenge for understanding structure-function relation through modelling approaches, and thus, developing and
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Figure 1. Overview of the proposed approach for the reconstruction of the complete microvasculature from
thick sections of pig heart tissue labelled for VE-Cadherin (endothelial junctions).

evaluating more efficient therapeutic approaches. In addition, studies are expected to recognize the inherently
three-dimensional (3D) and complex structure of the microvasculature.

Obtaining such data is nowadays more feasible than ever thanks to revolutionary advancements in confocal
microscopy that have allowed the acquisition of data in 3D with sub-micrometer resolution, at increasing imag-
ing depths®. Furthermore, confocal microscopy, in combination with fluorescent dyes, allows the simultaneous
study of the microvasculature in relation to other key players in tissue healing after MI. However, today’s imaging
systems produce a vast amount of data whose complexity preclude traditional manual and supervised analysis
methods®. A work-around adapted by the scientific community during several years has been the assessment of
the microvasculature from 2D slices or maximum intensity projections produced from 3D volumes. However, it
is increasingly apparent that this approach might lead to errors, misinterpretations and loss of important infor-
mation of biological significance. Therefore, the quest for 3D automated bioimage analysis tools has steadily been
increasing?.

In this work, we aim to enrich the knowledge about cardiac microcirculation pathophysiology with quantita-
tive data spanning different stages following MI (1, 3, and 7 days), as well as from basal conditions, in an unbiased
manner. We use thick slices of porcine cardiac tissue, label them for cell nuclei, endothelial cell junctions and
smooth muscle actin positive (SMA™) cells and image them by using confocal microscopy. We design a 3D fully
automatic bioimage analysis pipeline that firstly allows us to reconstruct the complete microvasculature from
stained endothelial junctions and SMA™ cells. We subsequently extract essential biological information about
all major characteristics of the microvasculature, its relation with SMA* and capillary diffusion regions, which
was not possible in the past when using a single software. We show that using confocal microscopy and our
pipeline we are able to unravel fine alterations of the cardiac microvasculature in the aftermath of MI. The fully
automatic nature of the approach ensures reproducibility, reliable significance and objectiveness of the findings.
Furthermore, we evaluate the potential of the extracted knowledge to be used for predicting the pathophysio-
logical condition of unseen tissue and we achieve high accuracy (higher than 80%) in the task of distinguishing
infarcted from basal tissue and in recognizing the stage of the infarcted tissue. Lastly, we also investigate a later
time point post MI (45 days) to understand whether early microvascular alterations persist and/or change during
cardiac remodelling. Overall, the study allows a deeper understanding of microvascular alterations in MI and
marks a step forward towards modelling of microcirculation at different stages after pathology, while it provides
an unbiased means in the evaluation of the outcome of potential treatments.

Results

Endothelial cell junction-based 3D reconstruction of the microvasculature from cardiac tissue.
We use thick slices of cardiac tissue (~100 um) stained with fluorescent markers for cell nuclei (Hoechst),
endothelial junctions (anti-VE-Cadherin) and SMA™ cells (anti-a-SMA) and image them by means of con-
focal microscopy (see Methods). In the case of subjects that had suffered MI, tissues from both infarcted and
non-infarcted (remote) areas are used. Prior to proceeding with the core of the analysis pipeline, non-local means
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a Basal
b Infarcted 1 day post MI Remote 1 day post MI
c Infarcted 3 days post MI Remote 3 days post MI

d Infarcted 7 days post MI Remote 7 days post M1

Figure 2. Representative 3D reconstructions of the cardiac microvasculature from tissues at different
pathophysiological conditions. (a) Microvasculature reconstructed from tissues at basal conditions. (b)
Microvasculature reconstructed from tissues at 1 day post MI. (c) Microvasculature reconstructed from tissues
at 3 days post ML (d) Microvasculature reconstructed from tissues at 7 days post MI. In panels (b-d) the first
two volumes correspond to tissues from infarcted areas at the corresponding time-point after MI, while the
third and fourth volumes to tissues from remote ones. Scale bar (25 j1m) is the same for all images.

filtering (NLMF)?* was applied with the aim of enhancing the quality of the images while preserving image
information.

The first step towards quantifying the microvasculature and its infarction-related dynamic changes is to auto-
matically segment the labelled structures of the VE-Cadherin, SMA and of the Hoechst channels. Towards this
aim, the multi-scale multi-level thresholding algorithm (MMT) is applied to every channel of the 3D confocal
image. In the case of the VE-Cadherin channel, the segmentation is further improved by excluding possible arte-
facts, i.e. objects that are smaller than 100 voxels and that do not have a nucleus.

Following the segmentation of structures labelled with VE-Cadherin, major parts of the microvasculature are
reconstructed. However, VE-Cadherin is a marker of endothelial junctions and not of the vessel lumen or of the
complete endothelial cell (see Methods). As a result, there are gaps in the reconstructed blood vessels. The size
of these gaps is not homogeneous but rather depends on the type of microvessels. Smaller gaps are observed in
capillaries and larger ones in larger microvessels, i.e. arterioles and venules. A filling method was developed to
deal with this limitation. The method is applied on top of the VE-Cadherin segmentation with the aim of recon-
structing microvascular parts which had not been labelled with VE-Cadherin.

An overview of the filling algorithm is provided in Fig. 1. The method is based on two types of informa-
tion; information regarding the spatial relation of the microvessels with SMA™* cells and information about the
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Figure 3. Myocardial infarction decreases 3D complexity, integrity, and connectivity of the coronary
microvasculature while it alters heterogeneity in the distribution of non-vascularized areas and capacity for
blood flow. (a) 3D fractal-based parameters; Fractal Dimension, Lacunarity, and Succolarity. (b) Parameters
based on the Minkowski functionals calculated for complete microvasculature (capillaries, arterioles, venules);
Vascular Density, Surface Area Density, Breadth Density, Euler-Poincaré Characteristic Density. (c) Parameters
based on the Minkowski functionals calculated for capillaries exclusively; Capillary Volume Density, Capillary
Surface Area Density. In all figures of the manuscript, the bars show mean values, while error bars represent
standard deviation. Furthermore, *, ** and *** represent p-value < 0.05, 0.01 and 0.001 respectively. The
p-values were calculated by means of Wilcoxon rank-sum tests and corrected with the Benjamini-Hochberg
procedure for multiple testing. The number of samples compared is 18 per tissue condition.

physiology of the different types of microvessels that form the microvascular network. In particular, taking advan-
tage of the knowledge about the existence of a SMA™ layer that surrounds arterioles and venules®', Frangi-based
filtering® is applied to the SMA™ segmentation to extract tubular elements whose diameter is in the range of that
of arterioles and venules (i.e. larger than the diameter of 7.3 pm of the larger capillary connected directly to an
arteriole’®). This results in a 3D binary image on which regions that might belong to arterioles/venules are on
voxels (voxels of value one) and regions belonging to capillaries are off voxels (voxels with value equal to zero).
The 3D image is subsequently used to distinguish between microvessels formed by the VE-Cadherin junctions
that are capillaries and those that are possible arterioles or venules. For this purpose, element-wise multiplication
of the VE-Cadherin segmentation and the 3D image with arterioles and capillaries is performed. The procedure
results in the creation of a 3D Guidance Map (Supplementary Fig. S1) containing information about the type of
microvessels and therefore of the size of gaps that should be filled.

Morphological closing is performed using structural elements of various sizes based on the vessel type, as
defined by the 3D Guidance Map. More precisely, in order to fill gaps in regions of capillaries, a ball structural ele-
ment is used whose size is equal to the diameter of the largest capillary (8.2 um) found in the pig animal model'.
Similarly, in order to fill gaps in the case of arterioles/venules a larger ball structural element is used whose diam-
eter is equal to the largest reported arteriole/venule of order 2 (20.6 ym). The combination of filled capillaries
and arterioles/venules produced by means of the aforementioned work-flow results in the reconstruction of the
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Figure 4. Microvascular angioadaptation occurs in response to MI. (a) Example graph-based representation
of a microvascular structure. Each microvessel, i.e. segment from branching node to branching/ending node,

is considered as a tube of constant radius. (b) Analysis of the characteristics of the microvessels in the pig
infarcted heart in terms of vascular segment radius, vascular segment length, vascular segment surface, and
vascular segment volume. (c) Analysis of vascular length density, vascular surface density, and vascular volume
density. In panels (d) and (e), changes in the number and percentages of microvessels in the infarcted pig

heart according to their radius and to the physiological condition of the tissue. In particular, (d) analysis of the
number of microvascular segments per mm? of tissue. (e) Analysis of the percentage of vascular segments with
radius smaller than 6.9 pum, with radius between 6.9 and 8.2 um and with radius larger than 8.2 um. 11,13, 17,
R1, R3, R7 stand for infarcted areas and remote areas at 1, 3, 7 days post MI respectively. Note that statistical
hypothesis testing in (d) refers to the comparison of the overall number of vascular segments i.e. the sum of the
three categories.

complete microvasculature, including regions that might not have been labelled with VE-Cadherin, but nonethe-
less belong to the microvasculature. Supplementary Fig. S2 allows appreciation of the improved identification of
the microvascular network by using the proposed filling approach.
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Myocardial infarction decreases 3D complexity, integrity, and connectivity of the coronary
microvasculature while it leads to altered capacity and heterogeneity of blood flow.  After the
VE-Cadbherin, as well as SMA ™ cells, and nuclei are segmented, and the 3D microvasculature is reconstructed,
the next step is to quantify the parameters that allow description of the characteristics of the microvasculature
and assessment of infarction-related changes. Figure 2 provides representative 3D reconstructions of the micro-
vasculature at different conditions under investigation (basal, infarcted and remote at 1, 3, and 7 days following
MI respectively) used for the analysis. Table 1 provides a detailed list of the parameters extracted to describe the
complex microvascular network described in this and following sections. Statistical analysis of the parameters is
performed to identify vital changes that occur at different stages following MI.

Parameters based on fractal analysis and on the Minkowski Functionals (MF) are used for describing the
microvasculature as a complete network, and thus, identifying its alterations after MI at a structure-global level.
Fractal analysis accounts for the multiscale properties of structures that can be self-similar, such as the vascular
networks®, and it is powerful tool in cardiology. Here, as in®°, we used three fractal parameters calculated
directly from the 3D volumes; fractal dimension, lacunarity and succolarity. Fractal dimension provides an esti-
mation of the morphological complexity of structures. Lacunarity describes the heterogeneity in the distribution
of gaps sizes. Gaps in the case of cardiac tissue represent non-vascularized areas. Succolarity indicates the capacity
of a fluid, i.e. blood in the case of the microvasculature, to flow through the structure. On the other hand, the
Minkowski functionals (MF)*® are morphological descriptors (volume, surface area, mean integral of breadth
and Euler-Poincaré characteristic) that encompass standard geometric and topological (connectivity) properties
of structures. Thus, a combination of fractal and Minkowski-based parameters, allows obtaining complementary
information regarding the microvascular networks.

The fractal parameters demonstrate significant differences in terms of multi-scale characteristics of the micro-
vascular networks in the infarcted areas, over time (Fig. 3a). In particular, when comparing infarcted areas at 1,
3, and 7 days, we noted that the morphological complexity (fractal dimension) and capacity of blood flow (suc-
colarity) of the microvasculature decreased, while the heterogeneity in the distribution of the non-vascularized
areas (lacunarity), increased. The reverse relationship between morphological complexity and heterogeneity has
been observed in earlier studies®**®. Moreover, the distribution of non-vascularized areas affects blood flow. Thus,
higher heterogeneity, as observed here, is expected to result in higher heterogeneity in blood flow within the tis-
sue, and could therefore denote the existence of regions with lower perfusion. Furthermore, complexity and het-
erogeneity in the infarcted areas at 1 and 7 days are statistically different than in the corresponding remote areas
(1 and 7 days respectively). In terms of all multi-scale characteristics, the differences of the microvasculature from
infarcted areas at 7 days post MI are significant compared with that at basal conditions. It is worth also noting
that at infarcted areas 1 day post MI the tendencies compared with basal conditions are opposite to 7 days: higher
morphological complexity and blood flow instead of lower, and lower lacunarity instead of higher. This could be
linked to the first response of the system to MI and the poorer contractility of cardiomyocytes at day 1. Moreover,
in contrast with the changes observed in microvascular networks from infarcted areas, no significant differences
are found in the remote areas over time and compared with the basal case.

The reduction in the morphological complexity of the microvasculature in infarcted areas can be further explained
by the progressive loss of microvascular volume that occurs in the infarcted areas as revealed by the decreased vascular
volume density (Fig. 3b) observed in those areas. Furthermore, the microvasculature appears reduced in the infarcted
areas, with less breadth and smaller surface area for the exchange of oxygen and nutrients, while it is progressively
converted from a strongly connected network to a less connected one (progressively increasing Euler-Poincaré char-
acteristic). The reduced connectivity and volume are related to the lower capacity of blood flow and probably to its
heterogeneity described earlier. An unexpected observation is the significant decrease of the microvascular volume
density at remote areas at 3 days post MI compared with remote at 1 day post MI and basal. Further exploration of the
lost vascular volume (capillary volume or arteriole/venule volume) led to the observation that the loss is associated with
the loss of capillary volume (Fig. 3c). Lastly, as with the fractal parameters, in terms of all metrics the infarcted area 7
days post MI presents significant differences with basal areas, as well as with corresponding remote areas.

Myocardial infarction promotes microvascular angioadaptation. Metrics at the structure-global
level provide us with paramount information regarding the whole microvascular plexus, but they do not pro-
vide insights into the angioarchitecture, i.e. the morphology and arrangement of the individual microvessels that
form the microvasculature, on which the functional properties of microcirculation and their modelling critically
depend?. For this reason, we perform a quantitative analysis at the segment level using the 3D graph-based
representation of the microvasculature (Fig. 4a), complemented with information regarding the radius, length,
surface and volume of every segment (see Methods).

The most profound changes are observed at infarcted areas 7 days after MI. By examining Fig. 4b it is obvious
that the microvascular segments of those regions present larger radius than those of tissues from infarcted areas
at earlier time-points, remote areas at 7 days post MI and at basal conditions, despite the reduction of the overall
microvasculature described in the previous subsection. This results in segments with significantly larger volume
than segments from the other areas, while their surface area is significantly larger than that of segments from
infarcted areas at 3 days post MI and their length is shorter than segments from basal conditions. In contrast, the
microvessels in both the infarcted and remote areas 3 days post MI become significantly smaller in terms of radius
compared to those of the infarcted areas from earlier and later time-points under investigation, indicating a possi-
ble vasoconstriction on this time-point. The radius of microvessels from infarcted and remote tissue 1 day follow-
ing MI, as well as from remote areas 7 days post MI, seem to remain unaffected. No significant difference among
any tissue categories is observed in terms of tortuosity and the relative plot was, therefore, omitted. However, the
corresponding mean and standard deviations are provided in Table 1.
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Figure 5. Changes in SMA™ perivascular cells and myofibroblasts in the aftermath of MI. (a) Example of 3D
reconstructions of the microvasculature (red) merged with the segmentation of the SMA™ cells channel (grey)
in a basal and an infarcted 7 days post MI case. (b) Changes in SMA™* related metrics, i.e. the percentage of
vessels with a SMA™ coat along with the corresponding thickness of the coat. (c) Analysis of the number of
SMAT cells of which the SMA™ coat covering the microvessels consists. (d) Analysis of the cardiac tissue by
means of indicators of tissue fibrosis, i.e. the Damage Index (percentage of SMA* volume that are not associated
with vessels), and number of myofibroblasts per mm? of tissue.

Length, surface and volume density (Fig. 4c) calculated by means of the graph-based representation of the
microvasculature confirm the microvascular changes revealed by the corresponding Minkowski-based metrics
(breadth, surface and volume density). This fact demonstrates that the latter are sufficient in describing those
characteristics of microvascular networks and it is therefore feasible to avoid exhaustive extraction of centerlines
when characteristics of the individual microvessels are out of interest.

Subsequently, segments were divided into three classes based on the morphological data of"® in order to study
the size of microvessels at each tissue condition. The maximum diameters found in the left ventricle of the pig
heart according to the published data are 7.3 pum for capillaries fed directly by arterioles (C,,), 8.2 yim for capillar-
ies drained directly by venules (C,,), and 6.9 pum for cross-connecting capillaries (C,.) and capillaries connected to
C,, and C,, types (C,,). Thus, the three classes created are (i) segments with diameter smaller or equal to 6.9 pim
corresponding to C,, and C,, capillaries, (ii) segments with diameter between 6.9 and 8.2 um corresponding to
C,. and C,, capillaries, and (iii) segments with diameter larger than 8.2 yum representing arterioles or venules.

A gradual decrease in the overall number of microvascular segments per mm? of tissue is observed at the
infarcted areas (Fig. 4d). The decrease becomes profound and statistically significant at 7 days post MI compared
with all other conditions. The reduced number of segments explains the reduced morphological complexity,
vascular volume density, surface area and breadth density of this area expressed by the fractal dimension and
the Minkowski metrics (Fig. 3). Furthermore, a higher number of vascular segments can be also observed in the
infarcted area 1 day post MI compared to the basal tissue. This difference, although not significant, matches the
higher density and morphological complexity on this tissue category described in the previous subsection (Fig. 3).

Looking further into the percentage of vessels in each radius range (Fig. 4e) the percentage of microvessels
with diameter larger than 8.2 um, i.e. arterioles/venules, and “medium”-sized capillaries of the categories C,,
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Classifier 1 2 3 Classifier 1 2 3

Infarcted - Basal 77 81 74 | Remote - Basal 68 |72 |75
I1MI - Basal 82 75 59 | RIMI - Basal 61 |70 |61
I3MI - Basal 66 77 47 | R3MI - Basal 65 |63 |57
17MI - Basal 100 100 94 | R7MI - Basal 63 |59 |70

Infarcted over time | 75 89 72 | Remote over time | 48 |50 |40

IIMI - I3MI 71 84 64 | RIMI-R3MI 61 |66 |57
I1IMI - I7MI 100 100 97 | RIMI - R7MI 53 |60 |56
I7MI - I3MI 93 97 93 | R7MI - R3MI 56 |64 |56
Infarcted - Remote | 67 71 56
I1MI - RIMI 53 68 69
I3MI - R3MI 62 60 42
I7MI - R7MI 97 100 88

Table 2. Accuracy (%) in classifying the distinct vascular patterns using different classifiers: (1) Knn, (2) SVM,
(3) Adaboost, and 9-fold cross-validation, repeated 10 times. Metrics of 1 — 28 of Table 1 are used as features for
performing the classification.

and C,, (6.9 and 8.2 um) are increased in infarcted areas 7 days post MI. On the contrary, the smallest vessels
(C.. and C,,) are reduced compared to the healthy tissue, infarcted tissue at earlier stages after MI as well as
with the corresponding remote area. This fact demonstrates a regression of smaller microvessels and probably
dilation or even arterialization of the remaining vessels in infarcted tissues from 7 days following MI. The small-
est microvessels from infarcted tissue 1 day post MI are significantly decreased as well, while the percentage of
capillaries C,, and C,, (6.9 and 8.2 um), is increased when comparing to microvessels belonging to basal tissue,
which implies a possible vasodilation effect. Interestingly, at remote areas 3 days post MI the number of smallest
capillaries is increased compared with the remote areas at other time-points, and in contrast, the percentage of
“medium”-sized vessels is reduced.

Information from the a-SMA channel and its relation to the microvasculature (Fig. 5a) is quantified through
an additional module of the analysis pipeline in order to study perivascular cells stained by a-SMA, i.e. pericytes
and smooth muscle cells. We are particularly interested in the coating of microvessels by layer(s) of a-SMA
expressing cells as this could be an indicator of vessel maturation®?** and denote the end of a plasticity window
for intervention®’. A significantly lower percentage of vessels coated with a-SMA™ cells is observed in infarcted
areas 3 and 7 post MI compared to the basal tissue as well as to the corresponding remote area for the second
case (Fig. 5b). However, the layers of a-SMA™ perivascular cells on those days, i.e. 3 and 7 days post MI, are
significantly thicker than in the basal case as shown in the same panel. Furthermore, the thick layer of a-SMA™
at the infarcted area 7 days post MI consists of significantly more cells than in the infarcted areas of previous
time-points, the basal and remote area 7 days post MI as indicated by the increased number of a-SMA™ perivas-
cular cells per mm of vascular length (Fig. 5¢). Thus, we have a proliferation of the perivascular a-SMAT, and not
a dilation of the cells.

We also noticed, mainly in infarcted areas, o-SMA™ regions that were not associated with microvessels, i.e.
they were not localized in the perivascular layers of microvessels. Given that myofibroblasts are non-vascular cells
that produce extracellular matrix indispensable for healing after MI and have contractile properties related to
their expression of a-SMA*, we considered those a-SMA™ regions corresponding to myofibroblasts. We further
complemented their characterization by their concomitant expression of other markers, such as platelet-derived
growth factor receptor beta (PDGFRB)**, vimentin and collagen I** (Supplementary Fig. S4). We then decided to
extract quantitative information regarding the myofibroblasts based on the a-SMA™ staining. For this purpose, a
damage index was defined for the tissue as an estimator of the presence of myofibroblasts. Precisely, the index is
given by the ratio of the volume of myofibroblasts over the volume of all a-SMA™ regions. Furthermore, the num-
ber of the myofibroblasts is quantified as the number of simultaneously stained nuclei by Hoechst and a-SMA.

Damage index (Fig. 5d) demonstrates a non-significant increase in the presence of myofibroblasts in infarcted
tissues at the first time-points after MI (1 and 3 days) followed by a significant increase at the later time point (7
days post MI). This observation is in accordance with findings in the healing human tissue*, and rat tissue after
MI®. A lack of increase in the damage index in the remote areas compared to the basal case denotes no increase
of myofibroblasts, and thus, no inappropriate deposition of extracellular matrix in remote areas*!. As far as the
absolute number of myofibroblasts per mm? of tissue is concerned, the trends presented in infarcted areas are
similar with that of the damage index. However, additionally a decrease of myofibroblasts in remote areas at 1 and
7 days post MI compared with the basal case can be observed.

3D microvascular characteristics predict the healthy or diseased status of the cardiac tissue.
The quantitative information about the cardiac microvasculature and SMA™ cells obtained by our pipeline was
evaluated with the task of predicting the condition of previously unseen tissue based on the characteristics of the
microvascular bed. Towards this aim, we incorporated the parameters at structure level, at segment level as well
SMA™ related metrics (metrics 1-28 of Table 1) into a classification scheme using three different classifiers; (i)
K-nearest neighbours classifier (Knn), (ii) Support Vector Machines (SVM), and (iii) Adaboost*. In all cases,
9-fold cross validation repeated 10 times was used. Accuracy rates (%) are presented in Table 2.
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Figure 6. Capillary diffusion distances support altered oxygen diffusion in the infarcted cardiac tissue. (a)
Example of 3D extravascular distance maps for a basal and a 7 days post MI case. (b) Histograms of the
extravascular diffusion distances for all volumes of the dataset colour-coded according to the tissue condition.
(c) Kolmogorov-Smirnov statistical tests for identifying significant differences in the mean relative frequencies
of diffusion distances between the different tissue categories. (d) Analysis of the maximum and median
extravascular diffusion distances at the different tissue conditions based on all volumes of the dataset. (e)
Analysis of metrics traditionally related to oxygen-diffusion distances, i.e. capillary density, and inter-capillary
distance calculated from 2D slices of the 3D volume, and of the diffusion distance calculated by using the length
density, instead of the detailed 3D maps of panel.

The proposed approach achieves high accuracy in the range 74-81% in differentiating between infarcted and
basal tissue, as well as in recognizing the day after MI that the infarcted tissue belongs to (72-89%). The accu-
racy in classification drops to levels of 68-75% and 56-71% in differentiating between remote and basal tissue,
and between remote and infarcted tissue respectively. This is expected taking into account the lack of significant
differences in the majority of metrics between those categories. It is worth noting that, for the same reason, the
worst levels of accuracy in classification (40-50%) are achieved in terms of recognizing which day following MI
the remote tissue belongs to.

Structural changes of the microvasculature support altered oxygen diffusion in the post-infarcted
cardiac tissue. The diffusion of oxygen from the microvascular network to the tissue critically depends on
the density and the arrangement of the microvascular bed*. Simple metrics, such as capillary density, intercap-
illary distance, diffusion distance as derived from vascular length density, and 3D extravascular distances (EDs),
have been proposed in the literature as indices of oxygen diffusion, with the latter having been proven more
efficient*®.

In this work, 3D maps of EDs were calculated by getting the distance of every point to the closest vessel
(Fig. 6a) and they were used to calculate the relative frequency distributions (Fig. 6b). From the comparative
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Figure 7. 3D super-ellipsoids are adequate geometrical models to represent the capillary diffusion area. (a)
3D super-ellipsoids estimated to best fit the mean distributions of extravascular distances extracted from
histograms of 10 bins for the different tissue conditions (one per row; basal, infarcted and remote 1, 3, 7 days
following MI) from x-y (first column), x-z (second column) and y-z views (third column). The tissue points
inside the 3D shapes are pseudo-coloured according to the distance to the central capillary (represented

with grey in all sub-figures). The radius of the central capillary for each tissue condition was set equal to the
minimum extravascular distance found for the particular case. (b) Accuracy of the fitting between the mean
distributions of extravascular distances for the different tissue conditions (target represented with red) and the
distributions produced using the estimated 3D super-ellipsoids of panel a to best fit them (represented with
blue). RMSE stands for the root mean square error, while g, b, ¢, e, e, are the estimated parameters that define
the 3D super-ellipsoids. In particular, a, b, ¢, are the scale factors for axis x, y and z respectively, and e,, e, control

the shape of the super-ellipsoid.
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plot, the most striking difference that we can observe among the different tissue conditions is a long-tail in the
distribution of EDs at the infarcted areas 7 days following MI. This tail implies longer diffusion distances, which
are associated with longer diffusion times, and thus worst oxygenation’. Two sample Kolmogorov-Smirnov tests
were used to compare the mean relative frequencies of each tissue category (Fig. 6¢). The outcome verified the sta-
tistical significance of the difference in the shape of the distributions. The median and maximal EDs, calculated as
the 50% and 95% quartile respectively*, also confirm significantly increased diffusion distances in the infarcted
areas 7 days post MI. However, significant differences in both metrics in the infarcted areas 3 days following MI,
compared to the basal and corresponding remote tissue, highlight that the increase in the EDs had already started
in the infarcted areas from day 3 following MI. Moreover, the EDs at remote areas at 1 and 7 days after MI are also
affected and are significantly different from that of the basal tissue.

EDs calculated directly from the complete 3D volumes are expected to be more accurate than capillary density
and intercapillary distance which are calculated in 2D, or the diffusion distance which is derived from the vas-
cular length density. However, for the sake of completeness and for facilitating comparison with past and future
works, these metrics are provided in Fig. 6d. According to the plots, the capillary density is affected and reduced
in infarction, with the reduction becoming significant at 7 days post MI in infarcted area. On the other hand, the
intercapillary distance which is associated with an inverse relationship with capillary density, is increased in the
infarcted areas at 7 days following MI. The diffusion distance calculated directly from the length density follows
the same trend as the EDs calculated from the 3D distance maps, although an underestimation of the distances
can be observed.

Lastly, we contrasted the mean relative frequency distributions of 3D EDs for each tissue category with the
ones that would be provided by equivalent Krogh cylinder models*. The Krogh cylinder model assumes the
supply of oxygen by every capillary to a cylindrical region whose radius equals half the intercapillary distance.
As a result, the relative frequency distributions in the Krogh cylinder model are monotonically increasing to the
maximum distance to the closest vessel (Supplementary Fig. S3) and are far from describing the distributions
observed in the cardiac tissue studied in this work. In an effort to identify a geometric pattern that would describe
the area of capillary diffusion so that it closely matches the relative frequency distributions observed in our vol-
umes, we used a super-ellipsoid model. Super-ellipsoids allow description of a variety of shapes, ranging from
cylinders (such as in the Krogh model) to more complex ones, by varying only a small number of parameters (see
Methods). Thus, we formulated a question of finding a set of parameters that would define super-ellipsoids that
match simplified versions of our distributions (10 bins) as an error minimization problem between the observed
relative frequency distributions and the ones corresponding to different super-ellipsoids (Fig. 7). Root mean
squared error in the range of 0.0027-0.0073 between the relative frequency distributions of extravascular dis-
tances in the super-ellipsoid models and the target ones demonstrate the superiority of the super-ellipsoid model
over the Krogh cylinder model to represent the region of capillary diffusion in the cardiac tissue studied here.

Changes in the microvasculature and in the diffusion of oxygen persist and intensify at later
time-points post MI.  We next analyzed, by means of our image analysis pipeline, the microvascular charac-
teristics of porcine tissues from infarcted and remote areas 45 days post MI (Supplementary Fig. S5) to examine
whether the observed microvascular alterations during the first week post MI persisted at later time-points and
whether additional changes occurred. The results, which have been summarized in Supplementary Table S1 point
to the persistent nature of the extensive microvascular remodelling that takes place 7 days post MI in infarcted
areas together with a deterioration in certain metrics at 45 days post MI. Changes, which had been slightly
observed at remote areas 7 days post M1, also intensified and became evident at remote areas 45 days post MI.

Both infarcted and remote areas at 45 days post MI present the same increasing or decreasing trends in those
parameters which describe the microvasculature (fractal-, minkowski- and graph-based metrics) as the corre-
sponding tissue 7 days post MI compared to earlier time-points post MI and basal conditions. There are sev-
eral metrics, however, where increases or decreases are so prominent that statistically significant differences are
observed between the tissues examined 7 and 45 days post MI. More precisely, infarcted areas at 45 days post MI
have less vascular surface, breadth and length density, while they present a higher heterogeneity in distribution of
non-vascularized areas compared to 7 days post MI. Concomitantly, there were fewer smaller and more medium
and larger microvessels with increased intercapillary and diffusion distances at 45 days. Altogether this remod-
elling indicates worse vascular perfusion and oxygen supply in infarcted areas at late time-points. In the remote
areas at 45 days similar changes were observed for the microvasculature which was characterized by a further loss
of its morphological complexity, breadth and connectivity. These changes are accompanied again by enlarged ves-
sels, reduction in smaller and increase in larger microvessels along with higher heterogeneity in the distribution
of non-vascular areas as well as a trend to poorer diffusion. Moreover, the SMA™ perivascular layer is thinner,
while the number of myofibroblasts decreases in both remote and infarcted areas compared to day 7 post MI. This
suggests deceleration or termination of extracellular cardiac remodelling at this late stage.

Discussion

The link between the anatomy of microcirculation and CVDs’ onset and progression had led to considerable
efforts in unravelling the fine perturbations of the microvascular networks. This is particularly true in the case of
MI were an amount of important works had been performed prior to our work*®#%°0-%6, However, there is a high
variability among the quantification methods used in those studies, with each study reporting a different set of
parameters to characterize the anatomy of microcirculation and some of them being based on the 2D analysis.
Works more closely related to ours®® do not provide the wealth of data which are indispensable in describing the
complications of MI, but are rather based on only a few traditional metrics.
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This work was designed to deal with these shortcomings by allowing the in-depth study of all major charac-
teristics of the microvasculature in 3D through a single pipeline. Our pipeline consists of modules that permit
translation of image information to quantitative biological knowledge regarding (i) the multiscale and geomet-
ric properties of the microvasculature, (ii) topological characteristics and biologically important morphological
information about the segments the microvascular structure consists of, (iii) the microstructural relationship with
SMA cells, which are key players in tissue healing after MI (myofibroblasts), as well as in vessel maturation
and stabilization (SMA™ perivascular cells), and (iv) diffusion efficiency of the microvascular bed and adequate
geometric models of the capillary supply region. We show that each class of parameters offers complementary
information in understanding the effects of MI and that it is indispensable to study all classes in order to under-
stand changes to a system as complex as the microvasculature.

Furthermore, we provide a novel method for accurately reconstructing the complete microvasculature from
VE-Cadherin-labelled endothelial junctions. This approach will enable the use of VE-Cadherin, an endothelial
marker with high specificity even in infarction, to reconstruct microvessels and it will allow the simultaneous
study of endothelial junctions, SMA* and microvessels through the use of two fluorescent markers (VE-Cadherin,
SMA™ cells) instead of three. The latter is noteworthy given that the number of fluorochromes that can be imaged
simultaneously is limited®’. Lastly, a simple, yet efficient, approach in distinguishing between capillaries and arte-
rioles/venules was incorporated in the pipeline. The importance of identifying the type of microvessels is not
solely limited to the definition of the 3D guidance map for filling (and pruning), but it is also crucial in the imple-
mentation of theoretical modelling approaches®. The approach could be further extended to separate arterioles
from venules, given their morphological characteristics such as branching patterns and tortuosity.

Among the main findings is an intensive structural remodelling of the microvasculature at 7 days post MI,
which persists and even deteriorates 45 days post MI, in combination with an abundant presence of myofibro-
blasts, a higher percentage of microvessels which lacked a SMA* coating, but with the coated ones having a
thick SMA™ layer. The latter might mark the end of the plasticity window for intervention®. By quantifying the
effect of the structural remodelling in functional terms, we were able to identify a low capacity for blood flow
(succolarity) and long diffusion distances which is linked with worse oxygenation. This might be related to the
regression of vessels non-coated with SMA™ resulting in a less complex and connected network that, as a result,
requires longer diffusion times. Moreover, despite the decrease in the capacity of blood flow at the tissue level,
observed also at organ level (Supplementary Table S2) at infarcted areas 7 days post MI, the larger diameter of
the individual microvessels and the SMA™ hyperplasia, together with increased number of endothelial cells per
length (Table 1), likely reflects adaptation to persistent/chronic high flow in these remaining vessels. Interestingly,
in terms of structural characteristics (density, size of microvessels) the infarcted area at 3 days post MI, seems
closer to the basal one than at 1 or 7 days post MI. This could indicate a normalization of the effect of infarction
3 days following MI after a first inflammatory response at day 1 and, therefore, denote a time window for ther-
apeutic intervention around day 3 post MI when the microvasculature is not structurally so different from the
basal but functionally already starts the misadaptation as implied by the larger extravascular distances and higher
heterogeneity in non-vascularized areas observed in infarcted areas 3 days post MI. Moreover, our results imply
a connection between the appearance of constriction or dilation and the time which elapsed following MI. In
particular, we observed a tendency for an initial dilation of the vessels in infarcted area at 1 day post M1, a subse-
quent constriction at 3 days, followed by possible pruning of microvessels, and maybe dilation/arterialization of
the remaining microvessels at day 7. It is also worth noting that apart from the vasodilation effect the structural
changes at infarcted areas at 1 day post MI are opposite to that of 7 days. Specifically, an increased number of
microvessels, vascular density and complexity at infarcted areas at 1 day post MI were described. Thus, we cannot
rule out angiogenesis (either sprouting or intussusceptive) at that time-point but it is clear that there is an overall
loss of microvasculature afterwards, mostly of capillaries. In addition, as expected®, changes at remote areas are
not significant or they are milder than the ones found in the infarcted areas, but they are not entirely absent as
pathology progresses.

Despite the importance of our findings, there are some limitations to the current work. One of the strengths of
this study is the choice of the highly translational porcine animal model. However, due to the cost and difficulty
in handling large animals, we were able to use a limited number of subjects. Furthermore, the chosen ischaemia
model might influence the microvascular changes described in this study. This means that the same changes may
not be necessarily anticipated in other ischaemia models, such as permanent coronary artery ligation. This limi-
tation could motivate future research as the presented approach paves the way to standardized analysis and future
comparison of different experimental ischaemia setups. Another limitation of the present work is the loss of pre-
cise topological information at the organ level during tissue processing and confocal microscopy imaging. Also,
in spite of the fully automated and un-biased analysis pipeline, human bias might be potentially introduced in
the selection of the areas to be imaged by confocal microscopy and in the adjustment of the microscope settings.
In addition, since no automated method can ensure 100% accuracy in terms of segmentation, the exact metric
numbers might deviate slightly from reality, although the trends would remain uninfluenced given that the same
method was applied to all images. Lastly, running the complete pipeline on large images can be computationally
and time demanding, but this can be balanced by the fact that requires no human intervention, therefore, mini-
mizing costs and labor requirements, while facilitating the calculation of complex metrics.

In conclusion, our fully automated image analysis pipeline permitted the accurate reconstruction of the 3D
microvasculature and subsequent acquisition of novel, quantitative insights into its structure and changes at dif-
ferent stages after MI. The study was performed in the pig model, whose coronary microvasculature bears strong
similarities to that of humans. Our method also provides an automated and unbiased means of evaluating thera-
peutic approaches and of diagnostic classification of unseen cardiac tissue. Furthermore, the wealth of quantita-
tive data on the anatomy of microcirculation provided can serve as reference for comparisons for future studies
in the field of cardiac microvascular research as well as enable modelling microcirculation at different stages

SCIENTIFICREPORTS | (2018) 8:1854| DOI:10.1038/541598-018-19758-4 13



www.nature.com/scientificreports/

of pathology. Lastly, the open-source nature of our approach makes it reusable in future studies of the cardiac
microvasculature, but also in the study of other diseases and tissue types for which the microvascular structure
and its changes are in focus.

Methods

Animals and Myocardial Infarction.  All experiments were approved by the Ethical Committee for Animal
Experimentation of CNIC and the Comunidad Auténoma de Madrid in accordance with the Guide for the Care
and Use of Laboratory Animals. Six adult male Large-White pigs weighting 30-40 kg were anaesthetized with
a ketamine/xyzaline/midazolam mixture in continuous intravenous infusion. Subsequently, acute myocardial
infarction was percutaneously induced using an angioplasty balloon with 30-minute occlusion of the left anterior
descending coronary artery (distal to the first diagonal branch) followed by reperfusion. The pigs were sacrificed
one, three and seven days after infarction, respectively. A similar procedure with 40-minute occlusion was fol-
lowed for three additional pigs that were sacrificed forty-five days following infarction. Furthermore, two more
pigs under basal conditions were sacrificed to serve as the control subjects of the present study. The subjects’
structural and functional characteristics are provided in Supplementary Table S2.

Tissue preparation and Immunofluorescence histochemistry. The porcine hearts were extracted
immediately after euthanasia, cleaned with saline and cut into three thick cross-sections, at the basal,
mid-ventricular (papillary muscle) and apical levels. Left ventricle tissue samples from both infarcted and remote
areas were collected and used for the purposes of this study. Samples were fixed overnight with 0.4% PFA at 4°C,
washed with PBS, cryoprotected with 30% sucrose and embedded in OCT with transmural orientation kept.
Thick slices of 100 pm were cut using Leica AM1950 automated cryostat. Inmunostaining was performed in
flotation using the following procedure; 2 hours permeabilization in 0.3% Triton-X 100, 0.1% Tween in PBS at RT
followed by 1 hour blocking with 0.3% Triton-X 100, 4% FBS in PBS at 4 °C. For the staining of the microvascu-
lature, the slices were incubated in blocking buffer with primary antibodies anti-VE-Cadherin (Santa Cruz) and
a-SMA (Sigma) with dilution 1:100 and 1:200 respectively, overnight at 4 °C. After washing with 0.3% Triton-X
100 in PBS, incubation with secondary antibodies donkey anti-goat Alexa Fluor-568, chicken anti-mouse Alexa
Fluor-647, 1:500 (Molecular probes) and Hoechst 33342, 1:10000 (Life Technologies) was performed for 2 hours
in blocking buffer at RT. After washing, slices were mounted on the glass using Fluoromount G (Southern
Biotech). All incubations were performed on a nutator.

VE-Cadherin stains the endothelial junctions and not the complete endothelial cell, resulting in gaps in the
reconstructed blood vessels. However, it has been chosen in this work as a vasculature marker over other com-
monly used endothelial markers, such as Isolectin B4 or CD31 (PECAM-1), due to its specificity even in infarc-
tion. Isolectin tends to stain not only endothelial cells, but also macrophages6°. Therefore, its use in infarcted
tissue is not appropriate, especially at early time-points, when the inflammation process occurs. In our samples
large contamination of macrophage staining was observed in infarct zones when Isolectin was used. A simi-
lar problem was presented in the case of CD31 marker, which is present in endothelial cell junctions but it is
also expressed in other cell types, e.g. platelets, monocytes and macrophages®’. For those reasons, the use of
VE-Cadherin that is exclusively an endothelial cell marker®, was preferred.

A similar protocol was followed in the case of tissue used to study the co-expression of a-SMA with other
markers. More precisely, 15 um slices of tissue from infarcted areas from the pigs sacrificed at 7 days following
MI were used. After fixation and cutting, the slices were incubated in blocking buffer with primary antibody
anti-CD31 (Abcam) with dilution 1:100 and one of the following primary antibodies: (i) anti-Vimentin (Sigma)
with dilution 1:100, (ii) anti-Collagen I (Santa-Cruz) with dilution 1:50, or (iii) anti-PDGFRB (eBioscience) with
dilution 1:100, overnight at 4°C. After washing with 0.3% Triton-X 100 in PBS, incubation with secondary anti-
bodies goat anti-rabbit Alexa Fluor-488 (Life Technologies) with dilution 1:500, chicken anti-mouse Alexa Fluor-
647, 1:500 (Life Technologies) and Hoechst 33342, 1:10000 (Invitrogen) was performed for 2 hours in blocking
buffer at RT. After washing with 0.3% Triton-X 100 in PBS, the slices were incubated in blocking buffer with 5%
mouse serum for 1 hour at RT. Subsequently, they were incubated with anti-a-SMA-Cy3 (Sigma) with dilution
1:300 for an additional hour at RT. After a final wash with 0.3% Triton-X 100 in PBS, the slices were mounted
on the glass using Fluoromount G. In this case CD31 was used as a marker of the microvasculature instead of
VE-Cadherin due to compatibility issues of the species of primary antibody host.

Image acquisition. Spectral imaging was performed by means of Leica SP5 confocal microscopy using a
40 x oil immersion lens of numerical aperture 1.25. Emissions of 405 nm, 561 nm, and 633 nm laser lines were
used to excite the Hoechst, VE-Cadherin and SMA fluorophores respectively. Z-stack slices (1024 x 1024 pixels)
were acquired every 1 ym and by applying the deepness correction set-up provided by the microscope. The final
number of slices acquired depended on particular antibody penetration and ranged between 54 and 95 pum. The
resulting voxel size was 0.3785 pum x 0.3785 pum x 1.007 pum, or 0.3142 pum x 0.3142 pum x 1.007 pm in a few cases.
In total, 126 multichannel images, 18 per tissue condition (9 per subject), were acquired and they were used for
the analysis at time-points 1, 3, 7 days post MI and under basal conditions. Additionally, 36 images, 18 from
infarcted (6 per subject) and 18 from remote areas (6 per subject), were acquired in the same manner and they
were used for investigating microvascular characteristics and changes at 45 days following MI.

The same imaging system and procedure were also used to acquire images from tissue simultaneously labelled
using anti-CD31, anti-SMA and anti-PDGFRB/anti-vimentin. However, emissions of 405 nm, 488 nm, 561 nm,
and 633 nm laser lines were used to excite the Hoechst, CD31, SMA and PDGFRB or vimentin fluorophores,
respectively. In the case of tissue simultaneously labelled with anti-CD31, anti-SMA and anti-collagen I, the image
acquisition process followed was the same, with the difference that the Nikon A1R confocal microscopy was used.
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Multi-scale Multi-level Thresholding (MMT). The first step towards quantifying the microvascu-
lature and its infarction-related dynamic changes is to automatically segment the labelled structures of the
VE-Cadherin, SMA and of the Hoechst channels. Towards this aim, the multi-scale multi-level thresholding
algorithm® is applied to every channel of the 3D confocal image.

Multi-scale multi-level thresholding has been previously described in detail®. In essence, grids of boxes of
various sizes e=1, .., N were applied to the original de-noised image I. For every grid size e, a candidate segmen-
tation (V,) was produced by applying Otsu’s multi-level thresholding®® to each box comprising the grid in order
to separate I into M intensity levels. Subsequently, only the two highest intensity levels were retained as part of
the structure under investigation. Final segmentation was produced by using the majority rule on candidate
segmentations.

In the case of the VE-Cadherin channel, the segmentation is further improved by excluding possible artefacts,
i.e. objects that are smaller than 100 voxels and that do not have a nucleus.

Fractal-based Metrics. Fractal dimension was calculated by applying the box-counting method in the 3D
volume of the reconstructed microvasculature. In brief, grids of boxes of different sizes were overlaid on the
microvasculature. Fractal dimension was estimated by

In(n(e))
In(e) (1)

where n(e) is the number of boxes of size e needed to cover the object under investigation. We subsequently iden-
tify the cut-off scales over which the microvascular structures no longer present self-similarity®, i.e. can not be
considered as fractals. This additional step was considered necessary because real-life objects, such as the vascular
patterns, might not present self-similarity over an infinite range of scales but rather over finite scales. However,
no statistically significant difference was observed between the calculation of fractal dimension with and with-
out cut-offs. This might be explained by the limited physical scales of the microvascular patterns in our dataset.
Consequently, the fractal dimension presented in this manuscript is without cut-offs.

Lacunarity was calculated by using the gliding box method®. Boxes of various sizes e were glided over the 3D
binary volume of the segmented microvasculature by 1 voxel. For every box size e, the total number of boxes of
size e (N(e)) and the number of vascular voxels (P(n,e)) inside every box n=1, .., N(e) were taken into account.
The sum of the number of voxels belonging to the microvasculature in every box n=1, ..., N(e) was calculated
(Q =X, =1, . NP1 e)as well as the sum of the square number of vascular voxels (Q, = >°,_, NP1 e)).
Lacunarity for box size e was then given by

Fd = —lim

_ N(e) x Q,
Q’ )

In order to tackle the dependence of lacunarity on image density and to be able to compare images of various
densities as the ones comprising our dataset, lacunarity was subsequently normalized using the lacunarity of the
complementary image (cL(e)) by L, .,.(e) =1 — LLE) - Tle) Lacunarity over all scales, i.e. all box sizes, is finally
defined as the mean of the normalized lacunarity o%indiviéual scales.

Succolarity was calculated according to previous study®. The areas where blood can flow through the micro-
vasculature are the vascularized areas, while the non-vascularized were considered to be obstructing the flow.
There are six possible directions of flow in the case of the 3D microvasculature: horizontal flow from left to right
and vice versa, vertical flow from top to bottom and vice versa, and in-depth blood flow from the upper to the
lower slices and vice versa. The volume of the 3D microvasculature was decomposed in six 3D images, one per
flow direction. Each of those images contained only microvascular parts that would allow a continuous flow, if
blood was to enter from that particular direction.

Grids of boxes of different sizes, as in the case of the box counting method, were applied on the decomposed
images. The occupation percentage of vascular voxels (O(n,e)) inside each box n of size e, as well as an indicator
of pressure (PR(e)), were calculated. PR(e) was calculated based on the coordinates of the centroid of the box
along the direction under investigation. Therefore, in the cases of horizontal, vertical and in depth directions of
blood flow respectively, the pressure was given by the x, y and z coordinates respectively. A normalized version of
succolarity was given by dividing the pressure in the case of 100% occupation with vascular voxels for all boxes.
Therefore,

L(e)

Yonet, ., ne)OP(n, €) x PR(e)
Yn=1, ., N@ePR(e) )

Taking into account all 6 directions, the overall succolarity was approximated as

S(e, d) =

S(d, e)
64-1..6c N (4)

where N(e) refers to the total number of boxes of size e comprising the grid.

Minkowski Metrics. For an arbitrary object A in the d-dimensional Euclidean space R, there exist d + 1
Minkowski Functionals (MF) M,(A) with n=1, .., d+ 1. Therefore, in 3—D space, there exist four MF, which are
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proportional to the commonly known properties volume (M,), surface area (M,), mean integral of breadth (M)
and Euler-Poincaré characteristic (M,). The MFs for the 3D microvasculature are calculated by*:

M(V) = n,

My(V) = —6n, — 2ny

My(V) = 3n, —2n; + n,

M(V) = —n.+n; —n, +n, (5)

where 7, is the total number of voxels that the microvasculature consists of, 7,is the number of open faces, », the
number of edges and #n, the number of vertices.

In the present work, we normalize the MFs by the volume of the tissue from which the microvasculature was
reconstructed to obtain density, surface area density, breadth density and Euler-Poincaré characteristic density.
Normalization was performed in order to allow the comparative analysis of the MFs among different images. This
would otherwise have not been possible due to the variability found in tissue volume among the images of our
dataset.

Graph-based representation and related metrics. In order to convert the microvasculature to a 3D
graph that encompasses the topological information of the network, the reconstructed microvasculature is firstly
skeletonized through the use of a thinning algorithm®. The skeleton is converted to a graph consisting of nodes
that represent the branching or end nodes that could be possible sprouts (mean and standard deviations pre-
sented in Table 1) of the microvascular network and the edges (i.e. segments) that represent the skeleton parts
between two consecutive nodes®. Subsequently, to eliminate false short spurs produced by the thinning proce-
dure, the 3D image volume with possible areas of arterioles/venules obtained after Frangi filtering (G) introduced
previously, is used. G allows us to guide a local, pruning process during which end segments (segments defined
between a branching node and an ending node) are pruned based on their length and type (capillaries or arte-
rioles/venules). More precisely, segments whose length is smaller than one-and-a-half times the diameter of the
smallest capillary (4.1 m), found in the LV of the pig heart according to®?, are used in areas that the 3D G indi-
cated that corresponded to capillaries. On the other hand, on those areas that correspond to arterioles/venules
according to G, the segments are pruned when their length is smaller than one-and-a-half times the diameter of
the smallest arteriole/venule of order 1 (8.96 ;um)". The pruning procedure is repeated twice to ensure that spur
“Y”-shaped segments, resulting from the thinning process, are entirely pruned. The branching and end-nodes of
the skeleton are extracted as nodes with more than one and only one neighbouring point respectively by convolv-
ing the 3D skeleton of the image with a 3 x 3 x 3 sized mask of ones. Bubble-like nodes resulting as an artefact of
the skeletonization process are replaced by the central node. The radius of each segment is calculated using the
distance of the points on the skeleton to the closest non-vascular element. Among the distances, the radius is set
equal to the largest one. Every segment of microvasculature between two nodes i,j is subsequently considered a
tube of constant diameter (d), length (L;) and the following metrics at segment level are calculated as in®:

mxdy x Ly
Vascular segment volume (V;) = —————

4
Vascular segment surface (S;) = m x dy x Ly
. Lij
Tortuosity =
Euclidean distance between i and j
Vascular length density (L;) = L X Z L
Viooe N
1
Vascular sutface density = — x S;
Vooet N
. 1
Vascular volume density (V) = — x> Vi
Vooen N

Diffusion distance (D)

ST X Ly (6)

where V is the volume of the tissue and N is the total number of segments that form part of the microvasculature.

Nuclei counting. The number of nuclei first had to be calculated in order to calculate the number of c-SMA™
and endothelial cells. For this purpose, 3D watershed transformation®® was applied to the segmentation of the
Hoechst channel in order to separate merged nuclei. Nuclei belonging to a-SMA™ were considered to be the ones
with simultaneous staining of a-SMA and Hoechst. Nuclei belonging to endothelial cells were considered to be
then ones that were overlapping with the surface of microvessels.

It should be noted that although watershed transformation is a popular approach for nuclei segmentation, it
also tends to produce errors, such as over-estimation of nuclei. However, as development of novel tools for nuclei
segmentation was beyond the scope of this work, watershed performed reasonably well for our approach and we,
therefore, just adapted it for the task at hand. Nonetheless it is noted that the number of nuclei in this work might,
therefore, not be precise.
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Super-ellipsoids & Optimization. Super-ellipsoids are a type of 3D geometric shape that belongs to the
same, more general family of geometric shapes named superquadrics”. Super-ellipsoids are implicitly defined by

€

2 2 Tey 2
k-l (- Ol | (2= calfr
S || == <=1
a b c

@)

where a, b, c are scale factors for axis x, y and z respectively, Cx, Cy, Cz represent the centre of the super-ellipsoid,
and e, e, control the shape of the super-ellipsoid. e, controls the squareness along z-axis and e, the squareness
along plane x-y. Therefore, a variety of shapes can be determined by varying e, and e,; e; <1, e, <1 result in
cuboids, e,=1and e, < 1 in cylindroids, e, =1, e, < 1 in pillow shapes, e, or e, larger than 2 in pinched shapes, e,
or e, equal 2 in flat-beveled shapes.

Our aim was to identify a shape that the frequency distribution of distances of points inside the shape to the
closest capillary (estimated distribution) best matches a given frequency distribution of maximum extravascular
distances (target distribution). Toward this aim, the capillary was first approximated by a cylinder whose diameter
was considered equal to the minimum extravascular distance observed. The length of the vessel was arbitrary
chosen (100 pm). We subsequently set Cx, Cy, Cz as the coordinates of the centre of the vessel, b as the maximum
extravascular distance observed, and c as length of the capillary, while the set of parameters a, e, and e, as the
unknowns to be defined through optimization. The target of optimization was to minimize the mean square
error between estimated and target distributions. The parameters were initialized so as to produce a cylinder (i.e.
e; =1, e,=0.2) whose length is equal to that of the vessel (c =100 pm) and whose diameter (i.e. a,b) is equal to
that of the maximum extravascular distance. In each step of the minimization procedure, a new set of parameters
and, therefore, a new shape was defined by varying the unknown parameters in predefined ranges. In particular,
parameter a was allowed to vary in the range between the minimum and maximum extravascular distance of the
target distribution. Parameters e,, and e, were allowed to vary between [0,3] and, therefore, cover all ranges of
possible shapes. The minimization procedure stopped after a minimum was achieved in the root mean square
error. It should be noted that a simplified version of the target distribution (10 bins) was used. Optimization is
based on frmincon MATLAB (Mathworks) solver and sequential quadratic programming.

Machine learning. Multi-class classification was performed to predict the time that elapsed since the
onset of MI for infarcted tissue and remote tissue (“Infarcted over time”, and “Remote over time” respectively
in Table 2). In all other cases, binary classifications were performed. 9-fold cross-validation repeated 10 times
was used. k-fold validation is a common model approach in machine learning that helps to avoid overfitting the
training set and it is usually repeated a multitude of times to ensure different separation of folds. The idea behind
k-fold cross-validation is to divide the sample in k equal folds of which k-1 are used for training and one is kept
for testing.

In this work, three different classifiers were employed. K-nearest neighbours classifier (Knn) assigns an unseen
object to a class, based on the labels of the k-nearest training objects that are closest (or more similar) to the object
under investigation. Here, we used 1-Knn classifier, e.g. the tissue is classified according to the label of the closest
training tissue. The distance metric used was euclidean distance.

Support vector machines (SVMs) are inherently binary classifiers. Standard SVMs define a hyperplane func-
tion that guaranties optimum separation, e.g. largest margin, between the (training) data of the two classes. A new
object is subsequently assigned to one or the other class based on whether the predefined hyperplane function is
positive or negative for that particular object. The idea of reducing the multiclass classification problem to binary
classification problems has been introduced and different approaches have been developed in order to perform
multi-class classification with SVMs. In this work, we adapted the one-versus-one strategy according to which
SVMs are built for all possible pairwise comparisons. Each class is, therefore, compared to each other separately.

Adaboost is based on a cascade of weak classifiers (learners) used to create a strong classifier which has higher
accuracy that single classifiers. During each iteration of the training procedure, a learner is added so as to weight
higher misclassified examples of the previous iteration and, therefore, to redirect the focus of subsequent weak
learners in those examples. The strong classifier produced by a weighted sum of the weak learners is responsible
for the assignment of labels to unseen objects. In this paper, we used Knn weak classifiers.

Statistical analysis. Statistical significance of differences in medians for pairwise comparisons was assessed
by non-parametric, two-sided Wilcoxon rank sum tests. P-values were corrected for multiple testing with the
Benjamini-Hochberg false discovery rate procedure which was applied to the fifteen pairwise tests performed per
each quantified parameter. The number of samples per tissue category remained the same throughout this work
and it equals to 18. Two sample Kolmogorov-Smirnov tests were performed to evaluate the statistical significance
of differences in distributions.

3D Visualization. Visualization of 3D volumes (reconstructions, skeletons, distance maps) was performed
with open-source softwares Paraview (http://www.paraview.org/) and ITK-SNAP (http://www.itksnap.org/).

Code availability. The code for all modules of the image processing pipeline presented in this work is
open-source, along with the supporting documentation to run the modules separately or the complete pipeline at
once. The statistical analysis and the creation of the comparative plots per metric was performed with an additional
module of our pipeline, which is also available. Code/libraries from previous works necessary to run the pipeline
are also provided and the creators have been credited accordingly. The code was written in MATLAB (Mathworks).
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Chapter 18

3D Image Analysis of the Microvasculature in Healthy
and Diseased Tissues

Alvaro Sahiin-Espaiiol, Cristina Clemente, and Alicia G. Arroyo

Abstract

The vasculature ensures optimal delivery of nutrients and oxygen throughout the body. The ability to
respond to changing tissue demands requires constant reshaping of the vascular network through modula-
tion of'its density, diameter, or patterning. These processes are especially prominent after tissue damage or
in tumors. The matrix metalloproteinase (MMP) family of endopeptidases are key contributors to vascular
remodeling, able to cleave all extracellular matrix components and also soluble factors and membrane
receptors. Observations recorded over several decades have established that the vasculature changes in
pathological contexts, and this has formed the basis for developing angiotherapies as a novel approach to
treating disease. For example, inhibition of angiogenesis or normalization of the vasculature has been
proposed as treatment for cancer and chronic inflammatory diseases. In contrast, boosting angiogenesis
may be helpful in ischemic conditions such as myocardial infarction and in regenerative medicine. Classical
histological methods for the analysis of tissue vasculature have relied on thin sections that do not capture
the complex 3D structure of the vascular network. Given the importance of understanding disease-
associated vascular changes for the development of rational angiotherapeutic interventions, we present a
protocol for thick section-based 3D image analysis of vasculature structure and function.

Key words Vasculature, Thick section, Volumetric, Three-dimensional, Mouse, Confocal microscope,
Quantification

1 Introduction

The vasculature must continually adapt to tissue demands in order
to ensure optimal delivery of nutrients and oxygen throughout the
body, particularly after tissue damage or in tumors. This adaptation
requires constant reshaping of the vascular network by modulating
its density, diameter, and /or complexity. Being aware of the vascu-
lature changes in pathological contexts, researchers have proposed
angiotherapies as a feasible treatment strategy.

When activated, the normally quiescent vasculature promotes
the formation of new vessels from pre-existing ones in a process
called angiogenesis. Angiogenic vascularization is a critical step in
tumor growth, with tumors reportedly unable to grow in the
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absence of proper vascularization to more than 2-3 mm in diame-
ter [1]. In addition, vascularization not only provides the tumor
with nutrients but is also necessary for metastasis to occur [2, 3].
Because of this, some therapies are focused on abrogating tumor
angiogenesis by depriving the tumor of oxygen and nutrients,
causing a reduction in tumor growth. This therapeutic approach is
very common for some types of cancer, such as breast cancer [4].
However, vascular architecture in the tumor is chaotic and tortu-
ous, with vessels having irregular diameters and poor functionality
due to improper lumen formation. Tumor vasculature also has
defects in pericyte coverage and in endothelial cell junctions, mak-
ing it highly permeable to nutrients and metastatic cells [5]. This
extremely complex and abnormal vasculature has raised questions
about drug delivery and efficacy of anti-angiogenic therapies [6].
An alternative approach is to normalize the aberrant vasculature to
make the tumor more accessible to drugs, which has proved suc-
cessful with some types of cancer [7]. In other cancers, such as
pancreatic cancer, tumor growth and spread are reduced by strate-
gies to increase vascular development [8]. These examples demon-
strate the importance of a thorough understanding of the vascular
plexus when deciding on the appropriate therapeutic approach.

Understanding the vascular architecture is essential not only
for tumor angiotherapies but also for other pathological settings. A
prominent example is regenerative medicine. An injured tissue
needs to be revascularized in order to obtain oxygen and nutrients
and to allow infiltration by effector immune cells for proper repair
and regeneration [9]. Much of the attention in this area is focused
on heart repair atter myocardial infarction, and boosting angiogen-
esis after an ischemic event is considered one of the most promis-
ing approaches to improving cardiac repair and avoiding negative
postinfarction effects [10, 11]. In the case of the injured heart, it is
also important to understand the process of arteriogenesis, the
growth of functional collateral arteries from pre-existing arterio-
arteriolar anastomoses.

Angiotherapies are thus relevant to a broad spectrum of
pathologies, including tumors and chronic inflammatory diseases
that could benefit from angiogenesis inhibition or normalization
of the aberrant vasculature. Ischemic disorders such as myocardial
infarction by its part can benefit from boosting the vascularization
as a promising strategy to promote tissue repair and regeneration.
Angiotherapies have classically targeted angiogenic factors such as
VEGFA and related receptors; however, other potential targets are
the matrix metalloproteinases (MMPs), a family of proteolytic
enzymes that make a varied contribution to angiogenesis and vas-
culature remodeling. MMPs are endopeptidases that play an
important role in extracellular matrix (ECM) degradation and also
modulate the bioactivity of soluble factors and membrane recep-
tors. There are currently 25 metalloproteinases characterized in
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mammals [12-14]. MMPs such as MT1-MMP (MMP14) directly
degrade the ECM, allowing ECs to migrate and form the vascular
net in vitro and in vivo [15, 16]. In addition, the degradation of
their substrates releases peptidic fragments that modulate angio-
genesis. Examples include the proangiogenic C-terminal non-
collagenous 1 domains produced by the degradation of collagen
[17] and the VEGFA inhibitor endostatin, generated by the activ-
ity of MMP3, MMP9, MMP12, MMP13, and MMP20 [18].
MMPs can also process other proteins related to angiogenesis. For
example, MMP9 can release VEGFA from the ECM, allowing its
binding to VEGEFR and thus promoting the angiogenic switch in
tumors [19]. In addition, MMP9 and MMP14 (MT1-MMP) can
both release and activate TGE-p [19, 20].

Quantitative assessment of the structure and function of the
vasculature is thus of key importance (1) to increase knowledge
about the basic mechanisms by which the vasculature contributes
to tissue damage and repair and (2) for the implementation of
rational angiotherapies adapted to specific pathophysiological
contexts.

When studying the vasculature under pathological conditions,
it is important to address parameters related to the abundance,
function, and pattern of the vasculature. This is achieved by quan-
titating endothelial cell (EC) content, vascular volume fraction or
density, vessel number and length, and also other parameters such
as pattern and order (tortuosity, thickness), maturation (perivascu-
lar coverage), and functionality (vascular perfusion, vascular stabil-
ity, and leakage). All these parameters are essential indicators of
vasculature status [21], and a precise understanding should be
considered together with the three-dimensional (3D) structure of
the vascular network, a feature of the vascular architecture that has
been often dismissed. Tissue vasculature is conventionally analyzed
by histology and immunohistochemistry for specific markers on
5-10 pm sections. These approaches have yielded crucial informa-
tion about the number and density of capillaries, EC content, and
perivascular coverage. Moreover, analysis of sections from tissue
pertfused with antibodies or dextran has allowed partial functional
analysis [22]. However, in recent years, the need to understand the
vasculature as a connected network has prompted researchers to
move from the use of thin sections that provide 2D information to
thicker sections that allow 3D volumetric studies (Table 1). Some
specific vascular plexus have a flattened structure, such as the super-
ficial vascular plexus of the postnatal retina [23, 24]; however,
many other vascular nets develop in 3D, with vessels sprouting in
all directions [25]. Because of this, 3D image acquisition and anal-
ysis is becoming an essential requirement for vascular biology
researchers [26]. To reconstruct the vascular tree and enable reli-
able data quantification, we and others [26] specifically recom-
mend the use of 40- to 50-pm-thick sections or whole-mount
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Table 1

Pros and cons of 2D vs 3D imaging

Method

Advantages

Limitations

2D

3D

Low sample requirements

Quick (staining protocol, image
acquisition, quantification)

Low tool requirements (standard

fluorescence microscope, widely

used analysis software)

Visualization of structural
network

Visualization of rare events (tip
cells or intussusception)

Possibility to quantify parameters
such as branching points or
tortuosity

Maintenance of tissue integrity

Parameters with direct biological
meaning (true vessel length)

Loss of structural
network

Only able to quantify
vascular area or
endothelial
cell number

Difficult to visualize
rare events (tip cells
or intussusception)

Loss of tissue integrity
even in serial slicing,
you can lose some
material because of
the cut

More sample
requirements

Time consuming
(staining protocol,
image acquisition,
quantification)

Specific tool
requirements
(mandatory use of
confocal microscope
and 3D analysis
software)

Depth limitation for
antibody
penetration

samples of thin tissues (such as skin or gut); this task may be facili-
tated by new optimized clearing protocols [27].

New or improved protocols for the study of the vascular net-
work in tissues are of great interest to scientists working in fields
from oncology to regenerative medicine. Here we present a proto-
col for 3D analysis of the vascular plexus architecture and its func-
tionality. This protocol can be used for the in-depth study of
changes to the vasculature in pathologies such as cancer and myo-
cardial infarction among others as well as the impact of specific
molecular pathways or angiotherapies.
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2 Materials

2.1 Mouse Injection 1.

for Functional In Vivo

Analysis
2.
3.
4,
5.
6
7.
8.
9.

10.

2.2 Tissue 1.

Dissection

and Processing 3

Homemade restraining device. For IV injection, the mouse
must be immobilized. This restraining accessory, made by 3D
printing, allows the researcher to restrict mouse movement,
leaving the tail exposed in the correct position for IV injec-
tion. Both ends of the device are open, one to allow the mouse
to breathe and the other to leave the tail exposed. If this device
is unavailable, a conical centrifuge tube open at both ends can
be used instead.

Warming chamber.
70% ethanol.

1 mL syringe.

25 G needles.

. Dextran tetramethylrhodamine 70,000 MW (dextran-TRITC).

Griffonia simplicifolin lectin 1 /isolectin B4 (I1B4).
Anesthesia: Medeson 1 mL (medetomidine /Domtor), Zoletil
100 mg (tiletamine + zolazepam).

Dextran-TRITC preparation: Dissolve lyophilized dextran-
TRITC in PBS at 71.5 pM (5 mg/mL), aliquot, and store at
—20 °C in the dark.

Anesthesia preparation: To prepare Zoletil, add 5 mL of sol-
vent liquid to the lyophilized reagent and mix, and then add
20 mL of saline solution and mix. To prepare Domtor, add
9 mL of saline solution to 1 mL of reagent and mix. For anes-
thesia, mix the Zoletil and Domtor preparations 1:1, prepare
1 mL aliquots, and store at —20 °C until use.

CO, chamber.

2. Dissection material: Forceps, scissors.
. Phosphate-buffered saline (PBS): Dissolve 8 g of NaCl (final

137 mM), 1.78 g Na,HPO, dihydrate (final 10 mM), 0.2 g
KCI (final 2.7 mM), and 0.24 g KH,PO, (final 1.8 mM) in
500 mL Milli-Q water. Sterilize at 121 °C for 20 min and
adjust to pH 7.4. Store at room temperature.

4. 10 mL syringe.

ul

30 G needles.

6. Paraformaldehyde powder (PFA): Warm 400 mL PBS to

60 °C. Next, add 16 g of PFA (highly toxic! Use a biohazard
hood and prepare in the dark). When dissolved, filter with a
0.22 pm filter and adjust to pH 7.4. Store in the dark at 4 °C
for up to a week; for longer periods, store 10-13 mL aliquots
at =20 °C.
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2.3 Tissue Cutting

2.4 Staining

2.5 Mounting

2.6 Image
Acquisition

7. Sucrose.

10.

Intermediate Cryomold.

. Optimal cutting temperature compound (OCT, Tissue-Tek

O.C.T. Compound).

Sucrose solution preparation: 0.44 and 0.88 M (15% and 30%,
respectively) sucrose solutions are prepared by dissolving 1.5
or 3 g of sucrose in 10 mL PBS. Stir until sucrose is totally
dissolved. Solutions are best prepared fresh for every experi-
ment but can be stored for short periods at 4 °C.

Cryostat.

2. Cutting material: Blades, forceps.

w

L s

ul

48-well flat-bottom cell culture plates.

Methanol.
Hydrogen peroxide, 30% w/v.
Triton X-100.

Normal goat serum (NGS). Dissolve the vial in Milli-Q water,
aliquot, and store at —20 °C.

Rocker.

6. Blocking solution: 0.3% Triton X-100 + 2% NGS in PBS. Store

10.

—

AN A

at 4 °C.
Washing solution: 0.15% Triton X-100 in PBS.

. Primary antibodies: Anti-CD31, anti-Erg, and anti-smooth

muscle actin (anti-SMA) (Table 2).

Secondary antibodies: Alexa-647-conjugated goat anti-
hamster, Alexa-488-conjugated goat anti-rabbit, Alexa-488-
conjugated streptavidin (Table 2).

Hoechst 33342, trihydrochloride, trihydrate (Table 2).

Paintbrush.

Petri dish.
Superfrost slides.
Coverslips.

Mounting medium (Fluoromount-G).

Confocal microscopy: For reliable 3D image acquisition, con-
focal microscopy with an automatized plate should be avail-
able, as well as the possibility for intensity adjustment through
7 stacks during acquisition. In addition, a set of at least four
wavelength channels is required: an ultraviolet laser (excita-
tion ~352 nm, for Hoechst), a blue laser (excitation ~490 nm,



199

3D Image Analysis of the Microvasculature

Tu/8 g
- PPN 000'S/1 66E£TH udg0nIAU] THEEE ISYNOH
Apoqnue Tw /31 sa13010UdIT, urpiaeadons
Arepuodds HqT - 00S/1 yseces T 88% 10n[] eX[Y
Apoqnue Tw /3 sa130[0UdIT, 11qqQe1-0
Arepuodas S1g - 00S/1 FEOTIV W1 3803 88% Jon|q eXdY
Apoqnue Tur/3d 1 091 oIeasgounuy INsWey-0
Lrepuodas TeqD - 00S/T  -S09-LTI uosyde( 308 /$9 J0oN[] eX3[Y
Tw/3 g
Apoqnue Sunporg 5103d2201 O 00T/T THIESS wsunureyy g (2€dD/91AD) TOFT
T
uonddur AT uorstydg /3w g0 jo 11 00T c0cI-4 01 (¥41) ¥4 un29[0s]
T
uondur AT Amqeswsdg  /Sw g jo 1 00T 6181d udBomIAU] OLILL-uenxoq
Tw /3 ¢
pafaqey Apdaap €40 (onewsedoidd) sOWSA 00€/1 86190 ewgig VINS
Tw/8 g
- (1edpnu) sOF 001/T €1ST6q® weaqy s1q
(surIiquuour) Tu,/3S g7
= spssoa dneydwiA] pue poo[q woy sDY 00Z/1 Z86ETIVIN asodiy 1£dO
SjuswWwWoY Buluiels uoneuaIU0I "Jay J91ddng e
Juonnjiq

1090304d Siy) ul pasn syuabieas pue salpoqiue Jo 1si

c¢alqel



200 Alvaro Sahun-Espafiol et al.

2.7 Image
Quantification

for FITC and Alexa-488), a green laser (excitation ~556 nm,
for dextran-TRITC and Cy3), and an infrared laser (excitation
~649 nm, for Alexa-647). We acquire images using a Nikon
A1R confocal microscope with NIS-Elements software.

. Image analysis requires dedicated 3D software tools. Although

3D data can be processed with standard programs such as
Image] with the use of specific plugins, we recommend the
use of specialized software. Most of these programs use the
voxel as the basic unit instead of the pixel (the homologous
basic unit in two-dimensional images). They are generally able
to perform analyses such as delimitation of a volumetric
region, masking fluorescence in order to generate an individ-
ual mask containing the specific fluorescent signal of the raw
channel, and 3D co-localization assays to detect structures
that share the same location or are in close apposition. Volocity,
Amira, or Bioimage 3D are all examples. Vaa3D, although
more suitable for larger volumes (SPIM data), may be another
option. Furthermore, computer programming in MATLAB
can be used to generate specific plugins for these programs for
improved 3D analysis. Here, analysis and semiautomatic quan-
tifications are performed using Imaris 7.7.2 (Bitplane).

3 Methods

3.1 Mouse
Procedures (Only
for In Vivo Staining)

3.2 Sample
Collection

3.2.1 For In Vivo Staining

For in vivo staining, we use C57BL6 adult mice (15 weeks old):

1.

Warm the mice to 39 °C in a warming chamber for 5-10 min
to dilate the tail vein and flush with 70% ethanol (see Note 1).

. Using a 25 G needle, inject 100 pL of 71.5 pM (5 mg,/mL) of

dextran-TRITC (70 kDa) intravenously 30 min previous to
the sacrifice.

. Using a 25 G needle, intravenously inject 100 pL of 1B4

20 min before sacrifice (sec Note 2).

. After dextran-TRITC and IB4 administration, mice were

anesthetized by intraperitoneal injection with 200 pL of
Zoletil/Domtor (Z/D).

. Check the anesthesia with the plantar reflex.

. Flush the animal with 70% ethanol and open the thoracic cav-

ity without cutting large vessels.

4. Remove the lungs.

. Perfuse the animal with 20 mL of 1% PFA by direct injection

through the aorta (see Note 3).
Extract the tissue and place it in cold PBS.



3.2.2 ForExVivo
Staining

3.3 Tissue Freezing
and Sectioning

3.4 Immunostaining
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7. Postfix the tissue with 4% PFA 2 h at 4 °C.
. Place the samples in 30% (w/V) sucrose in PBS at 4 °C over-

night (o/n).

. Sacrifice mice in a CO, chamber.

. Using a 10 mL syringe with a 30 G needle, perfuse the mice

through the aorta with cold PBS until all blood is washed out.

. Dissect the organ/tissue of interest and place it in 4% PFA

o/n at 4 °C (see Note 4).

. Wash the organ three times with PBS for 10 min each (see

Note 5).

. In order to preserve tissue structure when freezing, the sample

must be embedded in sucrose. Place the sample in 15% (w/V)
sucrose in PBS until it sinks at 4 °C. Then transfer it to 30%
(w/v) sucrose in PBS again until it sinks at 4 °C.

. Put some drops of OCT in the Cryomold. Then, dry the sam-

ple gently with a piece of paper, and place it over the OCT
drops in the correct orientation. Then fill the Cryomold with
OCT and freeze and store the sample at —80 °C.

. Take the OCT block from the Cryomold, and use a drop of

OCT to attach it to the cryostat adapter in the desired
orientation.

. Take a 48-well plate and fill as many wells as staining panels

you have with 300 pL PBS.

. For 3D analysis, cut sections at around 40-50 pm thick. At

this thickness, cutting along the OCT block produces a roll of
OCT. This roll contains the thick tissue section and so must be
gently collected using tweezers and placed in the well contain-
ing PBS. We recommend adding two to three sections per well
in order to have technical replicates for each staining.

. Replace the PBS, and agitate the samples for 5 min at room

temperature (RT) to eliminate residual OCT (see Note 6).

. Add blocking solution to the wells and incubate for 1 h at RT

(see Note 7).

. Prepare the primary antibodies in fresh blocking solution.

Each well requires 100 pL final volume to cover the sections.
We recommend the following dilutions, although antibodies
should be correctly titrated: 1,/200 for CD31 (used for in vivo
and ex vivo staining) and 1/100 for Erg (used for ex vivo
staining).

. Add the diluted primary antibodies to the sections and incu-

bate at 4 °C o/n with gentle agitation.
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5.

6.

10.

3.5 Image 1.

Acquisition

The next day, wash the sections three times for 30 minutes in
washing solution followed by a further wash for 1 h.

To the washed sections, add directly labeled anti-SMA anti-
body (used in ex vivo staining) at 1,/300 in blocking solution
and also add the secondary-labeled antibodies diluted 1,/500.
We recommend goat anti-hamster 647 for CD31 and goat
anti-rabbit 546 for Erg. For in vivo B4 staining, add Alexa-
488-conjugated streptavidin at 1,/500. Finally, add also
Hoechst for nuclear staining at 1,/5000 (se¢ Note 8).

Incubate secondary antibodies o/n at 4 °C with gentle agita-
tion (see Note 9).

. The next day, wash the sections four times in washing solution

for 30 min each. Finally, wash the sections for 1 h in PBS with-
out detergent.

Mount the sections on slides. Remove the sections from the
wells using a paintbrush, and place them in a PBS-filled petri
dish. Using the paintbrush, pick sections up one at a time and
place them on the slide.

Once the sections are attached to the slide, remove the PBS
and dry the surface thoroughly. Fluoromount-G or other
mounting medium can then be added and a coverslip placed
over the sections.

Place the slide on the confocal microscope stage and use the
10x objective to find the tissue section of interest. Change the
objective depending on the requirements (for general
visualization of the vascular plexus, 10x should be enough;
when studying cells, 20x is reccommended). Finally, adjust the
focus to examine the sample.

Once a representative area for analysis has been located,
acquire confocal sections every 1 pm through the entire sam-
ple depth. If possible, maintain a constant temperature in
order to avoid loss of focus, and try to adjust the intensity
along Z stack acquisition. If tile scanning, set up the overlay at
10%. Laser parameters should be adjusted according to the
staining performance; however, the intensity should be set at
20-30% of the total laser intensity for all markers except for
Hoechst (nuclear signal) and the anti-SMA and anti-CD31
antibodies, whose bright signal will require 12-15% laser
intensity. Offset should not exceed —15, and gain should be
set at around 110-130, except for anti-SMA and anti-CD31,
for which gain should be no more than 100. We recommend
a resolution of 1024 x 1024. With these settings, a four laser
3 x 3 tile scan with 45 stacks (45 images) will require approxi-
mately 1 h of acquisition (see Note 10).
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Quantification

3.6.1 Generation of
Volumes of Interest (VOI)
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3. A stack of sequential images will be obtained covering the full
thickness of the sample. Maximal intensity projection (MIP)
generates a consensus image to present the volumetric infor-
mation in 2D. Nevertheless, MIP may overestimate some
parameters such as vessel density [21] (see Note 11). In the
current protocol, we therefore propose analysis and quantifi-
cation of the 3D composition provided by the image stack
without a preprocessing step that eliminates 3D properties.

As an example, we show representative images of CD31 stain-
ing obtained in thick sections (xenograft tumor) and whole mount
(skin wound healing) (Fig. 1a). The same figure shows representa-
tive images of cardiac injury (neonatal cryoinjury and adult perma-
nent ligation of the left anterior descending [ LAD ] artery) obtained
with different antibodies (Fig. 1b, ex vivo, and Fig. lc, in vivo).

When the image contains healthy and injured areas (Figs. 1 and 2)
or any regions of specific interest, these areas should be selected
and isolated so that they can be analyzed separately. The first step
is thus to extract 3D regions containing the information you want
to quantify:

1. To generate the volume of interest (VOI), a region of interest
(ROI) is drawn in a section in the middle of the stack. The
same ROI is then copied to the other images in the stack (see
Note 12).

2. The 3D software will connect these ROIs to create a 3D mask.
This mask is a volumetric selection containing the whole
volume of interest. This volume can be analyzed indepen-
dently, allowing injured and healthy regions to be analyzed
separately.

The mask contains the fluorescence channels of every antibody
used, enabling analysis of different parameters. For a first screen-
ing, the structural parameters of the vascular plexus can be ana-
lyzed, including the number of endothelial cells, perivascular
coverage, general vascular density, and even volumetric parameters
specifically related to capillary structure or to the presence of arte-
rioles. A functional analysis can then be used to calculate number
of perfused (functional) vessels or dextran extravasation (vascular
leakage). Other analysis options include calculation of arteriolar
thickness or further analysis of the leakiness of the vascular net. We
use cardiac injury (both cryoinjury and LAD ligation) as a model
for all these analyses because it provides a vascular plexus contain-
ing capillary and arteriolar structures and showing impaired
function.
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A Dermalxenografttumor Skinwoundhealing

mw

Neonatal cryoinjuried heart

O

Adultinfarcted heart

Fig. 1 Examples of immunostaining in thick sections (50 pm). (@) CD31 staining
in a thick section of a dermal xenograft tumor (left) and a whole mount of
wounded skin on day 6 post wound (right). (b) Sections of neonatal heart cryoin-
jured (Cl) at P1, dissected at 14 days post-Cl and stained for Hoechst, Erg, CD31,
and SMA. (c) Sections of adult heart infarcted by left anterior descending (LAD)
artery ligation, dissected 3 days post-injury and stained for Hoechst, isolectin B4,
CD31, and dextran (70 kDa). Dotted lines separate the healthy region (right) from
the injured area (left). / injured, N/ noninjured; Scale bar: 200 pm in a left and
100 pm in a right, b and ¢
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Fig. 2 3D image quantification workflow: vascular architecture quantification. From the masks for CD31, SMA,
and Erg, we obtain volumetric three-dimensional information about the endothelial arteriolar and capillary
structures as well as about SMA coverage and endothelial cell number. Scale bar: 100 pm

3.6.2 Structural
Parameters (Fig. 2)

Here we provide guidelines for analyzing vasculature-associated
cellular components as well as the basic structural parameters
related to volumetric quantitation of the vasculature and its cover-
age by SMA* perivascular cells. As an example, we use the cryoin-
jury model in a P1 postnatal heart 14 days after cryoinjury.

1. One of the most important components of the vascular plexus

is the population of endothelial cells (ECs) forming the vascu-
lar net. Before extracting volumetric information about the
vascular plexus, EC content can be measured by generating a
mask from the Erg* fluorescence channel. This mask identifies
each of the Erg® nuclei, and dedicated 3D software quantifies
the number of Erg* nuclei.

. A more precise measure of EC number requires a refining

step. Since Erg is a nuclear marker, the Erg signal should co-
localize with Hoechst (nuclei). Therefore, after generating the
Erg mask (step 1), a Hoechst co-localization assay should be
performed and only cells doubly positive for Erg and Hoechst
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considered as ECs. In the co-localization analysis, the 3D soft-
ware takes each positive Erg unit and checks if the associated
voxels (volumetric information homologous to the pixels in
2D images) are also positive for the Hoechst fluorescence sig-
nal. If voxels for a cell in the Erg mask also show an intense
Hoechst signal, the software will mark the double-positive cell
as a genuine EC.

. The 3D analysis software will provide an absolute number of

ECs present in the tissue, and this number can be normalized
to the total number of cells, determined as the total number of
Hoechst-positive elements (Table 3).

. Another important parameter is the volume that the vascular

net occupies within the tissue; and to obtain a precise picture
of'the state of the vascular plexus, information about EC num-
ber must be combined with volumetric data. General vascular
volume is quantified by generating a volumetric mask from the
fluorescence channel corresponding to the CD31* vascular
signal. This mask will be a volumetric net containing all CD31*
fluorescent signals. Dedicated 3D software quantifies the
number of positive voxels inside the mask, thereby obtaining a
volumetric measure of the CD31 signal. This CD31* volume
can then be normalized to the total region volume, thus yield-
ing the vascular volume density, which can also be expressed as
a percentage (Table 3).

. Vascular smooth muscle cells (VSMCs) are perivascular cells

that surround the endothelial layer, providing contractility to
large arterioles and arteries and mechanical stability to some
capillaries of the microvasculature. VSMC coverage of the
endothelium provides crucial information about the arteriolar
plexus. VSMCs can be specifically identified from the
expression of SMA. A mask of the SMA fluorescent signal pro-
vides volumetric information about VSMC coverage.

. Injured tissue can contain SMA-positive nonvascular elements

(e.g., myofibroblasts within infarcted regions) [22], and this
can lead to these structures being erroneously identified as
VSMCs. Non-VSMC SMA* cells can be eliminated from the
mask by considering only SMA* structures in close apposition
to the CD31* EC signal. The co-localization assay checks
which SMA* structures (step 5) are in close apposition to
CD31* voxels, and only these structures are retained as genu-
ine VSMCs (see Notes 13 and 14).

. The 3D software then calculates the number of voxels inside

this refined SMA* volumetric mask, providing the volume
associated with the VSMC signal. Normalizing to the total
region volume gives a measure of the presence of arterioles
and the percentage of SMA* volume (Table 3).
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Parameters (Fig. 3)
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.(rlaul:zt?fication of vascular structural parameters in neonatal cryoinjured
heart
Non-infarcted
Infarcted region region

CD31 volume (%) 7.3 13.8

SMA volume (%) 3.5 0.8

Arteriolar volume (%) 37.1 2.9

Capillary volume (%) 62.8 97.0

Number of ECs (%) 13.9 36.4

Images shown in Fig. 1b were quantified according to the protocol and pipeline
described in Fig. 2

8. Phenotypic analysis may require separation of the capillary

plexus from arterioles. Again, this is achieved by co-localiza-
tion analysis. In this case, from the CD31* volumetric mask
(step 4), you retain only those CD31* structures in close
apposition with the SMA* fluorescence channel. The selected
CD31* vessels will correspond to VSMC-covered CD31*
endothelium, classified as arteriolar endothelium (see Note
15). Again, using the 3D analysis software to quantify voxels
inside the generated mask, we can provide volumetric infor-
mation about this specific endothelium. We recommend nor-
malization to the total CD31* volume (step 4) to obtain the
final percentage of arteriolar endothelium in the analyzed vas-
culature (Table 3).

. The same analysis will yield a mask of CD31* structures that

are not in close apposition to SMA, corresponding to the cap-
illary endothelium. The specific volumetric mask will give a
3D measure that can be normalized to the total vascular
CD31* volume to determine the capillary plexus as a percent-
age of the total vasculature (Table 3).

Analyzing the performance of vascular structures in vivo is a crucial
part of 3D vasculature analysis. Staining for functional parameters
can provide information about the vasculature perfusion (identify-
ing lumenized vessels that are receiving blood flow) and also about
the leakage of the vascular plexus (an index of the stability of the
vascular net). For this analysis, we show an example of artery liga-
tion in adult mice at 3 days post infarction.

1. First, generate a volumetric mask from the fluorescence chan-

nel for the IB4* vascular signal. This mask will reveal the volu-
metric net of perfused vessels. These vessels, which have taken
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Fig. 3 3D image quantification workflow: functional quantification. From the
Isolectin B4, CD31, and dextran masks, we can obtain information about the
perfusion and leakage of the vascular net. Scale bar: 100 um

up the IV-injected IB4 and are thus competent for blood flow,
should be considered functional.

2. Select the CD31* fluorescence signal from within the IB4
mask (step 1). Rather than positively selecting that part of a
fluorescence channel showing co-localization, as in previous
examples (Subheading 3.6.2 step 2, 6, and 8), here the proce-
dure involves elimination of CD31* fluorescence that is not
inside the mask voxels, thus leaving only the fluorescent signal
associated with the mask. In this specific case, CD31 fluores-
cence that does not co-localize with the voxels in the IB4 mask
(step 2) is eliminated, yielding a CD31 fluorescence channel
of double-positive (CD31* and IB4*) vessels.

3. Using the 3D software, a volumetric mask can then be gener-
ated over the IB4-co-localized CD31* fluorescence signal,
enabling determination of the volume of correctly perfused
vasculature.

4. The perfused vasculature (step 3) can be normalized to the
whole vascular plexus, obtained from the general mask of the
CD31* vascular signal (Subheading 3.6.2 step 4) (see Table 4).

5. Following the same principle, a volumetric mask can be gener-
ated of the dextran surface and normalized to the vascular
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Table 4
Quantification of vascular functional parameters in adult infarcted heart

Non-infarcted

Infarcted region region
CD31 volume (%) 9.9 114
Perfused vessel volume (%) 11.2 47.6
Extravasated dextran volume 1.5 0.1

Images shown in Fig. lc¢ were quantified according to the protocol and pipeline
described in Fig. 3

plexus volume. This reveals the volume of extravasated dextran,
giving a measure of the stability and leakage of the vascular
plexus (Table 4).

These masking and co-localization functions are integral to all
3D programs; however, individual programs can also include spe-
cific tools that allow a more detailed analysis. For example, Imaris
7.7.2 includes the distance transformation map, which can substi-
tute the co-localization assays and determine structures by simply
checking the distance between them. There are also customized
algorithms (MATLAB programming) that allow quantification of
other structural parameters such as number of segments, vessel
radius, branching nodes, etc. (see Note 16).

4 Notes

1. Tail vein dilatation is crucial when working with dark strains
(such as C57BL6), in which the tail is darker and the vein
difficult to see. For white strains (such as BALB /c), this is less
important because the vein is clearly visible.

2. The first tail injection should be distal to the second.
Alternatively inject each component in different veins.

3. From here on, samples are maintained and manipulated in the
dark to prevent loss of dextran fluorescence.

4. Some antibodies may require a milder fixation, and PFA con-
centrations from 0.4% to 2% can be used.

5. For whole-mount staining, go directly to the step 3.4 (immu-
nostaining). Whole-mount samples can be stored for up to a
month in PBS at 4 °C.

6. During staining, liquids should be removed with care, using a
p200 pipette. Avoid suction to prevent sample damage.
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7.

10.

11.

12.

13.

14.

15.

16.

Anti-CD16,/CD32 antibodies should be included when stain-
ing samples with high numbers of inflammatory cells in order
to avoid the possible non-specific reactions of their FcR
receptors.

DAPI (4',6-diamidino-2-phenylindole, dihydrochloride) or
Hoechst can be added for nuclear staining indistinctly.

. From here on, samples are maintained and manipulated in the

dark to preserve the fluorescence signal.

For the 3D acquisition of full structures, such as tumors or
hearts, a 512 x 512 pixel resolution should be enough for
quantification of vessel density, perfusion, and extravasation,
making it possible to reduce microscopy acquisition time,
obtain smaller files, and thus speed up analysis. Acquisition
time can also be reduced by acquiring optical sections in the Z
stacks at 1.5-2 pm intervals.

Maximal intensity projections are useful for rapid visualization
of the sample, giving an initial idea of the parameters that may
be of interest for 3D quantification.

The region of interest in damaged tissue can be delineated by
selecting the aberrant CD31* vasculature; however, other
markers such as the macrophage marker CD68 can also be
used.

The endothelial cells and VSMC layers are closely apposed but
do not coincide exactly. Co-localization analysis can be used to
specifically select VSMCs because the endothelial and perivas-
cular cell fluorescence signals are superimposed. However,
some 3D analysis programs (e.g., Imaris version 7.7.2) can
perform distance transformation maps that examine the inter-
signal distance instead of co-localization. This tool, although
not included in every 3D software package, can be more spe-
cific, and we encourage its use when available.

Any remaining anomalous SMA structure should be elimi-
nated manually.

In the heart model, most SMA*-covered vessels correspond to
arterioles. However, in other contexts such as tumors, SMA*-
covered vessels may not correspond to arterioles but to more
mature or stabilized vessels; the immature vessels will be those
with less or no SMA coverage.

With this kind of 3D images, it is possible to analyze other
structural parameters, such as tortuosity and number of branch
points, providing information about how the vessel network is
structured. This kind of analysis can be done with programs
like Imaris (the one that we use here) and also with custom-
ized software implemented in MATLAB, for example [28].
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Abstract

Matrix metalloproteinases (MMPs) constitute a large group of endoproteases that play
important functions during embryonic development, tumor metastasis and angiogenesis by
degrading components of the extracellular matrix. Within this family, we focused our study
on Mt4-mmp (also called Mmp17) that belongs to a distinct subset that is anchored to the
cell surface via a glycosylphosphatidylinositol (GPI) moiety and with the catalytic site
exposed to the extracellular space. Information about its function and substrates is very lim-
ited to date, and little has been reported on its role in the developing embryo. Here, we report
a detailed expression analysis of Mt4-mmp during mouse embryonic development by using
a LacZ reporter transgenic mouse line. We showed that Mt4-mmp is detected from early
stages of development to postnatal stages following a dynamic and restricted pattern of
expression. Mt4-mmp was first detected at E8.5 limited to the intersomitic vascularization,
the endocardial endothelium and the dorsal aorta. Mt4-mmp-2°%* cells were also observed
in the neural crest cells, somites, floor plate and notochord at early stages. From E10.5,
expression localized in the limb buds and persists during limb development. A strong
expression in the brain begins at E12.5 and continues to postnatal stages. Specifically,
staining was observed in the olfactory bulb, cerebral cortex, hippocampus, striatum, sep-
tum, dorsal thalamus and the spinal cord. In addition, LacZ-positive cells were also detected
during eye development, initially at the hyaloid artery and later on located in the lens and the
neural retina. Mt4-mmp expression was confirmed by quantitative RT-PCR and western blot
analysis in some embryonic tissues. Our data point to distinct functions for this metallopro-
teinase during embryonic development, particularly during brain formation, angiogenesis
and limb development.
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Introduction

Matrix metalloproteinases (MMPs) constitute a large group of endoproteases that are mainly
aimed to degrade and modify distinct components of the extracellular matrix (ECM). These
enzymes play also a key role as regulators for tumor invasion and vascular formation [1]. The
MMPs are mostly secreted, although there is a subgroup that are tethered to the cell membrane
(MT-MMPs), either by a single transmembrane domain or by a glycophosphatidyl inositol
(GPI) anchor, and with the catalytic site exposed to the extracellular space [2,3]. The mem-
brane anchored MT-MMPs are relevant modifiers of the immediate cellular microenviron-
ment, which modulates cellular functions [4]. This subgroup includes Mt4-mmp, also known
as Mmp17, which is a relatively new member of the MMP family and has been poorly charac-
terized to date [5,6]. Mt4-mmp exhibits unique structural and functional characteristics since
it has the least degree of sequence identity to the other family members, presenting no shared
enzymatic properties with them [1,7]. For instance, its proteolytic activity against ECM pro-
teins is limited, suggesting a certain degree of specificity against its substrates, possibly located
in the pericellular space as well as in the plasma membrane associated to lipid rafts [5,6,8].

Mt4-mmp physiological role remains unclear: its loss of function seems to trigger no appar-
ent defects in gestation, growth, morphology, fertility and behavior, and mice showed no
apparent abnormal developmental phenotypes [9]. However, it is known that Mt4-mmp is
highly expressed in the kidney papilla as well as in the anterior hypothalamus, and null mice
have decreased intake of water and daily urine output, suggesting a role for this enzyme in
water homeostasis and regulation of the thirst center in mice [10]. The expression pattern of
Mt4-mmp appears to be restrained to certain tissues such as the brain, testis, ovaries, leuko-
cytes and colon in humans [2,5,8,11,12], where it may play specific roles [13]. Although the
possibility that Mt4-mmp may contribute to development and organogenesis in these tissues
seems feasible, likely through the regulation of cell migration, very little is known about its role
during development.

Regarding the formation of the brain, the role of Mt4-mmp during the development of the
central nervous system (CNS) is not yet clear. It is known that metalloproteinases are generally
implicated in neurogenesis, axonal growth and myelin formation, as well as recovery from
injury to the nervous system [14]. Indeed Mt4-mmp may be important during brain develop-
ment, since it is known that it exhibits high levels of expression in the normal brain tissue,
being localized in the cerebral cortex and hippocampus at postnatal stages, and the adult hypo-
thalamus [9,10]. It also displays an intense expression pattern in the dorsal cortical plate at late
embryonic stages [15-17]. Despite a previous report in zebrafish that shows that its ortholog
mmpl7b, is required for the proper migration of neural crest cells [17], almost nothing has
been reported on the function and expression of membrane type MMPs during embryonic
development.

Our previous work has recently revealed a specific function for Mt4-mmp in the proper
organization of the aortic wall. Mt4-mmp is detected in the dorsal aorta from early stages of
embryonic development, and its loss of function in mice results in the presence of immature
vascular smooth muscle cells (VSMCs) and altered ECM, indicating its essential role in arterial
vessel wall development and function [18].

It is known that Mt-mmps are also relevantly involved in pathological conditions regulating
vascular stability and permeability [1]. Besides, Mt4-mmp has been identified in cancer tissues
and previous studies have brought up potential roles for it in cancer progression [4,19-22].
Interestingly, one key aspect of the role of Mt4-mmp in tumor physiology is that it contributes
to vessel maturation and stabilization during tumor angiogenesis [1]. This enzyme displays
high levels of expression in transformed cells and not in normal epithelium, and it has been
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shown to display a tumor-promoting activity [4,12,23]. These evidences provide a link between
its role in vessel formation and tumorigenesis.

Since to date, little is known about the precise contribution of Mt4-mmp during CNS and
blood vessel development, to determine the function of Mt4-mmp during these processes
seems paramount to gain further knowledge on its role in pathological phenomena. By using
the LacZ reporter under the control of the Mt4-mmp promoter [9] we have detailed that
Mt4-mmp is expressed in a specific regionally and timely controlled manner. During early
stages of development, Mt4-mmp expression is clearly related to vascular development. Our
study reveals that Mt4-mmp is also expressed in distinct brain regions at later stages. Thus, our
data suggest important activities of this metalloproteinase during brain formation as well as
during vasculogenesis and angiogenesis.

Material and methods
Animals

Mutant mice that express LacZ reporter under the control of the endogenous Mt4-mmp pro-
moter were generated by gene-targeting and genotyped as previously described [9]. Mt4-mmp
deficient mice were maintained in a C57/Bl6 genetic background. Wild type and Mt4-mmp"*/
" littermate embryos from pregnant mice were collected between embryonic stages E8.5-18.5
(E0.5 correspond to the day of the vaginal plug) and at postnatal stages PO-P1. Mice were
housed in the Centro Nacional de Investigaciones Cardiovasculares Carlos III (CNIC) Animal
Facility under pathogen-free conditions and in strict accordance with the institutional guide-
lines. The protocol was approved by the Committee on the Ethics of Animal Experiments of the
CNIC (Permit Number: CNIC-01/13) and the Comunidad Auténoma de Madrid (Permit
Number: PROEX 34/13). All animals were sacrificed by cervical dislocation, and all efforts were
made to minimize suffering. Animal studies were conformed to directive 2010/63EU and rec-
ommendation 2007/526/EC regarding the protection of animals used for experimental and
other scientific purposes, enforced in Spanish law under RD1201/2005.

B-galactosidase staining

Mt4-mmp distribution was determined by using X-gal histochemistry in Mt4-mmp"*“**

embryos. Small mouse embryos, from E8.5 to E12.5, were fixed by immersion in 0,125% glu-
taraldehyde in phosphate buffer saline 0.1M pH 7.2 (PBS) for 3h at room temperature and pro-
cessed for in toto LacZ staining according to standard protocols [24]. Briefly, the whole
embryo was incubated in X-gal buffer (5mM potassium ferrocyanide, 5mM potassium ferricy-
anide, 2 mM MgCl,, 0.01% deoxycholate acid, 0.02% NP-40 and 0.1% X-gal) at 37°C over-
night. Following PBS washing, embryos were fixed in 4% paraformaldehyde (PFA), and then
paraffin-embedded and sectioned in the frontal plane at 7 um thickness. Sections were coun-
terstained with Fast Red to better define distinct embryonic structures. For those embryos
older than E12.5 and postnatal stages, animals were transcardially perfused with 0,125% glutar-
aldehyde in PBS and post-fixed for 2-12h at 4°C. Then, they were cryoprotected in 30%
sucrose solution in PBS, embedded in OCT and sectioned in the frontal plane with a cryostat
(Leica). Coronal sections of 20-pm thickness were collected and then processed for LacZ stain-
ing as described above.

Protein extraction and western-blot analysis

Protein extracts were obtained from E14.5 wildtype (WT, n = 4), heterozygous (HT, n = 3),
and knockout (KO, n = 3) embryonic mouse tissues (forelimb, cerebral cortex and spinal
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cord), using a cold lysis buffer (20 mM Tris pH 7.5, 2% SDS) and protease inhibitors (Com-
plete, Mini, EDTA-free, Roche). Proteins (30 pg) were resolved by 10% SDS-PAGE in reducing
conditions and transferred onto nitrocellulose membranes (0.45 um, Bio-Rad, Hercules).
Membranes were blocked with 5% non-fat milk. Antibodies against polyclonal MMP17 rabbit
(EP1270Y clone, ab51075, Abcam), and monoclonal o-tubulin mouse (T6074, SIGMA-AI-
drich) were used at 1:1000 and 1:5000 dilution overnight, respectively. Membranes were devel-
oped using goat anti-rabbit HRP (1:10000; 111-035-003, Jackson Immunoresearch) and goat
anti-mouse HRP (1:10000; 115-035-003, Jackson Immunoresearch) antibodies, recorded by
ImageQuant LAS 4000 (GE healthcare Life Sciences) or goat anti-mouse 800 (1:10000; ODYS-
SEY IRDye®) and recorded by LI-COR Odyssey technology.

Immunohistochemistry

For immunohistochemical procedures, embryos were fixed in 4% PFA in PBS 0.1M pH 7.2 by
immersion or perfusion depending on the developmental stage, cryoprotected in a 30%
sucrose solution, and then embedded in OCT and sectioned in the cryostat at 20 um thickness
in the transverse plane. Immunohistochemistry was performed following standard protocols.
Primary antibodies used include: polyclonal anti-CD31 hamster (1:1000; MAB1398Z, Milli-
pore), anti-B-galactosidase rabbit (1:1000; ab4761, Abcam), anti-FoxA2 mouse (1:250; F55A10,
DSHB), anti-Nkx6.1 mouse (1:1000; 4C7, DSHB), anti-Olig2 rabbit (1:1000; AB9610, Chemi-
con), anti-ERG-647 rabbit (1:500; ab196149, Abcam) and anti-WT-1 mouse (Wilms” Tumor-
1; 1:50; M3516, Dako). Sections were incubated with the primary antibody diluted in PBS con-
taining 0.1% Triton X-100 and 1% bovine serum albumin (BSA), for 48 h at 4°C. Subsequently,
the sections were rinsed in PBS and incubated for 2 hours at room temperature with 488 or
594-Alexa™-conjugated fluorescent antibodies (Molecular Probes, 1:1000). Sections were coun-
terstained with Hoechst (Molecular Probes, 1:1000) for 5 min at room temperature to visualize
nuclei.

RNA purification and quantitative real-time PCR

For RT-PCR analysis, total RNA was extracted from distinct wildtype (WT), heterozygous
(HT) and knockout (KO) mouse embryonic tissues at three developmental stages: cerebral
cortex, tail, forelimb and heart from E10.5 and E12.5 embryos; cerebral cortex, tail, forelimb,
heart, eye, olfactory bulb, spinal cord, mesencephalon and hindbrain from E14.5 embryos

(n = 3 for each embryonic stage and genotype). Total RNA was extracted with Tri-Reagent™
(Sigma-Aldrich) and purified by using RNeasy Mini Kit (Qiagen Sciences). First-strand cDNA
was synthesized with ImProm-II" Reverse Transcriptase (Promega) according to manufactur-
er’s instructions. In all cases, a reverse transcriptase negative control was used for testing geno-
mic DNA contamination. Quantitative RT-PCR was conducted with the iQ™ SYBR®) Green
Supermix (BIO-RAD) on a CFX96 Real-Time System (BIO-RAD), with following conditions:
initial denaturation at 95°C for 10 min, followed by 40 cycles of denaturation at 95°C for 15
sec, annealing and extension at 60°C for 1 min. Melt curve analysis from 60°C to 95°C was
performed at the end of each run as a quality-control step. The following specific primers were
used: for Mt4-mmp: 5" ~GACCTTCCGTTCCTCAGATG-3" (F) and 5" -CCTGGTAGTACGGT
TGCATG-3" (R); for Gapdh: 5" ~AATGCATCCTGCACCACCAA-3" (F) and 5" -GTGGCAGT
GATGGATGGA-3" (R). Quantitative data were examined using the comparative Ct method
[25]. Mt4-mmp expression levels were normalized to the house-keeping GAPDH and pre-
sented as a fold increase or decrease relative to the expression levels in the adult cerebral cor-
tex. In all cases, data were plotted as the mean + standard error of the mean (SEM) derived
from duplicate experiments (n > 3).
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Statistics

Statistical differences in protein expression and mRNA levels among different tissues and
embryonic stages were assessed by one-way ANOVA followed by post-hoc Student-Newman-
Keuls (SNK) multiple comparison test and Student’s t test. Analysis was performed using
Graphpad Prism 6.0 and IBM SPSS Statistics v21. Significance was assigned at p<0.05. For
Western blot analysis, relative intensity of the bands were quantified by Image J software
(https://imagej.nih.gov/ij/) and normalized to o-tubulin ones.

Data availability

All relevant data are within the paper and its Supporting Information files.

Results

Mt4-mmp is expressed at the early embryo and during cardiovascular
development

The expression pattern of Mt4-mmp was examined at early stages of development by means of
B-galactosidase staining using the activity of the LacZ reporter transgene under the endogenous
Mt4-mmp promoter in whole mouse heterozygous embryos (Figs 1 and 2) [9]. A consistent
staining and distribution of B-gal positive cells was observed among the analysed embryos.
LacZ-positive cells were first detected at 4-6 somite embryos (E8.5) in the neural folds corre-
sponding to premigratory neural crest cells as well as in the somites and the mesenchymal pre-
somitic tissue (Fig 1C and 1G). The premigratory and migratory neural crest cells also express
Mt4-mmp in 10 somite-stage embryos (Fig 1D). Between 8 and 10 somite embryos, Mt4-mmp
expression was primarily associated to the vasculature. Thus, expression was detected in the
intersomitic vascularization and the endocardial endothelium of the primitive heart tube (Fig
1A and 1B) and other vascular structures such as the allantois, the umbilical vessels, the vitellin
artery and vein and the posterior branch of the primary head vein (Fig 3). Somites also show B-
gal positive cells in a pattern compatible with intersomitic arteries beginning to branch from the
dorsal aorta (Fig 1E and 1I). In fact, B-gal positive cells are apparent along the entire rostro-cau-
dal extension of the dorsal aorta, particularly in the ventral aortic wall, which possibly corre-
spond to the hemogenic endothelium at these stages. E9.5 embryos showed a similar reporter
expression in the intersomitic arteries sprouting from the dorsal aorta and in the posterior and
ventral portions of the somites (Fig 1] and Fig 2A-2C). Indeed, double-labelled cells for ERG,
an endothelial transcription factor, or CD31 (PECAM-1), an early membrane marker for endo-
thelial cells, and B-gal demonstrate that Mt4-mmp is expressed in these vascular cells. This vas-
cular pattern of expression persists during somite development and begins at the head and the
branchial arch vessels. In fact, by E10.5 and E11.5, LacZ staining also localizes mainly in endo-
thelial cells of the dorsal aorta, the branch from the internal carotid artery, and persists in the
allantoic vascular plexus (Fig 3D and 3F). By means of double labelling immunohistochemistry
for anti-B-gal and the early endothelial marker CD31, we confirmed that Mt4-mmp"*““/*
expression in the dorsal aorta correspond to endothelial cells at E10.5 (Fig 3]-3L). As previously
reported, we also found a strong labelling in the dorsal aorta at E14.5 around the whole wall of
the vessel (Fig 3I), including endothelial and vascular smooth muscle cells (VSMCs), and per-
sists from E16.5 to E18.5 although the labelling was weaker [18].

Apart from the aorta, expression in VSMCs was also detected in other large blood vessels as
the pulmonary or the common carotid arteries at later stages of development (Fig 3E). In addi-
tion, B-gal positive cells were disposed surrounding the neural tube, in the perineuronal vascu-
lar plexus (PNVP) at E9.5 (Fig 1I). This labelling persists later in development including blood
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Fig 1. Mt4-mmp expression during early mouse embryonic development. (A-E) Whole-mount 3-gal
staining in 6-10 somite stage Mt4-mmp-2°4* embryos. In a ventral view of an 8 somite-stage embryo, it
becomes apparent the staining in the endocardial tissue of the primitive heart tube (asterisks in A, B). Staining
is observed in the premigratory neural crest cells of a 6 somite-stage embryo (arrow in C). The premigratory
and migratory neural crest cells (arrow and asterisk in D) express Mt4-mmp in 10 somite-stage embryos.
Somites also show 3-gal positive cells (E) in a pattern compatible with intersomitic arteries (arrow in E)
beginning to branch from the dorsal aorta. (F-1) B-Gal staining of coronal sections from Mt4-mmp-2cZ+
embryos highlights Mt4-mmp distribution in neuroepithelial cells of the neural tube (F), somites (G), floor plate
(arrow in H) and dorsal aorta (H) at E8.5 embryos (n = 8). Localization of 3-galactosidase was detected in the
intersomitic vasculature (arrow in I) and in the perineuronal vascular plexus (arrowheads in I). Detail of LacZ
staining in the intersomitic blood vessels (arrows in J). Double-labelled cells for the endothelial markers ERG
(red, arrows in K) or CD31 (magenta, arrows in L) and 3-gal (green) demonstrate that cells expressing
Mt4-mmp in this location are endothelial cells. Abbreviations: da, dorsal aorta; fp, floor plate; s, somite; NCC,
neural crest cells; NT, neural tube. Scale bars: 200 um (A-C), 100 um (D, E), 50 um (F-I), 30 ym (J-L).

https://doi.org/10.1371/journal.pone.0184767.9001

vessel branches from this plexus that enter into the brain parenchyma. Mt4-mmp was also

detected during the development of the heart. Thus, Mt4-mmp"®““'* cells were first detected

by E8.5 in the endocardial endothelium of the atrial and ventricular chambers of the primitive
heart tube (Figs 1A, 1B and 3A). From E12.5 to E18.5, a similar labeling was found mainly
located in the epicardium of the atrium and ventricles (Fig 3B and 3C). We could no detect the
expression of Mt4-mmp in the proepicardium nor in the epicardium at earlier stages of devel-
opment (S1 Fig).

Fig 2. Whole-mount B-gal stained embryos from E9.5 to E14.5. (A-C) E9.5 embryos (n = 7) show reporter
expression in the allantois (A), the intersomitic arteries sprouting from the dorsal aorta (arrow in B) and in the
posterior portion of the somites (arrow in C). (D-F) This vascular pattern of expression persists during somite
development as shown in D and F. Other embryonic tissues like the limb buds, the mesenchymal tail tip
(arrow in D and G), the allantois, the atrium and aorta (E) show -gal stainingat E10.5 (n=5) and E11.5

(n =3). At later stages of development, expression persists in the limbs (G-I) and appears in the primordium of
follicle of vibrissa (arrows in H and ), lens (white arrow in H), eyelid (empty arrow in I), nose, pinna of the ear
and brain (n = 6 for E12.5 and E14.5 embryos). Abbreviations: a, atrium; al, allantois; da, dorsal aorta; FL,
forelimb; HL hindlimb; v, ventricle. Scale bars: 1 mm (D, F-1), 500 um (A, E) and 250 um (B, C).

https://doi.org/10.1371/journal.pone.0184767.g002
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Fig 3. Mt4-mmp"“"z’+ expression during cardiovascular development. (A-C) 3-gal staining at distinct
stages of heart development reveals the expression of Mt4-mmp in the endocardial endothelium of the
primitive heart tube at E8.5 (arrows in A) and the epicardium of the atrium and ventricle (arrows in B and C) at
E14.5 (B) and E18.5 (C). Expression was also detected in other vascular structures as the branch from
internal carotid artery at E11.5 (D) and E14.5 (E) and the allantois at E9.5 (F). By E8.5 3-gal positive cells
were detected in the posterior branch of primary head vein (arrow in G) and the dorsal aorta (arrow in H).
Labelling in the dorsal aorta persists later in development and by E14.5 Mt4-mmp expression is not only
restricted to the endothelium but also located in smooth muscle cells of the aortic wall (I). Double labelling
immunohistochemistry for CD31 (J,K) and B-gal (J,L) confirmed the expression of Mt4-mmp in endothelial
cells of the dorsal aorta at E10.5 (arrows in K and L). Abbreviations: a, atrium; al, allantois; ca, carotid artery;
da, dorsal aorta; ec, endothelial cells; NT, neural tube; v, ventricle. Scale bars: 200 ym (B, C), 50 ym (A, E-H,
J-L)and 20 um (D, ).

https://doi.org/10.1371/journal.pone.0184767.9003

Apart from the cardiovascular system, other embryonic tissues like the mesenchymal tail
tip, cells migrating into the branchial arches, premuscle mesodermal condensation/myotome-
derived premuscle mass and the rib primordium showed $-gal staining from E10.5 to E12.5
(Fig 2D-2H). As development proceeded, B-gal positive cells were observed in other structures
of the embryo such as the cartilage primordium of the body of hyoid bone at E14.5.

To confirm our results based on the LacZ reporter expression of Mt4-mmp gene, we per-
formed quantitative RT-PCR analysis in distinct tissues at three developmental stages. Levels
of Mt4-mmp expression in the embryonic tissues were always normalized to RNA levels of the
enzyme in the adult cerebral cortex according to the high expression reported in this region in
previous studies [9,10,15]. Low levels of RNA were detected at E10.5, E12.5 and E14.5 in the
tail and the heart of the wild type (WT) embryos, whereas as expected, expression was reduced
in the heterozygous (HT) and absent in the knockout (KO) tissues (Fig 4A).
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Fig 4. Real-time PCR and western blot analysis of Mt4-mmp expression in mouse embryonic tissues. (A) Real-time PCR
analysis was performed using cDNA prepared from E10.5, E12.5 and E14.5 WT, HT and KO mouse embryonic tissues.
Mt4-mmp expression increases as development proceeds and particularly, high RNA levels were detected at E14.5 in distinct
brain regions as the cerebral cortex, olfactory bulb, mesencephalon, hindbrain and spinal cord. Mt4-mmp RNA levels of were
normalized to the housekeeping GAPDH levels and relative to expression levels in the adult cerebral cortex. Data shown are
representative of three independent experiments and expressed as the mean + SEM. In all cases, mRNA levels were
significantly reduced in the HT compared to the WT tissues at the distinct embryonic stages analysed. Different letters indicate
significant differences (p< 0.05) among distinct tissues of the same embryonic stage by ANOVA and post-hoc analysis (SNK).
(B) Total cell lysates from forelimbs (FL), spinal cord (SC) and cerebral cortex (Ctx) of E14.5 WT, HT and KO embryos were
analysed by western blotting with the anti-MT4-MMP antibody and anti-a-tubulin antibody for loading control. Specific bands
correspond to the precursor of the GPl-anchored form (63 kDa, closed arrow) and the GPI-anchored latent and active forms (55
and 50 kDa, opened arrow) of MT4-MMP. Quantification of Western blot shows significant higher levels of protein expression in
the cerebral cortex compared to the spinal cord and the forelimb of WT embryos. MT4-MMP protein levels were significantly
decreased in the HT cerebral cortex compared to the WT embryos and were totally absent in all KO embryonic tissues analysed
(**, indicates significant differences at p< 0.01).

https://doi.org/10.1371/journal.pone.0184767.9004
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Fig 5. Mt4-mmp"a°z”' distribution during mouse limb development. Mt4-mmp-2°“* expression pattern

was studied in whole mount limbs at distinct embryonic stages. (A, B) Distal (A) and proximal regions (B) of
the limb buds as well the ZPA region show B-gal staining at E10.5. (C, D) Mt4-mmp expression was detected
in distal regions of the hand and footplate (asterisks in C,D) as well as in the developing stylopodial and
zeugopodial segments (thick and thin arrows in C). (E-J) -gal staining from E12.5 to E14.5 appears in the
stylopodium, zeugopodium and proximal regions of the handplate (E, G-J). In addition, anterior mesenchymal
expression is observable in the E12.5 footplate (F). Mt4-mmp expression was first observed in digits at E12.5
(arrows in E) evolving to a pattern restricted to metacarpals and metatarsals of digits Il, ll, IV and V, either in
dorsal (G, H) and ventral side (1, J) at E14.5. (K-N) Paraffin cross sections though hindlimb (K, L) and forelimb
(M, N) showed B-gal positive cells in the mesenchyme (arrow in N) and in endothelial cells (ec) of blood
vessels entering the limbs (L). The asterisk corresponds to the AER. (O-T) E14.5 limb crossed-sections from
distal (O, P) to proximal (Q-T) levels evidence B-gal staining in the tendon blastemas (arrows in P), in
subepidermal mesenchymal cells (arrows in Q, S) and in ventral muscle blocks (R) as well as in blood vessels
entering the muscles (empty arrows in T). In all sections dorsal is up; ventral is down. Abbreviations: a,
anterior; AER, apical ectodermal ridge; ec, endothelial cells; p, posterior; r, radius; u, ulna; v, blood vessel;
ZPA, zone of polarizing activity. Scale bars: 500 ym (C-J), 250 um (A, B, O, Q, S), 100 um (M, P, T), 50 um (K,
R) and 25 pm (L, N).

https://doi.org/10.1371/journal.pone.0184767.g005

Dynamic expression of Mt4-mmp during limb development

Mt4-mmp distribution was also analyzed during mouse limb development showing a very
dynamic pattern of expression. Therefore, Mt4-mmp"*“/*
of B-gal staining during limb development from E10.5 to E16.5 (Fig 5). At early stages of devel-
opment (E10.5), positive cells were found in distal (forelimb) and proximal (hindlimb) areas
as well as in the posterior part of the limbs, particularly in the Zone of Polarizing Activity
(ZPA) (Fig 5A and 5B). Paraffin sections at this stage also evidenced positive cells in the

expression was detected by means
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mesenchyme (Fig 5K, 5M and 5N) in a pattern compatible with vascular networks established
within the limb bud. In addition, endothelial cells were observed in blood vessels entering the
hindlimb (Fig 5K and 5L). No expression was detected in the apical ectodermal ridge (AER)
by this stage (Fig 5M and 5N). At E11.5, B-gal staining persisted in distal areas of hand and
footplate (Fig 5C and 5D). Expression in the zeugopodium and stylopodium (Fig 5C) begins to
be observed at this stage, becoming stronger at E12.5. Also, proximal regions of the handplate
and developing digits appear strongly stained (Fig 5E). The footplate is less developed than the
handplate, showing an interdigital anterior mesenchymal staining (Fig 5F). At E14.5, the stylo-
podial and zeugopodial regions showed a strong expression, probably related to the establish-
ment of the earliest muscle blocks (Fig 5G-5]). Mt4-mmp expression extended along the
metatarsals and metacarpals, either in the dorsal or ventral side (Fig 5E and 5G-5]). This pat-
tern corresponds to the tendon blastemas as it is evidenced by the 3-gal positive cells observed
in the paraffin crossed-sections though the digits (Fig 50 and 5P). A strong and consistent
expression is observed at E14.5 in subepidermal mesenchymal cells and in ventral muscle
groups (Fig 5Q, 5R and 5S). Limb sections at the level of proximal radius and ulna, revealed
that LacZ expressing cells are related to the developing vascular network irrigating the dorsal
muscleskeletal elements (i.e. tendons/ligaments) (Fig 5R, 55 and 5T).

To confirm our results, we performed RT-PCR analysis that revealed Mt4-mmp expression
in the WT forelimbs at E10.5, E12.5 and E14.5 whereas RNA levels were reduced in the HT
and absent in the KO forelimbs (Fig 4A). As shown by means of §-gal staining, Mt4-mmp
RNA levels significantly increase during development (p< 0.05; Fig 4A). In addition, analysis
by western-blot confirmed the expression of the protein in the forelimbs of E14.5 WT and HT
embryos while it is absent in the KO embryo (Fig 4B).

Mt4-mmp is highly expressed during brain development

Mt4-mmp expression has been previously reported in the brain at late embryonic and postnatal
stages [9,10,15]. Here, we demonstrate that Mt4-mmp is located in the nervous system from the
early embryo to postnatal stages of development. Thus, Mt4-mmp expression was first detected
associated to blood vessels in the neural parenchyma, the notochord, the floor plate and the
neural tube at early embryonic stages as shown in transverse sections (Fig 1F, 1H and 1) (from
E9.5to E11.5). By E11.5, a strong expression was found in the ventral column of motoneurons
of the spinal cord (Fig 6A). We could not find phenotypic differences in the distribution of two
transcription factors, Nkx6.1 and Olig2, both involved in the ventral patterning of the neural
tube, when comparing the percentage of positive cells between the WT and HT embryos, nor
when we analysed the KO embryos (SIA-S1C and S1G Fig). Also, we have reported LacZ stain-
ing in the floor plate and immunohistochemistry for FoxA2 revealed that the formation of the
floor plate is normally specified and developed in the WT, HT and KO embryos (SID-S1F Fig).
Positive cells for LacZ were also observed in the floor plate of the rhombencephalon and mesen-
cephalon at this stage (Fig 6C). By E14.5, LacZ-positive cells were detected in the olfactory bulb
(Fig 6D) and the mantle zone of the cerebral cortex (Fig 6H). Notably, expression of Mt4-mmp
was found in the spinal cord, particularly stronger at the cervical and lumbar intumescence lev-
els. Other structures in the brain were also labelled at this stage as the dorsal thalamus (Fig 6H),
the dorsal hypothalamus, the rhombic lip and the primordium of the cerebellum (Fig 6] and
6K). Mt4-mmp"*“* cells were observed in the choroid plexus of the IV ventricle as well as in
the blood vessels in the cerebral parenchyma by this stage.

Later in development, the pattern of expression of Mt4-mmp was similar from E18.5 to post-
natal stages PO and P1. Expression restricted to the motoneuron pool in the spinal cord is main-
tained at E18.5 (Fig 6B). The B-gal staining of coronal sections from postnatal Mt4-mmp"*“*/*
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Fig 6. Expression of Mt4-mmp in the developing mouse brain. 3-gal staining of coronal sections of
embryonic E11.5 (A) and longitudinal sections of E18.5 Mt4-mmp-2°%* embryos (B) (n = 3) revealed
expression of Mt4-mmp in the ventral column of motoneurons in the spinal cord. In addition, B-gal positive
cells were detected in the floor plate of the mesencephalon at E11.5 (C). LacZ-positive cells were located in
the granular cell layer of the olfactory bulb at embryonic stage E14.5 (D) and postnatal stages (E). Reporter
expression was also detected in the septum, striatum, at deep and superficial layers of the cerebral cortex, the
hippocampus and the dorsal thalamus and dorsal lateral geniculate nucleus at E14.5 (H) and P1 (F,G,l; n = 3).
Mt4-mmp expression was located at the rhombic lip at E12.5 (arrow in J) and the cerebellum primordium at
E14.5 (K). By postnatal stages, many -gal-positive cells were located at the cerebellum possibly
corresponding to Purkinje cells and in the external granule layer (arrow in L). At this level, staining was also
detected in the choroid plexus of the IV ventricle (empty arrow in L). Abbreviations: Cb, cerebellum; cp,
choroid plexus; CP, cortical plate; CPu, caudate putamen; gcl, granular cell layer; dLGN, dorsal lateral
geniculate nucleus; dTh, dorsal thalamus; Hp, hippocampus; MZ, mantle zone; NCx, neocortex; ob, olfactory
bulb; rl, rhombic lip; S, septum; SVZ, subventricular zone; IVv, IV ventricle. Scale bars: 500 um (F, G, 1),

200 um (B, D, E, H, K, L) and 100 um (A, C, J).

https://doi.org/10.1371/journal.pone.0184767.9006

mice revealed expression of Mt4-mmp in the granular layer of the olfactory bulb (Fig 6E). A
strong reporter expression was also detected in the septum, caudate-putamen (striatum), at
deep and superficial layers of the cerebral cortex and the hippocampus (Fig 6F, 6G and 6I).
Many B-gal-positive cells were located at the cerebellum possibly corresponding to Purkinje
cells and in the external granule layer (Fig 6L). At this level, staining was also detected in the
choroid plexus of the IV ventricle (Fig 6L).

Quantitative RT-PCR analysis confirmed increasing RNA levels of Mt4-mmp as brain
development proceeds. Thus, expression of the enzyme was low in the cerebral cortex of E10.5
WT embryos but highly increased at E14.5 (significance at p< 0.001) (Fig 4A). At this stage,
Mt4-mmp expression was also detected in other brain regions, as the olfactory bulb, spinal
cord, mesencephalon and hindbrain. Supporting these data, the expression of the protein
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MT4-MMP in the brain was confirmed by western blot analysis in the cerebral cortex and the
spinal cord of E14.5 WT and HT embryos while no protein levels were detected in the KO. As
shown in Fig 4B, the quantity of the enzyme is significantly higher in the cerebral cortex as
compared with protein levels detected in the spinal cord and forelimb at this embryonic stage.
These results are consistent with our data on the LacZ reporter expression of our gene in these
brain regions.

Mt4-mmp expression in sensory organs and during eye development

Mt4-mmp expression was also detected related to the development of distinct sensory organs
(Fig 7). Thus, from E12.5 some dispersed LacZ-positive cells were detected dorsally in the
olfactory epithelium at the entrance to the primitive nasal cavity (Fig 7A). This expression per-
sists and increases later in development and by E14.5 Pgal-positive cells are located in the dor-
sal part of the olfactory epithelium and the surrounding mesenchyme (Fig 7B and 7D). At
E10.5, scattered LacZ-positive cells were found at the otic vesicle (Fig 7I) and this expression is
restricted to the caudal portion of the saccule and the associated vestibulocochlear (VIII) gan-
glia complex at later stages of development (Fig 7]). In addition, some B-gal positive cells were
distributed in the semicircular canal from E11.5 embryonic stage (Fig 7K). Sections through
the external ear of E14.5 and E16.5 embryos revealed Mt4-mmp labeling in proliferating cells
at the base of the developing pinna as well as in mesenchymal cells (Fig 7G and 7H). By E14.5
Mt4-mmp"®“#* cells were located in the ventral extremity of the lower and upper jaws (Fig
7E) and the epithelium of nose (Figs 2I and 7E). In addition, high levels of expression were
found in the mesenchymal layer immediately surrounding the hair follicles primordium of
vibrissa and the dermal papilla in the hair bulb (Figs 2H, 2I and 7B and 7C), as well as in the
precursor of median fibrous septum and intrinsic muscles of the tongue (Fig 7F) from E12.5 to
El6.5.

Finally, we examined Mt4-mmp
Expression within the optic cup was restricted and first detected by E10.5 in the hyaloid artery
(Fig 8A). This pattern of expression in the blood vessels within the eye is maintained through-
out development (Fig 8B and 8C) and persists in the central retinal artery entering through the
optic disc by E18.5 and postnatal stages (Fig 8E). In addition, cells positive for LacZ were also
detected in the lens at E12.5 with a stronger expression at E14.5 (Fig 8C and 8D). Mt4-mmp
expression was also observed in scattered cells of the neural retina at E14.5 (Fig 8D). These
results are consistent with the detection of the Mt4-mmp RNA levels as demonstrated by
RT-PCR in the eye at this embryonic stage (Fig 4A). As development proceeds, the labelling
was stronger and mainly restricted to the retinal ganglion cell layer in the postnatal neural ret-
ina (Fig 8E and 8F). Notably, a strong expression was also detected in the eyelids from E14.5 to
postnatal stages (Figs 21, 8D and 8E).

taczi+ expression at distinct stages of the eye development.

Discussion

The present data reports for the first time that Mt4-mmp expression in the mouse embryo is
developmentally controlled and tissue specific, which suggest important roles for this metallo-
proteinase during brain formation as well as during cardiovascular and limb development.
Previous attempt to analyze Mt4-mmp developmental function were hampered partially
due to the lack of apparent abnormal developmental phenotypes in Mt4-mmp null mice,
which have been suggestive of redundant roles for this enzyme with other MMPs [9]. To date,
only one study has pointed out the requirement of mmp17b, the ortholog of Mmp17 in zebra-
fish, during cardiovascular development, contributing to vascular smooth muscle cells
(VSMCs) in certain aortic regions [17]. Supporting these data, we have recently shown that the
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Fig 7. Mt4-mmp expression in sensory organs of the developing mouse embryo. (A-D) Coronal
sections through the embryo show the expression of scattered 3-gal positive cells dorsally in the olfactory
epithelium at the entrance to the nasal cavity at E12.5 (A) and E14.5 (B,D) as well as in the surrounding
mesenchyme (arrow in B). High expression of Mt4-mmp was also detected in mesenchymal cells adjacent to
the primordium of the follicle of vibrissae (B,C). (E-F) At this embryonic stage, Mt4-mmp expression was also
detected in the ventral extremity of the upper jaw (asterisk in E), epithelium of the nose (arrows in E) and
median fibrous septum (arrow) and intrinsic muscle of the tongue (F). (G-H) LacZ-positive cells were
distributed in the pinna of the ear at E14.5 and E16.5 stages. Empty arrows indicate mesenchymal cells in the
pinna. (I-K) From E10.5, the first Mt4-mmp'°?~* cells were detected in the otic vesicle (arrow in 1) and persists
at E12.5, in the caudal portion of the saccule (arrow in J), the vestibulocochlear (VIIl) ganglion complex
(arrowheads in J) as well as in the semicircular canal (arrow in K). Abbreviations: d, dorsal; EAC, external
auditory canal; es, endolymphatic sac; N, nasal cavity; oe, olfactory epithelium; otv, otic vesicle; Pi, pinna; s,
saccule; sc, semicircular canal; tg, tongue; v, ventral; vb, sensory vibrissae; Vlligc, vestibulocochlear (VIII)
ganglion complex. Scale bars: 200 um (B, E, F, G, H), 100 um (A, C, D, J, K) and 50 ym (1).

https://doi.org/10.1371/journal.pone.0184767.g007

activity of this enzyme is essential for arterial vessel wall development and function in adult
mice. Thereby, the lack of Mt4-mmp results in the presence of immature VSMCs and altered
ECM in the vessel wall leading to a dilative arterial disorder and hypotension. Maturation of
VSMCs during aortic wall development involves the c-Jun N-terminal kinase (JNK) intracellular
signaling pathway [18]. Notably, the Wnt/planar cell polarity (PCP) pathway involves down-
stream activation of JNK in the embryo to mediate cytoskeletal rearrangement and cell move-
ment. Our present data prove Mt4-mmp expression in the dorsal aorta and in premigratory and
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Fig 8. Expression of Mt4-mmp"-2°Z* during mouse eye development. 3-gal staining of coronal sections
through the eye at different stages of development revealed Mt4-mmp expression in the hyaloid artery from
E10.5 to E12.5 embryos (arrows in A-C). Scattered LacZ-positive cells were first detected in the lens by E12.5
and persist at E14.5 (opened arrows in C, D). A strong Mt4-mmp expression in the eyelids (arrow in D) and
some 3-gal positive cells was shown in the neural retina at E14.5 (D). At postnatal stages, expression of
Mt4-mmp was distributed particularly in the retinal ganglion cell layer (E, F) of the neural retina and persists in
the eyelids (arrow in E). Abbreviations: ha, hyaloid artery; In, lens; NR, neural retina; RGC, retinal ganglion
cells; RPE, retinal pigmented epithelium. Scale bars: 200 um (D, E), 100 pm (B, C) and 50 ym (A, F).

https://doi.org/10.1371/journal.pone.0184767.9008

migratory neural crest cells at early stages of development. Thereby, it is possible that Mt4-mmp
participates during cell migration in the mouse embryo in a similar manner as described in zeb-
rafish [17].

Expression of MT4-MMP was initially reported in several adult human tissues such as the
brain, leukocytes, colon, ovary, testis [5] and the amniochorion [26]. Similarly in mice,
Mt4-mmp was detected in distinct organs such as the lung, uterus, spleen, stomach, intestine,
testis, ovary, liver, kidney, skeletal muscle and heart [9]. Also high Mt4-mmp expression was
described in the cerebrum, particularly in the dorsal cortical plate at late mouse embryonic
stages, and the cerebral cortex, hippocampus, caudate-putamen and hypothalamus in the post-
natal brain [9,10,15]. However, no detailed expression analysis for this enzyme has been pub-
lished during early CNS development before. Our study confirms previous data and reports
for the first time the detection of Mt4-mmp from early stages of the embryonic brain. As devel-
opment proceeds, the enzyme localized in other structures, such as the olfactory bulb, mantle
zone of the cerebral cortex, septum, hippocampus or the striatum. Even though the role of
Mt4-mmp in the brain is not yet clear, our results hint for important functions of its activity
during CNS development. Expression from early embryonic stages may involve the activity of
the enzyme in neural proliferation and migration, whereas later in development Mt4-mmp
may participate in other functions such as synaptic transmission and plasticity due to its
expression in the cerebral cortex and hippocampus. Despite to date only one study has pro-
posed a physiological role for Mt4-mmp in the CNS [9], we hypothesize that Mt4-mmp may
contribute to these functions by remodeling the ECM locally or interacting with other cell sig-
naling pathways.

We have also shown that, during eye development, Mt4-mmp expression is initially
restricted to blood vessels of the hyaloid artery at early stages and it can also be detected in the
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lens and retinal ganglion cell (RGC) layer in later stages. Supporting our data, it has been
reported that Mt4-mmp is selectively expressed in starburst amacrines and in a subset of
ON-OFF direction-selective RGCs at postnatal stages, particularly in those RGCs that prefer
nasal motion [27]. Moreover, we found that Mt4-mmp is expressed in the dorsal thalamus by
E14.5 and in the dorsal lateral geniculate nucleus postnatally, one of the major central targets
for retinal axons. These data suggest the involvement of this protease during axon guidance of
visual axons. In fact, there are some evidence for the requirement for MMPs in the develop-
ment of the retinotectal projections. Thus, broad inhibition of MMP activity in in vivo exposed
preparations of Xenopus brain resulted in misguidance of RGC axons at the level of the optic
chiasm and the optic tectum [28,29]. Furthermore, it was demonstrated that Mmp14a, one
paralog of another membrane-anchored MMP (Mmp14/Mtl-mmp), is necessary for retinal
neurogenesis and differentiation and RGC axon innervation of the optic tectum in zebrafish
larvae [30]. Also another transmembrane MMP, Mt5-mmp, which is highly expressed in the
hippocampus and cerebellum, has been directly involved in axon growth and detected at the
growth cone [31,32]. Nevertheless, it remains to be determined if Mt4-mmp also participates
in axon guidance and growth of retinal projections and if it is involved during the proliferation
and maturation of the retina.

As shown in our study, Mt4-mmp is highly and dynamically expressed during the forma-
tion of the mouse embryonic limb since early developmental stages, being detected in the zone
of polarizing activity (ZPA) and the mesenchyme underlying the apical ectodermal ridge
(AER), respectively. Notably, cells in the ZPA secrete the morphogen Sonic Hedgehog (Shh)
which regulates digit fate and is crucial to establish the anterior-posterior skeletal pattern of
the limb at these stages [33,34]. In the proximo-distal axis, outgrowth of digits requires fibro-
blast growth factor (FGF) signaling emanating from the AER [35]. Since the appropriate limb
development requires the coordination of both signaling pathways in the anterior-posterior
and proximo-distal axis, it is likely that Mt4-mmp associates with both. Regarding this idea, a
recent study has pointed out that the activity of the membrane-anchored metalloproteinase-
regulator RECK is essential for limb development, directing the expression of genes in three
signaling centers essential for limb growth and patterning: DE (producing Wnt7a), ZPA (pro-
ducing Shh), and AER (producing Fgfs) [36]. Whether the expression of these morphogens is
altered in the Mt4-mmp mutant embryonic limb has not been addressed so far, although limb
development seems to be normal in the mutant embryo.

In addition to the latter, our data shows Mt4-mmp expression in ZPA cells at E10.5, sug-
gesting that Mt4-mmp might be related to the role proposed for Shh on the anterior-posterior
organization of muscles acting through migrating progenitors coming from the somites. These
cells, once in the limb bud, will respond to Shh signal from the posterior part of the limb [37].
As limb development proceeds and the skeletal elements differentiate, Mt4-mmp is expressed
in the tendons of digits and in developing muscle blocks in the stylopodium and zeugopodium
confirming previous evidence [38-40]. Moreover, limb expression of Mt4-mmp between
E12.5 and E14.5 mimics that of Scleraxis (Scx), a highly specific marker for tendons [41].

We have also demonstrated that the expression of Mt4-mmp is linked to the vascularization
of the limb buds between E10.5-E11.5. At these stages, angiogenesis initiates as sprouts from
the dorsal aorta, invading the limb and forming a vascular plexus within the limb mesenchy-
mal core [42]. In addition, concomitant vasculogenesis occurs by migration of somite-derived
angioblasts to be integrated into the developing vascular plexus [43]. Both events can be recog-
nized in the limbs included in this study. Thus, -gal positive cells are found in the mesen-
chyme extending along the network of microvessels throughout the limb. Also, Mt4-mmp was
expressed in the blood vessels entering the limb buds at E10.5 in a pattern compatible with
that reported by [44]. Regarding limb development, Mt4-mmp expression also seems to be
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related to muscle progenitors in the embryonic limb bud by E10.5. Thus, Mt4-mmp expression
is observed in cells at the base of the hindlimb, compatible with migrating myogenic and
angioblastic cells as described by [45]. Indeed, expression of the enzyme is associated to the ini-
tial formation of blood vessels in other structures and organs of the embryo, such as the eye,
heart or the nervous system. From our data, Mt4-mmp expression is also located in distinct
blood vessels (carotid artery, umbilical vein, vitellin artery an vein, primary head vein, PNVP)
at early stages, when the first vascular system start to develop. Mt4-mmp expression in the dor-
sal aorta has been reported as early as E10.5 in periaortic progenitors and in the adult mouse
[10,18], but here we report that Mt4-mmp is detected even earlier in development (from E8.5),
possibly related to the hemogenic endothelium. Altogether, our data reveal that Mt4-mmp is
located in endothelial cells (EC) of blood vessels of distinct organs at early embryonic develop-
ment, which contrasts with the fact that its expression seems to be downregulated in EC of
more mature blood vessels [9]. The role of Mt4-mmp in blood vessel formation during
embryogenesis remains unknown, since only in pathological conditions, Mt4-mmp has been
involved in angiogenesis by contributing to vessel maturation and stabilization during tumor
progression [1]. For instance, in breast cancer, MT4-MMP induces tumor growth and metas-
tasis by stimulating angiogenesis in the tumor [23,46]. Notably, this angiogenic response
requires its proteolytic activity in the tumor compartment but not from the host-derived
stroma [46]. Thus, MT4-MMP expression in host cells does not affect angiogenesis. Therefore,
it is conceivable that as occurs during metastatic dissemination, Mt4-mmp also contributes to
create a permissive microenvironment that favors cell migration in the embryo.

Regarding the proteolytic activity of Mt4-mmp, only few substrates have been identified so
far, including pro-TNFa, o-macroglobulin [47], low density lipoprotein receptor related pro-
tein (LRP) [48] and aggrecanase (ADAMTS-4) [49] Recently, the matricellular glycoprotein
osteopontin (OPN) has been also confirmed as another substrate cleaved by Mt4-mmp and
essential during the formation of the aortic wall [18]. Interestingly, OPN is expressed in other
tissues during embryonic development where Mt4-mmp also localizes, as the kidney, cartilage
and brain. Thus, OPN is expressed in several neural nuclei of the developing rat brainstem and
cerebellum [50] as well as in active macrophages in the embryonic and early rat postnatal
brain [51]. Previous data suggest that OPN may contribute to the migration and phagocytic
function of brain macrophages in the developing rat brain. In fact, OPN functions as a potent
chemoattractant that promotes the migration of cells of monocyte/macrophage lineage [52].
However, if OPN has a specific function dependent on Mt4-mmp proteolytic activity during
embryogenesis as in the aortic development, remains unknown. It should be mentioned that
apart from its proteolytic function, Mt4-mmp is also able to modify intracellular response
through the activation of the growth receptor EGFR. Thus, Mt4-mmp positively promotes
cancer cell proliferation by enhancing the EGFR signaling pathway independently on the cata-
Iytic site of the enzyme [53].

In summary, in this study we reported the spatiotemporal expression of Mt4-mmp during
mouse embryonic development. The present data reveals that this GPI-anchored metallopro-
teinase is expressed in a dynamic pattern of expression from early stages of development to
postnatal stages with a high expression of this enzyme during vascular development and brain
formation. Our results point for key functions of Mt4-mmp during the CNS and limb develop-
ment as well as in angiogenesis. If similarly to cancer cells, non-catalytic and catalytic functions
of Mt4-mmp can be required for proliferation and for angiogenesis and cell migration in the
embryo requires further research. In these processes, both ECM remodeling at pericellular
level and activation of distinct intracellular signaling pathways to direct cell movement are cru-
cial events that may involve Mt4-mmp activity.
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Supporting information

S1 Fig. Mt4-mmp is not expressed in the proepicardium and epicardium at early develop-
mental stages. (A-B) LacZ staining of sagital sections from E9.5 Mt4-mmp"*““/* embryos
illustrating the lack of Bgal-positive cells in the region of the proepicardium. (C-H) Double
labelling immunohistochemistry for anti-WT-1 (arrows in red) and anti-Bgal (green). No dou-
bled-positive cells were detected in the region of the epicardium nor in the proepicardium of
E10.5 heterozygous embryos. Abbreviations: EC, epicardium; PE, proepicardium; V, ventricle.
Scale bars = 50 pm (A,B); 40 um (C-H).

(TIF)

S2 Fig. Ventral patterning and specification of the embryonic neural tube. (A-C) Double-
labelling immunohistochemistry for the transcription factors Nkx6.1 (red) and Olig2 (green)
in the neural tube of E10.5 WT, HT and KO embryos. (D-F) Immunostaining for FoxA2 (red)
demonstrated that the floor plate is properly specified in the WT, HT and KO neural tubes.
Sections were incubated with Hoechst for nuclear staining (blue). (F) Quantification of the
percentage of Nkx6.1 and Olig2-positive cells relative to the total area of the neural tube in the
WT, HT and KO embryos. Data are presented as mean + SD (n = 3 per each genotype). One-
way ANOVA analysis revealed no statistical differences in the percentage of positive cells
among the WT, HT and KO neural tubes. Abbreviations: fp, floor plate. Scale bars: 50 pm
(A-C); 20 um (D-F).

(TIF)

S3 Fig. Database containing quantified data from real-time PCR and western blot analysis
(in Fig 4) and ventral neural tube patterning (in S2 Fig).
(XLSX)
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ABSTRACT

The response to environmental cues such as inflammatory stimuli requires coordinated cellular functions.
Certain proteins have functions on both sides of the plasma membrane to allow coordination between the
extracellular and intracellular milieus. The membrane-anchored matrix metalloproteinase MT1-MMP is
well positioned to sense and modify the extracellular environment by processing matrix components,
transmembrane proteins and soluble factors. Recent findings show, however, that MT1-MMP also plays
unexpected intracellular roles in macrophages through its location at the plasma membrane, the Golgi or
the nucleus, impacting cell motility, metabolism and gene transcription. MT1-MMP is thus an example of
the evolutionary diversification of protein function, allowing optimal coordination between extracellular
stimuli and cellular responses. It remains to be determined whether these new MT1-MMP functions
are specific to macrophages, professional phagocytes involved in inflammation, or are present in other
inflammation-responsive cells. In this review, we will summarize these site-specific MT1-MMP functions

Macrophages
Inflammation
Endothelial cells
Angiogenesis

in macrophages and comment on the possible conservation of these functions in endothelial cells.

© 2012 Elsevier GmbH. All rights reserved.

Introduction

Cells explore their microenvironment to sense cues that activate
appropriate adaptive responses. Different evolutionary mecha-
nisms have expanded the functional repertoire of certain proteins
to allow coordination between their functions on both sides of
the plasma membrane, the extracellular and intracellular milieus.
These mechanisms include unconventional secretion of proteins
with dual topology, such as syntaxin 2, HGMB1 and tissue trans-
glutaminase, and interdependence of function and location for
membrane-anchored proteins, such as 3-catenin, which was the
first individual protein shown to have distinct but linked func-
tions related to its subcellular compartmentalization (Radisky et al.,
2009).

Matrix metalloproteinases (MMPs) can sense and induce envi-
ronmental modifications since they are secreted enzymes able
to degrade a battery of extracellular matrix (ECM) components
(Page-McCaw et al., 2007). A subfamily of MMPs is anchored to
the membrane instead of being secreted, and this fact positions
these MT-MMPs as prime candidates to coordinate extracellular
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Madrid, Spain. Tel.: +34 91 4531200x1159; fax: +34 91 4531265.

E-mail address: agarroyo@cnic.es (A.G. Arroyo).

T These authors contributed equally to this work.

0171-9335/$ - see front matter © 2012 Elsevier GmbH. All rights reserved.
http://dx.doi.org/10.1016/j.ejcb.2012.07.003

cues with cellular responses. MT1-MMP is especially suited for
pericellular proteolysis through its ability to process ECM compo-
nents, transmembrane proteins and soluble factors (Itoh and Seiki,
2006). Moreover, it has been proposed that MT1-MMP might also
be involved in processing of intracellular substrates such as peri-
centrin, pro-av integrin and focal adhesion kinase (Golubkov et al.,
2005; Ratnikov et al., 2002; Shofuda et al., 2004) (Fig. 1). Accord-
ingly, as with other MMPs, recent proteomics approaches have
identified intracellular proteins as possible MT1-MMP substrates;
for example, HGMB1 (one of the unconventional dual topology pro-
teins just mentioned), DJ-1, hsp90c, and y-enolase, although it is
not clear if processing would occur in the extracellular or intracel-
lular compartments (Butler et al., 2008; Cauwe and Opdenakker,
2010) (Fig. 1). These findings indicate that under certain circum-
stances MT1-MMP might unexpectedly be proteolytically active
inside cells, through as-yet unclear mechanisms. Regulated com-
partmentalization of MT1-MMP is essential for this diversity of
proteolytic actions; in this regard, the presence of MT1-MMP at
caveolae/lipid raft domains - apart from their role in its internaliza-
tion - often dictates protease location and function in different cell
contexts (Frittoli et al., 2011; Poincloux et al., 2009). As an example,
forced location of MT1-MMP to lipid rafts by deletion of its cytoso-
lic tail limited its access and processing of E-cadherin and thereby
tumor cell locomotion and growth (Rozanov et al.,2004). Moreover,
MT1-MMP co-localizes and co-traffics with caveolin-1 to invadopo-
dia, actin-rich invasive protrusions, resulting in matrix degradation
in several tumor cell types (Grass et al., 2012; Yamaguchi et al.,
20009).
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Fig. 1. Extracellular and intracellular substrates and partners of MT1-MMP. The domain structure of MT1-MMP is shown together with lists of selected extracellular and
intracellular substrates and binding partners associated with each domain. Intracellular binding partners that interact with MT1-MMP at the Golgi apparatus are indicated

in blue text.

But in addition to its proteolytic activities, MT1-MMP can also
modulate intracellular responses through molecular interactions
of its cytosolic tail leading to induction of signaling pathways such
as ERK (Gingras and Beliveau, 2010). Most identified molecular
partners interact with the MT1-MMP cytosolic tail at the plasma
membrane; however, associations at other cell compartments such
as the Golgi have been reported (Fig. 1) (Artym et al., 2006; Cauwe
et al,, 2007; Gingras et al., 2008; Gonzalo et al., 2010; Labrecque
et al., 2004; Roghi et al., 2010; Sakamoto and Seiki, 2010; Smith-
Pearson et al., 2010; Tapia et al., 2011).

This information suggests that the compartmentalization of
MT1-MMP is linked to proteolytic-dependent and proteolytic-
independent functions, through which it can coordinate extracel-
lular cues with cellular responses. We will summarize recent data
about new functions of MT1-MMP in macrophages linked to its
location at the plasma membrane, the Golgi and the nucleus and
discuss the possible conservation of these functions in endothelial
cells, another cell type relevant to inflammation.

Site-specific functions of MT1-MMP in macrophages

Macrophages, which derive from myeloid progeni-
tors/monocytes, are phagocytes with a high phenotypic plasticity
associated with their essential role in inflammation. MT1-MMP
is expressed and active at the plasma membrane of mono-
cyte/macrophages (Matias-Roman et al, 2005), and also of
hematopoietic progenitors whose G-CSF-induced mobilization
involves enhanced MT1-MMP location at lipid rafts (Shirvaikar
etal.,2010). Moreover, MT1-MMP is a component of the podosome
machinery in macrophages and of the sealing zone of osteoclasts
(macrophage-derived cells), and is involved in matrix degradation
at these specialized membrane protrusions (Nusblat et al., 2011).
Recent data from our group and others have, however, chal-
lenged this paradigm, and shown that MT1-MMP can also exert
non-catalytic functions at the macrophage plasma membrane,
and more importantly has unexpected functions at other cell

compartments, including the Golgi/trans-Golgi network (TGN) and
the nucleus.

We showed that the absence of MT1-MMP results in a defect
in the fusion of macrophages to form multinucleate osteoclasts
and giant cells, and that this defect is related to deficient motil-
ity and membrane protrusive activity of MT1-MMP null bone
marrow-derived myeloid progenitors/macrophages (Gonzalo etal.,
2010). Interestingly, normal progenitor motility and fusion was res-
cued by re-expression of a catalytically dead mutant, pointing to
a proteolysis-independent mechanism. Further analysis showed
that MT1-MMP associates with the adapter protein p130Cas at
the plasma membrane, promoting optimal recruitment and activ-
ity of the small GTPase Racl (Gonzalo et al., 2010). Association
with p130Cas involves MT1-MMP cytosolic tail Tyr°73 which had
previously been proposed to be phosphorylated by Src kinase
(Nyalendo et al., 2007). This study established that the MT1-
MMP/p130Cas/Rac1 molecular complex thus coordinates proper
macrophage cell motility, migration and fusion both in vitro and
in vivo (Fig. 2).

In an independent study, Seiki's group reported that, unlike
macrophage invasion (which requires MT1-MMP catalytic activ-
ity), migration of mouse bone marrow-derived macrophages is also
dependent on the MT1-MMP cytosolic tail (Sakamoto and Seiki,
2009). Macrophages are metabolically unusual in that, to enable
migration into hypoxic inflamed tissues, they use glycolysis rather
than oxidative phosphorylation for ATP production constitutively,
even during normoxia. Seiki’s group found that MT1-MMP regu-
lated macrophage motility by increasing hypoxia inducible factor
(HIF)-1a-mediated glycolysis and thus production of energy (ATP)
by these cells; previous transcriptomic analysis in tumor cells had
suggested regulation of energy metabolism by MT1-MMP, but the
mechanism was undefined (Rozanov et al., 2008). Dissection of
the mechanism by which the MT1-MMP cytosolic tail regulates
macrophage metabolism revealed that this action relies on MT1-
MMP localization to the Golgi apparatus, where its cytosolic tail
retains factor inhibiting HIF (FIH)-1. FIH-1 acts by hydroxylating a
conserved asparagine residue in HIF-1a thus impairing its inter-
action with its transcriptional co-activator p300 and abrogating
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Fig. 2. Site-specific functions of MT1-MMP in macrophages. MT1-MMP is involved in macrophage migration and the immune response in a catalytic-independent manner
through at least three site-specific pathways linked to distinct MT1-MMP traffic routes. At the plasma membrane, MT1-MMP can modulate Rac1 activity through binding to
p130Cas, thereby regulating migration. The formation of this complex can be regulated by tyrosine phosphorylation of MT1-MMP cytosolic Y>73 by Src kinase. At the Golgi
apparatus, MT1-MMP, through the Arg>7¢ in its cytoplasmic tail, binds FIH-1, keeping it close to Mint-3. This inactivation of FIH-1 stabilizes HIF-1q, resulting in the activation of
glycolytic ATP production needed for macrophage migration and the immune responses. Upon translocation to the nucleus through as-yet undefined mechanisms, MT1-MMP
induces PI3K3 expression and regulates the transcription of genes critical for the inflammatory response.
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Fig. 3. Site-specific functions of MT1-MMP in endothelial cells. MT1-MMP can affect endothelial cell migration, metabolism and therefore angiogenesis through different
pathways involving distinct cytosolic tail interactions and subcellular locations. These actions could be especially relevant in endothelial tip cells, which are exposed to low
0 levels. In endothelial cells, MT1-MMP association to caveolae can regulate its traffic and function at different cellular locations. In addition, interaction of the MT1-MMP
cytosolic tail with p130Cas at the plasma membrane might regulate Racl membrane targeting and migration, similar to the situation in macrophages. At the Golgi apparatus,
the MT1-MMP cytosolic tail might interact with FIH-1 as reported for macrophages, thereby promoting HIF-1a-mediated cell metabolism.
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induction of HIF-1a-dependent genes (Fraisl et al., 2009). MT1-
MMP is normally processed by the pro-convertase furin at the
Golgi. In macrophages, MT1-MMP at the Golgi interacts through its
cytosolic tail Arg>7¢ with FIH-1, thereby favoring FIH-1 proximity to
Mint-3/APBA3 (another furin partner). Mint-3 in turn forms a com-
plex with FIH-1, retaining it at this site and reducing its available
cytoplasmic levels. In the presence of the MT1-MMP/FIH-1/Mint-3
complex at the Golgi, HIF-1a will be free and stabilized, and thus
able to induce glycolysis and final production of ATP (Sakamoto and
Seiki, 2010). In this manner MT1-MMP might coordinate its pro-
invasive activity with the HIF machinery and thereby the cellular
metabolism that is also required for migration (Fig. 2); in fact, it is
possible that a feedback loop might be operative between hypoxia
and MT1-MMP in macrophages since at least in tumor cells both
MT1-MMP transcription and mobilization to the plasma membrane
can in turn be regulated by HIF-2 and by hypoxia, respectively
(Li et al., 2012; Munoz-Najar et al., 2006; Petrella et al., 2005).
Points that remain to be defined include whether MT1-MMP exerts
this function at the Golgi during its secretory path to the plasma
membrane or upon its recycling from the plasma membrane after
clathrin or caveolae-mediated endocytosis (Poincloux et al., 2009).
Support for the idea that MT1-MMP localization at the Golgi mod-
ulates or provides additional MT1-MMP functions is given by the
recently reported interactions of MT1-MMP with other Golgi pro-
teins. In tumor cells the peripheral Golgi matrix protein GRASP55
associates with the LLY?73 motif in the MT1-MMP cytoplasmic
domain and favors its furin-dependent activation (Kuo et al., 2000;
Roghi et al., 2010). LIM kinase 1 (LIMK1), a modulator of actin
dynamics, also co-localizes and associates with MT1-MMP at the
Golgi vesicles, facilitating its transport to the plasma membrane in
tumor cells (Tapia et al., 2011).

More recently, Weiss’s group has uncovered a novel MT1-MMP
function in macrophages, dependent on its translocation to the
nucleus by an as-yet undefined mechanism (Shimizu-Hirota et al.,
2012). MT1-MMP traffics to the nucleus and triggers the activation
of the promoter of phosphoinositide 3-kinase & (PI3K3), thus acti-
vating the Akt/GSK3[ signaling cascade (Fig. 2). This in turn controls
the immunoregulatory Mi-2/NuRD complex of nucleosome remod-
eling enzymes responsible for limiting the transcription of genes
involved in the immune response. In this manner, in the absence of
MT1-MMP genes belonging to the Mi-2/NuRD complex like Mi-28,
HDAC2 and MBD3 are down-regulated and genes related to pro-
inflammatory responses like Mx1, Mx2, Saa3, CXCL10 and CCL5 are
up-regulated. The mechanism of MT1-MMP translocation to the
nucleus remains unclear, although transfection with various MT1-
MMP constructs points to a requirement for MT1-MMP anchorage
to the membrane but not for its cytosolic or hemopexin domains or
for its catalytic activity (Shimizu-Hirota et al., 2012). The possible
role of MT1-MMP in ATP production may also contribute to its tran-
scriptional function, since the Mi-2/NuRD axis is an ATP-dependent
nucleosome remodeling complex.

Thus in macrophages, a highly plastic cell type with special
metabolic features, the functional repertoire of MT1-MMP has
expanded to adapt its functions to cellular responses required for
optimal cell function during inflammation and its resolution.

Site-specific functions of MT1-MMP in endothelial cells

During an inflammatory response macrophages constitute the
first-line sensors of damage, producing a number of soluble fac-
tors, including TNF-a. TNF-a in turn can activate endothelial cells
to engage in an angiogenic program aimed at forming new ves-
sels and resolving the inflammation. MT1-MMP, in addition to
its important functions in macrophages, is also a key protease in
endothelial cells that plays important roles in various steps of the

MT1-MMP/p130Cas/Rac1 axis
in endothelial cells
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Fig.4. p130Cas and Rac1 membrane levels are reduced in MT1-MMP null endothe-
lial cells. (A) Mouse lung endothelial cells (MLEC) from wild type or MT1-MMP
deficient mice were cultured to 70% confluence and after serum deprivation for
16 h were stained for p130Cas and Rac1 (green). Images show representative confo-
cal microscopy maximal projections. (B) MLEC cultured as in A were separated into
particulate (P) and soluble (S) fractions, and analyzed by Western blot for p130Cas
and Rac1 expression. 31 integrin and RhoGDI are included as controls of particulate
and soluble fractions. A representative blot is shown (n=5).

angiogenic response. MT1-MMP proteolytic activity in endothelial
cells is closely linked to its regulated presence at specific domains
of the plasma membrane, in particular at lamellipodia and filopo-
dia protrusions in which MT1-MMP associates with caveolin-1
and integrin av33 and is catalytically active (Galvez et al., 2002,
2004; Fig. 3). Caveolae constitute the main route for MT1-MMP
internalization in endothelial cells but they might also contribute
to its mobilization to invadopodia as reported for tumor cells
(Frittoli et al., 2011; Galvez et al., 2004; Poincloux et al., 2009).
Consistently, MT1-MMP is expressed in endothelial tip cells, spe-
cialized cells at the nascent vascular sprout that contain many
filopodia, are highly migratory and invasive and are enriched in
caveolin-1 and av[33 integrin expression as shown by recent tran-
scriptomic analysis (Aplinetal.,2009; del Toro etal.,2010; Gerhardt
et al,, 2003; Kachgal et al., 2012; Strasser et al., 2010; Yana et al.,
2007).

The possibility that MT1-MMP might play additional site-
specific functions in endothelial cells is supported by several
observations. First, MT1-MMP deficiency reduces the targeting of
p130Cas and Rac1 to the plasma membrane, similar to previous
findings in myeloid progenitors (Fig. 2; Gonzalo et al., 2010). In
endothelial cells, the MT1-MMP/p130Cas/Rac1 complex might con-
tribute to migration, especially in endothelial tip cells, where Rac1
activity has been shown to be relevant (De Smet et al., 2009;
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Figs. 3 and 4). This new MT1-MMP function might also be con-
served in other cell types; for example, MT1-MMP has been shown
to associate with a p130Cas/focal adhesion kinase complex upon
Src kinase-dependent Tyr>73 phosphorylation, thus favoring degra-
dation of the matrix at focal adhesions in tumor cells (Wang and
McNiven, 2012).

Second, MT1-MMP could be expected to regulate HIF-1 machin-
ery in endothelial cells. The MT1-MMP/HIF-1 axis is active in
tumor cells, which also use ‘aerobic’ glycolysis (the Warburg effect)
(Hara et al,, 2011), and more recently this axis was reported in
bone marrow hematopoietic progenitors exposed to low oxygen
tension (Nishida et al., 2012). Like these cell types, endothelial cells
are equipped with metabolic mechanisms to enable survival in
highly hypoxic conditions, including deriving most of their energy
anaerobically through glycolysis (Fraisl et al., 2009). Moreover, the
HIF-1a inhibitor FIH-1 is expressed in certain endothelial cells and
might inhibit Notch activity, which is critical for endothelial tip
cell fate specification. It will be interesting to explore whether
MT1-MMP can also associate with FIH-1/Mint-3 in endothelial tip
cells, thereby modulating FIH-1 availability and regulating HIF-1a-
dependent genes such as D114 and Notch signaling (Fig. 3).

Finally, bioinformatics analysis of the MT1-MMP transcriptome
and degradome (the collection of its substrates) in cytokine-
activated primary mouse lung endothelial cells points to a role
of MT1-MMP in regulating gene transcription in endothelial
cells in a proteolytic-independent manner. Although most of
the Gene Ontology Biological Processes related to angiogenesis,
such as chemotaxis, motility, migration, adhesion or vasculature

development, are enriched in MT1-MMP degradome or in
both MT1-MMP degradome and transcriptome, endothelial cell
proliferation was only enriched in the transcriptome. This
analysis indicates that there is a minor contribution from
non-catalytic MT1-MMP-driven gene regulation to angiogene-
sis (Fig. 5). MT1-MMP nuclear translocation is not exclusive
of macrophages since it has also been observed in hepato-
cellular carcinoma cells in which caveolin-mediated endocy-
tosis was proposed as the underlying mechanism (Ip et al.,
2007). Moreover, MT1-MMP can modulate the expression
of components of chromatin remodeling complexes in several cell
types including HMGA?2 in tumor cells through ERK signaling and
Mi-2/NuRD in macrophages through the PI3K&/Akt/GSK3 path-
way (Dangi-Garimella et al., 2011; Shimizu-Hirota et al., 2012).
Although MT1-MMP nuclear translocation has not been confirmed
in endothelial cells, we can thus speculate that MT1-MMP might
directly or indirectly regulate chromatin remodeling, and thereby
gene transcription, in endothelial cells. It will be important to inves-
tigate this point further given the current interest in epigenetic
regulation in vascular biology and angiogenesis (Aurora etal.,2010;
Yan et al., 2010).

Concluding remarks and future perspectives

Interdependence between location and function has been
claimed as a mechanism for diversification of protein functions
and improvement of their ability to coordinate extracellu-
lar cues and intracellular responses. MT1-MMP has become a
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prime example of such a site-specific, multi-task protein, able
to coordinate extracellular proteolytic modification with non-
proteolytic-mediated cellular responses including cell motility and
metabolism, ultimately leading to inflammatory responses and
angiogenesis.

Open questions remain about the mechanisms by which cells
and their metabolic needs regulate the distinct subcellular loca-
tions and functions of MT1-MMP. There are several possibilities;
for example different metabolic or inflammatory conditions might
trigger distinct traffic routes of MT1-MMP. Thus, environmental
metabolic needs might change the manner in which MT1-MMP is
endocytosed, steering its fate away from degradation to active roles
in the Golgi or other compartments such as the nucleus; alterna-
tively, MT1-MMP and its partners might meet at the Golgi/TGN
as a result of altered synthesis and secretion. In support of reg-
ulated traffic of MT1-MMP under metabolic stress, in addition to
transcriptional regulation of MT1-MMP by HIF-2 in tumor cells
(Petrella et al., 2005), hypoxia can also promote the mobilization
of MT1-MMP from cytosolic storage pools to the plasma mem-
brane involving different molecular mechanisms such as RhoA
activation (Li et al., 2012; Munoz-Najar et al., 2006). Interestingly,
RhoA activation induced MT1-MMP location at cell-cell contacts
and inhibited its caveolae-mediated traffic in endothelial cells
(Galvez et al., 2004); it will be interesting to explore whether
hypoxia in a RhoA-dependent or independent manner, can impact
caveolae traffic routes since at least in tumor cells HIF-1 and -
2 induce caveolin-1 transcription and caveolae formation (Wang
et al.,, 2012). Notably, hypoxia also stimulates the formation of
invadopodia in tumor cells (Lucien et al., 2011; Munoz-Najar et al.,
2006) supporting the concept that a decrease in oxygen availability
might trigger a coordinated cellular response involving increased
MT1-MMP traffic to the plasma membrane together with induc-
tion of caveolae and invadopodia formation resulting in higher
levels of MT1-MMP at these invasive structures. This response
might be relevant not only in the tumor context but also in hypoxic
inflammatory foci leading to endothelial tip cell and macrophage
invasion. Moreover, in pathological contexts such as pulmonary
arterial hypertension, hypoxia can also lead to trapping of vesicle
tethers (SNAREs and SNAPs) in the Golgi (Sehgal and Lee, 2011);
it is tempting to speculate that inflammatory hypoxic environ-
ments could also regulate Golgi-dependent MT1-MMP traffic to
endow cells with appropriate adaptive responses. Understanding
these new mechanisms of action of MT1-MMP has the potential
to provide further insights into the complex networks activated
under stressful inflammatory conditions and open new avenues
for therapeutic intervention.
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Pivotal role for skin transendothelial
radio-resistant anti-inflammatory
macrophages in tissue repair
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Abstract Heterogeneity and functional specialization among skin-resident macrophages are
incompletely understood. In this study, we describe a novel subset of murine dermal perivascular
macrophages that extend protrusions across the endothelial junctions in steady-state and capture
blood-borne macromolecules. Unlike other skin-resident macrophages that are reconstituted by
bone marrow-derived progenitors after a genotoxic insult, these cells are replenished by an
extramedullary radio-resistant and UV-sensitive Bmi1* progenitor. Furthermore, they possess a
distinctive anti-inflammatory transcriptional profile, which cannot be polarized under inflammatory
conditions, and are involved in repair and remodeling functions for which other skin-resident
macrophages appear dispensable. Based on all their properties, we define these macrophages as
Skin Transendothelial Radio-resistant Anti-inflammatory Macrophages (STREAM) and postulate that
their preservation is important for skin homeostasis.

DOI: 10.7554/elife.15251.001

Introduction

Macrophages are myeloid cells highly specialized in pathogen clearance and antigen capture in lym-
phoid tissues, where they participate in the first line of immune defense against exogenous threats,
extending a bridge between innate and adaptive immunity (Varol et al., 2015). Homeostasis is also
maintained in a number of peripheral non-lymphoid tissues by the phagocytic, anti-microbial and tis-
sue remodeling activities of specialized resident macrophages, including alveolar macrophages in
lungs, interstitial histiocytes in connective tissue, osteoclasts in bone, microglia in brain, Kupffer cells
in liver, peritoneal, intestinal and adipose tissue macrophages (Murray and Wynn, 2011). Likewise,
macrophages contribute to the barrier function of the skin. Unlike migratory epidermal Langerhans
cells and dermal dendritic cells, which are mobilized after topical antigen uptake to perform their tol-
erogenic or immunogenic role within the draining lymph nodes (Henri et al., 2010), skin-resident
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elLife digest The skin forms an essential barrier that defends our body from external damage.
For this reason, it is important to understand the complex mechanisms involved in healing wounds
and maintaining healthy skin. This could allow us to find effective treatments for skin diseases such
as atopic dermatitis and psoriasis.

Immune cells called macrophages can protect the body in different ways depending on the
signals they receive. Their protective roles include killing microbes that may cause disease, and
helping to repair damaged tissues. Barreiro et al. have now investigated the roles of the
macrophages in the skin by means of a number of complementary techniques, including a method
called intravital microscopy that can image cells in a living organism.

The experiments revealed that a division of labor exists among the macrophages that reside in
the skin of mice. Some macrophages help to trigger inflammatory responses in the skin. These
immune cells disappear after being exposed to ionizing radiation (such as that used to treat cancer)
but can be replaced via a bone marrow transplant. Other macrophages that help to repair tissues
can survive being exposed to ionizing radiation but cannot resist high levels of ultraviolet light. Both
types of macrophages perform unique and essential roles, and both types are necessary for
maintaining healthy skin.

Barreiro et al. also discovered that the skin macrophages that help to repair tissues have the
ability to move into blood vessels and take up substances from the blood. A question for future
investigation is whether the macrophages perform this scavenging process to trigger a protective
immune response in the nearby skin.

DOI: 10.7554/eLife.15251.002

macrophages remain in the dermis, contributing to pathogen clearance, tissue repair and the resolu-
tion of inflammation (Pasparakis et al., 2014).

A certain degree of heterogeneity among skin-resident macrophages has been previously
reported relative to their ontogeny as well as to the functional specialization of specific subsets
(Abtin et al., 2014; Hoeffel et al., 2015; Schulz et al., 2012; Tamoutounour et al., 2013). Herein,
we define for the first time a clear dichotomy among the skin-resident macrophages based on their
differential sensitivity to y-irradiation. Radio-resistant and radio-sensitive skin macrophages are dis-
tinctively polarized already in steady state as revealed by transcriptional analysis. Consequently,
these two macrophage subsets are functionally specialized in a cell-autonomous manner even
though both subsets are exposed to mostly shared environmental cues. In particular, the radio-resis-
tant macrophage subset comprises a novel type of perivascular macrophages that gain access to the
vascular lumen, are highly phagocytic and possess anti-inflammatory properties even in the presence
of pro-inflammatory stimuli. Moreover, they are renewed from a local Bmi1* progenitor and become
outcompeted over time by bone marrow-derived resident macrophages. Finally, the preferential
depletion of these skin transendothelial radio-resistant anti-inflammatory macrophages (STREAMs)
using diphtheria toxin-OVA nanoparticles evidences their involvement in tissue repair and remodel-
ing, as well as the inability of their radio-sensitive counterparts to act as functional surrogates.

Results

Dermal perivascular macrophages protrude into microvessels at steady-
state

To visualize the microvascular network of the skin, we performed intravital imaging of the upper der-
mis of the mouse ear under steady-state conditions using a minimally invasive model based on con-
focal microscopy (Auffray et al., 2007). The vasculature was highlighted by injecting i.v. a non-
permeable vascular tracer, high molecular weight (HMw; 2 MDa) TRITC-dextran. Remarkably, a pop-
ulation of perivascular cells became readily visible during the first hours after HMw dextran injection,
suggesting that these mostly sessile cells were constantly taking up intravascular dextran (Figure 1A
and Video 1). This observation was further confirmed by monitoring the uptake of two differently
labeled HMw dextrans injected with a lapse of 24 hr (Figure 1—figure supplement 1A). Dextran
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Figure 1. Dermal perivascular macrophages capture intraluminal dextran. (A) (Left) Representative frames from Video 1 are shown. Briefly, image
acquisition of ear mouse dermis started 30 min after i.v. injection of HMw TRITC-dextran and lasted for 5 hr. (Right) The surface plots show the
fluorescence intensity of a representative cell at the starting time and 3 hr 15 min later (white insets in corresponding video frames; a.u., arbitrary units).
(B) (Upper left) Three-dimensional (3D) rendering of the fluorescence signals obtained in a C57BL/6 ear dermis after i.v. administration of HMw TRITC-
dextran (red, injected 16 hr before imaging) and vivotag (blue, injected at the time of imaging). (Upper right) The panels show a representative xy plane
split into the different channels with an orthogonal section beneath, obtained along the yellow cross-section line. (Lower) The boxed region in the 3D
rendering is shown tilted and at higher magnification. Yellow-dotted line marks endothelial perimeter in the red channel. Black asterisks mark void
spaces corresponding to intravascular cells in the blue channel. (C) Phenotypic analysis of the dextran® cells in the ear skin using the pan-leukocyte
marker CD45 and the macrophage marker CD64. Representative FACS dot plots of control and HMw TRITC-dextran-injected mice are shown (n = 4).
DOI: 10.7554/eLife.15251.003

The following figure supplement is available for figure 1:

Figure supplement 1. Spatio-temporal analysis of endothelial-protruding macrophages under steady-state conditions.

DOI: 10.7554/eLife.15251.004
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administration followed by the subsequent injec-
tion of a non-phagocytosable tracer (vivotag)
revealed the presence of dextran® protrusions
as non-stained regions in the vivotag channel
projecting into the vessel lumen (Figure 1B).
The protrusions were flapping inside the vessels,
presumably deflected by the vascular flow, and
even contacting circulating cells (Figure 1—fig-
ure supplement 1B and Videos 2-4). The phe-
notypic characterization of the TRITC-dextran®
perivascular cells identified them mostly as mac-
rophages (i.e., they were either CD45* F4/80M9"
CD11c CD11b* or CD45* F4/80"" CD11c
CD64* cells by FACS [Figure 1C and Figure 1—
figure supplement 1C] and CD68" cells by
whole-mount immunofluorescence staining [Fig-
ure 1—figure supplement 1D]). Flow cytometry
analysis of skin single-cell suspensions from 12-
. . week-old animals showed that the 96.67% =+
intravascular dextran by perivascular cells (mostly

sessile) under homeostatic conditions. A C57BL/6 1.02% of all TRITC-dextran™ cells were CD45™
animal was injected i.v. with HMw TRITC-dextran and and the 90.41% + 2.06% of CD45" TRITC-

Video 1. Observation of intravascular dextran uptake
by dermal non-migratory perivascular cells. Video
sequence illustrating the progressive phagocytosis of

immobilized by means of long-term anesthesia. dextran® cells corresponded to macrophages
Intravital imaging started 30 min after injection. The (CD64%). In addition, TRITC-dextran®* macro-
frames in the video sequence are maximal projections phages represented 41.28% =+ 5.66% of total
of a confocal z-stack (207 planes, 129.66 um in depth) skin macrophages. Next, we performed a meso-

acquired every 5 min over 5 hr (only shown first 3hr 15 scopic analysis of murine ears to characterize the

min). White asterisks highlight cells of particular spatial distribution of skin macrophages. This

interest. The video also shows the clearance of dextran . . . .
analysis revealed their preferential localization

from the bloodstream and the absence of paravascular .
. . - around dermal blood microvessels rather than
permeability under homeostatic conditions.

DO 10.7554/eLife. 15251 005 lymphatics (Figure 2—figure supplement 1A
and Video 5). Interestingly, TRITC-dextran®
macrophages were mostly apposed to capillaries
and venules, possibly because the dense smooth muscle layer wrapping arterioles prevented the
access of macrophages to the arteriolar lumen (data not shown). Moreover, endothelial cells did not
detectably capture dextran under our experimental conditions, ruling out the possibility of the endo-
thelium making accessible the intravascular dextran to the perivascular macrophages by transcytosis
(Figure 2—figure supplement 1B).

We next studied how the macrophage protrusions gain access to the vascular lumen. We

detected dextran® macrophages embracing vessels from outside the pericyte sheath (visualized as
GFP™ cells around vessels using a nestin-eGFP reporter mouse), whereas their protrusions extended
across the basement membrane (stained with anti-collagen IV) and between pericytes to reach the
endothelial wall (whole-mount immunofluorescence stainings in Figure 2A and Figure 2—figure
supplement 1C). We also visualized dextran®™ macrophage protrusions aligned with endothelial junc-
tions in vivo by intravital microscopy by injecting i.v. an anti-CD31 antibody to stain the luminal sur-
face of dermal microvasculature (Figure 2—figure supplement 1D and Video 6). Further analysis
using orthogonal sectioning of whole-mount immunofluorescence stainings indicated that the mac-
rophages insert their protrusions in the intravascular space through endothelial intercellular junctions
(Figure 2B). Interestingly, TRITC-dextran uptake was minimal in VE-cadherin-a-catenin knock-in mice
(Figure 2C). In these animals, endothelial adherens junctions are stabilized (Schulte et al., 2011),
which prevents paravascular permeability and leukocyte paracellular but not transcellular diapedesis.
The ability of dermal macrophages to access the intraluminal space is restricted in these animals,
supporting the observation that macrophages can reach the vascular lumen crossing the endothelial
junctions and excluding the possibility that their protrusions reach the vessel lumen via a transcellular
route through endothelial cells. Finally, since the capture of dextran by skin myeloid cells is mediated
by the mannose receptor (CD206) (Wollenberg et al., 2002), we could selectively stain the intralumi-
nal protrusions of these dermal perivascular macrophages in vivo by injecting i.v. anti-CD206 and
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Video 2. Dermal perivascular cells protrude into
dermal microvessels and contact intravascular

leukocytes. Video animation of a 3D rendering from a
z-stack acquired in vivo in the dermis of a mouse ear.
The mouse was injected i.v. with HMw TRITC-dextran
16 hr before microscopic observation and injected i.v.
with vivotag (as vascular tracer) just before the
experiment. Intravital imaging with confocal sectioning
(1 z-stack, 65 planes, 40.28 um in depth) was
performed. The image shows several perivascular
dextran® cells around a vessel highlighted in blue
(vivotag staining). Remarkably, two adjacent
perivascular cells introduce their protrusions into the
vascular lumen to contact intravascular leukocytes, seen
as holes not filled with the vascular tracer.

DOI: 10.7554/¢eLife.15251.006
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quantified the amount of endothelial-protruding
macrophages by FACS (Figure 2D). Altogether
these data indicate the existence of hitherto
unidentified dermal perivascular macrophages
able to protrude across endothelial junctions to
reach the vascular lumen in homeostatic
conditions.

Dermal dextran®* macrophages are
a radio-resistant subset of tissue-
resident macrophages

In an attempt to visualize endothelial-protrud-
ing macrophages without dextran labeling, we
first analyzed whether these macrophages
selectively expressed CX3CR1, a marker associ-
ated to certain tissue-resident macrophage sub-
sets including intestinal macrophages and
microglia (Varol et al., 2015). However,
dextran* macrophages did not express fluores-
cent reporter protein in Cx3cr19%* mice, nei-
ther in other myeloid reporter strains such as
Lyz2Cre:Rosa26YFP and Langerin-eGFP (Fig-
ure 3—figure supplement 1A). Then, we gen-
erated chimeric animals by reconstituting
lethally irradiated C57BL/6 mice with B-actin-
GFP* hematopoietic progenitors, since it has
been previously reported the absence of radio-
resistant macrophages in the skin
(Bogunovic et al., 2006). Unexpectedly,
dextran* dermal macrophages did not express

GFP in these chimeras (Figure 3A and Video 7), indicating that they were not replaced by BM-
derived macrophages after irradiation and suggesting that they could be a specialized radio-resis-
tant subset of skin-resident macrophages never characterized before. In fact, we monitored the

presence of perivascular macrophages able to
phagocytose intravascular HMw dextran 7d after
lethal y-irradiation without BM reconstitution
(Figure 3—figure supplement 1B). To further
assess their radio-resistant nature, we reconsti-
tuted lethally irradiated CD45.2 host mice with
CD45.1 BM progenitors. Reconstitution of the
hematopoietic system in blood and lymphoid
organs was complete after 12 weeks, with a
negligible residual contribution of host cells to
the myeloid compartment. In contrast, the chi-
merism rate in the skin myeloid subsets exhib-
ited a higher contribution of the host
populations, which could not be ascribed to
blood reconstitution (Figure 3—figure supple-
ment 1C-D). The host radio-resistant CD45.2"
macrophages efficiently captured HMw dextran
under steady-state conditions and were found
mostly positioned around microvessels
(Figure 3B and Figure 3—figure supplement
1E). To validate this observation in a homeo-
static context devoid of irradiation, the uptake
of intravascular dextran was also analyzed in

Video 3. Scanning movement of the protrusions of
dermal perivascular cells. Frames represent maximal
projections of a z-stack (9 sections acquired every 10
um) obtained repeatedly (delay time 7 s 89 ms) over a
short time period (? min 30 s). The video shows the
scarce motility of dextran-capturing cells.

DOI: 10.7554/eLife.15251.007
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’

Video 5. Mesoscopic analysis of macrophage
organization in relation to lymphatic and blood vessels.
A whole mount-staining of a C57BL/6 ear dermis

followed by tiled z-stack acquisition of the whole organ
were performed. The video animation progresses from
the mesoscopic analysis of the whole organ (ear)
towards the detailed microscopic organization of
lymphatics (LYVE-1%, red), vascular endothelium
(CD31%, green) and tissue resident macrophages
(CD68*, white). Note the evident organization of

Video 4. Magnified detail from Video 3. Crop and macrophages around the complex endothelial network
zoom from Video 3 for detailed observation. The white  formed around hair follicles (minimal units of the skin)
asterisk marks a cell with an intravascular protrusion instead of around lymphatics. Blue corresponds to
that flaps inside the vessel due to blood flow and the DAPI staining of nuclei, to facilitate observation of ear
arrowhead points to the rearward movement of a anatomy.

dextran-loaded phagocytic vesicle from the vessel and DOI: 10.7554/eLife.15251.009
along the protrusion towards the perivascular cell

body.
DO\?/WO 7554/l ife.15251.008 parabiotic mice maintained for 6 months with a

shared circulation. The results obtained were
similar to those of chimeric animals, inasmuch

as only host macrophages captured intraluminal
dextran (Figure 3C).

Interestingly, a recent study described the existence of a subset of GFP™ perivascular macrophages
in the DPE-GFP mouse strain, in which GFP is driven under the control of the distal and proximal CD4
enhancers and CD4 promoter (details on the generation of this mouse line described in[Mempel et al.,
2006)). These GFP* macrophages provide guidance cues for the recruitment of inflammatory cells
such as neutrophils during intradermic bacterial infection (Abtin et al., 2014). To analyze whether the
dermal endothelial-protruding macrophages correspond to the GFP* macrophages described above,
we injected HMw TRITC-dextran in DPE-GFP animals. Remarkably, ~80% of cells that acquired circulat-
ing HMw dextran were GFP~ in the skin of DPE-GFP mice (Figure 4A). Furthermore, chimerism experi-
ments in which we reconstituted lethally irradiated CD45.2 DPE-GFP hosts with CD45.1 hematopoietic
progenitors revealed a dramatic decrease in the number of GFP™ dermal macrophages one month
after the genotoxic insult, indicating their radio-sensitive nature (Figure 4B). Altogether these results
allow us to establish a clear dichotomy between DPE-GFP* and dextran-capturing perivascular
macrophages.

Radio-resistant macrophages derive from an extramedullary UV-
sensitive source

In order to find the source for the skin-resident radio-resistant macrophages described in this work,
we explored whether they are long-lived, endowed with self-renewal capacity, or derived from an
extramedullary progenitor as alternative possibilities. We first tackled their sensitivity to UV irradia-
tion, since other radio-resistant immune subset in the skin, the Langerhans cells (LC), is UV-sensitive
(Merad et al., 2002). Chimeric CD45.1/CD45.2 (donor/host) animals were exposed to UVA-B irradia-
tion (5 J/cm?), and ear skin was analysed after one month. UV irradiation had a clearly negative effect
on the survival and renewal of host compared with donor macrophages (Figure 5A), indicating that
radio-resistant macrophages are UV-sensitive. However, the radio-resistant macrophages did not
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Figure 2. Dermal perivascular macrophages protrude across endothelial junctions into microvessels. (A) (Left) 3D reconstruction combining
fluorescence signal and isosurface rendering of the ear dermis of a nestin-eGFP animal injected i.v. with HMw dextran. The inset is shown magnified in
the central panel with a dextran® macrophage protruding into the vascular lumen highlighted with a white arrow. Another protruding macrophage,
marked with an asterisk in the 3D reconstruction image, is shown in a zoomed single confocal plane on the right. (B) (Left) Whole-mount staining of a
C57BL/6 ear using anti-CD31 (red) and anti-CDé8 (green) antibodies. (Center) The inset is shown as a 3D rendering with higher magnification. (Right)
The same inset was tilted and further analyzed by orthogonal sectioning. The white cross-section lines are localized along the cell body and the
intravascular protrusion of the macrophage on the right side. (in, intraluminal; out, extravascular). (C) Comparison of dextran capture in wt vs. VE-
cadherin-a-cat mice under steady-state conditions. Animals were injected i.v. with HMw TRITC-dextran and with HMw FITC-dextran 24 hr later, before
imaging. (Left) Representative intravital images show the dermis of each phenotype, containing dextran™ cells (red) and vasculature (green). (Center)
The bar histogram represents the mean fluorescence intensity (MFI) of the TRITC-dextran signal + SD obtained from five 20x fields of view of 2 animals
of each phenotype (a.u., arbitrary units). (Right) Flow cytometry analysis of dextran capture by macrophages in wt and VE-cad-a-cat mice. Statistical
significance was assessed by unpaired two-tailed Student'’s t-test (**p-value < 0.005, ***p-value < 0.001). (D) In vivo staining of the intraluminal
protrusions of endothelium-protruding macrophages. Mice were injected i.v. with either an antibody against CD206 (mannose receptor, involved in
dextran uptake) or an isotype control antibody and sacrificed 3 min later. Then, animals were perfused with PBS and ears were processed for FACS
analysis. Single-cell suspensions were stained with anti-CD45, anti-F4/80, anti-CDé4 and a different anti-CD206 clone. Representative FACS dot plots
Figure 2 continued on next page
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are depicted and the bar histogram shows the specific detection of macrophage staining in vivo (M®: macrophages). Data are mean values + SD
(n = 4). Statistical significance was assessed by unpaired two-tailed Student's t-test (***p<0.001).

DOI: 10.7554/eLife.15251.010

The following figure supplement is available for figure 2:

Figure supplement 1. Spatial organization of skin macrophages relative to lymphatic and blood vessels.

DOI: 10.7554/eLife.15251.011

express langerin and are clearly distinguishable from epidermal and dermal langerin* dendritic cells
(Figure 3—figure supplement 1A).

Next, we explored whether the radio-resistant macrophages proliferate in situ. We first treated chi-
meric animals intradermally with clodronate liposomes to deplete skin macrophages. Monitoring at
24 hr after injection showed depletion of both macrophage subsets, whereas after 7d we observed
selective partial recovery of host macrophages, consistent with an in situ renewal of these cells (Fig-
ure 5—figure supplement 1). Then, we performed Ki-67 staining in the skin of host and donor macro-
phages from chimeric animals using LC as control cells endowed with self-renewal potential
(Chorro et al., 2009) (Figure 5B). The results point out to host macrophages as the only cell type
assayed unable to proliferate by itself in steady-state. We complemented the study analysing the
incorporation of BrdU administered ad libitum during 8d in these subsets (Figure 5C). The results indi-
cate that host radio-resistant macrophages have a slower turnover compared to BM-derived donor
macrophages and LC. Altogether these findings suggest that skin radio-resistant macrophages are a
long-lived differentiated population that originates from an in situ proliferating progenitor. Interest-
ingly, the relative content of resident macrophages from donor and host changed dynamically over
time in favor of the dominant BM-derived pool, which exhibits higher proliferative capacity
(Figure 5D).

To identify the extramedullary source for dermal radio-resistant macrophages, we performed a
fate mapping analysis in adult skin. First, we performed an analysis of the expression of a panel of
stemness-related genes demonstrating that skin-
resident macrophages possess no pluripotent
potential per se in steady-state (Figure 5—figure
supplement 2A). Then, we employed a reporter
mouse (Bmi1-IRES-Cre-ERT2 Rosa26 YFP) driven
by the promoter of Bmil, gene involved in the
maintenance of adult stemness (Sangiorgi and
Capecchi, 2008), which enabled us to trace adult
stem cells and their progeny in skin (Figure 5—
figure supplement 2B). Macrophages contain
very low levels of the Bmi1 transcript (Figure 5—
figure supplement 2C) and are devoid of Bmi1
protein in steady-state (Sienerth et al., 2011).
However, YFP* CD45" F4/80"" CD11b* CD11c
macrophages were detected in the homeostatic

skin of Bmi1 reporter animals not earlier than 5d
after i.p. injection of tamoxifen, suggesting that
they are indeed derived from a Bmi1* progenitor
(Figure 5E). Generation of YFP™ macrophages
was increased during macrophage replenishment
after depletion with s.c. clodronate treatment
(Figure 5—figure supplement 2D). Moreover,
microscopy analysis of the dermis of these
reporter animals detected perivascular YFP* cells
protruding into vessels (Figure 5F). To exclude
the contribution of BM-derived hematopoietic
stem cells in this system, we generated chimeric
CD45.1 C57BL/6 wt//Bmi1-IRES-Cre-ERT2

Video 6. In vivo imaging of dextran® macrophages
aligned with endothelial junctions. The video sequence
shows a confocal z-stack of the dermis of a mouse ear
(65 planes, 40.28 um in depth). The animal was
chimeric (reconstitution with B6 ACTB-eGFP BM cells
(green) in a C57BL/6 host) and was injected i.v. with
HMw TRITC-dextran (red) 16 hr before imaging. For in
vivo staining of endothelial junctions, an anti-CD31
antibody coupled to Alexa 647 (blue) was injected i.v.
at the beginning of the experiment. The white circle
and arrowheads highlight the area of interest, where
the macrophage protrusions are posed in close contact
with endothelial junctions.

DOI: 10.7554/eLife.15251.012
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Figure 3. Endothelium-protruding macrophages are radio-resistant macrophages independent of BM supply. (A) (Left) Representative intravital image
(maximal projection of a z-stack), with zoomed view aside, of the ear dermis of a chimeric B6 ACTB-eGFP (donor, green)/C57BL/6 (host) animal pre-
treated with HMw TRITC-dextran (red) and injected with vivotag (blue) at the time of imaging. The 3D colocalization analysis between green and red
signals was estimated (Pearson'’s coefficient in colocalized volume = 0.1074). (Right) Representative FACS dot plots showing the analysis of the TRITC-
dextran® (red), the GFP™ (green) and the double positive subsets in these chimeric animals as well as the macrophage content in the TRITC-dextran®
subset. (B) (Left) Averaged frequency of CD45.1"* (donor) and CD45.2" (host) skin-resident macrophages in chimeric animals reconstituted for 3 months.
(Right) Representative FACS analysis of the dextran™ subset in chimeric CD45.1 (donor)/CD45.2 (host) animals treated with HMw TRITC-dextran. The bar
histogram shows the contribution of host and donor macrophages to the pool of dextran™ macrophages in the skin. Values are mean + SD (n=4).
Statistical significance was assessed by unpaired two-tailed Student’s t-test (****p<0.0001). (C) Parabionts were injected i.v. with HMw TRITC-dextran
and sacrificed 3d later. Ears were harvested and processed for FACS analysis. (Left) Averaged frequency of CD45.1" and CD45.2" skin-resident
macrophages in each partner of the parabiotic pairs (n = 4) after 6 months of parabiosis. (Right) Representative dot plots and bar histogram showing
the contribution of host macrophages and macrophages derived from partner to the pool of dextran®™ macrophages in the skin. Values are mean + SD
(n = 4). Statistical significance was assessed by unpaired two-tailed Student’s t-test (****p<0.0001).

DOI: 10.7554/elife.15251.013
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Figure 3 continued

The following figure supplement is available for figure 3:

Figure supplement 1. Analysis of tissue-resident macrophage subsets in reporter and chimeric animals.
DOI: 10.7554/elife.15251.014

Rosa26 YFP CD45.2 (donor/host) mice. YFP* dextran®™ macrophages were detected in the skin of
tamoxifen-treated HMw dextran-injected chimeric mice by FACS analysis (Figure 5G-H). Intravital
experiments confirmed the existence of YFP™ dextran® macrophages under steady-state conditions
in chimeras lacking tamoxifen-inducible hematopoietic cells of BM origin (Figure 5I). Together these
results confirm the in situ generation of radio-resistant macrophages from a skin pluripotent progeni-
tor independent of BM.

Phenotypic differences among skin-resident macrophage subsets

Our results strongly imply the coexistence of two distinct skin-resident macrophage pools in homeo-
stasis based on their differential capacity to uptake circulating macromolecules, sensitivity to y-irradi-
ation and progenitor source. To further characterize these two populations, we performed a
detailed phenotypic characterization of host radio-resistant and donor BM-derived macrophages in
chimeric mice after 3 months of reconstitution. Both subsets were F4/80"9", CD11b™ and expressed
similar levels of other myeloid markers such as Ly6C and CD115, as well as of the prototypic macro-
phage markers CD68 and CD64-MertK (whose combined expression is associated with mature tissue
macrophages [Gautier et al., 2012]) (Figure 6A and Figure 6—figure supplement 1A). Moreover,
both subsets were CD11¢” and Ly6G™ (Figure 6—figure supplement 1A). There was also no consis-
tent or sizeable difference in the expression of the angiogenesis-related receptor Tie-2, the costimu-
latory molecules CD40 and CD70 or MHC-I. However, we found a higher mean expression of the
costimulatory molecule CD86 and the mannose receptor (CD206) in the host radio-resistant subset,
whereas MHC-Il was elevated in the donor BM-derived subset (Figure 6A). Nevertheless, the broad
range of expression of these differential markers within each macrophage subset precluded their
use to dissect accurately the heterogeneity found among the skin-resident macrophages (example
provided for MHC-Il in Figure 6—figure supplement 1B).

Radio-resistant macrophages
possess a distinctive anti-
inflammatory gene expression
profile

To find a specific marker for radio-resistant mac-
rophages and gain further insight into the differ-
ences between the two tissue-resident
macrophage subsets, we sorted donor and host
macrophages from the skin of chimeric animals
for high-resolution transcriptome profiling, using
deep-sequencing technology (RNA sequencing
(RNA-Seq)) (Wang et al., 2009). Of 17,741
genes compiled, we found significant differences
in 744, 135 corresponding to protein coding

Video 7. Dextran® macrophages are not from BM sequences with similar normalized expression
origin. Video animation showing the maximal levels across replicates (Figure 6B-C, and
projection of a confocal z-stack obtained from the tail Supplementary file 1). A comprehensive Gene

skin of a chimeric animal (B6 ACTB-eGFP(donor)/
C57BL6 (host)) injected i.v. with HMw TRITC-dextran.
The animation alternatively shows the position of

Set Enrichment Analysis (GSEA) of all genes
expressed in at least one cell type showed 36
Kegg pathways upregulated in host radio-resis-
tant macrophages (14 of them enriched at a
nominal p-value < 1%) vs. 149 in donor macro-

dextran® macrophages (red) and BM-derived
hematopoietic cells (GFP", green) relative to vessels
(CD31" in white, whole-mount staining) and finally

highlights the lack of colocalization of red and green phages (26 pathways enriched at a nominal
channels. p-value < 1%). The GSEA analysis confirmed
DOI: 10.7554/eLife.15251.015 striking differences in metabolism between the
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Figure 4. The perivascular endothelium-protruding macrophages are distinct from the perivascular DPE-GFP*
macrophages. (A) (Left) Maximal projection of the ear dermis of a DPE-GFP animal injected i.v. with HMw TRITC-
dextran, fixed and stained with anti-CD31. The 3D colocalization analysis of the green (GFP* perivascular M®) and
red (dextran® perivascular M®) signals was estimated (Pearson’s coefficient in colocalized volume = 0.1901).
(Upper right) FACS analysis of macrophages in ear skin from DPE-GFP animals injected i.v. with HMw TRITC-
dextran. (Lower right) Bar histogram showing contribution of GFP™ and ™ subsets to the pool of dextran™
macrophages. Values are mean + SD (n = 3). Statistical significance was assessed by unpaired two-tailed Student’s
t-test (* p<0.05). (B) DPE-GFP CD45.2 animals were lethally irradiated and reconstituted with wt congenic CD45.1
BM. Animals were sacrificed 1 month later and the content of skin GFP* M® in their skin was analyzed by FACS
and compared with untreated DPE-GFP CD45.2 animals. The bar histogram on the right shows the % of GFP*
macrophages out of total skin macrophages. Data are mean + SD (n = 4). Statistical significance was assessed by
unpaired two-tailed Student’s t-test (* p<0.05).
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Figure 5. The skin radioresistant macrophages are an UV-sensitive population endowed with in situ renewal

potential from an extramedullary progenitor. (A) Ears from chimeric animals (CD45.1(donor)/CD45.2(host)) were

Figure 5 continued on next page
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Figure 5 continued

analyzed by flow cytometry 4 weeks after irradiation with UV-A/B or no irradiation. The left bar histogram shows
the percentage of remaining macrophages of each haplotype after UV irradiation relative to untreated controls

(n = 3/group). The second bar histogram depicts the relative content of each subset out of the total pool of tissue-
resident macrophages in treated and non-treated animals. Data are means + SEM. Statistical significance was
assessed by two-way ANOVA analysis with Sidak’s post-test (left) and one-sample t-test referred to value = 100
(right) (n.s. not significant, **p-value < 0.01). (B) Ki-67 staining reveals the lack of self-renewal capacity of
radioresistant host macrophages in steady-state. Chimeric mice (CD45.1-donor/CD45.2-host) reconstituted for 3
months were sacrificed and skin processed and stained with anti-Ki-67 for FACS analysis. Tissue-resident
macrophages from host (CD45.2" and CD64") and donor (CD45.1* and CD64") as well as Langerhans cells (LC,
CD45.2" CD326" and MHC-II", used as control subset endowed with self-renewal capacity) were analyzed. Values
are mean = SEM (n = 4). Statistical significance was assessed by one-way ANOVA with Dunnett's post-test (*p-
value < 0.05, **p-value < 0.005). (C) BrdU tracing revealed the slower turnover rate of host radioresistant
macrophages. Chimeric mice (CD45.1-donor/CD45.2-host) were treated with BrdU in drinking water ad libitum.
Animals were sacrificed 8 d later and skin processed for BrdU staining. Tissue-resident macrophages from host
and donor as well as Langerhans cells were analyzed. Values are mean + SD (n = 4). Statistical significance was
assessed by one-way ANOVA with Tukey's post-test (**p-value < 0.005, ****p-value < 0.0001). (D) Fluctuations
over time in the relative content of host and donor macrophages in the homeostatic skin of chimeric animals

(n = 5/group). Data are mean + SD. Statistical significance was assessed by two-way ANOVA with Sidak’s post-test
(*p-value < 0.05, **p-value < 0.01, ***p-value < 0.005, ****p-value < 0.0001). (E) Ears from tamoxifen-treated Bmi1-
IRES-Cre-ERT2 Rosa2é YFP reporter mice were analyzed by flow cytometry 5d after treatment. Representative
FACS analysis of the identified YFP"CD45" fraction is shown. (F) Whole-mount staining of an ear from a tamoxifen-
treated Bmi1-IRES-Cre-ERT2 Rosa26é YFP mouse. The boxed area highlights a YFP* perivascular cell protruding
into a vessel, shown at high magnification in the accompanying panels. The white-dotted line marks the
vasculature in the red channel. (G) Bmi1-IRES-Cre-ERT2 Rosa26 YFP CD45.2 host mice were chimerized with bone
marrow from CD45.1 wt donors. Ears of these chimeric mice were analyzed by FACS and a subset of
YFP*CD11b*F4/80"9" myeloid cells was detected. (H) FACS analysis of Bmi1-IRES-Cre-ERT2 Rosa26 YFP chimeric
mice injected with HMw dextran. The bar histogram represents the percentage of YFP™ dextran® macrophages
respect to untreated control (n = 4). Data are mean + SD. Statistical significance was assessed by unpaired two-
tailed Student's t-test (**p-value < 0.01). (I) Representative intravital images of the ear of a chimeric mouse
generated as in G, and injected with HMw TRITC-dextran. White arrows in the green channel mark YFP"dextran™
perivascular cells.

DOI: 10.7554/elife.15251.017

The following figure supplements are available for figure 5:

Figure supplement 1. Selective recovery of host macrophages in chimeric animals treated with clodronate
liposomes intradermally.

DOI: 10.7554/eLife.15251.018

Figure supplement 2. Absence of stemness gene expression in skin resident macrophages in steady-state.
DOI: 10.7554/¢elife.15251.019

two resident macrophage populations in homeostatic skin (Figure 6—figure supplement 2A and
Supplementary file 2). Host radio-resistant macrophages displayed a metabolic gene profile based
on fatty acid oxidation and oxidative phosphorylation, whereas donor BM-derived macrophages
showed a glycolytic gene profile. Such metabolic differences found at the gene expression level
were confirmed by assessing mitochondrial activity ex vivo. Direct staining of the skin with an indica-
tor of mitochondrial membrane potential (MitoTracker Orange CMTMRos) revealed elevated mito-
chondrial function in host radio-resistant macrophages, although both macrophage subsets
contained comparable amounts of mitochondria per cell (as indicated by similar levels of Tomm20, a
translocase of the outer mitochondrial membrane) (Figure 6—figure supplement 2B). Thus, the
metabolic profiles of donor and host macrophages in homeostatic skin mirrored the metabolic
reprogramming of pro-inflammatory classically activated and anti-inflammatory alternatively acti-
vated macrophages (Galvan-Pena and O’Neill, 2014), respectively.

In addition to metabolic differences, we further validated the differential expression observed for
several immune-related genes using a microfluidic-based multiplex gRT-PCR. Donor-derived macro-
phages showed increased expression of genes such as H2-Eb1 (coding for MHC-II), Ccr2, 1IB, 116 and
1110. Importantly, the latest three genes code for cytokines related to the pro-inflammatory response
in macrophages (Rodriguez-Prados et al., 2010). Host macrophages showed upregulated
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Figure 6. Phenotypic and RNASeq analyses of donor and host skin-resident macrophages from chimeric animals.
(A) Flow cytometry analysis of the surface expression of macrophage-specific markers (CD64, MerTK, CDé8), as
well as CD86, CD206 and MHC-II in donor and host macrophages from chimeric animals in steady-state. Values
correspond to the normalized average GeoMean + SD (n = 3). Statistical significance was assessed by unpaired
two-tailed Student’s t-test (n.s. not significant, *p-value < 0.05, **p-value < 0.01). (B) (Left) Compact view of the
hierarchical clustering of the normalized expression profiles of the protein coding sequences with p-value <= 0.05
and consistent expression levels across replicates. (Center and right) Detailed view of the hierarchical clustering
showing gene annotation. Arrows highlight relevant genes upregulated in host (blue) and donor (red). (C) Vulcano
plot representing the log2FC vs —log10 p-value transformation. Highlighted points correspond to genes with a
p-value smaller than 0.05 (blue for genes more expressed in host than donor and red for genes with the opposite

expression profile).

Figure é continued on next page
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Figure 6 continued

DOI: 10.7554/elife.15251.020

The following figure supplements are available for figure 6:

Figure supplement 1. Extended phenotypic analysis of host and donor skin-resident macrophages.
DOI: 10.7554/elife.15251.021

Figure supplement 2. GSEA of the RNASeq data.

DOI: 10.7554/elife.15251.022

expression of Cd86, 1115 and Hmox among others (Figure 7A). Accordingly, we detected elevated
protein expression of heme oxigenase-1 (encoded by Hmox) and of other anti-inflammatory markers
such as arginase | (Figure 7B) as well as higher production of TGF-B (Figure 7C) in host macro-
phages in resting conditions.

Importantly, the immune gene signatures of the dermal macrophages expressing low MHC-Il and
never exposed to y-irradiation and of the remaining dermal macrophages in the skin 7d after lethal
v-irradiation showed lack of upregulation of proinflammatory genes (Figure 7—figure supplement
1A), correlating with the observations made in radio-resistant host macrophages in chimeric animals.
In contrast, dermal macrophages expressing high MHC-Il and never exposed to y-irradiation possess
a pro-inflammatory profile as observed for donor BM-derived macrophages in chimeric animals (Fig-
ure 7—figure supplement 1A). These results suggest that the prior lethal irradiation to generate
BM chimeras did not alter the immune gene expression profiles studied herein.

Hence, our results indicate that the radio-resistant subset of skin-resident macrophages is skewed
towards an anti-inflammatory phenotype already in steady-state and predict a certain degree of
functional specialization for them. We have coined this novel subset of macrophages as Skin Trans-
endothelial Radio-resistant Anti-inflammatory Macrophages (STREAM) based on all the specific hall-
marks found in our study.

Skin anti-inflammatory macrophages are refractory to inflammatory
stimuli

The divergent immune-related transcriptional profiles observed in the two distinct macrophage sub-
sets coexisting in homeostatic skin prompted us to investigate whether they are committed to spe-
cific pro- or anti-inflammatory functions in a cell-autonomous manner and independently of
polarizing stimuli. To examine this possibility, we isolated both macrophage subsets treated them ex
vivo with LPS, a stimulus for which both subsets expressed the prerequisite receptors (Figure 7—fig-
ure supplement 1B). Interestingly, the pro-inflammatory macrophages became activated and pro-
duced substantial levels of CCL4, CCL5, CXCL1, TNF-o. and IL-6 (among other pro-inflammatory
mediators examined) in comparison to control conditions, whereas the anti-inflammatory subset did
not produce significant amounts of these cytokines and chemokines in response to LPS (Figure 7D).
However, the anti-inflammatory macrophages produced IL-10 in response to IL-4 stimulation
(Figure 7E). These results suggest that the anti-inflammatory macrophages have a dearth of func-
tional plasticity, being refractory to pro-inflammatory challenges but responsive to anti-inflammatory
stimuli. They also emphasize the fact that the different subsets of skin-resident macrophages could
be already committed even since steady-state to perform non-redundant functions.

Selective depletion of STREAMSs impairs skin repair

To explore the function of STREAMSs, we searched for a method to deplete them selectively from
the skin. For this purpose, we studied the capacity of STREAMs to capture nanoparticles coated with
ovalbumin (OVA), another ligand for the mannose receptor (Burgdorf et al., 2006) that is highly
expressed on their surface. In this manner, we ensured the active capture of the particulate OVA
(OVA-coated fluorescent nanoparticles (FITC fluospheres), ®=0.2 um) from the bloodstream, pre-
venting its passive diffusion into the perivascular tissue that could allow for extravascular phagocyto-
sis. We first observed that OVA fluospheres injected i.v. were specifically captured by skin
macrophages (Figure 8A), and this process was abrogated after the depletion of skin macrophages
by s.c. clodronate treatment (Figure 8B). Intravital imaging followed by flow cytometry evaluation
confirmed that the macrophages able to capture OVA fluospheres were dextran* in C57BL/6 wt ani-
mals (Figure 8C, Figure 8—figure supplement 1A and Videos 8-9) as well as radio-resistant in
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Figure 7. Immune transcriptional profile and polarization potential of STREAMs. (A) Comparative gPCR analysis of immune response-related genes in
donor and host skin macrophages from chimeric mice. Data represent average logFC values + SEM (n = 4). (B) Immunostaining of anti-inflammatory

Figure 7 continued on next page
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markers arginase | and heme oxygenase-1 in cytospin samples of isolated macrophage subsets (donor and host from chimeric animals). (C) ELISA
quantification of TGF-B secretion by anti-inflammatory and pro-inflammatory macrophages at steady-state. Data are mean value = SD (n = 4). Statistical
significance was assessed by unpaired two-tailed Student’s t-test (*p<0.05). (D) Sorted pro-inflammatory and anti-inflammatory M® were left untreated
or treated with 1 ng/ml LPS for 24 hr. Then, a multiplex flow cytometry-based analysis of culture supernatants was performed. Data are mean + SD

(n = 3-5). Statistical significance was assessed by two-way ANOVA with Bonferroni's post-test (n.s. not significant, *p-value < 0.05, ** p-value < 0.01,
***p-value < 0.005). (E) ELISA quantification of IL-10 secretion by anti-inflammatory macrophages (50.000 cells/100 ul RPMI medium) at steady-state and
after IL-4 stimulation (20 ng/ml) for 24 hr. Data are mean value + SD (n = 4). Statistical significance was assessed by unpaired two-tailed Student’s t-test

(***p-value < 0.005).
DOI: 10.7554/eLife.15251.023

The following figure supplement is available for figure 7:

Figure supplement 1. Gene profile of skin macrophages from non-treated and y-irradiated animals.

DOI: 10.7554/elife.15251.024

CD45.1/CD45.2 (donor/host) C57BL/6 chimeras (Figure 8D-E). The availability of blood-borne nano-
particles in peripheral circulation is limited by the filtering action of mainly the liver and spleen, and
therefore the amount of OVA-coated beads captured by skin STREAMs was low compared with that
of splenic macrophages (Figure 8—figure supplement 1B); however, this amount was increased in
v-irradiated and splenectomized animals (Figure 8—figure supplement 1A).

Based on the specific ability of STREAMs to capture OVA nanoparticles, we next set up a method
to deplete them selectively by administering i.v. OVA-coated nanoparticles (NP) adsorbed with diph-
theria toxin (DT). In contrast to the i.v. administration of clodronate liposomes, which failed to eradi-
cate skin STREAMs (data not shown), this tailored experimental strategy depleted preferentially
STREAMs preserving most of the other skin macrophages that had no access to the blood-borne
toxin-coated NPs (Figure 9—figure supplement 1). Then, the potential anti-inflammatory function
of STREAMs in tissue repair was interrogated using a model of wound healing in combination with
DT-OVA-NP treatment. Animals were treated either with OVA-NP or DT-OVA-NP (2.5 ul/g per
dose) 1d before and 2d after wounding and were sacrificed at d5, observing a clear decrease in the
macrophage population (Figure 9A,D). At this mid-stage of repair, macrophage depletion was asso-
ciated with a significant delay in the healing process (measured as % of area of initial wound)
(Figure 9B) and the histological analyses revealed a marked reduction in the formation of granula-
tion tissue, concomitant reduced angiogenesis as well as delayed re-epithelialization (Figure 9C-D).
Next, we administered a sole dose (2.5 ul/g) of DT-OVA-NP 2d after wounding and monitored
wound closure till d9. In this manner, the macrophage depletion was attained after the initial inflam-
matory phase of wound healing (Gurtner et al., 2008). The Masson trichrome staining demonstrated
a clear defect in collagen deposition in the animals treated with DT-OVA-NP (Figure 10A). This
defect correlated with the disordered distribution of myofibroblasts in these animals observed with
the a-smooth muscle actin (SMA) staining (Figure 10B). These results contrasted with the abundant
collagen deposition and the parallel organization of myofibroblasts in OVA-NP-treated animals
(Figure 10A-B). This noticeable phenotype observed in macrophage function-related parameters
indicates that STREAMs could exert a prominent role as the macrophages involved in orchestrating
tissue remodeling and repair in skin, as anticipated by their anti-inflammatory gene and protein
expression profile.

Next, we performed wound healing experiments abrogating monocyte infiltration in the skin and
depleting the radiosensitive subset of skin macrophages to further study the role of STREAMs in
such scenario. We first analyzed the healing process in Ccr2”" animals, wherein the repopulation of
skin from blood monocytes is compromised (Boring et al., 1997; Serbina and Pamer, 2006). Inter-
estingly, STREAMs are CCR2" (Figure 10—figure supplement 1A) and are normally localized around
dermal vessels in Ccr2”” mice (Figure 10—figure supplement 1B). Importantly, we did not observe
substantial differences in wound closure, collagen deposition, and myofibroblast distribution in
Ccr2” mice compared to Ccr2*’* animals (Figure 10—figure supplement 1C-D). Next, we
benefited from the radio-resistant nature of STREAMs to deplete skin radio-sensitive macrophages
by lethal y-irradiation and prevented their replenishment by limiting the affluence of peripheral
blood monocytes after reconstitution with Ccr2’" hematopoietic progenitors (Willenborg et al.,
2012) (Figure 10—figure supplement 1E). We could not find differences in the healing capacity of
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Figure 8. STREAMs capture blood-borne OVA nanoparticles at steady-state. (A) Representative flow cytometry analysis of OVA-FITC fluosphere
capture by skin macrophages in C57BL/6 mice. The peaks observed in the histogram correspond to the number of fluospheres uptake per cell. (B) Mice
were intradermally injected with PBS (control) or clodronate liposomes in the hind footpads and were injected i.v. with OVA-adsorbed FITC fluospheres
72 hr later, followed by analysis after 4d. Representative dot plots show the amount of FITC* cells for each treatment and histograms show the
proportion of M® in the FITC" fraction. (C) (Left) A C57BL/6 mouse was first injected i.v. with HMw TRITC-dextran and with OVA-FITC fluospheres 16 hr
later. Imaging began 24 hr after the last injection. A representative frame of the experiment extracted from Video 8 with zoomed detail aside is shown.
White dotted lines depict vessel walls. White asterisks mark FITC* intravascular monocytes that have phagocytosed OVA fluospheres. White
arrowheads point to intraluminal particles retained by dextran™ STREAMs and white arrows point to extravascular particles already phagocytosed by
STREAMs. (Center and right) Split channels are shown with higher magnification as well as a 3D colocalization mask of both channels. (D) (Left)
Absolute number of macrophages of each haplotype (CD45.1 (donor) or CD45.2 (host)) that have captured OVA-coated fluospheres in treated chimeric
animals (n = 4). Data are means + SEM. (Right) Representative per-cell uptake of fluospheres by macrophages of each haplotype. (E) Single-cell images
of sorted skin macrophage subsets of a chimeric mouse (CD45.1/CD45.2, donor/host) injected i.v. with OVA-FITC fluospheres. Images were obtained
using an imaging flow cytometer. Notably, host macrophages were mostly filled with melanin as confirmed with Fontana-Masson staining (data not
shown).

DOI: 10.7554/elife.15251.025

The following figure supplement is available for figure 8:

Figure supplement 1. Comparison of OVA-FITC fluosphere uptake either by skin dextran® macrophages in control, y-irradiated and splenectomized
animals or by spleen macrophages and skin macrophage subsets in chimeric mice.
DOI: 10.7554/¢eLife.15251.026
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the Ccr2”/Ccr2*'* (donor/host) chimeras (whose
skin was defective in radio-sensitive macro-
phages, the repopulation from BM was pre-
vented but the pool of STREAMs was intact)
compared to that of control Ccr2*/*/Ccr2*/* chi-
meras, using all parameters assayed previously
(Figure 10—figure supplement 1F-G). Alto-
gether these results strengthen the idea of the
selective role for STREAMs in tissue repair.

Discussion
In this study we have identified a unique subset
of dermal perivascular macrophages, skin trans-
endothelial radio-resistant  anti-inflammatory
Video 8. In vivo uptake of blood-borne OVA-FITC macrophages (STREAM), which capture blood-
fluospheres by STREAMs, example 1. A C57BL/6 borne macromolecules by extending protrusions
mouse was first injected i.v. with HMw TRITC-dextran into the vascular lumen at steady-state. The
and with OVA-FITC fluosp'hgres 16 hr fater. 'magi“g observation of this phenomenon in chimeric ani-
bEgan 24 hr after the last injection. The frames n the mals allowed us to further characterize STREAMs
video sequence correspond to a z-stack (4 sections . . .

as a radio-resistant subset of skin macrophages,

acquired every 10 um) obtained every 3.300 s over a i
total period of 16 min. Interestingly, an intravascular whose turnover is ensured by an extramedullary

STREAM's protrusion is detected at the beginning of source. We could also determine that STREAMs
the video sequence (white arrow). The video sequence are committed to perform anti-inflammatory

shows free-flowing FITC-fluospheres as well as the functions, lacking the plasticity to be reprog-
intravascular cells that have phagocytosed them (most rammed in the presence of a potent pro-inflam-
probably monocytes). Some of the FITC™ cells matory stimulus. Finally, the selective depletion

transiently interact with endothelium at sites coinciding  of STREAMSs highlighted their function in tissue
with STREAM's intravascular protrusions. Intraluminal repair and remodeling processes to regain skin
FITC-fluospheres retained in such intravascular homeostasis.
protrusions can be also observed. Furthermore, FITC- It is well established that specialized macro-
fluospheres that have been previously phagocytosed .

phage subtypes, such as subcapsular sinus mac-

by dextran™ STREAMs are detected in the extravascular . )
tissue. rophages in lymph nodes and Kupffer cells in

DOI: 10.7554/elife.15251.027 liver, can traverse fenestrated endothelial sinus-
oids to capture lymph- or blood-borne particu-
late antigens and participate in the initiation of
innate and adaptive immunity (Huang et al.,
2013; Junt et al., 2007; Lee et al., 2010, Wong et al., 2013). Dendritic cells are also able to extend
transepithelial projections to capture foreign particulate antigens from airways and gut mucosa, or tra-
verse the vasculature in pancreatic islets of Langerhans (Calderon et al., 2008; Chang et al., 2013;
Farache et al., 2013; Hammad et al., 2009; Rescigno et al., 2001). However, some of these special-
ized dendritic cells have been redefined as macrophages (Calderon et al., 2014; Mazzini et al.,
2014). CX3CR1* myeloid cells in the central nervous system could also gain access to vasculature
(Barkauskas et al., 2013) and mast cells were recently reported to capture blood-borne IgE, albeit the
underlying mechanism remains unknown (Cheng et al., 2013). Herein, we report that STREAMs are
unique macrophages in that they traverse the endothelial junctions of non-fenestrated dermal vascula-
ture to take up circulating macromolecules under homeostatic conditions. STREAM'’s protrusions only
emerge through the endothelial cell-cell junctions and do not use a transcellular route, as illustrated
using a genetic approach (the VE-cad-o-cat transgenic mouse line, which display impregnable, highly
stable adherens junctions). Moreover, unlike subcapsular sinus macrophages in lymph nodes, which
act like fly paper retaining lymph-borne viral particles on their surface for subsequent transfer to B cells
(Junt et al., 2007), STREAMs internalize particulate antigens, such as OVA-FITC Fluospheres, and
might play a role in their cross-presentation to tissue-resident memory CD8" T cells.

The existence of radio-resistant dendritic cells in the skin has been previously reported
(Bogunovic et al., 2006; Merad et al., 2002), whereas the presence of radio-resistant dermal mac-
rophages has remained elusive hitherto. This study reveals that STREAMs are a radio-resistant subset
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green

Video 9. In vivo uptake of blood-borne OVA-FITC fluospheres by STREAMs, example 2. The i.v. injection of HMw
TRITC-dextran was carried out 16 hr prior to the experiment and the i.v. injection of OVA-FITC fluospheres
preceded the beginning of imaging acquisition. The frames from the video sequence are maximal projections of a
z-stack (4 sections acquired every 10 um, 30 um in depth) obtained every 2.27 sec over a total period of 11 min 30
s. The video shows a dextran®™ STREAM that simultaneously phagocytoses several OVA-coated FITC fluospheres.
The subsequent retrograde transport of phagosomes from the vessel towards the cell body is also shown. The
white arrow in the merged image points to the place where fluospheres are captured from vasculature and the cell
area is depicted in green and red channels for clarity.

DOI: 10.7554/elife.15251.028

that coexists in steady state with other skin macrophages of radio-sensitive nature. In this regard,
the radio-resistant macrophages described in (Haniffa et al., 2009) might be the human homolog of
this mouse subset, extending the generality and impact of our findings. The chimerism, parabiosis
and fate mapping experiments also indicate that STREAMs are maintained locally in the skin
throughout adult life independently of circulatory precursors, as opposed to radio-sensitive macro-
phages that are renewed at a low rate from blood in steady state and replaced by donor BM pro-
genitors after a genotoxic insult. Thus, our data further extent the previous knowledge on the
minimal blood exchange experienced by tissue-resident macrophages in other tissues
(Hashimoto et al., 2013; Yona et al., 2013).

The renewal potential and the lifespan of tissue-resident macrophages are still controversial.
Somes studies have described the potential of macrophages to be self-perpetuated under certain
conditions (for example, in the presence of IL-4 during a parasitic infection [Jenkins et al., 2011] or
in a M-CSF- or GM-CSF-dependent manner after macrophage depletion [Hashimoto et al., 2013)).
STREAMs are unable to self-renew in steady-state and their turnover from a Bmi1* adult progenitor
occurs at a low basal rate, becoming outcompeted over time by other skin-resident macrophages
with faster turnover. Hence, our results concur with previous studies reporting a dual origin for skin
macrophages with a prenatally-derived CCR2-independent subset and a postnatal BM-derived
CCR2-dependent subset, being the prenatally-derived subset displaced by the BM-derived subset
with age (Jakubzick et al., 2013; Tamoutounour et al., 2013). Interestingly, this dual origin has
been also observed in other tissues such as heart (Molawi et al., 2014).

Unraveling the ontogenetic source for tissue-resident macrophages is another complex matter.
There are several landmark studies describing the existence of different macrophage precursors dur-
ing development. The yolk sac-derived Myb-independent F4/80°79" macrophages seeded in the
embryonic skin prior to birth and renewed independently of definitive hematopoiesis (Schulz et al.,
2012) might correspond to the developmental precursor for STREAMs and the c-Myb dependent
fetal liver monocytes that give rise to macrophages with self-renewal capacity (Hoeffel et al., 2015)
might be the precursors of the radiosensitive macrophages (those susceptible of replenishment by
BM precursors after a genotoxic insult). However, the elucidation of skin macrophage ontogeny
deserves further thorough investigation in future studies.

Regarding phenotypic characterization, a classification of the skin mononuclear phagocyte system
based on phenotypic markers has recently identified heterogeneity among the skin-resident macro-
phages, although not related to radio-sensitivity. These authors distinguish two distinct skin-resident
macrophage subsets defined both as CD11b* CD11c” CDé4* MerTK* Ly6C'®" CCR2 but differing
on the expression of MHC-II (Tamoutounour et al., 2013). They suggest that both subsets possess
analogous transcriptional profiles, share functions, are radio-sensitive and equally dependent on BM
supply, and could represent sequential stages of differentiation (the MHC-II'""" subset (P4) maturing
into MHC-II"" (P5) macrophages). As demonstrated in Figure 6A and Figure é—figure
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Figure 9. Macrophage depletion using DT-OVA-NP hampered wound healing. (A) (Left) Animals were first injected i.v. with either OVA-NP or DT-OVA-
NP (2.5 pl/g) and, 1d later, the wound healing assay began. Two days after wounding, animals were treated with another similar dose of OVA-NP
(control) or DT-OVA-NP. Then, mice were sacrificed 3d later (mid-stage repair) and their ears were collected to analyze skin macrophages. (Right) Bar
histogram showing the percentage of M®s out of total CD45" cells in the ears of OVA-NP- or DT-OVA-NP-treated animals. Data are mean + SEM

(n = 4-7). Statistical significance was assessed by unpaired two-tailed Student’s t-test (**p-value < 0.01). (B) Analysis of mid-stage repair (5d after
wounding). The plot illustrates the decrease of the wound area over time expressed as percentage of the initial wound. Data are mean SEM, n = 32
wounds/group. Statistical significance was assessed by two-way ANOVA analysis with Sidak’s post-test (**p-value < 0.01, ****p-value < 0.0001) (C)
Histological analysis of wounds at mid-stage of repair from OVA-NP- and DT-OVA-NP-treated animals. Hematoxylin-eosin staining of representative
samples is shown. (Hp ep: hyperproliferative epithelium, ep tg: epithelial tongue, G: granulation tissue, d: dermis, p: panniculus carnosus, a: adipose
tissue, ml: muscle layer). (D) (Left) Representative immunofluorescence staining of vessels (CD31 staining) and macrophages (Mac-3 staining) in tissue
sections of wounds at mid-stage (5d) from OVA-NP- or DT-OVA-NP-treated animals. (Right) Quantification of CD31 and Mac-3 stained area within the
granulation tissue is shown. Data are mean + SD (n = 4-6). Statistical significance was assessed by unpaired two-tailed Student’s t-test (**p<0.01,
***5<0.005).

DOI: 10.7554/elife.15251.029

The following figure supplement is available for figure 9:

Figure supplement 1. Selective deletion of STREAMs after DT-OVA-NP treatment.
DOI: 10.7554/elife.15251.030
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Figure 10. Macrophage depletion using DT-OVA-NP impaired collagen deposition and myofibroblast
organization within the wound. (A) Wound healing assay until closure with administration of DT-OVA-NP or OVA-
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Figure 10 continued

NP 2d after injury. After sacrifice, tissue was stained with hematoxylin-eosin (upper right) or analyzed for its content
in collagen using Masson trichrome staining (lower right) followed by relative intensity quantification (n = 6/group)
(lower left). Statistical significance was assessed by an unpaired two-tailed Student's t-test (**p<0.01). (Ep:
epidermis, d: dermis). (B) Analysis of the myofibroblast distribution in the wound area at the time of closure
(contraction phase) in OVA-NP and DT-OVA-NP mice. Immunohistochemical staining of a-SMA was performed.
(Left) View of the complete wound, (right) zoom in the granulation tissue.

DOI: 10.7554/eLife.15251.031

The following figure supplement is available for figure 10:

Figure supplement 1. Skin-resident macrophages different from STREAMs are not critically involved in tissue
repair.

DOI: 10.7554/elife.15251.032

supplement 1B, the expression of MHC-II in skin macrophages cannot precisely discriminate the
two independent subsets of macrophages with distinct radio-sensitivity, different polarization pro-
files and non-overlapping functions described in our work. Therefore, the classification criteria used
in this work allows better resolution of the skin macrophage subsets, compared to classifications
relying on subset-defining markers that might not adequately reflect the existing heterogeneity
within the skin niche.

Metabolic adaptation is a key feature in macrophage activation, instrumental for their function in
homeostasis, immunity, and inflammation (Martinez et al., 2013). In this regard, the GSEA of our
RNASeq data highlight clear differences in the metabolic gene profiles of host radio-resistant and
BM-derived macrophages. We found an enrichment in genes involved in glycerolipid, glycerophos-
pholipid and linoleic acid metabolism, as well as in glycosphingolipid biosynthesis in the gene profile
of radio-resistant macrophages. These results are compatible with the energetic requirements and
the regulation of membrane fluidity needed for phagocytosis and are also crucial for tissue remodel-
ing (Biswas and Mantovani, 2012). Other genes enriched in this subset are related to fibrogenesis
and tissue repair such as Tgfb1 and genes of the Hedgehog signaling pathway, as well as genes
related to taurine and hypotaurine metabolism, being consistent this with an antioxidant protective
role. Conversely, the transcriptional profile of the BM-derived macrophages includes an over-repre-
sentation of genes associated with the carbohydrate and retinol metabolisms such as the pentose
phosphate pathway, with the ABC transporters and the JAK-STAT and WNT signaling pathways, in
accordance with their pro-inflammatory potential. Moreover, a gene encoding a regulator of the
metabolic switch from oxidative phosphorylation to aerobic glycolysis (Trap1) (Yoshida et al., 2013)
is specifically expressed in BM-derived macrophages.

Our study in the homeostatic skin along with others describing the existence of polarized macro-
phages already in steady state in heart, testis and pancreas (Calderon et al., 2015; DeFalco et al.,
2014; Pinto et al., 2012) help to reformulate the long-held paradigm of macrophage polarization,
which defined the functional specialization of macrophages from a steady-state non polarized status
mainly as a consequence of integrating external stimuli (Gordon and Pluddemann, 2013; Sica and
Mantovani, 2012). Interestingly, the study by Calderon and colleagues (Calderon et al., 2015) high-
lights the imprinting of distinct features in macrophages by their anatomical localization within the
steady-state pancreas. The macrophages in the islets possess a pro-inflammatory M1 phenotype and
protrude into the fenestrated vessels, whereas the stromal milieu sets the response of the macro-
phages in favor of the M2 phenotype. This pattern of regional specialization might not be applicable
to the skin where, e.g., perivascular macrophages with pro-inflammatory (Abtin et al., 2014) and
anti-inflammatory (STREAMs) phenotypes coexist in the same areas. However, although both subsets
mostly share environmental stimuli, STREAMs can get access to the intravascular milieu and might
receive selective signals that could contribute to maintain their phenotype. Therefore, the essential
role of the environment in controlling tissue-specific macrophage identities cannot be dismissed as
highlighted in recent epigenetics studies (Gosselin et al., 2014; Lavin et al., 2014).

The preferential depletion of anti-inflammatory STREAMs has a deleterious impact in the
wounded skin, indicating that they could participate in orchestrating the pro-reparative functions tra-
ditionally associated to the so-called alternatively activated (M2) macrophages (Das et al., 2015).
Conversely, we observed that the rate of wound closure was neither affected in the Ccr2”" animals
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(as previously reported by Willenborg et al., 2012) nor in chimeric Ccr2’/Ccr2** mice, indicating
that infiltrating monocytes and radiosensitive tissue-resident macrophages could be mostly dispens-
able for the reparative phase of the healing process in the skin. Thus, the coexistence of macro-
phage subsets performing non-redundant roles in homeostatic skin highlights the need of
maintaining equilibrium between both pools to preserve the skin fitness. The lack of functional
redundancy could be of clinical significance, and may contribute to better understand concomitant
skin pathologies arising from radio-induced bone marrow ablation therapies and certain inflamma-
tory skin disorders, particularly those aggravated with age.

Materials and methods

Mice

Male either littermates or age-matched (8-to-12-week-old) mice on the C57BL/6J background were
used for intravital imaging, phenotypic characterization, transcriptional analysis and functional
experiments. Chimeric animals were generated as follows: 8-to-12-week-old C57BL/6 wt male mice
(CD45.2 haplotype), were lethally y-irradiated with 2 doses of 6.5 Gy and transplanted with a mixture
of 5 x 10° BM cells from either B6 SJL mice (CD45.1 haplotype), or B6 ACTB-eGFP mice. Alterna-
tively, irradiated B6 SJL mice (CD45.1%) were reconstituted with BM from Ccr2*/* or Ccr2”
(CD45.2%) mice. Animals were used for experimental procedures after 12 to 18 weeks of reconstitu-
tion. Details of the generation and characterization of the gene-targeted mouse expressing VE-cad-
herin-a-catenin protein can be found in (Schulte et al., 2011). Inducible Bmi1-IRES-Cre-ERT2 Rosa26
YFP mice were generated by crossing the Bmi1“"%'* strain (Sangiorgi and Capecchi, 2008) with
Rosa26"™* reporter mice. Bmil-IRES-Cre-ERT2 Rosa26 YFP double heterozygous mice were
injected with tamoxifen 5d prior to analysis. Tamoxifen (Sigma-Aldrich [St Louis, MO]) was dissolved
in corn oil (Sigma-Aldrich) to a final concentration of 20 mg/ml, and mice were i.p. injected every
24 hr on three consecutive days with tamoxifen at a concentration of 9 mg per 40 g body weight.
The nestin-eGFP reporter strain was a kind gift from Dr. G. Enikolopov (Mignone et al., 2004). DPE-
GFP mice were generated as described in (Mempel et al., 2006). Langerin-eGFP, Cx3cr1-GFP, Lyz2-
Cre:Rosa26YFP and Ccr2’” mice were kindly provided by Dr. B. Malissen, Dr A. Hidalgo, Dr. M. Ric-
ote and Dr. C. Ardavin, respectively. Mice were kept in pathogen-free conditions in the CNIC Animal
Unit, Madrid. Animal studies were approved by the local ethics committee and by the Division of
Animal Protection of Comunidad de Madrid (approved protocols PROEX 159/15 and 160/15). All
animal procedures conformed to EU Directive 2010/63EU and Recommendation 2007/526/EC
regarding the protection of animals used for experimental and other scientific purposes, enforced in
Spanish law under Real Decreto 1201/2005.

Intravital imaging

Ears were taped to the center of a coverslip and attached with high vacuum grease. Hairless areas
were examined using a HCX PL APO lambda blue 20.0X 0.70 IMM UV objective (multi-immersion,
glycerol) coupled to an inverted microscope (DMI6000; Leica Microsystems GmbH [Wetzlar, Ger-
many]) equipped with a confocal laser-scanning unit (TCS-SP5; Leica). Non-invasive intravital imaging
procedures were carried out in a thermostatic chamber at 37°C. For short-term studies (1-2 hr), ani-
mals were first anesthetized by i.p. injection of ketamine (50 mg/kg), xylazine (10 mg/kg), and ace-
promazine (1.7 mg/kg), and repeated half-doses were administered when needed over the course of
the experiments. For long-term studies (time-lapse imaging > 2 hr), animals were first anesthetized
by i.p. injection of urethane (1.2 gr/kg) dissolved in PBS, followed by s.c. injection of 1/10 of the ini-
tial dose dissolved in 200 ul PBS for rehydration after several hours. As vascular tracers, 100 pl of
2 MDa FITC- or TRITC-dextran (1% w/v, which corresponds to a concentration of 5 uM; anionic lysine
fixable [Molecular Probes, Thermo Fisher Scientific, Waltham, MA]), or 25 pug Vivotag (VisEn Medical,
PerkinElmer [Waltham, MA]) dissolved in PBS were i.v injected. For in vivo staining of the vascula-
ture, an anti-CD31 antibody (Fitzgerald Industries [North Acton, MA]) was labeled in house with an
Alexa Fluor 647 monoclonal antibody labeling kit (Molecular Probes), and 25 ug were injected i.v.
16 hr after dextran administration. Images were obtained using bidirectional scanning mode and the
acquisition of the different channels was sequential to avoid fluorescence bleed-through artifacts.
Z-stack images were acquired with optimal confocal sectioning (spaced 0.63 um along the z-axis).
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For time-lapse acquisition, z-sections were obtained at 10 um intervals up to a depth of 70-100 pum,
using a pinhole aperture > airy 1 (confocal acquisition). The acquisition rate was ~2-3 sec/z-stack.

Whole-mount staining of skin samples

Live mice anesthetized with a mixture of zoletil and dontor were surgically opened and perfused
with 1% paraformaldehyde (PFA) in PBS at a continuous infusion rate of 7 ml/min, using a program-
mable syringe (Harvard Aparatus). Different parts of the skin were collected and post-fixed in 1%
PFA for 1 hr at room temperature (RT). Tissues were stained as described in (Baluk et al., 2007).
Briefly, tissues were incubated overnight (O/N) at RT with PBS containing 0.3% Triton X-100, 5%
goat serum (Jackson ImmunoResearch Europe Ltd. [Suffolk, UK]) and primary antibodies. The anti-
murine primary antibodies used were hamster anti-CD31 clone 2H8 (Chemicon, EMD Millipore [Bill-
erica, MA]), rat anti-CDé8 clone FA-11 and polyclonal rabbit anti-collagen IV (Abd Serotec, Bio-rad
[Hercules, CAJ], polyclonal rabbit  anti-CD31 and  polyclonal  chicken  anti-GFP
(Abcam [Cambridge, UK]), polyclonal rabbit anti-LYVE-1 (ReliaTech [Wolfenbiittel, Germany]), and
biotin-conjugated CD45.2 clone 104 (BD Pharmingen, BD Biosciences [San Diego, CA]). Samples
were then thoroughly washed with 0.3% Triton X-100 in PBS and stained with appropriate secondary
antibodies O/N at RT. Secondary antibodies used were DyLight 405 donkey anti-rat, Cy3 donkey
anti-chicken and Alexa Fluor 647 or 488 goat anti-armenian hamster (Jackson Immunoresearch), Rho-
damine-X goat anti-rabbit, Alexa 647 goat anti-rabbit, Alexa 647 chicken-anti-rat, Alexa 488 donkey-
anti-rat and Alexa 647 or 488 goat-anti-mouse (Molecular Probes). After the last round of washing,
labeled samples were fixed in 1% PFA for 30 min and mounted for microscopy analysis in Prolong
Gold antifade reagent (Molecular Probes). Confocal z-stacks up to a depth of 100 um (including epi-
dermis and upper dermis) were obtained using a LSM 700 laser scanning microscope equipped with
a LD LCI Plan/Apochromat 25x/0.8 Imm Korr DIC M27 objective (Carl Zeiss AG [Oberkochen,
Germany]).

Image processing and analysis

Confocal z-stack images from fixed samples or intravital experiments were processed to obtain maxi-
mal projections, orthogonal sectionings, 3D reconstructions or isosurface renderings, fluorescence
intensity profiles, colocalization analyses and 3D computational analyses of distances using Imaris
7.3.1 (Bitplane [Belfast, UK]), Volocity 5.5.1 (PerkinElmer), and ImageJ 1.42q (NIH, [Bethesda, MD]).
Images from in vivo time-lapse acquisitions were analyzed and videosequences set up and edited
either with Imaris or Volocity softwares.

Dextran ‘pulse-chase’ assay

Animals were injected i.v. with 100 ul 1% HMw TRITC-dextran and, after a lapse of 24 hr, with 100 pl
1% HMw FITC-dextran. Animals were sacrificed 24 hr after the last injection and ears were processed
for imaging.

In vivo staining of intraluminal protrusions of macrophages

Mice were injected retro-orbitally with 10 ug of Alexa 488 anti-CD206 (clone C068C2, BioLegend
[San Diego, CA]) or Alexa 488 control isotype antibody (rat IgG2b, x) and sacrificed 3 min later.
Then, animals were perfused with PBS and ear skin was processed for flow cytometry. Counter-stain-
ing of CD206 was performed with Alexa 647 anti-CD206 clone MR5D3 (BioLegend).

Flow cytometry analysis and sorting strategies

Skin samples (ears and hind footpads) were digested either with 2 mg/ml crude collagenase type IA
(Gibco, Thermo Fisher Scientific [Waltham, MA]) in PBS for 2 hr or with 0.25 pg/ml Liberase TM
Research Grade (Roche Holding AG [Basel, Switzerland]) in RPMI medium for 1 hr at 37°C. Samples
were then mechanically disrupted, washed and filtered. Single-cell suspensions were incubated with
anti-mouse FcRII/IIl (clone 2.4G2) for 10 min at 4°C in PBS containing 0.05% BSA and 0.05 mM
EDTA, and then stained with the following antibodies: Pecy7 anti-F4/80 clone BM8, APC or APC-
eFluor 780 anti-CD45.2 clone 104, PE anti-CD115 clone AFS98, PE anti-Tie-2 clone Tek4, and APC-
eFluor 780 Streptavidin (eBioscience [San Diego, CA]); v450 Horizon anti-CD45 Clone 30-F11, v450
Horizon or PerCP-Cy5.5 anti-CD45.1 clone A.20, PE anti-CD11c clone HL3, FITC or APC or APCCy7
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anti-MHC-Il clone M5/114.15.2, APC anti-MHC-| clone AF6-88.5, PE anti-Ly6C clone HK1.4, PECy7
or Alexa Fluor 647 anti-CD64 clone X54-5/7.1, PE anti-CD70 clone FR70, PE anti-CD86 clone GL-1,
FITC anti-CD40 clone 3/23, and FITC anti-CD11b clone M1/70 (BD Pharmingen); APC anti-CCR2 and
biotinylated MertK (R&D Systems Inc. [Minneapolis, MN]); Streptavidin Alexa Fluor 350 (Molecular
Probes); APC or PerCP-Cy5.5 anti-CDé68 clone FA-11, and Alexa Fluor 647 CD326 clone G8.8 (BioLe-
gend); Alexa Fluor 647 anti-CD206 (AbD serotec); and rabbit polyclonal anti-Tomm20 clone FL-145
(Santa Cruz Biotechnology [Dallas, Tx]). For intracellular staining, samples were first fixed and per-
meabilized with Fix & Perm before antibody incubations in Wash & Perm buffer (BD Biosciences [San
Diego, CA)). For Ki-67 staining, samples were treated following manufacturer’s protocol (Alexa Fluor
647 anti-Ki-67, BD Pharmingen). Single-cell suspensions were analyzed with a FACSCanto Il HTS
cytometer or a FACSAria Il SORP sorter (BD Biosciences), and data were processed with FlowJo
7.6.3 and BD FACSDiva v.6.1.3. softwares. In some cases, sorted samples were further analyzed by
combining flow cytometry and imaging with Flowsight (Amnis, EMD Millipore [Billerica, MA]).

Parabiosis surgery

For parabiosis, gender- and weight-matched mice were anesthetized i.p. with a mixture of ketamine
(100 mg/kg), xylazine (10 mg/kg), and acepromazine (3 mg/kg). Hair was removed from the lateral
aspects of the mice by shaving and hair removal cream. A longitudinal skin incision was made from
the olecranon to the knee joint on opposing sides of each mouse of the parabiotic pair. Animals
were placed side-by-side and the right olecranon of one animal was attached to the left olecranon
of the other by a double suture. The equivalent procedure was performed for the knee joints to fur-
ther secure the parabiotic pair. The dorsal and ventral skins were then approximated continuous 6-0
suture and by staples along the lateral abdominal aspect of the mice. Parabiosis was maintained for
6 months and, then, one of the partners in the parabiotic pair was injected retro-orbitally with 200 pl
of HMw TRITC-dextran (5 uM) and animals were sacrificed 3d later. Chimerism in skin-resident mac-
rophages was determined as well as the capture of intraluminal dextran by host and partner
macrophages.

Solar-simulated UV radiation

Animals were exposed to UV irradiation using a 1000 watt xenon arc solar simulator (Oriel by New-
port [Irvine, CA] ) equipped with an Oriel 81,017 filter (Colipa [Oudergem, Belgium]). UVB and UVA
irradiance measurements were performed using an IL-1700 radiometer (International Light Technolo-
gies Inc. [Peabody, MA]) equipped with SED240/UVB-1/TD and SED033/UVA/TD photodetectors.
The radiometer was calibrated with a Solar-Scope spectroradiometer (Solatell [Croydon, UK]). Ani-
mals were irradiated with 5 J/cm? UVA-UVB except for their left ear that was covered to be used as
non-treated control. Then, they were allowed to recover for 1 month before sacrifice.

Clodronate liposome-mediated depletion of skin macrophages
Clodronate (Roche) or PBS liposomes were injected s.c. (20 ul/hind footpad). Skin samples were
processed for flow cytometry analysis after 24 hr or 7d.

In vivo BrdU treatment

Mice were allowed to drink BrdU-treated water (0.8 mg/ml) for 8d and then were sacrificed. BrdU
incorporation in skin cell subsets was analyzed by flow cytometry (FITC BrdU Flow Kit, BD
Pharmingen).

Measurement of mitochondria function

Ex vivo staining of mitochondria activity was conducted by flow cytometry following a previous pro-
tocol (Johnson and Rabinovitch, 2012). Briefly, ears were excised and split in half. The tissue was
immediately incubated in the staining solution (20 nM of MitoTracker Orange CMTMRos
[Molecular Probes] diluted in HBSS1X with 5% FBS) for 20 min at 37°C, 5% COZ2. Then tissues were
digested and dye was maintained at 10 nM in all the following steps before FACS analysis.
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RNA-Seq library production

cDNA was synthesized and amplified directly from cells using the Smarter Ultra Low RNA kit (Clon-
tech Laboratories Inc. [Mountain View, CA]). Amplified cDNAs (10 ng) were fragmented using Cova-
ris E220 (Covaris [Woburn, MA]) to an average fragment size of approximately 150 pb. Index-tagged
sequencing libraries were generated from the fragmented cDNAs using the TruSeq RNA Sample
Preparation v2 Kit (lllumina Inc. [San Diego, CA]), starting from the End Repair step. Libraries were
quantified using a Nanodrop spectrophotometer (Thermo Fisher Scientific [Waltham, MA]) and their
size distributions were determined using the Bioanalyzer DNA-1000 Kit (Agilent). Libraries were
sequenced on the Genome Analyzer lIx (lllumina) following the standard sequencing protocol with
the TruSeq SBS Kit v5 (lllumina). Fastq files containing the sequencing reads for each library were
extracted and demultiplexed using Casava v1.8.2 (lllumina).

RNA-Seq analysis

Reads were pre-processed with Cutadapt (Martin, 2011), to remove both TruSeq adaptor and
SMARTer primer sequences. The resulting reads were mapped on the mouse transcriptome
(Ensembl gene-build GRCm38.v70) and genome, using RSEM v1.2.3 (Li and Dewey, 2011) and Bow-
tie2 v2.0.6 (Langmead and Salzberg, 2012), respectively. The observation that a significant fraction
of reads could be mapped on the genome, but not on the transcriptome, in close proximity to dA/
dT-rich sequences, suggested that traces of contaminant genomic DNA could have been artifactually
amplified by poly (A) priming. To avoid overestimation of transcript read counts, read clusters
mapped on the genome at less than 50 bp downstream of dT-rich or upstream dA-rich regions were
discarded. Filtered reads were mapped again on the transcriptome, and quantified, with RSEM.
Only genes with at least 2 counts per million in at least 2 samples were considered for statistical
analysis. Data were then normalized and differential expression tested using the Bioconductor pack-
age EdgeR (Robinson et al., 2010). Hierarchical Clustering was run using Genesis Software
(Sturn et al., 2002) on the normalized expression profiles of the subset of genes with a p-value
smaller than 0.05 and similar behavior in the two replicates of each cell type. Gene Set Enrichment
Analysis (GSEA) (Subramanian et al., 2005) was run on the list of genes expressed in at least one
cell type. The RNASeq dataset is available at http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?
token=gzijkssyjraldqd&acc=GSE50566 (authors: Francisco Sanchez-Madrid and Olga Barreiro; year
of publication: Sep 4th 2013; title: Homeostatic skin contains two different subsets of resident mac-
rophages with distinct origin and gene profile; GEO Accession Number GSE50566).

RNA extraction and immune gene profile analysis

RNA was extracted from sorted macrophage populations obtained from chimeric CD45.1 (donor)-
CD45.2 (host) animals using the Absolutely RNA Nanoprep Kit (Agilent Technologies [Santa Clara,
CA]). RNA quantity and quality were determined using a 2100 Bioanalyzer (Agilent Technologies)
and a Nanodrop-1000 Spectrophotometer (Thermo Fisher Scientific). Each RNA sample was ampli-
fied using the MessageAmp Il aRNA Amplification Kit (Ambion). Total amplified mRNA (30 ng) was
converted to cDNA and loaded on a TagMan Array Micro Fluidic Card (Applied Biosystems, Life
Technologies, Thermo Fisher Scientific [Foster City, CA]). Relative gene expression was calculated
with the ABI Prism 7900 HT Sequence Detection System (Applied Biosystems) and Qbase software
(Biogazelle [Gent, Belgium]), using Actb, B2m, Hprt1, Gusb and Gapdh genes as reference targets
for the analysis of the immune system and inflammation gene signature array and 18S, Raf1, Ctnnb1,
Eefl1a1 for the analysis of the stem cell gene signature array. A comparative gene expression analysis
was carried out by calculating AlogCt from the average logCt for every gene from each type of tis-
sue-resident macrophages.

Analysis of cytokine secretion by FACs and ELISA

Sorted skin anti- and pro-inflammatory macrophage populations were obtained from the skin of
C57BL6 mice. Cells were seeded (40,000 cells/100 pl RPMI medium) and stimulated in vitro with LPS
(1 ug/ml) for 24 hr. Supernatants were used for analysis of cytokine secretion using Mouse Inflamma-
tion (17-Plex) multiplex kit (ANTIGENIX AMERICA Inc [Huntington Station, NY]). TGF-f and IL-10
secretion were analyzed with an ELISA kit (eBioscience).
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Cytospin and staining

Sorted donor and host skin macrophages of quimeric mice were diluted in PBS containing 0.5% BSA
and centrifuged in a cytospin centrifuge for 10 min at 800 rpm. Samples were stained with rabbit
polyclonal anti-arginase | clone H-52 (Santa Cruz Biotechnology) or rabbit polyclonal anti-heme oxy-
genase-1 (Chemicon) following a standard immunofluorescence protocol. Then, samples were ana-
lyzed in the LSM 700 laser scanning microscope described above.

In vivo uptake of particulate OVA

FITC fluospheres (& 0.2 um) (Fluospheres, sulfate microspheres, Molecular Probes) were diluted in
PBS to a final concentration of 0.5% solids and adsorbed with 1 mg/ml endotoxin-free OVA (Calbio-
chem, EMD Millipore [Billerica, MA]) following the manufacturer’s instructions. Then, 200 ul of the
colloidal dissolution were injected i.v. in either untreated, lethally y-irradiated or splenectomized ani-
mals. Seventy-two hours later, animals were sacrificed and manually perfused with PBS to eliminate
remaining fluospheres from the vasculature. In some cases, hind footpads were treated with clodro-
nate or PBS liposomes 72 hr before the injection of fluospheres. Clodronate or PBS liposomes (Clo-
dronateliposomes.org) were injected s.c. (20 pl/hind footpad). For splenectomy, animals were
anesthetized with a mixture of ketamine/xylazine (100/10 mg/Kg), the left lateral side was depilated
and a small incision was made to remove the organ after ligation of the splenic vessels. Then, ani-
mals were allowed to recover from surgery for 1 month before proceeding with experiments.

Selective depletion of STREAMs in skin

Home-made ultrasmall superparamagnetic iron oxide nanoparticles (Groult et al., 2015) (abbrevi-
ated as NPs, 1 ml, 3 mg Fe/ml) with 10 nm of core, 40 nm of hydrodynamic size and —35 mV of (-
potential were incubated with endotoxin-free OVA (500 pl, 10 mg/ml) for 1 hr at R.T. Non-adsorbed
OVA remnants were washed out and further incubation of OVA-NP with diphtheria toxin (DT) (50 l,
1 mg/ml) (3 hr at R.T.) were carried out, followed by extensive washing. Then, mice were injected i.v.
with 1 dose (2.5 pl/g) or 2 doses (spaced 3d apart) of this colloidal suspension and skin samples
were analyzed by FACS and immunohistochemistry at different time-points.

Wound healing assay

The back of mice was depilated and left to recover homeostasis (24 hr). Then, animals were anesthe-
tized with isoflurane by inhalation. Four skin excisions of 5 mm in diameter were carried out using a
bio-punch (Kai Industries Co., Itd [Seki, Japan]). Wounds were routinely measured every 24 hr until
the sacrifice of the animals. Animals were injected i.v. either DT-OVA-NP or OVA-NP before or dur-
ing the wound healing assay. After sacrifice, wounded tissue was embedded in paraffin and proc-
essed for histological analysis.

Histological analysis

Standard Hematoxylin-Eosin and Masson trichrome stainings were performed in wound sections.
Alternatively, samples were processed for standard immunohistochemistry staining using anti-oSMA
(clone 1A4, Sigma-Aldrich) or for immunofluorescence using anti-Mac-3 (clone M3/84, Santa
Cruz Biotechnology), anti-CD31 (rabbit polyclonal anti-mouse/human, Abcam), and DAPI. Stained
samples were analyzed on a Leica DM2500 microscope coupled to a Leica DFC420 camera using 5x,
10x and 20x objectives. Intensity quantification of collagen deposition and quantification of macro-
phages and vessels in the granulation tissue were performed using ImageJ 1.42q.

Statistical analysis

Normality of data distribution was assessed with the Kolmogorov-Smirnov test. Statistical signifi-
cance was calculated either with an unpaired two-tailed Student'’s t-test, one-sample t-test, one-way
ANOVA followed by either Tukey’s or Dunnett’s post-tests or two-way ANOVA followed by Sidak’s
or Bonferroni post-test as indicated. All statistical analyses were carried out with GraphPad Prism
v5 (GraphPad Software Inc. [La Jolla, CA]).
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