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PROLOGO

Al Profesor Pastor:

Ha llovido mucho desde el verano del 2002 cuando llegué por primera vez al IOBA.
Fue una etapa dura en la que habia que ganarse la plata de obrero de la construccion y
vocalista de orquesta. Como paleto de provincias, recuerdo que arribé en el “IOVA”
suponiendo que VA era como la matricula de Valladolid. No he dejado de ser un paleto
de provincia, ni quiero dejar de serlo, pero creo, que en todos estos afios he aprendido
mucho; y si bien, éste es el fin de un capitulo, queria escribir su prélogo.

En mis principios en el IOBA, cuando ya supe que la “B” y la “A” tenian otro
significado, no estaba en el programa ni en mi programa semejante hoja de ruta para
llegar hasta aqui. Recuerdo que en la tercera planta de la Facultad de Medicina, en el
antiguo edificio del IOBA, en la puerta de un despacho, una vieja y amarillenta hoja de
papel decia “Never stop dreaming. What seemed impossible yesterday can become a
reality tomorrow” Charles L. Schepens. Mas tarde supe que ése era el despacho del
Profesor Pastor y mucho mas tarde, que el Profesor ademas era el Jefe del IOBA.

A estas alturas uno ya no tiene que recurrir a escribir alabanzas con premeditacion y
sabe el Profesor Pastor que no soy dado a masticar pastillas y mucho menos a darlas. Uno
que suefia mas despierto que dormido, unos afios mas tarde, tuvo la oportunidad de
trabajar en el Instituto creado por el autor de la frase arriba mencionada ;Tal vez fue
impronta? ;tal vez un suefio? Tal vez, pero si s¢ que no lo sofi¢ y que lo vivi y como en la
jota castellana, que me quiten el baile “echao”. También sé que no sofié¢, que no ha sido
facil, no, no lo ha sido y ni espero ni quiero, que pueda llegar a serlo algun dia.

Si el Profesor Pastor consiguid su suefio y el IOBA hoy en dia es una realidad, no fue
porque €l tuviese un suefio imposible que se hizo realidad como crisalida que se convierte
en mariposa. Se hizo realidad porque tanto ¢l como todos los que sofaron con él, lo

hicieron posible.



La impronta del IOBA se lleva de por vida y mas cuando al pasar por otros lugares,
uno se da cuenta de lo que dej6 atrés, pero a la vez, con el convencimiento de que nunca
se fue y el conocimiento de que es, a la vez, tu casa para siempre. Me imagino que todo
esto es una amalgama, en la que los matices podrian desbordar el factorial de los siete
colores basicos del arco iris. Seria un error darle todo el mérito al Profesor, pero si estoy
seguro, que en parte, él es culpable exponencial por sofar... y por lo que es mas

importante para mi: haber formado y formar yo, parte de su suefio.

Gracias Profesor por despertarme y ensefiarme a sofar
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RESUMEN

RESUMEN

Esa tesis doctoral se presenta como una evolucion en la metodologia utilizada para el
estudio de la cornea. Esta evolucion se puede observar cronoldgicamente en los capitulos,
pero en general representa una innovacion significativa respecto a la metodologia usada
hasta ahora por otros grupos de investigacion.

En el primer capitulo, se observo que la deficiencia de la integrina aVP6 causa
problemas en la cicatrizacion corneal. Usando ratones carentes de la subunidad p6 (B6™),
se observo que éstos no recuperan la membrana basal ni los hemidesmosomas que anclan
el epitelio al estroma, después de una lesion corneal. Las corneas muestran ampollas sub-
epiteliales similares a las que muestran pacientes con queratopatia bullosa o distrofia de
la membrana basal.

Posteriormente (capitulo 2), se usé un ratdn deficiente en trombospondina-1 (THSBI)
para estudiar el proceso de reparacion de la cornea después de una incision corneal
penetrante. Se observd que la THBSI es fundamental en el mecanismo de cicatrizacion
general y para el proceso de reparacion del estroma y la regeneracion del endotelio en
concreto. Las corneas de los ratones carentes de THBS1 presentan fallo general
desarrollando edema crdnico. En este trabajo de utilizd por primera vez un sistema de
microscopia confocal “in vivo” para evaluar el proceso de cicatrizacion sin sacrificar el
raton.

Usando el mismo sistema de microscopia confocal “in vivo”, se procedid al estudio
de la inflamacion de la superficie ocular en un modelo de conjuntivitis alérgica en raton
(capitulo 3). Se observo el proceso de infiltracion celular en la superficie ocular a tiempo
real. Como novedad, se detectd que la cornea sufre un proceso inflamatorio (infiltracion
celular) mucho antes de que sea detectado con la ldmpara de hendidura. El nimero de
células asi como la distribucion espaciotemporal de éstas en la cOrnea, estd en relacion

con la progresion de los sintomas clinicos de la alergia observados con la lampara de
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hendidura. A su vez se confirmé la naturaleza inflamatoria de las células, mediante
citometria de flujo e inmunofluorescencia.

En este punto se incorpor6 un sistema de microscopia multifotonica “intravital” y
cepas de ratones que expresan fluorescencia en las células de origen mieloide o en los
nervios. Con esta tecnologia se visualizd, a nivel celular y de forma no invasiva, la cornea
en el raton vivo. Se maped la poblacion inmunitaria residente de la cérnea con alta
resolucion y definicion tridimensional (capitulo 4). Ademads se generaron nuevos ratones
quiméricos mediante irradiacion letal y trasplante de la médula dsea. En estos ratones se
observd “in vivo” el proceso de recambio de la poblacion mieloide de la cornea. También
se realiz6 un estudio de “fate mapping” de dicha poblacion residente. Se comprobd que
esta poblacion tiene un origen embrionario en lugar de hematopoyético.

Por otro lado, se visualizd de forma “intravital” los nervios corneales en el raton
(capitulo 5). Se muestra por primera vez el mapeado completo usando un sistema
multifotonico y ademds éste es expuesto con alta resolucidbn y presentacion
tridimensional. También se observé la existencia de haces radiales estromales profundos
(no descritos anteriormente en el raton) que complementan la inervacion radial periférica
del plexo sub-basal. Asi mismo, se detalla la existencia de bifurcaciones nerviosas en
180° (no descritas) inervando el plexo en ambas direcciones: centripeta y centrifuga.

La interaccion fisica de ambos sistemas inmunitario y nervioso se muestra en el
capitulo 6. La relevancia de esta interaccion, si bien se intuye en el 0jo seco y se cree
muy relevante en el rechazo al trasplante de cornea, no se ha descrito anteriormente en la
cornea. De esta manera, se presenta la cornea como un 6rgano mucho mas complejo, de
lo que se ha descrito, donde dos “supersistemas” (nervioso y periférico) interactuan de
forma estocéstica para mantener su homeostasis. Esto se comprobd generando una
quimera mediante irradiacion de un raton receptor que expresa neurofluorescencia y
posterior trasplante de medula 6sea de un donante que expresa fluorescencia de origen
mieloide. A los tres meses ambos ‘“‘supersistemas” se observaron interconectados

fisicamente. Este modelo pone de manifiesto la relevancia de la interaccion neuro-inmune
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en la cornea y puede ser utilizado en el futuro para estudios de patologias como el ojo
seco, el queratocono y otras patologias de la cornea.

Por ultimo, se muestran algunas aplicaciones de la microscopia multifotonica
“intravital”. En primer lugar, se hizo un seguimiento “in vivo”y a tiempo real de células
madre del tejido adiposo trasplantadas en la cdrnea. Se observd su comportamiento
durante 4 semanas. Por otro lado se detectd la presencia en la cdmara anterior, malla
trabecular y canal de Schlemm de sistemas de liberacion de farmacos como
nanoparticulas, liposomas o proteinas de unién al coldgeno sin necesidad de sacrificar al
raton. Ademads se observo un sistema de infeccion de las células endoteliales mediante
inyeccion de adenovirus. Cuando el virus infecta la célula, ésta emite fluorescencia que
puede ser detectada “in vivo”. Por ultimo se evalud la tasa de recambio de células

dendriticas CD11c tras ser selectivamente eliminadas con toxina diftérica.






ORGANIZACION DE LA TESIS

ORGANIZACION DE LA TESIS

Esta memoria de tesis se presenta en la modalidad de compendio de publicaciones y
opta a la Mencion Internacional en el titulo de Doctor. Por lo tanto, su organizacion se
ajusta a lo requerido por la Comision de Doctorado de la Universidad de Valladolid, con
una sintesis general en ambos idiomas (Castellano e Inglés), donde se justifica la unidad
tematica del trabajo y se presentan los objetivos perseguidos, la metodologia empleada,
los resultados con discusion y las conclusiones alcanzadas. Se presentan tres articulos
aceptados en revistas cientificas con factor de impacto (Capitulos 1, 2 y 6).
Adicionalmente se ha incluido otros 2 articulos que se encuentran en fase de revision
(Capitulos 3 y 5) y otro en periodo de preparacion (Capitulo 5). Ademds, se ha
complementado con abundante material suplementario al articulo publicado en el capitulo
6. Por ultimo se ha incorporado un apartado final (Capitulo 7) mostrando posibilidades
futuras de parte metodologica utilizada en esta tesis.

Tras la sintesis general, la memoria de esta tesis doctoral se ha organizado en ocho
capitulos, correspondientes a los seis articulos (publicados, en revision o en fase de
preparacion) mas el correspondiente a aplicaciones futuras, que recogen los distintos
bloques de experimentos realizados. Los capitulos no se han ordenado de forma
cronologica, sino de una forma tal que facilite la comprension de la evolucion en la
metodologia empleada.

También se ha incluido un capitulo introductorio integramente en castellano y en
inglés (Capitulo 0). De esta manera se elimina la introduccion general, por la diversidad
en los contenidos, y se revisa el estado actual del arte en la cornea como 6rgano asi como
las patologias mas importantes. Ademads se describe, en parte, la parte experimental mas
novedosa de tal forma que se favorece la lectura e interpretacion de los capitulos
posteriores. En este capitulo se describe la relevancia del uso de ratones manipulados

genéticamente asi como la importancia de incorporar nuevos sistemas de imagen que
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permitan una mejor comprension de la fisiologia y de las multiples patologias que afectan

a la cornea.

El primer paso experimental de este proyecto de tesis fue desarrollar un modelo
animal en ratones carentes de la integrina p6 (B6™°) para estudiar la funcion de la integrina
aVP6 en el proceso de reparacion corneal. Este trabajo estd reflejado en el Capitulo 1:
“aVp6 integrin promotes corneal wound healing” (Blanco-Mezquita J.T. et al.
“Investigative Ophthalmology & Visual Science”) '. En este modelo se constaté que la
falta de la integrina aVP6 causa problemas en la cicatrizacion del epitelio cuando se dana
la membrana basal. El modelo reproduce patologias de la membrana basal como las
ampollas sub-epiteliales, facilmente observables con la lampara de hendidura. Ademas se
confirmé que la ausencia de la integrina aVB6 no tiene consecuencias observables en el

estroma o en el endotelio de la cornea.

A continuacion, se disefio un modelo animal en ratones carentes de trombospondina-1
(THBS1) (Thbs1™) para investigar la funcién de la THBSI en el proceso de reparacion
corneal después de una lesion integral de todas las capas de la cornea. Este trabajo esta
reflejado en el Capitulo 2: “Role of Thrombospondin-1 in Repair of Penetrating
Corneal Wounds” (Blanco-Mezquita J.T. et al. “”Investigative Ophthalmology & Visual
Science”) . En este modelo se hizo un seguimiento de la cicatrizacion corneal
constatandose que la THBS1 es fundamental para dicho proceso, especialmente en el
estroma y en el endotelio. Ademas de la ldmpara de hendidura, se incorpor6 por primera
vez el uso del microscopio confocal “in vivo” (IVCM “in vivo confocal microscopy”)
(HRT3-RCM), como sistema adicional de imagen “intravital”. Con el uso de este sistema
se evalud el proceso de cicatrizacidon en todas las capas de la cornea, usando el mismo

raton en diferentes intervalos de tiempo sin necesidad de sacrificarlo.

Sin duda, el microscopio confocal “in vivo” supuso un avance considerable en la
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forma de evaluar a tiempo real los cambios a nivel celular y tisular ocurridos en la
superficie ocular. Por ello se procedio6 al estudio del proceso de infiltracion celular en la
superficie ocular, en un modelo de alergia ocular en raton. Este trabajo esta reflejado en
el Capitulo 3: “Intravital Confocal Microscopy Reveals Corneal Involvement in an
Allergic Eye Disease Mouse Model: an in vivo Study” (Blanco T. et al. Investigative
Ophthalmology & Visual Science 2015, en fase de revision. Este trabajo ha sido
presentado, en parte, en ARVO 2012 (“Corneal Inflammatory Cell (IC) Recruitment in
Murine Allergic Conjunctivitis (AC): An Intravital Confocal Microscopy Study” Tomas
Blanco, Hyun Soo Lee, Daniel R. Saban. Ophthalmology Department, Schepens Eye Res
Inst, MEE, Harvard Medical School, Boston, MA) y 2014 (“Novel Mouse Model of
Severe Ocular Allergy Reveals a Key Role for Pathogenic Thl7 Cells”, Nancy Reyes;
Tomas Blanco; Rose Mathew; Daniel R. Saban, Ophthalmology, Duke University,
School of Medicine, Durham, NC, United States). En este trabajo se observo de forma
“intravital” y a tiempo real el proceso de infiltracion celular inflamatorio en la superficie
ocular en un modelo de alergia ocular. La relevancia de este trabajo fue observar un
proceso de infiltracion celular en la cornea asociado con la progresion de los sintomas de
la conjuntivitis alérgica. Este proceso de infiltracion no es detectable con la lampara de
hendidura pero se contrasté con analisis de citometria de flujo e inmunofluorescencia.
Estos resultados indican un componente inflamatorio en la coérnea del raton, no descrito

anteriormente, durante la progresion de la inflamacion conjuntival alérgica.

Debido a las observaciones anteriores, el trabajo tomd una direccion diferente. Por un
lado se inicid un estudio clinico para estudiar el proceso de infiltracion celular en la
cornea en voluntarios con conjuntivitis alérgica (proyecto en curso y no descrito en esta
memoria, “IRB approved project # Pro00042819 Study Title: Corneal Involvement in
Allergic Conjunctivitis, Investigator: Daniel Saban, PhD, Duke Eye Center”), y por otro
lado, el sistema IVCM se sustituyo definitivamente por un microscopio multifotonico.

Este sistema permiti6, por primera vez, el estudio “intravital” y a nivel celular de la
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cornea. Ademas se incorporaron diferentes cepas de ratones transgénicos que expresan
proteinas fluorescentes y se generaron ratones quiméricos. Finalmente se us6 un software
de andlisis de imagen proporcionando fotografias y animaciones reales en tres
dimensiones para una mejor interpretacion y comprension de los resultados. Los dos
capitulos siguientes forman parte de un trabajo mds amplio en fase de revision:
“Mononuclear phagocytes in vivo form vast networks of membrane nanotubes that
contact and track along peripheral nerves”) (Blanco et al. Nature Medicine). En este
trabajo, la cornea se tom6 como modelo, pero el trabajo completo en si, no guarda
relacién con la tematica de esta tesis. Por ello se utiliz6 parte de la metodologia y de
resultados relacionados con la cornea, pero no incluidos en el manuscrito anteriormente
mencionado. De esta manera se complementd con material adicional los capitulos 4 y 5
que sirven de enlace con el capitulo 6. Estos dos capitulos estan en fase de preparacion

(4) y revision (5) para publicacion independiente de el anteriormente mencionado trabajo.

En primer lugar se procedio6 a la visualizaciéon y mapeado “in vivo” de la poblacion
inmunitaria residente en la cornea. Se utilizaron ratones transgénicos con diferentes
marcadores fluorescentes. Este trabajo estd reflejado en el Capitulo 4: “Cutting Edge in
vivo Imaging I: Multi-Photon intravital Microscopy to Visualize the Resident Myeloid-
Derived Population in the Mouse Cornea”, (Blanco et al. en preparacion. Presentado en
dos comunicaciones orales ARVO 2013 (“Cornea Intravital Multiphoton Visualization of
the Resident Mononuclear Phagocyte Network in Allergy”, Tomas Blanco; Matthew Kan;
Michael Gunn; Daniel R. Saban; Ophthalmology, Duke University, School of Medicine,
Durham, NC, United States) y 2014 (“Intravital multiphoton visualization identifies
inter-networking between nerves and bone marrow derived cells of the mouse cornea”,
Tomas Blanco; Daniel R. Saban, Ophthalmology, Duke University, School of Medicine,
Durham, NC, United States). En este trabajo se visualizd y mape6 por primera “in vivo”
la poblacion inmunitaria de la cornea usando un microscopio multifotonico. Para ello se

detectd la expresion de proteinas fluorescentes (GFP, YFP y td/Tomato(RFP)) bajo el
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control del promotor del gen Cx3crl. Ademdas se generaron ratones quimeéricos
(irradiacion letal y trasplante de médula osea) y se usé un sistema de expresion inducible
de fluorescencia mediante inyeccion de tamoxifeno para constatar “in vivo” el proceso de
recambio de las células inmunitarias corneales. Entre otras caracteristicas, este sistema
permite una resolucién de imagen, “in vivo”, similar a la obtenida en “explantes” de
tejido, pero de forma no invasiva y sin necesidad de sacrificar el animal. Ademas se
constatd que la poblacién mieloide residente en la cornea, tiene un origen embrionario en
lugar de hematopoyético. Tanto la introduccion como la discusion de este capitulo se

muestran en version extendida.

A continuacion, se realiz6 un mapeado de alta resolucion de los nervios de la cornea,
por primera vez, en un ratdn vivo. Para ello se utilizo el sistema multifotéonico anterior y
un raton transgénico que expresa YFP en el promotor del gen Thyl. Este trabajo esta
reflejado en el Capitulo 5: “Cutting Edge in vivo Imaging II: Multi-Photon intravital
Microscopy to Visualize Transgenic Neurofluorescence in a Thyl-YFP Mouse
Cornea” (Blanco T. et al. “Investigative Ophthalmology & Visual Science” 2015, en fase
de revision. Presentado en dos comunicaciones orales en ARVO 2013 (“Cornea
Intravital Multiphoton Visualization of the Resident Mononuclear Phagocyte Network in
Allergy”, Tomas Blanco; Matthew Kan; Michael Gunn; Daniel R. Saban;
Ophthalmology, Duke University, School of Medicine, Durham, NC, United States) y
2014 (“Intravital multiphoton visualization identifies inter-networking between nerves
and bone marrow derived cells of the mouse cornea”, Tomas Blanco; Daniel R. Saban,
Ophthalmology, Duke University, School of Medicine, Durham, NC, United States). Este
modelo permitié escanear la anatomia completa de los nervios corneales del ratén sin
necesidad de sacrificar al animal. Por otro lado, se describen algunos detalles de la
anatomia de la cornea del raton no descritos anteriormente. Se muestra la presencia de
haces nerviosos estromales profundos que inervan el centro de la cornea, asi como

bifurcaciones de los grupos axonales en 180° en el plexo basal. La anatomia de los
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nervios corneales se muestra de forma interactiva en tres dimensiones y con resolucion

micrométrica tanto en imagen “in vivo” como “ex vivo”

El hecho de poder evaluar in vivo, por un lado la estratificacion de la poblacion
inmunitaria de la cdrnea y por otro la anatomia de los nervios, nos llevo al siguiente paso:
la interaccion de ambos sistemas. Este trabajo estd reflejado en el Capitulo 6 “The
cornea has “the nerve” to encourage immune rejection” (Blanco et al. American
Journal of Transplantation, 2015) °. Este es un articulo de apoyo al trabajo titulado
“Severing Corneal Nerves in One Eye Induces Sympathetic Loss of Immune Privilege and
Promotes Rejection of Future Corneal Allografts Placed in Either Eye” Paunicka et al.,
“American Journal of Transplantion *; en el cual se muestra la interacciéon de los nervios
con las células inmunitarias de la coérnea y su posible relacion con el rechazo al trasplante
corneal. Es por ello que se incluye material adicional, que si bien no publicado todavia,
condujo a los resultados que forman parte de la publicacién mencionada anteriormente.
En la version extendida, se muestra la cornea como un oOrgano en el cual dos
“supersistemas” (nervioso € inmunitario) estdn fisicamente interconectados. Ademas se

cred un raton quimérico en el cual se puede estudiar “in vivo™ la interaccion de éstos.

Por ultimo se incluye un apartado adicional (Capitule 7) donde se muestra el uso del
microscopio multifotonico “in vivo” para otras aplicaciones con grandes expectativas
para el futuro:

1. Terapia celular: implantacion de células madre de la grasa en un modelo de herida
corneal en el raton. En este modelo, se hizo un seguimiento durante varias
semanas, del proceso de implantacion y diferenciacion de dichas células marcadas
con GFP, tras varias lesiones corneales

2. Sistemas de liberacion de farmacos para el tratamiento del glaucoma. En este
estudio se usaron ratones albinos Balb/c en los cuales se inyectd diferentes

sistemas de liberacion de farmacos (nanoesferas, particulas de colageno,

10
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particulas de adhesion endotelial y liposomas) marcados con GFP en la cdmara
anterior. Estos sistemas se detectaron “in vivo” en el endotelio, en el canal de

Schlemm y en la malla trabecular.

. Evaluacion “in vivo” de la capacidad infectiva de adenovirus en las células del

endotelio.
Seguimiento de la repoblacion de la cornea, por una poblacion especifica de
células dendriticas CD11c, después de ser eliminada con toxina diftérica aplicada

de forma topicamente.

El objetivo general de este capitulo es mostrar la potencialidad de la microscopia “in

vivo”. Es por ello que s6lo se muestran los resultados con una breve descripcion

metodolodgica. No se presenta parte introductoria ni tampoco discusion.
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RATONES MANIPULADOS GENETICAMENTE Y SISTEMAS DE
IMAGEN PARA UNA MEJOR COMPRENSION DE LA

FISIOPATOLOGIA DE LA CORNEA

Sistema Sistema Nervioso

inmunitario Periférico
/" Epitelio \ /  Alergia Ocular ﬁstratiﬁcacién Célu@ [/ Arquitectura
Inmunitarias Nervios Corneales
Estudio in vivo Estudio in vivo
> MPM/LSCM MPM/LSCM
Ratones Ratones
C57B6J, CX3CR1EGFP C57B6J,
CX3CR1-CRE-R26fCFP Thy-1YFP
CX3CR1-CRE-R26RFP ,
CX3CR1YFP-CreER-R26RFP Capltulo 5

?/k_i

Interaccion de los sistemas
Nervioso e Inmunitario

ﬂbreviaturas: \

LH: Ldmpara de hendidura

IF: Inmunofluorescencia Aplicaciones futuras:
LSCM: “Laser Scaner Confocal Estudio in vivo/

Mg reseepE LH/MPM/LSCM
HRT3-RCM: “Heidelberg Retina Ratones normales
E’;ﬂﬂf?ph S i Medicina regenerativa y

terapia celular con mADSCs
Sistemas de liberacion de
MPM: “Mutli-photon microscope” farmacos

mADSCs: “murine adipose-tissue .,
derived stem cells” \ Capltulo 7 /

Organizacion de la tesis. Esquema sintetizado

FC: “Flow cytometry”
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LISTA DE ABREVIATURAS

AC “allergic conjunctivitis”: conjuntivitis alérgica

ACAID “anterior chamber-associated immune deviation”

AED *“allergic eye disease”: alergia ocular

AKC “atopic keratoconjunctivitis”: queratoconjuntivitis atopica
APCs “antigen presenting cells”: células presentadoras de antigeno
BGR “blue-green-red cube”: cubo azul-verde-naranja

BM “Bowman’s layer”: capa de Bowman

BMZ “basement membrane zone”: membrana basal

BSA “bovine serum albumin”

CCL2 “chemokine (C-C motif) ligand 2”

CCL20 “chemokine (C-C motif) ligand 20

CCL21 “chemokine (C-C motif) ligand 21~

CCRI, “CCR2, CCRS5, CCR7 chemokine (C-C motif) receptors: 1,2,5,7”
CGRP “calcitonin gene related peptide”

CX3CRI “CX3C chemokine receptor 17

Cx3crl “chemokine receptor 1 gene”

Cre “causes recombination”

CXL “collagen crosslinking”: entrecruzamiento del colageno
CYR “cian-yellow-red cube”: cubo cian-verde-naranja

DAPI “4',6-diamidino-2-phenylindole”

DCs “dendritic cells”: células dendriticas

DM “Descemet’s membrane”: membrana de Descemet

ECM “extracelular matrix”: matriz extracelular

EGFP “enhanced green fluorescent protein”

FAS-L “fas ligand (CD95L)”
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GFP “green fluorescent protein”: proteina fluorescente verde

H&E “hematoxylin and eosin”: hematoxilina y eosina

HLA-DR “human leukocyte antigen DR”: antigeno leucocitario humano

HRT3 “Heidelberg Retina Tomograph II1”

HSV “Herpes virus simplex”

ICAMI “intercellular adhesion molecule 1”’: molécula de adhesion intercelular tipo 1

ICRS “intrastromal rings and segments”: segmentos y anillos intraestromales

ICs “inflammatory cells”: células inflamatorias

IFN-y “Interferon gamma”

IL-al,-1B,-4,-6,-8,-10, -13 -17 “interleukins: lalpha,1beta,4,6,8,10,13,17”

IL-1Ra “interleukin-1 receptor antagonist”

IP “intraperitoneal”: intraperitoneal

IVCM “in vivo confocal microscope”

LAP “latency-associated peptide”

LCs “Lagerhans cells”: células de Langerhans

LIVE-1 “lymphatic vessel endothelial receptor 1”

LSCM “laser scanning confocal microscope”

Ly6C “lymphocyte antigen 6C”

mADSCs “murine adipocyte-derived stem cells” células madre derivadas del tejido
adiposo

MHC class I, II “major histocompatibility complex class I, II molecules”: complejo
mayor de histocompatibilidad clase I y II

MMP-9 “matrix metallopeptidase 9”

MP-IVM “multiphoton intravital microscopy”: microscopio multifotonico

NGF “nerve growth factor”: factor de crecimiento nervioso

NK cells “natural killer cells”

OCT *“optical coherence tomography”

OVA “ovalbumin”: ovoalbiimina
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PAC “perennial allergic conjunctivitis”: conjuntivitis alérgica perineal

PDL-1 “programmed death-ligand 1”

PEDF “pigment epithelium-derived factor”

PFA “paraformaldehyde”: paraformaldehido

PMN “polimorphonuclear”: polimorfonuclear

PMTs “photomultiplier tubes”: tubos fotomultiplicadores

PNS “peripheral nervous system”: sistema nervioso periférico

PRGF “plasma rich in growth factors”: plasma rico en factores de crecimiento

PROX-1 “prospero Homeobox 1”

RFP “red fluorescent protein”: proteina fluorescente roja

SAC “seasonal allergic conjunctivitis”: conjuntivitis alérgica estacional

SERI&MEE “Schepens Eye Research Institute and Massachusetts Eye and Ear”

SHG “second harmonic generation”: generacion de segundo arménico

SP “substance P”

TGF-B2 “transforming growth factor-beta”

THBS-1 “thrombospondin-1~

Thy.1-YFP “transgenic mice strain expressing yellow fluorescent protein under Thy-1
promoter”

TNF-a “tumor necrosis factor-o”

TPM “two-photon excitation microscopy’’: microscopia de excitacion de dos fotones

VEGF “vascular endothelial growth factor”: factor de crecimiento vasoendotelial

VEGEFR “vascular endothelial growth factor receptor” receptor del VEGF

VIP “vasoactive intestinal peptide”: péptido vasoactivo intestinal

VKC “vernal keratoconjunctivitis”: queratoconjuntivitis vernal

WT “wild type”: tipo silveste o raton normal

YFP “yellow fluorescent protein™: proteina fluorescente amarilla

aVB6 “integrin alphaV-beta6”
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ESTADO DEL ARTE

La cérnea

La cornea es el organo mas externo del sistema visual en contacto con el medio
ambiente con dos funciones fundamentales: por un lado actia como barrera protectora del
sistema frente al medio externo y por otro es el elemento dptico primario del ojo. La
cdrnea se caracteriza como un Organo transparente, avascular, con privilegio inmune, con

. . . c ]
gran elasticidad y resistencia mecanica .

Canal of Schlem:

T
Con;uncllva\/
)

Lamina
Anterior chamber . %, cribrosa

Posterior chamber Vitreous body / )
/ Retina
Ciliary muscle AN . __/,_\/’\‘,>'\ Chorioidea

Sclera

Figura 1. Estructura del sistema visual Figura 2. La cornea como elemento

Modificada de: web.standord.edu protector y refractario del ojo. Foto
modificada de: “DesignPics” Don
Hammond

En la parte mas externa, dispone de un epitelio estratificado no queratinizado que
protege a la cornea del exterior. El epitelio, en contacto con la pelicula lagrimal, mantiene
una superficie lisa e hidrofobica, que protege a la conrea de la invasion de patogenos y le
confiere un frente raso a la entrada de la luz. Este descansa en la lamina basal que lo
ancla al estroma >°. A continuacion se encuentra la capa de Bowman formada por

colageno muy organizado. Esta membrana varia en grosor segun en diferentes especies y
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estd ausente en otras *. La mayor parte del drgano lo compone el estroma formado por
colageno muy organizado y queratocitos (fibroblastos en estado quiescente). El estroma
supone el 90% del grosor otorgando a la cornea su caracter refractivo °. En la parte
posterior de la cornea se encuentra la membrana de Descemet o membrana basal sobre la
que descansa el endotelio °. El endotelio estd formado por una monocapa de células
endoteliales en contacto con la cdmara anterior y que mantienen el balance hidrico y la
transparencia de la cornea °.

Ademas de esta estructura basica, la cornea esta densamente inervada ’ con dos tipos
de fibras nerviosas: sensitiva con origen en la rama oftalmica del nervio trigémino >° y
autdnoma tanto simpatica, con origen en el ganglio cervical superior '°, como
parasimpética con origen en el ganglio ciliar '

La cornea contiene una poblacion residente de células inmunitarias de origen
mieloide. Estas juegan un papel primordial en la defensa y en la respuesta inmunitaria
ante situaciones de peligro pero su funcion esta muy poco descrita '*.

Recientemente se ha propuesto que los sistemas nervioso e inmunitario podrian
intercomunicarse en la cornea, ya que se ha descrito que ambos sistemas se

15,16

intercomunican entre si en las vias respiratorias . Este tipo de conexiones tienen gran

importancia en el rechazo inmunolégico al trasplante '’ y en el ojo seco, pero su funcion
no se conoce bien '> .

En este escenario, la cornea se muestra como un drgano extremadamente complejo
compuesto por diferentes tipos de tejidos cuya homeostasis estd dirigida a mantener la
integridad del sistema visual, la refraccion y la transparencia. Al final de este trabajo se
mostrard una visiéon mas evolucionada de la cérnea, donde ademés de los ya conocidos
tejidos conjuntivo y epitelial, se pone de relieve como los “supersistemas” (del inglés
“supersystem”) *° nervioso e inmunitario interaccionan de forma estocastica y entre si, es

decir, son capaces de adaptarse uno al otro en funcion del medio ambiente para ejercer

sus funciones.
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Patologias corneales

Como organo externo, la cornea estd continuamente sometida a todo tipo de agresiones
que afectan a la vision. El sistema visual ha desarrollado un mecanismo tinico de defensa
basado en una réapida respuesta (parpadeo, lagrimeo y secreciones enzimaticas
conjuntivales) ante la agresion sufrida, protegiendo asi, la integridad y la transparencia *'.
Cuando la agresion afecta a la integridad de la cornea, ésta responde con un rapido
mecanismo de cicatrizacion destinado a reparar su estructura y funcidon y que en la
mayoria de los casos no tiene consecuencias negativas **. Sin embargo, otras situaciones
causadas por agresiones mayores como quemaduras, causticaciones, alergias, infecciones,

. . . , 2
traumas, etc., causan lesiones irreparables que necesitan de un trasplante de cornea >*.

Figura 3. Trasplante lamelar de cornea. Fotografia modificada de:
“Corneal Associates of New Jersey”, Fairfield, NJ, EE.UU.

Por otro lado, la existencia de patologias como el queratocono, las distrofias de la

membrana basal del epitelio, las ulceras neurotroéficas, las distrofias basales del endotelio,
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el ojo seco, la queratoconjuntivitis alérgica etc., cursan con una etiologia poco conocida
que en muchos casos hacen que el trasplante del 6rgano sea la {inica opcién para estos
pacientes **.

La cornea a su vez es diana para diferentes patdgenos que provocan diferentes tipos
de inflamaciones o queratitis. Unas son causadas por amebas como la Acantamoeba y
afectan sobre todo a usuarios de lentes de contacto. Otras son causadas por infecciones
bacterianas como Staphylococcus aureus o Pseudomonas aeruginosa, de origen fungico
causadas por Fusarium, y otras de origen virico causadas Herpes simplex o Herpes zoster
22 Por otro lado, la superficie ocular sufre el ataque continuo de alérgenos. En la
mayor parte de los casos s6lo la conjuntiva o tejido mucoso, que rodea a la cornea, sufre
un proceso inflamatorio o conjuntivitis alérgica; pero en otros casos la inflamacion afecta
a la cornea causando queratoconjuntivitis >’. Debido a la cirugia refractiva corneal, la
incidencia de patologias post-quirurgicas, como la pérdida de agudeza visual, halos,
destellos, reflejos, sensacion de cuerpos extranos y falta de lubricacién ha incrementado
notablemente. Otras complicaciones relacionadas con el proceso de cicatrizacion después
de la cirugia, como los procesos fibroticos, las ectasias o la autodigestion, requieren a
veces del trasplante para recuperar la vision del paciente. Ademds estas mismas
complicaciones, con menor incidencia, pueden aparecer después de una cirugia de
cataratas ** %,

El trasplante de cornea es la técnica quirirgica mas frecuente en el mundo, con una
experiencia de mas de 100 afios, desde que en 1905, se realiz6 el primer trasplante de
cornea finalizado con éxito *°. Desde que se fundé la Organizacion Nacional de
Trasplantes (ONT) en el afio 1989 en Espafia, se han realizado aproximadamente 60.000
trasplantes de cornea (3.477 en el ano 2013 segun datos publicados por dicha
organizacion). A pesar del gran nimero de queratoplastias realizadas cada afio en todo el
mundo, el trasplante es todavia una opcion terapéutica compleja. Si bien el porcentaje de

rechazo inmunolédgico es muy bajo, son muchos los pacientes considerados de alto riesgo
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de rechazo y por tanto excluidos del trasplante *'. Ademas, el trasplante es una opcion de
los paises desarrollados no disponible en la mayoria de los paises en vias de desarrollo.

Debido a su inervacion, son varias las patologias corneales derivadas de una
incorrecta funcion de los nervios como las ulceras neurotroficas, el dolor cronico, el ojo
seco, el queratocono o el rechazo al trasplante de cornea >

La cornea goza de privilegio inmune y por ello no reacciona ante la presencia de
antigenos externos. Por este motivo, y debido a la baja incidencia de rechazo
inmunologico, se establecid el dogma de que la cérnea estaba desprovista de células
presentadoras de antigeno. Este dogma permanecio por un siglo hasta que se describid
que la cornea contiene una poblacion residente de células inmunitarias *”. A pesar de los
trabajos realizados en modelos animales durante las dos ultimas décadas, la primera
descripcion detallada de la estratificacion de la poblacion residente de células
inmunitarias de la cornea humana, se realizo recientemente (2104) '*. La investigacion de
la funcién de las células inmunitarias de la cornea asi como su origen embrionario es uno
de los campos de investigacion de mas actualidad debido a que cada vez existen mas
evidencias de su implicacion, tanto en la homeostasis corneal como en sus patologias.
Otro descubrimiento reciente ha sido el hallazgo de vasos linfaticos periféricos y que en
ciertas condiciones pueden invadir la cornea *°. Estos vasos linfaticos tienen un papel
fundamental en los procesos inflamatorios y aumentan el riesgo de rechazo al trasplante,
pero su mecanismo no se conoce bien >’

Por la complejidad y origen poco conocido de la mayoria de sus patologias como el
ojo seco, las distrofias, el queratocono o las queraconjuntivitis; la cérnea, como o6rgano,
merece atencion prioritaria desde el punto de vista de la investigacion. Desde el punto de
vista clinico, y segun la Organizacion Nacional de Trasplantes, la cornea no se considera
un verdadero 6rgano sino un tejido, conjuntivo y epitelial, en el cual, la presencia de otros
sistemas como el nervioso periférico y el inmunitario, siguen sin tener la relevancia que

las investigaciones mds recientes apuntan.
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Actualizacion privilegio inmune

De todos los sitios con privilegio inmune, la cornea es el Unico en contacto con el
medio ambiente externo capaz de tolerar el contacto de aloantigenos sin provocar una
. .37 .. .. .
respuesta inflamatoria °'. En general, los injertos de tejido son reconocidos como
antigenos extrafos por el cuerpo y rechazados por el sistema inmunitario. Por el contrario
en los 6rganos con privilegio inmune, los injertos pueden sobrevivir sin rechazo *°. Desde
el punto de vista evolutivo, el privilegio inmune es una adaptacion para proteger las
estructuras vitales del cuerpo (cerebro, ojo, placenta, feto y testiculos) evitando asi los

efectos letales de una respuesta inflamatoria *"*

. La cornea es por tanto un sitio Uinico
que al no tener vasos sanguineos ni linfaticos limita la presentacion de antigeno
manteniendo asi su privilegio inmune *°.

Las células inmunitarias residentes de la cornea (células de Langerhans, células
dendriticas, macréfagos y monocitos) expresan bajos niveles de MHC clase II y de
moléculas coestimuladoras CD80 y CD86, evitando de esta manera iniciar una respuesta

. . . . . . 43-49
inmunitaria adaptativa innecesaria

. En la coérnea sana, las ramas aferente y eferente
de la respuesta inmunitaria estan cerradas el trafico de células inflamatorias. La rama
aferente bloquea el transito de células presentadoras de antigeno desde la cornea hacia los
nddulos linfaticos y rama eferente boquea la invasion de células inflamatorias en la
cornea >’

El mantenimiento avascular de la cornea estd controlado por la disponibilidad de
receptores y ligandos de VEGF (“vascular endothelial growth factor”). El epitelio expresa
formas solubles de VEGF-3 y VEGFR1 que actian como receptores sefiuelo para VEGF-
A, VEGF-C, VEGF-D y VEGFR-2, evitando la proliferacion de vasos en la cornea 51,52
Por otro lado en la coérnea se expresa trombospondina-1 (THBS-1) que regula la
expresion de VEGF-C en monocitos y macrofagos a través del receptor CD36 . El
epitelio a su vez libera PEDF (“pigment epithelium-derived factor”), angioestatina y

endostatina como potentes anti-angiogénicos > >, E1 TGF-p2 regula la maduracion de
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las células dendriticas y el ligando de FAS (FAS-L) induce apoptosis en células
inmunitarias que expresan FAS *°. El PDL-1 (programmed death-ligand 1) induce

56, 57
2’ Otros factores

apoptosis de los linfocitos T disminuyendo asi su respuesta
antiinflamatorios como la IL10 y la IL-1Ra previenen el reclutamiento y la proliferacion
de neutrofilos, macréfagos y linfocitos T evitando de esta manera la liberacion masiva de
VEGF ™,

Cuando se pierde el privilegio, los vasos sanguineos que rodean circunferencialmente
al limbo y los vasos linfaticos de la periferia, invaden la cérnea. La activacion del
receptor de VEGF tipo 3 (VEGFR-3) por sus ligandos, como el VEGF-C, promueve
proliferacion de células endoteliales y la formacion de tubos linfaticos *°. Por otro lado,
durante la inflamacion, los macrofagos CD11b expresan receptor endotelial de los vasos
linfaticos tipo 1 (LIVE-1) y “prospero homeobox 17 (PROX-1) ®. Algunas patologicas
como el trauma, las infecciones, el rechazo al trasplante de cornea y el ojo seco hacen que
cambie el balance entre los factores antiangiogénicos y proangiogénicos. En estos casos
la proliferacion de vasos linfaticos permite el trafico de células presentadoras de antigeno
a los tejidos linfaticos cercanos donde se dispara una respuesta linfocitaria adaptativa °'.
A su vez los linfocitos T CD8 liberan VEGF-C promoviendo linfangiogénesis ®*. El
privilegio inmune se puede perder también como consecuencia de una herida. La cérnea
dispara una respuesta inflamatoria innata no especifica liberando factores pro-
inflamatorios como el TNFa, IL1, CCL2, CCL20 ¢ ICAM1 . Estos factores contribuyen
al reclutamiento de neutréfilos y monocitos que a su vez liberan VEGF-C y VEGF-D **.
El virus del herpes (HSV), causante de la queratitis herpética, causa infiltracion de
linfocitos T CD8 que a su vez estimulan el proceso de linfangiogénesis .

En patologias especificas, como el rechazo al trasplante de cornea o el sindrome ojo
seco, el privilegio inmune se pierde debido a la proliferacion de vasos linfaticos. Las
células presentadoras de antigeno residentes en la cornea presnetan a los linfocitos T en
nddulos linfaticos generando una respuesta efectora en la cornea que contribuye al

34,39

rechazo o a mantener la inflamacién cronica . Estos son dos ejmplos de pérdida del
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privilegio inmune por una repuesta inmunitaria adaptativa que conlleva a una enfermedad
autoinmune en el ojo seco o al rechazo aloreactivo en el trasplante de cornea. En el caso
del ojo seco ademds la continua activacion e infiltracion de células inmunitarias
patologicas, como los linfocitos T17 colabores, mantienen de forma crénica la patologia
no recuperandose el privilegio inmune. En el ojo seco, la proliferacion de vasos linfaticos
ocurre sin proliferacion de vasos sanguineos, debido al aumento en VEGF-C, VEGF-D y
VEGFR-3 % debido a que los linfocitos Th17 liberan IL-17 que induce formacion y
crecimiento selectivo de vasos linfaticos pero no sanguineos .

En resumen, el privilegio inmune estd basado en seis importantes mecanismos los
cuales por un lado bloquean la induccién de una respuesta inflamatoria y por otro se
desvia la respuesta hacia una via tolerogénica que ayuda a escapar del ataque inmunitario
68.

1. Ausencia de vasos linfaticos y vasos sanguineos y bloqueo de las vias aferente y
eferente de la respuesta inflamatoria ®. Ademas el humor acuso transporta los
antigenos al bazo en lugar de los nédulos linfaticos "°.

2. Activacion de linfocitos T reguladores por el alotrasplante, lo cual inhibe la
activacion y funcion de los linfocitos T aloinmunoreactivos '

3. Proteccion de la citolisis mediada por el sistema del complemento >

4. Induccion de apoptosis de los neutrofilos y linfocitos T en la interfase receptor-
donante en el caso del trasplante "

. . ., . ., . . 74
5. Disminucién de la proliferacion de linfocitos T corneales

6. Disminucién de la activacion de las células “natural killer” ™

Por tanto, la inmunosupresion no es un proceso pasivo basado sélo en la ausencia de
reconocimiento de antigeno, como se pensd originalmente, sino que consiste en un
proceso activo de interacciones inmunoldgicas con multiples posibilidades. El efecto
combinado de estos mecanismos activos que inhiben la respuesta inmunolédgica después
de introducir un antigeno en la cdmara anterior, se conoce como desviaciéon inmunoldgica

asociada a la camara anterior (ACAID) """,
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Figura 4: Funcion de los vasos linfaticos y sanguineos en la aloinmunidad de la
cornea. La rama aferente transporta antigenos y células presentadoras de antigeno
desde el injerto hasta los nodulos linfaticos, donde los linfocitos T son cebados y
proliferan. Los linfocitos T aloreactivos invaden la cérnea a través de los vasos
sanguineos (via eferente) y median el rechazo del trasplante.

Adaptada de “Corneal Lymphatics: Role in Ocular Inflammation as Inducer and
Responder of Adaptive Immunity”, Chauhan et al. *°
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Sistema inmunitario de la cornea

Al ser la coérnea el Unico sitio con privilegio inmune en contacto con el medio
externo, el estudio de su poblacion residente de células inmunitarias es fundamental para

3778 Recientemente se ha puesto fin al

entender su particular respuesta inflamatoria
dogma de que la transparencia de la cornea se debia, en parte, a la ausencia de células
, e . .37
presentadoras de antigeno capaces de iniciar una respuesta inflamatoria °'. Durante los
ultimos afos, se ha ido confirmando la presencia de una poblaciéon de células
inmunitarias en la cérnea sana, que si bien no esta claro su origen ontogenético, se cree

45,47 :
"', De esta menera, el dogma establecio,

que pudieran tener origen en la médula 6sea
se ha sido sustituido por un modelo nuevo en el cual se describe una poblacion
inmunitaria de células presentadoras de antigeno, perfectamente organizada y
estratificada, en los diferentes compartimentos corneales '*. La funcion de las células
presentadoras de antigeno corneales no se conoce en detalle, pero cada vez hay mas
trabajos que ponen de relevancia su estudio para comprender su contribucion a la
homeostasis corneal, su respuesta inmunitaria y su funcion en las diferentes patologias '*
7981

En la cérnea del raton se han descrito dos subpoblaciones fenotipicas diferentes de
células presentadoras de antigeno: células dendriticas y macréfagos *’. La mayoria de las
células dendriticas residen en la membrana basal del epitelio. Las células dendriticas
proyectan dendritas a través de las interdigitaciones del epitelio, desde el estrato basal
hasta la superficie. La densidad de la distribucion de las células dendriticas es mayor en
la periferia disminuyendo hacia el centro. Estas son células dendriticas clasicas que
expresan CD1l1c, de las cuales la mayoria coexpresan MHC (“major histocompatibility
complex™) clase II con la misma frecuencia y distribucién topografica **. Ademas en el
epitelio corneal se encuentra otro subtipo de células dendriticas CD11lc o células de
Langerhans que expresan languerina o CD207 *°. La principal funcién de las células

dendriticas de la cornea es iniciar la respuesta inmunitaria adaptativa pero no se conoce
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. . 39, 79, 80, 83
bien el mecanismo * 7

. En el epitelio se ha observado ademads la presencia de
linfocitos T 8 que confieren tolerancia inmunitaria a la cornea **

Los macrofagos residen en el estroma corneal divididos en dos subtipos diferentes.
En el estroma anterior se encuentra un poblacién de macréfagos CD11b" CD11¢” MHC
clase IT" distribuidos de forma uniforme desde la periferia hasta el centro. Estos son
considerados macréfagos putativos que pueden actuar como células presentadoras de
antigeno de apoyo a las células dendriticas del epitelio *'. En el estroma posterior reside
otro subtipo de macréfagos CD11b" CD11lc” MHC clase II' distribuidos de forma
homogénea desde el centro hasta la periferia. Estos macrofagos disparan la respuesta
inmunitaria innata corneal *’. Ademas se ha observado presencia de células dendriticas
CD11c¢" y monocitos en el estroma.

Recientemente se ha descrito un patron de estratificacion similar en la cérnea humana
(figura 5) '*. La zona basal del epitelio se encuentra poblada por células dendriticas
CD45"CD11c" de las cuales la mayoria expresan HLA-DR (“human leukocyte antigen”).
Al igual que en el raton, estas células dendriticas extienden sus procesos dendriticos
desde la zona basal del epitelio hasta la superficie. La mayoria de estas células se
encuentra en la periferia con numero decreciente hacia el centro de la cérnea donde no se
observan. Las células de Langerhans (CD207") se localizan también mayoritariamente en
la periferia de la cornea '*. En la parte anterior del estroma se encuentran los macrofagos
CD45" CD68" de forma uniforme desde la periferia hasta el centro. La poblacién
mayoritaria en el centro es CD45" HLA-DR". No se ha observado presencia de células de
Langerhans (CD207") en el centro del estroma corneal aunque se encuentran en pequefio
nimero en la periferia '*. Este patron de estratificacion es similar al mostrado
anteriormente en el raton, lo cual valida la cérnea del ratén como un buen modelo para el

estudio de la poblacién inmunitaria de la cérnea humana (Figura 5) */.
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Figura 5: Estratificacion de las células presentadoras de antigeno en la cérnea
sana. “Stratification of Antigen-presenting Cells within the Normal Cornea”,
Knickelbein et al. *’
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Actualizacion en inervacion corneal

La cérnea es uno de los 6rganos mas inervados y por tanto sensoriales del cuerpo con
inervacion sensitiva con origen en la rama oftalmica del nervio trigémino y con alta
densidad en el epitelio corneal ®°; y auténoma tanto simpética, con origen en el ganglio
cervical superior '°, como parasimpética con origen en el ganglio ciliar ''""°. Las fibras
nerviosas penetran en el tercio anterior del estroma por la periferia en una distribucion
radial paralela a la superficie del epitelio. Una vez en el estroma, pierden el perineuro y la
envoltura de mielina de las células de Schwann para preservar la transparencia *>*°. En el
estroma se subdividen en numerosas ramificaciones laterales que giran 90° desplazandose
anteriormente hacia la membrana basal del epitelio a través de la capa de Bowman donde
giran de nuevo 90° dirigiéndose radialmente hacia el centro de la cdrnea y en posicion
paralela a la superficie del epitelio formando una estructura denominada plexo basal
subepitelial ¥, De nuevo se subdividen en terminaciones mas simples que giran
perpendicularmente 90° hacia la superficie del epitelio donde ejercen sus funciones
neurotroficas o sensoriales ** ",

El correcto mantenimiento y funcion de estas terminaciones nerviosas es vital ya que
el mal funcionamiento de las terminaciones sensoriales es, junto con otro tipo de
etiologias, causante del sindrome de ojo seco *'. Las tlceras neurotroficas, que cursan con
queratitis severas, tienen también un origen en el mal funcionamiento de las

91-93

terminaciones nerviosas causadas por neurismas O traumas Las queratitis

infecciosas, como la queratitis herpética, causan destruccion y mal funcionamiento de las

. . : 25,93,94
terminaciones nerviosas “ 7’

. El queratocono *°, caracterizado por una disminucion del
grosor en el centro de la cornea, se cree asociado con problemas neurotroficos ya que se
observa una disfuncidon en el intercambio de sefales entre los nervios y las células
epiteliales y/o estromales *>®.

Los mecanismos, por los cuales las fibras nerviosas corneales mantienen la cérnea

saludable e inducen cicatrizacion en respuesta a una lesion, se encuentran en la actualidad
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bajo creciente investigacion. Las neuronas aportan soporte trofico a las células epiteliales
mediante la liberacion de sustancias solubles. Las neuronas del ganglio trigémino liberan
neurotransmisores y neuropéptidos que dan soporte tréfico en el epitelio. Este tipo de
moléculas activas estimulan a las células epiteliales como parte del proceso normal de
mantenimiento y renovado fisioldgico para mantener la homeostasis y promover la
cicatrizacion >

Diferentes factores como el parpadeo, la desecacion de la superficie ocular, el frio o
las corrientes de aire, estimulan la liberacion de substancias neuroquimicas por parte de
los nervios corneales. De esta manera, pequeiios cambios en la superficie ocular son
rapidamente subsanados con un continuo aporte trofico > '%°. Sin embargo, el proceso de
cicatrizacidon corneal se muestra alterado en pacientes con ojo seco, diabetes, queratitis
herpética, uso continuado de lentes de contacto, o después de un proceso de cirugia

. 32,101, 102
refractiva °~

. Estos pacientes sufren anomalias en la inervacion corneal que alteran
el proceso de cicatrizacion '**. Las queratitis neurotréficas a su vez son causadas por
dafos en ganglio trigémino, traumas craneales, aneurismas o patologias neuroldgicas
intracraneales '*" ', Ademas en las cirugias de catarata y retina, se produce también

106, 107

dafio en los nervios corneales . La cirugia refractiva produce un dafio masivo en los

nervios estromales, en el plexo sub-basal afiadiendo por tanto alteraciones epiteliales
severas > %%,

Durante los ultimos afios, se ha incrementado notablemente la investigacion en la
inervacion corneal (homeostasis y patologia), sin embargo muchos aspectos relacionados
con los nervios, especialmente los relacionados con las patologias como el ojo seco, las

distrofias de la membrana basal, el queratocono o el rechazo al trasplante de cornea no se

conocen bien.
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Kenchegowda et a

109
1.

Figura 6. Distribucion radial de los nervios corneales. Modificada de

Epithelium

Bowmans layer

Stroma

Figura 7. Anatomia de los nervios corneales. Figura modificada de Miiller et al. ’

33



SINTESIS GENERAL
Estado del arte

Conceptos basicos de la inflamacion corneal

Como organo avascular con privilegio inmune, la cérnea tolera la introduccion de
antigenos sin provocar una respuesta inflamatoria *’. Los injertos de tejido asi como los
alérgenos son reconocidos como antigenos extranos y rechazados. El privilegio inmune,
en si, es una adaptacion para proteger las estructuras vitales del cuerpo evitando asi los

efectos letales de una respuesta inflamatoria *" **

y por esta razdn, los antigenos son
tolerados o los injertos sobreviven sin rechazo *. La cornea es por tanto un sitio tnico
que al no tener vasos sanguineos ni linfaticos limita la presentacion de antigeno y
mantiene su privilegio inmune *°. Sin embargo éste puede perderse, por diferentes causas
como la rotura de la barreria epitelial, la penetracion de vasos sanguineos y linfaticos o
respuestas autoinmunes que provocan un proceso inflamatorio.

La inflamacion es un proceso fundamental para la proteccion de los tejidos y la
erradicacion de infeccion, sin embargo es antagonista para la cornea donde mantener la
trasparencia es esencial para una correcta vision y para la propia supervivencia - 1%,
Durante el proceso evolutivo, la cérnea ha desarrollado un complejo mecanismo
fisiologico destinado a mantener su transparencia. La cdérnea tiene la capacidad de
repararse a si misma después de una herida sin provocar cambios en su claridad, en la

. L L 1o,
biomecanica y en la refraccion > '

. La inflamacién de la cérnea o queratitis, es
causante de diferentes patologias oculares caracterizadas por los sintomas de la
inflamacion en general: presencia de citoquinas, vasodilatacion, edema y eritema ', En
la cornea ademas causa dolor, enrojecimiento del polo anterior, lagrimeo y fotofobia. En
ocasiones se forman ulceras que pueden llegar a ser graves u ocasionar disminucion en la
agudeza visual por alteracion en la transparencia ''*.

Las células epiteliales contribuyen a la defensa formando una barrera a los patdgenos
o mediadores inflamatorios. Las células epiteliales tanto de la conjuntiva como de la

cornea son las encargadas de comenzar el proceso inflamatorio expresando moléculas de

adhesion y moléculas coestimuladoras en respuesta a diferentes citoquinas. Ademas el
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epitelio por si mismo contribuye de forma activa a la inflamacion mediante la libracién

115

de citoquinas como la IL-1 y el TNF-a (“tumor necrosis factor-a”) ~°. La rotura de la

barrera epitelial produce un aumento en la infiltracion de eosinofilos en la conjuntiva
estimulado por la exposicion de los fibroblastos a las citoquinas de la lagrima ''°.
Recientemente se ha descrito que las células epiteliales contribuyen al proceso

"7 Estas contribuyen a las

inflamatorio liberando alarminas después de una lesion
respuestas inmunitaria innata y adquirida, aunque se desconoce como interaccionan con
las células presentadoras de antigeno corneales .

Los fibroblastos son los principales moduladores de la respuesta inmune ya que
liberan citoquinas y expresan moléculas de adhesion por ejemplo en los procesos de

119, 120

inflamacion alérgica . Los fibroblastos expresan receptores para la IL-4 y la IL-13,

VCAM-1 y liberan CCL11 en respuesta a una estimulacion tipo Th2 (IL-1, IL-4 y IL-13
y otras citoquinas pro-inflamatorias como el TNF-q) '"**!

Los componentes de la inflamacion ocular varian segun el tipo de agente causante. El
queratocono, las distrofias de la membrana basal, las ulceras neurotroficas, la
cicatrizacion después de cirugia refractiva o de cataratas, el trasplante de cornea son
algunas de las patologias que cursan con inflamacion de la cornea. Sin embargo el tipo de
inflamaciones mas frecuentes son las infeccidnes bacterianas o viricas asi como las
alergias. La inflamacion puede ser leve, como la conjuntivitis alérgica estacional o la
conjuntivitis infecciosa transitoria, o crénica como la queratoconjuntivitis atopica, la

33,122,123 ~
72 que conllevan dafio corneal

queratoconjuntivitis vernal o el sindrome de ojo seco
y pueden ocasionar pérdida de la vision e incluso del 6rgano. En ambos tipos, se produce
un reclutamiento de células inflamatorias, y una sintesis y secrecion de citoquinas y otros
mediadores inflamatorios como IL-1, IL-6, factor de necrosis tumoral-o (TNF-a) e

interferon gamma (IFN-y) en el epitelio conjuntival y en la pelicula lagrimal '**,
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Respuesta inmunitaria

Las células de Langerhans, células dendriticas, macrofagos y monocitos residen en la
cornea normal junto a precursores inmaduros de la médula d6sea que maduran en
respuesta a inflamacion '**> 4 7 8182 Ante una agresion fisica que comprometa la
integridad corneal, se dispara un mecanismo de respuesta inmunitaria innata y los
macrofagos invaden la zona fagocitando los restos celulares y patogenos *’. Por otro lado
las células presentadoras de antigeno como las células dendriticas y los macrdéfagos
pueden disparar un mecanismo de respuesta inmunitaria adquirida *’. Ademas durante la
inflamacion ocular, las células epiteliales y los queratocitos expresan HLA-DR, actuando

. , 125, 126
por tanto, como células presentadoras de antigeno

. Durante la respuesta adquirida,
las células dendriticas estimulan los linfocitos T. Su capacidad de sensibilizar los
linfocitos T se atribuye a la elevada expresion de MHC clase II y de moléculas

113, 126, 127 ’ rye .
6 > < Las células dendriticas residentes en los

coestimuladoras como CD80 y CDS8
tejidos no linfoides como las mucosas, migran a los drganos linfoides donde presentan
de forma efectiva los antigenos a los linfocitos T. Si bien éste es un mecanismo bien
conocido en la conjuntiva, no esta claro como sucede en la cornea *> 5% *,

La expresion de varios factores inmunoregulatorios controlan el sistema de
comunicacion entre las células inmunitarias y las células endoteliales vasculares. E1 TGF-
B2 regula la maduracién de las células dendriticas y el ligando de FAS induce apoptosis
en células inmunitarias que expresan FAS *°. E1 PDL-1 induce apoptosis de los linfocitos
T °’. Otros factores antiinflamatorios como la IL10 y la IL-1Ra previenen el
reclutamiento y la proliferacion de neutréfilos, macréfagos y células T °°

Ciertas condiciones patoldgicas como el trauma, infecciones, el rechazo al trasplante
de cornea y el ojo seco hacen que cambie el balance entre los factores antiangiogénicos y
proangiogénicos. En respuesta a una herida, la cérnea genera una respuesta inflamatoria

no especifica a través del sistema inmunitario innato °'. Se liberan factores pro-

inflamatorios como el TNFa, IL1, CCL2, CCL20 ¢ ICAM1 . Estos factores contribuyen
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al reclutamiento de neutr6filos y macrofagos que a su vez inducen linfangiogénesis a
través de VEGF-C y VEGF-D. Otros agentes como el HSV, causante de la queratitis
herpética, estimulan el proceso de linfangiogénesis * asi como los linfocitos T CD8"
generados por la respuesta adaptativa ®. En el rechazo del trasplante de cérnea y en el
sindrome de ojo seco la linfangiogénesis permite a las células presentadoras de antigeno
alcanzar los nddulos linfaticos cercanos, cebar los linfocitos T y generar una respuesta
efectora en la cornea que contribuye al rechazo o a mantener la inflamacion crénica de la
superficie ocular en el ojo seco **.

Debido a la inflamacion, las células presentadoras de antigeno adquieren un fenotipo
maduro que incluye aumento en la expresion de MHC clase II y de las moléculas co-
estimulatorias CD80 y CD86. Por otro lado disminuyen la expresion de CCR1, CCR2,
CCRS y CX3CRI1 y se aumenta la expresion de CCR7. La proliferacion de los vasos
linfaticos facilita la entrada de las células presentadoras de antigeno en los vasos
linfaticos mediada por la expresion de CCR7 siguiendo un gradiente de CCL21 a través
de un proceso mediado por ICAM-1y VCAM-1 y sus correspondientes ligandos (Figura
8) 11
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Figura 8. Modelo propuesto simplificado de un mecanismo de general de
inflamacion ocular y del posible efecto terapéutico mediante el bloqueo de la
alergia ocular mediante el uso de anticuerpos anti CCR7. Modificada de: “New

twists to an old story: novel concepts in the pathogenesis of allergic eye disease”,
Saban et al. '

Los pacientes con vasos linfaticos preexistentes son denominados receptores de alto
riesgo para el trasplante de cornea, ya que el trafico de células presentadoras de antigeno
y la alosensibilizacion, aumentan con respecto a los pacientes de bajo riesgo, indicando la
relevancia de la linfangiogénesis en la aloinmunidad °* '**'®. La respuesta inmunitaria
innata es, en si, la mayor responsable de la formacion “de novo” de vasos en la mayor
parte de las patologias de la cérnea, como el rechazo o la infeccion, facilitando la

migracién de las células presentadoras de antigeno a los nodulos linfaticos ®. Por otro
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lado la respuesta adquirida puede generar en si linfangiogénesis como ocurre en los
pacientes con 0jo seco °'.

Las células presentadoras de antigeno presentan a los linfocitos T que liberan IL-1,
IL-6, IL-8 y el TNF-a desencadenando la respuesta inflamatoria. La IL-1 es la principal
molécula liberada en las primeras fases del proceso inflamatorio tanto por las células

. . . . . 130
inflamatorias no residentes como por el epitelio

. La IL-1 tiene un amplio rango de
actividades y media en la repuesta de fase aguda, actuando como molécula quimiotactica,
activando las células inflamatorias y células presentadoras de antigeno, como las células
de Langerhans y los macréfagos, y estimulando neovascularizacion. La IL-6 es también
una citoquina multifuncional liberada por macréfagos, y que comparte funciones
similares a la IL-1. La IL-8 es una quimiocina liberada por macrofagos y fibroblastos y
que actia como quimioatrayente para macrofagos y polimorfonucleares '*'. El TNF-a. es
una citoquina proinflamatoria liberada por los macrofagos e interviene tanto en la

respuesta inflamatoria, induciendo citotoxicidad, como en el proceso de cicatrizacion

inhibiendo el TGF-beta *°.
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Ejemplo de inflamacion ocular: el ojo seco

Si bien considerado a veces como un problema menor, la queratoconjuntivitis sicca o
el sindrome de ojo seco es un problema de inflamacion ocular que afecta entre un 11%-

17% de la poblacion en los paises desarrollados '**

. El ojo seco se define como “un
desorden multifactorial de la lagrima y de la superficie ocular que resulta en sintomas de
malestar, perturbacion visual e inestabilidad de la pelicula lagrimal que potencialmente
dana la superficie ocular la cual esta acompafiada por un incremento en la osmolaridad de

la lagrima e inflamacién de la superficie ocular” '

. En el ojo seco, la proliferacion de
vasos linfaticos ocurre sin proliferacion de vasos sanguineos, al contrario que en la
infeccion y el rechazo, donde ambos ocurren paralelamente o los vasos sanguineos
preceden a los linfaticos. En el ojo seco la linfangiogénesis es debido al aumento en
VEGF-C, VEGF-D y VEGFR-3 ®. A su vez los linfocitos Th17 liberan IL-17 inducen la
formacion y crecimiento selectivo de vasos linfaticos .

El ojo seco asociado a la inflamacién de la superficie ocular esta mediado por una
respuesta linfocitaria anormal y cronica en la cérnea con activacion e infiltracion de

células inmunitarias patolégicas como los linfocitos T17 **

. La inflamacion conjuntival
se manifestada por infiltracion y aumento en la expresion de CD3, CD4 y CD8 asi como
activacion de los marcadores CD11a y HLA-DR indicando una respuesta inflamatoria
autoinmune con presencia de citoquinas pro-inflamatorias y metaloproteinasas. La IL-1
es la interleuquina méas abundante en el ojo seco liberada por el epitelio conjuntival '** asi
como la IL-6, IL-8 y el TNF-a (“tumor necrosis factor”) '*°

La respuesta de las células al estimulo extracelular como los cambios en la
composicion de la lagrima, la hiperosmolaridad y la radiacioén ultravioleta, es mediada

por enzimas quinasas intracelulares (MAP) "’

. Las MAP quinasas son activadas en
respuesta a citoquinas inflamatorias (IL-1 y TNF a), proteinas de choque térmico,
endotoxinas bacterianas e isquemia. Esta activacion media sefializacion necesaria para la

regulacion de eventos de trascripcion que determinan el resultado funcional y la respuesta
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i ., , ., 138
al estrés causado. La activacion de estas vias resulta en la expresion de MMP-9 " y

citoquinas pro-inflamatorias (IL-1, TNF-a,) que causan dafo de la superficie ocular
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Figura 9. Diagrama de la patologia del ojo seco. (I) La desecacion de la pelicula
lacrimal induce liberacion de citoquinas pro-inflamatorias por el epitelio
facilitando la activacion y migracion de las células presentadoras de antigeno
residentes hacia los nddulos linfaticos (II) donde generan una respuesta Th17 hacia
la cornea (III) produciendo dafio epitelial por la liberacion de MMPs y citoquinas

inflamatorias.
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Relacion entre la inflamacion y la inervacion corneal

La inflamacion de la cornea ademas tiene efectos negativos en el sistema nervioso
periférico que la inerva '*'. El sistema nervioso y el inmunitario estdn interconectados
bioquimicamente. Las neuronas expresan receptores para las citoquinas a la vez que las
células inmunitarias reconocen y son moduladas por neuropéptidos '**. Por ejemplo SP y
VIP confieren resistencia a la infeccion ya que actian como potentes agentes pro-
infamatorios y por otro lado la liberacion de GCRP se cree asociada a la inmunosupresion
y el mantenimiento del estado basal de la cornea '**.

Respecto a la regeneracion nerviosa, la inflamacién tiene un papel ambivalente '*.
Los linfocitos Y8 T estimulan el proceso de regeneracién nerviosa en un proceso que
engloba a la IL-17, neutrofilos, plaquetas y VEGF-A '**. Por otro lado, en los procesos
infecciosos se observa una disminucion de los nervios sub-basales con un aumento de
células dendriticas en el centro de la cornea '** e incluso la pérdida del plexo sub-basal

. . . . . 146, 147
durante otro tipo de inflamaciones no infecciosas

. Esto indica que un grado
moderado de inflamacién facilita el crecimiento de los nervios en la cornea y por el
contrario un exceso conlleva a la pérdida de los nervios en el plexo sub-basal y por tanto
a neuropatias. Se ha descrito la molécula Sema7A como con link comun entre la

., . . . , 148
regeneracion nerviosa y el proceso inflamatorio de la cornea

. Esta molécula promueve
crecimiento axonal en el sistema nervioso periférico y a su vez es expresada en linfocitos
T y juega un papel en la inflamacion mediada por los linfocitos T. En la cornea Sema7A
se expresa de forma constitutiva en el epitelio y en el estroma. Durante el proceso de
cicatrizacion posterior a una herida, Sema7A estimula la regeneracion nerviosa asociada
con la llegada de células infamatorias. Esto ha sugerido evitar tratamientos
inmunomoduladores o antiinflamatorios prolongados como estrategia para mejorar el
proceso de reinervacion en la cornea ',

Ademas cuando se produce un dafio significativo en los nervios, la cornea pierde el

. P . , 17 Cy .
privilegio inmune lo cual induce un aumento en rechazo al trasplante de cornea "'. Si bien
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no se conoce el mecanismo de accion, se ha propuesto que en la interaccion de los

nervios con las células inmunitarias de la cornea podria estar la respuesta '*’
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Figure 10. Célula dendritica en contacto con los nervios del plexo sub-basal.

Adaptada: “The Cornea Has "the Nerve" to Encourage Immune Rejection”, Blanco

etal. ¥
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Respuesta de la cornea a la lesion y modelos animales utilizados

La cicatrizacion es el proceso bioldgico por el cual un tejido dafiado o destruido se

%0 Esta sustitucion del tejido puede ser total o parcial

sustituye por tejido nuevo
distinguiéndose dos procesos conceptualmente diferentes:

- Regeneracion: Se trata de la recuperacion “ad integrum”  (morfoldgica y
funcional) de un tejido u 6rgano después de que éste haya padecido una agresion o noxa,
fisica, quimica, mecénica, etc. Este proceso esta ligado a los tejidos epiteliales y tejidos
jovenes que aun conservan células mesenquimales.

- Reparacion: Consiste en la respuesta que da un érgano o un tejido a una agresion,
igual que en la reparacion, pero este tejido u 6rgano no tiene capacidad suficiente para
autodevolverse a su estado original, bien porque la lesion ha sido muy intensa o extensa
o bien porque no tiene células madre totipotenciales o mesenquimales que le permiten
recuperar su morfologia y funcidon primitiva. Este proceso estd vinculado a tejidos muy
bien diferenciados en los cuales desaparecen las células que les pueden dar esa capacidad
de recuperarse como el tejido nervioso. Cuando esto ocurre, el tejido conjuntivo en
general, o en el sistema nervioso central la glia, sustituyen al tejido original generando
una cicatriz.

En general la respuesta de la cicatrizacion se divide en tres fases fundamentales *°:

Fase inflamatoria y/o exudativa. Se inicia en el momento mismo de la herida y
consiste en la hemostasis, limpieza de la zona dafiada y liberacién de los mediadores
bioquimicos para la siguiente fase.

Fase de proliferacion. Se caracteriza por la reepitelizacion o revestimiento de la
superficie de la herida. Migracion o proliferacion de células del epitelio circundante y por
la aparicion de tejido conjuntivo.

Fase de diferenciacion. Se produce proliferacion, migracion y diferenciacion de las
células del tejido conjuntivo, la maduracion de las fibras de colageno y la contraccion de

la herida.
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El proceso de cicatrizacion toma matices especiales en un oOrgano avascular y
transparente como la cornea. Este proceso consiste en una secuencia de eventos celulares

(apoptosis, proliferacion, migracion y diferenciacion) que contribuyen al cierre de la

22,98, 151, 152

herida y al restablecimiento de las funciones . Tras la lesion, el estado basal se

ve alterado desencadenandose una rapida respuesta modulada por citoquinas, factores de
crecimiento, proteasas y neurotransmisores. Las interacciones entre epitelio, estroma,

terminaciones nerviosas, células inflamatorias, glandula lacrimal y lagrima estan

: . 22,28
interconectadas y acopladas en la respuesta final de la cornea ““".

Ante una agresion, la cornea responde reparando y/o regenerado el tejido eliminado.
Las variaciones tanto en eventos celulares como en la intensidad de la respuesta son tan
diferentes como tipos y variantes sean las agresiones. Es por esto que no es posible
describir un mecanismo comun de cicatrizacion. Sin embargo, en general, la cornea de
forma evolutiva estd programada para desencadenar una serie de acontecimientos

celulares que en diferente medida tienen como resultado final la regeneracion del tejido

~ 22,151, 152
dafiado “~ 7 7.

Durante los tltimos afios se han utilizado diferentes modelos animales para el estudio

22,153 15 155-157 158

. . ., . 4 . .
de la cicatrizacién corneal como conejos , ratas ", gallinas , primates 0

perros > Sin embargo el uso de ratones se esta asentando como modelo més usado

. . . .y 161, 162
en el estudio de la cicatrizacion corneal >

. La introducciéon de diferentes cepas de
ratones transgénicos ha supuesto un gran avance en el conocimiento de las patologias
corneales. El uso de ratones knock-out ha permitido estudiar las patologias del epitelio,

del estroma y del endotelio ',
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Integrinas y Cicatrizacion Corneal

La relevancia de las integrinas de membrana, en el proceso de cicatrizacion, se ha

166, 167

puesto de manifiesto recientemente . Las integrinas son una familia de receptores

168-170 ,
ademas

que median las adhesiones entre células y entre células y matriz
contribuyen a respuestas como supervivencia, proliferacion y diferenciacion '**. La
integrina aV6 se expresa a un nivel basal muy bajo en el epitelio de mamiferos adultos,
., . . . . s 171,
pero su expresion aumenta significativamente en respuesta a un herida o inflamacion
172 - : : . .
. La ausencia de la integrina aVB6 estd vinculada a la progresion de enfermedades
. 173 - .y , . . . .z
periodontales ', inflamacién en el pulmén y la piel %, retraso en la cicatrizacion de la

6

. 175 ., . 17 , ., .o
piel " y supresion de la fibrosis pulmonar ~"°. En la cornea su expresion se limita al

epitelio corneal, sin embargo en la queratopatia bullosa '’ y durante la cicatrizacién '™
17" aumenta la expresién de la integrina a V6. Esta integrina es un receptor para muchos
componentes de la membrana basal como la fibronectina, la vitronectina, la tenascina y
las E-Cadherinas '®"'® Ademas esta integrina sirve de receptor para la secuencia Arg-

Gly-Asp (RGD) del “latency-associated peptide” (LAP)-TGF-B1 y del LAP-TGF-p3 '’

181, 182 183-186
2

. La asociacion de aVPB6 con LAP estd implicada en la activacion de TGF-f
de hecho los ratones carentes de esta integrina muestran un fenotipo similar a los ratones
carentes de TGF-B1 '*". Por ello, en este trabajo, se plante6 la hipotesis de que la aVB6
juega un papel fundamental en la reparacion de la coérnea cuando la membrana basal del
epitelio rompe como consecuencia de una lesion. Para ello se utilizaron ratones
deficientes en la subunidad f6 (B6-/-) y se compard el proceso de cicatrizacion con la

correspondiente estirpe de ratén normal (figura 11) '**,
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Figura 11 . Ampolla sub-epitelial en la cornea causada por la falta de la integrina
aVB6. Modificada de: “AlphaVbeta6 integrin promotes corneal wound healing”
Blanco-Mezquita et al. '*®

Trombospondina-1 y cicatrizacion corneal

Recientemente se ha visto la relevancia de la trombospondina-1 (THBS1; también
denominada como TSP-1) en el proceso de cicatrizacion corneal. La THBS1 es una
glicoproteina trimérica '**'° de localizacién extracelular liberada por las plaquetas, las
células epiteliales y las células mesenquimales en respuesta a una variedad de procesos

fisiologicos incluyendo el desarrollo, la cicatrizacion, la angiogénesis, la migracion
191-196

tumoral, la agregacion plaquetaria y la adhesion celular . La THBSI juega un papel

poco relevante en la homeostasis, sin embargo estd presente durante el desarrollo

embrionario de muchos tejidos y su expresion se incrementa significativamente durante

197-200

los procesos de cicatrizacion . La THBSI induce inflamacion crénica, retraso en la

201, 202

cicatrizacion y pérdida de la pustula . En la cornea sana, la THBSI esté localizada

en la zona de la membrana basal, en la membrana de Descemet y en el endotelio, pero no

203, 204

se encuentra en el estroma . La THBSI1 se expresa en el limbo y en el epitelio

205 .y T . .
corneal y su expresion aumenta en respuesta a la cicatrizacion posterior a una herida
204,206-208 _: . -y . .

sin embargo los mecanismos de accidon no se conocen bien. Se ha sugerido que

los defectos epiteliales en la cornea estimulan la expresion de THBSI en el area de la
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herida resultando en una aceleracion del cierre del epitelio y que la falta de vitamina A

208, 209 .
<77, También se ha

reduce la expresion de la THBS1 y por tanto de la reepitelizacion
visto que la THBSI1 interviene en el proceso de diferenciacién de los queratocitos a
miofibroblastos durante el proceso de cicatrizacién en un modelo de ratas ***. Ademas la
falta de THBS1 en ratones Thbs1.-limita la migracion y adhesion del endotelio *'. Todo
ello indica que la THBSI tiene una gran relevancia en el proceso de cicatrizacion de la
cornea '

1 194, 212, 213

La THBSI es uno de los activadores mas potentes del TGF-3 que induce

proliferacién de los queratocitos, diferenciacion de los miofibroblastos y sintesis de

214-216

matriz extracelular . El TGF-B1 se libera a la matriz extracelular donde permanece

anclado de forma latente y donde es activado en respuesta a una herida *'".

En el presente trabajo se propuso la hipdtesis de que la THBSI tiene un papel
fundamental en el proceso de cicatrizacion corneal cuando la integridad total de la cornea
se ve comprometida. Para demostrar esta hipdtesis se realizd un corte penetrante en el
centro de la cérnea de ratones adultos carentes de THBS1 (Thbsl--) y se compard el

proceso de cicatrizacion con ratones normales (Figuras 12y 13) *'®.
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Figura 12: Comparacion de la cicatrizacion corneal en ratones carentes de THBS-1 y
ratones normales. Modificado de Blanco-Mezquita et al. *'®

Figura 13: Comparacion de la cicatrizacion endotelial en ratones carentes de THBS-1
y ratones normales. Modificado de Blanco-Mezquita et al. *'®
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Uso de ratones y microscopia “intravital” para el estudio de la cornea

Los sistemas de imagen “intravital” estdn tomando gran relevancia en la
investigacion. De la misma manera el uso creciente de ratones que expresan fluorescencia
ante la expresion de una secuencia determinada (promotor, locus, etc.), permite conocer
“in situ” y de forma inmediata la implicacion de ese gen en una patologia. Los sistemas
de imagen “in vivo” facilitan la observacion del comportamiento de las células y de los
tejidos asi como sus mecanismos moleculares bésicos. Las cepas de ratones
genéticamente modificados que expresan proteinas fluorescentes se han convertido en
parte esencial en la investigacion actual. Esas cepas modificadas pueden ser disefiadas
introduciendo en secuencias en “cis” para expresar fluorescencia en el gen de interés. Si
estas secuencias introducidas en “cis” son localizadas en el sentido de lectura del gen
(“downstream”), expresan la proteina fluorescente que podrad ser detectada informando

219
. El uso de los ratones con

del estado de la célula o poblacion celular (Figura 14)
marcadores fluorescentes estd muy extendido para el estudio “ex vivo” (microscopia
confocal o citometria de flujo), extraccion de células para su uso “in vitro” o trasplante en
otros animales. Sin embargo, el andlisis “intravital”, si bien en auge no es una técnica
todavia desarrollada. En el estudio de la cornea, se ha usado diferentes modelos de
ratones transgénicos para determinar el origen de las células inflamatorias o la
presentacién de antigeno en los noédulos linfaticos *°. Se han utilizado ratones Cx3crl-
GFP para confirmar el origen mieloide de la poblacion inmunitaria residente en la cornea.
También se ha demostrado que la expresion de Cx3crl juega un papel fundamental en el
reclutamiento de las células dendriticas y de los macrdéfagos en el epitelio y estroma en

“ De la misma manera se han usado diferentes marcadores

corneas normales
7 . . : 221 .

fluorescentes enddgenos para el estudio “ex vivo” de los nervios corneales . Este tipo

de metodologia esta siendo de enorme relevancia en el estudio del sistema nervioso y el

sistema inmunitario. En diferentes modelos se ha mostrado “in vivo” la captura de
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antigeno por la células dendriticas intestinales y su presentacion “in situ” a los linfocitos
222

Figura 14. Células derivadas de la médula 6sea de ratones CD45.1 inyectadas en
el estroma coérneas de ratones CD45.2 interaccionan con los vasos linfaticos.
Modificada de “Involvement of corneal lymphangiogenesis in a mouse model of
allergic eye disease” by Hyun-Soo Lee; Deniz Hos; Tomas Blanco et al. **°

La microscopia “intravital” es relativamente facil de llevar a cabo en embriones, pero
presenta varios inconvenientes en los ratones adultos. Los érganos internos deden ser
quirdrgicamente expuestos, la presencia de sangre, grasa y células pigmentadas causa
fenémenos de autofluorescencia, reflexion y absorcion de la luz y ademés en la mayoria
de los casos los animales tienen que ser sacrificados después del procedimiento. Al ser la
cornea un Organo externo, transparente, sin vasos ni células pigmentadas, se convierte en
un oOrgano ideal para el estudio con microscopia “intravital”. La cérnea se puede

explorar de forma no invasiva y sin necesidad de sacrificar al animal.
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El uso de cepas de ratones que expresan GFP “green fluorescence protein” bajo el
control del promotor del gen Cx3crl ha facilitado enormemente el estudio de la
poblacion inmunitaria de la cérnea. CX3CRI1 o receptor de la quimioquina-1, también
denominado receptor de la fractalquina o neurotactina (CX3CL1), es una proteina
expresada bajo el control del promotor del gen Cx3crl (“myeloid progenitor derived
marker”). Insertando de forma homocigotica o heterocigotica la secuencia de la GFP, ésta
puede ser observada en monocitos, células dendriticas, “natural killers”, macréfagos y
microglia. De esta manera se han podido realizar estudios de la funcion de los leucocitos
en la migracion, trafico de sefiales, origen ontogénetico y estudios en trasplantes **. La
interaccion de CX3CRI1-fractalquina, media la adhesion celular y la migracion de las

44,224,225
=522 El desarrollo de ratones en los cuales se ha

células que expresan dicho receptor
insertado el gen de la EGFP (“enhanced” GFP) en una o en las dos copias del locus del
Cx3crl, ha permitido investigar “in vivo” el origen de las células mieloides en los

%220 La transferencia adoptiva de monocitos marcados de ratones

diferentes tejidos
Cx3crl-GFP en ratones receptores normales, ha abierto una nueva linea de investigacion
para estudiar la heterogeneidad de los monocitos y de los factores que regulan su
diferenciacion en los diferentes tejidos. De la misma manera se puede investigar la
acumulacion de células dendriticas y macrofagos residentes derivados de los monocitos
en una gran cantidad de tejidos ****°,

En la superficie ocular, se ha podido evaluar el origen mieloide de la poblacion
inmunitaria residente en la cérnea en ratones Cx3crl-GFP mediante el uso de video-
microscopia “intravital” de epifluorescencia de campo amplio. También se ha
demostrado que la expresion de Cx3crl juega un papel fundamental en el reclutamiento
de las células dendriticas y de los macrofagos en el epitelio y estroma en corneas
normales **’. Con esta misma técnica se ha observado que las células de Langerhans de la
cornea se comportan de forma similar a las de la piel y ante un estimulo o irritacion éstas

. . . 228 , . ’ .
migran desde la periferia hasta el centro . Ademads existen otras dos técnicas de

microscopia “intravital” que se han utilizado para estratificar las células presentadoras de

52



SINTESIS GENERAL
Estado del arte

antigeno corneales. Por un lado el microscopio de fluorescencia de mano “Optiscan
FIVE-1” y por otro un sistema mi microscopia multifotonica de amplio espectro
(construido manualmente). Con esos dos sistemas se ha fotografiado las células
dendriticas que expresan EGFP bajo el promotor de CD1lc. Sin embargo los autores
autocriticaron estas técnicas ya que no ofrecen un posicionamiento seguro del objetivo en
el ojo del raton *’. Recientemente, se ha utilizado el microscopio multifotonico para el
estudio “in vivo” de la dindmica de las células inmunitarias en contacto con los vasos

linfaticos (figura 15) **°.

Stroma

.\i {
N ‘(;\ Vs

R N R 4

Epithelium

A LYVE1/Alexa488

Figura 15. Microscopia “intravital” de los vasos linfaticos en el estroma sub-epitelial

de la cornea. Adaptada de: “Intravital two-photon microscopy of immune cell

dynamics in corneal lymphatic vessels”, Steven, P. et al. **

En el presente trabajo se explord de forma “intravital” la cérnea entera del raton
usando para ello un modelo de microscopio multifotonico comercial. De esta forma se
muestra la estructura de la cornea en una dimension y resolucidon no descrita
anteriormente, en la cual la poblacion residente de células mieloides y los nervios son
detectados “in vivo” usando para ello ratones transgénicos que expresan fluorescencia
endogena (Figura 16). La combinacion de microscopia multifotonica y de ratones

transgénicos, nos muestra una vision de la cornea totalmente diferente y cuyas
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aplicaciones en el entendimiento de éste 6rgano, tanto en condiciones normales como en
patologicas, abre un campo sin explorar

Ademas en este trabajo se utilizd un sistema “Cre” en los ratones que induce
expresion constitutiva, en este caso, de una proteina fluorescente por toda la vida de la
célula. De esta manera las corneas de ratones transgénicos Cx3crl™ muestran
fluorescencia por toda la vida de en las células de origen mieloide, independientemente
de la activacion del promotor.

El sistema de recombinacion “Cre/loxP” es un tipo especial de recombinacion

230 . , .
. Este es un sistema genérico “Cre-transgene” y un alelo marcado con

especifica
“Rosa26-loxP-stop-codon-loxP-fGFP/tdTomato” y un codén de stop intacto *'. La
escision de el codon de stop mediada por “Cre” induce expresion constitutiva de la
proteina fluorescente, u otro tipo de molécula como el receptor de la toxina diftérica,

durante toda la vida de la célula y su descendencia (figura 16).
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Figura 16. Ilustracion de un modelo utilizando el sistema “Cre-loxP”. La funcién
del gen determinado (EGFP) se ve interrumpida por un codon de stop. La encima
“Cre” reconoce los sitios “LoxP” y escinde la secuencia de stop permitiendo a la
polimerasa transcribir el gen de la EGFP que es expresada de forma constitutiva
durante toda la vida de la célula.

Figura creada por Matthias Zepper y de libre uso a través de “The Wikimedia
Foundation”
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Microscopia multifotonica

La microscopia de fluorescencia por excitacion multifotdnica es una técnica no lineal
de imagen con resolucion espacial micrométrica, penetracion profunda y capacidad de
seccionado Optico excepcional descrita por primera vez por Maria GOppert-Mayer en
1931 **%. Este tipo de microscopia presenta una gran ventaja para experimentos “in vivo”
a tiempo real tanto en células como en tejidos intactos. Esta técnica permite realizar
experimentos en los cuales los sistemas de imagen convencional no pueden ser realizados
0 no darian la informacion deseada **°. El sistema se basa en un modo de iluminacion de
laser pulsado que produce una densidad de fotones suficiente en el punto focal. De esta
manera se puede localizar la excitacion en una region focal muy fina permitiendo un
seccionado sin el uso de “pinhole” (sistema de control de entrada de la luz procedente de
una region focal en un microscopio confocal convencional). Ademas la excitacion
limitada en una region especifica reduce la fototoxicidad ***.

La microscopia de fluorescencia por excitacion multifotonica no produce imagenes
con mayor resolucion que la microscopia confocal, sin embargo incrementa
significativamente la profundidad de penetracion en muestras de gruesas. Esto se
consigue por la ausencia de “pinhole”, la ausencia de absorcion de la excitacion fuera de
la focal y la disminucién de la dispersion de la luz excitada. Para aumentar la eficiencia
de la captura de la fluorescencia emitida, esta microscopia utiliza sistemas geométricos
de deteccion de amplio espectro 22>,

La microscopia de excitacion de dos fotones sucede por la absorcion de dos fotones
en un Unico evento cuantico. La energia de un foton es inversamente proporcional a su
longitud de onda por tanto los dos fotones absorbidos tienen una longitud de onda de el

doble de la requerida para la excitaciéon con un solo foton. Por ejemplo, un fluorocromo

que normalmente absorbe la luz en el ultravioleta (350 nm) puede también ser excitado
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por dos fotones en la region cercana al infrarojo (700 nm) si ambos alcanzan la focal al

mismo tiempo (mismo tiempo significa con un intervalo de 10xE™'® segundos ***.

Para producir un nimero significativo de eventos de absorcién de dos fotones, la
densidad de fotones debe ser aproximadamente un millobn de veces mayor que la
requerida para generar el mismo nimero absorciones de un solo foton. Para ello se
necesita un laser de gran potencia que genere fluorescencia generada por dos fotones.
Esto se consigue focalizando un laser pulsado en el cual la energia en el pico del pulso es
suficiente para generar una excitacion significativa de dos fotones mientras la media de la
energia del laser permanece muy baja. El resultado de dos fotones excitados, es el mismo
singlete que ocurre durante experimentos con fluorescencia convencional. Por tanto, la
emision seguida de la excitacion de dos fotones es exactamente la misma que la emision
generada en la excitacion normal de un solo foton.

La microscopia multifotonica usa multiples fotones de baja energia para crear la
misma excitacion que es normalmente producida por la absorcidon de un solo foton de alta
energia >’. La figura 17 ** representa el diagrama de Jablonski simplificado que ilustra
la absorcion de un solo foton (ultravioleta) (izquierda) y la absorcién simultanea de dos

fotones en el infrarojo cercano (derecha), produciendo un estado excitado idéntico

One Photon Two Photon

Excited L T, Excited

State [ N State
q'\'\'\

./'r\

Aex

Ground — o Ground

State = I State

Figura 17. Diagrama de Jablonski simplificado. Absorcion de un solo foton

(confocal, izquierda) y la absorcién simultanea de dos fotones (“two-photon”,
derecha).
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Figura 18. Diferencias en el plano de excitacion del plano focal en microscopia de
excitacion de un solo fotén confocal (a) y microscopia de excitacion de dos
fotones (b) **!

En un microscopio confocal** (Figura 19), la excitacion (azul) es focalizada en la
muestra (a), y la fluorescencia (verde) emitida por la focal es capturada por la lente del
objetivo, y filtrada a través del “pinhole” y alcanza el detector (b). Esta sefal fluorescente
es la deseada, pero parte puede ser dispersada al atravesar al muestra (c). Esta luz
dispersada no pasa a través del “pinhole” siendo por tanto perdida y no detectada. Estas
pérdidas reducen la sefal de fluorescencia emitida. Cuando la luz excitada pasa a través
de la muestra puede ser absorbida (d) o dispersada antes de alcanzar la focal (e)
perdiendo asi su eficiencia de ser detectada. A su vez parte de la luz dispersada puede
entrar a través del “pinhole” y ser erroneamente detectada creando un fondo indeseable
(e, 1).

En el método de excitacion de dos fotones (Figura 19), la excitacion de los fotones
(rojo) puede ser dispersada (g) como en el sistema confocal. Sin embargo, la probabilidad
de que dos fotones sean excitados a la vez en la misma muestra es nula y por tanto el

ruido de fondo no se genera en este sistema. Ademas la mayoria de la luz excitada
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alcanza el plano focal (h, i) por dos factores fundamentales: la reducida absorcion fuera
de foco y la escasa dispersion de la luz de mayor longitud de onda de la excitacion de los
dos fotones. Por otro lado, la luz generada (verde), incluso si es dispersada, tiene una
gran probabilidad de ser detectada en el tubo fotomultiplicador (j) debido a la ausencia de
“pinhole” que la bloquee (k). La baja sensibilidad a los efectos de dispersion y la
ausencia de sefial fuera de foco permite la conservacion de un contraste de imagen total

desde partes considerablemente profundas de la muestra **°.

Two-Photon

Confocal

S ]
==

» 0

Photomultiplier -
Detector

Photomultiplier —
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Optical -Pinhole i)} (k)

Configurations Aperture

Laser

Beam f Dichromatic
Expander chmgrrgrat_k:\( ) / Expander error\

(e) (@) (d) (@) (h) ()

Figura 19. Diferencias entre un sistema de microscopia de excitacion de un solo
foton (confocal) y microscopia de excitacion de dos fotones.

**Nota: Esta parte ha sido tomada de:

“Fundamentals and Applications in Multiphoton Excitation Microscopy,
https://www.microscopyu.com/index.html

Autores: David W. Piston - Department of Molecular Physiology and Biophysics,
Vanderbilt University, Nashville, Tennessee. Thomas J. Fellers and Michael W.
Davidson - National High Magnetic Field Laboratory, The Florida State University,

Tallahassee, Florida,
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Generacion del segundo armonico:

La generacion del segundo armoénico (SHG, “second harmonic generation”) o
doblado de la frecuencia es un proceso no linear en el cual los fotones con la misma
frecuencia interactuando con un material no linear se combinan para generar nuevos
fotones con el doble de energia y por tanto el doble de frecuencia y la mitad de la
longitud de onda de los fotones iniciales **’. Los materiales transparentes se comportan
como transmisores no lineales (figura 20). La luz monocromatica de baja intensidad pasa
a través de ellos proporcionalmente a la intensidad. Si la intensidad de la luz es alta, por
ejemplo un laser, el material muestra un comportamiento Optico no lineal generando un

Lo+ 244
segundo harmoénico

One-photon excitation ~ Two-photon excitation Non-linear scattering
_ Virtual vibrational
7 level
y
E
1 = Incoming
Absorption Absorption ght
Emission Emission Scatteréd
light
7
EO EO Eo
(- J \ J
" Y
Absorption processes Scattering process

Figura 20. Diagrama de Jablonski simplificado. Absorcion de un solo foton (confocal)
(A), absorcion simultanea de dos fotones (B) y generacion de un proceso no linear de
reflexioén o generacion de un segundo armoénico (SHG) (C).

El efecto de la generacion del segundo armodnico se puede detectar de forma facil en

corneas de raton usando un microscopio multifotonico. De esta manera se puede
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demarcar la cérnea usando la sefial emitida por el coldgeno organizado del estroma

(Figura 21)

Figura 21. La estructura organizada del estroma corneal genera una sefal de
segundo harmodnico excitable a 890-950 nm y detectable en el canal azul (420-460
nm). La falta de colageno en la herida estromal deja un vacio en la sefal que puede
ser posteriormente mostrada de forma tridimensional. Fotografias propias no
publicadas anteriormente, “Duke University”.

Con la excepcion de este trabajo, el microscopio multifotonico apenas ha sido usado
en el estudio del ojo. En una tesis anterior, Tom Yu Chia Lai compar¢ el sistema OCT
(“Optical coherence tomography”) con el sistema multifotonico para la obtencion de
imagenes de la cornea. De esta manera se evalud “ex vivo” la estructura de la cornea de
cinco especies diferentes (humana, ictica, porcina, bovina y murina) **. Ademas se ha
utilizado el microscopio multifotonico para el estudio “in vivo” de la dindmica de las
células inflamatorias de la cornea en contacto con los vasos linfaticos en el raton *>.

En el presente trabajo se exploré de forma “intravital” la cérnea entera del ratdn,

usando para ello un modelo de microscopio multifotonico comercial. De esta forma se
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muestra la estructura de la cornea con una resolucion no descrita anteriormente en la cual
la poblacion residente de células inmunitarias y los nervios son detectados “in vivo”
usando para ello ratones transgénicos que expresan fluorescencia enddgena (Figura 22).
La combinacion de microscopia multifotdnica y de ratones transgénicos, nos muestra una
vision de la cornea totalmente diferente y cuyas aplicaciones en el entendimiento de éste

6rgano tanto en condiciones normales como en patologicas, abre un campo sin explorar.

Figura 22. Fotografia de gran resolucion de una célula dendritica (verde) situada
sobre el estroma (azul) en la membrana basal del epitelio. La fotografia se realizo
de forma “intravital” con un microscopio multifotonico en un raton vivo que
expresa GFP en el promotor del receptor de la fractalquina o Cx3crl. Fotografia
propia no publicada anteriormente. “Duke University”
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Sintesis General

JUSTIFICACION

La cornea es el organo mas externo del sistema visual en contacto con el medio
ambiente con dos funciones fundamentales: por un lado actiia como barrera protectora del
sistema frente al medio externo, y por otro, es el elemento Optico primario del ojo. La
cornea se define como un Organo transparente, avascular y con privilegio inmune.
Ademas, la cornea se caracteriza por su elasticidad y resistencia mecanica '. En la parte
mas externa, dispone de un epitelio estratificado no queratinizado que sirve de barrera
primaria del medio exterior. El epitelio esta en contacto con la pelicula lagrimal que le
confiere una superficie lisa e hidrofobica que por un lado la protege frente a la invasion
de patdgenos y por otro forma un frente raso a la entrada de la luz. El epitelio descansa en
una lamina basal que lo ancla al estroma >°. A continuacion se encuentra la capa de
Bowman formada por coldgeno muy organizado. Esta membrana varia en grosor en
diferentes especies y esta ausente en otras *. La mayor parte del 6rgano lo conforma el
estroma formado por queratocitos (fibroblastos en estado quiescente) y colageno
perfectamente organizado. El estroma compone el 90% del grosor corneal otorgandole a
la cornea su caricter refractivo °. En la parte posterior de la cornea se encuentra la
membrana de Descemet o membrana basal sobre la que descansa el endotelio . El
endotelio estd formado por una monocapa de células endoteliales que en contacto con la
camara anterior mantienen el balance hidrico y por tanto la transparencia de la cornea °.

Ademas de esta estructura basica, la cornea estd densamente inervada con fibras
procedentes de la rama oftalmica del trigémino . La cornea a su vez alberga una

poblacion residente de células inmunitarias de origen mieloide, que si bien juegan un
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papel primordial en la defensa y en la respuesta inmunitaria ante situaciones de peligro,
su funcién esta muy poco descrita ®. En este escenario la cornea se entiende como un
organo extremadamente complejo compuesto por diferentes tipos de tejidos cuya
homeostasis esta dirigida a mantener en la integridad del sistema visual, la refraccion y la
transparencia.

Por ser un organo externo, la cornea estd continuamente sometida a todo tipo de
agresiones que pueden afectar a la vision. El sistema visual ha desarrollado un
mecanismo Unico de defensa externa basado en una rapida respuesta (parpadeo, lagrimeo,
secreciones enzimaticas conjuntivales) ante la agresion sufrida protegiendo la integridad
y la transparencia °. Cuando la agresion afecta a la integridad de la cornea, ésta responde
con un rapido mecanismo de cicatrizacién destinado a reparar su estructura y funcion
que en la mayoria de los casos no tiene consecuencias negativas '’. Sin embargo, otras
situaciones causadas por agresiones mayores como quemaduras, causticaciones, alergias,
traumas, etc., causan lesiones irreparables que necesitan de un trasplante de cérnea . Por
otro lado, la existencia de patologias como el queratocono, las distrofias de la membrana
basal del epitelio, las ulceras neurotroficas, las distrofias basales del endotelio, las
queratoconjuntivitis alérgicas o el ojo seco, cursan con una etiologia poco conocida que
en muchos casos hacen que el trasplante del 6rgano sea la Unica opcidon para estos
pacientes .

El hecho de ser un 6rgano expuesto al medio exterior, hace que la cornea sea diana
para diferentes patdgenos que provocan diferentes tipos de queratitis o inflamaciones.
Unas son causadas por amebas como la Acantamoeba y afectan sobre todo a usuarios de
lentes de contacto. Otras son de origen bacteriano como Staphylococcus aureus o
Pseudomonas aeruginosa, de origen fungico causadas por Fusarium o de origen virico
como Herpes simplex o Herpes zoster > '*. A 1a vez la superficie ocular se ve sometida a
un ataque continuo de alérgenos. En la mayor parte de los casos s6lo la conjuntiva o

tejido mucoso que rodea a la cornea sufre el proceso inflamatorio o conjuntivitis alérgica,
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pero en otros casos la inflamacién compromete a la cérnea causando queratoconjuntivitis
alérgica .

Debido a la cirugia refractiva corneal asi como el uso de lentes de contacto, la
investigacion en la patologias corneales se ha visto impulsada durante las ultimas
décadas. A su vez la cirugia refractiva ha aumentado la incidencia de patologias post-
quirargicas como la pérdida de agudeza visual, halos, destellos, reflejos, sensacion de
cuerpos extrafios y falta de lubricacion. Otras complicaciones relacionadas con el proceso
de cicatrizacion después de la cirugia, como los procesos fibréticos o la autodigestion,
requieren frecuentemente del trasplante para recuperar la vision del paciente. Ademas
estas mismas complicaciones, con menor incidencia, pueden aparecer después de una
cirugia de cataratas '® .

El trasplante de cornea es la técnica quirtirgica mas frecuente en el mundo con una
experiencia de mas de 100 afios desde que en 1905 se realizd el primer trasplante de
cornea finalizado con éxito '*. Desde que se fundé la Organizacion Nacional de
Trasplantes (ONT) en el afio 1989 en Espaiia, se han realizado unos 60.000 trasplantes de
cornea (3.477 en el ano 2013 seglin datos publicados por dicha organizacion). A pesar del
gran nimero de queratoplastias realizadas cada afio en todo el mundo, el trasplante sigue
siendo una opcidn terapéutica compleja. Si bien el porcentaje de rechazo inmunoldgico es
muy bajo, el nimero en si, es muy alto y ademas en muchos casos los pacientes son
considerados de alto riesgo de rechazo y son excluidos del trasplante '°. Asi mismo, el
trasplante es una opcién de los paises desarrollados no disponible en la mayoria de los
paises en vias de desarrollo.

En la actualidad no existen tratamientos que permitan la recuperacion funcional de la
cornea inflamada de forma cronica *°. Los tratamientos disponibles sélo son paliativos de
la sintomatologia de las enfermedades. Por un lado las lagrimas artificiales, suplen la
lagrima humana pero distan mucho de tener todas sus propiedades. Los
inmunosupresores, que si bien se utilizan Unicamente en casos muy sintomaticos,

. . . 21
presentan graves efectos secundarios adversos asociados a su uso continuado “.
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En los ultimos afios se ha avanzado mucho en la busqueda de alternativas terapéuticas
que permitan la recuperacion funcional de la cornea enferma, como el uso de materiales
biopoliméricos y nanoparticulas como sistemas de liberacién controlada de farmacos **
. Sin embargo el trasplante de cornea '> o técnicas alternativas como los segmentos
intracorneales o el “cross-linking” del coldgeno corneal (CXL), que frenan el avance de
ectasias como el queratocono, son las técnicas mas requeridas ** >

Por otro lado, la medicina regenerativa se presenta como otra alternativa en las
patologias corneales. Su uso se ha consolidado como paliativo de patologias como las
ulceras neurotroficas, las disfunciones del limbo y otro tipo de alteraciones que causan
una pérdida del epitelio corneal. Nuevos farmacos basados en derivados biologicos del
organismo como el factor de crecimiento nervioso (NGF, “nerve growth factor”) o el
plasma rico en factores de crecimiento (PRGF, “plasma rich in growth factors”) estan

26, 27
dando buenos resultados <

, sin embargo estos farmacos ademds del coste elevado
suponen un uso prolongado paliativo que no resuelve, en si, la patologia originaria.

Por este motivo, esta justificado prestarle una atencidn prioritaria a la investigacion
de la cérnea. Por ejemplo, el hecho de que la cornea sea un drgano con privilegio inmune
que no reacciona ante la presencia de antigenos externos, asi como debido a la baja
incidencia de rechazo inmunoldgico, hizo creer por mas de un siglo que la cornea estaba
desprovista de células presentadoras de antigeno **. A pesar de los trabajos realizados en
ratones durante la ultima década, fue el pasado afo (2104) cuando se describid por
primera vez una estratificacion detallada de la poblacion de células inmunitarias
residentes en la cornea humana °. La presencia de vasos linfaticos en la parte periférica
externa de la cornea ha sido otro hallazgo muy reciente >. Estos vasos linfaticos tienen
un papel fundamental en los procesos inflamatorios pero su funcién no se conoce bien .

Por otro lado la cérnea es el 6rgano periférico mas inervado del cuerpo y a pesar de
que la anatomia de los nervios corneales ha sido extensamente estudiada asi como su
fisiologia, es todavia desconocida su funcion en la mayoria de las patologias . Es por ello

que la cornea, a dia de hoy, es todavia considerada como un érgano compuesto por tejido
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conjuntivo y epitelial, en el cual la mayoria de sus patologias permanecen sin resolverse.
Esto indica que el funcionamiento de la cornea es todavia una incégnita en muchas de sus
funciones.

El conocimiento basico de la etiologia de las dolencias es fundamental para su
tratamiento o desarrollo de nuevas estrategias tanto quirirgicas como farmacologicas °"
32 La busqueda de modelos animales que reproduzcan tanto las condiciones normales
como andémalas de la cornea humana es imprescindible °'. Si bien se ha usado varios
modelos animales para el estudio de la cornea como el conejo >°, la gallina **, la rata *> o
los primates 3. es el raton, en la actualidad, el modelo mas aceptado. Ademads de
presentar procesos de cicatrizacion similares *’ y patrones de inervaciéon parecidos al
humano **, presentan una respuesta inflamatoria que se asemeja a la de la cornea humana
3% 40 Por ejemplo, se ha observado recientemente en el raton, que la pérdida del
privilegio inmune que explica el rechazo del trasplante de cornea y el ojo seco, es debido
a la proliferacién de vasos linfaticos en la cornea y esto se comprobd en pacientes >°.
También, basandose en la estratificacion de la poblacion inmunitaria de la cornea del
raton, se ha descrito en la cornea normal °. Gracias al ratén, se ha ido describiendo
durante la Ultima década, la implicacion las células inmunitarias en las diferentes
patologias como el ojo seco, las infecciones o el rechazo al trasplante de cornea.

En esta necesidad de conocer el estado tanto normal como patoldégico de la cérnea, el
uso de ratones manipulados genéticamente es la mejor herramienta en la actualidad.
Conociendo la patologia, tanto en presencia como en ausencia de la proteina que codifica
el gen insertado, mutado o eliminado, es posible definir el mecanismo desencadenante *'.
De esta manera es posible hacer un diagnostico mas preciso y una terapia dirigida mas
adecuada. Por otro lado con el uso creciente de ratones que expresan fluorescencia ante la
expresion de una secuencia determinada (promotor, un locus etc.), permite conocer in situ
y de forma inmediata la implicacion de ese gen en una patologia *'.

Por ser la cérnea un 6rgano transparente, es posible estudiarla de forma no invasiva

mediante el uso de microscopia “intravital” tanto confocal como de laser pulsado de

87



SINTESIS GENERAL
Justificacion

fentosegundos o multifotonico, sin necesidad de sacrificar al raton y permitiendo un
seguimiento continuado del mismo animal.

La experiencia adquirida en nuestro grupo, apoya la idea de usar ratones modificados
genéticamente para el estudio de las patologia corneales. A su vez, la implementacion de
nuevos sistemas de imagen “intravital”, como el microscopio confocal “in vivo” o el
sistema de microscopia multifotonica, abren una via totalmente nueva, no s6lo en la
forma de investigar, sino de como interpretar la cornea **.

Al final de este trabajo se mostrara una vision de la cornea mas evolucionada, donde
ademads de los ya conocidos tejidos conjuntivo y epitelial, se pone de relieve como dos
“supersistemas” (del inglés “supersystem”) * nervioso e inmunitario interaccionan
estocasticamente entre si. De esta manera, se presenta un modelo descriptivo de la
cérnea, como un organo extremadamente complejo, que deberd tenerse en cuenta en el

futuro para la comprension de las diferentes patologias.
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HIPOTESIS

1. Es posible estudiar la evolucion de la cicatrizacion corneal y la aparicion de
patologias corneales derivadas mediante el uso de ratones modificados

genéticamente.
2. Es posible introducir nuevas cepas de ratones modificados genéticamente que
expresan fluorescencia y a su vez implementar nuevos sistemas de imagen

“intravital” que permitan observar la cornea

3. Redefinir la cornea como un d6rgano en el que dos “supersistemas” (nervioso e

inmunitario) interactiian de forma estocéstica para mantener su homeostasis.
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OBJETIVOS

Objetivo General:

Usar ratones modificados genéticamente e implementar nuevos sistemas de imagen

como el microscopio confocal “in vivo” o el sistema de microscopia multifotonica

“intravital” para el estudio de la fisiopatologia de la cérnea.

Objeticos especificos:

1. Estudiar la funcion de la integrina aVP6 en el proceso de cicatrizacion del

epitelio tras una lesion en la cdrnea en ratones carentes de la integrina $6 ([36'/')

(Capitulo 1)

2. Investigar la funcion de la trombospondina-1 (THBS1) en el proceso de
reparacion corneal después de una lesion integral de todas las capas de la cornea

(Capitulo 2)

3. Evaluar mediante el uso de microscopia confocal “in vivo” los cambios que se
producen en la dindmica de las células inflamatorias de la superficie ocular, en un

modelo de conjuntivitis alérgica (Capitulo 3)
4. Mediante el uso de un microscopio multifotdnico, visualizar, mapear y estratificar

de forma no invasiva la poblacion residente de células de origen mieloide de la

coérnea, en ratones que expresan fluorescencia en el gen Cx3crl (Capitulo 4)
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5. Mediante el uso de un microscopio multifotonico, redefinir la anatomia de los
nervios corneales de forma no invasiva e “in vivo” en ratones que expresan

fluorescencia en el gen Thy1(Capitulo 5)

6. Estudiar la relacion entre el sistema nervioso periférico y el inmunitario en la
cornea de raton. Disefiar un ratdbn quimera que permita estudiar “in vivo”, la

interaccion de ambos sistemas. (Capitulo 6)

7. Buscar nuevas aplicaciones del uso de la microscopia multifoténica no invasiva
para el seguimiento “in vivo” de la regeneracion corneal con células
mesenquimales del tejido adiposo, para el seguimiento a tiempo real de sistemas
de liberacion de farmacos, observar agentes infecciosos o estudiar la repuesta a

agentes toxicos (Capitulo 7)
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METODOLOGIA

A continuacion se describe la parte metodologica de forma general para todos los
estudios realizados. Para una descripcion mas detallada del material, método y animales
utilizados es necesario revisar los consecutivos capitulos en inglés de esta memoria. El
detallado de la metodologia no sigue un patrdon cronoldgico de los capitulos, sino una

descripcion general.

1. Animales

1.1 Los siguientes ratones (Mus musculus) fueron alojados en un ambiente limpio de
patdgenos, en jaulas ventiladas en el animalario del “Schepens Eye Research Institute &
Mass Eye and Ear Infirmary” (SERI&MEEI) en la Universidad de Harvard. Los ratones
recibieron comida y agua “ad libitum”, permaneciendo al menos 3 dias de cuarentena
antes de la realizacion de cualquier experimento. La supervision y cuidado de los ratones
de realizo por el veterinario y el personal de dicho animalario. El estudio de los ratones se
hizo de acuerdo con la normativa sobre el uso de animales de experimentacion en
investigacion ocular de la “Association for Research in Vision and Ophthalmology”
(ARVO). Todos los protocolos fuse aprobaron previamente por el Consejo para el uso de

animales de investigacion en el SERI&MEEI.
. Ratones normales adultos 129S2/SvPas (12-18 semanas de vida) (Taconic;
Albany, NY) y ratones 12952/SvPas-p 6™ (generosamente ofrecidos por Jack Lawler,

BIDMC/Harvard Medical School, Boston, MA) (Capitulo 1)

. Ratones adultos S129S2/SvPas (12-18 semanas de vida) (Jackson Laboratory; Bar
Harbor, ME) vy ratones y 129S2/SvPas-Thbs1™"™"/Thbs1™™"" (Thbsl™,
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generosamente ofrecidos por el Dr. Jack Lawler, Beth Israel Deaconess Medical Center,
Harvard Medical School, Boston, MA). Los ratones deficientes en THBS1 se generaron

en células D3ES derivadas de la linea 129S2/SvPas. El alelo “knockout” es el
Thbs1tm1Hyn (Capitulo 2)

Ratones hembras adultas CS57BL/6 (8 semanas de vida) (Charles River
Laboratories, Wilmington, MA) (Capitulo 3)

1.2 Los siguientes ratones fueron alojados en un ambiente limpio de patégenos, en
jaulas ventiladas en el animalario del “Duke Eye Center” en la Universidad de Duke. Los
ratones recibieron comida y agua “ad libitum”, permaneciendo al menos 3 dias de
cuarentena antes de la realizacion de cualquier experimento. La supervision y cuidado de
los ratones se realizo por el veterinario y el personal de dicho animalario. El estudio de
los ratones se hizo de acuerdo con la normativa sobre el uso de animales de
experimentacion en investigacion ocular de la “Association for Research in Vision and
Ophthalmology” (ARVO). Todos los protocolos se aprobaron previamente por el
Consejo para el uso de animales de investigacion en el “Duke Eye Center ” y la

“Division of Laboratory Animal Resources” (DLAR) en la Universidad de Duke.

. Ratones Cx3cr1*** “knockin” en el gen que expresa el receptor-1 de la
quimiocina CX3C por EGFP (Cx3cr1"° “knock-in mice”). Estos ratones Cx3crl=""
expresan EGFP en monocitos, células dendriticias, “Natural Killers”, macrofagos y
microglia bajo el control del locus Cx3crl. Los parentales (Jackson): machos y hembras
Cx3erl™™MCx3erl™ (B6.129P2-Cx3crl™™") se cruzaron para generar homocigdticos
Cx3cr1"*PESFP Homocigoticos Cx3cr1®FE9FP 3 su vez se cruzaron ratones C57BL/6

WT (Jackson) para general el homocigético definitivo Cx3crl1=“"™T denominado aqui

Cx3crl1 "™ (Capitulo 4y 6)
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. Ratones CX3CR1“"™. La actividad fluorescente enzimética de la proteina Cre se
analiz6 usando ratones machos CX3CR1-Cre generados a partir de un cruce de 129/B6
(“Gene Expression Nervous System Atlas Project”), y cruzados de nuevo durante 12
generaciones por M.D. Gunn (“Departments of Immunology and Medicine, Duke
University Medical Center”) ** *°. Ratones hembras B6.Cg-Gt(ROSA)26Sor™!*“A¢-
WTomato)fize/ 1 (denominados aqui RFP) (“Jackson Laboratories”) o donados por M. D.
Gunn; y ratones Rosa26R-CAG-fGFP (denominados aqui fGFP) *°, donados
generosamente por B. L. Hogan (“Department of Cell Biology, Duke University Medical
Center”) se usaron como hembras. Posteriormente todos los ratones se mantuvieron y
cruzaron en el laboratorio propio. Los ratones macho CX3CRI-Cre se cruzaron con
ratones hembra fGFP, y en la progenie se verific el genotipo CX3CR1““™ De la

misma manera ratones macho CX3CR1-Cre se cruzaron con hembras RFP y se verificd

el genotipo CX3CR1“*™" (Capitulo 4y 6)

. Ratones CX3CRI1-YFP-CreER-RFP. Estos ratones fueron generados de la
siguiente manera:
Los ratones macho (B6.129P2(Cg)-Cx3crltm2.1(cre/ERT)Litt/WganJ) codifican de
forma inducible YFP y el dimero CreER bajo el control del promotor Cx3crl. Los
ratones Rosa-tdTomato (B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) contienen
una secuencia insertada “loxP-flanked STOP” que previene la transcripciéon de la
proteina fluorescente RFP (tdTomato) hasta que la secuencia de STOP sea removida en
presencia de la enzima recombinasa Cre. Cuanto esto sucede la proteina RFP es
expresada constitutivamente durante toda la vida de la célula independientemente de la
expresion del promotor de Cx3crl. Ambos lineas de ratones CX3CR1-YFP-CreER y
Rosa-tdTomato poseen un “background C57BL/6” y se adquirieron de “Jackson
Laboratories”. El cruce de estas dos lineas homocigoticas resulta en una primera

generacion que contiene la secuencia Cx3crl-YFP-CreER-tdTomato (CX3CR1-YFP-
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CreER-RFP). El dimero CreER se puede escindir en presencia de tamoxifeno (ver mas

adelante) (Capitulo 4)

. Ratones B6.Cg-Tg(Thyl-YFP)16Jrs/J denominados aqui como Thyl.l1-eYFP
(Thy1-YFP) fueron generosamente donados por el Dr. Tseng (Tseng Lab, Duke Eye

Center, Duke University). Estos ratones fueron generados siguiendo el protocolo descrito

anteriormente *’ (Capitulo 3 y 6)

. Ratones C57BL/6J WT o BALB/c de 8 semanas se usaron como controles
(Jackson laboratorios) (Capitulo 4,5y 6)

2. Anestesia y Eutanasia

Los ratones fueron anestesiados con una inyeccion intraperitoneal (IP) de ketamina
(120mg/kg de peso) y xilacina (20 mg/kg de peso). Como anestesia topica se utilizé una
gota de anestésico doble clorhidrato de tetracaina (0'5%) y oxibuprocaina (I mg).
Después de cada cirugia ambos ojos fueron tratados con pomada triple antibidtica
(vetropolicin). En los experimentos realizados ‘in vivo” con periodos largos de anestesia,
se inyectod un flujo constante de 0.2-0.3 ml/h de una solucion de 1ml of ketamina (120
mg/kg), 1 ml of xylacina (20 mg/kg), y 10 ml de cloruro sédico mediante un catéter
intraperitoneal.

Los ratones fueron sacrificados por exposicion en camara de dioxido de carbono
(COz) o por sobredosis de ketamina (120 mg/kg), 1 ml of xylacina (20 mg/kg),

dependiendo del estado final del experimento.
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3. Lesiones corneales:

3.1 Queratectomia y desbridamiento epitelial (Capitulo I)

De forma breve: usando un trépano de 2 mm de didmetro se demarcod
concéntricamente la cornea. Con una micropinza quirtrgica se retiré de forma manual un
colgajo de tejido epitelio-estromal de 2 mm de didmetro y de aproximadamente 40pm de

grosor.

El desbridamiento epitelial se realizo retirando el epitelio en la zona delimitada de 2
mm de diametro con la ayuda de una espatula “Crescent” manteniendo la lamina basal

del epitelio intacta.

3.2 Incision penetrante (Capitulo 2)

Previo a la incisidn, se aplicd una gota de atropina para dilatar la pupila. Con un
cuchillo quirdrgico y en orientacion nasal-temporal, se penetré el centro de la cornea con

un corte de 1.5 mm de longitud.

4. Seguimiento

La evaluacion clinica se realizd con la lampara de hendidura con camara digital
incorporada. El seguimiento se realizd antes de la lesion, inmediatamente después,
diariamente durante la primera semana y una vez cada 7 dias hasta el final dependiendo
de los estudios. Ademas el seguimiento con la ldmpara de hendidura se hizo a todos y
cada uno de los ratones utilizados en todos los estudios incorporados en la presente

memoria.
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4.1 Tiempo de cierre de la herida epitelial

El tiempo de cierre se evalud con fluoresceina sodica cada 8 horas hasta que el
epitelio estuvo completamente cerrado (Capitulo I). La fluoresceina sddica es un
colorante vital que es capaz de captar la luz en el espectro del azul y emitirla en el verde
y asi cuando es iluminada con luz azul, puede apreciarse un color verde intenso. Este es
un procedimiento colorimétrico sencillo e inocuo que permite poner en evidencia la
mayoria de las erosiones corneales y visualizarlas facilmente. Ademas la fluoresceina
tiene la capacidad de unirse a las zonas de la cérnea donde no hay epitelio y por tanto al
tefiir la cornea con fluoresceina e iluminar el ojo con luz azul, se pueden observar tanto
las erosiones como las zonas desbridadas. Las fotografias se procesaron con el programa

Image J de acceso universal (http://rsb.info.nih.gov/ij). El superficie se calcul6 acorde

con la férmula del 4rea de una circunferencia: A =m.r2; donde A es el area y r es el radio

(r=1 en el raton).

5. Modelo de Alergia Ocular (Capitulo 3)

5.1 Alosensibilizacion

La alergia ocular (conjuntivitis) se indujo en el ratdbn mediante inmunizacioén activa
con ovoalbumina (OVA) (Sigma-Aldrich, St. Louis, MO). A los ratones se les administrd
una dosis intraperitoneal de 100 ng de OVA, 300 ng toxina pertussis (Sigma-Aldrich) y
1 mg de hidroxido de aluminio (Sigma-Aldrich) en PBS. Después de 14 dias, se instilo
una gota diaria de OVA (250 pg en PBS) en el ojo derecho de los ratones inmunizados
durante 7 dias. De la misa manera se instilo una gota de OVA en ratones sin inmunizar

(Figure A)
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5.2 Evaluacion Clinica de la Alergia Ocular (Capitulo 3)

La evaluacion de los signos clinicos de la alergia ocular se realizé a doble ciego por
dos observadores independientes siguiendo el modelo descrito anteriormente **, De forma
breve: la evaluacion se realiz6 diariamente después de 20 minutos, 6 y 24 horas
posteriores a la instilacion de OVA. Con la lampara de hendidura se examind los ratones
midiendo cuatro pardmetros independientes (edema palpebral, lagrimeo, quemosis y
vasodilatacion conjuntival o enrojecimiento (Figure 1 B). Cada parametro se estimé en
una escala de 0-3 (0 = ausencia; 3 = maximo) para alcanzar una suma total maxima de

12.
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AAIIergen Immunization OVA eye drops (7 days)

Ova, Pertussis Toxin
and Alum (Adjuvant)
Rest (2 weeks)

6 6 6 0 00
DI >®ﬁ>—>—>—>—>—>—>

12 C57bl/B6 Mice OVA eye drops (7 days)

2 :2666‘666

12 C57bl/B6 Mice

Lid Swelling

Figura 1: esquema de inmunizacién de los ratones (A) y sintomas clinicos (B)
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6. Generacion de ratones quimera (Capitulos 5 y 6)

6.1 Proceso de Irradiacion

El proceso de irradiacion se llevd a cabo en ratones receptores Cx3crl®®FF,
Cx3cr1™ S Thy-1-YFP y C57BL/6 WT. Los ratones fueron letalmente irradiados en
toda la superficie corporal (1050 cGy) en un irradiador modelo Mark I 68A Cs 137 (JL
Shepherd and Associates in San Fernando, CA). La cabina del irradiador tiene unas
medidas de 37cm x 30cm x 45cm. El gradiente de Cesio se elevd 15 cm desde la base de
la cabina por medio de aire comprimido. En cada ciclo se introdujeron cinco ratones
dentro de una caja cilindrica de acrilato de 20 cm de didmetro. La caja se situdé a 7.6 cm
de altura sobre una plataforma giratoria (12 rpm) para asegurar el 100% de la irradiacion

a todos los animales. El tiempo de cada ciclo fue de 2 minutos y 13 segundos.

6.2 Trasplante de médula 0sea y generacion de quimeras (Capitulos 5y 6)

La siguiente tabla muestra todas las combinaciones de ratones quiméricos generados
para este trabajo. En los ratones donantes se recolectd los fémures y las tibias. Tras retirar
las cabezas proximales y distales del hueso, la médula 6sea fue extraida inyectando
medio RPMI (LONZA) mediante una cénula de 27G. El extracto se fragment6 hasta la
suspension celular y se tamizé con un filtro de 70pum seguido de agitado con pipeta.
Después de centrifugar (200g, 5 minutos, 4C), se procedioé al contado celular con el
método del azul tripan vy el precipitado se diluyé en medio RPMI (3x10” células/mL).

Inmediatamente después de la irradiacion, los ratones receptores recibieron ~1x10’
células no purificadas del extracto de la médula 6sea (300uL) a través de in inyeccion en
el seno venoso retro-orbital. Posteriormente se administré tratamiento antibidtico
(“Sulfamethoxazole and trimethoprim antibiotics”; SEPTRA, Hi-Tech Pharmacal Co.,

Amityville, NY) en el agua de bebida durante 4 semanas después de la irradiacion.
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Ademas los ratones recibieron comida suplementaria de alto contenido energético
(“SuppliCal caloric supplement”; Henry Schein, Dublin, Ohio) hasta el final de los
experimentos. Antes de ser examinados, los ratones se recuperaron de la irradiacion al
menos 4 semanas. El mismo animal fue examinado varias veces con intervalos de tiempo

de una semana.

‘Receptor ~ Donante  Fenotipo transitorio ~ Fenotipo proyectado
Cx3er1™™™  Cx3er1™*  Cx3er1" M /Cx3er1 T Cx3cr1 ™ CrF
Cx3er1 T Cx3er1™ T Cx3er1 M /Cx3er1 Y Cx3er1
C57BL/6 WT  Cx3cr1<¢f* Cx3cr] /P Cx3cr] P
C57BL/6 WT  Cx3er1™®™  Cx3er1™*™" C57BL6WT/Cx3cr1 %"
Thy-1""" Cx3er1 Thy-1"""/Cx3cr1*"* Thy-1""" /Cx3er1***

Tabla 1: combinaciones de ratones quimera generados en este trabajo
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Host Transitory Phenotype « w #
- g
-
":'
Cx3cr1Cre/GFp Cx3cr1-CreGFP/RFP
Lethally irradiated
+
Cx3cr1Cre/RFP BMIDCs "s
Expected Pheno :'3 %
":‘

Cx3cr1-CreRFP

Figura 2: Generaciéon de quimeras mediante irradiacion de ratones receptores
CX3CR1" a los que se les trasplanté médula 6sea de ratones CX3CR 1R

Host — Expected Phenotype ,,f’fj,
—
6 weeks old Thy.1-  mouse Thy.1-  /Cx3CriCre/RFP
Lethally Irradiated
+
Cx3cr1cre/RFP BMDCs

Figura 3: Generacion de quimeras mediante irradiacion de ratones receptores
Thy-1""" a los que se les trasplanté médula 6sea de ratones CX3CR 1R
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7. “Fate mapping” de la poblacion inmunitaria residente en cornea (Capitulo 4)

Para el estudio del origen de la poblacion de las células residentes de la cornea, se
utilizaron ratones CX3CR1-YFP-CreER-RFP. Estos ratones expresan YFP inducible bajo
el promotor de Cx3crl, asi como el dimero formado por la enzima recombinasa Cre y el
receptor de estrogeno (ER) en el citoplasma de la célula. En presencia de tamoxifeno, el
dimero se disocia y la enzima Cre entra en el nucleo donde lleva a cabo su accion
recombinasa induciendo la expresion constitutiva del gen reportero, en este caso
“tdTomato” (RFP), durante el resto de la vida de la célula (Ver capitulo 0). En
condiciones normales, estos ratones solo expresan YFP inducible bajo el promotor de
Cx3crl, pero en presencia de tamoxifeno coexpresan ademas RFP de forma constitutiva
independientemente de la expresion del promotor de Cx3crl

Para este estudio se usaron ratones CX3CR1-YFP-CreER-RFP de 6 semanas que
fueron evaluados previamente mediante microscopio multifotonico (ver mas adelante).
Posteriormente se inyecté de forma intraperitoneal 150ul de tamoxifeno (20mg/ml) en
dos dosis consecutivas con 24 horas de separacion. En los 6 meses posteriores los ratones

fueron examinados “in vivo” dicho microscopio.
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Host - Transitory Phenotype -
& o
6 weeks old 48 hours later
Cx3crl-  -CreER-RFP Cx3crl-  -CreER-RFP
+
Tamoxifen Expected Phenotype - ...
& o
3 Months
Cx3crl- -CreER-RFP
Expected Phenot T
S ®C

3 Months
Cx3crl-  -CreER-RFP

Figura 4: Induccion de expresion de RFP mediante inyeccidn intraperitoneal de
tamoxifeno en ratones CX3CR1-YFP-CreER-RFP. En condiciones normales los
ratones s6lo expresan YFP. Después de la inyeccion los ratones expresan RFP de
forma constitutiva y puede observarse “in vivo” colocalizando con YFP
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8. Microscopia

8.1 Microscopia confocal “in vivo” (IVCM) (Capitulos 2 y 3)

Esta técnica se utiliz6 para estudiar “in vivo” y a tiempo real el proceso de
cicatrizacion en corneas de ratones (Capitulo 2) y para estudiar la infiltracion de células
inflamatorias en la superficie ocular (Capitulo 3). Bajo anestesia general, se examind de
forma “intravital” con un microscopio de escaneo con laser confocal equipado con un
modulo especial para cornea HRT3-RCM (Heidelberg Retina Tomograph 111, Rostock
Corneal Module) (IVCM “in vivo confocal microscope’). Durante el exdmen, se mantuvo
al raton en una tempertura constante de 37-39°C usando una placa térmica (ATC 1000
DD, LKC Technologies, Gaithersburg, MD). Se aplicd una gota de gel lubricante ocular
(Genteal® Novartis Pharmaceuticals Corp, East Han- over, New Jersey) en ambos 0jos.
Ademas de lubricar el gel forma una interfaz de acoplamiento de inmersion con un indice
de refraccion (n=1.339) similar al agua (n=1.333 at 20C).

En diferentes tiempos se escaned la conjuntiva bulbar (superior e inferior) y la cornea
(nasal, temporal y central). El microscopio esta equipado con un laser de diodo con una
longitud de onda de 670nm como fuente de energia. E1 moédulo RCM estéd equipado con
una lente de 400um de didmetro y un objetivo de 60X de inmersiéon en agua con una
apertura numérica de 0.90 (Olympus, Hamburg, Germany). Las imagenes se tomaron con
una resolucion de 1pm/pixel. El laser refleja cambios en la trayectoria de la luz y estos
son capturados por el microscopio. E1l HRT3/RCM viene equipado con una opcidn para el
conteo semiautomatico de células endoteliales. Esta opcion se utilizo para el contado de
estructuras celulares reflectantes. El nimero se contabilizé de forma manual en un area
predeterminada y el ordenador automaticamente estimoé el namero total en células/mm?®,

Los resultados se expresan en media y desviacion estandar.
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Figura 5: Examinado “intravital” no invasivo de la superficie ocular del raton
usando un modelo comercial de microscopio confocal HRT3-RCM

Nota: el sistema HRT3-RCM es un modelo disefiado para la superficie ocular de
pacientes.

107



SINTESIS GENERAL
Metodologia

8.2 Microscopia multifotonica “intravital” (Capitulos 4, 5, 6 y_7)

De la forma descrita anteriormente, se anestesid el raton y se colocé en un soporte
disefiado para el efecto (Figura 6). Un flujo constante de 0.2-0.3 ml/h de una solucion de
Iml of ketamina (120 mg/kg), 1 ml of xylacina (20 mg/kg), y 10 ml de cloruro sodico se
administr6 mediante un catéter por via intraperitoneal. Después del proceso los ratones se
recuperaron y descansaron para examenes posteriores.

Las fotografias se tomaron con un objetivo de inmersidon en agua de 25x/1.05 NA
(“numerical aperture”) (optimizado para MPE XLPL25XWMP, WD 2.0 mm, 0-0.23
micras de correccion) en un microscopio fijo vertical Olympus BX61WI (Olimpus). El
microscopio estd equipado con un laser de fentosegundos Titanio:Zafiro modelo
“Chamaleon Vision II”. El laser permite una compensacion pulsada en un rango

sintonizable de 680-1080 nm (40 nm/seg, 80 MHz, 140 fseg de anchura de pulso, 0-
47,000 f5602 unidades de compensacion de la dispersion).

El microscopio esta equipado con dos cubos estandar de fluorescencia
intercambiables en el azul, verde/amarillo y rojo. Las bandas de emision disponibles son:
DAPI, CFP, GFP, YFP y RFP. Los canales azul o cian se usaron para la deteccion de la
generacion del segundo armonico (SGH, “second harmonic generation™). El laser se
sintoniz6 a 910 nm para el cubo BGR (“Blue, Green and Red”) o 950 nm para el cubo
CYR (“Cyan, Yellow and Red”). Un espejo dicroico (DM570) separa la luz emitida para
los canales 1 (azul) y 2 (verde y amarillo) y el canal 4 (rojo). Un segundo espejo dicroico
(DM485) divide la luz emitida para los canales 1 y 2. El cubo BGR estd compuesto por
filtros de paso de banda de 450-460 nm (azul y SGH), 495-540 (verde) y 575-630nm
(rojo). El cubo CYR estd compuesto por filtros de paso de banda de 460-500 nm (azul
and SGH), 520-560 (amarillo) y 575-630nm (rojo). El sistema tiene cuatro detectores de
alta eficiencia en posicion de epifluorescencia que pueden ser combinados en diferentes

configuraciones alternando los cubos de forma manual.
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Para los examenes “in vivo” de la cornea, el raton se coloc6 de forma dorsal
permitiendo la exposicion perpendicular al 4pex corneal con el objetivo del microscopio.
El espacio entre el objetivo y la superficie corneal se rellend con gel oftdlmico (GenTeal,
Novartis Ophthalmics, East Hanover) para crear una interfaz de acoplamiento de
inmersion con un indice de refraccion (n=1.339) similar al agua (n=1.333 at 20C) asi

como proveer lubricacion a la superficie ocular (Figura 6).

8.2.1 Adquisicion en mosaico para imagenes en 3D (Capitulos 4, 5, 6 y.7)

Bajo anestesia, el raton fue colocado en un pletina motorizada situada debajo del
objetivo del microscopio. El software “multi-area time-lapse” (Olympus) automatiza el
proceso para la adquisicion de imagenes en un mosaico predefinido (“tiling”) y posterior
union (“stitching”) para crear una archivo final sujeto de ser analizado y convertido en
una imagen en 3D. El software registra las areas escaneadas, y la imagen final que se
muestra ofrece una vista de todas la imagenes adquiridas durante todo el proceso de

captura en el mosaico preestablecido (Figura 7).
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Figura 6: Sistema multifotonico de escaneo “intravital” no invasivo utilizado
(A). El sistema estd equipado con un laser de fentosegundos (B), una plataforma
motorizada (C) y un objetivo de inmersion en agua (D). La cdmara térmica en la
que se situa al raton anestesiado (D) con la cornea expuesta (E) y la interfaz creada
por el gel oftalmico entre la cornea y el objetivo (F)
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Figura 7: Sistema de adquisicion en mosaico para imagenes en 3D. El microscopio
fotografia la cornea siguiendo un patron predefinido de forma manual. En este
esquema el microscopio escane6 un total de 602.55 micras (distancia vertical entre
el apex corneal y el angulo) en pasos de 2.5 micras en un total de 128 posiciones
diferentes. El tiempo empleado para el escaneo total de la cornea varia en funcion
de la resolucion, pudiendo ir de varios minutos a unas pocas horas.
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8.2.2 Post-procesado de las imagenes (Capitulos 4, 5, 6y.7)

Los archivos de imdgenes compiladas se post-procesaron con FIJI software

(http://fiji.sc/Fiji) y posteriormente con Imaris (“Imaris updated version”, Bit- plane,

Zurich, Switzerland). En primer lugar las archivos originales se abrieron en Imaris y se
vincularon a FIJI para sustraccion del grano de fondo, ajuste del control y brillo,
reduccion del ruido, compensacion multiple y re-ajustamiento del tamafio. A
continuacion la imagen se importd de nuevo en Imaris mostrando una proyeccion de
maxima intensidad, para posteriormente proyectar una imagen real en 3D en una pantalla
plana. El realismo adicional de las imdgenes en 3D se consigui con la opcion “real-time
shadow rendering” (Una opcidn del software que proyecta sombras en los tres planos del
objeto)

Un objeto de superficie es una ilustracion generada de forma computada de una
region detallada en un area de interés. El objeto de superficie se muestra como un objeto
solido simulado. La precision de la segmentacion con la imagen original se puede
verificar de forma interactiva. Para mas detalles visitar:

http://www.bitplane.com/imaris/imaris. El uso de Imaris permiti6 cuantificar células,

mostrar las imagenes de forma interactiva y tridimensional, generar animaciones,

realzados artisticos etc.
Nota: El hecho de que las barras de calibraciéon no sean homogéneas en todas las

imagenes es debido a la configuracion del software que no permite calibraciones

manuales estandarizadas.
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Figura 8: Procesado de las iméagenes. La imagen en 3D es cargada en el
programa (A, B y C), donde se elimina el fondo y se montan y se delinean las
superficies (D, E y F). Por ultimo se elimina los elementos no deseados (en este
caso el parpado, G, H e I) dejando la imagen limpia para el procesado final, en
este caso conteo celular automatico. En la imagen, el programa muestra un total
de 606 células
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8.3 Microscopia confocal (Capitulos 1,2, 3, 4, Sy 6)

Para el estudio del tejido “ex vivo” (“whole flat mounts™) se utilizd6 un microscopio
confocal de escaneado con laser (LSCM) (Leica TCS 4D; Leica, Heidelberg, Germany).
Las proyecciones tridimensionales de las imagenes se realizaron con “LAS AF software”
de Leica, con FIJI (desarrollado por Wayne Rasband, National Institutes of Health; y de

dominio publico http://rsb.info.nih.gov/ij) e “Imaris software” (Bit-plane, Zurich,

Switzerland).

Figura: Procesado de las imagenes obtenidas con microscopio confocal. La
imagen en 3D es cargada en el programa (A, B, C y D), donde se elimina el fondo
y se delinean las superficies (E, F, Gy H).
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8.4 Microscopia Electronica (Capitulos 1y 2)

El tejido corneal se fij6 en paraformaldehido 2% y glutaraldehido 2.5% en tampdn
cacodilato (0.1M) durante 1 hora y post-fijado en 0OsO4 2% en tampdn cacodilato
(0.1M). Posteriormente el tejido en acetato de uranilo 0.5% acuoso se deshidratdé en
gradiente de acetona, seguido de oxido de propileno y por ultimo embebido en Epon-
araldita. Los cortes semifinos (1um) se tifieron con azul de toluidina y se determiné el
area a examinar. Posteriormente con un ultramicrotomo se seccion6 en piezas finas (60-
90A) y se tifieron con acetato de uranilo 2% y citrato de plomo para ser fotografiadas con
un microscopio de transmision electronica Philips 410 (Philips Electronics N.V.,

Eindhoven, The Netherlands).

8.5 Microscopia éptica (Capitulos 1,2y 3)

Se procedi6 a la tincion histologica con: hematoxilina-eosina (H&E), tricromico de

Masson (TM) y acido peryodico de Schiff (PAS).

9. Otras técnicas:

9.1 Estudio histopatolégico (Capitulos 1, 2y 3)

Previa eutanasia del animal (descrito anteriormente), se procedi6 a la extraccion de las

corneas y se dividieron en dos mitades:
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La primera de las mitades se incluy6 en medio de inclusion Tissue-Tek OCT y posterior
congelado a -30°C. Posteriormente se seccionaron en cortes de 6 um. Ademas se tomaron
secciones adicionales y se fijaron con fijador Karnovsky para microscopia electronica. En
la segunda de las mitades, se separ6 el epitelio del estroma y en contenedores diferentes
se congelaron en nitrogeno liquido para posterior analisis con Western Blot. Ademas, se
tomaron coOrneas enteras y se fijaron en paraformaldehido 4%. Posteriormente se

utilizaron para inmunofluorescencia en montaje plano o “flat mount”.

9.2. Inmunofluorescencia (Capitulos 1,2, 3, 4, 5y 6)

Si bien el protocolo utilizado se modificé puntualmente dependiendo de los diferentes
estudios (ver capitulos), en general: en primer lugar se bloque6 el tejido con el suero de
cabra, burro o conejo. Posteriormente el tejido se incub6 1 hora a temperatura ambiente
o toda la noche a 4°C con anticuerpos monoclonales o policlonales purificados o
conjugados con fluorescencia. Ademas en el caso de los purificados, se utilizd un
anticuerpo secundario conjugado con fluorescencia para amplificar la sefial.

Ademads se realizaron controles negativos en los cuales o bien se omitid el anticuerpo

primario o bien el anticuerpo primario fue sustituido por anticuerpos isotdpicos.

9.3 Western Blot (Capitulos 1 y2)

El tejido se homogenizo6 en bufer de lisis para purificar las proteinas en presencia de
inhibidores de proteasas. A continuacion las diferentes muestras se resolvieron en
condiciones de desnaturalizacién en gel SDS-poliacrilamida al 10% y posteriormente se
trasfirieron a una membrana de nitrocelulosa. Las membranas se bloquearon con leche en
polvo al 5% en TBS y posteriormente se incubaron con anticuerpos primarios a 4°C toda
la noches y anticuerpos secundarios conjugados con peroxidasa de rdbano. Por tltimo las

bandas se visualizaron mediante por método quimioluminiscente usando un lector de
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rayos X (Biospectrum AC imaging system; UVP, LLC, Upland, CA). Las bandas se

evaluaron con “software Image J” de acceso universal (http://rsb.info.nih.gov/ij).

9.4 Procesado del tejido y inmuno-tincion de los botones corneales (Capitulos I,
234 3y6)

Los ratones anestesiados se perfundieron con solucion salina balanceada seguido de
PFA 2% y finalmente PFA 4%. Posteriormente los globos oculares se post-fijaron con
solucion de Zamboni (24 horas en camara fria) preservando la fluorescencia interna. El
tejido se lavo varias veces durante 24 horas con PBS. Las corneas se separaron del resto
del globo ocular y se escindieron en un patrén de pétalos de flor para montado plano. A
continuacion se permeabilizaron con Tween (0.5% en PBS) y se marcaron para
epifluorescencia, microscopia confocal y multifotonica. Todos los anticuerpos se
diluyeron en PBS, BSA 2% y suero normal de cabra 5%. El tejido se incubd con
anticuerpo primario durante 3 dias a 4C en agitacion suave. Posteriormente se incubd con
anticuerpos secundario durante toda la noche a 4C y agitacion suave. Después de varios
lavados el tejido se mont6d con medio de montaje con DAPI.

Los botones corneales y los cortes se fotografiaron con un microscopio de
fluorescencia (Axio Observer, Zeiss, Oberkochen, Germany) y un microscopio confocal
de escaneado con laser (LSCM) (Leica TCS 4D; Leica, Heidelberg, Germany Zeiss).
Ademas algunos botones corneales se escanearon al completo siguiendo un modelo de

mosaico con un en con el microscopio multifoténico descrito anteriormente.

9.5 Citometria de Flujo (Capitulo 3)

Los ratones se sacrificaron en los dias 3 y 7 del seguimiento. La conjuntiva se separd
en superior e inferior. La cornea se dividid en tres partes: nasal, temporal y un botén

central de 1.5 mm de didmetro. A continuacién el tejido se disoci6é en fragmentos y se
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procedié a la digestion enzimatica con 2mg/ml de colagenasa tipo IV y 0.5mg/ml de
“DNAasa I” (Roche, Basel, Switzerland) durante 2-3 horas a 37°C. La suspension se
tamizo y se filtr6 por un filtro de a 70um de poro. Las células se lavaron y se
suspendieron en suero de albumina bovina (BSA “bovine serum albumin”, 0.5%) y
posteriormente se bloquearon con una mezcla de anticuerpos CD16/CD32 ( “blocking of
FeyRIIV/IT?, BD Pharmingen, San Diego, CA).

De forma breve,

Las células se marcaron con DAPI seguido de los siguiente anticuerpos: anti-CCR2-
Alexa 488, anti-CD45-Cy3, anti-Ly6C-Alexa 700, anti-CD11b-PE y anti-CD11c-PE-Cy5
(Biolegend). A continuacion, las células se resuspendieron en PBS para ser analizadas
con un citometro de flujo BD LSR II (BD Biosciences, San Jose, CA). Las células fueron
separadas por el método “forward and side scattering”. Las células muertas se excluyeron
en el canal del DAPI y las células individuales se separaron de los conglomerados dobles
o triples. Las células CD45+ fueron divididas en tres subpoblaciones diferentes de
CCR2'Ly6-C"&" CCR2Ly6-C* y CCR2Ly6-C. Las células CD11b+ y CDI1lc+

fueron separadas y las poblacion se enumer6 la poblacion CD11b.
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Sistemas en Tlempo Real
“In vivo”

Microscopio Multifotdnico
Microscopia Confocal

Lampara de Hendidura

Desepitelizacién y
Queratectomia Corneal

> 129S52/SvPasy aVp6-/-

Incision Corneal
Penetrante

—> 129S2/SvPasy THBS1-/-

Induccion de Alergia
Ocular

C578B6),

Mapeado “in vivo”,
Irradiacidn y Trasplante de
Médula Osea

CX3CR16F?
CX3CR1-CRE-R26f6FP
CX3CR1-CRE-R26RFP
Thy1YFP

7 5786l
>

“Fate Mapping”

> CX3CR1YFP-CreER-R26RP

Esquema resumido: animales y método
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RESULTADOS Y DISCUSION

A continuaciéon se muestran los resultados y discusion de forma resumida, en el
mismo orden que los diferentes capitulos anexos. Una presentacion mas detallada de los
resultados y discusion se expone en los diferentes capitulos que acompaian la presente

memoria.

Capitulo 1. La integrina aVp6 estimula la cicatrizacion corneal.

“Chapter 1: alVp6 integrin promotes corneal wound healing”

En este estudio se demuestra que la integrina aVP6 es fundamental para la
restauracion de la membrana basal después una lesion. Su expresion en el epitelio durante
el proceso de cicatrizacion corneal promueve:

1. migracion epitelial,

2. sintesis de laminina

3. sintesis de integrina 0634 y ensamblado de los hemidesmosomas

4. modulacion del armazén de fibronectina

Los ratones carentes de la subunidad B6 (B6™7) no regeneran la lamina densa ni la
lamina licida de la membrana basal ni tampoco forman hemidesmosomas maduros
después de una lesion que dafie la 1amina basal. Sin embargo, cuando se desepiteliza la
cornea sin dafar dicha membrana, esta integrina no tiene una funcién relevante. Esto
indica que la integrina aVB6 es fundamental para la reparaciéon de la membrana basal,
cuando ésta haya sido dafnada, pero no tiene una funcion relevante en el mantenimiento
de las condiciones basales o si la lesién no afecta su integridad.

Durante la cicatrizacion, la fibronectina forma un andamio transitorio que facilita el

49, 50

anclaje de las células epiteliales a la matriz extracelular . En el presente trabajo, se

observo una matriz de fibronectina transitoria que posteriormente da paso a la verdadera
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membrana basal en los ratones normales. En el caso de los ratones carentes de la
subunidad p6™", dicha capa de fibronectina permanece durante todo el experimento y no
es reemplazada por una nueva membrana basal. Sin embargo, esta matriz transitoria se
mantiene crénica. Esto puede explicar que si bien los ratones carentes de 6™ presentan
ampollas sub-epiteliales, no llegan a desarrollar verdaderas tlceras.

Por otro lado, se ha asociado la falta de hemisdesmosomas con la carencia de la
integrina a6B4 >'. En el presente trabajo, la expresion de esta integrina disminuye
significativamente en ratones p6™~ después de la lesion. De la misma manera, se observa
una gran reduccion en el nimero de hemidesmosomas en el epitelio basal. El hecho de
que la integrina a6P4 se co-exprese con la laminina, sugiere que a6f4 actuia como
receptor para la laminina durante el proceso de reparacion de la ldmina basal. Por otro
lado, la presencia de laminina es necesaria para ensamblar la integrina a6p4 en
hemidesmosomas maduros durante el proceso de reparacion de la membrana basal.

En conclusion, con el presente estudio se demostr6 que la integrina aVP6 es
imprescindible para la regeneracion de la membrana basal del epitelio corneal después de
un lesidn y su ausencia puede causar patologias como la queratopatia bullosa o distrofias

de la membrana basal del epitelio.

Capitulo 2. Funcion de la trombospondina-1 en la reparacion de heridas penetrantes en la
cornea.
“Chapter 2: Role of Thrombospondin-1 in Repair of Penetrating Corneal Wounds”

En la cornea, la THBS1 se expresa después de una lesion en la zona dafiada .
Durante el proceso de cicatrizacion los miofibroblastos se diferencian especificamente en
la zona donde se expresa la THBS1 %, Sin embargo cuando la membrana basal se deja
intacta, la THBS1 solo se expresa en la zona apical en la zona de dicha membrana .
Esto sugieren que la THBS1 juega un papel primordial en el proceso de cicatrizacion de

la cornea.
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En el presente trabajo se demostrd, mediante el uso de ratones Thbs1™, que la THBSI
es fundamental para la cicatrizacion tanto del estroma como del endotelio corneal. Los
ratones Thbsl”™ son incapaces de llevar acabo un proceso de cicatrizacién corneal
efectivo manifestando opacidad e inflamacion cronica. En este caso se realizd una
incision penetrante en la cornea con el objetivo de discernir el proceso de cicatrizacion en
todas las capas de la cornea, en ausencia de THBSI.

La expresion de THBS1 se observd a las 24 horas en el epitelio de los ratones
normales en la zona de la incisién pero no en el estroma. Més tarde, la expresion se
extiende al epitelio que rodea a la incision penetrando en el estroma en la zona dafada,
con una expresion maxima a las dos semanas desde el epitelio hasta el endotelio. Por el
contrario no se observé expresion de THBS1 en el epitelio ni en el estroma de la periferia
adyacente a la herida. Las cérneas de los ratones Thbs1™ permanecen opacas durante el
trascurso de todo el experimento no llevando a cabo una cicatrizacion efectiva. Esto
indica que la THBSI expresada en la zona de la incision es fundamental para la
reparacion del estroma y del endotelio. Esto queda demostrado por el incremento de
expresion de THBS1 en el endotelio de la zona lesionada en las corneas de ratones
normales.

Seguido a una lesion corneal las células epiteliales rapidamente cubren el area danada
mediante un proceso de proliferacién y migracion **. En el estroma muchos de los
queratocitos mueren por apoptosis mientras otros inmediatamente inician un proceso de
proliferacion para repoblar el 4area danada y posteriormente se diferenciaran en

10, 55-57

miofibroblastos . Los miofibroblastos contraen la herida y sintetizan nueva matriz

8
extracelular '3

provocando en la coérnea una opacidad en la zona de cicatrizacion
denominada “haze” o retro-dispersion de la luz. Este fendémeno desaparece cuando la
cicatrizacion concluye **. En el presente trabajo, se observo: 1) “haze” focalizado en la
zona de cicatrizacion en el estroma y endotelio, 2) miofibroblastos y 3) nueva matriz
extracelular en las corneas de los ratones normales. Sin embargo, esto no se observo en

los ratones Thbs1™". La presencia de miofibroblastos, junto a la expresion de THBS1, en
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el area de cicatrizacion es evidente en el cuarto dia lo cual sugiere que los queratocitos
necesitan de la THBS1 para diferenciarse en miofibroblastos.

El TGF-B1 es fundamental para la transicion de queratocito a miofibroblasto y la
THBSI activa el TGF-B1 >*°'. En los trabajos anteriores no se ha especificado claramente
si la THSBI era expresada por el epitelio o por los fibroblastos/miofibroblastos . En
este trabajo se observa que las células epiteliales y del endotelio son las encargadas de la
expresion de la THBS1. Ademds se detalla que muchas células epiteliales también
expresan a-SMA sugiriendo una funciéon como células mioepiteliales probablemente
ayudando a contraer la herida . De esta manera, se demuestra que la THBS1 juega un
papel relevante en el mantenimiento de la estructura epitelial como se habia sugerido
anteriormente °*. Por otro lado, no se observo expresion de THBSI en los queratocitos ni
en los miofibroblastos.

En el endotelio también se observa gran expresion de THBS1 lo cual demuestra que
esta proteina es fundamental para la restauracion endotelial y de la capa de Descemet.
Las comeas de los ratones Thbsl”™ son incapaces de cerrar la barrera endotelial
presentado edema y opacidad crénica. En la cérnea humana, el endotelio no tiene
capacidad proliferativa, sin embargo, las células endoteliales pueden migrar y por

65, 66

proceso de elongacion restaurar una lesion . La importancia de la THBS1 en el

67
L.,

proceso de reparacion endotelial habia sido sugerida anteriormente por Munjal et a y

1 3! activandolo en

es corroborada en el presente trabajo. La THBS1 se une al TGF-
las células endoteliales ®® promoviendo de esta manera el mecanismo de reparacion
endotelial.

Por otro lado la THBS1 juega un papel primordial en el mantenimiento del privilegio
inmune de la cérnea ya que la THBS1 derivada de las células presentadoras de antigeno
suprime el rechazo inmune ®. No estd claro si en rechazo inmune juega un papel
relevante en nuestro estudio, pero es posible que la THBS1 expresada por las células
inmunes de la cornea, intervenga también en el proceso de cicatrizacion. El hecho de que

la falta de THBS1 produzca defectos en la cicatrizacion podria explicar defectos en la
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superficie ocular causados por el 0jo seco y en los cuales se ha observado una carencia de
THBS1 .

Basado en estos resultados y trabajos previos ** ', la expresion de THBSI y su
persistencia en el tejido se relaciona con el tipo de la herida. Esto puede variar de unas
pocas horas en una lesion epitelial, varios dias en el caso de una queratectomia o hasta un
mes cuando toda la integridad corneal se ve dafiada.

Como conclusion, la THBSI juega un papel primordial durante el proceso de

reparacion corneal. Esto incluye migracion endotelial, contraccion estromal y sintesis de

nueva matriz extracelular.

Capitulo 3. Deteccion del proceso inflamatorio corneal en un modelo de alergia
ocular en raton usando un microscopio confocal “in vivo”
“Chapter 3: In vivo Confocal Microscopy Reveals Corneal Involvement in an Allergic

Eye Disease Mouse Model: an in vivo Study

En el presente estudio se evaluo el proceso inflamatorio de la superficie ocular, en un
modelo de conjuntivitis alérgica en ratdon, usando un microscopio confocal “in vivo”
(IVCM, “in vivo confocal microscopy”). Para validar el sistema IVCM, los resultados
obtenidos se compararon con los obtenidos “ex vivo” mediante citometria de flujo y
microscopia confocal (LSCM, “Laser scanner confocal microscopy”).

La principal limitacion de este trabajo fue debido a que el HRT3/RCM es un
dispositivo comercial disefiado originalmente para los seres humanos. La superficie
ocular del raton difiere notablemente de la humana. De esta manera solo se evalu6 la
conjuntiva bulbar. Aunque la curvatura de la cornea también difiere de la humana, fue
posible realizar escaneos en secciones transversales (nasales y temporales) y frontales
(central). Por tanto en este trabajo, se implementd con éxito una nueva técnica no
invasiva para evaluar el proceso de infiltracion celular en la superficie ocular del raton.

. . . Sqe . . , . 48.72-75
Otros modelos anteriores exigen tediosos andlisis histopatologicos “postmortem™ ™ '™,
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La infiltracion celular se detecté midiendo la dispersion de luz con el HRT3/RCM. Se
observd, que en comparacion con el tejido normal, los células inflamatorias infiltradas
reflejan mas la luz que las normales. Inmediatamente después de la instilacion del
alérgeno, se observa un aumento en el numero de células infamatorias en la conjuntiva.
El incremento en niimero fue progresivo durante el experimento. El nimero de células
inflamatorias observadas con este sistema es significativamente mayor en los ratones
inmunizados comparados con los controles (p <0,01). De la misma manera, usando
citometria de flujo, se observo una frecuencia mayor de células CD11b positivas en la
conjuntiva de los ratones inmunizados en comparacion con ratones control (p <0,01).

Sin embargo, lo mas notable fue encontrar una reaccion inflamatoria similar en la
cornea. Se cree que la cornea y la conjuntiva pueden afectar una a la otra durante la

: e . . ., Ay . 31,32,76
inflamacion alérgica ocular; sin embargo, esta interaccion no esta bien descrita ° "~ ™. L

a
alergia severa ocular se caracterizan por diversos trastornos corneales como las tulceras
persistentes en el epitelio y las placas. La pérdida de epitelio corneal aumenta la
inflamacion alérgica de la conjuntiva. La infiltracion de eosinéfilos en la conjuntiva
perjudica a su vez la cicatrizacion del epitelio. Los eosindfilos y sus factores derivados
estan implicados en la patogénesis de las lesiones corneales asociadas con la alergia
ocular "°. Las proteinas citotoxicas y la metaloproteinasa 9 derivadas de los eosinéfilos se

. 31, 76
acumulan en las placas de la cornea *~

. De esta manera, la inflamacion alérgica
conjuntival y los trastornos epiteliales corneales interactian entre si generando un circulo
vicioso cuya interrupcidon podria proporcionar la base para nuevos tratamientos de la
. 31
alergia ocular grave ~'.
En el presente trabajo se observé infiltracion de monocitos y neutrofilos en la parte
periférica de la cornea y en menor grado en la parte central. Estos no se observan en los
ratones controles ni en los normales. Previamente estas células se habian detectado con el

sistema IVCM y en correlacion con el aumento de los sintomas clinicos observados con

la lampara de hendidura. El nimero de células inflamatorias infiltradas en la cornea es

126



SINTESIS GENERAL
Resultados y discusion

significativamente superior en ratones inmunizados comparado con ratones normales (p
<0,01).

De la misma manera se vio un aumento en la frecuencia de células CD11b+ en la
cornea de ratones inmunizados comparado con ratones normales y sanos (p <0,01). Al
final del experimento se detectd un aumento en la subpoblacion CCR2+/Ly6-
C™M&"/CD11b+ indicando una infiltracion de monocitos en la cornea. Ademés se observo
otra subpoblacion de CCR2-/Ly6-C °"/CD11b+ indicando infiltracion de neutréfilos. Lo
mas notorio fue observar que la cérnea se mantuvo transparente a pesar de la gran
cantidad de células inflamatorias infiltradas.

En presencia de un alérgeno, las células dendriticas inmaduras capturan el antigeno,
madurando y emigrando a los nddulos linfaticos donde activan una respuesta inmune
adaptativa tipo Th2. Se ha observado trafico de células dendriticas entre la cornea y los
nodos linfaticos en respuesta a un alérgeno en un modelo de alotrasplante corneal ** 77 7%,
Sin embargo, la maduracidon y migracion de células dendriticas de la cornea, en respuesta
a un alérgeno, no esta clara y se ha visto que no sucede en corneas normales . Los
resultados del presente estudio, sugieren un mecanismo desconocido de infiltracion de
células inflamatorias en la cornea, relacionado con la progresion de la respuesta inmune
adaptativa de la conjuntiva.

Las células dendriticas de la conjuntiva son una poblacion importante en la repuesta
inmune adaptativa relacionada con la alergia *. Las células dendriticas inmaduras
patrullan el tejido a la captura de antigeno ****. Cuando las células dendriticas capturan
un antigeno se convierten en potentes estimuladores de las células T y en el caso de la
alergia activan los linfocitos Th2. Las células dendriticas aumentan la expresion de
moléculas MHC clase II y moléculas coestimuladoras CD80 y CD86. La activaciéon Th2
induce la secrecion de citoquinas IL-4, IL-5 o IL-13 que estimulan la diferenciacion de
células B en células plasmaticas secretoras de IgE %™,

Las exposiciones primarias de un alérgeno ceban las células T inmaduras quedando

sensibilizadas para ese alérgeno. Exposiciones secundarias del mismo alérgeno causan
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hipersensibilidad inmediata o alergia, y en casos de exposicion continuada pueden causar
una fase tardia posterior y cronicas *°. Las citoquinas Th2 también desestabilizan los
eosindfilos en la fase tardia de la alergia amplificando asi la repuesta inflamatoria de la
superficie ocular mediante el reclutamiento de monocitos, linfocitos T, eosindfilos y
células dendriticas en un bucle de retroalimentacién tal que mantiene la patologia *. Sin
embargo, en el presente trabajo no se ha demostrado si la respuesta infamatoria observada
en la cornea juega un papel en la defensa del 6rgano o contribuye a un estado patologico
mas grave.

En conclusidon, en este estudio se evaludé con éxito la reaccidén inflamatoria de la
superficie ocular en un modelo de ratébn de conjuntivitis alérgica usando un sistema
IVCM. El aumento en el numero de células inflamatorias estd relacionado
espaciotemporalmente con el aumento de la sintomatologia clinica observada con la
lampara de hendidura asi como con los resultados obtenidos “ex vivo™ con citometria de

flujo y microscopia confocal.

apitulo _4: Innovacion en sistemas de imagen “in vive” I: Microscopia
multifotonica “intravital” para visualizar la poblacion residente de células
inmunitarias en la cornea del raton”.
“Chapter 4: Cutting Edge in vivo Imaging I: Multi-Photon intravital Microscopy to

Visualize the Resident Myeloid-Derived Population in the Mouse Cornea”

En el presente estudio se combind microscopia multifotonica “intravital” (MP-IVM,
“multi-photon intravital microscopy”), diferentes cepas de ratones que expresan
fluorescencia bajo el promotor de Cx3crl y un sistema digital de tratado de imagenes
para el estudio de la poblacion inmunitaria de la cornea. Considerando los resultados, se
puede extrapolar las siguientes conclusiones:

1. El sistema es adecuado para el estudio “in vivo” no invasivo de la poblacion

inmunitaria de la cérnea tanto en condiciones normales como en patologicas.
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2. El sistema de imagen es innovador desde el punto de vista de la resolucion
alcanzada asi como desde la presentacion de los resultados

3. El origen de la poblacién inmunitaria de la cornea se intuye embrionario en lugar
de la hematopoyético como se habia establecido, y con una tasa de recambio muy

baja.

Durante mas de un siglo, prevalecié el dogma de que la cérnea carecia de células
presentadoras de antigeno *, sin embargo durante los tltimos afios se ha establecido que

la cornea estd dotada de una poblacion residente de células inmunitarias derivadas de la

, ’ 8, 39, 40, 79, 87-92
médula 6sea &

93, 94

con dos fenotipos predominantes: las células dendriticas y los
macrofagos . Las células dendriticas residen en la parte basal del epitelio y extienden
sus prolongaciones dendriticas interdigitindose entre las células epiteliales, desde el
lecho estromal hacia la superficie. Esta poblacion se encuentra con mayor densidad en la
periferia de la cornea disminuyendo en numero centripetamente. Por otro lado, el estroma
periférico posee una pequefia poblacion de células dendriticas. Las células dendriticas son
encargadas de iniciar la respuesta inmune adaptativa en respuesta a la inflamacion pero
esta funcion no se conoce bien en la cornea ** %!,

Los macrofagos estan distribuidos en estroma en dos subpoblaciones distintas. La
parte anterior estd habitada por macréfagos putativos que podrian servir como células
presentadoras de antigeno de apoyo a las células dendriticas colaborando en una potencial
respuesta inmune adaptativa. El estroma posterior esta poblado por macrofagos residentes
distribuidos de forma uniforme en toda la parte posterior del estroma. Estos macrdéfagos
disparan una respuesta innata cuando se compromete la integridad corneal *** %2,

En el presente trabajo se consiguid mapear y estratificar por primera vez “in vivo” la
poblaciéon inmunitaria de la cornea del raton. Dicha poblacion se visualizé de forma no
invasiva y sin necesidad de sacrificar el ratéon como en los trabajos previos * ***°. Se

observé la presencia de células EGFP' en toda la cornea. Estas células aparecen

igualmente distribuidas en el estroma, sin embargo en el epitelio el nimero es mayor en
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la periferia, menor en la zona paracentral y ausente en el centro de la misma manera que

. « »» 40, 95
se ha observado anteriormente en “explantes” ™

. El tratado posterior de las imagenes
mostrando una estructura tridimensional real de la cornea, facilité la interpretacion de los
resultados. Las células dendriticas descansan en la zona de la membrana basal
extendiendo ramificaciones dendriticas hacia la superficie ocular, como se habia

s 40, 79

observado “ex vivo . Debido a que las imégenes son tomadas “in vivo” y sin

fijadores, los macrofagos del estroma presentan forma mas real a como han sido
mostrados anteriormente ** 7,

En la actualidad existe gran discusion respecto al nimero total de células asi como su
distribucion topografica en la cornea. Algunos trabajos han publicado que la parte central
del epitelio corneal esta desprovista de células dendriticas, sin embargo, por otro lado se
ha sugerido que una poblacion latente de células dendriticas reside en esa zona *****°. Al
igual que en los resultados discutidos anteriormente, en trabajos previos se han utilizado
ratones “knock-in” cuya expresion de proteina fluorescente es inducible en funcion de la
activacion o desactivacion del promotor, como en este caso Cx3crl .

En el presente trabajo se introdujo un sistema de recombinacion “Cre” en los ratones.
El sistema “Cre” induce expresion constitutiva, en este caso, de una proteina fluorescente
durante toda la vida de la célula. De esta forma se confirm6é que los ratones
(Cx3cr1F9 y Cx3er1™RFP) albergan una poblacién de células dendriticas en el centro
de la cérnea. Ademas el nimero total de células mieloides en la cérnea normal es
significativamente mayor en los ratones Cx3cr1® que en los ratones Cx3cr1™" (p<0.01).
Esto indica que la fluorescencia en el centro de la cérnea desaparece al inhibirse la
expresion de Cx3crl en esta zona. Cx3crl media la expresion de MHC clase II en la
cornea del raton . La expresion de Cx3crl estd inhibida en el centro de la cornea del
ratén adulto y por tanto la ausencia de expresion de MHC clase II *°. De la misma manera

la expresion de GFP inducible, no se observa en el centro pero las células estdn presentes

como se ha demostrado con el sistema “Cre”.
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Estos resultados indican ademas que la poblacion del centro de la cornea podria no
tener ni origen ni recambio de la médula 6sea y que su origen fuese difente. Durante el
desarrollo embrionario, los precursores del saco vitelino emigran al embrion en
formacion, incluyendo la piel primordial donde dan lugar a los precursores de las células
de Langerhans; al cerebro primitivo dando lugar a la microglia; y a los oOrganos
periféricos dando lugar a los macrofagos tisulares residentes °” . Sin embargo, y al
contrario que la microglia, que permanece con origen del saco vitelino durante toda la
vida, los precursores en el resto de tejidos adultos son reemplazados por monocitos del
higado embrionario durante la parte final de la embriogénesis y de la médula o6sea en el

adulto 7 %%,

De esta manera las células de Langerhans adultas derivan
predominantemente del higado embrionario y de la médula 6sea con una contribucion
muy baja del sado vitelino *°. En la cornea adulta, estd ampliamente aceptado que la
poblacién inmunitaria residente estd originada de la médula 6sea *’. Sin embargo, los
presentes resultados indican que el centro de la cérnea podria estar habitado por una
poblacion diferente con origen embrionario. Como se mostrd anteriormente, los ratones

FP
1G

heterocigdticos Cx3cr muestran menos células fluorescentes que los ratones

- /RFP/GFP
transgénicos Cx3cr] R4

. De esta manera se irradid letalmente un grupo de ratones
en los que posteriormente se trasplantd médula dsea de otro raton expresando un fenotipo
diferente. En primer lugar, se observd una poblacion de células residentes del raton
receptor, resistentes a la irradiacion. Por otro lado, el numero de células donantes que
repoblaron la cornea 3 meses después del trasplante, es significativamente menor que en
el raton original (p<0.01). Ademas, la presencia de células donantes de la médula 6sea en
el centro de la cornea, es muy baja.

Para analizar la tasa de recambio de las células inmunitarias residentes de la coérnea
normal “in vivo”, se utilizaron ratones CX3CRI1-YFP-CreER-RFP. Estos ratones
expresan YPF inducible bajo el promotor de Cx3crl, asi como el dimero formado por la

enzima recombinasa Cre y el receptor de estrogeno (ER) en el citoplasma de la célula. En

presencia de tamoxifeno, el dimero se disocia y la enzima Cre pasa al nucleo donde lleva
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a cabo su accion recombinasa induciendo la expresion constitutiva del gen reportero, en
este caso “tdTomato” (RFP), durante el resto de la vida de la célula. En condiciones
normales, estos ratones s6lo expresan YFP inducible bajo la expresion del promotor de
Cx3crl, pero la YFP desparece cuando la expresion de Cx3crl disminuye o se detiene
como en el centro de la cornea. En presencia de tamoxifeno, las mismas células expresan
RFP de forma constitutiva independientemente del estado del promotor de Cx3crl ',

Los ratones CX3CRI1-YFP-CreER-RFP de seis semanas, expresan YFP brillante en
toda la cornea pero no expresan RFP. Tras la inyeccion de dos dosis de tamoxifeno toda
la poblacion de células YFP coexpresa RFP. Seis meses mas tarde, la expresion de YFP
disminuyd drésticamente o desaparecidé mientras que la intensidad de RFP se mantuvo
estable. En el centro se observa un gran numero de células YFP- RFP+. No observo
ninguna célula YFP+RFP-. Esto indica que la poblacion mieloide de la cornea permanece
estable y sin recambio de la médula 6sea. Estos resultados indican que las células
inmunitarias residentes en la cdrnea adulta sana podrian tener un origen diferente de la
médula 6sea y probablemente su recambio sea por division en el tejido como sucede con
la microglia, las células de Kuffer o las células de Langerhans de la piel ** '**'°!, Esto
sugiere que una poblacion de células embrionarias, probablemente células de Langerhans
y macréfagos tisulares podrian estar localizados estratégicamente en la zona optica de la
cornea. Esta puede ser una poblacion atenuada o quiescente con un papel fundamental en
prevenir la inflamacion en el zona visual de la cornea ayudando a mantener el privilegio
inmune y por tanto la trasparencia. Esto se ve ratificado por la escasa expresion o
ausencia de MHC clase II en el centro de la cornea *° donde la expresién de Cx3crl
estd inhibida .

En conclusion, en el presente estudio se combind microscopia multifotonica
“intravital”, diferentes cepas de ratones que expresan fluorescencia bajo el promotor de
Cx3crl y un sistema digital de tratado de iméagenes para el estudio de la poblacion
inmunitaria de la cornea “in vivo”. Este modelo es ideal para el estudio de la funcioén de

la poblacion inmunitaria de la cornea tanto en condiciones normales como en patologicas
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Capitulo 5: Innovacion en sistemas de imagen “in vivo” 1: Microscopia
multifotonica “intravital” para visualizar los nervios corneales en un raton que
expresa fluorescencia en el gen de Thy-1.

“Chapter 5: Cutting Edge in vivo Imaging II: Multi-Photon intravital Microscopy to

Visualize Transgenic Neurofluorescence in a Thy1-YFP Mouse Cornea”

En el presente estudio se combind un sistema de microscopia multifotonica
“intravital”, ratones genéticamente modificados que emiten neurofluorescencia (Thyl-
YFP), y un sistema de analisis digital para el estudio “in vivo” y no invasivo de los
nervios de la cornea.

El estudio de los inervacion corneal ha sido un gran reto durante mas de un siglo '*.

7, 103-109
’ .L

Para ello se han utilizado diferentes técnicas en “explantes” de tejido fijado as

técnicas de microscopia convencional requieren mucho tiempo y tan so6lo muestran

porciones detalladas del tejido (sub-basal, estroma anterior, periferia corneal etc.) ''*'?!,

Recientemente se ha descrito la anatomia nerviosa en una cornea completa '> '**'>* sin
embargo se necesitdé de multiples sesiones manuales de microscopia y un tedioso andlisis
de post-produccion. También se ha intentado describir con sistemas IVCM pero la
resolucion alcanzada dista de lo deseable y s6lo se ha fotografiado el plexo basal '*> %,
Otros investigadores han usado un microscopio de fluorescencia de ancho variable
(“widefield stereo fluorescent microscopy”) para fotografiar “in vivo” los nervios de la
cornea >* '’ A pesar de mejorar los resultados anteriores la resolucion difiere mucho de
ser optima y ademds muchos detalles como por ejemplo las terminaciones nerviosas del

125, 126
7, Por

epitelio, no se muestran asi como falta de definicion en los haces profundos
tanto, a dia de hoy, este es el primer estudio en el que se muestra los nervios de la cornea
utilizando una técnica no invasiva en un modelo animal “in vivo” para generar una

imagen tridimensional de alta resolucion.
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La cornea es uno de los drganos mas inervados del cuerpo. Su inervacion es
fundamentalmente de dos tipos: sensitiva con origen en la rama oftalmica del nervio

128, 129
1 5 .

trigémino y con gran densidad sensorial en el epitelio cornea ; y autonoma, tanto

simpatica con origen en el ganglio cervical superior *° como parasimpatica con origen en

el ganglio ciliar "'

. Las fibras nerviosas penetran en el tercio anterior del estroma por
la periferia en una distribucion radial paralela a la superficie del epitelio. Una vez en el
estroma pierden el perineuro y la envoltura de mielina de las células de Schwann para

- 134, 135
mantener la transparencia corneal "

. En este punto se subdividen en numerosas
ramificaciones laterales que giran 90° desplazdndose anteriormente hacia la membrana
basal del epitelio a través de la capa de Bowman donde giran de nuevo 90° dirigiéndose
radialmente hacia el centro de la cornea y en posicion paralela a la superficie del epitelio

36
. De nuevo se

formando una estructura denominada plexo basal subepitelial " '
subdividen en terminaciones mas simples que giran otra vez 90° dirigiéndose hacia la
superficie del epitelio, a nivel de las células aladas, donde ejercen sus funciones
neurotréficas o sensoriales ' 19" %7,

De la misma manera en este trabajo se confirmd este patréon en un ratoén vivo. Los
haces nerviosos penetran por la periferia de la cornea para ramificarse en lecho estromal
formando el plexo sub-basal paralelo a la superficie de la cérnea. Los nervios estan
distribuidos de forma radial en su mayoria en el plexo sub-basal con el clasico patron de
horquilla, peine y espiral ademdas de observarse las terminaciones epiteliales con gran
nitidez. También fue posible localizar haces nerviosos en el tercio anterior del estroma.

Como novedad, se observo que al menos cuatro haces nerviosos penetran de forma
radial, el estroma profundo cerca del endotelio, desde la periferia hasta el centro. Estos
troncos nerviosos forman tres anillos concéntricos en el estroma (periférico, paracentral y
central). Estos anillos interconectan varios troncos estromales radiales entre si y envian
ramificaciones de horquilla desde abajo hacia el plexo basal. En la cornea humana, los
nervios penetran la capa de Bowman en la periferia de la cornea y también en el centro

. 107,138, - : . ’
desde el estroma anterior " ”; sin embargo en otros primates los nervios s6lo penetran
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la capa de Bowman en la periferia y es desconocido en otras especies . En el modelo
aqui mostrado, una parte de los nervios penetran en la zona sub-basal del epitelio en la
periferia, ademas de una segunda desde el estroma anterior. Sin embargo, lo novedoso es
la existencia de una tercera entrada desde el estroma profundo. Las ramificaciones
provenientes de esta zona se bifurcan en 180° a nivel del plexo basal. De esta manera la
estructura radial del plexo sub-basal se muestra ramificada por fibras en disposicién
centripeta pero también en direccion centrifuga. Estos resultados sugieren un mecanismo
de proteccion en caso de dafio del plexo basal. Esto se comprobd dafiando uno de los
nervios estromales profundos, observandose un proceso inflamatorio severo (perdida de
la transparencia, invasion de vasos, ulceracion del epitelio y placa fibrotica) en la zona
especifica que inervada por ese tronco estromal. Sin embargo el centro de la cornea se
mantuvo transparente. Estos resultados se confirmaron “ex vivo” usando “explantes”
corneales marcados con anti tubulina beta clase III.

Por otro lado, existe todavia cierta controversia acerca del patron de los nervios en el
centro de la coérnea humana. Miiller et al. han propuesto un patrén arquitecténico de
diferentes capas superiores e inferiores . Por otro lado Patel et al., han sugerido un patrén

1 ', Yu et al. han mostrado un patron en espiral en la cornea de ratéon mas

en espira
pronunciado en la parte central **. En este trabajo se ha observado que los dos modelos
son validos. Por un lado se observd un modelo arquitectonico de diferentes capas: una
profunda en el estroma profundo, otra en el estroma anterior y una tercera en el plexo
sub-basal y epitelio como se habia sugerido por Miiller et al. . Por otro lado se confirmé
el patron en espiral en el plexo sub-basal similar al observado por Patel and Yu. ** '**. El
plexo basal se observa muy bien definido en un patréon de peinado que arranca de
patrones en horquilla desde el estroma. Ademas desde el plexo basal se subdividen
terminaciones en forma de latigo hacia la superficie no detectadas “in vivo” en trabajos
previos *% 1?7,

Aunque no se cuantifico de forma objetiva la densidad de fibras nerviosas, se

observd, que si bien el numero de fibras es ligeramente inferior “in vivo” (Thyl-YFP)
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comparado con tinciones con anticuerpos anti tubulina beta clase III. Sin embargo, la
distribucion en el tejido es similar asi como sus diferentes componentes. Previamente Yu
et al. cuantificaron la expresion “in vivo” en corneas de ratones Thyl-YFP (43 p/mm?) y
en “explantes” marcados con anticuerpos anti tubulina beta clase III (94 p/mm?). De
esta manera vieron que la expresion in vivo de YFP era la mitad que la expresion de
tubulina beta clase III **. En el presente trabajo se utilizaron anticuerpos anti YFP
conjugados con Alexa-488 para amplificar la sefial de YFP “ex vivo” viéndose que las
diferencias eran minimas con respecto a la tincion con tubulina beta clase III. Por otro
lado el hecho de se haya utilizado un microscopio multifotonico, con mayor capacidad de
penetracion en el tejido asi como un proceso de fotoblanqueado minimo, explica las
diferencias fenotipicas respecto a los trabajos anteriores.

En este trabajo los haces estromales, el plexo basal y las terminaciones nerviosas del
epitelio, desde el punto de vista estructural, se observan por igual tanto “in vivo” como
“ex vivo”, por ello podemos concluir que la fluorescencia emitida por YFP  “in vivo”, es
significativa y representativa de los nervios corneales.

Previamente Yu et al. concluyeron en su trabajo que su modelo permitia la
observacion “in vivo” del proceso de regeneracion nerviosa en la cornea usando un
microscopio motorizado de campo ancho **. En el presente trabajo se ha dado un avance
significativo al usar un sistema de imagen que no produce dafio en la cornea sino que
ademas provee imagenes detalladas de gran resolucion. La funcion de los nervios en
patologias corneales como el ojo seco, el rechazo al trasplante, el queratocono, el dolor
cronico, las queratitis o las infecciones, podra ser estudiado de una manera mas detallada
con este modelo.

En conclusion, en este estudio se combind un sistema de microscopia multifotonica
“intravital”, ratones genéticamente modificados que emiten neuoro-fluorescencia (Thy1-
YFP) y un sistema de analisis digital para el estudio “in vivo” no invasivo de los nervios
de la cornea. Adicionalmente se muestran aspectos novedosos como los haces estromales

profundos, los haces concéntricos y la particular estructura de inervacion de estos troncos

136



SINTESIS GENERAL
Resultados y discusion

estromales. El dafio especifico de uno de estos troncos, produce pérdida localizada del
privilegio inmune en el area especifica que inerva. Este modelo es ideal para el estudio de

la funcidn de los nervios corneales tanto en condiciones normales como patoldgicas.

Capitulo 6: Implicacion de los nervios corneales en el rechazo al trasplante de
cornea.

“Chapter 6: The cornea has “the nerve” to encourage immune rejection”

En el trabajo publicado se muestra la interaccion de los nervios corneales con las
células inmunitarias de la cornea y su posible relacion con el rechazo al trasplante corneal
1% Ademas se incluye material adicional, que si bien no publicado todavia, condujo a los
resultados que forman parte de la publicacion. Es por ello que se presenta una discusion
mas extendida donde ademds de explicar los resultados se pone de manifiesto su
relevancia futura. De esta manera al final se muestra la cérnea como un 6rgano en el cual
dos “supersistemas” (nervioso e inmunitario) estdn fisicamente interconectados. Ademas
se cred un ratoén quimera en el cual se puede estudiar “in vivo™” la interaccion de los dos
“supersistemas”.

La cornea, el 6rgano mas inervado del cuerpo, contiene una poblacién residente
inmunitaria de células presentadoras de antigeno no inmunoreactivas a aloantigenos '*.
En contacto con el medio externo la cornea ha evolucionado como un érgano con
privilegio inmune para mantener la transparencia y sus propiedades biomecanicas,

28141 1 4 cornea ha desarrollado un mecanismo de cicatrizaciéon

refractivas y sensoriales
unico que le permite un proceso de auto reparacion después de una lesion. Generalmente,
este mecanismo ocurre con ausencia de reaccidon inflamatoria, en parte debido a la

: r s 9, 142-144
ausencia de vasos sanguineos y linfaticos ™

. La inflamacién es un componente

esencial para la proteccion de los tejidos y la erradicacion de las infecciones, sin embargo
r . . 86 7100 ~

en la cornea es un antagonista de la transparencia ~. Durante los ultimos afios se ha

estudiado el mecanismo por el cual la cornea se protege a si misma de la inflamacion asi
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r . s s 8, 39, 40, 88, 89, 91
como las causas por las que ésta pierde el privilegio inmune ™~ "> """

, sin embargo la
mayoria de los aspectos permanecen todavia desconocidos.

Tomio Tada definié un “supersistema” como una sistema vivo con un alto grado de
integracion como por ejemplo el sistema nervioso, el sistema inmunitario y el desarrollo
embrionario de los organismos superiores. Un “supersistema” se define por tres
caracteristicas fundamentales: 1) se genera a si mismo y a sus componentes de forma
estocastica a partir de un solo progenitor, seguido de un proceso de seleccion y
adaptacion; 2) posee individualidad y es capaz de decidir su comportamiento en respuesta
a un estimulo del medioambiente y 3) se genera y funciona sin un propésito dado *.

Cada vez existen mas evidencias que indican la existencia de un complejo de
regulacion cruzada entre los dos biosensores mas importantes del cuerpo humano: el
sistema inmune y el nervioso '*’. Las citoquinas controlan la temperatura corporal y
disparan procesos autoinmunes en el sistema nervioso central, mientras los neuropéptidos
liberados en los tejidos periféricos y 6rganos linfoides modulan las repuestas inmunitaria
tanto adaptativa como innata. Relevancia especial estd tomando este nuevo campo
inexplorado en las terapias para la prevencion y el tratamiento del rechazo a los
trasplantes especialmente en la piel. (Para informacion detallada ver revision actualizada
Larregina et al. '*).

La mayor evidencia de las interacciones celulares entre los dos sistemas viene de los
estudios de las vias respiratorias '*. La proximidad anatomica de los nervios y las células
inmunitarias, predice la existencia de su interaccion funcional en estado normal del
tejido, ademdas de marcar las bases de la comunicacion neuro-inmunitaria, en la alergia.
Las células inmunes responden a los neurotransmisores y a su vez los nervios responden
a los mediadores inmunitarios. Los mastocitos y eosindfilos se asocian con las fibras

147, 148

. ., . : 149
nerviosas . Los eosinofilos rodean y se infiltran entre los haces nerviosos . Las

células dendriticas del tracto respiratorio regulan la respuesta inmunitaria adaptativa ante

15

, . , . , . . 151
antigenos inhalados '*° y estan involucradas en la patogénesis de la alergia "'. Las

células dendriticas estan en contacto con fibras sensoriales positivas para CGRP en la
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mucosa de los conductos respiratorios y sus interconexiones aumentan en procesos

152

alérgicos . En las vias respiratorias, las células dendriticas activan los linfocitos T

. .« , 153 , . .« . .
mediante presentacion local de antigeno ~°. En estas vias, la asociacion de linfocitos T

¢ Por un lado los neuropéptidos

con fibras nerviosas estd ampliamente descrito
liberados por las neuronas modulan directamente la actividad de las células dendriticas y
linfocitos T. Por ejemplo CGRP (“Calcitonin gene related peptide”) y VIP (“vasoactive
intestinal peptide”) tienen efectos inmunosupresores, mientras SP (“substance P”’) tiene
efecto proinflamatorio. Las células dendriticas tienen receptores para CGRP **,VIP 'y
SP '**. CGRP y VIP actiian como quimioatrayentes para las células dendriticas inmaduras
hacia las terminaciones nerviosas donde son arrestadas hasta un posterior maduracion 7.
Ademas CGRP inhibe la respuesta proliferativa de los linfocitos T disminuyendo la
expresion de CD86 y HLA-DR en las células dendriticas ">*. Adicionalmente CGRP
inhibe la presentacion de antigeno por parte de las células de Langerhans '**. VIP induce
la generacion de células dendriticas tolerogénicas de la misma manera que lo hacen los
linfocitos T reguladores '*°. Al contrario, la SP media el reclutamiento y la supervivencia
de las células dendriticas ante un llegada secundara de un antigeno '’ potenciando asi la

161 Ppor otro lado, la interaccion bidireccional entre las células

inmunidad celular
inmunitarias y los nervios también se indica a través de las neurotrofinas. Las
neurotrofinas pro-inflamatorias producidas por los linfocitos, eosinofilos y macréfagos '
durante un proceso alérgico activan la sintesis y liberacion de neuropéptidos en las
neuronas aferentes vagales '®.

Recientemente se ha propuesto la cornea como un 6rgano muy atractivo para explorar
la interaccion del sistema nervioso y del sistema inmunitario y como esta interaccion
puede tener un papel fundamental en el rechazo al trasplante corneal. Muy actual,
Paunicka et al. ha descrito que cuando se danan los nervios corneales durante el
trasplante (inevitable durante el proceso), se inhibe el privilegio inmune incluso en el ojo

164
1

contralateral . La colocacion de un injerto de tejido corneal incrementa el riesgo de

rechazo a un alotrasplante secundario tanto en el mismo ojo como en el contralateral,
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incluso cuando la causa del trasplante secundario no est4 relacionada con la primera. El
incremento no especifico del rechazo es mediado por linfocitos T ya que subsecuentes
injertos singénicos sobreviven indefinidamente. Sin embargo la causa del incremento de
rechazo secundario o en el ojo contralateral se ha relacionado con la respuesta al dafio
nervioso producido durante el primer trasplante. De esta manera, estos autores
observaron resultados similares dafiando los nervios corneales 360 grados alrededor de la
cornea. Todos los injertos realizados fueron rechazaron inmunologicamente 60 dias
después del trasplante. Por otro lado, estos autores demostraron que la aplicacion de SP
producia el mimos efecto que danando los propios nervios, aumentando el rechazo. La SP
desestabiliza la supresion regulatoria de los linfocitos T reguladores asociada con el
incremento en el rechazo '**. Sin embargo los autores no tienen explicacion de como los
linfocitos T reguladores aumentan el rechazo inmunologico en respuesta a una liberacién
masiva de SP 60 dias antes.

En este trabajo proponemos un papel potencial de las células dendriticas residentes y
macrofagos. Ambos expresan receptores de SP, producen SP y responden a este
neuropéptido '®. Los macréfagos son células presentadoras de antigeno que migran a los
organos linfoides '®. Se ha descrito que los macréfagos residen en la proximidad de los
nervios en los periféricos '/, asi como en los nervios del estroma corneal periférico '

En el presente articulo "*” de apoyo al trabajo de Paunicka et al. °* mostramos que las
células dendriticas epiteliales estdn en contacto con los nervios corneales. Ademas, en el
trabajo suplementario se muestra la presencia de células dendriticas y macréfagos en
contacto con los nervios en toda la cornea asi como en el limbo. Por ejemplo, se muestra
como c¢lula dendritica individual contacta con hasta 10 axones diferentes en el plexo
sub-basal. De la misma manera lo hacen los macrdéfagos en el estroma tanto en el centro
como en la periferia. Los nervios del estroma se ramifican en la parte basal del epitelio
formando el plexo sub-basal. En cada ramificacion se observa la presencia de al menos
una célula mieloide. Por otro lado se ha observado la presencia de terminaciones

nerviosas entrelazadas con las prolongaciones intraepiteliales de las células dendriticas.
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De la misma manera se aprecia como una fibra nerviosa en su recorrido desde el centro
de la cornea, hasta su salida por el limbo, estd en contacto con diferentes células
dendriticas y macrofagos probablemente a modo de centinelas estaticos.

Previamente, en el capitulo 4, describimos la poblacion residente inmunitaria de la
cornea en un modelo “in vivo”. Por otro lado en el capitulo 5, también se visualiz6 de
forma “intravital” la anatomia de los nervios corneales en un modelo de raton Thy1-YFP.
En el presente trabajo se generdé un modelo animal en ratén, idoneo para el estudio no
invasivo “in vivo” de la interaccion entre los nervios y la poblacion inmunitaria de la
cornea.

Se tomaron ratones Thyl-YFP como receptores y se irradiaron de forma letal y
posteriormente se les trasplanto células derivadas de la médula 6sea de ratones donantes
Cx3crl ““RFP. De esta manera, fue posible visualizar “in vivo” en la quimera resultante,
tanto los nervios como las células inmunitarias donantes.

De esta manera se comprobo que la pérdida de las células inmunitarias de la cornea,
no implica pérdida del privilegio inmune. Por otro lado se comprobd que el proceso de
repoblacion en si tampoco hace que se pierda dicho privilegio. Pero lo mas importante
fue observar, como las células donantes, repueblan la cornea en contacto con los nervios,
residiendo de la misma manera que se observa en el estado basal, demostrando la
interaccion de los dos “supersistemas” de forma estocéstica en la cornea. En este caso el
sistema inmunitario, sin una predeterminacion establecida, interacciona con los nervios
corneales para reparar a la poblacion anterior con un origen embrionario diferente y asi
mantener el privilegio inmune y por tanto la trasparencia.

En conclusion y adicionalmente al articulo original titulado “The cornea has “the
nerve” to encourage immune rejection” %; en este trabajo se muestra que el sistema
nervioso periférico y el sistema inmune residente de la cornea estan conectados en
condiciones normales. Para el estudio de esta interconexion, se desarrolld un nuevo
modelo quimérico en raton que podra ser Util para el estudio “in vivo” de las patologias

corneales.
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Capitulo 7: Aplicaciones futuras del uso de la microscopia multifotonica no invasiva “in
Vivo.
“Chapter 7: Further applications of Multi-Photon Intravital Microscopy in ocular

research”

Como se ha mostrado en los capitulos anteriores, el sistema de microscopia
multifotonica “intravital” ha sido introducido con éxito para la investigacion en el ojo
del raton. Considerando la trasparencia de la cornea, en este capitulo adicional, se exploto
la maxima capacidad del sistema para hacer un seguimiento “in vivo” de la localizaciéon y

el comportamiento de:

1. Células mesenquimales del tejido adiposo inyectadas en diferentes partes de la
cornea. En este estudio se observo la evolucion de las células durante cuatro semanas.
(Colaboracion con Ladan Espandar, institucion actual “Pittsburg University”). En este
modelo se observo como las células se implantaban en la cdmara anterior y en el estroma
sin sufrir una respuesta infamatoria detectable. De la misma manera se observo las
células se comportaban como del tejido propias en el caso de una lesion. Las células
mesenquimales consiguieron migrar y diferenciarse en epitelio, células estromales y

endotelio.

2. Diferentes sistemas de liberacion de farmacos fueron inyectaron a través de la
vena epiescleral y su localizacion se observo “in vivo” y a tiempo real. De esta manera se
observd la presencia de los diferentes componentes en el canal de Schlemm y en la malla
trabecular sin necesidad de sacrificar el raton (Colaboracién con Molly Walsh, “Duke

Eye Center”)

142



SINTESIS GENERAL
Resultados y discusion

3. Inyeccion de adenovirus marcados en la cdmara anterior. Se observd como las
células endoteliales al ser infectadas por el virus emiten fluorescencia (GFP).

(Colaboracion con Li Quarong yDan Stramer, “Duke Eye Center”)

4. Deplecion de una poblacion especifica de células dendriticas CD11¢c-DTR con
toxina diftérica. De esta manera se observdé como después de la aplicacion topica de
toxina diftérica, la poblacion de células dendriticas CD11c-DTR desparecia de la cornea
siendo su tiempo de retorno entre 2-3 meses (Colaboracion con Sarah Dale y Virginia

Calder, “University College London™).

En conclusion, el sistema de microscopia multifotonica “intravital” permite multiples
aplicaciones “in vivo” que permitira mejorar y hacer mas efectivos nuevos experimentos,
en los cuales, un seguimiento del animal a tiempo real, mejorara significativamente los

resultados.
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CONCLUSIONES

Como conclusion general, esta tesis doctoral aborda el estudio de la fisiopatologia de
la cornea desde el punto de vista de la cicatrizacion, la inflamacion y el estado normal
tanto de la poblacioén residente de células inmunitarias como de el sistema nervioso
periférico que la inerva. Por otro lado, en esta tesis se muestra una evolucion tecnoldgica,
desde el capitulo 1 hasta el capitulo 7, tanto en los sistemas de imagen como en los
ratones utilizados. De esta manera se muestra la cornea como un 6rgano extremadamente
complejo, en el que varios sistemas interaccionan entre si para mantener sus propiedades
fundamentales. Entendiendo la cornea desde varios enfoques y con la posibilidad de
implementar nuevos sistemas de imagen “in vivo” se da un avance considerable en el

estudio de la patologias a tiempo real.

Teniendo en cuenta todos los resultados obtenidos en los diferentes estudios que
constituyen este trabajo de tesis, se puede afinar en las siguientes conclusiones

especificas:

1. La integrina a6B4 es imprescindible para la regeneracion de la membrana basal
del epitelio corneal después de una lesion y su ausencia puede causar patologias
como la queratopatia bullosa o las distrofias de la membrana basal del epitelio.

2. La THBSI juega un papel primordial durante el proceso de reparacion corneal.
Esto incluye migracion endotelial, contraccion estromal y sintesis de nueva
matriz extracelular.

3. Se pudo evaluar la reaccion inflamatoria de la superficie ocular en un modelo de
conjuntivitis alérgica en raton usando un sistema IVCM. El aumento en el
nimero de células inflamatorias estd relacionado espaciotemporalmente con el

aumento de la sintomatologia clinica observada con la lampara de hendidura asi
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como con los resultados obtenidos “ex vivo” con citometria de flujo y
microscopia confocal. Este incremento también afecta a la cornea.

Se ha podido combinar microscopia multifotonica “intravital”, diferentes cepas
de ratones que expresan fluorescencia bajo el promotor de Cx3crl y un sistema
digital de tratado de imagenes para el estudio de la poblaciéon inmunitaria de la
cornea de forma no invasiva e “in vivo”. Este modelo es ideal para el estudio de
la funcién de la poblacion inmunitaria de la cornea tanto en condiciones
normales como en patologicas

Se ha conseguido combinar un sistema de microscopia multifotonica
“Intravital”, ratones genéticamente modificados que emiten fluorescencia bajo
el control del gen Thyl y un sistema de analisis digital para el estudio “in vivo”
y no invasivo de los nervios de la cornea. Por otro lado se muestran aspectos
novedosos como los haces estromales profundos que inervan zonas especificas
de la cérnea y como el dafio focalizado de uno de estos troncos, produce pérdida
del privilegio inmune en el area especifica que inerva. Este modelo es ideal para
el estudio de la funcidon de los nervios corneales tanto en condiciones normales
como patolégicas.

Se ha podido constatar que el sistema nervioso periférico y las células
inmunitarias residentes en la cornea, estan conectados en condiciones normales.
Para el estudio de esta interconexion, se desarrolld un nuevo ratén quimera que
podré ser util para el estudio “in vivo” no invasivo de las patologias corneales.
Adicionalmente se presenta la cornea como un organo donde dos
“supersistemas”, nervioso e inmunitario, interactian de forma estocéstica y entre
si para mantener la funcién corneal. Por ser la cornea un érgano transparente
facil de examinar de forma “intravital”, puede servir como modelo para otros
organos internos o dificiles de examinar “in vivo”

Mediante la microscopia multifotonica no invasiva se ha podido hacer el

seguimiento “in vivo” a tiempo real de la regeneracion corneal con células
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mesenquimales del tejido adiposo. Ademas se constatd a tiempo real y de forma
“intravital” la localizacion de sistemas de liberacion de farmacos en la camara
anterior, malla trabecular y canal de Schlemm. Se pudo observar el proceso de
infeccion de células endoteliales por adenovirus. Por ultimo se constatdé “in
vivo” la deplecion de una subpoblacion especifica de células dendriticas CD11c+

mediante el uso de toxina diftérica.
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ABSTRACT

This doctoral thesis is presented, in part, as an evolution of the approaches
used to investigate the cornea. The progress in the development of
methodology can be chronologically evaluated in the successive chapters.
As a main achievement, herein we present a significant improvement in the
methodology compared with previous techniques currently in use.

In the first chapter, we showed that the deficiency in aVfB6 integrin impaired
corneal wound healing. By using null mice in B6-integrin (B6--/--), we
observed that both basement membrane and hemidesmosomes are not
recovered in B6--/--. These mice show subepitelial blisters such as those
observed in patients with bullous keratopathy.

In the Chapter 2 we used a mouse deficient in thrombospondin-1 (THSB1)
to study the process of corneal repair after a penetrating incision. THBS1 1is
crucial for both stromal repair and endothelial regeneration. The corneas of
mice lacking THBS1 show a complete failure in the process of healing and
tissue repair. THBS1 deficient mice developed chronic corneal edema. In
this work, for the first time, we used an in vivo confocal microscopy
(IVCM) to evaluate the healing process in a living mouse.

Using the IVCM system, we studied the inflammation of the ocular surface
in an allergic conjunctivitis mouse model (chapter 3). The cell infiltration
into the ocular surface was observed in vivo at real time. The novelty of this
study was to observe a corneal involvement (cellular infiltration) during the

inflammatory process long before it was detected with the slit lamp. In sum,
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our observation indicated that the number of infiltrated cells and their
spatiotemporal distribution in the cornea is related to the progression of
clinical symptoms of the allergic conjunctivitis.

Next, we incorporated a multiphoton intravital microscope (MP-IVM) and
genetically-engineered reporter expressing mice strains into studies of the
resident immune cells of cornea. With this technology we were able of non-
invasive examination of the cornea in a living mouse. With this
methodology, we stratified the myeloid-derived population in the mouse
cornea with high resolution and three-dimensional space (Chapter 4).
Additionally we generated chimeric mice by lethal irradiation of the host and
subsequent transplant with bone marrow-derived cells of another mouse
strain. This model allows for in vivo observation of the turnover of the
myeloid population of the cornea. Additionally we developed an
experimental in vivo model to evaluate the myeloid fate mapping of the
adult cornea. This model suggests that the myeloid population of the cornea
might have an embrionary origin rather than hematopoietic as has been
established before.

Furthermore, we also visualized the corneal nerves in a living mouse
(Chapter 5). In this model we comprehensively mapped the corneal nerves
with high-resolution and three-dimensional space. Remarkably, we observed
the presence of radial distributed nerve bundles in the deep part of the
stroma. These nerve fibbers supply innervation from bellow to the subbasal
plexus ramifying in both directions toward the center and periphery.

The interface of both immune and peripheral nervous system (PNS) is
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shown in the chapter 6. This interaction is suggested to be critical for corneal
transplant immune rejection. In this chapter, we proposed the cornea as a
much more complex organ than it has been described before. The stochastic
interaction of both “supersystems” (PNS and immune system) seems to be
critical for maintaining corneal homeostasis. A chimeric mouse model was
generated by lethally irradiation of a host mouse expressing
neurofluorescence. This mouse was engrafted with fluorescent myeloid-
derived bone marrow cells. Three months later, we intravitally observed
both “supersystems” are physically interconnected, which demonstrates the
proposed neuroimmune interface.

Finally, we show the possible future applications of MP-IVM. First, we in
vivo evaluated the behavior of murine adipocyte-derived stem cells
(mADSCs) engrafted in different parts of the cornea. Second, we monitored
the efficiency of drug delivery in the anterior chamber, trabecular meshwork
and Schlemm’s canal. Also we evaluated the in vivo efficiency of the viral
infection in the endothelial cells by adenovirus. Finally, we evaluated the
turnover of a specific CDllc dendritic cells population after earlier

depletion with diphtheria toxin.
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ORGANIZATION OF THE DOCTORAL THESIS REPORT

This Doctoral Thesis report, which is equivalent to a PhD thesis, is presented as a
“compendium of publications” and applies for the International-awarded Doctoral Thesis
title. This memory has been organized following the University of Valladolid guidelines
for an International Degree. The joint requirements are as follows: (1) a short general
summary in both Spanish and English, in which (2) the thematic unit of the work is
justified, (3) the objectives, methodology, results, discussion, and conclusions are
presented. Three articles published in scientific journals with an impact factor are
included (4) (chapters 1, 2 and 6). Furthermore, two additional articles under revision
(chapter 3 and 5) and one in preparation (chapter 4) have been also included. The
presented report met all above requirements. Furthermore, it contains supplementary
material strengthening thus the chapter 6. Besides, the part proposing the future
applications of developed methodology has been included as chapter 7.

Following the summary, the report is organized in eight chapters: state of the art
(chapter 0), the six chapters corresponding to the articles (published, submitted awaiting
decision or in preparation) that reflect different blocks of experiments and the chapter 7
describing the future applications of methodology and technics developed during the
experimental work. The chapters are not chronologically organized; however, they are

structured to facilitate the understanding of the work.
The thesis is organized in the following chapters:

Chapter 0: This chapter is fully presented in both Spanish and English languages;
therefore, the thesis introduction is included in this part. The state of the art of the cornea

as an organ as well as some pathologies are summarized. Additionally, an update on the

current methodology use in the cornea research is described. This section gives
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introduction into the methodology presented in the forthcoming chapters. In this block we
hypothesize about the relevance of using genetically engineered mice and imaging
systems for understanding the pathophysiology of the cornea. This chapter is not a
subject to be published.

Chapter 1: aVp6 integrin promotes corneal wound healing.

Within the current chapter, we demonstrated that aVB6 is upregulated in the
epithelium during the corneal wound healing process when the basement membrane
(BMZ) is damaged in wild type mice. The up-regulation of aVB6 promotes epithelial
migration in wounds where the BMZ was removed, and leads to up-regulation of laminin.
In addition, hemidesmosome restoration is compromised after keratectomy wounds and
this correlates with the absence of laminin in the BMZ in mice lacking aVB6. This

experimental work is published in Investigative and Ophthalmology and Visual Science I

Chapter 2: Role of Thrombospondin-1 in Repair of Penetrating Corneal Wounds.

In this section, we showed that Thrombospondin-1 (THBS-1) is expressed by
epithelium and endothelium in the cornea. THBS-1 is critical for endothelial healing and
stromal contraction when integrity of the cornea is compromised by a penetrating
incision. In the current experimental block, we included an in vivo confocal microscope
(IVCM) (HRT3-RCM) to intravitally evaluate the corneal wound healing process in a

living mouse. This experimental work is published in Investigative and Ophthalmology

: . 2
and Visual Science “.

Chapter 3: Intravital Confocal Microscopy Reveals Corneal Involvement in an
Allergic Eye Disease Mouse Model: an in vivo Study

In this study we successfully evaluated the inflammatory immune reaction in a mouse
model of allergic eye disease using an IVCM. The rise in the number of inflammatory
cells observed with the IVCM, correlated with the increase of AED clinical score, and the

increase of inflammatory cell numbers assessed by flow cytometry and LSCM (laser
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scanning confocal microscope) analysis. Remarkably, a significant inflammatory immune
reaction was intravitally detected in the transparent cornea. This experimental block is

described in a manuscript submitted to Investigative and Ophthalmology and Visual

Science (in revision) and was presented, in part, in ARVO 2012 and 2014.

Chapter 4: Cutting Edge in vivo Imaging I: Multi-Photon intravital Microscopy to
Visualize the Resident Myeloid-Derived Population in the Mouse Cornea

In this section we combined genetically-engineered (Cx3crl) reporter expressing
mouse strains, multiphoton intravital microscopy (MP-IVM) and imaging analysis
software to obtain an outstanding in vivo imaging model. In this model, the myeloid-
derived population of the cornea was intravitally visualized in a living mouse.
Additionally, the turnover of the myeloid population of the cornea was in vivo assessed
after lethal irradiation and transplantation with bone marrow derived-cells. Myeloid fate
mapping was also measured in vivo by using a CX3CR1-YFP-CreER-RFP mouse model.
In general, this model is suitable for studying the function of the myeloid population of
the cornea in both normal and pathological conditions in a living mouse. This chapter is
presented with extended introduction and bulk description of the methodology, results
and discussion as well. These results are part of the submitted manuscript:
“Mononuclear phagocytes in vivo form vast networks of membrane nanotubes that
contact and track along peripheral nerves”) (Nature Medicine). The mentioned
manuscript is not included in this thesis since the cornea is not the main subject; however,
the presenting of the developed in vivo imaging model is significantly strengthening this
thesis dissertation (This part is in preparation for an independent article subjected to be
submitted for publication; Also it has been presented as an oral presentation in ARVO

2013 and 2014).

Chapter S: Cutting Edge in vivo Imaging I1: Multi-Photon intravital Microscopy to

Visualize Transgenic Neurofluorescence in a Thyl-YFP Mouse Cornea.
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In this study we combined a genetically-engineered reporter expressing mouse (Thy!1-
YFP), MP-IVM and imaging analysis to obtain an outstanding imaging model to study
the corneal nerves. Using this model we performed the high resolution intravitally
mapping of the architecture of the corneal nerves in a living mouse. This model has
potential applications in the implication of the corneal nerves in pathologies such dry eye,
keratoconus, corneal transplantation, chronic pain, refractive surgery complications,
dystrophies, allergy, keratitis etc. This experimental block is described in a manuscript

submitted to Investigative and Ophthalmology and Visual Science (in revision awaiting

for decision) (Presented as an oral presentation in ARVO 2013 and 2014).

Chapter 6: “The cornea has “the nerve” to encourage immune rejection”

This chapter contains an article as an editorial contribution to a previous work entitled
“Severing Corneal Nerves in One Eye Induces Sympathetic Loss of Immune Privilege and
Promotes Rejection of Future Corneal Allografts Placed in Either Eye” Paunicka et al., °.
In this article we point out the relevance of the interface of both peripheral nervous
system (PNS) and immune system, to maintain corneal immune privilege. This block

presents the study published in American Journal of Transplantion *. Additionally, the

supplementary materials, that were not included in the publication but are essential for
understanding the whole block, have been added. In the supplemental results, we show
that the interface of both systems is extended to the entire cornea. Moreover, we present
the development of a new chimeric Thyl-YFP mouse, which was irradiated and
engrafted with bone marrow derived-cells from a CX3CR1““®" donor mouse. In this
chimera we were able to intravitally evaluate the interconnection of both corneal nerves
and myeloid-derived cells in vivo. Finally we present the cornea as a multifaceted organ
where two “supersystems” (PNS and immune system) interact with each other to keep the

immune privilege and preserve transparency.
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Chapter 7: Further Applications of Multiphoton Intravital Microscopy in Ocular
Research

In this chapter we show some potential applications of MP-IVM. First, we engrafted
murine adipocyte-derived stem cells (mADSCs) in different parts of the cornea. The
behavior of the cells in vivo was observed with the MP-IVM system up to 4 weeks.
Second, we injected drug delivery carriers such as nanoparticles, liposomes and collagen
binding proteins. These carriers were detected in the anterior chamber, trabecular
meshwork and Schlemm’s canal of a living mouse using MP-IVM. We have also injected
the adenovirus, which induces expression of the GFP in the endothelial cells. Finally, we
evaluated the turnover of a specific CDI11c dendritic cell population, after earlier
depletion with diphtheria toxin. The brief of applied methodology and the summary of
the obtained results are shown. This chapter is not subject of publication as such;
however, the results, observation and developed methodology are relevant for the further

publications. Introduction and discussion sections are not included though.
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THE USE OF GENETICALLY ENGINEERED MICE AND IMAGING SYSTEMS

FOR UNDERSTANDING THE PATHOPHYSIOLOGY OF THE CORNEA
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MOTIVATION

The cornea is the transparent part of the visual system, which refracts the light and
protects the inner parts of the eye. The major and unique features of cornea are:
transparency, avascularity and immune privilege. Additionally, cornea exhibits relatively
high elasticity and resistance to mechanical damages’. In the external part, in contact with
the tear film, the cornea has a stratified squamous non-keratinized epithelium. The
epithelium acts as protective barrier from the external environment. In the external part,
the cornea presents a hydrophobic smooth surface, which protects from pathogens and
offers a flat front to the light. The epithelium rests in basement membrane * .
Underneath, the Bowman’s layer is located, which is composed of very well organized
collagen. This membrane is not present in all species *. The stroma of the cornea is
composed of collagen and keratocytes and consists up to 90% of the corneal thickness.
The stroma provides the main refractive power to the cornea °. In the posterior part of the
cornea, the Descemet’ membrane is located, which serves as basement membrane for the
endothelium °. The endothelium is constituted of a monolayer of endothelial cells in
contact with the anterior chamber. The endothelium maintains the transparency and is
controlling the hydration of the cornea '°.

The cornea is densely innervated with fibres from the ophthalmic branch of the
trigeminal ganglion ''. The cornea is also endowed with a resident population of myeloid-
derived cells that play a main role in the immune response; however, their function is not
yet well described '. In this context, the cornea is a high-specialized organ composed of
different tissues to kept homeostasis, protect the integrity of the visual system and
maintain the transparency.

The cornea is constantly exposed to injuries and infections. The visual system has
developed a unique defense mechanism based on quick external response (blinking,
tearing, conjunctival enzymatic secretions) . However, it is necessary to consider the

evolutionary aspect to recognize the importance of the wound-healing response in the
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cornea. Adequate vision is essential for the survival, resulting in selective pressure to
develop the ability to recover from a variety of corneal injuries. Infectious agents such as
viruses have posed a threat because of the potential expansion into an eye and through the
eye to the brain. The wound healing response to these injuries would likely have evolved
to restore the protective epithelial surface, maintain the integrity of the cornea, and
restore the corneal clarity '*. Systems designed to rapidly restore the integrity and clarity
of the cornea, impeding the spread of pathogens until the immune responses eradicate the
intruders, probably have provided selective advantages to organisms, dependent on sight
for survival °. The cornea is also target for many pathogens that cause keratitis or corneal
inflammation. Some keratitis caused by Acantamoeba affect contact lenses users.
Bacterial keratitis caused by Staphylococcus aureus or Pseudomonas aeruginosa, fungal
caused by Fusarium or viral origin as Herpes simplex or Herpes zoster cause strong
inflammatory response in the cornea > '°.

The ocular surface often is exposed to pathogens, cosmetics and environment agents
(e.g. pollen, dust mites, dander, smoke or pollution) that cause inflammation of the
conjunctiva. Conjunctivitis diagnosis varies depending on etiology (viral, bacterial,
chemical); however, allergic conjunctivitis (AC) is the most common ophthalmologic
incidence in developed countries '’. AC represents a spectrum of disorders that affect the
lid, conjunctiva, and in more severe forms, the cornea ¥ Mild forms of AC include
seasonal allergic conjunctivitis (SAC) and perennial allergic conjunctivitis (PAC) that are
induced by environmental agents such as grass, pollens, or cat dander '**'. Together SAC
and PAC comprise 95% of AC cases . More severe forms include atopic
keratoconjunctivitis (AKC) and vernal keratoconjunctivitis (VKC) ****. SAC and PAC
remain self-limited and present no corneal damage. By contrast, AKC and VKC progress
with corneal involvement, producing discomfort, pain and may lead to impaired vision
and corneal transplantation ** %,

Because of the refractive surgery and the massive use of contact lenses, the research

in corneal pathologies has been increased during the last couple of decades. The
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refractive surgery has increased the incidence of side effects such as loss of visual acuity,
halos, glare, reflections, foreign body sensation, lack of lubrication and dry eye. More
aggressive complications such as melting, fibrosis after surgery very often required
corneal transplantation to restore the vision of the patient. Additionally some of these
complications might appear after cataract surgery *>*°.

The cornea is the most frequently transplanted tissue in humans with a success rate
that exceeds all other forms of solid organ transplantation since the first successful
transplant had been performed in 1905 *’. Since the National Transplant Organization
(ONT, Organizacion Nacional de Transplantes) has been established in 1989, in Spain,
60,000 transplants were successfully performed. Although less than 10% of them
undergo rejection, the total number of successful transplants is still high. Rejection is
increased significantly in hosts receiving second corneal transplants ** due to the loss of
ocular immune privilege during the first transplant. Additionally patients, who are
considered to be under the high risk of rejection, are excluded for transplantation ».
Moreover, corneal transplantation is an option only available in developed countries and
not accessible in many developing and undeveloped countries.

Nowadays, there is not an effective remedy that revokes chronic corneal
inflammation *°.Available treatments, such as artificial tears, aid the symptoms of the
disease; however, they can only be use as a palliative. Immunosuppressive treatments are
used only in highly symptomatic cases but they have adverse side effects associated with
its continued use >

During the last decade, the search of therapeutic alternatives such as biopolymers and

. . . . .. . 32.33
nanoparticles as drug delivering systems is a promising option

. Recent therapeutic
options are both intrastromal rings and segments (ICRS) and collagen crosslinking (CXL)
that effectively stop the progression of keratoconus ***; however, graft transplantation is
still the only solution for many of the cases **°.

The regenerative medicine has been recently established as an alternative in

pathologies like neurothropfic ulcerations, limbal stem cell deficiency and other
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alterations that provoke loss of the corneal epithelium. New biologic-based drugs such as
nerve growth factor (NGF) or plasma rich in growth factors (PRGF) have good outcomes
in patients >"*; however, these drugs are expensive and only show palliative properties
and do not revoke the primary pathology.

For all the reasons aforementioned, it is mandatory to give priority to the corneal
research. For more than a century, it was believed that the cornea was devoid of APCs **;
however, during the last few years it has been established that the cornea is endowed with

12, 40-48

a resident myeloid cell population . Two different phenotypic populations of APCs

such as DCs and macrophages populate the cornea ***°

. DCs reside in the basal layer of
the epithelium. DCs extend dendrites to interdigitate between epithelial cells from the
basal toward the ocular surface. Classical CD11c” DCs are typically located in the
periphery of the cornea and they are decreasing in number towards the center °'™*,
Although majority of CDI1c” DCs are present in the basal layer of the epithelium,
merely a small population resides in the very peripheral regions of the stroma, some of
them as immature precursors *. The majority of the CD11¢" DCs also co-express MHC
class II, highest in the periphery and lesser toward the center. An additional
subpopulation of CD11¢-DCs that expresses langerin CD207, or Lagerhans cells (LCs),
is also located in the basal epithelium **. DCs are potent APCs capable to initiate adaptive
immune response; however, this property is still controversial in the normal cornea.
Macrophages reside in the stroma divided in two distinct subpopulations ***’. The
anterior stroma is populated by CD11b" CD11¢” MHC class II'" macrophages distributed
relatively uniform from the periphery to the center of the stroma. These are considered
putative macrophages that can serve as APCs backup for epithelial DCs in an adaptive
immune response *’. The posterior stroma is endowed of CD11b" MHC class II classical
macrophages quietly uniform distributed from the periphery to the center. These
macrophages initiate the innate immune response in the murine cornea *’. Additionally

CDl11c-expressing cells as well as a different population of monocyte-derived cells also

reside in the corneal stroma *****. A similar APC stratification in the human cornea has
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also been described '>. CD45" CD11c¢" DCs, the majority expressing HLA-DR, reside in
the basal layer of the epithelium extending cellular processes toward the ocular surface.
Mostly of these DCs populate the periphery of the cornea and their number is decreasing
centripetally toward the center. Langerin positive cells (CD207"), likely LCs, are
fundamentally located in the periphery of the cornea. In the stoma CD45" CD68"
macrophages reside in the anterior part of the stroma distributed relatively uniformly
from the periphery to the center '>. While CD45" HLA-DR" population is higher in the
center of the stoma, compared to paracentral and periphery, no CD207" LCs are observed
in the center and only a few of them in the periphery '>. The presence of lymphatic
vessels in the peripheral cornea has been another recent finding >°. Lymphatic vessels
play a crucial role in the corneal inflammatory processes but its complete function has not
been yet described *°.

The human cornea is the most innervated structure in the body. This organ is densely
supplied with both sensory and autonomic nerve fibres >’. Sensory nerves are derived

58-62 . :
and have a diversity of sensory

from the ophthalmic division of the trigeminal nerve
and efferent functions ®. The autonomic nerves consist of sympathetic fibres that are
derived from the superior cervical ganglion and parasympathetic fibres that originate
from the ciliary ganglion *.

The proper innervation is critical for keeping the wellness and transparency of the
cornea. The mechanisms by which corneal nerve fibres maintain a healthy cornea and
promote wound healing after injuries is currently under active research. Neurons give
trophic support to corneal epithelial cells by releasing soluble substances through.
Trigeminal ganglion neurons release neurotransmitters and neuropeptides that contribute
to trophism and regulatory processes such as homeostasis. Molecules released by nerves
participate actively in corneal wound healing process after injuries

Many factors such as blinking, desiccation of the ocular surface, cooling or air
currents induce release of neurochemicals by corneal nerves that in consequence aid to

69-71

heal small damages in the ocular surface . Conversely, patients who suffer from
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diminished corneal innervation, caused by diabetes, herpetic keratitis, contact lens
wearing and aging, show impaired wound healing >’®. Corneal nerves can be also
damaged after cataract and retinal surgery or laser procedures (e.g. pan-retinal

77-79

photocoagulation, cycloablation) . During the last two decades, it has been shown that

refractive surgery produces strong damage of corneal nerves and transient mild to severe

80-82

epithelial alterations However, nowadays, dry eye is the most common

neuropathological dysfunctional syndrome 7> * %

. Despite mostly of the corneal
pathologies present a neurological component, the physiological basis remains
completely unknown.

Therefore, to understand the etiology of the corneal diseases is essential for
developing new surgical procedures and pharmacological strategies * *. The search of
new animal models that mimic the normal and pathologic conditions of the human cornea
is vital *. Many models have been used before for the study of the cornea such as rabbit

89

. . 90 .
87 chicken ®*, rat ® or primates ~; however, the mouse is the most accepted model

currently. Mice show similar process of wound healing as humans °', parallel

. . . - 43, 47
reinnervation process -, and display comparable inflammatory response.” *’. F

or
example, it has recently been observed that loss of the immune privilege in mice (what
causes graft immune rejection and dry eye), is caused by the proliferation of lymphatic
vessels in the stromal bed. This finding was later confirmed in patients >.Similarly, the
primary discovery of immune cell population in cornea of mice, helped to describe the

2 The implication of the corneal immune cells in

homologous population in human
different pathologies such as dry eye, infections and graft rejection, has also been primary
elucidated in mice and helped to understand the impact of those cells on pathologies
developed in humans.

Nowadays, live imaging facilitates the understanding of both tissue and cell behaviors
as well as to dissect the molecular mechanisms that drive the biological processes.

Genetically engineered reporter expressing mouse strains are an important tool in live

imaging experiments. Such reporter strains can be engineered by placing cis-regulatory
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elements of interest to direct the expression of desired reporter genes. If these cis-
regulatory elements are downstream targets, and thus activated as a consequence of
signaling pathway activation, such reporters can provide read-outs of the signaling status
of a cell **. Transgenic mice, expressing either CD11c or langerin, have been recently
used to describe the lineage of myeloid population in the mouse cornea **. The recent
arrival of new strains of Cx3crl-GFP mice expressing EGFP in monocytes, dendritic
cells, NK cells and brain microglia, under control of the endogenous Cx3crl locus
(myeloid progenitor derived marker) has made useful studies of leukocyte function in
migration, trafficking and transplantation *.

The development of mice in which a green fluorescent protein (EGFP)-encoding gene
is inserted in one or both copies of the Cx3crl locus has permitted to investigate the fate

%% In the ocular surface, Cx3cr1-GFP transgenic mice have been

of leukocytes in vivo
used to confirm the presence of myeloid derived cells as a resident population of the
normal murine cornea. Also, it has been demonstrated that Cx3crl expression plays a role
in DC and macrophage recruitment in the normal corneal epithelium and stroma *°.

Intravital widefield epifluorescence videomicroscopy has been performed in corneas
of anesthetized mice to probe that corneal DCs behavior bear similarities to that of skin
DCs *. It has been shown that irritation of the cornea results in a centripetal migration of
DCs from periphery and limbus *’.

The multiphoton intravital microscope (MP-IVM) has been recently introduced to
study the eye. The composition of the different corneal layers of five different species
(human, piscine, porcini, bovine and murine) has been described *°. Additionally, the
immune cell dynamic in corneal lymphatic vessels has been imaged ** as well as the
anterior chamber of the mouse eye '

Considering its transparency we hypothesized to intravitally study the cornea, with
the slip lamp, IVMC and MP-IVM in a living mouse. Our experience justify the use of
genetically engineered mice expressing fluorescence to study in sifu the corneal

pathologies in a different way as it has been shown before *°.
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At the end of this work we will show a new interpretation of the cornea as an organ.
In addition to the well-described presentation of the cornea as composition of the
connective and epithelial tissues, we will point out how two “supersystems” (PNS and
immune system) '°' stochastically interact to keep immune privilege and to maintain the

transparency of this organ.
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HYPOTHESIS

1. It is possible to evaluate the evolution of the corneal wound healing process and

the clinical symptoms of corneal pathologies using genetically modified mice

2. It is possible to introduce both genetically-engineered fluorescent reporter mice

and in vivo imaging systems for intravital visualization of cornea

3. It is possible to redefine the cornea as an organ where two ‘“supersystems”
(nervous and immune systems) stochastically interact to maintain the homeostasis

(immune privilege and transparency)
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OBJETIVES

General objective:

To use genetically engineered mice strains and to implement new imaging systems

such as in vivo confocal microscope (IVCM) and multiphoton intravital microscope (MP-

IVM) system to study the corneal pathophysiology

Specific objectives:

1.

To evaluate the role of a V6 integrin in the wound healing process after an injury

in null mice for 6 integrin (36™) (Chapter 1)

To study the function of trombospondin-1 (THBS1) in the wound repair process

after full penetration injury in the mouse cornea (Chapter 2)

To evaluate the inflammatory process in the ocular surface in an allergic

conjunctivitis mouse model using an IVCM system (Chapter 3)
To visualize, map and stratify the corneal resident population of myeloid cells
using a MV-IVM system and a model mice expressing fluorescence under the

promoter of Cx3crl (Chapter 4)

To redefine the corneal nerve anatomy using a MP-IVM system, in mice

expressing neuro-fluorescence (Chapter 5)
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6. To describe the physical interaction between the peripheral nervous system and

the immune population of the cornea (Chapter 6)

7. To search for new applications of MP-IVM such as: in vivo following up of the
behavior of mesenchymal adipocyte-derived stem cells engrafted in the cornea;
real time visualization of drug delivery systems; studies on cytotoxicity of

diphtheria toxin (Chapter 7)
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BRIEF METHODS

Real Time Systems
In vivo

Multiphoton microscope
In Vivo Confocal microscope

Slip lamp

——> 129S52/SvPasy aVp6-/-

Corneal Debridement and

Keratectomy
Corneal laceration ~— 12952/SvPas y THBSL./-
Ocular allergy induction —> C57B6)
C578B6J,

in vivo mappin CX3CR1S™

L. ppIng __—» CX3CR1-CRE-R26'"
Irradiation and Bone Marrow CX3CR1-CRE-R26RFP
transplantation Thy1YF®
Fate Mapping > CX3CR1YFP-CreER-R26R
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BRIEF RESULTS

The overall result of this thesis is the combinational application of genetically

engineered mouse strains, MP-IVM and imaging analysis software to significantly

improve the understanding of the cornea

The most specific results are summarized as follows:

1.

The lack of a6p4 integrin after an injury causes pathology in the mouse cornea

that might reproduce bullous keratopathy or BMZ dystrophies win humans.

The deficiency in THBS1 provokes failure in the corneal wound repair process.
This includes endothelial migration and healing, stromal contraction and ECM

synthesis.

The cell infiltration into the ocular surface was intravitally evaluated by using an

IVCM in a mouse model of ocular allergy.

The resident myeloid-derived population of the cornea was in vivo visualized and

its ontogeny described

. The anatomy of the corneal nerves was in vivo visualized and the anatomy

redefined

Corneal nerves and immune myeloid-cells interface in the cornea

The behavior or mADSCs engrafted in the cornea, the presence of drug
delivering systems in the meshwork and Schlemm’s canal, the infection of

endothelial cells with adenovirus and the depletion of CD11c-DCs were in vivo

visualized with the MP-IVM
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CONCLUSIONS

The overall conclusion of this thesis is: a new strategies to study the pathophysiology
of the cornea, in aspects of wound healing, inflammation, resident immune population
and peripheral nervous system, were developed. Additionally, the evolvement and
innovation in the methodology (described: chapter 1 to chapter 7), confirm that new
systems can be implemented. This methodology allowed to show the cornea as much
more complex organ than it has been described before, in which different systems and
“supersystems” (nervous and immune systems) interact between each other to maintain
the specific properties of the cornea. Thereby, the research on the cornea undergoes a
significant improvement.

Based on all the results obtained in our study and presented in this doctoral thesis, the

specific conclusions are following:

1. a6p4 integrin is critical to regenerate de epithelial BMZ after an injury. The lack
of this integrin causes pathologies such as bullous keratopathy or BMZ
dystrophies.

2. THBSI plays a main role during the corneal wound repair. It induces endothelial
migration and healing, stromal contraction and ECM synthesis.

3. The inflammatory response of the ocular surface was evaluated using an IVCM
in a mouse model of ocular allergy.

4. The use of genetically engineered reporter expressing mouse strains, MP-IVM
and imaging analysis software allowed obtaining an outstanding in vivo imaging
model. This model is suitable for studying the function of the corenal myeloid
population such as cell ontogeny in a living mouse.

5. The combination of genetically engineered reporter expressing mouse (Thyl-

YFP), MP-IVM and image analysis allowed to obtain an outstanding imaging
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model to study the corneal nerves in a living mouse. This model is suitable for
understanding both anatomy and function of the corneal nerves

It was possible to show that both peripheral nervous system and resident immune
population maintain a neuroimmune interface in the healthy cornea.

It was possible to search for new applications for the use of the MP-IVM. This
imaging system was used for: (1) following up the behavior of murine adipocyte-
derived stem cells engrafted in the cornea, (2) real time visualization of drug
delivering systems in the anterior chamber, trabecular meshwork and Schlemm’s
canal, (3) intravital detection of GFP-reporter expression by endothelial cells
after adenovirus infection, (4) in vivo following up the depletion of a specific

population of CD11¢c-DC after topical instillation of diphtheria toxin.
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CHAPTER 0O
State of the art

The Cornea

The cornea is the external organ of the visual system with two main functions: refract
the light and protect the eye. The specific features of the cornea are: transparency,
avascularity and immune privilege. The cornea is also characterized by its elasticity and

resistance to mechanical damage.

s

Sclera

Figure 1. Structure of the ocular system Figure 2. The cornea: protective
Modified: web.standord.edu barrier and primary refractive system
of the -eye. Modified from:
“DesignPics” Don Hammond

In the external part, the cornea has a stratified squamous non-keratinized epithelium
in contact with the tear film, which acts as protective barrier form the external
environment. The outside epithelial cell layer has a hydrophobic smooth surface to offer a
flat front to the light and prevent from pathogens. The epithelium rests in basement
membrane > *. Underneath, the Bowman’s layer is located, composed of very well
organized collagen. This membrane is not present in all the species °. The stroma of the
cornea is composed of collagen and keratocytes and consists up to 90% of the corneal
thickness. The stroma provides the main refractive power to the cornea °. In the posterior

part of the cornea, the Descemet’ membrane is located, which is considered as the
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basement membrane for the endothelium® The endothelium is composed with a
monolayer of endothelial cells in contact with the anterior chamber. The endothelium
maintains the transparency controlling the hydration of the cornea .

Furthermore, the cornea is densely innervated with fibres from the ophthalmic branch
of the trigeminal ganglion ®.The cornea is also endowed with a resident population of
myeloid-derived cells that play a main role in the immune response; however, the
function of these cells is not yet well understood °. Therefore, the cornea is a high-
specialized organ composed of different tissues in order to protect the integrity of the

visual system and maintain its transparency.
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Corneal pathologies

The cornea is constantly exposed to injuries and infections. The visual system has
developed a unique defense mechanism based in quick external response (blinking,
tearing, conjunctival enzymatic secretions) '°It is necessary to consider the evolutionary
aspect to recognize the importance of the wound-healing response in the cornea, though.
Adequate vision is essential for the survival resulting in selective pressure to develop the
ability to recover from a variety of corneal injuries. Infectious agents such as viruses have
posed a threat because of the potential expansion into an eye and through the eye to the
brain. The wound healing response to these injuries would likely have evolved to restore
the protective epithelial surface, maintain the integrity of the cornea, and restore the
corneal clarity ''. Systems designed to rapidly restore the integrity and clarity of the
cornea, impeding the spread of pathogens until the immune response eradicate the
intruders, probably have provided selective advantages to organisms, dependent on sight
for survival ',

The cornea is also target for many pathogens that cause keratitis or inflammation of
the cornea. Some types of keratitis caused by Acantamoeba affect contact lens users.
Bacterial keratitis caused by Staphylococcus aureus o Pseudomonas aeruginosa, fungal
caused by Fusarium or viral origin as Herpes simplex o Herpes zoster cause strong
inflammatory response in the cornea'> "°.

The ocular surface often is exposed to pathogens, cosmetics and environment agents
(e.g. pollen, dust mites, dander, smoke or pollution) that cause inflammation of the
conjunctiva. Conjunctivitis diagnosis varies depending on etiology (viral, bacterial,
chemical); however, allergic conjunctivitis (AC) is the most common ophthalmologic
incidence in developed countries '*. AC represents a spectrum of disorders that affect the
lid, conjunctiva, and in more severe forms, the cornea 5. Mild forms of AC include

seasonal allergic conjunctivitis (SAC) and perennial allergic conjunctivitis (PAC) that are

induced by environmental agents such as grass, pollens, or cat dander '*'®. Together SAC
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and PAC comprise 95% of AC cases '“'°. More severe forms include atopic
keratoconjunctivitis (AKC) and vernal keratoconjunctivitis (VKC) '**'. SAC and PAC
remain self-limited and present no corneal damage. By contrast, AKC and VKC progress
with corneal involvement, producing discomfort, pain and may lead to impaired vision
and corneal transplantation ' '°.

Both refractive surgery and use of contact lenses have an impact on the research in
corneal pathologies during the last couple of decades. The refractive surgery has
increased the incidence of side effects such as loss of visual acuity, halos, glare,
reflections, foreign body sensation, lack of lubrication and dry eye. More aggressive
complications such as melting, fibrosis after surgery often required corneal
transplantation to restore the vision of the patient. Additionally some of these
complications might appear after cataract surgery ** >

The cornea is the most frequently transplanted tissue in humans with a success rate
that exceeds all other forms of solid organ transplantation since the first successful
transplant had been performed in 1905 **. Since the National Transplant Organization
(ONT, “Organizacion Nacional de Transplantes”) has been established in 1989 in Spain,
the 60, 000 transplants were successfully performed (according with published data for
this organization). Although less than 10% of them undergo rejection, the total number of
successful transplants is still high and topical corticosteroids are the only
immunosuppressive agents used. However, rejection increases significantly in hosts
receiving second corneal graft  due to the loss of ocular immune privilege in the first
transplant. Additionally patients, who are considered to be under high risk of rejection are
excluded for transplantation *°. Moreover, corneal transplantation is an option only

available in developed countries and not accessible in many developing and undeveloped

countries.

206



CHAPTER 0O
State of the art

Figure 3. Corneal transplant. Modifies form “Corneal Associates of New
Jersey”, Fairfield, NJ, EE.UU.

The human cornea is the most innervated structure in the body densely supplied by
both sensory and autonomic nerve fibres >’. Sensory nerves are derived from the

ophthalmic division of the trigeminal nerve **°*

and have a diversity of sensory and
efferent functions **. The autonomic nerves consist of sympathetic fibres that are derived
from the superior cervical ganglion and parasympathetic fibres that originate from the
ciliary ganglion ***°. The proper innervation is critical for keeping the wellness and
transparency of the cornea. The mechanisms by which corneal nerve fibres maintain a
healthy cornea and promote wound healing after injuries is currently under active
research. Neurons give trophic support to corneal epithelial cells by releasing soluble

substances through. Trigeminal ganglion neurons release neurotransmitters and
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neuropeptides that contribute to trophism and regulatory processes such as homeostasis.

Molecules released by nerves participate actively in corneal wound healing process after
injuries *”®,
Many factors such as blinking, desiccation of the ocular surface, cooling or air

currents induce release neurochemicals by corneal nerves that in consequence aid to heal

39-41

small damages in the ocular surface Conversely, patients who suffer from

diminished corneal innervation, caused by diabetes, herpetic keratitis, contact lens
wearing and aging, show impaired wound healing ***°. Corneal nerves can be also

damaged after cataract and retinal surgery or laser procedures (e.g. pan-retinal

7-49

photocoagulation, cycloablation) *"*. During the last two decades, it has been shown that

refractive surgery produces strong damage of corneal nerves and transient mild to severe

50-52

epithelial alterations . Nevertheless, dry eye is nowadays the most common

42, 53, 54

neuropathological dysfunctional syndrome . Mostly of the corneal pathologies

present a neurological component; however, the physiological bases remain in many
cases still unknown.
The cornea is an immune privileged place, with no lymphatic and blood vessels,

which antigen presenting cells (APCs) are not immunoreactive to alloantigens in normal

55-58

conditions . For more than a century, it was believed that the cornea was devoid of

APCs *’; however, during the last few years it has been established that the cornea is

9, 60-68

endowed with a resident myeloid cell population composed of two different

phenotypic populations of APCs such as DCs and macrophages®” *"°. DCs reside in the

basal layer of the epithelium and are capable to initiate adaptive immune response > """,

Macrophages reside in the stroma *¢’

. The anterior stroma is populated by putative
macrophages that can serve as APCs backup for epithelial DCs in an adaptive immune
response °’. The posterior stroma is endowed of classical macrophages capable to initiate

an innate immune response °’.
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Immune privilege

Inflammation is an essential component of tissue protection and eradication of
infection but also a major antagonist of corneal clarity where maintaining the
transparency is essential for unaltered vision and survival. During its evolution, the
cornea has developed a complex mechanism to keep the unaltered transparency. The
cornea has the unique capability to repair itself after an injury with minimal changes in

10, 74-76

transparency, biomechanical, refractive and sensory properties . The cornea is an

immune privileged place, with no lymphatic and blood vessels, which antigen presenting

55-58
.In a

cells (APCs) are not immunoreactive to alloantigens in normal conditions
healthy cornea, both afferent (lymphatic) and efferent (vascular) arms of the immune
response are suppressed '> . Lymphatic vessels mediate the afferent arm of the immune
system by facilitating migration of APCs and alloantigens to the draining lymph nodes,
where alloreactive effector T cells are primed, which then return to the ocular surface via
blood vessels (efferent arm). To prevent lymphangiogenesis, corneal epithelium
expresses soluble forms of VEGF-3 and VEGFRI1 acting as trap receptors for VEGF-A,
VEGF-C, VEGF-D and VEGFR-2 " . In addition, the epithelial cells release PEDF
(Pigment Epithelium-Derived Factor), angiostatin and endostatin that prevent

80, 81

lymphangiogenesis . Corneal endothelium also expresses both TGF-f2, which

regulates DCs maturation, and FAS-L and PDL-1 (Programmed Death-Ligand 1) driving

T cells to apoptosis ™

. Additionally IL10 and IL-1Ra suppress recruitment and
proliferation or neutrophils, macrophages and T lymphocytes preventing thus massive
release of VEGF ¥

Inflammation revokes this unique immune and angiogenic privilege of the cornea;
however, the mechanism has been not well-investigated **. The relevance of lymphatic
vessels in alloimmunity is illustrated by the high rate of rejection seen in those transplants
performed in corneal beds with pre-existing lymphatics, so called ‘high-risk’ hosts ***’,

Unusual growth of lymphatic vessels into the cornea allows APCs travel to the draining
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lymphatic nodes and therefore presenting antigens. This causes an atypical infiltration of
T helper cells into the cornea causing an exacerbated inflammatory allorejection **.

The VEGF family mediates lymphangiogenesis. Activation of by VEGFR-3 by
VEGF-C, promotes formation of lymphatic vessels and proliferation of endothelial cells
% Macrophages CD11b express LIVE-1 (lymphatic vessel endothelial receptor 1) and
PROX-1 (Prospero Homeobox 1) *°. The balance between antiangiogenic or
proangiogenic factors can be modified by corneal pathologies. The proliferation of
lymphatic vessels allows APC traffic to the lymphatic nodes triggering and adaptive
immune response by T cells **. T CD8 cells release VEGF-C promoting linfangiogenesis
I As a consequence of an injury, TNFa, IL1, CCL2, CCL20 and ICAM1 expression
induces also loss of the immune privilege leading to an unspecific innate immune
response °>. These factors promote recruitment of neutrophils and monocytes that release
VEGF-C and VEGF-D *. Herpes virus simplex (HSV) causes herpetic keratitis by
inducing infiltration of lymphocytes that also promote lymphangiogenesis **.

The proliferation of lymphatic vessels causes also corneal transplantation immune-
rejection and dry eye. Corneal APCs can travel to the lymphatic nodes triggering an

88

adaptive immune response by T cells that contribute to maintain a chronic

. . . . 77.95
inflammation or rejection '

. Both examples of losing immune privilege are caused by
an adaptive immune response. In dry eye, continuous activation and infiltration of Th17
cells, maintain a chronic state and immune privilege is never restored. VEGF-C, VEGF-
D and VEGFR-3 promote lymphangiogenesis * and Th17 cells release IL-17 inducing
selective formation and growing of lymphatic but not blood vessels *°.

In conclusion, the immune privilege is maintained by different mechanisms that block
the induction of an inflammatory reaction but also deviate the immune response into a
tolerogenic pathway *:

1. Absence of lymphatic vessels in the cornea *°.

2. Induction of T regs in corneal allografts, which inhibits induction and function of

alloimmune T lymphocytes *°.
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3. Protection of corneal cells from complement-mediated cytolysis by complement-
fixing alloantibodies '
4. Induction of apoptosis of neutrophils and T cells at graft-host interface by FasL

101

5. PD-L1 Inhibition of T-lymphocyte proliferation and induction of apoptosis of T
cells at graft-host interface PD-L1 '%%,

6. Inhibition of NK cells preventing cytolysis of MHC class I-negative corneal

endothelial cells '

Therefore, immunosuppression in not only a passive process based in the recognition
of the antigen, as it has thought for many years; however, this is an active process
involving multiple immunologic variations. The combined result of these active
mechanisms that effectively inhibit the immune response after introducing an external
antigen in the anterior chamber, is named anterior chamber-associated immune deviation

(ACAID) 104, 105
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Blood neovessels\ Cornea
Lymphatic neovessels. ™
Graft opacification \

>

A
“‘. 5 .0
T cells"**es Draining £
lymph
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Figure 4: Role of lymphathic and blood vessels in corneal alloimmunity. The
afferent arm transports antigens and APCs from the graft site to the draining
lymph nodes. Alloreactive T cells go to the cornea through the efferent arm and
mediate rejection. Adapted from:

“Corneal Lymphatics: Role in Ocular Inflammation as Inducer and Responder of
Adaptive Immunity”, Chauhan et al.”’
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Corneal immune population

For more than one hundred years ago, it has been believed that the cornea was devoid
of resident APCs capable to initiate an inflammatory response; therefore, maintenance of
corneal transparency was attributed, in part, to a lack of such cells '®®. During the last
decade, it has been confirmed the cornea is endowed with a particular stratified

%61:63,63.67 Two main different phenotypic

population of resident myeloid-derived APCs
subpopulations, such as DCs and macrophages, compose corneal myeloid population ®’.
The majority of DCs reside in the basal layer of the epithelium. DCs extend dendrites to
interdigitate between epithelial cells from the basal toward the ocular surface. Classical
CD11c" DCs are typically located in the periphery of the cornea and decreasing in
number towards the center >” "', Although majority of CD11c¢" DCs are present in the
basal layer of the epithelium, merely a small population resides in the very peripheral
regions of the stroma, some of them as immature precursors . The majority of the
CDI11c" DCs also co-express MHC class II, highest in the periphery and lesser toward the
center. An additional subpopulation of CD11¢c-DCs that expresses langerin CD207, or
Lagerhans cells (LCs), is also located in the basal epithelium ®*. DCs are potent APCs
capable to initiate adaptive immune response; however, this property is still controversial
in the normal cornea.

Macrophages that reside in the stroma are divided in two distinct subpopulations %,
The anterior stroma is populated by CDI11b" CDI11c¢” MHC class II" macrophages,
distributed relatively uniformly from the periphery to the center of the stroma. These cells
are considered putative macrophages that can serve as APCs backup for epithelial DCs in
an adaptive immune response *’. The posterior stroma is endowed of CD11b" MHC class
IT" classical macrophages, uniformly distributed from the periphery to the center. These
macrophages initiate the innate immune response in the murine cornea ¢’. Additionally
CDl1c-expressing cells as well as a different population of monocyte-derived cells also

reside in the corneal stroma % %%,
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Recently Knickelbein et al. have proposed a similar model of APC stratification in the
human cornea °. CD45" CD11c¢" DCs, the majority expressing HLA-DR, reside in the
basal layer of the epithelium extending cellular processes toward the ocular surface.
Mostly of these DCs populate the periphery of the cornea and their number is decreasing
centripetally toward the center. Langerin positive cells (CD207"), likely LCs, are
fundamentally located in the periphery of the cornea. In the stoma CD45" CD68"
macrophages reside in the anterior part of the stroma distributed relatively uniformly
from the periphery to the center °. While CD45" HLA-DR" population is higher in the
center of the stoma, compared to paracentral and periphery, no CD207" LCs are observed

in the center and only a few of them in the periphery °.

Figure 5: “Stratification of Antigen-presenting Cells within the Normal
Cornea”. Knickelbein et al.”’
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Corneal innervation

The human cornea is the most densely innervated structure in the body supplied by

. 27 .
both sensory and autonomic nerve fibres “'. Sensory nerves are derived from the

28-32

ophthalmic division of the trigeminal nerve and have a diversity of sensory and

efferent functions **. The autonomic nerves consist of sympathetic fibres that are derived
from the superior cervical ganglion and parasympathetic fibres that originate from the
ciliary ganglion **7.

The proper innervation is critical for keeping both wellness and transparency. The
mechanisms by which corneal nerve fibres maintain a healthy cornea and promote wound
healing after injuries is currently under active research. Neurons give trophic support to
corneal epithelial cells by releasing soluble substances through. Trigeminal ganglion
neurons release neurotransmitters and neuropeptides that contribute to maintain
regulatory processes such as corneal trophism and homeostasis. Molecules released by
nerves participate actively in corneal wound healing process after injuries > **

Many factors such as blinking, desiccation of the ocular surface, cooling or air
currents induce release neurochemicals by corneal nerves that in consequence aid to heal

39-41

small damages in the ocular surface Conversely, patients who suffer from

diminished corneal innervation, caused by diabetes, herpetic keratitis, contact lens
wearing and aging, show impaired wound healing ***°. Corneal nerves can be also

damaged after cataract and retinal surgery or laser procedures (e.g. pan-retinal

47-49

photocoagulation, cycloablation) . During the last two decades, it has been shown that

refractive surgery produces strong damage of corneal nerves and transient mild to severe

50-52

epithelial alterations . Nowadays, dry eye is the most common neuropathological

42, 53, 54

dysfunctional syndrome . Despite mostly of the corneal pathologies present a

neurological component, the physiological basis remains still unknown.
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The corneal nerve anatomy is briefly described *’: nerve bundles enter radially
through the sclera into of the cornea, paralleled to the surface. In the limbus, nerve
bundles lose the perineurium and myelin sheaths. Inside of the peripheral cornea, bundles
subdivide into smaller side branches. The majority of the stromal nerve fibres are located
in the anterior third of the stroma; however, some stromal nerve trunks can be located

107, 108 . .
* 7", Bundles contain variable number of axons, and

below in the peripheral cornea
occasionally, keratocytes enwrap adjacent nerve fibres with cytoplasmic extensions. The
stromal nerve fibres turn abruptly 90  progressing toward the surface. After penetrating
Bowman’s layer, large nerve bundles divide into several smaller bundles ' ''°.
Afterward, small nerve axons turn suddenly 90 forming an epithelial leash parallel to the
corneal surface in the sub-basal plexus, between Bowman’s layer and the basal epithelial
cell layer. Epithelial leashes consist of mixtures of straight and beaded nerve fibres that
project in separated units toward more superficial layers where release or take up cellular
or extracellular substances from adjacent epithelial cells '*''""''*. Corneal nerve density

45, 115, 116
» 272 2% Each nerve

is approximately 5400-7200 nerve bundles in the human plexus
bundle arises 3—7 individual axons sprouting roughly to a total of 19000—44000 axons °.
The total number of free nerve endings are between 315000 and 630000, (approximately
7000/mm?), homogeneously distributed across the cornea *.

Different methods have been used to describe the anatomy of the corneal nerves. The
first understanding of corneal nerve architecture and morphology was established by

117-122

using acetylcholinesterase (gold chloride), and immunohistochemistry . Posteriorly,

corneal nerve ultrastructure has been described by electron microscopy * '%% 11114123, 124
Later, with the use of monoclonal and polyclonal antibodies, corneas of different species

d '21° Retrograde labeling methods allowed backward label of TG

were compare
sensory cell bodies whose axons innervate the cornea >" °°. With the use of
electrophysiology techniques, the sensorial nature of the different terminal endings has

been demonstrated *°. In vivo Confocal Microscopy (IVCM), widely used to visualize
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corneal nerves in patients, has notably increased the understanding of nerve anatomy in

1 4 4,116, 131-1
healthy and pathologic corneas, *>°%>* 1% 131133

Figure 6. Radial distribution of the corneal nerves Modified from
Kenchegowda et al. '

Epithelium

Bowmans layer ) —

Stroma ] S =
%

Figure 7. Anatomy of the corneal nerves. Modified from de Miiller et al. ®
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Corneal inflammation

In addition to cornea’s primary functions: refraction and transmission of light, this
organ acts as a primary protective barrier for the inner structures of the eye. The basic
structure of the cornea is composed of three different tissues: epithelium, connective
tissue or stroma, and endothelium. These tissues are well-organized layers separated by
three additional structures; both the basement membrane (BMZ) and Bowman’s layer
(BM) separate epithelium from stroma and Descemet’s membrane (DM) acts as a barrier
between the deep stroma and endothelium. The correct organization of these components
is essential for keeping the health of the cornea as well as to maintain transparency.
Disruption of any of these components leads into an inflammation '"» '% 7% 7783, 94137, 138,

Inflammation is an essential component of tissue protection and eradication of
infection but also a major antagonist of corneal clarity where to maintain the transparency
is essential for unaltered vision and survival. During its evolution, the cornea has
developed a complex mechanism to keep the unaltered transparency. The cornea has the
unique capability to repair itself after an injury with minimal changes in transparency,

10, 74-76

biomechanical, refractive and sensory properties . The cornea is an immune

privileged place, with no lymphatic and blood vessels, which antigen presenting cells

55-58

(APCs) are not immunoreactive to alloantigens in normal conditions . For many years

it was believed that the cornea was devoid of resident APCs capable to initiate an

106 As showed above, the cornea is endowed with a particular

inflammatory response
stratified population of resident myeloid-derived APCs * "% % 7 gych as DCs and
macrophages ®’. The majority of DCs reside in the basal layer of the epithelium DCs are
potent APCs capable to initiate adaptive immune response °’. Macrophages reside in the

stroma 63,67

. The anterior stroma is populated by putative macrophages that can serve as
APCs backup for epithelial DCs in an adaptive immune response ®’. The posterior stroma
is endowed of classical macrophages that initiate the innate immune response in the

murine cornea *’.
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In a healthy cornea, both afferent (lymphatic) and efferent (vascular) arms of the
immune response are suppressed "> ’’. Lymphatic vessels mediate the afferent arm of the
immune system by facilitating migration of APCs and alloantigens to the draining lymph
nodes, where alloreactive effector T cells are primed, which then return to the ocular
surface via blood vessels (efferent arm). To prevent lymphangiogenesis, corneal
epithelium expresses soluble forms of VEGF-3 and VEGFRI1 acting as decoy receptors
for VEGF-A, VEGF-C, VEGF-D y VEGFR-2 " ™. In addition, the epithelial cells
release PEDF (Pigment Epithelium-Derived Factor), angiostatin and endostatin that
prevent lymphangiogenesis *”*'. Corneal endothelium also expresses both FAS ligand
(FAS-L) and PDL-1 (Programmed Death-Ligand 1) driving T cells to apoptosis **.

Inflammation revokes this unique immune and angiogenic privilege of the cornea;
however, the mechanism is not well-understood 8 Corneal inflammation or keratitis
causes different pathologies that course with the classic symptoms of inflammation such
as cytokines release, vasodilatation, edema and erythema 139 Additionally, in the cornea,
inflammation causes pain, tearing, photophobia, ocular surface redness but also
ulcerations that affect transparency '*.

LCs, DCs and macrophages that reside in the normal cornea as immature resident
myeloid population, are undergoing maturation in response to corneal inflammation.
However keratocytes also play key roles in the recruitment of inflammatory cells into the
cornea during acquired or innate immune responses. The corneal epithelium serves as a
barrier to protect the eye from external agents such as antigens, dust, inflammatory
mediators, and microbes. When the barrier is compromised, epithelial cells initiate the
inflammatory response. Epithelial cells express adhesion and co-stimulatory molecules in
response to several cytokines. The epithelium also releases IL-1 and TNF-a (tumor

: 141
necrosis factor-a)

. The rupture of the epithelial barrier increases eosinophil infiltration
in the conjunctiva. However this mechanism is mediated by fibroblast exposition to the
tear cytokines '**. Recently it has been also described that epithelial cells release alarmins

in response to an injury '*. Alarmins contribute to both innate and adaptive immune
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response; but how alarmins interact with APCs in the cornea, remains unknown 144,

Nevertheless, corneal fibroblasts are the main modulators of the inflammatory response
since they release cytokines and express adhesion molecules for example in allergic
inflammatory reaction '* '*°. Fibroblasts express receptors for IL-4, IL-13, VCAM-1 but
also release CCL11 in response to a Th2 stimulation (IL-1, IL-4, IL-13 y TNF-a). CCL11
is a chemokine for eosinophils which infiltration increases after corneal damage in
patients with atopic keratoconjunctivitis '*"'*

Ocular inflammation varies depending on the triggering agent. Keratoconus,
basement membrane dystrophies, neurotrophic ulcerations, wound healing after refractive
surgery or cataracts and corneal transplantation are some pathologies that courses with
corneal inflammation. Ocular surface inflammatory diseases are acute and mild, such as
seasonal allergic conjunctivitis and transient infectious conjunctivitis. Alternatively,
ocular surface inflammatory diseases can be chronic and/or severe, such as atopic
keratoconjunctivitis, vernal keratoconjunctivitis, dry eye syndrome, and healing
autoimmune conjunctivitis, all of which usually involve corneal damage and may lead to

s e 40, 148, 149
vision loss ™ "

. In both types, inflammatory cell recruitment occurs by the synthesis
and secretion of cytokines and other inflammatory mediators. For instance, significant
increase of interleukin IL-1, IL-6, TNF-a and IFN-y occur in the conjunctival epithelium

and tear film of dry eye syndrome patients "°.
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Immune response

LCs, DCs, macrophages, monocytes and bone marrow immature precursors reside in
the normal cornea but undergo maturation in response to inflammation * ¢'->-%>%7 When
the corneal integrity is compromised, an innate immune response is activated.
Macrophages invade the damage area, cleaning cellular debris and pathogens *’. On the
other hand DCs and macrophages start an adaptive immune response . Epithelial cells

and keratocytes also express HLA-DR acting thus as APCs "'

. In an adaptive immune
response, DCs prime T cell. DCs increase the expression of MHC class II and co-
stimulatory molecules as CD80 and CD86 '**'°* '3 DCs migrate from non-lymphoid
tissues to lymphatic nodes where effectively present the antigen to T cells. This general
mechanism is not well known in the cornea ** ¢’

In a healthy cornea, both afferent (lymphatic) and efferent (vascular) arms of the
immune response are suppressed "> ’’. Lymphatic vessels mediate the afferent arm of the
immune system by facilitating migration of APCs and alloantigens to the draining lymph
nodes, where alloreactive effector T cells are primed, which then return to the ocular
surface via blood vessels (efferent arm) (See above). Unusual growth of lymphatic
vessels into the cornea allows APCs travel to the draining lymphatic nodes and therefore
presenting antigens. This causes an atypical infiltration of T helper cells into the cornea
causing an exacerbated inflammatory allorejection **. TGF-B2 controls DC maturation,
and FAS-L and PDL-1 drive T cells to apoptosis *. Other anti-inflammatory factors such
as IL10 and IL-1Ra prevent recruitment of neutrophils, macrophages and T cells
preventing massive release of VEGF ®. The loss of the corneal immune privilege leads to
corneal angiogenesis. The activation of VEGF-3 by its ligands such as VEGF-C,
promotes proliferation of endothelial cells and formation of lymphatic vessels *. Besides,

macrophages CD11b express LIVE-1 (lymphatic vessel endothelial hyaluronan receptor
1) and PROX-1 (Prospero Homeobox 1) *°.
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Corneal inflammation revokes the balance between pro-inflammatory and anti-
inflammatory factors. In this situation corneal APCs travel to the near lymphatic nodes
where will present antigens to T cells **. Additionally recruited T CDS8 lymphocytes
release VEGF-C promoting lymphangiogenesis °'. The immune privilege can be also
revoked as a consequence of an injury, being pro-inflammatory factors released such as
TNFa, IL1, CCL2, CCL20 or ICAMI 2. These factors contribute to the recruitment of
neutrophils and monocytes but also induce lymphangiogenesis thought VEGF-C and
VEGF-D . Other agents such as Herpes virus cause herpetic keratitis that causes loss of
the immune privilege by stimulating lymphangiogenesis through T CD8 stimulation **,
During inflammation, APCs undergo maturation increasing the expression of MHC class
IT and co-stimulatory molecules as CD80 and CD86 " '*2. Besides APCs decrease the
expression of CCR1, CCR2, CCR5 and CX3CRI1 but increase expression of CCR7. The
proliferation of lymphatic vessel into the cornea, allows APCs enter by expression of
CCR7 in a gradient of CCL21. This process is mediated by ICAM-1 and VCAM-1
(Figure 8) 19,

The relevance of lymphatic vessels in alloimmunity is illustrated by the high rate of
rejection seen in those transplants performed in corneal beds with pre-existing

lymphatics, so called ‘high-risk’ hosts **’

. Unusual growth of lymphatic vessels into the
cornea allows APCs travel to the draining lymphatic nodes and therefore presenting
antigens. This results in an atypical infiltration of T helper cells into the cornea causing
an exacerbated inflammatory reaction following the graft immune rejection or dry eye .
In the lymph nodes, APCs present antigens to T lymphocytes that release IL-1, IL-6, IL-8
and TNF-a triggering the inflammatory response. IL-1 is the most important cytokine

3% "1L-1 mediates the acute

released in the early stages of the inflammatory process
response, acts as chemoattractant, activates inflammatory cells and APCs and stimulates
neovascularization. IL-6released by macrophages has similar functions as IL-1. IL-8 is

released by macrophages and fibroblasts and acts as chemoattractant for
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polymorphonuclears and macrophages '>>. TNF-a is released by macrophages and

induces cytotoxicity but also inhibits TGF-B during the wound healing process '>*.

Ocular Surface o erge . Therapeutic
Allergic Opportunlty:
reaction CCR7

CCR7
blockade

Lymph B8

IL-4, IL-5, IL-13 '\3 ::/

Figure 8. Ocular surface inflammation proposed model and potential therapeutic
effect of blocking ocular allergy by using CCR7 antibodies. Adapted form: “New

twists to an old story: novel concepts in the pathogenesis of allergic eye disease”,
Saban et al. '**
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Dry Eye, an example of ocular inflammation

Often considered as a minor problem, keratoconjunctivitis sicca or dry eye syndrome
is an ocular inflammatory disorder that affects 11-17% of the population of developed
countries "°°. Dry eye is a multifactorial disease of the tears and ocular surface that results
in symptoms of discomfort, visual disturbance, and tear film instability with potential
damage to the ocular surface. It is accompanied by increased osmolarity of the tear film

) ) 157
and inflammation of the ocular surface

. In Dry Eye syndrome, the proliferation of
lymphatic vessels happens without neovascularization in response to infection and graft
rejection, where both lymphatic and blood vessels proliferate at the time. Lymphatic
vessels proliferation is induced by release of VEGF-C, VEGF-D and VEGFR-3 " while
formation of specific lymphatic vessels is promoted by IL-17 *°.

Dry eye associated with ocular surface inflammation is mediated by a chronic
lymphocytic response in the cornea with activation and infiltration of pathologic immune

cells such as T17 lymphocytes '°

. Conjunctival inflammation is manifested by
infiltration and increase in the expression of CD3, CD4 and CDS8 as well activation of
CDl11a and HLA-DR indicating an autoimmune inflammatory response with presence of
pro-inflammatory cytokines and metalloproteinases. IL-1, released by conjunctiva
epithelial cells, is the most abundant interleukin in the dry eye °°. Moreover, IL-6, IL-8
and TNF-a are also elevated'®.

Extracellular changes such as hyperosmolarity, UV radiation and changes in the tear
composition induce a cellular response mediated by intracellular kinases (MAP) '®'. MAP
kinases are activated in response to pro-inflammatory cytokines (IL-1 and TNF a), heat
sock proteins, endotoxins and ischemia. This activation mediates signaling to regulate
transcription events that mediate a response to the stress. The activation of these

pathways causes MMP-9 expression '°> and pro-inflammatory cytokines (IL-1, TNF-q,)

that damage the ocular surface ',
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Desiccating Stress
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Figure 9: Diagram of dry eye sindrome (I) Dessicating stress induces secretion
of inflammatory cytokines by ocular surface tissues, which facilitate activation
and migration of resident antigen presenting cells (APC) toward draining lymph
nodes (IT) where generate and Th17 immune response directed to the cornea (III)
releasing MMPs can inflammatory cytokines damaging the epithelium.

“Role of Th17 cells in the immunopathogenesis of dry eye disease”. Chauhan et

164
al.
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Corneal innervation and inflammation

Inflammation has negative consequences on the PNS of the cornea **. Both nervous
and immune systems are biochemically interconnected. Neurons express cytokine
receptors and immune cells are recognized and modulated by neuropeptides '®. For
example SP and VIP confer resistance to infection by acting as potent pro-inflammatory
factors. On the other hand GCRP is associated with immunosuppression and maintaining
cornea homeostasis '*.

Regarding nerve regeneration, the role of inflammation is inconclusive **. The y5 T
cells stimulate nerve regeneration in a process that involves IL-17, neutrophils, platelets
and VEGF-A ', During infection, sub-basal nerves are observed diminished in the
center of the cornea. In contrast, DCs are seen augmented, indicating an interaction

' In other non-infectious pathologies, the loss of the sub-

between both: nerves and DCs
basal nerve plexus has been observed '® ', It has been suggested that a moderate
inflammation promotes nerve regeneration in the cornea; however, a strong inflammatory
reaction implicates loss of the sub-basal nerve plexus and neuropathies. The Sema7A
protein function is proposed to link nerve regeneration and inflammatory process in the
cornea '’'. This molecule, expressed by T cells, promotes axonal growing and plays a
role in the T cell-mediated inflammatory reaction. In the cornea, Sema7 is constitutively
expressed in the epithelium and stroma. During the wound healing process, Sema7A-
induced nerve regeneration is associated with inflammatory cell income. Therefore, it has
been suggested that evading the long-term immunosuppressive or anti-inflammatory
treatments, might benefit in improvement of the nerve regeneration in the cornea '’'.
Recently it has been shown that severing corneal nerves in one eye induces
sympathetic loss of immune privilege and promotes rejection of future corneal allografts
placed in either eye '">. Although the mechanism is not well described, a potential role of

the interactions between the nerves and the corneal resident myeloid population has been

suggested .
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Figure 10: Myeloid cells are in contact with corneal nerves. Adapted from: “The
Cornea Has "the Nerve" to Encourage Immune Rejection”, Blanco et al. 173
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Corneal wound healing and animal models

174 .
. The tissue

Wound healing is a biological process restoring a damage tissue
replacement can be total or partial, thus the two distinct processes leading to wound
healing are differentiated.

Regeneration, is defined as full: morphological and functional recovery (“ad
integrum”’) of damaged tissue. This process is linked to epithelial tissues and sites that
still contain mesenchymal stem cells.

Repair, is defined as the response of an organ and/or tissue to an aggression, but the
tissue and/or organ do not have sufficient capacity to self-renew into their original state.
This happens when the injury is very intense or extensive or because of the loss of
totipotent or mesenchymal stem cells. This process takes place in well-differentiated
tissues, where cells that potentially have the ability to recover, have disappeared (for
example neural tissue). In general, connective tissue replaces the wounded area with a
fibrotic collagen generating a scar. In the central nervous system, the glia replaces the
original tissue generating a scar as well.

In general, the wound healing response can be divided in three different steeps '™*:

Inflammatory reaction. This phase is initiated at the moment of the injury.
Inflammation is associated with hemostasis, cleaning of the wounded area and release of
biochemical mediators for the nest next phase.

Proliferation phase. This step is characterized by a re-epithelialization process and
coating the wounded area. This involves migration and proliferation of surrounded
epithelial cells and establishment of new connective tissue.

Differentiation phase. This stage is characterized by the proliferation, migration and
differentiation of connective tissue cells, collagen fibbers maturation, and wound
contraction. The wound healing process has high relevance in an avascular and
transparent organ such as the cornea. The wound healing process consists of a sequence

of cellular events (apoptosis, proliferation, migration and differentiation) engaged to
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close the wound and to reestablish the corneal functions ' "*" 3% 7 After an injury, the
loss of the homeostasis triggers a quick response mediated by cytokines, growth factors,
proteases and neurotransmitters. The interactions between the epithelium, stromal cells,
corneal nerves, immune cells, lacrimal gland and tear are functionally interconnected in
the final response of the cornea ' **.

After an injury, the cornea repairs and/or regenerates the damaged tissue. There are
multiple variations regarding cellular events as well as the intensity of the response. The
response varies depending of the aggression. For that reason it is not possible to describe
a common mechanism of wound healing. However, in general, the cornea is evolutionary
programmed to trigger a cascade of events that effectively restore the damaged tissue '

137,175

For many years different animal models have been used to study the wound healing

11, 176 177 178-180 182, 183

process, including rabbits , rats "', chickens , primates "' or dogs
However, the mouse is the most common animal model used for corneal wound healing
research '**'®>. The recent development of different transgenic mice strains allows for a
dynamic progress in the investigation and understanding of the corneal pathologies. The
use of knockout mice has greatly improved the study of pathologies related with the

epithelium, stroma and endothelium '%¢'%%,
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Integrins and Corneal Wound Healing

The relevance of membrane integrins in the corneal wound healing process is a

189, 190

subject of intense recent investigation . Integrins are a family of receptors that

mediate cell-cell and cell-matrix adhesion "'"'*?

, as well as they contribute to a wide
variety of cellular responses, including survival, proliferation, and migration '*'. These
heterodimeric transmembrane glycoproteins have both alpha (o) and beta () subunits.
The combination of these 2 subunits results in at least 22 different cell surface receptors
with wide ligand binding specificities. Integrin avf6 is expressed at very low levels in
epithelial cells of healthy adult mammals; however, its expression is considerably
upregulated in response to injury or inflammation "**'*°. Absence of avB6 is linked to

e e . . . . 196
initiation and progression of periodontal disease

1

, regulation of lung and skin

inflammation
199

°7 delay in epidermal wound healing '** and suppression of pulmonary

fibrosis . In the cornea, expression of avp6 is restricted to the epithelium. Under

200

pathologic conditions, such as in patients with bullous keratopathy © and during wound

healing, avp6 is upregulated, suggesting a role in corneal epithelial wound repair and

201, 202

keratinocyte migration . avp6 is a receptor for many of the components of the

basement membrane zone (BMZ) including fibronectin, vitronectin, tenascin, and E-
cadherins "% 2%

both latency-associated peptide (LAP)-TGF-B1 and LAP-TGF-p3 '**?°*2% Attachment

. It is also the receptor for the Arg-Gly-Asp (RGD) attachment site of

of avp6 to latent TGF-$ has been shown in several investigations to be involved in the

206-209

activation of TGF-3 . Indeed, avp6-null mice recapitulate much of the phenotype of

TGF- Bl-null mice *'’ Because avp6is known to be expressed in remodeling rat basal

corneal epithelium and human bullous keratopathy >’

199, 204, 205

and is an activator of latent TGF-f
, we hypothesized that avp6 plays an important role in corneal repair when the
BMZ is compromised by surgery. We addressed this hypothesis by using adult 6

integrin-deficient mice (B6-/-) and comparing them with wild type (WT) mice *'".
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Figure 11: Corneal sub-epithelial blister caused by the lack of avp6. Modified
form: “AlphaVbeta6 integrin promotes corneal wound healing” Blanco-Mezquita
et al. "
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Trombospondine-1 and Corneal wound Healing

Recently it has been shown that thrombospondin-1 (THBSI, also referred to as TSP-

1) is essential during the corneal wound healing process *'>. THBSI is a large (450 kDa)

213, 214

trimeric extracellular glycoprotein released by platelets, and epithelial and

mesenchymal cells in response to many of the physiologic processes, including

development, wound healing, angiogenesis, tumor cell migration, platelet aggregation,

215-220

and cell adhesion . It is not known if THBS1 has a significant role in normal tissue

homeostasis; however, it is present during development of many embryonic tissues, and
its expression is increased dramatically during the wound-healing process **'***. Absence

of THBSI leads to prolonged inflammation, delayed wound healing, and delayed scab

225,226

loss . In the healthy cornea, THBS1 is localized in the basement membrane zone

(BMZ), Descemet’s membrane (DM), and corneal endothelium (CE), but not within the

stroma of human bovine and rat corneas *'* %’

. In addition, Sekiyama et al. ***
demonstrated that limbal and corneal epithelium express Thbsl mRNA in human
corneas. THBS1 and Thbs] mRNA expression is increased immediately during corneal
wound healing after injury *'****®!; however, the mechanisms of action and function
remain unclear. Uno et al. suggest that epithelial defects in the cornea stimulate the
expression of THBSI in the wound area, resulting in the accelerated reepithelialization of

231, 232

the cornea and that lack of vitamin A reduced THBS1 expression . Recently,

Matsuba et al. *'> proposed that THBS1 might be involved in the transformation of the
keratocytes into myofibroblasts during wound healing after a corneal keratectomy in rats
*12 One of the potential roles of THBS] is the activation of TGF-p1. THBS1 has been
demonstrated to be one of the most important activators of TGF-p1 *'® 2** #* which
induces keratocyte proliferation, myofibroblast differentiation, and extracellular matrix

(ECM) production ****’. TGF- 1 is released and suspended within the ECM in a latent

238

form, which is activated in response to injury ~. It also has been observed that adhesion

212

and migration were impaired in vitro in Thbsl-- mouse corneal endothelium thus
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showing that THBS1 has a major role during endothelial wound healing as well >*°. Since

231,232
<72, corneal stroma

1 218, 233, 234

THBSI is known to be expressed in remodeling corneal epithelium

212 239

, and corneal endothelium, and is an activator of latent TGF-f3 , We
hypothesized that THBS1 has an important role in corneal wound repair when the corneal
barrier’s integrity is compromised.

We addressed this hypothesis by performing a full thickness incision wound in the
central cornea of adult THBS1-deficient mice (Thbs1--) and comparing them to wild type

(WT) mice.

233



CHAPTER 0
State of the art

Figure 12: Corneal wound healing in THBS1 and WT mice. Modified from: Role

of thrombospondin-1 in repair of penetrating corneal wounds, Blanco-Mezquita et
al, 240

Figure 13: Corneal wound healing in THBS1 and WT mice. Endothelium chronic
failure is observed in THBS1 null mice corneas. Modified from: Role of

thrombospondin-1 in repair of penetrating corneal wounds, Blanco-Mezquita et
240
al.
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The use of mice in corneal research

Nowadays, live imaging facilitates the understanding of both tissue and cell behaviors
as well as it allows to dissect the molecular mechanisms that drive the biological
processes. Genetically-modified reporter expressing mouse strains are an important tool
for use in live imaging experiments. Such reporter strains can be engineered by placing
cis-regulatory elements of interest to direct the expression of desired reporter genes. If
these cis-regulatory elements are downstream targets, and thus activated as a

consequence of signaling pathway activation, such reporters can provide read-outs of the

241

signaling status of a cell

Figure 14: Bone marrow derived-cells form CD45.1 mice engrafted in the
stroma of CD45.2 mice. Modified from “Involvement of corneal
lymphangiogenesis in a mouse model of allergic eye disease” by Hyun-Soo
Lee; Deniz Hos; Tomas Blanco et al. 242
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Transgenic mice expressing either CDI11c or langerin have been recently used to
describe the lineage of corneal APCs . The development of new strains of Cx3cr1-GFP
mice expressing EGFP in monocytes, dendritic cells, NK cells and brain microglia, under
control of the endogenous Cx3crl locus (myeloid progenitor derived marker) facilitated
the studies of leukocyte function in migration, trafficking and transplantation *.

CX3CRI1 (Chemokine receptorl), also known as fractalkine receptor, is a protein
encoded by the Cx3crl gene. CX3CRI binds the chemokine CX3CLI1, also known as
fractalkine or neurotactin, a transmembrane protein and chemokine involved in the
adhesion and migration of leukocytes. CX3CRI1 fractalkine interaction mediates cell-cell
adhesion, and migration of CX3CR1-bearing cells predominantly myeloid origin such as
monocytes, NK cells, T-cells, DCs, and macrophages including microglia ***

The development of mice in which a green fluorescent protein (EGFP)-encoding gene
is inserted in one or both copies of the Cx3crl locus has permitted to investigate the fate

246.247 The adoptive transfer of labeled monocytes, from Cx3crl-

of leukocytes in vivo
GFP mice into wild-type (WT) recipients, has created a new line of research to study
monocyte heterogeneity and the factors regulating their differentiation within different
tissues. Additionally, it can be investigated the accumulation of normal resident
monocyte-derived DCs and macrophages in a diverse range of tissues *****".

In the ocular surface, Cx3crl-GFP transgenic mice have been used to confirm the
presence of myeloid derived cells as a resident population of the normal murine cornea.
Also, it has been demonstrated that Cx3crl expression plays a role in DC and
macrophage recruitment in the normal corneal epithelium and stroma ***. Heterozygous
Cx3crl”9™" transgenic mice have provided a powerful tool to investigate macrophage
and DC populations by using intravital microscopy. Intravital widefield epifluorescence
videomicroscopy has been performed in corneas of anesthetized mice to probe that
corneal DCs behavior bear similarities to that of skin DCs . It has been shown that after
irritation of the cornea results in a centripetal migration of DCs from periphery and

248

limbus “*. Recently Knickelbein et al. have combined LSCM (laser scanning confocal
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microscope) with two different intravital novel techniques to describe the APCs
stratification in the mouse cornea ®. By using either an Optiscan FIVE-1 handheld
fluorescence microscope or a home-built non-descanned two-channel multiphoton
system, these authors imaged DCs in corneas of anesthetized mice expressing eGFP
driven by the CD11c promoter. However, the authors criticized this technology since a no
reliable positioning of the objective on the murine eye, for precise analysis of different
regions of the cornea, was possible ®°. Recently, it has been used a multiphoton intravital
microscopy (MP-IVM) system to study in vivo the behavior of inflammatory cells and

. . 249
lymphatic vessels in a mouse cornea .
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Figure 15. Intravital visualization of lymphatic vessels in the subepithelial stroma
of the cornea. Modified from: “Intravital two-photon microscopy of immune cell
dynamics in corneal lymphatic vessels”, Steven, P., et al.249

In the present study, we used a real multiphoton microscope (MPM), equipped with a
motorized versatile stage with spacer to give large free working distance under the
objective, to visualize the resident myeloid-derived cell population in a living mouse
cornea. We used Cx3crl transgenic mice expressing GFP (green fluorescent protein),
YFP (yellow fluorescent protein) or RFP (red fluorescent protein). Furthermore, we have
implemented digital post-analysis commercial software to generate a real tree-

dimensional view of the cornea. Additionally we used a Cre system, which induces
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constitutively expression of a fluorescent protein for the life span of the cell; therefore,
Cx3crl® transgenic mice show fluorescence for the entire life of the cell independently
of the expression of the gene promoter. The Cre/loxP recombination system is a form of
specific recombination **°. The system is conformed by a generic Cre-transgene
construct, one allele labeled with a sequence “Rosa26-loxP-stop-codon-loxP-

251

fGFP/tdTomato” and one intact stop codon (figure 16). ~". The excision of the stop

codon Cre-mediated induces constitutive expression of a fluorescence protein or another

protein such as diphtheria toxin receptor for the whole life span of the cell.
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Cells with active Cre recombinase Cells lacking active Cre recombinase
c
o
4(-5' A Stop Stop Stop
E loxP, Target gene loxP, eGFP
c
Q
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L
Original gene function is disrupted, Original gene function is untouched.

a reporter gene is transcribed
instead.

Figure 16. Illustration of a Cre-loxP system model. The function of EGFP gen is
interrupted with a stop codon. The enzyme Cre recombinase recognizes the

LoxP sites and exscind the stop sequence and allowing the transcription of the
eGFP gene by the polymerase. The eGFP will be constitutively expressed for the

entire life of the cell
Figure created by Matthias Zepper. Free domain at The Wikimedia Foundation
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Microscopy

The fluorescence microscopy by muthiphton excitation was first suggested by Maria
Goppert-Mayer in 1931 and applied experimentally thirty years later with the invention

of the laser 2

. The singularity of two-photon excitation happens from the simultaneous
absorption of two photons in a single quantized event. The energy of a photon is
inversely proportional to its wavelength therefore the two absorbed photons have a
wavelength about twice that required for one-photon excitation. For example, a
fluorophore that normally absorbs ultraviolet light (350 nm) can also be excited by two
photons of near-infrared light (700 nm) if both reach the focal at the same time. "The
same time" means within an interval of about 10 x E'® seconds *.

Two-photon excitation microscopy (TPM) presents a great advantage for in vivo real
time imaging of living cells in a thick intact tissue. TPM makes possible many
experiments in which conventional imaging cannot be performed, or would not provide
the information desired. Relying on mode-locked (pulsed) laser illumination to produce
sufficient photon density at the focal point, two-photon excitation occurs only in the focal
plane. The benefit of localized excitation is that emission is restricted to the narrow focal
region, providing sectioning ability without the use of a pinhole. Furthermore, the limited
excitation region reduces phototoxicity because photodamage is largely confined to the
focal volume ***,

Two-photon excitation microscopy does not produce images with higher resolution
than confocal microscopy; however, it allows deeper penetration into thick specimens.
The greater penetration is due in part by the lack of pinhole geometry, the absence of out-
of-focus absorption and decreased scattering. Two-photon microscope uses non-
descanned detection geometries, which increase collection efficiency of scattered

fluorescence photons. Two-photon excitation allows experiments that would not be

possible by using confocal microscopy.
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In order to produce a significant number of two-photon absorption events, the photon
density must be approximately one million times more that then required to generate the
same number of one-photon absorptions >>°. The consequence is that extremely high laser
power is required to generate significant two-photon-excited fluorescence. This power
level is easily achieved by focusing mode-locked (pulsed) lasers, in which the power
during the peak of the pulse is high enough to generate significant two-photon excitation,
while the average laser power remains fairly low. In this situation, the resulting two-
photon-excited state from which emission occurs is the same singlet state that is
populated when carrying out a conventional fluorescence experiment. Thus, fluorescent

emission following two-photon excitation is exactly the same as emission generated in

normal one-photon excitation.

a Single-photon excitation b Two-photon excitation

Kr-Argon s Ti-sapphire
488 nm 2] 780 nm
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Figure 17. Jablonski diagram. Single photon absorption (confocal, left) and two
photons absorption (two-photon, derecha).
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Figure 18. Different excitation in the focal plane comparing single photon
absorption (a) and two-photon (b) **°
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confocal microscope (figure 19)** the excitation light (blue) is focused into the
specimen (a), and the fluorescence (green) from that focal spot is captured by the
objective lens, passes cleanly through the pinhole, and reaches the detector (b). This
fluorescence light is the desired signal, but some of it can be scattered as it passes back
through the specimen (c). This scattered fluorescence does not pass through the pinhole,
and is therefore lost and not detected. These losses greatly reduce the detected
fluorescence signal. As the excitation light passes through the specimen, it may be
absorbed (d) or scattered before it reaches the focus (e). If it is absorbed, it can generate
fluorescence. Since this fluorescence does not arise from the focal spot, it does not pass
through the pinhole, so it is not efficiently detected. However, a small portion of out-of-
focus fluorescence can be scattered into the pinhole, and then be detected. This
fluorescence will create a background fog that will be roughly constant across the image.
This fog reduces the dynamic range of the image, thus reducing the image contrast.
Likewise, the scattered excitation can generate fluorescence (e), and this fluorescence can
also contribute to the background fog (f).

In the two-photon excitation method (also referring to Figure 6), the excitation
photons (red) can be scattered (g) as in the confocal system. However, the probability of
two photons being scattered simultaneously to the same specimen location is essentially
zero, and consequently, the background fog that plagues confocal imaging in thick
specimens is not generated in two-photon excitation. In addition, a greater proportion of
the excitation light reaches the focal plane (h and 1) due to the first two factors discussed
above: the reduced out-of-focus absorption and the decreased scattering of the longer-
wavelength two-photon excitation light. Importantly, the generated fluorescence (green),
even if scattered, has an increased likelihood of being detected by the photomultiplier
tube (j) because no pinhole is present to block it (k). This insensitivity to scattering
effects and absence of out-of-focus absorption allow for the preservation of the full image

contrast from considerable depth within specimens.
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Confocal Two-Photon
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Figure 19. Differences between a single photon excitation microscopy (confocal)
and two-photon excitation microscope are shown. Modify from: ‘“Fundamentals
and Applications in Multiphoton Excitation Microscopy” .

**Note: This part has been complemented from: Fundamentals and Applications in
Multiphoton Excitation Microscopy, https://www.microscopyu.com/index.html
Contributing Authors:

David W. Piston, Department of Molecular Physiology and Biophysics, Vanderbilt
University, Nashville, Tennessee.

Thomas J. Fellers and Michael W. Davidson, National High Magnetic Field
Laboratory, The Florida State University, Tallahassee, Florida,
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Second Harmonic Generation:

The second harmonic generation (SHG) or frequency doubling is a non-linear process

in witch two photons with the same frequency interacting with a non-linear material are

combined to generate new photons with twice the energy and frequency and half of the

wavelength of the originals *’. Transparent materials behave as non-linear transmitters.

Monochromatic light with low intensity passes through them proportionally to its original

intensity. When light intensity is high, for example a laser, the material shows a non-

linear optic behavior generating thus a second harmonic **®

A B
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Non-linear scattering
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second harmonic generation (SHG) (C).

Figure 20. Jablonsky diagram. Single photon absorption (confocal) (A), simultaneous
two-photon absorption (B) and generation of a non-linear process of reflection or

The effect to the SHG can be easily detected in mouse corneas by using a MP-IVCM

system. As can be observed in the figure 21, is possible to delineate the cornea collection

the emission of the corneal collagen.
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Figure 21. The organized structure of the corneal stroma generates a second
harmonic signal by excitation at 890-950 nm and detectable in the blue canal
(420-460 nm). The lack of collagen in the wounded area leaves a gap in the
signal. After, it can be tree-dimensionally reconstructed showing a real shape of
the cornea. Unpublished photographs generated in our lab. Duke University

The MP-IVM system has been barely used in ocular research. In a previous thesis
dissertation, Tom Yu Chia Lai compared the OCT system (Optical coherence
tomography) with the MPM system to obtain pictures of the cornea. The structure of the
cornea of five different species (human, fish, porcine, bovine and murine) was evaluated
ex vivo *°. Additionally the MP-IVM system has been used in vivo in to study the
dynamics of inflammatory cells and lymphatic vessels in a mouse cornea >*. A different
work showed the anterior chamber of the mouse eye **°.

Taking advantage of corneal transparency, in the present work, we explored the full
potential of the MP-IVM using both: Cx3crl transgenic mice expressing GFP, YFP or
RFP and Thyl-YFP transgenic mice models. We used a real multiphoton microscope
(MPM), equipped with a motorized versatile stage with spacer to give large free working

distance under the objective, to visualize the resident myeloid-derived cell population and
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nerves in a living mouse cornea. Furthermore, we have implemented digital post-analysis
commercial software to generate a real tree-dimensional view of the cornea with a sharp

resolution and outstanding tree-dimensional post-production (figure 22).

Figure 22. High-resolution photograph of a DC (green) seated in the storma (blue)
in the sub-basal area of the epithelium. The picture was acquired in vivo by using
the MP-IVM in a Cx3CR1%* knock-in mouse cornea

Unpublished photographs generated in our lab. Duke University.
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aV6 Integrin Promotes Corneal Wound Healing

José Tomds Blanco-Mezquita,"* Audrey E. K. Hutcheon,'? Mary Ann Srepp,“

and James D. Zieske'?

PURPOSE. To appreciate the role of the integrin avB6 in corneal
wound repair, corneal debridement and keratectomy in B6
knockout (86 /) mice were examined.

MEeTHODS. Either a 2-mm debridement or keratectomy was
made in 129SVE wild type mice (WT) and B6 /" mice and
allowed to heal for up to 4 months. The pattern of corneal
restoration was studied “in vivo” by slit lamp and in tissue
sections by means of both light and electron microscopy. In
addition, avpB6, a6B4, laminin, and fibronectin were evaluated
by indirect immunofluorescence microscopy and/or Western
blot analysis.

RESULTS. avB6 expression was upregulated in migrating corneal
epithelium after a keratectomy. Healing rates were unaffected
in debridement wounds, but were significantly slowed in ker-
atectomy wounds. Most dramatically, mice lacking avB6 had a
severe defect in basement membrane zone (BMZ) regenera-
tion. Levels of laminin were greatly reduced and no BMZ
reformation was observed in transmission electron microscopy
(TEM). In addition, hemidesmosome reformation was also im-
paired in the B6™/~ mice. Analysis of the hemidesmosome
component a6B4 indicated that normal amounts of this integ-
rin were synthesized, suggesting that the defect was in reas-
sembly of the hemidesmosomes. Finally, fibronectin persisted
in the BMZ for as long as 4 months after keratectomy in the
B6™/~ mice.

CONCLUSIONS. It is hypothesized that the lack of avB6 leads to
reduced laminin production during wound repair. This lack of
laminin prevents reassembly of the BMZ and mature hemides-
mosomes after keratectomy in B6~/~ mice. (Invest Opbthal-
mol Vis Sci. 2011;52:8505-8513) DOI:10.1167/iovs.11-8194

Imegrins are a family of receptors that mediate cell-cell
and cell-matrix adhesion,'™ as well as contributing to a
wide variety of cellular responses, including survival, prolif-
eration, and migration.> These heterodimeric transmem-
brane glycoproteins have both alpha () and beta (B) sub-
units. The combination of these 2 subunits results in at least
22 different cell surface receptors with wide ligand binding
specificities.

Integrin avB6 is expressed at very low levels in epithelial
cells of healthy adult mammals; however, its expression is
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considerably upregulated in response to injury or inflamma-
tion.*> Absence of avf6 is linked to initiation and progres-
sion of periodontal disease,® regulation of lung and skin
inflammation,” delay in epidermal wound healing,® and sup-
pression of pulmonary fibrosis.” In the cornea, expression of
avf6 is restricted to the epithelium. Under pathologic con-
ditions, such as in patients with bullous keratopathy,'® and
during wound healing, avB6 is upregulated, suggesting a
role in corneal epithelial wound repair'' and keratinocyte
migration."'? avf6 is a receptor for many of the components
of the basement membrane zone (BMZ) including fibronec-
tin, vitronectin, tenascin, and E-cadherins.'>* It is also the
receptor for the Arg-Gly-Asp (RGD) attachment site of both
latency-associated peptide (LAP)-TGF-B1 and LAP-TGF-
B3.21:1¢ Attachment of avB6 to latent TGF-B has been
shown in several investigations to be involved in the activa-
tion of TGF-B (for review see references 17-20). Indeed,
avB6-null mice recapitulate much of the phenotype of TGF-
B1-null mice.?’

Because avB6 is known to be expressed in remodeling rat
basal corneal epithelium and human bullous keratopathy,'®!!
and is an activator of latent TGF-8,”'>'¢ we hypothesized that
av6 plays an important role in corneal repair when the BMZ
is compromised by surgery. We addressed this hypothesis by
using adult 86 integrin-deficient mice (86 /") and comparing
them with wild type (WT) mice.

MATERIALS AND METHODS

All studies were conducted in accordance with the ARVO Statement
for Use of Animals in Ophthalmic and Vision Research. Adult male
129SVE WT (Taconic; Albany, NY) and 12- to 18-week-old male and
female 129SVE B6/~ mice (a kind gift from Jack Lawler, BIDMC/
Harvard Medical School, Boston, MA) were anesthetized and either
a 2-mm superficial keratectomy or debridement was performed, as
previously described.?*?? In total, 200 mice per strain were exam-
ined—96 mice were used for Western blot analysis, 8 for transmis-
sion electron microscopy (TEM), 36 for light microscopy, 36 for
immunofluorescence, and 24 for whole mounts.

In Vivo Wound Healing Experiments

Either a 2-mm superficial keratectomy was created,** where the epi-
thelium, BMZ, and anterior stroma were removed, or a 2-mm debride-
ment was created,” where only the epithelium was removed. Corneas
were allowed to heal for up to 4 months. At the designated time,
animals were euthanized and tissue was harvested and processed for
indirect immunofluorescence microscopy, light microscopy, or West-
ern blot analysis.

Determination of Wound Healing Rates

The healing process was monitored every day for the first week and
then once every week under a slit lamp (Topcon Medical Systems,
Inc.; Oakland, NJ). The corneas were photographed before and after
2% fluorescein stain, and the rate of epithelial healing was evaluated by
measuring the wound size with image processing software (Image]J v.1.5;
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developed by Wayne Rasband, National Institutes of Health;
Bethesda, MD; http://rsb.info.nih.gov/ij). The data were averaged
and analyzed for significant variations (** P < 0.01 and *** P <
0.001). Two-way ANOVA and Bonferroni post test were applied to
compare means by row, and the fold enhancement was plotted
(Prism 5.0; GraphPad Software, La Jolla, CA).

Indirect Immunofluorescence Microscopy

For frozen sections, the eyes were enucleated, frozen in OCT, 6-um
sections were cut, and indirect immunofluorescence (IF) was per-
formed."' For whole mount, the corneas were enucleated, fixed in
prechilled 100% methanol and dimethyl sulfoxide (4:1) for 2 hours
at 20°C and then stored in 100% methanol at 20°C until ready to use.
The corneas were prepared for immunofluorescence as described in
Pal-Ghosh et al.?* The following primary antibodies were used on
both the sections and whole mounts and incubated at 4°C over-
night: avB6 (clone ch6.2A1: 2.36 pg/mL in TTBS + 0.1% BSA)?; B4
(clone 346-11A: Sug/mL in TTBS/5% donkey serum: BD Pharmin-
gen; San Diego, CA); laminin (0.76 pg/mL in 10% donkey serum in
PBS: Dako; Carpinteria, CA); and fibronectin (C-20: 2 pg/mL in
TTBS/5% donkey serum: Santa Cruz Biotechnology; Santa Cruz, CA).
The following secondary antibodies from Jackson Immunoresearch
(West Grove, PA) conjugated to either fluorescein or rhodamine
were then used with the same blocking conditions as the primary
antibody associated with it and incubated at either room tempera-
ture for 1 hour (sections) or 4°C overnight (whole mount): donkey
anti-human IgG (avB6); donkey anti-rat IgG (B4); donkey anti-rabbit

Unwounded 24 hours

48 hours

48 hours
(¢] v

WH TN NI b Ve

48 hours
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IgG (laminin); and donkey anti-goat IgG (fibronectin). Sections and
whole mounts were mounted and coverslipped with mounting
media containing DAPI (Vectashield; Vector Laboratories, Burlin-
game, CA), a marker of all cell nuclei. The sections were examined
under both a fluorescence microscope (Nikon Eclipse E800; Nikon,
Melville, NY) equipped with a digital camera (SPOT; Diagnostic
Instruments, Sterling Heights, MI) and with a confocal microscope
(TCS-SP5; Leica Microsystems, Bannockburn, IL). Negative controls
where the primary antibody was omitted were run with all exper-
iments. As an additional control, irrelevant antibodies of the same
isotype were compared to ensure specificity. At least 3 corneas per
condition per antibody were observed.

The images captured on the confocal microscope were further
imaged with image analysis software (Image Pro Plus v.7; Media
Cybernetics, Bethesda, MD). The confocal file was uploaded and an
orthogonal image was created.

Light Microscopy

Corneas were enucleated and either fixed in %2 strength Karnovsky’s
for transmission electron microscopy (TEM) or in 4% paraformalde-
hyde for hematoxylin-eosin (H&E). For TEM, corneas were pro-
cessed as previously published.”® Tissues were cut on an ultrami-
crotome (LKB; Bromma, Sweden) at 60-90 A thick and examined
with an electron microscope (Philips 410; Philips Electronics N.V.,
Eindhoven, The Netherlands). For H&E, 6-pm sections were cut and
stained. The sections were examined under a light microscope

FIGURE 1. Immunolocalization of
avp6 (green) in WT mouse corneas:
(A) unwounded, (B) 24 hours, (C) 48
hours, (D) 4 days, and (E) 4 weeks
after keratectomy. (C, inser) WT
mouse cornea 48 hours after debride-
ment. In (F) and (G) whole mount
corneas were examined by confocal
microscopy 48 hours after keratec-
tomy. (G) A 3-D software reconstruc-
tion (Image Pro Plus v.7; Media Cy-
bernetics). Note the abrupt increase
of expression in the basal cells mi-
grating to cover the wound area.
Blue in (G), DAPI, a marker of cell
nuclei. Arrows denote the original
wound edge. Bar, 50 pm.
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FIGURE 2. Western blot analysis of avB6 in WT mouse corneas after a
keratectomy wound. (A) Representative Western blot images docu-
menting the increased expression of avp6, and the corresponding
stain (Ponceau S; Sigma) of the blot to document equal loading of
samples (region from 40 to 70 kDa). Experiments were repeated three
times using at least six mice per time point. (B) Density of the bands,
quantitated and plotted.

(Nikon Eclipse E800; Nikon) equipped with a digital camera (Olym-
pus DP70; Olympus America Inc.; Melville, NY).

Western Blot Analysis

Immediately after euthanizing the mice, the epithelium was scraped
from limbus to limbus, flash frozen in liquid nitrogen, and processed
for Western blot analysis, as previously described.?” Eight corneas
were used for each experimental condition. Tissues were homoge-
nized and lysed, and the protein was purified and assayed (Biorad;
Hercules, CA). Equal amounts of total protein were loaded on a
nonreducing 4%-20% Tris-Glycine gel (Invitrogen, Carlsbad, CA).
Proteins were transferred to a membrane (Immobilon-P; Millipore,
Billerica, MA), which was then stained (Ponceau S; Sigma) to check
for transfer efficiency. Membranes were blocked with 5% milk in
TBS and then probed, as previously described®” with the following
primary antibodies and incubated at 4°C overnight: avB6, clone
ch6.2A1 (0.5-1 pg/mL); B4 (1:500)*%; and laminin antibody (0.76
pg/mL). The appropriate HRP-conjugated secondary antibody (Jack-
son Immunoresearch) was then incubated with the membranes for
1 hour at room temperature: donkey anti-human IgG (avp6); don-
key anti-rabbit I1gG (B4); and donkey anti-rabbit IgG (laminin).
Immunoreactive bands were visualized (Biospectrum AC imaging
system; UVP, LLC, Upland, CA) using enhanced chemiluminescence
Western blot detection reagents (Millipore). Experiments were re-
peated two to three times. Software was used to measure intensity
of the bands (Image]J v.1.5) and plot the fold enhancement for the
values (Prism 5.0; GraphPad Software).

aVB6 Integrin Promotes Corneal Wound Healing 8507

RESULTS

Healing of Keratectomy Wounds Is Accompanied
by Enhanced Expression of av6 Integrin in the
Basal Epithelial Cells

We have previously demonstrated that avB6 is upregulated in
response to keratectomy and debridement wounds in rat cor-
nea.'' To confirm our rat experiments, we examined the spa-
tial and temporal changes of avB6 in response to wounds in
129SVE WT mice. In unwounded corneas (Fig. 1A), little, if any
avB6 was present; however, 24 hours after keratectomy (Fig.
1B), the number of cells with avp6 increased, localizing in the
basal epithelial cells that were migrating to cover the wound
area. avp6 continued to be present within this area at 48 hours
(Figs. 1C, 1F, 1G), through 4 days (Fig. 1D) and 1 week (data
not shown). It then gradually decreased and returned to base-
line by 4 weeks (Fig. 1E). No upregulation of avB6 was ob-
served in the peripheral epithelial cells, as can be seen in
Figures 1B, 1C, 1F, and 1G. In contrast to rats, av36 was not
enhanced in the migrating epithelium in debridement wounds
in 129SVE mice (Fig. 1C, inset).

To confirm the apparent increase in avf6 in the epithelial
cells within the wound area after keratectomy, tissue was
collected and processed for Western blot analysis. The data
from the Western blot analysis agreed with that observed in
immunofluorescence (Fig. 2). Low levels of avB6 were ob-
served in the epithelium of unwounded (UnW) control cor-
neas, and increased at 1, 2, and 4 days (D), and 1 week (w)
post-keratectomy. The protein amount then began to decrease
by 2 weeks. Stained (Ponceau S; Sigma) membrane showed
equal loading (Fig. 2A).

avf36 Integrin Plays a Main Role in Epithelial Cell
Migration after Keratectomy

Because avpB6 was observed in the migrating basal corneal
epithelial cells in WT mice, we decided to examine the
wound-healing rate in WT and 6/~ mice in vivo to see if
avB6 played a role in wound healing. As can be seen in
Figure 3 (red and blue lines), 24 hours after a keratectomy,
most of the corneas had recovered 25% of their surface,
without differences among mouse genotypes. However, an
increase in the migration rate in the WT mice was observed
after 24 hours. The rate of migration was significantly de-
layed in the B6 /" corneas, especially at 32 and 40 hours
(P < 0.001) (Fig. 3).

=+ Keratectomy WT

4 ~=- Keratectomy 6
== Debridement WT
& ~=~ Debridement 6
E ¥ T
E
n 21 -
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c
3
<
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T T T T

0 10 16 24 32 40 48 56
Time (Hours)
FIGURE 3.  Graphical documentation of healing rates of WT and 6/~

mice after 2-mm debridement or keratectomy. At least six mice were
used per time point. ** P < 0.01, *** P < 0.001.
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To compare the effect of avB6 on wounds with or without
damage to the BMZ, we also examined the wound healing rate
of WT and B6™/~ mice with debridement wounds. As with the
keratectomy, the epithelial wound healing rates were approx-
imately the same for both strains of mice up until 16 hours post
wounding (Fig. 3, green and black lines). However, at 16 hours
post debridement, whether it was WT or §6~/~ mice, there
was an increase in the wound healing rate. This increase
occurred approximately 8 hours earlier than in the corneas
with a keratectomy (Fig. 3, red and blue lines). By 24 hours
post debridement, both strains of mice had resurfaced > 50%
of the original wound size. No statistically significant difference
was observed after debridement between WT and B6/~ mice
at any time point (Fig. 3).

avB6 Integrin Mediates Attachment of Epithelium
to Extracellular Matrix (ECM) during Wound
Healing after Keratectomy

Once the defect is closed and epithelial migration is over, new
cellcell and cell ECM adhesions need to be created for both
restoration of barrier function and anchoring of the epithelium.

Unwounded
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Assembly of hemidesmosomes in the new epithelial basal layer
is essential to maintain the integrity of the epithelia.? In both
the WT and B6™/~ mice, the unwounded corneas look similar
(Figs. 4A, 4B). By 4 days post keratectomy, the epithelium in
both strains covered the wound area (Figs. 4C, 4D). In WT
mice, the epithelium appeared to be forming adhesions to the
stroma (Fig. 4C), whereas in 86"/~ mice, the epithelium had a
large area that was not attached to the stroma (Fig. 4D). By 2
weeks post keratectomy, the WT mice appeared to have re-
turned to normal and more adhesions appeared to have been
formed (Fig. 4E). However, in the B6™/ mice, there was still
a large area where the epithelium was not attached to the
stroma (Fig. 4F). This detachment was observed in six of six of
the 6/~ mice and in zero of six of the WT mice. By 4 weeks,
the WT mouse corneas had returned to that seen in un-
wounded (Fig. 4G); whereas the 6™/~ mouse cornea’s mor-
phology (Fig. 4H) was more similar to that seen in the WT mice
at 2 weeks (Fig. 4E). On slit lamp examination, the epithelium
could be seen to be loosely adherent in the f6 /" mice with
blister-like structures (Fig. 4I). These blisterlike structures
were not present in the WT mice (data not shown).

(6-1-

FIGURE 4. Morphologic analysis of
WT (A, C,E,G)and 6/~ (B, D, F,
H) in (A, B) unwounded corneas, (C,
D) 4 days, (E, F) 2 weeks, and (G, H)
4 weeks post keratectomy. Note that
epithelium is loosely adherent in
B6~/~ after wounding. Bar, 100 pm.
(@ Slit lamp image (magnification,
X40) of B6~/~ cornea 1 week after
keratectomy. Note the blister-like
structure extends across the cornea
(arrows).
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avf36 Integrin Helps to Restore the BMZ after
Keratectomy by Upregulating New Laminin and
Promoting Assembly of Hemidesmosomes

Because the wound-healing rate was slowed and the adherence
of the epithelium to the stroma was defective in B6/~ mice
after a keratectomy wound, we examined the structure of the
BMZ by TEM. One month after debridement, in both strains of
mice (Figs. 5A, 5B), the BMZ looked similar to that seen in
unwounded corneas (data not shown). One month after ker-
atectomy, the WT BMZ appeared to be reforming hemides-
mosomes and a nearly continuous BMZ was observed (Fig.
5C). In contrast, the number of mature hemidesmosomes
was greatly reduced in the 6™/~ mouse corneas and there

FIGURE 5. Transmission electron
micrographs of WT (A, C, E) and
B6~/ (B, D, F) mouse corneas 1
month after debridement (A, B),
and 1 (C, D) and 4 months (E, F)
post keratectomy. Note the com-
plete absence of BMZ and the
greatly reduced number of electron
dense hemidesmosomes 1 month
after keratectomy in the B6 '~
mice. Also note the epithelial projec-
tions into the stroma that may help
anchor the epithelium. Arrows indi-
cate location of BMZ. Bar, 500 nm.

aVp6 Integrin Promotes Corneal Wound Healing 8509

were no signs of BMZ reformation (Fig. 5D). By 4 months
post keratectomy, the BMZ of the WT mice (Fig. 5E) looked
similar to that seen in unwounded corneas; however, the
amount of hemidesmosomes present in B6 /~ mice was
markedly reduced compared with WT, and only a faint
suggestion of BMZ was observed (Fig. 5F).

This apparent lack of BMZ and reduced number of hemi-
desmosomes in the B6™/~ mice after a keratectomy leads us to
question, how is the lack of avB6 disrupting their reformation?
To examine this question, two markers were used. A laminin
antibody generated using rat yolk sac tumor laminin as an
antigen, which localizes to the BMZ, but does not identify a
specific laminin molecule, and a6p4, which localizes within
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hemidesmosomes at the BMZ (Fig. 6). As with humans, rats,
and chickens,""**? an uninterrupted linear pattern of
laminin was observed beneath the epithelium in unwounded
corneas of WT and B6~/~ mice (Figs. 6A, GE). Laminin colo-
calized with a6B4 in both genotypes before wounding (Figs.
GA1, GE1). After keratectomy, the BMZ was removed and there-
fore, there was no laminin or a6B4 localization within the
wound area in either strain of mice (data not shown). In WT
mice 4 days post keratectomy, laminin (Fig. 6B) and 684 (Fig.
6B1) colocalized and appeared just below the epithelium;
however, they were not yet continuous, but rather, patchy and
thickened. By 1 week, the patchiness of both laminin and a684
began to disappear (Figs. 6C, 6C1). By 4 weeks, both markers
continued to colocalize and the thickening was disappearing
(data not shown) and by 2 months (Figs. 6D, 6D1), it was

Laminin/DAPI

LA

WT
A
Unwounded
B
4 days
Cc
1 week

FIGURE 6.
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similar to unwounded (Figs. 6A, 6A1). On the other hand, 4
days after a keratectomy in B6~ /"~ mice (Figs. 6F, GF1), small
patches of laminin and a6B4 were present, but the majority of
the wound area had little staining. One week post keratectomy
(Figs. 6G, 6G1), there appeared to be more patches of staining.
This increase in patchy localization continued at 2 (Figs. 6H,
G6H1) and 4 weeks (data not shown). By 4 months, laminin (Fig.
6D and a6B4 (Fig. 611) colocalized where the epithelium and
the stroma met; however, in the area where the epithelium did
not appear to be adhering to the stroma, laminin was not
present.

To confirm the amounts of laminin and a«6B4 in the migrating
epithelium over time, we performed Western blot analysis. In
Figure 7.1, it can be seen that laminin levels increased rapidly in
WT mice after wounding and continued to rise for at least 1 week

/IDAPI

Unwounded

Immunolocalization of laminin (A1, red) and a6B4 (A1-11, green) in WT (A-D, A1-D1) and B6/~ (E-1, E1-11) mice. Proteins were

localized in unwounded corneas (A, A1, E, E1) and 4 days (B, B1, F, F1), 1 week (C, C1, G, G1), 2 weeks (H, H1), 2 months (D, D1) and 4 months
, I1) post keratectomy. Note that laminin and «6B4 were analyzed on single sections that are shown separately for ease of viewing. DAPI, a marker
of all cell nuclei, blue. Bar, 50 pm. At least four corneas per time point were analyzed.
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FIGURE 7. Representative Western
blot images documenting the in- 1B
creased expression of laminin (1A)
and a6B4 (2A) after keratectomy
wounds. Stain (Ponceau S; Sigma) of
the blots was used to document
equal loading of samples (data not
shown). Experiments were repeated
two or three times using at least six
mice per time point. The density of
the bands was quantitated and fold
enhancement was plotted (1B, 2B).
Note: Only epithelium was included
in these samples.

Fold Enhancement

in a representative experiment. In contrast, only very low levels of
laminin were present in the epithelium of B6™/~ mice after a
keratectomy wound. As seen in Figure 7.2, the amount of a6p4
increased in both strains after keratectomy, with WT peaking by
2 days post keratectomy and 86/~ by 4 days. The levels of a6B4
then decreased to unwounded by 2 weeks in both strains.

Fibronectin Persists after Keratectomy in avf36
Null Mice

Release of fibronectin within the injured area is critical for
healing. The released fibronectin acts as a temporary matrix
allowing attachment of the new migrating cells.” Fibronectin is
also known to be a ligand for av6.>> We, therefore, examined

Ficure 8. Immunolocalization of fi-
bronectin (red) in WT (A, C) and
B6~/ (B, D, E) mice: (A, B) 1 week,
(C, D) 2 and (E) 4 months post ker-
atectomy. Note that no fibronectin
was present in unwounded corneas,
or beyond 2 weeks after wounding in
WT cornea. DAPI, a marker of all cell
nuclei, blue. Bar, 50 pm.
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the spatial and temporal changes of fibronectin in the WT and
B6~/ mice after keratectomy (Fig. 8). In unwounded corneas
of both strains of mice, no fibronectin was observed (data not
shown). At 24 hours, fibronectin was observed from edge-to-
edge in the wounded area beneath the migrating epithelium in
both WT and B6™/~ mice, and no fibronectin was observed in
the peripheral tissue (data not shown). In both strains of mice,
fibronectin peaked at 1 week (Figs. 8A, 8B). After 1 week,
fibronectin decreased suddenly in WT mice, and only a little
staining was observed at 2 weeks (data not shown). By 2
months, fibronectin rarely was observed in WT mice (Fig. 8C).
In contrast, 36/~ mice continued to have fibronectin at 2 and
4 months (Figs. 8D and 8E, respectively).

Fibronectin/DAPI
(6 -/-
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DISCUSSION

Healthy corneal epithelium is essential for maintaining trans-
parency, avoiding infection and maintaining corneal integrity.
To preserve the structure, the epithelium anchors to the
stroma ECM through the BMZ. We previously observed a spa-
tial/time correlation between avp6 upregulation in basal cor-
neal epithelial cells and laminin expression in the BMZ of rats
after a keratectomy wound.'"'?> With the present study, we
extended our work to demonstrate that 86/~ mice did not
restore the BMZ or reform mature hemidesmosomes after a
keratectomy wound. By 1 month after keratectomy, WT mice
showed a nearly fully restored BMZ by TEM, with restoration of
both lamina densa and lucida, as well as a high density of
hemidesmosomes. Dramatically, all these components were
missing in the 6™/~ mice, indicating that av6 is required for
regeneration of the BMZ and hemidesmosomes. In contrast,
after debridement, both WT and 6/~ mouse corneas showed
a normal appearance in both BMZ and hemidesmosomes.

Immediately after photorefractive keratectomy, humans,
rats, and chickens all deposit laminin underneath the epithe-
lium.''3°-32 Concordant with these works, WT mouse corneas
showed a continuous laminin line limbus-to-limbus by 2 weeks
after keratectomy. However, within the damaged zone in the
B6~/" mice, laminin was absent, weeks and even months after
a keratectomy, and when present, only present as clusters
within the healing BMZ. Even by 4 months, continuous laminin
localization was not observed, which is in agreement with the
lack of BMZ observed by TEM. Western blot analysis and IF
results demonstrated that laminin production decreased and its
assembly into BMZ was impaired. One possible explanation for
the lack of laminin production is that activation of TGF-81 or
-B3 may be impaired by the lack of avB6. This possibility is
supported by studies suggesting that laminin production is
increased in epithelial cells in response to autocrine TGF-81
activation.>*3* We hypothesize that laminin expression may be
upregulated in the corneal epithelium by avB6-activated TGF-
B.>° This type of activation has been reported in numerous
systems,’” 2 and avB6 expression has been frequently linked
to fibrosis.>”*!

Both loose epithelium and lack of hemidesmosomes have
been observed in mice lacking a6B4 integrin.*? Qur B6~/~
mouse corneas appear to have a greatly reduced number of
mature hemidesmosomes after 1 and 4 months post keratec-
tomy. An evident colocalization of a6B4 and laminin is ob-
served in both WT and B6~/~ unwounded corneas. This colo-
calization is also observed in healing corneas of WT mice after
keratectomy; therefore, this strongly suggests that a684 is a
receptor for laminin during BMZ repair, and that the presence
of laminin is necessary to assemble a6B4 into hemidesmo-
somes, during corneal epithelial BMZ repair.

In addition to the defective restoration of the BMZ, we
observed that wound closure in the 6™/~ mice was slowed
after a keratectomy. Although some studies have suggested
that lack of avB6 compromises epidermal repair,®® others
have proposed that it does not,”?! or only the re-epithelializa-
tion is compromised in 86/~ diabetic mice, but not in 6/~
healthy mice.** In the current work, we observed significant
differences in the rate of migration between WT and B6 7~
mice when the BMZ was removed by keratectomy. Interest-
ingly, B6™/~ mice did not show any significant slowing of
migration after a debridement wound, nor did avB6 appear to
be enhanced after a debridement wound. These data suggest
that avB6 plays a major role in migration only when the BMZ
is damaged. The data also suggest that matrix might be respon-
sible for inducing av6.

Because fibronectin is observed in the wound-healing
stroma after a keratectomy, and is believed to be involved in

276

IOVS, October 2011, Vol. 52, No. 11

epithelial migration® and is known to be a substrate for av6,>*
there may be an interaction between the av6 in the migrating
epithelium and the upregulated fibronectin in the stroma that
increases the speed of epithelial migration over the wound
area after a keratectomy. In the healing cornea, fibronectin is
released, facilitating both epithelial migration and attachment
to ECM.***> When the wound defect is closed, fibronectin is
lost, correlating with the appearance of laminin. As in a previ-
ous expetriment in rabbits,*® loss of fibronectin expression
correlating with BMZ restoration was evident in the WT mice;
however, the loss of fibronectin and appearance of laminin was
not observed in the 6™/~ mice. Instead, interrupted costain-
ing of fibronectin and laminin remained in the later time
points, suggesting that lack of BMZ restoration was associated
with the continuing expression of fibronectin.

With the current work, we demonstrate that avB6 is up-
regulated in the epithelium during corneal wound healing
when the BMZ is damaged in WT mice. The upregulation of
avB6 promotes epithelial migration in wounds where the BMZ
is removed, and leads to upregulation of laminin. In addition, in
mice lacking avpB6, hemidesmosome restoration is compro-
mised after keratectomy wounds and this correlates with the
absence of laminin in the BMZ.
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Purrose. Thrombospondin-1 (THBS1) has been suggested as a comeal wound-healing
modulator. Therefore, we compromised the integrity of the comea to elucidate the role of
THBSI.

MerHoDS. Full-thickness penetrating corneal incisions (1.5 mm) were created in wild type
(WT, 129S2/SvPas) and THBSI1-deficient mice (Thbsl~/~, 129S82/SvPas-Thbs ™!y
Thbs1"™1™™) and allowed to heal up to 1 month, while being monitored by slitlamp and
intravital comeal examinations. Corneas also were examined by transmission electron
microscopy and indirect immunofluorescence. To determine how THBS1 was involved in the
healing process, we examined THBS1 and o-smooth muscle actin (SMA), a marker of
myofibroblasts and myoepithelial cells.

Resurrs. In WT mice by 1 month, comeas appeared transparent with a thin scar, and
endothelium and Descemet’s membrane (DM) were restored. In contrast, 7hbsI ~~ comeas
exhibited chronic edema and persistent opacity after wounding. The DM and endothelium
were not restored, and wound contraction was impaired. The THBS1 was localized in
epithelial cells at early stages of the healing process, and in the stroma and endothelial cells
during later stages. The SMA-positive epithelial cells and myofibroblasts were observed within
the healing area at day 4, peaked at day 14, and disappeared at day 30. The SMA-positive cells
were reduced greatly in Thbs 1/~ mice.

Concuusions. In the current study, we demonstrated that corneal restoration is strikingly
compromised by a penetrating incision in 7hbs1~/~ mice. The wound results in persistent
edema and wound gaping. This appears to be the result of the lack of endothelial migration
and DM restoration. In addition, myofibroblast formation is compromised, resulting in the
lack of wound contraction.

Keywords: thrombospondin-1, corneal wound healing, penetrating wound, endothelial

restoration, comneal epithelium

hrombospondin-1 (THBS1, also referred to as TSP-1) is a

large (450 kDa) trimeric extracellular glycoprotein’?
released by platelets, and epithelial and mesenchymal cells in
response to many of the physiologic processes, including
development, wound healing, angiogenesis, tumor cell migra-
tion, platelet aggregation, and cell adhesion >® It is not known
if THBS1 has a significant role in normal tissue homeostasis;
however, it is present during development of many embryonic
tissues, and its expression is increased dramatically during the
wound-healing process.”~'?2 Absence of THBS1 leads to
prolonged inflammation, delayed wound healing, and delayed
scab loss. 13,14

In the healthy comea, THBSI1 is localized in the basement
membrane zone (BMZ), Descemet’s membrane (DM), and
corneal endothelium (CE), but not within the stroma of human,
bovine,'> and rat comeas.’® In addition, Sekiyama et al.'”
demonstrated that limbal and comeal epithelium express Thbs 1
mRNA in human corneas. THBS1 and Thbs! mRNA expression
is increased immediately during comeal wound healing after
injury'® 2% however, the mechanisms of action and function
remain unclear. Uno et al. suggest that epithelial defects in the
cornea stimulate the expression of THBS1 in the wound area,

Copyright 2013 The Association for Research in Vision and Ophthalmology, Inc.
www.iovs.org | ISSN: 15525783

resulting in the accelerated reepithelialization of the cornea and
that lack of vitamin A reduced THBS1 expression.???! Recently,
Matsuba et al.'® proposed that THBS1 might be involved in the
transformation of the keratocytes into myofibroblasts during
wound healing after a corneal keratectomy in rats. One of the
potential roles of THBS1 is the activation of TGF-§. THBS1 has
been demonstrated to be one of the most important activators
of TGF-B1,52223 which induces keratocyte proliferation,
myofibroblast differentiation, and extracellular matrix (ECM)
production.?*26 TGF-B1 is released and suspended within the
ECM in a latent form, which is activated in response to injury.?”
It also has been observed that adhesion and migration were
impaired in vitro in 7hbsI~/— mouse corneal endothelium,®
thus showing that THBS1 has a major role during endothelial
wound healing as well.®

Since THBS1 is known to be expressed in remodeling
comeal epithelium,® corneal stroma,'® and corneal endothe-
lium,282 and is an activator of latent TGF-$1,62223 we
hypothesized that THBS1 has an important role in comeal
wound repair when the coreal barrier’s integrity is compro-
mised. We addressed this hypothesis by performing a full
thickness incision wound in the central corea of adult THBS1-
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deficient mice (7hbs17~) and comparing them to wild type
(WT) mice.

MATERIALS AND METHODS

All studies were conducted in accordance with the ARVO
Statement for Use of Animals in Ophthalmic and Vision Research.
A fulkthickness incision was performed with a 1.5mm blade
(Fine Science Tools, Foster City, CA) in the central comea of 12-
to 18week-old male 12952/SvPas (WT; The Jackson Laboratory,
Bar Harbor, ME), and 12- to 18-week-old male and female 12952/
SvPas- Thbs1™Hm/Thbs 1™ 1™ mice (Thbs1~—; a kind gift
from Jack Lawler, Beth Israel Deaconess Medical Center, Harvard
Medical School, Boston, MA). THBSI-deficient mice were
generated in D3 ES cells, which were derived from the 12952/
SvPas strain.’>* The knockout allele is called Thbsi™ ™,
Contralateral eyes served as controls. Approximately 70 animals
of WT and ThbsI~~ were examined, allowing for at least 3
corneas to be examined per condition per time point.

Full-Thickness Penetrating Incision

At 20 minutes before the procedure, one drop of 1% atropine
sulfate ophthalmic solution (Bausch and Lomb, Inc., Rochester,
NY) was instilled in the right eye. In a preliminary experiment
without topical instillation of atropine, chronic iris incarcera-
tion into the comeal incision was observed. Under the
microscope, a nasaltemporal orientated fulkthickness pene-
trating incision (1.5 mm in length) was created in the center of
the cornea with a surgical blade. Animals were monitored with
a slitlamp (Topcon Medical Systems, Inc., Oakland, NJ)
everyday for a week and then weekly until the end of the
experiment. Intravital corneal examination also was performed
at days 14 and 30 using a Heidelberg Retina Tomograph III
(HRT; Heidelberg Engineering, Heidelberg, Germany). At the
appropriate time (1, 2, 4, 7, 14, and 30 days) animals were
euthanized and corneas either were processed for indirect
immunofluorescence (IF; frozen sections and whole mounts)
or transmission electron microscopy (TEM).

IF Microscopy

For frozen sections, the eyes were enucleated, frozen in OCT, 6
um sections were cut, and IF was performed.'® For whole
mount, the comeas were enucleated, fixed in prechilled 100%
methanol and dimethyl sulfoxide (4:1) for 2 hours at 20°C, and
then stored in 100% methanol at 20°C until ready to use. The
corneas were prepared for immunofluorescence as described
by Pal-Ghosh et al3! The lens, iris, and retina were removed,
and the corneas were cut in half, perpendicular to the original
line of incision. Two cuts were placed in each half of the
cornea to allow the corneas to lie flat, and then the sections
and whole mounts were incubated at 4°C overnight with the
following primary antibodies: SMA-FITC (Sigma-Aldrich, St
Louis, MO) and THBS1 (Abcam, Cambridge, MA). Then, the
secondary antibody, rhodamine-conjugated donkey antimouse
IgG (Jackson ImmunoResearch Laboratories, Inc., West Grove,
PA) was applied for a 1-hour incubation at room temperature
(sections) or overnight at 4°C (whole mounts). Coverslips were
mounted with mounting media containing 4'6-diamidino-2-
phenylindole (DAPI, Vectashield; Vector Laboratories, Burlin-
game, CA), a marker of all cell nuclei. The sections were
examined and documented with a fluorescence microscope
(Nikon Eclipse E800; Nikon, Melville, NY) equipped with a
digital camera (SPOT; Diagnostic Instruments, Sterling Heights,
MI). Whole mounts were examined with a Leica TCS-SP5 laser
confocal scanning microscope (LCSM; Leica Microsystems,
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Bannockbumn, IL). Three-dimensional image projections were
performed with LAS AF Lite software (Leica Microsystems).
Negative controls, where the primary antibody was omitted,
were run with all experiments. As an additional control,
irrelevant antibodies of the same isotype were compared to
ensure specificity.

Transmission Electron Microscopy

Corneas were fixed in half-strength Karnovsky’s fixative and
processed for TEM, as described previously3? Briefly, fixed
corneas were rinsed for 24 hours with cacodylate buffer 0.1 M
and postfixed in 1% osmium tetroxide for 1 to 2 hours at room
temperature. The tissue then was dehydrated in ascending
concentrations of acetone, infiltrated with propylene oxide,
and embedded in Epon plastic. Sections 60 to 90 angstroms (A)
thick were cut on an ultramicrotome (LKB ultramicrotome;
LKB, Bromma, Sweden) and examined with an electron
microscope (Philips 410 electron microscope; Philips Research
Laboratories, Eindhoven, The Netherlands).

RESULTS

Pathologic Manifestations of Lack of Thbs1

In WT corneas, the incision was sealed by wound-healing
epithelium within 1 day. Incipient edema was observed during
the first days around the incision, but comeas became
transparent after 4 to 7 days (Figs. 1A, 1B). All ThbsI~~
comeas became chronically opaque from day 4 until the end of
the experiment (Figs. 1E-H). In the WT mice, the stromal
wound closed rapidly (Fig. 1B), healing with a thin scar (Figs.
1C, 1D). However, in ThbsI™~ comeas the incision gaped
rather than sealing shut (Figs. 1E, 1F) and never appeared to
close fully (Figs. 1G, 1H).

These findings were confirmed via intravital examination
with the HRT. A highly reflective stromal tissue was observed
under the epithelium of WT comeas by cross-section (Figs. 2A,
2B) and enface (Figs. 2E, 2F) scanning At 2 weeks, WT corneas
recovered almost the total thickness with a newly deposited
stromal tissue (appears brightly) and a hyperplasic epithelium
(Fig. 2A). However, both sides of the cleft remained separated
(Fig. 2E). At 4 weeks, the incision was tightly contracted with a
highly reflective matrix (Figs. 2B, 2F). Minimal reflective stromal
tissue or stromal healing activity was found in 7hbsI~~ corneas
(Figs. 2C, 2D, 2G, 2H). In the endothelial layer; WT corneas
showed high healing activity at 2 (Fig. 2A) and 4 (Fig. 2B) weeks
after injury, as indicated by the high level of reflectance
(arrowheads). No evidence of endothelial-healing activity was
observed in Thbsl—~ comeas (Figs. 2C, 2D). The lack of
endothelial repair in the 7hbsI—~ corneas is consistent with the
persistent edema seen in Figure 1, suggesting that THBS1 has an
important role in endothelial migration during wound repair.

Localization of THBS1 After Incision

In corneal’®® and nonocular' models, THBS1 is deposited
within 48 hours after injury. As seen in Figure 3, THBS1 was
observed only in the endothelium of unwounded WT coreas
(Fig. 3A), and then in the epithelium covering the incision 24
hours after wounding (Fig. 3B). At 48 hours after wounding,
THBS1 expression was extended to surrounding epithelial cells
and into the cleft created by the incision (Fig. 3D). As
expected, no THBS1 was observed in the ThbsI7~ mouse
corneas 24 and 48 hours after incision (Figs. 3C, 3E).
Expression of THBS1 gradually increased by days 4 (Fig. 4A)
and 7 (Fig. 4B), and was maximal at day 14 (Fig. 4C), where an
interrupted column of THBS1 localization was visualized from
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Ficure 1. Slitlamp evaluation of WT (A-D)and Thbs1 7~ (E-H) mouse corneas. In WT mice, stromal matrix contraction around the closed wound
can be seen at 7 days (B). WT mice show transparent corneas with a thin reflective line of subepithelial haze in the incision area at 14 (C) and 30 (D)
days. Scar indicated by white arrows. Lack of contractility with unclosed wounds can be observed at 4 (E) and 7 (F) days in ThbsI 7. Persistent
corneal edema with full opacity is observed from day 4 (E) until the end of the experiment (G, H).

the top of the epithelium to the endothelium. THBS1 levels
were diminished by 30 days after injury (data not shown).
Strikingly, THBS1 was elevated in the endothelium at these
later time points (Figs. 4A-C). Localization of THBSI in the
epithelial cells was seen clearly in enface imaging (Figs. 4E-G).
Presence of THBSI in peripheral stroma, or epithelium of
injured or unwounded comeas was not observed.

Myofibroblast Differentiation Appears to Correlate
With THBS1 Expression

Cytoplasmic colocalization of THBSI and o-smooth muscle
actin (SMA) was evident in the epithelial cells of WT mice 4

WT

SO==0O0®®W X

DOW =D

days after wounding (Figs. 4E-G). In the ThbsI™/~ comeas,
few, if any, SMA-positive epithelial cells were observed (Fig.
4D). The ThbsI™~ corneas appeared to lack the ability to
contract, as the wound remained open longer and appeared to
gape (Fig. 1). In WT mice, myofibroblasts were observed on
days 4 (Fig. 4A) and 7 (Fig. 4B) in the anterior aspect of the
incision. By 14 days (Fig. 4C), as with THBS1, the presence of
myofibroblasts reached its maximum, and a column of SMA-
positive cells was observed connecting the epithelium with the
endothelium (Fig. 4C). By 30 days after incision, no myofibro-
blasts or SMA-positive epithelial cells were observed, and the
wound was fully sealed by new ECM (data not shown). Greatly

Thbs-/-

FiGure 2. HRT intravital evaluation of WT (A, B, E, F) and ThbsI 7~ (C, D, G, H) mouse comeas 2 and 4 weeks after wounding showing cross-
section (xsection) and enface images. A reflective fibrotic process can be observed in the WT stroma at 2 weeks (A, E) with the area of fibrosis
appearing to contract at 4 weeks (B, F). Highly reflective endothelium indicating wound repair also can be observed at 2 and 4 weeks (A, B). In
contrast, the absence of stromal or endothelial wound healing is evident in the ThbsI 7 comeas (C, D, G, H). White arrows (A-F) indicate the
incision. Closed arrowbeads (A-D) indicate extent of posterior cornea. Open arrowbeads (E, G, H) indicate gape in stroma, demonstrating lack of
wound closure. Asterisk (C, D) indicates tip of cleft in ThbsI 7~ comeas. Also note highly pigmented cells in wound area of ThbsI~ corneas (G,
H). At least three corneas per time point were examined with similar results.
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Ficure 3. Threedimensional projection of whole mount cornecas
immunolabeled with THBS1 (pink) in WT (A, B, D) and ThbsI7~ (C,
E) mice, unwounded (A), and 24 (B, ©) and 48 (D, E) hours after
wounding. In unwounded cornea (A), THBSI1 is present primarily in
the endothelial cell layer. A narrow line of THBSI is localized in the
corneal epithelium of WT 24 hours after incision (B), which expanded
to peripheral epithelium and stroma by 48 hours (D). As expected, no
THBS1 was detected in ThbsI 7~ mice (C, E). White lines show the
borders of the incision. DAPI (blue) is a marker of all cell nuclei. Scale
bars: 100 pm (B-E).

reduced numbers of myofibroblasts were observed in the
Thbs1™~ comeas (Fig. 4D).

Corneal Endothelial Barrier Restoration Is
Impaired Severely in Thbs1™~ Corneas

A proper endothelial function is essential to maintain the
stroma with the appropriate hydration for keeping corneal
transparency. Incipient edema in the corneas was observed
around the incision in the WT mice before becoming
transparent after 4 to 7 days (Figs. 1A, 1B). However,
Thbs1™~ comeas remained chronically opaque until the end
of the experiment (Figs. 1G, 1H). A reflective new tissue was
observed at endothelial level in WT corneas, indicating a
wound-healing process at 2 (Fig. 2A) and 4 (Fig. 2B) weeks,
suggesting that the cormeal endothelium is healing. This was
confirmed in Figure 5 by TEM, where a new layer of
endothelial cells was observed in the WT mice at day 15 after
incision (Fig. 5A). Of interest, a new thin well-organized DM
was found to be present between the stroma and the new
corneal endothelial cells 2 weeks after injury (Fig. 5A). This
incipient DM can be observed at the border of the wound area
as a continuation of the unwounded DM. The lack of
endothelial barrier in the Thbs1~~ was confirmed in vivo by
slitlamp and HRT examination (Figs. 2C, 2D). In the Thbs17~,
attenuated comeal endothelial cells were apparent in the
wound area; however, no new DM was observed (Fig. 5B). The
original DM appeared to be broken and curved into the stroma
without continuation (Fig. 5B).

DiscussioN

Previously, we demonstrated that THBS1 expression accompa-
nied myofibroblast generation during the healing process after
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keratectomy in rats.'® THBS1 was deposited into the stroma
following a wound where the BMZ was damaged!®; however,
when the BMZ was left intact, THBS1 was expressed only in
the most superficial aspect of the stroma, corresponding to the
BMZ2° In concordance with Uno et al.,*® we also showed
previously that THBS1 expression was maximal early after
wounding and gradually decreased.’® These studies suggest
that THBS1 has an important role in the healing process. In the
current report, we made use of ThbsI™~ mice to examine
further the role of THBS1, and we demonstrated that stromal,
as well as endothelial healing, was severely impaired in mice
lacking Thbs1. In the current model, a full-thickness comeal
incision was performed. In WT mice at 24 hours, the
expression of THBS1 was observed in the epithelium that
covers the incision, but not in the stroma (Fig. 3B). Later,
THBS1 expression extended gradually to the surrounding
epithelial cells and down into the stroma around the wound,
peaking at 14 days (Fig. 4C). At this time point, THBS1 was
observed in an interrupted column pattern filling both sides of
the incision from the epithelial surface to the endothelium (Fig.
4C); however, no THBS1 was observed in the unwounded
peripheral stroma or epithelium (data not shown). One of the
unexpected and most striking results of our investigation was
that ThbsI~~ comeas rapidly became opaque after an incision
wound and never appeared to heal. These results indicated
that THBS1 is a necessary component of endothelial wound
repair. This is supported further by the observation that THBS1
expression increased in the endothelial cell layer after
wounding in the WT mice (Figs. 4A-C).

When the corneal integrity is compromised, epithelial cells
quickly cover the damaged area by proliferation and migra-
tion3? In the stroma, keratocytes within the wound area
undergo apoptosis, leaving the stroma devoid of cells that must
be replaced, and the keratocytes surrounding the wound area
proliferate and become fibroblasts>* These fibroblasts then
migrate to fill the stromal wound area, with many of them
differentiating into myofibroblasts, a cellular phenotype with
contractile properties and ECM synthesis capabilities.#35:36
Such a healing environment, with myofibroblasts and new
ECM, produces an optical phenomenon called light backscat-
tering or subepithelial haze,?"2¢ which usually disappears
when the wound-healing process is done.?! In the current
work, subepithelial haze (Figs. 1A, 1B), reflective stromal and
endothelial tissue (Figs. 2A, 2B, 2E, 2F), myofibroblasts (Fig. 4),
and new ECM were observed in the WT mice. However, all of
these processes were strikingly absent or reduced in Thbs I~
mice. Previously, we observed that the expression of THBS1
correlated with the appearance of myofibroblasts after a
comeal keratectomy in rats,'® where THBSI was localized in
the wound area beginning at 1 day, and myofibroblasts were
detected in the same area by day 4. A similar pattern was
observed in the current work in mice. These data clearly
suggested that keratocytes differentiate to become myofibro-
blasts in response to THBSI. Since it is known that THBS1 can
activate TGF-B1, one possible mechanism of action would be
the stimulation of keratocytes/fibroblasts by TGF-B1, which
was activated by THBS1 in the wound area. One unclear aspect
from our previous work'® was whether fibroblasts, myofibro-
blasts, or epithelial cells were responsible for THBS1 expres
sion. Confocal images revealed intracellular expression of
THBS1 by epithelial and endothelial cells. Interestingly, many
of the epithelial cells expressing THBS1 also expressed SMA,
suggesting that they were myoepithelial cells. Presence of
myoepithelial cells is well known in other tissues,>”3% but is
not well documented in the comea. Hiscott et al. suggested a
main role of THBS1 in the maintenance of the epithelial
structure during wound repair.3® This was confirmed by our
results in the Thbs1~~ mice.
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FiGure 4. Immunolocalization of SMA (green) and THBS1 (red) in WT (A-C, E-G) and ThbsI 7~ (D) mice. (A, C) Three-dimensional projection of
whole mount corneas at 4 (A) and 14 (C) days after injury. (B, D) Crosssections at 7 days after incision in WT (B) and ThbsI7~ (D) mice. (E-G)
Epithelial localization in whole mount corneas 4 days after wounding: (E) SMA, (F) THBS1, and (G) SMA/THBS1 oveday. Note the expression of
THBSI1 in the epithelium, upper stroma, and endothelium after wounding (A-C). Colocalization of THBSI and SMA is evident at 14 days (C), and
SMA-positive cells extend further from edge of wound than THBS1-positive cells (E-G). Also, note the gape (arrow) in the Thbs1 ™/~ cornea (D) and
reduced level of SMA localization compared to (B). DAPI (b/ue) is a marker of all cell nuclei. Scale bars: 250 pm (A, ©), 50 pm (D, G).

Ficire 5. TEM micrographs of WT (A) and ThbsI 7~ (B) mouse corneas 15 days after incision. In WT corneas (A), the endothelium has migrated to
cover the wound area and the DM is partially restored. In contrast, only highly attenuated endothelial cells are seen in Thbs1 7~ comeas (B) and no
signs of DM regeneration were observed. Arrows indicate edge of cut DM. Scale bars: 5 pm.
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In contrast to the epithelial cells, no myofibroblasts or
keratocytes expressed intracellular THBS1. While this does not
rule out the possibility that myofibroblasts, nerves, or
inflammatory cells are producing THBS1, our data were
consistent with the epithelial cells being a primary source.
Interestingly, the corneal endothelium also appeared to be a
source of THBS1. In our study, we extended our work to
demonstrate that THBS1 is critical also for endothelial
restoration, since ThbsI™~~ mice develop chronic edema and
persistent comeal opacification. Neither of these healing
defects was observed in the WT mice. In the WT mice, THBS1
expression was observed to increase in the healing endothe-
lium from day 4 (Fig. 4A) until the end of the experiment,
reaching maximal intensity at 14 days (Fig. 4C). The new
monolayer rests over a thin, but well-defined DM (Fig. 5A).
Dramatically, all of these components are missing in the
Thbs1~~ mouse corneas. It is well established that endothelial
cell proliferation is lacking in humans®; however, if the
endothelial barrier is damaged, a restorative process occurs by
migration and/or hypertrophy of surrounding endothelial
cells."42 In lung microvascular endothelia, THBS1 increases
tyrosine phosphorylation of components in the cell-cell
adherens junctions, inducing actin reorganization and focal
adhesion disassembly.*3#4 Migration, hypertrophy, and adhe-
sion are impaired in vitro in ThbsI~/— mouse endothelial
cells,?® suggesting a major role of THBS1 during the endothelial
barrier repair,?® which is confirmed strongly by our in vivo
results. In addition, previous studies have demonstrated that
TGF-B1 stimulates endothelial cells to proliferate, migrate, and
produce ECM.%>~%7 The THBS1 binds the TGF-B-LAR!! leading
to activation of endogenous TGF- expressed by endothelial
cells.*® 1t also has been suggested that TGF-B1 has a role in
maintaining the endothelial cells in a nonproliferative state.®
Our results suggested that TGF-f1 and THBS1 have an
important role in endothelial cell repair.

In our current study, we made the novel observation that
penetrating wounds in 7hbsI”~ comeas fail to heal, and
exhibit persistent edema and prolonged wound gaping. We
have demonstrated that lack of endothelial healing and wound
contraction is the functional mechanism that appears to cause
these defects. However, we have not uncovered the molecular
mechanism of THBS1 in these processes. While THBS1 has
been shown to have an important role in activation of TGF-f1,
which certainly may have a role in these processes, THBS1 has
been demonstrated to have multiple effects in the cornea.
Haddadin et al. have demonstrated that Thbs 1™~ comeas are
thinner than WT by 6.5% and that intraocular pressure was
reduced by 10%.5° This could make the cornea more
susceptible to healing defects. In addition, THBS1 has an
important role in maintaining immune privilege, in that THBS1
derived from antigen-presenting cells is necessary to suppress
immune rejection.® It is not clear if immune rejection has a
role in our studies; however, THBS1 derived from immune cells
certainly could be involved in the healing response. In addition
to its role in immune suppression, lack of THBS1 also has been
reported to result in ocular surface defects that mimic dry
eye.>? Again, it is not clear if this impacts our studies, but it is
possible that these ocular surface defects make the comea
susceptible to wound-healing defects. Finally, Sekiyama et al.’”
suggest that THBS1 is bound or trapped by Bowman’s layer in
human corneas. Our data in mice and rats, which lack
Bowman’s layer, supported their findings in that we see
minimal accumulation of THBS1 at the epithelial/stromal
interface.’® In total, there appear to be multiple potential
molecular mechanisms of THBS1 that may affect corneal
wound repair.

We concluded that THBS1 has critical roles during corneal
restoration when its integrity is compromised by a penetrating
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incision, including endothelial migration and stromal contrac-
tion. Based on our results and other published reports, THBS1
expression and persistence in the tissue seem to be related to
the extent of the injury, ranging from a few hours in the BMZ2°
of an epithelial wound to a few days in the upper aspect of the
stroma of a superficial keratectomy'® to one month in all the
comeal layers following a penetrating wound. THBS1 also
appears to be expressed by the corneal epithelium and
endothelium, and has a role in epithelial, stromal, and
endothelial repair. These experiments raise many questions
regarding the mechanisms of THBS1 in wound repair; however,
these questions will be addressed in further work.
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Abstract

Purpose: Allergic eye disease (AED) occurs mostly in the conjunctiva, but is only
thought to significantly involve the cornea in advance forms (e.g. allergic
keratoconjunctivitis). We intravitally investigated inflammatory cell infiltration (IC) of
the ocular surface in an AED experimental mouse model.

Methods: Allergic conjunctivitis (AC) was induced in C57BL/6 mice via
immunization with ovalbumin (OVA; 100ug)/pertussis toxin (300ng)/alum (Img), and
challenged with OVA (250 ug) eye drops once daily for 7 days. Standardized slit lamp
scoring of AED clinical signs (lid edema, tearing, chemosis and redness) was done. In
vivo confocal microscopy (IVCM) was performed with a Heidelberg Retina Tomograph
III (HRT3). Flow cytometry and immunofluorescence (laser scanning confocal
microscopy, LSCM) were additionally performed. Experiments (n=4) were repeated 3
times

Results: Increased AED clinical scores began on challenge day 3 in immunized mice
relative to non-immunized mice (p<0.01). HRT3 showed an increased number of hyper-
reflective events in bulbar conjunctiva and cornea of immunized mice compared to non-
immunized mice (p<0.01). Flow cytometry indicated a significant increment in the
CDI11b+ frequency in the conjunctiva and cornea of immunized mice compared non-
immunized mice (p<0.01). LSCM showed mononuclear cells in the conjunctiva and
cornea similarly included monocytes in immunized mice.

Conclusions: IVCM allows visualization and quantitation of ICs in both conjunctiva
and cornea in an experimental AED mouse model. Significant IC infiltration occurs
throughout the cornea and the kinetics of their recruitment is associated with progression
of AED clinical signs. The detection of ICs in the transparent cornea during progression

of AED may represent an important component in the pathology of this disease.
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INTRODUCTION

Ocular inflammation such as allergy, dry eye, trauma or surgery involves a complex
immune response in the ocular surface '. The ocular surface is composed of conjunctiva,
a mucosal tissue, and the cornea, the transparent window of the eye. The ocular surface
often is exposed to pathogens, cosmetics and environment agents (e.g. pollen, dust mites,
dander, smoke or pollution) that cause inflammation of the conjunctiva. Conjunctivitis
diagnosis varies depending on etiology (viral, bacterial, chemical); however, allergic
conjunctivitis (AC) is the most common ophthalmologic incidence in developed countries
%, AC represents a spectrum of disorders that affect the lid, conjunctiva, and in more
severe forms, the cornea °. Mild forms of AC include seasonal allergic conjunctivitis
(SAC) and perennial allergic conjunctivitis (PAC) that are induced by environmental
agents such as grass, pollens, or cat dander *°. Together SAC and PAC comprise 95% of
AC cases *°. More severe forms include atopic keratoconjunctivitis (AKC) and vernal
keratoconjunctivitis (VKC) ™ SAC and PAC remain self-limited and present no corneal
damage. By contrast, AKC and VKC progress with corneal involvement, producing
discomfort, pain and may lead to impaired vision and corneal transplantation >’

AC is an immediate hypersensitivity reaction that occurs in response to an allergen
encountered at the ocular surface ' . The development of AC consists of two phases: an
early and a late phase reaction. The early phase occurs within minutes after antigen
exposure. The allergen cross-links specific IgE antibodies bound via FceRI receptors on
the surface of ocular mast cells resulting in the release of histamine, leukotrienes,

10-12

proteases, prostaglandins and cytokines Classic symptoms of immediate

hypersensitivity are itching, lid edema, tearing, chemosis, hyperemia, and conjunctival

redness

. The late phase occurs hours after allergen exposure and involves the
infiltration of inflammatory cells, primarily eosinophils but also other granulocytes, as
well as monocytes and dendritic cells (DCs) '°. Th2 cells are critical for the development

and sustenance of an allergic response. The IL-4 produced by primed Th2 cells is
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involved in isotype class switching, allowing B cells to secrete IgE. IL-5 Th2-produced,
activates and promotes the maturation of infiltrating eosinophils '*, while IL-13 is
involved in increasing mucus production in allergic responses

Severe ocular allergic diseases are characterized also by a variety of corneal disorders
such as persistent epithelial defects and shield ulcer. Cornea and conjunctiva are believed
to affect each other during ocular allergic inflammation; however, direct evidence for
interaction between both is still drought '°. Loss of corneal epithelium exacerbates
conjunctival allergic inflammation; conversely, eosinophil infiltration into the
conjunctiva impairs epithelium healing. Eosinophils and eosinophil-derived factors are
implicated in the pathogenesis of corneal lesions associated with ocular allergy.
Cytotoxic granule proteins derived from eosinophils such as major basic protein and
matrix metalloproteinase 9 have been detected in shield ulcer. Thus, conjunctival allergic
inflammation and corneal epithelial disorders influence each other to generate a vicious
cycle, interruption of which might provide the basis for novel approaches to the treatment

1617 Fukuda et al., suggested that the establishment of animal

of severe ocular allergy
models of severe ocular allergy that manifest corneal complications should also increase
the understanding of the pathogenesis of such disease and provide a basis for
development of novel treatments '°.

HRT3 is a laser-scanning in vivo confocal microscope system (IVMC) for imaging of
anterior and posterior segments of the eye. [IVCM with the HRT Rostock Cornea Module
(HRT3/RCM) provides detailed views of the ocular surface '*. Corneal module helps to
differentiate bacterial, viral, parasitic and fungal infections, but also can be used for
image of LASIK flaps, filtering blebs, counting endothelial cells, dystrophies diagnosis,

19, 20

post surgical follow-up and many other applications . We recently observed the

presence of inflammatory cells (ICs) by using an IVCM system, in a mouse model of

1

corneal wound healing *'. Herein we confirmed previous studies and extended to

investigate at real time the inflammatory process in an AC mouse model.
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MATERIAL AND METHODS

Mice and Anesthesia

Fifty-four C57BL/6 8 weeks old female mice were purchased from Charles River
Laboratories (Wilmington, MA). Mice were housed in a specific pathogen-free
environment at the Schepens Eye Research Institute animal facility. All procedures were
approved by the Institutional Animal Care and Use Committee following ARVO
Statement for the Use of Animals in Ophthalmic and Vision Research. Anesthesia was
used for all procedures with intraperitoneal (IP) administered ketamine/xylazine

suspensions (120 and 20 mg/kg, respectively).

AC induction by active immunization

Following a previous protocol **, AC was induced in mice by immunizing with
ovalbumin (OVA) (Sigma-Aldrich, St. Louis, MO allergen). Briefly: mice were given an
IP injection of 100 pg of OVA, 300 ng of pertussis toxin (Sigma-Aldrich) and 1 mg of
aluminum hydroxide (Sigma-Aldrich) in PBS. After 14 days, immunized mice received a
250 pg of OVA in PBS instilled on the right eye daily for up to 7 days (immunized).
Control mice were not immunized but received OVA instillations (naive not immunized).

Additional mice not immunized nor challenged were used as a normal control.

AC Clinical Scoring

As described previously **, clinical score was performed by two independent
observers. Briefly, scoring was performed daily at 20 minutes, 6 and 24 hours after
challenge. Mice were examined with the slip lamp based on four independent parameters,
which include lid swelling, tearing, chemosis, and conjunctival vasodilation (redness) 3,
Each parameter was ascribed 0 (i.e., absent) to 3+ points (i.e., maximal) and was summed

to yield a maximum score of 12.
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Intravital HRT3 examination

For intravital examination, a Heidelberg Retina Tomograph equipped with a Rostock
Cornea Module (HRT3/RCM, Heidelberg Engineering GmbH, Heidelberg, Germany),
was used as in vivo confocal microscope (IVCM). Under anesthesia, mice were wrapped
in a thermal cloth inside modified decapa-cones. During the procedure, mice temperature
was continuously monitored with a temperature controller and maintained in a 37-39°C
threshold (ATC 1000 DD, LKC Technologies, Gaithersburg, MD). Genteal® lubrican
eye gel (Novartis Pharmaceuticals Corp, East Han- over, New Jersey) was applied in both
eyes. Right eye was examined before first challenge, 20 minutes, 6 hours and 24 hours
after. The same procedure was repeated daily for up to 7 days. Several cross-scanner
sections were sequentially taken in the same area at superior and inferior conjunctiva;
nasal, temporal and central cornea (Figure 14). The HRT3 works with a diode laser with
wavelength of 670nm as a laser source. The RCM device is equipped with a 400pm
diameter lens and a 60x magnification water immersion objective with a numerical
aperture 0.90 (Olympus, Hamburg, Germany). Images were taken with a 400pm lens
with a transverse optical resolution of 1um/pixel. HRT/RCM offers a semi-automatic
endothelial cell counting feature. On the endothelial cell image, a region of interest is
marked, then following one of several accepted counting methods, cells are marked and
the system automatically calculates cell density. This application was used for counting
hyper-reflective cells in an equal pre-marked area. Each cell was labeled using the
interactive computer display. The number of marks was automatically counted by the
computer and cellular densities expressed as cells/mm”. The analysis was carried out in a

masked fashion.

Enzymatic Digestion and Flow Cytometry
Mice were euthanized on day 3 and 7. The conjunctiva (including bulbar through
palpebral regions from separated superior and inferior areas) was surgically procured. A

1.5 mm diameter corneal bottom was procured from the center of the cornea. The
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remaining corneal ring was excised in both temporal and nasal regions. Single-cell
suspensions were prepared using standard collagenase digestion methods as previously
described **. Briefly, tissue pieces were minced into small fragments, followed by
digestion with 2 mg/mL of collagenase type IV and 0.5 mg/mL of DNase I (Roche,
Basel, Switzerland) for 2 to 3 hours at 37°C. The suspension was triturated using a
syringe and filtered through a 70um cell strainer. Cells were thoroughly washed and
resuspended in 0.5% bovine serum albumin (BSA) (Invitrogen) buffer, followed (by
blocking of FeyRIII/II with CD16/CD32 antibodies as per the manufacturer’s instructions
(BD Pharmingen, San Diego, CA). Cells were stained as per the manufacturer’s
instructions with DAPI and following antibodies anti-CCR2 (clone 30-F11)-Alexa 488,
anti-Ly6C-Alexa 700, anti CD11b-PE and anti-CD11c-PE-Cy5 (Biolegend). After 30
minutes, cells were washed, resuspended in PBS and analyzed with BD LSR 1I flow
cytometer (BD Biosciences, San Jose, CA). Cell population was identified by forward
and side scattering. The dead cells were excluded by DAPI staining and the single cells
were separated from doublets. CD45+ cells were divided in three different
subpopulations of CCR2'Ly6-C"&" CCR2Ly6-C**" and CCR2Ly6-C". The CD11b+

and CD11c+ cells were separated and CD11b population was enumerated.

Whole Mounts Immunofluorescence

At the day 3 and 7, conjunctiva and corneal tissue were excised as described above
and fixed in 4% PFA. The conjunctiva was transversely sectioned in two equals. Corneas
were sectioned into a flowered pattern to aid in flattening the tissue. The tissue was
washed three times with PBS and posteriorly shocked for 30 minutes in 2% BSA buffer,
following with blocking of FcyRIII/II with anti-CD16/CD32 antibodies (BD Pharmingen,
San Diego, CA). Tissues were stained with mouse monoclonal anti-a-CD11b-FITC
antibody (1:500 in PBS 2% BSA, Biolegend), mouse anti-Ly6C-APC (1:500 in PBS 2%
BSA, Biolegend) and monoclonal rat anti-F4/80 (overnight at 4°C, Serotec) followed by
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Alexa 594 secondary antibody (Jackson) (1 hour, room temperature). To achieve the best
flattening, mounting medium with DAPI (Vectashield; Vector Laboratories) was added
allowing place tissue epithelial-side-up and then cover-slipped. The whole mounts were
examined with a Leica TCS-SP5 laser confocal scanning microscope (LSCM) (Leica
Microsystems, Bannockburn, IL). A 3-D reconstitution and orthogonal image projection
were performed with LAS AF Lite software (Leica Microsystems, Bannockburn, IL).
Samples stained only with secondary antibodies or with isotype control antibodies
followed the secondary antibodies were included as the negative controls to ensure the

specificity of the staining.

Light microscopy
After LSCM scanning, conjunctival tissue was rinsed in ice cold PBS, embedded in
OCT and frozen. Cross-sections (7 um) were performed with a cryostat. Sections were

stained with hematoxylin and eosin (H&E), Giemsa, and Toloudine Blue (TB).

Statistical analysis

Statistical analyses included 1-way ANOVA and Bonferroni’s Multiple Comparison
Test, in addition to two-tailed Student’s t-test. Standard error and standard deviation of
the mean were calculated. A p-value <0.05 was considered statistically significant and p-

value <0.01 high statistically significant.
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RESULTS

Mice Developed Strong Symptoms of AC Following OVA Challenge

Mice were OVA challenged once daily for 7 days, and masked scoring was performed
each day at 20 min post challenge (i.e. immediate hypersensitivity response), as well as 6
hours and 24 hours post challenge (i.e. late phase response).

Both Immunized and naive mice showed an immediate hypersensitivity response with
increase in the tearing directly after challenge; however, no differences were observed
between both groups until day 3 (Figure 1). At day 7 prominent lid swelling, abundant
tearing, chemosis, mucous discharge, severe redness and occlusion of the Meibomian
glands ducts were observed in the immunized mice (Figure 14). Despite severe clinical
symptoms of allergic inflammation, immunized corneas remained transparent in the
central part throughout the duration of the experiment (Figure 14). An incipient edema
was observed in the periphery-limbal area at the end of the experiment (Figure 1A).
Naive non-immunized mice did not show any significant increase in the clinical score

after day 3 nor corneal edema (Figure 14)
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Figure 1. Clinical progression of allergic eye disease

Sensitized mice progressed with stronger symptoms of ocular allergy than non-immunized mice
after topical challenge with OVA. A) Mice were scored for clinical signs (lid swelling,
tearing/discharge, conjunctival chemosis and hyperemia). Corneas remained transparent by the
slip lamp. Black arrow: white mucous discharge. Black arrowheads: obstruction of the
Meibomian gland ducts B) Graph shows the results from one experiment (n=4/group), and is
representative of 3 independent experiments.

** p<0.01

IVCM quantification of Cellular Infiltrates in the Conjunctiva

The process of cellular infiltration into de conjunctiva was intravitally observed utilized
with an IVCM. Hyper-reflective cells were observed immediately within hours after first
challenge (Figure 2B). The cells were located in the anterior part of the conjunctiva
underneath the epithelium. The superior conjunctiva appeared visibly inflamed after few
hours (Figure 2B). The parenchyma showed swelling collagen fibers separated from one
another with bright cells located in between (Figures 2B and C). The inferior conjunctiva

was less accessible with the microscope; therefore, swelling was not observed compared
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to the superior aspect. No stromal swelling was observed in any non-immunized mice
(data not showed). Six hours post-challenge the number of ICs increased (178+18
superior, 121+13 inferior) in the immunized mice compared to (142+16 superior, 0
inferior) in the naive mice (Figure E). Twenty-four hours later, cell infiltration happened
in both superior and inferior conjunctiva. The conjunctiva burst as a blister with both,
debris and cells on the surface. The number of counted cells increased at 24 hours, after
the second OV A challenge, in immunized mice (32348 superior, 97+5 inferior) compared
to naive mice (116+11 superior, 48+4 inferior) (Figure E). The same increasing trend
was observed 3 days after OVA challenge in immunized mice (364+£8 superior, 14916
inferior) (Figure E). By contrast, at the same time point no cells were observed in both
superior and inferior conjunctiva of non-immunized mice. At the end of day seven, the
number of cells was the highest in the immunized mice (596+40 superior, 447+40
inferior), while no cells were detected in the naive mice (Figure E). A pattern of
blowing/bursting was observed in the conjunctiva of immunized mice. Blisters were seen
3 hours after first ova challenge and bursting 24 hours later with a subsequent swelling
decrease. A new blister was watched next day that burst hours later. At the day seven, the
conjunctiva was completely inflamed with hyper-reflective cells in both parenchyma and

epithelium.

IVCM quantification of Cellular Infiltrates in the Cornea

Hyper-reflective cells were observed immediately within hours after first challenge in the
cornea (Figure 2B). The cells were located in the stroma underneath the epithelium. Few
hours after challenge, an increase in the number of hyper-reflective cells was observed in
either, temporal nasal and central (Figure 2F). After 3 days, the number of hyper-
reflective cells was (208+17 temporal, 142+18 nasal, 33+3 central) in the immunized
mice compared to (72+6 temporal, 0 nasal, 27+3 central) in the non-immunized mice

(Figure 2C and 2 F). The trend was increasing in the immunized mice until the day
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seven (340+£28 temporal, 438429 nasal, 62+5 central). By contrast, the trend was
decreasing in the non-immunized mice (0 temporal, 0 nasal, 21+2 central (Figure 2C and
2 F). Although both nasal and temporal cornea showed a gradually increasing trend until
the end of the experiment (Figure 2D and 2 F), the center of the cornea was showing a
different pattern. The number of cells was much lesser compared with the periphery but

also a reversal fluctuating pattern was seen (Figure 2F).
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Figure 2. Intravital examination reveals immune cell recruitment to both the conjunctiva and

Superior and inferior conjunctiva as well as temporal, nasal and central cornea were imaged A).
Compared to naive mice, increased number of hyper-reflective events (arrow), suggestive of
recruited immune cells, were observed as early as 6 hr on Challenge Day 1 (B), and increased on
Day 3 (E) and Day 7 (F). Graphs show results from one experiment (n=4/group) and are
representative of 3 independent experiments. Superior and inferior conjunctiva (E), nasal, temporal
and central cornea (F) are displayed. Data are presented as mean and SD. Statistical significance was
computed via student’s t-test for immunized versus no sensitization.

Red arrows show hyper-reflective cells. Red vertical bar shows swelling in the superior conjunctiva.
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Flow Cytometry Corroborated Immune Cell Infiltration in both Conjunctiva and
Cornea

Conjunctiva and cornea were procured from immunized, non-immunized and normal
mice. Tissues were collagenase digested into single-cell suspensions and stained with
DAPI and anti-CD11b. After exclusion of dead cells (DAPI+) and exclusion of doublets
we enumerated the frequency of CD11b+ cells by flow cytometry. Our findings show a
CDI11b+ cell population in a normal conjunctiva (1.82 % inferior, 2.17% superior)
(Figure 34). However, frequency of CD11b+ cells was significantly higher (p<0.001) in
the immunized mice (23.1% inferior, 14% superior) compared to naive (3.4%, 1.94%
superior) at day 3 (Figure 34). At day 7, differences were much higher (p<0.001) and
CD11b+ population was (39.7% inferior, 41.9% superior) in immunized mice compared
to naive (10.9% inferior, 7.17% superior) (Figure 3A).

We found a CD11b+ cell population in a normal cornea (4.3 % temporal, 3.78 %
nasal and 1.89 central) (Figure 3B). However, frequency of CDI11b+ cells was
significantly higher (p<0.001) in the immunized mice (21.3 % temporal, 30.5 % nasal
and 13.5 central) compared to naive/challenged (6.55 % temporal, 4.15 % nasal and 4.52
central) at day 3 (Figure 3B). At day 7, CD11b+ cell frequency was significantly higher
(p<0.001) in the immunized mice (44.4 % temporal, 37.2 % nasal and 47.4 central)
compared to naive/challenged (5.67 % temporal, 6.28 % nasal and 2.07 central) (Figure
3B).
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Figure 3. Flow cytometry shows the progression of myeloid cell recruitment to the ocular
surface in AED. Myeloid cells (CD11b+) were analyzed by flow cytometry from superior and
inferior conjunctivae (A) and from temporal, nasal, and central regions of the cornea (B). The
samples were collected at baseline and on Challenge Days 3 and 7. A significant increase in myeloid
cells in both superior and inferior conjunctiva of immunized mice respect to both normal and naive
mice can be observed in A. Also a significant increase in myeloid cells was detected in the corneas
of immunized mice respect to both normal and naive mice.

Plotted results are from one experiment (n=4/group), and is representative of 3 independent

experiments
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Inflammatory Cells Infiltrate the Mouse Cornea in Response to OVA

A CD11b+/CCR2"/Ly6C"/ population was detected in the cornea after 3 days OVA
challenge (Figure 4). This population is consistent with an inflammatory monocyte
phenotype. Inflammatory monocytes were expressed at approximately tenfold higher
levels (upon the examined areas) in immunized mice compared with both non-immunized
and control mice (Figure 4). CD11b+/CCR2/Ly6C"°™¢ population was also found
which suggests of granulocytic infiltration (likely neutrophils), but also other different

subsets of monocytes (Figure 4)

306



CHAPTER 3

Intravital Confocal Microscopy Reveals Corneal Involvement in an Allergic Eye

Disease Mouse Model: an in vivo Study

Cornea Cornea Cornea
Temporal

Conjunctiva

Conjunctiva

Nasal

Inferior Central

Superior
Ly6C

10°
10
10°
10%

0

Normal

A Day 3

Challt_enged

Immunized
Challengec[

B Day 7

Challénged

Immunized

E

o 10 10% 10°

107
10%9 (
1034 i
10% 4

03

Nl

) 0.264

L
0 102 10 10% 10°

o 10° 10% 10°

| U

e
0 102 10% 10% 10°

L

T
0 10?2 10° 10% 10°

X )

[]

0.0866

s
0 10? 10 10% 10°

Ll

Balnau
0 10?2 10% 10% 10°

o 10% 10% 10%

1

L]

0.248

ittt
o 10% 10% 10%

o 10 10% 10°

0 10% 10° 10% 10%

0 102 103 10* 10%

Figure 4. Characterization of recruited myeloid cells in the cornea of AED mice.

Corneas were collected on day 3 (A) and 7 (B) for flow cytometry and assessed using the indicated

gating scheme. Plotted results are from one experiment (n=4/group), and is representative of 3

independent experiments. Notice the increase in the percentage CCR2'Ly6C™" (likely monocyte

infiltrated) in immunized challenged mice respect to both non-immunized and normal mice, at 3 (A)

and 7 days (B).
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CD11b Inflammatory Cells Were Located in the Conjunctiva in Response to OVA

Most of the hyper-reflective cells observed with the IVCM were in the substantia propia
of the conjunctiva but also in the epithelium. LSCM showed CD11b+ cells in conjunctiva
flat mounts. CDI11b+ cells were majority observed in the stroma but also in the
epithelium (Figure 5). Few cells were observed in the non-immunized conjunctiva (not
shown). At day 7 the conjunctiva appeared totally occupied of CDI11b+ cells in
immunized mice. CD11b+ cells were observed also in naive mice but much lesser in

number (not shown).

CD11b/Ly6C Inflammatory Monocytes Were Located in the Cornea in Response to
OVA

LSCM confirmed also presence of CD11b+ in the cornea. The majority of the CD11b+
cells were present in the peripheral stroma (temporal and nasal) and also in the center
colocalizing with Ly6C marker (Figure 5). Minor staining was observed in the non-
immunized cornea (not shown). A drastic increase in CD11b+/Ly6C+ cells was observed

in immunized mice compared to naive mice at day 7 (Figure 5).

Inflammatory Cells Were Confirmed with Optical Microscopy

Activated mast cells clusters in different states of granulation and de-granulation were
seen with TB staining (Figure 5D). PMNs, eosinophils, monocytes and lymphocytes
were detected by H&E staining in the conjunctiva stroma (Figure 5E). Infiltrated

monocytes were observed in the periphery of the cornea (Figure 5F).
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\ Central cornea

Conjunctiva \ Temporal cornea

Figure 5. Distribution and characterization of recruited myeloid cells in both conjunctiva and
cornea in AED.

(A) Distribution of CD11b labeled cells (green) in ocular tissue cross-sections. Location of Ly6C
labeled cells (green) in ocular tissue cross-sections (B). (C) Representative 3D reconstructions of flat
mounted immunostained tissue (conjunctiva, temporal and central cornea) imaged with a LSCM. (D)
Toluidine blue staining shows mast cells clusters in the conjunctiva (E). H&E shows PMN (white
arrows), eosinophils (black arrows), mononuclear myeloid cells (black arrowheads) and lymphocytes
(white arrows heads) in the conjunctiva. (F) Giemsa staining shows infiltrated monocytes (black

arrowheads) in the peripheral cornea.
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DISCUSSION

In the present study, we intravitally evaluated the inflammatory process in an AC mouse

model by using and IVCM. The results were accordingly compared with ex vivo flow

cytometry and immunofluorescence analysis. Considering these results, the following
conclusions can be drawn:

1. Inflammatory CI can be observed in a living mouse at real time by using an [IVCM.
The same mouse can be intravitally followed at multiple time points.

2. The increase in the number of inflammatory ICs observed with the IVCM correlates
with the progression of AED and the increase in the frequency of CD11b+ ICs
observed with both flow and LSCM.

3. An inflammatory reaction is perceived with the IVCM in the cornea long before is

clinically detected with the slip lamp.

IVCM is normally used for the diagnosis of corneal pathologies such as basement
membrane dystrophies, nerve degeneration, Bowman layer disruptions, stromal
irregularities or endothelial dystrophies The etiology of keratitis such as bacterial, fungal,
acanthamoeba or ketaconjunctivatis can be identified with the IVCM *°. Nevertheless,
IVCM has been barely used in animal models. Few experiments, for example, to quantify
epithelial cells in a dry eye model ** or brief descriptions of the corneal anatomy in
different species (rabbit, rat and mice) ***” have been done. In a previous work, we used
an IVCM to evaluate the corneal wound healing process in a THBS1 deficient mouse
model *'. More recently Reichard et al., examined the regeneration of the murine sub-
basal nerve plexus by using an IVCM system >°. In the current work, we intravitally
evaluated both bulbar conjunctiva and cornea in an AC mouse model. The main
limitation in this work came up with the IVCM system. HRT3/RCM is a commercial
device originally designed for humans. Mouse ocular surface differs notably from human

(i.e. external exposition of the conjunctiva and corneal curvature). Therefore, the bulbar
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aspect of the conjunctiva was only evaluated. In addition the cornea was also imaged in
cross-sections (nasal and temporal) and on phase (central).

Clinical subjective scoring and IgG measurement are the methods often to evaluate AC.
232932 Additionally, tedious postmortem histopathological analysis is still necessary. In
the current work, we successfully implemented a non-invasive technique to evaluate the
progression of the AED in a living mouse model. Cell infiltration into the ocular surface
was detected by measuring light scattering with an IVCM. Compared to the normal
tissue, ICs become hyper-reflective and therefore can be intravitally visualized. CI was
observed in the conjunctiva within few hours after antigen challenge. Additionally,
swelling of the substancia propia was detectable. A progressive increase in the number
of hyper-reflective cells was seen in the superior and inferior conjunctiva. This number
was statistically higher in immunized mice compared to both non- immunized and normal
mice (p<0.01) . CD11b+ cells were identified using both flow cytometer and LSCM. The
frequency of CD11b+ was statistically higher in immunized mice compared to both non-
immunized and normal mice (p<0.01). Therefore, these findings strongly suggest that
hyper-reflective cells, observed with the IVCM system, are recruited into the tissue as
part of the progression of the AED.

Surprisingly, it was remarkable to find a similar inflammatory reaction in the cornea. The
cornea and conjunctiva affect each other during ocular allergic inflammation; however,
direct evidence of this interaction is not well described ' ' *. Severe ocular allergic
diseases are characterized by various corneal disorders such as persistent epithelial
defects and shield ulcer. Loss of corneal epithelium exacerbates conjunctival allergic
inflammation, whereas eosinophil infiltration into the conjunctiva impairs epithelium
healing. Eosinophils and eosinophil-derived factors are implicated in the pathogenesis of
corneal lesions associated with ocular allergy *. Cytotoxic granule proteins such as major
basic protein and matrix metalloproteinase 9 derived from eosinophils are present in

16, 33

shield ulcer . This indicates that conjunctiva allergic inflammation and corneal

epithelial disorders interact with each other to generate a vicious cycle, interruption of
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which might provide the basis for novel approaches to the treatment of severe ocular
allergy '°.

We observed hyper-reflective cells in the periphery of the cornea but also in the center.
The number of ICs observed by IVCM was incremented in correlation with the increase
of the progression of AED. Interestingly, it was found an increase of CD11b frequency in
both periphery and central cornea at days 3 and 7 with flow cytomerty. Augmented
presence of CD11b+ cells was also observed in corneal explants by immunostaining. The
increase in the CD11b"/CCR2 Ly6-C"" subpopulation indicates a monocyte infiltration
into the cornea. A second subpopulation of CD11b"/CCR2 Ly6-C"" also indicates other
granulocytes subsets. However, the most strikingly was to observe how transparent
remained the cornea with such a significant infiltration. An incipient edema was observed
in the limbus-periphery at the end of the experiment but mostly of the cornea remained
fully transparent and no fluorescein staining was detected.

In the presence of an allergen steady state DCs maturate activating an adaptive Th2
immune response. It has been suggested corneal DCs trafficking between the cornea and
the lymphatic nodes in response to allergen in a corneal allotransplantation model **7;
however, maturation and migration of corneal DCs, in response to allergen, unlikely
happens in the normal cornea *’. Collectively, our data suggests an unknown mechanism
of cell infiltration into the cornea related with the progression of the adaptive immune
response displayed by the conjunctiva, rather than by corneal DCs. Ocular surface DCs
are an important population in adaptive immunity implicated in allergy **. Steady state
immature DCs patrol tissues focused on antigen capture, rather than T cell activation **
** Following Ag capturing, DCs mature as potent stimulators of T cells, which in allergy
activate Th2 cells. DCs up-regulate both MHC II molecules and co-stimulatory molecules
such as CD80 and CD86. Mature DC-mediated activation of Th2 induces cytokines
secretion such as IL-4, IL-5 or IL-13 that promote B cell differentiation into IgE-

1,22, 40

secreting plasma cells . T cell response is key to all phases of allergic immunity.

Primary exposures prime naive T cells and lead to allergen sensitization. Secondary
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allergen exposures cause immediate hypersensitivity, and in some, subsequent late-phase
and chronic disease *'. Th2 cytokines also destabilize eosinophils in the late phase of
allergy. This amplifies ocular surface inflammation by recruiting monocytes, memory T
lymphocytes, eosinophils and dendritic cells that likewise enter into this feedback loop
contributing to pathology '. However, in the present work whether the immune CI into
the cornea plays a role in defending the tissue or leading to a pathologic state, escapes to
our current knowledge and is subjected of further investigations.

In conclusion, in this study we successfully evaluated the inflammatory immune reaction
in a mouse model of AED by using an IVCM. The rise in the number of inflammatory
cells observed with the IVCM, correlates with the increase of AED clinical score, flow
cytometer and LSCM analysis. Surprisingly, a significant inflammatory immune reaction

was detected in the transparent cornea.
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ABSTRACT

Aim: The purpose of this study was to combine genetically-engineered reporter
expressing mouse strains, multi-photon intravital microscopy (MP-IVM) and digital post-
analysis software to obtain a novel imaging model. This model should be suitable for
studying the myeloid-derived population of the cornea in normal and pathological

conditions in a living mouse.

Methods: In the present study, we used a real multiphoton microscope (MPM),
equipped with a motorized versatile stage with spacer to give large free working distance
under the objective, to visualize the resident myeloid-derived cell population in a living
mouse cornea. We took the advantage of Cx3crl transgenic mice expressing GFP, YFP
or RFP. Furthermore, we have implemented digital post-analysis commercial software to

generate a real tree-dimensional view of the cornea.

Results: The expression of myeloid specific GFP, YFP or RFP in a transgenic mouse
cornea was successfully detected in vivo with a MP-IVM system. The myeloid derived
cells DCs where delineated by using the signal of the second harmonic generation (SGH)
and digitally counted. The fate mapping indicates that resident population might have a

embryonic origin rather than hematopoietic as has been thought before.

Conclusion: In this study we combined genetically-engineered reporter expressing
mouse strains, MP-IVM and imaging analysis software to obtain an outstanding in vivo
imaging model. This model is suitable for studying the function of the myeloid

population of the cornea in both normal and pathological conditions in a living mouse.
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INTRODUCTION

Inflammation is an essential component of tissue protection and eradication of
infection but also a major antagonist of corneal clarity where to maintain the transparency
is essential for unaltered vision and survival. During its evolution, the cornea has
developed a complex mechanism to keep the unaltered transparency. The cornea has the
unique capability to repair itself after an injury with minimal changes in transparency,
biomechanical, refractive and sensory properties '™*. The cornea is an immune privileged
place, with no lymphatic and blood vessels, which antigen presenting cells (APCs) are
not immunoreactive to alloantigens in normal conditions >®. In a healthy cornea, both
afferent (lymphatic) and efferent (vascular) arms of the immune response are suppressed
19 Lymphatic vessels mediate the afferent arm of the immune system by facilitating
migration of APCs and alloantigens to the draining lymph nodes, where alloreactive
effector T cells are primed, which then return to the ocular surface via blood vessels
(efferent arm). To prevent lymphangiogenesis, corneal epithelium expresses soluble
forms of VEGF-3 and VEGFRI1 acting as decoy receptors for VEGF-A, VEGF-C,
VEGF-D y VEGFR-2 '" 2. In addition, the epithelial cells release PEDF (Pigment
Epithelium-Derived Factor), angiostatin and endostatin that prevent lymphangiogenesis
B 14 Corneal endothelium also expresses both FAS ligand (FAS-L) and PDL-1
(Programmed Death-Ligand 1) driving T cells to apoptosis . Inflammation revokes this
unique immune and angiogenic privilege of the cornea; however, the mechanism is not
well understood '®. The relevance of lymphatic vessels in alloimmunity is illustrated by
the high rate of rejection seen in those transplants performed in corneal beds with pre-

existing lymphatics, so called ‘high-risk’ hosts '""

. Unusual growth of lymphatic vessels
into the cornea allows APCs travel to the draining lymphatic nodes and therefore
presenting antigens. This causes an atypical infiltration of T helper cells into the cornea

. . . . 20
causing an exacerbated inflammatory allorejection .
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Until a few years ago, it was believed that the cornea was devoid of resident APCs
capable to initiate an inflammatory response; therefore, maintenance of corneal
transparency was attributed, in part, to a lack of such a cells *'. During the last decade,
many works have confirmed the mouse cornea is endowed with a particular stratified

227 Two main different phenotypic

population of resident myeloid-derived APCs
subpopulations, such as DCs and macrophages, compose corneal myeloid population *’.
The majority of DCs reside in the basal layer of the epithelium. DCs extend dendrites to
interdigitate between epithelial cells from the basal toward the ocular surface. Classical
CD11c" DCs are typically located in the periphery of the cornea and decreasing in
number towards the center ”'****_ Although majority of CD11¢" DCs are present in the
basal layer of the epithelium, merely a small population resides in the very peripheral
regions of the stroma, some of them as immature precursors >*. The majority of the
CDI11c" DCs also co-express MHC class II, highest in the periphery and lesser toward the
center. An additional subpopulation of CD11¢c-DCs that expresses langerin CD207, or
Lagerhans cells (LCs), is also located in the basal epithelium *°. DCs are potent APCs
capable to initiate adaptive immune response; however, this property is still controversial
in the normal cornea.

Macrophages reside in the stroma divided in two distinct subpopulations ***’. The
anterior stroma is populated by CD11b" CD11¢c” MHC class II'" macrophages distributed
relatively uniform from the periphery to the center of the stroma. These are considered
putative macrophages that can serve as APCs backup for epithelial DCs in an adaptive
immune response >’. The posterior stroma is endowed of CD11b" MHC class II classical
macrophages quietly uniform distributed from the periphery to the center. These
macrophages initiate the innate immune response in the murine cornea >’. Additionally

CDl11c-expressing cells as well as a different population of monocyte-derived cells also

Recently Knickelbein et al. have proposed a similar model of APC stratification in the

human cornea *°. CD45" CD11¢" DCs, the majority expressing HLA-DR, reside in the
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basal layer of the epithelium extending cellular processes toward the ocular surface.
Mostly of these DCs populate the periphery of the cornea and the number is decreasing
centripetally toward the center. Langerin positive cells (CD207"), likely LCs, are
fundamentally located in the periphery of the cornea. In the stoma CD45" CD68"
macrophages reside in the anterior part of the stroma distributed relatively uniform from
the periphery to the center *°. While CD45" HLA-DR" population is higher in the center
of the stoma, compared to paracentral and periphery, no CD207" LCs are observed in the
center and only a few of them in the periphery *°.

Nowadays, live imaging facilitates the understanding of both tissue and cell behavior
as well as their basic molecular mechanisms. Genetically-engineered reporter expressing
mouse strains are an important tool for use in live imaging experiments. Such reporter
strains can be engineered by placing cis-regulatory elements of interest to direct the
expression of desired reporter genes. If these cis-regulatory elements are downstream
targets, and thus activated as a consequence of signaling pathway activation, such

reporters can provide read-outs of the signaling status of a cell *

. Transgenic mice,
expressing either CD11c or langerin, have been recently used to describe the lineage of
myeloid population in the mouse cornea *°. The recent arrival of new strains of CX3CR1-
GFP mice expressing EGFP in monocytes, dendritic cells, NK cells and brain microglia,
under control of the endogenous Cx3crl locus (myeloid progenitor derived marker) has
made useful studies of leukocyte function in migration, trafficking and transplantation **.
CX3CRI1 (Chemokine receptorl), also known as fractalkine receptor, is a protein
encoded by the Cx3crl gene. CX3CRI binds the chemokine CX3CLI1, also known as
fractalkine or neurotactin, a transmembrane protein and chemokine involved in the
adhesion and migration of leukocytes. CX3CRI1 fractalkine interaction mediates cell-cell
adhesion, and migration of CX3CR1-bearing cells predominantly myeloid origin such as
monocytes, NK cells, T-cells, DCs, and macrophages including microglia **>°
The development of mice in which a green fluorescent protein (EGFP)-encoding gene

is inserted in one or both copies of the CX3CRI locus has permitted to investigate the

325



CHAPTER 4
Intravital Confocal Microscopy Reveals Corneal Involvement in an Allergic Eye
Disease Mouse Model: an in vivo Study

fate of leukocytes in vivo

. The use of Cx3crl1-GFP transgenic mice has arisen to a
new level of understanding myeloid population of the cornea. The adoptive transfer of
labeled monocytes, from Cx3crl-GFP mice into wild-type (WT) recipients, has created a
new line of research to study monocyte heterogeneity and the factors regulating their
differentiation within different tissues. Additionally, it can be investigated the
accumulation of normal resident monocyte-derived DCs and macrophages in a diverse

. 37,38
range of tissues "

. In the ocular surface, Cx3cr1-GFP transgenic mice have been used
to confirm the presence of myeloid derived cells as a resident population of the normal
murine cornea. Also, it has been demonstrated that Cx3crl expression plays a role in DC
and macrophage recruitment in the normal corneal epithelium and stroma **.
Heterozygous Cx3crl”*F transgenic mice have provided a powerful tool to investigate
macrophage and DC populations by using intravital microscopy. Intravital widefield
epifluorescence videomicroscopy has been performed in corneas of anesthetized mice to

3 1t has been

probe that corneal DCs behavior bear similarities to that of skin DCs
shown that after irritation of the cornea results in a centripetal migration of DCs from
periphery and limbus *. Recently Knickelbein et al. have combined LSCM (laser
scanning confocal microscope) with two different intravital novel techniques to describe
the APCs stratification in the mouse cornea *'. By using either an Optiscan FIVE-1
handheld fluorescence microscope or a home-built non-descanned two-channel
multiphoton system, these authors imaged DCs in corneas of anesthetized mice
expressing eGFP driven by the CD11c promoter. However, the authors criticized this
technology since a no reliable positioning of the objective on the murine eye, for precise
analysis of different regions of the cornea, was possible *'.

In the present study, we used a real multiphoton microscope (MPM), equipped with a
motorized versatile stage with spacer to give large free working distance under the
objective, to visualize the resident myeloid-derived cell population in a living mouse

cornea. We took the advantage of Cx3crl transgenic mice expressing GFP, YFP or RFP.
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Furthermore, we have implemented digital post-analysis commercial software to generate
a real tree-dimensional view of the cornea.

The purpose of this study was to combine genetically-engineered reporter expressing
mouse strains, multi-photon intravital microscopy (MP-IVM) and digital post-analysis
software to obtain a novel imaging model. This model should be suitable for studying the
myeloid-derived population of the cornea in normal and pathological conditions in a

living mouse.
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METHODS

Mice and Anesthesia

Mice were housed in a specific pathogen-free environment at the Duke Eye Center
animal facility. The Institutional Animal Care and Use Committee approved all
procedures. All animals were treated according to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Anesthesia was given with intraperitoneal
administered ketamine/xylazine suspensions (120 and 20 mg/kg, respectively).

Mice encoding GFP knocked into the gene encoding the chemokine receptor Cx3crl
(Cx3cr1"°*F knock-in mice) were bred and maintained in our facility. Parental were
purchased from Jackson: male and female Cx3erl™MYCx3erl” (B6.129P2-Cx3crl ™M)
were crossed to generate homozygous Cx3cr] FOFPEGEP, Homozygous Cx3cr] FOFPEGEP
were crossed back with C57BL/6J WT mice to generate heterozygous Cx3cr1®F"/VT,

Fluorescence-reporter Cre recombinase activated was analyzed by using CX3CRI1-
Cre mice generated on a mixed 129/B6 (Gene Expression Nervous System Atlas Project),
and backcrossed for 12 generations by M.D. Gunn (Departments of Immunology and
Medicine, Duke University Medical Center) ** *. B6.Cg-Gt(ROSA)26Sor™*“A¢-
WTomatoze; 1 mice (referred to here as RFP) obtained from Jackson Laboratories, were also
a kind gift from M. D. Gunn. Rosa26R-CAG-fGFP mice, referred to here as fGFP, have
previously been described **, were a kind gift from B. L. Hogan (Department of Cell
Biology, Duke University Medical Center). These 3 mouse lines were subsequently
maintained and bred in our lab. Male CX3CR1-Cre mice were crossed with female fGFP,
and progeny were verified for a CX3CR1-Cre fGFP genotype. Likewise, progeny of male
CX3CRI1-Cre mice crossed with female RFP were verified for a CX3CRI1-Cre RFP
genotype.

CX3CR1-YFP-CreER  mice (B6.129P2(Cg)-Cx3crltm?2.1(cre/ERT)Litt/WganJ)

encode a YFP and CreER under the control of the Cx3crl promoter. Rosa-tdTomato mice
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(B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J) contain a loxP-flanked STOP
cassette that prevents transcription of the downstream red fluorescent protein (tdTomato)
until the STOP cassette is removed in the presence of Cre. Both CX3CR1-YFP-CreER
and Rosa-tdTomato mouse lines were purchased from Jackson Laboratories and are on a
C57BL/6 background. Mating of these two homozygouse lines results in an FlI
generation that contains the CX3CR1-YFP-CreER and Rosa-tdTomato construct, named
here CX3CR1-YFP-CreER-RFP

C57BL/6J WT mice 8 week old were purchased from Jackson laboratories (Jackson,

Farmington, Connecticut).

Irradiation procedure

Recipient Cx3crl ' Toma  Cx3¢cr1 ™ Thy-1 and C57BL/6 WT mice were total
body lethally irradiated (1050 cGy) in a Mark I 68A Cs 137 irradiator (JL Shepherd and
Associates in San Fernando, CA). The irradiator cabinet is 37cm x 30cm x 45¢cm and the
Cesium source is air compressed raised over 15 from the bottom. Five mice at the time
were introduced into a 20 cm diameter acrylic holder. The holder was placed above a 7.6
cm platform positioned over an automatic turntable (12 rpm) to ensure 100% irradiation.
The time for the process was 2.21 minutes (2 minutes and 12.9 seconds).

Generation of Chimeras

Table 1 shows all the chimeras generated. Donor mice were euthanatized and femurs
and tibia collected. Distal and proximal ends of the bone were removed and the marrow
flushed out with fresh RPMI medium using a syringe with a 27G needle. Marrow
suspension was fragmented into a single cell suspension by passing through a cell strainer
(70um) followed by vigorous pipetting. After centrifugation (200g, 5 minutes, 4C), live
cells were counted by trypan blue exclusion and the pellet was resuspended in RPMI

media and diluted as appropriate (3x10" cells/mL). Immediately after irradiation,
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recipient mice received ~1x10’ non-purified bone marrow cells (~300 pL) via retro-
orbital injection of the venous sinus. Antibiotics were given in water to recipient mice
(Sulfamethoxazole and trimethoprim antibiotics; SEPTRA, Hi-Tech Pharmacal Co.,
Amityville, NY) for up to 4 weeks after irradiation. In addition, supplement care food
(SuppliCal caloric supplement; Henry Schein, Dublin, Ohio) was provided. Animals were
rested for 6 weeks before MP-IVM examinations. The same animal was examined under
general anesthesia several times at different time points with one week frame recovering

in between examinations.

Host Donor Transition observed chimera Final expected chimera
Cx3er1 Cx3er] ™0 Cx3er] ™ NP/Cx3cr O Cx3er] ™0

Cx3erl 0 Cx3er1 T Cx3er 1™ /Cx3er1 ™R Cx3er1 ™™

C57BL/6 WT Cx3cr]™OFP Cx3cr] =P Cx3or TP

C57BL/6 WT Cx3cr]eRFP Cx3cr]eRFP C57BL6WT/Cx3crl RFP

Tamoxifen injection and fate mapping follow up

CX3CRI1-YFP-CreER-RFP mice were injected intraperitoneally with 150ul of
Tamoxifen (20mg/ml). Six weeks old mice received two injections, one day apart. Mice

were intravitally followed for up to 6 months.

Intravital Two-photon Microscopy

Anaesthetized mice were placed on a customized holder. Body temperature was
controlled at 37C. The animals were constantly infusing 0.2-0.3 ml/h of a solution of 1ml
of ketamine (120 mg/kg), 1 ml of xylacine (20 mg/kg), and 10 ml sodium chloride via
intraperitoneal catheter. After experiments, animals were allowed to recover for several

examinations or euthanized by ketamine/xylacine overdose. In vivo examinations were
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performed with a 25x/1.05 NA water objective (optimized for MPE XLPL25XWMP,
WD 2.0 mm, 0 to 0.23 micron coverslip correction) in an Olympus BX61WI upright
microscope fixed stage (Olympus, Tokyo, Japan) (Figure 1)

A Chameleon Vision II single box Ti:Sapphire fsec laser was used. Laser permits
pulse compensation in a tunable range 680-1080 nm @40 nm/sec, 80 MHz rep rate, 140
fsec pulse width with a 0-47,000 fsec2 units of dispersion compensation.

The microscope is equipped with a Blue, Green/Yellow and Red standard fluorecence
cubes. Emission bands available: Dapi, CFP, GFP, YFP and Red in switchable cubes.
The Blue or Cyan channels were used for SHG (Second Harmonic Generation).

Laser was tuned at 910 nm (BGR cube) or 950 nm (CYR cube) for two-photon excitation
and second-harmonic generation. A dichroic mirror (DM570) splits the light emission
through both channels 1 (blue) and 2 (green or yellow) and channel 4 (red). A second
dichroic mirror (DM485) divides light emission for channel 1 and channel 2. The BGR
cube is composed by a 450-460 nm (blue and SGH), 495-540 (Green) and 575-630nm
(Red) band pass filters. The CYR cube is composed by a 460-500 nm (blue and SGH),
520-560 (Yellow) and 575-630nm (Red) band pass filters. The system has four high
efficiency non-descanned detectors in the epi position 4 that can be combined in different
configurations by manually alternating the cubes.

For corneal in vivo examinations, mouse was dorsally placed facilitating perpendicular
exposure of the corneal apex to the microscope objective. Objective-cornea space was
full filled with an ophthalmic gel (GenTeal, Novartis Ophthalmics, East Hanover) to
create a coupling immersion interface with a refractive index (n=1.339) similar to water

(n=1.333 at 20C) as well to provide eye lubrication.
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Figure 1. Two-photon intravital microscopy system.

Multiphoton microscope system with temperature controller (a) and Chameleon Vision II single box
Ti:Sapphire fsec laser (b). A digital motorized XY stage (c) facilities tiling imaging. The mouse is
placed dorsally inside of the customized warm chamber (d) with the ocular surface exposed to the
objective (e). Objective-cornea space was full filled with an ophthalmic gel (f, white arrows)
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Z-series images for 3D mosaic imaging.

By using a motorized XY stage (Figure I), the multi-area time-lapse software
(Olympus) automates the process for a 3D image acquisition and stitching. The software
easily registers wide areas, and the thumbnail displayed provides a view of the entire

image acquired during the mosaic imaging process. (Figure 2)
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Figure 2: Imaging mosaic acquisition system.
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Post-acquisition image analysis

Image stacks were analyzed using the latest version of FUJI available (developed by

Wayne Rasband, National Institutes of Health; provided auto-updated by the public

domain http://rsb.info.nih.gov/ij). The latest version of Imaris (Imaris, auto-updated
version, Bit-plane, Zurich, Switzerland) was also used. Raw files were displayed in
Imaris and linked to FIJI for background substraction, brightness/contrast adjustment,
noise reduction, compression and size adjustment. After, an easy readable image was
imported back from FIJI into Imaris rendering a maximume-intensity projection or blend
projection providing a realistic 3D view in a 2D screen. Additional depth perception
enhancing realism of the images was created with the Real-Time Shadow Rendering (a
fast hardware that projects shadows on the three planes of the object). A surface object is
a computer-generated illustration of a detailed region of interest in the data set. The
surface object is displayed as a simulated solid object. The accuracy of segmentation

against the original data can be easily verified in an interactive manner (for more details

visit:  http://www.bitplane.com/imaris/imaris). Surface rendering was interactively
performed using optimal threshold settings for each channel in each experiment. By
choosing absolute threshold, it was possible to detect large portion of the cells without
picking up any noise or background with an accurate separation of touching cells.
“Quality” and/or “number of voxels” filters were used for detection of seed points. It can
pick up missed pixels or remove non-desirable background or noise. Filter settings were
optimized comparing interactively the result with the original maximum-intensity
projection. Final colors were chosen for an easy artistic visualization. In some images
colors do not necessary match with the original channels. Figure 3 shows and brief
example of the procedure. All final snapshots and movies were generated with Imaris.

Calibration bars were also automatically displayed.
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Figure 3. Post-imaging analysis process and cell counting

Files were tiled, stitched and rendered for imaging management. A 3D image was displayed for each
channel (A, B and C). Surfaces were manually created. Absolute intensity thresholding was
automatically calculated and a manual filter was added (D, E and F). Additional filters were applied
to different channels (G and I).

The total number of cells was counted automatically with Imaris. Each cell was rendered as an
individual surface. Noise was filtered and intensity mean was calculated in the channel 2.

Note: the number of surfaces computed is enclosed in the red case (606).
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Tissue Processing and Whole-Mount Immuneostaining

Under deep anesthesia mice were perfused with BSS, followed by 2% PFA and
finally with 4% PFA. After eyeballs were post-fixed with Zamboni’s solution (24 hours,
cool room) allowing endogenous fluorescence preservation. The tissue was washed
several times over 24 hours in PBS.

Flat mounts and cross-sections were photographed with a Zeiss Axio Observer
widefield fluorescence microscope (Zeiss, Oberkochen, Germany), sequentially scanned
using Leica SP5 inverted confocal microscope (Leica TCS 4D; Leica, Heidelberg,

Germany) at x20 and x40 magnification.

Statistical analysis statistical analysis

The size particle was established and cell counting was digitally performed with
Imaris (Figure 3). Statistical analyses included 1-way ANOVA and Bonferroni’s
Multiple Comparison Test, in addition to two-tailed Student’s t-test. Standard error and
standard deviation of the mean were calculated. A p-value <0.01 was considered

statistically significant.
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RESULTS

IEGFP/VVT mice

Intravital visualization of EGFP in the normal cornea of Cx3cr

In the current work, we used MP-IVM for imaging the resident immune population in
normal corneas of genetically-engineered reporter mice expressing EGFP knocked in the
Cx3crl promoter. The emission of EGFP in the cornea was intravitally detected (Figure
4 and 5). EGFP positive cells were observed in the periphery, paracentral and central
areas of the cornea with similar distribution. The total number of GFP positive cells was
640+32 per cornea (Figure 4 and Graphic 1). However, when the stroma was delineated
with the SGH signal, the distribution of EGFP positive cells differs significantly
comparing stroma and epithelium (Figure 5).

The stroma of the cornea contains very well organized collagen matrix. Second
harmonic generation (SHG), or frequency doubling, is a generation of light with a
doubled frequency (half the wavelength). Two photons are destroyed creating a single
photon with twice the energy. The SHG of the corneal collagen is detected with the BGR
cube of the microscope by tuning the laser 880-940 nm (Figure 2). At 910 nm both SHG
and EGFP emissions were collected in the BGR cube (Figure 2). Posterior digital
analysis rendered an impeccable tree-dimensional view of the stroma where epithelial
population can be discerned out of stromal cells (Figure 5). The stromal population
appears equally distributed around the cornea; however, EGFP epithelial cells (likely
DCs) appear with higher density in the periphery, lesser in the paracentral and vague or

absent in the center (Figure 5).
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Figure 4. Intravital tree-dimensional view of the whole cornea.

EGFP positive cells corresponding with Cx3crl-derived promoter are displayed in A (3D at minimum
projection intensity). The combination of green channel (EGFP) and blue channel (SHG) is displayed in
B. Notice the eyelid and eyelashes in the periphery of he cornea.

Myeloid population is shown in green (GFP) and stroma in blue (SGH)
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Figure 5. Stratification of Cx3cr1®cF? myeloid cells in the mouse cornea

By using SHG signal the epithelial population is discerned out of the stromal population (A, B and C).
Epithelial population shows dendritic morphology (B). Notice in A and B that the center is devoid of
cells. Both epithelial and stromal populations can be observed in C. A 3D view inside of the stoma
shows the stromal population in D. These cells have different morphology that the epithelial population.
Pictures are displayed in a 3D surface view. Myeloid population is shown in green (GFP) and stroma in
blue (SGH)

Notice the eyelid on the right side

- Cell Quantification
* *
10004 * %
0
S
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3
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Graphic 1. Myeloid-derived cell quantification in the cornea of different mouse strains.

The number of cells was higher in both f{GFP and RFP mice than EGFP mice p<0.01.

After transplantation (3 months), WT host chimeric mice show similar number as EGFP. Six weeks old
YFP/CRE-ER/RFP mice show similar number (YFP+) than both EGFP and chimeric mice. Six months
after injection with tamoxifen, YFP/CRE-ER/RFP mice show similar number of RFP+ than Cx3crl1™
mice. However YFP+ cell number is decreased respect to young mice.

340



CHAPTER 4
Cutting Edge in vivo Imaging 1: Multi-Photon intravital Microscopy to Visualize the
Resident Myeloid-Derived Population in the Mouse Cornea

lcre

In vivo visualization of either fGFP or RFP in corneas of Cx3cr mice

159" mice show an EGFP" population equally distributed in the

Corneas of Cx3cr
stroma but with high density in the epithelium periphery, lesser in the paracentral and
absent in the central (Figure 4).

Cre/loxP system is a generic Cre-transgene and a Rosa26-loxP-stop codon-loxP-
fGFP/tdTomato targeted allele with an intact stop codon **. Cre-mediated excision of the
stop codon induces constitutive expression of the reporter protein for the entire lifespan
of the carrier cell. We examined in vivo corneas of either Cx3crl®™ 7 mice or
Cx3crl R mice and were compared to Cx3cr1®“*" mice. The total number of either
fGFP or RFP cells was significantly higher than Cx3cr1"%™" corneas (Figures 5 and 6;
Graphic 1). In contrast to Cx3crl®** corneas (Figure 5), both Cx3crl“™ and
Cx3cr1 R show DCs in the central region of the epithelium (Figures 6 and 7).

The epithelial population shows a dendritic morphology with a cell body seating over
the BMZ/stroma. Epithelial DCs extend dendrites from the stromal bed toward the ocular
surface (Figure 8). The cells of the stromal population (likely macrophages) show
spindle/round shape embedded within the collagen matrix (Figure 8). No EGFP signal

was observed in any WT corneas.
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Figure 6. Figure 5. Stratification of Cx3cr]“RFP myeloid cells in the mouse cornea.
The color intensity (Cre recombinase-enhanced) can be appreciated in A. Epithelial DCs appears
very well defined in B. Notice in C the high density of macrophages within the stoma. Pictures as
displayed in a 3D surface view. Myeloid population is shown in red (tdTomato, RFP) and stroma

in blue (SGH)

Figure 7. Cre recombinase increase the signal of the reporter

Representative pictures of Cx3cr1®“F mice (A, B and C) and Cx3crl“™ G mice (D, E and F). Body
shape is enhanced in E compared with B as well as cell density.

Pictures are displayed in a 3D surface view. Immune population is shown in green (EGFP: A and B,
fGFP: D and E) and stroma in blue (SGH).
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Figure 8. Post-imaging analysis:

Traditional orthogonal slicing (A) compared to 3D reconstitution of the same file. Epithelial DCs (B
and C) and stromal macrophages (D and E) are displayed. High-resolution images of an individual
DC (F, G, H, I and K) and macrophage (G, H, J and K) are shown.

Note: colors have been digitally picked as yellow (macrophage) and green (DC). Pictures as

displayed in a 3D surface view. Immune population is shown in green/yellow and stroma in blue
(SGH)
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In vivo Evaluation of Corneal Myeloid Population Turnover After irradiation

The turnover of resident myeloid population of the cornea was intravitally evaluated
in vivo. Host mice were lethally irradiated and immediately engrafted with bone marrow
from donor mice as shown in Table 1.

The host population was gradually diminished. The epithelial DC population disappeared
within 4 weeks; however the stromal remained longer (6-8 weeks) to 3 months (end of
the experiment) especially in the center (Figures 9.1 and 9.2).

Donor DCs were observed in the periphery and paracentral regions of the epithelium
at 6 weeks after transplantation (Figures 9.1 and 9.2). Abundant round shape-donor cells
(likely macrophages) were observed in the stroma. At 12 weeks, the cornea appears
repopulated with stromal macrophages and epithelial DCs. It was observed a lack of cells
in the center of the cornea (Figures 9.1 and 9.2). The total number of cells was

significantly lesser than normal f{GFP or RFP non-irradiated corneas (Graphic 1).
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Figure 9.1. Myeloid turnover 6 weeks after irradiation

Mice chimeras were generated by irradiation of CX3CRI1™" (green) mice and engrafted with
CX3CRI* bone marrow derived-cells. REP cells (red) were visible at 6 weeks (A, B, D, E and F).
Some host fGFP positive cells (green) were still detected in the host (A, B, C and F).). A, B, C and D
show the center of the cornea. E and B show the periphery. Notice the well-defined DCs (red) in the
periphery (E and F). Pictures as displayed in a 3D surface view. Myeloid population is shown in green
(host) or red (donor) and stroma in blue (SGH)
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Figure 9.1 Myeloid turnover 12 weeks after irradiation

Few host fGFP cells remain in the stroma (green) (A, B, C, E and F). RFP donor cells (red) are
observed (A, B, D, E and F). A, B, C and D show the center of the cornea. Notice lesser density of RFP
cells the center. E and B show two different views of the stroma. Pictures as displayed in a 3D surface
view. Myeloid population is shown in green (host) or red (donor) and stroma in blue (SGH)
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Fate Mapping Study of Corneal Myeloid Population

EGFP
lG

Previously, we observed that Cx3cr mice lack DCs in the center of the cornea

(Figure 5). Also, we showed that the total number of fluorescent cells is lesser in

cre/fGFP cre/RFP
1 1

Cx3cr1°*? mice than either Cx3cr or Cx3cr

used Cx3crl-YFP-CreER-RFP mice. Briefly: these mice express inducible both YFP and

mice (Graphic 1). Here we

CreER dimer under the promoter of Cx3crl. Administration of tamoxifen dissociate the
dimer and consequently Cre translocates into the nucleus inducing constitutive expression
of tdTomato (RFP). The normal cornea expresses only inducible YFP similar in number
as Cx3cr1®“Fbut no RFP myeloid cells are observed (Figure 10 and Graphic I). After
injection of tamoxifen, the YFP myeloid population became RFP+. In the same mice,
evaluated at 3 and 6 months post injection, myeloid cells maintained strong RFP+ signal
in all detectable cells; however, their YFP expression decreased or disappeared entirely in
the center of the cornea and somewhat in the periphery. The total number of myeloid
cells detected before and after tamoxifen injection can be observed in Graphic 1. Six
months after tamoxifen injection, the number of myeloid YFP+ cells was significantly

lesser (559+37) than before injection (665+41) p<0.01). However the number of RFP+

cells was significantly higher (926+32)
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6 weeks old mouse
No tamoxifen

3 months old mouse 6 weeks old mouse
6 weeks after tamoxifen After tamoxifen

6 months old mouse
18 weeks after tamoxifen

Figure 10. Corneal myeloid population fate mapping.

Six weeks young mice myeloid population expresses inducible YFP but not RFP in the cornea. After
tamoxifen myeloid cells turn on RFP+. These representative images are from the same mouse,
evaluated at 3 and 6 months post injection. Myeloid cells maintained strong RFP+ signal in all
detectable cells; however, their YFP expression decreased or disappeared.

Note: mostly of green signal (YFP) at six months is bleed-through of the strong emission of tdTomato
(constitutively expressed).
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DISCUSSION
In the current study we effectively combined genetically-engineered reporter
expressing mouse strains, MP-IVM and imaging analysis software to obtain an
exceptional in vivo imaging model for studying the myeloid population of the cornea.
Considering these results, the following conclusions can be drawn:
4. The myeloid population of the cornea was successfully intravital visualized in a
living mouse.
5. The current model is suitable to study in vivo the myeloid population of the cornea in
both normal and pathological conditions in the same mouse.
6. Myeloid turnover and fate mapping were in vivo evaluated after lethal irradiation or

by modulating myeloid-cell phenotype.

For more than a century, it was believed that the cornea was devoid of APCs *;
however, during the last few years it has been established that the cornea is endowed with

22-27, 30, 31, 39, 41

a resident myeloid cell population . Two different phenotypic populations

of APCs such as DCs and macrophages populate in the cornea > %’

. The majority of DCs
reside in the basal layer of the epithelium where they extend dendrites to interdigitate
between epithelial cells from the stromal bed toward the ocular surface. This population
is higher in the periphery and decreasing centripetally. Additionally a small population
CD11c" DCs can be found in peripheral regions of the stroma. Although it has been
suggested that DCs can initiate an adoptive immune response in inflammatory conditions
such as corneal transplantation, the role of DCs in the normal cornea remains not yet

25, 27, 30
understood > <" 7.

Macrophages occupy the stroma divided in two distinct
subpopulations. The anterior stroma is populated by putative macrophages that might
serve as APCs backup for DCs in an adaptive immune response. The posterior stroma is
endowed by resident macrophages uniformly distributed around the cornea. These

macrophages display an innate immune response when the cornea integrity is threatened
24,26, 41
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In the current work, we describe a stratification of the resident myeloid-derived
population of the normal cornea in a living mouse. Two distinct populations were
visualized. One population can be distinguished in the epithelium (most likely DCS) and
second population in the stroma related to macrophages. A similar stratification and
distribution has been showed before in corneal explants ***"**. EGFP" myeloid cells are
located all around the cornea. EGFP" myeloid cells appear equally distributed in the
stroma; however, epithelial population was observed with higher density in the periphery,
lesser in the paracentral and vague or absent in the center. Similar results have been

shown before in corneal explants >’ >*

. The great advantage of the current work is that we
intravitally imaged the myeloid population in a living mouse, with similar resolution as
showed by other authors using corneal explants >”**. Additionally, we performed a post-
imaging analysis to achieve a real tree-dimensional view of the cornea, which efficiently
improves significantly the interpretation of the results.

Previously, it has been observed in corneal explants that DCs show a dendritic
morphology with a cell body seating in the area of the BMZ and extending dendrites
toward the ocular surface > >°. Stromal macrophages have been shown with a round

27,39

shape . In the current work, we intravitally photographed DCs and macrophages that
additionally were enhanced with a real tree-dimensional view to confirm the same
morphology and shape. Since we imaged in vivo (no fixatives), the morphology of the
tissue was not affected, therefore more realistic shape is shown.

Previous works agree that the central part of the cornea is devoid of myeloid
population; however, it has been proposed that a latent population might reside in this
area '**>*_ In this work we observed lack myeloid cells in the center of the cornea in a
Cx3cr1 9™ knock-in mouse. Cx3crlexpression is down-regulated or switched off in the
center of the normal cornea ** and therefore inducible EGFP is down-regulated as well
which explains the lack of signal in this zone. However, this population was confirmed in

both Cx3crl“™™* and Cx3cr1“®™* transgenic mice. The Cre system induces

constitutive expression of the reporter fluorescent protein for the lifespan of the cell. The
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total number of fGFP or RFP positive cells in Cx3crl™ corneas was statistically higher
than Cx3crl knock-in mice p<0.01. These results suggest that the center of the cornea
might be endowed with a distinct lineage of myeloid cells than the periphery, probably
embrionary LCs and tissue macrophages. During the development, yolk sac progenitors
migrate to the embryo proper, including the prospective skin, where they give rise to LC
precursors, the brain rudiment, where they give rise to microglial cells, and peripheral

. . . 48,49
organs to give rise to tissue macrophages "

. However, in contrast to microglia, which
remains of YS origin throughout life, YS-derived LC precursors are largely replaced by
fetal liver monocytes during late embryogenesis and from the bone marrow in the adults
.49 Consequently, adult LCs derive predominantly from fetal liver monocyte-derived
cells and bone marrow with a minor contribution of YS-derived *°. It is widely accepted
that a bone marrow derived population resides in the adult cornea *'. However, our results
suggest that the center of the normal cornea might be endowed with a lineage of non-
monocyte-derived DCs. First we observed that there is a population of myeloid cells
resistant to irradiation indication latency. Second, bone marrow engrafted cells did not
repopulate with the same density the center of the cornea. Additionally, after injection of
tamoxifen to CX3CR1-YFP-CreER-RFP mice, YFP myeloid population became RFP+.
The same mice, evaluated at 3 and 6 months post injection, myeloid cells maintained
strong RFP+ signal in all detectable cells; however, their YFP expression decreased or
disappeared entirely in the center of the cornea and somewhat in the periphery. This
indicates that bone marrow turnover unlikely happen in the normal cornea. These results
suggest that the adult cornea might be endowed with an embrionary myeloid population
attenuated in the center to prevent inflammation in the visual axis. CX3CRI1 mediates
homing of MHC class II-positive cells to the normal mouse corneal epithelium ** where
MHC class II expression is particularly decreased *°.

Given that immune cell behavior can be influenced by a multitude of physical and
soluble factors from structures and cells in the local environment, we propose a new

method to study myeloid cell dynamics in the living mouse cornea using MP-IVM. The
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advantage of transgenic mice, expressing fluorescent proteins, was taken to visualize the
immune population in the murine cornea.

In conclusion, in this study we combined genetically-engineered reporter expressing
mouse strains, MP-IVM and imaging analysis software to obtain an outstanding in vivo
imaging model. This model is suitable for studying the function of the myeloid

population of the cornea in both normal and pathological conditions in a living mouse.
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ABSTRACT

Purpose:

The aim of this study was to combine a genetically-engineered reporter expressing mouse
(Thy1-YFP), multiphoton intravital micoroscopy (MPM-IV) and digital post-production
analysis, to create an exceptional model for imaging the corneal nerves. This model
should be suitable for studying nerve function in normal and pathologic corneas in a
living mouse.

Methods:

B6.Cg-Tg(Thyl-YFP)16Jrs/J and C57BL/6J WT mice were used. MP-IVM was used to
detect neurofluorescence in the cornea of a living mouse. Additionally, corneal explants
were immunelabeled with anti tubulin beta III antibody and scanned with a mutliphoton
microscope (MPM) and a laser scanning confocal microscope (LSCM). Digital post-
analysis was performed with image software.

Results:

The expression of neuron-specific fluorescence in a transgenic Thyl-YFP mouse cornea
was successfully detected with a MP-IVM system. Stromal bundles, plexus and epithelial
leashes were visualized with high resolution and acquisitions were displayed in a useful
and interactive tree-dimensional image. As a novelty, tree concentric nerve rings were
detected in the stroma (periphery, paracentral and central) that innervate from bellow the
sub-basal plexus. Additionally, the stromal innervation of the sub-basal plexus bifurcates
in opposite directions (T pattern, toward the center and toward the periphery). Although
the amount of Thyl neurofluorescence was subjectively lesser compared to tubulin beta
III staining, both show a similar pattern of distribution in the mouse cornea.

Conclusions:

In this study we were able to combine a genetically-engineered reporter expressing
mouse (Thyl-YFP), MP-IVM and imaging analysis to obtain an outstanding imaging

model to study the corneal nerves in al living mouse. This model should be suitable for
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understanding function of corneal nerves in both normal and pathologic cornea.
Additionally we identified new stromal nerve bundles in the deep central part of the
cornea, concentric nerve rings in the stroma and a new bifurcation pattern in the sub-
basal plexus. The damage of specific nerves induce loss of the immune privilege in

specific areas related with that particular nerves
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INTRODUCTION

The human cornea is the most densely innervated structure in the body supplied by
both sensory and autonomic nerve fibres '. Sensory nerves are derived from the

ophthalmic division of the trigeminal nerve *°

and have a diversity of sensory and
efferent functions ’. The autonomic nerves consist of sympathetic fibres that are derived
from the superior cervical ganglion and parasympathetic fibres that originate from the
ciliary ganglion *'°.

The proper innervation is critical for keeping both wellness and transparency. The
mechanisms by which corneal nerve fibres maintain a healthy cornea and promote wound
healing after injuries is currently under active research. Neurons give trophic support to
corneal epithelial cells by releasing soluble substances through. Trigeminal ganglion
neurons release neurotransmitters and neuropeptides that contribute to maintain
regulatory processes such as corneal trophism and homeostasis. Molecules released by
nerves participate actively in corneal wound healing process after injuries ' 2

Many factors such as blinking, desiccation of the ocular surface, cooling or air
currents induce release neurochemicals by corneal nerves that in consequence aid to heal

13-15

small damages in the ocular surface Conversely, patients who suffer from

diminished corneal innervation, caused by diabetes, herpetic keratitis, contact lens
wearing and aging, show impaired wound healing '®*°. Corneal nerves can be also

damaged after cataract and retinal surgery or laser procedures (e.g. pan-retinal

21-23

photocoagulation, cycloablation) . During the last two decades, it has been shown that

refractive surgery produces strong damage of corneal nerves and transient mild to severe

24-26

epithelial alterations . Nowadays, dry eye is the most common neuropathological

: 16, 27, 28
dysfunctional syndrome > "

. Despite mostly of the corneal pathologies present a
neurological component, the physiological basis remains still unknown.
The corneal nerve anatomy briefly described ': nerve bundles enter radially through

the sclera into of the cornea in parallel to the surface. In the limbus, nerve bundles lose
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the perineurium and myelin sheaths. Inside of the peripheral cornea, bundles subdivide
into smaller side branches. The majority of the stromal nerve fibres are located in the
anterior third of the stroma; however, some stromal nerve trunks can be located below in

239 Bundles contain variable number of axons, and occasionally,

the peripheral cornea
keratocytes enwrap adjacent nerve fibres with cytoplasmic extensions. The stromal nerve
fibres turn abruptly 90  progressing toward the surface. After penetrating Bowman’s
layer, large nerve bundles divide into several smaller *"**. Afterward, small nerve axons
turn suddenly 90" forming an epithelial leash parallel to the corneal surface in the sub-
basal plexus, between Bowman’s layer and the basal epithelial cell layer. Epithelial
leashes consist of mixtures of straight and beaded nerve fibres that project in separated
units toward more superficial layers where release or take up cellular or extracellular
substances from adjacent epithelial cells *"-**7°. Corneal nerve density is approximately

19, 37, 38 .
"% Each nerve bundle arises 3—7

5400-7200 nerve bundles in the human plexus
individual axons sprouting roughly to a total of 19000—44000 axons **. The total number
of free nerve endings are between 315000 and 630000, (approximately 7000/mm?),
homogeneously distributed across the cornea .

Different methods have been used to describe the anatomy of the corneal nerves. The
first understanding of corneal nerve architecture and morphology was established by

1045 Posteriorly,

31, 33-36, 39, 46, 47

using acetylcholinesterase (gold chloride), and immunohistochemistry
corneal nerve ultrastructure has been described by electron microscopic
Later, with the use of monoclonal and polyclonal antibodies, corneas of different species
were compared **°. Retrograde labeling methods allowed backward label of TG sensory
cell bodies whose axons innervate the cornea " *. With the use of electrophysiology
techniques, it has been demonstrated the sensorial nature of the different terminal endings
> In vivo Confocal Microscopy (IVCM), widely used to visualize corneal nerves in
patients, has notably increased the understanding of nerve anatomy in healthy and

. 19, 24, 28, 38, 54-58
pathologic corneas, "™
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Very recently, the multiphoton intravital microscope (MP-IVM) has been introduced
to study the eye. The composition of the different corneal layers of five different species
(human, piscine, porcini, bovine and murine) has been described % Steven et al. have
recently shown the immune cell dynamic in corneal lymphatic vessels . Additionally
Masihzadeh et al. have imaged the anterior chamber of the eye mouse ®'.

Considering the transparency of the cornea, we explored the full potential of the MP-
IVM in a Thyl-YFP transgenic mouse model. In this work, we show a new model of
imaging to describe the corneal nerve architecture in a living mouse, with a sharp
resolution and outstanding tree-dimensional post-production.

The purpose of this study was to combine a genetically-engineered reporter
expressing mouse (Thyl-YFP), MP-IVM and digital post-production analysis, to create
an exceptional in vivo model for imaging the corneal nerves. This model should be

suitable for studying nerve function in normal and pathologic corneas in a living mouse.
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METHODS

Mice and Anesthesia

Mice were housed in a specific pathogen-free environment at the Duke Eye Center
animal facility. The Institutional Animal Care and Use Committee approved all
procedures. All animals were treated according to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Anesthesia was given with intraperitoneal
administration of ketamine/xylazine (120 and 20 mg/kg, respectively). B6.Cg-Tg(Thy1-
YFP)16Jrs/J] mice, referred to here as Thyl.l-eYFP (Thyl-YFP), are commercially
available and were a kind donation from H. Tseng (Department of Ophthalmology, Duke
University Medical Center). Six mice were used.

Additionally six C57BL/6J 8 week old mice were purchased from Jackson laboratories

(Jackson, Farmington, Connecticut).

Multiphoton Intravital Microscopy

Mice were maintained under anesthesia using constant infusion administered via IP
catheter of ketamine/xylazine (120 mg/kg) at a rate of 0.2 ml/h. Body temperature was
controlled at 37°C. Mice were dorsally placed, facilitating perpendicular exposure of the
corneal apex to the microscope objective. Objective to cornea space was filled with an
ophthalmic gel (GenTeal, Novartis Ophthalmics, East Hanover) to create a coupling
immersion interface with a refractive index (n=1.339) similar to water (n=1.333 at 20° C)
as well as to provide eye lubrication. A drop of propidium iodide (PI) (~50ul) was
topically instilled in the cornea for 1 minute before the mouse was placed under the
microscope to stain the most superficial layer of the epithelium.

A 25x/1.05 NA water objective (optimized for MPEXLPL25XWMP, WD 2.0 mm, 0

to 0.23 micron coverslip correction) of an Olympus BX61WI upright microscope fixed
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stage (Olympus, Tokyo, Japan) was used (see chapter 4). The laser used was a
ChameleonVision II single box Ti:Sapphire fsec laser, permitting pulse compensation in
a tunable range of 680-1080 nm @40 nm/sec, 80 MHz rep rate, 140 fsec pulse width with
a 0-47,000 fsec2 units of dispersion compensation. The microscope is equipped with a
Blue, Green/Yellow and Red standard fluorescence cube. Emission bands available are
DAPI, CFP, GFP, YFP and RFP in switchable cubes; the Blue or Cyan channels were
used for second harmonic generation (SHG). Laser was tuned at 910 nm (BGR cube) or
950 nm (CYR cube) for two-photon excitation and second harmonic generation (SHG). A
dichroic mirror (DM570) splits the light emission through both channels 1 (blue) and 2
(green or yellow) and channel 4 (red). A second dichroic mirror (DM485) divides light
emission for channel 1 and channel 2. The BGR cube is composed of 450-460 nm (blue
and SGH), 495-540 (Green) and 575-630 nm (Red) band pass filters. The CYR cube is
composed of 460-500 nm (blue and SGH), 520-560 (Yellow) and 575-630 nm (Red)
band pass filters. The system has four high efficiency non-descanned detectors in the epi
position that can be combined in different configurations by manually alternating the

cubes.

Z-series images for 3D mosaic imaging

By using a motorized XY stage, the multi-area time-lapse software (Olympus)
automates the process for a 3D image acquisition and stitching. The software registers
wide areas, and the thumbnail displayed provides a view of the entire image acquired

during the mosaic imaging process (see chapter 4).

Post-acquisition image analysis

Image stacks were analyzed using the latest version of FUJI available (developed by
Wayne Rasband, National Institutes of Health; provided auto-updated by the public

domain http://rsb.info.nih.gov/ij). The latest version of Imaris (Imaris, auto-updated
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version, Bit-plane, Zurich, Switzerland) was also used (see chapter 4). Raw files were
displayed in Imaris and linked to FIJI for background substraction, brightness/contrast
adjustment, noise reduction, compression and size adjustment. After, an easy readable
image was imported back from FIJI into Imaris rendering a maximum-intensity
projection or blend projection providing a realistic 3D view in a 2D screen. Additional
depth perception enhancing realism of the images was created with the Real-Time
Shadow Rendering (a fast hardware that projects shadows on the three planes of the
object). A surface object is a computer-generated illustration of a detailed region of
interest in the data set. The surface object is displayed as a simulated solid object. The
accuracy of segmentation against the original data can be easily verified in an interactive

manner (for more details visit: http://www.bitplane.com/imaris/imaris). Surface rendering

was interactively performed using optimal threshold settings for each channel in each
experiment. By choosing absolute threshold, it was possible to detect large portion of the
cells without picking up any noise or background with an accurate separation of touching
cells. “Quality” and/or “number of voxels” filters were used for detection of seed points.
It can pick up missed pixels or remove non-desirable background or noise. Filter settings
were optimized comparing interactively the result with the original maximum-intensity
projection. Final colors were chosen for an easy artistic visualization. In some images
colors do not necessary match with the original channels. Calibration bars were also

automatically displayed.

Tissue Processing and Whole-Mount Immuneostaining

Under deep anesthesia mice were perfused with BSS, followed by 2% PFA and
finally with 4% PFA. After, eyeballs were post-fixed with Zamboni’s solution (24 hours,
cool room) allowing endogenous fluorescence preservation. The tissue was washed
several times over 24 hours in PBS. Corneas were excised in a flowering pattern and

treated with blocking buffer (2% BSA, 0.5% tween 20 and 0.2% Triton, overnight at 4C).
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Posteriorly the tissue was incubated with a rabbit anti tubulin beta III antibody (1:200,
overnight, 4C, Covance) and goat anti rabbit Alexa-488/594 (Vector).

Flat mounts and cross-sections were photographed with a Zeiss Axio Observer
widefield fluorescence microscope (Zeiss, Oberkochen, Germany) or sequentially
scanned using Leica SP5 inverted confocal microscope (Leica TCS 4D; Leica,
Heidelberg, Germany) at x20 and x40 magnification. In addition whole corneal flat

mounts were also scanned, tiled and stitched with the multiphoton microscope.
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RESULTS

The expression of neuron-specific fluorescence and the emission of the SHG of the
collagen, in a transgenic Thyl-YFP mouse cornea, are shown in Figure 1. SHG, or
frequency doubling, is a generation of light with double frequency (half the wavelength).
Two photons are destroyed creating a single photon with twice the energy. SHG
microscopy has emerged as a powerful modality for imaging fibrillar collagen in a
diverse range of tissues °>. The corneal stroma is composed of very well organized
collagen matrix, which SHG can be detected by tuning the laser at 910-970 nm. Fine-
tuning at 950 nm both SHG and YFP emissions were detected with the microscope CYP
cube (Figure 1).

At 950 nm and 2% of the laser maximum power (4mW maximum), the microscope
captured individual pictures for each channel with a digital zoom of 1.5X. The resolution
of each individual picture was 620 dpi with 0.25s scanning time. The start scanning was
manually set up at the confluence of the iris with the sclera (600 pm deep for the corneal
apex). The microscope automatically scanned, from the anterior chamber towards the
apex of the cornea (2.5 um each steep), a total of 240 acquisitions in each tile/channel
(720 pictures). The microscope robotically moved to the next position to complete 120
tiles and 86.400 pictures. For each tile the microscope consumed 62 seconds and a total
of 2 hours and 20 minutes for the whole cornea. Although little mouse movements were
disturbing the imaging, mostly were corrected by posterior digital stitching. One
important limitation was the big size of the generated files up to 50 Gigabytes (mostly
empty space). Post-analysis of the files required an additional 120 GB of RAM memory
in the computer (see chapter 4)

Herein, we present the whole acquisition of the cornea (Figure I); however, specific
regions can be easily observed within seconds. Higher resolution images (up to 2.400
dpi) can be already gathered (data not shown). In the current experiment we used 620 dpi

to render the best quality at the shortest time.
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The main limitations of examinations in a living mouse were:

1. Eyeball rotations. These movements were compensated by increasing xylacine
concentration up to 25 mg/kg with the anesthesia.

2. Breathing movements. A mouse holder was used for long time acquisitions.

3. Additionally, a digital stitching corrects, in part, the motions. To enhance
stitching process, the digital zoom was increased to 1.5x in the microscope. This
option allows overlapping margins between nearest tiles; however, increases

twice the acquisition time.

The entire view of the corneal nerves can be observed with a radial distribution
towards the center, where a whorling pattern is appreciated in the apex (Figure 2 and 4).
The radial nerves are located at three different levels: plexus, anterior part of the stroma
and deep posterior stroma (Figure 2, 3, 4, 5 and 7). Nerve bundles enter radially through
the periphery of the cornea in a parallel to the surface (Figure 1, 2, 3, 4 and 7). Some
stromal nerve fibres turn abruptly 90  progressing toward the surface and divide into
several smaller ones that turn again 90" forming the plexus. Epithelial leashes branch 90’
from the sub-basal plexus toward the surface (Figures 1, 2, 3, 5 and 7).

Thick nerve bundles were found radially distributed deep in the anterior and posterior
parts of the stroma (Figures 2, 3, 4, 5 and 6). Stromal nerve branches penetrate the
basement membrane and enter the sub-basal plexus from below where bifurcate in both
directions toward the center but also toward the periphery (Figures 2 and 5). These sub-
basal nerves do not run for long distances noted in the peripherals that travel from the
periphery through the center. Surprisingly, deep stromal nerves turn up in a loop
connecting with superior stromal bundles thus generating tree stromal concentric nerve
trunks: peripheral, paracentral and central (Figures 3). Different ramifications emerging
form these concentric trunks enter the sub-basal plexus ramifying as described above

(Figures 2 and 3). The central epithelium is innervated by branches coming from the
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periphery through the plexus as well as many others emerging from the central ring
bundle in the stroma (Figures 2, 3 and 5).

To probe this pattern of innervation we severed a stromal nerve deeply in the
peripheral stroma (Figures 6). The cornea turned inflamed (opacity, epithelial erosion,
neovascularization and stroma plaque) in the area innervated by this specific nerve, but
the rest of the cornea remained transparent even the center.

In vivo imaging resolution of the corneal nerves (branching, sprouting, ramifications
etc.) is similar to ex vivo explants (Figures 4 and 7). In this work, we did not compare
objectively both; however, the number of axons stained with anti tubulin III antibody
appears lightly higher than YFP gathered in vivo. Nevertheless, the pattern does not
differ.

Additionally, we create a course-plotting mode (Supplementary Movie). This option
allows navigation throughout the whole image. This is very useful to search for a specific

region of interest without tedious staining and imaging processes.
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Figure 1. Intravital tree-dimensional view of the whole cornea.

YFP positive nerves (green) corresponding with Thy1 derived promoter are displayed in 3D (A). The
combination of yellow channel (YFP, green) (A) and blue channel (SHG) (B) is displayed in C. A
maximum projection view of the nerves is displayed in D. Blue=SHG

The software automatically displayed calibration bars

Figure 2. Intravital tree-dimensional view of the corneal nerves

YFP positive nerves (green) are visualized with high resolution in vivo. The radial distribution of the
subbasal plexus can be observed in A. The whorling pattern is appreciated in the apex (red box).
Epithelial leashes branch 90" from the sub-basal plexus toward the surface (red: propidium iodide) (B).
The hairpin pattern can be appreciated in the sub-basal plexus (C and D) with high density of fibres.
Stromal view of the sub-basal plexus with nerve bundles in the anterior stroma (E and F) and posterior
stroma (G and H). Posterior nerve trunks (white asterisk) ramify in thinner branches in the anterior
stroma (white stars). In the sub-basal plexus nerves ramify in both directions: toward the center (white
arrows) and toward the periphery (white arrow heads).

Blue=SHG

Figure 3. Corneal nerves segmentation from in vivo images

The deep stromal bundles interconnect each other generating tree concentric stromal rings: peripheral
(A), paracentral (B), and central (C). Note the pictures were digitally cropped. Software segmentation
delineates stromal nerves (F and G, red) from sub-basal (H and I, green). A thick nerve bundle located
in the deep stroma loops connecting with sub-basal plexus in the center of the cornea (E, G and I).
Blue=SHG

Figure 4. Corneal nerves segmentation from ex vivo images

The whole flat cornea was stained with anti tubulin beta III primary antibody followed by an Alexa-488
secondary antibody and then scanned with a multiphoton microscope. The high density of the corneal
nerves can be observed in A and D. Whorling pattern is appreciated in the center (red box, A and D).
Software segmentation delineates stromal nerves (B and F, red) from sub-basal (E, green). The stromal
radial nerves are appreciated in B, C F and G. White arrow heads delineate radial stromal nerves that
run form the periphery toward the center deeply in the stroma (F and G).
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Figure 6
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Figure 7
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Figure 5. Software delineation of the corneal nerves form in vivo acquisitions
Tree different levels of stratification can be observed in the center of the cornea (A), deep stroma (1),

anterior stroma (2) and sub-basal plexus (3). The rotation of the same figure (B) shows a concentrical
ring in the central stroma (delineated in yellow). C and D show stromal nerves looping up and
innervating the sub-basal plexus form bellow in near to the apex and paracentral. White arrows show
bifurcations in both directions (yellow) (toward the center and periphery). The same is observed in the
periphery of the cornea (E). A complete 360 ° loop is delineated in yellow.

Blue=SHG

Figure 6. Severing of deep stromal radial nerve bundle causes local corneal damage.

The innervation pattern of deep stromal nerves can be observed in A. The nerves enter from the
periphery and innervate the sub-basal plexus from bellow.

Severing one of the radial stromal bundles (B and C) causes loss of transparency in paracentral area
near to the incision 7 days after (D). Progression of the opacity is observed at 2 weeks (E). Ingrowth of
blood vessels (F) and fluorescein staining (G) are seen at 3 weeks. At four weeks (H), the deenervated
area is observed inflamed with vessels and stromal plaque. However the center of the cornea remains
totally transparent

Figure 7. In vivo MP-IVM Vs. ex vivo LSCM resolution

Epithelial leashes and sub-basal plexus can be observed in vivo (A and B) and ex vivo (C and D) with
similar resolution. Stromal nerves in vivo (F and G, red) can be compared to ex vivo (H, I and J).

Notice in [ and J three different levels of stratification as observed in vivo in figure 5

Blue=SHG (A, B, E, F and G) and DAPI (C and H).
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DISCUSSION

In this study, we successfully combined a genetically-engineered reporter expressing
mouse strain (Thy1-YFP), MP-IVM and post-imaging analysis to obtain an outstanding
high-resolution tree-dimensional imaging model for the study of the corneal innervation.
Considering these results, the following conclusions can be drawn:

7. This model is suitable for a better understanding the corneal nerves in both normal
and pathological conditions in a living mouse

8. Deep stromal nerve bundles have been identified as well a new bifurcation pattern in
the plexus

9. The number of animals in each experiment will be significantly reduced and classic
histopathology could be replaced in many studies.

10. This model has potential applications such as the study of dry eye, keratoconus,
corneal transplantation, chronic pain, refractive surgery complications, dystrophies,

allergy, keratitis etc.

The study of the architecture and function of the corneal nerves has been challenging
during more than a century since the corneal anatomy was described . To elucidate the
function of the corneal nerves, different methods and techniques have been used for many
decades. Corneal nerves have been studied in explants with tedious processes of fixation,
staining and imaging *"*37% %% Conventional microscopy requires time-consuming
sessions and only small representative portions of the cornea are presented (i.e. sub-basal
plexus, anterior stroma, posterior stroma, periphery, center etc.) ***> *3 The whole
anatomy of the human cornea has been recently described by using IVCM in patients as

63-66 . . ..
. In these works, multiple microscope acquisitions

well as in ex vivo corneal explants
were manually taken and a tedious post-imaging analysis was required; however, gross
outcomes have been presented. The anatomy of the corneal nerves has been also

described in animal models by using an IVCM system; however, only sub-basal plexus
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was successfully imaged with a modest resolution ®” . Other authors have recently used
a widefield stereo fluorescent microscopy to in vivo photograph corneal nerves * 7°.
Despite the promising outcomes achieved, all previous works needed convoluted post-
analysis process and images are shown with poor resolution, needless to say that
epithelial leashes were not detected. Hitherto, there is not yet a satisfactory in vivo model
that will include all aspects of the corneal nerves.

In the current work, we used a genetically-engineered reporter expressing mouse. The
YFP reporter fluorescence protein is expressed under the promoter of Thyl. Thyl or
CD90 is a 25-37 kDa widely conserved cell surface protein originally discovered as a
thymocyte antigen. Thyl can be used as a marker for a variety of stem cells, murine
thymocytes, T lymphocytes and axonal processes of mature neurons '~ '>. Thyl
expression in the nervous system is predominantly neuronal, but some glial cells also
express Thyl at later stages of their differentiation . Thyl is expressed strongly in the
mature axon but is also present on the soma and dendrites "*. The absence of glial cells
and the specific morphology of the nerves in the cornea, ensure neuronal specificity. In
this study, the expression of YFP was imaged with a MP-IVM in a living mouse.
Previously, Namavari et al., have shown expression of YFP in a model for regenerating
the corneal nerves in a transgenic Thyl-YFP mice "°. These authors used a widefield
stereo fluorescent microscopy and successfully photographed the whole cornea in a
single image. The sub-basal nerves and stromal nerve trunks were coarsely visualized and
the intraepithelial leashes were missed. That microscope takes images off axis and
consequently deconvolution and tree-dimensional reconstruction were not feasible.
Additionally, the mouse pupil was constricted with carbachol to mask retinal
fluorescence. Finally, the authors presented the image as maximum intensity projection in
a XY dimensional view ". In the current work we used a MP-IVM, which effectively
pulses the laser bean in the focal area. The non-descaned detectors capture exclusively
the light emission from the focal avoiding residual fluorescence from the retina. PM-IVM

takes images axis on, which facilitates later deconvoluion and tree-dimensional

384



CHAPTER 5
Cutting Edge in vivo Imaging I1: Multi-Photon intravital Microscopy to Visualize the
Corneal Nerves in a Thyl-YFP Transgenic Mouse

reconstruction. The microscope has incorporated a motorized XY versatile stage, which
automates the process for tiling and stitching. The final reconstruction of the imaging
process allows: digital slicing, orthogonal sectioning (XYZT), gallery and maximum
intensity projection. Nevertheless, the best feature is the reconstruction of real high-
definition tree-dimensional image in different modes such as maximum intensity
projection, normal sharing, minimum intensity projection, blending and shadow
projection. Additionally, surfaces can be created in different channels to artistically
enhance the final outcome.

1, 29, 31, 39 .
$ 4207 we observed, in

As it has been previously described in corneal explants
vivo, the nerves penetrating from the periphery through the stroma and turning toward the
epithelium basement membrane. In the sub-epithelial basal layer and parallel to the
ocular surface, the thin fibres form the sub-basal plexus The majority of the radial nerves
are located in the sub-basal plexus; however, many others appear underneath within the
anterior part of the stroma as well deeper in the posterior aspect of the stroma.
Interestingly, we detected three different concentric stromal nerve rings (periphery,
paracentral and central). These concentric rings interconnect different radial nerve
bundles in the stroma. Ramifications of these rings enter the sub-basal plexus form
bellow. In human corneas, nerves penetrate Bowman’s layer throughout the peripheral
and central cornea " °; however, in monkey corneas, nerves penetrate Bowman’s
membrane only in the peripheral zone but is not well described in mice *. In the current
work, many nerves located into the sub-basal plexus ramify from a stromal bundle in the
periphery but also in the paracentral as well as center of the cornea. It has been vastly
shown that nerves always extend centripetally from the periphery to the center of the
cornea. We observed that stromal nerves ramify in a double hairpin pattern. Stromal
nerves subdivide in both directions toward the center of the cornea but also toward the
periphery. In the center stromal nerves enter from bellow the sub-basal plexus and ramify

toward the periphery. This finding might suggest a backup mechanism. The cornea is

continuously exposed to superficial aggressions and the sub-basal plexus is often
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damaged. The radial and concentric distribution of the stromal nerves, especially in the
center of the cornea, might ensure both sensorial and trophism properties when the cornea
is injured.

To probe this hypothesis we severed one single stromal nerve deeply in the peripheral
stroma. The cornea turned inflamed (opacity, epithelial erosion, neovascularization and
stroma plaque) in the area innervated by this specific nerve, but the rest of the cornea
remained transparent even the center. This is a clear indication how harming a specific
nerve indices local loss of the corneal immune privilege, which remarks the increasing
trend that the nerves are critical for keeping this immune privilege.

There is a controversy regarding the structure of the sub-basal plexus near the apex of
the cornea. In humans, Muller et al. have indicated a superior to inferior architecture *°,
whereas Patel et al. have observed a whorllike pattern ®. Yu et al. also have shown a
whorling sub-basal nerve pattern in mice, with a more pronounced spiraling of nerves in
the center of cornea . In the current work we observed that all the patterns described
before fit in our model, but perfectly stratified. The posterior-anterior architecture
observed by Miiller ** was confirmed in this work with different stratification. Stromal
bundless in the posterior part of the stroma, ramified in thinner bundless in the anterior
part that finally ramify through the sub-basal plexus. Also, the whorling sub-basal nerve

1. % was confirmed in this study. The

pattern as observed by Patel et al. and Yu et a
sub-basal plexus is observed in a very well defined classic hairpin pattern with
subdivided and well-demarcated epithelial leashes towards the surface. Other authors,
that used a widefield stereo fluorescent microscopy to photograph in vivo the corneal
nerves failed to image the nerve terminal endings in the epithelium *-7°.

Previously Yu et al. have quantified the in vivo expression of neuron-specific
fluorescence in corneas of transgenic Thyl-YFP mice . These authors also compared
transgenic YFP neurofluorescence with beta III tubulin immunostaining. The amount of
neurofluorescence analyzed in vivo (43 p/mm”) was half than quantified ex vivo by

immunostaining (94 p/mm?). In our work, the fluorescence was not objectively
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quantified. Although in vivo expression of Th1-YFP seems to be lightly lesser than ex
vivo staining of beta III tubulin, both show similar pattern and distribution throughout the
cornea. Yu et al. fixed the tissue with PFA 4% and whole mounts were imaged with a
motorized fluorescence microscope ®. The emission of a reporter protein under
epifluorescence excitation is rapidly decreased by photobleaching but also quenched after
strong fixative process. In our work, YFP emission was collected in vivo by using a MP-
IVM that indeed avoids photobleaching and increases significantly resolution in the focal.
Stromal bundles, plexus and terminal endings can be observed with similar resolution in
vivo and ex vivo, therefore, we can conclude that Thy1-YFP fluorescence gathered in vivo
is representative of the corneal nerves. Yu et al. concluded that their model of Thy1-YFP
mouse allows the observation of corneal neuronal growth in living animals by using a
motorized epifluorescence microscope ®. With the current work, we steep forward
providing detailed resolution and tree-dimensional image with a minimal photo-damage.
This model will allow examination of the corneal reinnervation after injury with more
precise and detailed information. The role of the nerves in pathologies such as dry eye,
corneal graft rejection, keratoconus, pain, allergy, keratitis, infection etc., could be
addressed in vivo with this model.

In conclusion, in this study we were able to combine a genetically-engineered
reporter expressing mouse (Thyl-YFP), MP-IVM and image analysis to obtain an
outstanding imaging model to study the corneal nerves in a living mouse. This model
should be suitable for understanding function of corneal nerves in both normal and
pathologic conditions. Additionally we identified deep stromal nerve bundles, stromal
nerve rings and new bifurcation pattern in the sub-basal plexus. The damage of specific
nerves induce loss of the immune privilege in specific areas related with that particular

nerves.
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’Supersystem” is a designation given to a highly integrated
life system, which was coined by the late Tomio Tadanearly
a decade ago to describe both immune and nervous
systems (1). Even decades earlier, however, were scien-
tists already appreciating the level of interplay that exists
between these two supersystems. Work by Paunicka et al
now highlights the importance of this relationship in corneal
allograft rejection (2).

The cornea is a fascinating model site to explore how
the nervous and immune systems interface, as it is
arguably the most densely innervated site in mammals.
Furthermore, the cornea enjoys immune privilege status,
which is a feature that permits spontaneous acceptance in
approximately 50% of corneal allografts in certain mouse
strain combinations (3). Paunicka et al now show that
the severing of corneal nerves in the graft bed, an
unavoidable consequence of penetrating keratoplasty,
abolishes immune privilege that would otherwise be
enjoyed by subsequent allografts, even in the fellow eye.
This perhaps explains why a markedly increased incidence
of failure of second grafts is seen in the clinic.

The authors came to this conclusion with elegant
experimentation. They initially found that placement of an
allograft led to the increased tempo and incidence of
rejection to a subsequently placed corneal allograft in the
same, or fellow eye. Importantly, this pattern was not due
to a second-set rejection, as the same result was observed
when the subsequent allograft was unrelated to the first.
However, this antigen nonspecific increasein rejection was
indeed T cell mediated, as subsequent syngeneic grafts
survived indefinitely. The root cause of increased rejection
tumed out to be the nerve injury response, originating from

the first transplantation. The same results were recapitu-
lated by simply severing of nerves 360° around the comea.
Remarkably, an allograft placed 60 days after such injury
also succumbed to increased immune rejection. Authors
conclusively demonstrated that a burst of the neuropeptide
substance P, produced as an effect of such nerve severing,
caused this heightened state of rejection. Furthermore,
they show that substance P disables T regulatory (Treg)
suppression, and associated this impairment with in-
creased rejection.

How could Tregs be impaired and augment immune
rejection to a substance P burst that occurred 60 days
prior? The authors are unsure, particularly given a serum
half-life of only several minutes. Perhaps one could point to
a role for tissue resident macrophages as a possible
explanation. Indeed, these mononuclear phagocytes have
a long life span of many months to even a year.
Furthermore, macrophages express substance P recep-
tors, produce substance P, and are altered by ligation of
this neuropeptide (4). Additionally, macrophages are
antigen-presenting cells and can migrate to lymphoid
organs, likely in a CCR7-mediated fashion (5). Importantly,
it has been long appreciated that many macrophages reside
in close proximity to peripheral nerves (6), consistent in the
comea as well (7). One can appreciate this in Figure 1,
which is an unpublished micrograph generated by our lab
demonstrating the proximity of a mononuclear phagocyte
with up to 10 distinct nerves in the corneal epithelium.
Perhaps one plausible hypothesis to explain the fascinating
findings by Paunicka et al is that the unilateral severing of
comeal nerves that causes a bilateral substance P bursthas
a pathogenic imprinting effect on such long-lived macro-
phages residing proximal to nerves. Thus, upon transplan-
tation, either immediately or long after the substance
P burst, perhaps this imprint licenses macrophages to
produce additional substance P. If these antigen-presenting
cells, laden with alloantigen, could migrate to the lymphoid
organ, their substance P may therefore subvert Tregactivity
and in turn may lead to increased immune rejection.

Irrespective of how substance P produces such a long-
lasting ability to augment immune rejection, Paunicka et al
force transplantation immunologists, particularly those
studying the cornea, to now consider the interplay of
both supersystems as yet another piece of the perplexing
puzzle that is immune rejection.

395



CHAPTER 5
The cornea has “the nerve” to encourage immune rejection

Blanco and Saban

Figure 1: Mononuclear phagocytes arein contact with corneal
nerves. Micrograph of normal comea excised from CX3CR1-Cre;
Rosa-fGFP mice and stained for neuron-specific class lll beta-
tubulin (Tuj 1). (A, B) Mononuclear phagocyte (green) and nerves
(red) shown in an (A) en face and (B) side view image of the corneal
epithelium.
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This article is an editorial contribution to a previous work entitled “Severing Corneal
Nerves in One Eye Induces Sympathetic Loss of Immune Privilege and Promotes
Rejection of Future Corneal Allografts Placed in Either Eye” Paunicka et al. '. In this
article, we point out the relevance of the interface of both nervous and immune
“supersystems” in the cornea to maintain the immune privilege >. Upon the article
published in American Journal of Transplantation, We show supplementary material to
complement the aforementioned publication in an extended version. In the additional
results, we show that the interface of both “supersystems” is extended to the entire
cornea. Moreover, we developed a new chimera by irradiating of a Thyl-YFP host
mouse, which was engrafted with bone marrow derived-cells from a CX3CR1<“RFP
donor mouse. In this chimera we were able to intravitally evaluate the physical
interaction of both corneal nerves and bone marrow derived-cells in vivo. Finally we
present the cornea as a multifaceted organ where two “supersystems” (PNS and immune

systems) interact between them to keep the immune privilege and preserve transparency.
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ABSTRACT

Purpose:

The cornea, the most innervated site in the body, is endowed with a myeloid resident
immune population. The interface of nerves and resident immune cells is taken relevance
since the cornea enjoys immune privilege status that permits spontaneous acceptance of
corneal allografts. However how nerves and immune cells interplay in the cornea remains
unknown. The aim of this work was to search for evidences of this interface in the mouse
cornea.

Methods:

Corneal explants of Cx3crl®*“*" knock-in mice, CX3CR1< *F and CX3CR1“** mice
were fixed and stained with anti tubulin beta III antibody and photographed with a
confocal microsocopy. Additionally Thyl mice were lethally irradiated and engrafted
with Cx3cr1 " bone marrow derived-cells. Mice were examined with a mutliphoton
intravital microscope (MP-IVM).

Results:

PNS and resident myeloid cells are observed in physical contact in the epithelium, sub-
basal plexus and stroma of the normal cornea. Additionally a chimeric mouse was
successfully generated (Thy 1Y */Cx3cr1*"). MP-IVM reveals that donor bone marrow
derived-cells repopulate the host cornea in tight contact with the local nerves.
Conclusions:

Both peripheral nervous system (PNS) and resident myeloid population maintain a
neuroimmune interface in the normal mouse cornea. Engrafted bone marrow derived-
cells interface with the host nerves to substitute the original population maintain;

therefore, the immune privilege.
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METHODS

Mice and Anesthesia

Mice were housed in a specific pathogen-free environment at the Duke Eye Center
animal facility. The Institutional Animal Care and Use Committee approved all
procedures. All animals were treated according to the ARVO Statement for the Use of
Animals in Ophthalmic and Vision Research. Anesthesia was given with intraperitoneal
administered ketamine/xylazine suspensions (120 and 20 mg/kg, respectively).

C57BL/6 WT mice 8-12 wk old were purchased from Jackson laboratories (Jackson,
Farmington, Connecticut).

B6.Cg-Tg(Thy1-YFP)16Jrs/J mice, referred to here as Thyl.l-eYFP (Thyl-YFP), are
commercially available and were a kind donation from H. Tseng (Department of
Ophthalmology, Duke University Medical Center). Six mice were used.

Mice encoding GFP knocked into the gene encoding the chemokine receptor Cx3crl
(Cx3cr1"°*F knock-in mice) were bred and maintained in our facility. Parental were
purchased from Jackson: male and female Cx3erl™MYCx3erl” (B6.129P2-Cx3crl ™M)
were crossed to generate homozygous Cx3cr] FOFPEGEP, Homozygous Cx3cr] FOFPEGEP
were crossed back with C57BL/6J WT mice to generate heterozygous Cx3crl*F7™T,
Fluorescence-reporter Cre recombinase activated was analyzed by using CX3CR1-Cre
mice generated on a mixed 129/B6 (Gene Expression Nervous System Atlas Project), and
backcrossed for 12 generations by M.D. Gunn (Departments of Immunology and
Medicine, Duke University Medical Center) [14-16]. B6.Cg-Gt(ROSA)26Sor™!*“A¢-
WTomatoize; 1 mice (referred to here as RFP) obtained from Jackson Laboratories, were also
a kind gift from M. D. Gunn. Rosa26R-CAG-fGFP mice, referred to here as fGFP, have
previously been described [15], were a kind gift from B. L. Hogan (Department of Cell

Biology, Duke University Medical Center). These 3 mouse lines were subsequently
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maintained and bred in our lab. Male CX3CR1-Cre mice were crossed with female fGFP,
and progeny were verified for a CX3CR1-Cre fGFP genotype. Likewise, progeny of male
CX3CR1-Cre mice crossed with female RFP were verified for a CX3CRI1-Cre RFP

genotype.

Irradiation procedure

As described in chapter 4, recipient Thy-1 and C57BL/6 WT mice were total body
lethally irradiated (1050 c¢Gy) in a Mark I 68A Cs 137 irradiator (JL Shepherd and
Associates in San Fernando, CA). Briefly: the irradiator cabinet is 37cm x 30cm x 45cm
and the Cesium source is air compressed raised over 15 from the bottom. Five mice at the
time were introduced into a 20 cm diameter acrylic holder. The holder was placed above
a 7.6 cm platform positioned over an automatic turntable (12 rpm) to ensure 100%

irradiation. The time for the process was 2.21 minutes (2 minutes and 12.9 seconds).

Generation of Chimeras

Tablel shows all the chimeras generated. Donor mice were euthanatized and femurs
and tibia collected. Distal and proximal ends of the bone were removed and the marrow
flushed out with fresh RPMI medium using a syringe with a 27G needle. Marrow
suspension was fragmented into a single cell suspension by passing through a cell strainer
(70um) followed by vigorous pipetting. After centrifugation (200g, 5 minutes, 4C), live
cells were counted by trypan blue exclusion and the pellet was resuspended in RPMI
media and diluted as appropriate (3x10" cells/mL). Immediately after irradiation,
recipient mice received ~1x10’ non-purified bone marrow cells (~300 pL) via retro-
orbital injection of the venous sinus. Antibiotics were given in water to recipient mice
(Sulfamethoxazole and trimethoprim antibiotics; SEPTRA, Hi-Tech Pharmacal Co.,

Amityville, NY) for up to 4 weeks after irradiation. In addition, supplement care food
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(SuppliCal caloric supplement; Henry Schein, Dublin, Ohio) was provided. Animals were
rested for 6 weeks before MP-IVM examinations. The same animal was examined under
general anesthesia several times at different time points with one week frame recovering

in between examinations.

Host Donor Transition observed chimera | Final expected chimera
Thy-lYFP CX3CRlcre/RFP Thy-lYFP / CX3CRlcre/RFP Thy-lYFP / CX3CRlcre/RFP
C57BL/6 WT | CX3CR1™M" | C57BL6WT / CX3CR1“™" | C57BL6WT / CX3CRI"™

Table 1

Tissue Processing and Whole-Mount Immuneostaining

Under deep anesthesia mice were perfused with BSS, followed by 2% PFA and
finally with 4% PFA. After, eyeballs were post-fixed with Zamboni’s solution (24 hours,
cool room) allowing endogenous fluorescence preservation. The tissue was washed
several times over 24 hours in PBS. Corneas were excised in a flowering pattern and
treated with blocking buffer (2% BSA, 0.5% tween 20 and 0.2% Triton, overnight at 4C).
Posteriorly the tissue was incubated with a rabbit anti tubulin beta III antibody (1:200,
overnight, 4C, Covance) and goat anti rabbit Alexa-488/594 (Vector).

Flat mounts and cross-sections were photographed with a Zeiss Axio Observer widefield
fluorescence microscope (Zeiss, Oberkochen, Germany) or sequentially scanned using
Leica SP5 inverted confocal microscope (Leica TCS 4D; Leica, Heidelberg, Germany) at

x20 and x40 magnification.

Multiphoton Intravital Microscopy
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Mice were maintained under anesthesia using constant infusion administered via IP
catheter of ketamine/xylazine (120 mg/kg) at a rate of 0.2 ml/h. Body temperature was
controlled at 37°C. Mice were dorsally placed, facilitating perpendicular exposure of the
corneal apex to the microscope objective. Objective to cornea space was filled with an
ophthalmic gel (GenTeal, Novartis Ophthalmics, East Hanover) to create a coupling
immersion interface with a refractive index (n=1.339) similar to water (n=1.333 at 20° C)
as well as to provide eye lubrication (See chapter 4)

A 25x/1.05 NA water objective (optimized for MPEXLPL25XWMP, WD 2.0 mm, 0
to 0.23 micron coverslip correction) of an Olympus BX61WI upright microscope fixed
stage (Olympus, Tokyo, Japan) was used. The laser used was a ChameleonVision II
single box Ti:Sapphire fsec laser, permitting pulse compensation in a tunable range of
680-1080 nm @40 nm/sec, 80 MHz rep rate, 140 fsec pulse width with a 0-47,000 fsec2
units of dispersion compensation. The microscope is equipped with a Blue, Green/Yellow
and Red standard fluorescence cube. Emission bands available are DAPI, CFP, GFP,
YFP and RFP in switchable cubes; the Blue or Cyan channels were used for second
harmonic generation (SHG). Laser was tuned at 910 nm (BGR cube) or 950 nm (CYR
cube) for two-photon excitation and second harmonic generation (SHG). A dichroic
mirror (DM570) splits the light emission through both channels 1 (blue) and 2 (green or
yellow) and channel 4 (red). A second dichroic mirror (DM485) divides light emission
for channel 1 and channel 2. The BGR cube is composed of 450-460 nm (blue and SGH),
495-540 (Green) and 575-630 nm (Red) band pass filters. The CYR cube is composed of
460-500 nm (blue and SGH), 520-560 (Yellow) and 575-630 nm (Red) band pass filters.
The system has four high efficiency non-descanned detectors in the epi position that can

be combined in different configurations by manually alternating the cubes.

Z-series images for 3D mosaic imaging
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By using a motorized XY stage, the multi-area time-lapse software (Olympus)
automates the process for a 3D image acquisition and stitching. The software easily
registers wide areas, and the thumbnail displayed provides a view of the entire image

acquired during the mosaic imaging process (See chapter 4)

Post-acquisition image analysis

Image stacks were analyzed using the latest version of FUJI available (developed by

Wayne Rasband, National Institutes of Health; provided auto-updated by the public

domain http://rsb.info.nih.gov/ij). The latest version of Imaris (Imaris, auto-updated

version, Bit-plane, Zurich, Switzerland) was also used. Raw files were displayed in
Imaris and linked to FIJI for background substraction, brightness/contrast adjustment,
noise reduction, compression and size adjustment. After, an easy readable image was
imported back from FIJI into Imaris rendering a maximume-intensity projection or blend
projection providing a realistic 3D view in a 2D screen. Additional depth perception
enhancing realism of the images was created with the Real-Time Shadow Rendering (a
fast hardware that projects shadows on the three planes of the object). A surface object is
a computer-generated illustration of a detailed region of interest in the data set. The
surface object is displayed as a simulated solid object. The accuracy of segmentation
against the original data can be easily verified in an interactive manner (for more details

visit:  http://www.bitplane.com/imaris/imaris). Surface rendering was interactively

performed using optimal threshold settings for each channel in each experiment. By
choosing absolute threshold, it was possible to detect large portion of the cells without
picking up any noise or background with an accurate separation of touching cells.
“Quality” and/or “number of voxels” filters were used for detection of seed points. It can
pick up missed pixels or remove non-desirable background or noise. Filter settings were
optimized comparing interactively the result with the original maximum-intensity

projection. Final colors were chosen for an easy artistic visualization. In some images
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colors do not necessary match with the original channels. All final snapshots and movies
were generated with Imaris. (See chapter 4)

Calibration bars were also automatically displayed.
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Figure 1. Post-imaging analysis process

Raw data from a LSCM acquisition was displayed in a 3D view (A, B, C and D). Surfaces were
created manually with different area detail level for each channel. An absolute intensity
thresholding was automatically calculated and a manual filter was added (E, F, G and H).
Additional filter of number of voxels was applied to the green channel (F and G). A final color-
enhanced view is observed in H.
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RESULTS

Previous works have shown the interaction between immune cells and peripheral
nervous system in the cornea *~. This interaction has been shown in the limbus * and
recently between stromal macrophages and stromal nerve bundles in the periphery of the
cornea of CX3CR 1" knock-in mice

In addition to CX3CR1%F? mice, in the current work we used also CX3CR1RFF
and CX3CR1“Y "FF mice. After fixation, the corneas were stained with a pan neural
marker tubulin IIT antibody. Tubullin III is widely expressed in the whole cornea of the
WT mice (Chapter 5). The stratification of the corneal myeloid population of these
mouse strains has been also described in the chapter 4. In this study, we observed
myeloid cells contacting the nerves in the limbus (Figure 3), periphery and central
stroma periphery, paracentral and central sub-basal plexus (Figure 2, 4, 5, 6 and 7). In
limbus and stroma, macrophages enwrap nerve bundles (Figures 3 and 4). In the sub-
basal plexus DCs are in contact with individual nerves (Figures 5, 6 and 7). An
individual DC is contacting up to 10 distinct axons in the corneal epithelium (See figure
of above article). A single nerve fibre is tracked by many epithelial DCs in the epithelium
and macrophages in the stroma (Figure 4 and 6). The stromal nerve bundles enter from
bellow into the sub-basal plexus where divide into small fibres that turn abruptly 90 and
continues parallel to the corneal surface throughout the BMZ. Myeloid cells are located
enwrapping the branch in the sub-basal plexus (Figure 5). A new remarkable finding was

to find nerve leashes intertwining with DC dendrites (Figure 7)
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Figure 2. Flat mount cornea of a CX3CR1*%" mouse immunolabeled with anti tubulin beta III
(red). Maximum projection with 10X (A, B and C) shows the proximity of the myeloid population
(green) and the corneal nerves (red). With higher magnification (40X) it can be appreciated DC
interdigitating with the sub-basal plexus nerves (D, E and F).
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Figure 3. Perilimbal- peripheral stromal nerve trunk (green) is observed associated with
macrophages (red). Nuclei were stained with DAPI (blue)
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Figure 4. Central-paracental stromal nerve bundles (green) are observed associated with stromal
macrophages. Dashed bar separates two independent nerve bundles (A).

The anterior bundle is observed rotated in B with a different 3D view. The tight association
between nerves and macrophages can be appreciated. The same is seen in C, which shows the
posterior stromal bundle in tight contact with many macrophages.
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Figure 5. A stromal nerve is turning into the basement membrane and sprouting in many sub-basal
axons (A, green)). A resident myeloid cell is located enwrapping the the branching (B). A more
realistic 3D view can be appreciated in C.

410



CHAPTER 6
The cornea has “the nerve” to encourage immune rejection

Figure 6. The corneal nerves (A) are under surveillance of many DCs and macrophages (B, green).
Under microscope field (40X) it can be observed a single axon is tracked by up 3-6 different
immune cells (red) from the epithelium to the stroma (D, F and H).
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Figure 7. LSCM shows the high nerve density in the subbasal plexus (A). Subbasal DCs (B) are seen
entrenched between the nerves (C). A higher magnification (D) shows nerve leashes interweaving with
DC dendrites between the epithelial cells toward the ocular surface (Arrows)
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Cx3cr1“"**™* Bone Marrow Engrafted Cells Repopulate the Cornea in Contact with

Nerves in a Thyl-YFP Irradiated Mouse Model

In the chapter 4 we successfully engrafted either CX3CR1“*™*F or CX3CR1“RF
bone marrow derived-cells in different strains of lethally irradiated host mice, therefore
multiple useful chimeras were generated. In the current work, Thyl-YFP and WT mice
were lethally irradiated and posteriorly engrafted with CX3CR1““*" bone marrow
derived-cells. The mice were thereafter examined in vivo with a MP-IVM system

We engrafted CX3CR1““®™ bone marrow derived-cells to maintain a bright
fluorescence for the lifespan of the engrafted population (tdTomato is 10 times brighter
that GFP). Equally, the emission of stable YFP neurofluorescence, under Thyl promoter,
permits the visualization of the corneal nerves. The chimera was successfully generated,
but the microscope is a commercial device with only one tunable laser. Instead of
photomultiplier tubes (PMTs), the microscope system collects light emission with high
efficiency non-descanned detectors in the epifluorescence position. The CYR cube is
composed by a 460-500 nm (blue and SGH), 520-560 (Yellow) and 575-630nm (Red)
band pass filters. YFP (527nm) and tdTomato (582nm) are both nearby in their emission
spectra. YFP crossovers ~16% the red channel. Conversely, tdTomato bleeds through the
yellow channel ~30%. Besides, tdTomato (the brightest fluorescent protein) is ~2 fold-
brighter than YFP. Maximum picks for two-photon excitation are 960 nm for YFP and
680/1052nm for tdTomato. With the CYR cube, SHG signal is only detectable in the
range of 920-960 nm. Consequently, we tuned the laser at 950 nm where YFP (80%
absorbance), tdTomato (20% absorbance) and SHG can be detected at the same time.

The expected chimera was successfully generated (Figure 8 and 9) and corneas
remained transparent with no evidence of inflammation. Nerve bundles and fibres were
observed in the yellow channel as well as reconstituted bone marrow population in the

red channel. The stroma of the cornea was detected in the blue channel. Around 75% of
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the bone marrow derived donor cells can be observed in contact with the nerves (Figures

8and9).
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Figure 8. Neuroinmune-fluorescence chimera of Thyl-YFP irradiated mouse
engrafted with Cx3cr1“"“*"" bone marrow derived cells.

Intravital visualization of a Thyl-YFP mouse 3 months after had been engrafted with
bone marrow derived-cells. Endogenous neuro-fluorescence is observed in yellow,
Cx3crl ™ pone marrow derived cells (red) and SHG in blue.

The majority of the cornea is successfully repopulated with the bone marrow
population (A and B). The majority of the donor cells can be observed in tight-contact
with the nerves in the subbasal plexus (C) as well in the stroma (D).

Pictures as displayed in a 3D surface view. Immune population is shown in red, nerves
in yellow and and stroma in blue (SGH).
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Figure 10. Neuroinmune-fluorescence chimera of Thyl-YFP irradiated mouse engrafted
with Cx3¢cr1“®** bone marrow derived cells.

Different 3D views of the stroma (A and B), subbasal plexus (C and D) and whole cornea (E),
show that new bone marrow population of the cornea successfully engaged with the corneal
nerves after transplantation

Pictures as displayed in a 3D surface view. Immune population is shown in red, nerves in
yellow and and stroma in blue (SGH).
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DISCUSSION

The cornea, the most densely innervated site in the body, is endowed with myeloid
cells also referred as antigen presenting cells (APCs) that are not immunereactive to
alloantigens ' In contact with the external environment, the cornea has evolved as an
immune privileged place in order to keep transparency, biomechanical, refractive and
sensory properties. The cornea has developed a unique mechanism of wound healing to
repair itself after an injury with a minimal or absent inflammatory reaction due, in part,
by a deprivation of lymphatic and blood vessels *''. Inflammation is an essential
component of tissue protection and eradication of infection but also a major antagonist of
corneal clarity essential for unaltered vision and survival '2. During the last decade, the
study of the mechanisms that protect cornea from inflammation and the causes by which

the cornea loss its immune privilege, has taken enormous relevance * '

. However,
mostly of the aspects involving corneal immune privilege and inflammatory reaction,
remain still unknown.

Tomio Tada nearly a decade ago defined a “Supersystem” as a highly integrated life
system such as the immune system, nervous system and embryonal development of
higher organisms. A supersystem is defined by tree main properties: 1) engenders itself
by generation of its diverse components from a single progenitor in a stochastic process
followed by selection and adaptation; 2) has individuality and is capable of deciding its
own behavior in response to environmental and internal stimuli by referring to its own
established behavioral pattern and 3) is generated and operated without a given purpose

18

Increasing evidence indicates the existence of a complex cross-regulation between the
most important biosensors of the human body: the immune and nervous systems .
Cytokines control body temperature and trigger autoimmune disorders in the central
nervous system, whereas neuropeptides released in peripheral tissues and lymphoid

organs modulate both innate and adaptive immune responses. The effect of pro-
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inflammatory neuropeptides, released by nerve fibers, in the immune system is
practically unknown. It is know that nociceptive nerves regulate the pro-inflammatory
function of leukocytes in peripheral tissues; however, how neuroinflammation affects
immune response against allografts remains unexplored. Recent data suggest that this
new area of research is worth exploring for potential development of novel
complementary therapies for prevention/treatment of graft rejection (see in detail review
by Larregina et al. °.

The majority of the evidences, for direct cell-cell interactions between neural and
immune cells, are derived from studies in the airway tissue. The anatomical proximity of
nerves and immune cells predicts the existence of their functional interaction and might
form the basis of neuro-immune communication in health and allergic disease. Immune
cells respond to neurotransmitters; conversely, immune cell-derived mediators could
influence the activity of nerves *°. Mast cells and eosinophils associations with nerve
fibres have been vastly observed > **. Eosinophils surround but also infiltrate into the
nerve bundles . DCs of the respiratory tract regulate adaptive immune responses to
inhaled antigens ** being involved in the pathogenesis of allergic airway disease >*. DCs
are extensively contacted by CGRP-positive sensory C-fibres in the mucosa of the
conducting airways *° being these interconnections increased in an allergic airway disease
mice model compared to healthy mice. DCs activate T cells via local antigen presentation
in the airways *’, where the association of T cells with either nerve-contacting DCs or
sensory fibres has been described >

Neuropeptides, released by sensory neurons directly affect the activity of DCs and T
cells. Whereas CGRP (calcitonin gene related peptide) and VIP (vasoactive intestinal
peptide) have immunosuppressive effects, SP (substance P) acts as a pro-inflammatory
factor. DCs have receptors for CGRP ** VIP * and SP *°. CGRP and VIP chemo-attract
immature DCs to nerve endings where are arrested until posterior maturation °'.

Moreover, CGRP inhibits T cell proliferative response by decreasing both CD86 and
HLA-DR expression in human monocyte-derived DCs **. Additionally, CGRP inhibits
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antigen presentation by Langerhans cells **. VIP stimulates the generation of tolerogenic
DCs induced by regulatory T cells *. In contrast, substance P mediates recruitment and
survival of DCs upon secondary allergen ** potentiating cellular immunity *.

The cornea has been recently suggested as an attractive place to explore interplay of
both PNS and immune supersystems. Emerging evidences suggest the relevance of
corneal nerves in graft rejection. Paunicka et al. have shown the severing of corneal
nerves in the graft bed abolishes immune privilege even in the fellow eye '. The
placement of an allograft increases the incidence of rejection to a subsequently placed
corneal allograft in the same, or fellow eye even when the subsequent allograft was
unrelated to the first. The authors found that increased rejection was antigen nonspecific
but T cell mediated since syngeneic grafts survived indefinitely. The cause of increased
rejection was hypothesized to the nerve injury caused during the transplantation process.
The same results were observed by severing of nerves 360 degrees around the cornea.
Allografts placed 60 days after nerve trephination succumbed also to immune rejection.
Besides, burst of substance P produced the same state of rejection. These authors show
that SP disables T regulatory (Treg) suppression, and associated this impairment with
increased rejection. However, the authors are unsure about how Tregs augmented
immune rejection to a substance P burst that occurred 60 days prior .

We purposed a potential role for tissue resident DCs and macrophages as plausible
explanation *°. Mononuclear phagocytes have a long life span but also express substance
P receptors, produce substance P, and are altered by ligation of this neuropeptide *’.
Additionally, macrophages are antigen-presenting cells and can migrate to lymphoid
organs, likely in a CCR7 mediated fashion **. Macrophages reside in close proximity to
peripheral nerves *°, consistent in the peripheral corneal stromal as well °.

We appreciated the proximity of a DC with up to 10 distinct nerves in the corneal
epithelium . Additionally, we extended this work to observe DCs and macrophages in
contact with nerves in the entire cornea. Resident myeloid-cells contact the nerves in the

limbus, widely in the stroma and ubiquitously in the sub-basal plexus. Macrophages
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enwrap nerve bundles in the limbus and storma. In the sub-basal plexus, DCs reside with
like a “spider in the web” with the nerves. Terminal endings intertwine with the dendrites
toward the corneal surface. From the apex to the limbus, a nerve fibre is extended few
millimeters in length. In its path, the fibre is patrolled by many epithelial DCs along the
sub-basal plexus and macrophages through the stroma and limbus.

SP and CGRP are classic sensory neuropeptides, involved in the transmission of pain.
However, SP and GCRP have antagonist roles and the balance between both is critical for
inflammation and wound healing. SP is a potent pro-inflammatory neuropeptide taking
part in recruitment, activation and functional activity of neutrophils,
monocytes/macrophages, T cells, mast cells and eosinophils, but also stimulates epithelial
cell migration and wound healing *°. Conversely, CGRP has immunosuppressive effects.
Immature DCs express receptors for CGRP ** and are chemo-attracted to nerve endings

where are arrested until posterior maturation *'. CGRP also inhibits T cell proliferative
response by decreasing both CD86 and HLA-DR expression in human monocyte-derived
DCs ** and inhibits antigen presentation by Langerhans cells (LCs) **. As opposite to SP,
CGRP is expressed during homeostasis rather than wound healing or inflammation *’.

In the normal cornea, CGRP fibers are ten times more abundant than SP fibers *'**%.
This suggests that CGRP nerve fibres could prevent DC maturation ** by arresting them
in their proximity. Conversely, SP expression is increased in the cornea in response to an
injury promoting the opposite effect *. Paunicka et al. have shown that either severing
the corneal nerves or burst of SP induces sympathetic loss of the immune privilege and
promotes rejection in either eye. DCs can be altered by ligation of SP *’. Additionally by
damaging the nerves CGRP supply will be interrupted and CGRP-chemo-attracted
immature DCs might undergo maturation and probably potentiated by SP release *.
Together, these findings suggest that CGRP fibers chemo-attract myeloid cells preventing
their maturation in the normal steady state of the cornea **.

To confirm this hypothesis, we performed an alternative experiment. Previously we

have observed bone marrow transplantation, after lethally irradiation, induces slow
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turnover of myeloid population without evidence of corneal inflammation (chapter 4).
Assuming that CGRP/SP balance will remain unchanged upon irradiation, the engrafted
bone marrow derived-cells will repopulate the cornea chemo-attracted by the nerves
where they will remain arrested of maturation. Three months after irradiation, the cornea
of Thyl-YFP irradiated chimeric host mice remained transparent and no inflammation
was observed. As expected the donor bone marrow derived-cells repopulated the cornea
associated with the nerves.

In conclusion, herein we show that both PNS and resident myeloid-population
interface in the healthy cornea. How these two “supersystems” interplay to maintain both
immune-privilege and transparency is a promising field for the coming years. This new

concept should be considered in the future to undertand corneal pathologies.
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CHAPTER 7
Further Applications of Multiphoton Intravital Microscopy in Ocular Research

BACKGROUND

In the previous chapters, we successfully used the MP-IVM system to study both
nerves and immune population in the cornea. Herein we used the MP-IVM to explore
future applications and follow up in vivo the behavior of:

5. Engrafted GFP-labeled mADSCs (murine adipocyte-derived stem cells) in
different parts of a mouse cornea. We aimed to track the distribution of the
engrafted cells over a period of 4 weeks in living mice following experimental
corneal injuries (collaboration with Ladan Spandar, Pittsburg University)

6. Drug delivery systems injected into the anterior chamber such as GFP-
nanoparticles, collagen binding carriers Allexa-488 conjugated (collaboration
with Molly Walsh, Duke Eye Center).

7. Adenovirus infection (collaboration with Li Quarong and Dan Stramer, Duke Eye
Center)

8. Depletion of a specific population of CD11c dendritic cells with diphtheria toxin
(Collaboration with Sarah Dale and Virginia Calder, University College London).
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MATERIAL AND METHODS

GFP-mADSC:s isolation and expansion

Subcutaneous white adipose tissue was collected from male enhanced green
fluorescence protein (eGFP) transgenic mice (C57Bl/6-Tg(UBC-GFP)30Scha/J strain;
Jackson Laboratory, Bar Harbor, ME, http://www jax.org), ranging in age from 2 to 6
months. Cells were isolated and expanded as previously described'. (Data were not
shown)

GFP-mADSCs engrafting

Ten female C57Bl/6 mice (2 in each group), 6—8 weeks old, were purchased from
Charles River Laboratories (Wilmington, MA). After anesthesia with intraperitoneal
injection of a mixture of ketamine intraperitoneal (IP) administered ketamine/xylazine
suspensions (120 and 20 mg/kg, respectively), corneal injury was performed in the right
eye of each mouse:

1- Anterior chamber injection: After dilatation of the pupil with 1% atropine sulfate
ophthalmic solution (Bausch and Lomb Inc., Rochester, NY), 10 pL. of GFP-mADSCs
(1x10* cells) were injected into the anterior chamber using a 32 G Hamilton syringe
(Sigma-Aldrich, St. Louis, MO).

2- Intra-stromal injection: a stromal pocket was produced by the air bubble
technique using a 34 G Hamilton needle (Sigma-Aldrich, St. Louis, MO). Thereafter, 10
uL of GFP-mADSCs (1x10* cells) was injected using a 32 G Hamilton syringe.

3. Manual keratectomy: keratectomy was performed manually as described before
(chapter 1)°. Briefly: the cornea was partially trephined with a 2 mm trephine. Then ~50
pum thickness of cornea was manually removed with a surgical micro forceps. Air
delamination was performed in the remaining stroma using a 34 G Hamilton needle
followed by injection of GFP-mADSCs (1x10” cells) with a 32 G Hamilton syringe.

4. Full-Thickness Penetrating Incision: as described previously (chapter 2)’, one

drop of 1% atropine sulfate ophthalmic solution (Bausch and Lomb Inc., Rochester, NY)
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was instilled in the eye. A nasal-temporal orientated full-thickness penetrating incision
(1.5mm length) was created in the center of the cornea with a surgical blade. GFP-

mADSCs (5x10°/ul) were injected intracamerally using a 30G needle.

Drug delivery systems injections

Ten male BALB/c albino mice (2 in each group), 6—8 weeks old, were purchased
from Charles River Laboratories (Wilmington, MA). Mice were anesthetized and one
drop of 1% atropine sulfate ophthalmic solution (Bausch and Lomb Inc., Rochester, NY)
was instilled in the eye.

GFP-nanoparticles (100nm diameter), collagen binding -carriers-Allexa-488-
conjugated and endothelial binding carriers-Allexa-488-conjugated were injected at
different concentrations (not shown) through the superior episcleral vein by using a glass
microneedle (3 mm length, 30-50um diameter).

Adenovirus infection

Adenoviruses were injected through the cornea into the anterior chamber
(concentration not shown) with a 32G needle. Once the virus infects the endothelial cells,

these express GFP that can be detected.

CD11c¢-DC depletion with diphtheria toxin
Transgene mice encoding a simian Diphtheria Toxin Receptor (DTR)-EGFP fusion
protein under the control of the Itgax (or CD11c) promoter were purchase from Jackson

YFP-DTR
DC

Laboratories. These mice were generated with BALB/c background. CD11c S

were depleted by topical application of DT (concentration not shown).

Intravital multi-photon microscopy and post-acquisition image analysis (See

chapters 4, 5 and 6)
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RESULTS AND SHORT DISCUSION

The fate, dynamics, and effects of injected ADSCs in living animals are not well
understood. Insight into in vivo stem cell biology during corneal repair could help to
optimize possible therapeutic clinical strategies. Multiphoton microscopy allows for
noninvasive, real-time, and serial quantitative imaging of injected labeled cells and their
progeny in living animals.

After inject the cells into the anterior chamber, mADSCs were observed round and
floating into the anterior chamber. Latter, mADSC attached to the endothelium showing
fibroblast-shape. No anterior inflammatory reaction was observed. This indicates that the
anterior chamber tolerates the presence of the cells (not shown)

Next we engrafted mADSC in an intraestromal pocket. Cells survived into the stroma
for up 4 weeks. At the end of the experiment, mADSCs changed their morphology to a
myofibroblast-like shape; however, they did not migrate outside of the pocket (not
shown). Additionally, a manual keratectomy was performed and the cells engrafted in the
remaining stromal bed. Cells migrated in different directions. Cells also change as a
myofibroblast-like phenotype in the storma. Cells were observed also in the epithelium.
This indicates that mADSCs might help in the process of wound healing in an open
wound (figure 1)

Subsequent, we performed a full penetration incision in the cornea and engrafted the
mADSCs into the anterior chamber. The cells were observed near to the wounded area
immediately after the injury. Later cells were observed contracting the wound and
making barrier in the area of the endothelium. This indicates that mADSCs might help in

the process of wound repair after a lesion (figure 1)
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Figure 1. In vivo detection of mADSCs (green) in both AC and wounded area,
two weeks after full penetrating incision. Orthogonal view (A) and tree-
dimensional (B and C) are shown.

In vivo detection of mADSCs (green) in the wounded area four weeks after
keratectomy. Orthogonal view (D) and tree-dimensional (E and F) are shown.
View of the epithelium (E) and stroma (F).

Blue (SHG, second harmonic generation) delineates the stroma
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GFP-nanoparticles, collagen and endothelial binding carriers-Allexa-488-conjugated
were injected at different concentrations through the superior episcleral vein. The
different systems were located in the trabecular meshwork and Schlemm's canal (figure
2). These preliminary results are promising for tracking in vivo at real time, the efficiency

of different carriers for drug delivering in pathologies such as glaucoma.

Adenoviruses were injected through the cornea into the anterior chamber
(concentration not shown) with a 32G needle. Adenoviruses infect the endothelial cells
that in consequently express GFP. The success of the infection can be visualized by the
expression of GFP. GFP was found in the corneal endothelium 24 hours after the
injection. This is the first time that this system is visualized in vivo at real time using a

MP-IVM (figure 3).

Transgene mice encoding a simian Diphtheria Toxin Receptor (DTR)-EGFP fusion
protein under the control of the Itgax (or CD11c) promoter were purchase from Jackson

Laboratories. These mice were generated with BALB/c background. CD11¢"™"P™® DC

S
were depleted by topical application of DT (concentration not shown). Twenty-four hours
after DT application, CD11c DCs were totally depleted from the ocular surface. New
CDI11cYFP DCs were observed in the peripheral and paracentral by 4-12 weeks. In
ongoing experiments we are studying the function of this and other specific populations

(i.e. wound healing and allergy)

434



CHAPTER 7
Further Applications of Multiphoton Intravital Microscopy in Ocular Research

Figure 2. In vivo detection of nanoparticles in the trabecular meshwork and
Schlemm's canal (A, B and C). Orthogonal segmentation (A) and tree-dimensional
reconstructed figure (B and C) are shown. /n vivo detection of endothelial binding
carriers-Allexa-488-conjugated in the trabecular meshwork (D).
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Figure 3. In vivo detection of GFP endothelial cells (green) in the corneal
endothelium after being infected with adenovirus (A, B and D). Orthogonal
segmentation (A) and tree-dimensional reconstructed figure (B, C and D) are
shown. Tree-dimensional view from the AC side reflects the efficiency of the
infection
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Figure 4. In vivo detection of CD11c-DCs (green) in the normal cornea: periphery
(A) and central (B). Twenty-four hours after topical application of DT the
population was completely depleted (C and D). Twelve weeks after the
CD11cDCs repopulate the periphery of the cornea (E) but not the center (F).
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