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Resumen del simposio

Aunque la terapia celular aparece en la literatura como un procedimiento terapéutico novedoso, la utiliza-
cién de células como tratamiento en ciertas enfermedades es un hecho que se han planteado los cientificos
desde antiguo. Ya en el en el siglo XV, Paracelso hacia referencia a la utilizacién de células de la misma estir-
pe para curar enfermedades (“el corazén cura al corazén, el pulmoén cura al pulmén, el bazo cura al bazo...;
lo igual cura lo igual”).

La transfusién sanguinea es el primer procedimiento de terapia celular y también data de antiguo. Ya en
1667, J. B. Denis transfundié a un paciente enfermo mental sangre de un carnero, y desde entonces esta for-
ma de terapia celular ha progresado y perfeccionado hasta convertirse hoy dia en una practica habitual.

El pasado siglo se intent6 la infusién de células de otros tejidos. En el ano 1912, Kuettner mantenia la teoria
y ensayaba la posibilidad de cortar los 6rganos en pequefias piezas e inyectarlos disueltos en solucién salina,
aunque fue unos afios mds tarde, en 1931, cuando Niehans puso en practica esta teoria inyectando peque-
flos trocitos de paratiroides de buey disueltos en salino e inyectados a su vez a una paciente con hipopara-
tiroidismo grave. La paciente recuperd la funcién paratiroidea y vivié mas de 30 afios. Podemos decir que
1931 fue el afio del nacimiento de la terapia celular tal y como la entendemos en la actualidad. Después del
éxito del primer tratamiento, Niehans continud experimentando con inyecciones de células vivas extraidas
de otros érganos de animales sanos.

Fue también a principios del siglo XX cuando Alexander Maximov planteé su teoria sobre la existencia de
células pluripotenciales circulantes que no sélo eran capaces de regenerar células iguales, sino que también
podian regenerar células de otros érganos y tejidos.

En la segunda mitad del siglo XX los estudios sobre progenitores hematopoyéticos, sobre todo en rela-
cién con los trasplantes, han sido clave para conocer el proceso de diferenciacién celular y han sentado las
bases de la terapia celular.

La diferenciacién hematopoyética se produce durante el desarrollo embrionario y en el adulto bajo cir-
cunstancias de estimulacién que inducen la aparicién de células precursoras en diferentes estadios (stem cells,
o células madre). Estas células son capaces de responder dividiéndose y madurando a células funcionales pu-
diendo regenerar medula 6sea normal. Durante la divisién, la diferenciacién y el desarrollo celular juegan
un papel intercurrente numerosos factores extrinsecos como son las citocinas, los factores de crecimiento y
las hormonas.

El hecho de que la transfusién sanguinea de glébulos rojos estd experimentando un incremento progresi-
vo en los tltimos afios, junto a una estabilizacién en el nimero de donaciones de sangre, y, por otro lado, la
idea de poder disponer de glébulos rojos suficientes, sin riesgo de transmitir enfermedades infecciosas y con
determinado grupo sanguineo han dado lugar a la aplicacién de los conocimientos sobre el origen de las cé-
lulas madre hematopoyéticas, sobre las sefales que utiliza el embrién para generarlas y/o multiplicarlas y
sobre cémo los afecta el microambiente medular, para mimetizar la eritropoyesis ex vivo y llegar a la produc-
cién de glébulos rojos destinados a transfusién.

En este simposio, de rabiosa actualidad, profundizaremos en estos temas y en el estado actual de esta ma-
nufacturacién de glébulos rojos y los problemas que se deberdn salvar, de la mano de grandes expertos en
estas areas.
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Introduccion

Las células madre hematopoyéticas son las respon-
sables de la formacién de células sanguineas espe-
cializadas durante toda la vida. Para ello, estas célu-
las deben tener la capacidad de autorenovacidn, asi
como de diferenciacién hacia los distintos tipos ce-
lulares. La capacidad de autorenovacién indefinida
es la que diferencia a estas células de los progenito-
res multipotentes. Histéricamente se han desarro-
llado diversas técnicas para caracterizar y distinguir
las células madre de otros precursores hematoldgi-
cos indiferenciados. Actualmente, se considera que
una célula madre hematopoyética es aquella que es
capaz de reconstitutir la hematopoyesis al ser tras-
plantada a un organismo inmunodeprimido?. Estas
células residen en la médula ésea de una persona
adulta y se perpetian mediante autoreplicacién. Sin
embargo, en algin momento debe existir un pre-
cursor a partir del cual las células madre del adul-
to se generan. Actualmente hay evidencias de que
esta célula precursora existe, al menos, durante la
vida embrionaria, ya que se ha demostrado que las
células hematopoyéticas de un ratén adulto provie-
nen de un precursor con caracteristicas endotelia-
les (VE-cad+ aunque también Runx+) que se formé
durante el desarrollo embrionario y que muy pro-
bablemente coincide con el denominado hemangio-
blasto®. Estas investigaciones son muy importantes
para demostrar que el proceso de la hematopoye-
sis embrionaria esconde las claves para saber gene-
rar células madre hematopoyéticas con capacidad
de formar todos los tipos de células hematolégicas a
largo plazo (Figura 1).

Hematopoyesis primitiva en el saco vitelino

»Qué sabemos sobre la hematopoyesis en el em-
brién humano¢ Al igual que en el ratén, hay una
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primera etapa embrionaria que se caracteriza por
la formacién de algunos tipos de células sangui-
neas, mayoritariamente eritrocitos y macréfagos.
Este proceso tiene lugar durante un corto perio-
do de tiempo y se conoce como hematopoyesis
primitiva. Estas células sanguineas primitivas se
originan en el saco vitelino, que es la estructura
mads externa de origen embrionario, probablemen-
te para facilitar el acceso del oxigeno a los eritro-
citos. Estas células seran las encargadas de distri-
buir oxigeno al embrién cuando éste haya crecido
suficiente como para que no pueda conseguirlo
por difusién celular. Esto ocurre a partir de los 21
dias de desarrollo en el embrién humano (dia 8,5
en ratén), que es cuando se establece la circula-
cién entre el embrién y el saco vitelino median-
te las arterias y venas vitelinas, y al mismo tiem-
po se observa la conexién entre el embrién y la
placenta (mediante las arterias y venas umbilica-
les). Cuando estas conexiones se han establecido,
las células hematopoyéticas primitivas originadas
previamente en el saco embrionario estdn dispo-
nibles para circular hasta el embrién y cubrir las
necesidades iniciales de oxigeno y nutrientes. El
proceso de la hematopoyesis primitiva, aunque
muy importante durante el desarrollo, es un pro-
ceso transitorio e independiente del que forma-
ré las células hematopoyéticas que mantendrén al
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Figura 1. La grafica muestra el porcentaje de células
hematopoyéticas f-galactosidasa+ en un raton adulto que
provienen de unos precursores marcados a distintos dias de
desarrollo embrionario (eje X, E6.5 a E10.5). Estos estudios
demuestran que células Runx1+ marcadas genéticamente en
un embrion de dia 9.5 (aproximadamente) son precursoras del
100% de las células sanguineas que se encuentran en el raton
adulto). Publicado por Samokhvalov et al., Nature 2007.
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Figura 2. Representacion de las distintas fases y nichos hematopoyéticos durante el desarrollo hematopoyético en el embrion de raton
y humano (a partir de Mikkola et al.,*?) El proceso de formacion de estas células se ha caracterizado en los Gltimos afnos gracias

en parte al estudio de ratones mutantes que presentan alteraciones en las primeras etapas de la hematopoyesis. Asimismo, los
embriones mutantes para genes como AML1/Runx1 o GATA2 entre otros, carecen de células hematopoyéticas capaces de reconstituir
un organismo adulto®3*%. Se considera que la expresion de estos genes es parcialmente los responsable de la ejecucion del programa

hematopoyético.

organismo adulto. Mds adelante, sin embargo, el
saco embrionario puede tener capacidad para for-
mar otras células que sean precursores de las célu-
las madre adultas. Esta posibilidad estd todavia en
discusién®S.

Hematopoyesis definitiva durante
el desarrollo embrionario

A partir de dia 19 de desarrollo embrionario huma-
no (dia 10 en el ratén), en la regién caudal de la aor-
ta dorsal , donde se localiza la génada y el mesone-
fros (AGM), se observan células hematopoyéticas
indiferenciadas que, a diferencia de las células he-
matopoyéticas primitivas, tienen la capacidad de
regenerar la hematopoyesis de forma permanen-
te al ser trasplantadas a un ratén SCID irradiado’.
Esta caracteristica es la que identifica a las células
madre hematopoyéticas y las primeras células de
este tipo que se detectan en el embridn, se gene-
ran en esta regién de la AGM, asociadas al endo-
telio de la aorta®. Ultimamente, se ha descrito que
simultdneamente se originan células de las mismas
caracteristicas en la placenta y en las arterias vite-
linas y umbilicales, indicando que muy probable-
mente las condiciones para generar células madre
hematopoyéticas se consiguen en diversas estruc-
turas arteriales del embrién®!! (Figura 2).

Vias de senalizacion molecular que regulan
la formacion de células madre
hematopoyéticas en el embrion

Nuestro laboratorio estd investigando el papel que
algunas vias de sefalizacién como Notch y Wnt
tienen en el proceso de formacién de las células
madre hematopoyéticas. Como es légico, los expe-
rimentos funcionales deben hacerse en ratén para
después buscar las comparaciones en el caso de cé-
lulas humanas.

En estudios publicados recientemente hemos de-
mostrado que la via de Notch debe activarse para
que las células hematopoyéticas de la aorta puedan
formarse. Notch es una proteina que se encuentra
en la membrana de muchas células y que interac-
ciona con otras proteinas que se encuentran en cé-
lulas adyacentes (ligandos). Estas interacciones cé-
lula-célula tienen como resultado el procesamiento
de Notch y su internacilizacién al ndcleo de la cé-
lula dénde funciona como factor de la transcrip-
cién. En el caso de la hematopoyesis embrionaria
en la aorta, sabemos que Notch tiene que interac-
cionar con Jaggedl para que se pueda formar he-
matopoyesis?.

Otra linea de investigacién importante en el labo-
ratorio consiste en identificar la funcién de la via de
sefializacién de Wnt que es importante en el este
proceso (Figura 3).
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Aplicaciones

de la investigacion
embrionaria en la generacion
de tejido sanguineo

La disponibilidad de células ma-
dre hematopoyéticas es actual-
mente el punto limitante para el
trasplante hematoldgico de mu-
chos enfermos sin donantes com-
patibles. En los dltimos afios, y
gracias al desarrollo de los ban-
cos de células de cordén umbili-
cal, se ha aumentado ligeramente
el nimero de donantes para ciertos tipos de trasplan-
tes. Sin embargo, para mejorar esta situacién de for-
ma permanente, necesitamos investigar sobre nuevas
fuentes de células madre. En este sentido, las células
derivadas de células madre embrionarias (células ES,
del inglés embryonic stem) representan una nueva ex-
pectativa a la solucién de este problema. Hoy en dia
podemos generar muchos tipos celulares a partir de
células madre embrionarias. Se han generado todos
los tipos celulares hematopoyéticos, e incluso célu-
las que son capaces de reconstituir ratones inmuno-
deprimidos (SCID), indicando que el proceso de ge-
nerar células madre hematopoy#éticas a partir de estas
células es posible’®. Sin embargo, la reproducibilidad
y eficiencia de este proceso hace que sea imposible
pensar en su utilizacién terapéutica. En resumen, no
se ha conseguido generar células madre hematopoyé-
ticas de forma reproducible a partir de células madre
embrionarias. Gran parte de este fracaso es debido a
que no conocemos cOmo se generan estas células, y
para ello debemos estudiar como se hace en el em-
brién e intentar seguir los mismos pasos en el labora-
torio (Figura 4).

Problemas asociados a la hematopoyesis
embrionaria: ¢donde se generan las
leucemias? ¢Existen células preleucémicas
en el embrion?

Investigaciones recientes demuestran que existen al-
gunas aberraciones cromosémicas asociadas a leuce-
mias que se originan durante la fase fetal o embriona-
ria. Se ha observado que si un gemelo monoplacental
desarrolla leucemia a una edad temprana (antes de
los 4 anos), el otro tiene mas posibilidades de padecer
ese mismo tipo de leucemia comparado con el resto
de la poblacién®®. Ademads en pacientes que han desa-
rrollado leucemias, se han encontrado en muestras de
sangre obtenidas al nacer alteraciones genéticas aso-
ciadas a leucemias, indicando que estas alteraciones
se han originado durante el periodo embrionario o
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Figura 3. Protocolo experimental para analizar las células hematopoyéticas que se
originan en la aorta de un embrion de ratén. Estas células, una vez obtenidas, se
disgregan mediante incubacion en colagenasa y se pueden trasplantar a ratones
irradiados para estudiar las HSC.

fetal. Estos descubrimientos ponen de manifiesto la
necesidad de controlar la seguridad de muestras de
sangre de cordén umbilical al ser utilizadas para tras-
plante, muy especialmente en posibles casos de tras-
plantes autélogos para pacientes que han desarrolla-
do leucemias.

Conclusiones

® Las células madre hematopoyéticas se generan a
partir de precursores endoteliales durante el periodo
de desarrollo embrionario.

e Durante la etapa embrionaria distintos tejidos
vasculares/arteriales tienen la capacidad de generar cé-
lulas madre hematopoyéticas incluida la arteria um-
bilical, vitelina, placenta y sobre todo la aorta dorsal.
Investigar y conocer los mecanismos moleculares que
utiliza el embrién para formar las células hematopoyé-
ticas es un paso imprescindible para generar estas cé-
lulas en el laboratorio a partir de precursores o células
embrionarias.
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Figura 4. Diferentes procesos biolégicos a los que pueden optar
las células madre: autorreplicacion, diferenciacion, muerte
celular o apoptosis, proliferacion o migracion.



LI Reunién Nacional de la AEHH y XXV Congreso Nacional de la SETH. Simposios

Agradecimientos

Este grupo de investigacion posee financiacion del Ministetio de In-
novacién y Ciencia (SAF2007-60080) y Red de Cancer (RETIC
RD06/0020/0098).

Bibliografia

1. Purton LE, Scadden DT. Limiting factors in murine hemato-
poietic stemcell assays. Cell Stem Cell 2007; 1 (3): 263-70.

2. Lancrin C, et al. The haemangioblast generates haemato-
poietic cells througha haemogenic endothelium stage. Natu-
re 2009; 457 (7231): 892-5.

3. Chen M], Yokomizo T, Zeigler BM, Dzierzak E, Speck NA
Runx1 isrequired for the endothelial to haematopoietic cell
transition but not thereafter. Nature 2009; 457 (7231): 887-91.

4. Eilken HM, Nishikawa S, Schroeder T. Continuous single-
cell imaging ofblood generation from haemogenic endothe-
lium. Nature 2009; 457 (7231): 896-900.

5. Samokhvalov IM, Samokhvalova NI, Nishikawa S. Cell tra-
cing shows thecontribution of the yolk sac to adult haema-
topoiesis. Nature 2007; 446 (7139): 1056-61.

6. Moore MA, Metcalf D. Ontogeny of the haemopoietic sys-
tem: yolk sacorigin of in vivo and in vitro colony forming ce-
1Is in the developing mouse embryo. Br ] Haematol 1970; 18
(8): 279-96.

7. Tavian M, Robin C, Coulombel L, Peault B. The human em-
bryo, but notits yolk sac, generates lympho-myeloid stem
cells: mapping multipotenthematopoietic cell fate in intra-
embryonic mesoderm. Immunity 2001; 15 (3): 487-95.

8. Medvinsky A Dzierzak E. Definitive hematopoiesis is auto-
nomouslyinitiated by the AGM region. Cell 1996; 86: 897-
906.

9. Ottersbach K Dzierzak E. The murine placenta contains he-
matopoieticstem cells within the vascular labyrinth region.
Dev Cell 2005; 8 (3): 377-87.

10. Gekas C, Dieterlen-Lievre F, Orkin SH, Mikkola HK. The pla-
centa is aniche for hematopoietic stem cells. Dev Cell 2005;
8 (3): 365-75.

11. de Bruijn MF, et al. Definitive hematopoietic stem cells first
develop withinthe major arterial regions of the mouse embr-
yo. Blood 2000; 96 (8): 2902-4.

12. Mikkola HK, Gekas C, Orkin SH, Dieterlen-Lievre E Placen-
ta as a site forhematopoietic stem cell development. Exp He-
matol 2005; 33 (9): 1048-54.

13. North TE, et al. Runx1 expression marks long-term repopu-
latinghematopoietic stem cells in the midgestation mouse
embryo. Immunity 2002; 16 (5): 661-72.

14. Ling KW, et al. GATA-2 plays two functionally distinct roles
during theontogeny of hematopoietic stem cells. ] Exp Med
2004; 200 (7): 871-82.

15. de Bruijn MF, et al. Hematopoietic stem cells localize to the
endothelial celllayer in the midgestation mouse aorta. Im-
munity 2002; 16 (5): 673-83.

16. Tavian M, Peault B. The changing cellular environments of
hematopoiesisin human development in utero. Exp Hematol
2005; 33 (9): 1062-9.

17. Robert-Moreno A, et al. Impaired embryonic haematopoie-
sis yet normalarterial development in the absence of the No-
tch ligand Jagged1. EMBO ] 2008; 27 (13): 1886-95.

18. Ji ], et al. OP9 stroma augments survival of hematopoietic
precursors andprogenitors during hematopoietic differentia-
tion from human embryonic stem cells. Stem Cells 2008; 26
(10): 2485-95.

19. Greaves ME, Maia AT, Wiemels JL, Ford AM. Leukemia in
twins: lessonsin natural history. Blood 2003; 102 (7): 2321-33.

BACK AND FORTH WITH

THE STEM CELL NICHE: HOW RHO
GTPASES CONTROL STEM CELL
TRAFFICKING

J.A. CANCELAS

Division of Experimental Hematology.
Cincinnati Children’s Research Foundation.
University of Cincinnati Medical Center.
Cincinati (OH, USA)

Introduction

In adults, hematopoietic stem cells and progenitors
(HSC/P) reside in the BM and are largely absent from
PBL. HSC/P transplants are used to replace the en-
dogenous hematopoiesis of patients in the treatment
of cancer and some genetic disorders®®. The success
of stem cell transplants depends on the number and
quality of HSC infused, a receptive host BM and, in
the case of allogeneic transplants, on the immuno-
tolerance of the recipient for the progeny engrafted
stem cells.

While BM harvests were previously utilized to col-
lect transplantable hematopoietic stem cells, current
clinical practice mostly apply the biological phenom-
enon of HSC/P mobilization from the marrow into
the peripheral blood (PB) to allow leukoapheresis har-
vest’. as it does not require general anesthesia and is
typically associated with shorter periods of post-pan-
cytopenia®!’. Administration of cytokines, such as
Granulocyte-Colony Stimulating Factor (G-CSF)® or
Stem Cell Factor (SCF)", chemokine-receptor inhibi-
tors (e.g. AMD3100)"? and cytotoxic drugs (e.g. cyclo-
phosphamide)®” have been used clinically to increase
the number of circulating HSC/P. A goal of PBSCT for
hemato-oncological diseases is to optimize the num-
ber of HSC to ensure low levels of the morbidity and
mortality associated with rescue in the myeloabla-
tive setting®!’. In addition, PBSC are ideal targets to
be utilized in cell and gene therapies'. The admin-
istration of G-CSF is currently the major method for
mobilization of HSC/P for clinical usage. However,
over 40% of patients who have undergone intensive
chemotherapy, and between 10% and 20% of all pa-
tients and normal individuals, fail to mobilize suffi-
cient numbers of HSC/P for successful PBSCT”.

HSC homing and engraftment are crucial to success-
ful transplantation, and clinical engraftment is severe-
ly compromised when donor-cell numbers are limit-
ed. For instance, the low number of HSC/P appears
to limit the use of umbilical cord blood for transplan-
tation of adult patients, where limited HSC dose ap-
pears to be associated with delayed engraftment and
unacceptably high rates of graft failure'*'®. Another

haematologica/edicién espafiola | 2009; 94 (Extra 1) | 437 |



LI Reunién Nacional de la AEHH y XXV Congreso Nacional de la SETH. Simposios

example is found in the current design of cell/gene
therapy protocols, which require large amounts of
HSC/P for ex vivo manipulation and subsequent rein-
fusion. The fact that chemotherapy-based protocols
may be inadequate or unacceptable to mobilize stem
cells in many immunodeficiencies and other non-ma-
lignant hematological diseases, makes the search for
other methods of mobilization highly desirable. The
current alternative is the use of cytokine-induced mo-
bilization, but this is hampered by a high variability
in the efficiency of mobilization’. Several investiga-
tors!*?! have suggested that mobilized PB stem cells
may also contribute to the generation of non-lym-
phohematopoietic tissues. While controversial®*?
these data, suggest potential additional therapeutic
application of mobilized PBSC. Thus, increasing the
HSC/P availability, by improving stem cell mobiliza-
tion, and functional modifications of the HSC/P to fa-
cilitate their homing and engraftment abilities, might
provide an answer to cases of absent or poor engraft-
ment after HSC/P transplantation.

Mechanisms of HSC/P Homing
and Retention in bone marrow

Bone marrow engraftment in the context of HSC/
P transplantation is based on the ability of intrave-
nously administered cells to lodge in the medullary
cavity and be retained in the appropriate marrow
space, a process referred to as homing. It is hypoth-
esized that homing is a multistep process, encom-
passing a sequence of highly regulated events that
mimic the migration of leukocytes to inflammato-
ry sites. This process includes a first phase of teth-
ering and rolling of cells to the endothelium via E-
and P-selectins, firm adhesion to the vessel wall via
integrins, transendothelial migration, and chemotax-
is through the extracellular matrix (ECM) to the end-
osteal space®?. A second phase involves the inter-
action of specific HSC/P surface receptors, such as
a,B,-integrin receptor with stromal vascular-cell-cell
adhesion molecule-1 (VCAM-1) and fibronectin in
the ECM?%. After intravenous infusion, HSC/P can
be temporarily detected in other organs, such as liv-
er, lung and kidneys, but disappear from these sites
within 48 h after transplantation. In contrast, the re-
tention of HSC/P in BM is sustained and appears spe-
cific. The factors that influence this specific retention
have been studied recently and probably involve the
interplay between chemokines, growth factors, pro-
teolytic enzymes, and adhesion molecules®. Among
the chemokines, CXCL12, also called Stromal De-
rived Factor-1o (SDF-1ar), and its receptor, CXCR4,
play key roles in human HSC trafficking and repop-
ulation®. CXCL12 a is expressed by both human
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and murine BM endothelium and stroma®*? and is
a powerful chemoattractant of HSC/P%3. CXCL12
may also regulate survival of HSC/P%%. CXCL12
induces the integrin-mediated firm arrest of hu-
man HPCs, facilitates their transendothelial migra-
tion”#!, regulates homing” and BM engraftment®.
Furthermore, CXCL12 is also required for the reten-
tion of murine HSC/P within the BM®#. A second
factor critical for HSC/P survival and engraftment is
SCE the ligand for the receptor tyrosine kinase, c-
kit, which is expressed on BM stromal cells. A trans-
membrane isoform of SCF, membrane-bound SCF
(transmembrane, tm-SCF), has recently been shown
to be critical in the lodgment and retention of HSC
within the hematopoietic microenvironment, al-
though it does not appear to play a role in the hom-
ing of transplanted cells to BM*. Integrin adhesion
molecules also play important roles. Among them,
a,/B,-integrin is probably the best characterized**
and is discussed below.

Mechanisms of HSC /P Mobilization
and Trafficking

HSC/P mobilization is also a dynamic and complex
process*#. HSC/P must exit the stem cell niche in
the BM, migrate through the marrow sinusoidal en-
dothelium, and circulate in the blood. Circulating
HSC/P and BM-adherent HSC/P appear to be inter-
changeable. It has been shown in parabiotic mice that
HSC/P can leave their niche without induction, traffic
through the bloodstream, and finally migrate into BM
of the conjoined animal**?. This suggests that HSC/
P trafficking is a physiological phenomenon. If so, cir-
culating HSC/P would be predicted to move into the
BM microenvironment through transendothelial mi-
gration directed by chemoattractants, and finally an-
chor within the extravascular BM space where pro-
liferation and differentiation occur. In this process,
adhesion molecules, chemokine receptors and integ-
rin signaling require signal integration that drives cy-
toskeleton rearrangements, gene transcription activa-
tion, cell survival and cell cycle activation.

At the molecular level, the interaction between
CXCL12 and the G-coupled chemokine receptor
CXCR4 has been recognized as pivotal in stem cell
mobilization. As HSC/P are known to migrate to-
wards a positive gradient of CXCL12%, it has been
suggested that treatment with G-CSE cyclophos-
phamide or interleukin (IL)-8 leads to a reduction of
CXCL12 in BM, resulting in a positive gradient to-
wards PB and induction of HSC/P migration towards
PB. Raising the plasma levels of CXCL12, by intra-
venous injection of CXCL12-expressing adenovirus®
or sulfated polysaccharides®, or by inhibition of the



LI Reunién Nacional de la AEHH y XXV Congreso Nacional de la SETH. Simposios

CXCR4 receptor'®*% leads to mobilization of HSC/
P. G-protein inhibition by pertussis toxin®® induces a
similar mobilization effect, probably by interfering
with the CXCR4 signaling pathway:.

Functional blocking of o f -integrin (receptor for
VCAM-1 and fibronectin) alone or together with a,f3,-
integrins or the functional blocking of the f, integrin
LFA-1 (leukocyte function-associated antigen-1) by
antibodies, results in mobilization of HSC/P>%, HSC/
P accumulate in the PB soon after gene deletion in in-
ducible o,f -integrin deficient mice. Although their
numbers gradually stabilize at a lower level, progeni-
tor cell influx into the circulation continues at above-
normal levels for more than 50 wks with a concomi-
tant progressive accumulation of spleen HSC/P*.

Playing an important and independent role in HSC/
P mobilization is the interaction between SCF and
its receptor, c-kit. SCF/c-kit interaction plays a criti-
cal role in G-CSF-mediated mobilization®®?, and SCF
in combination with G-CSF has been shown to en-
hance HSC/P mobilization®®. As mentioned above,
tm-SCF has been shown to be critical in retaining
HSC/P in BM*.

A key observation is that Rac proteins, members of
the RHO GTPase family of small, Ras-like molecules
are downstream signaling components of all of these
surface proteins (B -integrins, CXCR4 and c-kit) and
thus represent a convergence of biochemical path-
ways critical for engraftment and mobilization®%.
Indeed, combined deficiency of Racl and Rac2 induc-
es a striking mobilization of HSC/P into circulation
while Racl-deficiency is associated with engraftment
failure in murine transplant models®.

RHO GTPases as Signal Integrators

The signals involved in engraftment and mobilization
drive cytoskeleton rearrangements, gene transcrip-
tion activation, cell survival and cell cycle activation.
In 1992, Ridley and Hall®®*® reported that cytoskele-
ton rearrangements are controlled by members of the
RHO GTPase family. The Rho family of small mo-
nomeric GTPases, members of the Ras superfami-
ly, includes 22 genes coding for at least 25 proteins.
Based on sequence identity, domain structure and
function, the Rho proteins can be divided into 6 fam-
ilies, including: Rac, RhoA related proteins, Cdc42
group, TC10 and TCL, Rnd, the RhoBTB subset and
the Miro subfamily (ref.). RHO proteins are molecu-
lar switches that cycle between inactive guanosine di-
phospate (GDP)-bound and active guanosine triphos-
phate (GTP)-bound states. In the GTP-bound form,
RHO proteins interact with their specific effector or
target molecules to trigger diverse cellular responses.
Activation of RHO GTPases is induced by a diversi-

ty of Dbl-family guanine nucleotide exchange factors
(GEFs)™® that are activated by receptor-dependent ki-
nases. Negative regulation of GTPases is achieved by
acceleration of the intrinsic GTPase function of the
Rho proteins by GTPase activating proteins (GAPs)
or sequestering and stabilizing the inactive, GDP-
bound state by GDP dissociation inhibitors (GDIs).
In contrast to these regulatory mechanisms control-
ling most Rho GTPases, members of the RhoE sub-
family, including the recently described hematopoiet-
ic-specific RhoH, have been demonstrated incapable
of GTP hydrolysis and thus remain constitutively
GTP-bound. These constitutively active GTPases are
therefore, thought to be regulated on the transcrip-
tional or post-translational level.

Members of the Rho GTPase family show high
conservation (40 - 95%) at the amino acid level. The
best studied members of this family are Racl, RhoA
and Cdc42. In fibroblasts and leucocytes, Rho activa-
tion induces the assembly of filamentous (F)-actin and
myosin filaments (stress fibers), while Rac and Cdc42
promote the formation of surface protrusions and
ruffling (lamellipodia) and finger-like membrane ex-
tensions (filopodia) respectively, both actin contain-
ing structures. Rho GTPase-induced F-actin assembly
is accompanied by clustering of integrin receptors in
membrane structures overlying the F-actin. In sever-
al cell systems, RHO GTPases thus integrate stimu-
li from the activation of tyrosine kinase receptors’"’?,
chemokine receptors™ and integrin receptors’, which
are key regulators of both homing and mobilization.

Rac RHO GTPases in HSC/P homing,
retention and migration

The Rac GTPase subfamily includes three highly ho-
mologous proteins: Racl, Rac2 and Rac3. Racl is
ubiquitously expressed while Rac2 is expressed only
in hematopoietic cells”. Rac3 appears expressed in a
variety of cell lines and appears to play an important
role in myelopoiesis (ref.) and in the development of
p190-BCR/ABL-dependent leukemogenesis™, but lit-
tle is known about its expression in other primary tis-
sues and its function in stem cells. Rac proteins play
a major role in the development of lamellipodia and
membrane ruffling and also activate a number of ki-
nase pathways.

Many of the stimuli that have been shown crucial
for HSC homing and retention, and specifically the
interaction CXCL120/CXCR4, signal through Rac
RHO GTPases. The first observations were based on
the use of very unspecific tools that affected differ-
ent Rac RHO GTPases. The high level of homology
among RHO GTPases and the resultant lack of dis-
criminating tools, such as specific antibodies, did not
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allow a conventional analysis of the differential role
of Rac proteins.

Nishita e al. showed that CXCL12 activates Racl
and Cdc42 in Jurkat T cells in a pertussis toxin (PTX)-
sensitive fashion, whereas RhoA activation was PTX-
insensitive (88), which suggested specific signaling
via Gi proteins toward Rac and Cdc42, but not to
RhoA. Specifically in HSC/P, Whetton et al., based on
the use of Clostridium difficile toxin B (an inactiva-
tor of Rho, Rac and Cdc42) and the use of a down-
stream inhibitor of RhoA, showed that the migrato-
ry potential of primitive hematopoietic cells is lower
than compared to more mature hematopoietic cells”
and that this migration can be boosted by stimulat-
ing the cells with lysophospholipids (lysophospha-
tidic acid, sphingosine-1-phosphate) in combination
with CXCL12 and that Rho GTPases were implicated
in their signaling. We have observed that either Racl
or Rac2-deficiencies substantiate a migration impair-
ment of hematopoietic stem cells through CXCL12
gradients®”%. Interestingly, the deficiency of Vav-1 (a
hematopoietic-specific Rac GEE but able to activate
both Racl and Rac2) induces a severe migration im-
pairment through a CXCL12a gradient and in T cells
appears to have a pivotal role in the transmission of
signals from the CXCR4 receptor”.

Specifically, Rac Rho GTPases in HSC/P constitute
an example of homologous proteins, which share
some functions but are completely specific for other
cell-specific relevant functions. Our group has devot-
ed a special emphasis over the past years to specifi-
cally analyze the differential role in genetically target-
ed animals of the very homologous Racl and Rac2
GTPases in migration and homing of hematopoiet-
ic cells. By using genetically targeted mice and hema-
topoietic reconstitution models, we have been able
to delineate some of the specific functions of Racl
and Rac2 in HSC/P, as well as in more mature hema-
topoietic cells, including B cells®*® T cells®®2 mast
cells®™® eosinophils® and platelets®.

An example of well-studied Rac-dependent func-
tions is Rac2 in neutrophils. We were able to show
that Rac2-deficient mice displayed an impaired host
defense with diminished L-selectin mediated tether-
ing, reduced chemotaxis through formyl-methionyl-
leucyl-phenylalanine (fmlp) gradients and reduced ac-
tin polymerization and oxidative burst that correlated
with low activation levels of mitogen-activated pro-
tein kinases (MAPK)®. Mutational analysis of a pa-
tient with phagocytic immunodeficiency allowed us
and others to identify a mutation in the Rac2 gene
(D57N) resulting in expression of a dominant-nega-
tive version of the Rac2 protein®. This patient suf-
fered this disease despite normal activation of Racl.
Rac2-deficient mice display neutrophilia but normal
myeloid progenitor proliferation in vitro.
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From our studies, it has become clear that effects
of Racl or Rac2 deficiencies are in many cases due
to specific defects, rather than to an overall reduction
of Rac levels. These differences may be due to either
differential GEF-dependent activation or specific in-
tracellular localization. In myeloid cells, specificity of
function of Racl versus Rac2 maps to the carboxy-
terminus and the regulation of intracellular GTPase
localization” which may be dependent on interaction
with other proteins.

In HSC/P, non-specific Rac dominant-negative mu-
tant expression induces a HSC engraftment defect”. A
detailed study of the stem cell compartment in Rac2-/-
mice allowed us to observe that Rac2-deficient HSC
show normal short-term engraftment but display an
abnormal interaction of HSC with the hematopoietic
microenvironment, which leads to defective hemato-
poiesis in quantitative cobblestone-area forming cell
(CAFC) assays and long-term engraftment assays®™.
At the same time, mimicking the phenotype of a4
deletion or anti-a4 antibody administration***, Rac2-
deficient mice displayed an increased pool of circu-
lating HSC/P (around 2-3 fold), which suggested that
Rac2 is required to retain cells in the bone marrow
microenvironment and this effect may be specifi-
cally dependent on o f -integrin-mediated adhesion
to fibronectin but not on a.f,-integrin. Hypermotil-
ity of Rac2-deficient HSC/P appeared to be due to
an unbalanced compensatory activation of Racl and
Cdc42 and increased F-actin polymerization follow-
ing CXCL12a activation.

We have recently approached to the analysis of
the specific role of Racl in stem cell homing and mi-
gration. Racl” HSC are incapable of short term en-
graftment and demonstrate reduced in vitro growth
associated with impaired growth factor-stimulated
p274°!t down-regulation and Cyclin D1 induction ¢,
while Rac2”- HSC, as mentioned earlier, show nor-
mal short-term engraftment but demonstrate defec-
tive growth factor rescue of apoptosis in vitro. The
basis of the severe engraftment defect of Rac1”- HSC
appears to be related to a homing/microlocalization
defectin the bone marrow cavity for primitive CAFC
and selected HSC/P in vivo®™, which correlates with
the finding that signaling pathways downstream of
the receptor tyrosine c-kit, the chemokine receptor
CXCR4 and B1 integrins, previously implicated in
lodging and engraftment®*#* are defective in Rac-
deficient HSC/P in vitro®*5. Importantly, the com-
bination of defects in these two pathways contrib-
utes to the profound defect in growth in vitro and in
vivo seen in Racl™ Rac2”~ HSCs and their massive
egress from bone marrow to peripheral blood®*.
This is likely due to strongly reduced mediated ad-
hesion in the Rac1”/Rac2” cells. Single deficiency of
Racl or Rac2 leads to impaired in vitro migration to-
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ward CXCL12a, a response that is further reduced
when both GTPases are absent, indicating that for
migration, these GTPases are partially redundant.
Reintroduction of Racl expression in circulating
double Racl/Rac2-deficient HSC/P allows their en-
graftment in lethally irradiated recipients”. In addi-
tion, we have shown that the reversible inhibition of
Rac activation by a novel, rationally designed small
molecule (NSC23766) which had been designed to
interfere the binding between Rac proteins and sev-
eral GEFs? induces HSC/P mobilization in a “poor-
mobilizer” murine model that correlates in time and
fashion with p21-activated kinase inhibition®.

An example of applicability of Rac targeting is Fan-
coni anemia (FA). FA is an inherited disorder charac-
terized by early-onset progressive bone marrow (BM)
failure, congenital abnormalities and predisposition
towards cancer”. FA group A is the predominant com-
plementation group (>60% of all diagnosed FA pa-
tients). The only curative therapy currently available
is allogeneic stem cell transplantation from a non-af-
fected donor. Unfortunately, the availability of unaf-
fected sibling donors is low for the majority of pa-
tients and the disease-free survival rate for transplant
using a matched unrelated donor is not optimal, rang-
ing from 15 to 67 %?**. Since many children with FA
are diagnosed prior to the onset of severe panycyto-
penia'® a possible novel experimental therapy could
use autologous hematopoietic stem cells (HSC) prior
to BM failure, for corrective molecular intervention.
Studies which examine the feasibility of collecting
HSC/P have shown that stem cell mobilization using
granulocyte colony-stimulating factor (G-CSF) is not
robust in mice'™, or in FA patients which may require
prolonged periods of daily apheresis procedures to
obtain clinically relevant numbers of HSC!%21%, Xeno-
geneic homing of FA patient BM progenitors appears
decreased'”™. FA-A cells also showed defects in both
cell-cell and cell-matrix adhesion. Complementation
of FA-A deficiency by reexpression of FANCA read-
ily restored adhesion of FA-A cells. A significant de-
crease in the activity of the Rho GTPase Cdc42 was
found associated with these defective functions in pa-
tient-derived cells, and expression of a constitutively
active Cdc42 mutant was able to rescue the adhesion
defect of FA-A cells. Interestingly, inhibition of Rac
GTPases by in vivo administration of the small mole-
cule NSC23766 is able to rescue part of the progenitor
mobilization failure of FA-A cells in a murine model
of HSC/P mobilization induced by G-CSF!%.

Although outside the scope of this review, the role
of Rac activation in distinct stem cell-initiated and
how Rac targeting may impair the pathogenesis in
distinct stem cell-initiated diseases, like chronic my-
elogenous leukemia and MLL-rearranged acute my-
elogenous leukemia'®1®” has been demonstrated.

Other RHO GTPases and their crosstalk
with Rac in HSC/P homing and migration

Much less is known about the role of other RHO GT-
Pases in HSC/P homing and migration. Cross-talk
among different small RhoGTPases and Ras members
would explain the role of these proteins in apparently
contradictory functions!!’. In fibroblasts, introduction
of constitutive active or dominant negative mutants of
Cdc42, Rac and RhoA were shown to effect activation
or inhibition of each other. Growth factor receptor in-
duced activation of Cdc42 has been shown to activate
Rac, which in turn stimulates Rho activity resulting in
cytoskeletal remodeling.

Overexpression of Cdc42-activating or dominant-
negative mutants in fibroblasts have shown that
Cdc42 plays an essential role in cell-growth control
by regulating G,-S cell-cycle transition'*'*?, In embry-
onic stem cells, however, gene targeting of Cdc42 did
not affect cell growth or replication'®. Recently, Wang
et al.’™* have shown in a gain-of-function model for
Cdc42 (Cdc42GAP"), that hyperactivation of Cdc42
induces anemia with a significant reduction in fetal liv-
er and bone marrow cellularity, decreased erythroid/
myeloid progenitor content and decreased HSC/P
content. The decrease in HSC/P number was associat-
ed with increased apoptosis of the Cdc42GAP- HSC/
Ps and activation of JNK-mediated apoptotic machin-
ery, showing impaired cortical F-actin assembly, defi-
ciency in adhesion and migration, and defective short-
and long-term competitive repopulation ability. The
mechanism of how gain-of-function of Cdc42 induc-
es a hematopoietic impairment is not clear yet. HSC
from Cdc42” mice also show defective migration and
adhesion, which is associated with abnormal F-actin
assembly, homing, and engraftment/retention in the
BM. Cdc42” mice show increased numbers of circu-
lating HSC and developmental abnormalities in my-
elopoiesis and erythropoiesis'!''6. Interestingly, HSC
aging has also been related to Cdc42 activity. Adhe-
sion of HSC to the hematopoietic microenvironment
appears to be reduced while G-CSF-induced mobili-
zation is increased in aged HSC compared with young
HSCs and this difference may be, at least partly, a con-
sequence of the increased activity of the small Rho
GTPase Cdc42 in aged HSCs'V.

The RhoA subfamily members when overex-
pressed as activated proteins contribute to contractil-
ity and formation of stress fibers and focal adhesions,
which are mainly responsible for strong attachment
to the underlying extracellular matrix. Different Rho
proteins have been associated with different pro-
liferation effects. While RhoA and RhoC are usual-
ly growth-promoting, RhoB inhibits cell growth!!¢!*
and has been shown to be downregulated in cancer
cells'®. In some cells, including hematopoietic cells,
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Rac and Rho GTPases provide inhibitory crosstalk in
these functions. In fact, Ras-induced membrane ruf-
fling due to activation of Rac leads subsequently to
formation of stress fibers in a Rho-dependent fash-
ion'!. These observations delineated a signaling path-
way where activated Rac induced Rho activation.

RhoA leads to stress fiber formation and cell shape
changes, although most of these studies have been
performed on fibroblasts. In fibroblasts, activation of
RhoA has been reported to decrease the expression of
Cdk inhibitors and to shorten G1'#2. Using the same
cell types, inactivation of RhoA has been shown to
induce the expression of cyclin D-Cdk4 complexes
in early G1 phase and promote a rapid G1/S phase
transition'?!24,

Transforming growth factor-p-induced activation
of RhoA has been shown in mammary cells to stimu-
late the nuclear translocation of p160 ROCK, a known
target of RhoA, which results in cell cycle arrest by
decreasing the activity of Cdc25A phosphatase and
decreasing Rb phosphorylation'®. Therefore, the ef-
fect of RhoA GTPase activity on cell cycle and pro-
liferation appears both cell type and agonist specific.
In contrast with the published role of RhoA in fate
determination and differentiation in mesenchymal
stem cells'”®, inhibition of RhoA activity through ex-
pression of the dominant negative mutant RhoAN19
via retrovirus-mediated gene transfer was associat-
ed with a significant enhancement of HSC engraft-
ment and reconstitution in vivo'®. Increased engraft-
ment of HSC expressing RhoAN19 was associated
with increased cyclin D1 expression and enhanced
proliferation and cell cycle progression of hemato-
poietic progenitor cells in vitro, despite this enhanced
engraftment in vivo. Consistent with studies reported
in fibroblast cells?®, RhoA was essential for normal
adhesion and migration of hematopoietic progenitor
cells in vitro. Decreased activity of RhoA GTPase re-
sulted in defective a4f1 and a5p1 integrin mediat-
ed adhesion and impaired CXCL12-directed migra-
tion of hematopoietic progenitor cells in vitro. These
results are surprising given the role of adhesion and
migration in HSC engraftment. Taken together, these
data suggest that RhoA GTPase plays a crucial role
in HSC engraftment, although the mechanism of en-
hanced engraftment seen with expression of the DN
RhoA protein is unclear. In the context of previous
reports describing Rac GTPase function in HSC®%,
these studies suggest that inhibition in Rac activi-
ty may enhance mobilization, whereas inhibition of
RhoA may augment HSC engraftment.

A distinct type of Rho proteins is constituted by
RhoH. RhoH is a hematopoietic-specific, GTPase-de-
ficient member of the Rho GTPase family. RhoH has
been shown to modulate Rac signaling'*-*!. The bio-
chemical clue on how RhoH antagonizes Rac came
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from studies in primary HSC/P, where RhoH deletion
leads to increased chemotaxis and chemokinesis to-
wards the chemoattractant CXCL12. This hypermi-
gratory response is due to increased Rac1 activity and
translocation of Racl protein to the cell membrane,
where it colocalizes with cortical F-actin and lipid
rafts. Expression of a Rac dominant-negative mutant
inhibits the cortical F-actin assembly and chemotaxis
of wild-type and RhoH-deficient HSC/P to the same
extent. Conversely, overexpression of RhoH in HSC/
P blocks the membrane translocation of Racl and im-
pairs cortical F-actin assembly and chemotaxis in re-
sponse to CXCL12 stimulation. At a molecular lev-
el, subcellular localization and inhibitory function
of RhoH in HSC/P appear to be regulated by C-ter-
minal motifs, including a CKIF prenylation site, re-
quired for specific membrane localization where tar-
gets Rac'?.

In summary, Rho GTPases play a crucial role in the
integration and modulation of signals from cortical re-
ceptors, specifically chemokine receptor CXCR4, c-
kit and pl-integrins, and the analysis of their specific
functions may help us to delineate specific pathways
and molecular targets for pharmacologic intervention
in stem cell and gene therapy.

References

1. Morrison SJ, Uchida N, Weissman IL. The biology of hema-
topoietic stem cells. Annu Rev Cell Dev Biol. 1995; 11: 35-
71.

2. Breems DA, van Hennik PB, Kusadasi N, et al. Individu-
al stem cell quality in leukapheresis products is related to
the number of mobilized stem cells. Blood. 1996; 87: 5370-
5378.

3. Cancelas JA, Hernandez-Jodra M, Zamora C, et al. Circulat-
ing stem cell collection in lymphoma and myeloma after mo-
bilization with cyclophosphamide and granulocyte colony-
stimulating factor for autologous transplantation. Vox Sang.
1994; 67: 362-367.

4. Boque C, Petit ], Sarra ], et al. Mobilization of peripheral
stem cells with intensive chemotherapy (ICE regimen) and
G-CSF in chronic myeloid leukemia. Bone Marrow Trans-
plant. 1996; 18: 879-884.

5. Martinez C, Sureda A, Martino R, et al. Efficient peripheral
blood stem cell mobilization with low-dose G-CSF (50 mi-
crog/m?2) after salvage chemotherapy for lymphoma. Bone
Marrow Transplant. 1997; 20: 855-858.

6. Cancelas JA, Querol S, Canals C, et al. Peripheral blood
CD34+ cell immunomagnetic selection in breast cancer pa-
tients: effect on hematopoietic progenitor content and he-
matologic recovery after high-dose chemotherapy and auto-
transplantation. Transfusion. 1998; 38: 1063-1070.

7. Petit ], Boque C, Cancelas JA, et al. Feasibility of ESHAP + G-
CSF as peripheral blood hematopoietic progenitor cell mo-
bilisation regimen in resistant and relapsed lymphoma: a sin-
gle-center study of 22 patients. Leuk Lymphoma. 1999; 34:
119-127.

8. Salazar R, Sola C, Maroto P, et al. Infectious complications
in 126 patients treated with high-dose chemotherapy and
autologous peripheral blood stem cell transplantation. Bone
Marrow Transplant. 1999; 23: 27-33.



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

LI Reunién Nacional de la AEHH y XXV Congreso Nacional de la SETH. Simposios

. Kessinger A, Sharp JG. The whys and hows of hematopoi-

etic progenitor and stem cell mobilization. Bone Marrow
Transplant. 2003; 31: 319-329.

Sola C, Maroto P, Salazar R, et al. Bone Marrow Transplan-
tation: Prognostic Factors of Peripheral Blood Stem Cell
Mobilization with Cyclophosphamide and Filgrastim (r-
metHuG- CSF): The CD34+ Cell Dose Positively Affects the
Time to Hematopoietic Recovery and Supportive Require-
ments after High-Dose Chemotherapy. Hematol. 1999; 4:
195-209.

Briddell RA, Hartley CA, Smith KA, McNiece IK. Recombi-
nant rat stem cell factor synergizes with recombinant human
granulocyte colony-stimulating factor in vivo in mice to mo-
bilize peripheral blood progenitor cells that have enhanced
repopulating potential. Blood. 1993; 82: 1720-1723.

Devine SM, Flomenberg N, Vesole DH, et al. Rapid mobili-
zation of CD34+ cells following administration of the CX-
CR#4 antagonist AMD3100 to patients with multiple myelo-
ma and non-Hodgkin’s lymphoma. J Clin Oncol. 2004; 22:
1095-1102.

Graham RM, Bishopric NH, Webster KA. Gene and cell ther-
apy for heart disease. [IUBMB Life. 2002; 54: 59-66.

Wagner JE, Broxmeyer HE, Byrd RL, et al. Transplantation of
umbilical cord blood after myeloablative therapy: analysis of
engraftment. Blood. 1992; 79: 1874-1881.

Wagner JE, Barker JN, DeFor TE, et al. Transplantation of un-
related donor umbilical cord blood in 102 patients with ma-
lignant and nonmalignant diseases: influence of CD34 cell
dose and HLA disparity on treatment-related mortality and
survival. Blood. 2002; 100: 1611-1618.

Gluckman E, Locatelli E Umbilical cord blood transplants.
Curr Opin Hematol. 2000; 7: 353-357.

Gluckman E, Rocha V, Chevret S. Results of unrelated umbil-
ical cord blood hematopoietic stem cell transplantation. Rev
Clin Exp Hematol. 2001; 5: 87-99.

Gluckman E. Current status of umbilical cord blood hema-
topoietic stem cell transplantation. Exp Hematol. 2000; 28:
1197-1205.

Yeh ET, Zhang S, Wu HD, Korbling M, Willerson JT, Estrov
Z. Transdifferentiation of human peripheral blood CD34+-
enriched cell population into cardiomyocytes, endotheli-
al cells, and smooth muscle cells in vivo. Circulation. 2003;
108: 2070-2073.

Korbling M, Estrov Z. Adult stem cells for tissue repair - a
new therapeutic concept¢ N Engl ] Med. 2003; 349: 570-
582.

Hennessy B, Korbling M, Estrov Z. Circulating stem cells and
tissue repair. Panminerva Med. 2004; 46: 1-11.

Balsam LB, Wagers AJ, Christensen JL, Kofidis T, Weiss-
man IL, Robbins RC. Haematopoietic stem cells adopt ma-
ture haematopoietic fates in ischaemic myocardium. Nature.
2004; 428: 668-673.

Murry CE, Soonpaa MH, Reinecke H, et al. Haematopoietic
stem cells do not transdifferentiate into cardiac myocytes in
myocardial infarcts. Nature. 2004; 428: 664-668.

Andrew E. Arai FS, Kwabena O. Agyeman, Robert Hoyt,
bandana Sachdev, Xu-Xi Yu, Hong San, Mark Metzger, Cyn-
thia Dunbar and Donald Orlic. Lack of benefit from cytokine
mobilized stem cell therapy for acute myocardial infarction
in nonhuman primates. ] Am Coll Cardiol. 2002; 41: 335.
Butcher EC, Picker LJ. Lymphocyte homing and homeosta-
sis. Science. 1996; 272: 60-66.

Springer TA. Traffic signals for lymphocyte recirculation and
leukocyte emigration: the multistep paradigm. Cell. 1994;
76:301-314.

Peled A, Kollet O, Ponomaryov T, et al. The chemokine SDF-
1 activates the integrins LFA-1, VLA-4, and VLA-5 on im-
mature human CD34(+) cells: role in transendothelial/stro-
mal migration and engraftment of NOD/SCID mice. Blood.
2000; 95: 3289-3296.

28

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

. Williams DA, Rios M, Stephens C, Patel VP. Fibronectin and
VLA-4 in haematopoietic stem cell-microenvironment inter-
actions. Nature. 1991; 352: 438-441.

Papayannopoulou T. Bone marrow homing: the players, the
playfield, and their evolving roles. Curr Opin Hematol. 2003;
10: 214-219.

Lapidot T, Kollet O. The essential roles of the chemokine
SDF-1 and its receptor CXCR4 in human stem cell homing
and repopulation of transplanted immune-deficient NOD/
SCID and NOD/SCID/B2m(null) mice. Leukemia. 2002; 16:
1992-2003.

Peled A, Grabovsky V, Habler L, et al. The chemokine SDF-1
stimulates integrin-mediated arrest of CD34(+) cells on vas-
cular endothelium under shear flow. ] Clin Invest. 1999; 104:
1199-1211.

Nagasawa T, Tachibana K, Kishimoto T. A novel CXC che-
mokine PBSF/SDE-1 and its receptor CXCR4: their functions
in development, hematopoiesis and HIV infection. Semin
Immunol. 1998; 10: 179-185.

Wright DE, Bowman EP, Wagers AJ, Butcher EC, Weissman
IL. Hematopoietic stem cells are uniquely selective in their
migratory response to chemokines. ] Exp Med. 2002; 195:
1145-1154.

Aiuti A, Webb 1], Bleul C, Springer T, Gutierrez-Ramos
JC. The chemokine SDF-1 is a chemoattractant for human
CD34+ hematopoietic progenitor cells and provides a new
mechanism to explain the mobilization of CD34+ progeni-
tors to peripheral blood. ] Exp Med. 1997; 185: 111-120.
Lataillade J], Clay D, Dupuy C, et al. Chemokine SDF-1 en-
hances circulating CD34(+) cell proliferation in synergy with
cytokines: possible role in progenitor survival. Blood. 2000;
95:756-768.

Broxmeyer HE, Kohli L, Kim CH, et al. Stromal cell-derived
factor-1/CXCL12 directly enhances survival/antiapoptosis of
myeloid progenitor cells through CXCR4 and G(alpha)i pro-
teins and enhances engraftment of competitive, repopulating
stem cells. ] Leukoc Biol. 2003; 73: 630-638.

Kollet O, Spiegel A, Peled A, et al. Rapid and efficient homing
of human CD34(+)CD38(-/low)CXCR4(+) stem and progen-
itor cells to the bone marrow and spleen of NOD/SCID and
NOD/SCID/B2m(null) mice. Blood. 2001; 97: 3283-3291.
Peled A, Petit I, Kollet O, et al. Dependence of human stem
cell engraftment and repopulation of NOD/SCID mice on
CXCR4. Science. 1999; 283: 845-848.

Ma Q, Jones D, Springer TA. The chemokine receptor CX-
CR4 is required for the retention of B lineage and granulocyt-
ic precursors within the bone marrow microenvironment.
Immunity. 1999; 10: 463-471.

Nagasawa T, Hirota S, Tachibana K, et al. Defects of B-cell
lymphopoiesis and bone-marrow myelopoiesis in mice lack-
ing the CXC chemokine PBSF/SDF-1. Nature. 1996; 382:
635-638.

Driessen RL, Johnston HM, Nilsson SK. Membrane-bound
stem cell factor is a key regulator in the initial lodgment of
stem cells within the endosteal marrow region. Exp Hema-
tol. 2003; 81: 1284-1291.

Papayannopoulou T, Craddock C, Nakamoto B, Priestley
GV, Wolf NS. The VLA4/VCAM-1 adhesion pathway de-
fines contrasting mechanisms of lodgement of transplanted
murine hemopoietic progenitors between bone marrow and
spleen. Proc Natl Acad Sci U S A. 1995; 92: 9647-9651.
Papayannopoulou T, Craddock C. Homing and trafficking of
hemopoietic progenitor cells. Acta Haematol. 1997; 97: 97-
104.

Scott LM, Priestley GV, Papayannopoulou T. Deletion of al-
pha4 integrins from adult hematopoietic cells reveals roles in
homeostasis, regeneration, and homing. Mol Cell Biol. 2003;
23: 9349-9360.

Papayannopoulou T, Priestley GV, Nakamoto B, Zafiropou-
los V, Scott LM. Molecular pathways in bone marrow hom-

haematologica/edicién espafiola | 2009; 94 (Extra 1) | 443 |



LI Reunién Nacional de la AEHH y XXV Congreso Nacional de la SETH. Simposios

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

ing: dominant role of alpha(4)beta(1) over beta(2)-integrins
and selectins. Blood. 2001; 98: 2403-2411.

Thomas ], Liu F Link DC. Mechanisms of mobilization of
hematopoietic progenitors with granulocyte colony-stimu-
lating factor. Curr Opin Hematol. 2002; 9: 183-189.

Rafii S, Heissig B, Hattori K. Efficient mobilization and re-
cruitment of marrow-derived endothelial and hematopoiet-
ic stem cells by adenoviral vectors expressing angiogenic fac-
tors. Gene Ther. 2002; 9: 631-641.

Kronenwett R, Martin S, Haas R. The role of cytokines and
adhesion molecules for mobilization of peripheral blood
stem cells. Stem Cells. 2000; 18: 320-330.

Wang J, Kimura T, Asada R, et al. SCID-repopulating cell
activity of human cord blood-derived CD34- cells assured
by intra-bone marrow injection. Blood. 2003; 101: 2924-
2931.

Wright DE, Wagers AJ, Gulati AP, Johnson FL, Weissman IL.
Physiological migration of hematopoietic stem and progeni-
tor cells. Science. 2001; 294: 1933-1936.

Warren S, Chute RN, Farrington EM. Protection of the he-
matopoietic system by parabiosis. Laboratory Investigation.
1960; 9: 191-198.

Abkowitz JL, Robinson AE, Kale S, Long MW, Chen ]. The
mobilization of hematopoietic stem cells during homeosta-
sis and after cytokine exposure. Blood. 2003.

Sweeney EA, Papayannopoulou T. Increase in circulating
SDF-1 after treatment with sulfated glycans. The role of
SDEF-1 in mobilization. Ann N'Y Acad Sci. 2001; 938: 48-52;
discussion 52-43.

Hattori K, Heissig B, Tashiro K, et al. Plasma elevation of
stromal cell-derived factor-1 induces mobilization of ma-
ture and immature hematopoietic progenitor and stem cells.
Blood. 2001; 97: 3354-3360.

Sweeney EA, Lortat-Jacob H, Priestley GV, Nakamoto B,
Papayannopoulou T. Sulfated polysaccharides increase
plasma levels of SDF-1 in monkeys and mice: involvement
in mobilization of stem/progenitor cells. Blood. 2002; 99:
44-51.

Tavor S, Petit I, Porozov S, et al. CXCR4 regulates migra-
tion and development of human acute myelogenous leuke-
mia stem cells in transplanted NOD/SCID mice. Cancer Res.
2004; 64: 2817-2824.

Liles WC, Broxmeyer HE, Rodger E, et al. Mobilization of
hematopoietic progenitor cells in healthy volunteers by
AMD3100, a CXCR4 antagonist. Blood. 2003; 102: 2728-
2730.

Papayannopoulou T, Priestley GV, Bonig H, Nakamoto B.
The role of G-protein signaling in hematopoietic stem/pro-
genitor cell mobilization. Blood. 2003; 101: 4739-4747.
Papayannopoulou T, Priestley GV, Nakamoto B, Zafiropou-
los V, Scott LM, Harlan JM. Synergistic mobilization of he-
mopoietic progenitor cells using concurrent betal and beta2
integrin blockade or beta2-deficient mice. Blood. 2001; 97:
1282-1288.

Craddock CF, Nakamoto B, Andrews RG, Priestley GV, Pa-
payannopoulou T. Antibodies to VLA4 integrin mobilize
long-term repopulating cells and augment cytokine-induced
mobilization in primates and mice. Blood. 1997; 90: 4779-
4788.

Heissig B, Hattori K, Dias S, et al. Recruitment of stem
and progenitor cells from the bone marrow niche requires
MMP-9 mediated release of kit-ligand. Cell. 2002; 109: 625-
637.

Levesque JP, Hendy ], Winkler IG, Takamatsu Y, Simmons
PJ. Granulocyte colony-stimulating factor induces the release
in the bone marrow of proteases that cleave c-KIT receptor
(CD117) from the surface of hematopoietic progenitor cells.
Exp Hematol. 2003; 31: 109-117.

McNiece IK, Briddell RA. Stem cell factor. ] Leukoc Biol.
1995; 58: 14-22.

| 444 | haematologica/edicion espafiola | 2009; 94 (Extra 1)

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

Miao H, Li S, Hu YL, et al. Differential regulation of Rho GT-
Pases by betal and beta3 integrins: the role of an extracel-
lular domain of integrin in intracellular signaling. J Cell Sci.
2002; 115: 2199-2206.

Nishita M, Aizawa H, Mizuno K. Stromal cell-derived factor
lalpha activates LIM kinase 1 and induces cofilin phosphor-
ylation for T-cell chemotaxis. Mol Cell Biol. 2002; 22: 774-
783.

Taylor ML, Metcalfe DD. Kit signal transduction. Hematol
Oncol Clin North Am. 2000; 14: 517-535.

Gu Y, Filippi MD, Cancelas JA, et al. Hematopoietic cell reg-
ulation by Racl and Rac2 guanosine triphosphatases. Sci-
ence. 2003; 302: 445-449.

Ridley AJ, Hall A. The small GTP-binding protein rho regu-
lates the assembly of focal adhesions and actin stress fibers
in response to growth factors. Cell. 1992; 70: 389-399.
Ridley AJ, Paterson HE Johnston CL, Diekmann D, Hall A.
The small GTP-binding protein rac regulates growth factor-
induced membrane ruffling. Cell. 1992; 70: 401-410.

Zheng Y. Dbl family guanine nucleotide exchange factors.
Trends Biochem Sci. 2001; 26: 724-732.

Timokhina I, Kissel H, Stella G, Besmer P. Kit signaling
through PI 3-kinase and Src kinase pathways: an essential
role for Racl and JNK activation in mast cell proliferation.
Embo J. 1998; 17: 6250-6262.

Taylor ML, Metcalfe DD. Kit signal transduction. Hematol
Oncol Clin North Am. 2000; 14: 517-535.

del Pozo MA, Vicente-Manzanares M, Tejedor R, Serrador
JM, Sanchez-Madrid F. Rho GTPases control migration and
polarization of adhesion molecules and cytoskeletal ERM
components in T lymphocytes. Eur J Immunol. 1999; 29:
3609-3620.

del Pozo MA, Alderson NB, Kiosses WB, Chiang HH, Ander-
son RG, Schwartz MA. Integrins regulate Rac targeting by
internalization of membrane domains. Science. 2004; 303:
839-842.

Reibel L, Dorseuil O, Stancou R, Bertoglio J, Gacon G. A he-
mopoietic specific gene encoding a small GTP binding pro-
tein is overexpressed during T cell activation. Biochem Bio-
phys Res Commun. 1991; 175: 451-458.

Cho Y], Zhang B, Kaartinen V, et al. Generation of rac3 null
mutant mice: role of Rac3 in Bcer/Abl-caused lymphoblastic
leukemia. Mol Cell Biol. 2005; 25: 5777-5785.

Whetton AD, Lu Y, Pierce A, Carney L, Spooncer E. Lyso-
phospholipids synergistically promote primitive hematopoi-
etic cell chemotaxis via a mechanism involving Vav 1. Blood.
2003; 102: 2798-2802.

Yang FC, Atkinson SJ, Gu Y, et al. Rac and Cdc42 GTPases
control hematopoietic stem cell shape, adhesion, migration,
and mobilization. Proc Natl Acad Sci U S A. 2001; 98: 5614-
5618.

Vicente-Manzanares M, Cruz-Adalia A, Martin-Cofreces
NB, et al. Control of lymphocyte shape and the chemotactic
response by the GTP exchange factor Vav. Blood. 2005; 105:
3026-3034.

Walmsley MJ, Ooi SK, Reynolds LE et al. Critical roles for
Racl and Rac2 GTPases in B cell development and signaling.
Science. 2003; 302: 459-462.

Croker BA, Handman E, Hayball JD, et al. Rac2-deficient
mice display perturbed T-cell distribution and chemotaxis,
but only minor abnormalities in T(H)1 responses. Immunol
Cell Biol. 2002; 80: 231-240.

Li B, Yu H, Zheng W, et al. Role of the guanosine triphos-
phatase Rac2 in T helper 1 cell differentiation. Science. 2000;
288:2219-2222.

Tan BL, Yazicioglu MN, Ingram D, et al. Genetic evidence
for convergence of c-Kit- and alpha4 integrin-mediated sig-
nals on class IA PI-3kinase and the Rac pathway in regulating
integrin-directed migration in mast cells. Blood. 2003; 101:
4725-4732.



84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

LI Reunién Nacional de la AEHH y XXV Congreso Nacional de la SETH. Simposios

Gu Y, Byrne MC, Paranavitana NC, et al. Rac2, a hemato-
poiesis-specific Rho GTPase, specifically regulates mast cell
protease gene expression in bone marrow-derived mast cells.
Mol Cell Biol. 2002; 22: 7645-7657.

Yang FC, Kapur R, King AJ, et al. Rac2 stimulates Akt ac-
tivation affecting BAD/Bcl-XL expression while mediating
survival and actin function in primary mast cells. Immunity.
2000; 12: 557-568.

Fulkerson PC, Zhu H, Williams DA, Zimmermann N,
Rothenberg ME. CXCL9 inhibits eosinophil responses by a
CCR8- and Rac2-dependent mechanism. Blood. 2005; 106:
436-443.

Akbar H, Kim J, Funk K et al. Genetic and pharmacologic ev-
idence that Racl GTPase is involved in regulation of plate-
let secretion and aggregation. ] Thromb Haemost. 2007; 5:
1747-1755.

Roberts AW, Kim C, Zhen L, et al. Deficiency of the hema-
topoietic cell-specific Rho family GTPase Rac2 is character-
ized by abnormalities in neutrophil function and host de-
fense. Immunity. 1999; 10: 183-196.

Williams DA, Tao W, Yang E, et al. Dominant negative muta-
tion of the hematopoietic-specific Rho GTPase, Rac2, is as-
sociated with a human phagocyte immunodeficiency. Blood.
2000; 96: 1646-1654.

Ambruso DR, Knall C, Abell AN, et al. Human neutrophil
immunodeficiency syndrome is associated with an inhibito-
ry Rac2 mutation. Proc Natl Acad Sci U S A. 2000; 97: 4654-
4659.

Filippi MD, Harris CE, Meller ], Gu'Y, Zheng Y, Williams DA.
Localization of Rac2 via the C terminus and aspartic acid 150
specifies superoxide generation, actin polarity and chemo-
taxis in neutrophils. Nat Immunol. 2004; 5: 744-751.

Gu'Y, Jia B, Yang FC, et al. Biochemical and biological char-
acterization of a human Rac2 GTPase mutant associated
with phagocytic immunodeficiency. ] Biol Chem. 2001; 276:
15929-15938.

Jansen M, Yang FC, Cancelas JA, Bailey JR, Williams DA.
Rac2-deficient hematopoietic stem cells show defective in-
teraction with the hematopoietic microenvironment and
long-term engraftment failure. Stem Cells. 2005; 23: 335-
346.

Papayannopoulou T, Nakamoto B. Peripheralization of he-
mopoietic progenitors in primates treated with anti-VLA4
integrin. Proc Natl Acad Sci U S A. 1993; 90: 9374-9378.
Cancelas JA, Lee AW, Prabhakar R, Stringer KE Zheng Y, Wil-
liams DA. Rac GTPases differentially integrate signals regu-
lating hematopoietic stem cell localization. Nat Med. 2005;
11: 886-891.

Gao Y, Dickerson JB, Guo F, Zheng J, Zheng Y. Rational de-
sign and characterization of a Rac GTPase-specific small mol-
ecule inhibitor. Proc Natl Acad Sci U S A. 2004; 101: 7618-
7628.

Williams DA. Fanconi’s anemia: genomic instability leading to
aplastic anemia and cancer predisposition. Hematology - The
European Hematology Association Program. 2006; 2: 24-28.
Wagner JE, Eapen M, MacMillan ML, et al. Unrelated donor
bone marrow transplantation for the treatment of Fanconi
anemia. Blood. 2007; 109: 2256-2262.

Yabe M, Yabe H, Matsuda M, et al. Bone marrow transplan-
tation for Fanconi anemia. Adjustment of the dose of cyclo-
phosphamide for preconditioning. Am ] Pediatr Hematol
Oncol. 1998; 15: 377-382.

100. Giampietro PF, Verlander PC, Davis JG, Auerbach AD. Di-

agnosis of Fanconi anemia in patients without congenital
malformations: an international Fanconi Anemia Registry
Study. Am ] Med Genet. 1997; 68: 58-61.

101. Broxmeyer HE, Orschell CM, Clapp DW, et al. Rapid mobi-

lization of murine and human hematopoietic stem and pro-
genitor cells with AMD3100, a CXCR4 antagonist. ] Exp
Med. 2005; 201: 1307-1318.

102.

108.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

Croop JM, Cooper R, Fernandez C, et al. Mobilization and
collection of peripheral blood CD34+ cells from patients
with Fanconi anemia. Blood. 2001; 98: 2917-2921.

Kelly PE, Radtke S, Kalle C, et al. Stem cell collection and gene
transfer in fanconi anemia. Mol Ther. 2007; 15: 211-219.
Zhang X, Shang X, Guo F, et al. Defective homing is as-
sociated with altered Cdc42 activity in cells from patients
with Fanconi anemia group A. Blood. 2008; 112: 1683-
1686.

Milsom MD LA, Zheng Y, Cancelas JA. Fanca-/- hemato-
poietic stem cells demonstrate a mobilization defect which
can be overcome by administration of the Rac inhibitor
NSC23766. Haematologica. 2009; in press.

Wei ], Wunderlich M, Fox C, et al. Microenvironment deter-
mines lineage fate in a human model of MLL-AF9 leukemia.
Cancer Cell. 2008; 13: 483-495.

Thomas EK, Cancelas JA, Zheng Y, Williams DA. Rac GT-
Pases as key regulators of p210-BCR-ABL-dependent leuke-
mogenesis. Leukemia. 2008; 22: 898-904.

Muller LU, Schore R], Zheng Y, et al. Rac guanosine triphos-
phatases represent a potential target in AML. Leukemia.
2008; 22: 1803-1806.

Thomas EK, Cancelas JA, Chae HD, et al. Rac guanosine
triphosphatases represent integrating molecular therapeu-
tic targets for BCR-ABL-induced myeloproliferative disease.
Cancer Cell. 2007; 12: 467-478.

Burridge K, Wennerberg K. Rho and Rac take center stage.
Cell. 2004; 116: 167-179.

Olson ME Ashworth A, Hall A. An essential role for Rho,
Rac, and Cdc42 GTPases in cell cycle progression through
G1. Science. 1995; 269: 1270-1272.

Lamarche N, Tapon N, Stowers L, et al. Rac and Cdc42 in-
duce actin polymerization and G1 cell cycle progression in-
dependently of p65PAK and the JNK/SAPK MAP kinase cas-
cade. Cell. 1996; 87: 519-529.

Chen F Ma L, Parrini MC, et al. Cdc42 is required for PIP(2)-
induced actin polymerization and early development but
not for cell viability. Curr Biol. 2000; 10: 758-765.

Wang L, Yang L, Filippi MD, Williams DA, Zheng Y. Genet-
ic deletion of Cdc42GAP reveals a role of Cdc42 in erythro-
poiesis and hematopoietic stem/progenitor cell survival, ad-
hesion, and engraftment. Blood. 2006; 107: 98-105.

Yang L, Wang L, Kalfa TA, et al. Cdc42 critically regulates
the balance between myelopoiesis and erythropoiesis.
Blood. 2007; 110: 3853-3861.

Yang L, Wang L, Geiger H, Cancelas JA, Mo ], Zheng Y. Rho
GTPase Cdc42 coordinates hematopoietic stem cell quies-
cence and niche interaction in the bone marrow. Proc Natl
Acad Sci U S A. 2007; 104: 5091-5096.

Xing Z, Ryan MA, Daria D, et al. Increased hematopoietic
stem cell mobilization in aged mice. Blood. 2006; 108: 2190-
2197.

Du W, Lebowitz PE Prendergast GC. Cell growth inhibi-
tion by farnesyltransferase inhibitors is mediated by gain
of geranylgeranylated RhoB. Mol Cell Biol. 1999; 19: 1831-
1840.

Chen Z, Sun ], Pradines A, Favre G, Adnane J, Sebti SM.
Both farnesylated and geranylgeranylated RhoB inhibit ma-
lignant transformation and suppress human tumor growth
in nude mice. ] Biol Chem. 2000; 275: 17974-17978.
Adnane J, Seijo E, Chen Z, et al. RhoB, not RhoA, repress-
es the transcription of the transforming growth factor beta
type Il receptor by a mechanism involving activator protein
1.] Biol Chem. 2002; 277: 8500-8507.

Ridley AJ, Hall A. Distinct patterns of actin organization
regulated by the small GTP-binding proteins Rac and Rho.
Cold Spring Harb Symp Quant Biol. 1992; 57: 661-671.
Olson ME Paterson HF, Marshall CJ. Signals from Ras and
Rho GTPases interact to regulate expression of p21Waf1/
Cip1. Nature. 1998; 394: 295-299.

haematologica/edicién espafiola | 2009; 94 (Extra 1) | 445 |



LI Reunién Nacional de la AEHH y XXV Congreso Nacional de la SETH. Simposios

128. Roovers K, Klein EA, Castagnino P, Assoian RK. Nuclear
translocation of LIM kinase mediates Rho-Rho kinase regu-
lation of cyclin D1 expression. Dev Cell. 2003; 5: 273-284.

124. Welsh CF, Roovers K, Villanueva J, Liu Y, Schwartz MA, As-
soian RK. Timing of cyclin D1 expression within G1 phase
is controlled by Rho. Nat Cell Biol. 2001; 3: 950-957.

125. Bhowmick NA, Ghiassi M, Aakre M, Brown K, Singh V,
Moses HL. TGF-beta-induced RhoA and p160ROCK activa-
tion is involved in the inhibition of Cdc25A with resultant
cell-cycle arrest. Proc Natl Acad Sci U S A. 2003; 100: 15548-
15553.

126. Sordella R, Jiang W, Chen GC, Curto M, Settleman J. Mod-
ulation of Rho GTPase signaling regulates a switch between
adipogenesis and myogenesis. Cell. 2003; 113: 147-158.

127. Ghiaur G, Lee A, Bailey ], Cancelas JA, Zheng Y, Williams
DA. Inhibition of RhoA GTPase activity enhances hemato-
poietic stem and progenitor cell proliferation and engraft-
ment. Blood. 2006; 108: 2087-2094.

128. Hall A, Paterson HE, Adamson P, Ridley AJ. Cellular respons-
es regulated by rho-related small GTP-binding proteins. Phi-
los Trans R Soc Lond B Biol Sci. 1993; 340: 267-271.

129. Chae HD, Lee KE, Williams DA, Gu Y. Cross-talk between
RhoH and Racl in regulation of actin cytoskeleton and che-
motaxis of hematopoietic progenitor cells. Blood. 2008; 111:
2597-2605.

130. Gu Y, Zheng Y, Williams DA. RhoH GTPase: a key regulator
of hematopoietic cell proliferation and apoptosis¢ Cell Cy-
cle. 2005; 4: 201-202.

131. Li X, Bu X, Lu B, Avraham H, Flavell RA, Lim B. The hema-
topoiesis-specific GTP-binding protein RhoH is GTPase de-
ficient and modulates activities of other Rho GTPases by an
inhibitory function. Mol Cell Biol. 2002; 22: 1158-1171.

sES POSIBLE PRODUCIR |
COMPONENTES SANGUINEOS
IN VITRO A PARTIR DE
CELULAS MADRE?

A. PrLa, J.J. CAIRO, J. GARCIA

XCELIA. Division de Terapias Avanzadas.
Banc de Sang i Teixits de Catalunya. Barcelona

La transfusién sanguinea ha sido, desde siempre, ob-
jeto de intensa actividad cientifica, hecho que ha per-
mitido la aparicién de sucesivas generaciones de pro-
ductos, a medida que la técnica ha ido avanzando,
cada vez mas especializados y efectivos. Los prime-
ros productos disponibles, consistentes en concentra-
dos de eritrocitos, plaquetas y derivados plasmaticos,
dieron paso a las tecnologias de manipulacién de pro-
genitores hematopoyéticos, y éstas, a la utilizacién
de diversas fuentes de progenitores hematopoyéti-
cos minimamente manipulados como producto tera-
péutico (médula 6sea, sangre periférica movilizada y
cordén umbilical). En el momento actual, y gracias a
los avances producidos en el campo de la biologia de
las células madre hematopoyéticas, se esta evaluan-
do una nueva generacién de terapias personalizadas,
encaminadas a combatir diversas patologias de carac-
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ter inmunolégico u oncolégico. Siguiendo este cami-
no de continua evolucién, y teniendo en cuenta el
complicado contexto en que se encuentra hoy en dia
la donacién de sangre, el desarrollo de nuevas tec-
nologias capaces de responder a las necesidades de
la transfusién de emergencia son de gran interés es-
tratégico. La estabilizacién del nombre de donacio-
nes, el aumento continuo en la demanda de unida-
des para transfundir y el cada vez mas elevado coste
de produccién por bolsa asociado a los constantes in-
crementos de las medidas de seguridad transfusional,
justifican los esfuerzos y hacen muy atractivas las
aplicaciones tecnolégicas que puedan generar subs-
titutos a la donacién convencional. La posibilidad de
disponer de una fuente de células rojas liberada de la
donacién, con capacidad de responder a las necesida-
des de los diversos grupos sanguineos y que carezca
de los riesgos asociados a transmisién de enfermeda-
des infecciosas que comporta la transfusion tradicio-
nal, representaria un gran avance en el campo de la
medicina transfusional.

Las principales aproximaciones tecnoldgicas dirigi-
das a generar alternativas a la donacién desarrolladas
hasta el momento se han focalizado en la generacién
de sustitutos sintéticos. Estos productos basados en
soluciones capaces de transportar oxigeno median-
te la utilizacién de perfuorocarbonos o soluciones de
hemoglobina estabilizadas, a pesar del gran esfuerzo
y tiempo invertidos en su desarrollo, han producido
por el momento resultados poco esperanzadores. Por
ejemplo, los ensayos clinicos realizados con sustitu-
tos de los hematies en base a hemoglobina han mos-
trado que pueden inducir elevaciones de la presién
arterial, o disminucién de la perfusién de los tejidos,
entre otros efectos adversos. También se ha asociado
la administracién de estos productos a un incremen-
to en el riesgo de mortalidad de hasta un 30% y un
aumento de la posibilidad de padecer infarto de mio-
cardio del 3%".

Como aproximacién alternativa a los sustitutos sin-
téticos, la obtencién de hematies a partir de células
madre representa una posibilidad esperanzadora. El
mejor conocimiento de la biologia de las células ma-
dre hematopoyéticas, su interaccién con el nicho he-
matopoyético y los factores que gobiernan las rutas de
diferenciacién hacia los diversos linajes han permiti-
do dilucidar algunos de los requerimientos necesarios
para mimetizar la eritropoyesis ex vivo®. En este tipo
de aproximaciones, uno de los principales problemas
que se ha debido afrontar ha sido la enucleacién. Este
fenémeno, cuyos mecanismos no son plenamente co-
nocidos, ha podido finalmente ser reproducido ex vivo
gracias al reconocimiento de la importancia del nicho
hematopoyético y el entorno de sefales que lo confi-
guran. Con esta pieza del rompecabezas se ha abierto
el camino a la produccién de hematles a partir de di-
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versas fuentes de células madre. Diversos trabajos han
mostrado la factibilidad técnica de obtener células ro-
jas ex vivo a partir fuentes de células madre hemato-
poyéticas adultas y embrionarias. Como dato relevan-
te, cabe destacar que las células obtenidas a partir de
progenitores hematopoyéticos de sangre de cordén,
muestran caracteristicas funcionales muy similares a
los hematies normales®. Tienen el mismo contenido
en hemoglobina, la misma morfologia, tienen capaci-
dad de captacién y liberacién de oxigeno y, en el as-
pecto de propiedades eldsticas y de comportamiento
in vivo, han demostrado ser capaces de sobrevivir en
huéspedes murinos inmunosuprimidos. Independien-
temente de la fuente celular empleada, las tecnologias
disponibles para la obtencién de hematies sintéticos
se basan en los mismos principios; la maduracién se-
cuencial mediante factores solubles y la induccién de
la enucleacién mediante un cocultivo en capa estromal
o mediante la seflales aportadas por factores humora-
les. Estas metodologias se caracterizan por generar las
células rojas a costa del agotamiento de las células ma-
dre hematopoyéticas de partida o en el caso de las em-
brionarias de las células madre hematopoyéticas gene-
radas en cultivo, hecho que requiere de un continuo
flujo de entrada de nuevas células en el proceso. Como
alternativa a esta limitacién se estdn intentado esta-
blecer lineas eritroides derivadas de células madre em-
brionarias con el objetivo de obtener una célula que se
capaz de diferenciarse hacia eritrocitos funcionales y
a la vez retenga la capacidad de ser expandida de for-
ma masiva®.

Los procesos actuales permiten obtener el equiva-
lente de dos a cuatro concentrados de hematies por
unidad de cordén umbilical. En contraste, la genera-
cién fisiolégica de las células sanguineas en la médu-
la 6sea se produce de forma extremadamente efec-

tiva y exquisitamente regulada de forma que en el
humano adulto se generan alrededor de diez mil mi-
llones de células rojas cada hora. Esta diferencia abis-
mal entre las eficiencias celulares subyacentes a los
procesos de generacién i vivo o ex vivo de hematies
pone de manifiesto las importantes limitaciones de
las tecnologias de produccién existentes. Por lo tan-
to, a pesar del importante avance realizado, es nece-
sario destacar que la aplicacién a gran escala de es-
tas tecnologias requiere de la solucién de problemas
complejos. Entre éstos, cabe destacar el coste prohi-
bitivo de los medios y factores de crecimiento em-
pleados, la compleja ingenieria requerida para estan-
darizar los procesos y la baja tasa de conversién entre
el nimero de células de entrada al proceso (progeni-
tores hematopoyéticos) respecto del nimero de he-
maties obtenidos.
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